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Human immunodeficiency virus encephalitis causes

dementia in acquired immune deficiency syndrome

patients. Using proteomic analysis of postmortem ce-

rebrospinal fluid (CSF) and brain tissue from the sim-

ian immunodeficiency virus primate model, we dem-

onstrate here a specific increase in YKL-40 that was

tightly associated with lentiviral encephalitis. Longi-

tudinal analysis of CSF from simian immunodefi-

ciency virus-infected pigtailed macaques showed an

increase in YKL-40 concentration 2 to 8 weeks before

death from encephalitis. This increase in YKL-40 cor-

related with an increase in CSF viral load; it may

therefore represent a biomarker for the development

of encephalitis. Analysis of banked human CSF from

human immunodeficiency virus-infected patients

also demonstrated a correlation between YKL-40 con-

centration and CSF viral load. In vitro studies demon-

strated increased YKL-40 expression and secretion by

macrophages and microglia but not by neurons or

astrocytes. We found that YKL40 displaced extracellu-

lar matrix-bound basic fibroblast growth factor

(bFGF) as well as inhibited the mitogenic activity of

both fibroblast growth factor receptor 1-expressing

BaF3 cells and bFGF-induced axonal branching in hip-

pocampal cultures. Taken together, these findings

demonstrate that during lentiviral encephalitis,

YKL-40 may interfere with the biological activity of

bFGF and potentially of other heparin-binding

growth factors and chemokines that can affect neuro-

nal function or survival. (Am J Pathol 2008, 173:130–143;

DOI: 10.2353/ajpath.2008.080045)

Human immunodeficiency virus (HIV)-1-associated de-

mentia [acquired immune deficiency syndrome (AIDS)

dementia complex] is marked by deficits in motor control,

cognition, and behavior.1 At autopsy, AIDS patients with

dementia exhibit neuropathological changes including

infiltration of mononuclear cells as shown by abundance

of perivascular macrophages and microglial nodules,

glial cell activation, loss of synaptic integrity, and loss of

select neuronal populations consistent with HIV enceph-

alitis (HIVE).2,3 The pathogenesis of HIVE is not fully

understood. One possible mechanism of neurodegen-

eration is that the neuroinflammatory cascade initiated by

infiltrating monocytes disrupts the neuronal extracellular

matrix (ECM) that normally provides physical support as

well as a repository of growth and survival factors.4 To

elucidate mechanisms leading to neurodegeneration in

lentiviral encephalitis, we used mass spectrometry-

based proteomics to identify proteins that are differen-

tially expressed in the cerebrospinal fluid (CSF) of simian

immunodeficiency virus (SIV)-infected macaques that do

or do not develop encephalitis. Among the proteins that

showed differential up-regulation in the CSF of SIVE

cases was YKL-40. It is not known which cell types syn-

thesize and release YKL-40 protein within the central
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nervous system (CNS) or what role YKL-40 may play in

the neuropathogenesis of SIVE.

YKL-40 (HC-gp39, chitinase 3-like protein 1, CHI3L1,

gp38k) is a member of the glycosyl hydrolase family 18

that lacks hydrolytic activity. From crystallographic anal-

ysis, YKL-40 has a carbohydrate-binding groove that can

bind long or short oligosaccharides and it is speculated

that it can also bind short chito-oligosacharides used as

primers for the synthesis of hyaluronic acid. Although

YKL-40 contains a consensus motif for heparin binding,

there is no conclusive evidence that heparin binds to this

site. The less sulfated heparan sulfates are more likely to

bind to the oligosaccharide-binding groove of YKL-40.5

Recently, YKL-40 was found to bind to types I, II, and III

collagen in an interaction that required recognition of the

collagen triple helix.6

YKL-40 is expressed and released by chondrocytes,

synovial cells, neutrophils, and macrophages in late

stages of differentiation. YKL-40 is up-regulated in in-

flamed tissue in ulcerative colitis, Crohn’s disease, rheuma-

toid arthritis, osteoarthritis, scleroderma, and liver cirrhosis,

as well as in cancers like melanoma, glioblastoma, and

myeloid leukemia.7,8 The physiological role of YKL-40 is not

clear, and the receptor through which it exerts its biological

activity is not known. It has been shown to stimulate growth

of chondrocytes, synoviocytes, and fibroblasts through ac-

tivation of ERK and Akt signaling, promote adhesion and

migration of vascular endothelial cells, increase proteogly-

can synthesis in chondrocytes, inhibit cellular responses to

tumor necrosis factor-� and interleukin (IL)-1� in fibroblasts,

and suppress the cytokine-induced secretion of matrix met-

alloproteinases 1, 3, and 13.9–12

Here, we report the identification of YKL-40 as a bi-

omarker for SIVE. We show that YKL-40 is found in asso-

ciation with microglial nodules in SIVE and that it can bind

to the ECM, modulating basic fibroblast growth factor

(bFGF) biological activity.

Materials and Methods

Reagents

Purified YKL-40 was purchased from Quidel (San Diego,

CA). Recombinant bFGF was purchased from R&D Sys-

tems (Minneapolis, MN) and iodinated bFGF was pur-

chased from Perkin Elmer (Waltham, MA). Low-molecular

weight heparin sodium salt from porcine intestinal mu-

cosa and all other chemicals and media were purchased

from Sigma (St. Louis, MO).

Animals

All animals were housed and maintained according to

strict standards of the Association for Assessment and

Accreditation of Laboratory Animal Care, and experi-

ments were approved by the University of Pittsburgh

Institutional Animal Care and Use Committee. Two

groups of six and seven pigtailed macaques (Macaca

nemestrina) varying in age from 74 to 93 months were

intravenously infected with SIVDeltaB670 viral swarm

(SIVdB670).13 The length of infection varied from 42 to

287 days. Tissue samples from the first group of six

macaques were available to measure YKL-40 before in-

fection and at necropsy. Tissue samples from the second

group of seven macaques were available to measure

YKL-40 kinetics in CSF and plasma and compare them to

viral load measurements. Plasma and CSF samples were

drawn every 2 weeks. Macaques were sacrificed when

moribund with AIDS or after 9 months of infection.

Quantitation of SIV and HIV RNA in CSF

Virions from 500 �l of CSF were pelleted by centrifuging

at 17,000 rpm for 1 hour. For SIV quantitation, total RNA

was extracted from the virus pellet using Trizol (Invitro-

gen, Carlsbad, CA). Real-time reverse transcriptase-

polymerase chain reaction (PCR) was performed with 20

�l of each RNA sample as previously described.14,15

Primers and probes were specific for the SIV U5/LTR

region. For HIV quantitation, HIV CSF quantitation was

performed as previously described.16

Surface-Enhanced Laser Desorption/Ionization

Time-of-Flight Mass Spectroscopy

(SELDI-TOF-MS)

Strong anion exchange surface Q10 ProteinChips (Ci-

phergen Biosystems, Inc., Palo Alto, CA) were equili-

brated with 100 mmol/L HEPES, pH 7.3 (titrated with

NH4OH). CSF samples from five SIVE macaques and

three SIV without encephalitis macaques were first con-

centrated and desalted via C4 ZipTips (Millipore Corpo-

ration, Billerica, MA) and eluted onto the spots of the Q10

ProteinChip arrays using 70% acetonitrile and 0.1% trif-

luoroacetic acid. The arrays were incubated and washed

in a ProteinChip bioprocessor (Ciphergen Biosystems,

Inc.) and allowed to dry. A solution of sinapic acid (Fluka,

Neu-Ulm, Germany) in 50% acetonitrile (ACN) and 0.3%

trifluoroacetic acid was then added to each spot at 40°C.

Spectra were acquired using the Ciphergen PBS IIC Chip

Reader (Ciphergen Biosystems, Inc.). Low-mass (2 to 20

kDa) time-of-flight spectra were generated by averaging

195 ionizations per spot with a laser intensity of 175 and

a detector sensitivity of 7, and high mass (20 to 160 kDa)

spectra were acquired by using a laser intensity of 182

and a detector sensitivity of 8. The spectra were cali-

brated using All-in-1 protein standard (Ciphergen Biosys-

tems, Inc.). Spectra were normalized using total ion cur-

rent, baseline subtraction, and a normalization coefficient

of 0.2. CSF samples were analyzed in duplicate within

each experiment, and a standard CSF sample was used

on each separate array to control for variability between

chips. All experiments were performed three times. Uni-

variate analysis was performed using the clustering fea-

ture of the ProteinChip software (Ciphergen Biosystems,

Inc.).
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Protein Identification by Mass Spectrometry

For anion exchange fractionation, pooled CSF (500 �l)

was diluted with 1 mol/L Tris-HCl at pH 9.0 and then

added by gravity flow to a Micro Bio-Spin chromatogra-

phy column (Bio-Rad, Hercules, CA) that had been equil-

ibrated with 50 mmol/L Tris-HCl at pH 9.0 and loaded with

a slurry of Q HyperD F matrix (Ciphergen Biosystems).

Fractions were collected with buffers containing 0.1%

OGP detergent at varying pH: pH 9.0 (20 mmol/L Tris-

HCl), pH 7.0 (50 mmol/L HEPES), pH 5.0 (100 mmol/L

sodium acetate), pH 4.0 (100 mmol/L sodium acetate),

and pH 3.0 (50 mmol/L sodium citrate). The column

was then washed with 33% isopropanol, 17% ACN,

and 0.1% trifluoroacetic acid to collect any proteins not

eluted by pH. To determine which fraction contains the

protein peak of interest, 2 �l of each fraction was

applied to both Q10 and NP20 ProteinChip arrays

(Ciphergen Biosystems) and analyzed by SELDI-

TOF-MS for the presence of the 38.2-kDa peak present

in SIVE animals.

To determine the protein identity of the 38.2-kDa mass

peak, proteins from the appropriate column fractions

were separated by sodium dodecyl sulfate-polyacrylam-

ide gel electrophoresis. Gel slices at �38 kDa were

washed with NH4HCO3 and 50% ACN and dried in a

speed vacuum. The gel pieces were incubated with 10

mmol/L dithiothreitol in 25 mmol/L NH4HCO3 at 56°C for 1

hour followed by 55 mmol/L iodoacetamide in 25 mmol/L

NH4HCO3 at room temperature for 45 minutes in the dark.

To dehydrate the protein, pellets were washed with 50

mmol/L NH4HCO3 followed by 25 mmol/L NH4HCO3 in

50% ACN and dried in a speed vacuum. The protein was

rehydrated with 12.5 ng/�l sequence grade trypsin (Pro-

mega, Madison, WI) in 25 mmol/L NH4HCO3 for 10 min-

utes on ice and incubated at 37°C overnight. The aque-

ous phase was transferred into a clean siliconized tube,

and the pellet was agitated with 50% ACN and 5% formic

acid for 20 to 30 minutes. The supernatant was dried in a

speed vacuum and resuspended in 50% high perfor-

mance liquid chromatography-grade H2O/50% ACN/

0.3% trifluoroacetic acid containing 4-hydroxy-�-cin-

namic acid. Tryptic digests were applied for peptide

sequencing using an Applied Biosystems 4700 proteom-

ics analyzer (Applied Biosystems Inc., Foster City, CA).

Peptide amino acid sequences were compared with

Mascot protein databases with a peptide mass tolerance

of �50 ppm to confirm protein identity.

YKL-40 Enzyme-Lined Immunosorbent Assay

(ELISA)

YKL-40 levels were determined, in duplicate, for all of the

CSF samples using the Metra YKL-40 ELISA kit from

Quidel according to the manufacturer’s protocol. Absor-

bance was measured using a microplate reader (Beck-

man Coulter, Fullerton, CA).

Protein Extraction from Brain Tissue and

Immunoblotting

Protein was extracted from 100 mg of middle frontal

cortex as described previously.17 In brief, samples were

homogenized in extraction buffer (25 mmol/L Hepes, 50

mmol/L NaCl, 5 mmol/L ethylenediaminetetraacetic acid,

pH 7.5) containing 10 �l/ml of Halt protease inhibitor

cocktail (Pierce Biotechnology, Inc., Rockford, IL) using a

Tissue-Tearor homogenizer (Biospec Products, Inc.,

Bartlesville, OK). Tissue extracts were centrifuged (two

times), supernatants collected, and protein quantified us-

ing Coomassie Plus protein assay reagent (Pierce). For

immunoblot analysis, 50 �g of protein from each sample

was separated on 16% Novex Tris-glycine gels (Invitro-

gen), transferred to polyvinylidene difluoride membranes

(Bio-Rad Laboratories), blocked with 5% milk or bovine

serum albumin (Fisher Scientific, Pittsburgh, PA) in phos-

phate-buffered saline (PBS) containing Tween 20 (Bio-

Rad), and then incubated with either anti-human chiti-

nase 3-like 1 (goat polyclonal, 1:50; R&D Systems) or

anti-�-actin (mouse monoclonal, 1:5000; Abcam, Cam-

bridge, MA). Membranes were washed and incubated

with species-specific secondary antibodies tagged with

horseradish peroxidase (Pierce). A signal was visualized

with a SuperSignal West Pico chemiluminescent sub-

strate system (Pierce).

Primary Cell Cultures

Macrophage cultures were obtained from human periph-

eral blood mononuclear cells isolated from HIV and hep-

atitis B sero-negative buffy coats obtained from the Cen-

tral Blood Bank (Pittsburgh, PA) using Cellgro

lymphocyte separation medium (Mediatech Inc., Hern-

don, VA).18 CD14-positive cells were isolated by positive

selection with magnetic beads conjugated to anti-CD14

(Miltenyi Biotech, Auburn, CA). Isolated monocytes were

cultured in plates coated with poly-D-lysine (20 �g/ml)

with the presence of M-CSF (100 ng/ml) for 7 days. More

than 95% of the cells were macrophages and stained for

CD68. Primary human embryonic mixed glial-neuronal

cultures were obtained from human fetal tissue collected

as per standards of the University of Pittsburgh ethics

and biosafety guidelines and established protocols.19 In

brief, brain tissues from week 18 embryos were incu-

bated with trypsin-ethylenediaminetetraacetic acid for 45

minutes. The tissue was triturated with a 10-ml pipette

followed by a 5-ml pipette and then passed through 100

�m, 70 �m, and 40 �m meshes. The cells were cultured

on Permanox chamber slides coated with 20 �g/ml of

poly-D-lysine or in flasks with Dulbecco’s modified Ea-

gle’s medium/F12 supplemented with 10% FBS (Hy-

Clone, Logan, UT). Microglia were separated from the

mixed glial-neuronal cultures by shaking the cultures on

an orbital shaker and collecting the detached cells. Pu-

rified astrocyte cultures were obtained by trypsinization

of the mixed glial-neuronal cultures followed by two

passages.
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Dissociated Primary Hippocampal Cultures

Neurons were cultured at low density from embryonic day

18 (E18) Sprague Dawley rat hippocampi, as previously

described.20 After 2 days in culture the cultures were

transferred from the feeder layer and grown in serum-free

N2.1 medium in the absence or presence of bFGF, hep-

arin, and YKL-40.

Immunohistochemistry

Formalin-fixed, paraffin-embedded sections were depar-

affinized in Histoclear (National Diagnostics, Atlanta, GA)

and rehydrated for 3 minutes in 100%, 95%, and 70%

alcohol followed by PBS. Endogenous peroxidase activity

was inactivated by immersing the section in 3% H2O2 for

20 minutes. Antigen unmasking was performed using

antigen retrieval citra solution (BioGenex, San Ramon,

CA). Tissue sections were blocked with protein blocking

agent (Thermo, Pittsburgh, PA) for 20 minutes. Tissue

cultures were fixed with 4% paraformaldehyde and su-

crose for 20 minutes. YKL-40 staining was performed

using goat anti-human chitinase 3-like antibody (1:1000,

R&D Systems) as primary antibody followed by mouse

anti-goat biotin-conjugated antibody (1:200; Jackson Im-

munoResearch Laboratories, West Grove, PA) and de-

tected by the tyramide amplification system (Perkin Elmer

Life Sciences, Boston, MA). For double-label immunoflu-

orescent antibodies: polyclonal rabbit anti-human GFAP

(1:500; DAKO, Carpinteria, CA), monoclonal mouse anti-

human MAP2 (1:1000; Sternberger Monoclonals, Inc.,

Lutherville, MD), and monoclonal mouse anti-human

CD68 (1:100, DAKO) were used at stated dilutions with-

out amplification. Dissociated primary hippocampal cul-

tures were stained with monoclonal anti-�-tubulin isotype

III (Sigma). All of the secondary antibodies were used

from Jackson Laboratories (Bar Harbor, ME). Slides were

mounted in gelvatol and analyzed by laser confocal mi-

croscopy (Carl Zeiss MicroImaging, Inc., Thornwood,

NY).

Dual in Situ Hybridization and

Immunohistochemistry

Antisense YKL-40 DNA templates containing the T7 pro-

moter were generated by RT-PCR from cDNA prepared

from primary pigtailed macaque primary macrophage

culture. Two probes were made from different regions of

the cDNA one corresponding to bases 19 to 241, forward

primer, 5�-TTATACGACTCACTATAGGGAGAAAACAGG-

CTTTGTGGTCCTG-3�; reverse primer, 3�-CTGTGAGAT-

GCCGTACGAGT-5�. The second probe was correspond-

ing to bases 429 to 673, forward primer, 5�-TTATACG-

ACTCACTATAGGGAGAACGGAGAGACAAGCAGCATT-

3�; reverse primer, 3�-AGTATCAGGGGACAAGGCTC-5�.

Sense probes were made by adding the T7 promoter

sequence to the reverse primers. 35S-labeled RNA

probes were generated using MAXIscript kit (Ambion,

Austin, TX). Sections from SIVE cases in paraffin blocks

were cut into serial sections of 6 �m, deparaffinated, and

processed for immunohistochemistry and then to in situ

hybridization as described previously.21

Preparation of Dishes Coated with ECM

Bovine corneal endothelial cells (American Type Culture

Collection, Manassas, VA) were maintained in high-glu-

cose Dulbecco’s modified Eagle’s medium supple-

mented with 10% fetal bovine serum. For ECM prepara-

tion, the cells were plated at a density of 5000 cells per

well in a 96-well plate in growth medium supplemented

with 5% dextran. When the culture reached confluency,

the cells were lysed with a solution containing 0.5% Triton

X-100, 20 mmol/L NH4OH in PBS for 3 minutes at room

temperature followed by four washes with PBS.22

YKL-40 Displacement of ECM-Bound 125I-bFGF

ECM was incubated with iodinated bFGF (80,000 cpm/

well, 3 hours, room temperature) in RPMI medium con-

taining 0.2% gelatin, and unbound bFGF was removed

by four washes with PBS containing 0.02% gelatin. The

ECM was then incubated (3 hours, 37°C, PBS containing

0.02% gelatin) with increasing concentrations of heparin,

bovine serum albumin, or YKL-40. Aliquots (0.25 ml) of

the incubation medium were counted in a �-counter to

determine the amount of released iodinated material. The

remaining ECM was washed twice. The percentage of

released 125I-bFGF was calculated from the total ECM-

associated radioactivity, solubilized with 1 mol/L NaOH,

and counted in a �-counter.22

FGFR1-Expressing Baf3 Cell Culture and

Mitogenic Assay

Suspension cultures of FGFR1a (IIIc)-expressing BaF3 cells

(a generous gift from professor D.M. Ornitz, Washington

University, St. Louis, MO) were maintained in RPMI 1640

medium (Sigma) supplemented with 10% newborn calf serum

(Sigma), 0.5 ng/ml murine recombinant IL-3 (Peprotech,

Rocky Hill, NJ), 2 mmol/L L-glutamine, penicillin-streptomycin,

50 nmol/L �-mercaptoethanol, and G418 (600 �g/ml).23

For the mitogenic assay, the cells were washed three

times with PBS and plated at a density of 30,000 cells per

well in a 96-well plate in growth medium without IL-3 with

the absence or presence of 5 ng/ml bFGF, 1 �g/ml hepa-

ran sulfate, and varying concentrations of YKL-40 for 48

hours. Heparan sulfate and YKL-40 were mixed and in-

cubated on ice for 1 hour before their addition. Prolifera-

tion of the cells was evaluated using Promega’s CellTiter

kit.24

Morphological Analysis

Cells (14 to 48) bearing neurites were selected randomly

in each group. Images were collected on an Olympus

IX-81 microscope (Olympus America Inc., Melville, NY)

equipped with a Hamamatsu C4742–98 charge-coupled

device camera (Hamamatsu Corporation, Bridgewater,

YKL-40, Biomarker of SIVE, Modulates bFGF 133
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NJ) and a Ludl motorized XYZ stage (LEP Ltd., Haw-

thorne, NY). To quantify axonal characteristic five se-

quential slices taken 0.5 �m apart through the midplane

of the axon were collected with a U plan S Apo 20 � 0.75

N.A. objective using SlideBook 4.1 Imaging software (In-

telligent Imaging Innovations, Inc., Denver, CO). A pro-

jection image was made of the image stack and the

reconstructed images were then delineated and the

threshold set. The number of axonal branch points per

neuron counted. Importantly, the person counting the

branch points was blind to the treatment conditions.

Statistical Analyses

A one-way analysis of variance with posthoc comparison

via Tukey’s honestly significant difference was used to

evaluate between group differences. In all cases, diag-

nostic statistics were used to confirm that the data were

normally distributed.

Results

Proteomic Mass Spectrometric Analysis

Identifies Increased YKL-40 in CSF of

Macaques with SIVE

In the past few years, researchers have used proteomic

analyses of CSF to discover specific biomarkers in neu-

rological diseases such as amyotrophic lateral sclero-

sis,25 multiple sclerosis,26 Alzheimer’s disease,27–29 or

primary brain tumors.30 Such biomarker discovery stud-

ies may reveal biochemical or cellular processes in-

volved in the neurodegenerative disease, and proteins

that may represent biomarkers for that disease. This in-

formation would be useful because diagnosing chronic

encephalitis induced by lentiviruses in human and non-

human macaques is particularly complicated by the sub-

tlety of early neurological signs and symptoms and the

potential for systemic immune compromise to manifest

neurological findings.

Recent studies examining CSF or monocyte-derived

macrophages from HIV-infected patients have found

spectral peak differences between demented and non-

demented individuals.31–33 However, these reports did

not determine the protein identities of the mass peaks of

interest. To discover additional proteins that may partic-

ipate in the pathogenesis of HIV/SIV-induced encephali-

tis, we performed mass spectrometry-based proteomics

of CSF samples from SIV-infected macaques with and

without encephalitis using SELDI-TOF-MS. We identified

4 spectral peaks that were exclusive to macaques with

encephalitis, 4 spectral peaks exclusive to macaques

without encephalitis, and 14 spectral peaks that were

increased or decreased in macaques with encephalitis

compared with nonencephalitic controls. One mass peak

of �38.2 kDa exhibited an approximate fivefold elevation

in relative peak intensity in SIVE versus SIV without en-

cephalitis (Figure 1). We enriched for this mass peak by ion

exchange chromatography and then determined its protein

identity by tryptic digestion and tandem mass spectrometry

(see Materials and Methods). Fifteen peptide fragments

representing this mass peak were identified as YKL-40 us-

ing the MASCOT search engine, providing 44% sequence

coverage for this protein and a Mowse probability score of

79 (data not shown). To validate the mass spectrometry

results, we performed both Western blot (Figure 2A) and

ELISA analysis (Figure 2B) of brain tissue and CSF from

SIVE, SIV without encephalitis, and noninfected control an-

imals using antibodies specific to YKL-40. These results

confirm the increased levels of YKL-40 protein in the CSF

and brain tissue of SIVE macaques.

YKL-40 Levels in the CSF of SIV-Infected

Pigtailed Macaques Correlates with the CSF

Viral Load and the Development of Encephalitis

Because we identified YKL-40 as differentially up-regu-

lated in CSF of necropsied macaques with SIVE, it was of

interest to determine the kinetics of YKL-40 in the CSF of

SIV-infected macaques especially because YKL-40 has

been reported to be elevated in inflammatory conditions

such as rheumatoid arthritis and osteoarthritis and acute

infectious conditions such as purulent meningitis and

pneumococcal bacteremia.34,35 A second group of

seven macaques were challenged with SIVDeltaB670 vi-

ral swarm, and plasma and CSF samples were drawn

every 2 weeks. CSF and plasma YKL-40 concentrations

were analyzed by ELISA and compared with the patho-

logical findings at necropsy. Noninfected macaques

have an average CSF concentration of 144 ng/ml YKL-40

(range, 66.2 to 222 ng/ml). Longitudinal analysis of

YKL-40 concentrations during the course of SIV infection

shows initially low levels of CSF YKL-40 (range, 204 to

365 ng/ml) followed by a rapid rise 2 to 8 weeks before

death in animals that show SIV encephalitis at necropsy

Figure 1. Comparison of mass spectra from CSF between SIV-infected
macaques with and without encephalitis using Q10 ProteinChips shows
differences in signal intensities of protein peaks. Representative spectral
peaks of SIV-infected macaque with encephalitis (SIVE) (top) and SIV-
infected macaque without encephalitis (SIV) (bottom). The x axis shows the
mass-to-charge (m/z) ratio in Da (36,000 to 40,000 Da), and the y axis shows
the relative abundance (peak intensities). A mass peak of 38,200 Da was
evident at significantly increased levels in SIVE macaques.
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(Figure 2C). At necropsy the encephalitic animals

showed elevated YKL-40 levels (median, 1465 ng/ml;

range, 1026 to 2662 ng/ml), whereas nonencephalitic

macaques had a median level of 215 ng/ml (range, 166 to

238 ng/ml) (Figure 2B). The increase in YKL-40 concen-

tration more than 500 ng/ml in the CSF preceded their

death from 2 to 8 weeks. Plasma YKL-40 levels do not

change throughout the course of infection indicating that

YKL-40 is specifically increased in the CNS and not a

general systemic phenomenon of infection (Figure 2D).

Similar results were obtained in CSF from HIV patients.

YKL-40 was higher in patients with HIV viral load higher

than 10,000 copies/ml (median, 1382 ng/ml; range, 156

to 3894 ng/ml) (Figure 2E) and there was a significant

elevation in CSF YKL-40 in HIV patients with HIVE versus

patients without encephalitis (Figure 2H). Within animals

that developed encephalitis, YKL-40 concentrations cor-

related with SIV CSF viral load (R2 value range � 0.7825

to 0.9698) (Table 1). The pooled analysis from four en-

cephalitis macaques also showed a correlation between

YKL-40 levels and CSF viral load (R2
� 0.772) (Figure 2F)

as opposed to the three nonencephalitic animals (R2
�

0.1296) (Figure 2G).

In Vitro YKL-40 Is Expressed in Microglia but

Not Astrocytes and Neurons

YKL-40 is released from a variety of cells in vitro, includ-

ing chondrocytes and synoviocytes isolated from rheu-

matoid arthritis patients, vascular smooth muscle cells,

macrophages in late stage of differentiation, activated

macrophages and neutrophils, as well as cancer cell

lines such as the osteosarcoma MG63. In vivo, YKL-40 is

released from macrophages and vascular smooth mus-

cle cells in atherosclerotic plaques, macrophages in in-

flamed synovial membranes, and peritumoral macro-

phages in small cell lung cancer, and is expressed in

many types of solid tumors.36 We are not aware of pre-

vious publications describing YKL-40 expression in cell

types of the CNS. To determine the cell types in the CNS

that express YKL-40, we used primary human fetal brain

cultures of mixed glial-neuronal cultures as well as iso-

lated astrocyte and microglia cultures stained with an

antibody against human YKL-40. As shown in Figure 3,

Table 1. CSF YKL-40 and Viral Load Correlates with SIVE
but Not SIV

Animal
no. Pathology

YKL-40/viral
load

correlation (R2)

Pooled YKL-40/viral
load

correlation (R2)

280 SIV 0.1746 0.02913
289 SIV 0.0312
292 SIV 0.4919
282 SIVE 0.8357 0.772
285 SIVE 0.9146
286 SIVE 0.9698
288 SIVE 0.7825

CSF YKL-40 and viral load of the encephalitic animals 282, 285,
286, and 288 were combined to create a pooled correlation with a
correlation coefficient of R2

� 0.02913. The nonencephalitic animals
280, 289, and 292 have a correlation coefficient of R2

� 0.772.

Figure 2. Longitudinal YKL-40 levels
in CSF and plasma from SIV-infected
pigtailed macaques. A: Western blot
analysis of YKL-40 and �-actin loading
control in midfrontal cortical gray mat-
ter from noninfected macaques (lanes
1 to 4) and macaques without (lanes 5
to 8) and with (lanes 9 to 12) SIVE. B:
CSF from noninfected, SIV-infected,
and SIV with encephalitis were ana-
lyzed for YKL-40 using the Metra
YKL-40 ELISA kit. CSF YKL-40 was sig-
nificantly higher in SIVE than SIV (P �

0.0002). Longitudinal CSF (C) and
plasma (D) samples were drawn every 2
weeks and analyzed for YKL-40 ELISA.
E: CSF from HIV-infected patients cate-
gorized on the basis of CSF HIV RNA
copies was analyzed for YKL-40 by
ELISA. CSF YKL-40 was significantly
higher in patients with viral load higher
than 10,000 copies/ml than patients with
lower copies/ml (P � 0.0003). Correla-
tion between CSF YKL-40 levels and CSF
viral load in SIVE (F) and SIV (G) was
quantitated as described in the Materials
and Methods. H: CSF YKL-40 correlation
with HIVE pathology.
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YKL-40 co-localizes with the microglia/macrophage

marker CD68, and not in neurons or astrocytes denoted

by MAP2 or GFAP, respectively. Because YKL-40 is a

released protein, we further confirmed the results by

measuring YKL-40 levels in the culture medium. Primary

human macrophage cultures were used as positive con-

trols. Primary microglia cultures express and secret low

levels of YKL-40 into the culture medium; however, treat-

ment with lipopolysaccharide does not induce changes

in secretion (Figures 4 and 5). Cultured astrocytes do not

express or secrete YKL-40, nor do they secrete YKL-40

when activated with DBcAMP (Figure 4).

In Vivo YKL-40 Is Deposited Around Astrocytes

in the Vicinity of Microglial Nodules in SIVE and

HIVE

To determine the cellular distribution of YKL-40 in the CNS,

tissue sections from encephalitic monkeys and HIVE pa-

tients were immunostained with antibodies against YKL-40,

CD68, and GFAP. As shown in Figures 6 and 7, YKL-40

staining was found surrounding astrocytes in the vicinity of

microglial nodules and in the cytoplasm of perivascular

macrophages. Surprisingly, YKL-40 was distributed as a

cloud around activated astrocyte cell bodies (Figure 8; and

supplemental movie, see http://ajp.amjpathol.org). YKL-40

staining was not detected in the macrophages in the nod-

ules. To determine the cellular source of YKL-40 we per-

formed in situ hybridization. Figure 9 shows that YKL-40

mRNA co-localizes with CD68 staining, indicating that mi-

croglia/macrophages are the main source of YKL-40.

YKL-40 Induces bFGF Release from ECM and

Inhibition of bFGF-Induced Proliferation of

FGFR1c-Expressing BaF3 Cells as Well as

bFGF-Induced Axonal Branching

Crystallographic studies suggest that YKL-40 has a putative

heparin/heparan sulfate binding domain and therefore may

interact with glycosaminoglycan chains on proteoglycans

deposited in the matrix or on the cell surface.5 Heparan

sulfate proteoglycans can modulate the activities of FGFs,

cytokines, and chemokines by immobilizing or protecting

them from proteolysis or regulating their receptor dimeriza-

tion and subsequent signaling.37,38 bFGF has been studied

Figure 3. YKL-40 stain co-localizes with macrophage/microglial marker.
Mixed glia-neuronal cultures were prepared as described in the Materials and
Methods. On day in vitro (DIV) 4 the cultures were double-labeled for
YKL-40 (green) and MAP2 (red) or GFAP (red) or CD68 (red).

Figure 4. YKL-40 is secreted from human primary microglia and macro-
phages but not astrocyte cultures. Human primary microglia, astrocyte, and
macrophage cultures were prepared as described in the Materials and Meth-
ods. YKL-40 secretion into the culture medium was measured 4 days after
plating using the Metra YKL-40 ELISA kit or 2 weeks after excluding M-CSF
from the media for macrophages. One �g/ml of LPS and 1 mmol/L dibutyryl
cyclic adenosine monophosphate (DBcAMP) were added to microglia or
astrocyte cultures, respectively, 48 hours before assay performance.

Figure 5. YKL-40 macrophage staining in human primary cultures and
microglia. Human primary microglia and macrophage cultures were pre-
pared as described in the Materials and Methods. On DIV 4 the cultures were
double-labeled with YKL-40 (green) and CD68 (red). Scale bar � 50 �m.
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extensively and therefore used as a model to test the hy-

pothesis that YKL-40 through its heparin binding domain

can displace ECM-bound growth factors from their ECM

binding sites and also interfere with biological activities

induced by this growth factor. As shown in Figure 10,

YKL-40 can displace ECM-bound bFGF, although not as

efficiently as heparin, suggesting that YKL-40 can bind to a

subset of bFGF-ECM binding sites. It was previously shown

that bFGF can induce mitogenic activity in FGFR1-express-

ing Baf3 cells only in the presence of heparin/heparan sul-

fate. Addition of YKL-40 inhibited the mitogenic activity in-

duced by bFGF in a dose-dependent manner (Figure 11).

YKL-40 and heparan sulfate by themselves do not induce

any mitogenic activity in these cells. Previous reports show

that bFGF promotes survival, enhances neurite exten-

sion and axonal branching in primary neuronal cul-

tures.39 – 44 Using dissociated hippocampal neuronal

cultures we have assessed the role of YKL-40 to inhibit

the trophic effects of bFGF. Figure 12 shows a quali-

tative and quantitative assessment of these cultures

demonstrating a significant effect of YKL-40 on inhib-

iting the sprouting of axonal branches.

Discussion

In this study we found that YKL-40 is elevated in the CSF of

pigtailed macaques infected with SIV that develop enceph-

alitis and that there is a correlation between the CSF viral

load and YKL-40 levels. YKL-40 was expressed in micro-

glia/macrophages but not astrocytes and neurons in vitro.

The differentiation protocol of monocytes contains M-CSF

that could account for induced YKL-40 levels as opposed to

previously differentiated microglia cultured without M-CSF.

Washing the M-CSF and growing the culture for an addi-

tional 2 weeks resulted in lower monocyte-derived macro-

phage release of YKL-40 into the culture media to levels

equivalent to microglia (Figure 4). In vivo YKL-40 is predom-

inately associated with astrocytes in the vicinity of microglial

nodules. Initial characterization of the biological role of

YKL-40 shows that YKL-40 can bind to the ECM and is

capable of displacing ECM-bound bFGF as well as block-

ing biological activities of this growth factor in neurons.

YKL-40 as a CSF-Specific Biomarker of SIV

Encephalitis

Ostergaard and colleagues (2002) previously reported

higher YKL-40 levels in the CSF of patients with purulent

meningitis or encephalitis than in patients with or without

lymphocytic meningitis.35 In agreement with these find-

ings, our longitudinal analysis of CSF of SIV-infected

monkeys showed that YKL-40 levels increased between

2 to 8 weeks before death and were found to be 10-fold

higher in the CSF than in the plasma. Therefore YKL-40

may serve as a CSF biomarker for the development of

encephalitis. Previous studies have shown that high viral

Figure 6. YKL-40 localizes around astrocytes in regions of microglial nodules in SIVE. Double-label immunofluorescence for YKL-40 (green) and CD68 (red) or
GFAP (red). Co-localization of YKL around GFAP-positive astrocytes is evident in the yellow signal around cell bodies.
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load in the CSF correlates with severity of SIV encepha-

litis45,46 and in humans high HIV load in the CSF corre-

lated with presence of HIV encephalitis at autopsy.16,47

Our study has shown that YKL-40 levels in SIVE corre-

lated with CSF viral load, which further supports its po-

tential use as a biomarker of SIVE.

Other CSF Biomarkers of SIV Infection

Other molecules such as IL-6, MCP-1, 14-3-3, quinolinic

acid, prostaglandin D2, platelet-activating factor, Fas, and

Fas ligand, and the light subunit of neurofilament protein

have been suggested as predictors of CNS disease.48–52

Most of these markers have been analyzed in human cross-

sectional rather than longitudinal studies. Previous longitu-

dinal CSF studies in SIV encephalitis have shown elevation

of IL-6 and MCP-1. CSF IL-6 levels were persistently ele-

vated beginning at 4 weeks after infection, peaking at 8

weeks after infection, and then declining gradually thereaf-

ter. Infected macaques also had elevated levels of MCP-1

both in the CSF and plasma at 10 days after infection after

which MCP-1 levels declined. In macaques that developed

moderate to severe encephalitis, CSF MCP-1 levels increased

again at 28 days after infection and continued to increase

Figure 7. YKL-40 localizes around astrocytes in regions of microglial nodules and occasional CNS activated macrophages/microglia in HIVE. Triple-label
immunofluorescence for YKL-40 (green) and CD68 (blue) or GFAP (red). Co-localization of YKL-40 and astrocytes appears as yellow halo around cell soma.
Co-localization of YKL with CD68-positive macrophages is evident by aqua signal (arrowheads). Scale bar � 50 �m.
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throughout the remainder of infection. In contrast macaques

that had no or mild encephalitis had low CSF MCP-1 levels. As

opposed to IL-6 and MCP-1, YKL-40 is not expressed by

neurons or astrocytes. Because YKL-40 was shown to be

expressed in late-stage of macrophage differentiation and its

CSF concentration is tightly associated with the kinetics of CSF

SIV viral load, it could be a more specific marker of meningo-

encephalitis associated with CNS SIV infection.

Expression of YKL-40 in the CNS

To study the expression pattern of YKL-40 in the CNS and

during encephalitis we first evaluated its expression

in mixed neuronal/glial cultures. We determined that

YKL-40 is expressed and secreted by microglia in culture

but not astrocytes or neurons. Because macrophages

secrete large amounts of YKL-40 in vitro, and M-CSF was

able to attenuate release, perivascular macrophages are

potentially the origin of YKL-40 in the brain and CSF. This

was confirmed by in situ hybridization showing that

YKL-40 mRNA is indeed co-localized with microglia/mac-

rophages in SIVE. We are not aware of previous publica-

tions describing the relation between YKL-40 release and

HIV infection, however, our unpublished early findings

suggest that HIV infection induces YKL-40 release at the

beginning of infection. We were surprised to find most of

Figure 8. YKL-40 is distributed around activated astrocyte cell bodies in regions with microglial nodules. Six different astrocytes double-label for YKL-40 (green)
and GFAP (red). See Supplemental Movie at http://ajp.amjpathol.org for the spatial deposition of YKL-40 around the astrocyte soma.

Figure 9. YKL-40 mRNA co-localizes with microglia/macrophages. Six-�m-thick paraffin-embedded section were stained with CD68 (A) and then hybridized with
35S-labeled RNA probes for YKL-40 (B) as described in the Materials and Methods. C: Grains predominantly localize with CD68-positive cell bodies.
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the YKL-40 immunoreactivity associated around soma of

activated astrocytes. Roberts and colleagues53 previ-

ously reported that YKL-40 mRNA appeared in the white

matter in the vicinity of lesions predominately in cells

presumed to be astrocytes as determined by in situ hy-

bridization for YKL-40. In agreement with the in vitro find-

ings YKL-40 mRNA was found associated with microglia/

macrophages in vivo, however the protein was probably

secreted and deposited around or taken up by astrocytes

in the vicinity of microglial nodules in vivo by an unknown

mechanism.

Potential Role of YKL-40 in Neurodegeneration

The finding that YKL-40 levels increased specifically in

the CSF suggests that YKL-40 may play a specific role in

neurodegeneration associated with SIVE. YKL-40 expres-

sion is characteristic of other chronic inflammatory con-

ditions such as rheumatoid arthritis, osteoarthritis, and

irritable bowel disorder that are also associated with ECM

destruction and tissue remodeling.54 It is intriguing to

consider that YKL-40 might play a role in the remodeling

of the ECM in the brain and accompanying neuronal

dysfunction seen in encephalitis.

It is not known if the function of YKL-40 in macro-

phages is the same as in cancer cells but YKL-40 seems

to play an important role in tumor invasiveness and may

facilitate macrophage migration through the tissue paren-

chyma. YKL-40 is elevated in serum of patients with

primary or metastatic carcinoma of the breast, colon,

lung, prostate, and glioblastoma and is being considered

as a prognostic marker of short recurrence and poor

prognosis.55–59

Mode of Action of YKL-40

No specific receptor for YKL-40 has been identified. The

fact that this is a released protein suggests that it prob-

ably acts on the ECM or cells in an autocrine/paracrine

manner. Fusetti and colleagues5 have showed that

YKL-40 contains a putative heparin binding site but hepa-

ran sulfate is more likely to bind to YKL-40. In addition it

has two potential hyaluronic acid binding motifs. Heparan

sulfates and hyaluronic acids are components of the

ECM implying that YKL-40’s biological activity relates to

its ability to bind these molecules. We found that YKL-40

indeed can bind to the ECM secreted from bovine cor-

neal endothelial cells and by doing so can displace ECM-

bound bFGF suggesting that both proteins bind to the

same or closely related binding sites in the ECM. The

ability of growth factors like bFGF, vascular endothelial

growth factor, and epidermal growth factor to bind hepa-

ran sulfate enables them to bind to the ECM creating a

local reservoir of growth factors. This reservoir allows the

spatial regulation of growth factor signaling that is regu-

lated by the mobility of the growth factor from this reser-

voir to a target cell surface receptor. There are currently

two known mechanisms for the release of growth factors

from the ECM reservoir: enzymatic cleavage by pro-

teases and heparanases or binding to a carrier protein

that can then deliver the growth factor to its receptor.60,61

In this study YKL-40 exhibits another mechanism by

which growth factors such as bFGF can be released from

the ECM via displacing from the binding sites. Further

studies must be performed to determine the ability of

YKL-40 to release other growth factor, cytokines, and

chemokines from the ECM.

The ability of YKL-40 to release ECM-bound bFGF

from the ECM raises the question of whether YKL-40

could also interfere with the cell surface receptor sig-

naling. The current hypothesis is that in order for FGF

to induce cell signaling a ternary complex of FGF,

FGFR, and heparan sulfate must form to enable recep-

tor dimerization and subsequent tyrosine phosphoryla-

tion. Both FGF and FGFR simultaneously interact with

heparan sulfate chains.62 YKL-40 inhibited the mito-

genic response of bFGF and heparan sulfates in

FGFR1-expressing BaF3 cells in a dose-dependent

manner. YKL-40 did not compete for the binding of

bFGF to FGFR1 in cross-linking experiments (data not

shown), therefore it may cause a spatial interference

Figure 10. YKL-40 displacement of ECM-bound bFGF. ECM-coated wells
were incubated with 125I-bFGF. The ECM was then washed to remove the
unbound bFGF, and incubated with increasing concentrations of heparin,
bovine serum albumin, or YKL-40. Released 125I-bFGF was counted in a
�-counter. Released radioactivity is expressed as percentage of total ECM-
bound 125I-bFGF. Each data point is the mean of duplicate wells (�SEM).
The results are representative of at least three different experiments.

Figure 11. YKL-40 inhibits the mitogenic activity of bFGF in FGFR1-express-
ing BaF3 cells. Proliferation of FGFR1-expressing cells was evaluated using
Promega’s CellTiter kit. The cells were incubated with 5 ng/ml of bFGF and
the indicated concentrations of heparan sulfate and purified YKL-40. Hepa-
ran sulfate and YKL-40 were mixed and incubated on ice for 1 hour before
their addition. Each point is the mean value of triplicate samples (�SEM).
The results are representative of at least three different experiments.
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between the heparan sulfate chains and the formation

of the ternary complex but does not interfere with the

binding of bFGF to FGFR1. The physiological concen-

trations of YKL-40 found in purulent meningitis (20 to

8960 ng/ml) and encephalitis (620 to 11,600 ng/ml) in

humans and those found in this study (1077 to 2662

ng/ml) are in the range capable of releasing ECM-

bound bFGF and inhibiting FGFR1 signaling. It is im-

portant to note that the macaques were sacrificed

when moribund with AIDS thus YKL-40 could have

reached higher levels if we would have taken measures

to extend their lives.

The ability of YKL-40 to release ECM-bound bFGF

probably would not induce bFGF signaling because it

is displaced and not released as a complex of bFGF-

heparan sulfate by heparanase or plasmin with less

likelihood to diffuse to target cells.63,64 Thus the net

biological effect of YKL-40 is inhibition of bFGF signal-

ing and potentially other trophic factors. bFGF was

shown to be neuroprotective in models of ischemia,

excitotoxicity induced by glutamate or kainic acid, and

axotomy-induced death. Loss of trophic support has

long been considered in neurodegenerative diseases.

Various reports show a decrease in BDNF in the hip-

pocampus of individuals with Alzheimer’s disease.65

BDNF, GDNF, CNTF, and bFGF were shown to be

decreased in Parkinson’s disease.66 Studies per-

formed in animal models showed that NGF infusion

reversed age-associated decline in basal forebrain

cholinergic neurons in aged rats and nonhuman pri-

mate brain.67 Therefore YKL-40 could contribute to

neuronal loss indirectly by blocking trophic support.

YKL-40 by itself did not induce neuronal death in pri-

mary cultures but it was able to significantly inhibit

bFGF-induced axonal branching. Thus YKL-40 poten-

tially has the capacity to induce changes in the func-

tionality of the neurons or plasticity induced by growth

factors.68 –70 Further studies are required to determine

the role of YKL-40 in neurodegeneration.

In summary, our data demonstrate that increased

YKL-40 release by microglia/macrophages in SIV en-

cephalitis can serve as a CSF biomarker for SIV enceph-

alitis. Further, the in vivo distribution of YKL-40 around the

soma of reactive astrocytes and the in vitro capacity of

YKL-40 to displace bFGF imply an important role for this

molecule in the pathogenesis of HIV encephalitis. Be-

yond secretion of cytokines, chemokines, and degrada-

tive enzymes, microglia/macrophages can also interact

with the ECM through molecules such as YKL-40 to re-

lease growth factors from their ECM reservoir and thus

modulate growth factor activity potentially leading to

neurodegeneration.
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