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Infection by multiple lentiviral strains is recognized as a major driving force
in the human immunodeficiency virus/acquired immunodeficiency syndrome
(HIV/AIDS) epidemic, but the neuropathogenic consequences of multivirus
infections remain uncertain. Herein, we investigated the neurovirulence and
underlying mechanisms of dual lentivirus infections with distinct viral
strains. Experimental feline immunodeficiency virus (FIV) infections were
performed using cultured cells and an in vivo model of AIDS neuropathogen-
esis. Dual infections were comprised of two FIV strains (FIV-Ch and FIV-PPR)
as copassaged or superinfected viruses, with subsequent outcome analyses of
host immune responses, viral load, neuropathological features, and neurobe-
havioral performance. Dual infections of feline macrophages resulted in
greater IL-1f (interleukin-1p), TNF-o (tumor necrosis factor «), and IDO
(indoleamine 2,3-dioxygenase) expression and associated neurotoxic proper-
ties. FIV coinfection and sequential superinfection in vivo also induced
greater IL-1f, TNF-a, and IDO expression in the basal ganglia (BG) and cortex
(CTX), compared to the monovirus- and mock-infected groups, although viral
loads were similar in single virus— and dual virus-infected animals.
Immunoblot analyses disclosed lower synaptophysin immunoreactivity in
the CTX resulting from FIV super- and coinfections. Cholinergic and
GABAergic neuronal injury was evident in the CTX of animals with dual
FIV infections. With increased glial activation and neuronal loss in dual FIV-
infected brains, immunohistochemical analysis also revealed elevated detec-
tion of cleaved caspase-3 in dysmorphic neurons, which was associated with
worsened neurobehavioral abnormalities among animals infected with the
copassaged viruses. Dual lentivirus infections caused an escalation in
neuroinflammation and ensuing neurodegeneration, underscoring the con-
tribution of infection by multiple viruses to neuropathogenesis. Journal of
NeuroVirology (2009) 15, 139-152.
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Introduction

Infection by multiple strains of human immunode-
ficiency virus type 1 (HIV-1) represents an important
source of viral diversity in the current HIV/AIDS
(acquired immunodeficiency syndrome) epidemic
(Taylor et al, 2008). Indeed, several of the principal
HIV-1 strains identified globally are derived from
recombination between different primary strains,
which present major challenges in terms of devel-
oping vaccines (Klausner et al, 2003) and imple-
menting antiretroviral therapies (Kantor and
Katzenstein, 2004). A hallmark of all pathogenic
lentivirus infections is extensive viral genetic diver-
sity as a consequence of the error-prone nature of the
viral reverse transcriptase (RTase) and a propensity
for viral recombination, coupled with high rates of
virion production that are modulated by immune
selection (Patrick et al, 2002). The pivotal step in
retroviral recombination is the simultaneous infec-
tion by two or more viral strains of the same cell
during a single transmission event (coinfection) or
through sequential viral infection during multiple
transmission events (superinfection). To date, much
of the knowledge about dual retroviral infections is
derived from ex vivo studies (Kim et al, 1993, 1996),
clinical case reports documenting dual infection
with HIV-1 and HIV-2 (Andersson et al, 1999; Sarr
et al, 2000) or by examining viruses belonging to
different HIV-1 subtypes as superinfections (Fang
et al, 2004; Takehisa et al, 1997) or coinfections
(Iversen et al, 1999; Ramos et al, 1999; Becker-
Pergola et al, 2000; Long et al, 2000; Thomson et al,
2001). Indeed, there is compelling evidence that
both drug-sensitive and -resistant HIV-1 strains exist
concurrently in infected individuals and each strain
predominates depending on the antiretroviral regi-
men efficacy (Brumme and Harrigan, 2006). While
bearing viral interference in mind and the fact that,
at least in the case of superinfections, the primary
viral infection may result in subsequent resistance
to the latter infection(s) (reviewed in Nethe et al,
2005), there is no widespread consensus regarding
the real prevalence of dual HIV strain infection,
although the widespread detection of circulating
recombinant form (CRFs) is compelling evidence
that dual infection occurs (Takeb et al, 2004).
Feline immunodeficiency virus (FIV) is a member
of the lentivirus subfamily; it causes persistent
infection in domestic cats and shares many of the
immunological and neurological properties with
HIV (Bendinelli et al, 1995). FIV causes neurological
disorders in 20% to 40% of naturally infected cats
by entering the nervous system and infecting par-
enchymal microglia, perivascular macrophages, and
astrocytes (Power, 2001). Neuropathogenic effects
mediated by FIV infection are viral strain specific
(Power et al, 1998; Johnston et al, 2002b) and range
from impaired motor activity, seizures, as well as

behavioral abnormalities such as psychomotor slow-
ing, aggressiveness, disrupted sleep and arousal
patterns (Phillips et al, 1994; Prospero-Garcia et al,
1999). Neuroimmune activation during FIV infec-
tion is accompanied by neuronal injury in the basal
ganglia and cortical regions. Indeed, microglial and
astroglial activation are cardinal features of FIV
infection, although multinucleated giant cells are
rarely observed in FIV infection (Power et al, 1997;
Noorbakhsh et al, 2006).

Although dual lentiviral infections occur in vivo
(Blackard et al, 2002), the neurologic consequences
of dual infection in terms of viral properties such as
neurotropism, replication kinetics, neuroimmune
responses, and ensuing disease progression have
not been fully investigated. Previous studies of HIV-
1 have focused on a blood-derived evidence of dual
lentivirus infection, reflecting largely T-cell infec-
tion. However, the extent of dual infection of
monocytoid cells, which are the principal target
cells in the brain, is unknown. Dual HIV-1 infection
of brain is apparent from several reports (Smit et al,
2004), with evidence of viral recombination (Zhang
et al, 2001) and an association with HIV-associated
dementia (Salemi et al, 2005). We hypothesized that
dual lentivirus infection with two distinct neuro-
virulent lentivirus strains would worsen neurologic
disease by amplifying the underlying pathogenic
mechanisms. The present studies indicated that
infection by two FIV strains, known to cause
neurologic disease, resulted in enhanced neuroin-
flammation and neurodegeneration, which was de-
pendent on the specific infection paradigm.

Results

Dual infection with FIV-Ch and FIV-PPR

The sensitivity of the FIV pol primers was assessed
by amplifying 10-fold serial dilutions of FIV-Ch and
FIV-PPR plasmid added to equal amounts of healthy
(uninfected) feline peripheral blood mononuclear
cell (PBMC)-derived cDNA (Figure 1A). To deter-
mine if both FIV-Ch and FIV-PPR were detected in
dual-infected primary feline monocyte-derived
macrophage (MDM) cultures, we digested the poly-
merase chain reaction (PCR) amplicons for FIV-Ch
and FIV-PPR pol with Dra I, revealing different
digestion patterns with a 214-bp undigested band
for FIV-Ch but 120- and 94-bp digested bands for
FIV-PPR. Indeed, different restriction digestion pat-
terns of pol amplicons obtained from FIV-infected
MDMs showed that each viral strain was detectable.
In MDMs superinfected simultaneously with both
viruses (FIV-SI) or infected with copassaged viruses
(FIV-CP), at day 3 (data not shown) and day 6 post
infection (p.i.) (Figure 1B) amplicons corresponding
to both FIV strains were evident. These studies
indicated that both viruses were present in MDMs
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Figure 1 Detection of viral genome and replication in monocytoid cells. (A) Viral detection was performed by amplifying 10-fold serial
dilutions of FIV-Ch or -PPR provirus with pol set 1 primers. (B) Differential restriction digestion of the FIV pol amplicon derived from
MDMs infected with FIV-Ch or FIV-PPR viral strains was observed for each viral strain but superinfected (FIV-SI) and copassaged (FIV-
CP) virus—-infected MDMs showed both restriction patterns, at day 6 post infection (p.i.). (C-E) Real-time RT-PCR analysis revealed mRNA
levels (expressed as relative fold change [RFC]) of (C) IL-1f, (D) TNF-«, and (E) IDO after infection of feline MDMs with individual viral
strains, FIV-Ch or FIV-PPR, FIV-SI or FIV-CP, at days 1, 3, and 6 p.i. (F) Reverse transcriptase (RTase) activity confirmed virus production
in MDM supernatants and revealed an increase in RTase at day 6 p.i. in all infected groups, although there was also greater virus
production at day 3 p.i. in the FIV-CP-infected cultures. (G) Neurotoxic properties of MDM supernatants at day 3 and 6 p.i. were assessed
by measurement of BIII-tubulin immunoreactivity (presented as percentage cell viability relative to the mock group). Supernatants from
both dual FIV-infected macrophages were toxic to human neurons (LAN-2) at day 6 p.i., whereas this toxicity was significantly higher in
supernatants from FIV-CP-infected macrophages. (Data are presented as mean + SEM; Dunnet’s post hoc test, *P <.05; **P <.01; ***P <
.001; n >3 MDM donors.)

after infection and they could be distinguished time points after infection. Reverse transcriptase

based on the restriction fragment length polymorph-  (RT)-PCR analysis revealed a robust and continuous
ism (RFLP) analysis. increase in IL-1f mRNA levels at day 1 p.i. and

To assess the inflammatory features of dual FIV  thereafter in all infected groups, except for FIV-PPR
infection in macrophages, we analyzed the tran-  cultures (Figure 1C). TNF-o levels were also up-
script levels of the proinflammatory mediators, regulated by FIV monoinfections, whereas dual
interleukin (IL)-1B, tumor necrosis factor (TNF)-a, infections further escalated induction at day 1 p.i.

and indoleamine 2,3-dioxygenase (IDO) at different (Figure 1D). Of interest, FIV-Ch-infected MDMs
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showed an up-regulation of IDO, which was also up-
regulated in both FIV dual-infected MDM cultures at
day 1 p.. (Figure 1E). Virus production in MDMs
was assessed by reverse transcriptase (RTase) activ-
ity in culture supernatants, revealing an increase at
day 6 p.i. in all groups, although there was also more
virus production at day 3 p.i. in FIV-CP-infected
cells (Figure 1F). These data indicated that both FIV
strains could be detected using the present PCR
protocol, whereas dual FIV infections had limited
effect on overall viral production. To explore the
neurotoxic consequences of FIV-induced immune
activation, neurons were incubated with MDM-
derived supernatants with or without prior FIV
infection. These studies disclosed that supernatants
from MDMs coinfected with both FIV strains at day
6 p.i. were toxic to neurons, although supernatants
from macrophages infected with FIV-CP showed
relatively greater neurotoxic properties (Figure 1G).
The present analyses suggested that dual infection
exerted variable effects on host immune responses,
although overall viral replication was not substan-
tially affected by dual infection. However, dual
infection was more neurotoxic, particularly for the
copassaged virus paradigm.

Analyses of viral load and CD4™ and CD8*

T-cell levels

To compare the relative abundance of FIV genome in
different tissue compartments, we measured viral
RNA levels, which revealed similar levels of FIV pol
transcripts (approximately 3 log,, copies/pug RNA
among all FIV-infected groups) in both cerebrospinal
fluid (CSF) (Figure 2A) and plasma (data not
shown). Semiquantitative (S-Q) real-time RT-PCR
revealed no significant differences in FIV pol tran-
script levels in the basal ganglion (BG) and cortex
(CTX) among all FIV-infected groups (Figure 2B).
Likewise, quantitative analyses also revealed that
viral load was similar in the brains of FIV-infected
groups (approximately 2 logi, copies/pg RNA),
regardless of infection paradigm (Figure 2C). Ana-
lyses of FIV pol RNA sequences by restriction
digestion after amplification revealed that FIV-Ch
and FIV-PPR monovirus infections were present in
the brain (Figure 2D), depending on the infection
paradigm. However, the presence of both viruses
was evident only in the brains of animals infected
with the copassaged viruses (Figure 2D). Assess-
ment of T-lymphocyte counts in blood revealed a
rise in CD4" T-cell levels in the mock-infected
group between weeks 8 and 12 p.i., unlike FIV-
infected groups, which showed no change or some
suppression at 8 and 12 weeks p.i. in copassaged
virus-infected cats. CD8*% T-cell levels showed no
change between 8 and 12 weeks in the mock-
infected group, but were housed and handled
according the FIV-PPR lymphocyte levels were not
available. The FIV-Ch and FIV-SI groups showed a

modest increase, whereas the FIV-CP group showed
higher CD8* levels at week 8 p.i., followed by
suppression. In this short period of in vivo infection,
dual infection did not demonstrate substantial
differences in terms of viral load or immunosup-
pression compared to matched monovirus infec-
tions.

Neuroimmune responses to FIV infection

To assess the neuroinflammatory aspects of dual
FIV infection, we investigated the transcript levels
of inflammatory genes in the different brain re-
gions. We initially examined the expression of
CXCR4 because it is a principal receptor for FIV,
which disclosed reduced transcript levels in all
FIV-infected groups (Figure 3A) but this dimin-
ished expression was significant in only the FIV-
PPR group for both the basal ganglia and cortex.
FIV infection induced the expression of IL-1f in
CTX, of all groups, albeit nonsignificantly (Figure
3B). TNF-a expression was up-regulated, in the BG
in the FIV dual infection groups, compared to
noninfected animals (Figure 3C). However, FIV
dual infections markedly induced up-regulation of
IDO in both brain regions, but this was significant
for this enzyme in only the brains of animals
infected with FIV-CP (Figure 3D). These studies
implied that dual infection induced inflammatory
gene expression in the brain and the copassaged
viruses exerted a particularly robust effect on IDO
expression.

Regional neuronal injury

Neuronal degeneration is a pivotal feature of lenti-
virus neuropathogenesis. Using semiquantitative
Western blot analyses to explore differential neuro-
nal injury in brain regions of FIV-infected cats, we
examined protein levels of specific neuronal mar-
kers, including synaptophysin, vesicular acetylcho-
line transferase, and glutamate dearboxylasegs/s7, in
BG and CTX of FIV-infected cats (Figure 4A).
Immunoreactivity of the synaptic marker, synapto-
physin, showed no differences in the BG among all
groups, unlike the CTX, in which both dual infec-
tion groups displayed reduced synaptophysin pro-
tein levels, particularly in animals infected with
FIV-CP (Figure 4B). We next examined the protein
levels of the cholinergic neuronal marker, vesicular
acetylcholine transferase (VAChT), and the GABAer-
gic neuronal marker, GADgs/s;. Similar to synapto-
physin, there was no significant change in VAChT
(Figure 4C) or GADgs/67 (Figure 4D) immunoreactiv-
ity levels in the BG among all groups. In the CTX,
both dual infection groups showed reduced expres-
sion of these neuronal proteins. Of note, monoinfec-
tion with FIV-Ch also suppressed both neuronal
proteins in the CTX, in keeping with earlier studies
of cerebral injury in FIV infection (Johnston et al,
2002a). In parallel with immunohistochemical
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Figure 2 FIV viral load and CD4*/CD8™" T cell levels. (A) Quantitative real-time RT-PCR analysis using primers that detect both FIV-Ch
and -PPR disclosed similar levels of FIV pol gene transcripts in CSF along all FIV-infected groups. (B) Semiquantitative (SQ) real-time RT-
PCR analysis shows no significant difference in RNA levels of FIV pol gene in basal ganglion (BG) and cortex (CTX) between all FIV-
infected cat brains. Quantitative analysis also confirmed the similar levels of brain viral load in BG and CTX (C) among all FIV-infected
groups. Restriction digestion of viral pol PCR amplicon using brain-derived ¢cDNA revealed the presence of each viral strain in
monoinfected animals, but only FIV-Ch pol was detected in FIV-SI animals, whereas animals receiving FIV-CP showed genomes for both
viruses (lanes 1 and 2, monovirus infections; lanes 3 to 6, FIV-SI; lanes 7, 8, 10, FIV-SP; lane 9, DNA ladder) (D). (E) Assessment of CD4 "
T-cell levels in blood showed a rise in levels in the mock-infected group between 8 and 12 weeks p.i., unlike the FIV-Ch, FIV-SI, and FIV-
CP groups. (F) CD8* T-cell counts were not altered between 8 and 12 weeks in mock-infected group, but slightly increased in FIV-Ch or
FIV-SI groups, whereas FIV-CP-infected cats had relatively higher levels of CD8* T lymphocytes at 8 weeks p.i., followed by significant
suppression up to 12 weeks p.i. The oligonucleotide primers: (pol set 1) forward primer: 5-ACC TAC TTC TAG AGA AGC CTG G-3’;
reverse primer: 5-GTA TCT GTC CAA TAG GCT GC-3’, recognizing both PPR and Petaluma pol gene, were used to yield a 214-base pair
product. (ND, nondetectable; — represents median; n >4 animals per group.)

studies, both brain regions exhibited lower levels of  this group (data not shown). Thus, dual infection by
neuronal nuclei protein (NeuN) immunoreactivity = FIV resulted in a marked reduction in neuronal
in all infected groups, which was statistically = protein expression in different neuronal subtypes,
significant only in the cortices of FIV-CP group, although synaptic loss was most apparent in the
suggesting an overall increased neuronal injury in  FIV-CP group.
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Figure 3 Neuroimmune activation caused by FIV dual infection. (A) CXCR4 expression was reduced in all FIV-infected groups but was
most evident in the FIV-PPR group. (B) Transcript abundance of host proinflammatory genes was assessed using real-time RT-PCR
analysis, revealing up-regulation of IL-1/ in cortical tissues of brains infected with FIV-Ch, FIV-SI, and FIV-CP. (C) TNF-« expression was
also increased in both dual FIV infection groups. (D) Dual FIV infections induced up-regulation of IDO in both brain regions, but there
was a particularly robust up-regulation of this enzyme in brain cortical regions of cats receiving the FIV-CP. (Data are presented as mean +
SEM; Dunnet’s post hoc test, *P <.05; **P <.01; n >4 animals per group.)

Dual FIV infection induces in vivo neuroimmune
cell activation, neuronal injury, and
neurobehavioral deficits

To investigate the neuropathological outcomes of
dual FIV infection, and neuroimmune cell activa-
tion, we examined the immunoreactivity of select
glial activation and neuronal markers in brain
sections. Astrocytic (glial fibrillary acidic protein
[GFAP]) activation in both FIV-Ch (Figure 5B) and
FIV-PPR (data not shown) was evident in infected
brains, compared to mock-infected brains (Figure
5A). However, FIV-SI (data not shown) and FIV-CP
(Figure 5C) brains showed greater astrocytic activa-
tion. Likewise, enhanced microglial activation (io-
nized calcium-binding adaptor molecule [Iba]-1)
was detected in brains infected with FIV-SI (data
not shown) and FIV-CP (Figure 5F) compared to

brains infected with FIV-Ch (Figure 5E) and FIV-PPR
(data not shown), with few Iba-1-immunopositive
microglia in mock-infected brains (Figure 5D). NeuN
immunoreactivity in cortex disclosed a loss of
neuronal nuclei in FIV-infected groups (Figure 5H
and I), but these changes were more apparent in the
dual-infected groups. Double immunolabeling
showed activation of caspase-3 colocalized with
the neuronal marker, NeuN, in cortices infected
with FIV-Ch (Figure 5H) and FIV-PPR (not shown),
compared to mock-infected brains (Figure 5G). Dual
infection induced greater cleaved (activated) cas-
pase-3 immunoreactivity in cortical neurons exhi-
biting dysmorphic changes, including shrinkage
in neuronal soma and areas of neuronal loss (Figure
5I). Analysis of neurobehavioral parameters re-
vealed that all FIV-infected groups exhibited

Figure 4 FIV dual infection results in regional neuronal injury. Representative Western blot analyses display immunoreactivities of
specific neuronal markers in basal ganglion (figure not shown) and cortex (A) from experimental groups. (B) There was no difference in
synaptophysin immunoreactivity in basal ganglia, unlike the cortex where the dual infections suppressed synaptophysin protein levels,
particularly in FIV-CP-infected animals. Immunoreactivity of the cholinergic neuronal, VAChT (C), and the GABAergic neuron GADgs/67
(D) markers did not differ in basal ganglion among groups. In the cortex, on the other hand, dual FIV infections suppressed the expression
of these proteins, revealing similar neurotoxic effects in both neuronal populations. Infection with FIV-Ch also suppressed both neuronal
proteins in cortex. Semiquantitative, two-color Western blot detection with infrared fluorescence; background-subtracted average
intensities of fluorescence units for each band was normalized to the B-actin immunoreactivity and presented as normalized fluorescence
ratio (NFR) arbitrary unit (AU). (Data are presented as mean + SEM; Dunnet post hoc test, *P <.05; **P <.01; ***P <.001; n =4 animals
per group.)
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worsened in neurodevelopmental performance com-
pared to mock-infected age-matched controls, but
these deficits were significantly greater within the
group infected with FIV-CP (Figure 5]). Hence, dual
FIV infection appeared to have an additive effect on
neurovirulence in this lentivirus model that was
accompanied by enhanced glial activation and
neuronal injury and death.

Discussion

In the present studies, dual FIV infection exhibited
detectable levels of both FIV viral strains, FIV-Ch
and FIV-PPR, in ex vivo and in vivo models, which
was accompanied by up-regulation of proinflamma-
tory genes and was associated with neurotoxicity.
These ex vivo effects were more evident in the FIV-
SI and FIV-CP models compared to monovirus
infections, despite similar levels of viral replication.
Although viral burden did not differ among FIV-
infection paradigms in vivo or ex vivo, RFLP-based
differentiation of viral strains revealed the presence
of both FIV-Ch and FIV-PPR in FIV-CP brains,
whereas in the FIV-SI group, only the primary
infection (FIV-Ch) was detectable. This finding
might reflect an interference mechanism that is
established after primary infection contributing to
the phenomenon of superinfection resistance, per-
haps due to receptor-independent mechanisms. In
the absence of differences in viral copy numbers in
the CSF, basal ganglia, or cortex and substantial
differences in CD4" T-cell levels among all FIV-
infected groups, it is plausible to assume similar
neurotropic properties for both viral strains used in
this study. Supporting the changes in proinflamma-
tory gene expression during dual lentivirus infec-
tions, immunohistochemical analysis revealed more
severe astrocytic and microglial activation in dual
FIV infections compared to monovirus FIV-Ch- or
FIV-PPR-infected groups, with more neuronal in-
jury as evidenced by neuronal caspase-3 immunor-
eactivity and contemporaneous morphological
changes in neurons. Moreover, the present studies
suggest that neuronal injury was more evident in the
cortex compared to the basal ganglia, involving both
cholinergic and GABAergic neuronal populations.

Pathogenic host responses to lentiviral proteins
have been demonstrated to have important roles in
lentiviral-induced neuroinflammation and subse-
quent neurotoxicity. Several proinflammatory mo-
lecules such as IL-1B and TNF-o are induced in
response to infection and inflammation in the brain
(Sardar and Reynolds, 1995; Persidsky et al, 1997;
Nath et al, 1999). In the present study, we observed
that IL-1f, TNF-o, and also IDO transcript levels
were up-regulated in FIV-infected macrophages and
brains. Indeed, these changes in host responses
were more accentuated in the dual FIV-infected
groups (Figure 3). In the current studies, there was
substantial variation within individual host re-
sponses with groups; this variation (SEM) reflects
the use of multiple donors’ MDMs from an outlined
species, as primary cells’ response are known to be
diverse due to genetic and environmental factors.
Among their proinflammatory effects, the cytokines
exert molecular cross-talk, with the expression and
activity of indoleamine 2,3-dioxygenase (IDO) in
astrocytes and microglia/macrophages. Moreover,
IL-1f and TNF-a can act in concert with other
immune signaling molecules such as interferon
(IFN)-y to induce IDO expression, accelerating the
kynurenine pathway of tryptophan metabolism
(Schwarcz and Pellicciari, 2002). This latter path-
way produces both neurotoxic (e.g., quinolinic
acid) and neuroprotective (e.g., kynurenic acid)
metabolites and their ratio might be a good marker
of inflammation-induced neurodegeneration. In-
deed, the precise mechanism by which IDO is
induced by FIV-CP is a topic currently under
investigation.

Down-modulation of viral receptors and/or cor-
eceptors on the host cell surface has been postulated
to occur due to chronic inflammation and account
for interference in retroviral infections (reviewed in
Nethe et al, 2005). Herein, we observed an in vivo
reduction in CXCR4 during infection by FIV-PPR
and FIV-SI infection of the cortex. This finding
suggests that there is variable suppression of viral
receptors depending on the individual viral strain or
infection paradigm, making cells more or less
susceptible to subsequent infection. Exposure to
different infectious HIV inocula in high-risk indivi-
duals together with high rates of viral production

Figure 5 Dual FIV infections induce neuroimmune cell activation, neuronal apoptosis and neurological disability. (A—C) Immunohis-
tochemical analysis shows astrocytic activation in FIV-Ch-infected compared to mock-infected brains. However, FIV-CP-infected brains
(C) had greater astrocytic activation, as evidenced by numerous hypertrophied GFAP-immunopositive astrocytes. (D-F) Iba-1
immunoreactivity showed enhanced microglial activation in the FIV-CP group (F), compared to FIV-Ch-infected brains (E), whereas
minimal Iba-1-immunopositive microglia were observed in mock-infected cat brains (D). Fluorescent staining for Iba-1 (F i) and FIV
envelope protein (F ii) revealed the presence of virus in microglial cells as evidenced by double-labeled cells (F iii). (G-I)
Immunohistochemistry disclosed activation of caspase-3 colocalized with the neuronal marker, NeuN, in FIV-Ch-infected cortices.
Dual infection induced greater cleaved—caspase-3 immunoreactivity along with morphological changes in cortical neurons, as confirmed
by extensive shrinkage in neuronal cell body and areas of neuronal death. (J) All FIV-infected groups displayed neurobehavioral deficits
as evidenced by higher mean deficit scores (MDS), comprised of multiple tasks, compared to the mock-infected group, although only the
FIV-CP group differed from FIV-CH in terms of neurobehavioral performance (original magnification: 200x for A to C and G to I, and 2 x
200x for D to F main panels, 630x for F insets, 1000x for G and I insets). (Data are presented as mean + SEM; ANOVA, P <.001; Tukey-

Kramer post hoc test, *P <.05; **P <.01; n =4 animals per group.)



Dual lentivirus infection enhances neurovirulence
A Afkhami-Goli et al 147

Moc k FIV-C h FIV-CP
¥ 0 P : I’ \ '-‘ - 3 ™, -5 > > U ¥ &‘:
\Aw ~’ - \. A y rB,» H }’l ,‘ ¥ - 4 C oL g P _. i

Iba-1

NeuN/C-Casp-3

IS

(&

*
*
¥

t

MDS + SEM
© = N w
(6] - N O w o,

#4440 0400044

1

Mock  FIV-Ch FIV-PPR  FIV-SI

o

O 4444440040000 40 044

I
<
)
Y]

FIV-infected

Figure 5 (Continued)



Dual lentivirus infection enhances neurovirulence
148 A Afkhami-Goli et al

in vivo raises the possibility of dual HIV infection
with ensuing recombination events, but the impact
of relative viral receptor expression or abundance
remains unknown. Indeed, several case reports of
HIV-1 superinfection (Altfeld et al, 2002; Jost et al,
2002; Ramos et al, 2002; Koelsch et al, 2003; Yerly
et al, 2004; Hu et al, 2005; McCutchan et al, 2005;
Smith et al, 2005) and coinfection (Iversen et al,
1999; Ramos et al, 1999; Becker-Pergola et al, 2000;
Long et al, 2000; Thomson et al, 2001) underscore
the importance of this phenomenon. There are also
reports of recombinant simian immunodeficiency
viruses (Jin et al, 1994; Georges-Courbot et al, 1998),
suggesting that recombination is a potential event,
although certain genetic barriers exist. A previous
study described superinfection of chimpanzees with
multiple strains of HIV-1, in which animals pro-
tected from superinfection lived longer than did
those susceptible to superinfection (Otten et al,
1999).

Dual simian immunodeficiency virus (SIV) infec-
tion with established neurotropic (macrophage-tro-
pic) and immunosuppressive (lymphotropic) strains
results in worsened neurological disease (Zink and
Clements, 2002; Weed et al, 2003; Zink et al, 2006),
emphasizing the close coupling of neurological
disease and immunosuppression. The present study
is the first report describing both ex vivo and in vivo
aspects of dual infection by two neurovirulent
lentivirus strains in terms of neurologic disease
progression. Although both of the viruses used
herein are neuropathogenic, their relative receptor
preference remains uncertain and will require
further analysis, as will their relative ability to
recombine. We were able to detect both viruses
used herein in the brain under conditions of coin-
fection, which emphasizes the persistence of both
viruses but future studies are required to further
delineate the relative abundance of each strain over
time and investigate the time course of recombina-
tion events. Our studies also suggest that perhaps
HIV-infected patients experiencing infection by
different strains of HIV might risk developing more
severe immunological and neurological outcomes
than individuals who do not encounter a second
HIV-1 infection. Increased pathogenicity of dual
lentivirus infection could arise because of the
generation of recombinant viruses, which have a
broader cell tropism or immunosuppressive and
neurovirulent properties. However, this is unlikely
in the present model given the short duration of
infections. As more individuals live longer as a
result of more effective antiretroviral treatments, it is
likely that higher rates of dual HIV infection will
emerge and subsequent recombination will present
greater diagnostic challenges, as well as altering
drug susceptibility and the progression of immuno-
logical and neurological disease outcomes.

Materials and methods

Cell cultures and infectious viruses

Feline peripheral blood mononuclear cells (PBMCs)
were isolated and cultured from healthy FIV-sero-
negative adult animals’ blood (Power et al, 1998),
from which monocyte derived-macrophages
(MDMs) were prepared and infected with FIV
(TCIDs, 10°/ml) (Johnston et al, 2002b). The FIV
strains used in this study included the primary
isolate FIV-PPR (AIDS Research and Reagent Pro-
gram, NIH, Rockville, MD, USA), and an envelope
chimera of V1CSF and Petaluma, FIV-Ch, both
titered by limiting dilution (Power et al, 1998;
Johnston et al, 2000, 2002b). FIV copassaged viral
stocks were prepared from FIV-PPR and FIV-Ch
coinfected healthy PBMCs (at matched input titers)
as previously reported (Power et al, 1998).

Animals, viral inoculation, and neurobehavioral
tests

Adult specific pathogen—free pregnant domestic fe-
lines were housed and handled according to Cana-
dian Council on Animal Care guidelines. Neonatal
animals were infected intracranially (right parietal
lobe) with 100 pl of supernatant from FIV-infected
PBMGCs (FIV-Ch, FIV-PPR, or mock infected) through
a 30-gauge needle, as previously reported (Power et
al,1998). For superinfection studies (FIV-SI), animals
infected with FIV-Ch strain at postnatal day 1, were
subsequently superinfected with FIV-PPR intraper-
itoneally at week 6 post infection. In coinfection
studies, animals were infected at postnatal day 1 with
copassaged virus stocks (FIV-CP). Supernatants from
uninfected feline PBMCs were used to infect the
animals in the control (mock-infected) group. Ani-
mals were weaned at 6 weeks of age and monitored
until 12 weeks, during which neurodevelopmental
performance was assessed weekly, measured as the
cumulative mean deficit score (MDS) (van Marle et al,
2005). In addition, CD4 " and CD8 " T-cell levels in
blood were assessed by flow cytometry (Power et al,
1998). After 12 weeks, animals were euthanized,
during which brain, cerebrospinal fluid (CSF), and
plasma were harvested and stored for further studies.

Measurement of plasma and neural viral load

A real time reverse transcriptase-polymerase chain
reaction (RT-PCR) protocol was developed in which
the oligonucleotide primers were derived from
sequences common to the FIV pol gene of multiple
strains (PPR, Petaluma), and were used to determine
the number of copies of viral RNA in plasma, CSF,
and brain tissue (per microgram RNA) (Johnston et
al, 2000). RNA was extracted from plasma, CSF, and
brain, and subsequently cDNA synthesis was per-
formed and viral quantitation was interpreted from a
standard curve generated by in vitro transcription of
the FIV pol sequence followed by matched cDNA



synthesis. Viral loads were expressed as viral RNA
copies per microgram RNA.

Detection and differentiation of two viral strains
Brain tissue (right frontal lobe) from 12-week control
and FIV-infected animals (Johnston et al, 2002b) or
cultured cells were homogenized and lysed from
RNA and corresponding cDNA was prepared (Power
et al, 2003). Two sets of primers (FIV pol sets 1 and 2)
containing sequences that were common to the FIV-
PPR and FIV-Ch (Petaluma) (Genebank accession
numbers: PPR, M36968; Petaluma, M25381) pol
sequence were designed for gene amplification. The
first round of PCR consisted of a 30-cycle amplifica-
tion using pol set 1 to obtain a 214-bp PCR product.
Nested PCR consisted of 30-cycle amplification using
the pol set 2 and 10% of the first-round PCR product
as template to obtain a 176-bp PCR product. Set 2
primer sequences were forward primer: 5'-TAG AGA
AGC CTG GGA ATC AA-3’ and reverse primer: 5'-
CTT TTC CTA GCT TTC TAC CTC C-3'. As there is a
single Dra Irestriction site in FIV-PPR, but not in FIV-
Ch, pol amplicons from each strain could be distin-
guished by a Dra I-cleaved restriction fragment
length polymorphism (RFLP). A nested-PCR protocol
was needed to amplify sufficient amount of FIV pol
for restriction digestion from brain-derived cDNA.

Host gene real-time RT-PCR

PCR primer sequences for host genes GAPDH (gly-
ceraldehyde phosphate dehydrogenase), IL-1f (in-
terleukin-1p), TNF-o (tumor necrosis factor «), and
IDO (indoleamine 2,3-dioxygenase) expression stu-
dies were previously reported (van Marle et al,
2005). Semiquantitative analysis of transcript abun-
dance was performed, as previously reported (Power
et al, 2003), and expressed as relative fold change
(RFC) compared to controls.

Neurotoxicity assay

Cholinergic human neuronal (LAN-2) cells were
cultured in 96-well plates (Silva et al, 2003) and
were incubated for 24 h, with supernatants har-
vested at days 3 and 6 post infection (p.i.) from
mock-, FIV-Ch—, FIV-PPR—, and dual-infected feline
MDMs. Following fixation and after permeablizing,
cells were incubated with LI-COR Odyssey Blocking
Buffer before the addition of a mouse monoclonal
anti-B-tubulin isotype II (1:800; Sigma, Ontario,
Canada) antibody in blocking buffer. Cells were
then incubated with fluorescent-labeled secondary
antibody goat anti-mouse Alexa Fluor-680 (1:200;
Molecular Probes, Eugene, OR, USA) diluted in
blocking buffer. After washing, plates were scanned
at 700 nm using the Odyssey Infrared Imaging
System. Background fluorescence was subtracted
for each well before subsequent analysis.
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Immunohistochemistry and immunofluorescence
staining

Immunohistochemical labeling was performed
using 5-pm paraffin-embedded serial brain sections
that included basal ganglion (BG) and parietal cortex
(CTX) (Tsutsui et al, 2004). Sections were incubated
overnight at 4°C with antibodies against neuronal
nuclei antigen (NeuN; 1:200; Chemicon Interna-
tional, Temecula, CA, USA), cleaved caspase-3
(C-Casp-3; 1:200; Cell Signaling Technology, Dan-
vers, MA, USA), glial fibrillary acidic protein
(GFAP; 1:200; Dako, Carpinteria, CA, USA), or
ionized calcium-binding adaptor molecule (Iba-1;
1:400; Wako, Tokyo, Japan), in phosphate-buffered
saline (PBS) containing 5% normal goat serum and
0.2% Triton X-100. Secondary biotinylated goat
antibodies followed by avidin-biotin-peroxidase
amplification (Vector Laboratories, Burlingame,
CA) and 3,3’-diaminobenzidine tetrachloride stain-
ing (Vector Laboratories) were used to detect sub-
sequent immunoreactivity. Secondary alkaline
phosphatase—conjugated goat anti-rabbit antibody
(1:500; Jackson ImmunoResearch Laboratories,
West Grove, PA, USA) followed by Nitro blue tetra-
zolium chloride/5-Bromo-4-chloro-indolyl phos-
phate, toluidine salt substrate (Vector Laboratories)
were used for double labeling. FIV envelope expres-
sion was detected by a monoclonal antibody direc-
ted against the FIV envelope surface unit (National
Institutes of Health AIDS Research and Reference
Reagent Program, catalogue number 4820) and Iba-1,
followed by a Cy3- or Alexa 488-conjugated goat
anti-mouse secondary antibody (Molecular Probes).

Semiquantitative Western blot analysis

Protein extracts were prepared from feline cortex and
basal ganglion tissue with cell lysis buffer, and
concentrations were determined by BCA assay
(Pierce, Rockford, IL). Fifty microgram of protein
was separated by 10% sodium dodecyl sulfate (SDS)-
polyacrylamide and transferred onto PVDF mem-
branes, followed by blocking with LI-COR Odyssey
Blocking Buffer. Membranes were then probed with
monoclonal antisera to neuronal nuclei antigen
(NeuN; 1:1000; Chemicon International), or polyclo-
nal antibodies recognizing synaptophysin (Synapto-
physin; 1:1000; Santa Cruz Biotechnology, Santa
Cruz, CA, USA), vesicular acetylcholine transporter
(VAChT; 1:1000; Sigma), glutamate decarboxy-
lasegs/s7 (GADgs/67; 1:1000; Chemicon International),
or B-actin (sc-1616; 1:1000; Santa Cruz Biotechnol-
ogy), followed by washing and addition of appro-
priate fluorescent-labeled Alexa Fluor-680 (1:5000;
Molecular Probes) and/or IRDye 800CW (1:1000;
Rockland, Gilbertsville, PA, USA) secondary antibo-
dies diluted in blocking buffer supplemented with
0.1% Tween-20 to lower the background. After
washing, membranes were scanned simultaneously
at 700 and 800 nm using the Odyssey Infrared
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Imaging System. Lane-specific background-sub-
tracted average fluorescence intensity of each band
was measured and used for subsequent analysis.

Statistical analysis

Statistical analyses were performed by analysis of
variance (ANOVA) with Tukey-Kramer or Dunnet
multiple-comparison tests as post hoc tests, using
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