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Abstract. Transplantation of MHC-compatible, T-cell-depleted, bone marrow cells has 
successfully treated autoimmunities, immunodeficiencies, malignancies, and devel- 
opmental deficiencies of the hematopoietic system. Recombinant inbred SCG/Kj mice 
develop spontaneous crescentic glomerulonephritis, systemic vasculitis, and a lym- 
phoproliferative disorder early in life. To determine whether the precipitous autoim- 
mune disease of SCG/Kj mice could be treated by bone marrow transplantation, 30 
SCG/Kj mice were engrafted with T-cell-depleted, bone marrow (TCDM) from alloge- 
neic, MHC-compatible, autoimmune-resistant C3H/He donors, and 30 SCG/Kj mice 
served as controls and received TCDM from syngeneic, SCG/Kj donors. A significant 
survival advantage was evident from SCG/Kj mice engrafted with C3H/He TCDM (p c 
0.005), and an 89% extension of median survival compared to recipients of SCG/Kj 
TCDM. Within 28 weeks post-transplantation, 62% of mice engrafted with SCG/Kj 
TCDM had died with clinical signs of fatal crescentic glomerulonephritis. This result 
compared with only 10% of mice engrafted with C3H/He TCDM. Mice engrafted with 
SCG/Kj TCDM developed significantly greater titers of autoantibodies to ss-DNA, ds- 
DNA, and myeloperoxidase (ANCA) (p c O.OOl), had shorter latencies to the develop- 
ment of, and a greater incidence of proteinuria, hematuria, and peripheral lymphade- 
nopathy, and a greater mean grade of glomerular lesion (p c O.OOl),  than mice en- 
grafted with C3H/He TCDM. These findings indicate that the genetic defect of the 
SCG/Kj strain of mice resides within the hematopoietic stem cells and provokes the 
speculation that bone marrow transplantation might be a useful means of treating 
progressive crescentic glomerulonephritis in humans. [P.S.E.B.M. 1998, Vol 2181 

apidly progressive crescentic glomerulonephritis is a 
clinical and histopathological entity often linked to R forms of systemic vasculitis, such as Wegener’s 

granulomatosis and polyarteritis nodosa (1-3). The charac- 
teristic glomerular lesion consists of the accumulation of 
multiple layers of fusiform cells within Bowman’s space 
forming a distinct crescent of cells. Although the clinical 
presentation of crescentic glomerulonephritis can be insidi- 
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ous, and often consists only of hematuria, the fulminating 
nature and poor prognosis of the glomerular lesions makes 
this disease most intractable to therapy (1-3). Anticoagula- 
tion therapy, steroids, immunosuppressive drugs, and com- 
binations of these treatments with plasma exchange therapy 
may be of some benefit, but most patients exhibit progres- 
sive renal failure, and prognosis remains dismal (4). 

The recombinant inbred SCG/Kj strain of mice serves 
as a model of rapidly progressive crescentic glomerulone- 
phritis, and was recently established by selectively mating 
siblings of (BXSB x MRL/Mp Zpmpr)F, mice that had 
developed crescentic glomerulonephritis, and then inbreed- 
ing the progeny for over 40 generations (5) .  Weanling 4- 
6-week-old SCG/Kj mice spontaneously develop rapidly 
progressive glomerulonephritis, necrotizing vasculitis, and 
massive lymphoproliferation, which leads to premature 
death, and 50% mortality when mice are only 16 weeks of 
age. 

Renal lesions include fine granular immune deposits 
along the glomerular basement membrane, hypertrophy of 
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the glomerular epithelium, fibrin depositions, and extra glo- 
merular cellular proliferations and hemorrhage within Bow- 
man’s space (5). Marked extra glomerular cellular hyper- 
plasia leads to the accumulation of two or more distinct 
layers of cells within Bowman’s space, forming a charac- 
teristic crescent of cells. 

Although the pathogenesis of autoimmunity in SCG/Kj 
mice is not fully understood, there is a positive association 
between the severity of glomerular lesions, the degree of 
systemic vasculitis, and the circulating autoantibody titer of 
antineutrophilic cytoplasmic antibody (ANCA), which 
binds to myeloperoxidase in a peripheral pattern (5) .  In- 
creased titers of anti-ss-DNA and anti-ds-DNA autoantibod- 
ies, and a polyclonal hypergammaglobulinemia also de- 
velop. Lymphoproliferation in SCG/Kj mice is attributable 
to the accumulation of Thy-l+, Ly-l+, CD4-, CDK, and 
B220+ T cells. 

Transplantation of MHC-compatible, T-cell-depleted, 
bone marrow cells has successfully treated patients with 
immunodeficiency (6), aplastic anemia (7), leukemia (8), 
and a wide spectrum of genetically determined diseases (9, 
10). In the experimental setting, systemic and organ-specific 
autoimmune diseases have been treated and frequently 
cured by bone marrow transplantation (1 1, 12). The dra- 
matic action of bone marrow transplantation to treat these 
diseases suggests that they develop as a consequence of 
genetic defects residing within the hematopoietic stem cells 
(11, 12). 

In this study, we describe how by engrafting SCG/Kj 
mice with T-cell-depleted bone marrow, the progression to 
severe renal clinical pathology in SCG/Kj mice is abro- 
gated. That development of this precipitous autoimmune 
disease, which expresses itself in nursling and weanling 
mice, can be interrupted by the transplantation of bone mar- 
row cells, indicates that the genetic origin of this disease 
resides in the hematopoietic stem cells. 

Material and Methods 
Animals. Mice of the SCG/Kj strain were derived by 

inbreeding progeny of (BXSB x MRL/Mp lpr/lpr)F, mice, 
as previously described (5). Sixty female SCG/Kj mice were 
divided into two experimental groups and served as recipi- 
ents of grafts. One group of thirty mice were engrafted with 
T-cell-depleted bone marrow cells from MHC-compatible 
male C3H/He donors. The other thirty mice were engrafted 
with syngeneic T-cell-depleted bone marrow cells from 
male SCG/Kj donors. Twenty additional SCG/Kj mice were 
untreated, and evaluated for the development of renal clini- 
cal and anatomical pathology. These studies using animals 
were conducted in AAALAC-accredited facilities, in com- 
pliance with the principles of the Guide for the Care and 
Use of Laboratory Animals. 

Bone Marrow Transplantation. Bone marrow 
cells were harvested from the femurs and tibias of donors 
and depleted of T cells by complement-dependent cytotox- 
icity using purified anti-Thy 1.2 monoclonal antibody 

(Pharmigen, San Diego, CA) and rabbit complement (Ce- 
darlane, Ontario). Six-week-old SCG/Kj mice served as re- 
cipients of marrow grafts and were exposed to 950 rads of 
total body irradiation (‘37Cs irradiation, 75 raddmin). T- 
cell-depleted bone marrow cells (2 x lo7) from either SCG/ 
Kj or C3H/He male donors were injected intravenously into 
female SCG/Kj recipients one day after lethal irradiation. 

Chimeric Analysis. For chimeric analysis, genomic 
DNA from splenocytes and circulating leukocytes was ex- 
tracted and purified (Micro-Turbo-Gen, Invitrogen, San 
Diego, CA) and analyzed for the percentage of male DNA 
using PCR amplification and a male-specific pY2 primer. 
The percentage of male DNA was determined by plotting 
the optical density of the sample on a curve drawn using 
optical density readings of known standards. 

Renal Clinical Pathology. Proteinuria was detected 
using tetra-bromphenol paper, and hematuria was detected 
by hemoglobin-catalyzing reaction of di-iso-propyl benzene 
di-hydro-peroxide and 3,3’,5,5 ’-tetra-methyl benzidine 
(Labstix, Miles, Elkhart, IN). Proteinuria was graded 1’ to 
4+. Grades of 2+ indicated 100 mg/dl of urinary protein. 
Grades 2+ or greater were considered indicative of heavy 
proteinuria. 

Glomerular Histopathology. Tissues were fixed in 
10% formalin and stained with hematoxylin and eosin 
(H&E), or Periodic Acid Schiff (PAS). Lesions of crescen- 
tic glomerulonephritis were graded using the World Health 
Organization’s (WHO) classification of glomerular disease 
(1 3) .  Grade I consisted of mild fibrin deposits and increased 
cellularity. Grade I1 consisted of mild hypertrophy of the 
glomerular lining epithelium, mild to moderate fibrin depo- 
sition, and increased glomerular cellularity . Grade I11 con- 
sisted of moderate to severe hypertrophy of glomerular lin- 
ing epithelium, fibrin deposition, and glomerular hypercel- 
lularity. Grade IV consisted of marked glomerular 
hypercellularity with more than two layers of fusiform cells 
within Bowman’s space forming a distinct crescent of cells, 
and an associated lymphocytic infiltration. Twenty glomer- 
uli were graded according to this classification and used to 
calculate the mean glomerular histopathology score for each 
mouse. Those scores were used to calculate mean scores for 
each dietary cohort. 

Autoanti body Titers. Autoantibodies to ds-DNA, 
ss-DNA, and ANCA (antimyeloperoxidase) were quantified 
using an enzyme-linked immunosorbent assay (ELISA) as 
described elsewhere (14). 

Flow Cytometry. Suspensions of spleen and lymph 
node cells from five mice of each experimental cohort were 
incubated with phycoerythrin-conjugated or fluorescein- 
conjugated anti-Thy- 1.2, anti-CD3, anti-CD8, anti-CD4, 
antkL3T4, anti-Grl, anti-Mac1 , or anti-B220 (RA3-6b2) 
antibodies (Pharmingen, San Diego), and subpopulations of 
cells were quantified using flow cytometric analysis. 

Statistical Analysis. A log-rank mantel-Haenszel 
test was used to compare the survival of each experimental 
cohort and differences in the rate of development of pro- 
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teinuria and hematuria. Student’s t tests were used to com- 
pare mean glomerular histopathology scores. 

- 

Results 
Chimeric Analysis. Syngeneic or allogeneic TCDM 

was transplanted from male SCG/Kj or C3H/He donor mice, 
respectively, to recipient female SCG/Kj mice. As expected, 
chimeric analysis of mice showed that approximately 87% 
of the splenic and circulating leukocytic cellular DNA in 
SCG/Kj recipients of C3WHe donor cells, and 92% of the 
splenic and circulating leukocytic cellular DNA in SCG/Kj 
recipients of SCG/Kj donor cells, amplified using the pY2 
primer and indicated successful marrow engraftments. 

Survival Analysis. Within 28 weeks post-transplan- 
tation, 62% of the SCG/Kj recipients of TCDM from auto- 
immune-prone SCG/Kj donor mice had died with clinical 
signs of renal dysfunction and histological findings of cres- 
centic glomerulonephritis (Fig. 1). In contrast, only 10% of 
the SCG/Kj recipients of TCDM from autoimmune-resistant 
C3WHe donor mice had died with evidence of renal disease 
at this interval. Median survival age of recipients of SCG/Kj 
TCDM was 27 weeks, whereas that of mice engrafted with 
C3H/He TCDM was greater than 50 weeks of age, at which 
point the study was terminated. Engraftment of autoim- 
mune-prone SCG/Kj mice with autoimmune-resistant C3W 
He TCDM resulted in more than a 89% extension in median 
survival of the recipients. Survival analysis using a log-rank 
Mantel-Haenszel test found a substantial survival advantage 
for recipients of C3WHe TCDM in comparison to those 
receiving SCG/Kj TCDM (p < 0.005). It is noteworthy that, 
at the termination of the study, the remaining 50% of mice 
that had received grafts of C3WHe TCDM, remained free 
of substantive renal clinical and anatomical pathology (see 
below). 
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Figure 1. Survival curves of female SCG/Kj mice, exposed to 
950 rads of total body irradiation (137Cs irradiation, 75 raddmin), 
and intravenously administered 2 x 1 O7 T-cell-depleted bone mar- 
row cells from either SCG/Kj ( n  = 30, dotted line, closed circles), 
or C3H/He ( n  = 30, closed line, open circles), male donors, 
when recipients were 6 weeks old (BMT indicates bone marrow 
transplantation). 

Renal pathology. Clinical onset of renal pathology 
as evidenced by heavy proteinuria (>I00 mg/dl) and hema- 
turia occurred early in mice transplanted with SCG/Kj 
TCDM. Within 10 weeks post-transplantation, 50% of these 
mice had developed both hematuria and heavy proteinuria 
(>lo0 mg/dl), and by 20 weeks post-transplantation all mice 
of this group had exhibited these signs of renal dysfunction. 

In contrast, by 20 weeks post-transplantation only 12% 
of recipient mice of autoimmune-resistant C3WHe TCDM 
had developed heavy proteinuria, and 10% had developed 
hematuria. Further, 50% of the recipients of C3H/He 
TCDM remained free of any signs of renal clinical pathol- 
ogy when the study was terminated, 52 weeks post- 
transplantation. This abrogation in the onset of clinical renal 
pathology among mice engrafted with C3WHe TCDM was 
reflected in lower mean scores of glomerular lesions among 
these mice compared to mice engrafted with SCG/Kj 
TCDM (see below). 

Autoanti bodies. Serum levels of anti-ss-DNA, anti- 
ds-DNA, and antimyeloperoxidase (ANCA) autoantibodies 
were determined for mice from each group of recipients of 
either SCG/Kj or C3H/He TCDM when mice were 12, 16, 
and 20 weeks of age. Serum from either 20-week-old C3W 
He or untreated SCG/Kj mice served as controls. Mice en- 
grafted with autoimmune-prone SCG/Kj TCDM showed an 
increase in all three of the autoantibody titers with age, and 

.titers of autoantibodies were statistically greater than in 
mice engrafted with C 3 W e  TCDM when mice were 16 
and 20 weeks of age (p < 0.001) (Fig. 2). When SCGKj 
recipients of SCG/Kj TCDM were 20 weeks of age, titers of 
anti-ss-DNA, anti-ds-DNA, and anti-myeloperoxidase 
(ANCA) autoantibodies approached levels measured in 
SCG/Kj untreated controls. 

Histopathology. Twenty glomeruli within each kid- 
ney of untreated SCG/Kj mice, or SCG/Kj recipients of 
either SCG/Kj TCDM, or C3H/He TCDM were graded ac- 
cording to the WHO classification of glomerular disease. 
Mean glomerular lesion scores for each mouse were deter- 
mined, and mean glomerular lesion scores for each experi- 
mental cohort were calculated and compared (Fig. 3). Glo- 
merular lesions of mice engrafted with C3WHe TCDM 
were significantly less severe compared to those of recipi- 
ents of SCG/Kj TCDM (p c O.OOl), or SCG/Kj untreated 
controls (p < 0.001). Mean glomerular lesion scores of 
SCG/Kj control mice and those of the recipients of SCG/Kj 
TCDM were comparable. All of the surviving SCG/Kj mice 
that were engrafted with C3H/He TCDM and that lacked 
clinical signs of renal disease at the termination of the study 
when mice were 52 weeks of age (50% of the original 30 
mice) had either no significant glomerular lesions or only 
mild fibrin deposition within some glomeruli. In contrast, 
recipients of SCG/Kj TCDM had moderate to severe hyper- 
trophy of glomerular lining epithelium, fibrin deposition, 
and glomerular hypercellularity, some with a distinct cres- 
cent of cells within Bowman’s space (Grade 111-IV lesions). 
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Figure 2. Serum levels of anti-ss-DNA, anti-ds-DNA, and antimy- 
eloperoxidase (ANCA) autoantibodies of TCDM recipient SCG/Kj fe- 
male mice when 12, 16, and 20 weeks of age. Solid bar indicates 
SCG/Kj donor TCDM. Striped bar indicates C3H/He donor TCDM. 
*indicates a significant difference between age-matched experimen- 
tal groups, where p < 0.001, Serum of 20-week-old C3H/He, or un- 
treated SCG/Kj mice, served as references. 

Lymphoid Hyperplasia. Lymphoid hyperplasia as 
evidenced by a peripheral leukocytosis and an increase in 
splenic and lymph node weights was apparent only among 
SCG/Kj mice engrafted with SCG/Kj TCDM and the SCG/ 
Kj untreated controls. Lymphoid organ weights, organ-to- 
body weight ratios, and circulating leukocyte counts of 
these mice were grater than those of SCG/Kj mice engrafted 
with C3H/He TCDM (p < 0.001). Splenic and lymph node 
leukocytes were evaluated using flow cytometric analysis. 
A preponderance of CD4/CD8-double-negative7 Thy 1.2- 
positive, B220-positive leukocytes was present in the lym- 
phoid organs and peripheral blood of SCG/Kj recipients of 
SCG/Kj TCDM, and even more prevalent in SCG/Kj un- 
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Figure 3. Glomerular lesion scores of untreated SCG/Kj mice (n  = 
20), or SCG/Kj recipient mice of either C3H/He TCDM (n  = 14), or 
SCG/Kj TCDM ( n  = 14), graded according to the WHO classification 
of glomerular disease. Overall mean glomerular lesion scores for 
each experimental cohort are indicated by horizontal bars. *indicates 
a significant difference between groups, where p c 0.001. 

treated controls, compared to SCG/Kj recipients of C3WHe 
TCDM (p < 0.001). 

Discussion 
Transplantation of autoimmune-resistant C3H/He 

TCDM to SCG/Kj recipients abrogated the development of 
renal clinical pathology in 50% of the recipients, signifi- 
cantly reduced the proportion of CD4-negative, CD8- 
negative, Thy 1.2+, B220' T cells present in lymphoid or- 
gans and the peripheral blood, prevented lymphoprolifera- 
tion, blocked the production of autoantibodies, prevented 
the development of substantive renal histopathological le- 
sions in 50% of the recipients, and extended median sur- 
vival by more than 89% compared to recipients of SCG/Kj 
TCDM. These findings suggest that the molecular genetic 
lesions responsible for this immunologically based disease 
reside in the hematopoietic stem cell compartment. 

Untreated SCG/Kj mice exhibited a more precipitous 
pathogenesis, a shorter latency to renal clinical pathology, a 
more rapid rise in autoantibody titers, and a 10-week earlier 
median mortality than did SCG/Kj recipients of SCG/Kj 
TCDM. This delay in the full development of autoimmune 
disease in SCG/Kj recipients of TCDM may be attributed to 
the effects of total body irradiation and TCDM engraftment. 
Neonatal SCG/Kj mice do not develop detectable autoanti- 
bodies until approximately 4 weeks of age (5) .  Total body 
irradiation alone may eliminate autoimmune leukocytic 
clones, and it has been used to prevent the systemic auto- 
immunity of one of the founder strains (MRLA4p Zprpr) of 
the original parental hybrid of this recombinant inbred strain 
(15). In addition, in the present study, T cells were purged 
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by complement fixation from the bone marrow graft. Con- 
sequently, a delay in the full expression of autoimmunity in 
the SCG/Kj recipients of SCG/Kj TCDM compared to SCG/ 
Kj untreated controls may be attributed to the time required 
for redevelopment of autoimmune clones of leukocytes in 
the engrafted marrow. Regardless, full expression of auto- 
immunity did occur in the recipients of SCG/Kj TCDM. 

Reinforcement of bone marrow transplantation with co- 
transplantation of either bone or stromal cells has been ben- 
eficial in the treatment of experimental autoimmune dis- 
eases (16). Stromal or bone co-grafts appear to produce 
chemokines, cytokines, and growth factors that facilitate the 
establishment of the transplanted hematopoietic cells, and 
result in elimination of the autoimmune disease (17, 18). 
Conversely, co-engraftment of SCG/Kj mice with both 
SCG/Kj stromal or bone cells and TCDM may reaccelerate 
the pathogenesis of the engrafted mice so that it approaches 
that of untreated SCG/Kj controls. 

The reciprocal transplantation of autoimmune-prone 
SCG/Kj TCDM to C3H/He recipients was attempted (data 
not shown), however, recipients died acutely or developed 
chronic graft-versus-host disease, findings which are similar 
to those observed when bone marrow or spleen cells of 
autoimmune-prone MRLMp Zpr/pr mice are transplanted 
to other autoimmune-resistant strains ( 19-2 1). 

The presence of antineutrophilic cytoplasmic autoanti- 
body (ANCA) has been demonstrated in humans in a variety 
of systemic vasculitides, such as Wegener’ s granulomatosis, 
classic polyarteritis nodosa, the Churg Strauss syndrome or 
Takayasu’s arteritis, or in other diseases such as ulcerative 
colitis, Crohn’ s disease, and primary sclerosing cholangitis, 
and has been associated with crescentic glomerulonephritis 
especially that which develops in autoimmune disease (22- 
27). The underlying mechanism of the influence of ANCA 
on the pathogenesis of these varied diseases has not been 
clarified. ANCA reacts specifically with the constituents of 
neutrophil azurophilic granules and monocyte lysosomes 
(28). The two patterns of ANCA binding to neutrophils and 
monocytes are either a cytoplasmic pattern (designated 
c-ANCA), or a perinuclear pattern (p-ANCA). The c- 
ANCA reacts with the azurophilic granule constituent pro- 
teinase-3, and has been associated with diseases of the re- 
spiratory tract, whereas p-ANCA reacts with myeloperoxi- 
dase and has been associated with certain renal diseases, 
especially those resulting in the histopathologic presence of 
crescentic glomerulonephritis (28). 

Hematopoietic stem cells derived from the bone mar- 
row, peripheral lymphoid organs, circulating blood, or um- 
bilical cord blood have been transplanted as a means to treat 
a number of genetic and acquired diseases (29, 30). Future 
studies using hematopoietic stem cell transplantation from 
each of these compartments would permit further definition 
of the cellular origin of the autoimmunity of SCG/Kj mice, 
and in other experimental models would test the efficacy of 
stem cell transplants in the treatment of other autoimmuni- 
ties, immunodeficiencies, and malignancies. 

We thank C. Thompson for assistance with the care, feeding, and 
monitoring of mice, H. Brown, Ph.D., Department of Epidemiology and 
Biostatistics, for assistance with statistical analyses, and Ms. Tazim Verjee 
for assistance with the preparation of this manuscript. 
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