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Ramified feline microglia selects for distinct variants
of feline immunodeficiency virus during early central

nervous system infection
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It is widely accepted that human immunodeficiency virus (HIV) invades the
central nervous system (CNS) shortly after peripheral infection to establish a
persistent infection of tissue-resident microglial cells. To what extent this early
CNS infection is of pathogenic relevance is a matter of discussion. It is con-
ceivable, however, that infected microglia releases virus variants of enhanced
neurotropism and/or neurovirulence compared to peripheral isolates. More-
over, microglial variants may exhibit high resistance to antiviral therapeutics
that poorly penetrate into brain tissue. The molecular basis of these biological
properties is suspected to be associated with specific sequences in the viral env
gene, particularly within the V3 loop. Therefore, we analyzed in the animal
model of feline immunodeficiency virus (FIV) infection of cats lentiviral V3
sequences in highly purified microglial cells and blood from acutely infected
animals. Compared to the inoculated virus, nucleotide sequence alterations
in serum samples were rarely detectable, if at all. In contrast, up to 19 nu-
cleotide exchanges could be identified within FIV V3 from microglia, resulting
in a mutation frequency of up to 14.5% with respect to the deduced amino
acid sequence. These findings suggest selection of specific virus variants by
brain-resident target cells that might have implications for antiretroviral drug

design. Journal of NeuroVirology (2003) 9, 465—476.
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Introduction

HIV infection of man is regularly complicated by
lentiviral invasion of the central nervous system
(CNS), resulting in multiple neurological complica-
tions (Heaton et al, 1994; Janssen et al, 1991; Navia
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et al, 1986; Snider et al, 1983). Although recent
progress in antiretroviral therapy has strikingly re-
duced frequency of the most severe manifestations
(Sacktor et al, 2001), neurobehavioral abnormalities
remain important clinical features of human immun-
odeficiency virus (HIV) infection (Sacktor et al, 2002).
This holds true not only for end-stage diseased per-
sons but also for pre—acquired immunodeficiency
syndrome (AIDS) patients who are affected by an in-
creasing incidence of subtle neuropsychological im-
pairments (Albert et al, 1995; Marcotte et al, 1999).
Moreover, mortality of HIV-positive neuropsycholog-
ically diseased subjects is significantly elevated com-
pared to asymptomatic individuals (Ellis et al, 1997).
These clinical observations expand data from viro-
logic and pathologic studies (An et al, 1999; Grant
et al, 1987; Gray et al, 1996), suggesting that HIV usu-
ally invades the CNS during primary viremia to es-
tablish a persistent infection of brain cells. For what
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reasons, however, severity of the resulting neurolog-
ical symptomatology varies widely from patient to
patient is not yet clear. To explain this diversity, sev-
eral hypotheses have been postulated, including vari-
able production of neurotoxic substances by infected
brain cells (Dreyer et al, 1990; Giulian et al, 1990;
Pulliam et al, 1991; Sabatier et al, 1991), as well as
emergence of distinct neurovirulent HIV strains. In-
deed, differences in HIV envelope sequences, partic-
ularly affecting the hypervariable region V3, from the
CNS of asymptomatic and demented patients have
been reported (Power et al, 1994) (Korber et al, 1994;
Kuiken et al, 1995). This is of special interest be-
cause the V3 domain is well known to elicit neutral-
izing antibodies (Javaherian et al, 1990; Rusche et al,
1988) and to determine viral cell tropism (Hwang
et al, 1991). Functional studies revealed that brain-
derived retroviruses are preferentially macrophage-
tropic (Gorry et al, 2001; Smit et al, 2001) and re-
combinant HIV clones containing V3 sequences from
the CNS of neurologically impaired individuals in-
duce neuronal apoptosis more efficiently than do V3
loops from clinically inapparent patients (Ohagen
et al, 1999; Power et al, 1998b). Although these find-
ings suggest existence of brain-specific virus vari-
ants, data have to be interpreted carefully because
they were collected using crude brain homogenate
or cerebrospinal fluid (CSF) specimen that may not
appropriately reflect the biologically relevant viral
population in brain-resident cells. In addition, only
a limited number of patients were investigated and
samples were usually taken at autopsy when the de-
grading blood-brain barrier allows unlimited access
of peripheral virus strains to the CNS (Boven et al,
2000; Persidsky et al, 2000; Power et al, 1993).

In light of these experimental drawbacks, it is clear
that animal models are required to study the dynam-
ics of retroviral evolution in periphery and brain tis-
sue during the early phase of the infection. Feline
immunodeficiency virus (FIV) infection of cats has
been shown to be a valuable animal model of hu-
man AIDS (Pedersen et al, 1987; Willett et al, 1997a).
FIV-infected animals develop a disease syndrome,
including neurological sequelae, that closely resem-
bles that of HIV-infected individuals (Podell et al,
2000). Similar to HIV, the FIV envelope glycoprotein
consists of several conserved and variable regions
(Pancino et al, 1993; Phillips et al, 1990). Among
the latter, the V3 domain contains immunodominant
sites that induce neutralizing antibodies (de Ronde
et al, 1994; Lombardi et al, 1993) as well as cytotoxic
T-cell responses (Flynn et al, 1995). Moreover, FIV
V3 has been found to be of key importance in viral
cell tropism (Siebelink et al, 1995; Vahlenkamp et al,
1999; Verschoor et al, 1995). Recent reports indicate
that replication efficiency of FIV in brain-resident
cells (Billaud et al, 2000) and neurotoxicity (Gruol
et al, 1998; Johnston et al, 2002; Power et al, 1998a)
is dependent on specific regions within the envelope
gene. To study the pathogenic role of these domains

in more detail, we aimed at genotyping the V3 do-
main of FIV strains from periphery and ramified mi-
croglial cells, the major lentiviral targets in the CNS
(Dow et al, 1992; Hein et al, 2001). For the first time,
we present a detailed sequence analysis of lentiviral
variants isolated directly from brain-resident cells of
acutely infected animals. Our data suggest that rami-
fied microglia is infected as early as 14 days post in-
fection (dpi) and selects for distinct FIV strains. These
might form a reservoir of neurovirulent and/or drug-
resistant viruses capable to reseed peripheral organs.

Results

V3 variants in blood and microglia

Ramified microglial cells were previously shown by
our group to serve as lentiviral targets in the brain
of adult FIV-infected animals, even though during
the latent phase of the infection the percentage of
FIV producing microglia in CNS tissue is less than
1% (Hein et al, 2000). Nevertheless, there is viral
replication in the brain and therefore it is feasible
that viruses of distinct neurovirulence and/or neu-
rotropism are released at the early stage of the disease.
To get an overview about composition of the CNS-
associated virus population during the acute phase
of the infection, we analyzed the highly variable V3
region of the FIV envelope glycoprotein gp100. Six
cats were inoculated intravenously with 5 x 10% cat
infectious dosessy (CIDsg) of FIV Wo and sacrificed
14, 28, 92, and 183 days later or left untreated as con-
trols. CNS-located leukocytes were isolated by per-
coll gradient centrifugation and purity of microglia
was determined first by triple-immunolabeling for
the B, integrine CD18, the leukocyte common anti-
gen CD45, and major histocompatibility class (MHC)
IT antigens and flow cytometry. CD45°"-expressing
cells, previously defined as resident microglial cells
(Sedgwick et al, 1991), typically amounted to more
than 90% of the total brain-extractable leukocyte
population. In contrast, the proportion of blood-
derived leukocytes expressing high levels of CD45
never exceeded 1% of the CNS-associated hematopo-
etic cell fraction (Figure 1). Subsequently, paired
samples of microglial cells and serum from individ-
ual animals were subjected to reverse transcription
(RT)-nested polymerase chain reaction (PCR) spe-
cific for FIV V3. PCR products were denatured and
then electrophoresed for single stranded conforma-
tional polymorphism (SSCP) analysis on standard
nondenaturing polyacrylamide gels. Running condi-
tions were chosen so that the two strands of the PCR
products migrated with different mobilities accord-
ing to their sequence-based three-dimensional con-
formation. Part of the strands, moreover, reassoci-
ated to one or several DNA hybrids depending on
complementarity of the individual PCR strands. By
that means, highly variable FIV V3 sequences could
be detected in microglial but not in blood specimen
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Figure 1 Representative cytofluorographical analysis of adult fe-
line microglia. CNS cells were triple-labeled either with irrelevant
isotype-matched control antibodies (A, B) or monoclonal antibod-
ies specific for CD18, CD45, and MHC class II (C, D) and assessed
on a flow cytometer. Boxes in C and D highlight the population
of infiltrating leukocytes. Numbers in the upper right quadrants
indicate the percentages of double-positive cells.

control

(Figure 2). Whereas serum-derived virus isolates be-
haved similarly in electrophoretic mobilities com-
pared to the inoculated FIV Wo strain, FIV V3 am-
plicons from microglial cells displayed a completely
different SSCP pattern. Mobility shifts were most
prominent with respect to DNA hybrids and regis-
terable as early as 14 dpi. Also, relative intensities
as well as number of single PCR strands and DNA
hybrids varied throughout the whole time of the in-
fection (Figure 2).

Sequencing of V3 regions

Because SSCP data suggested differences in compo-
sition of FIV envelope V3 regions, we decided to
investigate potential sequence variabilities between
microglial and peripheral FIV strains in more detail.
The same PCR products used for SSCP analysis were
cloned and at least 10 serum- and microglia-derived
recombinants, respectively, were analyzed by se-
quencing. Eventually, individual clone sequences
were pooled to design consensus nucleotide se-
quences of 186 bp, summarized in Figure 3. Com-
pared to the inoculum virus, V3 loop—specific varia-
tions in FIV-contaminated serum samples were rarely
detectable and limited to the neutralization epitope
(Lombardi et al, 1995), spanning from nucleotide po-
sitions 7418 to 7483 with respect to the FIV Petaluma
envgene (Talbott et al, 1989). Three out of six animals
displayed only a single point mutation and serum
FIV V3 from one cat even exhibited 100% identity
with the inoculated Wo strain. In contrast, microglia-
derived FIV isolates showed numerous nucleotide
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Figure 2 SSCP analysis of FIV V3 amplicons from various tissues
of infected animals. At different time points post infection, total
RNA from serum and microglia of cats 377 (14 dpi), 653 (28 dpi),
and 384 (183 dpi) was extracted and subjected to reverse transcrip-
tion and FIV V3-specific amplification. Following denaturation,
PCR products were electrophoretically separated on nondenatur-
ing polyacrylamide gels and silver stained. Note additional single
strand and heteroduplex in microglial V3 from cat 384 (183 dpi).
bp, base pairs; m, DNA molecular size marker; Wo, FIV Wo.

exchanges, not only within the neutralization epitope
but also scattered throughout the total V3 region. This
holds true for all animals except cat 656 whose mi-
croglial isolate differed from the inoculum at only one
site. Mean mutation frequencies in FIV V3 from
microglia reached up to 18 nucleotide exchanges
(9.7%) at 14 dpi, to decline to 10 nucleotide changes
(5.4%) at 183 dpi. In serum, however, sequence di-
vergences referring to the inoculated FIV strain never
exceeded 1.6%, corresponding to 3 basepair substi-
tutions (Figure 3 and Table 2).

To estimate the consequences of nucleotide ex-
changes onto the corresponding translation product,
the deduced amino acid sequences from the vari-
ous V3 loop amplicons were analyzed (Figure 4). It
is of note that both, serum, and microglial samples

Table 1 Designation of cats and time past FIV infection at
necropsy

Animal no. Days postinoculation

377 14
382 14
653 28
656 92
378 183
384 183
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Figure 3 Nucleotide sequence comparison of the FIV envelope V3 loop from paired serum and microglial samples of infected animals.
At 14, 28, 92, and 183 days post infection, respectively, FIV V3—specific RNA sequences were reverse transcribed, amplified, and cloned.
At least 10 recombinants were sequenced and consensus sequences thereof are presented. The neutralization epitope is colored in gray.



Table 2 Mutation frequencies in V3 nucleotide sequences from
FIV-infected cats

Days Mutation
Animal no.  postinoculation Tissue frequency V3 [%]
377 14 Serum 0.5
382 14 Serum 1.6
653 28 Serum 0.5
656 92 Serum 1.6
378 183 Serum 0.5
384 183 Serum 0.0
377 14 Microglia 10.2
382 14 Microglia 9.1
653 28 Microglia 10.2
656 92 Microglia 0.5
378 183 Microglia 1.6
384 183 Microglia 9.1

displayed a common amino acid change from valine
to isoleucine (V — I) at amino acid position 413.
Aside, one third of serum samples were characterized
by two additional amino acid changes (3.2%), each
corresponding to number and distribution of point
mutations at the nucleotide level. In comparison,
amino acid mutations could be identified in all
microglia-derived FIV V3 fragments, and frequency
of sequence alterations ranged from a single amino
acid shift (1.6%) in cat 656 to nine amino acid ex-
changes (14.5%) in cat 653. Modifications were not
limited to the neutralization epitope as in the case of
peripheral isolates, but also tend to cluster upstream
of the neutralization epitope at amino acid positions
370 to 374. Here, in two of six samples one poten-
tial N-linked glycosylation site was introduced by an
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aspartic acid to asparagine (D — N) substitution at
amino acid position 372. Moreover, the majority of
microglial variants revealed a remarkable accumu-
lation of amino acid modifications at sites that are
suspected to play a role in FIV tropism (Vahlenkamp
et al, 1999). These include changes of arginine to glu-
tamic acid or lysine (R — E/K) at amino acid position
395, of arginine to lysine (R — K) at position 397,
of glutamic acid to lysine (E — K) at position 409,
and of valine to isoleucine (V — I) at position 413
(Figure 4).

With respect to the high frequency of mutations in
V3, it was reasonable to assume that microglial cells
select for distinct FIV variants. To test this hypoth-
esis, we reconstructed evolutionary relationships
among V3-specific nucleotide sequences. This phy-
logeny was estimated using the maximum-likelihood
method combined with the neighbor-joining algo-
rithm and the Tamura-Nei model of substitution
(Tamura and Nei, 1993). Confidence in the recon-
struction of various clades was determined by 1000
replications of the bootstrap procedure. Under these
statistical conditions, V3 sequences from serum and
microglia fall within distant clades, except for two
microglial V3 derived from cats 656 and 378 that
cluster with the serum strains. Each monophyloge-
netic group is strongly supported with a bootstrap
value between 92% and 98% (Figure 5). Neighbor-
joining phylogenetic analysis based on the deduced
amino acid sequences gave a similar tree (data not
shown). We also calculated genetic distances to quan-
tify the extent of divergences. For clade 1 compris-
ing mainly serum strains, divergence averaged 1%
related to FIV Wo. In contrast, clade 2, exclusively

Cat Days post Tissue Amino acid sequence V3
inoculation
370 380 390 400 410 420
0 serum AYYNSCKWEQTDVKFHCQRTQSQPGTWLRAISSWRQRNRWEWRPDFESEKVKVSLQOCNSTKN
377 14 SEIUM v ettt ittt i e ieia e cneneusosasoanans ‘B Y e I.........
382 14 SEIUM  tvieite ittt e i NN I B T A I.........
653 28 SETUM ot it i ittt it ittt e NN B I N A f.........
656 92 SEIUM vt v ee it ittt ien e eaenens AeTlceeece/lelecececacan ... : S
378 183 SEIUM v et ittt n it ia it cnneneeonosnoanans 15 PR P E.........
384 183 SEIUM v et e iee i NN B YTIETEYNIS NAN RO
377 14 microglia ~ ......... EAK......ovoiune S.F...... 1Y I ' [
382 14 microglia — ........... N.T.ovnnon. S:ReeeeeeRKiveeeoeoonnnon. . ...... 0
653 28 microglia  ......... EAK.....oiviinne S.H...... Keteooraoons K.K...L.........
656 92 microglia . ... ... i eeeereeaes B I e I.........
378 183 microglia ... .. L i Y W PN B DN e o.o........
384 183 microglia  ........... I S.R...... K.Keveoooooonnon.n. £....... Q

Figure 4 Comparison of deduced amino acid sequences of FIV V3 from different tissues of infected cats. Based on consensus nucleotide
sequences, V3-specific amino acid sequences were predicted using the DNASIS sequence analysis software. Amino acid positions are
indicated according to the published FIV Wo envelope sequence. Bold letters mark the neutralization epitope and gray boxes highlight

residues presumably involved in FIV tropism.
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Figure 5 Phylogenetic reconstruction of V3-specific nucleotide sequences from serum and microglia of FIV-infected animals. Each
sequence is designated by the cat number, time point post infection, and tissue origin. Branch lengths are shown in proportion to
divergence of sequences. Bootstrap values indicate the relative amount of support for the indicated clades as the number of times that

clade was recovered in 1000 pseudoreplications.

formed by microglial viruses, diverged 9.7% from the
inoculum. These findings clearly indicate that there
is clustering of env V3 sequences in FIV-infected mi-
croglial cells.

Discussion

Since the first reports of AIDS-associated neurolog-
ical complications were published in 1983 (Snider
et al, 1983; Whelan et al, 1983), extensive investiga-
tive efforts were made to elucidate the complex na-
ture of HIV-induced CNS disease. Nevertheless, the
mechanisms underlying the clinical and pathologi-
cal manifestations of central nervous HIV infection
are still enigmatic. It is generally agreed, however,
that HIV invades the brain early in the course of sys-
temic infection to remain in CNS tissue throughout
patient’s lifetime. Pathogenic consequences of this
lifelong persistence might be manifold. For example,
because of poor drug penetration into the CNS, in-
fected brain cells may act as a reservoir for drug-

resistant viruses that might reseed peripheral or-
gans of antiretrovirally treated individuals. Further,
specific neurovirulent virus strains may arise, in-
ducing pathological alterations and neurocognitive
impairments. In support of these ideas, phyloge-
netic and sequence comparisons of HIV env V3
sequences derived from brain and peripheral or-
gans imply compartimentalization of virus in CNS
tissue (Chen et al, 2000; Gatanaga et al, 1999;
Korber et al, 1994; Smit et al, 2001). Data accumu-
lated so far, however, are mainly based on tissue spec-
imen unsuitable to characterize the viral population
in CNS-resident cells. In contrast, we used in the cur-
rent study highly purified microglial cells from the
brain of FIV-infected cats to examine potential selec-
tion of specific neuroinvasive virus strains.

SSCP as well as sequence analyses revealed strik-
ing differences within the env V3 regions of pri-
mary microglia-derived and peripheral FIV isolates.
Whereas V3 sequences of inoculum and serum FIV
were nearly identical, microglial V3 displayed nu-
merous mutations at both the nucleotide and the



amino acid levels, particularly within the neutral-
ization epitope. Interestingly, amino acid substitu-
tions were present at positions that have been demon-
strated to be critical for FIV tropism (Vahlenkamp
et al, 1999). Compared to peripheral isolates char-
acterized by V3 sequences typical of lymphotropism,
microglial V3 suggest a more macrophage-tropic phe-
notype. This is in line with previous data indicat-
ing that HIV isolates from the brain infect preferen-
tially macrophages in vitro (Cheng-Mayer et al, 1989;
Ghorpade et al, 1998a) and macrophage-tropism for
its part is the major determinant in predicting abil-
ity of primary HIV strains to replicate in microglial
cells (Gorry et al, 2001). Moreover, in the SIV model
system, brain as well as gut or lung-derived virus
variants not only were macrophage-tropic but also
displayed similar nucleotide substitutions within the
env gene (Desrosiers et al, 1991; Kodama et al, 1993;
Mori et al, 1992). Although these findings suggest
an overlap of macrophage- and microglial-tropism,
brain isolates vary in their replication efficiency
in microglia compared to peripheral macrophages
(Gorry et al, 2001). Also, sequential passage of pri-
mary HIV isolates, but not macrophage-tropic clones,
through microglial cells results in viral adaptation
that is accompanied by distinct amino acid changes
within the proviral env V3 region (Strizki et al, 1996).
From this, one might speculate that even though con-
ditions for viral entry in peripheral and CNS-resident
macrophages might be similar, the intracellular envi-
ronment may differently influence viral replication,
giving rise to viruses of diverse tropism and/or per-
missiveness. Summerizing this point, our data allow
no decision whether V3 determined tropism for pe-
ripheral macrophages or brain-resident microglia is
indeed an overlapping property of FIV isolates, or
if specificity of the virus for these two macrophage
types segregates. To answer this question, we aim at
the establishment of recombinant FIV virus clones
with V3 sequences from microglial and peripheral
macrophages, respectively.

Aside from possible conformational alterations
of the V3 region due to amino acid substitutions,
an aspartic acid to threonine mutation at amino
acid position 372 leads to insertion of a potential
N-glycosylation site. This is of special interest be-
cause glycosylation of the HIV V3 loop has been
reported to play an important role in viral infec-
tivity and binding of neutralizing antibodies. For
example, low content of V3-associated carbohydrates
is linked to the preferential use of the coreceptor
CXCR4, whereas acquisition of oligosaccharides is
accompanied by a switch to CCR5 usage (Li et al,
2001; Polzer et al, 2001). Enhanced glycosylation also
results in increased resistance to V3-directed neutral-
ization (Back et al, 1994; Schonning et al, 1996). Sim-
ilarly, Giannecchini and coworkers (1998) recently
described that glycosylation of the FIV envelope is in-
volved in antibody-mediated neutralization. Regard-
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ing additional N-linked glycosylation sites within
microglial FIV V3, it is conceivable that not only vi-
ral tropism but also sensitivity to neutralization is
changed during microglial passage. In this context,
it is worth mentioning that insensitivity to neutral-
ization seems to be a common feature of primary
CNS-derived virus strains (Cheng-Mayer et al, 1989).
Furthermore, in vitro selection for brain cell tropism
is accompanied by viral resistance to neutralization
by anti-V3 monoclonal antibodies (McKnight et al,
1995). As a consequence, immune escape mutants
might emerge and become predominant particularly
at end-stage disease when the host’s immune system
is compromised. Future work is therefore needed to
study the sensitivity of microglia-derived virus vari-
ants to neutralization by serum antibodies obtained
from the same individual.

Regarding frequent nucleotide exchanges in FIV
V3 from microglia, one might expect that these
result from vigorous viral replication in CNS tissue.
However, comparable to CNS infection with other
lentiviruses (Clements et al, 2002; Gray et al, 1996),
microglial FIV expression seems to be very low dur-
ing the asymptomatic phase of the infection (Hein
et al, 2000). Therefore, we favor the hypothesis that
CNS-specific variants might emerge because of virus
selection at the stage of target cell entry. Because we
did not use a virus clone for intravenous infection of
the animals, it is conceivable that a minor fraction
of the lymphotropic bulk of viruses expresses a V3
loop appropriate for infection of microglial cells. As
a consequence, this minority will accumulate in mi-
croglial cells and thus become the major detectable
variant in these brain-resident cells. Under these cir-
cumstances, extensive mutations of the viral genome
must not necessarily occur within infected brain cells
to detect V3 variants distinct from those present in
the bulk of peripheral viruses.

Isolation of microglial cells was always accom-
panied by copurification of a low amount of CD45"gh
leukocytes. From this observation, one might argue
that the presented CNS-associated V3 sequences were
derived from FIV-infected macrophages contaminat-
ing the microglial cell population. Even though this
cannot be excluded with any certainty, there are some
arguments supporting the idea that the source of the
FIV sequences described were indeed microglial cells
and not macrophages: (1) Due to the isolation pro-
cedure, perivascular macrophages remain stuck to
the blood vessels, which are completely removed as
partially intact fragments. (2) Fluorescence-activated
cell scanning (FACS) analysis of the CD45"¢" CNS
cell fraction (not shown) revealed that the latter is
almost exclusively composed of T and B lympho-
cytes. If these would contribute to the CNS viral
load, the FIV V3 sequences detectable within brain-
tissue should exhibit a more lymphotropic charac-
ter. In comparison, our CNS sequences differ exactly
at the sites defining lymphotropism, suggesting the
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sequences not to be obtained from infiltrating lym-
phocytes. (3) Contamination by leukocytes from the
vasculature is unlikely because in this case, the num-
ber of CD45"8" cells within the brain-isolated leuko-
cyte population should be significantly increased.
Nevertheless, additional experiments using FIV re-
combinants are needed to prove specificity of the se-
quences presented.

Our study concentrated on the lentiviral V3 region
because of its significance in target cell entry, antivi-
ral immune response, and neuropathogenesis. How-
ever, it is possible that we have to extend our inves-
tigations to other parts of the viral surface unit, or to
the envelope protein as a whole, to evaluate whether
there are additional domains influencing the viral
phenotype present in CNS tissue. Indeed, HIV iso-
lates with identical V3 sequences can behave differ-
ently with respect to tropism and replication capacity
and this might be due to variances within the V1/V2
and C4 regions (Boyd et al, 1993; Carrillo and Ratner,
1996; Groenink et al, 1992; Koito et al, 1995). In FIV,
amino acid mutations within the transmembrane do-
main and in the V4 region of the envelope glycopro-
tein have been shown to be involved in viral tropism
(Vahlenkamp et al, 1997, 1999). These findings sug-
gest that regulatory elements outside the V3 region
might influence V3 loop conformation and thereby
interaction between the viral envelope and its cellu-
lar receptor. Hence, when interpreting the relevance
of specific V3 sequences to lentivirus-induced patho-
genesis, it must be taken into account that additional
domains of the viral env may be involved.

Taken together, our data clearly indicate selection
of distinct virus variants by microglial cells, even
though we failed to locate a consistent pattern of
molecular changes within the FIV V3 region. Two
cats, designated 382 (14 dpi) and 384 (183 dpi),
however, exhibited identical amino acid transitions
in microglial V3 and therefore are good candidates
for further investigations on putative microglia-
specific viruses. Besides, our phylogenetic analy-
ses unequivocally revealed clustering of microglia-
derived viruses apart from peripheral FIV isolates,
supporting the idea of lentiviral adaptation to the
CNS-resident macrophage population. The mecha-
nisms involved in that process remain to be deter-
mined. In that context, cell physiology will be of key
importance, e.g., post-translational processing of vi-
ral proteins as already mentioned above. Moreover,
preentry factors have to be considered. There is evi-
dence that the principal coreceptors of HIV isolated
from the brain are CCR3 and CCR5, and to a minor ex-
tent CXCR4 (Albright et al, 1999; Gabuzda and Wang,
1999; Ghorpade et al, 1998b; He et al, 1997; Shieh
et al, 1998). Type and intensity of coreceptor expres-
sion may therefore be decisive for lentiviral infection
of microglial cells. Comparable to HIV, FIV utilizes
chemokine receptors and surface heparans for cell in-
vasion, depending on target cell type and virus strain

(de Parseval and Elder, 2001; Johnston and Power,
2002; Richardson et al, 1999; Willett et al, 1997b).
More recently, CXCR4 expression was reported on fe-
line neurons, brain endothelial cells, and astrocytes
(Koirala et al, 2000; Nakagaki et al, 2001), which
is in line with preliminary data of our group im-
plying CXCR4-specific mRNA expression in feline
microglial cells (data not shown). So far, however,
it is not yet clear if chemokine receptors alone are
sufficient for FIV infection or if a combination with
other cell surface elements is required. Likewise, ex-
pression pattern of potential FIV receptors on fe-
line cells is only partially understood. Against this
background, we will construct a number of chimeric
viruses containing microglial FIV V3 in a FIVpeaiuma
backbone to elucidate determinants involved in FIV
invasion of microglial cells. From these studies, one
might expect new insights into the pathogenic role of
microglia as viral reservoir and into potential targets
for therapeutic intervention.

Materials and methods

Animals

Cats (strain Ico:Fec Eur, Tif) were purchased from
IFFA Crédo (Lyon, France) at 6 months of age and
housed under specific pathogen—free (SPF) condi-
tions in an air-conditioned animal facility. They were
either infected intravenously with cell-free tissue cul-
ture supernatant (TCS) containing 72,000 fluores-
cence units (FU) of RT activity, equivalent to 5000
CIDso of FIV strain Wo, or left untreated. At dif-
ferent time points post inoculation (p.i.), cats were
necropsied according to the schedule summarized in
Table 1. Housing and handling of animals conformed
to local rules for care and use of laboratory animals.

Virus .
Strain FIV Wo (kind gift of A. Moraillon, Ecole
Vétérinaire, Maison d’Alfort, France) was isolated
from blood leukocytes of a cat with full-blown im-
munodeficiency by coculture with peripheral blood
mononuclear cells (PBMCs) from healthy donors.
Viral stocks were prepared as previously described
(Hein et al, 2000).

Isolation of microglial cells

Microglial cells were extracted from the CNS of cats
by density-gradient centrifugation as published ear-
lier (Hein et al, 2000). Briefly, following meninges
stripping and mechanical disruption, the resulting
brain cell homogenate was enzymatically digested
before being transferred to a gradient consisting of
two layers of percoll of different density. Follow-
ing centrifugation for 20 min at 1250 x g, myelin
debris was removed and cells were overlayered



onto a second multilayer gradient. During subse-
quent centrifugation, microglial cells sedimented to
the 1.072 g/cm?® interphase from which they were
collected.

Cell labeling and cytofluorographic analyses
Monoclonal antibodies (mAbs) used for character-
ization of microglial cells were specific for CD18
(clone MHM23, mouse immunoglobulin (Ig)G1; flu-
orescein isothiocyanate conjugate; Dako, Glostrup,
Denmark), CD45 (clone 25-2C, mouse IgM; VMRD,
Pullman, USA), and MHC class II (clone vpg 3, mouse
IgG1; Serotec, Oxford, UK). Isotype-matched control
antibodies (clone 15H6, mouse IgG1; clone 11E10,
mouse IgM; SBA, Birmingham, USA) were used as
negative controls. Primary antibodies were detected
by (R)-phycoerythrin— or biotin-conjugated F(ab’),
fragments of goat anti-mouse IgG and IgM heavy
chains, respectively (Dianova, Hamburg, Germany).
Biotinylated secondary antibodies were visual-
ized by streptavidin-RED670 (GibcoBRL, Eggenstein,
Germany). All labeling steps were performed on ice
in a total volume of 50 ul. First round labeling was
carried out by resuspending microglial cells (2 x
105) in buffer solution containing mAbs that bind to
CD45 and MHC class ITand 10% heat-inactivated nor-
mal cat serum. mAbs were incubated for 20 min and
washed; then a mixture of secondary goat anti-mouse
Igs was added and incubated for another 20 min. Cells
were washed and conjugate-associated free bind-
ing sites were saturated by 20% heat-inactivated
normal mouse serum before addition of mAb rec-
ognizing CD18 together with streptavidin-RED670.
Subsequently, cells were washed and 1 x 10* live-
gated events were assessed on a FACScan (Becton
& Dickinson, Heidelberg, Germany) using CellQuest
analysis software.

RT-PCR and SSCP

For SSCP analysis of FIV V3 sequences, total RNA
was extracted from paired serum and microglial
samples applying the silicagel membrane technology
of Qiagen (Hilden, Germany). cDNA was prepared
from DNase I-treated RNA by the First Strand cDNA
Synthesis Kit (Roche Diagnostics, Mannheim,
Germany) and subjected to nested PCR. According
to previously published data (Nishimura et al,
1996), outer primers were 5-GAGTAGATA C(AT)-
TGGTT(AG)CAAG-3' and 5-CATCC TAATTCTTG

References

Albert SM, Marder K, Dooneief G, Bell K, Sano M, Todak G,
Stern Y (1995). Neuropsychologic impairment in early
HIV infection. A risk factor for work disability. Arch
Neurol 52: 525-530.

Albright AV, Shieh JT, Itoh T, Lee B, Pleasure D, O’Connor
MJ, Doms RW, Gonzalez-Scarano F (1999). Microglia
express CCR5, CXCR4, and CCR3, but of these, CCR5

Selection of FIV variants by feline microglia
A Hein et al 473

CATAGGC-3'. The inner primer set consisted of
5-CAAAATGTGGATGGTG GAA(CT)-3' and 5'-
ACTCTATCCAAGCTCC (CT)GTTAC-3', correspon-
ding to conserved regions on each side of the V3
domain. Both rounds of amplification were carried
out in a total volume of 50 pl containing 10 mM
Tris/HCl (pH 8.8), 5 mM (NH4),SO,4, 25 mM KCl,
2 mM MgSQ,, 200 uM of each dNTP, 20 pmol of
each primer, 2 Units Pwo polymerase (Stratagene,
Amsterdam, The Netherlands), and 5 ul cDNA and
first round PCR product, respectively. PCR was run
on the RoboCycler Gradient 96 (Stratagene) with
denaturing for 2 min 15 s at 94°C, followed by
40 cycles of 94°C for 45 s, 50°C for 45 s, and 72°C for
1 min 30 s for the outer and 45 s for the inner PCR
reaction, with a final extension of 3 min 30 s at 72°C.
If not otherwise stated, PCR reagents were obtained
from Roche Diagnostics.

Four microliters (25 ng) of PCR product were mixed
with 4 ul of 95% formamide, 20 mM EDTA, 0.05%
bromphenol blue, and 0.05% xylene cyanol, heated
at 100°C for 3 min before being snap-chilled on ice
for 5 min. Denatured samples were loaded onto a 8%
polyacrylamide gel containing 90 mM Tris-borate,
pH 8.5, and 2 mM EDTA. Electrophoresis was per-
formed at room temperature with 10 mA for 115 min.
Bands were visualized by silver staining accord-
ing to a method previously described by Axton and
colleagues (1997).

DNA sequencing and analysis

V3-specific RT-PCR products were blunt end—
ligated into the pCR 4Blunt-TOPO vector (Invitro-
gen, Carlsbad, USA) following the manufacturer’s
recommendations and bacterial transformation was
done by chemical treatment. Recombinant clones
were screened by PCR using the V3-specific inner
primer set and sequences of positive clones were de-
termined by automated dideoxy sequencing on an
ABI 3700 capillary sequencer (Applied Biosystems,
Foster City, USA). Sequence fragments were aligned
with MacDNASIS (Hitachi, San Bruno, USA) and
phylogenetic tree construction was performed by
the maximum-likelihood method, combined with
the neighbor-joining algorithm and the Tamura-Nei
model of substitution (Tamura and Nei, 1993), using
the PUZZLE software package, version 4.0.2. To dis-
play phylogenies, the Treeview program (Page, 1996)
was applied.

is the principal coreceptor for human immunodefi-
ciency virus type 1 dementia isolates. J Virol 73: 205—
213.

An SF, Groves M, Gray F, Scaravilli F (1999). Early en-
try and widespread cellular involvement of HIV-1 DNA
in brains of HIV-1 positive asymptomatic individuals.
J Neuropathol Exp Neurol 58: 1156—1162.



Selection of FIV variants by feline microglia
474 A Hein et al

Axton RA, Hanson IM, Love J, Seawright A, Prosser J,
van Heyningen V (1997). Combined SSCP/heteroduplex
analysis in the screening for PAX6 mutations. Mol Cell
Probes 11: 287-292.

Back NK, Smit L, De Jong JJ, Keulen W, Schutten M,
Goudsmit J, Tersmette M (1994). An N-glycan within
the human immunodeficiency virus type 1 gp120 V3
loop affects virus neutralization. Virology 199: 431-
438.

Billaud JN, Selway D, Yu N, Phillips TR (2000). Replication
rate of feline immunodeficiency virus in astrocytes is
envelope dependent: implications for glutamate uptake.
Virology 266: 180—188.

Boven LA, Middel J, Verhoef J, De Groot CJ], Nottet HS
(2000). Monocyte infiltration is highly associated with
loss of the tight junction protein zonula occludens in
HIV-1-associated dementia. Neuropathol Appl Neuro-
biol 26: 356—360.

Boyd MT, Simpson GR, Cann AJ, Johnson MA, Weiss RA
(1993). A single amino acid substitution in the V1 loop
of human immunodeficiency virus type 1 gp120 alters
cellular tropism. J Virol 67: 3649-3652.

Carrillo A, Ratner L (1996). Human immunodeficiency
virus type 1 tropism for T-lymphoid cell lines: role of
the V3 loop and C4 envelope determinants. J Virol 70:
1301-1309.

Chen H, Wood C, Petito CK (2000). Comparisons of HIV-1
viral sequences in brain, choroid plexus and spleen: po-
tential role of choroid plexus in the pathogenesis of HIV
encephalitis. ] NeuroVirol 6: 498—506.

Cheng-Mayer G, Weiss C, Seto D, Levy JA (1989). Isolates
of human immunodeficiency virus type 1 from the brain
may constitute a special group of the AIDS virus. Proc
Natl Acad Sci U S A 86: 8575-8579.

Clements JE, Babas T, Mankowski JL, Suryanarayana K,
Piatak M Jr, Tarwater PM, Lifson JD, Zink MC (2002).
The central nervous system as a reservoir for simian im-
munodeficiency virus (SIV): steady-state levels of SIV
DNA in brain from acute through asymptomatic infec-
tion. J Infect Dis 186: 905—913.

de Parseval A, Elder JH (2001). Binding of recombinant fe-
line immunodeficiency virus surface glycoprotein to fe-
line cells: role of CXCR4, cell-surface heparans, and an
unidentified non-CXCR4 receptor. ] Virol 75: 4528—4539.

de Ronde A, Stam JG, Boers P, Langedijk H, Meloen R,
Hesselink W, Keldermans LC, van Vliet A, Verschoor EJ,
Horzinek MG, et al (1994). Antibody response in cats to
the envelope proteins of feline immunodeficiency virus:
identification of an immunodominant neutralization do-
main. Virology 198: 257—264.

Desrosiers RC, Hansen-Moosa A, Mori K, Bouvier DP, King
NW, Daniel MD, Ringler DJ (1991). Macrophage-tropic
variants of SIV are associated with specific AIDS-related
lesions but are not essential for the development of
AIDS. Am ] Pathol 139: 29-35.

Dow SW, Dreitz MJ, Hoover EA (1992). Feline immunod-
eficiency virus neurotropism: evidence that astrocytes
and microglia are the primary target cells. Vet Immunol
Immunopathol 35: 23-35.

Dreyer EB, Kaiser PK, Offermann JT, Lipton SA (1990).
HIV-1 coat protein neurotoxicity prevented by calcium
channel antagonists. Science 248: 364—-367.

Ellis RJ, Deutsch R, Heaton RK, Marcotte TD, McCutchan
JA, Nelson JA, Abramson I, Thal LJ, Atkinson JH,
Wallace MR, Grant I (1997). Neurocognitive impairment

is an independent risk factor for death in HIV infection.
San Diego HIV Neurobehavioral Research Center Group.
Arch Neurol 54: 416—424.

Flynn JN, Cannon CA, Reid G, Rigby MA, Neil JC, Jarrett
O (1995). Induction of feline immunodeficiency virus-
specific cell-mediated and humoral immune responses
following immunization with a multiple antigenic pep-
tide from the envelope V3 domain. Immunology 85:
171-175.

Gabuzda D, Wang J (1999). Chemokine receptors and virus
entry in the central nervous system. ] NeuroVirol 5: 643—
658.

Gatanaga H, Oka S, Ida S, Wakabayashi T, Shioda T,
Iwamoto A (1999). Active HIV-1 redistribution and repli-
cation in the brain with HIV encephalitis. Arch Virol
144: 29-43.

Ghorpade A, Nukuna A, Che M, Haggerty S, Persidsky Y,
Carter E, Carhart L, Shafer L, Gendelman HE (1998a).
Human immunodeficiency virus neurotropism: an anal-
ysis of viral replication and cytopathicity for divergent
strains in monocytes and microglia. J Virol 72: 3340—
3350.

Ghorpade A, Xia MQ, Hyman BT, Persidsky Y, Nukuna
A, Bock P, Che M, Limoges ], Gendelman HE, Mackay
CR (1998b). Role of the beta-chemokine receptors CCR3
and CCR5 in human immunodeficiency virus type 1 in-
fection of monocytes and microglia. J Virol 72: 3351—
3361.

Giannecchini S, Matteucci D, Bendinelli M (1998). Effect of
enzymatic deglycosylation on feline immunodeficiency
virus sensitivity to antibody-mediated neutralization.
AIDS Res Hum Retroviruses 14: 199-204.

Giulian D, Vaca K, Noonan CA (1990). Secretion of neuro-
toxins by mononuclear phagocytes infected with HIV-1.
Science 250: 1593—-1596.

Gorry PR, Bristol G, Zack JA, Ritola K, Swanstrom R, Birch
CJ, Bell JE, Bannert N, Crawford K, Wang H, Schols D, De
Clercq E, Kunstman K, Wolinsky SM, Gabuzda D (2001).
Macrophage tropism of human immunodeficiency virus
type 1isolates from brain and lymphoid tissues predicts
neurotropism independent of coreceptor specificity.
J Virol 75: 10073—10089.

Grant I, Atkinson JH, Hesselink JR, Kennedy CJ, Richman
DD, Spector SA, McCutchan JA (1987). Evidence for
early central nervous system involvement in the ac-
quired immunodeficiency syndrome (AIDS) and other
human immunodeficiency virus (HIV) infections. Stud-
ies with neuropsychologic testing and magnetic reso-
nance imaging. Ann Intern Med 107: 828-836.

Gray F, Scaravilli F, Everall I, Chretien F, An S, Boche D,
Adle Biassette H, Wingertsmann L, Durigon M, Hurtrel
B, Chiodi F, Bell J, Lantos P (1996). Neuropathology of
early HIV-1 infection. Brain Pathol 6: 1-15.

Groenink M, Andeweg AC, Fouchier RA, Broersen S, van
der Jagt RC, Schuitemaker H, de Goede RE, Bosch ML,
Huisman HG, Tersmette M (1992). Phenotype-associated
env gene variation among eight related human immun-
odeficiency virus type 1 clones: evidence for in vivo re-
combination and determinants of cytotropism outside
the V3 domain. J Virol 66: 6175—6180.

Gruol DL, Yu N, Parsons KL, Billaud JN, Elder JH, Phillips
TR (1998). Neurotoxic effects of feline immunodefi-
ciency virus, FIV-PPR. ] NeuroVirol 4: 415—425.

He J, Chen Y, Farzan M, Choe H, Ohagen A, Gartner S,
Busciglio ], Yang X, Hofmann W, Newman W, Mackay



CR, Sodroski J, Gabuzda D (1997). CCR3 and CCR5 are
co-receptors for HIV-1 infection of microglia. Nature
385: 645—-649.

Heaton RK, Velin RA, McCutchan JA, Gulevich §J,
Atkinson JH, Wallace MR, Godfrey HP, Kirson DA, Grant
1(1994). Neuropsychological impairment in human im-
munodeficiency virus-infection: implications for em-
ployment. HNRC Group. HIV Neurobehavioral Research
Center. Psychosom Med 56: 8—17.

Hein A, Martin JP, Dérries R (2001). In vitro activation of fe-
line immunodeficiency virus in ramified microglial cells
from asymptomatically infected cats. J Virol 75: 8090—
8095.

Hein A, Martin JP, Koehren F, Bingen A, Dérries R (2000). In
vivo infection of ramified microglia from adult cat cen-
tral nervous system by feline immunodeficiency virus.
Virology 268: 420—429.

Hwang SS, Boyle TJ, Lyerly HK, Cullen BR (1991). Identifi-
cation of the envelope V3 loop as the primary determi-
nant of cell tropism in HIV-1. Science 253: 71-74.

Janssen RS, Cornblath DR, Epstein LG, Foa RP, McArthur
JC, Price RW, Asbury AKK, Beckett A, Benson DF, Bridge
TP, Leventhal CM, Satz P, Saykin AJ, Sidtis JJ, Tross
S (1991). Nomenclature and research case definitions
for neurologic manifestations of human immunodefi-
ciency virus-type 1 (HIV-1) infection. Report of a Work-
ing Group of the American Academy of Neurology AIDS
Task Force. Neurology 41: 778-785.

Javaherian K, Langlois AJ, LaRosa GJ, Profy AT, Bolognesi
DP, Herlihy WC, Putney SD, Matthews TJ (1990).
Broadly neutralizing antibodies elicited by the hyper-
variable neutralizing determinant of HIV-1. Science 250:
1590-1593.

Johnston JB, Power C (2002). Feline immunodeficiency
virus xenoinfection: the role of chemokine receptors and
envelope diversity. J Virol 76: 3626—3636.

Johnston JB, Silva C, Power C (2002). Envelope gene-
mediated neurovirulence in feline immunodeficiency
virus infection: induction of matrix metalloproteinases
and neuronal injury. J Virol 76: 2622—-2633.

Kodama T, Mori K, Kawahara T, Ringler DJ, Desrosiers RC
(1993). Analysis of simian immunodeficiency virus se-
quence variation in tissues of rhesus macaques with
simian AIDS. J Virol 67: 6522—6534.

Koirala TR, Sharma S, Morikawa S, Ishida T (2000). Expres-
sion of CXCR4 in the brain of feline immunodeficiency
virus infected cat. Indian J Pathol Microbiol 43: 285—
290.

Koito A, Stamatatos L, Cheng-Mayer C (1995). Small amino
acid sequence changes within the V2 domain can affect
the function of a T-cell line-tropic human immunodefi-
ciency virus type 1 envelope gp120. Virology 206: 878—
884.

Korber BT, Kunstman K], Patterson BK, Furtado M,
McEvilly MM, Levy R, Wolinsky SM (1994). Genetic
differences between blood- and brain-derived viral se-
quences from human immunodeficiency virus type 1-
infected patients: evidence of conserved elements in the
V3 region of the envelope protein of brain-derived se-
quences. J Virol 68: 7467-7481.

Kuiken CL, Goudsmit J, Weiller GF, Armstrong JS, Hartman
S, Portegies P, Dekker ], Cornelissen M (1995). Differ-
ences in human immunodeficiency virus type 1 V3 se-
quences from patients with and without AIDS dementia
complex. ] Gen Virol 76: 175—180.

Selection of FIV variants by feline microglia
A Hein et al 475

Li Y, Rey-Cuille MA, Hu SL (2001). N-linked glycosylation
in the V3 region of HIV type 1 surface antigen modu-
lates coreceptor usage in viral infection. AIDS Res Hum
Retroviruses 17: 1473-1479.

Lombardi S, Garzelli C, La Rosa C, Zaccaro L, Specter S,
Malvaldi G, Tozzini F, Esposito F, Bendinelli M (1993).
Identification of a linear neutralization site within the
third variable region of the feline immunodeficiency
virus envelope. J Virol 67: 4742—-4749.

Lombardi S, Massi C, Tozzini F, Zaccaro L, Bazzichi A,
Bandecchi P, La Rosa C, Bendinelli M, Garzelli C (1995).
Epitope mapping of the V3 domain of feline immun-
odeficiency virus envelope glycoprotein by monoclonal
antibodies. J Gen Virol 76: 1893—1899.

Marcotte TD, Heaton RK, Wolfson T, Taylor M]J,
Alhassoon O, Arfaa K, Grant I (1999). The impact of
HIV-related neuropsychological dysfunction on driving
behavior. The HNRC Group. J Int Neuropsychol Soc 5:
579-592.

McKnight A, Weiss RA, Shotton C, Takeuchi Y, Hoshino H,
Clapham PR (1995). Change in tropism upon immune
escape by human immunodeficiency virus. J Virol 69:
3167-3170.

Mori K, Ringler DJ, Kodama T, Desrosiers RC (1992). Com-
plex determinants of macrophage tropism in env of
simian immunodeficiency virus. J Virol 66: 2067—-2075.

Nakagaki K, Takahashi K, Schols D, De Clercq E, Tabira T
(2001). CXCR4 is the primary receptor for feline immun-
odeficiency virus in astrocytes. ] NeuroVirol 7: 487—492.

Navia BA, Jordan BD, Price RW (1986). The AIDS dementia
complex: I. Clinical features. Ann Neurol 19: 517-524.

Nishimura Y, Nakamura S, Goto N, Hasegawa T, Pang H,
Goto Y, Kato H, Youn HY, Endo Y, Mizuno T, Momoi
Y, Ohno K, Watari T, Tsujimoto H, Hasegawa A (1996).
Molecular characterization of feline immunodeficiency
virus genome obtained directly from organs of a natu-
rally infected cat with marked neurological symptoms
and encephalitis. Arch Virol 141: 1933-1948.

Ohagen A, Ghosh S, He ], Huang K, Chen Y, Yuan M,
Osathanondh R, Gartner S, Shi B, Shaw G, Gabuzda
D (1999). Apoptosis induced by infection of primary
brain cultures with diverse human immunodeficiency
virus type 1 isolates: evidence for a role of the envelope.
J Virol 73: 897—-906.

Page RD (1996). TreeView: an application to display phy-
logenetic trees on personal computers. Comput Appl
Biosci 12: 357—-358.

Pancino G, Fossati I, Chappey C, Castelot S, Hurtrel B,
Moraillon A, Klatzmann D, Sonigo P (1993). Structure
and variations of feline immunodeficiency virus enve-
lope glycoproteins. Virology 192: 659-662.

Pedersen NC, Ho EW, Brown ML, Yamamoto JK (1987). Iso-
lation of a T-lymphotropic virus from domestic cats with
an immunodeficiency-like syndrome. Science 235: 790—
793.

Persidsky Y, Zheng J, Miller D, Gendelman HE (2000).
Mononuclear phagocytes mediate blood-brain bar-
rier compromise and neuronal injury during HIV-1-
associated dementia. | Leukoc Biol 68: 413—422.

Phillips TR, Talbott RL, Lamont C, Muir S, Lovelace K,
Elder JH (1990). Comparison of two host cell range vari-
ants of feline immunodeficiency virus. J Virol 64: 4605—
4613.

Podell M, March PA, Buck WR, Mathes LE (2000).
The feline model of neuroAIDS: understanding the



Selection of FIV variants by feline microglia
476 A Hein et al

progression towards AIDS dementia. J Psychopharma-
col 14: 205-213.

Polzer S, Dittmar MT, Schmitz H, Meyer B, Miiller H,
Krausslich HG, Schreiber M (2001). Loss of N-linked gly-
cans in the V3-loop region of gp120 is correlated to an
enhanced infectivity of HIV-1. Glycobiology 11: 11-19.

Power C, Buist R, Johnston JB, Del Bigio MR, Ni W, Dawood
MR, Peeling J (1998a). Neurovirulence in feline immun-
odeficiency virus-infected neonatal cats is viral strain
specific and dependent on systemic immune suppres-
sion. J Virol 72: 9109-9115.

Power G, Kong PA, Crawford TO, Wesselingh S, Glass JD,
McArthur JC, Trapp BD (1993). Cerebral white mat-
ter changes in acquired immunodeficiency syndrome
dementia: alterations of the blood-brain barrier. Ann
Neurol 34: 339-350.

Power C, McArthur JC, Johnson RT, Griffin DE, Glass JD,
Perryman S, Chesebro B (1994). Demented and non-
demented patients with AIDS differ in brain-derived
human immunodeficiency virus type 1 envelope se-
quences. J Virol 68: 4643—4649.

Power C, McArthur JC, Nath A, Wehrly K, Mayne M,
Nishio J, Langelier T, Johnson RT, Chesebro B (1998b).
Neuronal death induced by brain-derived human im-
munodeficiency virus type 1 envelope genes differs
between demented and nondemented AIDS patients.
J Virol 72: 9045-9053.

Pulliam L, Herndier BG, Tang NM, McGrath MS (1991).
Human immunodeficiency virus-infected macrophages
produce soluble factors that cause histological and neu-
rochemical alterations in cultured human brains. J Clin
Invest 87: 503-512.

Richardson J, Pancino G, Merat R, Leste-Lasserre T,
Moraillon A, Schneider-Mergener J, Alizon M, Sonigo P,
Heveker N (1999). Shared usage of the chemokine recep-
tor CXCR4 by primary and laboratory-adapted strains of
feline immunodeficiency virus. J Virol 73: 3661-3671.

Rusche JR, Javaherian K, McDanal C, Petro J, Lynn DL,
Grimaila R, Langlois A, Gallo RC, Arthur LO, Fischinger
PJ, et al (1988). Antibodies that inhibit fusion of human
immunodeficiency virus-infected cells bind a 24-amino
acid sequence of the viral envelope, gp120. Proc Natl
Acad Sci U S A 85: 3198-3202.

Sabatier JM, Vives E, Mabrouk K, Benjouad A, Rochat H,
Duval A, Hue B, Bahraoui E (1991). Evidence for neuro-
toxicactivity of tat from human immunodeficiency virus
type 1. J Virol 65: 961-967.

Sacktor N, Lyles RH, Skolasky R, Kleeberger C, Selnes OA,
Miller EN, Becker JT, Cohen B, McArthur JC (2001). HIV-
associated neurologic disease incidence changes: Mul-
ticenter AIDS Cohort Study, 1990-1998. Neurology 56:
257-260.

Sacktor N, McDermott MP, Marder K, Schifitto G, Selnes
OA, McArthur]C, Stern Y, Albert S, Palumbo D, Kieburtz
K, De Marcaida JA, Cohen B, Epstein L (2002). HIV-
associated cognitive impairment before and after the
advent of combination therapy. J NeuroVirol 8: 136—
142.

Schonning K, Jansson B, Olofsson S, Hansen JE (1996).
Rapid selection for an N-linked oligosaccharide by mon-
oclonal antibodies directed against the V3 loop of hu-
man immunodeficiency virus type 1. ] Gen Virol 77:
753-758.

Sedgwick JD, Schwender S, Imrich H, Dérries R, Butcher
GW, ter Meulen V (1991). Isolation and direct character-
ization of resident microglial cells from the normal and
inflamed central nervous system. Proc Natl Acad Sci
US A 88: 7438-7442.

Shieh JT, Albright AV, Sharron M, Gartner S, Strizki J,
Doms RW, Gonzalez-Scarano F (1998). Chemokine re-
ceptor utilization by human immunodeficiency virus
type 1 isolates that replicate in microglia. J Virol 72:
4243-4249.

Siebelink KH, Karlas JA, Rimmelzwaan GF, Osterhaus AD,
Bosch ML (1995). A determinant of feline immunode-
ficiency virus involved in Crandell feline kidney cell
tropism. Vet Immunol Immunopathol 46: 61-69.

Smit TK, Wang B, Ng T, Osborne R, Brew B, Saksena
NK (2001). Varied tropism of HIV-1 isolates derived
from different regions of adult brain cortex discrimi-
nate between patients with and without AIDS dementia
complex (ADC): evidence for neurotropic HIV variants.
Virology 279: 509-526.

Snider WD, Simpson DM, Nielsen S, Gold JW, Metroka
CE, Posner JB (1983). Neurological complications of ac-
quired immune deficiency syndrome: analysis of 50 pa-
tients. Ann Neurol 14: 403—418.

Strizki JM, Albright AV, Sheng H, O’Connor M, Perrin L,
Gonzalez Scarano F (1996). Infection of primary human
microglia and monocyte-derived macrophages with hu-
man immunodeficiency virus type 1 isolates: evidence
of differential tropism. J Virol 70: 7654—7662.

Talbott RL, Sparger EE, Lovelace KM, Fitch WM, Pedersen
NG, Luciw PA, Elder JH (1989). Nucleotide sequence and
genomic organization of feline immunodeficiency virus.
Proc Natl Acad Sci U S A 86: 5743-5747.

Tamura K, Nei M (1993). Estimation of the number of nu-
cleotide substitutions in the control region of mitochon-
drial DNA in humans and chimpanzees. Mol Biol Evol
10: 512-526.

Vahlenkamp TW, de Ronde A, Schuurman NN, van Vliet
AL, van Drunen J, Horzinek MC, Egberink HF (1999).
Envelope gene sequences encoding variable regions 3
and 4 are involved in macrophage tropism of feline im-
munodeficiency virus. ] Gen Virol 80: 2639-2646.

Vahlenkamp TW, Verschoor EJ, Schuurman NN, van Vliet
AL, Horzinek MC, Egberink HF, de Ronde A (1997). A
single amino acid substitution in the transmembrane en-
velope glycoprotein of feline immunodeficiency virus
alters cellular tropism. J Virol 71: 7132-7135.

Verschoor EJ, Boven LA, Blaak H, van Vliet AL, Horzinek
MC, de Ronde A (1995). A single mutation within the
V3 envelope neutralization domain of feline immunod-
eficiency virus determines its tropism for CRFK cells.
J Virol 69: 4752—-4757.

Whelan MA, Kricheff II, Handler M, Ho V, Crystal K,
Gopinathan G, Laubenstein L (1983). Acquired immun-
odeficiency syndrome: cerebral computed tomographic
manifestations. Radiology 149: 477—-484.

Willett BJ, Flynn JN, Hosie MJ (1997a). FIV infection of
the domestic cat: an animal model for AIDS. Immunol
Today 18: 182-189.

Willett BJ, Picard L, Hosie MJ, Turner JD, Adema K,
Clapham PR (1997b). Shared usage of the chemokine
receptor CXCR4 by the feline and human immunodefi-
ciency viruses. J Virol 71: 6407—-6415.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


