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Both innate and adaptive immunity contribute to the
progression of inflammatory-fibrotic lesions of ath-
erosclerosis. Although platelet-derived growth factor
(PDGF)-B has been investigated as a stimulant of
smooth muscle cells in vascular diseases, its effects
on the immune response during disease have not
been evaluated in vivo. We used hematopoietic chime-
ras generated after lethal irradiation of ApoE—/— re-
cipients to test the role of PDGF in atherosclerosis.
Monocyte accumulation in early atherosclerotic le-
sions increased 1.9-fold in ApoE—/—/PDGF-B—/— chi-
meras. Lymphocytes from null chimeras showed a
1.6- to 2.0-fold increase in the number of activated
CD4" T cells and a 2.5-fold elevation of interferon-y-
secreting CD4™" T cells on ex vivo challenge with mod-
ified low-density lipoprotein. Splenocyte transcript
levels were also altered with a twofold decrease in
interleukin-10 and 1.7- and 3.0-fold increases in inter-
leukin-18 and CCR5, respectively. These cellular and
molecular changes were consistent with a shift to a
proinflammatory phenotype in null chimeras. Our
data also demonstrated for the first time the presence
of a recently discovered family of negative regulators
of innate and adaptive immunity, the suppressors of
cytokine signaling (SOCS), in developing atheroscle-
rotic lesions. Thus, our studies identify two indepen-
dent negative immune regulatory pathways—PDGF-B
and SOCS—that may help limit lesion expansion.
(Am_J Pathol 2005, 167:901-912)

Platelet-derived growth factor (PDGF) is a pleiotropic
growth factor for many cells of mesenchymal and neu-
roectodermal origin.’ Of the five possible isoforms of
PDGF (AA, AB, BB, CC, DD) that bind to three struc-
turally related protein tyrosine kinase type Ill receptors,
PDGF receptor-aa, PDGF receptor-af, and PDGF re-
ceptor-pB,%3 only PDGF-BB is able to bind to all three
PDGF receptors and therefore is the universal ligand.
Targeted disruption of PDGF-B or PDGF receptor-g
genes in mice is embryonic lethal, and mutants die at
late gestation from widespread microvascular bleed-
ing.** Detailed analyses of PDGF-B- and PDGF recep-
tor-B-null mutants have shown that this microvascular
pathology is caused by a severe shortage of pericytes
and vascular smooth muscle cells.®~° Endothelial and
hematopoietic cell ablations of PDGF-B have gener-
ated viable mice, and have confirmed a role for
PDGF-B in regulating pericyte density and smooth
muscle cell emigration in adult vascular patholo-
gies.'® 2 However, cellular effects beyond mesenchy-
mal and neuroectodermally derived cells have not
been investigated in detail in these mice.

Circulating cells, especially monocytes and plate-
lets, are a major source of PDGF after activation or
injury.'®='® Evaluation of purified populations of lym-
phocytes have demonstrated that PDGF can inhibit
natural Killer cell cytotoxicity when added to a mixed
lymphocyte population'® and regulate the pattern of
T-cell lymphokines produced in vitro.'” Although cul-
tured monocyte-derived macrophages have been
shown to increase expression of PDGF receptor-B with
differentiation, bind PDGF-BB with high affinity, and
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induce PDGF receptor-B8 phosphorylation,'® the ability
of freshly isolated monocytes to respond to PDGF has
been controversial.'® Thus, PDGF has been docu-
mented to modulate activities of cultured lymphocytes
and macrophages, but the implications of these in vitro
effects have not been analyzed in vivo.

Both innate and adaptive immune mechanisms have
been suggested to play an important role in athero-
sclerosis.’®22 Early lesions of atherosclerosis are
composed of lipid-filled macrophages with some T
cells. As lesions progress, smooth muscle cells mi-
grate into the intima with continued accumulation of
activated T cells and macrophages.'®?® The impor-
tance of innate immunity in atherogenesis is high-
lighted by studies in which blockade of macrophage
accumulation in animal models of atherosclerosis is
sufficient to delay lesion formation. For example, inhi-
bition of either monocyte chemotactic protein-1
(MCP-1) or its receptor CCR2, known to promote mono-
cyte migration into forming lesions, markedly de-
creases early lesion formation.?#2° The significance of
adaptive immunity in the pathogenesis of atheroscle-
rosis has been more controversial. A proinflammatory,
Th1-type cellular immune response has been docu-
mented in human lesions,?® and multiple antigens,
such as oxidatively modified lipoproteins,?” have been
shown to be recognized by activated T cells isolated
from lesions. Some of the differences in the interpreta-
tion of the contributions of adaptive immunity in mouse
models of atherosclerosis may be due to the fact that
only moderate hypercholesterolemia recapitulates the
Th1 response of human disease.?®2° However, recent
data in mouse models clearly demonstrate that treat-
ments that specifically promote the Th1 response, such
as blockade of transforming growth factor-B signaling
specifically in T cells,®° increase lesion size and the
activation state of T cells and monocytes. In contrast, B
cells appear to have a protective function because
removal of B cells via splenectomy enhances lesion
formation, whereas intravenous polyclonal immuno-
globulin injection suppresses it.3"32 How equilibrium
between pro- and anti-atherogenic immune responses
is balanced during disease progression is still unclear.

To test the role of PDGF-B in the development of
lesions of atherosclerosis, we have examined ApoE-
null mice that lack PDGF-B in their circulating cells,
and our published study has demonstrated a transient
delay in smooth muscle cell accumulation in advanced
lesions of atherosclerosis.'? This study uses the same
animal model, with a focus on the early inflammatory
response and PDGF regulation of lymphocyte func-
tions throughout lesion formation. We show that an
increased accumulation of monocytes at early stages
of lesion development is associated with elevated num-
bers of activated T lymphocytes in ApoE—/—/PDGF-
B—/— chimeras that persists throughout lesion devel-
opment. Analysis of lymphocyte gene expression
profiles further suggests a shift to a proinflammatory
phenotype and provides in vivo data implicating
PDGF-B in possible modulation of T-cell activation and
immune homeostasis.

Materials and Methods

Antibodies and Reagents

Conjugated rat anti-mouse antibodies (BD PharMingen,
San Diego, CA) used for fluorescence-activated cell sort-
ing (FACS) analysis were: phycoerythrin (PE) and fluo-
rescein isothiocyanate (FITC)-B220 (RA3-6B2), PE-CD3
(17A2), PE-CD8 (53-6.7), FITC-CD4 (RM4-5), PE-Mac-1
(M1/70), biotin-CD43 (S7), biotin-Ly-5.1 (6C3/BP-1), bi-
otin-IgM (R6-60.2), PE-CD25 [interleukin (IL)-2 receptor «
chain, 3C7], PE-CD62L (L-selectin, MEL-14). Antibodies
used for immunostaining include: macrophage-specific
rat anti-mouse monoclonal Mac-2 antibody (diluted
monoclonal supernatant®3; American Type Culture Col-
lection, Manassas, VA); suppressors of cytokine signal-
ing (SOCS)-1-specific rabbit polyclonal antibody from
Zymed (34-3100; South San Francisco, CA), SOCS-3-
specific goat polyclonal antibody (m-20) from Santa Cruz
Biotechnology (Santa Cruz, CA); goat anti-mouse IL-15
polyclonal antibody (AF447; R&D Systems, Minneapolis,
MN); rabbit anti-human CD3 polyclonal antibody (A0452;
DAKO, Carpinteria, CA).

Animals

Male ApoE—/— mice (backcrossed 10 times to C57BL/
6J, G10) were purchased from Jackson Laboratory (Bar
Harbor, ME). Mice were housed in a specific pathogen-
free facility and fed a normal chow diet throughout the
experimental time period. First generation hematopoietic
chimeras for PDGF-B were generated by total body irra-
diation of ApoE—/— mice 7 to 8 weeks of age and re-
population with fetal liver cells from ApoE—/—/PDGF-B
+/+ or —/— E16.5 livers from littermate embryos.'? All
animals used in this study were second or third genera-
tion chimeras repopulated with bone marrow from first or
second generation chimeras, respectively. Venous blood
was obtained by retro-orbital bleed. At the time of eutha-
nasia, blood was drawn from the heart, and the spleen,
femur, and tibia were removed. Subsequently, the aortic
tree was perfused with 10 ml of phosphate-buffered sa-
line (PBS), followed by 10 ml of methyl Carnoy’s solution
(60% methanol, 30% chloroform, 10% acetic acid) and
the entire aortic tree was dissected for analysis.’?

Cell Preparations

No significant difference was observed in the yield of leu-
kocytes, lymphocytes, monocytes, or macrophages be-
tween the two study groups. Leukocytes from peripheral
blood, spleen, or bone marrow were prepared by ammo-
nium chloride lysis (0.15 mol/L NH,CI, 1.0 mmol/L KHCO,
0.1 mmol/L ethylenediamine tetraacetic acid, pH 7.2 to 7.4)
of the red blood cells, and subsequent washes with FACS
buffer (PBS with 0.2% bovine serum albumin and 0.1%
sodium azide) for analysis by flow cytometry. Bone marrow-
derived macrophages (BMDMs) were generated by cultur-
ing bone marrow cells in RPMI 1640 containing 10% fetal
bovine serum and 2000 U/ml rhM-CSF (R&D Systems) for 7
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Table 1. Specific Murine Primer Sets Used in This Study
Genes Sequence Expected size

PDGF-Ra Sense: 5'-AAGAGACCCTCCTTCTACCACC-3' 399bp
Anti-sense: 5'-GTCGATGTCCTCGATGGTCT-3'

PDGF-RB Sense: 5'-AGCTACATGGCCCCTTATGA-3' 367bp
Anti-sense: 5'-GGATCCCAAAAGACCAGACA-3’

PDGF-A Sense: 5'-CCATTCGCAGGAAGAGAAGTA-3' 436bp
Anti-sense: 5'-GGCAATGAAGCACCATACATA-3’

PDGF-B Sense: 5'-CGACCACTCCATCCGCTCCTT-3' 461bp
Anti-sense: 5'-GCCGAGGGGTCACTATTGTCT-3’

PDGF-C Sense: 5'-GAGTCCAACCTGAGCAGCAAG-3' 519bp
Anti-sense: 5'-GGTACTGAAGGCAGTCACAGC-3’

PDGF-D Sense: 5'-CTTCCCGAACAGCTACCCAAG-3' 559bp
Anti-sense: 5'-CCGATCATGGTATGACCTGCC-3’

L32 Sense: 5'-GCCGCTTTCTGCTTAGCTTG-3' 520bp
Anti-sense: 5'-CAGAGTGTCTTCCAATCACC-3’

GAPDH Sense: 5'-GACTCCACTCACGGCAAATTC-3’ 575bp

Anti-sense:

5'-GACACATTGGGGGTAGGAACA-3’
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days. The BMDMs used for analysis were greater than 99%
Mac-1-positive by FACS analysis. Peritoneal macrophages
were collected on day 4 after intraperitoneal injection of 1 ml
of aged, sterile 3% thioglycollate (Difco Laboratories, Bec-
ton Dickinson Microbiology, Sparks, MD), and further puri-
fied by adherance to bacterial plastic culture dishes for 1
hour followed by a wash to remove nonadherent cells. The
resultant cell populations were greater than 99% Mac-1-
positive by FACS analysis. B cells and T cells were purified
from total splenocytes by negative selection to prevent ad-
hesion-induced activation with magnetic cell sorting
(MACS) beads according to the manufacturer’s protocol
(Miltenyi Biotech, Bergisch Gladbach, Germany). The purity
of the isolated populations was confirmed by FACS analysis
after staining with a panel of cell-type-specific antibodies
that included: anti-CD3, anti-B220, and anti-Mac-1. Two
separate incubations with MACS beads were required to
remove all B cells from T-cell and macrophage prepara-
tions, and the resultant cell populations were greater than
99% pure by FACS analysis with no detectable contaminat-
ing cells. Mouse aortic cells (primarily smooth muscle cells)
were isolated from newborn mouse aorta as previously de-
scribed,®* and used as a positive control for reverse tran-
scriptase-polymerase chain reaction (RT-PCR). Spleno-
cytes and BMDMs were incubated in serum-free media for
0.5 hour to 24 hours in the presence or absence of 30 ng/ml
of recombinant PDGF-BB (endotoxin-free preparation;
Roche, Indianapolis, IN). Recombinant murine IL-2 (50
U/ml, BD Pharmingen) and interferon (IFN)-y (250 U/ml;
Genzyme, Cambridge, MA) were used as positive controls
for induction of SOCS proteins in splenocytes and BMDMs,
respectively.

Total RNA Preparation and RNase
Protection Assay

Total RNA was purified from each cell population by
TRIzol reagent (InVitrogen, Carlsbad, CA) and treated
with DNase to remove any contaminating DNA. Mouse
chemokine, chemokine receptors, and SOCS-1 and -3
multiprobe template sets were purchased from BD

PharMingen. RNA probes were synthesized with a-32P-
UTP (Amersham Biosciences, Corp., Piscataway, NJ)
and used within 2 days. RNase protection assays were
performed according to the manufacturer’s instructions.
Ten to twenty pg of total RNA was used in each hybrid-
ization reaction, and RNase-protected probe fragments
were resolved with 0.4-mm 5% acrylamide gels contain-
ing 8 mol/L urea. After drying, the gels were quantitated
by Phosphor Image analysis using L32 and GAPDH for
normalization.

Specific Primer Sets for RT-PCR Analysis

The One-Step RT-PCR kit was purchased from Qiagen
(Valencia, CA) and analysis followed the manufacturer’s
protocol. Reverse transcription was performed at 50°C
for 30 minutes, then 95°C for 15 minutes to heat-inacti-
vate the reverse transcriptase. PCR conditions are: 94°C,
1 minute; 55°C, 1 minute; and 72°C, 1 minute. Thirty to
thirty-five cycles were used, depending on the abun-
dance of the message. Specific murine primer sets are
shown in Table 1.

Cell Staining and Flow Cytometry Analysis

Cells were resuspended at 2 to 3 X 10°/ml, and 200 ul of
cell suspension were incubated in a 96-well plate with
specific antibodies for 20 minutes at room temperature in
the dark. Fcy antibody was added before staining with
specific antibodies to block nonspecific binding. Stained
cells were washed with the FACS buffer (PBS with 0.2%
bovine serum albumin and 0.1% NaNg) three times be-
fore analysis on FACScan flow cytometer (Becton
Dickinson).

IFN-~ Secretion and Detection Assay

Specific IFN-y secretion on ex vivo challenge with malon-
dialdehyde (MDA)-low density lipoprotein (LDL) was
evaluated using a cell enrichment and detection kit
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(Miltenyi Biotech). Fresh mouse spleen cells were pre-
pared under sterile conditions. Ten million splenocytes
were incubated at 37°C for 3 to 16 hours in 1 ml of RPMI
1640/5% bovine plasma-derived serum in the presence
of 10 pug/ml MDA-LDL. MDA modification of LDL was
performed as described in detail previously.>® Plasma-
derived serum was used in the place of serum to mini-
mize exposure of the cells to PDGF present in serum but
absent in plasma. A negative control (with no antigen
stimulation) and a positive control (stimulated by 10
pg/ml of Staphylococcal Enterotoxin B; Sigma, St. Louis,
MO) were included in each assay. IFN-y-secreting cells
were labeled by IFN-y catch reagent (CD45 antibody
conjugated to anti-IFN-vy), and then labeled with PE-anti-
IFN-vy detection antibody. Because the frequency of IFN-
y-secreting cells is less than 2%, positive cells were then
labeled with anti-PE MicroBeads and magnetically en-
riched. The enriched population was also stained with
FITC-CD4 antibody and analyzed by FACScan flow cy-
tometry to evaluate CD4"/IFN-y secreting cells, which
were specific to MDA-LDL.

Immunohistochemistry and Quantitation

All immunohistochemical procedures were performed as
previously described.®®> Monocytes in brachiocephalic
artery of ApoE—/—/PDGF-B chimeras from 23 to 26
weeks of age were evaluated by immunostaining with
Mac-2 antibody.®® Using a random start site, the entire
brachiocephalic trunk was sampled at 75-um intervals as
previously described. SOCS-1 and SOCS-3 expression
were evaluated by staining brachiocephalic sections with
SOCS-1- and SOCS-3-specific antibodies (both at 2 ug/
ml). Adjacent sections were stained with Mac-2 antibody
to evaluate co-localization of SOCS proteins and macro-
phages. Lesion T cells and IL-15-positive cells were eval-
uated by staining longitudinal sections of the thoracic
aorta and its major branches (excluding the brachioce-
phalic artery) with anti-CD3 antibody (5 ug/ml) and anti-
IL-15 antibody (5 ug/ml). All analyses and counting were
done blinded to the tissue source, and the number of
positive cells per section were counted by two indepen-
dent observers. NIH Image software was used to quantify
the lesion area (mm?) and vessel length (cm).

Statistics

Statistical analysis was performed using a two-tailed Stu-
dent’s t-test and the InStat 2.01 program.

Results

Enhanced Monocyte Accumulation at Early
Stages of Atherosclerotic Lesion Formation in
ApoE—/—/PDGF-B—/— Chimeras

Because targeted deletion of the PDGF-B chain is em-
bryonic lethal, we have developed hematopoietic chime-

ras using fetal liver cells from ApoE—/—/PDGF-B-defi-
cient embryos to repopulate the marrow of lethally
irradiated atherosclerosis-prone ApoE—/— mice. Using
this model, our previous study has shown that at 35
weeks of age (28 weeks after transplantation), lesions in
PDGF-B—/— chimeras contain mostly macrophages, ap-
pear less mature, and have a reduced frequency of fi-
brous cap formation as compared with PDGF-B+/+ chi-
meras.'? To further examine the inflammatory response in
these chimeras, we evaluated macrophage content and
the nature of the lesions at an earlier stage, 23 to 26
weeks of age (16 to 19 weeks after transplantation) (Fig-
ure 1A). Because these lesions contain only macro-
phages, lesions were quantitatively compared by deter-
mining the number of intimal monocytes/macrophages in
the entire brachiocephalic trunk in mice at 23 to 26 weeks
of age. Our data demonstrates a 1.9-fold increase in the
number of Mac-2-positive cells accumulated in lesions of
ApoE—/—/PDGF-B—/— chimeras (Figure 1B), reflecting
the apparent increase in lesion size at this stage of
development.

PDGF-B Transcript Is the Major PDGF Ligand
Gene Detected in All Mouse Hematopoietic
Lineages, but Receptor Expression Is

More Limited

Although monocytes/macrophages are known to pro-
duce PDGF-B through the analysis of atherosclerotic
lesions from humans, nonhuman primates, 3¢ and
mice,'? expression of other PDGF ligands and recep-
tors have not been well characterized in mouse hema-
topoietic cells. RT-PCR analyses were used to examine
MRNA expression for PDGF ligands and receptors in
wild-type C57BL/6 mice (Figure 2). Mouse aortic cells
(primarily smooth muscle cells) were used as a positive
control. PDGF-B mRNA is expressed in all hematopoi-
etic lineages tested, whereas PDGF-A and PDGF-C are
limited to macrophages and total splenocytes, presum-
ably from nonlymphatic cells, because no expression
is observed in purified B and T cells. Expression of
PDGF-D in circulating cells is minimal in comparison
with the other ligands.

PDGF receptor-a mRNA is detected in BMDMs,
splenocytes, and purified T cells. Neither purified B nor
T cells express PDGF receptor-g mRNA, but it is de-
tected in thioglycollate-elicited peritoneal macro-
phages, BMDMs, and splenocytes. This suggests that
naive T cells are dependent on PDGF receptor-a to
respond to PDGF, and thus can be stimulated by
PDGF-AA, -AB, -BB, and -CC. Peritoneal macrophages
and BMDMs differ in their PDGF receptor expression.
Although BMDMs have both receptors-a and -8, peri-
toneal macrophages express only receptor-B. A similar
pattern of PDGF ligand and receptor expression is
observed in hematopoietic cells from hypercholester-
olemic ApoE—/— mice (data not shown).
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Figure 1. Increased number of monocytes in atherosclerotic lesions of 23- to
26-week ApoE—/—/PDGF-B—/— chimeras. Hematopoietic chimeras were
generated by lethal irradiation of 7-week-old ApoE—/— mice and repopula-
tion of their marrow with ApoE—/—/PDGF-B+/+ or ApoE—/—/PDGF-
B—/— bone marrow cells from first generation chimeras.'? Mice were fed a
normal chow diet and euthanized at 23, 24, and 26 weeks of age (23 weeks,
n = 2 for each group; 24 weeks, n = 4 for +/+ and n = 3 for —/—; and 26
weeks, n = 2 for each group). After perfusion fixation with methyl Carnoy’s
and paraffin embedding, the entire brachiocephalic trunk was serially sec-
tioned. A: Immunostaining with monocyte/macrophage-specific Mac-2 anti-
body was used to quantitate lesion monocytes in PDGF-BB+/+ and PDGF-
BB—/— chimeras. At this stage of lesion development, monocytes account
for all of the intimal lesion area. B: The number of lesion monocytes were
quantitated at 75-u intervals for the full length of the brachiocephalic trunk
for PDGF-BB+/+ (n = 8) and PDGF-BB—/— (n = 7) chimeras. Because
mice were sacrificed at different time points and were part of three different
experimental groups, each data set was analyzed separately and expressed as
the percentage of the mean for the PDGF-BB+/+ chimeras in that group.
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The Number of Activated T Lymphocytes Is
Increased in ApoE—/—/PDGF-B—/— Chimeras

Given the broad expression of PDGF-B in all circulating
cells, we asked whether hematopoietic cell distribution is
altered in its absence. As previously reported, no differ-
ence in the total numbers of lymphocytes, granulocytes,
or macrophages is observed in PDGF-null chimeras,'®
but individual lymphocyte populations have not been
examined. Using flow cytometric analysis, a significant
30 = 8% decrease in the number of B220+ cells and a
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Figure 2. Differential expression of PDGF receptors and ligands in mouse
hematopoietic lineages. Thioglycollate-elicited peritoneal macrophages,
BMDMs, and splenocytes were prepared from wild-type male C57BL/GJ
mice. B cells and T cells were purified from total splenocytes by negative
selection as described in Materials and Methods. Mouse aortic cells (primarily
smooth muscle) were isolated from newborn mouse aorta and used as a
positive control. Total RNA was purified from each cell population and
treated with DNase to remove contaminating DNA. Two hundred ng of
purified RNA was used in a One-Step RT-PCR reaction with specific primer
pairs as indicated in Table 1 and the PCR products were run on a 1% agarose
gel using L32 and GAPDH as controls for RNA load. Comparable expression
levels were observed in hematopoietic cells from ApoE—/— mice (data not
shown).

30 = 7% increase in CD4" and CD8™" cells is observed
in the spleen (Figure 3) and peripheral blood (not shown)
of ApoE—/—/PDGF-B—/— chimeras as compared with
PDGF-B+/+ chimeras, whereas the total number of
splenocytes and circulating leukocytes are the same be-
tween the two groups. The changes in both B- and T-cell
numbers are statistically significant, and are consistent
from 14 to 45 weeks of age (data not shown). The reduc-
tion in B220+ cells does not appear to be due to a block
in B-cell development, because flow cytometric analysis
of bone marrow cells for progenitor B cells (B220/CD43),
pre-B cells (B220/BP-1), and IgM-bearing B cells (B220/
IgM) revealed no blockage of B-cell differentiation in
PDGF-B—/— chimeras (data not shown). The increase in
T-cell numbers is also unlikely to be due to defects
in T-cell development because the ratio of CD8 to CD4
is not altered in these chimeras.

These studies show an increase in the number of T
cells in PDGF-B-null chimeras (Figure 3), and we previ-
ously demonstrated that these mice have increased mac-
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Figure 3. B-lymphocyte numbers are decreased and T-lymphocyte numbers
are increased in the periphery of ApoE—/—/PDGF-B—/— chimeras. A: Rep-
resentative FACS analyses are shown of B220 staining of splenocytes from
30-week-old PDGF-B+/+ and —/— chimeras gated for lymphocytes. B:
B-cell numbers are decreased in spleens of ApoE—/—/PDGF-B—/— chime-
ras, although total lymphocyte numbers are comparable for the two chimera
groups. Flow analysis of B220 staining of three independent transplant (TX)
experiments at 30 weeks are shown (7 = 3 per group, P < 0.05). C: The
decrease in B cells is associated with an increase in T cells in ApoE—/—/
PDGF-B—/— chimeras (n = 3 per group, P < 0.01). CD4 and CDS8 staining
was performed with the same splenocyte samples as in B.

rophage expression of IFN-vy, a potent modulator of T-cell
activation.'? Therefore, we tested whether T-cell activa-
tion patterns differ between the PDGF-B+/+ and —/—
chimeras. A transient increase in cell surface expression
of CD25 is associated with T-cell activation, whereas
CD62L (L-selectin) is shed from the cell surface by acti-
vated T cells. PDGF-B—/— chimeras show a twofold *+
0.2 increase in the CD25/CD4 double-positive cell pop-
ulation, and a 1.8-fold = 0.1 decrease in the CD62L/CD4
double-positive cell population in their peripheral blood
leukocytes and spleens (Figure 4, A and B). Even though
10 to 20% of CD25/CD4 double-positive cells are regu-
latory T cells,®” the majority of these double-positive cells
are activated T cells. The combined data for these mark-
ers of T-cell activation show that the number and percent-
age of activated T cells is increased in ApoE-null mice
lacking PDGF-B in their circulating cells.

Modified lipoproteins have been implicated as im-
mune stimuli in atherogenesis,®®*° including the pro-
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Figure 4. Increased numbers of activated T lymphocytes in ApoE—/—/
PDGF-B—/— as compared to PDGF-B+/+ chimeras. A: From PDGF-B+/+
(black bars) and PDGF-B—/— (gray bars) chimeric mice, peripheral blood
leukocytes were stained with antibodies to CD25 or CD62 ligand in combi-
nation with a CD4 antibody and double-positive cell populations were
analyzed by flow cytometry (7 = 6 per group, P = 0.004 for CD25"CD4™,
and P = 0.008 for CD62L*CD4™). B: Splenocytes from the same mice were
also stained and analyzed as described in A (P < 0.01). C: Freshly isolated
splenocytes from ApoE—/—/PDGF-B+/+ and —/— chimeras were incu-
bated with 10 ug/ml of MDA-LDL overnight. IFN-y secreting and CD4™" cells
were labeled, enriched using magnetic beads, and analyzed by flow cytom-
etry (see Materials and Methods). An increase in the IFN-y*CD4* population
is detected in ApoE—/—/PDGF-B—/— chimeras (n = 6 for +/+ chimera,
n =5 for —/— chimera; P = 0.0009).

motion of T-lymphocyte activation within lesions.®® To
test the extent to which T cells from PDGF-B—/- chi-
meras are activated by atherogenic stimuli, freshly iso-
lated splenocytes from ApoE—/—/PDGF-B+/+ and
—/— chimeras were incubated ex vivo with malondial-
dehyde-modified LDL (MDA-LDL). Overnight incuba-
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stained with H&E from 45-week-old ApoE—/—/PDGF-B+/+ (A) and ApoE—/
—/PDGF-B—/— (B) chimeras are shown. The location of the different vessels is
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curvature; LCC, left common carotid artery; RSC, right subclavian artery; TA,
thoracic aorta. The brachiocephalic artery was removed where it branches off of
the aorta and was embedded separately for analysis. C: Lesion T cells and
IL-15-positive cells were evaluated by staining longitudinal sections of the tho-
racic aorta of 45-week-old chimeras (PDGF-B+/+, n = 8; PDGF-B—/—, n=7)
with anti-CD3 and anti-IL-15 antibodies, respectively. Lesion area is also shown
for the two groups, and CD3- and IL-15-positive cells in intima were normalized
to lesion area (mm?). D: CD3- and IL-15-positive cells in the adventitia were also
counted and normalized to vessel length.

tion with MDA-LDL increased the number of IFN-y se-
creting CD4™ T cells in PDGF-B—/— chimeras by 2.5-
fold = 0.4 as compared with PDGF-B+/+ chimeras
(Figure 4C). These data demonstrate that T cells from
PDGF-B chimeras have an enhanced response to an
atherogenic stimulus ex vivo.

Because the number of activated T cells in the circu-
lation is increased in PDGF-B—/— chimeras, we exam-
ined whether T-cell accumulation in lesions is altered. To
optimize quantitation of lymphocytes, we evaluated lon-
gitudinal sections of the thoracic aorta and its major
branches from the ascending aorta to the base of the
thoracic aorta (Figure 5, A and B). CD3-positive cells
were counted in both the intima and the adventitia nor-
malizing the count to the length of vessel for the adven-
titial cells and lesion volume for lesional cells. The num-
ber of CD3-positive cells in the intima and adventitia of
45-week-old PDGF-B+/+ and PDGF-B—/— chimeras
was comparable, as were lesion areas (Figure 5, C and
D). Similar data were obtained with 35-week-old PDGF-B
chimeras (data not shown). Although T-cell activation and
IFN-y expression in lesions may differ between the two
experimental groups, we were unable to stain for IFN-yin
our methyl Carnoy’s-fixed specimens using three differ-
ent IFN-y antibodies.
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Probing Possible Mechanisms of T-Cell
Activation in ApoE—/—PDGF-B—/— Chimeras

In the absence of circulating PDGF-B in ApoE—/— mice,
we show increased monocyte/macrophage infiltration
during early stages of lesion development (Figure 1). Our
previous analysis of alterations in macrophage gene ex-
pression in PDGF-B-deficient chimeras demonstrated in-
creased expression of IFN-y and the cytokines IL-1« and
IL-15."2 Because IL-15 promotes the activation and re-
cruitment of T cells to sites of inflammation including
atherosclerotic lesions, ! we also evaluated whether
IL-15 expression is changed in lesions of PDGF-B—/—
chimeras. No difference was seen in the number of IL-
15-positive cells in the adventitia between PDGF-B+/+
and PDGF-B—/— chimeras (Figure 5D), although T-cell
accumulation in the adventitia was fivefold higher than
within the lesion when both were normalized to vessel
length (data not shown). In contrast, the number of intimal
IL-15-positive cells appears to be increased fourfold in
ApoE—/—/PDGF-B—/— chimeras as compared to PDGF-
B+/+ chimeras (Figure 5C). However, the difference did
not quite reach statistical significance.

Another possible candidate to mediate the observed
increase in T-cell activation in PDGF-null chimeras is a
recently discovered family of negative inhibitory fac-
tors, the SOCS, that has been shown to function as
negative feedback regulators of inflammatory cytokine
signaling. We and others have found that PDGF alone
significantly up-regulates SOCS-1 and SOCS-3, two
key members of this family,** in NIH3T3 cells that
express high levels of both PDGF receptors-a and -f.
However, PDGF-BB fails to stimulate SOCS-1 or
SOCS-3 expression in cultured splenocytes and BM-
DMs (Figure 6), even though the cells express low
levels of PDGF receptor-a and - mRNA (Figure 2). In
contrast, IL-2 and IFN-y can stimulate SOCS expres-
sion in splenocytes and BMDM, respectively, confirm-
ing the responsiveness of these cultured cell popula-
tions. Potential synergistic effects of PDGF-B with other
SOCS inducers were not evaluated.

SOCS expression has not been evaluated in lesions
of atherosclerosis, and it is possible that the cell cul-
ture environment does not mimic the immune stimula-
tion within atherosclerotic lesion. Immunohistochemi-
cal analysis of lesions reveals strong staining for both
SOCS-1 and SOCS-3 that co-localizes with lesion mac-
rophages (Figure 7). SOCS-1 is expressed at all time
points examined, while SOCS-3 is more evident at later
stages of lesion development (greater than 40 weeks in
the chimeric mice). However, no differences in SOCS-1
or SOCS-3 staining is observed in lesions of age-
matched ApoE—/—/PDGF-BB+/+ and —/— animals,
consistent with an absence of SOCS mRNA regulation
by PDGF-B in cultured cells. However, immunohisto-
chemical evaluation of SOCS expression would only
allow detection of a difference between the two groups
if PDGF-B is a major contributor to SOCS induction
within lesions.
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Figure 6. PDGF-BB does not increase the expression of SOCS-1 and SOCS-3
in mouse splenocytes and BMDMs in culture. Splenocytes and BMDMs were
prepared from wild-type male C57BL/GJ mice and incubated in serum-free
media for 0.5 hours to 24 hours in the presence (black bars) or absence
(white bars) of 30 ng/ml of recombinant PDGF-BB. Recombinant murine
1L-2 (50 U/ml, gray bars) and IFN-y (250 U/ml, striped bars) were used as
positive controls for splenocytes and BMDMs, respectively. Total RNA (10
ng) was analyzed by RNase protection assays (RPAs) with probes specific to
mouse SOCS-1 and SOCS-3. Gels were quantitated by Phosphor Image
analysis using 132 and GAPDH for normalization. Similar data were obtained
with cells from 24-; 35-, and 45-week-old PDGF-B chimeras. Representative
data for splenocytes (A) and BMDMs (B) that were incubated for 6 hours as
indicated are shown.

The Gene Expression Profile in PDGF-B—/—
Chimera Splenocytes Shows a Selective Shift to
a Proinflammatory Phenotype

To analyze whether the gene expression is changed in
hematopoietic cells in the absence of PDGF-B, total
RNA was purified from spleens of 24-week-old PDGF-B
chimeras and mRNA transcripts of chemokines/cyto-
kines and their receptors were assessed by RNase
protection assay. Data in Table 2 show a 2.0-fold de-
crease in anti-inflammatory IL-10 and a 1.7- and 3-fold
increase in proinflammatory IL-18 and CCR5 expres-
sion, respectively. A more modest reduction in IL-6R«
and IL-12RB2 expression is observed. Evaluation of
several other cytokines was precluded by low expres-
sion levels (Table 2). The observed changes in the
splenocyte gene expression profile in PDGF-B—/— chi-
meras suggests selective enhancement of inflamma-
tory pathways.

Discussion

PDGF-B as a Potential Regulator of T-Cell
Activation and the Proinflammatory Response

This study shows that ApoE hematopoietic chimeras de-
ficient in PDGF-B have a twofold increase in the number
of activated T cells with a shift in the splenocyte gene
profile to a selective proinflammatory phenotype, and
thus implicates PDGF-B as a potential modulator of the
immune response. We further demonstrate that PDGF-B
mRNA is the primary PDGF transcript in all freshly iso-
lated hematopoietic lineages, whereas transcripts for
PDGF-A and -C are limited to nonlymphoid cells (primar-
ily macrophages). Purified T cells only express tran-
scripts for PDGF receptor-a and thus can respond to
macrophage-derived PDGF-AA, -AB, -BB, and -CC or to
PDGF-BB made by both T and B lymphocytes. Our com-
bined data with freshly isolated hematopoietic cells from
wild-type mice and PDGF-B hematopoietic chimeras are
consistent with the previous in vitro data that PDGF-BB
depresses immune-modulating cytokines*® and provide
support for possible PDGF-B down-modulation of T-cell
immune responsiveness in vivo.

Our initial characterization of lesion progression in the
ApoE/PDGF-B-null chimeras demonstrated a twofold in-
crease in macrophage proinflammatory gene expression,
including IFN-vy, IL-1«, IL-15, and the cytokine receptor
CCR5."2 In this study, we also show an increase in CCR5
expression in splenocytes of PDGF-B—/— chimeras as
well as an increase in IL-18. Although T cells are consid-
ered a primary source of IFN-v, it has more recently been
shown that IL-18 in combination with IL-12 induces IFN-y
in macrophages***° and we observe enhanced macro-
phage IFN-y expression in PDGF-B-null chimeras that
have increased splenocyte expression of IL-18. Although
we were unable to directly test the implications of the
gene expression changes in vivo, overexpression of
CCRS5 has been shown to increase the migratory rate of T
cells toward RANTES and MIP-1a,%® which could pro-
mote T-cell accumulation and activation within lesions.
The enhanced IL-18 expression by splenocytes would
also be predicted to be proinflammatory because its
blockade decreases macrophage and T-cell accumula-
tion and lesion progression in ApoE-null mice.*” Although
we did not detect a difference in T-cell accumulation
within lesions, we show an increase in the number of
macrophages in PDGF-B-null chimeras at early stages of
lesion formation. Altered macrophage gene expression
could locally promote T-cell activation. IL-15 was ele-
vated in PDGF-null macrophages,'? and it promotes T-
cell activation, proliferation, recruitment, and has previ-
ously been localized to lesions of atherosclerosis.®4"
Although the data did not quite reach statistical signifi-
cance, we observed a trend toward an increase in the
number of IL-15-positive cells in lesions of PDGF-B-null
chimeras. In addition to enhanced proinflammatory gene
expression in splenocytes of ApoE—/—/PDGF-B—/— chi-
meras, we also observe a decrease in IL-10 expression,
a suppressor of the immune response. We posit that the
proinflammatory phenotype of macrophages and lym-
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Figure 7. Both SOCS-1 and SOCS-3 are detected in developing lesions of atherosclerosis and are co-localized with lesion monocytes/macrophages. SOCS-1- and
SOCS-3-specific antibodies and monocyte/macrophage-specific Mac-2 antibody were used to stain sections from the brachiocephalic trunks of 24-week
ApoE—/—/PDGF-B+/+ chimeras (A); 35-week ApoE—/—/PDGF-B+/+ (B); 35-week ApoE—/—/PDGF-B—/— (C); 45-week ApoE—/—/PDGF-B+/+ (D); and
45-week ApoE—/—/PDGF-B—/— chimeras (E).
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Table 2. Summary of Gene Alterations in Splenocytes
Evaluated by RNase Protection Assays

Genes Fold differences

Chemokines/cytokines

IL-1a 1.0+02(n =23)
IL-10 05+0.1(n=23)
IL-15 09=*=0.2(n=23)
IL-18 1.7 +0.2(n = 3)
Lymphotoxin 0.7+0.1(n=23)
Macrophage-inflammatory 1.1 203 (n =23)
protein-1a (MIP-1a)
MIP-18 1.0+0.2(n = 3)
MIP-2 1.0+0.1(n =3)
RANTES 0.9=0.2(n=23)
Chemokine/cytokine receptors
C-C chemokine receptor-1 (CCR1) 1.0 x0.2 (n = 3)
CCR2 1.4 +05(n=3)
CCR5 3.0=16(n=23)
IL-4Ra 1.0+01(n=2)
IL-6Ra 06+0.1(n=2)
IL-12RB2 0.7x0.1(n=2)
IL-13Ra 09+03(n=2)
IL-15Ra 11+203(n=2)

Data presents the fold differences in splenocytes isolated from 24-
week-old ApoE—/—/PDGF-B—/— chimeras as compared to +/+
chimeras after normalization.

Number after = represents SD or differences in average.

Other genes included in the multiprobe sets that gave signals too
low to allow interpretation were: granulocyte macrophage colony-
stimulating factor (GM-CSF), IFN-y, MCP-1, IL-2, IL-4, IL-5, IL-6, IL-7,
IL-13, CCR1B, and CCR4.

phocytes in PDGF-B-null chimeras may have contributed
to lesion progression in these chimeras, including com-
parable lesion size and complexity at 45 weeks of age
despite a delay in fibrous cap formation at 35 weeks.'?
The selective proinflammatory shift in lymphocyte and
macrophage phenotype in PDGF-B-null chimeras further
implicates PDGF-B in immune cell homeostasis for nor-
mal hematopoietic cells.

Negative Regulators of the Inflammatory
Response May Help Limit Lesion Expansion

There has been increasing recognition of the critical role
played by pathways that limit potent cytokine signaling.
In our search for a possible mechanism through which
PDGF might normally limit proinflammatory responses, a
likely possibility was the family of negative regulators—
the SOCS.”® We and others have found that PDGF sig-
nificantly up-regulates SOCS-1 and SOCS-3, two key
members of this family,*? in NIH3T3 cells that express
high levels of both PDGF receptors-a and -B. However,
despite the fact that we detect PDGF receptor expression
on T cells and macrophages, we fail to detect PDGF-
mediated SOCS expression in isolated splenocytes or
macrophages.

Although SOCS-1 and SOCS-3 do not appear to be
major downstream targets of PDGF-B in lymphocytes or
macrophages, we provide evidence for the first time that
both SOCS-1 and SOCS-3 are present in lesions of ath-
erosclerosis. Although SOCS-1 expression is detected
throughout lesion development in ApoE chimeras (24
weeks to 50 weeks), SOCS-3 expression becomes more

evident at later stages (45 weeks and older). Both
SOCS-1 and SOCS-3 co-localize with Mac-2-positive le-
sion macrophages. SOCS proteins are an integral part of
the immune response serving as a cytoplasmic-negative
feedback loop to prevent excessive response to cyto-
kines.*® In vivo, enhanced monocyte infiltration and T-cell
activation was observed in a model of acute inflammatory
arthritis in the absence of SOCS-1.4° It will be interesting
to determine whether SOCS-1 and/or SOCS-3 expression
is modulated in other models of atherosclerosis in which
the immune and inflammatory response is dysregulated,
such as blockade of TGF-B signaling. Because excessive
inflammation is thought to tip the balance toward pro-
gression of atherogenesis, strategies that promote
SOCS-1 or SOCS-3 expression may prove to be
beneficial.

How Does PDGF-B Expression Modulate
Immune Cell Function in Vivo?

Our in vivo studies highlight a potential role for hemato-
poietic cell-derived PDGF-B in immune cell homeostasis.
However, they do not allow us to determine whether
PDGF-B from normal hematopoietic cells acts directly or
indirectly to mediate these effects. Given the potent ef-
fects of PDGF on mesenchymal cells, macrophage- and
lymphocyte-derived PDGF-B may stimulate mesenchy-
mal cells in the stroma or vessel wall that may subse-
quently induce secretion of factors that are responsible
for modulating macrophage and lymphocyte responses,
similar to what has been shown for hematopoietic
precursors. 5052

Isolated T cells from mouse lymph nodes as well as
T-cell hybridomas have been shown to respond directly
to PDGF-BB in serum-free media by modulating their
cytokine production, including down-regulation of IFN-
v.5% A later study raises the possibility that specific
cytokines and tissue-specific microenvironments may
regulate the sensitivity of T cells to PDGF-mediated influ-
ences.®® Responsiveness of T cells to PDGF is abrogated
by IL-6 stimulation, and T cells residing in lymphoid or-
gans that receive their major afferent lymphatic drainage
from gut mucosa (in contrast to the vast majority of pe-
ripheral T cells) are much less responsive to PDGF stim-
ulation.®* Thus, although T cells can directly respond to
PDGF, this response can be modulated by soluble fac-
tors and microenvironment.

Highly purified monocytes have been shown to re-
quire addition of either lymphocytes or IL-1 to respond
chemotactically to PDGF-AA.%® Similarly, we show that
mouse peritoneal macrophages express PDGF recep-
tor-B but not the PDGF receptor-a. Lymphocyte-mono-
cyte interactions and/or cytokine stimulation may thus
be required to induce PDGF receptor-a on monocytes
while monocyte-derived macrophages appear to ex-
press PDGF receptor-8 after differentiation'® and can
therefore respond to their own PDGF-B or that from
other neighboring cells.

The failure of PDGF to induce SOCS expression in
splenocytes and macrophages is surprising given the



known stimulation of SOCS by PDGF in mesenchymal
cells.*? However, a key observation from the analysis of
allelic PDGF receptor mutations may provide an expla-
nation. In vivo, even a small reduction in the gene dosage
of functional PDGF receptor had a significant impact on
the recruitment of PDGF-B receptor-dependent pericytes
and vascular smooth muscle cells.®® In contrast with
characterized mesenchymal cells, estimates of PDGF re-
ceptor-B expression levels on monocyte-derived macro-
phages suggest a receptor number 10 to 20% of that
observed in human skin fibroblasts.'® Thus, a reduced
level of PDGF receptor expression on lymphocytes and
macrophages could induce distinct signaling pathways
or signals of insufficient magnitude to induce SOCS-1
and SOCS-3. We have also not investigated the possible
synergistic effects of PDGF in combination with other
stimulants.

Understanding the nature of PDGF signaling in lym-
phocytes and macrophages that appear to express
much lower levels of PDGF receptors than mesenchy-
mal cells, and determining whether PDGF acts directly
and/or indirectly on macrophages and lymphocytes,
will be important for better defining PDGF’s role in
immune cell homeostasis. However, our studies with
PDGF-B-null hematopoietic chimeras clearly show that
the absence of PDGF-B in the circulating cell popula-
tion is sufficient to increase macrophage accumulation
at early stages of lesion formation, alter the pattern of
macrophage and lymphocyte gene expression to a
more proinflammatory phenotype, and these changes
in gene expression are associated with an increase in
the percentage of activated T cells. Thus, one of the
normal functions of PDGF-B in hematopoietic cells may
be to reduce the inflammatory response associated
with chronic insults such as hypercholesterolemia in
atherosclerosis.
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