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Intercellular adhesion molecule-I (ICAM- 1) is a

cell-surfaceprotein regulating interactions among
immune cells. To determine whetheraltered expres-
sion of ICAM-1 occurs in autoimmune lupus ne-

phritis, we studied ICAM- 1 expression in kidneys of
normal and autoimmune MRL-lpr and (NZBX
NZW)F, (NZB/W) mice. By immunoperoxidase
staining, ICAM- 1 is constitutively expressed at low
levels in proximal tubules (PT), endothelium and
interstitial cells in normal C3H/FeJ mice. In ne-

phritic MRL-lpr and NZB/W kidneys, staining for
ICAM- I is increased in the PT, particularly in the
brush border, and is prominent in the glomerular
mesangium and the endothelium of large vessels.
By Western blot analysis, ICAM- I is not detected in
the urine ofnormal BALB/c and C3H/FeJ or auto-

immune MRL-lpr. By Northern blot analysis, ne-

phritic MRL-lpr and NZB/W have a two- to fivefold
increase in steady state levels ofICAM- 1 transcripts
in the kidney as compared with normal or prene-
phritic mice. This is paralleled by an increase in
MHC class II transcripts. In cultured PT cells,
ICAM- 1 is expressed at basal levels in PTand is in-
creased by the cytokines interferon-y, IL- la, and
TNF-a. Thus cytokine-mediated upregulation of
ICAM- I in lupus nephritis may promote interac-
tion ofimmune cells with renal tissue. Thepredom-
inant apical expression ofICAM- I opposite to the
basolateral Ia expression suggests a novel rolefor

this adhesion molecule in PT. (Am J Pathol 1990,
136:441-450)

Intercellular adhesion molecule 1 (ICAM-1) is an important
cell-surface glycoprotein regulating interactions among
immune cells and between accessory and T cells.Y17 The
interaction of ICAM-1 with target cells occurs through its
ligand lymphocyte function-associated antigen 1 (LFA-
1).8-10 ICAM-1 has a wide tissue distribution11 and is a
member of the immunoglobulin superfamily.12"13 To date,
most research has been done in humans, in whom ICAM-
1 is expressed on immune cells," endothelial cells,1415
dermal fibroblasts," keratinocytes,16"17 and synovial
cells.18 The tissue distribution of ICAM-1 parallels the dis-
tribution of major histocompatibility complex class 11 (la)
antigens." In different cell types, ICAM-1 expression is
upregulated by cytokines, including interferon-y, IL-1, and
TNF-a.6'7"14'17"19 Recently, the cDNA encoding the murine
ICAM-1 molecule has been isolated20'2 and a monoclonal
antibody (MAb) for the murine ICAM-1 has been identi-
fied,22 thus allowing studies of ICAM-i expression in mu-
rine models.

In the present study we investigated whether ICAM-1
was expressed in normal murine kidney, and if increased
expression occurred in autoimmune MRL-Ipr and (NZBX-
NZW)F1 (NZB/W) mice. We have already reported in-
creased MHC class 11 expression in MRL-lpr mice with lu-
pus nephritis,23 particularly in the proximal tubules (PT).
We therefore determined whether ICAM-1 expression par-
alleled altered la expression and whether cytokines such
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Figure 1. ICAM-1 is detected by immunoperoxidase in MRL-lpr kidneys. A: Positive staining in mononuclear infiltrate and endotbe-
Uum in MRL-lpr (X 1000). B: Proximal tubular ICAM-1 expression, localized mainly on brusb border (MRL-lpr, X 660). C: Weakly
positive PTand negative glomeruUifrom C3H/FeJ mouse (X 800). D: Positive mesangial staining in MRL-lprglomerulus (X 1000).

as TNF-a and IL-1, which are known to be overproduced
in MRL-Ipr and NZB/W lupus nephritis,2425 play a role in
ICAM-1 expression. We detect constitutive ICAM-1 ex-

pression in PT and in the endothelium of normal mice,
which is increased in nephritic MRL-/pr and NZB/W mice,
mainly on the brush border of PT, and also in the glomeru-
lar mesangium. In vitro, ICAM-1 is expressed in cultured
proximal tubular cells and can be upregulated by IFN-'y,
TNF-a, and IL-1ia. Thus cytokine-mediated ICAM-1 ex-

pression may contribute in vivo to the autoimmune pro-
cess in the kidney.

Materials and Methods

Mice

Normal C3H/FeJ (H-2k) and BALB/c mice (H-2d), con-

genic MRL/MpJ-+/+ (MRL-++) (H-2k) and autoim-
mune MRL/MpJ-Ipr/lpr (MRL-lpr) (H-2k), and (NZBX
NZW)F1 (NZB/W) (H-2dz) mice (all female) were obtained
from the Jackson Laboratory (Bar Harbor, ME) and main-
tained in our animal facility on standard laboratory chow.
For immunohistologic studies, mice were killed at various
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Table 1. Immunoperoxidase StainingforICAM-l and Ia in Kidneys
ICAM-1/la expressiont

Age Histologyt PT§ Glomeruli Interstitium MNI§ Endothelium

Strain (months) (0-4) ICAM-1 la ICAM-1 la ICAM-1 la ICAM-1 la ICAM-1 la

C3H/FeJ 4-6 0 1 <0.5 <0.5 0 1 1 - - 1 0
MRL-++ 4-15 0.5 1 <0.5 1 <0.5 1 1 0.5 0.5 1.5 <0.5

MRL-lpr 2-4 1.5 1.5 1 1 0 1 1 1.5 1.5 1.5 1
MRL-lpr 4-7 3 2.5 2.5 2.5 1 1.5 1.5 2.5 2.5 2 2

NZB/W 1.5 0.5 0.5 0.5 <0.5 <0.5 1 1 1.5 1 1.5 <0.5
NZB/W 8-9 2.5 2.5 1 2.5 1 1.5 1.5 2.5 2.5 2 1.5

* Cryostat sections (4 um) were stained by immunoperoxidase for both ICAM-1 (MAb YN1/1.7.4) and la (MAb 10-3.6.2 for MRL-lpr, and MK-D6 plus 10-
3.6.2 for NZB/W).

t ICAM-1 and la expression was scored on a scale from 0-3: 0, not detectable; 1, weak; 2, moderate; 3, strong staining. The mean score from 2-5
animals/group is reported.

t A histopathological score ranging form 0 to 4 was used 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 pervascular
mononuclear infiltration; 4, glomerular crescent formation, presence of sclerotic glomeruli, tubular atrophy casts and vasculitis).

§ PT denotes proximal tubules; MNI, mononuclear infiltrates.

ages and kidney sections were snap frozen in OCT com-
pound (Miles Inc., Elkhart, IN).

Materials

Monoclonal antibodies 10-2.16, 10-3.6.2 (both anti I-Ak)
and MK-D6 (anti I-Ad) were purified from hybridoma super-
natants using protein A-Sepharose CL-4B columns (Phar-
macia, Piscataway, NJ). The rat anti-murine ICAM-1 mAb
YN1/1.7.4 was purified by ammonium sulfate precipita-
tion of the IgG fraction from ascites fluid, followed by
DEAE Affigel Blue (Biorad, Richmond, CA) affinity chroma-
tography.22 All antibodies were biotinylated using a stan-
dard protocol. Recombinant murine interferon-y and tu-

Figure 2. Northern blot analysis of ICAM-1
gene expression in the kidney of C3H/FeJ,
MRL-++ and MRL-lpr mice. Two blots were
probed in separate experiments for ICAM-1
(top lanes) and were rehybridized with,B ac-
tin on separate occasions (bottom lanes). A:
Lanes 1-2, C3H/FeJ (4 and 6 months); lanes
3-4, MRL-++ (3 and 6 months); lanes 5-10,
MRL-lpr (2, 6, 6, 7, 7and 7 months). B: Lanes
1-3, C3H/FeJ (3, 5 and 6 months); lanes 4-
5, MRL-++ (4 and 7 months); lanes 6-12,
MRL-lpr (2, 2, 2, 3, 7, 7 and 9 months). See
Table 2for densitometric analysis ofblots.
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mor necrosis factor-a were kindly provided by Genentech
(South San Francisco, CA). Recombinant murine interleu-
kin-i a was donated by Hoffmann-LaRoche (Nutley, NJ)
and Pfizer (Groton, CT). Supernatants from J558L cells
transfected with the murine IL-4 gene (gift of Dr. R. Tep-
per, Harvard Medical School) were used as a source for
rIL-4.26 Lipopolysaccharide (LPS, S. minnesota) was from
Calbiochem (Behring Diagnostics, La Jolla, CA).

Cell Cultures and Cell Lines

Single-cell suspensions of renal cortical tubular cells from
C3H/FeJ mice, predominantly of proximal tubular origin,
were grown in primary culture after collagenase disper-
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sion of cortical tissue and sequential sieving, as pre-

viously described.27 These cells display strong staining
for alkaline phosphatase, a marker enzyme of PTs. The
cells were grown for 6 days and studied for ICAM-1 ex-

pression. The establishment and characterization of the
C3H/FeJ-derived proximal tubular cell line Cl by transfor-
mation with origin-defective SV40 DNA is described in de-
tail elsewhere.27 Cells were grown in modified Kl media
(50:50 mixture of DMEM and Ham's F12 media, contain-
ing 5% fetal calf serum and hormonal additives). SV40-
transformed PT were passaged by trypsinization.

Immunoperoxidase Staining

Kidney sections were processed for immunoperoxidase
staining as previously described.23 Briefly, 4-tm cryostat

sections were acetone-fixed, blocked with 4% horse se-

rum, incubated with saturating concentrations of primary
antibody, followed by incubation with Vectastain ABC re-

agent (Vector Laboratories, Burlingame, CA). Peroxidase
activity was detected by a 4-minute incubation with
3,3'diaminobenzidine (0.5 mg/ml) containing 0.015%

- 18S

- 18S

-18S

P-18S
Figure 3. Northern blot analysis of ICAM-1
and I-A. gene expression in NZB/Wkidneys.

* - 1 8S Two blots were probed in separate experi-
* ments for ICAM-1 (top lanes), Ia (A,) (bot-
* tom lanes) and ,B actin (center lanes). A)

Lanes 1-7, NZB/W(1.5, 1.5, 4, 4, 4, 8, and8
months, respectively). B) Lanes 1-7, NZB/W
(1.5, 4,5.5, 8,9,9, and9 months). See Table
3for densitometric analysis ofblots.

H2O2. Sections were counterstained with methyl green
and alcian blue. All sections were stained at the same
time for both ICAM-1 (MAb YN1/1 .7.4) and for MHC class
antigens (MAb 10-3.6.2 or MK-D6) on separate slides.
To test specificity of the MAb, irrelevant MAb of the same
sotype were used routinely, resulting in no staining.

F:ow Cytometric Analysis

Primary cultures of proximal tubular cells and SV40-trans-
formed PT were briefly trypsinized, washed with calcium-
and magnesium-free Hanks balanced salt solution
,HBSS), and stained for ICAM-1 using biotinylated MAb
YN/1 .7.4, and for MHC class 11 using MAb 10-2.16. Mono-
Dlonal antibodies were prepared at optimal dilutions in 3%
Fetal calf serum in HBSS. Phycoerythrin (PE)-conjugated
streptavidin or fluorescein (FITC)-conjugated affinity-puri-
Fied goat anti-mouse IgG F(ab')2 fragment were used as a
secondary step. Cells were fixed in 2% paraformaldehyde
and analyzed on an Epics C cell sorter (Coulter Electron-
cs, Hialeah, FL).
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Table 2. Densitometric Analysis ofICAM-1 Gene Expression in MRL-lprKidney

Age Upt Histology§ Relative densitometric unit ratiosl
Blot Lane Strain (month) (mg/d) (0-4) ICAM-1/actin (X102)
A 1 C3H/FeJ 4 - - 1.4

2 C3H/FeJ 6 - - 1.0
3 MRL-++ 3 - 0.5
4 MRL-++ 6 - - 0.4
5 MRL-lpr 2 0.2 0 0.1
6 MRL-lpr 6 0.3 1 0.7

7 MRL-lpr 6 1.8t 2 1.4
8 MRL-lpr 7 6.8t 4 5.0
9 MRL-lpr 7 16.94 4 3.0
10 MRL-lpr 7 19.0:t 4 2.0

B 1 C3H/FeJ 3 0.2 - 5.8
2 C3H/FeJ 5 0.0 7.2
3 C3H/FeJ 6 0.4 - 5.5
4 MRL-++ 4 0.2 - 4.0
5 MRL-++ 7 - 0 7.6
6 MRL-lpr 2 0.6 1 6.4
7 MRL-lpr 2 0.3 1 12.1
8 MRL-lpr 2 0.1 0 4.0
9 MRL-lpr 3 0.5 1 12.8

10 MRL-lpr 7 5.1$: 3 22.1
11 MRL-lpr 7 20.24 4 27.6
12 MRL-lpr 9 2.34 2 22.2

The Northern blots in Figure 2 (A and B) were analyzed by laser densitometry. Each lane represents one animal.
t 24-hour urinary proteins were determined as described (24); t values > 1.2 mg/d are considered pathologic.
§ The degree of renal injury was scored on a scale from 0 to 4 as described in legend to Table 1.
I Arbitrary densitometric units of the Northern blots were measured by laser densitometry, and ratios were calculated. Because of different exposure

times, densitometric ratios in A cannot be compared with the ratios in B and vice-versa.

RNA Extraction and Northern Analysis

Total RNA from kidney cortex was extracted by the gua-
nidinium isothiocyanate/cesium chloride method,28 as
previously described.23 Total RNA from both transformed
and untransformed proximal tubular cell cultures was iso-
lated using a single-step extraction method,29 as de-
scribed elsewhere.27 RNA (25 jig) was denatured with 1M
glyoxal and 50% dimethylsulfoxide, electrophoresed
through a 1.5% agarose gel, and transferred onto nylon
membranes (Gene Screen, New England Nuclear, Bos-
ton, MA). The RNA was baked onto the membrane at 80
C for 4 hours, and was then prehybridized with 1.5XS-
SPE, 1% SDS, 0.5% (weight/volume) nonfat skim milk
and 0.5 mg/ml salmon sperm DNA for 3 hours at 60 C.
The cDNA insert of K4-1.1 clone encoding the murine
ICAM-1i O was isolated by EcoRl digestion of the plasmid.
A 1.3-kb Hindlil fragment of a genomic l-A"b clone3 was
used to probe for MHC class 11 genes.23 Probes were ra-
diolabeled by the random primer method.31 Blots were hy-
bridized for 16 to 24 hours at 60 C (42 C for la and ,-actin
probes) and washed at room temperature with 2XSSC,
0.1% SDS; 0.5XSSC, 0.1% SDS; and 0.1XSSC, 0.1%
SDS. The final stringency wash was at 65 C with

0.1 XSSC, 1 % SDS for 1 hour. After hybridization the blots
were exposed to Kodak X-AR film. All blots were also re-
hybridized with f3-actin to ensure that similar amounts of
RNA were loaded for electrophoresis. To quantitate spe-
cific increases in steady-state mRNA levels, laser densi-
tometry was performed on the blots and ratios of ICAM-
1/fl-actin and la/,B-actin were calculated.

Western Blot

24-hour urine collections from C3H/FeJ, BALB/c and
MRL-/pr mice were dialyzed against phosphate-buffered
saline for 5 hours and concentrated. Cellular extracts of
transformed proximal tubular cell cultures (Cl) and control
cells (Concanavalin A-stimulated [5 pig/ml] C3H/FeJ
splenocytes and A2A2 T hybrid cells)27 were made by
lysis with 0.5% NP-40. The urine samples and the extracts
were then electrophoresed on an SDS polyacrylamide
gradient gel (10% to 20%) under reducing conditions32
and blotted onto nitrocellulose using standard tech-
niques. Blots were blocked with 3% gelatin and incubated
with purified biotinylated anti ICAM-1 MAb YN1/1.7.4. Af-
ter incubation with streptavidin-conjugated alkaline phos-
phate, the blots were developed with 0.3 mg/ml p-nitro
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Table 3. Densitometric Analysis ofICAM-1 Gene Expression in NZB/WKidney*

Relative densitometric unit ratios

Age Upt Histology§ (X

Blot Lane (month) (mg/d) (0-4) la/actin ICAM/actin

A 1 1.5 - 0 8.9 1.1
2 1.5 - 0 9.1 1.1
3 4 - 1 12.1 1.7
4 4 - 0 12.1 2.3
5 4 - 0 10.8 2.9

6 8 2.5t 2 26.9 4.4
7 8 2.5t 2 48.9 4.1

B 1 1.5 - 0 4.4 2.4
2 4 - 0 10.3 5.0

3 5.5 0.1 0 14.4 9.5
4 8 +++t 2 15.0 8.1
5 9 3.0t 2 13.6 8.6
6 9 3.4t 3 21.0 11.3
7 9 12.1t 3 21.9 7.2

The Northern blots in Figure 3 (A and B) were analyzed by laser densitometry. Each lane represents one animal.
t 24-hour urinary proteins were determined by dipstick (from - to ++++) or by the TCA method (24); t values > ++ or >1.2 mg/d are considered

pathologic.
§The degree of renal injury was scored on a scale from 0 to 4 as described in Table 1.
I Arbitrary densitometric units ratios, reflecting the intensity of the bands seen on the Northern blot. Because of different exposure times, ratios in blot A

cannot be compared with ratios in blot B, and vice-versa, as in Table 2.

blue tetrazolium chloride plus 0.15 mg/ml 5-bromo-4-
chloro-3-indolyl phosphate-toluidine salt.

Results

Immunoperoxidase Staining for
the Presence of ICAM-1

In normal C3H/FeJ and MRL-++ mice, basal ICAM-1 ex-
pression is detected in PTs, in interstitial cells, and in the
endothelium (Figure 1 and Table 1). The glomerular mes-
angium stains weakly for ICAM-1, but is occasionally posi-
tive in older MRL-++. In autoimmune MRL-lpr and NZB/
W mice with nephritis and proteinuria, increased ICAM-1
expression is detected in PTs, particularly on the brush
border side of the cells. A very positive, diffuse mesangial
staining pattern is detected in all glomeruli in nephritic
MRL-/pr and NZB/W mice. The mononuclear infiltrating
cells, which are prominent around the main vessels, also
stain strongly for ICAM-1. The endothelium of the large
vessels in the medulla is also positive for ICAM-1, and
stronger staining is detected in MRL-Ipr and NZB/W mice
with nephritis. Table 1 summarizes these data and com-
pares the expression of ICAM-1 to the MHC class 11 anti-
gens, which we have previously described in MRL-/pr
mice.23 As can be seen, la is expressed at high levels in
nephritic MRL-/pr. Nephritic NZB/W have low levels of la

in PT. ICAM-1, on the other hand, is constitutively ex-
pressed in normal PT, but its expression is increased in
nephritic MRL-Ipr and NZB/W mice. Interestingly, in ne-
phritic animals, ICAM-1 is predominantly expressed on
the brush border side of the PT, whereas la is expressed
on the basolateral side. In MRL-lpr and NZB/W mice with
renal injury, only a few cells in the mesangium express la.
In contrast, there is a diffuse mesangial staining for ICAM-
1 in these nephritic animals.

Northern Analysis for ICAM-1

Figure 2 shows the Northern blot analysis of ICAM-1 gene
expression in normal C3H/FeJ, MRL-++, and autoim-
mune MRL-/pr kidneys, and Figure 3 shows the Northern
blot analysis for ICAM-1 and la gene expression in NZB/
W kidneys. Messenger RNA for ICAM-1 is detected in all
mice. However, in nephritic MRL-lpr and NZB/W, in-
creased steady-state levels are observed, suggesting in-
creased ICAM-1 gene transcription or increased mRNA
stability. Tables 2 and 3 depict the densitometric analyses
of the Northern blots probed for ICAM-1 and ,3-actin. The
densitometric ratios of ICAM-1/,3-actin are increased two-
to fivefold in MRL-Ipr and NZB/W mice with renal disease
when compared with normal or nonproteinuric mice. Ne-
phritic NZB/W have also increased ratios of la/fl-actin,
similar to the increased transcripts for la in MRL-Ipr kid-
ney, which we reported earlier.23
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Figure 4. Flow cytometric analysis ofICAM-
1 expression by SV40-transformed PT (left)
and byprimary cultures ofPT (right). Cells
were stimulated overnight (17 hours) with
rIFN-'y (100 U/ml), rIL - la (100 ng/ml), rT-
NF-a (100 ng/ml) or combinations ofIFN-
y with TNF or IL-1. After trypsinization,
single-cell suspensions ofPT were stained
with anti-ICAM mAb YN1/1. 7.4 (phycoery-
thrin [PE]-conjugated streptavidin was
used as secondary step reagent).

t
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control - PE
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Figure 5. Flow cytometric analysis ofdual-
labeledfreshly cultured PTfrom C3H/FeJ
mice. Cells were stimulatedfor3 days with
IFN-y (100 U/ml) plus rTNF-a (100 ng/
ml), trypsinized, and stained with anti-Ia
MAb 10-2.16 (x axis) and biotinylated
anti-ICAM-1 MAb YN1/1. 7.4 (y axis). Phy-
coerythrin (PE)-con]ugated streptavidin
and fluorescein-conjugated goat anti-
mouse IgG F(ab')2fragment were used as
secondary step reagents. a: Unstimulated
PT, stained withoutprimary antibodies; b:
unstimulated PT, withprimary antibodies;
c: IFN-,y + TNF-a stimulated PT, no pri-
mary antibodies; d: stimulated PT, stained
withprimary antibodies.
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ICAM-1 Expression by Freshly Cultured PT
Cells and a PT Cell Line

To study the regulation of PT ICAM-1 expression, freshly
cultured PTs from C3H/FeJ mice and a previously de-
scribed SV40-transformed PT cell line (Ci) were analyzed
by flow cytometry and Northern blot analysis. Figure 4
shows that unstimulated, freshly cultured PTs and SV40-
transformed PTs have a high basal level of ICAM-1 mem-

brane expression. This basal expression is substantially
upregulated by IFN-'y (100 U/ml) and also by TNF-a (100
ng/ml) and IL-i a (100 ng/ml). Maximal induction is
achieved when IFN-y and TNF-a are combined. Figure 4

shows that the response seen in freshly cultured PT was

also observed in the SV40-transformed PT cell line Ci,
except for IL-1. In additional experiments, however, IL-1
was found to upregulate ICAM-1 expression in Ci (not
shown). The response seen to cytokines was apparent
within 24 hours. To determine whether ICAM-1 and la ex-

pression occurs in the same cell population, freshly cul-
tured PT cells were dual stained for both la and ICAM-1.
As shown in Figure 5, there is no basal expression of la
on PT, but 36% of unstimulated cells express ICAM-1. On
stimulation with IFN-y and TNF-a, 26% of cells become la
positive and ICAM-1 expression increases to 81%. Cells
do not express la in the absence of ICAM-1, and cytokine
stimulation upregulates both molecules on the same pop-
ulation of cells.

The clonal transformed PT cell line Ci was then used

- 18S

- 18S

Figure 6. Northern blot analysis of ICAM-1
gene expression in the transformed PTcell line

- 1 8S Cl. A: Transcriptsfor ICAM-1 are detected in
unstimulated Cl (lanes 1-2). Increased levels
are detected in response to rIFN-y (10 U/ml
[lanes 3-4], 100 U/ml [lanes 5-6], 1000 U/ml
[lanes 7-8] ), but not to rIL-4 (1000 U/ml[lanes
9-10]). B: Lane 1, unstimulatedCl cells; lane
2, rIFN-jy (1000 U/mI); lane 3, rIL-4 (1000 U/

- 18S ml); lane 4, rTNF-a (100 ng/ml); lane 5, LPS
(1 uglml); lane 6, rIL-la (100 ng/ml, Hoff-
mann LaRoche); lane 7, rIL-la (100 ng/ml,
Pfizer).

to study ICAM-1 gene expression. Figure 6 shows the
Northern blot analysis of unstimulated and cytokine-stim-
ulated Ci. Transcripts for ICAM-1 are detected in unstim-
ulated cells and are increased after stimulation with IFN-'y
in a dose-dependent manner. In addition, IL-i a, TNF-a,
and LPS all increase the steady-state levels of ICAM-1
transcripts. IL-4, a known la-inducing cytokine for B cells
that does not induce la on PT, also does not increase
ICAM-1 transcript levels.

To compare the ICAM-1 molecule expressed by PT
to the ICAM-1 molecule produced by immune cells, we
performed Western blot analysis. By flow cytometry, the
cell-surface ICAM-1 molecule is detected in activated
splenocytes and A2A2 T hybrid cells (not shown). As can
be seen from Figure 7, a 90-kD band is detected by MAb
YN1/1.7.4 in cellular extracts from PT (Ci) and in cellular
extracts from Con A-activated C3H/FeJ splenocytes (3-
day culture) and the T hybrid cells A2A2. Figure 7 also
shows that ICAM-1 is not detected in the urne of C3H/
FeJ, BALB/c, and MRL-Ipr mice.

Discussion
In the present study we describe, for the first time, the
increased expression of ICAM-1 in the kidneys of mice
with autoimmune murine lupus nephritis. ICAM-1 is consti-
tutively expressed in PTs and in the endothelium of large
vessels of normal kidneys. However, ICAM-1 expression
is substantially increased on the brush border of PTs, the
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endothelium, and in the mesangium in nephritic MRL-/pr
and NZB/W kidneys. Increased cell-surface expression is
paralleled by increased levels of ICAM-1 transcripts in
MRL-Ipr and NZB/W mouse kidneys.

Previously we have reported that nephritic MRL-/pr
produce substantial amounts of IL-1 and TNF in the kid-
ney.2425 Similar increases also occur in the renal cortex of
NZB/W mice.33 Because both IL-1 and TNF can upregu-
late ICAM-1 in various cell types,67"417'19 the increase of
ICAM-1 in MRL-/pr and NZB/W kidney is likely to be
caused by a local release of these inflammatory cyto-
kines. Interestingly, in PT ICAM-1 is induced by all three
cytokines IFN-y, IL-1, and TNF-a, whereas only IFN-y in-
duces la antigens.27 Therefore, although ICAM-1 and la
can be coexpressed on the same cell, these molecules
are regulated differently.

The increased expression of ICAM-1 by PT in lupus
nephritis is a novel finding, although ICAM-1 expression
by renal tubular epithelium has been noted in one case
of a patient with renal cell carcinoma who had HLA-DR-
positive tubules."1 Of particular interest is its localization
to the brush border diametrically opposite to the MHC
class 11 antigens, which are exclusively localized on the
basolateral membrane.34 ICAM-1 is an accessory mole-
cule involved in antigen-presenting function.2 We have
previously reported that PTs have antigen-presenting ca-
pacity.27 Interaction of immune cells with PT through
ICAM-1/LFA-i binding would require basolateral ICAM-1
expression. Although we can not preclude the presence
of ICAM-1 on the basolateral membrane of the PT and
therefore a role in antigen presentation, its preferential
brush border localization in nephritic mice may indicate
another role for ICAM-1. Recently it has been shown that
ICAM-1 is a receptor for rhinoviruses.3561Because the
proximal tubular epithelium is the major reabsorption site
of the glomerular filtrate, it is possible that brush border
ICAM-1 may act as a nonspecific recognition structure for
filtered molecules such as foreign viral proteins or other
molecules, thereby contributing to the clearance of for-
eign or autoantigens.

Because the glomerular mesangium also expresses
substantial amounts of ICAM-1 in MRL-/pr and NZB/W
mice, ICAM-1 could be shed and filtered by a leaky glo-
merular barrier and then reabsorbed by PTs. However,
we do not detect ICAM-1 in the urine of MRL-/pr mice,
although ICAM-1 may be entirely reabsorbed by the tu-
bules. In vitro, however, PTs have the capacity to produce
ICAM-1 because cultured PT express ICAM-1 mRNA con-
stitutively, and upregulation is detected in response to cy-
tokines. Thus PTs could increase ICAM-1 gene expres-
sion in response to the locally produced cytokines in vivo.
We speculate that under inflammatory conditions ICAM-1
may have a role in antigen nonspecific recognition by PTs,
as well as antigen-specific responses.
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Figure 7. Western blot for ICA.M-1 in cellular extracts from
SV40-transformed PT cells, Cl (lane 1), A2A2 T hybrid cells
(lane 2), and ConA-activated C3H/FeJsplenocytes (lane 3). A
90-kd band is detected in all cells. ICAM-1 is not detected in
the urine ofBALB/c (lane 4), C3H/FeJ (lane 5) orMRL-lpr mice
(lane 6).

In summary, increased lOAM-1 transcripts and surface
protein are detected in the kidney of MRL-/pr and NZB/W
mice with lupus nephritis. The glomerular mesangium and
the PT are the main sites of increased lOAM-1 expression.
In cultured PTs, lOAM-1 is stimulated by inflammatory cy-
tokines such as IFN-_y, IL-, and TNF. Thus locally pro-
duced cytokines may upregulate lOAM-i in vivo in lupus
nephritis and promote the autoimmune inflammatory pro-
cess. The peculiar brush border location of lOAM-i on
PTs suggests that this adhesion molecule plays a
novel role.
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