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Vascular cell adhesion molecule-i (VCAM-1) expression in
murine lupus nephritis
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Vascular cell adhesion molecule-I (VCAM-1) expression in murine
lupus nephritis. Vascular cell adhesion molecule-i (VCAM-1) is a cell
surface protein which mediates adherence of inflammatory cells to
target cells by binding with the f31-integrin ligand Very Late Antigen-4
(VLA-4) on leukocytes. The expression of VCAM- 1 was investigated in
a murine model of lupus nephritis, the autoimmune MRL/lpr mouse.
Compared with normal mice, MRL/lpr kidneys show increased
VCAM-1 expression not only in the endothelium, but also in cortical
tubules and glomeruli. Increased steady-state VCAM-l mRNA levels
(—3 kB) are detected in the kidney of nephritic MRL/lpr mice. Two
additional transcripts (—-2 and —1.8 kB) are present in autoimmune
MRL/lpr but not in normal mice. Like ICAM-l, VCAM-l is also
upregulated in vitro in renal cortical tubular and mesangial cells by
TNF-a, IL-I and IFN-y. T cell and macrophage cell lines adhere to
TNF-a stimulated tubular epithelial cells by using the VCAM-l/VLA-4
and the ICAM-l/LFA-l binding pairs. Kidney tissue sections from
nephritic MRL/lpr also display increased adhesiveness for T cell and
macrophage cell lines, and for MRLIIpr lymph node cells when com-
pared with normal kidney sections. This enhanced adhesiveness of
MRL/lpr kidney tissue is inhibited with monoclonal antibodies targeting
the VCAM-l and ICAM-1 molecules. Thus, VCAM-1 and ICAM-1
function as renal parenchymal adhesion molecules and mediate the
adherence of pathogenic inflammatory cells in murine lupus nephritis.

Vascular cell adhesion molecule-i (VCAM-l) is one of sev-
eral cell surface glycoproteins mediating the binding of leuko-
cytes to cytokine-stimulated endothelium [1—3]. A member of
the immunoglobulin supergene family, VCAM-1 binds with the
leukocyte 1-integrin, Very Late Antigen-4 (VLA-4), at a site
distinct from the fibronectin binding site [4]. VCAM-l is an
inducible cell adhesion molecule and its expression is upregu-
lated by tumor necrosis factor-a (TNF-a) and interleukin-l
(IL-i) in human endothelial cells [1, 5]. Thus, VCAM-1 is
mainly expressed by cytokine-activated endothelium, with little
or none detectable in normal human vessels [6].

VCAM-l, together with ICAM-1, ICAM-2 and ELAM-1,
plays an important role in endothelial adhesion and transmigra-
tion of leukocytes, thus localizing immune cells at a site of
inflammation [2, 7, 8]. Recent studies in human tissues have
shown that VCAM-l also has a nonvascular distribution, sug-
gesting that other cell types bind leukocytes by using the
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VCAM-l/VLA-4 adhesive pair. Thus, VCAM-l can be detected
in bone marrow stromal cells [9], lymphoid dendritic cells [10],
tissue macrophages, synovium [11], and focally on renal tubular
epithelium [6]. Some of these VCAM-l positive parenchymal
cells, for example bone marrow stromal cells, have already
been shown to interact with immune cells through the ligand
VLA-4 [8, 12].

The expression of VCAM-1 and the pathogenetic role of
VCAM-1/VLA-4 interactions in autoimmunity has not been
investigated. Using the autoimmune MRL/lpr model of murine
lupus nephritis, we found that VCAM-1 is upregulated not only
in endothelial cells in MRL/lpr kidney, but also in renal tubular
epithelial cells and glomeruli. Furthermore, MRLIIpr kidney
sections display increased adhesiveness for T cells and macro-
phages. This enhanced adhesiveness can be blocked with MAb
targeting the ICAM-1 and VCAM-1 molecule. Thus, enhanced
VCAM-l and ICAM-1 expression confers increased adhesive-
ness to the renal parenchyma in MRL/lpr lupus nephritis, and
serves as a pathway by which inflammatory cells adhere to the
renal tissue to promote renal injury.

Methods

Mice
Normal female BALB/c and C3H/FeJ mice were from Jack-

son Laboratories (Bar Harbor, Maine, USA). Autoimmune
MRL/MpJ-lpr/lpr and congenic MRL/MpJ— +1+ were from the
local colony of the University of Alabama at Birmingham,
Alabama, USA. Mice were maintained on standard laboratory
chow.

Materials

Tissue culture reagents were from Gibco (Grand Island, New
York, USA), and chemicals from Sigma (St. Louis, Missouri,
USA). The rat monoclonal antibody (MAb) M/K-2.7 (IgG1)
directed against murine VCAM-1 [9] was provided by Dr. Paul
W. Kincade (Oklahoma City, Oklahoma, USA). The rat IgG,
MAb Rl-2 (anti-murine VLA-4a) [13] was provided by Dr.
Irving L. Weissman (Stanford, California, USA). The irrelevant
rat IgG2 MAb B 1 ES (anti-human fibronectin receptor) [14] was
given by Dr. Caroline Damsky (San Francisco, California,
USA). The hybridomas producing the rat IgG2 MAb YN1/l.7.4
(anti-ICAM-1) [15], IgG2 MAb M17/4.2 (anti-LFA-la) [16] and
the anti-Fcy receptor MAb 2.4G2 1117] were from the American
Type Culture Collection (ATCC, Rockville, Maryland, USA).
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Recombinant murin TNF-a and IFN-y were provided by
Genetech Inc. (South San Francisco, California, USA), and
rmulL-l was donated by Hoffmann-La Roche (Nutley, New
Jersey, USA). Recombinant murine IL-4 was a gift from
Sterling Drug Inc. (Malvern, Pennsylvania, USA), and rmulL-6
was given by Genetics Institute (Cambridge, Massachusetts,
USA). Recombinant human IL-8 was from Pepro Tech Inc.
(Rocky Hill, New Jersey, USA). A 2 kB cDNA (Nor! fragment)
encoding two-thirds of the murine VCAM-l gene [181 was
provided by Dr. Roy Lobb, Biogen Inc. (Cambridge, Massa-
chusetts, USA).

Primary cultures of mouse cortical tubular cells and mesan-
gial cells were established as described [19—211. Tubular epithe-
ha! cells (TEC) were grown to confluence in collagen-coated (10
g/ml) tissue culture dishes in modified Ki media [1:1 mixture
of Dulbecco's modified Eagle's medium (DMEM) and Ham's
Fl2, containing in addition 5% fetal calf serum, 25 m Hepes,
100 U/mi penicillin, 100 pg/ml streptomycin, 5 g/m1 insulin, 5
g/ml transferrin, 1 ngfml prostaglandin E1, 5 x 10 11M triiodo-
thyronine, 108M sodium selenite, S x 108M hydrocortisone,
and 20 ng/mi EGFJ. Mesangial cells (MC) were grown in RPM!
1640 supplemented with 10% FCS, 10 mrvi Hepes, 100 U/mi
penicillin and 100 g/ml streptomycin. TEC were used in
experiments between passage 0 and 1, and MC between passage
3 and 6.

SV4O transformed TEC derived from C3H/FeJ mice (Cl
cells) were grown in modified Ki media as described [19]. The
SV4O transformed mouse cortical tubule (MCT) cell line (pro-
vided by Dr. T. Haverty) was grown in RPM! 1640 with 10%
FCS [22]. The murine T hybrid cell lines 3A9 [23] and ClO [24]
were provided by Dr. Paul M. Alien (St. Louis, Missouri,
USA), and Dr. Laurie H. Glimcher (Boston, Massachusetts,
USA), respectively. The murine monocytic cell lines P388D1
(CCL 46) and IC-21 (TIB 186) were obtained from ATCC.
These T and monocytic cell lines were cultured in RPM! 1640
with 10% FCS, containing 10 mM Hepes and antibiotics.

Immunoperoxidase staining of kidney sections
Slices of murine kidneys (MRL/lpr, MRL/+ +, BALB/c and

C3H/FeJ) were snap frozen in liquid nitrogen, cut on a cryostat
at 6 m and stained as previously described [25, 26]. Briefly,
sections were transferred to gelatin-coated slides, fixed in
acetone, and then blocked with 5% horse serum in 50 mrvi Tris
buffer (pH 7.6). Sections were then incubated with diluted MAb
for two hours at room temperature in a moist chamber, washed
in Tris buffer, and incubated for 90 minutes with horseradish-
peroxidase conjugated goat anti-rat Ig (1:75; Southern Biotech-
nology, Birmingham, Alabama, USA). After washing, the sec-
tions were developed with 3,3 '-diaminobenzidine (0.5 mg/mi) in
Tris buffer containing 0.015% H202. Sections were then rinsed
and counterstained with methyl-green/alcian blue. Controls
included omission of the primary antibody, and staining with
irrelevant antibodies.

RNA extraction and Northern analysis
Total RNA from kidney cortex was isolated using lysis in

guanidinium isothiocyanate (GITC), and centrifugation at
35,000 rpm through a CsCl2 gradient overnight as described
[25—27]. Total RNA was also isolated from monolayers of
primary cultures of TEC or from transformed TEC by a

single-step extraction method as previously described [19, 28],
using 4 M GITC, 0.5% sarcosyl, 0.1 M /3-mercaptoethanol in 25
m sodium citrate (pH 4.2) to lyse the cells. After phenol and
chloroform extraction, RNA from cultured cells was precip-
itated twice with isopropanol, and washed with 75% ethanol.
All RNA samples were quantitated, and 25 g aliquots of total
RNA were then denatured with 1 M glyoxal and 50% DMSO,
and electrophoresed through a 1.5% agarose gel. The RNA was
then transferred onto GeneScreen nylon membranes (New
England Nuclear, Boston, Massachusetts, USA). The mem-
branes were baked at 80°C for two hours and prehybridized
with 25 g/ml yeast tRNA and 25 .tg/ml salmon sperm DNA.
Probes were radiolabeled by primer extension using random
hexanucieotides [29]. Blots were hybridized overnight at 42°C
in 50% formamide, 5 x SSC, lx Denhardt's and 1% SDS. Blots
were then washed under stringent conditions (final wash in 0.1
x SSC, 1% SDS, 65°C). Following hybridization the blots were
exposed to Kodak X-AR film. All blots were also rehybridized
with a murine /3-actin probe to ensure that equal amounts of
RNA were loaded for electrophoresis.

Cell ELISA

VCAM-1 expression by cultured renal tubular and mesangiai
cells was analyzed using a cell ELISA. After stimulation, cells
were trypsinized lightly and washed once with phosphate-
buffered saline (PBS) containing 5% FCS, and were then
incubated with primary antibody M/K-2.7 culture supernatant
at 1:20 for one hour at 4°C. Controls included incubation with
irrelevant MAb or omission of primary antibody. Cells were
then washed twice and incubated with horseradish-peroxidase-
conjugated goat anti-rat Ig at 1:400 in PBS/5% FCS for one hour
at 4°C. Cells were washed again, and the pellet was resus-
pended in 0.1 M phosphate-citrate buffer (pH 5.0) containing 50
g/ml of the substrate o-phenylenediamine dihydrochioride and
0.004% H202. After eight minutes, 20% vol/vol of concentrated
sulfuric acid was added to stop the reaction. Supernatants were
then transferred to 96-well plates, and the optical density (OD)
was read at 490 nm on a Thermo Max microplate reader
(Molecular Devices, Menlo Park, California, USA). Delta OD
were calculated by subtracting the OD of cells incubated
without primary antibody or irrelevant antibody from cells
incubated with anti-VCAM-l MAb MIK-2.7. Means SE were
then calculated (N = 3).

Flow cyto?netry
Tubular epithelial cells were trypsinized lightly, washed once

with PBS/5% FCS, and incubated with diluted (1:20) primary
antibody culture supernatant for one hour at 4°C. Cells were
washed twice, and incubated with FITC-conjugated affinity
purified goat anti-rat IgG F(ab')2 fragment (Cappel, Cochran-
yule, Pennsylvania, USA) for one hour at 4°C. Cells were
washed twice, and fixed with 1% paraformaldehyde in PBS.
Cells were then analyzed on a Becton-Dickinson flow cytome-
ter.

Immunoprecipitation
Unstimulated and stimulated TEC were surface labeled by a

sulfo-succinimidobiotin procedure, according to Miyake Ct al
[91. Cells were trypsinized and washed three times with HBSS
(pH 8.0). Cells (1 x l0) were then resuspended in I ml of 0.9%
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saline containing 0.1 M Hepes (pH 8.0). Sulfo-NHS-biotin
(Pierce Chemical Co., Rockford, Illinois, USA) was added to a
final concentration of 0.1 mg/ml. After a 40 minute incubation,
the cells were washed three times with RPMI 1640, and cell
lysates were prepared at 4°C in 400 1d of lysis buffer containing
1% NP-40, 50mM iodoacetamide, 50 m Tris-HC1 (pH 8.0), 150
mM NaCI, 5 mri EDTA in the presence of protease inhibitors
(PMSF 1 g/ml, soybean trypsin inhibitor 10 g/ml, leupeptin
10 g/ml, aprotinin 0.3 U/mI). The lysates were then precleared
twice with 50 d of goat anti-rat IgG Sepharose 4B conjugated
with normal rat IgG (Zymed Laboratories, South San Fran-
cisco, California, USA). Immunoprecipitation was then carried
out with anti-murine VCAM-1 MAb M/K-2.7 conjugated with
anti-rat IgG Sepharose 4B at 4°C for one hour. After three
washes with a buffer containing 50 mivi Tris-HC1 (pH 8.3), 0.6 M
NaC1, 0.5% NP-40, and 0.1% sodium azide, the bound proteins
were released by boiling for five minutes in sample buffer.
SDS-PAGE using a 7.5% gel was then carried out using a
Bio-Rad minigel apparatus (Bio-Rad, Richmond, California,
USA) under reducing conditions. Proteins were then electro-
phoretically blotted onto nitrocellulose. The membranes were
blocked for one hour at room temperature in PBS containing 2%
BSA and 0.05% Tween 20. The membranes were then incu-
bated for one hour with 0.1% horseradish peroxidase-conju-
gated avidin (Bio-Rad). After two washes with PBS containing
0.05% Tween 20, biotinylated proteins were visualized with
PBS containing 0.6 mg/mI 4-chloro-1-naphtol, 0.003% hydrogen
peroxide, and 20% methanol.

Adherence assays
Tubular epithelial cells (Cl) were grown to confluence in

96-well plates, and were then stimulated with TNF-a (10 to 100
nglml) IFN-y (100 U/mI) for 18 hours to induce adhesion
molecules. Cells were washed once before use. The murine T
and monocytic cell lines 3A9, ClO, P388D1 and IC-21 (5 x 106
cells) were radiolabeled for two hours with 50 Ci Na5 'Cr04 in
300 p1 of RPMI 1640 medium containing 25% FCS. Labeled
cells were washed three times with RPMI 1640. Cells (l0
cells/well) were then layered onto TEC. Antibodies were added
at the same time (supernatants 1:20; purified MAb 10 .tg/ml).
After a 90 minute incubation at 37°C, nonadherent cells were
removed by gently washing the wells with equal force, using 200
p1 aliquots of warmed medium for a total of three washes. The
cells were then lysed with 0.1 N NaOH, and 100 p1 aliquots of
supernatant were counted in a y-counter (Beckman Instruments
Inc., Fullerton, California, USA). All experimental conditions
were performed in triplicate; SE was below 10%. All experimen-
tal protocols were performed at least three times.

Adherence to kidney sections
Normal and autoimmune kidney sections were used to deter-

mine the contribution of VCAM-l and ICAM-1 to the adhesive-
ness for leukocytes in these tissues. ClO T cells, IC-2l macro-
phages and unfractionated MRL/lpr lymph node cells were
harvested and resuspended at iO cells/ml. Thick cryostat
sections (20 tim) from C3H/FeJ, MRL/+ + and MRL/lpr kid-
neys were placed onto gelatin-coated glass slides, dried at 37°C,
and were washed once with RPMI 1640 containing 10% FCS.
Cells (2 x 106) were then layered onto these kidney sections,
and were adhered for 20 minutes at room temperature, in the

presence or absence of inhibitory MAb. Nonadherent cells
were removed by gently washing the sections five times with
200 p1 media. Adherent cells were then counted in eight
separate high power fields using a microscopic grid. All the
experimental protocols were performed at least three times.

Results

VCAM-1 and VLA-4 expression in a murine model of lupus
nephritis

We studied normal kidneys and kidneys from autoimmune
MRL/lpr mice with nephritis by immunoperoxidase for
VCAM-1 and VLA-4 expression, using the monoclonal antibod-
ies M/K-2.7 and Rl-2, respectively (Fig. 1, Table 1). VCAM-1 is
constitutively expressed in endothelium of large vessels, and in
peritubular capillaries of normal BALB/c and C3H/FeJ mice
(Fig. lA). Similar results are obtained with congenic MRL/+ +
which lack the lpr gene. A significant increase in VCAM-1
expression is detected in endothelial cells and in the glomerular
mesangium of autoimmune MRL/lpr with nephritis (Figs. 1B,
lC). Furthermore, a striking upregulation of VCAM-1 is de-
tected in renal cortical tubules (Figs. 1D, 1E). The distribution
in cortical tubules is focal in mice with less severe renal disease,
but becomes more diffuse in mice with severe renal injury.
Medullary tubules do not express VCAM-l. A correlation
between severity of disease (measured by degree of proteinuria
and histopathological score) and VCAM-l expression is de-
tected (Table 1). Tubular VCAM-l expression is particularly
strong in areas of infiltrating cells (Fig. 1F).

VLA-4 can be detected at low levels in glomeruli of normal
mice. Autoimmune MRL/lpr have increased numbers of VLA-4
positive cells in glomeruli (Figs. 1G, lH). VLA-4 positive
inflammatory cells are also detected in the interstitium of
autoimmune MRL/lpr but not of normal mice. Staining is also
seen in perivascular infiltrates of MRL/lpr mice (Fig. 10).

To examine VCAM- 1 expression at a transcriptional level,
we extracted RNA from kidneys of normal and autoimmune
mice. Northern analysis demonstrates that steady-state mRNA
levels (—3 kB in size) can be detected in the kidney of normal
mice (Fig. 2A). In MRL/lpr mice a striking increase in mRNA
levels can be detected, correlating with the enhanced VCAM-l
protein expression seen by immunoperoxidase. Furthermore,
two additional transcripts are detected in autoimmune mice, but
not in normal mice (——2 and — 1.8 kB in size). Rehybridization
with the murine -actin probe confirmed that equal amounts of
RNA were present in all lanes (Fig. 2B).

Tubular epithelial and mesangial VCAM-1 surface expression
is upregulated by cytokines

We and others have previously shown that renal tubular
epithelial [26] and mesangial cells [21] in culture express
ICAM-l. ICAM-1 is upregulated in these cells by the cytokines
IFN-y, TNF-a and IL-i. Figure 3 demonstrates that the adhe-
sion molecule VCAM-1 is also expressed in primary cultures of
mouse cortical tubular and mesangial cells. Upon stimulation
with TNF-a (20 ng/ml), IL-i (20 nglml) or IFN-y (100 U/ml),
upregulation of VCAM-l expression is seen in both cell types.
A further stimulation is evident when IFN--y and TNF-a are
combined. Similar results were obtained with the previously
characterized SV4O transformed mouse renal tubular epithelial
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Table 1. VCAM-1 expression in normal and autoimmune kidneys

Strain
Age

month N
Ua

(0—4)
Histology"

(0—4)

VCAM- I expression'

Cortical
tubules Glomeruli Endothelium

BALB/c
C3H/FeJ
MRL/++
MRL/lpr

3—5

2—4
4—7
3—4

4—5

5—6
>6

3
3
5
2
6
4
2

0—!

0—1

0-1
2—3

1—3

1—3

2—4

0
0
1

2—3

2—4
3—4

3—4

Q—1

0—1

0-1
2

1—3

2—3
3

0—1

0—1

0—1

1

1

1—2

2—3

1—2

1—2

1-2
2
2

2—3

2—3

Kidneys from normal and autoimmune mice were snap frozen, cut (6 jsm) and stained by indirect immunoperoxidase, using anti-VCAM-1 MAb
M/K-2.7.

a u denotes urinary proteins, quantitated from 0 to 4 by dipstick.
b A previously described histopathological score ranging from 0 to 4 was used as described [19, 261 to assess the degree of renal injury (0, normal;

1, small increase of cells within mesangium; 2, more pronounced mesangial proliferation and perivascular infiltration in cortex and medulla; 3,
lobular formation of glomerulus, and prominent perivascular mononuclear infiltration; 4, glomerular crescent formation, presence of sclerotic
glomeruli, tubular atrophy, casts and vasculitis).

VCAM-1 expression was scored on a scale from 0 to 3: 0, not detectable; 1, weak; 2, moderate; 3, strong staining. Ranges from 2 to 6
animals/group are reported.

Fig. 2. Northern blot analysis of total RNA from kidney cortices, hybridized with muVCAM-1 (A) and rehybridized with 13-actin (B) cDNA. Normal
mice (3.5-month-old BALB/c, 2-month-old C3H/FeJ; lanes I and 2) and congenic MRL/+ + (4-, 7-and 7-month-old; lanes 3 to 5) have low VCAM-1
mRNA levels at 3.0 kB. Nephritic MRL//pr (3-, 4-, 5-, 5.5- and 6-month-old, lanes 6 to 10) have increased VCAM-l mRNA steady-state levels at
3.0 kB, and display additional transcripts. Exposure time for VCAM-l was 5 days.

cells lines Cl and MCT. As in primary cultures of cortical
tubular cells, the cytokines TNF-a, IL-i and IFN-y stimulate
VCAM-i cell surface expression in these cell lines. Other
stimuli, including IL-4, IL-6 and IL-8 are without effect on
VCAM-l expression (not shown). Figure 4 shows a flow cyto-
metric analysis and demonstrates that VCAM-l is constitu-

tively expressed by these cells. Upregulation occurs with
TNF-a/IFN-y stimulation, as indicated by a shift in the fluores-
cence to the right. The range of fluorescence in these cells is
broad, spanning 2 to 2.5 logs, indicating a large difference in the
amount of VCAM- I expressed by individual cells.

Figure 5A shows the dose-response curve of VCAM-1

Fig. 1. Immunoperoxidase staining of kidney for VCAM-1 and VLA-4a. A. Kidney from 4-month-old MRL/+ + stained for VCAM-l (peritubular
capillaries are positive). B. Kidney from 4-month-old proteinuric MRL/Ipr demonstrating intense VCAM-I staining in vascular endothelium. C.
Kidney from 4-month-old proteinuric MRL/lpr, demonstrating strong glomerular VCAM-1 expression. D. Focally positive tubules in 4-month-old
proteinuric MRL/lpr. E. Tubular and glomerular VCAM-l expression in 4-month-old MRL//pr. F. Enhanced tubular staining in area of
inflammatory infiltrate (5-month-old MRL/lpr). G. Kidney from 5-month-old proteinuric MRL/lpr stained with anti-VLA-4a MAb; positive staining
in glomeruli and perivascular infiltrate is detected. H. Strong VLA-4 positive staining in 4-month-old MRL/lpr glomeruli. Reproduction of this
figure in color was made possible by a grant from Sandoz Pharmaceuticals Corporation, East Hannover, New Jersey, USA.
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Fig. 3. VCAM-l expression by BALB/c cortical tubular epithelial cells
(TEC; A) and mesangial cells (MC; B) in response to 18 hours of
stimulation with TNF-a (20 ng/ml), IL-I (50 and 20 ng/ml), IFN-y (200
and 100 U/mi) and TNF-a plus IFN-y. Cells were stained in a cell
ELISA with anti-VCAM-1 MAb M/K-2.7. Results are expressed as
increase of OD at 490 nm above background (mean SE; N = 3).
VCAM-1 is constitutively expressed, and up-regulated by TNF-a, IL-i
and IFN-y. Synergy occurs when TNF-a and IFN-y are combined.
Figure is representative of 1 out of 3 experiments.

expression in Cl cells for TNF-a. Induction of VCAM-l is
apparent at ito 10 nglml, and reaches a maximum at 100 ng/ml.
Dose-response curves for IL-i reveal that stimulation is dose-
dependent between 100 pg/mI and 10 ng/mI, and for IFN-y
between 5 and 500 U/mi (not shown). Figure 5B shows that
VCAM- 1 is induced half-maximally after three hours in re-
sponse to 100 ng/ml TNF-a, and that maximal expression
occurs after 6 hours. VCAM-1 expression then declines
slightly, but remains sustained at least for 48 hours in the
presence of TNF-a.

Immunoprecipitation of the 100 kD VCAM-1 protein on TEC
We also performed immunoprecipitation of VCAM-1 on

unstimulated and stimulated TEC cells (Ci). A -100 kD protein
corresponding in size to murine VCAM-l can be immunopre-
cipitated with MAb M/K-2.7 in stimulated Cl cells (Fig. 6). Due

Fig. 4. Flow cytometric analysis of TEC (CI) for VCAM-1 expression.
Control ( ) represents unstimulated cells incubated with irrelevant
MAb BIE5. Unstimulated cells ( ) or cells which were maximally
stimulated with TNF-a (100 ng/ml) plus INF-y (.; 500 U/mI) for 18
hours were stained with MAb M/K-2.7. Constitutive VCAM-1 expres-
sion is evident, and up-regulation can be detected in response to
cytokines, as indicated by a shift of the fluorescence intensity to the
right. Figure is representative of 3 similar experiments.

to the sensitivity of the method and the lower expression in
unstimulated cell, the 100 kD band was not visible in unstimu-
lated cells.

VCAM-l transcripts are upreguated by cytokines in TEC
We also studied mRNA expression of VCAM- I by TEC using

Northern blot analysis. As can be seen in Figure 7, low
steady-state mRNA levels for VCAM-1 (—3 kB) are detected in
unstimulated Cl cells. Upon stimulation with TNF-co, transcript
levels increase significantly after 30 to 60 minutes. VCAM-l
mRNA levels increase further, and reach a maximum at six
hours. Figure 7 also shows that a second mRNA species (—2
kB) appears in Cl cells upon stimulation with TNF-a. Figure 8
demonstrates that IL-i, and to a lesser extent IFN-y also
upregulate VCAM-l mRNA in Ci cells. The —2 kB transcript
also appears after stimulation with IL-l and IFN-y.

VCAM-1/VLA-4 dependent cell adherence to TEC
We have previously shown that ICAM-l/LFA-1 interactions

play an important role in the adherence of immune cells to TEC
(30]. To determine whether VCAM-l also plays a role in cell
adhesion, we investigated the blocking effect of anti-VCAM-l
and anti-VLA-4 MAb on the adherence of immune cells to
TEC. TEC (Cl) were stimulated with TNF-a IFN-yto induce
adhesion molecules. Murine T cell and macrophage cell lines
which express VLA-4 were then used in cell adherence assays.
Table 2 demonstrates that 3A9 T cells express only a low
amount of VLA-4, whereas another T cell line (C 10) and
monocytic P388D1 and IC-21 express VLA-4 more abundantly.

Table 3 shows the results of four representative cell adher-
ence assays. Stimulation of Cl with TNF-a induces a 2 to
2.5-fold increase in the adherence for 3A9, ClO, P388D1 and
IC-2l cells. A further increase in the adherence is detected
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Fig. 6. Immunoprecipitation of VCAM-1 from TEC (Cl) lysates, using
MAli MIK-2.7. Control (unstimulated) cells or maximally stimulated
cells [TNF-a (100 ng/ml) plus IFN-y (500 U/mI) for 18 hr] were
biotinylated, lysed, and immunoprecipitated. After SDS-PAGE (7.5%),
proteins were blotted onto nitrocellulose. A single 100 kD band corre-
sponding in size to muVCAM-l is detected in stimulated cells. Standard
protein size-markers are indicated on the left.

detected (Exp. 3), representing Fcy receptor-mediated adher-
ence to antibody-coated TEC. Unkeless has shown that the
adherence of antibody-coated cells (RBC) to macrophages can
be blocked with the Fcy receptor MAb 2.4G2 [17]. When this
anti-Fcy receptor MAb 2.4G2 is used in combination with
M/K-2.7, a significant inhibition of the adherence of P388D1
cells can be demonstrated, which is comparable to the inhibi-
tion seen with MAb R1-2 (Table 3, Exp. 4).

VCAM-JIVLA-4 and ICAM-1/LFA-l dependent adherence to
kidney sections

Fig. 5. Dose-response (A) and time-course (B) of VCAM-l expression
by TEC (Cl) in response to TNF-a, assayed in a cell ELISA. Cells were
stimulated for 18 hours in A, and with 100 ng/ml TNF-a in B. Results
are expressed as increase in OD at 490 nm above background (mean
SE; N = 3).

when TEC are stimulated with TNF-a plus IFN-y. The adher-
ence of 3A9 to cytokine-stimulated TEC is not inhibited with
anti-VCAM-1 MAb M/K-2.7 and anti-VLA-4 MAb Rl-2 (Exp.
1), but is inhibited with anti-ICAM-1 MAb (not shown). Exper-
iment 2 shows that the adherence of VLA-4 positive ClOT cells
to cytokine-stimulated TEC is weakly inhibited with MAb
M/K-2.7 and R1-2 (14 3% and 21 4%; P < 0.01). The
adherence of these cells is inhibited to a greater extent with
MAb YN1/1.7.4 (anti-ICAM-l; 48 5%) and M17/4.2 (anti-
LFA-1c; 78 6%). This suggests that ClO cells predominantly
adhere to TEC by using the ICAM- l/LFA- 1 adhesion pair.

Using the monocytic cell lines P388D1 and IC-2l, a more
significant inhibition is detected with MAb Rl-2, both to un-
stimulated and stimulated TEC (49 1% adherence inhibition
to stimulated TEC for P388D1, 40% 4% for IC-2l; P <0.01).
However, when Cl cells are incubated with MAb M/K-2.7, a
paradoxical increase in the adherence for P388D1 and IC-21 is

Table 4 shows that kidney sections from nephritic and
proteinuric MRL/lpr mice display a significant increase in the
adherence for ClO T cells, IC-2l macrophages, and also for
MRL//pr lymph node cells when compared with normal C3H/
FeJ and congenic MRL/++ kidneys. Adherent cells were
mainly localized at the basolateral side of tubules, and on
endothelium of large vessels. We then performed MAb inhibi-
tion studies to determine whether this increased state of adhe-
siveness is mediated by VCAM-l or ICAM-l. Figure 9A shows
that the increased adherence of ClO cells to MRLIIpr kidney
sections can be effectively blocked with anti-ICAM-l MAb, but
not with anti-VCAM-l MAb. IC-2l macrophage adherence can
be inhibited by both anti-LFA-l and anti-VLA-4 MAb (Fig.
9B). Finally, the increased adherence of MRL/lpr lymph node
cells to nephritic MRL/lpr kidney sections is blocked by both
M/K-2.7 (anti-VCAM-1) and YN1/1.7.4 (anti-ICAM-1) MAb
(Fig. 9C).

Discussion

In previous work we have shown that the adhesion molecule
ICAM- 1 is upregulated in the kidney of autoimmune mice with
renal disease [26], presumably secondary to the increased
production of the cytokines TNF-a and IL- 1 in these nephritic
kidneys [27, 31, 321. We speculated that upregulated ICAM- 1
could serve as a renal adhesion molecule by binding T cells to
MHC class II positive target cells, thereby promoting antigen
recognition and autoimmune renal injury [25, 26]. Here we
demonstrate that another adhesion molecule, VCAM-l, is also
significantly upregulated in vivo in autoimmune nephritic mice,
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Fig. 7. Northern blot analysis of total RNA
extracted from TEC (Cl). Cells were
maximally stimulated for 30 mm, 1 hr, 2 hr, 4
hr, or 6 hr with TNF-a (100 ng/ml). Blots
were hybridized with muVCAM-l (A), and
rehybridized with /3-actin eDNA (B).
Exposure time for VCAM-l was 5 days.
Steady-state VCAM-1 mRNA levels at 3.0 kB
are detected in unstimulated cells. Increased
3.0 kB mRNA levels are apparent after 30 to
60 minutes. An additional 2.0 kB transcript
appears after 0.5 to 1 hr of stimulation.

Cell type Delta OD/l08 cells

3A9 0.25 0.25
dO 5.38 0.14
P388D1 3.77 1.10
LC-21 5.77 1.53

Cells were stained with anti-VLA-4c8 MAb Rl-2 (20 .tg/ml) in a cell
ELISA. Results are expressed as increase in OD per 108 cells above
background at 490 nm (mean SE of triplicate determinations).

Fig. 8. Northern blot analysis of total RNA extracted from TEC (Cl)
which were stimulated for 6 hours with IL-I (50 ng/mi) or IFN--y (500
U/mi). Steady-state VCAM-1 transcripts at 3.0 kB are evident in
unstimulated cells (A). IL-I and IFN-y up-regulate the 3.0 kB mRNA,
and induce also a 2.0 kB transcript. Blot was also rehybridized with
/3-actin (B). Blot was exposed 5 days for VCAM-1.

and that both ICAM-! and VCAM-l function as renal adhesion
molecules for leukocytes.

In the MRL//pr kidney, VCAM-l expression is not only
increased in endothelium, but particularly in renal cortical
tubules and glomeruli. The pattern of VCAM-l expression in
MRL/lpr kidney is notably different from the previously re-
ported ICAM-l expression [26]. The tubular expression of
VCAM- 1 is more focal, localized in tubules which are adjacent

diffuse. The local release of cytokines by infiltrating mononu-
clear cells might be responsible for the focal upregulation of
VCAM- 1, thereby enabling immune cells which express VLA-4
to interact with the tubules and to cause tubular damage.

Northern analysis of kidney RNA reveals that VCAM- 1
mRNA is upregulated in autoimmune MRL//pr, correlating with
the enhanced expression seen by immunoperoxidase staining.
Two additional smaller transcripts are present in autoimmune
mice, but not in normal mice, The presence of smaller tran-
scripts in other tissues and cells has been confirmed by others
[12, 181. Due to the lower level of VCAM-l expression in
normal mice, the smaller transcripts may not be detected in the
latter. The smaller mRNA are likely caused by alternative
splicing and suggest that autoimmune MRL/lpr might express
other forms of VCAM- 1. For human VCAM- 1, it is known that
alternative splicing occurs, and that at least two VCAM-l
transcripts exist, differing by 276 bp [33—37]. In the rabbit, two
forms of VCAM-1 proteins with identical NH2-terminal amino
acid sequence have been described [38]. Further studies should
elucidate the structure, expression and functional role of alter-
nate forms of the VCAM- 1 molecule and determine its signifi-
cance in the pathogenesis of the autoimmune process in MRL/

to mononuclear infiltrates, whereas ICAM-l expression is more lpr mice.
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Table 3. Adherence of macrophage and T cell Iines to tubular epithelial cells

Total cpm
Cell line TNF-a IFN-y Antibody (mean SE)

Exneriment #1
3A9 —

—

—

100 ng/ml
100 nglml
100 nglml
100 nglml

—

—

—

—

—

—

—

—

MIK-2.7
Rl-2
—

M/K-2.7
Rl-2
BIES

6039±323
5372 566
4114 179

14099 558
14335 156
14949 349
13992 871

Experiment #2
ClO —

10 ng/ml
10 ng/ml

10 ng/ml

10 ng/ml

10 ng/ml

10 ng/ml
10 ng/ml
10 ng/ml

—

100 U/mI
100 U/mI

100 U/mI

100 U/mI

100 U/mI
100 U/mI
100 U/mI

—

—

—

M/K-2.7
YN1/1.7.4
M/K-2.7 + YNI/1.7.4
R1-2
M17/4.2
R1-2 + M17/4.2

1118±52
2639 84
7370 134
6341 89
3826 204
3212 130
5847 36
1591 59
1439 26

Exneriment #3

P388D1 —

—

—

100 ng/ml
100 ng/ml
100 ng/ml
100 ng/ml

—

—

—

—

—

—

—

—

M/K-2.7
R1-2
—

M/K-2.7
R1-2
B1E5

2611 348
3130 420
1451 296
5838 297

19175 824
2992 56
5239 230

IC-21 —

—

—

100 ng/ml
100 ng/ml
100 ng/mI
100 ng/ml

—

—

—

—

—

—

—

—

M/K-2.7
R1-2
—

M/K-2.7
Rl-2

B1E5

4071 379
3937 160
2338 205

10732 555
12190 180
6394 384
9946 357

Experiment #4

P388D1 —

100 ng/ml
100 ng/ml
100 nglml
100 ng/ml
100 ng/ml

—

—

—

—

—

—

—

—

M/K-2.7
Rl-2
2.4G2
M/K-2.7 + 2.4G2

747 52
1750 171
3997 323
661 87
1420 95
805 42

Tubular epithelial cells (Cl) were grown to confluence in 96-well plates, and were stimulated overnight with TNF-a IFN-y. T cells (3A9, ClO)
and macrophages (P388D1, IC-2l) labeled with 5tCr (l05/well) were added for 90 minutes to TEC in the presence or absence of the indicated MAb
(all were used as supernatants at 1:20, except for purified anti-VLA-4 MAb Rl-2 which was used at 10 j.tg/ml). Non-adherent cells were removed
by washing the wells three times with media. Results are expressed in cpm (mean SE, triplicate determinations). Total counts added to each well
were as follows: Exp. 1, 34500 (3A9); Exp. 2, 31827 (ClO); Exp. 3, 36692 (P388D1) and 27032 (IC-21); Exp. 4, 23052 (P388D1).

Table 4. Adherence of T cells and macrophages to kidney sections

Strain N
Adherent cell type

ClO IC-21 LN cells

C3H/FeJ
MRL/++
MRLIIpr

3
2
4

6.3 2.3
nd

24.2 3•9a

2.1 0.8
4.4 1.5

23.0 8.6a

3.9 1.5
5.1 1.6

13.3 l.9a

dO T cells, IC-2l macrophages, and MRL/lpr lymph node (LN) cells
(2 x 106/section) were adhered to 20 m kidney cryostat section for 20
mm. at room temperature. Adherent cells were counted in 6 high power
fields and were averaged. N indicates number of animals examined.

Data represent mean SE. nd denotes not done.
a P < 0.05 when compared with cell number adherent to C3H/FeJ and

MRL/+ + kidneys

Our in vitro data demonstrate that cytokines stimulate
VCAM-l expression in renal parenchymal cells. VCAM-1 is
dose-dependently upregulated in TEC and MC cells by TNF-a

and IL-i, suggesting that these cytokines may induce VCAM-1
in these cells in vivo. In addition, unlike in human endothelial
cells [1], IFN-y is also a stimulus for VCAM-l. In addition, a
further stimulation occurs when IFN-y and TNF-a are com-
bined. These cytokines are abundantly expressed in MRL/lpr
with lupus nephritis, and are the probable cause of enhanced
VCAM-l and ICAM-l expression in vivo. Adhering inflamma-
tory cells which produce cytokines in situ may cause local
upregulation of adhesion molecules, thereby recruiting addi-
tional inflammatory cells (positive feed-back loop). The inter-
ruption of this cycle with MAb targeting these adhesion mole-
cules might thus be a promising approach to inhibit the
pathological infiltration of inflammatory cells in murine lupus
nephritis.

The interaction of immune cells with parenchymal cells of
nonhematopoietic lineage involves multiple ligands, including
ICAM-l/LFA-i and VCAM-1/VLA-4 [reviewed in 39]. The
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VCAM-l/VLA-4 binding pair is an important cell adhesion
mechanism by which lymphocytes [1—3], monocytes [40], eo-
sinophils [41, 421, and basophils, but not neutrophils [43],
adhere to endothelium. YCAM- l/VLA-4 interactions have been
shown to occur in human rheumatoid arthritis [44] and rat
adjuvant arthritis [45]. Here we show that VCAM- 1/VLA-4 and
ICAM-l/LFA-l binding also plays a role in MRL/lpr lupus
nephritis.

Previous work has shown that renal tubular epithelial
ICAM-1 promotes adhesion of LFA-l-positive immune cells
[30, 46, 47]. Furthermore, renal tubular ICAM-1 plays a role in
antigen presentation [30] and cytotoxic injury by T cells [47].
Upregulated ICAM- 1 may thus play a role in kidney transplant
rejection [46—48] and other immune-mediated renal diseases
[49, 50]. Here we demonstrate that VCAM- 1 also promotes
adherence of immune cells to renal parenchymal cells, and that
both ICAM- 1 and VCAM- 1 cause a state of increased adher-
ence in the kidney of MRL/Ipr mice. Specifically, the adherence
of T cell lines and macrophages to TEC can be inhibited with
MAb to VCAM- 1 and VLA-4. This demonstrates that in addi-
tion to ICAM-l/LFA-1 binding, immune cells can use the
VCAM-l/VLA-4 pathway to adhere to TEC. Furthermore,
adherence assays using MRL/lpr kidney sections directly dem-
onstrate that the renal parenchyma of these nephritic mice
displays a state of increased adherence for immune cells.
Inhibition studies with MAb show that the enhanced "sticki-
ness" in these kidneys is caused by upregulated ICAM-l and
VCAM-l.

Increased adherence to MRL//pr kidney can also be demon-
strated for lymph node cells from MRL/lpr mice, suggesting
that pathogenic T cells and/or macrophages which are overpro-
duced in these mice might migrate into the kidney and adhere.
Since VCAM- l/VLA-4 and ICAM- l/LFA- 1 interactions are an
important mechanism by which inflammatory cells bind to the
renal parenchyma, we speculate that upregulation of VCAM-l
together with ICAM- 1 therefore plays an important role in the
pathogenesis of murine lupus nephritis and other immune-
mediated renal diseases.

In summary, we have shown that VCAM-1 is upregulated in
the kidney of autoimmune MRL/lpr mice with renal disease. In
nephritic mice this cell adhesion molecule is abundantly ex-
pressed in the kidney by endothelium, renal tubular epithelium
and mesangial cells. VCAM-l is upregulated in vitro in tubular
epithelial and mesangial cells by TNF-a, IL-l and IFN-y, and

5 has the ability to mediate VLA-4 dependent adhesion of mono-
nuclear leukocytes. VCAM-l, together with ICAM-1, contrib-
utes to the overall increased state of adherence for immune cells
in the kidney of autoimmune MRL/lpr mice. Thus, ICAM-l and
VCAM- 1 specifically promote the interaction of immune cells

+ . with renal parenchymal target cells in murine lupus neprhitis.
N r-.
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