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The histopathological hallmark of lentiviral-associated

encephalitis is an abundance of infected and activated

macrophages. Why a subset of infected hosts develops

lentiviral encephalitis and others do not is unknown.

Using a CD8� T-cell depletion model of simian immu-

nodeficiency virus (SIV)-infected rhesus macaques, we

examined the relationship between peripheral SIV in-

fection of monocytes/macrophages and the develop-

ment of encephalitis. At the same time that cerebral

spinal fluid viral load increased in macaques that devel-

oped encephalitis, we observed that monocyte-derived

macrophages from these macaques produced more vi-

rus than those from macaques that did not develop

encephalitis. However, during the course of infection,

the number of blood monocyte-associated SIV DNA cop-

ies did not distinguish macaques that developed simian

immunodeficiency virus encephalitis from macaques

that did not develop encephalitis. Paradoxically, in this

model, macaques that developed encephalitis had fewer

SIV-infected macrophages in lungs and thymus at post-

mortem than macaques that did not develop encepha-

litis. These findings suggest that inherent differences in

host monocyte viral production are related to develop-

ment of encephalitis. (Am J Pathol 2006, 168:1553–1569;

DOI: 10.2353/ajpath.2006.050240)

Approximately one of four immunosuppressed acquired

immune deficiency syndrome (AIDS) patients develop a

neurodegenerative disorder clinically characterized as

human immunodeficiency virus (HIV)-associated demen-

tia complex (HIVD).1 HIVD is a clinical syndrome associ-

ated with cognitive, motor, and behavioral deficits that

are thought to be mediated by diffuse neuronal damage

and loss. In the absence of opportunistic infections of the

central nervous system (CNS), HIV encephalitis (HIVE)

appears to be the pathological substrate for HIVD.2 The

pathological hallmarks of HIVE are microglial nodules,

multinucleated giant cells, and the presence of abundant

activated or HIV-infected macrophages.3 The pathogen-

esis of neuronal injury is unknown because there is little

evidence of convincing neuronal infection. Current hy-

potheses suggest a myriad of secreted products from

infected and activated macrophages that might interact

with neurons or activate astrocytes to initiate synaptic

damage followed by neuronal death.4–7

The simian immunodeficiency virus (SIV)-infected ma-

caque model shares numerous characteristics with hu-

man HIV infection including development of encephalitis

in a variable percentage of infected macaques (�25%).

Factor(s) determining whether macaques develop simian

immunodeficiency virus encephalitis (SIVE) have not

been defined; however, incidence and speed of onset

(�6 to 36 months) vary with primate species and viral

strains.8–10 Macrophage-tropic SIV is the predominant

virus found in the CNS of macaques with SIVE.11,12 Abun-

dance of macrophage-tropic variants within the host is

necessary, but not sufficient, for development of enceph-

alitis.11,12 This suggests that either additional viral deter-

minants or host factors influence the ability of virus to

replicate in brain macrophages. Macaques that exhibit

rapid disease progression13 or low anti-SIV antibody titer

1 month after infection14 are more likely to develop en-
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cephalitis. Development of two macaque models that

have rapid disease progression are associated with in-

creased incidence of CNS disease (80 to 90%).15–17 One

model uses infection of pigtailed macaques with two viral

strains that results in immunosuppression and replication

in macrophages.15 The second model uses treatment of

rhesus macaques with an anti-CD8 antibody at the time

of infection, resulting in decreased control of viral repli-

cation because of depletion of CD8� T cells and natural

killer cells.16,17 These models suggest innate host factors

are important determinants of encephalitis. However, it is

still unclear why activated and infected macrophages are

abundant in the CNS of some lentiviral-infected hosts.

Because HIV and SIV can be recovered from the ce-

rebral spinal fluid (CSF) during the acute phase of infec-

tion,18–25 it is possible that virus enters the brain and

establishes either a chronic active or a latent infection.

Most studies suggest that CNS infection is suppressed

while the host has an intact immune response. Both HIV

DNA26–28 and SIV DNA29 are present at low levels in

brain tissue from asymptomatic individuals. This leaves

open the possibility that late stage encephalitis may re-

sult from activation of latent CNS virus seeded at the time

of primary infection or may result from newly trafficked

virus entering the brain within infected macrophages.

It has been reported that the incidence and severity of

HIVD30–34 and HIVE have decreased since the advent of

highly active anti-retroviral therapy.35 Because highly active

anti-retroviral therapy is usually not administered during

primary infection, a decrease in incidence of HIVE in indi-

viduals on highly active anti-retroviral therapy suggests that

suppression of plasma viremia decreases the incidence of

encephalitis. Furthermore, infected macrophages in the

brains of HIV- and SIV-encephalitic individuals are predom-

inantly distributed in perivascular areas suggesting recent

entry.36,37 These observations suggest that development of

HIVE may be the result of new virus entering the CNS;

however, it is unclear whether these recently entered mac-

rophages were infected before entering the brain or be-

came infected on entering the brain. Because disruption of

the physical blood brain barrier is a late event, cell-free

plasma virus is unlikely to enter the CNS but rather virus

probably enters the CNS within monocytic elements (Trojan

horse theory).38,39

It has been theorized that development of encephalitis

may be because of increased trafficking of HIV-infected

monocytes.40,41 Infection of circulating CD4� T cells has

been studied extensively in both HIV and SIV,42–44 but

much less is known regarding infection of circulating

monocytes. To begin to understand the role of monocyte

infection outside of the CNS during the development of

SIVE, it is necessary to longitudinally compare infection of

circulating monocytes with the systemic parameters

of disease progression and the presence or absence

of SIVE at necropsy. We sought to determine whether

monocyte/macrophage elements from macaques that

develop SIVE harbor more productive infection than ma-

caques that do not develop encephalitis. Using the CD8�

T-cell depletion model, we addressed the following ques-

tions with the aim to examine the relationship between

peripheral SIV infection of macrophages and the devel-

opment of SIV encephalitis. Do macaques that develop

encephalitis have more circulating infected monocytes or

do their monocytes produce more virus after differentia-

tion into macrophages? Is robust macrophage infection

unique to the brain or present throughout the body?

Materials and Methods

Animals

Rhesus macaques (Macaca mulatta) were housed and

maintained according to American Association of Labo-

ratory Animal Care standards. Macaque information is

described in Table 1. Ten rhesus macaques were treated

with CD8-depleting antibody17 at �3, 0, and 4 days after

infection. Depletion of CD8� T cells was confirmed by

flow cytometry. At day 0, macaques were inoculated with

SIVDeltaB670 viral swarm by intravenous injection. Ma-

caques were observed daily for clinical signs of anorexia,

weight loss, lethargy, or diarrhea. Two of the macaques

were humanely sacrificed at 2 and 4 weeks after infection

before onset of clinical signs. The eight remaining ma-

caques were euthanized on development of AIDS. A

macaque was considered to have AIDS when SIV infec-

tion had progressed to the end stage and was nonre-

sponsive to treatment as determined by clinical observa-

tions (eg, increased body temperature, sustained weight

loss of 20% or greater, anorexia, increased lymph node

size and splenomegaly, changes in activity, diarrhea un-

responsive to treatment, opportunistic infections, and

changes in general condition), peripheral blood analysis

(eg, complete blood cell counts/differentials), and T-cell

subset changes. Animals moribund with AIDS were eu-

thanized. Ages of the macaques ranged from 22 to 46

months (age at time of necropsy). Complete necropsies

were performed after humane sacrifice.

Cell Counts

Whole peripheral blood samples obtained from SIV-in-

fected macaques at �3, 0, 4, 7, and 14 days after infec-

tion and every 2 weeks thereafter were incubated

with fluorochrome-conjugated monoclonal antibodies

for 30 minutes at 4°C. For CD4� and CD8� T-cell count

determination, 100 �l of blood was stained with PerCP-

conjugated anti-CD4 (clone L200; BD Biosciences

Pharmingen, San Diego, CA), fluorescein isothiocy-

anate-conjugated anti-CD3 (clone FN18; Biosource, Ca-

marillo, CA), and phycoerythrin-conjugated anti-CD8

(clone DK25; DakoCytomation; Carpinteria, CA). For

CD4�CD29� T cells, 100 �l of blood was stained with

PerCP-conjugated anti-CD4, fluorescein isothiocyanate-

conjugated anti-CD3, and phycoerythrin-conjugated anti-

CD29 (clone 4B4LDC9LDH8; Beckman Coulter, Hialeah,

FL). For monocyte count determination, 100 �l of blood

was stained with fluorescein isothiocyanate-conjugated

anti-CD14 (clone RM052; Beckman Coulter). Red blood

cells were lysed using 2 ml of Vitalyse (BioE, Inc., St.

Paul, MN) for 30 minutes at room temperature. Cell sus-

pensions were centrifuged and washed with phosphate-
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buffered saline (PBS) containing 4% fetal bovine serum.

Cell suspensions were centrifuged and resuspended in

PBS containing 1% paraformaldehyde. The percentages

of CD8�/CD3�, CD4�/CD3�, CD4�/CD3�/CD29�, and

CD14� cells were determined on an XL2 flow cytometer

(Beckman Coulter). Absolute cell numbers were calcu-

lated by multiplying the percentage of cells by the abso-

lute lymphocyte or monocyte counts obtained from blood

differential cell counts as previously described.45

CD8 Depletion

The cMT-807 mAb was obtained from Dr. Keith A.

Reimann through the National Institutes of Health Na-

tional Center for Research Resources. Ten rhesus ma-

caques were treated with anti-CD8 monoclonal antibody

cM-T807 as previously described.17 Briefly, 3 days be-

fore inoculation with SIVDeltaB670, each macaque was

administered 10 mg/kg of cM-T807 subcutaneously. On

days 0 and 4 after infection, each macaque was admin-

istered 5 mg/kg of cM-T807 through intravenous

injection.

Tissue

Blood samples were obtained immediately before infec-

tion and after infection on days 3, 7, 14, 21, and 28 and

every 2 weeks thereafter. CSF draws were attempted

every 2 weeks after infection. CSF was aliquoted and

stored at �80°C. Brains were removed immediately after

euthanasia and processed for analysis. With the excep-

tion of M141, that died unexpectedly, all macaques were

perfused with saline before necropsy. Regional samples

were cut from the left hemisphere, snap-frozen, and

stored at �80°C. The right hemisphere was fixed in 10%

buffered formalin (Fisher Scientific, Pittsburgh, PA). Coro-

nal sections were made, and tissue blocks were paraffin-

embedded. Six-�m sections were made for histopatho-

logical analysis. Portions of liver, lung, small bowel,

thymus, spleen, and spinal cord were removed immedi-

ately after euthanasia and fixed in 10% buffered formalin.

Sections of each organ were made, and tissue blocks

were paraffin-embedded. Six-�m sections were made for

histopathological analysis.

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 hema-

toxylin and eosin. SIVE was empirically defined as the

presence of microglial nodules, multinucleated giant

cells, and profuse perivascular mononuclear infiltrates.

The morphological distribution and abundance of mac-

rophage/microglia and SIV-infected cells was assessed

using a monoclonal antibody against macrophage/micro-

glia-associated protein CD68 (clone KP1; DakoCytoma-

tion) and a polyclonal antibody against the SIV envelope

gp110 (generously provides by Dr. Kelly Stefano Cole

and Dr. Ron Montelaro, University of Pittsburgh, Pitts-

burgh, PA), respectively. Three of the ten macaques

showed histological findings of SIVE. The remaining

seven macaques did not show histopathological features

of SIVE. However, some of the macaques showed rare

perivascular infiltrates with three of the nonencephalitic

macaques showing histological signs of meningitis

(Table 1).

Table 1. Rhesus Macaque Age, Sex, Infection Parameters, and Neuropathological and Clinical Diagnosis

Macaque
number

Age
(months) Sex

CD8
depletion

(wpi)

Disease at
time of

sacrifice

Length of
infection
(days)*

Neuropathological
diagnosis Clinical diagnosis

SIV encephalitis M139 34 M Yes AIDS 56 SIVE, meningitis,
SIV myelitis

Open-mouth breathing;
anorexia; diarrhea

M140 46 M Yes AIDS 56 SIVE, SIV myelitis Anorexia, diarrhea
M144 39 M Yes AIDS 101 SIVE, SIV myelitis Bloody nose; lethargic;

difficulty breathing

SIV without encephalitis M141 22 M Yes AIDS 69 NPC Diarrhea
M135 34 M Yes AIDS 80 Leukoencephalitis,‡

meningitis
Scrotal and facial

edema
M158 23 M Yes AIDS 81 Meningitis Anorexia, diarrhea
M145 45 M Yes AIDS 192 NPC Lymphadenopathy
M147 41 M Yes AIDS 192 NPC Lymphadenopathy

SIV without encephalitis M154 32 M Yes Asymptomatic 16 Choroid plexitis Ataxic
Timed sacrifice† M152 39 M Yes Asymptomatic 30 Meningitis, choroid

plexitis
Diarrhea

Noninfected controls M405 na M No NA NA Control NA
M421 66 F No NA NA Control NA

wpi, weeks post-infection; NA, not applicable; na, not available; NPC, no pathological changes.
*A macaque is considered to have AIDS when progressing to the end stages of SIV infection as determined by clinical observations, peripheral

blood analysis, and T-cell subset changes. See Materials and Methods for detailed description.
†The two macaques that were sacrificed before developing AIDS were not included in the statistical analyses or displayed in graphs unless noted.
‡This macaque had a mild, focal leukoencephalitis that was not positive for SIV.
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Quantitation of SIV RNA in Plasma and CSF

Virions from either 1 ml of plasma or 500 �l of CSF were

pelleted by centrifugation at 16,000 � g or 23,586 � g for

1 hour. Total RNA was extracted from the virus pellet

using Trizol (Invitrogen, Carlsbad, CA). Real-time reverse

transcriptase-polymerase chain reaction (PCR) was per-

formed with 20 �l of each RNA sample as previously

described.46 Primers and probes were specific for the

SIV U5/LTR region.

SIV DNA Quantitation

Peripheral blood mononuclear cells (PBMCs) were iso-

lated by density gradient using lymphocyte separation

medium (Mediatech, Inc., Herndon, VA). PBMCs (107)

were incubated with CD14 microbeads (Miltenyi Biotec,

Bergisch Gladbach, Germany). Magnetic separation was

performed using MiniMACS separator with MS columns

(Miltenyi Biotec) according to the manufacturer’s recom-

mendations. Purified monocytes were obtained from the

positive fraction. Purity was evaluated by incubating a

portion of the positive fraction with fluorescein isothiocya-

nate-conjugated anti-human CD14 (clone RM052; Beck-

man Coulter) and phycoerythrin-conjugated anti-human

CD3 (clone FN18; Biosource) followed by analysis using

an EPICS XL-2 flow cytometer (Beckman Coulter). Purity

ranged from 95 to 98%. Cells were pelleted at 14,000 rpm

for 1 minute and frozen. DNA was isolated from thawed

samples using Qiagen DNA blood mini kit (Qiagen, Va-

lencia, CA) and resuspended in 50 �l of water. The total

amount of DNA was measured using the NanoDrop ND-

1000 spectrophotometer (NanoDrop Technologies, Wil-

mington, DE).

Quantitation of cell-associated DNA was performed by

real-time PCR in a Prism 7700 (Applied Biosystems, Fos-

ter City, CA). The PCR reaction was performed in tripli-

cate adding 47 �l of a PCR master mix containing 5.5

mmol/L MgCl2, 1� PCR buffer A (Applied Biosystems),

300 mmol/L of each dNTP, 400 nmol/L of each primer,

and 200 nmol/L of probe to 3 �l of each sample in a

96-well plate. The primers and probe used were de-

scribed previously.46,47 To generate a standard 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 (no. 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 number of SIV

DNA copies from CD14� monocytes/ml blood.

Ex Vivo Cultures to Assess p27 Production

PBMCs were isolated from whole blood by Ficoll-Paque

(Amersham Biosciences). For monocyte-derived macro-

phage (MDM) cultures, 3 � 106 PBMCs were plated in

two-well Lab-Tek Permanox chamber slides (Nalge Nunc

Int., Rochester, NY) in AIM-V media (Invitrogen) supple-

mented with 20% fetal calf serum, 10 ng/ml monocyte

colony-stimulating factor (Sigma-Aldrich, St. Louis, MO),

and 10 ng/ml of granulocyte-monocyte colony-stimulat-

ing factor (Sigma-Aldrich). On day 4 of culture, chamber

slides were washed three times with sterile PBS to re-

move nonadherent cells and maintained in AIM-V sup-

plemented with 20% fetal calf serum. Complete media

changes were performed at 7, 10, and 14 days after

incubation. Virus production was measured on day 14

supernatants using the SIV core antigen enzyme-linked

immunosorbent assay kit (Beckman Coulter) according

to the manufacturer’s recommendations. The MDMs in

the chamber slides were washed three times with PBS

and fixed with 4% paraformaldehyde. To assess the pu-

rity and infection of MDM cultures, slides were immun-

ofluorescently stained for macrophages as described for

formalin-fixed paraffin-embedded tissue.46 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 containing L-glu-

tamine (Invitrogen) supplemented with 10% fetal calf se-

rum, 40 U/ml recombinant human interleukin-2 (IL-2)

(Roche Diagnostics Corp., Indianapolis, IN), and 5 �g/ml

of phytohemagglutinin-L (Roche Diagnostics Corp.). On

day 4, phytohemagglutinin-L was removed by washing

the cells in RPMI 1640 containing L-glutamine supple-

mented with 10% fetal calf serum and 40 U/ml IL-2.

Complete media changes were performed at 7, 10, and

14 days after incubation. Cells were maintained at a

concentration of 1 � 106 cells/ml. Virus production was

measured on day 14 culture supernatants using the SIV

core antigen enzyme-linked immunosorbent assay kit

(Beckman Coulter) according to the manufacturer’s

recommendations.

Immunofluorescent Histochemistry

Paraffin sections containing neocortical gray matter,

basal ganglia, and hippocampus were stained for mac-

rophage-associated lysosomal marker CD68, SIV enve-

lope protein SIVgp110, microtubule-associated protein-2

(MAP-2) (SMI 52; Sternberger Monoclonals Inc., Luther-

ville, MD), synaptophysin (SY 38; DakoCytomation), or

glial fibrillary acidic protein (GFAP) (6F2; DakoCytoma-

tion) and detected with fluorogen tags as described pre-

viously.46 Double-label immunofluorescence stains using

antibodies from the same species were performed using

tyramide signal amplification (Perkin-Elmer Life and An-

alytical Sciences, Boston, MA) for one of the labels.48

For triple-label immunofluorescence, double-label im-

munofluorescence staining without tyramide amplifica-

tion was performed first, followed by incubation with a

directly conjugated fluorescent monoclonal antibody.

GFAP mouse monoclonal antibodies were conjugated

with Alexa Fluor 555 using Zenon tricolor mouse IgG1

labeling kit (Molecular Probes, Eugene, OR) according to

the manufacturer’s recommendations. The double-la-

beled immunofluorescent slides were incubated with the

conjugated antibody for 2 hours at room temperature.
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Slides were washed in 0.5% Tween-20 buffer followed by

PBS and fixed in 4% formaldehyde in PBS for 15 minutes

at room temperature. Slides were mounted in gelvatol.49

Double-label immunofluorescence was performed on

paraffin sections of liver, lung, small bowel, thymus,

spleen, and spinal cord to assess the number of SIV-

infected T cells and macrophages. Staining of the organs

was performed as described for brain. A polyclonal an-

tibody (DakoCytomation) or monoclonal antibody (CD3–

12; Abcam, Cambridge, MA) against CD3 was used to

visualize T cells. The following monoclonal antibodies

against macrophage markers were used to determine the

identity of SIVgp110� cells that did not co-label with

CD68 or CD3: HLA-DR (DK22; DakoCytomation), HAM56

(HAM56; DakoCytomation), and CD163 (Ber-MAC3;

DakoCytomation).

Laser Confocal Microscopy Quantification

Quantification of immunofluorescent staining was per-

formed as described previously.46,50 Regions of ma-

caque brains containing neocortical frontal gray matter,

basal ganglia (caudate and putamen), and hippocampus

were identified on slides immunofluorescently stained

with antibodies to MAP-2, CD68, or synaptophysin. The

regions of interest were analyzed by laser confocal mi-

croscopy (LSM 510; Zeiss, Jena, Germany). The illumi-

nation was provided by argon (458, 477, 488, 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 cap-

tured and analyzed with LSM 510 3.2 software (Zeiss).

Each brain region from every 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 photomultiplier tube settings for each

wavelength were kept constant for each macaque spec-

imen. The number of pixels (area) and the intensity of

staining [mean fluorescent intensity (MFI)] emitted by

each signal were enumerated using a constant threshold

that minimized signal because of autofluorescence. The

MFI was multiplied by the area stained to measure the

total staining for each label in the scanned area. The total

staining value (MFI * area) enumerated from the average

of 10 scanned areas in a brain region represents a mea-

sure of the label in that brain region.

SIV-Infected Cell Counting in Organ Tissue

Slides with sections of liver, lung, small bowel, thymus,

spleen, and spinal cord were immunofluorescently

stained with antibodies to CD68 and SIVgp110 or CD3

and SIVgp110. Digital images were captured using the

LSM 510 3.2 software (Zeiss). Each organ from every

macaque was randomly scanned by an individual

blinded to the status of the macaques in 10 microscopic

areas (�40) encompassing 106,100 �m2. Scanning pa-

rameters such as laser power aperture, gain, and photo-

multiplier tube settings for each wavelength were kept

constant for each macaque specimen. Three blinded

reviewers enumerated the number of double-labeled

cells (CD68�SIVgp110� or CD3�SIVgp110�) and sin-

gle-labeled SIV� cells. The three values from each ob-

server were averaged to represent the number of in-

fected cells in that organ area.

Statistical Analyses

Data were analyzed using Prism 4.0b software (GraphPad

Software, Inc., San Diego, CA). We compared each sepa-

rate variable in two independent, unpaired groups using

two-tailed Mann-Whitney tests for nonparametric indepen-

dent comparisons with 95% confidence intervals. Data were

analyzed comparing macaques with SIVE to macaques

without encephalitis at each time point rather than compar-

ing the longitudinal trend within the same group. Because

two macaques were experimentally sacrificed before devel-

oping symptoms that required humane sacrifice, they were

not included in statistical analyses comparing macaques

with SIVE to macaques without encephalitis.

Results

CD8 Depletion of SIV-Infected Macaques

Led to Rapid Progression and SIVE in

Three Macaques

Table 1 summarizes clinical and pathological data from

10 SIV-infected and two noninfected rhesus macaques

followed in this study. Two of the ten SIV-infected ma-

caques were sacrificed at predetermined time points

while they were asymptomatic. These macaques were

not included in the statistical analyses, and data were

displayed only where noted. The brainstem of one of

these macaques (M154) had been accidentally nicked

by a needle during a CSF draw. Interestingly, based on

immunohistochemical staining, the numerous infiltrating

macrophages were not infected with SIV. Inflammation

was observed in the choroid plexus of each of the time-

sacrificed macaques at necropsy. In M152, there were

SIV-infected macrophages in the inflamed choroid

plexus. The remaining eight macaques were euthanized

on development of clinical AIDS. Three of the eight (38%)

macaques developed SIVE (Figure 1). Three other ma-

caques developed meningitis without encephalitis. One

macaque (M135) had a mild, focal leukoencephalitis, but

this was not classified as SIVE because there were no

SIV-infected cells present on immunohistochemical

evaluation.

As expected with CD8 depletion, survival time after

infection was short for all macaques that developed

AIDS (range, 56 to 192 days; mean, 103.4 days; me-

dian, 80.5 days). If rapid progression is defined as

death from AIDS within 200 days of infection,13 then all

eight CD8-depleted macaques were rapid progres-

sors. The average survival time for macaques that

developed SIVE (mean, 71 days; median, 56 days) was

shorter than macaques that did not develop SIVE

Macrophage Infection in SIV Encephalitis 1557
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(mean, 122.8 days; median, 81 days), but this was not

statistically significant (P � 0.48).

Monoclonal antibody against CD8 administered

around the time of infection effectively reduced circu-

lating CD8� T cells to �97% (0 to 14 days after infec-

tion) and �85% (21 to 28 days after infection) of pre-

infection levels (Figure 2b). CD8�/CD3� cells were

also depleted during this time period (data not shown).

Surprisingly, macaques that developed SIVE regained

circulating CD8� T cells sooner than macaques that

did not develop encephalitis at 2 weeks after infection

(P � 0.05), although they never reached preinfection

levels during the course of infection (Figure 2b). Pre-

vious studies treating macaques with the same CD8-

depleting antibody or an irrelevant antibody showed

preservation of function in other arms of the immune

system.16,17 General immune activation was not ob-

served in noninfected macaques treated with the CD8-

depleting antibody. As noted in these previous studies,

histological evaluation of lymph node biopsies did not

demonstrate evidence of pathological changes asso-

ciated with antibody treatment.

Peripheral Blood CD4�CD29� T-Helper Cells

Diminished Earlier in Macaques that Developed

SIVE

The average absolute CD4� T-cell and monocyte counts

between macaques with and without encephalitis were sim-

ilar (Figure 2, a and c). Preinfection average CD4� T-cell

counts were lower in macaques that developed SIVE (Fig-

ure 2a), but in this small number of animals this difference

was not statistically significant. The same trend was ob-

served with average preinfection CD8� T-cell counts (Fig-

ure 2b). The peripheral CD4�CD29� T-cell subset declined

from days 4 to 14 after infection (mean of 24.4 to 3.3%;

median of 22.5 to 0%) in macaques that developed en-

cephalitis, whereas macaques that did not develop en-

cephalitis had a less dramatic decline (mean of 32.8 to

22%; median of 31.3 to 18.7%) (Figure 2d). The difference

in mean percentage of CD4�CD29� T cells between ma-

caques that did and did not develop encephalitis ap-

proached statistical significance (P � 0.067) at 2 weeks

after infection.

Figure 1. Triple-label immunofluorescent staining for macrophage marker CD68 (green, Alexa 488), SIV envelope protein (red, Cy5), and astrocyte marker GFAP
(blue, Alexa Fluor 555) shows infected macrophages in a microglial nodule from a CD8� T-cell-depleted rhesus macaque with SIVE (macaque M139). Yellow
indicates co-localization of CD68 and SIV. Aqua would show co-localization of SIV and GFAP, however no productively infected astrocytes were detected. Scale
bar, 20 �m.
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Plasma Viremia Was Greater at 1 and 3 Weeks

after Infection in Macaques that

Developed SIVE

Plasma viremia in all CD8-depleted macaques was high

(Figure 3a). In macaques that developed encephalitis,

mean/median plasma viremia was 1.5 orders of magnitude

higher at 1 and 3 weeks after infection compared to SIV-

infected macaques that did not develop encephalitis (P �

0.05). The two macaques that survived for 192 days (M145

and M147) suppressed plasma viremia at 6 weeks after

infection (1 to 2 log drop in plasma viremia), whereas all

other macaques exhibited unsuppressed plasma viremia

throughout the course of infection.

CSF of Macaques that Developed SIVE

Contained More SIV RNA Beginning at 6 to 8

Weeks after Infection

CSF viral load was similar in all macaques during the first

4 weeks after infection (Figure 3b). Between 6 and 8

weeks after infection, macaques that developed enceph-

alitis showed higher mean/median CSF SIV RNA copies/

ml. By 8 weeks after infection, CSF viral loads in ma-

caques that developed SIVE were two orders of

magnitude higher than macaques that did not develop

encephalitis. Median CSF SIV RNA viral loads were two

orders of magnitude higher in macaques that developed

SIVE at the time of death (Figure 3c).

Monocyte-Associated SIV DNA Did Not

Distinguish Macaques that Developed SIVE

from Those that Did Not Develop Encephalitis

The infection of monocyte/macrophage elements outside

of the brain was compared between macaques that de-

veloped SIVE and macaques that did not develop en-

cephalitis. The number of SIV DNA copies associated

with CD14� blood monocytes was assessed every 2

weeks after infection in each macaque. For all macaques,

the number of SIV DNA copies in monocytes varied from

0 to 1974 SIV DNA copies/ml blood (Figure 4, a and b).

One macaque (M145) that did not develop encephalitis

did not have any detectable monocyte-associated SIV

DNA. Two of the three macaques that developed SIVE

Figure 2. Longitudinal peripheral blood counts for CD4� lymphocytes (a), CD8�

lymphocytes (b), and monocytes (c) of eight CD8-depleted rhesus macaques in-
fected with SIV/DeltaB670. Based on histological findings, macaques were retro-
spectively classified at postmortem for presence of SIV encephalitis. CD4� and
CD8� lymphocyte profiles of animals that did or did not develop encephalitis were
similar; however, peripheral blood CD4�CD29� T-helper lymphocytes (d) de-
creased at 2 weeks after infection in macaques that developed encephalitis. Ma-
caques that developed encephalitis had lower average white blood cell counts
before infection or CD8 depletion. a: Peripheral blood absolute CD4� lymphocyte
counts decreased throughout the course of infection. Median peripheral blood
absolute CD4� lymphocyte counts for the three macaques with SIVE are shown in
black and the five macaques without encephalitis are shown in gray. b: Peripheral
blood CD8� lymphocytes were suppressed for 2 to 4 weeks in macaques admin-
istered cM-T807 during primary infection. Median peripheral blood absolute CD8�

lymphocyte counts for the threemacaqueswith SIVE are shown inblack and the five
macaques without encephalitis are shown in gray. The asterisk at day 14 after
infection indicates a statistically significant difference in the peripheral blood abso-
lute CD8� lymphocyte count between macaques with and without encephalitis.
*P � 0.05. All other time points are not statistically different. c: Peripheral blood
absolute monocyte counts were not statistically different between macaques with
and without encephalitis. Median peripheral blood absolute monocyte counts for
the three macaques with SIVE are shown in black and the five macaques without
encephalitis are shown in gray. d: Peripheral blood CD4�CD29� T-helper lympho-
cytes decreased earlier in macaques that developed SIVE. Median percentage of
peripheral blood T-helper lymphocytes (% CD4�CD29�/total % CD4� cells) for the
three macaques with SIVE are shown in black and the five macaques without
encephalitis are shown in gray.
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(M139 and M144) had higher peak numbers of SIV DNA

copies in CD14� monocytes at 6 and 8 weeks after

infection than macaques that did not develop SIVE (Fig-

ure 4a); however, one macaque that did not develop

encephalitis (M158) had comparable monocyte-associ-

ated SIV DNA levels as macaques that developed SIVE at

2 and 10 weeks after infection.

Ex Vivo SIV p27 Production from Monocyte-

Derived Macrophages of Macaques that

Developed SIVE Was Higher than Macaques

that Did Not Develop Encephalitis at 4 Weeks

after Infection

The ability of infected monocytes to replicate virus was

assessed ex vivo. Cultured monocyte-derived macro-

phages were monitored for SIV p27 production every other

week after infection to assess viral production in each ma-

caque. Adherent peripheral blood MDMs of macaques that

developed encephalitis produced more p27 ex vivo than did

MDMs of macaques that did not develop encephalitis (Fig-

ure 4, c and d). This difference was observed within 4 to 8

weeks of infection. Peak SIV p27 production of MDMs from

macaques that developed SIVE was threefold to fivefold

greater than macaques that did not develop SIVE (Figure

4c). To control for potential variability in the number of

monocytes plated in each culture, the p27 values were

normalized to the number of input monocytes. Normaliza-

tion showed the same trend and statistical differences (data

not shown). Figure 4e shows a representative MDM culture

used to assess p27 production. Rare noninfected T cells

were occasionally observed; however, all infected cells in

these cultures were macrophages. Separate nonadherent

PBMC cultures were also monitored for viral production. At

2 weeks after infection, SIV p27 production in nonadherent

PBMC cultures (ie, cultures with CD4� T cells) was higher in

two macaques that developed encephalitis than macaques

that did not develop encephalitis (Figure 4f); however, after

2 weeks there was no difference in PBMC viral production

between macaques that did or did not develop encephalitis

(Figure 4g).

At Necropsy, Macaques with SIVE Had More

SIV-Infected Cells in Small Bowel and Spinal

Cord but Less SIV-Infected Cells in Lung and

Thymus than Macaques without Encephalitis

The number of SIV-infected macrophages and SIV-in-

fected T cells in the liver, lung, small bowel, spinal cord,

spleen, and thymus at the time of necropsy were com-

pared between macaques with and without encephalitis.

Formalin-fixed paraffin-embedded tissue was fluores-

cently immunostained for macrophages (CD68), T cells

(CD3), and virus (SIVgp110). Three observers enumer-

ated the number of infected macrophages (CD68�/SIV�

cells), infected T cells (CD3�/SIV�cells), and SIV-in-

fected cells that did not co-localize with CD68 or CD3

(CD3�/SIV� and CD68�/SIV� cells). Figure 5 shows rep-

Figure 3. SIV RNA of eight CD8-depleted rhesus macaques infected with
SIV/DeltaB670. Based on histological findings, macaques were retrospec-
tively classified at necropsy for presence of SIV encephalitis. Plasma viral
load (a) in macaques that developed encephalitis was significantly higher
at 1 and 3 weeks after infection compared to macaques that did not
develop encephalitis. Between 6 and 8 weeks after infection, higher CSF
viral load (b) distinguishes macaques that developed encephalitis from
macaques that did not develop encephalitis. a: Median longitudinal
plasma SIV RNA for the three macaques with SIVE are shown in black and
the five macaques without encephalitis are shown in gray. Plasma SIV
RNA of macaques that developed encephalitis was significantly higher
than macaques without encephalitis at 1 and 3 weeks after infection. *P �

0.05. b: Median longitudinal CSF SIV RNA for the three macaques with
SIVE are shown in black and the five macaques without encephalitis are
shown in gray. CSF SIV RNA of macaques that developed encephalitis was
higher than macaques without encephalitis throughout the length of
infection, especially during the end stages of infection. Because of un-
available CSF samples, statistical analyses could not be completed for all
time points. c: Median CSF SIV RNA for macaques with SIVE (black) and
macaques without encephalitis (gray) in weeks before death. Macaques
that develop SIVE have more virus in CSF than macaques that do not
develop encephalitis in the weeks leading up to death.
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resentative fields used to enumerate the number of SIV-

infected macrophages and CD3� T cells in the spinal

cord, lung, and thymus (Figure 6). Although many SIV-

infected cells in the tissues did not co-label with either

CD3 or CD68, of those cells that did double label for SIV

and cell-lineage antigens, macrophages were the most

common tissue-based infected cell.

SIV-infected cells that did not co-label with CD3 or CD68

had a cytomorphology of macrophages with abundant cy-

toplasm. In an attempt to identify the origin of these cells, we

examined sections of lung from a macaque that had several

unidentified SIV-infected cells by staining with macrophage

markers HLA-DR, HAM56, and CD163 (data not shown).

The SIV-infected cells in the lung were mostly located in the

stroma (Figure 5G). Of this array of macrophage markers,

CD68 identified the most SIV-infected cells; however, many

SIV-infected cells did not co-label with these markers. Not

surprisingly, SIV encephalitic macaques had more abun-

dant SIV-infected cells in the spinal cord than macaques

without encephalitis (Figure 5, A and B; Figure 6d). How-

ever, in other organs (ie, lung and thymus) macaques with-

out encephalitis had more infected cells than encephalitic

macaques (Figure 5, C–H; Figure 6, b and f).

The Number of SIV-Infected Cells in

Longitudinal Lymph Node Biopsies Did Not

Distinguish Macaques that Developed SIVE

from Those that Did Not Develop SIVE

The number of SIV-infected macrophages and SIV-in-

fected T cells were also enumerated in lymph node bi-

opsies throughout the course of infection. Two of the

three macaques that developed SIVE had more CD68�/

SIV� cells in lymph nodes at 6 weeks after infection than

macaques that did not develop encephalitis (data not

shown). At 4 weeks after infection, lymph nodes in most

Figure 4. Analysis of blood monocyte SIV DNA and SIV p27 production in MDMs and nonadherent PBMCs from CD8� T-cell-depleted rhesus macaques during
SIV/DeltaB670 infection. Based on histological findings, macaques were retrospectively classified at necropsy for presence of SIV encephalitis. a: Peak number
of SIV DNA copies/ml blood in CD14� blood monocytes. Each square represents peak number of SIV DNA copies during the course of infection from individual
macaques with SIVE (red) and macaques without encephalitis (blue). b: The number of SIV DNA copies was assessed in CD14� blood monocytes isolated by
magnetic bead separation every 2 weeks after infection from macaques with SIVE (red) and macaques without encephalitis (blue). There was a peak in SIV DNA
in CD14� monocytes in two of the three macaques with SIVE from 2 to 8 weeks after infection and one of five macaques without encephalitis at 2 and 10 weeks
after infection. Regardless of the development of encephalitis, all but one macaque (no. 145) had detectable SIV DNA in CD14� blood monocytes at least one
time during infection. c: Peak SIV p27 production of MDMs (adherent PBMCs) cultured ex vivo. Each square represents peak p27 production of MDMs during
the course of infection from individual macaques with SIVE (red) and macaques without encephalitis (blue). d: During the course of infection, p27 production
of MDMs (adherent PBMCs) cultured ex vivo for 14 days showed that the three macaques with SIVE (red) produce more p27 in culture than the five macaques
without encephalitis (blue). This graph shows p27 values from MDMs of each macaque every 2 weeks after infection. SIV p27 production peaked in macaques
that developed SIVE for one or two consecutive time points measured between 4 to 8 weeks after infection. Average p27 production in MDMs from macaques
that developed encephalitis was significantly higher than macaques without encephalitis at 4 weeks after infection, *P � 0.05. Because macaques 152 and 154
were experimentally sacrificed, they were not included in statistical analysis. e: Representative image of MDM cultures that were assayed for SIV p27 production
by enzyme-linked immunosorbent assay. The culture was immunostained for CD68 (top left, blue, Cy5), SIVgp110 (top right, red, Cy3), and CD3 (bottom left,
green, Alexa 488) and visualized by triple-label immunofluorescent laser confocal microscopy. An overlay of the three preceding images is shown in the bottom
right. Purple shows co-localization of MDMs and SIVgp110. f: Peak SIV p27 production of nonadherent PBMCs cultured ex vivo. Each square represents peak
p27 production of nonadherent PBMCs during the course of infection from individual macaques with SIVE (red) and macaques without encephalitis (blue). g:
Longitudinal p27 production of nonadherent PBMCs cultured ex vivo for 14 days shows that two of three macaques with SIVE (red) produce more p27 in culture
than the five macaques without encephalitis (blue) at week 2 after infection. Because of unavailable PBMC samples, statistical analyses could not be completed
for week 2 after infection. Because macaques 152 and 154 were experimentally sacrificed, they were not included in statistical analysis. Scale bar, 50 �m.
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macaques had an increase in SIV-infected cells (CD3�/

SIV� and CD3�/CD68�/SIV� cells) regardless of devel-

opment of encephalitis. At death, few SIV-infected cells

were present in lymph nodes.

Macaques with SIVE Showed More Abundant

CD68 Staining in Cortical Regions than

Macaques without Encephalitis

All brain regions of macaques with SIVE showed in-

creased CD68 macrophage staining compared to nonin-

fected macaques. The greatest fold increase in CD68

staining was seen in the CA1 and CA4 regions of the

hippocampus (�11,000- and 10,000-fold, respectively)

(Figure 7c). Frontal cortical gray and white matter also

exhibited 29- and 25-fold increased CD68 staining, re-

spectively, compared to noninfected macaques (P �

0.001). Increased CD68 staining was also significantly

higher in the hippocampus and frontal cortical gray mat-

ter of macaques with SIVE compared to macaques with-

out encephalitis. Macaques with SIVE showed greater

CD68 staining in the basal ganglia compared to nonin-

fected macaques; however, the increase did not achieve

statistical significance.

Macaques with SIVE Showed Less Abundant

Postsynaptic Proteins but Not Presynaptic

Proteins than Macaques without Encephalitis

To determine whether postsynaptic and presynaptic

damage was present in CD8-depleted macaques with

and without encephalitis, quantification of postsynaptic

Figure 5. Double-label immunofluorescent staining for macrophage marker CD68 or T-cell marker CD3 and SIV envelope protein shows macaques with SIVE
have more infected macrophages in the spinal cord but less infected macrophages in the thymus and lung than macaques without encephalitis. Images such as
these were used to count the number of infected macrophages and T cells for tabulation in Figure 6. A–D, F, and G: Small images on the left illustrate individual
channels for CD68 (red, Cy5) and SIVgp110 (green, Alexa 488). The large image on the right shows a merged image of the red and green channel with yellow
indicating co-localization of CD68 and SIVgp110. E and H: Small images on the left illustrate individual channels for CD3 (red, Cy5) and SIVgp110 (green, Alexa
488). The large image on the right shows a merged image of the red and green channel with yellow indicating co-localization of CD3 and SIVgp110. A: A
histological section of spinal cord from a macaque with SIVE (M139). Macrophages are the predominant SIV-infected cell with rare noninfected T cells. B: A
histological section of spinal cord from a macaque without encephalitis (M158). Macrophages are less abundant and not infected with SIV. C: A histological section
of thymus from a macaque with SIVE (M144). There are few SIV-infected cells and less macrophages than in macaques without encephalitis. D and E: Histological
sections of thymus from a macaque without encephalitis (M135). Some of the infected cells in the thymus of macaques without encephalitis were macrophages,
fewer were T cells, but the majority of SIV-infected cells did not co-label with either CD68 or CD3. F–H: Histological sections of lung from a macaque without
encephalitis (M135) (G and H) and a macaque with SIVE (M139) (F). Some of the infected cells in the lung of macaques without encephalitis were macrophages,
but the majority of cells did not co-label with either CD68 or CD3. Macaques with SIVE had few SIV-infected cells in their lungs. Scale bars, 20 �m.
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protein MAP-2 and presynaptic protein synaptophysin

(SYN) was performed in gray matter. Average MAP-2

staining in frontal cortical gray matter and basal gan-

glia was 44% and 57% lower in macaques with SIVE

compared to controls (P � 0.001 and 0.05, re-

spectively) (Figure 7a). Average MAP-2 staining in the

CA4 region of the hippocampus and frontal cortical

gray matter was 69% and 71% lower in macaques

with SIVE than noninfected macaques (P � 0.01

and P � 0.001, respectively) (Figure 7a). Maca-

ques without encephalitis exhibited lower staining for

MAP-2 in the CA4 region of the hippocampus and

frontal cortical gray matter, but the decrease did not

achieve statistical significance. Average presynaptic

synaptophysin staining in the CA4 region of the hip-

pocampus, frontal cortical gray matter, and basal

ganglia was similar in macaques with and without en-

cephalitis and noninfected macaques (Figure 7b). Ma-

caques with SIVE exhibited a significant increase

in synaptophysin staining in the CA1 region of the

hippocampus compared to noninfected macaques

(P � 0.05).

Figure 6. Necropsy survey of the number of infected macrophages and T lymphocytes observed in peripheral organs from eight CD8-depleted rhesus
macaques infected with SIV/DeltaB670. Based on histological findings, macaques were retrospectively classified at postmortem for presence of SIV
encephalitis. Each organ 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� cells), infected T cells (CD3�/SIV�cells), and SIV-infected cells that did
not co-label with CD68 or CD3 (CD3�/SIV� and CD68�/SIV� cells). The black bars represent the mean number of infected cells enumerated for each
group (each dot represents the enumeration from an individual field). Macaques with SIVE show more SIV-infected cells in the small bowel and spinal
cord but less SIV-infected cells in the lung and thymus than macaques without encephalitis. Many organs have SIV-infected cells that do not co-label with
CD3 or CD68. Macrophages are the most common SIV-infected cells in these organs. a: Liver. Median number of infected T cells and macrophages per field
in the liver was similar in macaques with and without encephalitis. b: Lung. The median number of infected macrophages and infected cells that did not
label with CD68 or CD3 was higher in macaques without encephalitis compared to macaques with SIVE. c: Small bowel. Median number of infected cells
that did not label with CD3 or CD68 was statistically significantly higher in macaques with SIVE compared to macaques without encephalitis. d: Spinal cord.
Median number of infected macrophages and infected cells that did not label with CD3 or CD68 was statistically significantly higher in macaques with SIVE
compared to macaques without encephalitis. e: Spleen. Median number of infected T cells and macrophages per field in the spleen was similar in macaques
with and without encephalitis. f: Thymus. The median number of infected macrophages and infected cells that did not label with CD3 was statistically
significantly higher in macaques without encephalitis compared to macaques with SIVE. *P � 0.05, **P � 0.01, ***P � 0.001.
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Discussion

Correlates of SIVE

We examined the development of lentiviral encephalitis

using a CD8� T-cell-depleted SIV-infected rhesus ma-

caque model. Some previously published correlates of

development of lentiviral encephalitis include: elevated

CSF viral loads after acute infection,51 rapid disease

progression,13,14 elevated CSF monocyte chemotactic

protein (MCP)-1 concentrations,52,53 and low anti-SIV an-

tibody titer at 1 month after infection.14 It has been pro-

posed that CSF viral loads that exceed 106 copies/ml

might be a surrogate marker for high viral loads in the

brain.54 In this study, we examined the relationship be-

tween peripheral SIV infection of monocytes/macro-

phages and the development of encephalitis with the

goal of determining whether macrophage infection is

unique to the CNS in animals that develop encephalitis.

Features that Distinguished Macaques that

Developed SIVE from Those that Did Not

Develop Encephalitis

Our data suggest MDMs from macaques that developed

SIVE produced more virus ex vivo at 4 to 8 weeks after

infection. Limited volumes of blood are available from

macaques at each time point of infection, which neces-

sitates measurement of ex vivo viral production in single

cultures. Because the peak viral production of MDMs

from the three macaques that developed encephalitis

occurred at different time points after infection, a statis-

tical difference was only seen at 4 weeks after infection.

Therefore, comparison of peak viral production from ex

vivo cultured cells is more informative. However, with

limited blood volumes and variability between individual

macaques, it will be necessary to follow more macaques

during the course of infection to confirm whether MDMs

from macaques that develop encephalitis are able to

produce more virus than macaques that do not develop

SIVE. Because there are several time points in which viral

production can be measured from MDM cultures but not

nonadherent PBMC cultures containing lymphocytes, we

are confident that the monocytes were not infected in

culture by virus derived from peripheral blood lympho-

cytes. Although there was no observable or statistical

difference in SIV p27 production in nonadherent PBMC

cultures containing CD4� T cells, SIV production was

increased in two of the macaques in the SIVE group at 2

and 6 weeks after infection. This opens the possibility that

development of SIVE could be associated with the mag-

nitude of total viral production rather than number of

circulating infected monocytes. Differential capability of

replicating virus during development of SIVE suggests an

inherent difference in the ability of individual host mono-

cytes to become infected and/or to produce virus.

In our study, macaques that developed SIVE had

unsuppressed plasma viremia after 6 weeks of infec-

tion and significantly higher plasma viremia at 1 and 3

weeks after infection compared to macaques that did

Figure 7. Analysis of post- and presynaptic proteins and macrophages in the
brains of eight CD8-depleted rhesus macaques infected with SIV/DeltaB670 at
necropsy. Based on histological findings, macaques were retrospectively classi-
fied postmortem as having SIV encephalitis (enc), without encephalitis (no enc),
or noninfected controls (con). Each indicated brain region was immunostained
for MAP-2 (a), synaptophysin (b), and CD68 (c) and visualized by immunoflu-
orescent confocal microscopy. Ten microscopic fields in each brain region were
quantified for each animal and marker. MFI multiplied by the number of pixels
(area) covered by fluorescence was quantified in each brain region using
immunofluorescent confocal laser microscopy as described in Materials and
Methods. For the basal ganglia region, average MFI and pixels for MAP-2 and
synaptophysin were compared to macaques without encephalitis and reported
as average MFI* area because of limited availability of basal ganglia tissue from
noninfected macaques. The black bars represent the median number of in-
fected cells enumerated for each group, whereas each dot represents the
enumeration from an individual field. Macaques with SIVE showed less postsyn-
aptic protein (MAP-2 staining) but not presynaptic protein (synaptophysin stain-
ing) in cortical regions than macaques without encephalitis. Macaques with SIVE
showed more CD68 staining in cortical regions than macaques without enceph-
alitis. a: MAP-2. MAP-2, postsynaptic protein, staining is decreased in the brains
of macaques with SIVE. b: Synaptophysin, presynaptic protein, staining is similar
in the brains of macaques with and without encephalitis. c: CD68. CD68, a
macrophage/microglia-associated protein, staining is significantly increased in
the brain regions of macaques with SIVE. * P � 0.05, **P � 0.01, ***P � 0.001.
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not develop SIVE. However, the relationship between

high plasma viremia and development of encephalitis

is unclear. Some studies have found no correlation

between plasma viremia and SIVE,51,55 whereas other

studies reported 62% of macaques with elevated anti-

genemia had SIVE, when only 9% without elevated

antigenemia developed SIVE.8 We do not believe that

the increased plasma viremia is due to increased

blood monocyte production of virus for a number of

reasons. First, although blood monocytes do harbor

evidence of multiply spliced mRNA indicating ongoing

HIV replication,56 before differentiation into macro-

phages blood monocytes are not active producers of

virus in vitro.57– 60 Second, although we see increased

viral production from adherent cells (macrophages) of

macaques with SIVE, the amount of virus the mono-

cytes are producing cannot account for extremely high

plasma viremia. Third, activated CD4� T cells found in

peripheral tissues and tissue macrophages are

thought to be the source of plasma viremia.61 In our

study, host ability to suppress plasma viral replication

6 weeks after infection was independent of CD8 recon-

stitution and predictive of longer survival and protec-

tion from developing encephalitis. This suggests non-

CD8-dependent mechanisms might contribute

important control of monocyte viral replication and host

survival.

CSF viral load was persistently elevated in macaques

that developed encephalitis as previously reported by

others.51,55 This highlights a potential difference between

the CD8� T-cell-depleted rapid progression simian

model and human disease. In HIV infection, virus can be

isolated from the CSF during acute infection62; however,

during asymptomatic phases CSF viral load is low. After

the development of AIDS, some HIV-infected individuals

develop HIVE associated with increased CSF viral

load.25,54,63 The persistent elevated CSF viral load and

severity of CNS disease observed in CD8� T-cell-de-

pleted macaques might indicate SIVE develops at early

stages of disease rather than at late stages as seen in

humans. Interestingly, CSF viral load increased during

the same time periods after infection (4 to 8 weeks after

infection) as ex vivo production was increased in cultured

MDMs in macaques that developed SIVE. Further studies

are needed to determine whether this association is in-

dicative of the time period when encephalitis develops.

Although absolute CD4� T-cell counts were not pre-

dictors of encephalitis, the CD4�CD29� subset of CD4�

T cells declined more rapidly in macaques that devel-

oped SIVE compared to macaques that did not develop

encephalitis. CD29 (�1 integrin) is part of a heterodimer

that binds to vascular cell adhesion molecule-1 (VCAM-1)

that is expressed on activated endothelial cells.64 Be-

cause expression of CD29 is associated with an acti-

vated phenotype,65 macaques that develop encephalitis

might selectively lose activated CD4� T cells. Selective

loss of this subset of T cells has been shown to be

associated with rapid disease progression, another cor-

relate of SIVE.45,66–68

Factors that Did Not Distinguish Macaques that

Developed SIVE from Those that Did Not

Develop Encephalitis

In this study, CD8� T-cell depletion at the time of infection

led to encephalitis in 38% of the macaques that

progressed to AIDS. This percentage is similar to non-

CD8� T-cell-depleted macaques.8,13 Williams and col-

leagues69,70 have found a higher incidence of encepha-

litis in macaques that remain CD8 depleted for longer

than 28 days. In our study, CD8� T cells began to reap-

pear in circulation 2 to 3 weeks after depletion. It would

have been expected that macaques that regained CD8�

T cells sooner would suppress viral replication more ef-

ficiently and delay disease progression, but surprisingly,

the opposite was observed, macaques that developed

SIVE regained CD8� T cells sooner than macaques that

did not develop encephalitis. This might be explained by

differences in CD8� T-cell function or possible differ-

ences in the re-emergence of natural killer cells depleted

by anti-CD8 antibody treatment. Finally, other mecha-

nisms of viral suppression might be important determi-

nants of encephalitis.

As previous reports13,46 have shown no correlation

between CD4� T-cell count dynamics and development

of encephalitis, these CD8� T-cell-depleted rhesus ma-

caques also did not show any relationship between total

CD4� T-cell and monocyte counts and the development

of encephalitis. The numbers of SIV DNA copies in

CD14� blood monocytes were not consistently higher in

macaques that developed SIVE compared to macaques

that did not develop SIVE. Although two of the three

macaques had higher monocyte-associated SIV DNA at

two time points during infection, one macaque that did

not develop SIVE had equivalent monocyte-associated

SIV DNA at two other time points. Higher loads of mono-

cyte-associated DNA did not translate to increased viral

production from ex vivo MDMs in animals that did not

develop SIVE. Williams and colleagues70 observed peak

monocyte-associated SIV DNA in CD8� T-cell-depleted

macaques between 7 and 14 days after infection. Al-

though this analysis did not distinguish macaques with

and without encephalitis, it is possible assessing mono-

cyte-associated SIV DNA earlier in infection or in subsets

of CD14�/CD16� cells may better predict development

of encephalitis. These data suggest host factors (such as

APOBEC family members,71,72 mutant MCP-1 alleles,73

and TRIM-5alpha74) may be more important during the

development of encephalitis than the number of circulat-

ing infected monocytes.

Unexpectedly we did not observe a clear relationship

between systemic macrophage infection and CNS infec-

tion. We initially hypothesized that infected macrophages

in other solid organs would correlate with development of

encephalitis as reported previously in two animals.75 Be-

cause both lentiviral encephalitis and lentiviral pneumo-

nitis are associated with replication in macrophages,76 it

is thought that there might be a connection between

development of SIV encephalitis and SIV pneumonia. As

with previous reports,77 we examined the cell lineage of
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infected cells in necropsy tissue. In our small study, the

lung, thymus, and lymph nodes at week 6 after infection

had greater numbers of SIV-infected macrophages in

macaques without encephalitis compared to macaques

with SIVE. This suggests that development of encephali-

tis in this model is not associated with a general increase

in the number of infected macrophages throughout the

body. Few infected CD3� T cells were observed in any

organ including secondary lymphoid tissue. This may

simply reflect severe depletion of CD4� T cells in tissues

at the end stages of disease.78–80

A large number of SIV-infected cells that did not co-

label with either T-cell marker (CD3) or macrophage

marker (CD68) were observed in all tissues. The lineage

of the non-double-labeled cells is unknown. Although we

favor the interpretation that these infected cells are unla-

beled macrophages or lymphocytes, other tissue cells

(eg, astrocytes) have been proposed to be infected.81–88

Within the CNS of these macaques, we have been unable

to co-localize SIV antigen with neuroglial markers. It is

possible that infected cells might down-regulate cell-

lineage proteins, complicating immunodetection. Be-

cause many of these infected cells have the morpholog-

ical appearance of macrophages, an array of antibodies

against macrophage proteins was tested to determine

whether other markers (HLA-DR, HAM56, and CD163)

would better identify the lineage of the SIV-infected cells;

however, CD68 remained the best marker. Interestingly,

we do not observe this technical difficulty in tissues from

SIV-infected pigtailed macaques (unpublished observa-

tions). Because infected cells may assume aberrant mor-

phology, other probes will be needed to identify the

lineage of these infected cells. Alternatively, although

unlikely, cell tropism may expand in CD8-depleted

macaques.

By chance, the macaque with an accidental needle

nick in the brain stem during a routine CSF draw was

time-sacrificed at 16 days after infection. This animal had

1.9 � 108 RNA copies/ml plasma. It is remarkable that

this 3-day-old breech in the blood brain barrier did not

lead to a robust infection of the infiltrating macrophages.

This unplanned experiment implies that some innate im-

munity is preserved at early stages precluding infection

of receptive host cells in the host brain. Although an

isolated incident, it hints that development of CNS infec-

tion depends on factors other than blood-brain barrier

defects, high plasma viremia, and lack of CD8� T cells.

Presynaptic and postsynaptic damage have been re-

ported during HIVE.89–93 Compared to macaques with-

out encephalitis, macaques with SIVE had significantly

lower postsynaptic proteins (MAP-2) in midfrontal cortical

gray matter and basal ganglia as we have observed

previously.46 Because macaques with encephalitis had

short survival times, this suggests that primary postsyn-

aptic damage occurs quickly. Macaques without en-

cephalitis also had decreased MAP-2 staining in hip-

pocampus and frontal cortical gray matter raising the

question whether a robust systemic infection may con-

tribute to postsynaptic damage. Staining for presynaptic

protein (synaptophysin) was paradoxically increased in

the hippocampus and cortical gray matter of macaques

with SIVE compared to noninfected macaques. It is pos-

sible that presynaptic proteins may increase in SIVE as a

temporary response to acute neuronal damage (eg, peri-

neuronal net disturbance with formation of aberrant

synapses94).

In this study we focused on the relationship between

peripheral SIV infection of monocytes/macrophages and

the development of encephalitis. At the same time that

CSF viral load increased in macaques that developed

encephalitis, we observed that viral replication in MDMs

from macaques that eventually developed SIVE pro-

duced more virus than macaques that did not develop

encephalitis independent of CD4� and CD8� T-cell

counts. However, the number of blood monocyte-associ-

ated SIV DNA copies did not distinguish macaques that

developed SIVE from those that did not develop enceph-

alitis. Paradoxically, macaques that did not develop en-

cephalitis had more SIV-infected macrophages in the

lungs and thymus than macaques with SIVE. This sug-

gests that there may be inherent differences in the ability

of individual host monocytes to become productively in-

fected or produce virus in animals that develop SIVE.

Future studies will be needed to elucidate whether mono-

cytes from macaques that develop SIVE have greater

susceptibility to be infected, produce virus, or traffic into

the brain.
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