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1. ABSTRACT

The global incidence of pediatric HIV infection is
estimated at 2.3 million children, most acquiring the
infection from their mothers in utero, peripartum, or
postpartum. Pediatric HIV infection typically causes a
rapidly progressive disease when compared with adult
infection, due in part to the profound susceptibility of the
neonatal thymus to productive infection or degenerative
changes. Failed production of naive T-lymphocytes further
limits the success of antiviral therapy to restore
immunologic function. In this review, we explore the use
of feline immunodeficiency virus (FIV) infection of
domestic cats as an animal model for pediatric HIV
infection. Cats infected with FIV represent the smallest
host of a naturally occurring lentivirus, and the
immunodeficiency syndrome elicited by FIV infection is
similar to that of HIV-AIDS. The feline-FIV model
uniquely  reproduces  several key  aspects of
immunosuppressive lentivirus infection of the thymus,
allowing investigators to define viral determinants of
pathogenicity, influence of host age on disease outcome,
and therapeutic strategies to restore thymus function.
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2. INTRODUCTION

As of December 2006, approximately 39.5
million people worldwide were infected with human
immunodeficiency virus (HIV), including 2.3 million
children (1). Of the childhood infections, there were
approximately 530,000 new infections and 380,000 deaths
due to AIDS and related diseases. The vast majority of
pediatric HIV cases are a result of vertical transmission
from infected women, which can occur in utero, during
birth, or following the ingestion of infected milk (2).
Infected newborns often experience a shorter incubation
time and more rapid disease progression than do infected
adults. Newborns may develop clinical symptoms during
the first year of life and up to 16% succumb to AIDS before
four years of age (3, 4). Those infected in utero have a
two-fold risk of progression to AIDS or death by 12 months
of age as compared with those infected during childbirth
(5). Whether this is the result of profound susceptibility of
the fetal thymus to infection or to the selective transmission
of pathogenic viral variants needs to be defined in an
animal model. Feline immunodeficiency virus (FIV) is a
naturally occurring, immunosuppressive lentivirus of cats



FIV model of pediatric HIV infection

that provides a useful model in which to define the role of
age-related factors on disease pathogenesis because the
inoculum can be precisely controlled and delivered at
defined stages of fetal development (6, 7).

FIV and HIV are both members of the family
Retroviridae, genus Lentivirus. FIV was first isolated in
1986 from a colony of group-housed cats with a high
prevalence of opportunistic infections and degenerative
conditions (8). Many of these cats had originated from
stray or feral populations and all tested negative for feline
leukemia  virus  (FeLV), the only recognized
immunosuppressive feline retrovirus at the time. Since this
initial recognition two decades ago, FIV is now recognized
as an endemic pathogen in domestic cat populations
worldwide (9). As an animal model for HIV/AIDS, the
FIV-infected cat has three major strengths (6): (1) Close
phylogenetic relationship of the viruses, which translates
into similar virus morphology, biochemical properties, and
replication; (2) similar virus-host interaction, which is
characterized by the infection and progressive depletion of
circulating T-helper (CD4") lymphocytes; and (3)
progressive deterioration of immune status leading to an
AIDS-like syndrome of degenerative and infectious
disease. Furthermore, because of its long-standing presence
in the cat population, FIV provides a unique perspective
from which to study viral evolution and adaptation in the
host. Both viruses exhibit tropism for many cells of the
immune system, including the CD4" subset of T
lymphocytes, which orchestrate the acquired immune
response (6). As the number of CD4" cells declines over
the course of infection, the host becomes susceptible to
opportunistic infections and degenerative disorders (10).

3.1. General pathogenesis of FIV infection

Once FIV is transmitted to a susceptible host, the
virus persists within the blood and lymphoid tissues even in
the presence of a strong antiviral immune response. The
course of FIV infection can be characterized by a gradual
transition through three general phases defined by changes
in clinical signs, level of viremia, strength of antiviral
immunity, and the ratio of CD4" lymphocytes to T-
cytotoxic/ suppressor (CD8") lymphocytes (CD4:CD8) in
peripheral blood.

The acute stage of infection typically occurs
within the first three months of virus exposure. Clinical
signs during this period include transient fever,
neutropenia, and generalized lymphadenopathy (11).
During this relatively short time interval, FIV replicates
and disseminates throughout the body and antiviral
immunity is initiated. After inoculation, a two-week
quiescent period ensues, in which circulating virus and
antiviral antibodies are generally undetectable. Shortly
after this period, virus can be identified in the plasma using
reverse transcription-polymerase chain reaction (RT-PCR)
to amplify viral nucleic acids or by incubating plasma with
susceptible cells in vitro and subsequently isolating the
virus (12). This initial burst of viremia is closely
associated with a high level of circulating CD4"
lymphocyte infection (13, 14) and a precipitous decline in
CD4" lymphocytes from the peripheral blood (12). By the
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third week of infection, the virus has disseminated
throughout the lymphoid tissues of the body, replicating
within the thymus, regional lymph nodes, and mucosa
associated lymphoid tissues (13, 15, 16). Virus is also
detected at this time in many body secretions, including
saliva (17), milk/colostrum (18, 19), and vaginal secretions
(17). The immunologic response to viremia first occurs
with the production of neutralizing antibodies by 3 to 4
weeks p.i. (20) and cell-mediated immunity between 2
weeks (21) and 7 weeks (22). The emergence of an
effective antiviral immune response correlates with a sharp
decline in viremia that defines the end of the acute stage of
infection.

The dynamic events of the acute stage precede a
relatively stable, clinically asymptomatic stage of infection
that characterizes most lentivirus infections of animals. In
nature, the median age of asymptomatic cats (4 years) is
much less than the median age for FIV-infected cats with
AIDS-like disease (10 years), suggesting that the this
asymptomatic stage lasts for several years (23). In an
experimental setting, the duration of this stage is highly
variable, being influenced by the virus strain (12) and by
the degree of immunologic challenge to the host (24).
Plasma viremia is maintained at extremely low levels (12)
and cell-associated infection is maintained primarily in
CDS" T lymphocytes and B lymphocytes (13, 14). A
persistent increase in IgG concentration emerges, partly
attributable to the production of FIV-specific antibodies
(25). Within a year of infection, memory-effector CD8"
lymphocytes localize within the spleen, lymph nodes, and
thymus where their presence is associated with reduced
virus replication within these tissues (21, 26, 27). The
compromised immune status of these animals is
characterized by a sustained reduction in the number of
CD4" lymphocytes (reduced CD4:CD8), and lower
proliferative responses by T lymphocytes in vitro (10, 25,
28-32). Clinical findings are often minimal during this
period but may include generalized lymphadenopathy,
uveitis, gingivitis/stomatitis, and neutropenia. While these
cats may not become overtly ill when housed under
conditions that limit exposure to infectious agents, they are
more susceptible than FIV-negative cats to fulminant
clinical disease when challenged with normally
subpathogenic doses of infectious agents such as
Toxoplasma gondii (24).

The third phase of FIV infection is the classical
form of feline AIDS often marked by the emergence of
multiple degenerative, neoplastic, and secondary infectious
diseases, including chronic periodontal disease, weight
loss, tracheobronchitis, abscesses, neurologic disease, and
lymphoma. While there is considerable overlap in clinical
findings between this and the previous category,
manifestations may become multiple or more severe. This
stage is best characterized in naturally infected animals, but
has also been reproduced in an experimental setting (10,
12). AIDS coincides with a re-emergence of circulating
virus, a marked decline in the number of circulating CD8"
T lymphocytes (10), a persistent deficiency of CD4"
lymphocytes (33) and a further reduction in proliferative
response to mitogen stimulation. A rapid progression to
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AIDS has been attributed to elevated levels of plasma
viremia due to ineffective immunologic control of virus
replication (34).

3.2. Impact of FIV infection on the neonate

FIV infection causes a more severe immunologic
dysfunction in the neonatal cat than in the adult cat. In
experiments with the Petaluma strain of FIV, severe disease
in kittens was characterized by persistent generalized
lymphadenopathy, profound neutropenia, persistent
decreases in CD4:CD8 T cell ratio, and variably decreased
CD4" T cell counts (35-37). A number of other FIV
isolates are associated with impaired weight gain, increased
numbers of circulating CD8" T cells, and decreases in
CD4" T cell counts within 12 weeks of neonatal
inoculation. Some of these isolates include FIV-NCSU-1
(7, 26), FIV-Ch (36, 38, 39) and VICSF, a primary isolate
from a cat with neurological disease (36, 37). The
pathogenic molecular clone JSY3 (40) reduces CD4" T cell
numbers and CD4:CD8 T cell ratios in neonates, and these
effects are partially abrogated with an inactivating mutation
of the ORF-A gene (41, 42). Similar changes in CD4" T
cells and CD4'/CD8" T cell ratios have been observed with
pFIV-PPR (43).

Considerable work has focused on the role of CD8"
T cells in control of, and resistance to, HIV infection. A subset
of chronically HIV-infected people progress slowly to AIDS
and certain repeatedly exposed but uninfected individuals
possess strong cytotoxic T lymphocyte responses (44).
Children with non-cytotoxic CD8" T cell viral suppression
have lower plasma HIV concentration, higher CD4" T cell
percentages at one year of age, and slower progression to
AIDS (45). Neonatal cats infected with FIV-JSY3 were
examined for generation of CD8" T cell responses and their
effects on viral burden (26). Development of CD8" T cell-
mediated FIV suppressive activity and increased numbers of
effector CD8" T cells within blood, thymus and lymph node
samples over the 16-week study period were associated with a
reduction in viral load. However, viral suppression was not
strongly associated with improved CD4" cell counts or
CD4'/CD8" T cell ratios.

Neutrophil counts are reported to both increase
and decrease in FIV-infected cats, suggesting that stage of
disease and viral properties may influence neutrophil
production (46). Neutropenia during acute infection of cats
with the Petaluma strain of FIV is associated with a decline
in marrow precursors belonging to the granulocyte-
macrophage lineage between 4 and 12 weeks post-
inoculation (47). Kubes et al. infected neonatal kittens
with FIV-Ch and followed their neutrophil counts for 8 or
12 weeks, at which time neither quantitative differences nor
neutrophil infection were observed (39). Using in vivo
microscopy, it was determined that the 12-week-old cats in
this study exhibited a profound impairment in neutrophil
rolling, adhesion, and emigration in postcapillary venules
in response to endotoxin treatment.

3.3. Vertical transmission
Transmission of FIV from pregnant cats (queens)
to their kittens provides a unique system in which to
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develop strategies for the prevention and treatment of
lentivirus-induced disease in neonates (48, 49). Vertical
transmission of FIV is known to occur during pregnancy
(17, 49, 50), parturition (17), or postpartum through the
ingestion of infected colostrum or milk (17, 19, 51),
resembling the diverse timing of vertical transmission of
HIV (52-55). Transmission in naturally infected cats occurs
much less frequently than in experimentally induced
infections. In fact, early investigations of FIV often failed
to detect any serologic evidence of vertical transmission
(11, 56), and immunologic surveys of natural populations
suggest that vertical transmission of native virus is
relatively uncommon (57, 58). However, vertical FIV
transmission in experimental settings occurs frequently,
ranging from 47-95%, depending on viral strain, size of
inoculum, and study design (49, 50). Cats that were
experimentally inoculated with FIV strains that were
generated by serial in vivo passage to produce an
accelerated disease (59) have increased vertical
transmission rates when compared with wild type virus.
Likewise, HIV vertical transmission rates are variable,
ranging from 15-90% depending on geographic location,
maternal viral load, severity of maternal disease, and mode
of delivery (52, 60). Vertical transmission is most efficient
when pregnant cats are acutely infected during pregnancy.
Pregnant women with high virus loads are also more likely
to transfer infection to the infant, but other factors facilitate
transmission when maternal viremia is low (61). Chronic
infection (i.e., maternal infection that precedes the onset of
pregnancy) is the norm in the case of natural FIV infection,
and transmission rates are typically low in this situation due
to low levels of viremia (6, 19).

Transmission in utero within the first and second
trimesters is considered rare in FIV (49) and HIV (53, 55,
62) infections, as fetal blood and tissues, including thymus,
tested early in pregnancy are usually negative for virus.
One study of FIV vertical transmission demonstrated
increasing rates of infection with advancement of gestation,
as no fetal kittens were found to be infected at 3 weeks of
gestation, but up to 60% were infected by the last trimester
as determined by positive DNA PCR from at least one fetal
tissue (49). Most transmission of HIV occurs during late
gestation or within the peripartum interval (63). However,
many studies of HIV transmission are based on the
evaluation of the blood of near-term fetuses. Such
approaches are not effective in identifying covert infections
where the virus is sequestered in the thymus or lymph node
in the absence of detectable virus in the blood (48-50).
Misidentification of these infected kittens, and a failure to
recognize fetal resorption, may result in an underestimation
of the frequency of vertical transmission (64).

Infants are considered infected in utero if there is
a positive culture or DNA PCR test within 48 hrs of birth.
Intrapartum infection is identified by a positive test prior to
3 months of age in the absence of breast-feeding and with
negative HIV tests within the first week of life (65). Using
these definitions, 43% of infants infected in utero died of
AIDS prior to one year of age, as opposed to 29% of those
infected intrapartum (54), illustrating the clinical and
epidemiological significance of accurately determining the
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timing of transmission. If intrapartum infection occurs at
an appreciable rate, then cesarean delivery might be
justified over vaginal delivery; however, data in support of
this presumption are conflicting. In the case of HIV,
delivery by elective cesarean section before rupture of the
amniotic membranes or the onset of labor, and the
administration of antiretroviral agents during the
peripartum  period,  significantly = reduce  vertical
transmission of HIV (54). However, in a 1996 study of FIV
infected queens by O’Neil et al., 25% of kittens born to
chronically FIV-infected queens, delivered vaginally and
denied maternal colostrum and milk, were FIV positive at
birth (18). Some kittens, which had tested FIV negative at
birth, became positive by 6 months of age, resulting in an
overall infection rate of 50%. In the same study, 75% of
kittens delivered by cesarean section and foster nursed by
FIV-naive queens were FIV-positive at birth, and an
additional 20% of kittens later tested positive, resulting in a
total infection rate of 95%. Both groups had a 20-25%
increase in detectable infection rate by 6 months of age,
which is similar to infection rates attributed to intrapartum
exposure of HIV (54). These findings suggested that the
kittens were infected near parturition, but the benefit of
cesarean over vaginal delivery was not established.
Although the queens in this study were chronically
infected, the majority developed clinical signs related to
FIV infection during pregnancy. There was a significant
positive association between lowered maternal CD4" cell
count (specifically when less than 200 cells per microliter),
increased duration of maternal infection, and increased
vertical transmission rate (18).

3.4. Impact of FIV infection on the fetus

Cats infected in utero or at birth tend to exhibit
accelerated progression of disease and decreased postnatal
viability (17, 49, 50). Arrested fetal development, abortion,
stillbirth, and lowered birth weights are relatively common
when compared with the incidence in non-infected kittens
(17). Advanced maternal disease during pregnancy is also
associated with faster lentiviral disease progression in
children (66) and in kittens (18). Furthermore, queens with
high viral loads tend to have a higher rate of stillbirth or
death in their kittens within 48 hours of birth (17). This is
particularly true when infection occurs early in pregnancy,
as the number of nonviable kittens is higher from acutely
infected queens (53%) than from chronically infected
queens (30%) (49-51). Data concerning fetal viability are
somewhat variable, however, as Weaver et al. reported
slight differences in litter size, and significantly increased
numbers of non-viable Kkittens, either due to arrested
development or fetal resorption, in queens infected with
FIV-B-2542 (64), while other studies utilizing this same
viral strain reported no differences in litter size and no
evidence of an increase in fetal gross morphologic
abnormalities (49). In a separate study, 25 of 83 kittens
(30%) born to queens chronically infected with either FIV-
B-2542 or FIV-AB-2771 were nonviable, compared to an
8% rate of nonviable kittens born to non-infected queens
(18). Nine of these 25 nonviable kittens (36%) were born
prematurely, 7 (78%) of which were also FIV infected,
indicating that prematurely born, nonviable kittens are
more likely to be infected than are full-term, nonviable
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kittens (18). Other FIV strains have also shown deleterious
effects on fetal development as well, as 53% of kittens born
to FIV-CSU-2771-infected queens were either stillborn or
died within 48 hours (17). Mean birth weights were often
low for the nonviable kittens (avg. <90g) when compared
with normal controls (avg. 101g). The average birth weight
of FIV-infected kittens was significantly lower than that of
uninfected littermates; moreover, the birth weights of both
of these groups were lower than the average weights of
kittens born to uninfected queens (18). Postnatal weight
gains were also below normal for virus isolation-negative,
but antibody-positive kittens born from FIV-infected
queens. Thus, FIV-infected queens are less supportive of
fetal and neonatal growth even in the absence of vertical
transmission.

Some seropositive and PCR-positive kittens born
to FIV-infected queens are reported to develop a transient
infection, with progressive decline—often to undetectable
levels—of antiviral antibody, virus, and provirus within
peripheral blood (48, 67). However, FIV was detectable
within certain tissues greater than one year post-infection,
indicating that conventional indicators of infection may be
negative, even in the face of undetectable latent infection
(48, 67). Thus, small quantities of virus may remain within
tissues, yet be insufficient to induce antibody production. In
some cases, proviral DNA was detected, but there were no
measurable RNA transcripts via in situ hybridization,
suggesting that these were not active or productive
infections at that time, even though ex vivo cultures
confirmed viral viability (49).

HIV-infected fetuses exhibit a reduced rate of
intrauterine growth (63). Infants born prematurely and with
low body weight (when corrected for gestational age) have
significantly higher risks of intrapartum infection (68).
Additionally, in HIV-infected pregnant women with
clinical symptoms of disease, there is a significantly
increased risk of low birth weight, premature delivery,
intrauterine fetal death, and miscarriage (69), and an
approximately three-fold greater incidence of fetal loss than
the general population (63). Embryopathy and multiple
malformations, including thymic hypoplasia (70) occurs
occasionally in spontaneously or electively aborted human
fetuses born to HIV-infected mothers, even when the fetus
does not have demonstrable infection (55, 71).
Interestingly, as noted in both FIV and HIV infection, not
all infected fetuses harbor virus within the placenta (50),
yet fetal and placental tissues with the highest viral
expression are often associated with earlier gestational loss
(55).

HIV may induce changes that contribute to
immune rejection of the fetus, possibly through an
imbalance of maternal and fetal T-helper (Th)-1 and Th-2
cytokines, leading to early spontaneous abortion and an
increased incidence of reproductive failure (72). In
comparable studies of kittens from FIV-infected pregnant
queens, there are trends for increased expression of Th-1
cytokines, which are usually suppressed during normal
pregnancy, and a decrease in Th-2 cytokine levels in the
placentas of infected versus noninfected cats (64).
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Increased placental expression of interferon (IFN)-gamma
and IL-1-beta, both Th-1 cytokines, were significantly
associated with increased fetal resorption in infected
animals (64). Increased Th-1 cytokines and decreased
interleukin (IL)-10, a Th-2 cytokine, has also been linked to
spontaneous abortion and underweight infants born to HIV-
infected women (73). In acutely FIV infected cats,
elevations of IFN-gamma, IL-12p40, IL-4, and IL-10,
among others, have been measured in various tissues,
including thymus, lymph nodes, and spleen (74, 75).
Infection may additionally produce placentitis, thereby
facilitating the transfer of virus from mother to fetus (76)
via altered local cytokine levels and disruption in
membrane and vascular integrity.

In two related studies, Rogers and Hoover
reported on the in utero transmission of FIV viruses from
differing clades, FIV-A-Pet, FIV-B-2542, and FIV-C-
Pgmr, which exhibit variable virulence to the infected fetus
(49, 50). FIV-A-Pet virus was most frequently isolated in
the placenta and mesenteric lymph nodes, less commonly
in the fetal thymus, PBMC, spleen, and bone marrow, and
never in the brain or liver. Interestingly, 63% of FIV-A-Pet
positive fetuses had FIV-negative placentas, suggesting that
demonstrable placental infection is neither sufficient nor
necessary for fetal infection (50). The FIV-B-2542 isolate,
a known macrophage-tropic virus (77), was most often
localized to tissues rich in mononuclear cells, including the
brain, blood, and thymus, and less commonly to the bone
marrow, mesenteric lymph nodes, spleen, and liver,
indicating a distinctly different cellular tropism than FIV-
A-Pet. The FIV-C-Pgmr virus, reported to be
immunopathogenic, was most commonly isolated in the
placenta, PBMC, and bone marrow, and less commonly in
the brain, thymus, liver, mesenteric lymph nodes, and
spleen, further illustrating alterations in cellular tropisms of
different viral subtypes with variable pathogenicity (50).

3.5. Thymus pathogenesis

The thymus is the major site of production for T
lymphocytes, and replacement of these cells during the
course of immunosuppressive lentivirus infection is by cell
division in the periphery and de novo synthesis in the
thymus. Therefore, a major contributor to the progression
of pediatric HIV infection is the loss of thymus function
(78-83). Thymocytes are highly susceptible to lytic HIV
infection, resulting in cortical atrophy and varying degrees
of inflammatory cell infiltration from the periphery (84).
Treatment of HIV infection with highly active antiretroviral
therapy (HAART) appears to partially restore thymic
function; however, the pathogenesis of the thymic infection
appears to include mechanisms beyond those of productive
and lytic viral infection (80). Compared to uninfected
children, vertically infected HIV-positive children have
lower levels of T cell receptor rearrangement excision
circles (TREC) in blood lymphocytes, which are markers
for recent thymic emigrants and serve as an indicator of
thymic output (85); this decrease was not directly
associated with viral load in the blood. The complex
relationship between viral load, disease progression, and
thymus dysfunction is difficult to assess in humans due to
the relatively inaccessible location of the thymus,

3672

difficulties in defining the timing of transmission, and the
variable properties of the transmitted virus.

The domestic cat infected with FIV offers
specific advantages in the modeling of HIV infection in the
thymus. Tissue can be collected for examination at defined
intervals after inoculation, litter-matched controls can be
used to assess maternal and environmental influences, and
a cloned inoculum of defined infectious potential can be
precisely administered (7). Furthermore, FIV exerts similar
effects on the thymus as does HIV, providing a suitable
physiologic model (7). Neonatal thymus infection with
FIV results in a reduction of thymus-body weight ratio,
selective depletion of CD4'CD8" thymocytes, cortical
atrophy, infiltration of B cells, formation of lymphoid
follicles and deformation of the thymic architecture (7, 41,
42, 75, 86). Interestingly, these changes persist despite
treatment with antiretroviral therapy (87) and are produced
in cats harboring FIV with an inactivating mutation of the
ORF-A gene that yields lower viral replication and a lower
thymic proviral load (41). This suggests that host factors
and inflammatory processes may be significant contributors
to the pathogenesis of thymus infection without extensive
productive infection.  Infection of the thymus was
associated with the emergence of CD8" T cells expressing
CD8alpha+beta and CDS8alpha+beta™2 phenotypes (26,
75), and the activity of these cells was found to correlate
with a reduction in viral load in the thymus and blood (26).
Immunohistochemistry of thymic samples showed
significant staining for IgG outside of lymphoid follicles
that did not correlate with positive staining for a B cell
marker, suggesting that thymocytes were coated with
antibody (42). Infection was associated with a 10-fold
increase in thymic expression of interferon (IFN)-gamma
messenger RNA (mRNA) by cells located in perivascular
areas along the corticomedullary junction and adjacent to
lymphoid follicles (75). As with HIV, the overall number
of FIV expressing cells within the thymus was low and the
lowest frequency of productively infected cells correlated
with the most severe histologic lesions (7).

Fetal kittens inoculated in utero develop acute,
but transient, thymic atrophy, which partially regenerates
after birth (7, 88). Thymus-body weight ratios were
initially decreased, with severe thymic cortical depletion,
reduction of thymocyte numbers, and decreased
corticomedullary distinction in those infected fetally, but
this later began to rebound or approach normal. In contrast,
neonatally infected kittens exhibited a progressive decline
in thymus-body weight ratio, a moderate decline in cortical
thymocyte density, a loss of corticomedullary distinction,
and the formation of lymphoid follicles (7). Similar thymic
responses have been noted in SIV-infected rhesus macaque
models of HIV, in which infected animals initially had
dramatically increased levels of thymocyte depletion and
apoptosis, with a rebound in thymocyte progenitor numbers
and increased levels of cell proliferation that occurred in
the following weeks (89). Viral loads also varied between
the two groups, as in situ hybridization and
immunohistochemistry revealed an increased propensity to
support viral mRNA and protein expression in the fetal
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Figure 1. Frequency of productively infected thymic cells in two groups of cats: those inoculated with FIV between gestational
days 40-45 (white bar with arrow indicating the time of inoculation), and those inoculated with FIV within one day after birth
(blue bar with arrow indicating time of inoculation). Thymic cells were evaluated in both groups at 3 and 6 weeks after birth.
Data are expressed as the median number of cells expressing FIV gag per unit area (diamonds) and corresponding interquartile
ranges (lines). Note that the frequency of positive cells at 3 weeks after fetal inoculation is significantly lower (P<0.05, Mann-
Whitney U test) than the frequency at 6 weeks after fetal inoculation (1). Furthermore, the frequency of positive cells at 6 weeks
after fetal inoculation is significantly greater than at 6 weeks after neonatal inoculation (2).

inoculates, while those infected neonatally had reduced
virus levels, supporting the theory that kittens infected in
utero are more likely to harbor productive infection (Figure
1) (7). Thymocytes and stromal cells with dendritic
morphology appear capable of harboring productive
infection (88, 89). Viral effects on the developing fetal
thymus, which is exquisitely vulnerable to productive
infection, may result in enhanced pathogenicity and
progression of disease, acute and profound thymic atrophy,
and increased levels of viremia near birth (Figure 2). The
unique changes noted within the thymus after fetal versus
neonatal inoculation may reflect differences in productively
infected cell types or distinctly different regenerative
capacities of progenitor cells at different stages of
development. The impact of fetal infection on peripheral
blood T cell subpopulations became most apparent after
birth, where there was a significant depletion of CD4" and
CD8" lymphocytes from the peripheral blood (Figures 3
and 4) resulting in a failure to maintain T-cell homeostasis
in cats with fetal infection (Figure 5). Recently, a mAb
(755) was reported to recognize the feline homologue to
CD45RA, allowing the enumeration of naive CD4 and CD8
lymphocytes in cats (90). FIV-infected cats had reduced
percentages of CD4" lymphocytes, which were deficient in
CD4'CD45RA" (naive CD4") cells (Figure 6). Likewise,
percentages of naive CD8" lymphocytes were also reduced
with FIV infection, resulting in a predominance of
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CD8'CD45RA™E (memory CDS8") cells, as reported for
FIV-infected adult cats (91). Depletion of naive cells may
have occurred through lytic infection, activation-induced
apoptosis, activation of immunosuppressive regulatory T
cells, transition from a naive to a memory phenotype, or
thymus insufficiency (14, 92-96).

Thymopoiesis requires a controlled
microenvironment and is regulated by direct cellular
interactions and paracrine influences by cytokines.
Retroviral diseases and some autoimmune disorders induce
thymic inflammation, which could influence the cytokine
milieu and potentially reduce thymopoiesis. Ongoing
studies in our laboratory have focused on the role of
aberrantly expressed cytokines in FIV pathogenesis. Aside
from the upregulation of IFN-gamma associated with
peripheral CD8 cell influx (75), there appears to be a
marked reduction in the endogenous production of IFN-
alpha mRNA by infected animals at 16 weeks of age,
which correlates with a greater depletion of developing
thymocytes and higher proviral loads (97). These changes
prompted an investigation of the resident plasmacytoid
dendritic cells (PDC), the major producers of Type I
interferons such as IFN-alpha. In infected cats, these cells
appear to be increased in number and stain positively with
anti-FIV gag antibody along the corticomedullary junction
and within germinal centers (97). Ongoing development of
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Figure 2. Titer of infectious virus within the plasma of infected cats belonging to two treatment groups: those inoculated with
FIV between gestational days 40-45 (white bar with arrow indicating time of inoculation), and those inoculated with FIV within
one day after birth (blue bar with arrow indicating time of inoculation). Thymic cells were evaluated in both groups at 3 and 6
weeks after birth. Data are expressed as medians (diamonds) and interquartile ranges (lines). Titers are expressed as the
reciprocal of the greatest dilution of plasma that was positive by virus isolation. Note that the titer of infectious virus in plasma at
3 weeks after fetal inoculation is significantly greater than the titer at 6 weeks after fetal inoculation (1). Furthermore, the titer of
virus in plasma at 3 weeks after fetal inoculation is significantly greater than at 3 weeks after neonatal inoculation (2).
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Figure 3. CD4" lymphocytes in the peripheral blood of cats inoculated between days 40-45 of fetal development (left graph) or
within 1 day of birth (right graph). Bars depict median values from 7 (fetal inoculation) and 10 (neonatal inoculation) cats, and
lines represent one standard deviation. The shaded region in each graph represents the 95% confidence interval for age-matched
uninfected cats. Note the early and persistent decline in CD4" lymphocytes by two weeks of age following fetal infection, and
the late decline (12 weeks) following neonatal infection.
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Figure 4. CD8" lymphocytes in the peripheral blood of cats inoculated between days 40-45 of fetal development (left graph) or
within 1 day of birth (right graph). Bars depict median values from 7 (fetal inoculation) and 10 (neonatal inoculation) cats, and
lines represent one standard deviation. The shaded region in each graph represents the 95% confidence interval for age-matched

uninfected cats.

CD8" cells remain beneath control values after 4 weeks of age in fetal inoculates.

In contrast, CD8"

lymphocytes remain within the 95% confidence interval throughout the 12-week study interval for kittens inoculated at birth.

DC isolation and culture techniques will assist in the
clarification of the infectious status of these cells.

3.6. Potential modes of therapy for thymus dysfunction

The unique lymphoid and stromal
microenvironment of the thymus can be manipulated
therapeutically to enhance T-cell production (98). While
antiviral pharmaceuticals are currently used to a limited
extent in clinical treatment of FIV-infected cats, the FIV
model holds significant promise as a system to explore
gene therapy, cytokine therapy, or ex vivo methods
designed to reconstitute depleted T cells through thymic
regeneration (87, 99).

The antiretroviral drug 3'-azido-2', 3'-
dideoxythymidine (AZT, =zidovudine, Retrovir) is a
thymidine analogue and reverse transcriptase inhibitor and
is currently the most extensively studied anti-retroviral
drug used in FIV treatment (100). The benefits of AZT
include attenuated clinical symptoms, less severe FIV
related stomatitis, and an increased CD4:CD8 ratio (101).
However, these clinical improvements are quite variable in
their duration and effect and AZT does not prevent the
spread of the virus to other tissues or prolong the life of
FIV infected cats (102, 103). AZT use also requires
concurrent monitoring of erythrocytes, as anemia is a
common side effect of its use (101). When compared with
AZT, the antiviral drug 9-(2-phosphonylmethoxyethyl)
adenine (PMEA) appears more potent at reducing clinical
signs of FIV infection, including stomatitis, and in
increasing the CD4-CD8 ratio in peripheral blood (101).
The antiviral complex carbohydrate acemannan has been
administered to FIV infected cats, where it was associated
with increased lymphocyte counts, decreased neutrophil
counts, and decreased frequency of sepsis (104). Human
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recombinant IFN-alpha is an antiviral cytokine that may
hold promise in FIV treatment to decrease viral replication
(105). Although relatively limited research has addressed
the use of IFN-a in clinical FIV treatment, it is thought to
have a synergistic effect when used with AZT against other
retroviruses (106). A report suggests that IFN-alpha may
have little to no beneficial effect in reversing changes in
peripheral blood lymphocyte subsets of FIV-infected cats
(107).

Specific cytokines are potentially promising in
inducing thymic T cell production in HIV-infected patients
(108). IL-7, IL-2, IL-12 and IL-15 are considered possible
factors in promoting T cell reconstitution (109). Of these
interleukins, IL-7 is the most extensively studied.
Endogenous IL-7 is a natural growth factor for T and B
cells produced by thymic stromal cells (110).
Lymphopenic HIV-1 patients are shown to have an inverse
correlation between total CD4 cells and IL-7, alluding to its
function in reconstituting the T cell population (111). The
primary value for use of IL-7 in antiretroviral therapy lies
within its anti-apoptotic and proliferative effects on T cells.
IL-7 transgenic mice over-expressing IL-7 have shown
increased numbers of CD4" and CD8" cells during and after
lymphopenia-induced proliferation (112). IL-7 has also
been shown to enhance reconstitution of T cells in
hematopoietic stem cell (HSC) transplant recipient mice
and to have profound effects on peripheral T cell
proliferation in non-human primates (113). Given its initial
promising results, IL-7 may prove to be an effective tool in
stimulating T cell reconstitution. However, despite its
suggested proliferative effects, some research suggests a
possible detrimental effect of IL-7 in HIV patients.
CXCR4 is a co-receptor for both HIV and FIV (114), and
IL-7 has been shown to positively regulate CXCR4 mRNA
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Figure 5. Total peripheral blood T cells are depicted as the sum of CD4" and CD8" lymphocytes at birth (B) and biweekly
intervals after birth for kittens inoculated between gestational days 40-45 (Fetal), during the first day after birth (Neonatal), or
without infection (Control). T cells from kittens inoculated on days 40-45 of fetal development are severely deficient beginning
at 2 weeks of age as compared to controls. In comparison, T cells from kittens inoculated on day 1 of age are slightly reduced

when compared with controls.

expression in mature lymphocytes (115). Therefore, IL-7
may indirectly promote infection in CD4" lymphocytes.

Although the metabolic effects of growth
hormone (GH) and insulin-like growth factor-1 (IGF-1) are
well established, they also hold promise as thymotrophic
agents. Clinical studies involving administration of GH
and IGF-1 to HIV-infected patients have resulted in
increased thymic volume and modest effects on T cell
function (108, 113, 116). Infusion of human recombinant
IGF-1 has been shown to increase thymic mass in FIV-
infected cats (99). In this study, FIV-inoculated cats
treated for 12 and 20 weeks with IGF-1 resulted in
structural evidence of cortical regeneration, reduced thymic
inflammation, and reduced thymic viral load. This effect
corresponded with a rise in peripheral blood CD4"
lymphocyte counts after 14 weeks of therapy. In humans,
significant side effects are linked to GH and IGF-1 therapy,
including myalgia, edema, and diabetes, which could
hinder their clinical application (116).

Keratinocyte growth factor (KGF) is a cytokine
with thymus-promoting effects produced by mesenchymal
cells. Its receptor, FgfR2-IIIb, is located on a variety of
cells including thymic epithelial cells (117). Mice deficient
in FgfR2-IIIb are shown to have deficits in thymopoiesis
and thymic epithelial cell development (118). When given
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pre-insult, KGF has been shown to be protective against
thymic injury due to radiation, chemotherapy, and
oxidative damage. Furthermore, KGF given pre-bone
marrow transplant has been shown to subsequently
facilitate thymic function normally impaired by pre-transfer
cytotoxic treatment (119). This was represented by
increases in CD4" T cells and improved humoral responses
to T-lymphocyte dependent antigens. Therefore, much like
IL-7, KGF seems to have an effect on immune
reconstitution that may be useful in thymus reconstitution
following lentivirus infection. Sex steroids contribute to
age-related thymic involution—Research in both mice and
humans has shown that both surgical and chemical
castration after the administration of luteinizing hormone-
releasing hormone reverses age-related thymic atrophy,
resulting in an increase in thymic tissue and thymopoiesis
(120, 121). Further research may show that anti-androgen
therapy could provide a relatively safe and simple way to
increase thymic tissue and T cells in immunosuppressive
lentiviral infections.

The ability to deliver and express genes in the
thymus could represent a significant advancement in
thymus reconstitution during HIV infection. Methods for
delivering genes to the thymus, particularly within the
thymic stroma, are currently in development. Lentivirus
vectors injected directly into the thymus transduce a large
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mADb 755 (feline CD45RA)

Figure 6. Two-color flow cytometry dot plot of T cell phenotypes. Peripheral blood lymphocytes from adult cats inoculated
with FIV within 1 day of birth (left plots) or control cats (right plots). Lymphocytes were labeled with mAb 755 (feline CD45RA
equivalent) in conjunction with either CD4 (upper plots) or CD8 (lower plots). FIV infection is associated with a reduction in the
percentage of CD4 and CD8 lymphocytes that co-label with mAb 755 (located in the upper right quadrant of each plot),

indicating a relative loss of both naive T cell populations.

proportion of thymic stromal cells and a relatively low
number of thymocytes (122). Significant dissemination of
the virus from the site of injection, primarily into the liver,
suggests that a more direct and efficient means of gene
delivery may be necessary. Ex vivo approaches are also
being developed, including a three-dimensional porous
growth substrate that provides a framework in which
hematopoietic progenitor cells and thymic stromal cells
may be added along with thymotrophic cytokines to
promote the production of T cells and reconstitute positive
and negative selection (123). The feline-FIV animal model
will provide a unique system in which to test novel
therapeutic approaches that are designed to reverse thymic
disease caused by immunosuppressive lentiviruses.

4. ACKNOWLEDGEMENTS

This work was supported by NIH R29HD33983
(CMJ), NIH RO1AI42563 (AM), the Auburn University
Biogrant Program, and the Grace Kemper Research Fund.
The authors thank Sandra Bortnick, Abigail Carreflo,
Cynda Crawford, Robert Norway, Janelle Novak, Marlene

3677

Orandle, George Papadi, Mary Tompkins, Wayne

Tompkins, and Tina Yanchis for their contributions.

5. REFERENCES

1. UNAIDS: AIDS Epidemic Update: Special Report on
HIV/AIDS: December 2006.
http://data.unaids.org/pub/EpiReport/2006/2006 EpiUpdate
_en.pdf (2006)

2. M. Khoury & A. Kovacs: Pediatric HIV infection. Clin
Obstet Gynecol, 44, 243-75 (2001)

3. L. Galli, M. de Martino, P. A. Tovo, C. Gabiano, M.
Zappa, C. Giaquinto, S. Tulisso, A. Vierucci, M. Guerra, P.
Marchisio & et al.: Onset of clinical signs in children with
HIV-1 perinatal infection. Italian Register for HIV
Infection in Children. AIDS, 9, 455-61 (1995)

4. C. Wilfert, Wilson, C, Luzuriaga, K, and Epstein, L:
Pathogenesis of pediatric human immunodeficiency virus
type 1 infection. J. Infect. Dis., 170, 286-292 (1994)

5. R. S. de Souza, O. Gomez-Marin, G. B. Scott, S. Guasti,
O. S. MJ, R. H. Oliveira & C. D. Mitchell: Effect of
prenatal zidovudine on disease progression in perinatally



FIV model of pediatric HIV infection

HIV-1-infected infants. J Acquir Immune Defic Syndr, 24,
154-61 (2000)

6. M. J. Burkhard & G. A. Dean: Transmission and
immunopathogenesis of FIV in cats as a model for HIV.
Curr HIV Res, 1, 15-29 (2003)

7. C. M. Johnson, S. J. Bortnick, P. C. Crawford & G. P.
Papadi: Unique susceptibility of the fetal thymus to feline
immunodeficiency virus infection: An animal model for
HIV infection in utero. American Journal of Reproductive
Immunology, 45, 273-288 (2001)

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

9. E. Sparger: Current thoughts on feline
immunodeficiency virus infection. Vet. Clin. North. Am.
Small. Anim. Pract., 23, 173-191 (1993)

10. R. V. English, P. Nelson, C. M. Johnson, M. Nasisse,
W. A. Tompkins & M. B. Tompkins: Development of
clinical disease in cats experimentally infected with feline
immunodeficiency virus. J. Infect. Dis., 170, 543-552
(1994)

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

12. L. J. Diehl, C. K. Mathiason-DuBard, L. L. O'Neil &
E. A. Hoover: Longitudinal assessment of feline
immunodeficiency virus kinetics in plasma by use of a
quantitative competitive reverse transcriptase PCR. J.
Virol., 69, 2328-2332 (1995)

13. G. A. Dean, G. H. Reubel, P. F. Moore & N. C.
Pedersen: Proviral burden and infection kinetics of feline
immunodeficiency virus in lymphocyte subsets of blood
and lymph node. J. Virol., 70, 5165-5169 (1996)

14. R. V. English, C. M. Johnson, D. H. Gebhard & M. B.
Tompkins: In vivo lymphocyte tropism of feline
immunodeficiency virus. J. Virol., 67, 5175-5186 (1993)
15. A. M. Beebe, N. Dua, T. G. Faith, P. F. Moore, N. C.
Pedersen & S. Dandekar: Primary stage of FIV infection:
Viral dissemination and cellular targets. J. Virol., 68, 3080-
3091 (1994)

16. N. Dua, G. Reubel, P. F. Moore, J. Higgins & N. C.
Pedersen: An experimental study of primary feline
immunodeficiency virus infection in cats and a historical
comparison to acute simian and human immunodeficiency
virus diseases. Vet. Immunol. Immunopathol., 43, 337-355
(1994)

17. L. L. ONeil, M. J. Burkhard, L. J. Diehl & E. A.
Hoover: Vertical transmission of feline immunodeficiency
virus. AIDS Res Hum Retroviruses, 1, 171-182 (1995)

18. L. L. O'Neil, M. J. Burkhard & E. A. Hoover: Frequent
perinatal transmission of feline immunodeficiency virus by
chronically infected cats. J. Virol., 70, 2894-2901 (1996)
19. R. K. Sellon, H. L. Jordan, S. Kennedy-Stoskopf, M.
B. Tompkins & W. A. F. Tompkins: Feline
immunodeficiency virus can be experimentally transmitted
via milk during acute maternal infection. J. Virol., 68,
3380-3385 (1994)

20. M. Fevereiro, C. Roneker, A. Laufs, L. Tavares & F.
deNoronha: Characterization of two monoclonal antibodies

3678

against feline immunodeficiency virus gag gene products
and their application in an assay to evaluate neutralizing
antibody activity. J Gen Virol, 72, 617-622 (1991)

21. J. A. Beatty, B. J. Willett, E. A. Gault & O. Jarrett: A
longitudinal study of feline immunodeficiency virus-
specific cytotoxic lymphocytes in experimentally infected
cats, using antigen-specific induction. J. Virol., 70, 6199-
6206 (1996)

22. W. Song, E. W. Collisson, P. M. Billingsley & W. C.
Brown: Induction of feline immunodeficiency virus-
specific cytolytic T-cell responses from experimentally
infected cats. J. Virol., 66, 5409-5417 (1992)

23. G. Shelton, McKim, KD, Cooley, PL, et al.: Feline
leukemia virus and feline immunodeficiency virus
infections in a cat with lymphoma. J Am Vet Med Assoc,
194, 249-252 (1989)

24. M. G. Davidson, J. B. Rottman, R. V. English, M. R.
Lappin & M. B. Tompkins: Feline immunodeficiency virus
predisposes cats to acute generalized toxoplasmosis. Am. J.
Pathol., 143, 1486-1497 (1993)

25. C. D. Ackley, J. K. Yamamoto, N. Levy, N. C.
Pedersen & M. D. Cooper: Immunologic abnormalities in
pathogen-free cats experimentally infected with feline
immunodeficiency virus. J. Virol., 64, 5652-5655 (1990)
26. P. C. Crawford, G. P. Papadi, J. K. Levy, N. A.
Benson, A. Mergia & C. M. Johnson: Tissue dynamics of
CD8 lymphocytes that suppress viral replication in cats
infected neonatally with feline immunodeficiency virus. J
Infect Dis, 184, 671-81 (2001)

27. J.N. Flynn, P. Keating, M. J. Hosie, M. Mackett, E. B.
Stephens, J. A. Beatty, J. C. Neil & O. Jarrett: Env-specific
CTL predominate in cats protected from feline
immunodeficiency virus by vaccination. J Immunol, 157,
3658-3665 (1996)

28. J. E. Barlough, C. D. Ackley, J. W. George, N. Levy,
R. Acevedo, P. F. Moore, B. A. Rideout, M. D. Cooper &
N. C. Pedersen: Acquired immune dysfunction in cats with
experimentally induced feline immunodeficiency virus
infection:  Comparison of short-term and long-term
infections. J Acqir Immune Defic Syndr, 4, 219-227 (1991)
29. D.-S. Lin, Bowman, DD, Jacobson, RH, Barr, MC,
Fevereiro, M, Williams, JR, Noronha, FMO, Scott, FW,
and Avery, RJ: Suppression of lymphocyte blastogenesis to
mitogens in cats experimentally infected with feline
immunodeficiency virus. Vet Immunol Immunopathol, 26,
183-189 (1990)

30. C. Novotney, R. English, J. Housman, M. Davidson,
M. Nasisse, C. R. Jeng, W. Davis & M. Tompkins:
Lymphocyte Population Changes in Cats Naturally infected
with feline immunodeficiency virus. AIDS, 4, 1213-1218
(1990)

31. K. H. J. Siebelink, I.-H. Chu, G. F. Timmelzwaan, K.
Weijer, R. V. Gerwijnen, P. Knell, H. F. Egberink, M. L.
Bosch & A. D. M. E. Osterhaus: Feline Immunodeficiency
Virus (FIV) infection in the cat as a model for HIV-1
infection in man: FIV-induced impairment of immune
function. AIDS Res Hum Retroviruses, 6, 1373-1378 (1990)
32. M. Torten, M. Franchini, J. E. Barlough, J. W. George,
E. Mozes, H. Lutz & N. C. Pedersen: Progressive immune
dysfunction in cats experimentally infected with feline
immunodeficiency virus. Journal of Virology, 65, 2225-
2230 (1991)



FIV model of pediatric HIV infection

33. G. Hoffmann-Fezer, J. Thum, C. Ackely, M. Herbold,
J. Mysliwietz, S. Thefeld, K. Hartmann & W. Kraft:
Decline in CD4 cell numbers in cats with naturally
acquired feline immunodeficiency virus infection. Journal
of Virology, 66, 1484-1488 (1992)

34. L. Diehl, Mathiason-Dubard, CK, O'Neil, LL, and
Hoover, EA: Plasma viral RNA load predicts disease
progression in accelerated feline immunodeficiency virus
infection. J. Virol., 70, 2503-2507 (1996)

35. J. W. George, N. C. Pedersen & J. Higgins: The effect
of age on the course of experimental feline
immunodeficiency virus infection in cats. AIDS Res Hum
Retroviruses, 9, 897-905 (1993)

36. J. B. Johnston, C. Silva & C. Power: Envelope gene-
mediated neurovirulence in feline immunodeficiency virus
infection: induction of matrix metalloproteinases and
neuronal injury. J Virol, 76, 2622-33 (2002)

37. C. Power, R. Buist, J. B. Johnston, M. R. Del Bigio,
W. Ni, M. R. Dawood & J. Peeling: Neurovirulence in
feline immunodeficiency virus-infected neonatal cats is
viral strain specific and dependent on systemic immune
suppression. J Virol, 72, 9109-15 (1998)

38. J. M. Kennedy, A. Hoke, Y. Zhu, J. B. Johnston, G.
van Marle, C. Silva, D. W. Zochodne & C. Power:
Peripheral neuropathy in lentivirus infection: evidence of
inflammation and axonal injury. AIDS, 18, 1241-50 (2004)

39. P. Kubes, B. Heit, G. van Marle, J. B. Johnston, D.
Knight, A. Khan & C. Power: In vivo impairment of
neutrophil recruitment during lentivirus infection. J
Immunol, 171, 4801-8 (2003)

40. J.-S. Yang, R. English, J. Ritchey, M. Davidson, T.
Wasmoen, J. Levy, D. Gebhard, M. Tompkins & W.
Tompkins: Molecularly cloned feline immunodeficiency
virus NCSU; JSY3 induces immunodeficiency in specific-
pathogen-free cats. J Virol, 70, 3011-3017 (1996)

41. R. M. Norway, P. C. Crawford, C. M. Johnson & A.
Mergia: Thymic Lesions in cats infected with a pathogenic
molecular clone or an ORF-A/2 deficient molecular clone
of feline immunodeficiency virus. J. Virol., 75, 5833-5841
(2001)

42. M. S. Orandle, G. P. Papadi, L. J. Bubenik, C. L. Dailey
& C. M. Johnson: Selective thymocyte depletion and
immunoglobulin coating in the thymus of cats infected with
feline immunodeficiency virus. AIDS Res and Human
Retroviruses, 13, 611-620 (1997)

43. A.J. Phipps, K. A. Hayes, W. R. Buck, M. Podell & L.
E. Mathes: Neurophysiologic and immunologic
abnormalities associated with feline immunodeficiency
virus molecular clone FIV-PPR DNA inoculation. J Acquir
Immune Defic Syndr, 23, 8-16 (2000)

44. H. T. Maecker & V. C. Maino: T cell immunity to
HIV: defining parameters of protection. Curr HIV Res, 1,
249-59 (2003)

45. H. Pollack, M. X. Zhan, J. T. Safrit, S. H. Chen, G.
Rochford, P. Z. Tao, R. Koup, K. Krasinski & W.
Borkowsky: CD8" T-cell-mediated suppression of HIV
replication in the first year of life: association with lower
viral load and favorable early survival. 4IDS, 11, F9-13
(1997)

46. A. Sparkes, C. Hopper, W. Millard, J. Gruffydd, TJ &
D. Harbour: Feline immunodeficiency virus infection.
Clinicopathologic findings in 90 naturally occurring cases.

3679

J. Vet. Intern. Med. 1993 Mar-Apr; 7 (2): 85-90, 7, 85-90
(1993)

47. M. L. Linenberger & J. L. Abkowitz: Haematological
disorders associated with feline retrovirus infections.
Buaillieres Clin Haematol, 8, 73-112 (1995)

48. R. W. Allison & E. A. Hoover: Covert vertical
transmission of feline immunodeficiency virus. AIDS Res
Hum Retroviruses, 19, 421-34 (2003)

49. A. B. Rogers & E. A. Hoover: Maternal-fetal feline
immunodeficiency virus transmission: timing and tissue
tropisms. J Infect Dis, 178, 960-7 (1998)

50. A. B. Rogers & E. A. Hoover: Fetal feline
immunodeficiency virus is prevalent and occult. J Infect
Dis, 186, 895-904 (2002)

51. R. W. Allison & E. A. Hoover: Feline
immunodeficiency virus is concentrated in milk early in
lactation. AIDS Res Hum Retroviruses, 19, 245-53 (2003)
52. V. Courgnaud, Laure, F, Brossard, A, Bignozzi, C,
Goudeau, A, Barin, F, and Brechot, C: Frequent and early
in utero HIV-1 infection. AIDS Res Hum Retroviruses, 7,
337-341 (1991)

53. A. Ehrnst, Lindgren, S, Dictor, M, Johansson, B,
Sonnerborg, A, Czajkowski, J, Sundin, G, and Bohlin, A-B:
HIV in pregnant women and their offspring: evidence for
late transmission. Lancet, 338, 203-207 (1991)

54. L. Kuhn, R. W. Steketee, J. Weedon, E. J. Abrams, G.
Lambert, M. Bamji, E. Schoenbaum, J. Farley, S. R.
Nesheim, P. Palumbo, R. J. Simonds & D. M. Thea:
Distinct risk factors for intrauterine and intrapartum human
immunodeficiency virus transmission and consequences for
disease progression in infected children. Perinatal AIDS
Collaborative Transmission Study. J Infect Dis, 179, 52-8
(1999)

55. L. Mandelbrot, Y. Brossard, J. T. Aubin, C. Bignozzi,
A. Krivine, F. Simon & M. Dommergues: Testing for in
utero human immunodeficiency virus infection with fetal
blood sampling. Am J Obstet Gynecol, 175, 489-93 (1996)
56. K. Ueland & L. L. Nesse: No evidence of vertical
transmission of naturally acquired feline immunodeficiency
virus infection. Vet Immunol Immunopathol, 33, 301-308
(1992)

57. F. Courchamp, N. G. Yoccoz, M. Artois & D. Pontier:
At-risk individuals in Feline Immunodeficiency Virus
epidemiology: evidence from a multivariate approach in a
natural population of domestic cats (Felis catus) Epidemiol
Infect, 121, 227-36 (1998)

58. J. K. Yamamoto, H. Hansen, E. W. Ho, T. Y.
Morishita, T. Okuda, T. R. Sawa, R. M. Nakamura & N. C.
Pedersen: Epidemiologic and clinical aspects of feline
immunodeficiency virus infection in cats from the
continental United States and Canada and possible mode of
transmission. JAVMA, 194, 213-220 (1989)

59. L. J. Diehl, C. K. Mathiason-Dubard, L. L. O'Neil, L.
A. Obert & E. A. Hoover: Induction of accelerated feline
immunodeficiency virus disease by acute-phase virus
passage. J Virol, 69, 6149-6157 (1995)

60. B. K. Mohlala, T. J. Tucker, M. J. Besser, C.
Williamson, J. Yeats, L. Smit, J. Anthony & A. Puren:
Investigation of HIV in amniotic fluid from HIV-infected
pregnant women at full term. J Infect Dis, 192, 488-91.
Epub 2005 Jun 29 (2005)



FIV model of pediatric HIV infection

61. C. Rouzioux, Costagliola, D, Burgard, M, Blanche, S,
Mayaux, M-J, Griscelli, C, Valleron, A-0J, and the HIV
Infection in Newborns French Study Group: Timing of
mother-to-child HIV-1 transmission depends on maternal
status. AIDS, 7, S49-S52 (1993)

62. Y. Brossard, J. T. Aubin, L. Mandelbrot, C. Bignozzi,
D. Brand, A. Chaput, J. Roume, N. Mulliez, F. Mallet, H.
Agut & et al.: Frequency of early in utero HIV-1 infection:
a blind DNA polymerase chain reaction study on 100 fetal
thymuses. AIDS, 9, 359-66 (1995)

63. C. Langston, D. E. Lewis, H. A. Hammill, E. J. Popek,
C. A. Kozinetz, M. W. Kline, I. C. Hanson & W. T.
Shearer: Excess intrauterine fetal demise associated with
maternal human immunodeficiency virus infection. J.
Infect. Dis., 172, 1451-1460 (1995)

64. C. C. Weaver, S. C. Burgess, P. D. Nelson, M.
Wilkinson, P. L. Ryan, C. A. Nail, K. A. Kelly-Quagliana,
M. L. May, R. K. Reeves, C. R. Boyle & K. S. Coats:
Placental immunopathology and pregnancy failure in the
FIV-infected cat. Placenta, 26, 138-47 (2005)

65. Y. Bryson, Luzuriaga, K, Sullivan, J, Wara, D:
Proposed definitions for in utero versus intrapartum
transmission of HIV-1. New Engl. J. Med., 327, 1246-1247
(1992)

66. S. Blanche, M. J. Mayaux, C. Rouzioux, J. P. Teglas,
G. Firtion, F. Monpoux, N. Ciraru-Vigneron, F. Meier, J.
Tricoire, C. Courpotin & et al.: Relation of the course of
HIV infection in children to the severity of the disease in
their mothers at delivery. N Engl J Med, 330, 308-12
(1994)

67. L. L. O'Neil, M. J. Burkhard, L. A. Obert & E. A.
Hoover: Regression of feline immunodeficiency virus
infection. AIDS Res Hum Retroviruses, 13, 713-8 (1997)
68. L. Kuhn, E. J. Abrams, P. B. Matheson, P. A. Thomas,
G. Lambert, M. Bamji, B. Greenberg, R. W. Steketee & D.
M. Thea: Timing of maternal-infant HIV transmission:
associations between intrapartum factors and early
polymerase chain reaction results. New York City Perinatal
HIV Transmission Collaborative Study Group. AIDS, 11,
429-35 (1997)

69. R. M. Kumar, S. A. Uduman & A. K. Khurranna:
Impact of maternal HIV-1 infection on perinatal outcome.
Int J Gynaecol Obstet, 49, 137-43 (1995)

70. L. Cravello, C. Fredouille, M. J. Jean-Pastor, J. P.
Falco & J. A. Gastaut: [Fetal thymic hypoplasia diagnosed
after interruption of pregnancy for HIV infection treated
with tritherapy]. J Gynecol Obstet Biol Reprod (Paris), 27,
533-5(1998)

71. R. W. Marion, A. A. Wiznia, G. Hutcheon & A.
Rubinstein: Human T-cell lymphotropic virus type III
(HTLV-III) embryopathy. A new dysmorphic syndrome
associated with intrauterine HTLV-III infection. Am J Dis
Child, 140, 638-40 (1986)

72. W. T. Shearer, J. Reuben, B. N. Lee, E. J. Popek, D. E.
Lewis, H. H. Hammill, I. C. Hanson, M. W. Kline & C.
Langston: Role of placental cytokines and inflammation in
vertical transmission of HIV infection. Acta Paediatr
Suppl, 421, 33-8 (1997)

73. A. P. Weetman: The immunology of pregnancy.
Thyroid, 9, 643-6 (1999)

74. G. A. Dean, J. A. Bernales & N. C. Pedersen: Effect of
feline immunodeficiency virus on cytokine response to

3680

Listeria monocytogenes in vivo. Vet Immunol
Immunopathol, 65, 125-38 (1998)

75. M. S. Orandle, P. C. Crawford, J. K. Levy, R. Udoji,
G. P. Papadi, T. Ciccarone, A. Mergia & C. M. Johnson:
CD8" Thymic Lymphocytes Express Reduced Levels of
CD8-beta and Increased Interferon-gamma in Cats
Perinatally Infected with the JSY3 Molecular Clone of
Feline Immunodeficiency Virus. AIDS Res and Human
Retroviruses, 16, 1559-1571 (2000)

76. W. T. Shearer, C. Langston, D. E. Lewis, E. L. Pham,
H. H. Hammill, C. A. Kozinetz, M. W. Kline, I. C. Hanson
& E. J. Popek: Early spontaneous abortions and fetal
thymic abnormalities in maternal-to-fetal HIV infection.
Acta Paediatr Suppl, 421, 60-4 (1997)

77. S. W. Dow, C. K. Mathiason & E. A. Hoover: In vivo
monocyte tropism of pathogenic feline immunodeficiency
viruses. J Virol, 73, 6852-61 (1999)

78. L. Al-Harthi & A. Landay: Immune recovery in HIV
disease: role of the thymus and T cell expansion in immune
reconstitution strategies. J Hematother Stem Cell Res, 11,
777-86 (2002)

79. R. de la Rosa & M. Leal: Thymic involvement in
recovery of immunity among HIV-infected adults on highly
active antiretroviral therapy. J Antimicrob Chemother, 52,
155-8. Epub 2003 Jul 1 (2003)

80. R. Hazra & C. Mackall: Thymic function in HIV
infection. Curr HIV/AIDS Rep, 2, 24-8 (2005)

81. E. G. Meissner, K. M. Duus, R. Loomis, D. A.R & L.
Su: HIV-1 replication and pathogenesis in the human
thymus. Curr HIV Res, 1, 275-85 (2003)

82. P. Robertson & M. C. Poznansky: T-lymphocyte
development and models of thymopoietic reconstitution.
Transpl Infect Dis, 5, 38-42 (2003)

83. P. Ye, D. E. Kirschner & A. P. Kourtis: The thymus
during HIV disease: role in pathogenesis and in immune
recovery. Curr HIV Res, 2, 177-83 (2004)

84. B. F. Haynes & L. P. Hale: The human thymus: A
chimeric organ comprised of central and peripheral
lymphoid components. Immunol. Res., 18, 61-78 (1998)

85. R. Correa & M. A. Munoz-Fernandez: Production of
new T cells by thymus in children: effect of HIV infection
and antiretroviral therapy. Pediatr Res, 52,207-12 (2002)
86. J. C. Woo, G. A. Dean, N. C. Pedersen & P. F. Moore:
Immunopathologic changes in the thymus during the acute
stage of experimentally induced feline immunodeficiency
virus infection in juvenile cats. J Virol, 71, 8632-8641
(1997)

87. K. A. Hayes, A. J. Phipps, S. Francke & L. E. Mathes:
Antiviral therapy reduces viral burden but does not prevent
thymic involution in young cats infected with feline
immunodeficiency virus. Antimicrob Agents Chemother,
44,2399-405 (2000)

88. C. M. Johnson, G. P. Papadi, W. A. Tompkins, R. K.
Sellon, M. S. Orandle, J. R. Bellah & L. J. Bubenik:
Biphasic thymus response by kittens inoculated with feline
immunodeficiency virus during fetal development. Vet
Pathol, 35, 191-201 (1998)

89. I.J. Wykrzykowska, M. Rosenzweig, R. S. Veazey, M.
A. Simon, K. Halvorsen, R. C. Desrosiers, R. P. Johnson &
A. A. Lackner: Early regeneration of thymic progenitors in
rhesus macaques infected with simian immunodeficiency



FIV model of pediatric HIV infection

virus. Journal of Experimental Medicine, 187, 1767-1778
(1998)

90. N. Gengozian, J. S. Foster & D. P. Kestler:
Characterization of a monoclonal antibody identifying a
CD45RA antigen on feline leukocytes. Vet Immunol
Immunopathol, 108, 253-64 (2005)

91. D. H. Gebhard, J. L. Dow, T. A. Childers, J. I. Alvelo,
M. B. Tompkins & W. A. F. Tompkins: Progressive
expansion of an L-selectin- negative CD8 cell with anti-
feline immunodeficiency virus (FIV) suppressor function in
the circulation of FIV-infected cats. J. Infect. Dis., 180,
1503-1513 (1999)

92. K. A. Hayes, S. Koksoy, A. J. Phipps, W. R. Buck, G.
J. Kociba & L. E. Mathes: Lentivirus-specific cytotoxic T-
lymphocyte responses are rapidly lost in thymectomized
cats infected with feline immunodeficiency virus. J Virol,
79, 8237-42 (2005)

93. Y. Liang, L. C. Hudson, J. K. Levy, J. W. Ritchey, W.
A. Tompkins & M. B. Tompkins: T Cells Overexpressing
Interferon-gamma and Interleukin-10 Are Found in Both
the Thymus and Secondary Lymphoid Tissues of Feline
Immunodeficiency Virus-Infected Cats. J Infect Dis, 181,
564-575 (2000)

94. M. B. Tompkins, M. E. Bull, J. L. Dow, J. M. Ball, E.
W. Collisson, B. J. Winslow, A. P. Phadke, T. W.
Vahlenkamp & W. A. Tompkins: Feline immunodeficiency
virus infection is characterized by B7+CTLA4+ T cell
apoptosis. J Virol, 185, 1077-93 (2002)

95. T. W. Vahlenkamp, M. E. Bull, J. L. Dow, E. W.
Collisson, B. J. Winslow, A. P. Phadke, W. A. Tompkins &
M. B. Tompkins: B7+CTLA4+ T cells engage in T-T cell
interactions that mediate apoptosis: a model for lentivirus-
induced T cell depletion. Vet Immunol Immunopathol, 98,
203-14 (2004)

96. T. W. Vahlenkamp, M. B. Tompkins & W. A.
Tompkins: Feline immunodeficiency virus infection
phenotypically and functionally activates

immunosuppressive CD4'CD25+ T regulatory cells. J
Immunol, 172, 4752-61 (2004)

97. H. Kolenda-Roberts & C. Johnson: Reduced
expression of interferon alpha is associated with enhanced
pathogenicity of FIV infection in the thymus. 55th Annual
Meeting of the American College of Veterinary
Pathologists, E. Sartin, Ed., Veterinary Pathology, 569
(2004)

98. J. Gill, M. Malin, J. Sutherland, D. Gray, G. Hollander
& R. Boyd: Thymic generation and regeneration. Immunol
Rev, 195, 28-50 (2003)

99. J. C. Woo, G. A. Dean, A. Lavoy, R. Clark & P. F.
Moore: Investigation of recombinant human insulin-like
growth factor type I in thymus regeneration in the acute
stage of experimental FIV infection in juvenile cats. AIDS
Res Hum Retroviruses, 15, 1377-88 (1999)

100. M. Arai, D. D. Earl & J. K. Yamamoto: Is AZT/3TC
therapy  effective  against FIV  infection  or
immunopathogenesis? Vet Immunolol Immunopathol, 85,
189-204 (2002)

101. K. Hartmann, A. Donath, B. Beer, H. F. Egberink, M.
C. Horzinek, H. Lutz, G. Hoffmann-Fezer, I. Thum & S.
Thefeld: Use of two virustatica (AZT, PMEA) in the
treatment of FIV and of FeLV seropositive cats with

3681

clinical symptoms. Vet Immunol Immunopathol, 35, 167-75
(1992)

102. K. Hayes, Wilkinson, JG, Frick, R, Francke, S, and
Mathes, LE: Early suppression of viremia by ZDV does not
alter the spread of feline immunodeficiency virus infection
in cats. J Acquir Immune Defic Syndr Hum Retrovirol, 9,
114-122 (1995)

103. K. Hayes, L. Lafrado, J. Erickson, J. Marr & L.
Mathes: Prophylactic ZDV therapy prevents early viremia
and lymphocyte decline but not primary infection in feline
immunodeficiency virus-inoculated cats. J Acgir Immune
Defic Syndr, 6, 127-134 (1993)

104. K. Yates, L. Rosenberg, C. Harris, D. Bronstad, G.
King, G. Biehle, B. Walker, C. Ford, J. Hall & I. Tizard:
Pilot study of the effect of acemannan in cats infected with

feline  immunodeficiency  virus.  Vet.  Immunol.
Immunopathol., 35, 177-189 (1992)
105. T. Tanabe & J. K. Yamamoto: Feline

immunodeficiency virus lacks sensitivity to the antiviral
activity of feline IFN-gamma. J Interferon Cytokine Res,
21, 1039-46 (2001)

106. R. M. Ruprecht, T. C. Chou, F. Chipty, M. G. Sosa,
S. Mullaney, O. B. L & D. Rosas: Interferon-alpha and 3'-
azido-3'-deoxythymidine are highly synergistic in mice and
prevent viremia after acute retrovirus exposure. J Acquir
Immune Defic Syndr, 3, 591-600 (1990)

107. F. Riondato, P. Gianella, R. Guglielmino, A.
Cagnasso & S. Bo: Effects of interferon alpha (INF-alpha)
therapy on peripheral blood lymphocyte subsets from FIV
and FeLV naturally infected cats. Vet Res Commun, 27
Suppl 1, 429-32 (2003)

108. L. A. Napolitano: Approaches to immune
reconstitution in HIV infection. Top HIV Med, 11, 160-3
(2003)

109. O. Alpdogan & M. R. van den Brink: IL-7 and IL-15:
therapeutic cytokines for immunodeficiency. Trends
Immunol, 26, 56-64 (2005)

110. M. V. Wiles, P. Ruiz & B. A. Imhof: Interleukin-7
expression during mouse thymus development. Eur J
Immunol, 22, 1037-42 (1992)

111. L. A. Napolitano, R. M. Grant, S. G. Deeks, D.
Schmidt, S. C. De Rosa, L. A. Herzenberg, B. G. Herndier,
J. Andersson & J. M. McCune: Increased production of IL-
7 accompanies HIV-1-mediated T-cell depletion:
implications for T-cell homeostasis. Nat Med, 7, 73-9
(2001)

112.  N. Bosco, F. Agenes & R. Ceredig: Effects of
increasing IL-7 availability on lymphocytes during and
after lymphopenia-induced proliferation. J Immunol, 175,
162-70 (2005)

113. M. R. van den Brink, O. Alpdogan & R. L. Boyd:
Strategies to  enhance T-cell reconstitution in
immunocompromised patients. Nat Rev Immunol, 4, 856-67
(2004)

114. B. Willett, Hosie, MJ, Neil, JC, Turner, JD, and
Hoxie, JA: Common mechanism of infection by
lentiviruses. Nature, 385, 587 (1997)

115. N. Schmitt, L. Chene, D. Boutolleau, M. T. Nugeyre,
E. Guillemard, P. Versmisse, C. Jacquemot, F. Barre-
Sinoussi & N. Israel: Positive regulation of CXCR4
expression and signaling by interleukin-7 in CD4" mature
thymocytes correlates with their capacity to favor human



FIV model of pediatric HIV infection

immunodeficiency X4 virus replication. J Virol, 77, 5784-
5793 (2003)

116. L. A. Napolitano, J. C. Lo, M. B. Gotway, K.
Mulligan, J. D. Barbour, D. Schmidt, R. M. Grant, R. A.
Halvorsen, M. Schambelan & J. M. McCune: Increased
thymic mass and circulating naive CD4 T cells in HIV-1-
infected adults treated with growth hormone. AIDS, 16,
1103-11 (2002)

117. M. Erickson, S. Morkowski, S. Lehar, G. Gillard, C.
Beers, J. Dooley, J. S. Rubin, A. Rudensky & A. G. Farr:
Regulation of thymic epithelium by keratinocyte growth
factor. Blood, 100, 3269-78 (2002)

118. J. M. Revest, R. K. Suniara, K. Kerr, J. J. Owen & C.
Dickson: Development of the thymus requires signaling
through the fibroblast growth factor receptor R2-IIIb. J
Immunol, 167, 1954-61 (2001)

119. D. Min, P. A. Taylor, A. Panoskaltsis-Mortari, B.
Chung, D. M. Danilenko, C. Farrell, D. L. Lacey, B. R.
Blazar & K. I. Weinberg: Protection from thymic epithelial
cell injury by keratinocyte growth factor: a new approach
to improve thymic and peripheral T-cell reconstitution after
bone marrow transplantation. Blood, 99, 4592-600 (2002)
120. T. S. Heng, G. L. Goldberg, D. H. Gray, J. S.
Sutherland, A. P. Chidgey & R. L. Boyd: Effects of
castration on thymocyte development in two different
models of thymic involution. J Immunol, 175, 2982-93
(2005)

121. J. S. Sutherland, G. L. Goldberg, M. V. Hammett, A.
P. Uldrich, S. P. Berzins, T. S. Heng, B. R. Blazar, J. L.
Millar, M. A. Malin, A. P. Chidgey & R. L. Boyd:
Activation of thymic regeneration in mice and humans
following androgen blockade. J Immunol, 175, 2741-53
(2005)

122. G. Marodon & D. Klatzmann: In situ transduction of
stromal cells and thymocytes upon intrathymic injection of
lentiviral vectors. BMC Immunol, 5, 18 (2004)

123. D. Marshall, J. Bagley, P. Le, K. Hogquist, S. Cyr, E.
Von Schild, M. Pykett & M. Rosenzweig: T cell generation
including positive and negative selection ex vivo in a three-
dimensional matrix. J Hematother Stem Cell Res, 12, 565-
74 (2003)

Key Words: AIDS, FIV, Animal Model, Vertical
Transmission, HIV, Feline, Thymus, Review

Send correspondence to: Dr Calvin M. Johnson,
Department of Pathobiology, College of Veterinary
Medicine, Auburn University, 166 Greene Hall, Auburn,
AL 36849-5519, Tel: 334-844-4539, Fax: 334-844-2652,
E-mail: johncal@auburn.edu

http://www.bioscience.org/current/vol12.htm

3682



