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ABSTRACT Transforming growth factor .3 (TGF-f8), se-
creted within an inflammatory site or injected locally, induces
leukocyte margination, chemotaxis, and accumulation. In ad-
dition to its potent direct chemotactic activity, TGF-f8 may
promote this leukocyte response by influencing cell surface
integrin expression. At picomolar concentrations, TGF-f3 in-
creases steady-state mRNA levels for both the as and the .13
chain of the fibronectin receptor in human blood monocytes.
This increase in gene expression is reflected by selectively
enhanced expression of ak5 (CDw49e), .1 (CDw29), and also a3
(CDw49c) adhesion molecules on the cell surface. Functionally,
TGF-f8 promotes, in a dose- and time-dependent fashion,
monocyte adhesion to type IV collagen, laminin, and fibronec-
tin. Potentially facilitating the movement of monocytes through
the extracellular matrix, TGF-/3 triggers transcriptional and
posttranscriptional regulation of both the 92-kDa and the
72-kDa gelatinase/type IV collagenase. Thus, TGF-,B may play
a pivotal role in the early phases of inflammation and repair
through its ability to mediate monocyte adhesion, chemotaxis,
and enzymatic digestion of extracellular matrix, whereas in
chronic lesions, excess TGF-18 may contribute to persistent
leukocyte accumulation.

Evolution of inflammatory and immune reactions is depen-
dent upon the recruitment and migration of circulating leu-
kocytes to sites of injury or antigen deposition. The accu-
mulation of leukocytes is dependent not only on chemotactic
signals emanating from the inflammatory site but also on
cell-cell and cell-matrix interactions (1). Many of these
cellular and matrix interactions are dependent upon expres-
sion of adhesion molecules which facilitate targeting and
retention of circulating cells to sites ofimmunologic challenge
(2-6). Recent evidence indicates that transforming growth
factor 1 (TGF-,8), an extremely potent chemotactic factor in
vitro (7, 8), profoundly influences local leukocyte accumu-
lation when injected in situ (9-11). Whether this recruitment
of leukocytes is due solely to its chemotactic potential or is
the consequence of additional mechanisms is unknown. No
studies have yet addressed the ability of TGF-13 to influence
the requisite adhesion of primary leukocytes to endothelium
and to extracellular matrix in their journey from the circu-
lation to the tissues.

Integrins represent a family of cell surface a,3 het-
erodimeric proteins that mediate cell adhesion to other cells
and to the extracellular matrix (2-6, 12, 13). Functional
adhesion molecules have been shown to be vital to platelet
aggregation, wound healing, immune activation, and tissue
repair and also in tumor invasion (reviewed in ref. 4). The
widespread role of these adhesion molecules, not only in
fundamental biological processes, but also in inflammation,

has prompted the design of therapeutic modalities aimed at
regulating cell adhesion (4, 5).

In this study, we explore whether TGF-P, which is released
by platelets early in an inflammatory response (14), and
subsequently by inflammatory cells themselves (15-17), can
influence integrin expression on mononuclear phagocytic
cells. The ability of TGF-13 to rapidly promote increased a
and 1 integrin subunit expression on monocytes, accompa-
nied by augmented cell binding to extracellular matrix con-
stituents, including the basement membrane proteins laminin
and type IV collagen, as well as fibronectin, implicates this
cytokine in coordinating the early margination, recruitment,
and migration of leukocytes to an inflammatory site. More-
over, TGF-13 stimulation of monocytes to secrete the 92-kDa
and 72-kDa forms of type IV collagenase/gelatinase, crucial
to proteolytic degradation of basement membrane proteins
(18, 19), further supports the role of this cytokine in facili-
tating monocyte movement from the circulation through the
tissues.

MATERIALS AND METHODS
Peripheral Blood Mononuclear Cells. Mononuclear leuko-

cytes were obtained by density gradient centrifugation of
heparinized blood collected by leukapheresis (Department of
Transfusion Medicine, National Institutes of Health). Puri-
fied populations of nonadherent, nonactivated monocytes
(>90% CD14+, CD25-) were obtained by counterflow cen-
trifugal elutriation (20), suspended at 5 x 106 per ml in
Dulbecco's modified Eagle's medium (DMEM) (Mediatech,
Washington, DC) with gentamicin (50 ,g/ml) and glutamine
(2 mM), and cultured in polypropylene tubes (17 x 100 mm;
Falcon, Becton Dickinson) with human or porcine TGF-,81 (R
& D Systems, Minneapolis) at 0.01-30 ng/ml or lipopolysac-
charide (LPS, Escherichia coli 055:B5, Sigma) at 1 pg/ml.
The highest concentration of TGF-,3 used in the cultures
contained <6 pg of endotoxin per ml (limit of detection) as
determined by the Limulus amoebocyte lysate assay (cour-
tesy of Don Hochstein, Food and Drug Administration,
Bethesda, MD).

Fluorescence Binding Studies. Monocytes (1 X 107 per ml in
phosphate-buffered saline with 0.1% sodium azide) were
incubated at 4°C for 30 min with monoclonal antibodies to the
relevant integrin subunits: 132 (CD18), 133 (CD61), a2
(CDW49b), and a3 (CDw49c) (Telios Pharmaceuticals, San
Diego and AMAC, Westbrook, ME); a5 (CDw49e, mAbl6)
and 13 (CDw29, mAbl3) generously provided by K. Yamada
(National Institute of Dental Research) (21). The cells were
washed, incubated with fluorescein-labeled goat anti-mouse
IgG (Tago) or goat anti-rat IgG (HyClone), washed twice, and
resuspended in 2% paraformaldehyde until analysis with the
FACScan (Becton Dickinson) (20).

Abbreviations: TGF, transforming growth factor; LPS, lipopolysac-
charide.
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Cell Attachment Assays. Tissue culture wells (24-well plates,
Costar) were coated with 1 ,ug of bovine serum albumin
(Boehringer Mannheim) or laminin, collagen IV, or fibronectin
(22-25) in 310 ,ul of water, which was evaporated overnight.
Gelatin (1% in 0.5 ml of water) (Bio-Rad) was added and the
plates were incubated at 37°C. After 1 hr, the solution was
aspirated. Monocytes in DMEM without serum were seeded
in coated wells at 2.5 x 105 cells per 0.5 ml. After incubation
for 15 min at 4°C, the unattached cells were removed by
washing the wells twice with phosphate-buffered saline, and
the attached cells were stained with Diff Quik (Baxter Scien-
tific Products, McGraw Park, IL). Monocytes were quanti-
tated in triplicate 1.5-mm2 fields per well (x 10 magnification).
Statistical significance was determined by the Scheffe F test.

Substrate Specificity for Monocyte Attachment. TGF-,3-
treated cells (5 x 104) were cultured on fibronectin substrates
in the presence or absence of competing peptide (100 ,ug/0.5
ml): Gly-Arg-Gly-Asp-Ser (GRGDS), containing the amino
acid sequence RGD; GRGES, containing the RGE sequence,
orDELPQLVTLPHPNLHGPEILDVPST, the CS-1 connect-
ing segment peptide from an alternatively spliced region of
fibronectin (kindly provided by K. Yamada) (26). In additional
experiments, TGF-3-treated monocytes were plated on fibro-
nectin in the presence of antibodies (100 ,ug/0.5 ml): control
IgG (rat) or monoclonal antibodies to the /,3 (mAbl3) or a5
(mAbl6) integrin subunits (21). After incubation, the numbers
of attached cells were determined as above.

Collagenase Assay. Release of gelatinase/type IV collagen-
ase into the monocyte supernatants (5 x 106 monocytes per
ml, 18-hr cultures) was monitored by zymographic analysis.
Serum-free supernatants were dialyzed against 1 mM Tris,
pH 8.0/0.5 mM CaC12, lyophilized, and suspended in distilled
water before addition to electrophoretic sample buffer with-
out reducing agents or heating. Zymography was performed
in 10% polyacrylamide slab gels containing 1% gelatin (18).
After electrophoresis, the slabs were washed in 2.5% Triton
X-100 for 1 hr, equilibrated in 10mM Tris (pH 8.0) for 30 min,
and incubated at 37°C in 50mM Tris, pH 8.0/0.5 mM CaCl2/1
,uM ZnCl2. The gels were stained with 0.2% Coomassie blue
and destained with 7% acetic acid. Cleavage rate estimates
were obtained by scanning the gels with a computing densi-
tometer (Shimadzu, Columbia, MD).
RNA Analysis. Total RNA was prepared from 15 x 106

monocytes by acid guanidinium thiocyanate-phenol-
chloroform extraction (27). For Northern blots, 5 ,ug of total
RNA was fractionated in 1.0% agarose/formaldehyde gels,
transferred to nitrocellulose filters, and prehybridized. The
blots were hybridized overnight with 32P-labeled cDNA for
fibronectin receptor a5 and ,31 subunits (28) (Telios), 72-kDa
and 92-kDa gelatinase/type IV collagenases (18, 19) (gener-
ously provided by G. Goldberg, Washington University, St.
Louis), and pHe7 (J. Reed, University of Pennsylvania) (29).
The filters were exposed to phosphor screens for 4-18 hr and
analyzed for mRNA bands with the PhosphorImager system
(Molecular Dynamics, Sunnyvale, CA) using Image Quant
software and a Hewlett-Packard III laser printer. Scanned
images were produced utilizing Adobe Photoshop (Adobe
Systems, Mountain View, CA), a Microtek MSF-300ZS
flatbed image scanner (Microtek International, Hsinchu,
Taiwan), and a Phaser CP color printer (Tektronix).

RESULTS
TGF-,B Augmentation of Binding of Blood Monocytes to

Matrix Proteins. Monocytes were cultured in suspension with
TGF-/3 (0.01-30 ng/ml) for 18 hr, washed, and incubated on
matrix proteins. No increased adhesion was evident until
concentrations .0.3 ng/ml were added to the monocytes
(Fig. 1A). However, at 1-10 ng/ml, .20 times as many of the
TGF-p-treated monocytes bound to fibronectin as the con-
trols (9 + 3 cells per field). At concentrations exceeding 10

Control 0.01 0.03 0.1 0.3 1.0 3.0 10 30

TGF-j3 (ng/mI)

0 0.01 0.1 1 10 0 0.01 0.1 1 10

TGF-18 (ng/ml)

FIG. 1. Attachment of TGF-(3-treated monocytes to matrix sub-
strates. Control or TGF-,8 treated monocytes (2 x 105) were added
to replicate wells coated with gelatin or fibronectin (A), type IV
collagen (B), or laminin (C). After 15 min at 40C, unattached cells
were removed and attached cells were counted in three 1.5-mm2
fields per well. Data represent the mean number of cells per field ±
SEM. Significance was determined at 95% by the Scheffe F test and
significant differences from untreated cells are indicated by asterisks.

ng/ml, decreased binding was evident. Although increased
binding levels were variable between individual donors be-
cause of differing levels of constitutive binding, TGF-13
always increased monocyte-matrix interactions above that of
untreated control cells. Similar enhancement of binding to
type IV collagen (Fig. 1B) and to laminin (Fig. 1C) occurred
when the monocytes were treated with increasing concen-
trations of TGF-f3.

Increased binding to fibronectin was observed between 4
and 8 hr after monocyte exposure to TGF-,B, reaching max-
imal levels by 12-16 hr (Fig. 2). A parallel kinetic response
was demonstrated for TGF-,-induced monocyte attachment
to type IV collagen and laminin substrates (data not shown).

Specificity of Monocyte Binding to Fibronectin. TGF-3-
treated and control monocytes were washed and added to a
fibronectin substrate in the absence or presence of domain-
specific competitor peptides. Although the RGE and CS-1
peptides did not block TGF-1-treated monocyte attachment
to fibronectin, the RGD peptide inhibited binding to control
levels (Fig. 3A), documenting the role of the RGD binding
domain in monocyte attachment.

Inclusion of antibodies to the a5 subunit with the TGF-j-
treated monocytes during incubation in the attachment assay
blocked monocyte binding >50%, and f31-subunit antibodies
completely inhibited (284 ± 9 vs. 57 ± 7 cells) monocyte-
fibronectin interactions, to even below control levels (Fig.
3B). Incubation with control IgG had no inhibitory effect.
These data implicate the increase in a5 and 81 molecules on
monocytes exposed to TGF-f3 as being important in the
observed increased adhesion to extracellular matrix proteins.
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FIG. 2. Kinetics of monocyte attachment to fibronectin after
stimulation with TGF-,B. Monocyte attachment was determined as
described in Fig. 1 following 4-24 hr of culture without (control) or
with TGF-(3 at 1 ng/ml. Significant differences from the untreated
group are indicated by asterisks.

Integrin Expression by TGF-f3-Treated Monocytes. Flow
microfluorometric analysis showed that monocytes constitu-
tively expressed both (31 (CDw29) and /32 (CD18) integrin
molecules, which increased after exposure to picomolar
levels ofTGF-f3 (,81, Fig. 4). In contrast, the specificity of this
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FIG. 4. Effect of TGF-/3 on monocyte integrin expression. Mono-
cytes cultured in the absence or presence of TGF-/3 (10 ng/ml) for 22
hr were incubated with monoclonal antibodies to P1i (mAbl3), P3, a3,
or as (mAb16), washed, and incubated with fluorescein-conjugated
goat anti-mouse IgG or goat anti-rat IgG before analysis by flow
microfluorometry. Data are from a representative experiment (n =
6).

TGF-p-mediated response was apparent by the absence of
modulation of the f3 (CD61) subunit. Subsequent flow mi-
crofluorometric analysis revealed that TGF-,8 also selectively
influenced a subunit expression, in that TGF-,B had no effect
on a2 (CDw49b) (3% for control vs 4% for TGF-f), but both
a3 (CDw49c) and a5 (CDw49e) subunits were increased (Fig.
4). Thus, consistent with their adhesion responses, TGF-P-
treated monocytes express increased a5181, the functional
receptor for the RGD sequence of fibronectin, and increased
a3,81, which also interacts with laminin and type IV collagen.

Effect of TGF-,B on Monocyte Fibronectin Receptor mRNA.
To differentiate between potential receptor activation and/or
increased protein expression, total RNA from control and
TGF-,B-treated monocytes was probed by Northern analysis
for a5 and (1 mRNAs (Fig. 5). Interestingly, TGF-,B appeared
to differentially regulate a5 and (31 subunit mRNA levels in
that within 90 min a definitive dose-dependent increase in
steady-state mRNA levels for the a5 chain was apparent.
Although TGF-.8 at 0.1 ng/ml induced substantial mRNA
expression, 1-10 ng/ml was usually optimal for a5 chain
induction. A transient increase in asmRNA was occasionally
also seen in the control populations 2-4 hr after the onset of
the incubation period, but as shown at 12 hr the TGF-,-
treated cells always had higher mRNA levels (Fig. 5). In
contrast to a5 mRNA expression, however, the 81 response
was delayed, with no significant increase at 90 min, a

/4 4$#he 4?
.I, as5 w wI|l

FIG. 3. Specificity of TGF-3-stimulated monocyte attachment to
fibronectin. (A) Inhibition of attachment to fibronectin by competi-
tion with synthetic peptides. Attachment assays were carried out in
the presence or absence of 100 ,ug of GRGDS (RGD), GRGES
(RGE), or CS-1 peptide. Significant differences from TGF-3-treated
cells are indicated by asterisks. (B) Inhibition of attachment to
fibronectin by antibodies to the ,1 and as integrin subunits. Attach-
ment of TGF-3-treated monocytes to fibronectin was determined in
the presence or absence of 100 ,ug of the indicated antibody or control
IgG. Significant differences from TGF-,B-treated cells without im-
munoglobulin are indicated by asterisks.
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FIG. 5. TGF-,B regulation ofintegrin gene expression. Monocytes
were cultured with TGF-/ (0.1-20 ng/ml) for 1.5 or 12 hr beforeRNA
was isolated and probed by Northern analysis for as, (,1, and He7
mRNA expression. This experiment is representative of four.
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FIG. 6. TGF-,B induction of gelatinase/type IV collagenase pro-
duction. (A) Zymogram analysis of TGF-3-treated monocyte super-
natants. Monocytes (5 x 106 per ml) were cultured with TGF-f3 (1-20
ng/ml) for 18 hr. The culture supernatants were dialyzed and
lyophilized before electrophoresis in a gelatin-containing 1% poly-
acrylamide gel. Size markers are indicated (left lane). (B) RNA
obtained at 40 min and 4 hr after TGF-(3 stimulation was probed for
mRNAs encoding the 72-kDa enzyme and He7.

marginal increase at 4-8 hr, and maximal levels at 8-12 hr
after exposure to TGF-l3 (Fig. 5).
TGF-13-Mediated Collagenase Production. An important

component of leukocyte movement from the circulation into
the tissues requires passage through extracellular matrices.
To determine whether TGF-13 also influences this aspect of
monocyte migration, supernatants were analyzed for the
presence of protease activity. Whereas control monocyte
supernatants contained low levels of 92-kDa enzyme, no
detectable 72-kDa enzyme activity was identified by zymo-
graphic analysis of the gelatin substrate (Fig. 6A). By com-
parison, parallel supernatants from monocytes incubated
with TGF-(3 (10 ng/ml) contained a 65-kDa gelatinase/type
IV collagenase, consistent with the activated form of the
72-kDa enzyme. Moreover, an increase in activity (170%o by
densitometric analysis) of the 92-kDa gelatinase occurred
after stimulation of the cells with TGF-l3. TGF-,8 also ap-
peared to influence expression oflarger forms (120 kDa and
>200 kDa) of gelatinase, which have yet to be characterized
(Fig. 6A). For comparison, monocytes stimulated with LPS
demonstrated increased secretion of the 92-kDa enzyme, but
LPS did not induce expression of the 72-kDa enzyme (data
not shown). These enzymatic assays of the monocyte super-
natants were consistent with the ability of TGF-13 to increase
enzyme mRNA levels. The constitutive steady-state mRNA
level for the 92-kDa gelatinase/type IV collagenase was
augmented by TGF-(3 (data not shown), and mRNA for the
72-kDa enzyme, barely detectable at 30-60 min, was strongly
induced by 4 hr (Fig. 6B). In addition to the 4.5-kb band, a
3.7-kb mRNA was induced by TGF-,B, possibly as a conse-
quence of alternative splicing.

DISCUSSION
The ability ofTGF-,B to induce leukocyte accumulation when
injected in situ (9-11) suggests mechanisms, in addition to a

concentration-dependent chemotactic stimulus (7, 8),
whereby TGF-(3 may promote emigration of circulating cells
into tissues. In this study, we demonstrate that in addition to
chemotaxis, TGF-13 influences monocyte recruitment and
accumulation via at least three interrelated pathways: (i)
increased expression of a and ( integrin subunit molecules,
(ii) augmented cell-matrix interactions, and (iii) colla-
genolytic activity.

Freshly isolated human peripheral blood monocytes ex-
posed to TGF-,B in suspension cultures demonstrate in-
creased expression of specific a and (31 integrin subunits,
which represent the predominant class ofextracellular matrix
receptors. The increase in a3P1 (VLA-3) and a5(31 (VLA-5)
integrins reflects a corresponding increase in attachment to
extracellular matrix proteins. Whereas a3(,3 exhibits speci-
ficity for laminin, type IV collagen, and fibronectin, aS(31
uniquely interacts with fibronectin (6). Monocytes constitu-
tively express fibronectin receptors (30, 31), and the in-
creased attachment of TGF-(-treated cells to purified fibro-
nectin matrices may represent functional changes in the
receptors as well as increased expression. Although activa-
tion of mononuclear phagocytes by -interferon and LPS has
been shown to increase adherence to laminin and type IV
collagen (32), increased fibronectin receptor expression in
response to these inflammatory stimuli is less consistent (31,
32).

Interestingly, TGF-,3 does not appear to mediate an im-
mediate change in adhesiveness, but the kinetics are com-
patible with the delayed accumulation of cells of monocytic
lineage at sites of tissue injury. Although TGF-(3 has been
shown to increase integrin receptor expression on mesen-
chymal cells (33-35), this pluripotent peptide also appears to
qualitatively and quantitatively modulate integrin receptors
on circulating leukocytes.
Ofthe multiple adhesive domains of fibronectin, binding of

the monocytes appears to occur primarily through the Arg-
Gly-Asp (RGD) cell recognition site. Peptides containing the
tripeptide sequence RGD, but not RGE, block attachment of
TGF-(-treated monocytes to fibronectin. Like T cells (36),
circulating monocytes do not appear to constitutively express
a2 (VLA-2), nor is a2 influenced by TGF-,B. In these and other
studies, monocytes freshly isolated from the blood did not
express significant levels of (3 (CD61) (6, 37, 38), nor does
TGF-j3 influence the expression of this subunit. Thus, human
monocytes express a combination of VLA integrins that are
modulated in part by the activation state of the cell, and also
by inflammatory mediators. Among these mediators, TGF-13
exhibits selective modulation of monocyte integrin receptors
which may be vital to extravascular migration.
As monocytes respond to TGF-13, they also appear to

generate gelatinase/type IV collagenase. The rapid induction
of the 72-kDa gelatinase/type IV collagenase mRNA and
enzyme suggests an important role for collagenolytic activity
in the movement of monocytes into and through the tissues.
Human monocytes have been shown to secrete four metal-
loproteinases, including interstitial collagenase, stromelysin,
a 72-kDa type IV collagenase, and a 92-kDa type IV colla-
genase (22, 39, 40), the expression of which is dependent
upon the stage of cellular maturation (40). Although produc-
tion of the 92- and 72-kDa type IV collagenases increases
markedly following adherence and differentiation of mono-
cytes into macrophages (40, 41), TGF-,B appears to stimulate
undifferentiated monocytes to transcribe and translate the
72-kDa enzyme while concurrently augmenting the constitu-
tive levels of the 92-kDa enzyme. Previous studies have
shown that the 72- and 92-kDa messages are 3.1 and 2.8 kb
in size, respectively (18, 19). However, in our system,
monocytes expressed a 4.5-kb and a 3.7-kb species of the
72-kDa mRNA after stimulation with TGF-(3 (Fig. 6B).
Whether this latter species is the result of alternative splicing
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is not known. A 3.1-kb mRNA was apparent when the
Northern blots were probed with the 92-kDa cDNA (data not
shown).
Although TGF-p clearly inhibits metalloproteinases in

fibroblasts (42, 43), it has been found to increase type IV
collagenase in cultured human keratinocytes and fibroblasts
(42, 44). Differential secretion of these enzymes by circulat-
ing and stimulated monocytes may contribute to establish-
ment of a pathway through basement membrane and extra-
cellular matrix. Type IV collagen, the major structural com-
ponent of basement membranes, serves as a barrier which
cells must degrade to facilitate their passage from the circu-
lation into the tissues, and TGF-,B, rapidly deployed at an
inflammatory site, may be responsible for initiating these
events. In chronic inflammatory sites, the continuous release
of TGF-(3 by activated inflammatory cells may provide a
self-perpetuating mechanism for the recruitment of new
populations of cells into the lesions (45, 46). Persistence ofan
inflammatory stimulus favors excessive recruitment of in-
flammatory cells with the potential for leukocyte-mediated
tissue damage as the basis of chronic autoimmune and
inflammatory diseases. By contrast, deficiencies in these
pathways may be responsible for aberrant host defense and
recurrent life-threatening infections. It is clear that carefully
regulated leukocyte recruitment from the circulation to sites
of inflammation is an essential component of host defense,
and TGF-13 may be a key factor in orchestrating these events.
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