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The brains of individuals with lentiviral-associated encephalitis contain an abundance of infected and
activated macrophages. It has been hypothesized that encephalitis develops when increased numbers of
infected monocytes traffic into the central nervous system (CNS) during the end stages of immunosup-
pression. The relationships between the infection of brain and systemic macrophages and circulating
monocytes and the development of lentiviral encephalitis are unknown. We longitudinally examined the
extent of monocyte/macrophage infection in blood and lymph nodes of pigtailed macaques that did or did
not develop simian immunodeficiency virus encephalitis (SIVE). Compared to levels in macaques that did
not develop SIVE, more ex vivo virus production was detected from monocyte-derived macrophages and
nonadherent peripheral blood mononuclear cells (PBMCs) from macaques that did develop SIVE. Prior
to death, there was an increase in the number of circulating PBMCs following a rise in cerebrospinal fluid
viral load in macaques that did develop SIVE but not in nonencephalitic macaques. At necropsy, macaques
with SIVE had more infected macrophages in peripheral organs, with the exception of lymph nodes. T cells
and NK cells with cytotoxic potential were more abundant in brains with encephalitis; however, T-cell and
NK-cell infiltration in SIVE and human immunodeficiency virus encephalitis was more modest than that
observed in classical acute herpes simplex virus encephalitis. These findings support the hypothesis that
inherent differences in host systemic and CNS monocyte/macrophage viral production are associated with
the development of encephalitis.

Prior to the era of highly active antiretroviral therapy
(HAART), approximately 25% of human immunodeficiency
virus (HIV)-infected individuals exhibited the pathological
hallmarks of HIV encephalitis (HIVE) at autopsy: micro-
glial nodules, multinucleated giant cells, and the presence of
abundant activated or HIV-infected macrophages (5, 10, 18,
34, 40). As with other HIV-related sequelae, since the ad-
vent of HAART, the incidence of HIVE has decreased (26,
32); however, the prevalence of HIVE has increased, with
one report estimating approximately 45% of AIDS autop-
sies exhibiting HIVE (32). The pathogenesis of simian im-
munodeficiency virus (SIV)-infected macaque models is re-
markably similar to human HIV infection, with a variable
percentage of SIV-infected macaques developing SIV en-
cephalitis (SIVE) consisting of similar neuropathology (6,
17, 29, 36, 53). Both of these lentiviral encephalitides show
extensive neuronal damage despite an absence of significant
neuronal infection (10, 11, 17, 53). Secreted molecules from
abundant activated and infected macrophages are thought
to interact with neurons or alter supporting glial cell func-

tions to indirectly mediate synaptic damage and subsequent
neuronal death (16, 24, 33, 43, 46, 47).

Systemic correlates of lentiviral encephalitis have not
been fully identified, and it remains largely unclear why only
a fraction of infected individuals develop encephalitis. The
incidence and rate of onset (approximately 6 to 36 months
after SIV inoculation) vary considerably among different
macaque species and with inoculation of different viral
strains (6, 17, 67). Virus isolated from the central nervous
system (CNS) is macrophage tropic, but inoculation of ma-
caques with macrophage-tropic SIV only is not adequate to
induce SIVE (29, 36). Retrospective studies show that ma-
caques that exhibit rapid disease progression (defined as
progression to terminal immunosuppression in less than 6
months) are more likely to develop SIVE (62). Even when
inoculated with identical viral strains, pigtailed macaques
progress to disease more rapidly and have a greater inci-
dence of SIVE than rhesus macaques (35), while cynomol-
gus and rhesus macaques of Chinese origin rarely exhibit
SIV-related neurological sequelae. These observations sug-
gest viral and host factors influence the ability of virus to
enter the CNS or replicate in CNS macrophages.

The ability to control SIV replication is thought to influence
disease progression rates (20, 25, 51, 52, 55, 57, 61) and pos-
sibly development of encephalitis (30, 38, 41, 44, 56). Low
anti-SIV antibody titers one month after infection are associ-
ated with rapid progression and development of SIVE in pig-
tailed macaques (44). In the cerebrospinal fluid (CSF) or brain
parenchyma of macaques with diffuse neurological symptoms,
SIV-specific antibodies or antibody-secreting cells are not de-
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tected (56). Rhesus macaques depleted of CD8� T cells at the
time of infection fail to reduce acute viremia and progress to
disease more quickly (51). It has been suggested that these
CD8-depleted macaques have an increased incidence of en-
cephalitis (65, 66). The prevalence of CD8� T cells in the CNS
is unclear. Increased numbers of CD8� T cells correlate with
CNS impairment or presence of SIVE in SIV-infected rhesus
macaques (30, 38). However, rhesus macaques with gag-spe-
cific CD8� T cells in the CSF had minimal CNS infection (41).
An increased presence of SIV-specific CD8� T cells in the CSF
was detected in macaques with slow progression and few neu-
rological symptoms (56). These data suggest that the ability of
CNS macrophages to produce virus, or the ability of the im-
mune system to control viral replication within and outside the
CNS, influences susceptibility to encephalitis.

Because monocytes/macrophages are the predominant in-
fected cells in brains with SIVE and because development of
SIVE has been hypothesized to be due to increased trafficking
of SIV-infected monocytes (12, 31), we proposed to determine
whether monocytes/macrophages from macaques that develop
SIVE harbor more replication-competent virus than macaques
that do not develop SIVE. Our previous studies suggested
that endogenously infected monocyte-derived macrophages
(MDMs) from rhesus macaques depleted of CD8� T cells
produced more virus than depleted macaques that did not
develop encephalitis. Paradoxically, fewer productively in-
fected macrophages were observed in peripheral organs of
macaques with SIVE (9). Here, we show that MDMs from
SIV-infected pigtailed macaques that develop SIVE also pro-
duce more virus ex vivo, contain more productively infected
macrophages in peripheral organs (except for lymph nodes),
and have greater numbers of activated T cells in the CNS.
These findings support the hypothesis that inherent differences
in host control of monocyte/macrophage viral production are
related to development of encephalitis.

MATERIALS AND METHODS

Animals. Pigtailed macaques (Macaca nemestrina) were housed and main-
tained according to the standards of the American Association of Laboratory
Animal Care and the Institutional Animal Care and Use Committee of the
University of Pittsburgh. Macaque information is described in Table 1. Six
pigtailed macaques were inoculated with an SIVDeltaB670 viral swarm by in-
travenous injection at day 0. Macaques were observed daily for clinical signs of
anorexia, weight loss, lethargy, or diarrhea. Macaques were euthanized upon
development of AIDS-like clinical symptoms. The ages of the macaques ranged
from 50 to 59 months (age at time of necropsy). The length of infection varied

from 83 to 300 days (median, 128 days). Complete necropsies were performed
after humane sacrifice. For Fig. 4, an additional cohort of seven pigtailed ma-
caques was monitored in a similar fashion.

Cell counts. Whole peripheral blood samples (100 �l) obtained from SIV-
infected macaques at 0, 7, 14, 21, and 28 days postinfection and every 2 weeks
thereafter were stained with fluorochrome-conjugated monoclonal antibodies
against CD4 (clone L200; BD Biosciences Pharmingen, San Diego, CA), CD3
(clone FN18; Biosource, Camarillo, CA), and CD8 (clone DK25; DakoCytomation,
Carpinteria, CA) for 30 min at 4°C. Red blood cells were lysed using 2 ml
Vitalyse (BioE, Inc., St. Paul, MN) for 30 min at room temperature. Cell sus-
pensions were centrifuged and washed with phosphate-buffered saline (PBS)
containing 4% fetal bovine serum. Cell suspensions were centrifuged again and
resuspended in PBS containing 1% paraformaldehyde. The percentages of
CD8�/CD3�and CD4�/CD3� cells were determined on an XL2 flow cytometer
(Beckman Coulter, Hialeah, FL) within 24 h of staining. T cells were gated by
CD3 fluorescence and side scatter log. At least 10,000 events were analyzed, and
the percentages of CD4� and CD8� T cells were determined within the gate.
Compensation was done by singly stained peripheral blood mononuclear cells
(PBMCs) from each animal. Data analysis was performed using FlowJo (Tree
Star, Inc., Ashland, OR). Absolute cell numbers were calculated using percent-
ages of cells and differential cell counts from the blood as previously described
(39).

Tissue. Blood samples were obtained prior to infection and on postinfection
days 7, 14, 21, and 28 and every two weeks thereafter.

CSF draws were attempted every two weeks postinfection. CSF was aliquoted
and stored at �80°C.

Lymph node biopsies were performed at 2, 4, 12, and 16 weeks postinfection
(and at necropsy) under ketamine anesthesia at inguinal or axillary sites. Lymph
nodes were fixed in 10% buffered formalin (Fisher Scientific, Pittsburgh, PA) and
were paraffin embedded. Six-micrometer sections were made for histopatholog-
ical analysis.

Brains were removed immediately after euthanasia, with the exception of
monkeys M158 and M159, and were processed for analysis. M158 and M159 died
unexpectedly, and their brains were removed upon discovery. Regional samples
were cut from the left hemisphere, snap-frozen, and stored at �80°C. The right
hemisphere was fixed in 10% buffered formalin. Coronal sections were made,
and tissue blocks were paraffin embedded. Six-micrometer sections were made
for histopathological analysis.

Portions of liver, lung, small bowel, thymus, spleen, and spinal cord were
removed immediately after and processed in parallel to brain sections. Samples
of these organs were not available for M159.

Quantitation of SIV RNA in plasma. Virions from 1 ml of plasma were
pelleted by centrifugation at 16,000 � g or 23,586 � g for 1 h. Total RNA was
extracted from the virus pellet using Trizol (Life Technologies, Inc.). Real-time
reverse transcriptase PCR was performed with 20 �l of each RNA sample as
previously described (7). Primers and probes were specific for the SIV U5/long
terminal repeat region.

Histology. To assess each macaque brain for the presence of SIVE, paraffin
sections of brain tissue containing neocortical gray and white matter, caudate,
putamen, hippocampus, occipital cortex, and cerebellum were stained with he-
matoxylin and eosin. SIVE was empirically defined as the presence of microglial
nodules, multinucleated giant cells, and profuse perivascular mononuclear infil-
trates. The morphological distribution and abundance of macrophage/microglia
and SIV-infected cells were assessed using a monoclonal antibody against mac-

TABLE 1. Pigtailed macaque ages, infection parameters, and neuropathological and clinical diagnoses

Monkey no.a Age (mo)
Length of
Infection

(days)

Diagnosis

Neuropathological Clinical

M156 52 83 Normal Cough, epistaxis, interstitial pneumonia, enlarged
and scrotum and necrotic prepuce

M157 50 137 SIVE, SIV myelitis Screaming, orchitis, muscle tics
M158 55 185 SIVE, SIV myelitis Died unexpectedly, SIV hepatitis, SIV enteritis
M159 51 83 SIVE, severe meningitis (gram-positive

bacteria)
Died unexpectedly, cytomegalovirus pneumonitis,

glomerulosclerosis
M160 52 300 Normal, acute hypoxic changes Hemorrhagic lung, pneumonitis
M161 59 119 SIVE, SIV myelitis Ataxia, splenomegaly, severe pneumonia

(Pneumocystis carinii)

a All monkeys were male and had AIDS at the time of sacrifice.
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rophage/microglia-associated protein CD68 (clone KP1; DakoCytomation) and a
polyclonal antibody against the SIV envelope gp110 (generously provided by
Kelly Stefano Cole and Ron Montelaro, University of Pittsburgh, Pittsburgh,
PA), respectively. Sections of midfrontal cortex were also stained for amyloid
precursor protein (clone 22C11; Chemicon International, Temecula, CA) and
beta-amyloid (clone 6F/3D; DakoCytomation) to assess axonal injury.

Ex vivo cultures to assess p27 production. PBMCs were isolated from whole
blood by density gradient centrifugation using lymphocyte separation medium
(Mediatech, Inc., Herndon, VA). For MDM cultures, 3 � 106 PBMCs were
plated in two-well Lab-Tek Permanox chamber slides (Nalge Nunc International,
Rochester, NY) in AIM-V media (Invitrogen, Gibco, Carlsbad, CA) supple-
mented with 20% fetal calf serum (FCS) and 10 ng/ml monocyte colony-stimu-
lating factor (Sigma-Aldrich, St. Louis, MO). On day 4 of culture, cells were
washed three times with sterile PBS to remove nonadherent cells and were
maintained in AIM-V supplemented with 20% FCS. Complete media changes
were performed at 7, 10, and 14 days postincubation. Virus production was
measured on day-14 supernatants using an SIV core antigen ELISA kit (Beck-
man Coulter) according to the manufacturer’s recommendations. The MDMs in
the chamber slides were washed three times with PBS and fixed with 4% para-
formaldehyde. In order to assess the purity and infection of MDM cultures, slides
were immunofluorescently stained for macrophages (CD68), SIV envelope pro-
tein (SIVgp110), and T cells (CD3) as described for formalin-fixed paraffin-
embedded tissue (7). This affirmed that the majority of cells in the culture were
MDMs.

For nonadherent cell cultures, 1 � 106 PBMCs were added to 12-well plates in
RPMI 1640 with L-glutamine (Invitrogen, Gibco) supplemented with 10% FCS,
40 U/ml recombinant human interleukin-2 (Roche Diagnostics Corporation,
Indianapolis, IN), and 5 �g/ml phytohemagglutinin L (Roche Diagnostics Cor-
poration). On day 4, phytohemagglutinin L was removed by washing the cells in
RPMI 1640 with L-glutamine supplemented with 10% FCS and 40 U/ml inter-
leukin-2. Complete media changes were performed at 7, 10, and 14 days postin-
cubation. Cells were maintained at a concentration of 1 � 106 cells/ml. Virus
production was measured on day-14 culture supernatants using an SIV core
antigen ELISA kit (Beckman Coulter) according to the manufacturer’s recom-
mendations.

SIV DNA quantitation. Purified monocytes were obtained from the positive
fraction of 107 PBMCs that were magnetically separated using CD14 Microbeads
(human) (Miltenyi Biotec, Bergisch Gladbach, Germany). Purity ranged from 95
to 98%. Monocyte DNA was isolated using a Qiagen DNA blood mini kit
(Qiagen, Valencia, CA) and quantified using a NanoDrop ND-1000 spectropho-
tometer (NanoDrop Technologies, Wilmington, DE).

Quantitation of cell-associated DNA was performed by real-time PCR in a
Prism 7700 detector (Applied Biosystems [ABI], Foster City, CA). The PCR was
performed in triplicate by adding 3 �l of each sample to a PCR master mix. The
primers and probe used were described previously (7, 21). To generate a stan-
dard curve, serial dilutions of DNA containing the SIV target region, ranging
from 101 to 106 copies/reaction, were subjected to PCR in triplicate along with
experimental samples. SIV DNA copy numbers from unknown experimental
samples were calculated from the standard curve. This result was normalized for
volume adjustments (number of SIV DNA copies/cell), multiplied by the number
of circulating monocytes/ml blood as determined by complete blood count and
differential, and reported as the number of SIV DNA copies from CD14�

monocytes/ml blood.
Analysis of SIV proviral load in PBMCs. DNA was extracted from cryopre-

served PBMCs using a DNeasy blood and tissue kit (Qiagen). Samples were
boiled for 5 min, and 5 �l was added to a 20-�l cocktail containing 1� real-time
PCR master mix (Applied Biosystems) and 600 nM of each amplification primer:
forward primer (SGAG21), 5�-TCTGCGTCATPTGGTGCATTC-3�; reverse
primer (SGAG22), 5�-CACTAGKTGTCTCTGCACTATPTGTTTTG-3�; and
100 nM probe (pSGAG23), 5�-(FAM)-CTTCPTCAGTKTGTTTCACTTTCTC
TTCTGCG-(BHQ)-3�. The assembled reactions were then run on an ABI 7900
sequence detection system (Applied Biosystems). The run conditions and anal-
ysis were done as described previously (14). The number of cell equivalents for
each DNA sample was determined in a separate assay under the same PCR
conditions using primers and probes for ccr5 as described previously (19). The
number of SIV proviral copies per number of cells was calculated based on
diploid genome equivalents of the ccr5 gene.

Immunofluorescent histochemistry. For lymph nodes, paraffin sections con-
taining biopsy tissue were stained for macrophage-associated lysosomal marker
CD68 or a polyclonal antibody against CD3 (DakoCytomation) and SIV enve-
lope protein SIVgp110. Double-label immunofluorescent detection was per-
formed with fluoroprobe tags as described previously (7) in order to assess the
number of SIV-infected T cells and macrophages.

For liver, lung, small bowel, thymus, spleen, and spinal cord, paraffin sections
were stained for CD68, SIVgp110, and CD3 in order to assess the number of
SIV-infected T cells and macrophages. Triple-label immunofluorescence staining
was performed as described previously (7, 60) using Tyramide Signal Amplifi-
cation (PerkinElmer Life and Analytical Sciences, Boston, MA) for CD68. This
was followed by staining for CD3 and SIVgp110.

For brain, paraffin sections containing midfrontal cortex and basal ganglia
were stained for CD3 and T-cell intracellular antigen 1 (TIA-1) (clone
2G9A10F5; Beckman Coulter) in order to assess the number of cytolytic effector
cells. Double-label immunofluorescent detection was performed with fluoro-
probe tags as described for lymph node staining.

Counting of SIV-infected cells in organs and lymph nodes. Regions of interest
were analyzed by laser confocal microscopy (LSM 510; Zeiss, Jena, Germany).
The illumination was provided by argon (458, 477, 488, and 514 nm; 30 mW)
lasers. Each image was scanned along the z axis and the middle sectional plane
was found (262,144 pixels per plane; 1 pixel, 0.25 �m2). Digital images were
captured and analyzed with LSM 510 3.2 software (Zeiss). Each organ or lymph
node from each macaque was randomly scanned by an individual blinded to the
status of the macaques in 10 microscopic areas (40�) encompassing 106,100
�m2. Scanning parameters such as laser power aperture, gain, and photomulti-
plier tube settings for each wavelength were kept constant for each macaque
specimen. Three or four blinded reviewers enumerated the number of double-
labeled cells (CD68� SIVgp110� or CD3� SIVgp110�) and single-labeled SIV-
positive cells. The three or four values from each observer were averaged to
represent the number of infected cells in that organ area.

Counting of CD3� and TIA-1� cells. Slides with sections of midfrontal cortex
and basal ganglia were immunofluorescently stained with antibodies to CD3 and
TIA-1. Additional cases of SIV-infected pigtailed macaques with and without
histological evidence of encephalitis were included (SIVE, n � 6; SIV, n � 6).
For comparison, sections from human cases diagnosed with West Nile virus
encephalitis (WNVE) (n � 4), herpes simplex virus encephalitis (HSVE) (n � 1),
HIVE (n � 6), and HIV without encephalitis (n � 4) were also analyzed. The
regions of interest were viewed using an epifluorescence microscope (Nikon).
Each brain section from each case was randomly scanned by an individual
blinded to the status in 10 microscopic areas (20�) encompassing 212,200 �m2.
Blinded reviewers enumerated the number of double-labeled cells (CD3� TIA-
1�) and single-labeled cells (CD3� and TIA-1�). Values from each observer
were averaged to represent the number of cells in the brain.

Statistical analysis. Data were analyzed using either Microsoft Excel or
PRISM 4.0b software (GraphPad Software, Inc., San Diego, CA). We compared
each separate variable in two independent, unpaired groups using two-tailed
Mann-Whitney tests for nonparametric independent comparisons with 95% con-
fidence intervals. Data were analyzed comparing macaques with SIVE to ma-
caques without encephalitis at each time point rather than comparing the longitu-
dinal trend within the same group.

RESULTS

Four of six SIV-infected pigtailed macaques developed
encephalitis. Six pigtailed macaques were infected with
SIVDeltaB670 and monitored during the course of infection
until clinical symptoms required humane sacrifice. Table 1
summarizes clinical and pathological diagnoses for each ma-
caque. Upon histopathological evaluation, four macaques de-
veloped SIVE (67%). One macaque that developed SIVE had
terminal acute gram-positive bacterial meningitis. Two ma-
caques did not show evidence of SIVE based on immunohis-
tochemical evaluation for CD68-positive macrophages and
SIV-infected cells. One macaque without encephalitis showed
acute hypoxic changes in the CA1 region of the hippocampus.
The average length of infection was 131 days (median, 128
days; range, 83 to 185 days) for macaques with SIVE and 191.5
days (median, 191.5 days; range, 83 to 300 days) for macaques
without encephalitis.

Changes in circulating CD4� and CD8� T-cell counts dur-
ing the course of infection. Preinfection average CD4� and
CD8� T-cell counts were higher in macaques that developed
SIVE than in SIV-infected macaques that did not develop SIVE
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(Fig. 1) and remained higher until 10 and 18 weeks postinfection
for CD4� and CD8� T cells, respectively. In this small number of
animals, these differences were not statistically significant. The
relative loss of CD4� T cells showed similar trends in both ma-
caques that did and did not develop encephalitis with very few
CD4� T cells present at death (Fig. 1a).

Plasma viremia during the course of infection. During the
first 4 weeks of infection, both macaques that did and did not
develop encephalitis had high plasma viremia (Fig. 2). Begin-
ning at 6 weeks postinfection, mean plasma viremia was ap-
proximately 1 order of magnitude higher in macaques that
developed SIVE than in nonencephalitic macaques, but this
did not reach statistical significance.

Longitudinal ex vivo virus production from MDMs and non-
adherent PBMCs. The ability of infected monocytes to replicate
virus was assessed ex vivo. Cultured MDMs were monitored for
SIV p27 production at 1, 2, 3, and 4 weeks postinfection and every
2 weeks thereafter when enough blood was available to isolate the
cells. The peak p27 production from adherent peripheral blood
MDMs of the four macaques that developed encephalitis was an
average of 3.6-fold higher than in macaques that did not develop
SIVE (21.7 versus 6 ng/ml p27, respectively) (Fig. 3b). The time
points postinfection that these differences were observed varied
for each macaque (Fig. 3a). All macaques showed higher ex vivo

p27 production from MDMs within the first 8 weeks postinfec-
tion. M158 showed peak virus production at 16 weeks postinfec-
tion. The number of SIV DNA copies associated with CD14�

blood monocytes was also examined at these time points by real-
time PCR. Three of the macaques that developed SIVE had
numbers of SIV DNA copies in monocytes at 2, 4, or 8 weeks
postinfection that were higher than in macaques without SIVE
(data not shown).

To investigate this trend further, we were able to monitor the
number of infected PBMCs in relation to CSF viral load every 2
weeks postinfection in a separate group of macaques (n � 7)
(Fig. 4). These animals were sacrificed when moribund with
AIDS or, if they survived, at 6 months postinfection. In this
cohort, four macaques showed histological evidence of SIVE.
This was reflected in the terminal CSF viral load (average, 1.8 �
106 viral copies/ml; range, 1.3 � 105 to 3.7 � 106 viral copies/
ml). The remaining three macaques showed no encephalitis.
Two of the nonencephalitic macaques had postmortem CSF
viral loads less than 103 copies/ml, while M280 had 3.4 � 105 viral
copies/ml in the CSF despite having no evidence of SIVE.
Macaques that developed SIVE had significantly greater num-
bers of infected PBMCs/mm3 blood (509 to 10,424 infected
PBMCs) at the terminal time points than did macaques that
did not develop encephalitis (19 to 53 infected PBMCs). In-
terestingly, in the weeks prior to death, the elevation of the

FIG. 1. Mean longitudinal peripheral blood counts for CD4� and
CD8� T cells of six pigtailed macaques infected with SIVDeltaB670.
Based on histological findings, macaques were retrospectively classi-
fied at postmortem examination for presence of SIVE. Macaques that
developed encephalitis had higher average CD4� and CD8� T-cell
counts prior to infection and maintained higher average T-cell counts.
(a) Mean peripheral blood absolute CD4� T-cell counts decreased
during the first week postinfection (wpi) and remained decreased for
the duration of infection. Macaques that developed SIVE (solid black
boxes) had greater average CD4� T-cell counts than macaques without
encephalitis (open gray boxes) until 10 wpi. (b) Mean peripheral blood
CD8� T-cell counts decreased during the first wpi and then made a
partial recovery before decreasing again. Macaques that developed
SIVE (solid black boxes) had greater average CD8� T-cell counts than
macaques without encephalitis (open gray boxes) until 18 wpi.

FIG. 2. Plasma SIV RNA of six pigtailed macaques infected with
SIVDeltaB670. Based on histological findings, macaques were retro-
spectively classified at postmortem examination for presence of SIVE.
Plasma viral loads in macaques that developed encephalitis were
higher from 6 to 12 weeks postinfection (wpi) than for macaques that
did not develop encephalitis. (a) Longitudinal plasma SIV RNA levels
for the four macaques with SIVE are shown as solid black boxes, and
the two macaques without encephalitis are shown as open gray boxes.
(b) The mean longitudinal plasma SIV RNA levels for macaques
shown in panel a. Plasma viremia was similar for macaques with and
without encephalitis during the first 4 wpi. From 6 to 12 wpi, plasma
viremia was higher in macaques that developed encephalitis than in
macaques that did not develop encephalitis.
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CSF viral load preceded the rise in the number of infected
PBMCs in the encephalitic animals.

Separate nonadherent PBMC cultures from the original cohort of
six macaques were also monitored for viral production. Nonadherent
cells were capable of producing more virus than adherent MDM
cultures, but there were time points where MDM cultures produced
more virus than nonadherent PBMC cultures from the same ma-
caque. Peak p27 production from nonadherent PBMCs cultured ex
vivo for 14 days was 3.5- to 14.8-fold higher from macaques that
developed SIVE than from macaques that did not develop enceph-
alitis (Fig. 3d). As with MDM cultures, the majority of the viral
production occurred at earlier time points postinfection, with peak
production occurring at various time points.

The numbers of infected cells in lymph nodes from macaques with
and without encephalitis are similar. There were few infected cells in
the lymph nodes during the course of infection (Fig. 5). The average
number of macrophages infected in lymph nodes throughout the
course of infection was less than 1 infected macrophage/field, except
for M158 at necropsy (average, 4.7 infected macrophages/field). The
average number of CD3�/SIVgp110� cells was 1 to 2 infected cells/
field at 2 weeks postinfection and �1 at 4, 12, and 16 weeks postin-
fection. There was no distinction between the numbers of infected
cells observed in lymph nodes in macaques that did and did not
develop SIVE.

At necropsy, macaques with SIVE had more productively
infected macrophages in liver, lung, small bowel, spleen, thy-
mus, and spinal cord than did macaques without encephalitis.
The numbers of productively infected macrophages and T cells
in the liver, lung, small bowel, spinal cord, spleen, and thymus

were compared for macaques with and without SIVE. Forma-
lin-fixed, paraffin-embedded tissue was fluorescently immuno-
stained for macrophages (CD68), T cells (CD3), and virus
(SIVgp110). Four observers enumerated the number of mac-
rophages (CD68�/SIV-positive cells), infected T cells (CD3�/
SIV-positive cells), and SIV-infected cells that did not colocal-
ize with either CD68 or CD3 (SIV-positive/CD3�/CD68�

cells). There were very few cells that did not colabel with either
CD3 or CD68 in these tissues (Fig. 6). Macrophages were the
most common infected cell in lung, small bowel, spinal cord,
spleen, and thymus (Fig. 6b to f), while similar numbers of
macrophages and T cells were infected in the liver (Fig. 6a). In
all organs examined, the median number of productively in-
fected macrophages was statistically significantly higher in ma-
caques with SIVE than in SIV-infected nonencephalitic ma-
caques. The small bowel had the highest number of infected
macrophages of all organs examined. The median number of
productively infected T cells was statistically significantly
higher in the liver and spinal cord of macaques with SIVE than
in those of SIV-infected nonencephalitic macaques (Fig. 6a
and d), although few infected T cells were observed in the
spinal cord.

At necropsy, macaques with SIVE had more CNS T cells
with cytolytic potential than did macaques without encephali-
tis. To examine the local immune response to SIV replication in
CNS macrophages, the number of CD3� T cells expressing TIA-1
was analyzed in midfrontal cortical and basal ganglia regions of
the brain. TIA-1 is a cytoplasmic granule-associated protein ex-
pressed in cells with cytolytic potential (3). In the brains of ma-

FIG. 3. Longitudinal analysis of SIV p27 production in MDMs and nonadherent PBMCs from six pigtailed macaques infected with
SIVDeltaB670. Based on necropsy histological findings, macaques were retrospectively classified for presence of SIVE. (a) At various times during
the course of infection, p27 production of MDMs (adherent PBMCs) cultured ex vivo for 14 days showed that the four macaques that developed
SIVE (solid black symbols) produced more p27 in culture than the two macaques without encephalitis (open gray symbols). MDMs from each
macaque that developed SIVE had peak ex vivo virus production at different times postinfection, mostly within the first 8 weeks postinfection. (b)
Peak p27 production from MDMs cultured ex vivo. (c) Longitudinal p27 production levels of nonadherent PBMCs cultured ex vivo for 14 days
were increased at various times postinfection from the four macaques that developed SIVE (solid black symbols) compared to the levels in two
macaques without encephalitis (open gray symbols). (d) Peak p27 production from nonadherent PBMCs cultured ex vivo.

VOL. 82, 2008 MACROPHAGE INFECTION IN SIVE 5035



caques with SIVE, there were statistically significantly more
CD3� TIA-1� cells than in brains of SIV-infected macaques
without SIVE (Fig. 7a and c). The numbers of CD3� TIA-1� and
CD3� TIA-1� cells were also greater in brains of macaques with
SIVE, but this did not achieve statistical significance. Analysis of

brains of patients with HIVE showed a similar trend, but there
were fewer CD3� TIA-1� cells present in the human disease.
Compared to SIVE and HIVE, a human brain with HSVE had a
fivefold increase in the number of CD3� TIA-1� cells and a
greater than 10-fold increase in the number of CD3� TIA-1�

FIG. 4. Longitudinal analysis of CSF viral RNA load and number of infected PBMCs in a cohort of seven pigtailed macaques infected with
SIVDeltaB670. Macaques that developed SIVE showed a significant increase in the number of infected PBMCs/mm3 after an increase in CSF viral
load. Macaques were monitored every 2 weeks postinfection. Data are presented as weeks before death because each macaque had a different
length of infection. The arrow on each graph indicates when each macaque was infected. The left-hand column shows graphs of individual
macaques that did not develop encephalitis (i.e., had no histological evidence of CNS disease), while the right side shows macaques that developed
SIVE. The left-hand y axis shows the number of CSF viral RNA copies/ml CSF. The right-hand y axis shows the number of infected PBMCs/mm3.
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cells. Seventy-five percent and 66% of CD3� cells colabeled with
TIA-1 in the brains of macaques with SIVE and in those of
SIV-infected macaques without SIVE, respectively (Fig. 7c and
data not shown). Macrophages did not colabel with TIA-1, but
TIA-1� cells were adjacent to perivascular cuffs of macrophages
in the brains of macaques with SIVE.

Macaques with or without SIVE did not have substantial
accumulation of amyloid precursor protein or beta-amyloid in
midfrontal cortex. Staining for the transmembrane glycoprotein
amyloid precursor protein (APP) has been used as an early
marker of axonal injury. We stained midfrontal cortical sections
from macaques in this study along with archived cases (four ad-
ditional cases each for SIVE and SIV) for APP and beta-amyloid.
Two macaques with SIVE showed modestly stronger somal APP
staining of dilated axons in microglial nodules (data not shown).
However, there were no substantial focal accumulations of APP
in macaques with or without encephalitis. Likewise, beta-amyloid
accumulation was not observed in macaques with or without en-
cephalitis (data not shown).

DISCUSSION

Infection of brain macrophages is the predominant feature
of lentiviral encephalitis (5, 10, 18, 34, 40). Infected macro-

phages can be found in the CNS during acute stages of infec-
tion (13); however, productively infected CNS cells during the
asymptomatic stage of disease are rare (64). Since not all
macaques develop encephalitis upon commencement of immu-
nosuppression, the role these early infected macrophages play
in the development of encephalitis is not clear. During late
stages of immunosuppression, encephalitis is thought to de-
velop when increased numbers of infected monocytes traffic to
the CNS (12, 31). It is not known whether macrophage infec-
tion is unique to the CNS in animals that develop encephalitis
or whether these animals also exhibit abundant blood mono-
cyte and systemic tissue macrophage infection. To begin to
determine whether there is an association between systemic
and CNS macrophage infections, we analyzed monocyte/mac-
rophage infection during the course of infection in six SIV-
infected pigtailed macaques that were retrospectively classified
for the presence of SIVE.

Monocyte/macrophage infection during the course of infec-
tion. During the course of disease, monocyte viral infections
and their capability to produce virus ex vivo were analyzed
every 2 weeks. At different time points postinfection, we de-
tected that ex vivo viral production from MDMs from all four
macaques that developed SIVE was increased compared to

FIG. 5. Longitudinal biopsy survey of the number of infected macrophages and T cells observed in lymph nodes from six pigtailed macaques
infected with SIVDeltaB670. Based on histological findings, macaques were retrospectively classified at postmortem examination for presence of
SIVE. Each lymph node sample was immunostained for both CD3/SIVgp110 and CD68/SIVgp110 and visualized by immunofluorescent confocal
microscopy. Three observers enumerated the number of infected macrophages (CD68�/SIV-positive cells) and infected T cells (CD3�/SIV-
positive cells). There were few infected cells in the lymph nodes during the course of infection, and there was no distinction between the numbers
of infected cells in lymph nodes from macaques with and without encephalitis. (a) Average number of infected macrophages per microscopic field
(106,100 �m2) for each macaque. Four of five macaques showed slight increases in the number of CD68�/SIV-positive cells at necropsy. Lymph
node samples were not available for M159 at 8, 12, and 16 weeks postinfection and at necropsy. (b) Average number of infected T cells per
microscopic field (106,100 �m2) for each macaque. (c) The mean numbers of infected macrophages per microscopic field were similar in macaques
with (solid black symbols) and without (open gray symbols) encephalitis. (d) The mean numbers of infected T cells per microscopic field were
similar in macaques with (solid black boxes) and without (open gray boxes) encephalitis.
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any time point in SIV-infected macaques that did not develop
encephalitis. Monocyte-associated viral load was also in-
creased in three of the four macaques that developed SIVE. In
order to address how the number of circulating mononuclear
cells relates to the development of encephalitis, we isolated
PBMCs from an additional cohort of animals and directly

assessed the number of infected circulating cells by quantita-
tive reverse transcriptase PCR. A small number of infected
PBMCs was detected soon after infection in each macaque
regardless of whether they developed encephalitis. However,
the macaques that developed encephalitis showed a significant
rise in the number of infected circulating cells shortly after

FIG. 6. Pigtailed macaques with SIVE (enceph) have more infected macrophages in peripheral organs than macaques without encephalitis (no
enceph). Organs obtained at necropsy were immunostained for CD68, CD3, and SIVgp110 and visualized by immunofluorescent confocal
microscopy. Four observers enumerated the numbers of infected macrophages (CD68�/SIV-positive cells), infected T cells (CD3�/SIV-positive
cells), and SIV-infected cells that did not colabel with either CD68 or CD3 (SIV-positive/CD3�/CD68� cells). The black bars represent the median
of infected cells enumerated for each group (each dot represents the enumeration from an individual field). (a and d) Liver and spinal cord. The
median of infected macrophages was statistically significantly higher in macaques with SIVE than in macaques without encephalitis. More infected
T cells were also enumerated in macaques with SIVE than in macaques without encephalitis. Macrophages were the most common SIV-infected
cell in the spinal cord. (b, c, and f) Lung, small bowel, and thymus. The median number of infected macrophages was statistically significantly higher
in macaques with SIVE than in macaques without encephalitis. Small numbers of SIV-infected cells that did not colabel with CD68 or CD3 were
found in the thymus, small bowel, and lung. The small bowel had the highest number of infected macrophages of all organs examined. (e) Spleen.
The median number of infected macrophages was statistically significantly higher in macaques with SIVE than in macaques without encephalitis.
*, P � 0.05; **, P � 0.01; ***, P � 0.001.
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developing increased CSF viral load. Therefore, assuming CSF
viral load is a correlate of encephalitis (7, 68), the increase in
the number of circulating infected cells appears to occur after
the development of encephalitis. This suggests that the in-

creased infected CNS macrophages in lentiviral encephalitis
are not initiated by newly trafficked cells but are rather due to
infection of resident perivascular and parenchymal microglia.
Certainly the later spike in circulating infected cells may con-
tribute to the lethal encephalitis.

As with the ex vivo MDM cultures, all four macaques that
developed SIVE had nonadherent PBMCs containing CD4� T
cells that produced more virus ex vivo than did the SIV-in-
fected macaques that did not develop SIVE. The highest levels
of SIV production were observed during early or mid stages of
infection. It is surprising that peak virus production was not
seen at the time points immediately before death when the
immune response is ablated and the proportion of CD14�

CD16� blood monocytes is increased as a function of duration
of infection (8). However, decreased viral production from
nonadherent PBMC cultures was presumably due to the dras-
tic reduction in blood CD4� T cells during disease progression.
Since MDMs produce more virus during earlier stages of in-
fection, rather than prior to death when there are greater
numbers of circulating infected cells, it suggests that the ability
of cells to produce virus during earlier time points of infection
may be more important in the development of encephalitis.
Altogether, these data suggest there may be inherent differ-
ences in the abilities of individual macaque monocytes and T
cells to harbor virus and to produce virus during the course of
infection. More apparent, these data show the variability of
disease progression and the complexity of the relationship be-
tween circulating cells and the development of encephalitis.

Inguinal or axillary lymph node biopsies were performed
during the course of infection to analyze the number of in-
fected macrophages. In both macaques that did and did not
develop SIVE, there were few infected macrophages present in
lymph nodes at the time points analyzed. More surprising was
the small number of infected T cells observed at these time
points: less than 2 cells/field. High levels of infected cells are
generally seen in lymph nodes of rhesus macaques during
asymptomatic infection (49). In this study, the pigtailed ma-
caque lymph nodes might have experienced massive replica-
tion and cell death prior to the first lymph node biopsy. This
would be in agreement with the dramatic decrease in periph-
eral blood CD4� T cells seen by the first week after infection.
Neither macrophage nor T-cell infection of the lymph nodes
correlated with SIVE.

Macrophage infection at necropsy. Pigtailed macaques with
SIVE exhibited greater numbers of infected macrophages in all
peripheral organs (except lymph nodes) than did macaques
without SIVE. The number of infected T cells was also greater
in the liver of the macaques with SIVE than in those of SIV-
infected nonencephalitic macaques; however, there were few
infected T cells in other peripheral organs at necropsy. This
may simply reflect severe depletion of CD4� T cells in tissues
at the end stages of disease (45, 50, 58). It is surprising that the
number of infected macrophages in the lymph nodes did not
mirror the other organs given that the spleen (another second-
ary lymphoid tissue) showed abundant macrophage infection
in macaques with SIVE. Since most lymph nodes were de-
pleted and involuted by necropsy, it is possible that monocytes
were migrating to other organs. This suggests that the innate
ability of pigtailed macaque macrophages to produce virus in

FIG. 7. Pigtailed macaques with SIVE have more CD3� TIA-1� cells
in the CNS than macaques without encephalitis. For this analysis, we used
banked tissue from six macaques with SIVE and six nonencephalitic
SIV-infected macaques. Brain tissue obtained at necropsy was immuno-
stained for TIA-1 and CD3 and visualized by immunofluorescent confocal
microscopy. Observers enumerated the numbers of CD3� TIA-1� cells,
CD3� TIA-1� cells, and CD3� TIA-1� cells. Human brain tissues ob-
tained from autopsies of cases of HSVE, HIVE, HIV infection without
encephalitis (HIV), and WNVE were analyzed for comparison. (a) The
numbers of CD3� TIA-1� cells were significantly greater in macaques
with SIVE than in nonencephalitic SIV-infected macaques. However, the
numbers of CD3� TIA-1�, CD3� TIA-1�, and CD3� TIA-1� cells were
more abundant during HSVE than during SIVE and HIVE. *, P � 0.05.
(b) A perivascular cuff containing macrophages (green, CD68) abutted by
TIA-1� cells (red) from a macaque with SIVE. (c) Most CD3� cells in
macaques with SIVE are TIA-1�. Cells were stained for CD3 (red) and
TIA-1 (green), with yellow indicating colocalization of CD3 and TIA-1.
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the CNS and other organs is related to the development of
encephalitis.

Such dramatic differences in macrophage infection in pe-
ripheral organs were not observed in a group of eight rhesus
macaques treated with a CD8� T-cell-depleting antibody (9).
Paradoxically, in this other model, macaques that developed
encephalitis had fewer SIV-infected macrophages in the lung
and thymus at postmortem than did macaques that did not
develop encephalitis. It is possible that rhesus macaques
treated with a CD8� T-cell-depleting antibody have such rapid
disease progression that macrophage infection does not have
time to develop in every organ. This leaves unexplained why
the CNS would be the only organ to show increased macro-
phage infection in this model.

Immune response to macrophage infection. Few reports
have examined immune control of viral infected macrophages
in humans or macaques with lentiviral encephalitis (20, 30, 54,
55, 57, 61). Some have identified and described the distribution
of CD8� T cells in association with SIV lesions in the brain
(30), and the presence of NK cells has been observed by TIA-1
staining (54). We performed a survey of TIA-1� cells in the
brain. In macaques with SIVE, the number of T cells (CD3�

TIA-1�) with cytotoxic potential was significantly higher than
in SIV-infected macaques without encephalitis. It is likely that
the majority of these cells were CD8� T cells, since CD4� T
cells are rare in the brains of macaques with SIVE and only a
small fraction of CD4� cells are TIA-1�. The presence of T
cells with cytolytic potential in brains with SIVE indicates that
development of SIVE induces an immune response to control
CNS viral infection that is not present in the CNS of macaques
without SIVE. In the future, it will be necessary to determine
whether the local CNS immune response during asymptomatic
infection or in animals that do not develop SIVE is sufficient to
suppress viral production or whether development of enceph-
alitis is determined by factors outside of the CNS.

The number of T cells with cytolytic potential found in the
CNS during HSVE in humans shows that classical acute viral
encephalitides induce a much greater local T-cell response
than SIV and HIV lentiviral encephalitis and human WNVE.
Although HSVE can occur in patients with immunodeficien-
cies, most patients are immunologically intact, while WNVE,
HIVE, and SIVE only occur in immunosuppressed individuals.
It would be interesting to determine why the immune re-
sponses differ in magnitude in these different encephalitides.

Disrupted axons and beta-amyloid in SIVE. There are nu-
merous descriptions of AIDS patients with and without HIV-
related neuropathology as well as pre-AIDS patients showing
increased diffuse and focal APP staining compared to controls
in subcortical white matter (1, 2, 15, 23, 48, 59, 63). The
majority of reports find APP accumulation is not spatially
related to HIV-infected foci or prior diagnosis of HIV demen-
tia (23, 48, 63). However, one report found a correlation be-
tween APP and HIV p24 staining (42). Similarly, a study found
APP staining correlated with SIVgp41 staining and the pres-
ence of activated macrophages and microglias and cytotoxic T
lymphocytes (37). In this study, we found that some macaques
had small foci with moderately stronger somal APP staining,
suggesting altered axoplasmic transport limited to microglial
nodules, but these small foci were not abundant nor was there
substantial APP accumulation. The discrepancies in published

reports indicate that a number of factors such as length of
infection, age of the patient, prior CNS insults, and length of
the presence of lentiviral-infected brain macrophages can con-
tribute to accumulation of APP.

It has also been hypothesized that HIV infection may lead to
accelerated brain aging, contributing to neurodegenerative dis-
ease and dementia. Beta-amyloid accumulation increases with
age and is associated with Alzheimer’s disease. Reports con-
flict on whether there is increased beta-amyloid deposition in
HIV-infected patients. Prior to HAART, plaque deposition
was not found to increase in AIDS patients compared to levels
in age-matched controls (4, 22), except in 3 of 15 young AIDS
patients that showed focal perivascular and diffuse beta-amy-
loid staining (28). After HAART, it has been reported that
HAART may increase the presence of perivascular beta-amy-
loid plaques and neuronal soma and axonal processes (27),
while others have seen increased levels of hyperphosphory-
lated tau- but not premature beta-amyloid deposition (4). We
did not observe beta-amyloid staining in the midfrontal cortex
in macaques with or without encephalitis. This may be due to
the younger ages of the macaques, and premature deposition
of beta-amyloid may only occur in older individuals.

In this study we examined the relationship between periph-
eral SIV infection of monocytes/macrophages and the devel-
opment of encephalitis. Compared to macaques that did not
develop SIVE, the capability of MDMs and nonadherent PBMCs
to produce virus ex vivo was increased in macaques that de-
veloped SIVE. Prior to death, there was an increase in the
number of circulating PBMCs following a rise in CSF viral load
in macaques that developed encephalitis but not in nonen-
cephalitic macaques. Macaques with SIVE had more infected
macrophages in peripheral organs, with the important excep-
tion of lymph nodes. Brains from encephalitic macaques had
more T cells with cytotoxic potential than did brains from
nonencephalitic macaques; however, there were far fewer ac-
tivated immune cells in SIVE than in classic acute HSVE.
These results suggest that the inherent differences in host viral
production by monocytes/macrophages and T cells during the
course of infection and macrophages at the end stages of in-
fection are associated with the development of encephalitis.
Future studies will determine what host factors account for
these inherent differences.
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