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SUMMARY

Systemic lupus erythematosus (SLE) is a chronic systemic autoimmune disease characterized by

the production of antibodies directed against self antigens. Immune complex glomerulonephritis

(GN) is one of the most serious complications of this disorder and can lead to potentially fatal renal

failure. The aetiology of SLE is complex and multifactorial, characterized by interacting environ-

mental and genetic factors. Here we examine the nature of the renal pathology in mycobacteria-

treated non-obese diabetic (NOD) mice, in order to assess its suitability as a model for studying the

aetiopathogenesis of, and possible treatment options for, lupus nephritis (LN) in humans. Both

global and segmental proliferative lesions, characterized by increased mesangial matrix and

cellularity, were demonstrated on light microscopy, and lesions varied in severity from very mild

mesangiopathic GN through to obliteration of capillary lumina and glomerular sclerosis. Mixed

isotype immune complexes (IC) consisting of immunoglobulin G (IgG), IgM, IgA and complement

C3c were detected using direct immunofluorescence. They were deposited in multiple sites within

the glomeruli, as confirmed by electron microscopy. The GN seen in mycobacteria-treated NOD

mice therefore strongly resembles the pathology seen in human LN, including mesangiopathic,

mesangiocapillary and membranous subclasses of LN. The development of spontaneous mixed

isotype IC in the glomeruli of some senescent NOD mice suggests that mycobacterial exposure is

accelerating, rather than inducing, the development of GN in this model.

INTRODUCTION

Systemic lupus erythematosus (SLE) is a chronic systemic

autoimmune disease that can involve multiple organ systems,

including the joints, kidneys, skin, brain, cardiovascular sys-

tem and gastrointestinal system.1 It is characterized by the

production of autoantibodies directed mainly against cellular

components, including DNA, chromatin, nucleoproteins, nucle-

osomes, histones and phospholipids. Renal involvement is one

of the most serious complications, and deposition of circulating

immune complexes in the glomeruli, or in situ formation of

immune complexes (IC) in the kidney, result in pathological

changes that can lead to potentially fatal renal failure. The

incidence of lupus nephritis in patients with SLE, based on an

abnormal urinalysis, is approximately 50–70%, but approaches

100% as determined by renal biopsy.2

The glomerular lesions associated with lupus nephritis (LN)

are heterogeneous and can be classified on the basis of light

microscopy, immunofluorescence studies and electron micro-

scopy. Although these classifications are based on histomor-

phologic characteristics, it is unlikely that they represent

distinct pathologic entities, but rather different points in a

continuum of disease.3 The heterogeneity of LN in humans

may partially represent both different disease subgroups and

different time points in the disease process, but is also con-

tributed to by individual variation in the immunologic responses

to autoantigens. Indeed, the renal pathology of an individual can
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transform from one class of LN to another, either spontaneously

or following immunosuppressive therapy.4,5

The aetiology of SLE is complex and multifactorial, with

both environmental and genetic factors known to be involved.

Ethnic, family and twin studies in humans, and genetic studies

in mice, have demonstrated that SLE, like other autoimmune

diseases, is a polygenic trait with contributions from major

histocompatibility complex (MHC) genes and multiple non-

MHC genes.6–8 Environmental factors that may trigger or

enhance clinical disease include therapeutic drugs such hydra-

lazine9 ultraviolet radiation10 and hormonal status (such as

pregnancy).11 The multiplicity of genes and environmental

factors contributing to disease expression, coupled with the

heterogeneity of the disease phenotype itself, have confounded

our understanding of the aetiology and pathogenesis of SLE.

Animal models, for which the genetic and environmental factors

can be controlled and manipulated, are therefore of particular

importance in the dissection of this complex syndrome.

Spontaneous models of inherited LN such as the New

Zealand Black�New Zealand White (NZBW) hybrid, BSXB

and MRL murine models have contributed greatly to our under-

standing of some of the pathogenic mechanisms leading to

autoimmune disease.12 Secondary genetic enhancers or accel-

erators of disease, including the lpr and gld loci, have revealed

the importance of processes such as apoptosis in the loss of

tolerance to self antigens in these models.13,14 Congenic, trans-

genic and knockout models have also been extensively used to

further define and investigate the immunologic pathways and

mechanisms important in the pathogenesis of LN (reviewed in

15).

Environmental enhancers of autoimmunity act upon indivi-

duals with susceptible genetic backgrounds to increase the

penetrance and/or severity of overt disease, and/or accelerate

the onset or time course of the disease. Many chemical, metal

ion or pharmacological agents can induce glomerulonephritis

(GN) in susceptible rodent strains.16,17 Immunization of mice

with self antigens in the presence of adjuvant, transfer or

depletion of lymphocyte subpopulations, and induction of

chronic graft vs. host disease can also result in systemic

autoimmune syndromes.15 Although these iatrogenic models

may have limitations in providing insight into the initial process

of loss of self-tolerance, they can nonetheless aid our under-

standing of the mechanisms of disease progression once the

autoimmune process has begun.

Intravenous administration of a single dose of Mycobacter-

ium bovis (Bacille Calmette–Guérin; BCG) to young non-obese

diabetic (NOD) mice prevents the onset of type 1 diabetes

mellitus.18 However, it precipitates a systemic autoimmune

disease similar to SLE and characterized by Coombs’ positive

haemolytic anaemia (HA), antinuclear antibodies (ANA),

increased severity of sialoadenitis and glomerular IC deposi-

tion detected by C3c immunofluorescence.19,20 Although C3c

deposition indicates IC glomerulopathy, the exact nature of the

renal pathology in BCG-treated NOD mice has not been

characterized. The study reported here assessed the morpholo-

gical and clinical features of renal disease in the NOD mouse

model, and examined its suitability as a model for studying the

aetiopathogenesis of, and possible treatment options for, lupus

nephritis in humans.

MATERIALS AND METHODS

Mice

Female NOD/Lt mice were obtained from the Animal Resource

Center (Canning Vale, WA, Australia) and housed in clean

conditions in the animal facility of the Centenary Institute

(Sydney, Australia). Sentinel mice were tested by serology at

4-monthly intervals for a panel of viral, bacterial and myco-

plasmal pathogens. No sentinel mice tested positive for any of

these pathogens.

BCG injections

Mice were injected intravenously via the lateral tail vein at eight

weeks of age with 0�6 mg of heat-killed BCG for percutaneous

vaccination (CSL, Melbourne, Australia). Dried BCG was

washed twice in sterile PBS (Trace Scientific, Clayton, Victoria,

Australia), pasteurized at 658 for 40 min, sonicated at 50% of

maximum energy for 40 s using a Branson Sonifier 250 (Bran-

son Ultrasonics, Danbury, CT) and resuspended in phosphate-

buffered saline (PBS) at a final concentration of 0�6 mg per

200ml.

Light microscopy

Mice were killed at 250 days (BCG-treated or untreated) or

500 days (untreated) and the kidneys removed. Renal tissue for

light microscopy studies was fixed in 10% neutral buffered

formalin (Sigma, St Louis, MO). Paraffin-embedded specimens

were serially sectioned at 2mm and stained with haematoxylin

and eosin (H&E) and periodic acid–Schiff (PAS). Trichrome

and methenamine silver stains (MS) were used to highlight

glomerular lesions as required.

Direct immunofluorescence

Kidneys for immunofluorescence studies were snap frozen in

Tissue-Tek O.C.T. compound (Miles Inc., Bloomington, IN)

and stored at �708. Five mm cryostat sections were fixed in

acetone, and direct immunofluorescence staining performed

using tetramethyl rhodamine isothiocyanate (TRITC)-conju-

gated goat anti-mouse immunoglobulin M (IgM), IgG and

IgA antibodies (Southern Biotechnology, Birmingham, AL)

and anticomplement C3c conjugated to fluoroscein isothiocya-

nate (FITC; Nordic Immunology, Tilburg, the Netherlands).

After rehydrating the sections in PBS, they were treated with

10% normal horse serum for 20 min, excess serum was blotted

from around the sections, and the appropriate antibodies added.

The samples were incubated in humidified chambers at room

temperature for 30 min, washed three times for 5 min in PBS,

mounted and examined using a fluorescence microscope.

Electron microscopy

Renal cortical tissue was cut into 1-mm cubes, fixed in 4%

paraformaldehyde, 0�1% glutaraldehyde, 4% sucrose in Hepes-

buffered saline, pH 7�4 (150 mM NaCl, 50 mM Hepes, 4 mM

MgCl2, 4 mM CaCl2, and 2 mM KCl) and stored at 48. Tissue

was postfixed in 1% OsO4 (aq) for 1 hr, rinsed in milli-Q water

and dehydrated in a graded series of acetones (10 min each in

30%, 50%, 15 min in 70%, 10 min in 90% and 95%, then

4� 15% in absolute dry acetone). Samples were then infiltrated

with, and embedded in, Polarbed 812 (ProSciTech, Thuringowa,
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Queensland, Australia), and polymerized at 658 for 16 hr.

Ultrathin sections (75 nm) were cut on a Reichert Ultracut E

(Leica Instruments Ltd, The Patch, Victoria, Australia) using a

Diatome diamond knife, collected on copper grids and con-

trasted with 10% uranyl acetate in 75% methanol, and lead

citrate.

Urinalysis and serum biochemistry

Mice were monitored monthly for diabetes, HA and ANA

production as previously described.21 Blood glucose readings

greater than 11�1 mM on two consecutive readings were con-

sidered indicative of diabetes. Diabetic animals were excluded

from the study.

Semiquantitative determination of urinary protein and blood

was performed on undiluted voided urine samples using Neostix

N (Bayer Diagnostics, Mulgrave, Victoria, Australia) or on urine

diluted 1 in 30 with sterile distilled water using Clinitek Micro-

albumin reagent strips read on a Clinitek 50 analyzer (Bayer

Diagnostics, Mulgrave, Victoria, Australia). Serum samples

were analysed for total protein (TP), albumin, globulin, crea-

tinine and urea using a Roche Cobas Mira Analyzer (Tegimenta,

Switzerland).

Semiquantitative scoring of renal pathology

A renal score was calculated for each mouse by combining

scores for structural and immunofluorescence parameters. As

some mice from all strains tested develop mild immunoglobulin

deposits with time, structural changes such as mesangial cell

proliferation and matrix expansion were weighted more heavily.

Mesangial cell proliferation was scored as 0 (absent), 1 (mild), 2

(moderate) or 3 (severe). Mesangial matrix expansion was

scored as 0 (absent), 0�5 (mild), 1 (moderate) or 2 (severe).

Interstitial infiltrates were classed as 0 (absent), 0�5 (mild) or 1

(significant). Immunofluorescence staining for each of the four

isotypes tested was scored as 0 (absent), 0�5 (mild staining of

less than 50% of the glomerular tuft) or 1�0 (staining of >50%

of the glomerular tuft).

RESULTS

Immune complex GN of BCG-treated NOD mice

displays a wide spectrum of disease by light microscopy

Histological examination of renal sections from 250-day-old-

unmanipulated NOD mice (n¼ 10) revealed grossly normal

glomeruli in all mice (Fig. 1a). In contrast, glomerular abnorm-

alities were identified with light microscopy in 12/17 (71%) of

BCG-treated NOD mice at 250 days of age, ranging from mild

mesangiopathic changes to severe mixed pattern GN. Both

global and segmental proliferative lesions, characterized by

increases in mesangial matrix and cellularity, were noted, with

occasional mesangial nodularity (Fig. 1b). In severely affected

glomeruli, obliteration of the capillary lumina, advanced sclero-

sis and glomerular collapse were apparent.

In addition to the glomerular changes described, all BCG-

treated NOD mice displayed paravenular lymphoplasmacytic

infiltrates, which were quite florid in some cases (Fig. 1c).

Varying degrees of focal interstitial nephritis and tubular mono-

nuclear infiltration were also noted. In contrast, only very mild

Figure 1. Light microscopic changes in renal tissue of BCG-treated

NOD mice at 250 days. (a) Glomerulus from an untreated NOD mouse

at 250 days, which appears normal on LM (H&E). (b) Mesangiopathic

changes in a glomerulus from a BCG-treated NOD mouse, associated

with global mesangial proliferation, obliteration of the capillary lumina,

and an area of focal mesangial proliferation (arrow) (H&E). (c) Para-

venular lymphoplasmacytic infiltrate in a BCG-treated NOD mouse

(arrow) (H&E). (d) Large subendothelial deposits (arrows) obliterating

the glomerular capillary lumina in a BCG-treated NOD mouse (Tri-

chrome). These extremely fuschinophilic deposits resemble the so-

called ‘wire-loop’ pattern characteristic of mesangiocapillary LN in

humans. (e) Reduplication of the GBM resulting in double contouring

(arrows) (MS). (f) Subepithelial deposits visible as small fuschinophilic

‘beads’ along the extraluminal surface of the GBM, consistent with

membranous GN (arrow) (Trichrome). Global mesangial proliferation is

also present. (g) Proliferation of the GBM between subepithelial

deposits results in a ‘spike’ pattern (arrows) (MS).
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paravenular infiltrates were identified in some untreated mice of

the same age.

Deposits of eosinophilic material were seen in some glo-

meruli, and appeared strikingly fuschinophilic with trichrome

staining, suggesting the presence of immunoglobulin (Fig. 1d).

Double contours and epimembranous spikes (the so-called

‘spike pattern’) were visible with MS staining, findings that

suggest mesangiocapillary (Figs 1d,e) and membranous

(Figs 1f,g) GN, respectively.

Although there was a range in the severity of the histological

changes seen in the BCG-treated group, the changes were more

severe than in both the untreated and control groups (Table 1).

Electron microscopy confirms a mixed site pattern of dense

deposits in BCG-treated NOD mice

The light microscopy findings of varying degrees of prolifera-

tive and sclerotic glomerular changes were confirmed by elec-

tron microscopy. Loss of capillary lumina and glomerular

collapse were marked in some sections. Dense deposits were

present in subepithelial, intramembranous and subendothelial,

positions within thickened glomerular basement membranes

(GBM) (Fig. 2). Reduplication of the GBM around some sub-

epithelial dense deposits confirmed the spikes seen with MS

staining. Resorption of intramembranous dense deposits result-

ing in lucent deposits gave the GBM a motheaten appearance in

some areas. Foot process effacement was present over segments

of GBM that contained subepithelial dense deposits or exhibited

spikes or sclerotic changes. Widening of the subendothelial

space (lamina rara interna) and evidence of early GBM inter-

positioning by mesangial cell processes was also seen.

Mesangial areas showed varying degrees of expansion and

contained dense deposits of varying size along with hyper-

trophic cells. In one area organized or crystalline deposits were

present (Fig. 2d). No tubuloreticular inclusions were seen.

Glomerular immune complexes in BCG-treated NOD

mice consist of multiple immunoglobulin isotypes

Direct immunofluorescence studies confirmed the glomerular

deposits to be immune complexes, with IgG, IgM and IgA

identified. Deposits were found in both the mesangium and the

peripheral capillary loops, where they showed a granular pattern

(Fig. 3a). Most BCG-treated mice had multiple Ig isotypes

present, with 76% displaying all three isotypes simultaneously

(Table 2). Glomerular C3c staining was positive in 47% of

animals (Fig. 3b), and colocalized with the immunoglobulin

deposits (Fig. 3c). Occasional focal immune deposits were also

found associated with tubular basement membranes on immu-

nofluorescence.

Spontaneous mixed isotype IC GN occurs in

senescent NOD mice

Although unmanipulated NOD mice showed no glomerular

changes upon light microscopy at 250 days of age, by 500 days

all mice showed at least some glomerular abnormalities on

H&E and PAS-stained sections. At 250 days of age, IgM and

IgG deposits were demonstrated in the glomeruli of 50%

and 40% of untreated mice, respectively, although C3c and

IgAwere not detected (Tables 1 and 2). In contrast, both C3c and

IgA were identified at 500 days. One mouse displayed depo-

sition of C3c together with all three immunoglobulin isotypes

at 500 days, confirming that ‘full house’ mixed isotype

immune complexes can occur spontaneously in aged NOD

mice.

Table 1. Renal scores for histological and immunofluorescent parameters in BCG-treated NOD mice, control mice, and senescent
NOD mice

Parameter (scoring scale) C57BL/6 (250 days) NOD/Lt (250 days) NOD/Lt (250 days) þBCG NOD/Lt (500 days)

Mesangial cell

proliferation (0–3) 0� 0 0� 0 1�12� 0�26 2�0� 0�21

Mesangial matrix

expansion (0–2) 0� 0 0� 0 1�03� 0�2 2�0� 0

Interstitial infiltration (0–1) 0�06� 0�06 0�35� 0�08 1�00� 0 1�00� 0

IgM (0–1) 0�61� 0�14 0�45� 0�16 0�76� 0�09 0�55� 0�16

IgG (0–1) 0�17� 0�08 0�4� 0�15 0�85� 0�08 0�35� 0�15

IgA (0–1) 0�11� 0�07 0� 0 0�65� 0�09 0�1� 0�1
C3c (0–1) 0� 0 0� 0 0�44� 0�12 0�15� 0�08

Total (0–10) 0�94� 0�18 1�20� 0�19 5�85� 0�62 6�25� 0�48

Table 2. Proportion of NOD/Lt mice with positive kidneys on immunofluorescent staining

Age (days) Treatment n % IgG % IgM % IgA % all Ig % C3c

250 None 10 40 50 0 0 0

250 BCG 17 88 88 82 76 47

500 None 10 40 60 10 10 30

Ig, immunoglobulin.
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Urinalysis and serum biochemistry results do not

accurately reflect the severity of glomerular pathology

in BCG-treated NOD mice

All mice in the study, including untreated controls, had protei-

nuria detectable using Neostix N strips, consistent with the

physiological proteinuria previously reported in mice.22 In an

attempt to overcome interference by physiological proteinuria,

Clinitek Microalbumin test strips, which are described as

specific for albumin in humans (Clinitek Microalbumin data

sheet, Bayer Diagnostics, Mulgrave, Victoria, Australia), were

used. However, urine from healthy NOD/Lt, BALB/c and

C57BL/6 mice aged between 4 and 24 weeks revealed that

mouse urine reacts strongly and consistently with the ‘albu-

min-specific’ reagent strip, indicating significant albuminuria is

present, and/or that species-specific proteins may be cross

reacting with the test reagent. Dilution of urine at 1 in 30 in

distilled water was necessary to reduce this constitutive reaction

to baseline levels (10 mg/l).

As reference ranges for biochemical parameters for NOD

mice needed to be established for the laboratory we are

using, serum samples from 35 non-diabetic adult female mice

were tested for total protein (TP), albumin, globulin, creatinine

and urea. The normal ranges, calculated as mean �1�96 SD,

are shown in Table 3. All BCG-treated NOD mice showed

increased TP (range 63�8–75�9 g/l), which was due to an

increase in the globulin fraction (range 32�8–42�2 g/l). However,

the remaining clinical parameters were within normal limits

in most BCG-treated mice. Slightly low serum albumin (26�8 g/l)

was found in only one mouse with moderate glomerular

Figure 2. Ultrastructural changes in renal tissue of BCG-treated NOD mice at 250 days. (a) Electron micrograph of a glomerulus

showing a mixed membranous/mesangial pattern of dense deposits. Subepithelial (straight arrows), intramembranous (curved arrows)

and mesangial (M) deposits are present, along with GBM spikes (arrowheads). Mag: 2800�. (b) Electron micrograph of a glomerulus

showing subendothelial (straight arrows) and mesangial (curved arrows) dense deposits. There is expansion of the subendothelial space

or lamina rara interna (S) and effacement of foot processes, particularly over a collapsed segment (arrowheads). Mag: 5400�. (c)

Electron micrograph of a segment of GBM showing intramembranous lucent deposits (straight arrows) and partially resorbed dense

deposits exhibiting a lucent halo (curved arrows). Foot processes show effacement and podocytes forming microvilli. Mag: 5550�. (d)

Electron micrograph of an organized, or crystalline, mesangial dense deposit. MES: mesangial cell. Mag: 20 500�.
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pathology, however, this was not accompanied by a detectable

increase in urinary albumin excretion. One BCG-treated mouse

with very severe GN, resembling fulminant diffuse mixed site

LN in humans, had increased serum urea (19�1 mmol/l), accom-

panied by hematuria and marked proteinuria demonstrated with

both urinalysis methods. Urinalysis was unremarkable in all

other animals, including those with significant morphological

GN.

DISCUSSION

This is the first comprehensive study of the glomerular pathol-

ogy precipitated in NOD mice by administration of mycobac-

teria. As human LN can mimic nearly any histomorphologic

type of primary glomerulopathy, the combination of all mor-

phologic modalities routinely used in the interpretation of

human renal biopsies (i.e. light microscopy, electron micro-

scopy and immunofluorescence) was required to assess the

validity of this murine model of LN.

Figure 3. Direct immunofluorescence of renal tissue from BCG-treated NOD mice at 250 days. (a) IgA deposits in a glomerulus

showing mixed mesangial and glomerular capillary wall staining. (b) C3c is deposited both in the mesangium and along the capillary

wall. (c) Colocalization of IgG (TRITC) and C3c (FITC) demonstrated by areas of yellow fluorescence.

Table 3. Reference ranges for serum biochemical parameters in
female NOD mice

Parameter Mean SD Reference range

Total protein (g/l) 56�59 2�36 52�0–61�2
Albumin (g/l) 31�41 1�66 28�2–34�7
Globulin(g/l) 25�18 2�03 21�2–29�2
Creatinine (mmol/l) 27�86 5�13 18–38

Urea(mmol/l) 7�97 1�28 5�46–10�47
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Light microscopic findings such as mesangial proliferation,

basement membrane changes and deposition of fuschinophilic

material were suggestive of IC GN in BCG-treated NOD mice.

Immunofluorescence demonstrated the presence of mixed iso-

type ICs (including the ‘full house’ of immunoglobulin iso-

types) in individual animals. Ultrastructural examination

confirmed these deposits were located in mesangial, parame-

sangial, subendothelial, subepithelial and intramembranous

sites within the glomeruli. These findings strongly resemble

the pathology seen in human LN, with changes characteristic of

the continuum of LN, including mesangiopathic, mesangioca-

pillary and membranous patterns. Although tubuloreticular

inclusions were not seen in our model, the presence of organized

or crystalline dense deposits similar to those seen in the present

study is highly specific for LN in humans.23 The pathological

changes observed were consistent with, but were not of them-

selves diagnostic of, lupus.

Spontaneous IC GN, characterized by positive immunofluor-

escence for IgG and C3c, has been widely studied in mouse

strains such as NZBW hybrid, BSXB and MRL. Progressive

mesangial proliferation, lobulation of the glomerular tuft,

marked and irregular thickening of the GBM, obliterative

sclerosis and interstitial mononuclear infiltration develop in

NZBW and MRL/lpr mice.12,24 In NZBW mice, electron dense

IC deposits are found within and on both sides of the GBM.25

Similar to the BCG-induced model, varying combinations and

grades of lesions are seen between and within individual

animals.24 Although fibrinoid and florid crescentic lesions are

common in the NZBWand MRL/lpr, these were not identified in

this model. The IC GN that develops in male BXSB mice is also

characterized by proliferative glomerular changes, but this is

accompanied by exudation of neutrophils into the glomeruli,26

which is an unusual finding in LN.

Hematuria and albuminuria are hallmarks of glomerular

disease. Assessment of abnormal albuminuria in mice using

routine test strips was complicated by the presence of consti-

tutive proteinuria and albuminuria.22 Standard dry reagent urine

protein test strips, such as Neostix N and Albustix, use tetra-

bromophenol blue as the protein reactive agent, which does not

distinguish albumin from other proteins such as globulin,

haemoglobin, Bence-Jones protein or mucoprotein (data sheet,

Bayer Diagnostics, Mulgrave, Victoria, Australia). Clinitek

Microalbumin reagent strips use a sulfonephthalein dye which

does not react with these other proteins in human urine. How-

ever, our results, derived using multiple mouse strains at varying

ages, revealed that normal mouse urine reacts strongly and

consistently with the ‘albumin-specific’ reagent strip indicating

significant physiological albuminuria is present. Hoffsten et al.

(1975) measured the amount of albuminuria in normal SWR/J

mice by radial immunodiffusion, and calculated an upper limit

of normal as 0�4 mg per 18 hr (meanþ 2SD).22 It is also possible

that other species-specific urinary proteins may be cross-react-

ing with the test reagent. Dilution of urine at 1 in 30 in distilled

water reduced this constitutive reactivity to baseline levels

(10 mg/l) in control mice, but reduced the sensitivity of the

assay.

In the present study, clinical parameters of GN and renal

insufficiency, such as hematuria, increased albuminuria and

azotemia were rarely present, even in animals with quite

pronounced GN on morphological examination. In a study of

IC GN induced by lymphocytic choriomeningitis (LCM) virus

infection in SWR/J mice, albuminuria measured by radial

immunodiffusion was not abnormal in 75% of infected mice,

even in the presence of marked glomerular pathology.22 Simi-

larly, in human patients with SLE, it is widely reported that

urinalysis findings and serology do not always reflect the

presence of LN, and severe changes can be found on renal

biopsy in the absence of clinical evidence of renal disease.27,28

This highlights the importance of renal biopsy in diagnosis of

LN in SLE patients who lack definitive serological or urinary

signs of renal involvement.

Because of the polygenic, multifactorial etiology and the

heterogeneous phenotype of LN, no single animal model of LN

can address all the issues involved in understanding the aetio-

pathogenesis of this disease. While models with high sponta-

neous penetrance of a relatively homogeneous phenotype, such

as the NZBW, assist in genome mapping and identification of

susceptibility loci, models with well characterized environmen-

tal contributions, such as NOD mice, allow study of interactions

between genetic and environmental factors influencing the

autoimmune phenotype.29

Environmental enhancers of disease may act through anti-

gen-specific mechanisms, such as molecular mimicry or cross-

reactivity, or antigen non-specific mechanisms, such as direct

toxicity, adjuvant-like immunostimulation or specific enhance-

ment of certain cytokine profiles. It is unlikely that molecular

mimicry is a significant mechanism of action by which myco-

bacteria precipitate SLE-like disease in NOD mice because of

the large variety of target autoantigens identified, including

DNA, Sm and surface red blood cell antigens.20 ANA do not

arise from cross-reactivity with M. bovis antigens, as there is no

correlation between ANA and anti-M. bovis IgG titres in treated

mice.30 Similarly, skewing of the autoimmune response towards

a T helper 2 (Th2)-type profile is also not a predominant mecha-

nism since treated mice show several features typical of both a

Th1 response, including enhanced delayed-type hypersensitiv-

ity (DTH) and an IgG2a anti-Sm autoantibody profile.19 In

contrast, it appears that an adjuvant-like effect results in recruit-

ment of large numbers of antigen presenting cells and enhanced

antigen presentation to T cells, thus accelerating the onset of

spontaneous systemic autoimmunity in this model.19

The effect of genetic and environmental enhancers of auto-

immunity is strongly influenced by the genetic background. For

example, the lpr and gld mutations in Fas and FasL, respec-

tively, cause severe GN in MRL mice, but not in C3H mice.31 As

MRL mice naturally develop weak and delayed GN, these genes

are acting as enhancers or accelerators of autoimmunity, rather

than inducing autoimmunity per se. Similarly, although female

BXSB mice develop late onset IC GN, the Y-linked Yaa gene

greatly enhances and accelerates disease in male BXSB mice.26

The influence of environmental agents such as lead and mercury

in precipitating LN is also dependent on an underlying geneti-

cally susceptible background.29,32,33

The progressive development of spontaneous mixed isotype

IC GN in the glomeruli of senescent NOD mice suggests that

BCG is accelerating, rather than inducing, the development of

GN. Previous reports that other lupus-associated pathologies,

such as HA and ANA production, also occur spontaneously in
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aged NOD mice30,34–36 and are precipitated by BCG treat-

ment19,20 support this theory. Increases in ANA titres and the

premature development of Coombs’ positive HAwere also noted

in the BCG-treated NOD mice compared with age-matched

controls in this study (data not shown). Therefore this model of

LN may be of great use in dissecting the interaction between

genetic susceptibility to autoimmunity (NOD genetic back-

ground) and an environmental accelerator or enhancer (myco-

bacteria).

The NOD mouse model has the advantage that it is geneti-

cally well characterized, particularly with respect to genes

associated with autoimmunity.37,38 Our recent linkage study

has identified susceptibility loci for HA and ANA production

following BCG administration in this model21 and some of these

loci colocalize with known susceptibility loci for other murine

models of SLE. Although significant linkage was not found in

this study for glomerular IC deposition, suggestive linkage was

reported on chromosomes 1 and 4.

The many congenic and transgenic NOD strains available

will allow further dissection of the genetic contributions to LN

in this model. Additionally, the modification of the environ-

mental enhancer of LN in terms of strain of mycobacteria,

dosage and route of administration may enable better under-

standing many of the complex gene–environment interactions

that influence the penetrance, time course and severity of LN.

As the BCG-induced NOD mouse model of LN displays a

similar spectrum of pathology to that seen in human LN, it may

also afford insights into the response to new therapeutic options,

while bypassing the need for serial biopsies in clinical studies of

human patients.
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