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1. INTRODUCTION

The domestic cats (Catus domesticus) from which feline immunodeficiency
virus (FIV) was first isolated showed clinical signs of immunodeficiency, and
the incidence of disease was associated with the prevalence of FIV. The 
first publication by Niels Pedersen and his collegues1 at the University of
California describes a number of important genomic, structural, and bio-
chemical characteristics of the virus that were found to be remarkably
similar to human immunodeficiency virus (HIV). During the past two
decades, FIV infection in the domestic cat has become an excellent com-
parative model for studying several aspects of HIV biology, vaccine devel-
opment, and particularly immunopathogenesis. Although the lentiviruses
genetically most closely related to FIV are those of the small ruminants,
maedi-visna virus of sheep, and caprine arthritis encephalitis virus,2,3 the
type of disease produced by FIV is remarkably similar to acquired immun-
odeficiency syndrome (AIDS) in humans.

HIV infection results in a transient lymphopenia at the time of sero-
conversion followed by a partial rebound in CD4+ T-cell numbers and the
development of a CD8+ lymphocytosis after several weeks. The character-
istic decrease in the CD4+/CD8+ T-cell ratio progresses throughout the
asymptomatic stage of infection as CD4+ T-cells continue to decline. By the



time HIV+ patients develop AIDS, the CD4+ T-cell numbers are markedly
reduced.4 Parallel with a loss in CD4+ T-cell numbers is a progressive decline
in CD4+ T-cell proliferative response to mitogenic and antigenic stimula-
tion that is unrelated to CD4+ cell numbers.5 The number of CD8+ T-cells
also decreases as AIDS develops, but unlike CD4+ T-cell counts, is not a
good predictor of disease progression.6,7 The loss of CD4+ cell numbers and
function is highly predictive of the development of AIDS, suggesting that
the immunopathogenesis of HIV and the development of AIDS are cen-
tered around this selective loss. Despite intensive research in the 20 years
after the first isolation of the virus, the mechanisms responsible for the
changes in circulating lymphocyte subsets in HIV+ patients are not fully
understood.

The development of the FIV animal model with virus-immune system
interactions similar to those seen with HIV has greatly facilitated the study
of the immunopathogenesis of AIDS, which will be focus of this chapter.

2. COURSE OF THE DISEASE

As in HIV+ patients, progressive immune dysfunctions in naturally 
or experimentally FIV+ domestic cats usually result in four clinical stages
of disease (Figure 1). The acute phase of the infection is characterized 

240 THOMAS W. VAHLENKAMP et al.

ACUTE PHASE

2- 6  Months

ARC

Months to years

AIDS

Months

AS YM PTOMATIC

Years

CD8+ cell s 
CD4+ cell s 
Plas ma 
viremi a 

Im
m

un
e 

 r
es

p o
ns

e

V
ira

l r
 ep

lic
at

io
n

FIGURE 1. Natural history of FIV infection. The acute stage infection is characterized by an
initial plasma viremia and a decrease in CD4+ and CD8+ cells in the peripheral blood that is
followed by a rebound of CD4+ and CD8+ cells and a marked decline in plasma viremia. The
initial phase of the immune response (gray underlayed area) appears to be normal and similar
to other viral infections.198 With transition to the asymptomatic stage of infection a low level
plasma viremia persists and CD4+ cell counts in the peripheral blood remain lower than phys-
iologic numbers before the infection. With time of infection CD4+ cells and in later stages
also CD8+ cells progressively decrease. Clinical symptoms appear as the infection progresses
to the AIDS-related-complex (ARC) and AIDS stages that are characterized by a marked
immunodeficiency and an increase in plasma viremia.



by an early peak in plasma viremia generally three to four weeks post-
infection. Transient clinical signs may accompany this early period of 
virus replication, commonly manifested as mild pyrexia, anorexia, depres-
sion, and neutropenia. Acute diarrhea, conjunctivitis, and upper respira-
tory tract symptoms may develop in more severely affected cats.8

During this period, productive infection is seen within the thymus, mucosal
and systemic lymphoid tissues, and bone marrow, and the virus can be
detected in plasma, saliva, vaginal secretions, semen, and milk/
colostrums.9–13 Virus also enters the central nervous system early in the
course of infection and can be isolated from cerebrospinal fluid.10 Some
cats develop a persistent generalized lymph-adenopathy without obvious
secondary or opportunistic infections.8 Concurrent with the humoral and
cellular immune response the level of viral load in plasma decreases and
the animals become clinically asymptomatic. Usually the infection remains
clinically inapparent for prolonged periods of time, lasting for several
years. Despite the lack of clinical disease symptoms, there is progressive
immune dysfunction characterized by loss of CD4+ cells, altered cytokine
profiles, inability of CD4+ cells to produce interleukin (IL)-2, and loss of
T-cell proliferative response to mitogen and major histocompatibility
complex (MHC) II restricted recall antigens. Antibody responses in FIV+
cats have been reported to be normal or enhanced,14 but usually infected
cats mount reduced antibody responses to a variety of antigens and
microorganisms.15–17 As immune dysfunctions progress, infected cats even-
tually move into the AIDS-related complex (ARC) stage of infection. This
stage is characterized by recurrent episodes of infection and inflammation,
and cats suffer from infections of the oral cavity, weight loss, anemia,
leukopenia, upper respiratory tract infections, chronic skin disorders, diar-
rhea, and lymphoid neoplastic disorders. Neurologic symptoms associated
with the ARC stage of FIV infection may include sleep disorders, behav-
ioral changes, and altered visual and auditory evoked potentials.18–20 As in
HIV+ patients,21 the great majority of lymphoid tumors are of B-cell
origin.8,22,23 Clinical symptoms worsen over a period of months to years, and
animals may develop a disease picture comparable to AIDS in man. Cytope-
nia with CD4+ T-cell numbers less than 200–300/ml of blood is usually seen
with this stage of disease that is also characterized by increased plasma viral
load, weight loss, pancytopenia, severe emaciation, chronic disease symp-
toms, and opportunistic infections. In the individual cat the degree of 
CD4+ cell depletion, however, does not solely predict the clinical outcome,
although for the larger population of FIV+ cats, this correlate can be
made.24,25 Cats usually die within months of developing AIDS-associated
clinical disease.22,23,26,27

Whatever the mechanisms leading to the loss of CD4+ cell numbers
and function, data suggest that FIV and HIV affect the immune system in
a similar manner and share a common immunopathogenesis.
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3. FELINE IMMUNODEFICIENCY VIRUS (FIV)

A major feature of retrovirus infection is virus persistence in the host.
Lentiviruses achieve this through the integration of a reverse transcribed
DNA copy of the viral RNA into the host cell chromosomal DNA, which is
maintained as provirus for the life of the cell. Lentivirus persistence is also
promoted by the establishment of effective mechanisms to evade the host’s
specific immune responses to viral antigens. The latter can be achieved by
constant mutational changes in viral antigens presented to the immune
system or by interference with immune regulatory mechanisms essential
for the induction of an effective immune response.

Cell Tropism

HIV and FIV are both lymphotropic lentiviruses. The majority of HIV
strains utilize the host cell CD4 molecule as the primary receptor. It was
originally thought that FIV has a somewhat broader lymphocyte tropism
than HIV as it does not utilize the CD4 receptor and has the ability to infect
CD8+ cells and B-cells.28 However, HIV and SIV infection of CD8+ cells and
B-cells has been reported, and some strains of HIV and SIV have been
demonstrated to enter target cells independent of their CD4 expression
(Table I).29

In vivo, FIV infects CD4+, CD8+ T-cells, B-cells, cells of the mono-
cyte/macrophage lineage, astrocytes, and megacaryocytes.1,10,28,30,31 The vast
majority of bone marrow cells apparently remain virus-free throughout the
course of FIV infection. By in situ hybridization, FIV RNA was detected only
in limited numbers of megacaryocytes and mononuclear cells.32,33 For both
FIV and HIV, only low numbers of circulating monocytes have been found
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TABLE I
Main Cell Tropism and Chemokine Receptor Usage

Cell Tropism HIV SIV FIV

CD4+ T-cells + + +
CD8+ T-cells (+) (+) +
B-cells - - +
Monocytes/macrophages + + +
Astrocytes/Glia cells + + +

Chemokine receptora

CCR5 + + -
CXCR4 + - +

a Belong to the seven-transmembrane domain chemokine receptor family



infected.28,34 Both viruses, however, are prevalent in tissue macrophages and
follicular dendritic cells.33,35

The principal in vivo target of FIV early after infection is CD4+ T-cells,
which carry the highest proviral burden.28 As the infection progresses to
the asymptomatic phase the provirus burden shifts from the CD4+ cells to
the CD21+ B-cells and CD8+ cells.28,32,36 Several reasons may account for the
shift in proviral burden within weeks after acute infection. As with HIV
infection, FIV can be lytic for CD4+ cells in vitro, raising the possibility that
a highly susceptible population of CD4+ cells are infected and rapidly lysed.
Immune-mediated destruction of infected CD4+ cells as a means of reduc-
ing virus burden may also occur. In support of this the decrease in CD4+

cell proviral burden in FIV+ cats correlates with the increase in activated
CD8+ cells.37 CD8+ cells may control virus levels by CTL-mediated FIV-
infected CD4+ cell lysis or by suppression of virus replication in a noncy-
totoxic, contact-dependent non-MHC restricted mechanism.38–41 Whatever
the reason, continued viral replication in the CD4+ T-cell population may
then depend on a slow renewal of these cells or on a smaller CD4+ T-cell
subset supportive of a nonlytic virus infection.

Differential susceptibility of CD4+ cell subsets has been reported for
both HIV and SIV.42,43 Subsets of activated CD4+ cells are preferentially
infected by HIV-1 and SIV in vitro and the same subsets of highly differ-
entiated, activated CD45RO expressing CD4+ cells contain the majority of
provirus in vivo during the entire course of the infection.44,45 In vitro studies
demonstrated that productive HIV infection is associated with a CD4+ T-
cell subset characterized by a partial activation phenotype, as indicated by
cell surface expression of the CD25 receptor (IL-2 receptor a chain).
Peripheral blood mononuclear cells (PBMC) depleted of CD25+ cells are
markedly diminished in their ability to replicate HIV when infected in
vitro.42,43 CD4+CD25+ cells were also shown to be susceptible to productive
HIV infection in vitro, whereas highly purified resting CD4+CD25- cells
were resistant to infection.46 Interestingly, a naturally occurring CD25+

subset of CD4+ T-cells (T regulatory cells) with unique immune regulating
properties has been described in humans and rodents.47,48 While the
CD4+CD25+ cells reported to support HIV replication were not identified
as T regulatory cells, these observations are of interest, as the partial acti-
vated phenotype of CD4+CD25+ T regulatory cells could make it a particu-
larly favorable target for sustained HIV infection. Studies in our laboratory
demonstrated that both CD4+CD25+ and CD4+CD25- cells are susceptible
to FIV infection in vitro and in vivo, but only CD4+CD25+ cells replicate the
virus in the absence of mitogenic stimulation. In contrast to CD4+CD25-

cells, CD4+CD25+ cells, whether or not infected with FIV, do not prolifer-
ate in response to Concanavalin A (Con A) stimulation and are relatively
resistant to activation-induced programmed cell death. These observations
plus the fact that CD4+CD25+ cells are partially activated and yet are anergic
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and incapable of progressing through the G1 cell cycle suggest that they
could represent a long-lived reservoir of productive FIV infection.49

Receptor Usage

Despite the similar cell tropism to HIV, there is no evidence that FIV
uses the CD4 molecule as a cellular receptor.50,51 FIV infects a range of CD4-

cell lines, including monocyte/macrophages,30,52,53 which in cats do not
express CD4 and cells of neuronal lineage.10 CD4 expression on cells also
does not correlate with susceptibility to in vitro infection with FIV.54 It is
intriguing that FIV infection induces CD4+ T-cell associated AIDS-like
disease in cats and yet does not share a common primary cellular receptor
with HIV.

Binding of HIV to the primary receptor induces a conformational
change in the envelope glycoprotein that enables interaction with a
chemokine coreceptor. Following a second conformational change, the
viral envelope glycoprotein fuses with the cellular membrane of the target
cell allowing virus entry into cells.55,56 HIV-1 coreceptors belong to the
seven-transmembrane domain chemokine receptor family, with CCR5 and
CXCR4 being the main receptors for macrophage and T-cell tropic isolates,
respectively (Table I).57–59 The expression of CCR5 on human peripheral
blood T-cells is largely restricted to CD4+CD45RO+ (memory) cells, while
CXCR4 is expressed on B-cells and on both CD4+CD45RA+ (naïve) and
memory T-cells.60 CCR5-dependent viruses are detected early in HIV infec-
tion. In about 50% of infected individuals progression of the disease coin-
cides with the emergence of CXCR4-dependent viruses. The differential
expression of CXCR4 and CCR5 on cells of the immune system may
provide a basis for the specific targeting of memory T-cells early in infec-
tion and the additional cell types targeted with the emergence of CXCR4-
dependent strains in the later stages of infection.

FIV strains of clade A and tissue culture adapted strains of clade A and
B have been shown to utilize CXCR4 as a receptor for envelope-mediated
fusion.61–63 The second extracellular loop of CXCR4 acts as the primary
determinant of usage by the FIV envelope V3 to V5 region,64,65 and two
CXCR4 ligands, stromal cell derived factor 1 alpha (SDF1") and the bicy-
clam AMD3100 are able to inhibit FIV infection.62,63,66 In addition, the
feline CXCR4 displays 94.9% amino acid homology with the human coun-
terpart and FIV is able to utilize both species of CXCR4 for cell infection
and syncytia formation. It is unknown whether CXCR4 acts as a primary
receptor for some strains of FIV. Certain primate lentivirus strains can
utilize CXCR4 independently of the primary receptor CD4.29 In contrast to
the chemokine distribution in the human immune system, the expression
of feline CXCR4 in vivo is mainly restricted to monocytes and B-cells and
found to be unaltered after FIV infection.67 CXCR4 expression has also
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been reported on freshly isolated thymocytes and on a proportion of T-
cells in the lymph nodes. In vitro, expression of CXCR4 was shown to be
upregulated on mitogen-activated feline T-cells.62 If CXCR4 is also upreg-
ulated upon T-cell activation in vivo, FIV might selectively target activated
CD4+ cells in early stages of the infection, as has been reported.28,67 In
support of this, FIV has been shown to productively infect partially acti-
vated CD25 expressing CD4+ T-cells in vitro.49

It is, however, likely that FIV also uses alternate cellular receptors, in
agreement with the differential receptor usage by HIV strains.57 Consistent
with this, a number of CXCR4+ cell lines are resistant to infection by
primary isolates of FIV, and viral infection of T-cells is not consistently
inhibited by natural ligands for CXCR4.68,69 In addition, RANTES, the
natural ligand for CCR5, inhibits FIV infection of feline PBMC and anti-
bodies against CCR5 or CCR3 reduce FIV-dependent fusion of human
PBMC.68,70 Feline cell surface molecules can also function as coreceptors
for HIV and SIV infection, as HIV-2 and SIV can infect feline cells express-
ing the human CD4 molecule.71 These results suggest a shared chemokine
receptor usage between primate and feline lentiviruses and a close evolu-
tionary link of entry mechanisms between FIV and HIV. In addition to
chemokine receptors, cell surface heparans have been shown to contribute
to the envelope glycoprotein binding of cell culture adapted strains of
FIV,69 similar to that described for HIV.72 FIV envelope binding to primary
T-cells that cannot be inhibited by RANTES, SDF-1a, macrophage inflam-
matory protein 1$, or heparan also suggests the usage of additional cellu-
lar receptor(s) for some FIV strains.69

Antibody and complement binding has been shown to enhance sus-
ceptibility of B-cells for HIV infection.73 An indirect antibody and comple-
ment-dependent mechanism of viral entry into B-cells might also occur in
FIV+ cats. This is supported by the fact that proviral burden in B-cells
increases dramatically as the anti-FIV antibody response develops and
would explain why B-cells are not susceptible to FIV infection in vitro.28,74

Viral Clades

Phylogenetic analysis of the nucleotide sequences encompassing the
gag and envelope variable (V) 3 to 5 regions revealed that the degree of
divergence among FIV isolates from different places is a function of the
geographical distance and segregation.75–79 Five distinct clades (A-E) of 
FIV have been identified based on greater than 15 to 20% variability in
envelope amino acid sequences. The majority of viruses identified to date
belong to clade A or clade B.75–77,80 While both virus groups are distributed
worldwide, clade A viruses have been found to predominate in the western
United States, northern Japan, Germany, and South Africa, whereas clade
B viruses predominate in eastern Japan, Italy, Portugal, and the central and
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eastern United States.75,77 Clade B viruses are significantly more diverse
than clade A and can be distinguished by three evolutionary subgroups.77

Clade C viruses are common in northern Taiwan, Japan, and Vietnam.77,81–83

Several clade D viruses have been characterized from Japan and Vietnam.
Two Argentine strains represent subtype E viruses.84

It is currently not known whether infections with viruses from 
different clades or superinfections with viruses from different clades are
associated with an accelerated disease progression. Experimental studies,
however, suggest that FIV isolates from different clades differ in their path-
ogenicity, tissue cell tropism, and clinical disease.85–87 In one study, peak
plasma viremia and tissue provirus burden were significantly greater in cats
infected with clade B virus (FIV-2542) compared to those infected with 
a clade A virus (FIV-PPR).13 In another study comparing clade C (FIV-
CPGammar) and clade A (FIV-Petaluma) viruses, greater plasma viremia,
PBMC proviral burden, tissue viral burden, and histologic lesions were
detected in the clade C virus infected cats.88 Further studies are necessary
to determine whether differences in the pathogenicity described for these
clade B and clade C viruses can be extrapolated to other members of the
clades.

4. IMMUNE RESPONSE TO FIV

The hallmarks of FIV infection, as with HIV infection, is the progres-
sive loss of CD4+ T-cell numbers and immune function. The immune
defects in FIV+ cats are characterized by decreased responses to antigen
and mitogen stimulation, reduced antibody responses to a variety of 
antigens, and increased susceptibility to secondary pathogen. As FIV
induces a similar disease state as HIV, despite using an alternative cellular
receptor and having a broader cell tropism, understanding the
immunopathogenesis of FIV is of prime importance to elucidate the mech-
anism(s) of CD4+ T-cell depletion and the pathogenesis of lentivirus-
induced immunodeficiency.

Humoral Immune Response

B-cell numbers do not differ significantly from normal in either natu-
rally or experimentally FIV+ cats.17,27,89,90 Most naturally and experimentally
infected cats develop a polyclonal gammopathy (mainly IgG) directed
against nonviral proteins that can be detected as early as 6 weeks post-
infection.89,91,92 The hypergammaglobulinemia correlates histologically
with the activation of the B-cell compartment in lymphoid organs.25

Antibodies directed against FIV can be detected in serum of experi-
mentally infected animals by ELISA or western blot as early as 2 weeks
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postinfection and typically persist throughout the course of the disease.12,93

Antibody responses against Gag and Env usually develop at approximately
the same time and tend to remain high throughout the lifespan of the
infected animal.94,95 Using recombinant, partially overlapping peptides,
immunodominant domains have been localized within the surface and
transmembrane glycoproteins of FIV. Within the surface glycoprotein, an
immunodominant region has been identified within the V3 region, which
shares both structural and functional homology with the V3 domain of
HIV.96–99 Other immunodominant domains have been localized to the
carboxy terminus of the surface and transmembrane glycoprotein, as well
as to at least four different epitopes on the Gag protein.100–102 In addition,
the ectodomain of the FIV transmembrane glycoprotein contains an
immunodominant domain, also termed principal immunodominant
domain, analogous to that found in other lentiviruses.98 A pentapeptide
comprised between two cysteine residues represents a linear B-cell epitope,
which is recognized by 100% of sera from FIV+ cats.100 Characterization of
this domain revealed that chimeric FIV envelope protein containing the
principal immunodominant domain of HIV is correctly processed and is
capable of inducing syncytia in feline cells, whereas chimeric FIV envelope
proteins containing the similar domain of maedi-visna virus (MVV) or
equine infectious anaemia virus (EIAV) are nonfunctional. Computer 
modeling of this domain in FIV, HIV, MVV, and EIAV suggested a conser-
vation of structure between FIV and HIV, whereas there is little similarity
in structure between HIV and MVV or EIAV.98

Neutralizing Antibodies

The V3 region is an important target for virus-neutralizing antibodies.
Synthetic peptides consistent with this region have been found to inhibit
FIV-neutralizing activity of pooled immune cat sera, and cat sera raised
against these peptides effectively neutralized FIV infectivity for Crandell
feline kidney (CrFK) cells.96 Residual neutralizing activity in the absorbed
sera suggests that other nonlinear determinants in the viral envelope are
also involved in neutralization. The involvement of the V4 and V5 regions
of the surface glycoprotein in virus neutralization has been shown as single
amino acid changes in these regions conferred resistance to virus neutral-
ization.103,104 These data are supported by findings that the V3 to V5 region
of the FIV envelope interacts with the second extracellular loop of CXCR4
to mediate fusion.64,65 It is of interest to note that neutralizing epitopes and
also at least in part the immunodominant regions on the viral envelope
coincide with genetically highly variable regions.

Although FIV infection induces a strong neutralizing antibody
response, the role of these antibodies in controlling virus infection is con-
troversial. The presence of neutralizing antibodies does not correlate with
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virus clearance or disease progression in FIV+ cats, as virus neutralizing
titers are similar in asymptomatic and symptomatic FIV+ cats.105,106 Also, sera
that exhibited elevated titers of highly efficient, cross-reactive neutralizing
activity when assayed on CrFK cells exerted a much lower neutralizing
effect when assayed in PBMC, thymocytes or T-cell lines.103,106,107 In contrast,
the activity of neutralizing antibodies in vivo has been shown in adoptive
transfer experiments, as sera from vaccinated cats effectively protect cats
against subsequent challenge with the homologous strain of FIV.108,109 Cats
without detectable antibody production are also reported to progress more
rapidly to terminal immunodeficiency.110,111

Cellular Immunity to FIV

CD4 + T-Cells

In healthy domestic cats, CD4+ cells represent approximately 66% of
the T-cells in circulation, whereas CD8+ cells represent a much smaller 
proportion, yielding normal CD4:CD8 ratios between 1.5 and 3 (Figure
2A).17,27,90 In cats, similar to the situation in humans, CD4+ cells are the
main source of IL-2,112 which explains the “help” that CD8+ cells must
receive from CD4+ cells in mounting an immune response. CD4+ T-helper
function is manifested by IL-2-promoted expansion and differentiation of
natural killer (NK) cells and antigen-specific CD8+ cells into effector cells.
As such, antigen-specific CD4+ T-cell responses are essential for controlling
viral infection, including HIV and FIV infections.

The rapid expansion of activated CD8+ cells during the acute phase of
HIV and FIV infection suggests that in the initial immune response, CD4+

cells are able to provide the necessary T-cell help. Studies suggest, however,
that even at the acute stage of infection HIV-1 specific CD4+ immune
responses are not sustained as there is a relative absence of CD4+ cell pro-
liferative responses to HIV antigens despite normal CD4+ cell responses to
other antigens.113–115 During the chronic phase of infection, HIV-specific
CD4+ T-cell responses in the peripheral blood of HIV+ individuals, in 
particular those to the envelope, are also often difficult to detect.116 In
patients undergoing continuous highly active antiretroviral therapy
(HAART) reconstitution of functional antigen-specific CD4+ T-cell
responses to HIV and several other antigens has been observed.117–119 The
restoration of antigen-specific CD4+ T-cell responses in patients undergo-
ing HAART, however, does not always correlate with a significant decrease
in plasma viremia.118

Activation of CD4+ T-cells has been documented in both FIV and HIV
infection as CD4+ cells show an upregulated expression of B7.1 and B7.2
costimulatory molecules.120–123 Additional evidence of chronic and pro-
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gressive T-cell activation in FIV+ cats and HIV+ patients comes from studies
investigating the expression of L-selectin (CD62L), a surface marker that
is lost on activated T-cells. Analysis of CD62L expression on CD4+ cells in
FIV+ cats demonstrated that with time after infection the percentage of
CD4+CD62L- cells increase such that the CD4+CD62L- cell population rep-
resents about 80% of the total CD4+ cells in long-term (>7 years) infected
cats (Figure 2C and D).41 In other words, 80% of the circulating CD4+ as
well as CD8+ T-cells (Figure 2E and F) in the blood of chronic, long-term
FIV+ cats have an activation phenotype. A similar phenotype change has
been reported for CD4+ cells of HIV+ patients.124,125
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FIGURE 2. FIV infection results in decreased CD4+/CD8+ cell ratios and activation of T-cell
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CD8 + T-Cells

FIV and HIV infection results in increased total CD8 cell counts in 
the peripheral blood, which can usually be detected early after infection,
remain high throughout the long asymptomatic phase of infection, and
decrease only late in the infection prior to the development of AIDS-like
disease symptoms.27,89,126 In both infections, the CD8 lymphocytosis corre-
lates with the emergence of CD8+ cells that provide antiviral immunity
through cytotoxic and virus-suppressive mechanisms.38,40,41,127–129

Cytotoxic T Lymphocytes (CTL). CTL responses in the peripheral blood
of FIV+ cats can be detected as early as 2 weeks postinfection,130 which is
similar to the very early detection of virus-specific CTL activity in SIV+

macaques.131 Early detection of CTL activities corresponds with a reduction
in viremia and transition to the asymptomatic phase.128,130 In chronically
FIV+ cats, CTL responses against Gag, Pol, and Env epitopes are also
detectable in the lymph nodes and spleen.128,129,132 As the lymph node is a
known site of virus sequestration and replication following HIV infection,
and CTL responses in HIV+ patients are associated with the maintenance
of a low viral burden in the asymptomatic phase of long-term progressors,133

the demonstration of CTL at these sites in FIV+ cats may reflect the attempts
of the host immune system to control virus replication.134 In support of this,
vaccine-induced protection against FIV challenge has been associated with
CTL responses directed against the Env protein.135

Noncytolytic Antiviral Activity. In addition to the virus-specific CTL
responses, FIV and HIV infection induces a population of nonantigen 
specific CD8+ effector cells that suppress virus replication in CD4+ cells by
a noncytotoxic, contact-dependent, non-MHC restricted mechanism.38–41

CD8+ effector cells that mediate immunity through cytolytic or noncytolytic
suppressor mechanisms can be divided by differential expression of surface
markers. Early detection of noncytolytic CD8+ effector cells in FIV+ cats is
associated with reduced expression of the CD8 b chain and increased
expression of MHC class II molecules.14,37,40,41 As reported for HIV+

patients,125 FIV-induced CD8a+blo cells are also characterized by a progres-
sive downregulation of CD62L (Figure 2E, F) resulting in more than 70%
CD62L negative cells of the total CD8b+ population in the peripheral blood
of long-term (>7 years) infected cats.41 The appearance of these CD8a+blo

cells correlates with the acute stage of infection and the rapid decline 
in viremia.38,41,136 In the case of FIV infection, activated CD8a+bloCD62L-

cells possess strong anti-FIV activity40,41 and are capable of controlling FIV
expression in vivo and in ex vivo cultured PBMC, suggesting that they may
play a major role in maintaining the low plasma viremia in cats during the
asymptomatic stage of infection.40,137,138 Further phenotypic characteriza-
tion of the CD8+ cell population in FIV+ cats revealed a profound and sus-
tained loss of the naïve CD8a+bhiCD62L+CD44loCD49dloCD18lo phenotype
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with a concurrent expansion of an CD8a+bloCD62L-CD44hiCD49dhiCD18hi

activation phenotype in the circulation.41 Similar to FIV infection, in
patients with long-term HIV infection, activated CD8+CD11ahi cells, includ-
ing a major subpopulation of CD8+CD62L-CD11ahi cells, represent approx-
imately 80% of the total CD8+ T-cells in the circulation.124,125 The loss of
CD62L and increase in the adhesion molecule (CD44) and integrin
(CD49d, CD18) on the surface of CD8+ cells is indicative of T-cell activa-
tion and therefore suggests that naïve CD8 cells are largely replaced by acti-
vated CD8+ cells during the course of FIV and HIV infection.

Additional evidence of chronic and progressive CD8+ T-cell activation
in HIV+ patients and FIV+ cats comes from the analysis of B7 costimulatory
molecules and CTLA4 expression on these cells. Similar to what is seen on
CD4+ cells, the CD8+B7+ phenotype represents approximately 80% of the
total CD8+ cells in long-term (>7 years) infected cats, and B7 expression
has been shown to be largely confined to the CD8a+blo cell population.122

The role of these activated CD8+ T-cells in controlling FIV or HIV infec-
tion in vivo is unknown, although Bucci et al.136 has shown by CD8+ cell
depletion studies that they have a potent suppressive activity on FIV repli-
cation in CD4+ cells cultured ex vivo.

5. IMMUNOPATHOGENESIS OF FIV INFECTION

The decline in the number of CD4+ T-cells and the inversion of the
CD4+/CD8+ cell ratio is seen in naturally and experimentally FIV+ cats
regardless of the route of infection (Figure 2A and B).12,27,36,110,136 The onset
of CD4+ T-cell depletion usually coincides with the peak plasma viremia
during the acute stage of infection,139 and after a partial rebound pro-
gresses throughout the asymptomatic and symptomatic phases of the infec-
tion. Several mechanisms of CD4+ cell loss have been proposed. FIV is lytic
for CD4+ cells in vitro, suggesting that this may occur in vivo as well.
Immune-mediated destruction of infected cells may also occur. CD8+ CTL
and NK cells capable of lysing virus-infected cells have been demonstrated
in both FIV and HIV infection.38,128,129 Due to the high viral load during the
acute phase of infection, lytic infections of target cells might at this stage
of infection contribute predominantly to the CD4+ cell decline. However,
as the infection progresses, the percentage of infected cells among the total
lymphocyte population is relatively low, indicating that mechanisms other
than lysis of infected cells may be involved in the continued CD4+ T-cell
loss. Whatever the mechanism(s) responsible for CD4+ T-cell loss with
disease progression, increased secondary infection is a manifestation of this
immune dysfunction.

The types of secondary infections seen in HIV and FIV infections 
are those that are controlled by a functional cell-mediated immune (CMI)
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response. While the development of these secondary infections can be
attributed to the decline in CD4+ cell numbers and the resulting decrease
in cytokines (IL-2, IFN-g) required for a successful CMI response, numer-
ous studies indicate that the immune dysfunction develops before a 
significant decrease in CD4+ cell numbers. Clerici et al.5 described a
sequential loss of immune functions in HIV infections beginning with an
inability to respond to recall antigens and progressing to lack of response
to human leukocyte antigen (HLA) alloantigens and finally to phyto-
hemagglutinin (PHA) stimulation. These defects occurred in many HIV+

individuals prior to CD4+ cell loss. Similar immune dysfunctions have been
described in FIV infection.17,140 In our laboratory we developed a Toxo-
plasma gondii-FIV coinfection model that allowed us to examine FIV-
induced dysfunctions in the CMI response. Normal cats challenged with 
T. gondii develop a transient chorioretinitis that resolves 3 to 4 weeks post-
challenge.141,142 However, as early as 16 weeks after infection with FIV, FIV+

cats challenged with T. gondii develop severe interstitial pneumonia result-
ing in 50% to 75% mortality.141,143 This suggests that severe immune dys-
function develops early after lentivirus infection. Several mechanisms
responsible for this immune dysfunction have been proposed including
cytokine deregulation,144 defective or altered antigen presentation,145,146

and inappropriate activation of immune regulatory cells.147 The remainder
of this chapter will address these proposed mechanisms of HIV/FIV
immunopathogenesis.

Cytokine Alterations

There have been numerous studies evaluating cytokine levels in FIV
infections, suggesting that the perturbations in cytokine production
observed in the human immune system following HIV infection are paral-
leled in FIV+ cats. Clerici et al.5 reported that PBMC from HIV+ individu-
als had decreased proliferation and IL-2 production in response to recall
antigens as compared to seronegative controls. This nonresponsiveness has
important consequences, as IL-2 has been shown to determine both the
magnitude of a primary cellular immune response, as well as the develop-
ment of memory cells. In contrast to many other cytokines, IL-2 is not
redundant with regards to its role in the generation of a normal immune
response and other cytokines or surface ligands cannot substitute for IL-2.
In contrast to the lack of IL-2, serum levels of tumor necrosis factor-alpha
(TNF-a) are found elevated in all AIDS patients, and approximately 50%
of those with ARC, but none in the asymptomatic phase of HIV infection.148

Lawrence et al.140 reported similar results (decreased IL-2 and increased
TNF-a levels) in FIV+ cats early after infection. Elevated levels of IL-6 have
been reported in the serum of both HIV+ patients149,150 and FIV+ cats,140 and
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both infections have been shown to stimulate production of IL-6 by
macrophages.53,151 In FIV+ cats, peak production of the proinflammatory
cytokines IL-6, IL-1, and TNF-a by PBMC was found to coincide with
periods of depressed immune responses as evidenced by a concurrent
depressed responsiveness of PBMC to mitogen stimulation and the pres-
ence of clinical signs.152 With the division of CD4+ cells into two subsets
based on cytokine production, Clerici and Shearer144 speculated that HIV
infection affects these subsets differently, causing a switch from a T-helper-
1 (TH1; IL-2 and IFN-g producers) to a T-helper-2 (TH2; IL-4, IL-5, IL-6,
and IL-10 producers) type response to specific antigens. However, further
studies did not support a clear TH1 to TH2 switch. Elevated levels of IL-10
and IFN-g in PBMC and lymph nodes of HIV+ patients have been described
by Graziosi et al.153 and Than et al.154 The latter also reported increased
expression of TNF-a and decreased IL-12 mRNA, whereas IL-2 and IL-4
mRNA were undetectable in both patients and controls. Others have also
described decreased IL-12 p40 and p35 synthesis in HIV+ patients.155

However, decreases in IFN-g production have also been reported in HIV+

individuals,156,157 while IL-4 has been reported to increase.157,158 It is not 
surprising that the precise changes in cytokine expression leading to HIV-
associated immune deficiency, and how such changes may impact immune
responses to other antigens, remain controversial. The heterogeneity of the
patient populations, including virus burden, disease progression, and expo-
sure to other pathogens, makes meaningful comparisons difficult. Some of
these issues have been addressed in FIV+ cats.

FIV infection has provided a powerful animal model to examine
lentivirus-induced cytokine dysfunctions, allowing for analysis of constitu-
tive cytokine levels prior to and after FIV infection, as wells as cytokine
responses following challenge with secondary pathogens. Using an FIV-T.
gondii coinfection model, we were able to analyze constitutive cytokine pro-
duction by lymph node cells from normal and FIV+ cats before and after
challenge with T. gondii.159,160 FIV infection caused a marked increase in
constitutive IFN-g, TNF-a, and IL-10 mRNA expression in the lymph nodes
during the acute stage infection. Challenge of control cats with T. gondii
induced an increase in IL-2, IFN-g, and IL-12 (p40) in lymph nodes, indica-
tive of a normal CMI response, whereas IFN-g and IL-10, but not IL-2 or
IL-12, were increased in lymph nodes of FIV-T. gondii coinfected cats. Dean
and colleagues161,162 reported similar findings using an FIV-Listeria monocy-
togenes coinfection model. In both cases, prior to secondary challenge, the
levels of IL-10 with respect to IL-12 in the FIV+ cats were greatly elevated
compared to negative cats. These data suggest that FIV-induced immuno-
deficiency may be derived from a failure to generate an IL-12 dependent
response, in part due to elevated levels of IL-10, a cytokine known to sup-
press IL-12 production by dendritic cells.
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Altered Antigen Presentation

A number of studies have examined the possibility that the CD4+

T-cell immunodeficiency in HIV+ patients is the result of inadequate or
inappropriate antigen presentation. Defective antigen presentation can
lead to T-cell anergy, which is characterized by decreased or no IL-2 prod-
uction following T-cell receptor (TCR) stimulation. Studies have shown
that anergy is more easily induced in IL-2/IFN-g secreting CD4+ T-cells than
in IL-4 secreting CD4+ T-cells.163,164 The unresponsiveness of CD4+ T-cells in
HIV infections resembles anergy, and it has been suggested that it is the
result of defective antigen presentation by antigen presenting cells
(APC).145,146 Mechanisms proposed for defective APC function include loss
of dendritic cells due to direct virus infection,165 decreased expression of
accessory molecules such as MHC class II or B7 on APC,145,165,166 and
decreased cytokine or cytokine-dependent signaling.145

Inadequate APC costimulation is consistent with the observation that
T-cells from asymptomatic HIV+ patients and FIV+ cats fail to produce IL-2
and proliferate after antigenic stimulation. The lack of IL-2 in the stimu-
lated cells results in anergy and progression to activation-induced pro-
grammed cell death or apoptosis,167,168 leading to the speculation that loss
of T-cell function and subsequent immune deficiency in HIV+ patients and
FIV+ cats is the result of anergy/apoptosis. This speculation is supported
by the findings of abnormally high frequencies of apoptotic cells in the
lymph nodes of HIV+ individuals and FIV+ cats.169–172

T-Cell-Mediated Immunopathology

Recent data suggest that the CD4+ T-cell immune hyporesponsiveness
in FIV+ and HIV+ patients may be unrelated to APC but result from unique
immunosuppressive properties of virus activated T-cells. These potentially
immunosuppressive T-cells fall into two categories: the activated
B7+CTLA4+ T-cells that are part of the normal T-helper cell immunoregu-
latory response; and the CD4+CD25+ T-regulatory cells, a distinct popula-
tion of CD4+ T-cells with negative immunoregulatory properties.

B7 +CTLA4 + T-Cell-Induced Anergy and Apoptosis

There is recent evidence that HIV and FIV infections may cause
immunopathology by disrupting the normal process of activation-induced
programmed cell death (apoptosis) that controls the magnitude and dura-
tion of the T-cell immune response. Apoptosis regulates the cellular reper-
toire throughout the life of an organism and is initiated by engagement of
specific cell surface receptors with their ligands. The best described exam-
ples of receptor interactions that transduce intracellular signals mediating
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cell death are between proteins that belong to the TNF family (e.g., FasL
with Fas, TNF-a with TNF-a receptor, Apo2L with TRAIL), and interactions
between the B7 costimulatory molecules and CTL antigen 4 (CTLA4).
Apoptosis induced by proteins of the TNF family induce caspase-mediated
cell death in many tissues, whereas the B7-CTLA4 apoptotic pathway
induces T-lineage-specific cell death via the suppression of IL-2, resulting
in antigen-specific anergy or clonal deletion of previously activated T-
cells.173,174 The inability of CD4+ cells from HIV+ individuals and FIV+ cats
to produce IL-2 and proliferate in response to recall antigens suggests that
the increased apoptosis could be due to B7-CTLA4 interactions.

B7.1 and B7.2 costimulation receptors are normally found on profes-
sional APCs, such as dendritic cells, activated monocytes, and B-cells.175

These molecules interact with CD28 and CTLA4 on T-cells, providing 
necessary second signals to either stimulate IL-2 synthesis (B7-CD28) thus
promoting an immune response or suppression of IL-2 production 
(B7-CTLA4) and terminating the immune response. CD28 is constitutively
expressed on T-cells, whereas CTLA4 is expressed only after T-cells have
been activated, 2 to 3 days after peptide-TCR engagement. As the binding
avidity of the B7 molecules for CTLA4 is 50–100 times greater than for
CD28, negative signaling would dominate over activation on cells express-
ing both CD28 and CTLA4. While B7.1 and B7.2 are normally found on
professional APCs, a number of studies have demonstrated that these mol-
ecules are upregulated on activated T-cells in vitro176,177 and in vivo in situ-
ations of chronic antigenic stimulation such as autoimmune disease178,179

and HIV infection.121 Our laboratory has recently reported an increase in
the percentage of CD4+ and CD8+ T-cells that express B7.1 and B7.2 mol-
ecules in FIV+ cats compared to uninfected cats.122 The numbers of B7 pos-
itive CD4+ and CD8+ T-cells increase with disease progression such that the
majority of T-cells (≥75%) in the lymph nodes express B7 molecules in
long-term (>7 years) infected cats. Interestingly, the majority of B7+CD4+

and B7+CD8+ T-cells in FIV+ cats also express CTLA4, and we have been
able to correlate the expression of these molecules to spontaneous T-cell
apoptosis in vitro180 and in LN and PBMC of FIV+ cats in vivo.122 Further,
in a more recent study, we have found that T-cell apoptosis in the PBMC
of HIV+ individuals is associated with CD4+ T-cells coexpressing B7 and
CTLA4.123 As ligation of CTLA4 by B7 transduces a signal for down-
regulation of IL-2 and induction of anergy and apoptosis, we speculated
that persistent antigenic stimulation, as seen in HIV and FIV infection,
chronically induces B7.1/2+CTLA4+ T-cells capable of T-T interactions that
result in T-cell anergy and apoptosis. Such a mechanism could explain the
progressive loss of T-cell immune function and increase in lymph node T-
cell apoptosis, which is the hallmark of FIV and HIV infections.

This speculation is supported by the observation that T-cells activated
in vitro and shown to express B7 are capable of antigen presentation and
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can engage the TCR on other activated T-cells in an antigen specific
manner.181 However, in contrast to professional APC, evidence suggests that
T-T cell antigen presentation does not costimulate IL-2 production and
proliferation, but primes T-cells for anergy and apoptosis.182,183 Why T-T 
cell antigen presentation favors anergy over costimulation is not known.
Greenfield et al.183 demonstrated that while B7.1 expressed on T-cells was
capable of binding both CD28 and CTLA4 on costimulated T-cells, B7.2
was capable of binding CTLA4 but not CD28, leading to T-cell anergy. As
we have also documented increased expression of CTLA4 on T-cells from
FIV+ cats, one can envision activated B7 expressing CD4+ cells being able
to present antigen to other T-cells expressing CTLA4, resulting in anergy
or apoptosis. The proposed mechanism for T-T antigen presentation
leading to anergy and apoptosis is illustrated in Figure 3. As not all anergic
cells progress to apoptosis, such a mechanism could explain the decreased
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IL-2 production and immune unresponsiveness prior to CD4+ cell loss.
Moreover, the T-T cell interactions may not need to be antigen specific in
their immunosuppressive function. Bienzle et al.184 reported that HIV-
specific CTL exerted a cytotoxic effect against uninfected, activated CD4+

cells but not against nonactivated CD4+ cells. This effector function was
restricted to CD8+ cells from HIV+ individuals, not antigen specific or MHC-
restricted, and killed uninfected CD4+ cells via apoptosis as opposed to a
normal CTL-mediated perforin mechanism. The studies of Bienzle et al.184

are consistent with the reported loss of immunity to primary T. gondii infec-
tion in the FIV-T. gondii coinfection model. The large numbers of FIV-
induced B7+CD8+ or B7+CD4+ effector cells in the lymph node could
interact with activated CD4+ cells responding to T. gondii antigens, result-
ing in anergy and eventual apoptosis and the inability to develop an
immune response to T. gondii. While there is compelling evidence for a
marked expansion of a unique population(s) of phenotypically and func-
tionally activated CD4+ and CD8+ with disease progression in FIV/HIV
infection, there is no direct evidence as yet that it plays a role in inhibiting
protective T-cell responses to FIV/HIV antigen or to other unrelated
pathogens. The most interesting data to date comes from reports by
Vahlenkamp et al.180 and Bull et al.185 that anti-B7.1 or IL-2 treatment of
cultured purified CD4+ cells from FIV+ cats significantly inhibits sponta-
neous apoptosis, as would be expected if apoptosis were the result of B7+-
CTLA4+ mediated T-T interactions.

CD4 + T Regulatory Cell-Mediated Anergy and Apoptosis

Studies in a number of experimental models have firmly established
the existence of a “professional” CD4+ regulatory T-cell population (Treg)
that performs an important antiautoimmunity function by inhibiting the
activation of autoreactive T-cells, thereby maintaining peripheral self-
tolerance.47,48 Evidence has accumulated that CD4+CD25+ Treg cells can
also suppress immune responses against infectious agents, such as bacte-
ria, fungi, viruses, and intracellular parasites,186,187 and play a central role
in regulating the T-helper-dependent immune response. The defining
feature of CD4+CD25+ Treg cells in both rodents and humans is their ability,
when activated through their TCR, to inhibit proliferation and induce
apoptosis of other activated CD4+ or CD8+ T-cells in vitro. This in vitro sup-
pression is mediated through a cell contact-dependent mechanism that
transduces a signal for transcriptional down-regulation of IL-2, resulting in
anergy and apoptosis.188,189 Although activation of CD4+CD25+ cells is, with
some exceptions (e.g., lipolysaccharide [LPS] and IL-2), antigen-specific,
once activated, they suppress CD4+ and CD8+ T-cell responses in an antigen
nonspecific manner.188,190

Phenotypic analysis of CD4+ Treg cells reveal that, in addition to CD25,
Treg cells express CTLA4, and when activated B7.1 and B7.2.191,192 This

FIV MODEL FOR PATHOGENESIS STUDIES 257



surface phenotype is reminiscent of the activated CD4+B7+CTLA4+ cells
that we have described in FIV+ cats and HIV+ patients that we propose may
play a role in CD4+ immune hyporesponsiveness in these lentivirus infec-
tions (Figure 3). CD4+CD25+ T-cells in normal and FIV+ cats display the
salient characteristics of CD4+ Treg cells in humans and rodents,47,48,187,193,194

as they constitute about 5 to 10% of the peripheral T-cell population, 
fail to proliferate in response to Con A stimulation (Figure 4B), and are
relatively resistant to activation-induced programmed cell death (Figure
4C).49,195 Phenotypic analysis of CD4+CD25+ T-cells from FIV+ cats revealed
that these cells also express B7.1, B7.2, and CTLA4,195 suggesting that they
were activated in vivo. Consistent with this interpretation, freshly isolated
CD4+CD25+ T-cells from FIV+ cats, but not normal cats, are able to suppress
the proliferative response of Con A-stimulated autologous CD4+CD25- T-
cells (Figure 4E). This suppression was contact-dependent and correlates
with the downregulation of IL-2 production,195 providing further support
that the CD4+CD25+ T-cells in FIV+ cats are activated Treg cells capable of
anergy induction.

It is possible that they are FIV antigen specific and activated by chronic
antigenemia. It is also possible that they are nonspecifically activated by
molecules such as LPS that has been shown to occur in vitro with murine
as well as feline CD4+CD25+ Treg cells. Why Treg cells would be activated
in FIV infection is not clear. However, it is easy to imagine their potential
role in the immune dysfunctions associated with FIV/HIV infections. One
can speculate that chronic FIV antigen presentation, and in particular aber-
rant antigen presentation by CD4+B7+MCHII+ T-cells may activate Treg cells
to dampen protective CD4+ T-helper cell-dependent immune responses to
FIV antigens. This negative immunoregulatory property of active CD4+

Treg cells is well documented in a number of infectious diseases.186,187,196,197

The activated CD4+CD25+B7+ cells are found predominantly in the lymph
node as opposed to the blood of FIV+ animals, and it is the lymph node
where we would expect immune responses to antigen to occur and where
we would expect Treg cells to exert their suppressor function. It will be of
much interest to further explore the possible role of FIV-activated
CD4+CD25+ Treg cells on the CD4+ T-helper-cell immunodeficiency in
infected cats and determine if a similar mechanism contributes to human
AIDS.

In addition to their potential role in immunosuppression in HIV and
FIV infection, CD4+CD25+ Treg cells may contribute to the long-term virus
persistence in these infections in vivo. In vitro studies have shown that acti-
vated CD4+ cells expressing CD25 can be productively infected with HIV
in vitro, whereas highly purified resting CD4+CD25- cells were resistant to
HIV infection.46 The CD4+CD25+ cells reported to support HIV replication,
however, were not identified as Treg cells. Recent studies in our laboratory
using the FIV infection model demonstrated that both CD4+CD25+ and
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FIGURE 4. Feline CD4+CD25+ LN cells are anergic and productively infected with FIV. FIV
infection results in activation of immunosuppressive function(s) of CD4+CD25+ T-regulatory
cells in vivo. Lymph node (LN) cells of FIV+ and control cats were sorted (MoFlo® cell sorter,
Dako-Cytomation) into CD4+CD25+ and CD4+CD25- cells (>97% purity) (A). Analysis of the
purified cell subsets using 3H TdR incorporation assays reveals that in contrast to CD4+CD25-

cells, CD4+CD25+ cells derived from FIV+ and FIV- cats are unresponsive to 2-day mitogen
stimulation (Con A; 5mg/ml) (B). As the percentage of Annexin V positive cells among the
CD4+CD25- and CD4+CD25+ cells cultured for 36h with or without IL-2 (100IU/ml) does not
differ significantly (C), failure of CD4+CD25+ cells to proliferate upon mitogen stimulation
indicates a state of nonresponsiveness/anergy. Coculture of FCD4E cells with in vitro unstim-
ulated CD4+CD25- and CD4+CD25+ cells from FIV+ cats reveals that FIV can be rescued pref-
erentially (p < 0.05) in cocultures with CD4+CD25+ cells (D), as determined by the presence
of FIV-p24 in the culture supernatant. The results (mean ± standard deviation) of at least four
independent experiments (B, C, D) are shown. Viral replication and the lack of increased
apoptosis in these cells support the hypothesis that the partially activated, anergic CD4+CD25+

cells might serve as persistent reservoir of FIV replication in vivo. The phenotype of anergic
CD4+CD25+ cells is reminiscent of immunosuppressive CD4+ Treg cells. To test the ability 
of CD4+CD25+ cells in FIV+ cats to suppress the proliferation of stimulated autologous
CD4+CD25- cells, we performed coculture experiments using Con A (5mg/ml) stimulated
CD4+CD25- cells as targets and CD4+CD25+ cells as effector cells. The 3H TdR incorporation
assays reveal that the proliferation of CD4+CD25- cells is markedly inhibited by coculture with
unstimulated CD4+CD25+ cells in a dose-dependent manner as shown for three individual
FIV+ cats (E). As experiments using similar CD4+ cell subpopulations derived from FIV- cats
reveal only a minor inhibition of target cell proliferation, the experiments suggest that FIV
infection results in the activation of immunosuppressive CD4+CD25+ Treg cells in vivo.



CD4+CD25- cells are susceptible to FIV infection. In contrast to CD4+CD25-

cells, which become latently infected, CD4+CD25+ cells isolated from FIV+

cats or infected in vitro harbor a productive FIV infection (Figure 4D), 
yet have functional characteristics of CD4+CD25+ Treg cells.49 Thus,
CD4+CD25+ Treg cells could potentially provide a long-term, stable reser-
voir for FIV, as well as HIV replication. Further experiments will address
the role of cellular transcription factors known to regulate FIV replication
in the activation state and function of CD4+CD25- and anergic CD4+CD25+

cells. Figure 5 depicts the proposed mechanism of CD4+CD25+ Treg 
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of IL-2 production detected early during the asymptomatic stage of FIV infection. With disease
progression and increasing viral mutational diversity, chronic antigenic stimulation results in
a continued activation of CD4+ and CD8+ cells as evidenced by the downregulated expression
of adhesion (CD62L) molecules and by the abnormal expression of B7 costimulatory 
molecules, as well as their ligand CTLA4 leading to anergy/apoptosis, signaling T-T-cell 
interactions.



cell activation induced immunosuppression of T-cell-mediated immune
responses and the possible role of CD4+CD25+ Treg cells in persistent viral
replication.

6. CONCLUSION

FIV is a lentivirus of cats with a pathogenesis and clinical disease pattern
that parallels HIV infection.8,22,25,134 Cats develop an acute infection syn-
drome, including low-grade fever and transient generalized lymphadeno-
pathy, followed by a long asymptomatic period in which the CD4+/CD8+

ratio declines due to an early increase in CD8+ and a progressive decrease
in CD4+ cells.28,37 This asymptomatic period is followed by the development
of a variety of disorders, many of which mimic AIDS in humans.8,22 Similar
to HIV, the acute stage FIV infection is characterized by a high plasma
viremia followed by a marked decline and persistent low-level viremia
during the long asymptomatic stage of infection.24

The relevance of FIV as a model for HIV immunopathogenesis is
underscored by the remarkable parallels in CD4+ and CD8+ phenotypic and
functional changes during disease progression. Both infections are char-
acterized by early and long-term changes in cytokine expression (e.g., ele-
vation in IFN-g and IL-10) and CD4+ T-cell anergy and apoptosis. While the
molecular mechanism(s) leading to immunodeficiency and AIDS is not
known, recent new studies in the FIV animal model of AIDS suggest that
anergy and/or clonal deletion of other antigen activated T-cells may be
involved. Whatever, the mechanism(s) leading to CD4+ immune dysfuntion
in HIV+ patients—and there have been many proposed—the FIV infection
in cats has been and will continue to be an important animal model to
study the immunopathogenesis of HIV infection. Based on data developed
principally in the FIV model, one such scenario suggests that progressive
deterioration of CD4+ numbers and function characteristics of FIV/HIV
infection could result from chronic anergic signaling mediated by virus
activated T-cells expressing B7 molecules. More recent data developed in
the FIV model support an argument that virus activated CD4+CD25+ Treg
cells may abort protective T-helper-cell responses to antigens.
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