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Feline immunodeficiency virus (FIV) is a lentivirus causing immune suppression and neurological disease
in cats. Like primate lentiviruses, FIV utilizes the chemokine receptor CXCR4 for infection. In addition, FIV
gene expression has been demonstrated in immortalized human cell lines. To investigate the extent and
mechanism by which FIV infected primary and immortalized human cell lines, we compared the infectivity of
two FIV strains, V1CSF and Petaluma, after cell-free infection. FIV genome was detected in infected human
peripheral blood mononuclear cells (PBMC) and macrophages at 21 and 14 days postinfection, respectively.
Flow cytometry analysis of FIV-infected human PBMC indicated that antibodies to FIV p24 recognized 12% of
the cells. Antibodies binding the CCR3 chemokine receptor maximally inhibited infection of human PBMC by
both FIV strains compared to antibodies to CXCR4 or CCR5. Reverse transcriptase levels increased in
FIV-infected human PBMC, with detection of viral titers of 101.3 to 102.1 50% tissue culture infective doses/106

cells depending on the FIV strain examined. Cell death in human PBMC infected with either FIV strain was
significantly elevated relative to uninfected control cultures. These findings indicate that FIV can productively
infect primary human cell lines and that viral strain specificity should be considered in the development of an
FIV vector for gene therapy.

Feline immunodeficiency virus (FIV) is a lentivirus associ-
ated with immunological and neurological disease in cats and
is similar to human immunodeficiency virus (HIV) in humans.
Although antigenically and genetically distinct (32), FIV is
believed to employ a similar mechanism of infection involving
chemokine receptors as the primate lentiviruses (46). No evi-
dence has been reported to indicate infection of humans by
FIV, despite many opportunities for transmission of the virus
through the bite of an infected cat. Like most retroviruses, FIV
is considered highly species adapted, but the virus possesses a
broad cell tropism within its natural host (32). In vivo, FIV
primarily infects blood-derived cells, including T cells, B cells,
and macrophages (11), but it also shares the neurotropism
common to other lentiviruses, such as HIV-1 (10). The ability
to infect terminally differentiated cells, such as macrophages,
and the potential for greater safety implied by the failure of
FIV to cause human disease, has made the virus a candidate
for use as a nonprimate lentiviral vector in human gene ther-
apy (35).

The tropism exhibited by retroviruses is determined by the
ability to gain entry into target cells and viral gene expression
following infection (24). A direct correlation between viral-
envelope-mediated infection and FIV host cell range has been
reported (15, 33), a correlation that is supported by reports
showing that cell tropism was altered by changes in FIV enve-
lope glycoproteins involving a single amino acid substitution
(43, 44). Extensive sequence variation has been reported
within the env gene of FIV isolates possessing different host
cell ranges (14, 21, 30, 40), which is an effect associated with
virus entry being restricted by changes in the env gene se-

quence of these strains (31). Like all retroviruses, FIV gene
expression is regulated by sequence elements in the long ter-
minal repeats (LTR) of the viral genome (41). The basal pro-
moter activity of the LTR from different FIV strains varies with
the cell line infected (24, 25) and correlates with the extent of
virus production (19). As reported for the env gene, sequence
diversity in the LTR also varies among different FIV strains
(33), although a role for this diversity in infection remains
uncertain at present.

The capacity of FIV to infect human cells in vitro is not
clearly defined, but it may be influenced by the same factors
that determine tropism in the feline host. Infection of primary
human cells by cell-free FIV has not been observed previously;
however, infection of human MOLT-4 lymphoblastoid (17,
42), U373 astrocyte (10), and HeLa epithelioid (24) cells was
reported following transfection or cocultivation with FIV-in-
fected feline cells. Productive replication of FIV in HeLa and
U373 cells was suggested, but a latent state was observed in
FIV-infected MOLT-4 cells in which neither infectious virus
nor viral mRNA was detectable (17). Provirus integration was
assumed to occur in these cell lines, since FIV DNA was
detectable in high-molecular-weight DNA for extended peri-
ods of time (17, 42). Failure to detect virus-specific mRNA
implies that transcription was inhibited in MOLT-4 cells, an
assumption supported by studies showing that the promoter
activity of the FIV LTR varies in different human cell types in
a manner analogous to that observed in feline cells (24). Re-
cently, transcriptional limitations associated with the U3 ele-
ment of the FIV LTR were implicated as the sole restriction to
productive infection of human cells by the virus (35), suggest-
ing a role for transcriptional efficiency in influencing FIV tro-
pism in human cells.

The CXCR4, CCR3, and CCR5 chemokine receptors, ex-
pressed on many cell types, are believed to be important pri-
mate lentivirus coreceptors (47). CCR5 and CXCR4 are asso-
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ciated with HIV infection of macrophages and T-cell lines,
respectively, while the function of CCR3 is less clearly under-
stood (2). Although the primary receptor for FIV has not been
identified (45), FIV strains have been shown to interact with
the human CXCR4 chemokine receptor, leading to cell fusion
and infection of both human and rodent cell lines (34, 46). In
addition, human stromal cell-derived factor (SDF-1) was
shown to bind feline CXCR4 molecules and inhibit infection of
CrFK cells by FIV (16). These observations suggest a common
mechanism of infection for HIV and FIV involving the che-
mokine receptor family, indicating that the evolutionary link
between the two viruses may be closer than previously assumed
(46). Furthermore, differences in receptor distribution and uti-
lization by different strains of lentiviruses may indicate a po-
tential mechanism for strain-dependent infection of human
cells.

In this study, we investigated the tropism of two primary
isolates of FIV, blood-derived Petaluma and cerebrospinal flu-
id-derived V1CSF, in primary and immortalized human cell
lines after cell-free infection. Our results indicate that Peta-
luma has a broader tropism for human cells than V1CSF but
that both strains infected primary human peripheral blood
mononuclear cells (PBMC) and macrophages. Infection of hu-
man PBMC by either strain could be inhibited to various de-
grees by antibodies that recognized the chemokine receptors
CXCR4, CCR3, and CCR5. Furthermore, FIV gene expres-
sion and productive infection, as determined by the detection
of virus-specific proteins and infectious FIV, was also observed
in human PBMC. These results suggest that some FIV strains
can productively infect human cells, possibly employing a
mechanism involving the same chemokine receptors impli-
cated as coreceptors for primate lentiviruses, and indicate that
caution must be exercised in choosing strains of FIV on which
to base a lentiviral vector system.

MATERIALS AND METHODS

Cell culture and primary cell purifications. The murine IC-21 macrophage
and human U373 astrocytoma and THP-1 monocyte cell lines were obtained
from the American Type Culture Collection (Rockville, Md.). Primary human
fetal astrocyte cultures were prepared from 12- to 17-week-old human fetal brain
specimens as described previously (29). Human PBMC, from which macrophage
cultures were prepared, were obtained from healthy donors as previously de-
scribed (37). Feline PBMC cultures were obtained from specific-pathogen-free
adult cats and prepared in the same manner as the human blood-derived cells.
PBMC cultures were initially stimulated with 5 mg of concanavalin A (ConA) per
ml for 3 days and maintained on 5 mg of interleukin-2 (IL-2) per ml. U373 cells
and human fetal astrocyte cultures were maintained in minimum essential me-
dium with 10% (vol/vol) heat-inactivated fetal bovine serum (FBS). Both human
and feline PBMC and macrophage cultures were maintained in RPMI 1640
medium with 15% FBS. Murine macrophages and THP-1 monocytes were cul-
tured in RPMI medium with 10% FBS and either 10 mM HEPES or 5.5 mM
b-mercaptoethanol, respectively. All cultures were supplemented with 100 mg of
streptomycin and 0.25 mg of amphotericin per ml. PBMC and THP-1 cultures
were seeded at a density of 2 3 106 and 1 3 106 cells/ml, respectively, in 24-well
plates. Murine and human macrophages were cultured at a density of 5 3 105

cells/ml. Both U373 and fetal astrocyte cells were seeded at 106 cells/ml.
Viruses and infection. Two primary isolates of FIV, blood-derived Petaluma (a

gift from N. C. Pedersen) and cerebrospinal fluid-derived V1CSF (38), were used
for these experiments because they were isolated from different tissue compart-
ments and restriction enzyme analysis and sequencing revealed differences in the
env gene between isolates (19). Both isolates were cultured in primary feline
PBMC and had not undergone more than 10 passages in vitro to minimize the
effects of culture adaptation on viral tropism.

Culture supernatant from feline PBMC infected with either Petaluma or
V1CSF was used as a source of infectious virus. Supernatants were cleared of
cellular debris by high-speed centrifugation, and the viral titers were determined
to be 103.5 to 104.5 50% tissue culture infectious doses (TCID50)/106 cells.
Human cells were incubated with 200 ml of culture supernatant at 37°C for 2 h,
washed twice with serum-free medium, and seeded as described above. Infection
of astrocyte cultures was preceded by incubation for 30 min with 5 mg of hexad-
imethrine bromide (Sigma, St. Louis, Mo.) per ml. For all cell lines, uninfected
cultures served as negative controls. Culture supernatants and infected cells were
harvested at various days postinfection (p.i.). To assess productive viral infection,

supernatants from human cell cultures infected with either the V1CSF or Peta-
luma strains that were found to be PCR-positive for FIV DNA sequences were
used to infect feline PBMC cultures. Cells and supernatants from feline cultures
were harvested and analyzed in the same manner as the human cell cultures.

Isolation of high-molecular-weight DNA. Cells were pelleted at 13,000 rpm for
5 min, washed once, and resuspended in 50 ml of H2O and 50 ml of 2% Triton
X-100/TE buffer. Samples were boiled for 15 min, cooled on ice, and incubated
with 14.4 mg of proteinase K for 2 h at 56°C. Samples were again boiled for 15
min, incubated on ice for 5 min, and centrifuged at high speed for 5 min to pellet
the cellular debris. High-molecular-weight DNA was precipitated from the re-
sulting supernatants, purified by using a Wizard DNA Clean-up System Kit
(Promega, Madison, Wis.), and stored at 4°C in TE buffer. The concentration of
DNA in each sample was assessed by measuring the absorbance at 260 nm.

Detection of FIV DNA sequences. FIV DNA was detected by PCR amplifica-
tion of a conserved region of either the FIV pol (38) or gag (33) genes. PCR
reagents were prepared in three separate rooms and included 0.2 mM de-
oxynucleotide triphosphates, 2.5 mM MgCl2, 0.2 mM concentrations of each
primer, 5 mM KCl, 1 mM Tris-HCl, 0.25 U of Taq DNA polymerase, and 2 ml
of sample in a total volume of 25 ml. High-molecular-weight DNA isolated from
feline PBMC cultures infected with either Petaluma or V1CSF served as a
positive control. A 770-bp fragment corresponding to the region from 3361 to
4131 of the pol gene was generated with primers 3361 (59-GAAGGATCCAGA
AAAGATACTATGG-39) and 4131C (59-GGCAACATTAGCTTTACCCCTG
TTGG-39) following 30 cycles of 1 min–95°C of denaturation, 1 min–45°C of
annealing, and 2 min–72°C of extension, which permitted a linear amplification
of template. Nested PCR with primers 3860 (59-CCAGATATGATGGAGGGA
ATCT-39) and 4052 (59-CATATCCTGCATCTTCTGAACT-39) generated a
192-bp fragment corresponding to region 3860 to 4052 of the pol gene and was
performed by using 2 ml of product amplified in the first PCR reaction with the
same reagents at an annealing temperature of 50°C. The presence of FIV DNA
was confirmed by Southern blot with an [a-32P]dCTP-labeled oligonucleotide
probe (59-TGTCAAACAATGATGATAATAGAAGG-39) that detected both
the 770- and 192-bp fragments. Amplification and detection of a 293-bp fragment
of the gag gene was performed as previously detailed (7).

Flow cytometry. Analysis of FIV p24 expression in human PBMC infected with
Petaluma or V1CSF was performed on a Becton Dickinson FacScan fluorescence
activated cell sorter with a 488-nm laser for excitation. Duplicate cell cultures
(2 3 106) were harvested on day 4 p.i., washed twice with phosphate-buffered
saline (PBS) by centrifugation, and fixed with a solution of 2% formaldehyde in
PBS by incubation for 30 min at room temperature. Fixed PBMC were washed
three times in PBS containing 0.5% Tween-20 (Sigma, St. Louis, Mo.) and 5%
FCS to permeabilize the cells and enable detection of both surface-associated
and intracellular p24. Permeabilized cells were incubated for 30 min at 4°C with
a 1:100 dilution of one of two monoclonal antibodies specific to FIV p24 (clones
43-1B9 or 43-1E2; a gift of N. C. Pedersen) and washed twice with PBS contain-
ing 0.5% Tween 20. Washed PBMC were incubated for 30 min at 4°C with
fluorescein isothiocyanate-conjugated goat anti-mouse immunoglobulin G (0.25
mg/ml; Becton Dickinson, San Jose, Calif.), washed twice, and resuspended in 0.5
ml of PBS. Data were collected from approximately 15,000 events for each
experimental condition, and results are expressed as a single-parameter log
fluorescence histogram. FIV-infected feline PBMC and uninfected human
PBMC served as positive and negative controls, respectively. Appropriate iso-
type-matched antibody controls were conducted with mouse IgG1 (1 mg/ml;
Becton Dickinson).

Chemokine receptor blocking. IL-2–ConA-stimulated human PBMC (approx-
imately 2 3 106 cells/ml) were incubated at 37°C for 1.5 h with monoclonal
antibodies (1 mg/ml) recognizing the chemokine receptors CCR3, CCR5, or
CXCR4 (a gift from A. Nath). Cells were centrifuged for 10 min at 1,000 rpm,
and the pellet was resuspended in 150 ml of antibody-containing RPMI medium
and 150 ml of culture supernatant containing 104.0 TCID50/106 cells of either
Petaluma or V1CSF. Cells were incubated at 37°C for 2 h, washed twice with
medium, and seeded in 24-well plates. Uninfected PBMC and PBMC infected in
the absence of antibodies to any of the chemokine receptors served as negative
and positive controls, respectively. To investigate the effect of a nonspecific
protein on FIV infection, human PBMC were incubated with 1 mg of either
bovine serum albumin (BSA) or anti-rabbit polyclonal antibody (ARPA) per ml,
and viral DNA levels were assessed in the same manner as with the chemokine
receptor antibodies. Cultures were harvested at 24 h p.i., and high-molecular-
weight DNA was isolated. FIV DNA levels were assessed by semiquantitative
PCR amplification of the pol gene for 30 cycles and Southern blot by the methods
described above. The abundance of FIV genome in each culture was determined
by densitometry by using the public domain program NIH Image. Amplification
of equal amounts of template DNA from all samples was ensured by PCR
amplification of the housekeeping gene, HLA-DQa (22). Levels of FIV DNA in
each sample were expressed relative to the amount of template DNA amplified
and compared to the positive controls for each strain.

Reverse transcriptase (RTase) assay. Mg21-dependent RTase activity in cul-
ture supernatants was measured by limiting dilution using a protocol described
previously (6). Briefly, 10 ml of culture supernatant was cleared of cellular debris
by high-speed centrifugation and incubated with 10 ml of reaction cocktail con-
taining [a-32P]TTP for 2 h at 37°C in a 96-well plate. Samples were blotted on
DE81 ion-exchange chromatography paper (Whatman International Ltd., Maid-
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stone, England) and washed three times for 5 min in 0.35 M Na2HPO4 and twice
for 5 min in 95% ethanol. RTase levels were measured by liquid scintillation
counting and expressed as the counts per minute per milliliter of culture super-
natant. All assays were performed in triplicate and repeated a minimum of two
times.

FIV-induced cell death. Triplicate cultures of IL-2–ConA-stimulated human
PBMC were seeded at 2 3 106 cells/ml in a 24-well plate and infected with either
V1CSF or Petaluma strains of FIV at a titer of 104.0 TCID50/106 cells as de-
scribed above. Uninfected PBMC served as a negative control. Cells were col-
lected at 3, 7, 10, and 14 days p.i. and stained with trypan blue. Cell death in these
cultures was expressed as the number of PBMC with trypan blue-stained nuclei
relative to the total number of PBMC.

Statistical analysis. The statistical significance of the differences between
uninfected and FIV-infected cell cultures was determined by Student’s unpaired
t test. P values of less than 0.05 were considered significant.

RESULTS

Detection of FIV DNA sequences in human cells. FIV DNA
was detected in several primary and immortalized human cell
lines after infection with either the Petaluma or V1CSF strains.
Viral DNA was detected after a single round of PCR in
V1CSF- and Petaluma-infected PBMC for 11 and 8 days p.i.,
respectively (Fig. 1A), and for 14 days p.i. following nested
PCR amplification of these samples (Fig. 1B). Similar results
were observed with FIV-infected macrophage cultures (data
not shown), but viral DNA could not be detected beyond 5
days in any other human cell line tested (Table 1). In long-term
studies, viral DNA was detected consistently in PBMC infected
with either strain of FIV for a minimum of 21 days p.i. after
nested PCR. Following semiquantitative PCR analysis of serial
dilutions of high-molecular-weight DNA from FIV-infected
human and feline PBMC, FIV genome was approximately 10

times more abundant in feline cultures than in human cultures
(data not shown). These results suggest that FIV infects human
cells to a lesser extent than feline cells and in a cell-type
restricted manner.

Viral gene expression in FIV-infected human PBMC. To
determine whether the presence of FIV genome in human cells
was accompanied by viral gene expression, human PBMC cul-
tures were analyzed for the presence of FIV p24 reactivity by
flow cytometry 4 days after infection with either Petaluma or
V1CSF. Approximately 12% of cells in Petaluma (Fig. 2D)-
and V1CSF-infected human cultures were recognized by
monoclonal antibodies specific to FIV p24 compared to 0.8%
in uninfected controls (Fig. 2C). In FIV-infected feline PBMC
cultures, 91.6% of the cells expressed viral protein (Fig. 2B),
supporting PCR evidence that FIV infection of human cells is
inefficient compared to infection in its natural host.

RTase activity in FIV-infected human cells. RTase activity
was measured to assess viral production in FIV-infected cell
cultures, revealing significantly elevated levels in supernatants
from human PBMC and macrophage cultures infected with
either strain of FIV compared to uninfected control cultures.
RTase levels increased in V1CSF-infected PBMC from (6.3 6
0.3)- to (8.2 6 0.6)-fold greater than uninfected controls at day
3 and 7 p.i., respectively (Table 1). A similar increase in RTase
activity was observed in macrophage cultures infected with the
same strain of the virus. RTase levels were also higher in
Petaluma-infected human PBMC at day 7 p.i. than day 3,
increasing from (5.5 6 0.5)- to (7.6 6 0.6)-fold greater than
uninfected cells (Table 1). Activity did not vary significantly in
macrophages infected with this strain over the same period. A
(2.7 6 0.4)-fold increase in RTase activity was also detected in
the THP-1 monocyte cultures infected with the Petaluma
strain of FIV, but this activity was not detectable at subsequent
time points (Table 1). No significant RTase activity was de-
tected in the other FIV-infected human cell lines studied.

Since RTase levels increased from day 3 to day 7 p.i. and the
FIV genome could be detected for at least 21 days p.i. in
human PBMC infected with either FIV strain, these cells were
chosen as the most promising cell line in which to investigate
the infection of human cells beyond 2 weeks p.i. RTase activity
was consistently greater in culture supernatants from Peta-
luma- and V1CSF-infected human PBMC than in supernatants
harvested from uninfected controls over a 3-week period (Fig.
3A). RTase levels increased over the time course, reaching a
peak activity of approximately 5 3 104 cpm/ml at day 16 p.i. for
cells infected with either strain of the virus. In comparison,
RTase activity reached maximal levels of 2 3 106 cpm/ml at
day 10 p.i. in feline PBMC infected with either FIV strain (Fig.

FIG. 1. Representative Southern blots showing detection of FIV pol se-
quences. (A) After 30 cycles of PCR, FIV DNA could be detected for a minimum
of 8 days in human PBMC infected with Petaluma (P) and up to 11 days p.i. in
V1CSF-infected cells (V) but not in uninfected controls (C). Petaluma-infected
feline PBMC served as a positive control (FIV1). (B) FIV DNA was detected by
nested PCR in human PBMC infected with either strain of the virus at days 3 to
14 p.i.

TABLE 1. Detection of FIV DNA and RTase activity in infected human cell cultures

Human cell line

FIV DNA detection
(days p.i.)a

RTase activity (6 SD)b with:

Petaluma at: V1CSF at:

Day 3 Day 7 Day 3 Day 7 Day 3 Day 7

PBMC 21 21 5.5 6 0.5* 7.6 6 0.6* 6.3 6 0.3* 8.2 6 0.6*
Macrophages 14 14 6.9 6 0.9* 6.1 6 0.7* 6.4 6 0.9* 9.2 6 1.0*
THP-1 monocytes 3 ND 2.7 6 0.4* 1.2 6 0.2 1.6 6 0.3 0.9 6 0.1
Fetal astrocytes 5 ND 1.5 6 0.3 1.5 6 0.2 1.2 6 0.2 1.2 6 0.2
U373 astrocytes 5 ND 1.8 6 0.2 0.9 6 0.1 1.5 6 0.2 0.9 6 0.1

a High-molecular-weight DNA from human PBMC and macrophages were amplified by nested PCR; FIV DNA was detected in the remaining cell lines by a single
PCR round. ND, not detectable.

b RTase activity was assessed as the mean fold increase over uninfected cells, for which RTase levels averaged 4,500 6 400 cpm/ml. Significant differences between
infected and uninfected cultures were determined by using a two-tailed Student’s t test (p, P , 0.01).
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3C), a finding further supporting the observation that FIV
replication is decreased in human cells.

Viral titer in feline cells. To determine whether productive
infection had occurred, the virus titers of supernatants from
human cell cultures that were PCR-positive for FIV DNA
sequences were determined in feline PBMC. Infectious virus
was detected in supernatants harvested from human PBMC
infected with both strains of FIV (Fig. 3B) and in Petaluma-
infected THP-1 monocyte cultures. A limited viral titer was
detectable in supernatants from V1CSF-infected human
PBMC at day 3 p.i., but the virus titer increased to 62.5 3 101.8

and 125 3 102.1 TCID50/106 cells at days 7 and 10, respectively.
A viral titer of 19.8 3 101.3 TCID50/106 cells was also detected
at 3 days p.i. in culture supernatant from human PBMC in-
fected with Petaluma, but it decreased to undetectable levels
by day 10 p.i. A similar pattern was observed in Petaluma-
infected THP-1 cultures, with a viral titer of 68.8 3 101.8

TCID50/106 cells detected in culture supernatant harvested on
day 3 p.i. (data not shown).

The inability to detect infectious virus in human cultures
immediately after inoculation with FIV-containing superna-
tant indicated that infectious virus from the original inoculum
did not persist in these cultures. To further ensure that any
residual FIV did not remain infectious and was not responsible
for the viral titers detected in the above experiments, culture
supernatants containing either Petaluma or V1CSF were incu-
bated in the presence of nonpermissive IC-21 murine macro-
phages for 3 days prior to infection of human cells. FIV viral
DNA, the virus titers that could be determined, and elevated
RTase activity were not detected in feline PBMC cultures
inoculated with supernatant that had been incubated as de-
scribed above (data not shown), indicating that the RTase

activity and detection of FIV genome resulted from infectious
virus after productive infection of human PBMC.

Chemokine receptor utilization by FIV. The role of the che-
mokine receptors in FIV infection of human cells was investi-
gated by treating human PBMC with antibodies that recog-
nized the CCR3, CCR5, or CXCR4 chemokine receptors prior
to infection with either Petaluma or V1CSF. The levels of viral
genome in FIV-infected human PBMC was determined by
semiquantitative PCR and densitometric analysis and com-
pared to PBMC infected in the absence of chemokine receptor
antibodies (Fig. 4A). FIV DNA levels were decreased in both
Petaluma- and V1CSF-infected cultures after treatment with
each of the antibodies, but differences were observed in the
extent of inhibition depending on the infecting strain. Levels of
FIV genome in Petaluma-infected human PBMC were de-
creased by 59.8 6 2.4 and 29.3 6 5.7% with antibodies to either
the CCR3 or CXCR4 receptors compared to untreated con-
trols (Fig. 4C). A decrease in the amount of viral DNA was
observed in Petaluma-infected cultures treated with antibodies
to the CCR5 receptor, but this effect was not statistically sig-
nificant. The amount of FIV DNA in V1CSF-infected human
PBMC decreased equally after treatment with antibodies to
either the CCR3 or the CCR5 receptors, declining by 77.1 6
1.1 and 71.2 6 0.7%, respectively, of that detected in untreated
control cultures (Fig. 4C). A similar decrease of 63.3 6 1.6%
was observed after treatment with antibodies to the CXCR4
receptor. These findings indicate that antibodies to all of the
chemokine receptors investigated reduced FIV infection, but
the extent of inhibition varied depending on the viral strain and
the specific chemokine receptor, implying a different pattern of
usage by each strain.

FIG. 2. Representative flow cytometric analysis of uninfected human PBMC (A) and FIV-infected feline (B) and human (C and D) PBMC. By using a monoclonal
antibody specific to FIV p24 (clone 43-1B9), viral capsid protein was detected in 12% of Petaluma-infected human PBMC by flow cytometry (D) compared to 0.8 and
91.6% of cells in uninfected human PBMC (C) and FIV-infected feline PBMC (B) cultures, respectively. By using an isotype-matched control antibody, 2.4% of human
PBMC were recognized (A).
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FIV-mediated cytotoxicity. The cell death induced by FIV
infection of human PBMC cultures was compared to unin-
fected cultures by trypan blue staining at sequential days p.i.
Although cell death in uninfected PBMC cultures increased
with time, a significantly higher level of cell death was observed
in Petaluma-infected human PBMC compared to control cul-
tures at days 7, 10, and 14 p.i. (Fig. 5). The greatest difference
occurred at day 10 when the nuclei of 38.9 6 2.4% cells in
cultures infected with Petaluma were stained with trypan blue,
compared to 27.0 6 2.9% in uninfected controls. Cell death in
PBMC cultures infected with V1CSF was significantly greater

than the controls only at day 7 p.i., when a 13.1 6 5.2%
increase in cell death was observed (32.8 6 3.7% for V1CSF
versus 19.8 6 2.3% for controls), implying that strain-depen-
dent cytotoxicity of PBMC occurred.

DISCUSSION

In this study, we have demonstrated that cell-free isolates of
FIV Petaluma and V1CSF infect several human cell lines in
vitro, although prolonged infection is restricted to primary
PBMC and monocyte-derived macrophages. In addition to the

FIG. 3. RTase activity and viral titer in culture supernatants from human and feline PBMC infected with either Petaluma or V1CSF strains of FIV. (A) RTase
activity in human PBMC infected with either strain increased over the time course, reaching a maximum value of approximately 5 3 104 cpm/ml at day 16 p.i. for both
viruses. Significant differences between uninfected cells (CONTROL) and PBMC infected by either virus were observed by using a two-tailed Student’s t test (P , 0.01
at all days). (B) Viral titers were assessed in feline PBMC by limiting dilution, and values are expressed as the number of TCID50/106 cells. Virus titers in duplicate
cultures of human PBMC infected with V1CSF increased over the time course, reaching a maximum titer of 125 TCID50/106 at day 10 p.i. In contrast, the viral titer
in Petaluma-infected human PBMC was maximal at day 3 p.i. and decreased to undetectable levels by day 10. (C) RTase activity in feline PBMC infected with Petaluma
or V1CSF peaked at day 10 p.i., reaching maximal values of 2 3 105 cpm/ml.
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viral genome, expression of FIV-specific proteins was observed
in human PBMC cultures infected with either viral strain.
Furthermore, the presence of elevated RTase activity and FIV
titers in supernatants from human PBMC infected with V1CSF
and Petaluma indicated that productive infection of human
cells could occur. The mechanism by which FIV infects human
cells is not known, but antibodies recognizing the CXCR4,
CCR3, or CCR5 chemokine receptors inhibited the infection
of human PBMC by Petaluma and V1CSF to varying degrees.
It is also of note that cell death was greater in FIV-infected
PBMC relative to uninfected control cultures. In general, FIV
infection of human cultures was characterized by viral-strain-
dependent properties, most notably, the ability of Petaluma to
infect a broader range of human cells than V1CSF.

Recently, Poeschla et al. have proposed that FIV provides a
safer alternative to HIV-based viral vectors because wild-type
FIV is unable to productively infect human cells (35). How-
ever, other reports have shown sustained, productive infection
of human cell lines by FIV (10, 26) after transfection or coin-
fection with FIV-infected cell lines. The current studies pertain
to the use of FIV as a viral vector in human gene therapy and

indicate that some caution should be exercised in developing
lentivirus-based vectors for therapeutic use because of the po-
tential pathogenicity of these vectors. Differences in viral strain
pathogenicity and tropism have been reported for several len-
tiviruses (1, 23, 28), and the present work demonstrates similar
differences between V1CSF and Petaluma, in particular, the
ability of V1CSF to infect primary human PBMC productively.
Therefore, the strains from which FIV vectors are derived are
important in terms of safety.

The present study also illustrates the potential capacity of
lentiviruses to infect a new host by a common coreceptor
mechanism, perhaps providing insight into the evolution of
lentiviral infections. Sequence diversity in the env gene of FIV
has been shown to influence cell tropism by altering the ability
of the envelope from different FIV strains to bind cell surface
receptors and mediate viral penetration (43). The differences
observed in the patterns of chemokine receptor usage and env
gene sequences (19) of V1CSF and Petaluma in the present
study may provide a mechanism for explaining the human cell
tropism exhibited by these strains. Antibodies that recognized
CCR3, the chemokine receptor implicated as a coreceptor for
T-cell adapted and primary isolates of primate lentiviruses (2),
inhibited Petaluma and V1CSF infection of human PBMC to a
greater extent than antibodies to the CCR5 and CXCR4 re-
ceptors. Recent studies have demonstrated that human CCR5
does not mediate the infection of human cells by FIV 34TF10,
a molecular clone of the FIV Petaluma strain (34). Similarly,
antibodies to the CCR5 receptor did not inhibit the infection
of human PBMC by a primary isolate of Petaluma in the
current experiments, but infection by V1CSF was decreased
significantly in the presence of these antibodies. Since CCR5 is
most closely associated with infection of macrophages (2), this
finding complements the higher levels of RTase activity and
FIV DNA detected in V1CSF-infected human macrophages
compared to those infected with Petaluma. Antibodies recog-
nizing CXCR4 inhibited infection by either strain of FIV, sup-
porting earlier reports that FIV can use this receptor (45, 34).
It is conceivable that the chemokine receptor antibodies inves-
tigated nonspecifically blocked viral binding and entry, but this
is unlikely given that the two viruses differed in their utilization
of chemokine receptors despite similar input titers. The obser-
vation that antibodies to more than one chemokine receptor
inhibited the infection of human PBMC by FIV is not surpris-
ing considering the range of human cells that could be infected
by FIV and the fact that the viruses used in the current study
were nonhomogeneous primary isolates. Previously, the ability
of other lentiviruses to employ multiple chemokine receptors
as cofactors for infection has been demonstrated (9). Since a
single antibody did not completely block FIV infection of hu-
man cells, it is likely that other coreceptors for FIV infection of
human cells exist.

Although retroviruses are considered to be species specific,
cross-species infection by lentiviruses in vitro has been docu-
mented (13, 20). Previous studies report infection of immor-
talized human cell lines by molecular clones of feline retrovi-
ruses, such as FIV (10, 17, 24, 42) and feline leukemia virus
(27). However, we have shown cell-free infection by FIV of
both proliferating and terminally differentiated primary human
cells. Of interest, long-term infection of human cells by FIV
was observed only in primary blood-derived cell cultures, as
evidenced by the consistent detection of increased RTase ac-
tivity and viral DNA in FIV-infected human PBMC at consec-
utive time points. A corresponding increase in infectious virus
in human PBMC cultures from day 3 to day 10 p.i. by V1CSF
confirmed that productive infection of these cells occurred.
Although PCR detection of virus was correlated with RTase

FIG. 4. (A) FIV viral DNA detection after incubation with antibodies rec-
ognizing the CCR3, CXCR4, or CCR5 chemokine receptors. Uninfected PBMC
and PBMC infected with either viral strain but without pretreatment with anti-
body served as negative and positive controls, respectively. (B) FIV DNA levels
were measured relative to the amount of template DNA, as determined by
amplification of the HLA-DQa gene. (C) The greatest decrease in the viral DNA
levels compared to positive control cultures was observed after treatment with
antibodies to the CCR3 chemokine receptor for both strains (59.8 6 2.4% for
Petaluma, 77.1 6 1.1% for V1CSF). Antibodies to the CCR5 receptor signifi-
cantly inhibited infection with V1CSF, decreasing detectable FIV DNA levels by
71.2 6 0.7% of the control value, but not with Petaluma. For both viruses,
infection was decreased in the presence of antibodies recognizing the CXCR4
receptor (29.3 6 5.7% for Petaluma, 63.3 6 1.6% for V1CSF). Viral DNA levels
were not affected by preincubation with nonspecific ARPA or BSA. pp, P , 0.01;
p, P , 0.05.
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activity, the decreasing viral titer in Petaluma-infected human
PBMC despite increasing RTase levels indicated that elevated
RTase activity did not correlate with the presence of infectious
FIV. Since the expression of virus-specific proteins was de-
tected in these cultures, this observation suggests that perhaps
replication-defective particles were being produced in human
cultures, similar to findings reported for env deletion mutants
of FIV that have been adapted to replicate in human cells (35).

Limited viral load and replication has been shown in the
early stages of lentiviral infection of the brain (3, 5). Viral
DNA was not detectable in FIV-infected human astrocyte and
THP-1 monocyte cultures beyond 5 days p.i., possibly because
the more sensitive nested PCR was not used. Since limited
viral genome was detected in these cultures (data not shown)
and FIV replication was not observed, the percentage of cells
containing FIV DNA may have fallen below the level of de-
tection of a single round of PCR. Alternatively, the failure to
detect FIV DNA in some human cell types may result from an
inability of the virus to integrate in these cells. Viral integration
into the host cell genome is a requisite feature of productive
retroviral infection (12, 39); therefore, integration by FIV is
also likely to be necessary for productive infection of human
cells. Although integrated FIV provirus was not detectable by
PCR analysis in human cells infected with Petaluma or V1CSF
in the present study (data not shown), the presence of FIV
genome in high-molecular-weight DNA from these cultures
implies that integration may have occurred, as was suggested
for Petaluma-infected human MOLT-4 cells (42).

The increased cell death that preceded a loss of infectious
FIV in infected human PBMC supports previous findings that
infection of human cells by FIV is cytopathic, which is probably
due to the expression of FIV envelope glycoproteins (34). FIV
infection of relatively few cells in culture has been associated
with increased cytotoxicity in feline cultures due to the release
of cytotoxic molecules (4, 18), which is similar to reports of

other lentiviruses. Hence, it is conceivable that FIV-mediated
cytotoxicity may limit the number of infected and potentially
infectable cells leading to the loss of detectable FIV DNA in
infected human cultures. Furthermore, the percentage of hu-
man PBMC expressing FIV p24 after infection with either
Petaluma or V1CSF is consistent with the increased levels of
cell death observed in FIV-infected human PBMC cultures.

FIV may be a suitable candidate for use as a vector in human
gene therapy because viral gene expression occurs in human
cells, but consideration should be given to the viral strain being
used. Replacing the U3 region of the LTR of the molecular
clone of Petaluma (34TF10) reveals that this domain is the
principal limiting factor to productive infection of human cells
by FIV (35). As the current study demonstrates, however,
some primary isolates of FIV, such as V1CSF, can also repli-
cate in human cells. Although the three-vector system reported
by Poeschla et al. is unlikely to result in infectious FIV through
recombination, greater safety can be attained in the develop-
ment of vectors for clinical use by selecting viral strains that are
unable to productively infect human cells.
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