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Phagocytosis mediated by Yersinia invasin induces
collagenase-1 expression in rabbit synovial
fibroblasts through a proinflammatory cascade
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SUMMARY

We show that the interaction of theYersiniasurface protein,  coupled bead phagocytosis with signal transduction
invasin, with rabbit synovial fibroblasts mediates bead because expression of constitutively active mutant RhoV14
phagocytosis and induces expression of interleukirol(IL- was sufficient to trigger CL-1 expression. The signal-
la), tumor necrosis factora (TNF-a) and MMP- transduction cascade elicited by bead phagocytosis
1/collagenase-1 (CL-1). Presentation of invasin as a ligand triggered NFKB activation, stimulating a proinflammatory
on the surface of 4.5um beads induced phagocytosis and cellular response with transient increases in TNF
increased CL-1 expression 20-fold after 24 hours. By production that peaked at 2 hours and induction of IL-Ix
contrast, presentation of invasin as a spreading substrate that was sustained for at least 10 hours. Inhibition of IL-
did not induce CL-1 expression. CL-1 induction following 1o function by blocking antibodies or IL-1 receptor
phagocytosis of invasin-coated beads was mediated by a antagonist showed that IL-1u is the autocrine intermediary
mechanism dependent on high-affinity binding tof31  for subsequent CL-1 induction.

integrins and the function of the small GTPase RhoA.

Expression of a function-perturbing mutant, RhoAN19, Key words:Yersinig Invasin, MMP-1, Collagenase, RhoA, Integrin,
abrogated bead-induced CL-1 expression. RhoA activation Phagocytosis, Proinflammatory, Interleukin 1

INTRODUCTION (Hamburger et al., 1999; Isberg and Leong, 1990). In animal
models of yersiniosis, synovial lining cells become
Several microorganisms use integrins to invade their targeéyperplastic, with excess breakdown of extracellular matrix
cells. The surface protein of the invading bacteria binds withECM) proteins and cellular exudates within the periarticular
high affinity to integrins, promoting their active uptake by non-cayity: this hyperplasia is similar to that seen in human
phagocytic cells (Williams-Herman and Werb, 1999). Theyersiniosis-associated joint inflammation (van der Heijden et

bacterial uptake is accompanied by a complex modification ¢ ' 1997). Synovial fibroblast function can be switched to a
cytoskeletal organization and by changes in cellular fu”Ct'OBro-arthritogenic phenotype either by local invasion of

and gene expression. microorganisms (Goldenberg, 1989), generating a septic

Reactive arthritis is associated with a number of Imc(:“Ct'ouﬁrthritis, or by enteric infections, which distally can cause an

organisms, such aersiniaspecies, that enter and pass throughaseptic reactive arthritis by a still-unknown mechanism (Sieper

the intestinal epithelium and gain entry into Peyer’s patche%ind Braun, 1999).

Bacterium-like structures, antigens and RNA derived from We have previously shown in rabbit synovial fibroblasts
these organisms can be found in the joints and synovial cel . . X L .
g ] y SFs) that integrin-mediated binding to different ECM

of patients with reactive arthritis (Gaston et al., 1999; Hamm o .
et al., 1990). The molecular mechanism of cellular attachmef{Ot€ins induces the expression of MMP-1/collagenase-1 (CL-

and entry forYersinia species has been well characterizedl) through different mechanisms, depending on how the cells
(Heesemann et al., 1993). Attachment and entryeoinia €cognize the |nteg_r|n ligands. When fibroblasts spread on the
species are primarily mediated by two outer membrand20 kDa fibronectin fragment (120FN) or on an arfi-
proteins — a dispensable collagen-binding factor Yad Antegrin mAb, but not on intact fibronectin (FN), CL-1
(Roggenkamp et al., 1995) and invasin, a ligand far expression is induced by a mechanism dependent on the direct
integrins (Isberg and Leong, 1990). Invasin, the surface protegetivation of the transcription factor AP-1 (Tremble et al.,
of Yersinia pseudotuberculosisiediates bacterial invasion by 1995). The presence of additional ECM components can
binding toal, a2, a4 anda5B1 integrins with high affinity ~modify this response. For example, the addition of tenascin-C
through a domain that does not contain an RGD sequente a FN matrix induces CL-1 expression, whereas neither
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tenascin-C nor FN are inductive when used alone as ailture supernatants using a mixture of mouse anti-rabbit CL-1 mAb

spreading substrate (Tremble et al., 1994). and an HRP-conjugated anti-mouse secondary antibody; HRP activity
When these ECM components are recognized in a differeias then developed by the enhanced chemiluminiscence reaction. The

context, for example as a soluble integrin ligand, CL-1bands were quantified and analyzed by densitometry using Image

expression is induced by a distinct signal-transduction casca@&'ant (Molecular Dynamics).

that is associated with changes in cell shape and rgsmunofluorescence

organization of the actin cytoskeleton. The addition of @Bti- o monolayer was washed with PBS and fixed with 4%
mAb (Kheradmand et al., 1998), SPARC (Tremble et al., 1993)araformaldehyde in PBS for 20 minutes, permeabilized with 0.1%

or the fibronectin extra domain A (ED-A) fragment (Saito etrriton X100 for 5 minutes and blocked for 1 hour with 15% FBS in

al., 1999) to cell cultures induces cytoskeletal reorganizatiorBS. Primary antibodies were diluted in 15% FBS and incubated for
with a concurrent activation of nuclear fack® (NFkB). The 1 hour at 37°C. After three washes with PBS 0.1% Triton X100, the
actin cytoskeleton rearrangement transduces a signal direcggmples were incubated with Alexa-labeled secondary antibodies for
because cytochalasins can also induce the activation of t€ minutes and embedded in Vectashield (Vector Labs) with DAPI.
transcription factor N&B. The activation of NRB induces the Samples were analyzed and photographed using a Leica DMR
establishment of an interleukin-1 (IL-1) autocrine loop, whichmicroscope  with al long plass fiter to visualize beads and
is indispensable for the CL-1 induction that follows, as thdmmunostaining simultaneously.

effect of soluble integrin-ligands is abrogated by IL-1 receptophagocytosis assay

antagonist (Kheradmand et al., 1998). To evaluate bead uptake, RSFs were incubated with beads for 3 hours.
Invasin is a high-affinity integrin ligand on the surface of athe bead coating was then visualized by immunostaining with an anti-
bacterium that may be recognized by the cells in an unusuRIBP antibody (New England BioLabs) when invasin-coated beads
context, that is, of inducing endocytosis. Therefore we askedere used or with anti-rat IgG when aa- integrin mAb-coated
whether invasin modifies CL-1 expression in primary culturedeads were used. Afterwards, the same procedure as for
of RSF. immunofluorescence using an Alexa-green conjugated secondary
antibody was followed, but without cell permeabilization. When a
long band pass filter is used, this procedure allows the simultaneous
distinction between adherent (green and red) or phagocytosed (red

MATERIALS AND METHODS autofluorescence only) beads.

Reagents Competition of invasin binding with RGD

The mAb antiB1 (AlIB2) and antie5 (BIIG2) integrins were gifts from  Cells plated in serum-free conditions were pre-incubated with 10
Caroline Damsky, UCSF (Werb et al., 1989; Huhtala et al., 1995); mAimg/ml RGD or RGE peptides or an equivalent volume of PBS for 15
P4G6 (antie4 integrin), RGD peptides and 120 kDa FN were minutes. Beads coated with INV497 or amfi-integrin mAb were
purchased from Gibco BRL (Grand Island, NY); anti-rabbitéLilbm  added and the cells were incubated at 37°C for a further 30 or 120
Endogen (Woburn, MA); anti-mouse tumor necrosis fagtfNF-0)  minutes. The total number of beads per 100 cells from ten random
mAb from Genzyme (Cambridge, MA) and anti-p65kBFpolyclonal  fields was counted on an inverted microscope after three washes with
antibody from Santa Cruz (Santa Cruz, CA). HRP- and AlexaPBS to remove nonadherent beads. Data are presented as means of
conjugated secondary antibodies were from Amersham Pharmadiaree independent experiments.

Biotech, Inc. (Piscataway, NJ) and Molecular Probes (Eugene, OR),

respectively. Human recombinant o1 mouse TNFa, Protein A Membrane protein extraction and western blotting

Sepharose and DEAE Dextran were from Sigma Chemical Co. ($tabbit synovial fibroblasts were washed in serum-free media and
Louis, MO). IL-1 receptor antagonist was from R&D Laboratoriesincubated with magnetic beads coated with wild-type invasin INV497,
(Minneapolis, MN). Maltose binding protein (MBP) and anti-MBP INV497D911A, FN or BSA, for 1 or 6 hours. Cells were then washed
antibodies were from New England BioLabs (Beverly, MA). Invasinwith PBS and lysed in isolation buffer (100 mM MES, pH 6.8, 1 mM
(wild-type and mutant forms) were prepared as described previouslyDTA, 0.5 mM MgC: and anti-proteases) by three subsequent
(Leong et al., 1990). Fibronectin and anti-proteases (Complete) wefeeeze/thaws in liquid N Beads were extracted by magnetic field

purchased from Roche Laboratories (Indianapolis, IN). separation, washed in isolation buffer three times and centrifuged at
100,000g to enrich for membrane proteins. This was followed by
Cells solubilization of the pellet in 1% Triton-X100, 50 mM Tris-buffered

Rabbit synovial fibroblasts were isolated as described previouslyaline (pH 7.5) with anti-proteases. Equal amounts of protein were
(Aggeler et al., 1984) and cultured between passages 3 and 10separated by SDS-PAGE, transferred to nitrocellulose paper and
Dulbecco’s modified Eagle’s medium H-21 (DME) supplementedblotted for adaptor protein-2 (AP-2, mAb AP.6, obtained from Francis
with 10% fetal bovine serum (FBS; Hyclone, Logan UT) and 2 mMBrodsky, UCSF).

glutamine in 5% C®@at 37°C. Unless otherwise stated, RSFs were

plated with DME 0.2% lactalbumin hydrolysate on dishes coated foFlectromobility shift assay (EMSA)

2 hours at ambient temperature withi@fdml fibronectin or 0.3g/ml Nuclear extracts were prepared from16° cells by the method
invasin in PBS. Magnetic beads of 415 diameter (Dynal, Oslo, described previously (Finbloom et al., 1994udof nuclear extract
Norway) were coated by adsorption with the different integrin ligandsvere incubated with #3PQy]-5’ end-labeled NEB oligonucleotides
following the manufacturer instructions and then added to cells at @romega, Madison, WI) and subjected to EMSA as described
ratio of five beads per cell 1 hour after plating. previously (Kheradmand et al., 1998).

Detection of IL-1 o, TNF-a and CL-1 expression Cell transfection

Interleukin-In, TNF-a and CL-1 expression was measured asMarc Symon (Picower Institute) kindly provided the plasmids with

described previously (Tremble et al., 1994) by slot blot analysis o0RhoAV14 and RhoAN19, RaclV12 and RaclN17, Cdc42V12 and
serial dilutions of the treated cell culture supernatants. CL-Ldc42 N17 (Qiu et al., 1995). To measure CL-1 induction, a minimal
expression was also detected by western blot analysis of the c€L-1 promoter was used (Kheradmand et al., 1998). Control cells
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were transfected with equal amounts of empty vector or a gree 25
fluorescent protein vector (pEGFP1C, Clontech, Palo Alto, CA) tc
monitor transfection efficiency. RSF transfection was performed usin
adenovirus (Forsayeth and Garcia, 1994), as described previous
(Kheradmand et al., 1998). Briefly, the cells were trypsinized the da
before transfection. For transfection 18P cells were plated in a 3.5
cm dish with 2.5 ml of the following mixture: adenovirus stock diluted
1:20, 2 pg/ml plasmid, 80ug/ml DEAE-dextran in serum and
antibiotic-free DME. The cells were incubated with the transfectior
mixture for 2 hours at 37°C, washed for 1 minute with 10% DMSC 5- 1
in PBS and then incubated overnight with DME 10% FBS. After 24

hours, if the transfection efficiency was higher than 50%, the mediur -

was changed to DME 0.1% LH, and 24 hours thereafter, equi 0-
numbers of cells were plated on dishes coated with fibronectin. Tr Beads - FN INV497 - FN INV497
cells were analyzed 24 hours later by measuring luciferase activity |
whole cell lysates using a commercial kit (Promega). Substrate FN INV497

20

15

10

CL-1 induction (Fold)
4

Statistical analysis Fig. 1. Context-dependent induction of CL-1 expression by invasin.

When indicated, data were analyzed using the software ESTAT IRSFs were plated on FN- or invasin-coated dishes. Beads coated

perform an unpaired, two-tailed studeftest. with INV497 or fibronectin were added to cells spreading on FN or
INV497. CL-1 expression was measured in the supernatant by slot
blot 24 hours later. The error bars represent + s.e.m. of two or more

RESULTS independent experiments. INV497-coated beads produced a large
increase in CL-1 secretion, whereas FN-coated beads did not in cells

Invasin mediates induction of CL-1 as a ligand on plated on FN. The difference in CL-1 produced in response to FN-

bead particles, but not as a spreading substrate coated beads in cells plated on FN, compared to cells plated on

Spreading of RSFs on substrates that ligdigl integrin, but INV497 was small, but significanP0.046).

not a4f1 integrin, induces expression of CL-1 (Huhtala et al., S

1995). Because the interaction between invasirBaridtegrins ~ nNonspecific binding. We exposed the cells to the beads coated
differs from that of ECM components and anti-integrinWith the different ligands and measured bead uptake at 3 hours

antibodies, we examined whether invasin can mediate celind CL-1 expression at 24 hours (Fig. 1; Fig. 2). After 3 hours,
spreading and CL-1 induction. We used a soluble form op0% of the beads coated with INV497 were inside the cells
invasin, INV497 which contains the extracellular region(red). Beads coated with the low-affinity binding mutant
(including the integrin-binding domain) fused to MBP to coat!NV497D911E (green) bound to RSF in a proportion
dishes and beads. We evaluated CL-1 expression after platifgmparable to INV497 beads, but few beads were ingested
or addition of beads, by western blot analysis of the cell culturé™ig- 2). Beads coated with INV497 were significantly
supernatant. We observed that RSFs spread on INv4d4P<0.05) more effective in increasing CL-1 expression than
expressed CL-1 at basal levels, comparable to that seen in cdi@ads coated with INVA97D11E. MBP-coated beads did not
plated on FN (Fig. 1). We next examined the effects of invasiRind to the cells and were barely retained on the monolayer
INV497 adsorbed on 4.5m beads. Invasin was a powerful after the wa_shes. Th(_ase results show that mduc_tlon of CL-1
inducer when presented on beads, increasing the expressiorcgfrelates with the efficiency of bead phagocytosis.

CL-1 15.6+8-fold with FN as a substrate, compared with cel

I . . . . .
plated on FN. CL-1 was first detected at 10 hours after additi(ia‘l1 Integrins mediate phagocytosis of invasin-coated

of beads, increasing through 24 hours. By contrast, fibronecti?€ads

coated beads were a poor inducer on cells spread on fibroneclie next demonstrated that integrins serve as receptors for invasin
but induced more CL-1 in cells spreading on invasin, althougi induction of CL-1 expression. Binding of INV497 beads was
not in a magnitude comparable to INV497-coated beads. The#thibited by the soluble GRGDSP peptide, but not by GRGESP
results show that induction of CL-1 expression by invasirPeptide (Fig. 3A). A comparable number of arficoated beads

depends on the context in which it is presented to the cells. bound and were displaced by RGD peptides, denoting3fie
FN receptor as the main receptor for invasin-coated beads in RSF.

Invasin mediates phagocytosis of particles This observation was confirmed by analysis of the cell-surface
By 24 hours after addition of INV497-coated particles,proteins that bound to beads after 60 minutes of incubation with
virtually all the beads added were inside RSFs. Therefore, wairface-biotinilated RSF. We observed that intefina5 and

next asked whether the induction of CL-1 by invasin-coatedi4 chains were the major proteins associated with the beads (data
particles was related to their phagocytosis. Because bacteriat shown). Thus, invasin and peptides containing RGD compete
invasion is dependent on the binding affinity of invasin (Trarfor binding toa531.

Van Nhieu and Isberg, 1993), we also coated beads with aWe next asked whether other ligands é&f31 integrin or
mutant form of invasin — one that has a change in an essent@bss-linking of othef1 integrins mediate phagocytosis and
aspartic residue (INV497D911E) — that binds integrins at lowCL-1 induction. We coated beads with the 120FN fragment,
affinity (750 nM) and is unable to mediate phagocytosisntact FN, mAb directed ta4 or a5 integrins, or a function-
(Leong et al., 1995). We compared beads coated with INV49Thhibiting anti31 mAb (AlIB2). After 24 hours, CL-1 was
which exhibits high-affinity binding (5 nM), with highly induced by beads coated with amfi-mAb (BIIG2),
INV497D911E-coated beads, and used MBP as a control fenti-a4 mAb (P4G9) and 120FN (Fig. 3B), which were rapidly
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Fig. 2. Effect of affinity of invasin binding on bead phagocytosis and
CL-1 induction. RSF were incubated for 2 or 24 hours with beads
coated with MBP (nonspecific binding control), INV497D911E
(low-affinity binding) or INV497 (high-affinity binding). Bead
phagocytosis was analyzed after 3 hours and CL-1 expression was
measured in the supernatant by slot blot after 24 hours.

(A) Quantitative representation of bead binding and uptake after 3
hours and CL-1 expression after 24 hours for each type of coating.
(B) Micrographs of the phagocytosis assay. The green beads are
outside and the red beads are inside the cells. Error bars represent
s.e.m. of 3 independent experiments. Ban50

anti-o5 120FN FN anti-o4 anti-f1 BSA

ingested. By contrast, low induction was observed with beac
coated with FN, AlIB2 or BSA (Fig. 3B). Interestingly, anti- Beads
a4 mAb functioned like invasin: ligation af4 integrins by

beads coated with ani4 mAb induced CL-1 expression, even C
though ligation ofa4 integrins with mAb as a spreading

substrate does not induce CL-1 expression (Huhtala et a

1995). These experiments show that integrin-mediate

phagocytosis is not restricted to one type of integrin ani

corroborate that this mechanism requires high-affinity bindinc AP-2 o=
to integrins because a low-affinity ligand, such as FN, does n = 1
induce. Furthermore, CL-1 induction is phagocytosis e .
dependent because, unlike spreading, which induces CL-1 or
when a5 and nota4 integrins are ligated, phagocytosis of : 3 6

beads coated with either animAb or antia5 mAb induces Paie .. -

CL-1 expression. Significantly, beads coated with the [&nti-

antibody, which binds to integrins and produces ¢

nonfunctional state ol 'm?grmsi were npt 'r.‘d“C“Ve- The Fig. 3.Invasin induction of CL-1 expression is integrin dependent.
latter results suggest that high-affinity binding is not suff|C|en1(A) INV497 coated beads binding was inhibited by the addition of

and proper function of the integrpil chain is also required soluble GRGDSP peptide, but not by GRGESP peptide. As a control,
for bead ingestion and for the subsequent downstream sigrGRGDSP peptides were used to compete for the binding ofi&nti-

INV497 D911A
INV497 D911E

BSA
FN
120FN

Time(h)

 INV497

4
[
—

leading to induction of CL-1 expression. integrin antibody. (B) Beads coated with other integrin ligands of
high-affinity binding induce CL-1 expression. Beads coated with

Invasin-mediated phagocytosis alters particle- integrin antibodies: antiés integrin mAb (BIIG2), ant&4 integrin

associated proteins mAb (P4G6), function-blocking anfi1 integrin mAb (AlIB2) were

compared with FN or 120FN in their potency to induce CL-1
expression. CL-1 expression was measured in the supernatant by slot
blot after 24 hours of bead addition. Error bars represent + s.e.m. of

We next examined whether there were any differences i
membrane-associated proteins in cells ingesting various typ;
of beads. After 1 hour of incubation with beads coated Wiﬂthree independent experiments. (C) High-affinity integrin ligands
FN, 120FN, INV497, INV479DO11E, INV479DO11A @ recruit AP-p2 to the begd-associat(eg mgmbraneyfracti%n. Mgembranes
mutant that does not bind at all to cells (Leong et al., 19954ssociated with beads coated with BSA, INV497D911A,

or BSA, we detected a scant quantity of AP-2 in the bealNv497D911E, INV497, FN and 120FN were analyzed for the
membrane fraction of cells incubated with invasin-coatepresence of AP-2 after 1 and 6 hours of binding.
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beads. However, following 6 hours of incubation, we noted a
more pronounced increase in AP-2 in the bead-associated
membrane fraction of cells that had phagocytosed beads coated
o No beads with INV497 (Fig. 3C) rather than lower-affinity binding
m anti-¢5 beads { ligands.

>

— b
w =
L |

=
=

RhoA is required for bead phagocytosis and
signaling for CL-1 induction
The function of members of the Rho GTPase family is
T T associated with several bacterial invasion mechanisms (Fu and
ol J Galan, 1999; Watarai et al., 1997), as well as in phagocytosis
} in phagocytes (Caron and Hall, 1998) and in integrin-mediated
Control RacN17 RhoN19 Cdc42N17 CL-1 induction after cell spreading (Kheradmand et al., 1998).
Therefore, we examined whether these proteins are involved in
B induction of CL-1 expression mediated by invasin-coated
64 beads. We co-transfected RSF at high efficiency with
0 No beads dominant-negative or constitutively active mutants of Rac1l,
RhoA and Cdc42 and with a reporter construct containing the
CL-1 minimal promoter coupled to luciferase; we then

Pl measured CL-1 expression induced by beads after 24 hours.
We observed that the beads did not induce CL-1 expression in
cells expressing the dominant-negative RhoAN19, implicating

37 the activity of RhoA in the signal-transduction pathway

CL-1 (Fold)

th
L

B invasin beads

CL-1 (Fold)

associated to phagocytosis (Fig. 4A).

If RhoA activation is one of the elements in the signaling
pathway, the activation of RhoA is expected to be sufficient to
induce CL-1 expression. Hence, we analyzed the expression of
CL-1 upon constitutive active RhoA expression. In cells
transfected with the constitutively active mutant RhoAV14, we

e found that basal CL-1 expression increased twofold (Fig. 4B),
Control RhoN19 RhoV14 and amplified the CL-1 expression induced by beads coated
with integrin ligands, as would be expected for an intermediary

C molecule mediating signal transduction.

Because RhoA also has been implicated in early steps of
phagocytosis during particle ingestion, we next examined
whether RhoA function was required for bead uptake. The
expression of RhoAN19 reduced phagocytosis to 50% after 3

Control hours without affecting bead binding significantly (Fig. 4C).
Bead uptake was impaired not only in cells overexpressing the
dominant-negative RhoA, but also in cells treated with C3
exotoxin (not shown). These experiments show that RhoA

g '

function is required both for bead ingestion and downstream
activation.

0

Ingestion of invasin-coated particles by RSF
activates the transcription factor NF kB

Our initial observation that upregulation of CL-1 expression
after ingestion of invasin-coated particles did not occur before
10 hours suggests an indirect mechanism of induction, as has
been observed for SPARC treatment and integrin-mediated cell
rounding (Tremble et al., 1993; Kheradmand et al., 1998).

Fig. 4.RhoA is required for phagocytosis and bead-induced CL-1  These integrin-induced alterations of cell shape induce
expression. (A) Antix5 mAb-coated beads were added to cells activation of NKkB expression, which is upstream of CL-1
transfected with dominant-negative mutants of Rac 1, RhoA or expression. Interestingly, phagocytosis of bacteria activates
Cdc42 and a reporter construct of CL-1 promoter driving luciferase NFKB in  macrophages, neutrophils and non-phagocytes
expression. Luciferase activity was measured 24 hours after bead (Aderem and Underhill, 1999; McDonald and Cassatella,
addition. (B) CL-1 promoter driven luciferase activity was measured1997; Verma et al., 2000). Therefore, we tested whether
24 hours after addition of invasin-coated beads to cells transfected phagocytosis of invasin-coated beads activatesBNE RSF.

yvith RhoAN19 or R_hoAV14. Error bars represent + s.d. of tripli_catesWe detected nuclear translocation of KBF by

In one of two experiments. (C) Micrographs of the phagocytosis immunofluorescence within the first hour after bead addition

assay after 2 hours of bead addition to dominant-negative RhoA- . . h
trans¥ected cells. g (arrows in Fig. 5A). EMSA analysis of nuclear extracts from
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A
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Fig. 5.Bead phagocytosis induces kB-activation.

(A) NFkB (green) nuclear translocation was visualized

by immunofluorescence 1 or 2 hours after the addition

of anti-a5 mAb-coated beads (red autofluorescence). 1 h
Arrows mark cells positive for NéB translocation and

with beads inside. Bar, 50m. (B) Activated NKB

was detected by EMSA of nuclear extracts prepared

from RSF incubated for 2 hours without beads (lane 5)

or beads with anti*5 mAb-(lane 6) or beads coated

with INV497 (lane 7). Lane 1, no extract; lane 2, HelLa 2 h
extract; lane 3, HelLa extract plus 1.75 pmol of

unlabelled specific probe; lane 4, HelLa extract plus

1.75 pmol nonspecific competitor.

= p50/p65

~a=—p50/p50

cells exposed for 2 hours to beads coated with INV497 or witbhagocytosis and both cytokines are able to induce CL-1
anti-a5 mAb also showed activation of KB (Fig. 5B). These expression, only IL-d is indispensable for bead-mediated CL-
results indicate that integrin-mediated bead phagocytosis leatisnduction.

to the rapid activation of NéB. The requirement for both ILelsynthesis and its release into

] ] ] ) ) ) the medium implicates this cytokine as an intermediary, acting
Invasin-mediated ingestion of particles induces the both as an autocrine and paracrine factor. To determine whether
proinflammatory cytokines TNF- o and IL-1a, but IL-1a has this dual function during phagocytosis, we added
only IL-1 a is required for CL-1 induction beads at low concentration and analyzed CL-1 expression by

We next asked whether NB activation leads to a immunofluorescence. In these cultures there were both cells
proinflammatory response. We detected an increase in tlieat had phagocytosed beads and cells without beads (Fig.
levels of TNFe and IL-1o within 2 hours after bead addition 7B,D). Although the level of CL-1 expression correlated with
(Fig. 6A). TNFa expression declined after 6 hours, whereaghe number of beads ingested (Fig. 7B), we found that, adjacent
IL-1a production continued at high levels even after 10 hourgp the cells containing beads, there were some cells without
when CL-1 protein starts to be detected in the supernatarteads that were also positive for CL-1 expression (arrows)
These results show that phagocytosis of invasin-coated beasisggesting that IL-d functions as a paracrine factor (Fig. 7D).
induces a proinflammatory response in RSF that precedes CLhe expression of CL-1 in all the cells was abrogated by the
1 upregulation. Because Ilaland TNFa can induce CL-1 addition of anti-IL-Tr neutralizing antibody (Fig. 7C),
expression in other cells (Siwik et al., 2000), we examinedlemonstrating the role of this cytokine as an intermediary.
whether these cytokines play a role in bead-mediated CL-1

induction. We added cytokine-neutralizing antibodies together

with beads and measured induced CL-1 expression after ZASCUSSION

hours. We found that ILd and TNFe induce CL-1

expression (Fig. 6B). When IL-1 receptor antagonist or antin the present work we show that phagocytosis of beads coated
rabbit IL-1a were added with the beads, upregulation of CL-1with theY. pseudotuberculosgirface protein invasin induces
was inhibited. Thus, although IL-1 acts as an autocrine dnflammatory cytokines and CL-1, characteristic of a pro-
paracrine regulator of CL-1, TN&- production was not arthritogenic response, in rabbit synovial fibroblasts. The
required for phagocytosis-mediated CL-1 induction. Wheruptake of invasin-coated particles is integrin-mediated, but is
TNF-o-neutralizing antibodies were added, only a slightnot integrin selective, and it is driven by the binding affinity of
diminution of bead-induced CL-1 expression was seen. Thithe coating ligand. RhoA function is required for bead
suggests that, although TNF4s produced and is a CL-1 phagocytosis and transduction of the signal for activation of
inducer, it is not required for bead-mediated CL-1 inductionNFkB and production of TN and IL-1o. Subsequently, the

To verify the neutralizing activity of the antibodies, we testedendogenous IL-d acts by autocrine and paracrine mechanisms
them against their respective cytokines. Although both anti-ILto induce CL-1 expression.

1la and anti-TNFe inhibited CL-1 induction mediated by their  Invasin is an integrin ligand of high affinity that induces CL-
respective cytokine, we also found that Thiffrediated 1 expression in RSF depending on how it is presented. When
induction of CL-1 was inhibited by ILél neutralizing invasin was presented as a spreading substrate, CL-1
antibodies or IL-1 receptor antagonist, indicating that TNF- expression was below the basal level seen with FN as a
induction of CL-1 expression is mediated through IL-1substrate and was not able to confer high CL-1 induction to
production. The anti-rabbit ILel-neutralizing antibodies did fibronectin coated beads; this is consistent with our conclusion
not inhibit human IL-&r. From these results we conclude that,that signaling from the surface is not sufficient to induce CL-
although IL-Ir and TNFe are produced upon bead 1 (see below). Compared with fibronectin as a substrate,
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Fig. 6. Bead phagocytosis induces TFand IL-1a expression, however only ILedproduction is required for bead-induced CL-1 expression.
(A) Time course of TNFg, IL-1a and CL-1 production after addition of ants- mAb-coated beads. The cytokines and CL-1 were measured in
the culture supernatant by slot blot. Error bars represent + s.d. from one of three independent experiments. (B) CL-1wapnessioared

in the supernatant by slot blot 24 hours after the addition of beads coated with,dhtita (2 ng/ml) or TNFe (1 pg/ml) in the absence or
presence of IL-1 receptor antagonist (400 ng/ml), anti GNB{g/ml) or anti IL-Jo (10 ug/ml). Error bars represent + s.d. from one of three
experiments. *, the effect of anti ILalon TNFa-induced CL-1 expression was not assayed.

invasin changed the CL-1 levels induced by fibronectin- andiscrimination between spreading and phagocytosis is not
invasin-coated beads; this was probably due to competitiospecific for invasin, but common to the context in which the
effect for binding topl integrins, similar to the competition integrin ligand is presented. In both forms of presentation,
effect reported previously (Tran Van Nhieu and Isberg, 1993hese integrin ligands are expected to induce similar occupancy
for bacterial invasion, which is diminished in cells plated orand clustering of integrins, but the difference is that particles
high-affinity integrin-binding ligands. Thus, on cells spreadingcan be phagocytosed, whereas the spreading substrate is
on invasin, INV497 beads are not very efficient because leggsistant to ingestion. Integrin-mediated ingestion could
B1 integrins are available and fibronectin beads might be mogromote the assembly of a functionally distinct adhesion
inductive by binding to non-
B1 integrins ¢vpB3 or avp5,
for example). By contras
when invasin was present
on the surface of beal
mimicking bacteria, CL-
expression was  strong
induced after phagocytos
This dual function was alt
observed with antix4
integrin  antibodies, whic
induced CL-1 expressi
when used as bead coati
but not when used as
spreading substrate (Huht
et al., 1995). Therefore, t

C

Fig. 7.I1L-1a activity in cis and

in trans is required for bead
induction of CL-1 expression.
Micrographs of
immunofluorescence staining for
CL-1 expression (green) after 24
hours of antie5 mAb-coated
beads (red) addition in the
absence (A, B and D) or
presence of 1Qg/ml anti IL-1a
(C). Arrows point to cells
expressing CL-1, but with no
beads. Bar, 5am.
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complex committed to phagocytosis and to signaling. Integrins Several of our observations support the hypothesis that
can not only recognize different types of ECM componentssignaling does not come from integrin cross-linking at the cell
but also their rigidity. Katz and co-workers showed that fibrillarsurface, but from the completion of the phagocytic process.
fibronectin drives the formation of fibrillar complexes rich in This mechanism is not specific for the integrichain type or
tensin, whereas cross-linked fibronectin induces the formatidigand; however, it is dependent on their phagocytosis-
of focal complexes rich in paxillin (Katz et al., 2000). Thecompetent presentation. Moreover, it is not triggered by cell
recruitment of different protein complexes during phagocytosispreading, which can induce coated pit assembly without
would have a distinct functional outcome, inducing theendocytosis. The signal could originate during the uptake of
expression of CL-1. the bead or from the endosomal/lysosomal compartment. In
Presentation of an integrin ligand on a surface susceptible support of this phagocytosis-dependent mechanism, we found
be phagocytosed is not sufficient to induce phagocytosis, asthiat blocking phagocytosis specifically with RhoAN19 also
is demonstrated when low-affinity ligands are used to coat thislocked bead-induced signaling.
beads. Invasin (k=5 nM) has no RGD sequence, but possesses Our results are compatible with two alternative mechanisms
an aspartyl residue (D) in the integrin-binding domain thatfor signaling and phagocytosis coupling. One possibility is that
when mutated to E, retains binding capability to integrins butipon integrin clustering, RhoA could be recruited to assemble
with reduced affinity (750 nM), equivalent to that of FN. Beadsa complex that is going to generate a signal fokBIF
coated with the E mutant (INV497D911E) were still able toactivation and lead to phagocytosis. A precedent for this
bind to the cells, but were poorly phagocytosed and inducesltuation has been described during the invasion of epithelial
little CL-1 expression, indicating that phagocytosis is drivercells by Shigella which induces the expression of
by high-affinity binding of invasin. This attribute promotes inflammatory cytokines. The entry 8higellainto HeLa cells
bacterial uptake upon binding Wérsiniato several other cell is through the binding of Ipa invasins @®31 integrins and
types (Tran Van Nhieu and Isberg, 1993). CL-1 induction bylepends on RhoA function to recruit a multimolecular
phagocytosis driven by high-affinity binding is not specific tocomplex, because C3 toxin blocks FAK and paxillin
invasin, because it was also observed to be proportional to tplosphorylation and recruitment of F-actin, vinculin, talin and
binding affinity of othera531-integrin ligands. When used to protein kinase C to the phagocytic cup (Watarai et al., 1997).
coat beads, FN (800 nM) was a poor CL-1 inducer, wheras thdthough, this study does not address how signaling to the
120 kDa fibronectin fragment (370 nM) (Akiyama et al., 1985)proinflammatory cascade occurs, it suggests that RhoA might
was of intermediate potency and invasin or antibodies directdze involved in an early step of phagocytosis and signaling.
against the integrima5 or a4 chain were good inducers. Furthermore, this possible mechanism is supported by the
Furthermore, this mechanism is dependent on the propebservation that this GTPase is rapidly recruited beneath the
activation state of the integrpil chain, because beads coatedplasma membrane, when integrins are clustered by antibody-
with a function-inhibiting antp1 antibody that converts tiffd  coated beads (Burbelo et al., 1995).
to an inactive state (Takada and Puzon, 1993) did not induce Alternatively, upon particle binding, two parallel pathways
CL-1 expression. Taken together, these results suggest thmhy be triggered to convey signal transduction and
clustering of functional integrins by high-affinity ligands is phagocytosis, which progress independently, although both
required to assemble a phagocytosis-competent complesequire RhoA function. There is a clear role for RhoA in
There is a similar requirement for Fc-mediated phagocytosiphagocytosis (Chimini and Chavrier, 2000), although whether
which is triggered by nonselective high-affinity ligands.it can be generalized is not clear. C3 toxin, which has been used
Aggregation of the receptors induces the recruitment ands a tool to inhibit the function of RhoA, also inhibits RhoB
clustering of Syk tyrosine kinase. This latter step is necessaand RhoC (Wilde et al., 2000). However, different particles
and sufficient to induce phagocytosis and proinflammatorjrave been used in different assays. Particle size may induce
signaling (Greenberg et al., 1996; Hutchinson et al., 1995). different mechanisms for internalization (Koval et al., 1998).
In our case, we found that beads coated with high-affinitBacteria may use more than one surface protein for
ligands recruited AP-2, an adaptor involved in clathrin-internalization and the mechanism might be modified by the
mediated endocytosis from the plasma membrane. Becaupeesence of virulence factors (Black and Bliska, 2000).
a5B1 integrins can mediate forms of endocytosis that ar®ifferent roles have been assigned to the Rho GTPases family
dependent or independent of formation of clathrin-coated pittRhoA, Rac and Cdc42) during different mechanisms of
(Altankov and Grinnell, 1995), this result suggests thaphagocytosis (Chimini and Chavrier, 2000). In professional
phagocytosis-promoting ligands are directing the endocytiphagocytes, RhoA is required for integtiM 32 (complement
mechanism. This result supports our notion that high-affinityeceptor)-mediated phagocytosis, which is not associated with
integrin-binding ligands promote the formation of a distincta proinflammatory response, whereas during Fc receptor-
protein complex involved in phagocytosis. Interestingly, it hasnediated phagocytosis, although all three GTPases are
been shown that on the contact surface with the extracellulaecruited, only Racl and Cdc42 are required for uptake of
matrix, a spread cell assembles adhesion sites that differ froopsonized cells. In these cases the GTPases are required to
focal adhesions and that are characterized by coated pits amtruit and activate the Arp2/3 complex, but not for activation
vesicles (Maupin and Pollard, 1983). These structures alsgf NFKB (Caron and Hall, 1998; Lee et al., 2000; Massol et
form during macrophage spreading on immune complexeal., 1998; May et al., 2000), which does not exclude a possible
(Takemura et al., 1986). However, under the conditions afole for RhoA in signaling. In nonprofessional phagocytic
spreading, these complexes do not completeells, the mechanisms might be different or include
endocytosis/phagocytosis. Therefore, this result also impliesomponents of both types of phagocytosis. Several bacterial
that fulfillment of phagocytosis is a requirement for signalinginvasion mechanisms depend on activity of these GTPases, but
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some clearly are dependent on RhoA functi@higella in these models, as mice deficient in Ig-develop milder
invasion in epithelial cells (see above) amhrtonella  collagen-induced arthritis than TNi=deficient mice (van den
bacilliformis invasion in endothelial cells are dependentBerg et al., 1999). When mice overexpressing TNBre
specifically on RhoA activity and lead to a proinflammatoryinjected regularly with neutralizing antibodies to IL-1 receptor
response (Mounier et al., 1999; Verma et al., 2000). HowevefProbert et al., 1995), no arthritis develops, suggesting an
in other models, ingestion of bacteria is not a requirement tgssential role for IL-1, even in arthritis triggered by T&lF-
induce a proinflamatory cascade: invasin-dependent adhesighus, the observations made in these animal models support
of bacteria induces the expression of several inflammatoryur mechanism, where TN- expression induces CL-1
intermediaries in HeLa cells, however with a different cytokineindirectly, through IL-tr as an intermediary. The analysis of
profile and kinetics (Kampik et al., 2000). IL-1a function by immunofluorescence corroborated the role
~ On the other hand, RhoA function is required for severafor this cytokine as both an autocrine and paracrine factor for
integrin-triggered ~ signal-transduction  pathways.  RhOAC| .1 induction. In vivo, the paracrine mechanism could
function is required for the assembly of adhesion complexeémp"fy the response within the synovium and extend it to the
induced _by ECM (I-!(_Jtchin and Hall, 1995), formation of a_CFi”cartilage.

stress fibers (Defilippi et al., 1997), FAK and paxillin ginajy we propose that this model could be of relevance for
phosphorylation in focal adhesion complexes during cellpe geyelopment of reactive arthritis, which in animal models

spreading (Clark et al.,, 1998; Flinn and Ridley, 1996) andan advance even in the absence of T-lymphocyte function
fibronectin-induced progression through G1 (Danen et alé

2000). Our findings that RhoAN19 blocks bead phagocytosi tleesemann et al., 1993). Thus, the invasin-mediated

X R Sl S hagocytosis of bacteria or fragments would be sufficient as a
without diminishing bead binding suggests that RhoA is indee timuli to induce a cytokine misbalance and the production of

downstream of integrin engagement, making unlikely a role folrn : : : :

) . . oy etalloproteinases, as endocytosis of latex particles induces
RhoA upstream of integrin function (Wojciak-Stothard et al."the expression of collagenase-1 and stromelysin-1 (Chin et al.,
1999). This latter role of RhoA has been a source of confusio, 85: Werb and Reynolds, 1974). The induction of these

in the field, because some investigators found that C3 toxi termediates would in turn activate a cascade of tissue
inhibits Fc receptor clustering in macrophages and therefogestruction and recruitment of inflammatory cells
particle binding (Hackam et al., 1997), whereas others did n y '
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