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Caveolin-1 Deficiency May Predispose African Americans to
Systemic Sclerosis—Related Interstitial Lung Disease

Charles Reese, Beth Perry, Jonathan Heywood, Michael Bonner, Richard P. Visconti,
Rebecca Lee, Corey M. Hatfield, Richard M. Silver, Stanley Hoffman, and Elena Tourkina

Objective. Interstitial lung disease (ILD) is the
leading cause of death in patients with systemic sclero-
sis (SSc; scleroderma). Although SSc-related ILD is
more common and severe in African Americans than in
Caucasians, little is known about factors underlying this
significant health disparity. The aim of this study was to
examine the role that low expression of caveolin-1 might
play in susceptibility to ILD among African Americans.

Methods. Assays of monocyte migration toward
stromal cell-derived factor 1 (SDF-1) were performed
using monocytes from Caucasian and African American
healthy donors and patients with SSc. For fibrocyte
differentiation studies, total peripheral blood mono-
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nuclear cells were incubated on fibronectin-coated
plates. Protein expression was evaluated by immuno-
histochemistry and Western blotting.

Results. Monocytes from healthy African Ameri-
can donors and those from patients with SSc had low
caveolin-1 levels, enhanced migration toward the
CXCR4 ligand SDF-1, and enhanced differentiation to
fibrocytes. Enhanced migration and differentiation of
monocytes from African Americans and patients with
SSc appeared to be attributable to the lack of caveolin-1,
because restoring caveolin-1 function using a caveolin-1
scaffolding domain peptide inhibited these processes.
Although they differed from monocytes from Cauca-
sians, monocytes from both African Americans and
patients with SSc were not identical, because SSc
monocytes showed major increases from baseline in
ERK, JNK, p38, and Smad2/3 activation, while mono-
cytes from African Americans showed only limited ERK
activation and no activation of JNK, p38, or Smad2/3.
In contrast, SDF-1 exposure caused no additional
ERK activation in SSc monocytes but did cause signifi-
cant additional activation in monocytes from African
Americans.

Conclusion. African Americans may be predis-
posed to SSc-related ILD due to low baseline caveolin-1
levels in their monocytes, potentially affecting signaling,
migration, and fibrocyte differentiation. The monocytes
of African Americans may lack caveolin-1 due to high
levels of transforming growth factor 3 in their blood.

The prevalence of lung involvement in patients
with systemic sclerosis (SSc; scleroderma) is >70 % (1),
and lung disease is the primary cause of morbidity and
mortality among these patients (2,3). Several studies
(4-11) have revealed highly significant data demon-
strating that SSc is more severe in African American
individuals than in Caucasian individuals in terms of
increased prevalence, earlier age at disease onset, in-
creased risk of lung involvement, increased probability
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of having the more severe diffuse form of SSc, and
increased mortality. In particular, African American
patients with SSc also have significantly decreased lung
function, including reductions in forced vital capacity
and diffusing capacity for carbon monoxide. Such differ-
ences are not explained by socioeconomic status, access
to health care, or autoantibody status (12).

Although the focus on African American patients
with SSc has been considerable, very few studies have
addressed the underlying differences between healthy
African American and Caucasian individuals that
might result in a predisposition in the African American
population toward SSc and ILD. Racial differences in
the expression and function of various profibrotic and
antifibrotic cytokines have been reported (12). Bogat-
kevich and colleagues observed that bronchoalveolar
lavage (BAL) fluid from healthy African American
individuals contains much higher levels of hepatocyte
growth factor (HGF) and several other cytokines
(insulin-like growth factor binding protein, osteoprote-
gerin, stem cell factor, thrombopoietin, and vascular
endothelial growth factor) compared with BAL fluid
from healthy Caucasians, and that lung fibroblasts from
healthy African Americans are much less responsive to
added HGF than are fibroblasts from healthy Cauca-
sians (13). In another study, serum levels of the profi-
brotic cytokine transforming growth factor g (TGFp)
were twice as high in healthy African Americans as in
healthy Caucasians (14).

Caveolin-1, a protein associated with plasma
membrane invaginations known as caveolae and with
other cellular membranes, is a promising therapeutic
target in patients with ILD, including patients with
SSc-related ILD. Caveolin-1 binds to and thereby inhib-
its the function of kinases in several major signaling
families including protein kinase C, MAPK, Src, and
protein G (15-18) and regulates cell signaling and cell
functions induced by the major profibrotic cytokine
TGFp (19-21). There are multiple points of intersection
between TGFB and caveolin-1 signaling. For example,
TGFpB inhibits caveolin-1 expression in a variety of cell
types including fibroblasts (lung and skin) and mono-
cytes (22-24), suggesting that the TGFB-rich milieu in
the blood and tissue of patients with SSc may lead to
reduced caveolin-1 expression in fibroblasts and mono-
cytes and thereby to an altered behavior of these cells
that promotes fibrosis. Caveolin-1 also modulates TGFf3
signaling in dermal fibroblasts by inhibiting Smad3
phosphorylation and its translocation to the nucleus
(24) and via its effects on the endocytosis of TGFB
ligand-receptor complexes. TGFf receptors sort to both
caveolin-1-rich lipid rafts and early endosomes (25,26).
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The internalization of TGFB receptors is dependent on
the function of caveolin-1 in lipid rafts and clathrin in
early endosomes. Early endosomal internalization in-
creases TGFp signaling, while caveolin-1-dependent
internalization leads to receptor degradation, thereby
inhibiting TGFp signaling (27).

We and other investigators have demonstrated
that caveolin-1 is deficient in the lung tissue of patients
with SSc and those with idiopathic pulmonary fibrosis
and in cells isolated from the lung tissue and blood of
these patients, including fibroblasts, monocytes, and
neutrophils (19,28,29). Similarly, caveolin-1 is deficient
in mice in which ILD has been induced with bleomycin
or irradiation (28,30). Caveolin-1-null mice spontane-
ously exhibit thickened, hypercellular alveolar walls and
increased extracellular matrix deposition (31,32). The
effects of caveolin-1 deficiency in cells and in animals
can be reversed by using either the adenovirus encoding
full-length caveolin-1 or the caveolin-1 scaffolding do-
main (CSD) peptide (19,28). When this 20—amino acid
domain of caveolin-1 is synthesized in fusion with the
antennapedia internalization sequence, it can enter cells
and inhibit kinases much like full-length caveolin-1
(33,34). Thus, the central role that caveolin-1 plays in
regulating inflammatory cell infiltration and fibrosis in
the model of bleomycin-induced ILD has been demon-
strated using the CSD peptide to reverse the deficiency
of caveolin-1 in several cell types and thereby inhibit
disease progression (28,29).

In the course of studies of the role of caveolin-1
in the regulation of cell function and signaling in SSc, we
made the unexpected and striking observation that many
of the alterations in function and signaling observed in
monocytes from patients with SSc were also observed in
monocytes from healthy African Americans. Herein we
have characterized several similarities and differences in
monocyte function and signaling in monocytes from
patients with SSc and healthy African American individ-
uals. These similarities may contribute to the predispo-
sition of African Americans to SSc and ILD.

PATIENTS AND METHODS

Blood donors. Under a protocol approved by the
Institutional Review Board for Human Research for a Rheu-
matology Research Repository, patients with SSc-related ILD
were recruited from the Scleroderma Clinic at the Medical
University of South Carolina. All patients fulfilled the Amer-
ican College of Rheumatology criteria for SSc (35) and had
evidence of SSc-related ILD (29).

Patients with SSc were classified as having either
limited cutaneous SSc or diffuse cutaneous SSc, according to
the criteria proposed by LeRoy et al (36). Disease duration was
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determined based on the time when the first non—-Raynaud’s
phenomenon symptoms were documented. The criteria used to
define visceral involvement are described below. Demographic
data for the patients with SSc and the healthy control donors
are available from the corresponding author.

Pulmonary involvement was defined as the demon-
stration of abnormalities on high-resolution computed to-
mography (ground-glass changes and/or fibrosis), pulmonary
hypertension based on right heart catheterization, restrictive
changes on pulmonary function testing, or reduced diffusing
capacity for carbon monoxide. Gastrointestinal involvement
was defined as a history of gastroesophageal reflux disease
based on either subjective and/or objective findings. Some
patients had symptoms of reflux requiring treatment with a
proton pump inhibitor and/or H, antagonist; others had ab-
normal motility documented by esophageal manometry or
findings of esophagitis on upper endoscopy. Cardiac involve-
ment was defined as echocardiographic evidence of left ven-
tricular diastolic dysfunction, a pericardial effusion, elevated
peak right ventricular systolic pressure, and right ventricular
and/or right atrial dilatation; the presence of conduction
abnormalities on a 12-lead electrocardiogram was also consid-
ered sufficient. Renal involvement was defined as a history of
rapidly progressive renal failure.

Antinuclear antibodies (ANAs) and anticentromere
antibodies were determined by immunofluorescence analysis
using HEp-2 cells as the substrate. Anti—Scl-70 (topoisomerase
I) antibodies were determined by enzyme immunoassay.

Peripheral blood mononuclear cell (PBMC) and
monocyte isolation. PBMCs were isolated using standard
methods (29), by centrifugation on density 1.083 Histopaque
cushions. Monocytes were then isolated from the PBMCs by
immunodepletion using a Dynal Monocyte Negative Isolation
Kit (Invitrogen), resulting in a cell population of ~95% Mac-1
antibody—positive monocytes (29).

Peptide treatments. The CSD peptide (amino acids
82-101 of caveolin-1; DGIWKASFTTFTVTKYWFYR) was
synthesized as a fusion peptide to the C-terminus of an
antennapedia internalization sequence (RQIKIWFQNRRM-
KWKK). The antennapedia internalization sequence alone
was used as control peptide and showed no effect on cell
behavior when compared with no added peptide. When treat-
ing cells with peptides, stock solutions of peptides (10 mM in
100% dimethyl sulfoxide) were diluted to the indicated final
concentrations.

Monocyte migration assays. Monocyte migration as-
says were performed as previously described (37). Briefly,
SDF-1 (100 ng/ml in RPMI 1640/1% bovine serum albumin
[BSA]) was placed into the lower wells of Neuro Probe
Multiwell Chemotaxis Chambers fitted with polycarbonate
filters (pore size 5 um). Twenty-five microliters of cell suspen-
sion (1 X 10° cells/ml) with or without TGFB pretreatment
(45 minutes, 10 ng/ml in RPMI 1640 with 1% BSA) was placed
in the upper wells. Peptides at a final concentration of 0.1 uM
were added to cells before they were placed in the upper
chamber. After incubation for 2.5 hours at 37°C in a 5% CO,
incubator, filters were removed, fixed, and stained with DAPI
(Invitrogen). Cells on the underside of the membrane were
photographed and counted in 6 high-power fields per filter.

Monocyte signaling/Western blotting. Levels of
caveolin-1 and CXCRA4, baseline levels and activation of ERK,
JNK, p38, and Smad2/3, and levels of TGFB receptor type I

(TGFBRI) and TGFBRII were determined by Western blot-
ting of sodium dodecyl sulfate—polyacrylamide gel electrophor-
esis sample buffer extracts of freshly isolated monocytes. To
determine the effects of CSD peptide, monocytes isolated as
described above were cultured overnight in 6-well tissue cul-
ture plates (2 X 10° cells/well) in RPMI 1640/20% fetal calf
serum (FCS). Attached cells were then treated for 3 hours
with fresh medium (RPMI 1640/1% BSA) supplemented with
0.1 uM CSD peptide or control peptide. To determine the
effects of SDF-1 (200 ng per ml), cells were incubated for the
indicated number of minutes. In both cases, cells were next
washed twice with phosphate buffered saline and then ex-
tracted with sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis sample buffer. Western blotting was performed using
the indicated antibodies.

Immunocytochemical analysis. Images were obtained
using a Leica DMI 4000B fluorescence microscope. To detect
F-actin and CXCR4 or TGFBRI and TGFBRII in monocytes,
cells isolated as described above were cultured overnight in
6-well tissue culture plates (1 X 10° cells/well) on coverslips in
RPMI 1640/20% FCS. For F-actin and CXCR4, cells attached
to coverslips were further treated for 3 hours with RPMI
1640/1% BSA supplemented with either 0.1 uM CSD peptide
or control peptide. Cells were then fixed and permeabilized,
labeled with fluorescein isothiocyanate—conjugated phalloidin
(Sigma-Aldrich) to detect F-actin, labeled with appropriate
primary and secondary antibodies, and counterstained with the
nuclear stain DAPI.

To detect type I collagen and a-smooth muscle actin
(a-SMA), fibrocytes differentiated on coverslips in the pres-
ence of CSD peptide or control peptide as described above
were fixed and permeabilized, labeled with appropriate pri-
mary and secondary antibodies, and counterstained with
DAPL

Monocyte-to-fibrocyte differentiation. Monocyte-to-
fibrocyte differentiation was performed as previously described
(38,39), with minor modifications. Briefly, PBMCs were iso-
lated as described above from 40 ml of peripheral blood and
resuspended at 1 X 107/ml in Dulbecco’s modified Eagle’s
medium/20% FCS supplemented with HEPES (1M at 1:50;
Lonza), L-glutamine (200 mM at 1:500; Lonza), and antibiotic/
antimycotic solution (1:100; Corning). Two milliliters of
PBMC suspension per well was placed in wells of 6-well
fibronectin-coated (39,40) plates. On day 2, peptides (CSD
peptide or control peptide) were added to the cultures at a
final concentration of 0.1 wM. On day 5, the medium was
changed to fresh peptide-containing medium. Changing the
medium caused the removal of unattached cells (including
most of the T cells and B cells) from the cultures. Phase-
contrast images were acquired on day 15, and fibrocytes were
quantified in terms of elongated, spindle-shaped cells per 10X
field. For immunocytochemistry, the same methods were used,
except that the wells contained fibronectin-coated coverslips.

Antibodies and chemokines. Rabbit anti-caveolin-1
(sc-894), rabbit anti-CXCR4 (sc-9046), rabbit anti-TGFBRI
(sc-9048), rabbit anti-TGFBRII (sc-17792), and goat anti-
phospho-JNK  (sc-12882) were obtained from Santa Cruz
Biotechnology. Rabbit anti-ERK-1/2 (no. 9102), mouse mono-
clonal anti-phospho-ERK-1/2 (no. 9106, clone E10), rabbit
anti-JNK (no. 9252), rabbit anti-p38 (no. 9212), rabbit anti—
phospho-p38 (no. 9211), rabbit anti-Smad2/3 (no. 3102), and
rabbit anti-phospho-Smad2/3 (no. 3101) were from Cell Sig-



1912

naling Technology. Mouse monoclonal anti-a-SMA antibody
(no. A2547, clone 1A4) was obtained from Sigma. Mouse
monoclonal anti-GAPDH (catalog no. MAB374, clone 6C5)
was obtained from Millipore. A rabbit antibody against the
human Colal(I) C-terminal propeptide was prepared in our
laboratory. The chemokine SDF-1 was obtained from Pepro-
Tech (no. 300-28B).

Statistical analysis. Immunoreactive polypeptides on
Western blots and immunofluorescent labeling of cells in
immunocytochemistry experiments were quantified by densi-
tometry, using ImagelJ version 1.32 software (National Insti-
tutes of Health). The resulting data were analyzed using
Student’s -test.

RESULTS

Low caveolin-1 levels in monocytes from African
Americans. To evaluate the potential role of caveolin-1
in the predisposition of African Americans to SSc, we
compared caveolin-1 levels in monocytes derived from
Caucasians, African Americans, and patients with SSc.
The level of caveolin-1 in monocytes from African
Americans was only 40% the level in monocytes from
Caucasians (P < 0.01), i.e., almost as low as in SSc
monocytes (Figure 1A). Interestingly, caveolin-1 levels
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in monocytes from African American and Caucasian
patients with SSc were not statistically significantly dif-
ferent.

Migration of monocytes from African Americans.
Given the causal relationship between low caveolin-1
levels and enhanced migration toward SDF-1 in SSc
monocytes (37) and the low caveolin-1 levels in mono-
cytes from African Americans, we evaluated the ability
of monocytes from African Americans to migrate toward
SDF-1 (Figure 1B). As predicted from their reduced
expression of caveolin-1, the migration of monocytes
from African Americans toward SDF-1 was enhanced
2.5-fold compared with monocytes from Caucasians
(P < 0.001). Treatment with CSD peptide almost com-
pletely blocked the enhanced migration of monocytes
from African Americans and patients with SSc (Figure
1C), corroborating the functional significance of low
caveolin-1 levels in monocytes from African Americans.
Despite the difference in migration between mono-
cytes from African Americans and monocytes from
Caucasians, as with caveolin-1 expression, there was no
significant difference in migration between monocytes
from African American and Caucasian patients with
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Figure 1. Low expression of caveolin-1 in the monocytes of healthy African Americans results in enhanced migration toward stromal cell-derived
factor 1 (SDF-1). Monocytes obtained from Caucasian (C) and African American (AA) healthy donors and patients with systemic sclerosis (SSc)
were characterized in terms of their expression of caveolin-1 and their migration toward SDF-1. A, Caveolin-1 levels (normalized to GAPDH loading
control) as assessed by densitometry. Boxed area shows a Western blot (50 ug total protein per lane) from a typical experiment using monocyte
extracts from the indicated sources. B, Monocyte migration toward SDF-1. In A and B, each data point represents a single subject; horizontal lines
show the mean. C, Inhibition of monocyte migration by the caveolin-1 scaffolding domain (CSD) peptide. The lines connect the data points for each

subject. #* = P < 0.01; ##* = P < 0.001. hpf = high-power field.
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Figure 2. The CSD peptide reverses the enhanced expression of F-actin
and CXCR4 observed in monocytes from African Americans and patients
with SSc. Monocytes were isolated from the blood of healthy Caucasians
and African Americans, and from patients with SSc. One portion was
attached to coverslips, treated with CSD or control peptide, stained for
F-actin and CXCR4, and counterstained with DAPI. Another portion was
treated with CSD or control peptide and extracted for Western blotting.
A, Representative images showing F-actin and CXCR4 expression in cells
obtained from healthy Caucasians and African Americans and from
patients with SSc (n = 4 donors in each group), with and without CSD
peptide treatment. Staining for F-actin and CXCR4 was enhanced in
monocytes from healthy African Americans and from patients with
SSc, and treatment with CSD decreased this staining. Bar = 5 um. B
and C, Densitometric quantification of staining for F-actin (B) and
CXCR4 (C). Values are the mean = SEM (n = 10 cells in each group).
®* = P < 0.05; xxx = P < 0.001. D, Representative Western blot
showing enhanced CXCR4 expression in monocytes from African
Americans and patients with SSc that was reversed by CSD treatment.
The level of CXCR4 in Caucasian subjects treated with control peptide
was set at 100 arbitrary units. See Figure 1 for definitions.

SSc (Figure 1B). These data strongly support the con-
cept that African Americans may be predisposed to the
development of SSc because their monocytes share
features with SSc monocytes.

Cytoskeleton activation and CXCR4 overexpres-
sion in monocytes from patients with SSc and mono-
cytes from African Americans. Given that SSc mono-
cytes are hypermigratory and deficient in caveolin-1
(29,37), and that monocyte migration toward SDF-1
requires organization of the cortical F-actin cytoskeleton
and the expression of CXCR4, we compared F-actin
and CXCR4 expression in monocytes from Caucasians,
African Americans, and patients with SSc, with and
without CSD peptide treatment, using phalloidin to
detect F-actin and specific antibodies to detect CXCRA4.

Phalloidin staining was punctate in monocytes
from both Caucasians and African Americans but was
more intense in those from African Americans (Figure
2A). In SSc monocytes, phalloidin staining was even
more intense, and in addition to the punctate staining,
cortical staining was extremely intense (Figure 2A).
Although the level of CXCR4 staining was low in
monocytes from Caucasians, the level was much higher
in monocytes from African Americans and higher still in
SSc monocytes (Figure 2A). In all cases, treatment with
CSD peptide greatly decreased the levels of staining for
F-actin and CXCR4.

F-actin expression was quantified by densitome-
try (Figure 2B), and CXCR4 staining data were quanti-
fied (Figure 2C) and validated by Western blotting
(Figure 2D), confirming the up-regulation of CXCR4 in
monocytes from African Americans and patients with
SSc and the reversal of this increase by CSD peptide.
These results suggested that the relative lack of
caveolin-1 in monocytes from healthy African Ameri-
cans and those from patients with SSc leads to the
reorganization of the cytoskeleton and overexpression of
CXCR4, which in turn results in hypermigration toward
SDF-1.

ERK hyperactivation in monocytes from African
Americans. We previously demonstrated that ERK,
JNK, and p38 are highly phosphorylated in monocytes
from patients with SSc compared with monocytes from
Caucasians (29). When monocytes from African Amer-
icans were compared with monocytes from Caucasians,
ERK hyperactivation but not JNK or p38 hyperactiva-
tion was observed in the monocytes of African Ameri-
cans (Figure 3A). CSD peptide treatment inhibited
ERK phosphorylation in monocytes from both Cauca-
sians and African Americans but particularly in those
from African Americans (Figures 3B and C).

In addition, we examined ERK activation down-
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Figure 3. Enhanced ERK signaling in monocytes from African
Americans. Monocytes were isolated from the blood of healthy
Caucasian and African American donors and cultured on 6-well plates.
The expression and activation of the indicated signaling molecules
were evaluated by Western blotting (50 ug total protein per lane).
A, Representative set of Western blots showing hyperactivation of
ERK, but not JNK or p38, in monocytes from African Americans
compared with those from Caucasians. Similar results were obtained in
3 experiments performed with cells from different subjects. B, Repre-
sentative Western blot showing that CSD peptide reverses the en-
hanced activation of ERK in monocytes from African Americans
incubated with control (Con) peptide. C, Quantification of the
results shown in B, as determined by densitometry. The levels of
pERK and ERK in Caucasian subjects treated with control peptide
were set at 100 arbitrary units. Values are the mean * SEM of 3
independent experiments using cells from different subjects. * = P <
0.05 versus monocytes from Caucasians treated with control
peptide; #+ = P < (.01 versus monocytes from Caucasians treated with
control peptide; ##x = P < 0.001 versus monocytes from African
Americans treated with control peptide. See Figure 1 for other
definitions.

stream from the binding of SDF-1 to CXCR4. SDF-1
activated ERK in monocytes from both Caucasians and
African Americans; however, the activation was en-
hanced in monocytes from African Americans (addi-
tional information is available from the corresponding
author). Although a 1-minute exposure to SDF-1 en-
hanced ERK activation similarly in monocytes from
Caucasians and African Americans, 2-minute and
S5-minute exposures enhanced ERK activation 2-3-fold
more in monocytes from African Americans (P < 0.001).
SDF-1 did not increase the already high level of ERK
activation in SSc monocytes.

TGFp function and signaling. To determine the
roles that TGFB might play in the functional differences
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between monocytes from Caucasians and monocytes
from African Americans, we first examined the effect of
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Figure 4. Transforming growth factor B (TGFp) function and signal-
ing and Smad2/3 expression and activation in monocytes from Cauca-
sians, African Americans, and patients with SSc. A, Monocyte migra-
tion toward SDF-1. Monocytes from healthy Caucasian and African
American donors were treated with CSD peptide or control peptide,
with or without TGFB. * = P < 0.05; #+ = P < 0.01; *+* = P < (0.001.
B, Representative Western blots showing similar expression and
activation in monocytes from healthy Caucasian and African American
donors compared with extremely elevated expression and activation in
SSc monocytes. C, Quantification of the results shown in B, as
determined by densitometry. The levels of Smad2/3 and pSmad2/3 in
Caucasian subjects were set at 100 arbitrary units. Bars show the
mean + SEM of 4 independent experiments performed with cells from
different subjects. ##+ = P < 0.001 versus the same parameter in
healthy Caucasians and African Americans. See Figure 1 for other
definitions.
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Figure 5. Peripheral blood mononuclear cell (PBMC) levels in blood
samples from healthy Caucasian and African American donors and
Caucasian and African American patients with SSc, as determined by
hemocytometry. Each data point represents a single subject; horizontal
lines show the mean. ## = P < 0.01; ##x = P < (0.001. See Figure 1 for
other definitions.

TGFB on monocyte migration toward SDF-1. TGFB
treatment increased the migration of monocytes from
both Caucasians and African Americans by a similar
ratio (~2.5-fold) (Figure 4A). In all cases, CSD treat-
ment strongly inhibited migration. When we studied
canonical TGFp signaling by examining the expression
and activation of Smad2/3, we observed little Smad2/3
expression or activation in monocytes from either Cau-
casian or African Americans; however, the expression
and activation of Smad2/3 in SSc monocytes increased
significantly (Figures 4B and C). It was noteworthy
that the increase in total Smad2/3 was 2-fold greater
than the increase in activated Smad2/3 (P < 0.001). To
the best of our knowledge, this is the first observation of
Smad expression in monocytes.

To further compare TGFp signaling in mono-
cytes from Caucasians and those from African Ameri-
cans, we examined TGFBRI and TGFBRII levels.
Western blot analyses and immunostaining of isolated
monocytes revealed that TGFBRI was expressed at
higher levels in monocytes from African Americans than
in monocytes from Caucasians and at still higher levels
in SSc monocytes. In contrast, TGFBRII was undetect-
able in monocytes from both Caucasians and African

Americans but was present at high levels in SSc mono-
cytes. CSD treatment significantly decreased the levels
of TGFBRI and TGFRBRII in all monocytes in which
they were expressed (additional information is available
from the corresponding author).

Enhanced monocyte-to-fibrocyte differentiation
in African American patients with SSc. Besides migra-
tion into damaged tissue, another critical function for
monocytes in fibrotic diseases of the lung and other
organs is differentiation to fibrocytes. In turn, fibrocytes
differentiate into fibroblasts and secrete cytokines that
activate resident fibroblasts. Monocyte-to-fibrocyte dif-
ferentiation is routinely performed using total PBMCs
as the starting population.

Therefore, as a first step in comparing monocyte-
to-fibrocyte differentiation in Caucasians, African
Americans, and patients with SSc, we compared the
starting populations. Remarkable differences in PBMC
concentrations were observed in the blood of Cauca-
sians, African Americans, and patients with SSc (Figure
5). Although PBMC concentrations were higher in
the blood of both African Americans and patients
with SSc compared with the concentration in the blood
of Caucasians, the levels in African American patients
with SSc were far higher than those in Caucasian
patients with SSc (Figure 5). Unlike monocyte migra-
tion, which was similar in Caucasian and African Amer-
ican patients with SSc, the PBMC concentration in the
blood of African American patients with SSc was far
higher than that in the blood of Caucasian patients with
SSc (Figure 5).

Fibrocyte differentiation was quantified in terms
of the number of PBMCs that take on a spindle-shaped
morphology in culture. In cultures that started with a
similar number of PBMCs, fibrocyte differentiation was
enhanced ~2.5-fold among monocytes from African
Americans and ~3.5-fold among SSc monocytes com-
pared with monocytes from Caucasians (Figures 6A
and B). In monocytes obtained from all of the groups,
differentiation was inhibited >50% by CSD peptide
treatment (Figure 6C). To the best of our knowledge,
this is the first demonstration that fibrocyte differentia-
tion is enhanced in SSc monocytes as well as in mono-
cytes from African Americans. When the expression of
the differentiation markers type I collagen and a-SMA
was examined (Figure 6D), collagen was observed in all
fibrocytes, while a-SMA was preferentially observed in
fibrocytes from both African Americans and patients
with SSc. CSD peptide treatment blocked a-SMA ex-
pression but did not affect collagen expression.
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Figure 6. Enhanced monocyte-to-fibrocyte differentiation in healthy Caucasian and African American donors and in patients with SSc. A, Fibrocyte
differentiation as quantified by the number of peripheral blood mononuclear cells (PBMCs) that acquire a spindle-shaped morphology in culture.
Each data point represents a single subject. *#xx = P < 0.001. B, Representative image showing a typical PBMC starting population (day 0) (top left)
and representative fields showing fibrocyte differentiation in PBMCs from healthy Caucasians (top right) and African Americans (bottom left) and
patients with SSc (bottom right) after 15 days of culture. C, Inhibition of fibrocyte differentiation by CSD peptide. PBMCs from Caucasian donors
were treated with control (Con) peptide or CSD peptide during 15 days of culture. Similar inhibition of fibrocyte differentiation by CSD was
observed in 5 experiments performed with PBMCs from different healthy Caucasian and African American donors and patients with SSc. D,
Fibrocyte phenotypes. Fibrocytes from healthy Caucasian and African American donors and patients with SSc were stained with antibodies against
type I collagen (Col I) and a-smooth muscle actin (a-SMA) and counterstained with DAPI. Note that a-SMA staining was more prominent in
fibrocytes from African Americans and patients with SSc compared with that in fibrocytes from Caucasians and was inhibited by CSD treatment.
Similar results were obtained in 3 experiments performed with PBMCs from different Caucasian and African American donors and patients with
SSc. Original magnification X 200. See Figure 1 for other definitions.
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DISCUSSION

It is well established that SSc-related ILD is more
prevalent and more severe in African Americans (29)
than in Caucasians and it has been proposed that, in
addition to genetics and serologic determinants, this may
be attributable to a combination of socioeconomic,
behavioral, and environmental factors (12). However,
prior studies from our group as well as more recent
studies by Steen and colleagues suggest that neither
socioeconomic status, access to health care, nor auto-
antibody status can account for this health disparity
(41-43). The concept that healthy African Americans
may be predisposed to the development of SSc has
received little study. Here, we provide a wide range of
data on monocyte migration, monocyte differentiation
to fibrocytes, and the regulation of these processes,
which indicate that monocytes from healthy African
Americans exhibit a variety of features observed in SSc
monocytes that may contribute to the pathogenesis of
SSc.

At the cellular level, monocytes from African
Americans show enhanced migration toward SDF-1
compared with monocytes from Caucasians, but their
migration is not as enhanced as that of SSc monocytes.
Similarly, monocytes from African Americans show en-
hanced fibrocyte differentiation compared with those
from Caucasians, but the differentiation is not as en-
hanced as that of SSc monocytes. Monocytes from
African Americans, like those from patients with SSc
(29), are deficient in caveolin-1 but, again, are not as
deficient as SSc monocytes. The enhanced migration
and differentiation of monocytes from African Ameri-
cans and those from patients with SSc appear to be
attributable to their lack of caveolin-1, as evidenced by
the fact that when cells are treated with CSD peptide to
restore caveolin-1 function, their enhanced migration
and differentiation are blocked. The serum level of
TGFB in healthy African Americans was observed to be
twice as high as that in healthy Caucasians (14), and in
the present study, we demonstrated increased TGFBRI
levels in monocytes from African Americans while
TGFBRII was increased only in SSc monocytes. Because
we showed that TGFB knocks down caveolin-1 expres-
sion in monocytes (29), it is a reasonable hypothesis that
the deficiency in caveolin-1 expression in monocytes
from African Americans is attributable to the high level
of TGFB in the blood of these healthy individuals.

To further study the mechanism of migration, we
examined the expression of F-actin and the SDF-1
receptor CXCR4. The expression of these molecules was

enhanced in monocytes from African Americans com-
pared with those from Caucasians, but this increase was
not as great as that in SSc monocytes. The enhanced
expression of F-actin and CXCR4 was blocked by CSD
peptide.

To study the phenotype of fibrocytes, we exam-
ined their expression of type I collagen and a-SMA.
Although type I collagen levels were similar in the
fibrocytes of Caucasians, African Americans, and pa-
tients with SSc, a-SMA expression was enhanced in
fibrocytes from African Americans compared with those
from Caucasians, although not to the level observed in
SSc fibrocytes. CSD peptide did not affect type I colla-
gen expression but did block the enhanced expression
of CXCR4. It remains to be determined why CSD
peptide did not block the expression of type I collagen.
Two reasonable, nonexclusive hypotheses are as follows:
1) the level of CSD peptide that cells received was
insufficient to inhibit type I collagen expression; and
2) type I collagen expression is a very early step in
fibrocyte differentiation and therefore is difficult to
block.

To expand studies on signaling in monocytes, we
also examined the expression and activation of both
MAPK and Smad2/3. We previously observed enhanced
activation of ERK, JNK, and p38 in SSc monocytes (29).
In contrast, we did not observe activation of JNK or p38
in monocytes from African Americans and only limited
ERK activation. However, when monocytes were treated
with SDF-1, extraordinarily high activation of ERK was
observed in monocytes from African Americans com-
pared with those from Caucasians, while no activation
was seen in SSc monocytes beyond the high baseline
level of ERK activation observed in the absence of
SDF-1. Although massive Smad2/3 expression and acti-
vation were observed in SSc monocytes, no difference in
Smad2/3 expression and activation was observed be-
tween monocytes from African Americans and those
from Caucasians.

Besides SDF-1 activation of ERK, an additional
parameter was observed that was enhanced more in
monocytes from African Americans than in SSc mono-
cytes, namely, the number of PBMCs per milliliter of
blood. Interestingly, this parameter was increased in
African American patients with SSc compared with
Caucasian patients with SSc, even though no difference
was observed between African American patients with
SSc and Caucasian patients with SSc in any other
parameter examined (monocyte migration toward
SDF-1, caveolin-1 expression). We did not detect any
significant difference in the ratio between Caucasians,
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African Americans, and patients with SSc among the cell
types that comprise PBMCs.

In summary, most of the parameters that we
examined show a graded response with a significant
difference between the monocytes of healthy African
Americans and healthy Caucasians and a still greater
difference between the monocytes of patients with SSc
and those of healthy Caucasians. These parameters
include caveolin-1 expression, monocyte migration,
F-actin expression, CXCR4 expression, ERK activation,
TGFBRI expression, fibrocyte differentiation, and ex-
pression of a-SMA in differentiated fibrocytes. How-
ever, certain parameters follow other patterns. Al-
though JNK (29), p38 (29), and Smad2/3 activation and
TGFBRII overexpression are observed in SSc mono-
cytes, they are not observed in the monocytes of African
Americans. Monocytes from healthy African Americans
are more activated than monocytes from patients with
SSc in terms of the number of PBMCs per milliliter of
blood and in the response of these monocytes to SDF-1
as read out in terms of ERK activation. Thus, monocytes
from African Americans are not simply equivalent to
partially activated SSc monocytes.

It is interesting to speculate whether these differ-
ences between healthy persons and patients with SSc
occur in other diseases and are affected by treatments
received by patients with SSc. We expect that in any
disease of the lung or other tissue in which monocytes
are exposed to profibrotic and proinflammatory cyto-
kines, caveolin-1 levels will be decreased, leading to the
altered cell behaviors described here. Indeed, we previ-
ously reported that TGFB or tumor necrosis factor «
treatment strongly decreased caveolin-1 levels in mono-
cytes (29). This viewpoint is supported by our observa-
tions that caveolin-1 levels are low in the monocytes of
patients with asthma (44), leading to enhanced migra-
tion of these cells (data not shown). The effect of
treatment is a complicated question in the study of any
disease in which specimens from humans are used.
Again, we expect that if the treatment affects a patient’s
cytokines, it will affect his or her monocyte caveolin-1
level and downstream functions. Nevertheless, this is an
open question deserving further study.

We propose that healthy African American indi-
viduals are predisposed to SSc because activation of
their monocytes primes them for a heightened response
to a variety of potential insults, including various patho-
gens, medical conditions, and environmental factors.
Similarly, monocyte activation may predispose otherwise
healthy African American individuals to a variety of
other fibrotic diseases known to be more prevalent and
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more severe in African Americans, including hyperten-
sion, focal glomerulosclerosis, diabetic nephropathy,
end-stage renal disease, keloids, uterine leiomyomata,
sarcoidosis, and glaucoma (12).
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