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Cgnz1 allele confers kidney

resistance to damage preventing
progression of immune complex—mediated
acute lupus glomerulonephritis
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Cgnz1 and Agnz1 on the distal region of mouse chromosome 1 are associated with
chronic glomerulonephritis (cGN) and acute GN (aGN). NZM2328.Lc1R27 (R27) was
generated by introgressing a C57L/J) region where Cgnz1 is located to NZM2328. R27
female mice developed aGN mediated by immune complex (IC) deposition and comple-
ment activation without progression to ¢cGN with severe proteinuria. End stage renal
disease (ESRD) was not seen in R27 mice as old as 15 mo. Thus, aGN and cGN are
under separate genetic control, and IC-mediated proliferative GN need not progress to
c¢GN and ESRD. NZM2328 and R27 female mice have comparable immune and inflam-
matory parameters. In contrast to NZM2328, R27 mice were resistant to sheep anti-
mouse GBM serum-induced nephritis, supporting the hypothesis that aGN is mediated
by autoimmunity and resistance to the development of cGN is mediated by end organ
resistance to damage. Thus, autoimmunity should be considered distinct from end organ
damage. The Cgnz1 region has been mapped to a 1.34 MB region with 45 genes. Nine
candidate genes were identified. Clinical relevance of these observations is supported
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by case studies. Clinical implications and the significance to human lupus and other

diseases are presented.

Systemic lupus erythematosus (SLE) is an auto-
immune disorder affecting many organs with
circulating autoantibodies of complex specifici-
ties (Rahman and Isenberg, 2008; Tsokos, 2011).
Kidney is one of the targeted organs resulting
in immune complex (IC)—mediated glomeru-
lonephritis (GN). Despite significant progress
in therapy, a significant number of patients with
lupus GN progress to end stage renal disease
(ESRD), requiring dialysis and kidney transplant
(Ward, 2009). The treatments of lupus GN in-
volve the use of a combination of steroid and one
of the immunosuppressive agents (Hahn et al.,
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2012). These therapeutic approaches have sig-
nificant side effects. To provide improved ther-
apy, better understanding of the pathogenesis
of lupus GN i1s needed.

In our previous investigations (Waters et al.,
2001, 2004) on the genetics of lupus suscep-
tibility genes in NZM2328 mice, acute GN
(aGN) characterized by hypercellularity and focal
glomerular necrosis without tubular dilatation
or interstitial fibrosis and chronic GN (cGN)
characterized by global glomerulosclerosis, tubu-
lar dilatation, and marked interstitial fibrosis
were used as distinct phenotypes in our genetic
analysis. Genes contributing to aGN and ¢cGN
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are found to be distinct. Of relevance to this investigation is
the finding that female mice of the congenic strain NZM2328.
Lcl (Lel) with a ~26 Mb genetic segment of chromosome 1
transgressed from the non-lupus strain C57L/] to NZM2328
do not have lupus GN. Both Cgnz1 contributing to ¢cGN and
Agnz1 contributing to aGN are mapped into this 26 Mb seg-
ment (Waters et al., 2004). NZM2328.Lc1 provides us the
opportunity to determine whether aGN and ¢GN are under
separate genetic control and whether aGN invariably pro-
gresses to cGN.

In this investigation, an intrachromosomal recombinant
line NZM2328. Lc1R27 (R27) was generated by transgress-
ing an 8 Mb segment of chromosome 1 where Cgnz1 is
located without Agnz1 from C57L/] to NZM2328. The R27
female mice have IC deposits in the kidney with complement
activation and renal pathology characteristic of aGN. How-
ever, they do not have severe proteinuria and ESRD. Addi-
tional experiments provide evidence that end organ resistance
to damage is responsible for this phenotype. These conclu-
sions are congruent with clinical observations.

RESULTS

Generation of NZM.Lc1R8, NZM.Lc1R208-2,

and NZM.Lc1R27

In a previous publication (Waters et al., 2001), a single locus,
Cgnz1 on telomeric chromosome 1, was identified to be sig-
nificantly linked to ¢cGN, severe proteinuria, and early mortality
in NZM2328 female mice in the analysis of a backcross
cohort of (NZM2328XC57L/])F1XNZM2328, and three
loci were suggestively linked to aGN: Agnz1 on distal chro-
mosome 1, Agnz2 on distal chromosome 17,and the H-2-Tnf
complex. Subsequently, the phenotypes of the congenic line
NZM2328.Lc1 (NZM.Lc1 in Fig. 1) support the conclusion
that the ~26 Mb genetic segment contributes to the devel-
opment of both aGN and ¢GN and the development of anti-
nuclear Abs (ANAs) and anti-dsDNA Abs (Waters et al.,
2004). This genetic interval overlaps substantially with Sle1

NZM.Lc1
R208-2

Chromosome 1 NZM2328 NZM.Lc1R8

CS7Lc.1

D1Mit353 | 172.16| 91.8

(Morel et al., 1994). Breeding of NZM2328 Lc1XNZM2328
generated multiple intrachromosome recombinant lines. Three
of them, NZM.Lc1R8 (R8), NZM.Lc1R208-2 (R208-2),
and NZM.Lc1R27 (R27), are informative. The phenotypes
of R8 were similar to those of NZM.Lcl. In R208-2, the
Agnz1 region was replaced by a homologous region of chro-
mosome 1 from C57L/]. The phenotypes of R208-2 were
similar to that of NZM2328 in their development of IC-
mediated aGN and ¢GN, indicating that replacing the sus-
ceptible gene Agnz1 is not sufficient to abolish IC-mediated
GN with progression to cGN. R208-2 mice have no detect-
able circulating ANA and anti-dsDNA Abs. R27 was gener-
ated by replacing an 8 Mb (from D1Mitl5 to D1Mit166)
segment of NZM2328 with that of C57L/] on chromosome 1.
In this congenic line, the genetic segment where Cgnz1 is
located was replaced. The phenotypes of R27 female mice
were characterized. All studies in this investigation were on
female mice.

R27 develops IC-mediated aGN without progression to ¢cGN
As shown in the left panel of Fig. 2 A, a cohort of 15 homo-
zygous R27 female mice was followed up to 12 mo of age for
the development of severe proteinuria (>300 mg/dl by dipstick).
The incidence of severe proteinuria by 12 mo was 13.3% (2/15).
This incidence was significantly lower than that in NZM?2328
female mice (72.2%, 26/36, P = 2 X 10~%) but was similar to
that in Lc1 female mice (7.3%, 3/41).

Sera from the terminal bleeds of NZM2328, Lc1, R27, and
C57L/] female mice were examined for anti-dsDNA Abs and
ANA (Fig. 2 A, right). 6.5% (2/31) of the R27 sera and 9.4%
(3/32) of the Lcl sera were positive for IgG anti-dsDINA Abs.
The incidence of IgG ANA was 13.8% (4/29) in R27 and 19.2%
(5/26) in Lc1 mice. In contrast,61.1% (22/36) and 53.3% (24/45)
of the NZM2328 sera were positive for IgG anti-dsDNA Abs
and ANA, respectively. Thus, autoantibody production was re-
duced in R27 to a similar degree as Lc1 (Waters et al., 2004).

NZM.Lc1R27

marker Mb cM
Sleta |[D1Mit15 [170.28] 86.3
Cgnz1 D1Mit36 [171.14| 91.8

D1Mit148 |172.90| 91.8
Sle1b |[DIMit113 [173.73] 91.8

D1Mit206 | 174.93| 94.0
D1Mit541]176.40| 97.3
D1Mit166 | 178.36| 99.5
D1Mit359 | 179.21| 99.5
D1Mit165 [179.63 | 99.5
D1Mit116 | 180.30| 100.5
D1Mit273 [183.50 | 106.0
Agnz1 D1Mit37 |183.81]| 101.6
D1Mit360 | 184.35| 102.7
D1Mit291 | 186.55| 103.8
D1Mit152 | 186.76 | 103.8
D1Mit221 [ 187.04| 104.9
D1Mit459 | 189.47 | 104.9
Slec |[D1Mit274 [190.68] 110.4
D1Mit153 | 191.23] 110.4
D1Mit17 [191.39] 110.4
D1Mit117 [191.74] 110.4
D1Mit292 | 193.22] 111.5
D1Mit210 | 194.35]| 113.7

D1Mit293 | 194.82] 113.7
D1Mit155 | 196.25] 115.8
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Figure 1. Genetic composition of chromosome 1
recombinant strains of NZM2328. The gray bars rep-
resent the chromosome 1 regions that are replaced in
NZM.C57Lc1 (Le1), NZM.Lc1R8 (R8), NZM.Lc1R208-2
(R208-2), and NZM.Lc1R27 (R27). The listed microsatel-
lite markers based on mouse assembly NCBIM37 were
used to determine the boundaries of C57L/J fragments.
Cgnz1and Agnz1 loci were mapped to marker D1Mit36
and D1Mit37, respectively. For reference, the Sle 7 subloci
(SleTa, Sle1b, and Sle1c) are illustrated.
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Figure 2. Characterization of cohorts of
R27 female mice showing lack of pro-
gression of IC-mediated aGN. (A) Severe
proteinuria was markedly reduced in R27
(left). Sera from terminal bleeds from
NZM2328 or at 12 mo of age from other
strains showed that anti-dsDNA and ANA
(right) were markedly reduced in R27. (B) cGN
was rarely seen in R27 (left). aGN was de-
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tected in the majority of the older R27 mice
(left and middle). Despite the presence of ICs
and complement, renal function of R27 was
normal (right). Horizontal bars show means.
* P<0.071;™ P<0.001.
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Histological studies were performed on the kidneys of the
cohorts that were sacrificed at 12 mo or when they had severe
proteinuria (3—4+ by dipstick) on two consecutive weeks. As
shown in the left panel of Fig. 2 B, 63.0% (17/27) of R27 had
aGN. This is an incidence that was twice that of Lc1 (31.3%,
5/16) but lower than that of NZM2328 (81.8%, 36/44). In
another cohort of R27 female mice, aGN was first observed
at the age of 56 mo (one out of five mice; Fig. 2 B, middle).
The disease severity increased as the mice aged. Compared
with R27, NZM2328 mice had a higher incidence (71.4%,
10/14; not depicted) of aGN at 26 wk of age. Despite the
development of aGN, R27 had little cGN. Only 1 out of 27
(3.7%) R27 mice developed cGN (Fig. 2 B, left). This inci-
dence was similar to that in Lc1 (6.3%, 1/16) but significantly
lower than that in NZM2328 (52.3%, 23/44,P = 2 X 1073).
It 1s of note that none of the R27 of 13.5-15 mo of age had
severe proteinuria or ¢cGN. These histological findings are
correlated with renal function in that BUN was not elevated
in the R27 mice with aGN (Fig. 2 B, right). Although not
shown, another cohort of R27 female mice did not have ele-
vated BUN at the age of 15 mo.

The representative histology of kidneys at 3—4 mo NZM2328
and R27 in comparison with the kidneys of NZM2328 with
severe proteinuria and those of R27 with aGN at 12 mo of
age are shown in Fig. 3 A. Young R27 and NZM2328 kidneys

JEM Vol. 210, No. 11

(Fig. 3 A, 1 and 3) show compact glomeruli with normal tu-
bules. Kidneys of 12-mo-old R27 with aGN (Fig. 3 A, 2)
show enlarged glomeruli with dilated capillary loops that
contain material stained with PAS. The kidneys of NZM2328
with severe proteinuria (Fig. 3 A, 4) show sclerosed glomeruli
with dilated tubules and interstitial infiltration that are consis-
tent with cGN.

Immunofluorescence studies showed that IgM, IgG, IgA,
and C3 deposition in R27 female mice occur at 2—3 mo of
age (Table 1). These deposits precede the appearance of histo-
logical evidence for aGN and coincide with the appearance
of circulating antibodies that stain kidneys in a linear fashion
(Table 1 and not depicted). The deposits increased in intensity
with age. By the age of 12 mo, the intensities of these immune
deposits in R27 kidneys were indistinguishable from those
in the diseased kidneys of NZM2328. At this time point, a sig-
nificant portion of the mice have aGN (Table 1). The subclass
distribution of the IgG deposits was determined. As shown
in Fig. 3 B, there were no qualitative differences among the
subclass IgG deposits between the kidneys of NZM2328
(6 mo old) and R27 (12 mo old). In a semiquantitative esti-
mation (Fig. 3 C), [gG2a deposits were similar in kidneys of
12-mo-old R27 and 5—7-mo-old NZM2328 mice, although
the mean of staining was higher in NZM2328. Statistically, more
IgG1 and IgG2b deposits were found in NZM2328 kidneys
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Figure 3. Morphological studies on
NZM2328 and R27 kidneys. (A) PAS stain-
ing of R27 kidneys and H&E staining of
NZM2328 kidneys. R27 females without aGN
(1) and with aGN (2) are shown. PAS-positive
material in the glomerular capillary lumen is
shown in 2. Kidneys of NZM2328 at age of

8 wk and NZM2328 at 36 wk are shown in

3 and 4, respectively. Bar, 50 pum. (B) Immuno-
fluorescent staining for detecting lgG sub-
classes and C3 in the glomeruli. Bars, 100 um.

R — """ (C) Semiquantitative estimates of IgG subclass
www G5 mE ©6 wm staining of kidneys of NZM2328 and in R27 at

_©0 = different ages are shown. Horizontal bars
show means. *, P < 0.05 is denoted by.
(D) Transmission electron micrographs of the

in comparison with those of R27. It should be noted that
there are significant overlaps between these two groups in all
the parameters. Thus, qualitatively there is no subclass 1gG
dominance in the renal deposits in the kidneys of NZM2328
and R27.

On transmission electron microscopy (TEM), glomeruli
of R27 with aGN had numerous large mesangial, subepthe-
lial, and subendothelial electron dense deposits. Fig. 3 D (left
photograph) and Fig. 4 D show a 12-mo-old R27 kidney with
massive subendothelial deposits. Despite the presence of these
deposits, the foot processes of podocytes were intact. In marked
contrast, podocyte foot process effacement in NZM2328 dis-
eased kidney was evident (Fig. 3 D, right photo).

IC deposits are cleared by endothelial cells

by endocytosis in R27

At the light microscopy level, the morphology of the glomer-
uli of aged R27 with aGN was very striking in that large di-
lated capillary loops containing PAS-positive material were
seen. By confocal microscopy with collagen V as a surrogate
endothelial marker, IgG was identified to be deposited within
the lobules within the capillary lumen (Fig. 4, A—C). These

2390

kidney of a 12-mo-old R27 mouse (left photo;
bar, 1 um) and that of an 8-mo-old NZM2328
mouse (right photo; bar, 5 um). In the left
photo, the arrowheads show subendothelial
deposits. Despite the massive deposits, the
foot processes are well preserved. In right
photo, effacement of the foot processes is
shown by the arrows.

dilated loops also contained lipid that was stained with oil
red O (unpublished data). It was observed that the appearance
of these diluted capillary loops coincides with the appearance
of aGN (Table 1).

TEM studies revealed numerous circular structures within
the endothelial cells (Fig. 4, E-G).These structures were het-
erogeneous in their size and electron densities. They were lo-
cated inside the dilated capillary loops. These unique structures
may be formed in the subendothelial space as endocytic vesicles
that later fused to generate the large loops. These figures suggest
that endothelial cells clear the immune deposits by endocytosis.

Other clinical parameters

Both NZM2328 and R27 female mice had normal blood
pressure and normal lipid panel including cholesterol, high
density lipoprotein, and low density lipoprotein. They do not
have cryoglobulins.

Similar immunological and inflammatory parameters

are detected in R27 and NZM2328

Circulating IgM and IgG and its subclasses in R27 and
NZM?2328 mice were measured at different ages (Table S1).

Genetics of lupus glomerulonephritis progression | Ge et al.
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Table 1. IC deposits and anti-kidney Abs in R27 at different ages

Article

Mouse ID Age H&E aGN Dilated loops Kidney IgG Kidney IgM Kidney IgA  Kidney C3 Staining of B6 Serum ANA
IC IC IC kidney IgG
R27-12 10 wk 0 No 0.5 0 0 1 0.5 -
R27-13 10 wk 0 No 1.5 1.5 2 1 1 -
R27-14 10 wk 0 No 0.5 2 1 1 0.5 -
R27-15 10 wk 0 No 0 2 0 0 0.5 -
R27-16 10 wk 0 No 0.5 1 2 0 1 -
R27-4 3mo 0 No 1 2 1 1 1 -
R27-19 5 mo 0 No 1 3 1.5 1 2.5 -
R27-20 5mo 0 No 3 3.5 1.5 1 0.5 -
R27-21 5 mo 0 No 1 3.5 1 1 1 -
R27-17 6 mo 1 No 3 5 2.5 1 0 -
R27-18 6 mo 0 No 1.5 3 2 1 0.5 -
R27-1 12 mo 0 No 3 2.5 4 2 2 -
R27-2 12 mo 0 No 2 2 3 3 2.5 -
R27-7 12 mo 0 No 2 3 0 2.5 1 -
R27-9 12 mo 5 Yes (mild) 3 4 4 2.5 4 -
R27-10 12 mo 4 Yes (mild) 1 4 4 2.5 4 -
R27-11 12 mo 3 Yes (mild) 2.5 2.5 4 3 0 -
R27-3 12 mo 5 Yes 4 4 2 4 1.5 -
R27-6 12 mo 5 Yes 5 4 3 -
R27-8 12 mo 5 Yes 3 3 4 3 -

Scoring is described in Materials and methods.

With increasing ages, serum IgG and IgM levels increase in
R27. Comparison of serum IgG and IgG subclasses between
12-mo-old R27 and 5-6-mo-old NZM2328 mice showed
significant differences in IgG;. At 7-9 mo when they had
severe proteinuria, the NZM2328 cohort had less IgG1 and
more [gG2a than 12-mo-old R27. At 2-3 mo of age, both
R27 and NZM2328 had a similar spleen size. In addition,
flow cytometric studies showed no differences in lymphocyte
populations in the spleens and in the kidney draining lymph
nodes in both strains (Table S2). Similar percentages of acti-
vated T cells, as measured by the expression of CD69, were
detected. The B cell populations of the R27 and NZM2328
mice expressed similar intensities in CD86 staining (Table S2).
Similar activation states, as measured by anti-IgM—stimulated
Ca?* influx, were detected at 2-3 mo of age, although there
were differences in the activation states of B cells of older
R27 (8-9 mo) and NZM2328 mice (unpublished data). More
importantly, flow cytometric analysis revealed similar num-
bers of B, T, and dendritic cells and macrophages in the
kidneys of 12-mo-old R27 and 7-9-mo-old NZM2328
(unpublished data).

In view of the increasing interest in the role of kidney
macrophages and the cytokines made by these macrophages in
the pathogenesis of lupus nephritis and renal damage (Schiffer
et al., 2008; Bethunaickan et al., 2011), further studies on cyto-
kines made by kidney intrinsic and infiltrating cells, such as
endothelial cells, T and B cells, and macrophages, were per-
formed. Q-PCR with RINA isolated from kidney homoge-
nates revealed that the expression of many of the inflammatory

JEM Vol. 210, No. 11

and immunological molecules of interest, such as Cxcl13,
Cxcr5, Foxp3, Cer8,IL-10, IL-13, Pdcd1, Tnf,Vcam1, BAFF
(Tnfsf13b), and IL-6, increased with age in R27 and NZM2328
kidneys (Fig. 5). The expression of these molecules varied
significantly from one mouse to another. Statistical analysis
failed to demonstrate a significant difference between kid-
neys from R27 mice at 12 mo of age and those from diseased
NZM2328 mice (7-9 mo). Similarly, there were no signifi-
cant differences between kidneys from 8-mo-old R27 and
2-mo-old NZM2328 when there was no histological evidence
of cGN.

Macrophage and dendritic cell populations in the kidneys
of NZM2328 and R27 were analyzed. Multicolor flow analy-
sis failed to detect differences in macrophages populations at
different ages. At ages of 5-6 wk, NZM2328 and R27 mice
have similar percentages of dendritic cells and macrophages
(Fig. 6 A, top). At later ages, the population of macrophages
that expressed F4/80 and intermediate CD11¢ with [-A were
increased in the kidneys of both strains by flow analysis (Fig. 6 B,
histograms and bar graph). Staining of kidney sections showed
no discernible differences in macrophage populations in the
cortex and medulla of diseased NZM2328 and aged R27
(Fig. 6 B, micrographs).

R27 kidneys are resistant to damage

by nephrotoxic anti-GBM Abs

Rag1-deficient R27 and NZM2328 were generated to serve
as recipients for bone marrow transplantation to determine
whether end organ resistance to damage is responsible for the
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Figure 4. Large capillary loops that represent intracellular vacu-
oles in the endothelial cells. In A, green fluorescence with FITC-labeled
goat F(ab’), anti-mouse IgG indicates IgG deposits within the glomerulus.
In B, collagen V is stained red with PE-labeled goat anti-mouse collagen V.
In C, confocal microscopy merging A and B shows intracapillary lumin
accumulation of IgG. Bar, 20 um. D is a TEM (oar, 0.5 um) of a kidney of a
15-mo-old R27 mouse. Subendothelial electron-dense deposits repre-
senting IC deposits are shown. E-G are TEMs (bars, 0.5 pm) of the kidney
of a 15-mo-old R27 mouse. In E, the arrow shows the invagination of the
podocyte cytoplasmic membrane that may form a small vesicle migrating
through the GBM to the subendothelial space. In F, the arrowheads out-
line the breaking of the endothelial membrane and the formation of the
endocytic vesicle within the endothelial cell. In G, the arrows indicate the
fusion of a small vesicle with the massive vesicle as denoted by the aster-
isk within the endothelial cytoplasm.

lack of progression of proliferative GN in R27.All recipients
with grafted bone marrow developed thymic lymphoma by
the age of 6 mo before the manifestation of severe protein-
uria. As an alternative approach, irradiated B27 and NZM2328
were used to create bone marrow chimeras. Because of radia-
tion damage to the kidneys, R27 recipients of syngeneic bone
marrow developed significant proteinuria and ¢cGN. Thus, no
definitive results were obtained by these two approaches to
demonstrate that end organ resistance to damage is responsi-
ble, at least in part, for the observed phenotype in R27.

As a third approach, a sheep anti-mouse glomerular base-
ment membrane antiserum (anti-GBM antiserum) was gen-
erated. Cohorts of 5-14-wk-old female R27 and NZM2328
mice were given 75 pl anti-GBM antiserum and they were
monitored weekly for proteinuria for 4 wk. At the end of the
experiment, sera were obtained and kidneys were dissected
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for histological studies. A second experiment was done in
a similar manner. The results of the two experiments were
pooled and presented in Fig. 7. As shown in Fig. 7 A, signifi-
cant proteinuria was detected in NZM2328 7 d after the ad-
ministration of the anti-GBM antisera. Protein peaked at 21 d.
Proteinuria was not detected in any of the R27 recipients
(Fig. 7 A), although their glomeruli showed deposits of sheep
IgG that were not significantly different in intensity as com-
pared with those in NZM2328 kidneys (Fig. 7 B). Both R27
and NZM2328 mounted comparable immune responses to
sheep IgG as demonstrated by the presence of similar titers
of anti—sheep IgG Abs (unpublished data). In addition, similar
amounts of mouse IgG deposits were detected in the kidneys
of both strains (Fig. 7 C). The lack of kidney damage is also
demonstrated by the normal histology of the R27 kidneys at
the end of the experiments (Fig. 7 D, right photo). In contrast,
PAS staining of kidneys from anti-GBM antiserum treated
NZM2328 showed enlarged glomeruli with sclerosis and col-
lapsed Bowman’s capsules (Fig. 7 D, left photo).

Cgnz1 is located on a 1.34Mb region on chromosome 1

To identify candidate genes for Cgnz1, further recombinant
lines were generated and characterized. Of the eight recom-
binant lines of R27, only NZM.Lc1R507-2 (R507-2) is re-
sistant for the progression of aGN to ¢GN (Fig. 8, top). The
susceptibility and resistance to the developments of cGN of
these recombinant strains were determined by monitoring a
cohort of mice over a period of 12 mo for the development
of severe proteinuria (Fig. 8, bottom). These conclusions were
confirmed by histology studies (unpublished data). The inci-
dence of ANA of these recombinant strains was <25%. There
is no correlation between susceptibility and resistance with
ANA incidence. The genotypes and phenotypes of NZM.
Lc1R290-2 (R290-2) and NZM.Lc1R507-2 (R507-2) were
informative. Although R290-2 mice develop both aGN and
c¢GN with premature death, R507-2 mice have IC-mediated
aGN without cGN and progression to ESRD. Further exper-
iments to determine the recombination sites for R507-2 and
R290-2 showed that Cgnz1 is located within a 1.34 Mb of
chromosome 1 within the Sle1b region. Attempts through
more than 2,000 meiotic divisions to generate informative
recombinant strains to limit the size of this region further have
not been successful.

As shown in the lower panels of Fig. 8, seven of the re-
combinant lines have higher incidence of severe proteinuria
and ¢cGN when compared with NZM2328. This finding in-
dicates that complex epigenetic interactions of certain genes
in the R8 regions with Cgnz1 modulate end organ suscepti-
bility to damage.

This 1.34 Mb region is gene-rich with 45 genes (Table S3).
Many of these genes, including the Fc receptors and the genes
in the SLAM family, have significant influence on both adop-
tive and innate immunity. Four of the genes (Tomm40l, Ndufs2,
Pex19, and Casq1) are mitochondrial genes and three others
(Dedd, Itln1, and Peal5a) affect autophagy and cell survival.
These seven genes affecting cellular metabolism and cell survival

Genetics of lupus glomerulonephritis progression | Ge et al.
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are likely candidate genes, providing a mechanism for the func-
tion of Cgnz1.The entire 1.34 Mb region of NZM2328 has
been sequenced and the sequence has been compared with
that of C57B6, which is available. There are exon nonconser-
vative replacements in Ndufs2 (46G>C), Pex19 (1969C>T),
and Itln 1 (4735A>C,16977C>T,16996T>G,and 17016 T>C;
Table S4). However, all of these seven genes have replace-
ments in the promoter and intron regions.

Preliminary data were generated regarding the tran-
scriptions of some of these genes. Two of them, Apoa2 and
1700009P17Rik, showed clear differences in their mRINA
expression between R27 and NZM2328 (unpublished data).
As shown in Table S4, both Apoa2 and 1700009P17Rik have
multiple nucleotide replacement in the promoter regions and
in the introns, whereas Apoa2 has three nonconservative re-
placements. The amounts of mRNA of these two genes were
small. In addition, Apoa2 has been implicated in atherosclero-
sis and the function of 1700009P17Rik remains largely un-
known.Thus, it is not clear how they would affect cell survival.
Nevertheless, they remain candidates for Cgnz1.

Clinical cases showing autoimmunity without end organ
damage and end organ resistance to damage preventing

the progression of lupus nephritis

Table 2 summarizes four cases of patients who are followed
in our clinic and whose clinical courses showed marked

JEM Vol. 210, No. 11
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Foxp3 Figure 5. Real-time PCR for mRNA quantita-
tion of mRNA encoding cytokines, chemokines,
and their receptors with RNA isolated from renal
cortex from three mice of the two strains at
various ages. Healthy NZM2328 mice were those at
2 mo of age. Sick NZM2328 (NZM) mice were those
that had proteinuria >300 mg/d! detected in two

I1b consecutive weeks and their ages were between 6
and 8 mo. R27 mice were used at 2, 8, and 12 mo of
age. The primers were those described by Schiffer

et al. (2008). Five mice were used for each group. SD

was given for each determination.

Veam1

heterogeneity among patients with SLE. Although these
four cases are anecdotal, they are informative regarding auto-
immunity versus end organ resistance to damage. Patient A
is a patient with the diagnosis of SLE at the age of 16 yr when
she gave birth to a daughter with neonatal skin disease. Over
the ensuing 15 yr, she developed hyper-gammaglobulinemia
and multiple lupus-related autoantibodies without any symp-
toms. She represents a group of patients, some of whom have
a positive family history for SLE and have evidence for auto-
immunity without end organ damage. Patients B and C
had proliferative lupus nephritis diagnosed by clinical pre-
sentation with hypocomplementemia, proteinuria, and tele-
scopic urinary sediments with red and white cells and casts.
Patient B’s diagnosis was confirmed by a renal biopsy >1 yr
after the onset of proteinuria, and her urine showed red
blood cells and casts. The biopsy showed Class III prolifer-
ative GN with segmental sclerosis and intact Bowman’s
capsules without interstitial fibrosis and tubular dilatation.
Her IC-mediated aGN did not progress to cGN in >1 yr
without treatment. Both patients responded well to ther-
apy. Their clinical course resembles that observed in R27.
Patient 4 had rapidly progressive lupus nephritis. Her renal
biopsy showed class IV lupus GN with pan-glomeruloscle-
rosis, collapsed Bowman’s capsules, interstitial fibrosis, and
tubular dilatation. Thus, she presented initially with renal
failure and the initial biopsy showed significant chronicity
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indices. Despite therapy, she developed ESRD requiring
dialysis and renal transplantation. Her clinical course re-
sembles that of NZM2328.

DISCUSSION

Genetics of lupus GN

In SLE, kidney is a major target organ for auto-immunological
damage. In genetic studies of murine SLE (Theofilopoulos and
Dixon 1985), GN is considered to be a single major phenotype
with the assumption that proteinuria is caused by IC deposits in-
evitably linked to ESRD and early mortality. In our initial map-
ping study, it was observed that aGN and ¢GN might be under
separate genetic control (Waters et al., 2001). It was of note that
a locus that contributes significantly to cGN Cgnz 1 was mapped
to the same region on chromosome 1 as that for aGN Agnz1.
This observation was novel and confirmation was required.

2394
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Proteinuria

Figure 6. Characterization of renal mac-
rophage and dendritic cell populations in
young NZM2328 and R27 mice and in
NZM2328 mice with severe proteinuria
and 10-15-mo-old R27 mice. (A) Three
6-wk-old NZM2328 and 5-wk-old R27 mice
were sacrificed and single cell suspensions
were prepared from their kidneys. The renal
macrophage and dendritic cell population
were studied by flow analysis and the results
from two mice are presented on the left and
in the middle. The total numbers of macro-
phages (Mac) and dendritic cells (DCs) per
kidney were graphed on the right. SD was
provided for these determinations. (B) Per-
centages of various macrophage and dendritic
renal cell populations were determined in
three NZM2328 mice with severe proteinuria
and three R27 mice (age 10-15 mo) with one
to two plus proteinuria by flow cytometry
after single cell suspensions were prepared
from the kidneys (histograms). The numbers
of various macrophages and dendritic cell
population per kidney are depicted in the bar
graph. Sections of kidney cortex and medulla
of NZM2328 and R27 females were stained
with anti-I-A and F4/80 mAbs showing com-
parable macrophage and dendritic cell distri-
butions between 3-mo-old NZM2328 and
10-mo-old R27 (top micrographs, left and

+ right) and between 8-mo-old NZM2328 with
severe proteinuria and 15-mo-old R27 with
mild proteinuria (bottom micrographs, left
and right).

In this investigation, a recombinant line R27 has been es-
tablished in which the region of chromosome 1 that contains
the locus Cgnz1 was replaced by that from C57L/] without
replacing the region that encodes Agnz1. R27 female mice
have aGN with IC and C3 deposition. These mice do not have
ESRD and early mortality. These results confirm the genetic
mapping data and challenge the current paradigm dealing with
IC-mediated lupus nephritis.

Our approach to the genetics of lupus nephritis differs
from that of Morel (2012). In the initial mapping for lupus
susceptibility genes, Sle1, 2, and 3 were mapped to be associated
with GN as the phenotype. These genes were introgressed
from the lupus-prone NZM2410 to the non—lupus-prone
B6 to generate congenic lines (Mohan et al., 1998). The re-
sulting congenic lines did not show GN. Instead, B6.Sle1
female mice were shown to have a phenotype of autoimmunity

Genetics of lupus glomerulonephritis progression | Ge et al.
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Figure 7. Differential susceptibility of NZM2328 and R27 female
mice to the induction of anti-GBM nephritis by sheep anti-mouse
GBM antiserum. 10-wk-old NZM2328 and R27 female mice were in-
jected with 75 pl sheep anti-mouse GBM antiserum (nephrotoxic serum)
at day zero. Weekly urine samples were collected and their albumin/
creatinine ratios were determined. Two cohorts of five mice each for the two
groups were followed for 28 d. The data from 10 mice were pooled and
are shown. At day 28, mice were sacrificed and their kidneys were studied.
(A) Severe proteinuria as measured by urinary albumin/creatinine ratios
was detected in NZM2328 as early as 7 d after the injection of the neph-
rotoxic serum. Error bars represent SD. (B) Similar sheep IgG deposits were
detected in the kidneys of each group. Horizontal bars show means.

(C) Staining for mouse lgG was detected in the kidneys of both NZM2328
and R27. Bars, 20 um. (D) PAS staining of the kidneys from anti-GBM
antiserum treated NZM2328 and R27. Bars, 50 um.

with a high proportion of mice making ANA and anti-
dsDNA Abs. Furthermore, the phenotypes of bi- and tricon-
genic strains involving Sle1, 2,and 3 confirm Sle? as the most
important genetic region in lupus (Morel et al., 2000). In ad-
dition, three intrachromosomal congenics, B6.Sle1a, B6.Sle1b,
and B6.Slelc, were generated (Morel et al., 2001). The female
mice of all three lines make ANA and anti-dsDNA. Because
of the lack of GN in Sle! and their subcongenic lines, it was
postulated that a genetic locus Sle1d exists to account for the
GN phenotype. Data from multiple intrachromosomal recom-
binant lines have mapped Cgnz1 to a 1.34 Mb region that
is colocalized with Sle1b (unpublished data). Thus, Cgnz1 is
likely identical to Sle1d that is located within Sle1b. In addition,

JEM Vol. 210, No. 11

Cgnz1 1s likely to be responsible for the observation that NZW
(Xie et al., 2003) and NZM2410 (Xie et al.,2013) is suscep-
tible to anti-GBM—induced GN.

There are 45 genes within the region containing Cgnz1
and no obvious candidate gene is apparent, although one of
the SLAM family genes Ly108 that mapped in this region has
been claimed to be the gene responsible for hyperactivity of
immunocytes (Kumar et al.,2006). Through gene sequence an-
alysis and mRINA expression, nine candidate genes were iden-
tified. Four of them are mitochondrial genes and three others
are genes affecting autophagy and cell survival. We are in the
process of generating transgenic lines with transgenes cover-
ing the entire region to further ascertain the genes that may
be responsible for the phenotype. We conclude that aGN and
c¢GN are under separate genetic control and that IC deposi-
tion with complement activation may not invariably progress
to ¢GN and ESRD. It is important to note that uncoupling
IC-mediated aGN from ¢GN and ESRD in R27 mice sug-
gests that further investigation in the pathogenesis of lupus
nephritis is warranted.

End organ resistance to damage is responsible

for the nonprogression of lupus GN in R27 mice

The dissociation of IC deposition and complement activation
has been reported (Clynes et al., 1998). In B/WF1 female
mice that lack the <y chain of the Fc receptor, IgG and C3 depos-
its were demonstrated in the kidney without cGN and early
death. The circulating IgM and IgG, as well as IgG subclasses
with anti-dsDNA specificities, were not different between y~/~
and y*/~ mice. In the absence of Fc yRIII, end organ damage
was not detected. Thus, effector function deficiency is respon-
sible for the observed uncoupling.

Genetic manipulation to shift the autoimmune responses
to Th2 has been reported (Shimizu et al., 2005; Jacob et al.,
2006) to uncouple immune deposits from renal damage. In
the MRL/Ipr.IL27R~/~ mice, Shimizu et al. (2005) showed
a significant decrease in anti-dsDNA antibodies, and serum
IgG, and IgE were increased with a decrease in circulating
IgG,,. There were fewer renal deposits of IgG,,. The IL27R -
deficient mice had membranous GN with prolonged survival.
In the study by Jacob et al. (2006), female NZM2328.Baff~/~
mice had strong IgG, deposits in the kidney without comple-
ment activation and without severe proteinuria. More than
90% of the females survived >12 mo despite the presence of
class IV disease of proliferative GN.

In R27 mice with intact FcR, the uncoupling of IC-
mediated nephritis from severe proteinuria, cGN, and early
mortality is not due to the lack of effector function. Although
there was significantly more serum IgG; and less IgG,, in
aged R27, this Th2 shift is of uncertain significance in that
R27 kidneys had deposits of all IgG subclasses and C3 activa-
tion. Thus, lack of effector function and shifting to a Th2 re-
sponse may not account for the lack of progression to cGN
and ESRD in R27 female mice.

Further attempts to discern immune parameter differences
between young NZM2328 and R27 mice were not successful
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R289-3|R208-2|R217-5

D1Mit101 | 75.4 | 147.30
D1Mit47 | 80.7 |154.76
D1Mit145 | 87.4 |169.22

distal chromosome 1 of the Cgnz1 inter-
val-specific and Agnz1-specific recombi-
nant congenic strains. Top: the gray bars
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D1Mit206 | 94.0 |174.93
D1Mit541 | 97.3 |176.40
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represent the chromosome 1 segments of
C57L/J on NZM2328 background. The listed
microsatellite markers were used to determine
the boundaries of C57L/J boundaries of the
C57L/) fragments. The physical location of the
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satellite markers are based on mouse assem-
bly NCBIM37. "R" denotes resistance to pro-
gression to cGN and "S" means sensitive to
this progression. Bottom: cohorts of mice of
each intrachromosomal recombinant strains
from R27 were monitored for the develop-
ment of severe proteinuria that is a marker
for progression to ¢cGN from aGN. The data on
NZM2328 and R27 were included as refer-
ences. Mice of all recombinant strains except
R507-2 progress to ¢cGN as indicated by the
similar or greater incidence of severe protein-
uria as compared with NZM2328.
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in that they have similar numbers of splenic and lymph node
activated and nonactivated T and B cells. There was no differ-
ence in the B cell signaling pathway as measured by calcium
flux induced by B cell receptor activation. No attempts were
made to measure these parameters in aged R27 and NZM2328
in view of changes that may be due to disease and not intrin-
sic to the immune system. The role of T cells in lupus nephritis
has been well recognized (Wofsy and Seaman, 1985; Lawson
et al., 2001; Tipping and Holdsworth, 2003). Our previous
study (Bagavant et al., 2006) has shown that activation and
expansion of nephritogenic T cells in regional lymph nodes
are associated with progression to renal failure. It was also
shown that oligoclonal expansion of T cells was seen both in
kidneys and draining lymph nodes. Attempts to determine
whether there was similar clonal T cell expansion in R27
were not successful.

Recently, renewed interest has been generated on the role
of infiltrating macrophages and dendritic cells in renal diseases
(Holdsworth and Tipping, 2007). Relevant to this discussion
are the findings by Schiffer et al. (2008) that activated renal
macrophages are markers of disease onset and disease remis-
sion in lupus nephritis. In addition, a set of inflammatory
markers has been identified to be associated with the onset
of nephritis. Some of these markers are from activated macro-
phages and activated endothelial cells. Although there was
a trend to have more mRINA encoding these inflammatory
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markers in the diseased NZM2328 kidneys in comparison
with those in R27 kidneys, the differences did not reach sta-
tistical significance. In addition, the macrophage and dendritic
cell populations in the NZM2328 diseased kidneys were not
different from those in the R27 kidneys. More importantly,
the unique hybrid mononuclear phagocytes that were marked
by F4/80Pieh CD11c" and expressed proinflammatory, regu-
latory, and tissue repaired/degradation genes at the onset of
nephritis (Bethunaickan et al.,2011) were also present in R27
kidneys. Thus, our data suggest that despite significant inflam-
mation as a result of IC deposition and complement activa-
tion, R27 female kidneys are resistant to progression to severe
proteinuria and ESRD.

It should be emphasized that R27 mice make anti-kidney
Abs at an early age. They also make comparable Ab responses
to heterologous sheep IgG. These observations suggest that
R27 and NZM2328 mice have a comparable capacity to mount
AD responses to endogenous and foreign antigens. Despite the
resistance to end organ damage, R27 mice do have mild pro-
teinuria. It is likely that the resistance to end organ damage
allows the clearing of the deposited IC. The accumulation of
Ig in the vacuoles in the endothelial cells suggests that endo-
cytosis of the dissolved IC may be a mechanism for clearing
of the deposited IC. However, this mechanism has limited
capacity in that over a period of time, the cleared IC accumu-
lates in the endothelial cytoplasm as large vesicles. Nevertheless,
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Table 2. Representative SLE patients with marked elevated autoantibodies without end organ damage (A), with renal disease
and resistance to progression to ¢cGN (B and C), and rapidly progressive renal disease leading to end stage renal failure (D)

Patient Age Ethnicity Initial clinical presentation

Renal disease

Clinical laboratory Clinical course

A 30 AAF Age 16 yr gave birth to infant  None.
with neonatal lupus with skin

involvement.

B 29 Korean At age 18 yr, she developed
skin rash, arthritis with
positive serology. She was

treated with steroids and was  had skin involvement. At
27 mo, she was found to
have marked hematuria,
casts, and proteinuria (900
mg per/24 h) with low CI.
Renal bx showed class II1/V
proliferative lupus nephritis.

non-compliant.

C 47 Cauc. At age 42 yr, she had malar
rash, arthralgia, fatigue,
and fever with positive ANA hydroxychloroquine, she
and anti-dsDNA. She was presented with marked
treated with Hydro and was in  arthralgia, malar rash, oral
remission. ulcers, and diffuse body
pain. She was found to have
3+ proteinuria, marked
hematuria, and casts in her
urine. She had anemia and
thrombocytopenia.
D 56 AAF At age 55 yr, she presented

with decreased complements, 2 mo of therapy, she was
found to have impaired renal decrease C2, C4, and
function with creatinine
2.4 and severe proteinuria.  mg/dl.
Repeated renal bx showed

+ANA, +anti-SmD, +anti-
dsDNA, decreased renal
function, and CNS disease.
Initial renal bx showed class

18 mo after initial
presentation, she had trace  La and dsDNA Abs.
proteinuria, hematuria. She  Marked decrease in

4 yr after initial presentation +ANA, +anti-Ro,
and 3 mo after discontinuing dsDNA Abs + RF,

6 mo after presentation and +ANA, +anti-Sm,

+ANA, +anti-Ro, La,
Sm and RNP Abs,
Normal C2, C4 and
CH50. Serum IgG 3700
mg/dl, IgA 560 mg/d|,
ESR 110 mm/h, normal
CRP, normal creatinine.

Asymptomatic.

+ANA, +anti-Ro, Initial treatment Hydro 400 mg/d,
Pred 60 mg/d, and Myco 1,750
mg/d. After 3 mo, no proteinuria
and normal C2, C4, and CH50.
She became asymptomatic with
normal CBC. After 9 mo, Pred
was stopped and hematuria

was not detected. She has been
maintained on Hydro 400 mg/day
and Myco 500 mg/d for last six yr
without lupus flare.

C2, C4, and CH50,
leukopenia, normal
creatinine.

She was treated with Hydro 400
mg/d, Pred 40 mg/d, and Myco 2
thrombocytopenia, g/d. After 2 mo of treatment, her
anemia. Normal renal  proteinuria ceased. 1 mo later,
function. hematuria was not detected. Her
complements returned to normal.
Her anemia and thrombocytopenia
were cured. She was tapered off
Pred and maintained on Hydro
400 mg/d and Myco 500 mg/d
without a flare for the past 4 yr.

She was not treated and managed
symptomatically. 2 yr later,

she was begun on dialysis and

3 yr later, she received a renal
transplant.

dsDNA Abs, marked

CH50. Creatinine 2.4

IV proliferative lupus nephritis marked sclerotic glomeruli

with moderate Cl. She was
treated with pulse steroids and
monthly high dose Cyclo.

with high CI.

Hydro = hydroxychloroquine, Pred = prednisone, Myco = mycophenolate mofetil, Cyclo = cyclophosphamide, Cl = chronicity index, and Cauc. = caucasian.

the resistance of R27 podocytes to damage by IC and com-
plement activation permits the clearance of the IC by this
mechanism. As stated above, seven of the nine candidate genes
are either mitochondrial genes or genes affecting autophagy
and cell survival. One or more of these genes afford podocyte
survival so that IC with complement can be cleared.
Genetic evidence supports the hypothesis that autoim-
munity and end organ damage are under separate genetic con-
trol and have different underlying mechanisms. Attempts to
demonstrate this by cell transfer experiments by two different

JEM Vol. 210, No. 11

methods were not successful due to technical reasons as stated
in the Results section. Our experiment showing that R27
female mice were resistant to the development of experimental
GN with a sheep anti-mouse GBM serum supports the stated
hypothesis. In addition, in preliminary experiments (unpub-
lished data), young R27 female mice were shown to make
ANA and anti-dsDNA antibodies without developing cGN
when they were given IFN-a by an adenoviral delivery system.
In contrast young NZM2328 female mice treated similarly
developed severe proteinuria and early death. Thus enhancing
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autoimmunity in R27 does not lead to severe proteinuria
and ESRD. Taking all these results into consideration, it is
concluded that end organ resistance to ¢cGN development in
R27 is an intrinsic property of their kidneys. Although the
gene that contributes to the end organ resistance to damage
remains to be identified, our current observation gives cre-
dence to the thesis that it is important to consider the role
of the target organ in elucidating the pathogenesis of autoim-
mune disorders.

Clinical implications

The basic observations in this investigation have significant
clinical implications. To discern these implications, four clini-
cal cases were presented in Table 2. The patient in the first case
does not satisfy the diagnostic classification for SLE as set
forth by the American college of Rheumatology (Tan et al.,
1982; Hochberg, 1997), indicating that serological abnormali-
ties that result from autoimmune responses cannot and should
not be confused with end organ damage. In a recent publica-
tion, Satoh et al. (2012) obtained data that show ~13.8 (12.2—
15.5)% of normal adults have positive ANA and this ratio is
relatively constant for populations with each decade of increas-
ing ages to 70 yr.This finding suggests that ANA is common
irrespective of age. The lack of increases in the prevalence
of ANA with age suggests that ANA is likely to be transiently
positive in the population. This finding supports the conclu-
sion that breaking tolerance to nuclear antigens should not
be construed as an indicator for the development of autoim-
mune disease.

Recently, a dominant recessive form of SLE has been
reported in six Arab families (Al-Mayouf et al., 2011). A loss-
of-function variant in DNASE1L3 was found in these fam-
ilies. Of 27 offspring, 17 were diagnosed to have SLE. 11 of
them have nephritis with hypocomplementemia. One of
these patients with nephritis had no detectable anti-dsDNA
antibodies. The other six individuals had positive ANA and
anti-dsDNA antibodies and hypocomplementemia without
nephritis. Despite consanguinity and the presence of lupus
nephritis in at least one sibling and marked serological abnor-
malities, the phenotype of the six individuals with the diag-
nosis of SLE and without nephritis suggests the presence
of genes that are capable of conferring resistance to kidney
damage. Relevant to this discussion is a group of patients with
SLE and kidney abnormality without overt clinical data to
suggest renal involvement. These patients are classified as SLE
patients with silent nephritis (Dooley, 2011). In the largest
series of these patients, Mahajan et al. (1977) reported the fol-
low-up of 27 SLE patients who were biopsied without sig-
nificant clinical renal abnormalities. The mean follow-up was
3.6 yr. 12 of the 27 patients were found to have diftuse pro-
liferative GN. 1 of these 12 patients died of renal failure 5 yr
after the diagnosis, and 1 died of sepsis, while the remaining
10 remained stable without evidence of renal diseases, indi-
cating that the progression of lupus GN is not inescapable and
that this progression may be very slow in a substantial number
of patients.

2398

The observation that genes that confer end organ resis-
tance may be important in our understanding of pathogenesis
of lupus GN provides a logical explanation for the highly
variable clinical presentations in SLE. This is an impetus to
rekindle the discussion whether all patients should be treated
and cared for by a consensus treatment guideline as proposed
recently (Hahn et al., 2012). It is clear that those individuals
with genes conferring resistance to end organ damage, pre-
sumably as in the cases B and C, should not have same treat-
ments as those without these genes as in case D; more vigorous
treatments may be required in the latter case. As more under-
standing of the genetic and environmental factors that influ-
ence the clinical course of SLE in general and lupus GN in
particular is achieved, individualized treatments should be con-
sidered to minimize side effects and to maximize therapeutic
results. In this regard, the present investigation has significant
clinical implications.

The concept of end organ resistance to damage has gen-
eral applications in medicine in addition to lupus GN. The
variable clinical presentations and responses to therapy in other
autoimmune diseases, such as rheumatoid arthritis, psoriatic
arthritis, ankylosing spondylitis, and multiple sclerosis can be
explained by this concept. Other non-autoimmune disorders,
such as osteoarthritis and diabetic neuropathy, that have variable
clinical courses could also be due to the variation of the target
organs to resist damage. Thus, in clinical medicine this con-
cept should be stressed in dealing with individual patients.

Human homologue to mouse Cgnz1

Cgnz1 is located on the distal mouse chromosome 1qH3. In
addition to Cgnz1, the distal region of chromosome 1 has
been reported in other studies to be associated with lupus
nephritis (Morel, 2012). The distal region of mouse chromo-
some 1 is an important region for lupus GN susceptibility.
A nearly identical homologous region exists on human chro-
mosome 1¢23 from 160.0 to 161.6 Mb. With the exception
of LOC10041098, each of the mouse genes in Cgnz1 region
has a human counterpart as the homologous region. The
exact gene order is preserved between the two species. Thus,
the human homologue of Cgnz1 has not been implicated
in human genetic studies on lupus susceptibility. This may be
due to the bias toward autoimmunity in previous studies. The
conserved gene order suggests similar function in man and
provides a rationale for more detailed interrogation of this
region in human lupus. Studies of this region in man may iden-
tify candidate genes for Cgnz1 and may provide biomarkers
that may be important for designing an individualized thera-
peutic approach.

MATERIALS AND METHODS

Animals. NZM2328 and C57L/] breeding pairs were originally obtained
from The Jackson Laboratory. All mice were housed under a pathogen-free
environment at the University of Virginia Animal Care Facility. NZM2328.
C57L/Jcl (Lcl) congenic line was generated using a microsatellite marker-
assisted speed congenic generation protocol as described in Waters et al.
(2004). Mice were kept at the University of Virginia Center of Comparative
Medicine under pathogen-free conditions. Animal experimental protocols
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were approved by the Institutional Animal Care and Use committee. Animals
were used in a manner in full accordance with federal regulations (PHS
Policy and Animal Welfare Act).

Intrachromosomal 1 recombinant strains. (Lc1XNZM2328)F1 XNZM2328
progeny were screened using a dense panel of chr.1 polymorphic microsatel-
lite markers (Fig. 1). Mice with recombination within the Lc1 region were
selected. Heterozygous founder mice were crossed with NZM2328, and the
F1 mice were intercrossed to generate the homozygous recombinant lines. In
this study, all mice used were homozygous females.

Phenotypic characterization. Cohorts of homozygous female mice of
R8 and R27 were followed to 12 mo of age. Additional cohorts of R27 mice
were followed to 15 mo of age. Their urinary protein concentrations were
examined twice a month semiquantitatively using dipsticks (Bayer Multistix
10 SG). Severe proteinuria was diagnosed when mice had a readout of +++
or above (>300 mg/dl). Mice were dissected either at the time of develop-
ing severe proteinuria or at 12—15 mo of age. R27 female mice of different
ages were also dissected for various studies such as serological assays and
histological studies.

Serological assays. IgG anti-dsDNA antibody concentrations in terminal
sera of R27 and the recombinant strains were measured by ELISA as pre-
viously described (Waters et al., 2001). In brief, photobiotinylated pGEM-3z
dsDNA was used as substrate and was bound to Immulon 4HB plates (Dynex
Technologies) precoated with streptavidin. Serum samples were titered with
serial dilution starting at 1:50 in 3% BSA in PBS with 0.05% Tween 20 and
then incubated on plates for 2 h at room temperature. After washing, goat anti—
mouse IgG-HRP was added and incubated for 2 h, followed by o-phenylene
diamine in citrate phosphate buffer for 30 min. OD at 490 nm was measured.
Sera were regarded as positive if their anti-dsDNA antibody concentrations
were higher than the mean concentration of 12-mo-old C57L/] female mice
plus 2 SD. IgG ANA were examined by indirect immunofluorescence micro-
scopy using NIH/3T3 cells as substrates (Waters et al., 2004). Sera were di-
luted 1:50 and goat anti-mouse rhodamine-conjugated IgG was used as the
secondary antibody.

Kidney histology. Kidneys of female mice of NZM2328, R27, and the re-
combinant strains were collected and fixed in 10% neutral-buffered formalin
at the time of dissection. After embedding, formalin-fixed kidneys were sec-
tioned at 2 pm and stained with hematoxylin/eosin (H&E), periodic acid-
Schiff (PAS), and/or oil red O.aGN and ¢GN were scored in a blinded fashion
using a scale of 0 to 5. aGN scores were given based on the severity of glo-
merular hypercellularity, mesangial matrix expansion, focal necrosis, and
epithelial cell crescents. cGN scores were given based on the severity of glo-
merulosclerosis (focal to global), tubular atrophy, dilated tubules with hyaline
casts, and interstitial fibrosis (Waters et al., 2001).

Immunofluorescence staining. For evaluation of glomerular Ig and C3
deposition, frozen sections of mouse kidneys were fixed in methanol at —20°C
for 10 min, blocked with 2% normal goat serum in PBS containing 3% BSA,
and then stained with FITC conjugated goat anti-mouse IgM, goat anti—
mouse IgA, goat F(ab’) 2 anti-mouse IgG, goat anti-mouse IgG1, goat anti—
mouse IgG2a, goat anti-mouse IgG2b, and goat anti-mouse C3 antibodies.
Deposits in the glomeruli were evaluated using a semi-qualitative scale of
0—4, where 0 denotes no deposits, and the analysis was done by a scorer
blinded to the identification of the mice. For confocal immunofluores-
cence staining, methanol-fixed 4-pm frozen kidney sections were blocked
with 2.4G2 monoclonal antibody to FcyIIl/II receptors in PBS containing
normal goat serum and 3% BSA. Purified rabbit anti-mouse collagen IV was
used as primary antibody and incubated for 2 h. After washing, goat anti—
mouse IgG FITC and goat anti—rabbit Alexa Fluor 546 antibodies were in-
cubated for 1 h.

TEM. Kidneys in mice were perfused with PBS and fixed by immersion at
4°C overnight in a solution containing 4% (wt/vol) paraformaldehyde and
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2.5% (wt/vol) glutaraldehyde in 0.1 M phosphate buffer, pH 7.4.The samples
were equilibrated to room temperature, washed in distilled water, and post-
fixed for 1 h in 1% (wt/vol) osmium tetroxide + 0.01% potassium ferrocya-
nide. After washing in distilled water, the samples were dehydrated in 70 and
100% acetone, infiltrated with and embedded in epoxy resin (EPON;
Electron Microscopy Sciences, Inc.), and polymerized at 60°C for 48 h. Ultra-
thin sections (70-80 nm in thickness), prepared on an ultramicrotome (Ultracut
UCT; Leica) using a Diatome diamond knife, were collected on 200 mesh
copper grids and contrast stained with lead citrate and uranyl acetate accord-
ing to routine procedures. The sections were examined in a transmission
electron microscope (1230; JEOL) operating at 80 KV and equipped with a
digital camera (12-C; Scientific Instruments and Applications, Inc.).

Measurement of serum immunoglobulin concentrations. Concentra-
tions of serum IgM, IgG, IgG1, IgG2a, and IgG2b of R27 and NZM2328
mice were determined by ELISA. Immulon 4HB plates were coated with
purified goat anti-mouse IgM, IgG, IgG1, IgG2a, and IgG2b at 4°C overnight.
After washing with PBS with 0.05% Tween 20 and then blocking with 5%
BSA in PBS with 0.05% Tween 20 for 1 h, serum samples that were diluted
1:40 and 1:160 in 1% BSA in PBS with 0.05% Tween 20 were incubated on
plates for 2 h at room temperature. After washing, HRP-conjugated goat
anti-mouse IgM, IgG, IgG1, IgG2a, or IgG2b was added and incubated for
2 h. After washing, o-phenylene diamine in citrate phosphate buffer was in-
cubated for 30 min. OD at 490 nm was measured and the serum immuno-
globulin concentrations were calculated based on standard curves.

Measurement of blood urea nitrogen and creatinine. Blood urea ni-
trogen levels in NZM2328 and R27 sera were measured as follows. In brief,
sera were deproteinized using 3% trichloroacetic acid. Supernatants were
mixed with BUN color reagent and acid reagent, and then boiled for 10 min.
OD at 535 nm was read and BUN levels were calculated based on standard
curves. Serum creatinine was measured by a modified Jaffe method (Keppler
et al., 2007).

Measurement of urinary albumin. Spot urine samples were collected
from NZM2328 and R27 female mice and were spun down before testing.
Urinary albumin levels were determined by indirect competitive ELISA using
Albuwell M kit according to manufacturer’s protocol. In brief, urine super-
natants were diluted at 1:13 and incubated for 30 min with rabbit anti-mouse
albumin antibodies. After washing, anti-rabbit HRP was added and incubated
for 30 min. After color development, OD at 450 nm was measured and albu-
min levels were calculated based on standard curves.

Isolation of B cells and measurements of anti-IgM induced influx of
intracellular Ca?*. B cells were isolated from spleens of 2-3-mo-old
NZM2328 and R27 female mice using negative selection with anti-biotin
microbeads (Miltenyi Biotec) according to manufacturer’s protocol. Anti-mouse
IgM antibody induced calcium flux was measured on isolated B cells by the
Indo-2 method as described previously (Bjorndahl et al., 1989).

Total RNA isolation and real-time PCR. Total RNA was isolated from
splenic B cells and CD4* T cells using RNeasy Mini kit (QIAGEN). cDNA
was synthesized using SuperScript III First-Strand Synthesis System for RT-
PCR (Life Technologies). Amplification was performed in duplicate using
ABsolute QPCR SYBR Green Fluorescein (Thermo Fisher Scientific), and
the primers for cytokines, chemokines, and their receptors were from Schiffer
et al. (2008) in an iQ5 Multicolor Real-Time PCR Detection system (Bio-Rad
Laboratories). Annealing temperature was 60°C for all the primers. Melting
curve analysis confirmed that there was only one specific amplification prod-
uct for each primer pair.

Preparation of single cell suspensions and flow cytometry. Kidney
single cell suspensions were prepared from mice perfused through the right
ventricle with saline. Dissected kidneys were minced and incubated in 133 U/ml
Blendzyme 2 (Roche) for 15-30 min and further dispersed by pipetting.
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Residual red blood cells were lysed by hypotonic saline and debris was fil-
tered through 40-pm nylon sieves. Splenocytes and mononuclear cells from
lymph nodes were similarly prepared. Cells were pretreated with blocking
anti-FcyRII/FeyRIII mAb 2.4G2, stained with fluorophore-conjugated
mAD, and analyzed by flow cytometry using FACSCalibur (BD) with multi-
color upgrade to a three-laser (488-, 637-, and 407-nm lines) and eight-
detection-channel system (Cytek). Dead cells were excluded from analysis by
DAPI (Roche) staining.

All mAbs used in flow cytometry were from BioLegend, except eFlour-
conjugated mAb which were from eBioscience. Antibodies to CD4, CDS,
and CD3 were used to characterize T cells. Anti-CD19 Ab was used to detect
B cells. Anti-CD69 and anti-CD86 Abs were used to detect activated T and
B cells, respectively. For macrophage and dendritic cell analyses, tissue digests
were stained with anti-Ly6c-FITC, anti-CD103-PE, anti—I-A-PerCP-
eFluor710,anti-CD11b-PE-Cy7,anti-F4/80—-Alexa Fluor 647,anti-CD11c—
APC—eFluor 780, and DAPI. For other cell types, single cell suspensions were
stained with anti-CD8-FITC, anti-B220-PE, anti-CD3-PerCP-eFluor710,
anti—Thy1.2-PE, anti-NK1.1-Alexa Fluor 647, anti-CD4-APC-eFluor780,
and DAPI. Neutrophils are distinguishable as a Ly6c""CD11bMsh population.
Samples were acquired on a FACScan (BD), and data were collected with
CellQuest (BD) and analyzed with FlowJo (Tree Star) software.

Induction of sheep anti-GBM nephrotoxic nephritis. Mouse glomer-
uli were isolated by sequential sieving. Glomeruli were frozen and then soni-
cated to obtain the glomerular extract that was used for the preparation of
sheep nephrotoxic serum (NTS; Lampire Biological Products Ltd). Sheep
NTS was characterized for reactivity to mouse GBM. Mice were housed in
metabolic cages for 24 h and urine was collected. This was followed by i.p.
injection with NTS (75 pl/mouse). Urine was collected on days 7, 14, 21,
and 28 after injection and the experiment terminated. Kidneys and sera were
collected at the time of sacrifice. Urinary albumin and creatinine were mea-
sured as stated above. Deposition of NTS was confirmed by staining of frozen
kidney sections with biotinylated rabbit anti—sheep IgG (SouthernBiotech),
followed by Streptavidin Alexa Fluor 647. Glomerular deposits of mouse IgG
were studied on frozen sections of kidney using sheep anti-mouse IgG FITC
conjugate (SouthernBiotech). This procedure assays both acute and ¢cGN in
the treated mice.

Statistical analysis. Two-tailed unpaired Student ¢ tests and two-tailed
Fisher’s unpaired tests were performed to evaluate significance of the results
with assigned p-values.

Online supplemental material. Table S1 summarizes serum IgM, IgG,
and IgG subclass concentrations of NZM2328 and R27 at different ages.
Table S2 deals with lymphocyte subpopulations of spleen and kidney drain-
ing lymph nodes. Table S3 gives the genes that are located within the Cgnz1
refined genetic region. Table S4 provides information on nine candidate
genes for Cgnz1. Online supplemental material is available at http://www
Jjem.org/cgi/content/full/jem.20130731/DC1.
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