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Abstract

Nephritis as a result of autoimmunity is a common morbidity associated with Systemic Lupus
Erythematosus (SLE). There is substantial clinical and industry interest in medicinal intervention
in the SLE nephritic process; however, clinical trials to specifically treat lupus nephritis have not
resulted in complete and sustained remission in all patients. Multiple mouse models have been
used to investigate the pathologic interactions between autoimmune reactivity and SLE pathology.
While several models bear a remarkable similarity to SLE-driven nephritis, there are limitations
for each that can make the task of choosing the appropriate model for a particular aspect of SLE
pathology challenging. This is not surprising given the variable and diverse nature of human
disease. In many respects, features among murine strains mimic some (but never all) of the
autoimmune and pathologic features of lupus patients. Although the diversity often limits
universal conclusions relevant to pathogenesis, they provide insights into the complex process that
result in phenotypic manifestations of nephritis. Thus nephritis represents a microcosm of
systemic disease, with variable lesions and clinical features. In this review, we discuss some of the
most commonly used models of lupus nephritis (LN) and immune-mediated glomerular damage
examining their relative strengths and weaknesses, which may provide insight in the human
condition.

Introduction

SLE is a prototypic systemic autoimmune disease characterized by loss of tolerance to
nuclear autoantigens including DNA, histones, and ribonucleoproteins (1). Hallmark
features of SLE are significant immune system activation, lymphoproliferation, and
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widespread inflammatory damage as the result of massive immune complex (IC) formation
in tissues (1, 2). In particular, vascular beds of certain organs (e.g. kidney, liver) appear to
be exceptionally susceptible to IC mediated pathology. SLE is a genetic disease driven by
multiple susceptibility alleles in a heritable fashion, however inheritance of any particular
genetic lesion does not significantly impact overall risk of SLE development. Genome-wide
association studies (GWAS) indicate a large number of genes involved in inflammatory
processes may contribute to disease susceptibility (3). As is the case with most autoimmune
diseases, environmental influence of disease is significant, and numerous exogenous stimuli
(e.g. sunburn, viral infection, exposure to heavy metals) exacerbate disease in susceptible
individuals or can cause temporary disease in otherwise healthy people.

Nephritis is a common (and one of the most serious) complication of SLE. Given the genetic
heterogeneity of SLE it is not surprising that LN can take a variety of manifestations
including proliferative lesions with cellular crescent formation, sclerosis, necrosis, and
podocyte foot process effacement as common features. Although LN is genetically
influenced, GWAS studies indicate genes driving autoimmunity and nephritis are distinct
(4). This implies LN is the result of combined inheritance of both susceptibility to
development of systemic autoimmune reactivity and increased end organ sensitivity to
inflammatory pathology.

Nevertheless, immune complex formation is a hallmark of nephritis, especially
glomerulonephritis. Immune complex formation is commonly initiated by autoantibody
binding to glomerular antigens, with differences in autoantigenic specificity for glomerular
(and tubular) antigens accounting for differences in the location of immune deposits (5, 6).
Circulating immune complexes engage IgG Fc receptors (FcyRs) on glomerular and
infiltrating cells (e.g. PMN, monocytes) to further incite the inflammatory process. The IgG
sublclass is relevant to both engagement of FcyR and complement activation.

Thereafter the inflammatory response, which is at least in part genetically determined, is
very influential in the course of disease. Cytokine and chemokine responses at the systemic
and renal level contribute to the severity of inflammation, the extent of fibrosis, response to
therapy and progression to end stage renal disease. These processes are complex, and they
likely contribute to the variable response to immunosuppression therapies, since the agents
may not always affect the dominant immunologic/inflammatory response in a given
individual. Thus the challenge of modeling of SLE and LN is a daunting one. Over the years
multiple animal models of spontaneous and induced SLE and LN have been described that
reproduce one or multiple aspects of human disease. Below we discuss some of the most
commonly used mouse models and characteristics of autoimmunity and renal pathology that
develop in murine SLE relevant to human LN.

Spontaneous mouse models of SLE and LN

The MRL!P" and gld models—Spontaneous SLE in mice represents an excellent model
of human disease as a large body of data suggests that the defects fundamental to systemic
autoimmunity in humans operate in a fairly analogous fashion in mice. In many murine SLE
models the kidney is a primary target organ (Fig. 1), and in most murine models SLE is
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more common and severe in female mice (with the exception of BXSB mice, discussed
below).

The MRL strain was developed in 1976 by Murphy and Roths in an effort to transfer a
mutation for anchrondroplasia from the leukemic strain AKR (7). The MRL genome is
primarily derived from the LG/J strain with contributions from AKR, C3H and C57BL/6 (7,
8). In the 12t generation of inbreeding a MRL substrain was identified that developed
lymphadenopathy characterized by massive accumulation of lymphocytes including an
unusual population of CD4"®9CD8"¢d B220™ T cells. Backcross experiments revealed the
defect to be the result of a recessive mutation termed lymphoproliferation (Ipr). In the early
1990s Shigekazu Nagata’s group identified Ipr as insertion of an early transposable element
in intron 2 of the Fas gene resulting in a loss of protein expression as a result of truncated
translation (9). MRL'P" mice are unusual in that they show a full spectrum of SLE features
including arthritis, inflammatory skin lesions and glomerulonephritis. Both male and female
mice are affected by the Ipr mutation, although disease is more severe in females (10). In
comparison to other SLE models MRL!P" mice show accelerated mortality with 50% death at
approximately 24 weeks due to renal failure (10).

In MRL'P" mice glomerulonephritis involves proliferation of both endothelial and mesangial
cells as well as thickening of the basement membrane with wire-loop capillaries reminiscent
of proliferative LN. However, in contrast to other spontaneous SLE strains of mice, MRL!P*
mice show a relatively low incidence of glomerular crescent formation (10). There is
significant infiltration of inflamed glomeruli, consisting chiefly of macrophages with
occasional T cells and neutrophils. 1gG depaosition is granular and generally mesangial and
sub-endothelial, with some subepithelial deposits. Glomerular Ig deposits can be observed
usually beginning around 2 months of age accompanied with significant complement C3
deposition. Complement driven inflammation is a critical factor in the renal pathogenesis as
MRL!P" mice with a deficiency in the regulatory factor H exhibit markedly accelerated
kidney damage and become azotemic (elevated blood urea nitrogen) with 70% of the mice
dead by 14 weeks (11). Likewise deficiency in factor B (rendering the alternative pathway
defective) protects MRL!P" mice from renal disease (12) and mice deficient in the
complement pathway attenuator decay acceleration factor (DAF) show increased renal
pathology (13). In general, the nephritis parallels hypocomplementemia and autoreactivity
suggesting a direct link between systemic autoimmunity, complement activation and
progressive Kidney disease. However, unlike other lupus models (e.g. NZB/NZW F1
discussed below), nephritis in MRL!P" mice is independent of FcyRs so the models relevance
to human lupus may not be totally appropriate (14). Nevertheless, inhibition of the monocyte
chemokine CCL2/MCP-1 reduces LN pathology indicating macrophage recruitment is a key
mechanism of autoimmune renal injury (15).

The gld mutation, was first reported by Roths, Murphy and Eicher in C3H/HeJ mice with
lymphoproliferation similar to that observed in MRL'P" mice (16). The gld mutation was
later identified as a point mutation in the cognate receptor for Fas, Fas ligand (FasL), that
abrogated functional Fas/FasL interactions (17). Lymphocyte expansion and humoral
autoimmunity is similar in gld compared to the MRL!P" strain, however gld mice have a
much longer lifespan. Gld mouse glomeruli show significant renal 1gG deposition by 22
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weeks, although a majority of mice do not show signs of glomerular pathology (16).
Moreover, gld mice exhibit reduced renal pathology with anti-glomerular antibody-driven
injury suggesting a dichotomy in the contribution of Fas and FasL in LN (18). Thus the use
of gld mice can provide valuable insight of the relative contribution of Fas and FasL to
mechanisms of autoimmune pathology in the kidney.

The BXSB model—The BXSB strain was developed in the 1970s by crossing of C57BL/6
and SB/Le mice (hence the BXSB nomenclature) (19). This strain is unique in that male
mice show significantly enhanced disease compared to females due to the presence of the y-
linked autoimmune accelerator (Yaa) driving autoimmunity (19, 20). Elegant chromosomal
hybridization studies showed the Yaa mutation is a translocation of a telomeric region of the
X chromosome to the Y chromosome resulting in duplication of several genes including toll
like receptor 7 (TLR7) increasing both expression and function (21). As TLR7 binds RNA,
this may explain the unique serum autoantibody profile BXSB mice exhibit. Serum
reactivity to DNA and histones is comparatively low, however BXSB mice develop
reactivity to nucleolar antigens including ribonucleoproteins (RNP) giving rise to a
“speckled” pattern when anti-nuclear antibody (ANA) assays are performed (22). Male mice
show significant lymphoproliferation, but in contrast to MRL!'P" mice the cellular
composition is primarily B cells. Male BXSB mice show prominent deposition of 1gG and
C3 in the mesangium and capillary wall and develop fulminant nephritis with 50% mortality
at 5 months of age and 90% mortality at 8 months (10, 22). Death is due to renal failure as
male BXSB mice develop exudative, proliferative nephritis with a significant neutrophil
infiltration and prominent proteinuria by 3 months (8, 10). Female mice show a weaker
disease phenotype with 50% mortality around 15 months; however both male and female
mice die due to glomerulonephritis and renal failure.

The NZB/NZW F1 model—The NZB/NZW F1 hybrid (B/W) model of SLE and LN is the
oldest of the “classical” models of spontaneous disease (23). B/W mice are regarded by
many to be the closest approximation of human SLE due to the characteristics of disease
development and the underlying genetics driving autoimmunity. B/W mice are derived by
crossing two strains with mild autoimmune characteristics (New Zealand black [NZB] and
New Zealand White [NZW]). The resultant F1 generation animals show significant
autoimmunity with high levels of anti-DNA and anti-chromatin antibodies (23). Female
mice are more severely affected and serum IgG reactivity to DNA is detectible by 3 months
(24). Unlike BXSB or MRL'P mice there is little lymphoid hyperplasia, although mice show
develop splenomegaly and signs of chronic polyclonal B cell activation. Female B/W mice
have 50% mortality around 8 months and >90% mortality after 1 year of age (10). Death is
due to LN and B/W mice develop progressive proteinuria beginning around 5 months and
azotemia from approximately 7 months onward (8, 10). The nepbhritis is sclerotic with heavy
proteinaceous deposits in the mesangium, tubular cast formation, diffuse proliferation of
glomerular cells, prominent crescent formation, and a significant periglomerular and
interstitial monocytic infiltrate. Female B/W mice exhibit heavy mesangial and occasional
capillary 1gG and C3 deposition at 5 months and as B/W mice age there is increased extra-
glomerular, peri-tubular, and arteriolar deposition (10).
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An accidental backcross between B/W and NZW mice lead to the establishment of the
inbred New Zealand Mixed (NZM) mouse strains, several of which show highly penetrant
SLE and LN resembling disease in parental B/W mice (25, 26). This has facilitated the study
of genetics driving autoimmunity and pathology in murine SLE. In particular, the NZM2410
stain has been used extensively to elucidate the genetics underlying SLE and its pathologic
features. In summary, LN in NZM2410 mice is driven primarily by 3 susceptibility loci
(Slel, Sle2, and Sle3 on chromosome 1, 4, and 7 respectively) that act in a threshold manner
to drive disease. In other words, each loci drives certain characteristics of immune
dysfunction (e.g. Sle2 causes B cell hyper-activation) but is insufficient to cause outright
SLE pathology and LN in otherwise healthy congenic mice (26). In particular, Slel is
located in an area of chromosome 1 syntenic with human chromosome 1, a region with
several identified SLE susceptibility loci (27). As congenics for each susceptibility loci are
available these strains may provide useful tools to study genetic interactions and the
development of LN.

Genetic manipulation: Gene disruption models of LN

A large number of studies have reported that genetic disruption of genes involved in a range
of immune functionality leads to the development of murine SLE and occasionally outright
LN. A full discussion is beyond the scope of this review, however it should be pointed out
that this approach could provide valuable tools to study LN. In particular, since the majority
of knock out models are generated by gene disruption in either the C57BL/6 or BALB/c
mouse strains, there is a significant number of tools available to the researcher to dissect
mechanisms of pathology or therapy.

One model worth mention is the Fcgr2b knock out (Fcgr2b—/=) mouse. Fcgr2b encodes for
a single chain FcyR unique among the classic FcyRs in that the cytoplasmic domain contains
an inhibitory ITIM motif negatively regulating signal transduction in B cells, macrophages,
and dendritic cells. Originally derived from 129/SvJ cells, the Fcgr2b—/— mouse was on a
mixed genetic background and showed no signs autoimmunity. However, when backcrossed
12 generations to the C57BL/6 (BL/6) and BALB/c strains a striking dichotomy was
observed. BALB/c Fcgr2b—/— mice showed no overt autoimmunity, but female BL/6
Fcgr2b—/— mice developed SLE with high-titer anti-DNA and anti-chromatin 1gG by 5 to 6
months paralleling polyclonal B cell activation and splenomegaly (28). Likewise, female
BL/6 Fcgr2b—/— mice exhibited severe LN (manifesting between 5 and 7 months) with
proliferative lesions, crescent formation, peri-glomerular and interstitial infiltration of
macrophages and B cells, and significant glomerular 1gG and C3 deposition (22, 28, 29).
The immune deposits are primarily 1gG and all subclasses are represented, although 1gG2b
and 1gG2c predominate. IgG deposition is mainly mesangial but subendothelial deposits are
frequent (TLM, unpublished observations). Mortality is 50% at 9 months and 80% at 1 year
due to LN in female mice while males show mild autoimmunity but a normal lifespan (22,
28). Genetic studies have suggested the presence of susceptibility loci on the BL/6
background that drive autoimmunity and proteinuria in Fcgr2b—/— mice (30). However,
several reports have called into question the relative role of FcyRIIb in the disease
phenotype, and it is likely the combination of Fcgr2b gene disruption and flanking 129/SvJ
genomic material inherited via linkage disequilibrium drives SLE and LN in this model (31).
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Nevertheless, FcyRIIB is implicated as an SLE risk factor in a number of genetic studies (32,
33), and Fcgr2b promoter polymorphisms affecting expression and function are a common
feature of the autoimmunity-prone strains NZB, BXSB, and MRL!P" (34, 35). Moreover,
overexpression of FcyRIIB by retroviral transduction was sufficient to prevent SLE and LN
in BXSB and NZM2410 mice indicating FcyRIIB is an important regulator or inflammatory
autoimmunity (22). Thus, the subtleties of the underlying genetics of disease coupled with
the utility of the BL/6 genetic background make this a versatile model to study LN.

Inducible models of nephritis: Pristane and other approaches

Intraperitoneal injection of pristane (2,6,10,14 tetramethylpentadecane) is a standard
approach to create ascitic fluid for monoclonal antibody production. However, Satoh and
Reeves reported within 2 months of pristane administration, otherwise healthy BALB/c mice
developed anti-RNP (and later anti-DNA and anti-histone) antibodies (36, 37). Interestingly,
anti-RNP antibodies class switched to 1gG while anti-DNA antibodies were almost entirely
IgM, in stark contrast to most mouse SLE models (37). Pristane injected BALB/c mice
developed some features of nephritis 6 months after injection with focal to diffuse
proliferative glomerulonephritis and moderate proteinuria (37). Moreover, pristane injected
mice exhibited a renal monocytic infiltrate and mesangial and sub-endothelial deposition of
IgM and 1gG with mesangial C3 deposits. Survival studies with this model are confounded
by other pathologies induced by pristane injection including plasmacytoma (38).
Nevertheless, it is unlikely the mice die due to nephritis, and there is little mortality up to 6
months post-pristane injection. Most mouse strains are susceptible to pristane-induced
autoimmunity although the development of LN is variable (39). Sex is also a factor in
pristane susceptibility with female mice showing heightened susceptibility to pristane-driven
SLE in the SJL/J strain (40). It is worth noting that pristane-treated BALB/c mice develop
other autoimmune phenotypes such as capillary hemorrhagic pathology in the lung and
TNFa-driven arthritis that may resemble arthralgia and capillaritis occurring in SLE patients
(41-43). Thus this model may useful in examining environmental triggers of LN in the
context of more broad-spectrum pathology.

In addition to pristane, several other models of inducible nephritis have been developed that
can resemble LN pathology and may be useful in examining mechanisms of renal tissue
damage. These include the nephrotoxic serum nephritis model of crescentic
glomerulonephritis (44) and the serum sickness model of IC nephritis (45). However, while
the reader should be aware of these approaches, these models are most useful investigating
downstream effector responses common to many forms of nephritis including LN and are
beyond the scope of this review.

Conclusion

Overall, breakdown in immunologic self-tolerance leads to autoimmunity that may manifest
as organ/antigen specific or systemic autoimmunity (i.e. lupus). Spontaneous forms of
murine lupus have provided important insights. Multiple pathways lead to autoimmunity in
general and lupus nephritis in particular, and these may differ among individual lupus strains
and individual patients. Nevertheless, it is the specificity of the autoimmune response,
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coupled with both the systemic and the local organ inflammatory responses that determine
the type and severity of the lesions and the accompanying clinical parameters.
Understanding the interplay among the contributors and which dominates during the course
of disease should provide therapeutic insights, which translate into more timely and effective
therapy.
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Figure 1. Various manifestations of glomerulonephritis in SLE-prone mice
A) Normal glomerulus from C57BL/6 mouse. B) Glomerulus from MRL'P" mouse with

significant peri-glomerular and interstitial infiltrate (arrow). C) NZM2410 glomerulus with
fibrinoid necrosis. D) Glomerulus from male BXSB mouse with significant sclerosis and
cellular crescent formation (c). E) Glomerulus from Fcgr2b—/— mouse with marked
proliferative glomerulonephritis and mesangial expansion (m).
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Table 1

Comparision of mouse models of SLE and lupus nephritis

Page 11

Arthritis

Hemorrhage in lung

endothelial 1gM, 1gG,
and C3 deposits

Clinical Histologic autoantibodies
MRL'Pr . Prominent lymphoadenopathy . Mesangial and . High-titer ANA
i endothelial proliferation .
. 50% mortality by 24 weeks . 1gG and IgM anti-
. Mesangial and sub- DNA
+  Death due to GN endothelial 19G and C3 oM and 106G
. deposition * gMand Ig
+  Polyarthritis P rheumatoid factor
L . Monocytic infiltrate
+  Dermatitis Y «  Anti-Roand La
NZB/NZW F1 . Splenomeagly . Mesangial and . 1gG anti-DNA,
NZM2410 . . endothelial proliferation especially lgG2a and
. 50% mortality at 8 months in 2h
females . Mesangial and sub-
endothelial IgG and C3 . 1gG anti-chromatin
. Death due to GN deposition
. 1gG anti-phospholipid
. glomerular and tubular
proteinaceous deposits
. Monocytic infiltrate
BXSB . 50% mortality in males at 5 . Exudative nephritis . Anti-dsDNA and
months o chromatin IgG
. PMN infiltrate
. Females have late-onset disease . . . High levels of
*  Mesangial and capillary circulating immune
. Death due to GN 19G and C3 deposition complexes
. Lymphoadenopathy, but not as . Tublo-interstitial 19G . Speckled ANA due to
significant as MRL'P" mice deposition anti-nucleolar staining
B6.Fcgr2b—-/- . 50% mortality at 9 months in . Endothelial proliferation . Anti-DNA and
females i i chromatin IgM and
) *  Thickening of 19G in particular
. males have normal lifespan mesangium and 1gG2b and 2¢
glomerular basement
. Death due to GN membrane
. Lung vasculitis in 30% to 40% . Glomerular fibrosis
of female mice
. Monocytic and B cell
infiltrate
Pristane . No mortality related to . Focal to global . 19G anti-RNP
glomerulonephritis proliferative lesions i
. IgM anti-DNA
. Female mice more susceptible . Mesangial and sub-
. Moderate ANA

development
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