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Systemic lupus erythematosus (SLE) is an autoim-
mune disease characterized by immune complex-me-
diated tissue injury. Many different adhesion mole-
cules are thought to participate in the development of
SLE; however, few studies have directly examined the
contributions of these proteins. Here we demonstrate
that LFA-1 plays an essential role in the development
of lupus in MRL/MpJ-Fas'"®* mice. Mice deficient in
LFA-1, but not Mac-1, showed significantly increased
survival, decreased anti-DNA autoantibody forma-
tion, and reduced glomerulonephritis. The pheno-
type of the LFA-1-deficient mice was similar to that
observed in 3, integrin-deficient (CD18-null) MRL/
MpJ-Fas'"®* mice, suggesting a lack of redundancy
among the f3, integrin family members and other
adhesion molecules. These studies identify LFA-1 as a
key contributor in the pathogenesis of autoimmune
disease in this model, and further suggest that thera-
peutic strategies targeting this adhesion molecule
may be beneficial for the treatment of SLE. (Am J
Patbol 2004, 165:609—-616)

The primary events believed to lead to the development
of vascular injury and tissue damage in systemic lupus
erythematosus (SLE) patients include loss of immunolog-
ical tolerance, generation of autoantibodies, immune
complex formation and deposition, endothelial cell and
complement activation, and leukocyte emigration and
activation.”2 A complex interplay among cytokines, che-
mokines, adhesion molecules, and other inflammatory
mediators is thought to be necessary for disease patho-
genesis.>” However, despite numerous investigations,
few of the key molecules that mediate organ inflammation
in SLE have been identified. Discovery of such molecules
is essential to develop specifically targeted therapies
having improved efficacy in SLE or reduced side effects.

Leukocyte and endothelial cell adhesion molecules,
such as the selectins, integrins, and members of the immu-
noglobulin family of adhesion receptors mediate many dif-
ferent immune and inflammatory responses and have been
implicated in the development of SLE and other inflamma-
tory diseases.”® Only a small number of studies, though,
have addressed the contributions of these molecules and
their ligand interactions in SLE. MRL/MpJ-Fas®" (Tnfrsf6*")
mice develop a systemic autoimmune disease with similar-
ities to SLE."© Our previous analyses, as well as other stud-
ies of MRL/MpJ-Fas®" mice, suggest that ICAM-1 plays
important roles in the pathogenesis of inflammatory disease
in this model.""~"* ICAM-1-deficient MRL/MpJ-Fas®" mice
showed increased survival, as well as significant inhibition
of glomerulonephritis and vasculitis compared to control
MRL/MpJ-Fas® mice.''? However, loss of ICAM-1 did not
block the production of autoantibodies or reduce immune
complex deposition in the kidneys.'" 12

ICAM-1 interacts with several different ligands on leu-
kocytes, including the B, integrins LFA-1 (CD11a/CD18),
Mac-1 (CD11b/CD18), and p150/95 (CD11¢c/CD18).15:1¢
At this time, it is not clear whether the phenotype ob-
served in ICAM-1-deficient MRL/MpJ-Fas’ mice was be-
cause of loss of ICAM-1-dependent interactions with one
or more of these receptors, and whether the B, integrins
serve additional, ICAM-1-independent roles in SLE. To
address the specific functions of the B, integrins, we
generated MRL/MpJ-Fas“®" mice having null mutations in
CD11a, CD11b, or CD18. We found that loss of LFA-1,
but not Mac-1, significantly protected mice from the de-
velopment of murine lupus. LFA-1-deficient mice showed
increased survival, attenuated autoantibody formation,
and inhibited development of glomerulonephritis com-
pared to Mac-1 mutants and control MRL/MpJ-Fas-*"
mice. CD18-deficient MRL/MpJ-Fas*®" mice, which do
not express any of the B, integrins, showed a phenotype
similar to that of CD11a mutants. These results strongly
indicate that LFA-1 plays a dominant role in the initiation
and progression of disease, and that other adhesion
molecules are not able to compensate for the loss of this
adhesion molecule. Furthermore, they show that LFA-1
interactions with ICAM-1, as well as other ligands, are
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necessary for the development of autoimmunity in this
model. Finally, these findings suggest that therapies tar-
geting LFA-1 may be beneficial for the treatment of SLE.

Materials and Methods

Generation of CD18, CD11a, and CD11b
Mutant MRL-MpJ-Fas®" Mice

MRL/MpJ-Fas® (Tnfrsf6*") mice were obtained from The
Jackson Laboratory (Bar Harbor, ME). The CD18-, CD11a-,
and CD11b-null mutations from a mixed 129/Sv x C57BL/6
strain background were sequentially backcrossed 7 to 10
generations with MRL/MpJ-Fas® mice."”'® Mice were
genotyped by Southern blot analysis or the polymerase
chain reaction to identify double-mutant mice and verify the
Fas® mutation. MRL/MpJ-Fas®" inbred mice were used as
controls, and approximately equal numbers of males and
females were used for all studies. Animal housing, care, and
all experimental manipulations were conducted according
to the Guide for the Care and Use of Laboratory Animals
and with approval of the Institutional Animal Care and Use
Committee.

Survival Analysis and Kidney Function

Survival analysis and kidney function tests were per-
formed as previously described.’’ Survival data were
determined using Kaplan-Meier curves and analyzed by
the generalized Wilcoxon test. Serum blood urea nitrogen
(BUN) concentrations were determined using an auto-
mated clinical chemistry analyzer by Analytics, Inc.
(Gaithersburg, MD).

Flow Cytometry

T-cell populations in lymph nodes of 12-week-old
CD11b ™/~ and control MRL/MpJ-Fas®” mice were analyzed
by flow cytometry. Cells were first stained with anti-CD4-
FITC (L3T4), anti-CD8-PE (53-6.7), anti-CD3-PECy5 (145-
2C11), and anti-B220-biotin (RA3-6B2), all from eBio-
sciences (San Diego, CA). Avidin-APC (Pharmingen, La
Jolla, CA) was used to detect biotinylated anti-B220 and
cells were then analyzed using a FACSCalibur (Becton
Dickinson, Mountain View, CA) flow cytometer. The fre-
quency of CD4-CD8~ double-negative T cells that co-
express B220 was determined in CD3-gated cells.

Histopathology and Electron Microscopy

Sex- and age-matched mutant and control mice were
examined at 20 weeks of age or at death. At death
specimens were taken from mice observed to be overtly
ill or that died spontaneously without premonitory signs.
The ages of these mice approximated the median sur-
vival age for each group. Tissue was obtained from all
major organs, fixed in 70% ethanol:10% saturated forma-
lin:20% deionized water for 24 hours, and then trans-
ferred to buffered 10% formalin. Trimmed tissue samples

were processed and embedded in paraffin according to
standard methods, sectioned at 5 um, and stained with
hematoxylin and eosin (H&E). Duplicate 3-um sections of
kidneys were stained with periodic acid-Schiff and hema-
toxylin. Additional kidney tissue was fixed in glutaralde-
hyde, embedded in plastic, and examined ultrastructur-
ally by transmission electron microscopy.

Renal lesions were evaluated by subjective scoring
and morphometry. Scoring was done according to a
modification of the method of Austin and colleagues® by
an observer blinded to the genotypes of the mice. Spe-
cific changes evaluated were glomerular cellularity (num-
bers of mesangial, epithelial, and capillary endothelial
cells of the glomerular tuft), necrosis (nuclear fragmenta-
tion and fibrin deposition), crescent formation (including
synechiae), neutrophil accumulation, capillary basement
membrane changes (thickening, reduplication), sclerosis
(mesangial thickening), capsular fibrosis (fibrous cres-
cent formation, capsular sclerosis, periglomerular fibro-
sis), interstitial mononuclear inflammatory cell accumula-
tion, tubular changes (atrophy, dilation), and interstitial
fibrosis. Each was scored 0O, 1, 2, or 3 for normal, mild,
moderate, or severe, respectively. Digital images of at
least 6, and up to 15, glomeruli and adjacent tubules and
interstitium were evaluated from both H&E- and periodic
acid-Schiff and hematoxylin-stained sections from each
mouse, and equal numbers of glomeruli from superficial,
mid, and deep cortex were examined. Lesion scores for
each mouse were calculated as the mean of summed
individual scores for each image, with scores for necrosis
and crescent formation weighted by factors of 2.

Morphometry of glomeruli was done with a histomor-
phometry system consisting of a Leica DMR research
microscope (Leica Microsystems Wetzlar GmbH, Wet-
zlar, Germany), SPOT RT Slider digital camera (Diagnos-
tic Instruments, Sterling Heights, MI), and Image Pro Plus
v4 image analysis software (Media Cybernetics, Silver
Spring, MD). The area of each glomerulus, including
crescents and capsular abnormalities, if present, were
determined, and the color segmentation feature of the
software was used to determine the area of eosinophilic
or periodic acid-Schiff staining noncellular components
(fibrin, basement membrane, mesangial matrix) and the
area and number of basophilic objects (nuclei and nu-
clear fragments). Lesion scores and morphometry results
were analyzed by analysis of variance for main effects of
genotype and age, and Bonferroni’s test for supplemen-
tal mean comparisons. Probabilities of 0.05 or less were
considered statistically significant.

Immunohistochemistry

Kidneys were snap-frozen in liquid nitrogen and OCT
compound, and 5-um cryostat sections were prepared
and fixed in acetone. Sections were then treated with 3%
H.0,, blocked with 10% rabbit serum, and incubated with
rat anti-mouse CD3 monoclonal antibody (17AZ) (BD
PharMingen). The sections were then incubated with a
biotin-conjugated anti-rat 1gG (Vector Laboratories,
Burlingame, CA) and processed with a streptavidin-



biotin immunoperoxidase kit (Vector Laboratories).
3,3’-Diaminobenzidine tetrahydrochloride was used as
the peroxidase substrate and hematoxylin as the nu-
clear counterstain.

For comparisons of CD3+ T-cell infiltration, digital im-
ages of at least six glomeruli from stained frozen sections
from each mouse (n = 5 for CD11a™/~ and n = 8 for
control MRL/MpJ-Fas® mice) were captured using a Di-
agnostic Instruments SPOT Insight camera and a Nikon
no. 600 microscope using the X40 objective (Nikon,
Melville, NY). T cells in each glomerulus were counted
according to the criteria that the cells were located within
the tissue of the glomerular tuft and were not within the
lumina of glomerular capillaries; the cells clearly had the
morphology of lymphocytes, with round, centrally located
nuclei and narrow rims of basophilic cytoplasm; and
immunostaining was most intense peripherally, as would
be expected for a cell surface marker. Average numbers
of T cells per glomerulus were analyzed statistically by
one-way analysis of variance with supplemental mean
comparisons by Tukey’s test.

Autoantibody Titers and Serum Immunoglobulin
Measurements

IgG anti-DNA antibody titers, and total serum IgG and
IgM were determined as previously reported.?’ Briefly,
enzyme-linked immunosorbent assay plates were coated
with 100 pg/ml of either single- or double-strand calf
thymus DNA (Sigma-Aldrich, St. Louis, MO). After block-
ing with 1% bovine serum albumin (BSA)/phosphate-
buffered saline (PBS) overnight at 4°C, serial dilutions of
sera were added to the wells in duplicate and incubated
at 37°C for 1 hour. Plates were washed and a secondary
goat anti-mouse IgG alkaline phosphatase-labeled anti-
body (Southern Biotechnology Associates, Birmingham,
AL) was added at a 1:2000 dilution. Plates were incu-
bated for 1 hour at 37°C and washed. The plates were
developed by a 15-minute incubation of para-nitrophenyl
phosphate (pNpp). Anti-DNA antibody titers were deter-
mined by identifying the highest dilution that was twice
the amount of background absorbance. For the analysis
of total serum immunoglobulins, IgG- and IgM enzyme-
linked immunosorbent assay plates were prepared by
precoating 2.5 pg/ml of goat anti-mouse Ig (Southern
Biotechnology Associates) overnight at 4°C. Wells were
blocked with 1% BSA/PBS for 1 hour at 37°C. Known Ig
standards ranging from 50 ng/ml to 0.781 ng/ml and
individual samples were added in duplicate and incu-
bated at 37°C for 2 hours. Wells were washed three times
with 0.5% BSA/PBS solution and the secondary goat
anti-mouse IgG or IgM horseradish peroxidase antibody
(Southern Biotechnology Associates) added and incu-
bated for 1 hour at 37°C. Wells were washed three times
and developed for 15 minutes using ABTS substrate
(Sigma-Aldrich). Absorbencies for all measurements
were done using a Tecan Spectrafluor Plus plate reader
(Tecan, US Research, Triangle Park, NC). All anti-DNA
antibody measurements were performed with n = 25,
and IgG and IgM measurements performed with n = 20.
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Data between different genotypes were analyzed using a
nonpaired Student’s t-test at time intervals of 12, 16, 20,
or 24 weeks for anti-DNA antibody analyses, or 12, 20,
and 28 weeks for total serum Ig and IgM measurements.

Results

Loss of LFA-1 Reduces Lymphadenopathy and
Prolongs Survival

MRL/MpJ-Fas® mice are a well-described model of SLE
and are characterized by autoantibody formation, lymph-
adenopathy, immune complex deposition, vasculitis, and
glomerulonephritis.'® These mice also show accelerated
lethality and generally die between 6 to 10 months of age
because of renal failure and complications from vasculi-
tis. To assess the role of the B, integrins in the develop-
ment of autoimmune disease in this model, we back-
crossed the CD11a-, CD11b-, and CD18-null mutations
seven or more generations onto the MRL/MpJ-Fas®”
background.'~'®  CD11a/~ MRL/MpJ-Fas® and
CD18~/~ MRL/MpJ-Fas® mice failed to develop signifi-
cant lymphadenopathy, consistent with previous findings
in mice that showed that loss or inhibition of these adhe-
sion molecules inhibited lymphocyte homing and recir-
culation.® Surprisingly, CD11b™/~ MRL/MpJ-Fas®" mice
frequently showed exaggerated lymphadenopathy (Fig-
ure 1a). The histological pattern of these extremely en-
larged nodes, however, did not differ from that of other
mutants or of control MRL/MpJ-Fas®” mice, and was char-
acterized by lack of differentiation of cortex and medulla
and presence of sheets of small to medium lymphocytes
interspersed with focal collections of plasma cells, among
which were varying numbers of Mott cells (data not shown).
However, CD11b™/~ MRL/MpJ-FasP" mice did contain a
significantly higher frequency of CD4~ CD8~, B220™ (dou-
ble-negative) T cells in lymph nodes compared to control
mice (74.2 = 7.2% versus 40.8 = 0.2%, respectively; P <
0.05). At this time, the mechanism by which loss of Mac-1
leads to this increased accumulation of double-negative
cells in this model is not known, but may involve a previously
undefined role for this adhesion molecule in regulating lym-
phocyte trafficking or possibly cell survival.

CD11a™/~ and CD18/~ MRL/MpJ-Fas®" mice, unlike
CD11b homozygotes, also showed reduced signs of cu-
taneous vasculitis throughout their lifetime compared to
control MRL/MpJ-Fas® mice (Figure 1a). These findings
are similar to our previous observations in ICAM-1-defi-
cient MRL/MpJ-Fas™ mice, and suggest that loss of
ICAM-1/LFA-1 interactions protects against the develop-
ment of vasculitis in this model.’” CD11a deficiency also
resulted in a significant increase in survival, in contrast to
both CD11b—/— and control MRL/MpJ-Fas®" mice (me-
dian += SEM survival of CD11a /" MRL/MpJ-Fas®”
mice = 41 = 3 weeks versus CD11b ™/~ MRL/MpJ-Fas®"
mice = 22 + 2 weeks and control MRL/MpJ-Fas®* mice =
24 + 2 weeks, P < 0.001; Figure 1b). Survival studies of
CD18~/~ MRL/MpJ-Fas®" mice were not performed, be-
cause several mice generated died before 18 weeks of
age. Although a cause of death was not determined for all
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Figure 1. Phenotypic characteristics of mutant MRL/MpJ-Fas?”" mice. a:

Twenty-week-old control MRL/MpJ-Fas?” (male), CD18™/~ (male and fe-
male), CD11b~/~ (male and female), or CD11a~’~ (male and female) are
shown from left to right. b: Kaplan-Meier survival analysis between control
MRL/Mp]—FaS’P’(., n=25),CD1la /" (A, n=30),and CD11b /'~ (¥, n =
24) mice. ¢: BUN measurements from five male and five female, 20-week-old
mice. * P < 0.05.

CD18-deficient mice, common necropsy findings in-
cluded multifocal necrotizing and suppurative inflamma-
tion with intralesional bacteria in lymph nodes, spleen,
and other organs, indicating disseminated bacterial dis-
ease. The submandibular lymph nodes frequently were
affected, suggesting that the infections were of periodon-
tal or other oral origin. These findings are consistent with
previous observations of the CD18-null mutation on other
strain backgrounds.'® However, a number of CD18 "/~
mice survived longer than 20 weeks of age, including
some that lived to more than 40 weeks of age.

CD11a™"~ MRL/MpJ-FasP" Mutant Mice Show
Significant Inhibition of Glomerulonephritis
The increased survival observed in CD11a™/~ mice, but

not CD11b ™/~ MRL/MpJ-Fas® mutant mice was associ-
ated with improved renal function as assessed by BUN

concentrations in serum collected from 20-week-old mice
(Figure 1c¢). Both CD11a™/~ and CD18™/~ MRL/MpJ-
Fas’®" mice showed a significantly lower serum BUN com-
pared to control and CD11b~/~ mice. These findings
suggest that complete deficiency of all B, integrins or
LFA-1 may inhibit the initiation or progression of glomer-
ulonephritis. Light microscopic examination of kidney
sections from 20-week-old mice, though, showed similar
glomerular changes in all groups (data not shown). Glo-
merular lesions at this time point were characterized by
mild to moderate hypercellularity, neutrophil accumula-
tion, and mesangial thickening, with little or no necrosis,
fibrin deposition, or capsular changes, and mean lesion
scores for CD11a™/~, CD11b™/~, and CD18/~ mice
were not significantly different from the mean score for
MRL/MpJ-Fas®" control mice (data not shown). Ultra-
structural differences were evident, however. Glomeruli
from control MRL/MpJ-Fas® mice had abundant elec-
tron-dense deposits (Figure 2A). These deposits were
identified predominantly within the mesangial regions;
however, both subendothelial and intramembranous de-
posits were also noted. The deposits were large, conflu-
ent, and occupied extensive areas within the mesangium.
The mesangial matrix and cellularity were both increased
moderately. The foot processes from the visceral epithe-
lial cells were effaced. Vascular and tubular electron-
dense deposits were not identified.

In marked contrast, CD18™/~ mice possessed infre-
quent electron-dense deposits (Figure 2B). Dense de-
posits were present within the basement membranes of
the glomerular capillaries, while less frequent mesangial
deposits were also seen. The deposits with the CD18~/~
mice were also relatively small, nonconfluent, and distinct
from adjacent normal basement membrane and mesan-
gial matrix. The foot processes still tended to be attenu-
ated and flattened. Electron-dense deposits were not
seen with the vessels or tubules. Similar findings were
noted with CD11a~/~ mice (Figure 2C). CD11b ™/~ mice,
unlike CD18~/~ and CD11a~/~ mice, showed massive
mesangial electron-dense deposits and were indistin-
guishable from MRL/MpJ-Fas®" controls (Figure 2D). To
further characterize the decreased electron-dense de-
posits in CD11a~/~ and CD18/~ mice, sections from
selected mice were assessed by immunofluorescent
staining using anti-lgG and anti-C3 antibodies and com-
pared to controls. Results indicated deposition of both
IgG and C3 in irregular multifocal patterns consistent with
the distribution of electron-dense deposits, and with con-
siderably reduced C3 staining in the LFA-17/~ and
CD18™/~ mice (data not shown).

Among older (at death) groups of mice, mean lesion
scores for CD11a/~ and CD18 /" mice were signifi-
cantly lower than those for control MRL/MpJ-Fas® mice
and for CD11b~/~ mice (Figure 3). Lesions in control
MRL/MpJ-Fas® mice were severe, and included glomer-
ular enlargement, hypercellularity, mesangial thickening,
basement membrane reduplication, accumulation of neu-
trophils, necrosis, and fibrin deposition, accompanied by
capsular proliferation and fibrosis (Figure 4A). In con-
trast, lesions in CD18/~ and CD11a™/~ mice were char-
acterized primarily by mild to moderate hypercellularity,
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Figure 2. Glomerular ultrastructure. A: Control MRL/MpJ-Fas”" representative glomerulus from a 20-week-old mouse. Extensive electron-dense deposits (d)
within the markedly expanded mesangium of the glomerulus were observed (b = basement membrane). B: CD187/~, 20-week-old mouse. Marked reduction

in glomerular deposits with distinct, nonconfluent, small electron-dense deposits within the basement membrane. C: CD11a

~/~, 20-week-old mouse. Occasional

linear electron-dense deposits were noted in the paramesangial areas abutting the basement membranes and within the glomerular basement membranes. Dz
CD11b™/~, 20-week-old mouse. Abundant confluent electron-dense deposits were readily seen within the mesangial regions (arrows). Epimembranous and
membranous deposits (arrowheads) were also present within glomerular basement membranes. Original magnifications, X5000.

neutrophil accumulation, and mesangial thickening (Fig-
ure 4, B and C). Lesions in older CD11b /" mice were
similar to those in control MRL/MpJ-Fas® mice (Figure
4D). In addition, mean lesion scores for these groups
were not significantly different. Thus, deficiency of either
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Figure 3. Renal lesion scores for control MRL/MpJ-Fas?" mice (n = 6),
CD18™/~ mice (7 = 3), CD11a /" mice (7 = 6), and CD11b~/~ mice (n =
4). Means * SD. Bars designated with different letter codes are significantly
different (P < 0.05).

CD11a™’~ or CD18™/~, but not CD11b™/~, prevented
progression of glomerulonephritis from the mild to mod-
erate form evident in 20-week-old mice to the severe,
destructive disease typical of older MRL/MpJ-Fas®" mice.

Results of morphometric analyses were similar to those
of lesion scores. Total glomerular area and glomerular
noncellular area correlated most highly with lesion scores
(r = 0.997 and r = 0.940, respectively), and statistical
analysis of these data gave results identical to those of
analysis of lesion scores (data not shown). We also ana-
lyzed scores for individual component lesions. Glomeru-
lar neutrophil score means for all (both 20 week and
older) CD11b™/~ mice (1.88) and all control MRL/MpJ-
Fas® mice (1.72) were not significantly different (P >
0.05). Mean neutrophil scores for all CD11a/~ mice
(1.02) and all CD18/~ mice (0.30) were significantly
different (P < 0.05) both from those for CD11b ™/~ mice
and control MRL/MpJ-Fas® mice and from each other,
the latter suggesting that loss of CD11a alone is less
inhibitory to neutrophil emigration into the glomerulus
than loss of all B, integrin expression. Finally, we inves-
tigated whether loss of LFA-1 also led to a reduction in
T-lymphocyte infiltration into the kidney during the devel-
opment of glomerulonephritis.  Immunohistochemical
analysis revealed a significant reduction in the mean
number of glomerular CD3* T cells in CD11a~/~ mice
compared to controls at 20 weeks of age (0.37 = 0.11
versus 1.3 = 0.21 CD3™ T cells, respectively; P < 0.009).
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Figure 4. Glomerular histopathology. A: Control MRL/MpJ-Fas”” mouse
at death (23 weeks old). Severe glomerulitis with neutrophil accumulation,
necrosis, sclerosis, crescent formation with synechia, and capsular fibrosis. B:
CD18™/~ mouse at death (34 weeks old). Mild neutrophil accumulation. C:
CD1la~’~ mouse at death (43 weeks old). Mild neutrophil accumulation.
D: CD11b~/~ mouse at death (24 weeks old). Severe glomerulitis similar to that
in A. H&E. Original magnifications, X20.

LFA-1 Attenuates Autoantibody Formation

Decreased neutrophil emigration is a major mechanism
by which LFA-1 and CD18 deficiencies would be ex-
pected to inhibit the development of glomerulonephritis,
and our histopathological and ultrastructural findings are
consistent with this possibility.'®'® However, the reduc-
tion in the severity of glomerulonephritis may also be
influenced by other factors, including decreased autoan-
tibody production. MRL/MpJ-Fas® mice develop promi-
nent hypergammaglobulinemia with increased serum
IgG and IgM, and autoantibody formation against a wide
variety of antigens including double- and single-stranded
DNA."® LFA-1 has been reported to be an important
co-stimulatory molecule for immune cell activation
through its participation in immune synapse formation
and its ability to influence Th1 versus Th2 cytokine re-
sponses.??~2° To assess whether loss of LFA-1 or all four
B, integrins inhibited antibody production, we compared
anti-double-stranded and anti-single-stranded DNA anti-
bodies, and total serum IgG and IgM in CD11a /",
CD18/~, and control MRL/MpJ-Fas mutant mice. In
general, the titers of both IgG anti-double-stranded and
anti-single-stranded DNA antibodies were lower in both
CD187/~ and CD11a™/~ mice than in control MRL/MpJ-
Fas" mice (Figure 5). The reduction in autoantibody pro-
duction was not because of decreased immunoglobulin
production overall. Total serum levels of IgG in CD187/~
mutant mice were actually increased compared to control
MRL/MpJ-Fas” mice; however, total serum IgM levels were
not significantly different (Figure 6, a and b). This is consis-
tent with the previous characterizations of the CD18-null
mutation on other strain backgrounds, and may be because
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Figure 5. Serum IgG anti-double-stranded and single-stranded DNA antibod-
ies. a: IgG anti-double-stranded DNA antibody titers between control MRL/
ij-Fus’P’ (M, 7 =25) and CD18™/~ (@, n = 25) mice. b: IgG anti-double-
stranded DNA antibody titers between control MRL/MpJ-Fas?”" (B, n = 25)
and CD11a™/~ (A, n = 25) mice. ¢: IgG anti-single-stranded DNA antibody
titers between control MRL/MpJ—F(/le (M, n=25)and CD18™/~ (@, n = 25)
mice. d: IgG anti-single-stranded DNA antibody titers between control MRL/
MpJ-Fas” (B, n = 25) and CD11a~’~ (A, n = 25) mice. *, P < 0.01.

of a compensatory response related to the increased sus-
ceptibility to infection associated with CD18 deficiency.'®
CD11a™/~ mice did not demonstrate any significant differ-
ence in total serum IgG or IgM compared to control mice
(Figure 6, ¢ and d). These data directly demonstrate that
LFA-1 plays an important role in facilitating the development
of autoimmunity in this model.

Discussion

SLE is a polygenic autoimmune disease that can affect
many different organ systems.’?” Despite intensive stud-
ies, the pathogenetic pathways that lead to the initiation
and progression of tissue inflammation in SLE remain pri-

®
o

1gG (mg/ml)
B
*
1gM {ug/mi)
N
8

Weeks Weeks
c d
30 400
?E» E a00
£ H
o = 200
=2 =2
10
100
y T T r T
12 20 28 12 20 2
Weeks Weeks

Figure 6. Total serum immunoglobulin levels. a: Total serum IgG concen-
trations between control MRL/Mp]J-Fas”" (B, n = 25) and CD18™/~ (@, n =
25) mice. b: Total serum IgM concentrations between control MRL/MpJ-Fas”"
(M, 7 = 25) and CD18™/~ (@, n = 25) mice. c: Total serum IgG concentra-
tions between control MRL/MpJ-Fas” (B, n = 25) and CD11a /" (A, n =
25) mice. d: Total serum IgM concentrations between control MRL/MpJ-Fas?"
(M, » = 25) and CD11a™/~ (A, n = 25) mice. *, P < 0.01.



marily undefined. Our findings directly demonstrate that
LFA-1 plays a central role in the development of the SLE-like
phenotype in MRL/MpJ-Fas™"" mice. We observed that loss
of LFA-1, but not Mac-1, significantly inhibited the develop-
ment of inflammatory disease and increased survival in this
model. Previous investigations in humans with SLE and in
animal models have implicated LFA-1 in various stages of
disease pathogenesis.?® 3" For example, LFA-1 antibody
treatment of NZB/NZW F-1 mice was previously shown to
inhibit autoantibody production in this lupus model, al-
though the effects of this treatment on the development of
glomerulonephritis were not evaluated.®' In addition, Yung
and colleagues® found that transfer of a T-cell line overex-
pressing LFA-1 into normal mice led to the development of
a lupus-like condition characterized by anti-DNA autoanti-
bodies and immune complex-mediated glomerulonephritis.
Interestingly, T cells from SLE patients have been shown to
overexpress LFA-1, which may augment autoantibody pro-
duction, as well as promote T-cell recruitment to inflamma-
tory sites.® This increased expression of LFA-1 seems to
be the direct consequence of DNA hypomethylation in the
LFA-1 promoter.34:3°

LFA-1- and CD18-deficient mice, unlike Mac-1 mu-
tants, had decreased severity of glomerular disease, ac-
cording to each of several criteria, including functional
(BUN values), immune complex deposition (electron-
dense deposits), complement fixation (C3 immunofluo-
rescence), neutrophil accumulation, T-cell infiltration, and
glomerular injury (light microscopic and ultrastructural
pathology). We regard this as one of the most striking
findings from this study, for two reasons. First, LFA-1 and
CD18 deficiencies ameliorated disease to a similar de-
gree, indicating that LFA-1 is the dominant B, integrin in
this model. This was somewhat unexpected, because
Mac-1 was previously shown to participate in leukocyte
activation, recruitment, and the development of immune
complex glomerulonephritis in several models.*®3” Sec-
ond, loss of LFA-1 did not completely prevent glomeru-
lonephritis, but did prevent progression to severe dis-
ease with extensive glomerular destruction, which is
characteristic of MRL/MpJ-Fas**" mice. We previously
examined the role of B, integrin ligand, ICAM-1 in this
model.”” ICAM-1 mutant mice, like LFA-1 mutants,
showed increased survival and significant attenuation of
glomerulonephritis. Together, these findings suggest that
LFA-1 interactions with ICAM-1 on vascular endothelium
are essential for the recruitment of leukocytes during the
development of renal disease. Furthermore, these data
indicate that in the absence of LFA-1, other adhesion
pathways, such as VLA-4/VCAM-1, cannot fully compen-
sate for the lack of this adhesion molecule in facilitating
glomerulonephritis. ™

Our findings support the hypothesis that LFA-1 also
plays an important role in autoantibody production in this
model.®" Both the CD18 and CD11a mutations resulted in
a significant decrease in serum titers of both anti-double-
and single strand DNA autoantibodies. This may lead to
reduced immune complex deposition and C3 fixation in
the kidney, as was observed in both CD18- and LFA-1-
deficient mice, and contribute to the overall reduction in
the severity of glomerulonephritis. However, these data
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also show that loss of LFA-1 cannot completely inhibit
autoantibody production and the development of autoim-
munity in this lupus model. Decreased production of
autoantibodies has been reported in MRL/MpJ-Fas®”
mice having mutations in the CD40, B7.1, or B7.2 genes,
suggesting that these molecules, as well as others, may
partially compensate for the loss of LFA-1.2%%" In our
previous study of ICAM-1-deficient MRL/MpJ-Fas® mice,
we did not observe a significant reduction in autoanti-
body formation.”” This suggests that engagement of
LFA-1 with other ligands such as ICAM-2 may provide a
sufficient accessory signal for T and B cells in the ab-
sence of ICAM-1,23:42:43

There has been a longstanding interest in using anti-
adhesion molecule therapies, including B, integrin antag-
onists, for the treatment of patients with chronic inflam-
matory diseases.** In the majority of studies, little benefit
to patients was reported, most likely because of redun-
dancies among different adhesion molecules, use of mu-
rine origin monoclonal antibodies, or high rates of clear-
ance of inhibitors from the circulation. However, a
humanized monoclonal antibody directed against LFA-1
has now been tested in several clinical trials involving
psoriasis patients, with a significant number of patients
showing reduced disease severity.*>~4” Our findings also
implicate LFA-1 as a potential therapeutic target for SLE.
Blocking LFA-1 interactions with its ICAM ligands can
potentially target several pathways implicated in the de-
velopment of tissue inflammation and damage in SLE
patients, including autoantibody production and leuko-
cyte emigration. Other nonantibody inhibitors, including
lovastatin, have recently been characterized and selec-
tively inhibit the activity of LFA-1.%875° Thus, these inhib-
itors, as well as anti-LFA-1 antibodies, may be useful for
the treatment of SLE patients.
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