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Background:Macrophage differentiation is accompanied by expression of unique extracellular matrix molecules.
Results:Monocyte-to-macrophage transition involves selective expression of serglycin, TSG-6, hyaluronan, and versican and
the formation of inter-�-trypsin inhibitor and amyloid-like precursor protein complexes.
Conclusion: Differentiating macrophages synthesize and secrete novel ECMmolecules.
Significance: These ECM secretory products likely play a role in macrophage differentiation and the pathogenesis of
atherosclerosis.

Although monocyte- and macrophage-derived molecules are
known to promote extracellular matrix (ECM) disruption and
destabilization, it is less appreciated that they also synthesize
molecules contributing to ECM formation, stabilization, and
function. We have identified and characterized the synthesis of
proteoglycans and related proteins, some not previously known
to be associated with macrophages. Proteoglycan extracts of
[35S]sulfate- and 35S-trans amino acid-radiolabeled culture
media fromTHP-1monocytes induced to differentiate by treat-
ment with phorbol myristate acetate revealed three major pro-
teins of �25, 90, and 100 kDa following chondroitin ABC lyase
digestion. The 25-kDa protein was predominant formonocytes,
whereas the 90- and 100-kDa proteins were predominant for
macrophages. Tandem mass spectrometry identified (i) the
25-kDa core protein as serglycin, (ii) the 90-kDa core protein as
inter-�-inhibitor heavy chain 2 (I�IHC2), and (iii) the 100-kDa
core as amyloid precursor-like protein 2 (APLP2). Differentiation
wasalsoassociatedwith(i)a>500-fold increase inmRNAforTNF-
stimulated gene-6, an essential cofactor for heavy chain-mediated
matrix stabilization; (ii) a >800-fold increase in mRNA for HAS2,
which is responsible for hyaluronan synthesis; and (iii) a 3-fold
increase in mRNA for versican, which interacts with hyaluronan.
Biochemical evidence is also presented for an I�IHC2-APLP2
complex, and immunohistochemical staining of human athero-
sclerotic lesions demonstrates similar staining patterns forAPLP2
and I�IHC2 with macrophages, whereas serglycin localizes to the
underlying glycosaminoglycan-rich region. These findings indi-
cate that macrophages synthesize many of the molecules partici-
pating in ECM formation and function, suggesting a novel role for
thesemolecules in thedifferentiationofmacrophages in thedevel-
opment of atherosclerosis.

Much of the understanding of vascular wall proteoglycan
structure and function has been derived from studies of arterial
smoothmuscle cell proteoglycans. In short, proteoglycans have
a variety of important roles in the vascular wall, including (i)
organization of extracellular matrix (ECM)2 structure and
maintenance of viscoelastic properties; (ii) regulation of cell
adhesion, migration, and proliferation; (iii) regulation of
thrombosis and hemostasis; and (iv) regulation of lipoprotein
metabolism and retention (1). The general consensus is that
these phenomena contribute to macrophage foam cell forma-
tion and the development of atherosclerosis. However, there
has been less attention paid to the possibility that the mono-
cyte-to-macrophage transition involves the production of an
ECM that contributes to events associated with the develop-
ment of the atherosclerotic plaque.
The monocyte/macrophage is a critical cell in the pathogen-

esis of atherosclerosis (2–4) capable of secreting many factors,
such as chemokines, cytokines, growth factors, and reactive
oxygen species, which contribute to lesion development.
Macrophages are also an important source ofmatrix-degrading
proteinases aswell as their activators and inhibitors, which con-
tribute to plaque disruption and vascular remodeling. As such,
it is widely appreciated that monocyte- and macrophage-de-
rivedmolecules promote the progression and destabilization of
atherosclerotic plaques.
It is less appreciated but well established that macrophages

also are capable of secreting matrix molecules themselves. We
(5) and others (6–12) have shown thatmacrophages synthesize
and secrete proteoglycans. A common feature of both normal
and neoplastic monocytes and macrophages is the ability to
synthesize serglycin (7, 9), a proteoglycan known to bemade by
a variety of hematopoietic cells. Serglycin is essential for the

* This work was supported, in whole or in part, by National Institutes of Health
Grants HL018645 and HL098067 (to T. N. W.) and HL092969 (to A. C. and
T. N. W.). This work was also supported by Arthritis Research UK Grants
18472 and 19489 (to A. J. D.).
Author’s Choice—Final version full access.

1 To whom correspondence should be addressed. E-mail: twight@
benaroyaresearch.org.

2 The abbreviations used are: ECM, extracellular matrix; APLP2, amyloid pre-
cursor-like protein 2; I�I, inter-�-trypsin inhibitor; I�IHC, inter-�-trypsin
inhibitor heavy chain; TSG-6, TNF-stimulated gene-6; HAS, hyaluronan syn-
thases; PMA, phorbol myristate acetate; CSPG, chondroitin sulfate pro-
teoglycan; APP, amyloid precursor protein; CS, chondroitin sulfate; HC,
heavy chain; LC3, microtubule-associated protein 1 light chain 3.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 17, pp. 14122–14135, April 20, 2012
Author’s Choice © 2012 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

14122 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 17 • APRIL 20, 2012



maturation and function ofmacrophage secretory vesicles (10).
Serglycin also is known to have an important protective role in
the storage and secretion of tumor necrosis factor (TNF) (9)
and perhaps other select macrophage secretory products as
well.
In addition to serglycin, other proteoglycans also have been

reported in monocytes and macrophages. THP-1 monocytes
have been found to express mRNA for versican (11, 12), perle-
can, syndecan, glypican-1, and thrombomodulin but not bigly-
can (13). Similarly, no mRNA for biglycan was detected in
unstimulated thioglycolate-elicited peritoneal macrophages
(14). However, peritoneal macrophages stimulated with proin-
flammatory cytokines express biglycan mRNA and protein,
which then can function as both a signaling molecule and a
proinflammatory factor (14). These important findings indicate
that the state of activation of mononuclear cells influences pro-
teoglycan expression and suggest that proteoglycan synthesis is
an important component of the inflammatory response.
Asmonocyte-to-macrophagematuration is a critical process

in atherosclerosis, we have been interested in understanding
how differentiation and activation might influence proteogly-
can production and the contribution that these molecules
might make to the development of atherosclerosis. Our find-
ings confirm the synthesis and secretion of serglycin by both
THP-1 immature monocytes and mature macrophages. How-
ever, we also found an abundance of another proteoglycan spe-
cies, amyloid precursor-like protein 2 (APLP2), as well as the
proteoglycan-related molecule inter-�-inhibitor heavy chain 2
(I�IHC2), which is associated with the proteoglycan fraction of
macrophage secretory products. Because of the critical role that
the heavy chains of I�I have in the stabilization of hyaluronan-
rich matrices (15–19), we also investigated changes in expres-
sion of othermolecules involved inmatrix stabilization, namely
versican, TNF-stimulated gene-6 (TSG-6) (15, 20), and the hya-
luronan synthases (HASs 1, 2, and 3). TSG-6mediates the cova-
lent transfer of I�I heavy chains onto hyaluronan (21, 22) and
can also directly cross-link hyaluronan (23), thus having a cen-
tral role as a matrix reorganizer, which may contribute to the
pro- and/or anti-inflammatory properties of the ECM (24–26).

MATERIALS AND METHODS

Cell Culture—The human monocytic leukemia cell line
THP-1 was obtained from the American Type Culture Collec-
tion (Manassas, VA) and maintained as described (27). Cells
were cultured in RPMI 1640 medium (BioWhittaker, Walkers-
ville, MD) supplemented with 10% (v/v) heat-inactivated FBS
(HyClone, Logan, UT). THP-1monocytes were treated for 24 h
with 1.6 � 10�7 M phorbol myristate acetate (PMA) (Sigma) in
fresh RPMI 1640 medium with 10% FBS. This medium was
replaced by freshRPMI 1640mediumwith 10%FBS for another
24 h after which time the cells were considered fully differenti-
ated into macrophages (28). For some experiments, monocytes
were washed extensively with PBS prior to induction of differ-
entiation with PMA in serum-free RPMI 1640 medium. For
other experiments, monocytes were maintained in AIM V
serum-freemedium (Invitrogen).Monocytes andmacrophages
were metabolically labeled with either 50 �Ci/ml [35S]SO4 or

trans label ([35S]methionine/cysteine) (ICN Diagnostics, Costa
Mesa, CA).
Proteoglycan Isolation—Labeled mediumwas harvested, and

protease inhibitors (0.1 M 6-aminohexanoic acid, 5 mM benz-
amidine HCl, and 0.1 mM phenylmethylsulfonyl fluoride) were
added (29). Medium was applied to DEAE-Sephacel minicol-
umns equilibrated in 8 M urea buffer, 0.25 M NaCl, 0.5% Triton
X-100, and proteoglycans were eluted with 8 M urea buffer con-
taining either 3 M NaCl, 0.5% Triton X-100 or a gradient of
0.25–1 M NaCl (29). This ion exchange chromatography step
served to remove free radiolabel and concentrate proteoglycan
samples.
Analysis of Molecular Size—35SO4-proteoglycan and trans-

labeled core protein molecular sizes were characterized by
SDS-PAGE under reducing conditions according to the proce-
dure of Laemmli (30). Chondroitin and dermatan sulfate glyco-
saminoglycan chains were removed by digestion with 0.03
unit/ml chondroitin ABC lyase (ICNDiagnostics) in 0.3 MTris-
HCl, pH 8.0, 0.6 mg/ml bovine serum albumin, 18 mM sodium
acetate with protease inhibitors (0.1 M 6-aminohexanoic acid
and 5 mM benzamidine hydrochloride) for 3 h at 37 °C (29).
Heparan sulfate glycosaminoglycan chains were removed by
digestion with 20 units/ml heparinase I (Sigma) in 0.1 M Tris-
HCl, pH7.0, 10mMcalciumacetate, 18mM sodiumacetatewith
protease inhibitors for 3 h at 37 °C followed by the addition of
20 units/ml heparinase II (Sigma) and incubation overnight at
41 °C (29). The 35S-labeled intact proteoglycans and core pro-
teins (after enzyme digestion) were visualized by phospho-
rimage analysis.
Analysis of Hydrodynamic Size—The hydrodynamic size of

35SO4-proteoglycans was analyzed on a Sepharose CL-2B
(0.7� 110-cm)molecular sieve column equilibrated in 8 M urea
buffer with 0.5% Triton X-100 (29). Fractions of 1 ml were col-
lected, and an aliquot of each fraction was assayed for radioac-
tivity by liquid scintillation counting. The elution position of
free 35SO4 was used as a marker for the total volume (Vt).
Glycosaminoglycan Isolation and Analysis—Glycosamin-

oglycan chains were released from proteoglycans by reductive
�-elimination with 1 M sodium borohydride in 50 mM NaOH
for 4 h at 45 °C (29). The reaction was terminated by neutraliz-
ing the sample with glacial acetic acid. Glycosaminoglycan
chains then were applied to a Sepharose CL-6B column (0.7 �
63 cm) in 0.2 MTris, pH 7.0with 0.2 MNaCl for analysis of chain
length by size exclusion chromatography (31). The elution
position of free 35SO4 was used as a marker for the Vt.
Isolation of Proteoglycans from Agarose—35SO4- or trans-la-

beled proteoglycans were resolved further by 1.2% agarose gel
electrophoresis and characterized. Approximately 1� 104 dpm
proteoglycanswere applied to a single narrow lane of an agarose
gel, and the remainder of �1 � 106 dpmwas applied to a single
wide lane on the same gel. The gel was electrophoresed for 7 h
at 60Vat 4 °C.Thenarrow lanewas sliced into 0.5-cm segments
for scintillation counting and localization of the proteoglycan
species. Based on this localization, proteoglycans were cut out
of the wide lane in 0.5-cm fractions. Each agarose fraction was
individually melted and diluted 10-fold with 8 M urea buffer
containing 0.5% Triton X-100 and 0.25 M NaCl and reconcen-
trated on DEAE-Sephacel minicolumns, and proteoglycans
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were eluted with 8 M urea buffer containing 0.5% Triton X-100
and 3 M NaCl (32). These proteoglycans were then divided into
two aliquots of �4 � 104 dpm; one aliquot was digested with
chondroitin ABC lyase as described earlier for further analysis
by SDS-PAGE.
Protein Identification—Core proteins of chondroitin ABC

lyase-digested samples were separated by SDS-PAGE. Silver-
stained bands were excised from the gel and diced, destained
with 50%acetonitrile in 50mMammoniumbicarbonate, shrunk
using acetonitrile, and dried under vacuum centrifugation. The
gel pieces were rehydrated in 30 �l of sequencing grade modi-
fied trypsin (Promega; 12.5 ng/ml in 50 mM ammonium bicar-
bonate) for 60 min on ice. The supernatant was replaced by 50
mM ammonium bicarbonate and incubated overnight at 37 °C.
The supernatant was collected, and gels were extracted with 30
�l of 50% acetonitrile. Combined solutions were dried down to
near completeness, and the volumewas adjusted to�20�l. The
sample was then desalted on a C18 ZipTip (Millipore) and ana-
lyzed on a tandem matrix-assisted laser desorption ionization
time of flight (MALDI-TOF/TOF) mass spectrometer (4700
MALDI-TOF/TOF Analyzer, Applied Biosystems, Foster City,
CA). The tandem mass spectrum search was performed using
the Mascot search engine against the Swiss-Prot database.
Acceptance criteria for protein hits were set as a minimum of
two unique peptides per protein and a probability-based
Mowse score of�45whereMowse stands formolecular weight
search and allows assignment of a probability to each identified
peptide of a given molecular weight.
Immunoblot Analysis—Core proteins of chondroitin ABC

lyase- or heparinase I- and II-digested samples were separated
by SDS-PAGE on 4–12% gradient gels and transferred to nitro-
cellulose membranes at 20 V for 70 min in 40 mM Tris, 50 mM

glycine with 20%methanol and 0.0375% SDS in a semidry elec-
trophoretic transfer apparatus (Bio-Rad). Membranes were
blocked with 2% calf serum in 50 mM Tris-buffered saline, pH
7.4 with 0.05% Tween 20 (TBST) and then incubated overnight
at 4 °C with rabbit antiserum prepared against recombinant
human versican (1:1,000 in blocking buffer) (kindly provided by
Dr. R. LeBaron, San Antonio, TX) (33), a peptide sequence near
theN terminus of human biglycan (1:1,000) (kindly provided by
Dr. L. Fisher, National Institutes of Health) (34), a peptide from
human decorin (1:1,000) (also provided by Dr. L. Fisher) (34),
and serglycin (1:100) (Atlas Antibodies, Stockholm, Sweden).
Nitrocellulosemembraneswerewashedwith 0.1% calf serum in
TBST before incubation with alkaline phosphatase-conjugated
goat anti-rabbit antiserum (1:2,000 dilution in TBST with 0.1%
bovine serumalbumin) (RocheApplied Science) for 1 h at room
temperature. After washing, themembraneswere developed by
enhanced chemiluminescence (Pierce) and visualized by phos-
phorimage analysis.
Immunoprecipitation—Proteoglycans were isolated by ion

exchange chromatography as described above, precipitated
with 1.3% potassium acetate in 95% EtOH, and resuspended in
PBS. Samples were precleared with recombinant Protein A
beads (RepliGen,Waltham,MA) for 1 h at 4 °C to remove back-
ground binding. Precleared supernatants were divided into
three equal aliquots. 1) The first aliquot was immunoprecipi-
tated with anti-APLP2 (Calbiochem) overnight at 4 °C, 2) the

second aliquot was incubated with rabbit IgG overnight at 4 °C
and served as the nonspecific immunoprecipitation control,
and 3) the third aliquot received no antibody and served as the
total preimmunoprecipitation control. Aliquots 1 and 2 were
incubated with Protein A beads for 1 h at 4 °C followed by three
washes with PBS, 0.2% Tween and one wash with PBS. Beads
were then digested with chondroitin ABC lyase as described
above and boiled in 3� SDS-PAGE reducing sample buffer for
5 min. Aliquot 3 also was digested with chondroitin ABC lyase
and boiled in sample buffer. Supernatants were loaded onto a
7% SDS-polyacrylamide gel for Western immunoblotting with
MIM-7, an anti-peptide antiserum raised against the C-termi-
nal 12-amino-acid peptide of human HC2 (35).
Quantitative Real Time Reverse Transcription-PCR—RNA

was obtained from cell cultures using the Total RNA Isolation
kit from Agilent Technologies (Wilmington, DE) according to
the manufacturer’s directions. cDNA was prepared by reverse
transcription using random primers with the High Capacity
cDNA Archive kit from the Applied Biosystems Division of
PerkinElmer Life Sciences (ABI, Foster City, CA). PCRwas car-
ried out using an ABI Prism 7900HT Sequence Detection Sys-
tem and the TaqMan Fast Universal PCRMaster Mix Reagents
kit from ABI as directed by the manufacturer. The ABI Gene
Expression Assays used are as follows: APLP2, Hs00920883_
m1; ITIH2, Hs00158297_m1; serglycin, Hs01004159_m1; ver-
sican, Hs00171642_m1; HAS1, Hs00758053_m1; HAS2,
Hs00193435_m1; HAS3, Hs00193436_m1; TSG-6, Hs00200180_
m1; and 18 S, Hs99999901_s1. The ABI Gene Expression Assay
forward and reverse primers are proprietary. A custom-de-
signed primer set spanning the exon 10-11 junction and con-
taining the sequence for the peptide IQPSGGTNINEALLR also
was used for ITIH2 (forward, TGTGGAAGCAATGAAGA-
CCA; reverse, GACGGAGTTGGGGTCTAACA). Custom-de-
signed primers were used for microtubule-associated protein 1
light chain 3 (LC3) (forward, GCCGACCGCTGTAAGGAGG-
TAC; reverse, CTTGGTCTTGTCCAGGACGGGC) and cy-
clin D3 (forward, ATCGCCACGGGCAGCATTGG; reverse,
CTGACAGGCCCGCAGGCAGT). For each group, assays
were run in duplicate on RNA samples isolated from n � 2–3
different experiments from different passage numbers done at
separate times. Normalized mRNA levels were then expressed
as -fold of levels in control cells using the comparative Ct
method (Applied Biosystems).
Histological and Immunohistochemical Staining—Serial

6-�m-thick tissue sections of human coronary artery obtained
as described previously (36) were mounted on glass slides,
deparaffinized, and then stained with Movat’s pentachrome
stain for morphology. Immunohistochemistry was performed
on adjacent sections using rabbit polyclonal antisera raised
against human APLP2 (1:200; Santa Cruz Biotechnology),
I�IHC2 (1:200; Santa Cruz Biotechnology), or serglycin (1:100;
Atlas Antibodies). Macrophages were detected using HAM-56
(1:100) (kindly provided by Dr. Allen Gown, University of
Washington, Seattle, WA) (37). Single label immunohisto-
chemistry was performed as described previously (38). Briefly,
tissue sectionswere deparaffinized using xylene and rehydrated
with graded alcohols. The slideswere blockedwith 3%H2O2 for
5 min, washed with PBS, incubated with the primary antibody
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for 60 min or overnight, and then washed again with PBS. A
biotinylated anti-rabbit secondary antibody was then applied
for 30 min followed by an avidin-biotin-peroxidase conjugate
(ABC Elite, Vector Laboratories, Burlingame, CA) for 30 min.
The standard peroxidase enzyme substrate 3,3�-diaminobenzi-
dine was added without nickel chloride to yield a brown reac-
tion product or with nickel chloride to yield a black reaction
product. The slides were counterstained with methyl green to
identify cell nuclei. Negative controls included substitution of
primary antiserum or antibody with PBS, normal rabbit serum,
or irrelevant monoclonal antibodies. The control for hyaluro-
nan staining was predigestion of sections with Streptomyces
hyaluronidases (39).
Statistical Analysis—The significance of differences in mean

values was determined by the two-sample t test assuming
unequal variances.

RESULTS

Total Proteoglycan Synthesis by THP-1 Monocytes and Mac-
rophages—The distribution of newly synthesized proteogly-
cans secreted into themediumand associatedwith the cell layer
(cell surface and intracellular) of monocyte and macrophage
cultures was determined using cetylpyridinium chloride, a
method for selective precipitation of anionic proteoglycans and
glycosaminoglycans (40). After 24 h of metabolic labeling with
[35S]SO4, therewas no statistically significant difference in total
(secreted � cell-associated) proteoglycan synthesis (cetylpyri-
dinium chloride-precipitable 35SO4 per cell) between mono-
cyte and macrophage cultures. For monocytes, 86.1 � 0.7% of
35SO4-labeled material was secreted into the medium, and
13.9 � 0.7% (n � 6) was associated with the cell layer. For
macrophages, 74.9 � 1.0% was secreted into the medium, and
25.1 � 1.0% (n � 6) was associated with the cell layer (Fig. 1).
Macrophage Differentiation Is Accompanied by Increase in

Proteoglycan Size Due to Changes in Glycosaminoglycan Chain
and Protein Core Composition—To evaluate the apparent
molecular weight and hydrodynamic size of proteoglycans syn-
thesized bymonocytes andmacrophages, 35SO4-proteoglycans
were purified from themedia by ion exchange chromatography
with subsequent SDS-PAGEor size exclusion chromatography.
Under reducing conditions on SDS-PAGE, monocyte 35SO4-
proteoglycans migrated as a broad band as is characteristic of
proteoglycans with an apparent molecular mass between �150

and 330 kDa (Fig. 2A). After induction of differentiation, pro-
teoglycan size increased progressively with time. At 48 h after
treatment with PMA, the cells were fully differentiated (41),
and the apparent molecular mass of macrophage 35SO4-pro-
teoglycanswas greater than�250 kDa (Fig. 2A).Note that some
of the macrophage proteoglycans are so large that they
migrated only to the top of the resolving gel or remained in the
stacking gel. Therefore, it is not possible to estimate the upper
range of molecular mass for these molecules by SDS-PAGE.
Size exclusion chromatography indicated an increase in hydro-
dynamic size of 35SO4-proteoglycans as monocytes differenti-
ate into macrophages. Under dissociative conditions on Sep-
haroseCL-2B,monocyte 35SO4-proteoglycans eluted as a single
peak at Kav �0.67, whereas macrophage 35SO4-proteoglycans
eluted at Kav �0.56 (p 	 0.01) (data not shown). Thus, both
methods indicate that the differentiation of monocytes into
macrophages is associated with a dramatic increase in secreted
proteoglycan size.
The increase in proteoglycan size could be due in part to

changes in glycosaminoglycan chain length or core protein
composition. To evaluate whether there is an effect on glyco-

FIGURE 1. Total proteoglycan synthesis by THP-1 monocytes and macro-
phages. THP-1 monocytes or PMA-differentiated macrophages were meta-
bolically labeled with 35SO4. 35SO4-labeled proteoglycans secreted into the
medium (open bars) or remaining associated with the cell layer (solid bars)
were analyzed by cetylpyridinium chloride precipitation. Values are
expressed as means � S.D. (n � 6). CPC ppt’ble, cetylpyridinium chloride-
precipitable. Error bars indicate S.D.

FIGURE 2. Monocyte-to-macrophage differentiation is accompanied by
changes in proteoglycan synthesis. A, SDS-PAGE (3.5% stacking gel, 4 –12%
resolving gel) analysis of 35SO4-labeled proteoglycans secreted into the
medium by monocytes (Monos) and macrophages (Macs). Gels were loaded
with 40,000 dpm/lane and evaluated by phosphorimage analysis. The gel
shown is representative of n � 6. B, size exclusion chromatography of the
glycosaminoglycan chains from 35SO4-labeled proteoglycans secreted into
the medium of monocytes and macrophages. Glycosaminoglycan chains
were liberated by reductive alkaline �-elimination and analyzed on an ana-
lytical Sepharose CL-6B column. Columns were loaded with �10 –15,000
dpm. The molecular weights of glycosaminoglycan chains were determined
according to Wasteson et al. (31). The column profile shown is representative
of n � 2. C, SDS-PAGE analysis of 35S-trans amino acid-labeled core proteins
from both secreted and cell-associated proteoglycans. Core proteins were
prepared by digestion of intact proteoglycans with chondroitin ABC lyase.
Upper two arrows indicate 90- and 100-kDa core proteins present in the media
but not in the cell layer; the lower arrow indicates 25-kDa core protein present
in both the media and the cell layer.
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saminoglycan chain length, the 35SO4-labeled chains from
monocyte and macrophage proteoglycans were released from
their core proteins by reductive alkaline�-elimination and ana-
lyzed by size exclusion chromatography (Fig. 2B). On a Sephar-
ose CL-6B column, the liberated glycosaminoglycan chains of
monocyte proteoglycans eluted with a Kav of �0.57, corre-
sponding to an apparent molecular mass of �14 kDa as deter-
mined according to Wasteson (31). The glycosaminoglycan
chains ofmacrophage proteoglycans elutedwith aKav of�0.42,
indicating a larger molecular mass of �32 kDa.
To evaluate whether there is also an effect on core protein

composition, intact [35S]Met/Cys-labeled proteoglycans were
treated with chondroitin ABC lyase for analysis by SDS-PAGE.
As can be seen from Fig. 2C, chondroitin ABC lyase liberated
three major core protein bands of �25, �90, and �100 kDa
frombothmonocyte andmacrophage proteoglycans. However,
the relative abundance of these core proteins was strikingly dif-
ferent. For monocytes, the 25-kDa core was predominant,
whereas the 90- and 100-kDa cores wereminor. In contrast, for
macrophages, the 90- and 100-kDa cores were predominant,
whereas the 25-kDa core was less abundant. Several additional
protein bands appeared to be secreted into the media during
macrophage differentiation, but we chose to focus on the more
abundant 25-, 90-, and 100-kDa proteins. Treatment of either
monocyte ormacrophage proteoglycans with heparinases I and
II in addition to chondroitinABC lyase did not reveal additional
core protein bands (data not shown).
To examine whether monocyte-to-macrophage differentia-

tion was associated with a change in proteoglycan compart-

mentalization, cell-associated core proteins also were exam-
ined (Fig. 2C). The 90- and 100-kDa cores were not present in
the cell layer of either monocytes or macrophages. The 25-kDa
core was present in the cell layer of bothmonocytes andmacro-
phages. However, it wasmarkedly less abundant in the cell layer
than in the media, and as found in the media, the 25-kDa core
was relatively more abundantly associated with the cell layer of
monocytes than ofmacrophages. Several additional minor pro-
tein bandswere associatedwith the cell layer of bothmonocytes
and macrophages, but the expression levels of the majority of
these did not differ between monocytes and macrophages.
Thus, we chose to focus solely on the 25-, 90-, and 100-kDa
proteins, each of which is largely secreted, and the difference in
expression levels of these molecules is not due to changes in
compartmentalization as monocytes mature into macro-
phages. Rather, macrophage differentiation is accompanied by
an increase in proteoglycan size due to glycosaminoglycan
chain elongation and changes in core protein composition.
Identification of Core Proteins—A combination of Western

immunoblotting and mass spectrophotometric analysis was
used to identify the core proteins associatedwithmonocyte and
macrophage proteoglycans. Based on its size, the 25-kDa pro-
tein was predicted to be the core protein serglycin, a proteogly-
can that is important in the formation and function of macro-
phage secretory vesicles (9). This was confirmed by Western
immunoblotting using an antibody against serglycin core pro-
tein (Fig. 3).
As the 90- and 100-kDa proteins did not match with the

predicted sizes of the core proteins of other well described
chondroitin sulfate proteoglycans (CSPGs) (i.e. versican, bigly-
can, and decorin), these bandswere submitted for tandemmass
spectrophotometric analysis (Table 1). For this analysis, the fol-
lowing criteria were used to identify proteins (42): (a) a high
peptide identification score according to PeptideProphet (p �
0.95) (43), (b) a high protein identification score according to
ProteinProphet (p � 0.90) (44), and (c) at least two peptides
unique to the protein of interest detected in replicate analyses.
Requiring at least two unique peptides with a high confidence
scoremarkedly decreases the false-positive rate of protein iden-
tification (45).
By these criteria, the 100-kDa protein was identified as

APLP2, amember of the amyloid precursor protein (APP) fam-

FIGURE 3. Identification of 25-kDa core protein as serglycin. Core proteins
from monocytes (Monos) and macrophages (Macs) were evaluated by phos-
phorimage analysis (top panel) and Western immunoblotting (bottom panel)
using antibodies specific for the core protein serglycin.

TABLE 1
Protein identification by tandem mass spectrometry
Mowse, molecular weight search; CI, confidence interval.

Band
Protein
name

Swiss-Prot
accession number Peptide sequencesa

Amino
acids

Mowse
score

Total ion
CI%

1 APLP2 Q06481 FVTPFK 127–132 350 100
WYFDLSK 326–332
EWEEAELQAK 411–420
QTLIQHFQAMVK 428–439
HYQHVLAVDPEK 510–521
SQVMTHLHVIEER 527–539
ADMDQFTASISETPVDVR 570–587
NKVDENMVIDETLDVK 647–662

2 I�IHC2 P19823 VQFELHYQEVK 177–187 65 100
IQPSGGTNINEALLR 380–394
FYNQVSTPLLR 489–499

3 Serglycin P10124 GPMFELLPGESNK 54–66 78 100
LRTDLFPK 70–77

a Individual peptide sequences and corresponding amino acid sequences are shown. Acceptance criteria are defined under “Materials and Methods” and “Results.”
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ily (46). APLP2 is known to be synthesized both with and with-
out a single chondroitin sulfate (CS) chain (47, 48); however,
the specific functions of the chondroitin sulfate chain and of
APLP2 itself are not yet known. The 90-kDa protein was iden-
tified as I�IHC2, which is one component of the I�I complex.
I�IHC2 is itself not a proteoglycan but is covalently attached to
the CS glycosaminoglycan chain of bikunin within the complex
(16). The heavy chains of I�I (HC1 and HC2) are critical mole-
cules in the stabilization of hyaluronan-rich matrices (16, 18).
In addition, mass spectrophotometric analysis confirmed the
Western blot identification of the 25-kDa protein as serglycin.
Individual peptides and corresponding amino acid sequences
based on Swiss-Prot database accession numbers are shown in
Table 1. Thus, serglycin expression decreases but APLP2 and
I�IHC2 expression increases as THP-1 monocytes mature into
macrophages.
Expression of Serglycin, but Not APLP2 or I�IHC2, Is Regu-

lated at Transcriptional Level—RT-PCR was performed to
examine whether the changes in expression of these proteins
associated with monocyte-to-macrophage differentiation are
due to regulation at the transcriptional or post-translational
level (Fig. 4). Consistent with the [35S]Met/Cys radiolabeling
and Western immunoblot findings, serglycin mRNA expres-
sion was significantly higher (5.0-fold; p 	 0.001) in monocytes
than in fully differentiated macrophages. However, although
APLP2 protein was more abundant in macrophages based on
[35S]Met/Cys radiolabeling, there was no difference in mRNA
expression between monocytes and macrophages. Further-
more, although I�IHC2 also was more abundant in macro-
phages based on [35S]Met/Cys radiolabeling, no signal for
I�IHC2 mRNA could be detected even after 30 cycles of RT-
PCR. The possibility that this surprising finding might indicate
a splice variant form of I�IHC2 that could not be detected by
the predesigned probe/primer set was considered. Therefore, a
second probe/primer set corresponding to the coding re-
gion for one of the I�IHC2 peptide fragments (IQPSGGT-
NINEALLR) identified by mass spectrometry was custom-de-
signed. Using this probe/primer set, no signal for I�IHC2 could

be detected in THP-1 monocytes or macrophages at 2, 4, 8, 16,
or 24 h as compared with HepG2 mRNA, a positive control for
I�IHC2 (data not shown). These findings suggest that (i) ser-
glycin expression is regulated at the transcriptional level but
that (ii) APLP2 expression is regulated at the post-translational
level and that (iii) although I�IHC2 is associated with mac-
rophage-secreted proteoglycans it does not appear to be
macrophage-derived.
Expression of I�IHC2-related Molecules—Because of the

critical role that I�IHC2 has in the stabilization of hyaluronan-
rich matrices (19, 21, 22, 49, 50), the expression of other mole-
cules implicated in this process, namely hyaluronan, TSG-6,
and versican, also was examined using RT-PCR.
THP-1 monocytes (0 h of PMA treatment) expressed a very

low copy number for TSG-6mRNA (�5 copies/10�5 18 S) that
increased rapidly within 2 h (�154 copies/10�5 18 S; p	 0.001;
n� 3 versusmonocytes) andwasmaximally elevated within 8 h
of induction of differentiation (�2,602 copies/10�5 18 S; p 	
0.001) for a 520-fold increase (Fig. 5A). The increased expres-
sion of TSG-6 mRNA levels was sustained at least for 24 h after
treatment with PMA by which time the cells were fully differ-
entiated (�1,668 copies/cell; p 	 0.001).

Hyaluronan synthesis was investigated at the level of expres-
sion of the three isoforms of hyaluronan synthase, HASs 1–3
(Fig. 5B). HAS1 mRNA was essentially undetectable in either
monocytes ormacrophages (	1 copy/10�5 18 S). HAS2mRNA
also was present in extremely low abundance in monocytes
(	0.1 copies/10�5 18 S) but increased markedly within 2 h of
induction of differentiation (�81 copies/10�5 18 S; p 	 0.001;
n� 3 versusmonocytes) for an 810-fold increase. This increase
was rapid and transient so that HAS2 mRNA was again unde-
tectable in fully differentiated macrophages. HAS3 mRNA was
present in THP-1 monocytes (�71 copies/10�5 18 S), but its
expression decreased upon induction of differentiation. The
transient nature of the HAS2 response upon induction of dif-
ferentiation with PMA suggests a role for autophagic endoplas-
mic reticulum stress activation in HAS stimulation (51). How-
ever, there were no substantial changes in mRNA levels of
either LC3 or cyclin D3, two markers of endoplasmic stress
activation (52). LC3 was present at �100 copies/10�5 18 S in
monocytes and�180 copies/10�5 18 S inmacrophages for only
an �1.8-fold increase (data not shown); cyclin D3 was present
at �650 copies/10�5 18 S in monocytes and decreased to �300
copies/10�5 18 S in macrophages (data not shown). Thus, at
this point, it is not clear whether an endoplasmic reticulum
stress response due to a hyperglycemic medium in these exper-
iments contributes to the changes observed in hyaluronan syn-
thesis observed during the differentiation of the macrophage.
Versican mRNA increased from �62 copies/10�5 18 S in

monocytes to amaximumof�169 copies/10�5 18 S (p	 0.001;
n � 3 versusmonocytes) within 2 h of induction of differentia-
tion for a 2.7-fold increase relative to control monocytes (Fig.
5C). This increase was rapid and transient so that versican
mRNAwasmarkedly down-regulated by the time the cells were
fully differentiated (�12 copies/10�5 18 S; p 	 0.001; n � 3
versusmonocytes).
These findings indicate that THP-1 macrophages have the

capacity to synthesize TSG-6 and at least transiently hyaluro-

FIGURE 4. Expression of serglycin, but not APLP2 or I�IHC2, is regulated
at transcriptional level. RT-PCR was performed for serglycin, APLP2, and
I�IHC2 mRNA levels in both monocytes (open bars) and fully differentiated
macrophages (solid bars). For each gene, macrophage mRNA levels are
expressed relative to that in monocytes (control). No mRNA for I�IHC2 could
be detected in either monocytes or macrophages (N.D.). Values represent
means � S.D. (n � 3). Error bars indicate S.D.
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nan and versican. Along with themass spectrometry identifica-
tion of I�IHC2 protein in the proteoglycan fraction of macro-
phages, these findings indicate that key molecules involved in
hyaluronan matrix stabilization are associated with macro-
phages. However, as for I�IHC2, no bikunin mRNA could be
detected in THP-1 macrophages as compared with HepG2
mRNA, a positive control for bikunin (Fig. 5D). Thus, the iden-
tification of radiolabeled I�IHC2 protein without finding
mRNA for either I�IHC2 or bikunin (i.e. the CSPG to which
this heavy chain is often covalently attached (31, 32)) is difficult
to explain butmay indicate covalent cross-linking to an uniden-
tified radiolabeled protein.
Evidence for Novel I�IHC2 Complex Formation—It has been

demonstrated that the heavy chains of I�I can form complexes
with the chondroitin and dermatan sulfate chains on the core
proteins of versican (53) and decorin (54), suggesting that the
heavy chain can be linked to other CS-bearing core proteins as
well. Three approaches were taken to investigate this further.
The broad banding pattern of proteoglycans on SDS-PAGE

can be a reflection of the heterogeneitywithin a single species of
proteoglycans and/or an indication of the presence of multiple
distinct species of proteoglycans within a similar molecular
weight range. Therefore, the first approach was to evaluate the
size of the intact proteoglycan species associated with each
individual core protein band using a combination of agarose gel
electrophoresis and SDS-PAGE (Fig. 6A). For monocytes, the
25-kDa serglycin core protein liberated by chondroitin ABC
lyase was found to be associated with every molecular mass
fraction of intact proteoglycan (Fig. 6A, lanes 1–5, intact; lanes
6–10, digested). The 100-kDa APLP2 and 90-kDa I�IHC2 pro-
teins could not be detected in association with any molecular

mass fraction of intact proteoglycan by this approach. As these
core proteins are in minor abundance among the monocyte
proteoglycans (Fig. 2C), they might be difficult to detect in
small fractions of secreted proteoglycans. Formacrophages, the
serglycin core protein was found to be associated with every
molecular mass (�80 kDa) fraction of intact proteoglycan (Fig.
6A, lanes 11–16, intact; lanes 17–22, digested) but was the
major core protein associated with the highest molecular mass
fractions (�270 kDa) of intact proteoglycans (Fig. 6A, lanes
11–12, intact; lanes 17–18, digested). In contrast, the APLP2
and I�IHC2 proteins were found to be associated with the
lower molecular mass fractions of intact proteoglycan (Fig. 6A,
lanes 13–16, intact; lanes 19–22, digested). The finding of the
APLP2 and I�IHC2 proteins in the same fractions of intact
proteoglycans is consistent with the possibility that these mol-
ecules might be associated in the form of a complex within
these fractions.
The heavy chains of I�I are covalently linked to the CS chain

of bikunin via an ester linkage (55), which can be cleaved by
mild sodium hydroxide treatment (21). Thus, the second
approach was to establish whether or not such a covalent ester
linkage is present between I�IHC2 and the CS chain of APLP2.
It is important to note that the traditional glycosaminoglycan
attachment to core proteins (e.g.CS attached to bikunin) is also
somewhat susceptible to mild sodium hydroxide treatment
(56). No effect of sodium hydroxide on monocyte proteogly-
cans could be detected due to the overlap in molecular masses
of the intact monocyte proteoglycans in the 90–100-kDa
molecular mass range (Fig. 6B). Althoughmild sodium hydrox-
ide treatment did not completely digest the intact macrophage
proteoglycans (56), treatment did liberate both �100- and

FIGURE 5. Monocyte-to-macrophage differentiation is accompanied by altered expression of other matrix-related molecules. RT-PCR was performed
for TSG-6 (A); HASs 1, 2, and 3 (B); and versican (C) mRNA levels at the indicated times after induction of differentiation with PMA. For each gene, mRNA levels
in monocytes (0 h of PMA treatment) represent control levels. Values represent means � S.D. (n � 3). No mRNA for HAS1could be detected at any time (N.D.).
D, standard PCR was performed for bikunin and evaluated on an agarose gel. Replicate samples were analyzed for each time point. mRNA from HepG2 cells was
used as a positive control. Error bars indicate S.D.
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90-kDa protein bands, corresponding to APLP2 and I�IHC2,
respectively. This result is consistent with an ester bond linkage
existing between I�IHC2 and the CS chain of APLP2 as well as
the attachment of the CS chain to the APLP2 protein core. It is
worth noting that sodium hydroxide treatment also generated
two smaller bands of �75 and 60 kDa, which might be trun-
cated forms of HC2 (35).
The third approach was to selectively co-isolate I�IHC2 and

APLP2 from the macrophage proteoglycan population by
immunoprecipitation. The total macrophage proteoglycan
preparation was incubated with either anti-APLP2 or nonspe-
cific rabbit IgG. Bound complexes were pulled down with Pro-
tein A beads, liberated with chondroitin ABC lyase, and ana-

lyzed byWestern immunoblotting using MIM-7, an antiserum
raised against the C-terminal region of HC2 (35). MIM-7 rec-
ognized a single species of �90 kDa, corresponding to HC2, in
the preimmunoprecipitation control sample (Fig. 6C, lane 1).
Importantly, MIM-7 also recognized a 90-kDa species in the
APLP2-immunoprecipitated sample (Fig. 6C, lane 2) but not in
the nonspecific IgG-immunoprecipitated sample (Fig. 6C, lane
3) or in the enzyme reaction mixture (Fig. 6C, lane 4). MIM-7
also recognized bands at �110, 75, and 50 kDa in the APLP2-
immunoprecipitated sample. Previously, immunoreactive spe-
cies of similar sizes (�130, 75, and 55 kDa) were detected in
cartilage extracts with MIM-7 as well as another HC2-specific
antibody; the smaller bands likely indicate the presence of trun-

FIGURE 6. Evidence for I�IHC2-APLP2 complex formation. A, intact 35S-trans-labeled proteoglycans from monocytes or macrophages were isolated from
agarose gels based on the migratory distance from the origin of the gel. Proteoglycans were then treated without (�) or with (�) chondroitin ABC (C’ABC) lyase
and evaluated by SDS-PAGE. B, SDS-PAGE analysis of monocyte (Monos) and macrophage (Macs) proteoglycans treated without (�) or with (�) 0.1 M NaOH for
10 min at room temperature. C, SDS-PAGE analysis of macrophage proteoglycans immunoprecipitated (IP) using antibodies specific for APLP2 (lane 1). The
unbound proteoglycans were subsequently digested with chondroitin ABC lyase and immunoprecipitated again using antibodies specific for APLP2 (lane 2).
A significant amount of proteoglycans remained unbound even after two immunoprecipitations (lane 3). D, schematic of proposed I�IHC2-APLP2 complex. TM,
transmembrane; KPI, Kunitz protease inhibitor domain.
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cated forms of HC2 (35). Taken together, these three results
support the existence of a novel I�IHC2-APLP2 complex (Fig.
6D).
Serglycin Glycosaminoglycan Chain Elongation Associated

withMonocyte-to-Macrophage Differentiation—As seen in Fig.
6A, the intact proteoglycan size of serglycin increases as mono-
cytes mature into macrophages. Serglycin secreted by mono-
cytes ranges from �50 to 250 kDa, whereas serglycin secreted
by macrophages is largely �250 kDa. In previous studies, we
have found that such increases in overall size can be due to
glycosaminoglycan chain elongation (57). To evaluate chain
length, we electrophoresed 35SO4-labeled monocyte and
macrophage proteoglycans on agarose, isolated the two largest
molecular weight fractions corresponding to serglycin (see Fig.
6A, lanes 1 and 2 and lanes 11 and 12), and performed chain
length analysis (Table 2). The glycosaminoglycan chains of
monocyte serglycin fraction 1 eluted with a Kav of �0.40,
whereas those of macrophage serglycin fraction 1 eluted at Kav
�0.30. Similarly, the chains of monocyte serglycin fraction 2
eluted atKav �0.42, and those ofmacrophage serglycin fraction
2 eluted at Kav �0.32. In short, macrophage serglycin chains
were�50–60% longer than those ofmonocyte serglycin. Thus,
the increase in overall size of serglycin associated with mono-
cyte-to-macrophage differentiation is due at least in part to
glycosaminoglycan chain elongation in the mature cells.
Localization of I�IHC2 andAPLP2 inHumanAtherosclerotic

Lesions—To establish the potential relevance of these cell cul-
ture findings to an in vivo situation characterized by an abun-
dance of mature macrophages, we performed an immunohis-
tochemical analysis of human atherosclerotic lesions (Fig. 7).
Movat’s pentachrome (Fig. 7A) and HAM-56 (Fig. 7B) staining
of an aortic lesion indicates a thin fibrous cap overlying abun-
dant macrophage foam cells and an underlying glycosamin-
oglycan-rich region. APLP2 (Fig. 7C) and I�IHC2 (Fig. 7D)
have similar staining patterns. Both are predominantly found in
macrophage-rich regions with a minor amount associated with
the underlying glycosaminoglycan-rich region. In contrast, ser-
glycin (Fig. 7E) is found primarily in the glycosaminoglycan-
rich region and not associated with macrophages.

DISCUSSION

In the present study, we have evaluated the proteoglycan
changes associated with monocyte-to-macrophage differentia-
tion. We confirm that serglycin is the primary proteoglycan
species secreted by monocytes and that it is also secreted by
maturemacrophages as has been reported (9, 10).We also have
identified APLP2, a less well known proteoglycan, and I�IHC2,

a proteoglycan-associated molecule, in the proteoglycan frac-
tion ofmaturemacrophages. Furthermore, we found other pro-
teoglycan and related genes to bemarkedly up-regulated during
macrophage differentiation. These include versican,HAS2, and
TSG-6. These findings add to the existing body of knowledge
regarding proteoglycans and related molecules synthesized by
monocytes and macrophages.
Serglycin is a proteoglycan known to be made by a variety of

hematopoietic cells (including mast cells (58), monocytes (59),
macrophages (7, 9), T-lymphocytes (60, 61), neutrophils (62),
and platelets (63–65)) and to have a vital function in the forma-
tion of secretory vesicles and storage granules within these cells
(9, 61, 65, 66). Two distinctive structural features confer added
functionality. First, the core protein serglycin has a high density
of Ser-Gly repeats in the glycosaminoglycan attachment region,
making it protease-resistant. Second, the core protein carries
up to 24 glycosaminoglycan chains, giving serglycin a high
degree of negative charge. We found that the transition of ser-
glycin to an overall larger molecular size as monocytes mature
into macrophages is due at least in part to glycosaminoglycan
chain elongation. In previous studies, we have found that such
increases in chain length serve to enhance the negative charge-
dependent ligand binding characteristics of proteoglycans (57,
67). Thus, structural features of both the core protein and gly-
cosaminoglycan chains likely contribute to the ability of sergly-
cin to bind a variety ofmolecules (e.g. cytokines, growth factors,
and proteases) and to protect them from proteolytic degrada-
tion. In the specific case of TNF, it is suggested that serglycin
controls secretion of this cytokine to prevent the release of
excessive amounts (9). It is likely that serglycin has an impor-
tant protective role in the storage and transport of other bind-
ing proteins as well. It also is likely that macrophage-derived
serglycin will have an altered and perhaps enhanced role in this
process as compared with monocyte-derived serglycin.
Given that serglycin has been shown to bind to and control

secretion of TNF (9), it is particularly interesting that we found
one of the TNF-inducible genes, TSG-6, to be dramatically up-
regulated upon initiation of monocyte-to-macrophage differ-
entiation. We suggest two possibilities by which serglycin and

TABLE 2
Glycosaminoglycan chain length analysis of monocyte versus macro-
phage serglycin

Elution
position, Kav

Molecular
sizea

kDa
Monocytes, fraction 1 0.40 34
Macrophages, fraction 1 0.30 55
Monocytes, fraction 2 0.42 32
Macrophages, fraction 2 0.32 50

a Apparent molecular size was determined from the elution position on Sepharose
CL-6B according to the method of Wasteson (31).

FIGURE 7. Presence of APLP2 and I�IHC2 within macrophage-rich regions
of atherosclerotic lesions. Shown is a section of human aorta stained with
Movat’s pentachrome (A) to identify cells (pink), elastin (black), glycosamino-
glycans (blue), and collagen (yellow); HAM-56 to identify macrophages (B);
anti-APLP2 (C); anti-I�IHC2 (D); or anti-serglycin (E).
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TSG-6 might interact. The first possibility involves an indirect
interaction.Monocyte-to-macrophage differentiation has been
shown to induce TNF secretion (68). The enhanced serglycin-
mediated transport of TNF from the secretory vesicles and sub-
sequent release of the cytokine in the extracellular environment
in this response could in turn stimulate the macrophage to
increase synthesis and secretion of TSG-6 as we report here.
The second possibility involves a direct interaction. TSG-6
might itself be a serglycin-binding protein in which case sergly-
cinmight control transport aswell as secretion of thismolecule.
Although this has not yet been examined, TSG-6 is known to
bind chondroitin 4-sulfate (69, 70) and heparin/heparin sulfate
(71).
TSG-6 is not constitutively present in most healthy adult

tissues (with the exception of bone marrow and epidermis (72,
73)), but its expression is up-regulated in response to a variety
of inflammatory mediators in a number of pathological and
physiological contexts (20, 74, 75). The interactions of TSG-6
with a variety of ligands contribute to its multifunctionality
(74). Of particular relevance are (i) the potent anti-inflamma-
tory properties of TSG-6 (76–81) and (ii) the important role of
TSG-6 in ECM remodeling (18, 22, 72, 82). These functions are
mediated by the abilities of TSG-6 to inhibit neutrophil migra-
tion (76, 79–81, 83) and plasmin activity (and thusmatrixmet-
alloproteinase activation) (71, 76, 77, 80), to promote expres-
sion of negative modulators of inflammation (78), and to form
cross-linked hyaluronan networks (i.e. either via the formation
of covalent complexes between hyaluronan and I�I and pre-�-
inhibitor heavy chains (18, 21, 50, 84) or through direct TSG-
6-mediated hyaluronan cross-linking (23, 26) where these
might induce anti-inflammatory signals (e.g. in macrophages
(85)).
Versican is another monocyte/macrophage gene that is up-

regulated in a number of disease states, such as myocardial
infarction (86), coronary stenosis (87), autoimmunity (88, 89),
and in response to proinflammatory stimulants, such as LPS
(90) and hypoxia (11, 12). In addition, versican has been iden-
tified as a gene that is differentially expressed in M1 macro-
phages as opposed to M2 macrophages as they differentiate
from monocytes (91). Thus, our finding of up-regulation of
TSG-6 and versican expression suggests that both an anti-in-
flammatory response andmatrix remodeling are features char-
acteristic of monocyte-to-macrophage differentiation.
APLP2 is known to be secreted in both a CSPG and a non-

proteoglycan form by a variety of cell types (48), but to our
knowledge, it has not been described as a product ofmonocytes
andmacrophages. However, a related familymember, APP, has
been demonstrated on circulating monocytes with increased
expression in macrophage colony stimulating factor-treated
monocytes (92). APLP2, APP, and a third family member,
APLP1, all have a high degree of amino acid anddomain homol-
ogy (46). Themost notable difference between APLP2 and APP
is APLP2’s lack of the A� sequence. Thus, upon proteolytic
processing, APLP2 does not give rise to the A� polypeptide.
Apparently, APLP2 does have important non-redundant func-
tionswithAPP thatmight be related to cell adhesion,migration
and wound healing (93, 94).

We found a dramatic increase in APLP2 protein in the pro-
teoglycan fraction of macrophages as compared with that of
monocytes. However, we also found similarly high copy num-
bers for APLP2 mRNA in both monocytes and macrophages
with no increase inAPLP2mRNA levels associatedwithmacro-
phage differentiation. This suggests that monocytes have the
capacity to make the non-proteoglycan form of APLP2,
whereas macrophages make the CSPG form. Thus, the dra-
matic increase in APLP2 protein associated with macrophages
is likely due to changes in glycosaminoglycan chain addition
rather than changes in core protein synthesis. To date, little is
known regarding what factors control addition of the CS chain
onto the APLP2 core protein. However, it has similarly been
suggested that chain addition might be related to differentia-
tion in neuronal cells (48).
I�IHC2, although not a proteoglycan itself, is one compo-

nent of the I�I proteoglycan complex. The I�I family consists of
three protein complexes resulting from different arrangements
of heavy chains (HC1, HC2, and HC3) covalently attached to
the CS moiety of bikunin (15). A major function of I�I is to
stabilize hyaluronan-rich matrices (18, 54); therefore, I�I has
important roles in ECM structure and essential roles in normal
physiological processes (e.g. ovulation (95)) as well as in patho-
logical conditions (e.g. rheumatoid arthritis (96) and inflamma-
tory bowel disease (97, 98)). The ability of I�I to form com-
plexes with hyaluronan is due to the covalent transfer of heavy
chains from I�I to hyaluronan (16, 21). Notably, TSG-6 is a
critical molecule for such heavy chain transfer to occur (21, 22).
Our finding of I�IHC2 protein, but not I�IHC2 mRNA or

bikunin mRNA, associated with mature macrophages was
unexpected. The inability to detect I�IHC2 mRNA suggests
that the protein is not macrophage-derived. More likely,
I�IHC2 must be exogenously derived from the serum. It is
imperative to emphasize that the mass spectrophotometric
identification of I�IHC2 was based on the identification of
three peptide fragments, which did match the sequence of this
human protein with a high degree of confidence. Tandemmass
spectrometry identification was performed three times on
three separate batches of THP-1 cells. On no occasion was
another protein detected in the 90-kDaband.We are aware that
lack of detection of another protein by mass spectrometry does
not definitively rule out the possibility of a co-migrating pro-
tein. We also have performed Western immunoblotting using
MIM-7, a highly specific anti-peptide antiserum raised against
the C-terminal 12-amino acid peptide of human HC2 (35).
MIM-7 recognizes the 90-kDa band identified as I�IHC2 by
tandem mass spectrometry (data not shown). Two additional
factors were taken into consideration. First, there is a high
degree of similarity between the sequences for human and
bovine I�IHC2 (NCBI Reference Sequence NP_001091485.1).
I�IHC2 and the three peptide fragments we identified also
match the bovine sequence. Second, I�IHC2 has to date only
been reported to be synthesized by hepatocytes and chondro-
cytes. All factors considered, we make the cautious interpreta-
tion that I�IHC2 is serum-derived. The inability to detect
bikuninmessage inmacrophages not only is further support for
this possibility but also suggests that I�IHC2might be linked to
a different core protein. This is not unprecedented as I�IHC3,
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another heavy chain component of the I�I complex, can be
linked both to the CS chains of decorin and to free CS chains
(54). In addition, truncated heavy chains have been found to be
attached to a CSPG other than bikunin in extracts from normal
and osteoarthritic cartilage (35). Thus, heavy chains could be
linked to the CS chains of macrophage proteoglycans as well.
The possibility that macrophage-secreted proteoglycans

might form a complex with other molecules also is not unprec-
edented. In THP-1 macrophages, a fraction of the secreted
matrix metalloproteinase 9 has been found to be covalently
linked via disulfide bonds to the core protein serglycin (8, 99).
We, however, were not able to detect matrix metalloproteinase
9 in the proteoglycan fraction of THP-1macrophages (data not
shown). It also has been suggested that serglycin could form a
complex with versican and another unidentified core protein
secreted by interleukin-1-stimulated arterial smooth muscle
cells (100).
In short, our data support the formation of a complex

between I�IHC2 and APLP2. Regardless of the source of
I�IHC2, its presence as a complex bound to APLP2 is a novel
finding. Although we have not yet quantified the amounts of
free APLP2 relative to I�IHC2-bound APLP2, it is likely that
the increased expression of APLP2 could impact the amount of
I�IHC2 recruited into themacrophagemilieu.Wepropose that
I�IHC2 protein, carried on serumbikunin (e.g. in the context of
I�I), is transferred onto macrophage-derived APLP2 and that
this transfer is mediated by TSG-6, which is induced during
monocyte-to-macrophage differentiation. The simultaneous
temporal up-regulation of other essentialmolecules involved in
matrix stabilization (HAS2 and versican) suggests that macro-
phages temporarily produce a novel, stabilized matrix, which
may be essential to the maturation process. Our immunohisto-
chemistry results showing that both are localized in the same
region in macrophage-rich regions in atherosclerotic plaques
also suggests, but does not prove, that these components exist
together in a complex.
It should be noted that these studies were conducted using

THP-1 monocytes and PMA-induced macrophages. The simi-
larities and differences between this human monocytic leuke-
mia cell line and normal human peripheral blood monocyte-
derived macrophages have been evaluated (28, 101). Although
these cells undergo comparable morphological changes and
expression of differentiation markers (e.g. apolipoprotein E,
scavenger receptor type-A, and lipoprotein lipase), differences
in expression of a variety of other proteins have been identified.
Thus, to validate our in vitro findings using THP-1 cells, we
performed an immunohistochemical analysis of human athero-
sclerotic lesions, a condition characterized by an abundance of
mature macrophages. The co-existence of APLP2 and I�IHC2
in macrophage-rich regions of human lesions confirms that
thesemolecules are present in atherosclerosis and suggests that
these molecules have a role in the ECM changes that occur
during the development of this disease. How these molecules
contribute to the development of atherosclerosis and whether
they contribute to pro- or anti-inflammatory processes remain
to be determined. It will also be of interest to evaluate whether
these molecules are associated with each other in other inflam-

matory diseases characterized by macrophage development as
well.
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