Humoral response against a deglycosylated mutant SIV

Consistent with the reported results in SIV239-infected
animals, no appreciable nAb titre was detected in two
animals (Mm13 and Mm25), despite the fact that viral load
in Mm13 was distinctively decreased by 30 weeks p.i.
However, we observed a rare animal (Mm20) that elicited a
robust nAb response against SIV239 and a relatively
delayed nAb response against A5G, despite the mainten-
ance of a high viral load (Fig. 2a). These results indicated
the lack of correlation of nAb response with viral load in
SIV239-infected animals. In contrast, nAb was detected in
two A5G-infected animals (Mm07 and Mm22) starting at
8 weeks p.i. and in two additional animals (Mm12 and
Mm23) at 12 weeks p.i. (Fig. 2b, left panel). These titres
peaked at either 12 or 18 weeks p.i., and the peak was
followed by a decrease in titre that varied among animals.
Mm12 and Mm23, which exhibited nAb induction at
12 weeks p.i,, had essentially low titres, whilst Mm07 and
Mm22, which exhibited nAb induction at an earlier time
point, maintained vigorous nAb titres of >1:100. Of note,
plasma from Mm26 did not contain detectable levels of
nAb at any time p.i. In contrast, nAb against SIV239 was
not induced in any of the A5G-infected animals (Fig. 2b,
right panel). As low-level nAb may play a role in control of
virus replication, purified IgG from the plasma samples
was used to measure neutralizing activity. However,
the results from the purified IgG corresponding 1o
the plasma at a 1:3 dilution did not change the kinetics

of nAb response in A5G-infected animals (data not
shown).

In experiments where the passive administration of
monoclonal HIV nAb successfully prevented the infection
of macaques with simian-human immunodeficiency virus,
the results unequivocally indicated that high titres of nAb
were needed to achieve such protection (Nishimura et al,
2002). In consideration of these results, data were
recalculated based on a cut-off value of 90% inhibition
of virus replication (ICsg) in CD4 ™ T-cell lines. As a result,
nAb responses were detected in only two of the animals,
Mm07 and Mm22, but with titres of 1:100 and 1:500,
respectively (Fig. 2b, middle panel). Next, we examined the
correlation between viral load and nAb titre at 8 and
12 weeks p.i. and found that the correlation was not
statistically significant (Fig. 2¢).

Anti-gp120 Ab response in ASG-infected animals

Next, we measured binding Ab responses against gp120.
When the plasma samples were assayed for levels of Ab that
bound to STV239 gp120 or A5G gp120, essentially identical
values were obtained. Fig. 3 shows the data obtained using
SIV239 gpl120. Remarkably, anti-gp120 responses during
the early period p.i. between the two groups of monkeys
were distinct. Whereas anti-gp120-specific Ab responses
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A5G infection (right) in CEMx174/SIVLTR-
SEAP cells. (b) nAb titres in A5G-infected
animals are indicated as the plasma dilution
that yielded 50% inhibition (ICu0, left) and
90 % inhibition (ICge, middle) of A5G infection
or 50% inhibition of SIV239 infection (right) in
CEMx174/SIVLTR-SEAP cells. (c) Correlation
between ICgq nAb titres and plasma viral RNA
load at 8 and 12 weeks p.i. in ABG-infected
animals.
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Fig. 3. Anti-gp120 Ab responses. Anti-gp120 Ab responses in
ABG-infected (a) and SIV238-infected (b) animals were indicated
as Asgo using plasma diluted 1:100 in an ELISA.

peaked at 3—4 weeks p.i. in A5G-infected animals (Fig. 3a),
those in $IV239-infected animals remained generally lower
and required longer periods of time to reach their peak
(Fig. 3b). Of note, whilst anti-gp120 Ab responses did not
correlate well with nAb titres in the chronic phase in A5G-
infected animals, the hierarchy detected in nAb titres
(Mm07, Mm22, Mm23, Mm12 and Mm26, in descending
order) was similar to that observed for gpl120-binding
antibodies at 2 weeks p.i. (Fig. 3a).

Ab responses to linear epitopes in gp120 and
gp41 in A5G-infected animals differ from those
detected in SIV239-infected animals

Next, we examined Ab-binding responses to linear epitopes
in plasma samples from infected animals at 8 weeks p.i., as
both nAb and anti-gp120-binding Ab were detected at this
time point (Figs 2 and 3). We used 72 overlapping peptides
encompassing the entire Env sequence of 5IV239 for the
detection of epitope-specific Ab in plasma samples from
A5G-infected or SIV239-infected animals. As shown in
Fig. 4 and Table 1, the plasma samples reacted with the
peptides in six regions: two in gp120 and four in gp4l. The
regions in gpl20 resided in the vicinity of V1/V2,
designated region 1 (aa 109-193), and at the C terminus,
designated region 2 (aa 493-529). Of note, only linear
region 1 was directly affected by selected deglycosylation
(aa 146 and 171). The regions in gp41 were located in the
ectodomain for region 3 (aa 589-625) and region 4 (aa
660-685), and in the cytoplasmic domain for region 5 (aa
721-757) and region 6 (aa 841-879).

Although Ab responses to most of the peptides recognized
in the plasma samples from A5G-infected animals were
similar to those in SIV239-infected animals, a few peptides
were recognized by Abs only in samples from A5G-infected
animals, and Ab reactivity to some peptides was signifi-
cantly different between the two groups (Fig. 4b, ¢ and
Table 1). Firstly, in region 1, whereas five peptides (Env-10,
-12, -13, -14 and -15) were recognized by Abs from A5G-
infected animals, only three peptides (Env-10, -12 and -13)

reacted with Abs from SIV239-infected animals (Fig. 4b
and c). Peptide Env-10 was detected by Abs from four
A5G-infected animals, but from only one of the SIV239-
infected animals. Similarly, peptides Env-12 and -13 were
detected by Abs from five A5G-infected animals and two
SIV239-infected animals. In contrast, peptides Env-14 and
-15 were detected by Abs from A5G-infected animals but
not SIV239-infected animals. The specificity of A5G
infection in the reactivity of peptide Env-14 was statistically
significant (P=0.0149) (Table 1). Secondly, the reactivity
of Ab from A5G-infected animals with the peptides in
regions 2, 3 and 4 was lower than that recorded with Ab
from SIV239-infected animals (Fig. 4b and c). As shown in
Table 1, the reduction in Ab reactivity from A5G-infected
animals to peptide Env-51 (region 3) and peptide Env-56
(region 4) was significant (P=0.014 and 0.0053, respect-
ively); however, the reduction in Ab response in region 2
was not significant. In addition, there were no significant
differences in the Ab responses to the peptides in regions 5
and 6 between A5G-infected and STV239-infected monkeys
(Fig. 4b, c and Table 1).

A A5G-specific linear epitope resides in the region
containing the third deglycosylation site (aa 171)
between V1 and V2

As region 1 also contained the site of two mutations
introduced to limit glycosylation in the A5G mutant, we
focused additional studies on this region. To identify the
A5G-specific epitope(s) in region 1, peptide ELISA was
performed with 12 newly synthesized shorter peptides
based on the ASG sequence spanning the V1/V2 region
(Fig. 5). Ab reactivity to peptide Env-14 was mapped to
peptides VIV2-9-11 (Fig. 5a). Thus, three linear epitopes
(encompassed in peptides Env-10, V1V2-3 and V1V2-9-
11) were identified within the V1/V2 region (Figs 4 and 5).
Whilst two epitopes contained in peptides Env-10 and
V1V2-3 were recognized by Ab from both SIV239- and
A5G-infected animals, the epitope(s) corresponding to
peptides V1V2-9-11 was specific to A5G infection (Fig. 5a).
As the latter contained the third deglycosylation mutation
(Figs 1 and 5b, aa 171), ASG specificity was probably
secondary to the removal of N-glycan at this site in SIV239
gp120 (Fig. 5).

AS5G-specific Ab responses to linear epitopes in
Env elicited immediately following primary
infection

In an effort to define the potential relevance of the linear
epitope-specific Ab responses in the reduction of acute
virus replication in A5G-infected animals, we examined the
kinetics of Ab reactivity to 12 peptides: Env-10, V1V2-3
and V1V2-9, -10 and -11 for epitopes in region 1; Env-42
and -43 for epitopes in region 2; Env-50 and -51 for
epitopes in region 3; Env-56 for epitopes in region 4; and
Env-61 and -62 for epitopes in region 5 (Fig. 6). Whilst the
induction kinetics of Ab to most peptides were variable in

558

Journal of General Virology B9

— 183 —




Humoral response against a deglycosylated mutant SIV

(a) gp120 (SU)

gp41 (TM)

|
Cleavage

I T T S P

Si
oo Vi ve

mﬁs‘n; TH ™

L™~

Clealvage

MBI NN BRI M IT N0 A2 I A4 L0 AT LB 4B 5051 B2 SIS S SA ST SA A0 81 AT EIBL AR SEETRARD TO T TR

Peptide no.

SIv239

LJ (]
Region 2 Region 3 Region4  Region s Region &
(403-529) (569-825) (660-885) (721-757) (B41-879)

B R0 S T8 TT 8 N0 T I3 29 3N U7 28 20 30 31 33 33 34 38 36 07 38 3040 41 42 45 44 45 46 47 48 49 50 51 57 53 54 55 56 57 58 59 60 61 42 63 64 65 66 €7 GAGG TO 7Y 72

Region 1
(108-183)

Peptide no.

Ll L LJ :
Raogion 2 Regiond  Region4  Region 5 Region &
(493-528) (580-625) (BB0-B8S5) (721-T57) (841-879)

Fig. 4. Ab reactivity to synthetic overlapping peptides spanning the entire Env protein. (a) Diagram of SIV239 Env with the
locations of the signal peptide (violet box), variable regions (pink boxes), cysteine loop (yellow box), fusion peptide (green box),
N-terminal (N40) and C-terminal (C38) heptad repeats (light-blue boxes), membrane-spanning domain (blue box) and N-
glycosylation sites (vertical bars) (Bums & Desrosiers, 1891; Choi ef al, 1994; Liu et al, 2002). Red vertical bars indicate
deglycosylation sites (aa 79, 146, 171, 460 and 479) in A5G. S-S indicates the indispensable disulfide bond for hairpin loop
formation of the TM protein. (b, ¢) Plasma samples collected from animals infected with AGG (b) and SIV239 (c) at 8 weeks p.i.
were used to examine Ab reactivity to 72 peptides (25 mers) overlapping by 13 residues each and spanning the entire Env

protein. Reactivity was shown by Aygp.

plasma from both groups of animals, Ab to V1V2-9, -10
and -11 was specific for A5G-infected animals, with rapid
induction following primary infection. Ab responses to
Env-61 and -62 were also induced rapidly in animals from
the two groups; however, it has already been confirmed by
SIV and HIV studies that a linear epitope covered by these
peptides is the immunodominant epitope with no
association with virus control (Eberle et al., 1997; Kent et
al, 1992). In contrast to Ab responses to V1/V2 peptides,
whilst Ab to peptides Env-51 and -56 in the gp4l
ectodomain were detected in SIV239-infected animals,
these reactions were low until at least 12 weeks p.i. in A5G-
infected animals.

Properties of Ab against A5G-specific linear
epitope

Although Ab reactivity to peptide V1V2-9, -10 and -11 was
elicited specifically in A5G-infected animals, these Abs were
non-nAbs, as these binding Abs were detected in all A5G-
infected animals, including a nAb-undetectable monkey
(Mm26), and before nAb was detected. In addition, we
attempted to inhibit neutralization by the addition of
excess concentrations of V1V2-9, -10 and -11 to the
neutralization assay performed with plasma from A5G-
infected animals collected at 8 and 12 weeks p.i. The
reduction of nAb by the addition of an excess amount of
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peptide was not detected in any samples, confirming that
the epitopes targeted by nAb and V1V2-specific Ab were
distinct (data not shown).

Next, we tested plasma IgG samples from SIV-infected
animals for the quantitative capture of whole virions. IgG

fractions of plasma samples from SIV-infected animals
collected at 3—4 weeks p.i. were compared for their capacity
to capture A5G or SIV239 virions. IgG fractions from two
A5G-infected animals (Mmo07 and Mm?22) exhibited
remarkably higher virion capture activity than those from
other animals (Fig. 7a); however, this capture activity was

Table 1. Epitope-specific Ab-binding regions in Env and influence of deglycosylation on Ab binding

Env subunit  Ab-binding region Peptide no. Amino acid range Region P value*
su Region 1 10 109-133 0.6733
12 133157 0.5678
13 145169 viiva 0.5563
14 157-181 vi/v2 0.01491
15 169-193 vivz 0.2385
Region 2 42 493-517 SU C terminus 0.0822
43 505-529 0.3039
™ Region 3 50 589-613 Ectodomain 0.4791
51 601-625 0.0140%
Region 4 56 660685 Ectodomain 0.0053%
Region 5 61 721-746  Cytoplasmic domain  0.6818
62 732-757 0.8188
Region 6 71 841-865 Cytoplasmic domain 0.5237
72 853-879 0.2451

*A t-test was performed by using data in Fig. 4 to determine differences in Ab reactivity between SIV239

infection and A5G infection.
tP<0.05; $P<0.01.
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Fig. 6. Kinetics of peptide-specific Ab responses in A5G-infected and SIV239-infected animals. The kinetics of Ab reaction
against peptides selected in the experiments shown in Figs 4 and 5 was determined as Asgo Using plasma diluted 1:100 in an

ELISA.

AS5G-specific, as no appreciable capture of SIV239 virion
was detected with these samples. Furthermore, this activity
was reduced to the level of control 1gG (R374) after
selective removal of IgG binding to VIV2-9, -10 and -11
peptides, suggesting that virion capture activity is asso-
ciated with the A5G-specific linear epitope Ab (Fig. 7a). By
contrast, 1gG fractions from SIV239-infected animals
collected at 3—4 weeks p.i. did not exhibit appreciable
binding activity either to A5G virions or SIV239 virions
(Fig. 7b). Thus, these results demonstrated that
A5G infection elicited not only nAb after 8 weeks p.i,
but also a much earlier humoral antiviral mechanism in
the form of A5G-specific virion-binding Ab at 3—4 weeks
p.i. in at least two monkeys (Mm07 and Mm22). To
examine the relationship between the two antibody
activities, we calculated the correlation of virion capture
activity of IgG at 3 or 4 weeks p.i. with a peak nAb titre in
A5G-infected animals (Fig. 2b) and found that this
correlation was statistically significant (r=1, P=0.0167;
Fig. 7c).

DISCUSSION

nAb response in A5G-infected animals

Glycosylation of viral spikes has long been recognized as an
effective strategy to evade host (humoral) immune
surveillance for several pathogens and for HIV/SIV in
particular (Dowling et al, 2007; Fournillier et al, 2001;
Haigwood & Stamatatos, 2003; Huso et al, 1988; Reitter
et al, 1998). In support of these observations, the data
presented here demonstrated that quintuple deglycosyla-
tion conferred live attenuated vaccine properties to an
SIV239 mutant, ASG (Mori et al, 2001); however, a
cellular but not humoral response was detected as an
immune correlate of the protection of A5G-infected
animals against SIV239 challenge infection. Therefore, we
assumed that the complete control of robust acute virus
replication in A5G-infected animals beyond the initial cell-
mediated control would be due to the development of
rapid and effective nAbs. This study indicated that, whereas
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Fig. 7. Virion capture activity of IgG from
A5G-infected and SIV239-infected animals.
Virion capture activity of IgG from the plasma
of infected animals at 3 or 4 weeks p.i. was
determined by increased captured SIV RNA
relative to input (3.76, 7.6 and 15 ng p279*9)
of AGG or SIV239. Plasma samples of A5G-
infected animals (a) and SIV239-infected
animals (b) were used for the assay. IgG
(AV1V2Ab) indicates IgG depleted of Ab
binding to V1V2-8, -10 or -11 peptide. R374
was an uninfected monkey. Correlation
between virion capture activity at 3 or 4 weeks
p-i. and peak nAb titre in A5G-infected animals
(Fig. 2b) is shown (c).

A5G-infected animals clearly exhibited better nAb
responses than 5IV239-infected animals, the most stringent
nAb assay, based on 90 % inhibition, provided evidence of
nAb titres in only two of five A5G-infected animals and
the appearance of these titres trailed the decline of
acute viral loads by almost 4 weeks (Figs 1 and 2).
Therefore, we concluded that, although deglycosylation did
promote better development of nAbs in A5G-infection
than SIV239 infection, it was still too late to control acute
viraemia.

Zinkernagel and co-workers have categorized viruses into
two types: ‘acutely cytopathic viruses’ and ‘poorly or non-
cytopathic viruses' (Hangartner et al, 2006b). The former
contains viruses such as vesicular stomatitis virus in mice
and influenza virus in humans, whose control depends
primarily on a rapid and potent nAb response. The latter
comprises viruses such as lymphocytic choriomenigitis
virus in mice, and hepatitis B and C viruses and HIV in
humans, against which a nAb response is apparent only
following the reduction of primary viraemia, and which
establish persistent chronic infections. Accordingly,
although the viral loads in A5G infection resembled
‘acutely cytopathic virus’ infections, the kinetics of nAbs
still conformed to the ‘non-cytopathic virus’ category. As
the difference in nAb response between the two types of
virus is determined by their surface glycoproteins

(Pinschewer et al, 2004), this study suggests that the
deglycosylation of ASG could not change this intrinsic
property of SIV239.

Ab responses to Env peptides in A5G-infected
animals

Aside from nAb, non-nAb responses to linear epitopes in
V1/V2 were specifically induced by 3 weeks p.i. in all A5G-
infected animals (Figs 4, 5 and 6). The heavy glycosylation
of viral spikes clearly prevented access of B-cell receptors to
the linear Ab epitopes located within limited regions of
gp120 in SIV239, and the reduced glycosylation probably
promoted better exposure of these linear epitopes in ASG
(Fig. 4). Accordingly, the A5G-specific epitope in V1/V2
should be closely associated with the deglycosylation
mutation at aa 171 in gp120 (Fig. 5). We speculate that
this Ab induction might contribute to acute viral
suppression in A5G infection because of the coincident
decrease in peak viraemia (Figs 1 and 6). Non-neutralizing
Abs can be divided into those that bind to the intact virion
surface and debris-specific Ab. The former non-neutral-
izing Abs have occasional possibilities for antiviral activities
such as antibody-dependent cell-mediated cytotoxicity and
complement-mediated virus inactivation (Aasa-Chapman
et al., 2005; Ahmad & Menezes, 1996; Forthal et al., 2001;
Hangartner et al., 2006a). In fact, readily detectable virion
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capture Abs were induced in two of five A5G-infected
animals (Fig. 7, Mm07 and Mm22). The importance of
immediate-early suppression of SIV replication for the
long-term containment of infection has been demonstrated
by studies of post-exposure anti-retroviral therapy
(Lifson et al, 2000; Mori et al, 2000). Thus, the early
and complete control of viraemia in A5G-infected
animals clearly suggests an antiviral mechanism(s) acting
as early as 2—4 weeks p.i. Therefore, the early detection
of IgG capable of virus capture in A5G-infected animals
may provide mechanisms capable of contributing to
undetectable viral load set points (Fig. 1b). The selective
generation of such Ab directed to linear Env epitopes is
expected.

Interestingly, deglycosylation in gp120 was also associated
with a general reduction in the antigenicity of linear
epitopes in gp41: the Ab response against the two epitopes
that reside in the regions between the two heptad repeats
(aa 601-625) and in the C-terminal heptad repeat (aa 660
685), respectively, was markedly reduced (Fig. 4, Table 1).
The former corresponds to the highly conserved immuno-
genic epitope (Benichou er al, 1993; Gnann et al, 1987;
Silvera et al, 1994), and the latter corresponds to an
epitope identified in the chronic phase of SIVmac251
infection (Silvera et al., 1994) and corresponds to the nAb
epitope of HIV-1 known as 2F5 (Muster et al, 1993),
although this linear epitope has not been associated with
SIV neutralization (Caffrey et al, 1998). Thus, these
epitopes are probably exposed on the surface of viral
spikes or their degraded fragments in most SIV and HIV-1
isolates with appropriate glycosylation and correct folding.
We believe that the loss of glycosylation might induce a
slight conformational change in the gpl20 protein
backbone, resulting in altered interaction of gpl20 and
gp41. In fact, the region encompassing the former epitope
in gp4l was demonstrated to interact with gp120 (Cao
et al., 1993; Maerz et al., 2001; York & Nunberg, 2004). As
viral spikes determine virus properties such as viral
receptor usage and cell tropism (Kolchinsky er al, 2001;
Puffer et al., 2002), different cell populations might be
infected in A5G-infected animals compared with SIV239
infection. More specifically, because of the distinct
properties of the virus, vigorous A5G replication in the
acute phase did not apparently impair immune function
and thus established the control of chronic-phase infection
and viral replication.

Host factors required for functional Ab responses
against SIV infection

This study also demonstrated remarkable differences in
humoral response with regard to nAb and virion capture
Ab among A5G-infected animals. However, gp120-specific-
binding Ab and the linear epitope-specific Ab were initially
induced similarly in all animals. These findings imply that
Abs measured by ELISA assay and Abs exhibiting antiviral
activity are elicited by different pathways and that the

properties associated with functional Abs depend largely on
the host and underscore the importance of its genetic
background. Rhesus macaques are present in various
geographical locations within the Asian continent and are
subdivided into many subspecies morphologically and
genetically (Smith & McDonough, 2005). Some of the
genetic differences among rhesus monkeys of different
geographical origins, and especially those involving major
histocompatibility complex (MHC) genotypes, probably
influence the corresponding differences in immune
responses, especially cellular response (Bontrop er al,
1996; O'Connor et al., 2003; Reimann et al,, 2005). Schmitz
et al. (2005) reported that Mamu-A*01-positive rhesus
monkeys elicited a significantly higher cellular response
and lower nAb titres than those in Mamu-A*01-negative
animals at the time of challenge infection of animals
vaccinated with live attenuated SIV. They suggested that
both humoral and cellular immune responses contributed
to the protection against the challenge infection and that
the relative contribution of each of the responses may be
genetically determined. We observed a similar relationship
between nAb and cellular responses among A5G-infected
animals: two animals (Mm07 and Mm22) elicited a lower
cellular response while the other three animals (Mm12,
Mm23 and Mm26) elicited a higher cellular response (data
not shown). Notably two animals exhibiting highly
functional Ab (Mm07 and Mm22) were the offspring of
seed animals imported from Laos, whilst the others
(Mm12, Mm23 and Mm26) were of Burmese origin,
suggesting the potential association of such different
humoral and cellular responses with host genetic factors.
In clinical studies, considerable concordance of adaptive
cellular and humoral responses and HIV evolution in
monozygotic twins, but not in brothers, infected with the
same virus has been reported (Draenert et al., 2006). HIV-
l1-exposed but uninfected status with significantly higher
neutralizing IgA was linked to genotypes on chromosome
22 (Kanari et al, 2005). In the mouse Friend leukemia
virus model, MHC II alleles were determined as host
genetic factors required for effective nAb response
(Miyazawa et al, 1992) and the host genetic factor was
mapped to chromosome 15, which was associated with the
clearance of viraemia by nAb (Hasenkrug er al, 1995;
Kanari er al., 2005).

Taken together, we speculate that the functional humoral
response is determined by host genetic properties similar to
the cellular immune response. Thus, gaining knowledge of
the genetic requirements for both humoral and cellular
containment of viral infections will clearly be of primary
importance for vaccine development and therapeutics
against HIV and other infectious agents.

NOTE ADDED IN PROOF

A discrepancy in the SIV239-infected animals Mm13 and
Mm20 was noted between the result shown in Fig. 2 and
that in a previous report Mori et al, 2001. The nAb
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response against SIV239 in Mm20 was confirmed at
multiple time points in the present study.
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Abstract

Vanounype: of neuronal damage have been reported in acquired
i iency synd (AIDS) d in. We previously
d d that infla and cortical damage occur inde-
pendently according to viral tropism in a simian immunodeficiency
virus (SIV)infected macaque model of AIDS dementia. To
elucidate the pathogenesis of cortical d ion, we examined
the frontal cnnex of SIV-infected mncaqu:s and found apoptosis and
decreased expression of the excitatory amino scid transporter 2 in
astrocytes and diffuse activation of microglin in association with
limited neuronal damage. Some activated microglia also expressed
excitatory amino acid transporter 2 but not proinflammatory
cytokines, No inflammatory changes were seen in the cortex or the
white matter, and SIV-infected cells were not detected in or around
cortical lesions either by immunohistochemistry or by the polymerase
chain jon d of SIV g of extracted DNA from
microdissected tissue samples. These results indicate that an
astrocytic abnormality and a comp ivation of microgli
might provide a protective effect against ummnal degeneration in lhc
frontal cortex of SIV-infected macaques without SIV encephalitis.

Key Words: AIDS encephalopathy, Animal model, Cerebral cortex,
Immunchistochemistry, Injury of aswocytes, Neuroprotection by
microglia

INTRODUCTION
Human immunodeficiency virus 1 (HIV-1) can induce
acquired immunodeficiency syndrome dementia complex
(ADC), a clinical triad of progressive cognitive decline,
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motor dysfunction, and behavioral abnormalities, which
eventually affects 15% to 20% of AIDS patients (1, 2
Although the mtroduction of highly active anti-retroviral
therapy has reduced progression of AIDS, inconsistent results
have been reported regarding the effects of highly active anti-
retroviral therapy on central nervous system (CNS) involve-
ment (3-8), thus suggesting that the prevalence of dementia
may eventually increase comresponding to longer life spans of
people with HIV-1 infection.

One of the histopathologic correlates of ADC is diffuse
and nodular inflammatory infiltrates with formation of multi-
nucleated giant cells (MNGCs) in the brain white matter
(9, 10). Myelin pallor (11) and axonal damage (12-14) with
abundant HIV-l-infected macrophages and microglia have
been mainly demonstrated in the white matter (15, 16), but
poor correlations between these findings and the clinical man-
ifestations of ADC have been repeatedly reported (17, 18).
On the other hand, Budka et al (10, 11) described asmync
gliosis, a reduction of neurons and proliferation of rod cells in
the cerebral cortex of many cases with HIV-1 infection and
have identified this diffuse poliodystrophy (DPD) as an
additional histopathologic feature of ADC. Furthermore, a
variety of pathologic findings, including neuronal loss
(19-21), apoptosis (22), and synaptic and dendritic simplifi-
cation (23-25), have been reported in the cortex in HIV-
AIDS. Because of the complexity of the histopathologic
findings in human autopsy brains, however, a precise relation-
ship between these histopathologic changes, namely, the
inflammatory process in the white matter and degenerative
process in the cortex, has not been clucidated.

Simian immunodeficiency virus (SIV) infection in rhesus
macaques 1s considered to be a suitable animal model of human
HIV-! infection and has been used i various studies as a model
for AIDS encephalopathy. Desrosiers et al (26) reported that
macrophage-tropic variants of SIV were associated with the
appearance of encephalitis. Previously, we inoculated mac-
aques with 3 SIV strains and investigated the relationship
between the lymph node and bram pathology. The animals
mfected with macrophage virus tropic-SIV239env/MERT
chymeric virus, did not develop AIDS 3 to 4 years after
infection. but microglial nodules with MNGCs were demon-
strated in the white matter, and no pathologic changes were
noticed in the cerebral cortex. The other animals infected with
T-cell-tropic viruses SIVmac239 and SIV/HIV-1-(SHIV)-RT
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developed typical simian AIDS pathology in the lymph nodes
within 3 years afer infection; the cerebral cortex of these
animals showed astrocytic gliosis and electron microscopic
abnormalities without evidence of microglial nodules or
MNGCs in the white matter. From these observations, we
hypothesized that there are 2 independent pathogenetic
processes in simian AIDS encephalopathy, that is, immune
response against virus-infected macrophage/microglial cells in
the white matter without immunodeficiency and cortical
degeneration caused in the late stage of AIDS (27).

The roles of macrophage infiltration and microghal
activation i the pathogenesis of HIV encephalitis have been
extensively studied. With respect to the cortical pathology,
the expression of viral neurotoxins or neurotoxic cytokines
from microglia and/or astrocytes has been reported to induce
neuronal dysfinction and death {28-31). On the other hand,
recent reports suggest that activated microglia express
excitatory amino acid transporters (EAATs) and glutamine
synthetase, and may be neuroprotective in the early stages of
the disease (32, 33). In our SIV model, degenerative changes
were observed in the cerebral cortex of macaques infected
with T-cell-tropic viruses, and microglial nodules with
MNGCs were absent (27); therefore, we further examined
the frontal cortex of rhesus macaques infected with T-
lymphocyte-tropic SIV and focused on microglial activation,
apoptosis, and EAAT-2 expression, as well as localization of
virus-infected cells.

MATERIALS AND METHODS

Virus

Molecularly cloned SIVmac239 is a T-lymphocyte-
tropic virus, the pathogenic properties of which have been
previously described. This virus causes immunosuppression
and eventually leads to the development of AIDS in macaques.
A chimeric virus, SHIV-RT, consists of a STVmac239 virus
backbone in which the SIV RT gene was replaced by the
HIV-1 HxB2 RT gene, as previously described (27, 34). In

experimenially infected rhesus monkeys, SHIV-RT has been
shown to induce AIDS (34, 35).

Animals

Eleven rhesus macagues were screened and found to be
seronegative for SIV, simian T-lymphotropic virus, B virus,
and Type D retroviruses. Four macaques (532, 627, 682, and
730) were inoculated intravenously with SIVmac239 and
killed 133, 46, 115, and 463 weeks after inoculation,
respectively. The other 3 (631, 677, and 700) were inoculated
with SHIV-RT and killed 108, 156, and 263 weeks after
inoculation, respectively. Four uninfected macaques (671,
630, 778, and 780) were used as controls (Table 1). The
animals were housed in individual cages and maintained
according to the rules and guidelines of the National Institute
for Infectious Di for experi 1 animal welfare. The
animals were killed at various times after infection when they
became moribund,

CD4" Cell Counts and Viral RNA Loads

CD4" cell counts were performed on peripheral blood
samples at the time of antopsy. To measure the level of virus
replication in the periphery, viral RNA was quantified in plasma
at autopsy. Viral RNA in the plasma of inoculated macaques
was measured by real-time reverse transcriptase-polymerase
chain reaction (PCR).

Histopathology and Immunohistochemistry

The routine histopathologic methods used in this study
have been described elsewhere (27). Bruin tissue specimens
were embedded in paraffin, sectioned, and mounted on glass
slides. The EnVision system (DAKO, Carpinteria, CA) was
used for mmunohistochemistry except for a guinea pig anti-
glial glutamate transporter 1, EAAT-2 antibody with which the
avidin-biotin-peroxidase complex method (Vector, Burlingame,
CA) was applied. Innmunoreactivity was visualized using either
diaminobenzidine/peroxidase (brown) or the 3-amino-9-ethyl-
carbazole substrate-chromogen system (DAKO,; red). Light
counterstaming was done with hematoxylin.

TABLE 1. Clinical Data

Age ot Virus  Age at  Duration of Viral RNA Load in CD4" Cell Count in
Animal Inoculation, Death, Infection, Virnl Plasma ar Autopsy, PBMCs at Autopsy, Clinieal
No. Sex weeks weeks weeks Inocula coples/ml per pl Information
532 M 260 393 133 SIVmac239 214,300 380 Weight loss and moribund
627 M n 358 46 SIVmac239 25,000 90 Weight loss and moribund
682 M 100 215 115 SIVmac239 480,000 140 Weight loss and self-biting
T30 M 156 619 463 SIVmac239 67,000 275 Weight loss and moribund
631 F 156 264 108 SHIV-RT 2,500,000 200 Weight loss and mactivity,

inguinal B-cell lymphoma

677 M 104 260 156 SHIV-RT 6,900 100 Weight loss and moribund
700 M 104 367 263 SHIV-RT 530,000 192 Weight loss and moribund
630 Control
671 Control
778 Control
T80 Control

PBMC, penpheral blood mononuclear cell: SHIV, sunian immunodeficiency virushuman mmunodeficiency virus-1.
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Antibodies

To identify activated mcroglia, we used a mouse
monoclonal antibody to human macrophage CD68 (KPI,
1:50; DAKO) and a rabbit anti-iomzed calcium-binding
adaptor molecule | antibody (Ibal; 1:500; Wako Chemicals,
Osaka, Japan) (36). To characterize astrocyte abnormalities,
we used a guinea pig anti-glial glutamate transporter 1,
EAAT-2 antibody (1:6000; Chemicon, Temecula, CA). For
SIV-infected cells, we used an anti-SIV envelope gpl60/
gp32 antibody (KK41; 1:50; Dr K. Kent and the National
Institute for Biological Standards and Control), which has
been previously described (27). Lymph nodes of SIV-
infected and uninfected animals were used as positive and
negative controls, respectively.

A mouse anti-human Ki-67 antibody (1:300; DAKO)
that can detect cells in all active phases (Gl, S, G2, and M)
of the cell cycle was used to detect dividing cells. Sections
of lymph nodes and small intestines were used as positive
controls for proliferating cells. A mouse anti-human tumor
necrosis factor antibody (TNF-ce; 1:400; Abcam, Cambridge,
MA) and a rabbit polyclonal antibody against interleukin 18
(IL-1B; 1:200; Santa Cruz Biotechnology, Santa Cruz, CA)
were used to detect the respective cytokines. A tonsil with
chronic inflammation was used as a positive control. We
also performed glial fibrillary acidic protein (GFAP), CD3,
and CD20 i histochemical staining for routine cell
charactenzation.

Double Label Immunohistochemistry

Double label immunohistochemistry was performed for
GFAP or Ibal and Ki-67 to determine the phenotype of the
proliferating cells by first performing immunohistochemistry
for Ibal or GFAP using the EnVision system (DAKO) and
then for Ki-67 using avidin-biotin-peroxidase complex
(Vector). Double labeling was performed using diaminoben-
zidine/peroxidase, followed by Vector blue/alkaline phos-
phatase. We also performed fluorescence microscopy for
double label staming of EAAT-2 and [bal using fluorescein
isothiocyanate and rhodamine-based detection methods.

Apoptosis

In situ terminal deoxynucleotidyl transferase-mediated
dUTP-biotin end labeling of fragmented DNA (TUNEL) was
done using the ApopTag in situ apoptosis detection kit
(Chemicon). We also performed immunohistochemistry
using an affinity-purified polyclonal rabbit immunoglobulin

G directed specifically against the active form of caspase 3
(1:1000; R and D Systems, Minneapolis, MN) and anti-
single-stranded DNA antibody (ssDNA; 1:250; DakoCyto-
mation, Kyoto, Japan) for the identification of apoptotic cells.
Lymph nodes and small intestines were used as positive
controls. To examine the phenotype of apoptotic cells. we
performed double label immunchistochemistry for GFAP and
activated caspase 3 or ssDNA using the same method.

Electron Microscopy

Pieces of the frontal cortex from amimals 531, 627, 682,
and 630 were postfixed in 1% osmium tetroxide and
embedded in epoxy resin. One-micrometer semithin sections
of Epon-embedded samples were stained with toluidine blue
and safranine. For electron microscopy, sections were stamed
with uranium acetate and lead citrate and examined using a
Hitachi H-7000 electron microscope.

Quantitative and Semiquantitative Analysis

Ionized calcium-binding adaptor molecule | antibody-
positive cells were counted m 10 200x-magnified light
microscopic fields of cortical layers 2 to 5 of the middle
frontal gyrus. These findings were considered to indicate an
increase in the activated microglia when more than 700 [bal-
positive cells were counted in these 10 fields. We also
performed semiquantitative assessments for the following
immunohistochemical findings: astrocytic gliosis, EAAT-2
expression, Ki-67 or CD68-positive cells, TNF-a, and IL-1B
expression.

Laser Microdissection and PCR-Based Detection
of §IV gag and SIV env Genes

Polymerase chain reaction-based molecular detection
of SIV genomes was performed to detect SIV-infected cells
in the brain lesions of SIV-infected animal 532, which
showed representative clinical and pathologic features.
Paraffin-embedded sections of the frontal lobe were dehy-
drated, stamed with hematoxylin, and air-dried. The paren-
chyma of the frontal cortex, penivascular areas of the frontal
cortex, and white matter were identified based on cellular
staining patterns and separately dissected using a laser
microdissection system (AS LMD, Leica, Wetzlar, Germany).
From each dissected sample, genomic DNA was extracted by
a DNeasy tissue handbook kit (Qiagen, Tokyo, Japan). We
used 2 sets of nested oligonucleotide primer pairs for the PCR
detection of SIV provirus (37). The sequences of the primer

TABLE 2. Oligonucleotides Used as Primers in Nested PCR to Detect SIV gag and SIV env Proteins

Region of Amplification Sequence of Outer Primers Sequence of Inner Primers

SIV gag S-ACTGTCTGCGTCATCTGGTGC §-CACGCAGAAAAAGTGAAAC
5“GTCCCAATCTGCAGCCTCCTC 5-CTCTGATAATCTGCATAGCCGC

SIV env S“TTATGGTGTACCAGCTTGGAGGAATGC S“CGATACTTOGGOGAACAACTCAGTGCCTAC
S“CCAAACCAAGTAGAAGTCTGTGTCTCCATC SGAGACCACCACCTTAGAACATTTAGGC

B-Globin F-TCCCAGTTTCTCCAGTTTCC

3-AGACCATCCTGGCTAACACG

PCR, polymerase chain reaction; SIV, wmian mmmumodeficiency virus.
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pairs used to detect SIV gag, SIV env, and B-globin as
genomic control are listed in Table 2. The relative detection
efficiency of all the primer sets was determined in a series of
preliminary experiments. The DNA from SIV plasmid and
paraffin sections of lymph node from SIVmac239-infected
macaque 682 with abundant SIV-Env-positive cells was
amplified as positive controls, and DNA from a lymph node
of uninfected macaque 671 was amplified as a negative
control in all assays to monitor potential PCR contamination.
Each cycle consisted of | minute denaturation at 94°C, |
minute primer annealing at 55°C, and | minute extension at
72°C. After 30 cycles, 4 ml of the amplified DNA was taken,
and 30 additional cycles of amplification were carried out
using the nested primers. The same primers for B-globm were
used in a second PCR. After the second round of amplifica-
tion, a 13-pl aliquot of the reaction products was applied for
1% agarose gel electrophoresis and visualized by ethidium
bromide staining.

FIGURE 1.

Representative findings in the frontal cortex of simian immun

RESULTS

Clinical Manifestations

Table | summarizes the clinical data, including the
viral RNA loads and CD4" cell counts in the peripheral
blood, at the time of autopsy from the 7 SIV-infected rhesus
macaques. Among the 4 macaques infected with STVmac239,
macague 627 showed the most rapid decrease in the CD4"
cell counts and became moribund within 46 weeks after
infection. Macaque 532 had a prolonged clinical course and
showed very high viral loads and decreased CD4" cell counts
at 133 weeks after infection; thereafier, it became monbund
and was diagnosed to have AIDS because of very low CD4"
CD29 high T cells (less than 1% of peripheral blood
mononuclear cells). Macaque 682 also had a prolonged
clinical course and showed very high viral loads and
decreased CD4" cell counts. This animal was killed for
autopsy 115 weeks after infection because of self-biting

eficiency virus (5IV)-infected macaques. Loss of

neurons is not apparent (A), but there is an increase in small glial cells and satellitosis around neurons (B) in a 5IVmac239-
infected macaque. Diffuse gliosis in SIVmac239-infected macaque (€) and in a SIV/human immunodeficiency virus-1-RT-infected
macaque (D) contrasts with the uninfected control (E). By electron microscopy, in the SIVmac239-infected macaque, there Is
deposition of glycogen-like granules (F) and an increase in lamellar bodies in the dendrites (G). Foamy changes are detected in
the cytoplasm of dendritic trunks (H). Some astrocyte processes contain glial fibrils (F, G). (A) Kliiver-Barrera; (B) hematoxylin
and eosin; (C-E): anti-glial fibrillary acidic protein immunohistochemistry; (F-H) Electron microscopy. Original magnifications:
(A, E) 100x; (B) 200x; (€, D) 400x; (F) 9,000x; (G) 15,000x; (H) 9,000x<. (A, B, F, G) from macaque 627; (C) from
macaque 532; (D) from macaque 631; (E) from macaque 630.
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FIGURE 2. lonized caicium-binding adaptor molecule 1 antibody (Iba1) immunohistochemical staining of activated microglia in
the cerebral cortex. Increased Ibal-positive activated microglia are evident in simian immunodeficiency virus (SIV)-infected
macaques (A, B) compared with the control (C). Some Ibal-positive cells are close to neurons and surround neuronal cell bodies
with their extended processes (D, E). (A, D) 5IVmac239-infected macaque 532; (B, E) SIV/human immunodeficiency virus-1-RT-
infected macaque 631; (€) uninfected control (630). Original magnification: (A, B) 400x; (C) 100x; (D, E) 800x.

behavior. Macaque 730 had the longest clinical course and  infected with SHIV-RT also showed decreased CD4" cell

showed decreased CD4" cell counts; it was diagnosed as  counts and were diagnosed as having AIDS at the time of
having AIDS at autopsy at 463 wecks, The 3 macaques  autopsy. Macaque 631 developed a B-cell lymphoma. All

-
-

i et SRR e S
FIGURE 3. Proliferation and activation of microglia in the frontal cortex of animal 631 infected with simian immunodeficiency
virus/human immunodeficiency virus-1-RT. Ki-67-positive cells are scattered in the cortical parenchyma (A). lonized calcium-
binding adaptor molecule 1 antibody (binding adaptor molecule 1 antibody (Ibal)-positive microglia with branches (B),
amoeboid shape (C), and a large nucleus (D) have Ki-67-positive nuclei. (A) Anti-Ki-67; (B-D) double label of Ki-67 (dark blue)

and Ibal (brown). Original magnification: (A) 400x; (B-D) B00x,
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TABLE 3, Pathologic Findings in Lymph Nodes and Frontal Cortex*

Animal No. Sex  Viral Inocula Lymph node Pathology Decrease of EAAT-2  CD68 GFAP K67 IL-1p TNF-a
332 M SIVmac239 Collapse I 0-1 2 01 o 0
627 M SIVmac23@ Collapse 1 I I 2 0 1
682 M SIVmac239 Collapse 0 0-1 | | 0 0
730 M SIVmac239 Collapse 3 01 3 2 0 0
631 F SHIV-RT Follicular atrophy and degeneration 0 0-1 2 2 0 0
677 M SHIV-RT Folhcular atrophy and degeneration 0 0-1 3 2 0 0
700 M SHIV-RT Follicular atrophy 2nd degeneration 2 I I 3 0 I
630 Control None ] 1 0 1 0 ]
671 Control None 0 0-1 0 0 0 0
T78 Control None 0 0-1 0 0-1 0 0
780 Control None 0 0-1 0 0-1 0 0

huulnohumhmcal saining for each antigen was assessed semiquantitatively by scormg from 0 to 3 in each snumal.

¥ amino acid transp
nmnmndnﬂnm:y virus-1; TNF-a, tumer necrosis factor-u.

3 F, fernale; GFAP, glial fibrillary acidic protein; IL, interleukin; M, male; SIV, simian ummunodeficiency vins: SHIV-RT, SIV/buman

SHIV-RT-infected animals had weight loss and were mor-
ibund at the time of autopsy. Other than the self-biting
behavior in macaque 682, none of the infected animals
showed apparent neurologic manifestations.

Histopathology and Electron Microscopy

The animals infected with STVmac239 and SHIV-RT
showed neuropathologic findings as described previously in
the cerebral cortex by routine histopathologic examination
(27). Briefly, no apparent loss of neurons was detected in the
cerebral cortex of any macaques (Fig. 1A). The density of
small glial cells seemed to be increased, and they formed
apparent perineuronal satellitosis. There were no obvious
abnormalities such as pyknosis or chromatolysis evident in
the neurons (Fig. 1B). Patchy or diffuse astrocytic gliosis was
noted in macaques infected with STVmac239 (Fig. 1C) and
SHIV-RT (Fig. 1D), whereas GFAP-positive staining was
limited to the subpial region in the uninfected controls (Fig.
1E). There were no inflammatory infiltrates in the cortex, and
there was no evidence of either microglhial nodules or
MNGCs in the white matter of infected macaques. No
abnormalities were observed in the cerebral cortex of 3
uninfected controls. By electron microscopy, the frontal
cortex of macaques 532, 627, and 682 showed apparent
degenerative changes in the neuropil, including deposition of
glycogen-like granules (Fig. 1F), and increased lamellar
bodies in the dendrites (Fig. 1G). Foamy changes were
detected in the cytoplasm of dendritic trunks (Fig. 1H). There
were scattered swollen astrocytic processes because an early
reaction of astrocytes and some astrocytic processes were
filled with glial fibnls (Figs. 1F, G).

Microglia Are Increased and Activated in the
Cerebral Cortex

To characterize the cell involved in these cortical
changes, we performed immunohistochemistry using various
antibodies, including [bal, which is restricted to macrophages/
microglia (36), and Ki-67, a specific marker of cell prolifer-
ation. The cells that increased in number in the cortex were
negative for CD3, CD20, or CD68 (data not shown). In
contrast, Ibal immunostaining of SIVmac239- and SHIV-RT-

© 2008 American Association of Neuropathologisis, Inc.

infected macaques demonstrated increased numbers and a
wider distribution of Ibal-positive microgha (Figs. 2A, B)
compared with uninfected controls (Fig. 2C). Some of the
Ibal-positive cells were located close to neurons and
surrounded the neuronal cell bodies with their extended
processes (Figs. 2D, E). Ki-67-positive cells were increased
in the cerebral cortex of SIVmac239 (627 and 730) and all
SHIV-RT-infected macaques (Fig. 3A; Table 3). Most of the
Ki-67-positive cells were located in the parenchyma, and some
positive cells were also closely attached to neuronal cell
bodies. Some of the Ibal-positive microgha with ramified
processes (Fig. 3B), amoeboid shapes (Fig. 3C), or a large
nucleus (Fig. 3D) were also Ki-67 positive by double label
immunohistochemistry. Ki-67-positive cells were not
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FIGURE 4. Semiguantitative analysis of ionized calcium-binding
adaptor molecule 1 antibody (Ibal)-positive cells in the cerebral
cortex of simian immunodeficiency virus (SIV)-infected and
uninfected control macaques. lonized calcium-binding adaptor
molecule 1 antibody-positive cells were counted in ten 200x
magnified light microscopic fields. There were moare than twice as
many Ibal-positive microgiia in the SIV/human immunodefi-
ciency virus-1-RT-infected animals and in 3 of 4 SIVmac239-
infected animals as in the controls.

605

Copyright @ 2008 by the American Association of Neuropathologists, Inc. Unauthorized reproduction of this article Is prohibited.

— 198 —




Xing er al

| Neuropathol Exp Neurol * Volume 67, Number 6, June 2008

observed among GFAP-positive astrocyies by double label
immunohistochemistry with anti-GFAP and anti-Ki-67. Only a
few Ki-67-positive cells were found in the cerebral cortex of
uninfected controls, and most of them were located near
vessels,

In counts of stained cells in 10 microscopic fields at
200 magnification (Fig. 4), the numbers of Ibal-positive
cells m all 4 control animals tended to be less than 70 per
field. We therefore considered 70 or more cells per field to
indicate more [bal-positive cells. Among the SIVmac239
and SHIV-infected animals, 6 of 7 showed increased Ibal-
positive cells. Five showed more than 130 Ibal-positive cells
per field, and | amimal mfected with SIVmac239 (627) had
78.2 Ibal-positive cells per field. Another animal infected
with SIVmac239 (682) showed no increase in the number of
Ibal-positive cells (45.2 per field).

Apoptosis of Astrocytes in SIVmac239- and
SHIV-RT-Infected Animals

Our previous study demonstrated astrocytic gliosis,
increase in lamellar bodies in the dendrites, and swelling of

cells are seen in the simian immunodeficiency
(SHIV)-RT-infected (E, F)

FIGURE 5. ApopTag in situ and anti-activated caspase 3 immunchistochemical staining in the
virus (S5IV)mac239-infected (A~D) and SIV/human immunodeficiency
macaques. (A, C, E): ApopTag in situ; (B, D, F) anti-activated

astrocytic processes in the frontal cortex of macagques
mnfected with SIVmac239 and SHIV-RT (27). To analyze
which cell types were predominantly affected, we performed
the in situ TUNEL method (Figs. 5A, C, E) and immunohis-
tochemical staining for activated caspase 3 (Figs. 5B, D, F)
and ssDNA (Figs. 6E, G) to detect apoptosis. Although the
stainmg results tended to vary in each animal sample,
consistent results such as comparable staining pattems in all
3 methods in duplicate can be obtained in samples from
SIVmac239-infected (532, 682, 627, and 730), SHIV-RT-
infected (700 and 631), and uninfected control (671 and 778)
animals.

Terminal deoxynucleotidyl transferase-mediated
dUTP-biotin end labeling of fragmented DNA-positive cells
were mainly demonstrated in the second layer of the cortex
and mostly in glial cells (Figs. 5A, C, E). Some of the
positive cells were located close to neurons in STVmac239-
infected (Fig. 5C) and in SHIV-RT-infected animals
(Fig. 5E). In activated caspase 3 staining, positive cells
showed intracytoplasmic and nuclear labeling (Figs. 6A, C).
The numbers of positive cells tended to be high, but most of

Aot

cerebral cortex. Stained glial
virus-1
3. (A, B) 5IVmac239-infected

<, W

macaque 532, (€, D) SIVmac239-infected macaque 730; (E, F) SHIV-RT-infected macaque 700. Original magnification: (A—F)

400x.
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FIGURE 6. Double label immunohistochemistry with anti-glial fibrillary acidic protein (GFAP) and anti-activated caspase 3 or
single-stranded DNA antibody (ssDNA) in the cerebral cortex of the simian immunodeficiency virus (SIV)mac239- and SIV/human
immunodeficiency virus-1 (SHIV)-RT-infected animals. Most of the doubly positive cells are astrocytes with small round nuclei. (A,
C) Anti-activated caspase 3; (E, G) anti-ssDNA; (B) double label anti-activated caspase 3 (brown) and GFAP (dark blue); (D)
double label anti-activated caspase 3 (red) and GFAP (dark blue); (F) double label ssDMNA (red) and GFAP (brown); (H) double
label ssDNA (dark blue) and GFAP (brown); (A, B, E, F) from SIVmac239-infected macaque 682; (C, D) from SHIV-RT-infected
macaque 631; (G, H)from SHIV-RT-infected macaque 700. Original magnification: (A-H) 400x.

the positive cells seemed to be glia (Figs. 5B, D, F). The
ssDNA-positive cells showed nuclear labeling and also
seemed to be glia (Figs. 6E, G). Based on double label
immunohistochemistry (Figs. 6B, D, F, H), more than half of
the activated caspase 3 and ssDNA-positive cells were also
positive for GFAP. Some of the activated caspase 3 and
ssDNA-positive cells seemed to be microglia according to the
shape of their nuclei. No apparent neuronal staining with
these markers of apoptosis was observed. Only very few

@ 2008 American Associarion of Neuropathologists. Inc.

positive cells were detected in the uninfected controls by the
in situ TUNEL method and based on activated caspase 3 and
ssDNA immunostaining.

EAAT-2 Expression

The expression of Na'-dependent glutamate trans-
porters (EAAT-1 and EAAT-2) primarily on astrocytes is
thought to keep the extracellular glutamate concentration low
in the brain and prevent excitotoxicity to neurons. In all
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animals studied, EAAT-2 expression was predommantly in
the neuropil of the cerebral cortex. A diffuse decrease in
EAAT-2 expression and scattered astrocyte staining in the
neuropil were observed in SIVmac239-infected animal 730
(Fig. 7A) and SHIV-RT-infected animal 700 in contrast to
the diffuse staining in the control animals (Fig. 7B). The 2
infected animals had very long durations of SIV infection:
463 and 263 weeks, respectively. A patchy decrease
EAAT-2 expression was observed in SIVmac239-infected
animals 627 (Fig. 7C) and 532. In addition, we observed a
strong expression of EAAT-2 by microglial cells, some of
which came in close contact with neurons and blood vessels
in SIV-infected animals (Fig. 7D), as demonstrated by double
label immunofluorescence with anti-Ibal and anti-EAAT-2
(Figs. 7TE-G). The decrease in EAAT-2 in the neuropil
seemed to be mild when the activated microglia expressed
EAAT-2 (Fig. TD)

Diffusely Activated Microglia Do Not Express
TNF or IL-1B

To clarify the role of microglial activation in the frontal
cortex, we examned expression of the potentially harmful
proinflammatory cytokines. Cells positive for IL-1p and TNF
were detected in the margmal zone of follicles of the positive
control tonsil, but IL-13 and TNF were not detected in the
cortex where the microglin were diffusely activated. How-

ever, TNF was detected in a few perivascular cells of
SIVmac239-infected (627) and SHIV-RT-infected (700)
macagues (Table 3).

SIV Infection Is Undetectable in the Frontal
Cortex of SIV-Infected Animals

We performed immunohistochemistry for STVenvgp 160/
2p32 to detect virus-infected cells in the frontal cortex in
which astrocytic gliosis and microglial activation were
observed. No SIVenvgpl60/gp32-positive cells could be
detected in the cercbral cortex of any SIV-infected
amimals. Only a few mononuclear cells were positive in
the meninges of the macaque 682 infected with SIV-
mac239. To confirm the absence of SIV-infected cells in
these cortical lesions, nested PCR was camried out on
genomic DNA extracted from 3 different parts of paraffin-
embedded frontal lobe sections, that is, the frontal cortex
parenchyma, perivascular areas of the frontal cortex, and
the white matter, using AS LMD. Our PCR system
detected a single copy of SIV gag/SIV env genes in 100
cells by a sensitivity assay using SIV plasmid DNA
diluted with DNA from paraffin-embedded lymph node
sections of an uninfected macaque. Although strong bands
can be easily detected by PCR of SIV DNA in mfected
lymph nodes, no positive bands were obtained from the

FIGURE 7. Decreased excitatory amino acid transporter (EAAT) 2 expression and EAAT-2 expression by microglia in the cortex of
simian immunodeficiency virus (SIV)mac239-infected animals. A diffuse decrease in EAAT-2 (A; 730) and patchy decrease in EAAT-
2 (C; 627) contrast with diffuse staining in the uninfected control animal (B; 671). In animal 627, strong EAAT-2 expression was
noted on perineuronal and perivascular cells (arrows), and the decrease in the expression of EAAT-2 in the neuropil seemed mild
(D; 627). Activated microglia expression of EAAT-2 is demonstrated by double label immunofluorescence with anti-ionized
calcium-binding adaptor molecule 1 antibody (Ibal) and anti-EAAT-2 (E-G; 627). (A-E) Excitatory amino acid transporter 2; (F)
Ibal; (G) merged. Original magnification: (A-C) 100x; (D-G) 400x.
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FIGURE 8. Detection of simian immunodeficiency virus (5IV) gag and env DNA in SIVmac239-infected macaque 532 in LCM
microdissected tissues by PCR. The blots illustrate $IV gag (Lane A-2 to A-7) and env (Lanes A-9 to A-14), and B-globin (Lanes B-2
to B-6) amplified DMA from parenchymal (Lanes A-2 and A-9; B-2) and perivascular areas (Lanes A-4 and A-11; B-4) of the frontal
cortex, and white matter (Lanes A-3 and A-10; B-3) of macaque 532. Lanes A-5, A-6, A-12, and A-13 are positive controls with 1
copy of plasmid DNA (Lanes A-5 and A-12) and 4 copies of plasmid DNA (Lanes A-6 and A-13). Lane B-5 is a positive DNA control
from lymph node sections of 682. Lanes A-7, A-14, and B-6 indicate distilled water used as a polymerase chain reaction control
without template DNA. Lanes A-1, A-B, A-15, B-1, and B-7 are molecular weight standards.

DNA samples of any of the 3 regions of the frontal lobe of
the 5TVmac239-infected animal (Fig. 8).

DISCUSSION

In this study, we examined the cortical pathology seen
in animals infected with T-cell-tropic SIV, especially focus-
ing on the change in the astrocytes and microglia. We
observed abnormalities of astrocytes, including apoptosis and
a decreased expression of EAAT-2 in the neuropil. We used
3 different methods, TUNEL and immunohistochemistry for
activated caspase 3 and ssDNA to analyze apoptosis, and
found that most positive cells were astrocytes by all 3
methods. Although the numbers of caspase 3- and ssDNA-
positive cells seemed higher than expected, the concordance
of the results of all 3 methods and double immunohisto-
chemistry suggested a predominant involvement of astrocytes
in the frontal cortex of SIV-infected animals. The apoptosis
of astrocytes might be observed under physiologic conditions
whereby the brain removes any excessive astrocytes that have
proliferated after certain types of brain injury (38). Prolifer-
ation of astrocytes was not a plausible explanation in this
study because Ki-67-positive astrocytes could not be detected
by double label immunohistochemistry (data not shown).
Another astrocytic change observed was a remarkable
decrease in the expression of EAAT-2 in the neuropil in
animals with a prolonged duration of SIV infection because a
major cellular component of the brain astrocyte have
important effects on neuronal biology by buffering the
extracellular milieu, providing cytoskeletal support, and
protecting neurons duning CNS mjury. The neuroprotective
role of astrocytes has been described in connection with the
expression of glutamate transporters (EAAT-1 and EAAT-2).
The astrocyies maintain a low extracellular glutamate con-
centration in the brain. Glutamate, the major neurotransmitter
in the CNS, induces excitotoxic neuronal cell death when its
extracellular concentration increases, and it 1s also believed to

@ 2008 American Association of Neuropathologists, Inc.
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be an important factor in the pathogenesis of many CNS
disorders, including amyotrophic lateral sclerosis, Huntington
disease, Alzheimer disease, and multiple sclerosis (39-43),
The present findings suggest that astrocytes in the cerebral
cortex are also prnimarly involved in the pathogenesis of
AIDS encephalopathy

We found diffuse activation of microglia in the cortex
of mfected amimals and some of the activated microglia
expressed EAAT-2; expression of TNF and IL-1B was not
detected by immunohistochemistry, In general, microglia are
distributed ubiquitously throughout the CNS and become
activated in response to harmful stimuli (44). Activated
microglia release proinflammatory cytokines such as [L-18
and TNF and thus mediate a neurotoxic function (29, 30). On
the other hand, activated microglia may also secrete neuro-
trophic factors and provide neuroprotective functions (43).
The expression of EAAT-2 by microgha has been report-
ed in both AIDS brains (33, 34) and in SIVmac251-infected
macaques (46). We confirmed the EAAT-2 expression by
activated microglia in our model. The decrease in the
expression of EAAT-2 in the neuropil seemed to be mild
where activated microglia expressed EAAT-2, These data
suggest that microglia might, like astrocytes, clear extrac-
ellular glutamate, thereby playing a neuroprotective role in
the cortical degeneration seen in AIDS brains.

The involvement of the cerebral cortex in ADC is one
of the major pathologic changes, and this phenomenon is
called DPD (11). Neuron loss and apoptosis are believed to
be the primary lesion in DPD. In our model, however, we
observed only mild neuronal damage, that is, ultrastructural
changes of dendrites. Because, with only | exception, our
animals did not show any neurologic signs, we suspect that
neuroprotection by activated microgha was efficient, and that
this may also explain the absence of neuronal loss. Another
possible explanation might be the difference m the stage of
DPD. In human ADC, an autopsy is usually performed at
the advanced stages such as in patients demonstrating a

609

anticle I1s prohibited

— 202 —



