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Homozygous C1q deficiency causes glomerulonephritis
associated with multiple apoptotic bodies

Marina Botto!, Chiara Dell’Agnola', Anne E. Bygrave!, E. Mary Thompson?, H. Terence Cook?, Franz Petry*,

Michael Loos?, Pier Paolo Pandolfi®> & Mark J. Walport!

The complement system plays a paradoxical roie in the devel-
opment and expression of autoimmunity in humans. The acti-
vation of complement in systemic lupus erythematosus (SLE)
contributes to tissue injury. In contrast, inherited deficiency of
classical pathway components, particularly C1q (ref. 1), is pow-
erfully associated with the development of SLE. This leads to
the hypothesis that a physiological action of the early part of
the classical pathway protects against the development of SLE
(ref. 2) and implies that C1q may play a key role in this respect.
C1q-deficient (C1ga™") mice were generated by gene targeting
and monitored for eight months. C7ga~~ mice had increased
mortality and higher titres of autoantibodies, compared with
strain-matched controls. Of the C1ga” mice, 25% had giom-
erulonephritis with immune deposits and multiple apoptotic
cell bodies. Among mice without glomerulonephritis, there
were significantly greater numbers of glomerular apoptotic
bodies in C1g-deficient mice compared with controls. The phe-
notype associated with C1q deficiency was modified by back-
ground genes. These findings are compatible with the
hypothesis that C1q deficiency causes autoimmunity by impair-
ment of the clearance of apoptotic cells.

Homozygous deficiency of the first component of the comple-
ment system, Clg, is the most powerful human susceptibility
gene for the development of autoimmunity. In humans with
homozygous Clq deficiency, single base-pair mutations in each

of the three Clq genes (a, b and ¢) have been identified>?, associ-
ated either with absence of detectable protein or expression
of reduced levels of dysfunctional protein. We generated Clq-
deficient mice by homologous recombination to explore the
mechanisms of the link between complement deficiency and
autoimmunity. A targeting vector was constructed in which the
coding region of the first exon of the Clqga gene® was disrupted by
insertion of a neomycin-resistance cassette (Fig. 1a,b). The lack of
Clga transcripts was confirmed by northern-blot analysis of total
RNA from liver and spleen. Homozygous mutant mice had no
circulating C1q protein detectable by antigenic assays (ELISA and
western blot; Fig. 1¢) and undetectable functional classical path-
way haemolytic activity. Analysis of the offspring obtained from
two independent ES cell clones indicated that the disrupted allele
was inherited in accordance with normal Mendelian patterns.
Clga~ mice were fully viable and fertile.

We tested the hypothesis that Clq deficiency is associated with
an autoimmune phenotype by monitoring cohorts of Clga™~
mice consisting of 40 animals of a mixed genetic background
{129/0lax C57BL/6)F2 and 18 of pure inbred strain {129/0la).
Inbred C57BL/6 (n=23) and 129/0la (n=59) mice were used as
controls. Of the 34 C1g-deficient animals analysed at one year of
age, 19 (55%) developed high titres (range: 1/80 to 1/2560) of
anti-nuclear antibodies (ANA) compared with 13 of 82 animals
(16%) (range: 1/80 to 1/1280) from the two control inbred
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Fig. 1 Targeted disruption of C7ga. a, Schematic representation showing the organization of the
C1qa gene, the targeting vector and the structure of the targeted gene. The exons are represented as - 36
filled boxes, and the neomycin-resistance gene {neo) and the herpes simplex virus thymidine kinase <
cassette (HSV-tk) are indicated. The homologous fragments are delineated by dotted lines. g"-’H prp— p—
Restriction sites are: K, Kpnl; S, Smal; E, EcoRI; B, BamHI; C, Scal; A, Apal. The double-headed arrows 2 - 24
indicate the sizes of fragments seen in Southern-blot analysis of wild-type (top) and mutant (battom) c chair &- - - 20

alleles after Apal digestion of genomic DNA hybridized to the 5" and 3’ probes (P1 and P2).
b, Representative Southern blot of Apal-digested DNA from offspring of a cross between animals

heterozygous for the disrupted C7ga gene. The wild-type aliele is 13 kb and the mutant allele is approximately 14 kb due to the insertion of the neo gene.
¢, Western-biot analysis. A polyctonal antibody anti-mouse C1q was used for the precipitation and detection of the protein in the sera from the two wild-type
inbred strains 129/Ola (lane 1) and C57BL/6 (lane 5), and from heterozygous (lane 2) and homozygous (lanes 3,4) C1g-deficient animals. The positions of the

three chains (reducing conditions) and the marker are indicated.
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Fig. 2 Autoantibody profiles.
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strains; P<0.0001 (Mann-Whitney test; Fig. 2a). Similarly, sig-
nificant differences were observed in the levels of anti-histone
antibodies between the Clg-deficient animals and controls
(Fig. 2b). Total IgG levels were similar in both groups (data not
shown). In contrast, none of the 18 Clga™" mice on a pure
129/Ola genetic background developed autoantibodies. Six of
forty Clqg-deficient mice on the hybrid (129/OlaxC57BL/6)
background died at four to six months of age with severe prolif-
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erative crescentic glomerulonephritis (Fig. 3a). The presence of
immune deposits in the kidneys was confirmed by silver stain-
ing, by immunofluorescence and by electron microscopy which
localized the deposits in the subendothelial and subepithelial
areas (Fig. 3b). C3 deposits in the glomeruli were detected by
immunofluorescence using a monoclonal anti-mouse C3 anti-
body (data not shown). A striking feature of the glomeru-
lonephritis was the presence of multiple apoptotic bodies in
diseased glomeruli (Fig. 3c). All the remaining animals were
killed at one year of age. Among the 40 Clga™" mice on the
hybrid background, glomerulonephritis was detected in 11 mice
(27%). In contrast, no glomerulonephritis was detected in any of
the 18 Clga™ mice on a pure 129/0la background (P=0.01,
Fisher’s exact test) or in any of 27 control 129/Ola (P=0.001) and
22 control C57BL/6 (P=0.004) mice examined from the cohorts.
These initial findings suggested that the expression of autoim-
munity in Clq-deficient mice was affected by genetic modifiers.
We therefore monitored a second cohort of animals comprising
226 Clqa‘/‘ and 108 control mice (all 129/0laxC57BL/6) at 3,
5 and 8 months of age (at which point all of them were killed).
Autoantibodies were detected from 3 months of age, and the
levels increased progressively (data not shown). Of the Clga™"
mice, 54% had high titres of ANA at 8 months of age compared
with 33% of the controls (Fig. 4; range: 1/80 to 1/2560);
P=0.0038 (Mann-Whitney test). However, this significant dif-
ference in the production of ANA was observed only between the
males. Antibodies to the extractable nuclear antigen Sm were
detected in 6 of 92 ANA-positive sera from the Clga™" mice.

Fig. 3 Glomerulonephritis in C1g-deficient mice. &, Glomerulus showing proliferation of cells in Bowman's space forming a crescent (arrows) (Periodic_acid—Schiff
methenamine silver, x420). b, Electron micrograph of part of a glomerular capillary loop showing subendothelial (thin arrows) and subepithelial (thlclg arrows)
electron-dense deposits, x17,250. ¢, High-power photomicrograph of part of a glomerulus showing multiple apoptotic bodies. Three examples are indicated by

arrows (Periodic acid-Schiff, x1050).
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Fig. 4 Autoantibody profiles. ANA levels in 213 Clg-deficient mice and 108
controls at 8 months of age. Females and males are shown separately. Serum
samples were titrated to end point. Small circles represent one mouse; large
circles, a variable number of animals as indicated in parenthesis. Animals with
evidence of glomerulonephritis on histological examination are represented
with open symbols; filled circles indicate absence of renal involvement.

None of the 30 ANA-positive controls tested showed antibodies
to Sm. In contrast, the titres of autoantibodies to ssDNA, to
chromatin and to histone were not significantly different
between the gene-targeted and the wild-type mice (data not
shown). It appears, therefore, that the background genes that are
responsible for the development of low levels of autoimmunity
in control hybrids, predominantly females, may cause more
severe autoimmunity in the absence of Clq.

Histological examination of the kidneys revealed evidence of
glomerulonephritis in 25% of CIga™" mice compared with 4%
of control animals (P<0.0001, Fisher’s exact test). Of the ani-
mals affected by glomerulonephritis, the five controls were all
fermales, while renal disease was equally present in both sexes of
the 58 Clqa~~ mice. The sections were scored on a 0~V scale
based on the intensity and extent of the histopathological
changes as described previously!® (Table 1). The glomeru-
lonephritis was again characterized by the presence of multiple
apoptotic bodies. Among mice without glomerulonephritis,
there were significantly greater numbers of glomerular apop-
totic bodies in Clqg-deficient mice compared with controls
(P<0.0001, Mann-Whitney test; Fig. 5a). The number of
glomerular apoptotic bodies was greatly increased among mice
with glomerulonephritis (Fig. 5b). Apoptotic bodies were
detected in two of four control mice with grade III or IV
glomerulonephritis. However, because only very few control
mice developed glomerulonephritis, no statistical comparison
was possible with Clg-deficient mice. The other two control
mice that developed severe glomerulonephritis showed exten-
sive glomerular fibrinoid necrosis, and apoptotic bodies could

Table 1 » Histopathological assessment of kidney sections

Glomerulonephritis 0 i 1] 1 v
Controls (108) 103 0 1 1 3
Clga™* (226) 168 7 27 16 8

not be distinguished. Among the Clga~" mice, the presence of
autoantibodies did not correlate with either the presence or the
severity of the renal involvement, while in the control group the
number of affected mice was too small for statistical analysis.

Apoptotic cells are cleared rapidly from injured glomeruli*!,
and the presence of large numbers of apoptotic bodies in the
glomeruli of C1q-deficient mice implies either markedly increased
apoptosis or a defect in the clearance of apoptotic cells. The signif-
icantly increased numbers of apoptotic bodies in otherwise nor-
mal glomeruli in Clq-deficient mice, compared with controls,
suggests that this is likely to be a primary defect, This is consistent
with the report that Clq binds to apoptotic keratinocytes!2. Cells
undergoing death by apoptosis generate discrete subcellular struc-
tures referred to as surface blebs, which contain either nuclear or
cytoplasmic constituents, many of which are targeted by autoanti-
bodies in patients with SLE (refs 13—17). It has been proposed that
apoptotic cells provide the source of autoantigens which drive the
autoimmune response in SLE (refs 15-17). Our observations indi-
cate that C1q may bind to apoptotic cells and promote their phys-
iological clearance. Failure of this process in C1q deficiency may
atlow the persistence of apoptotic cells which provide the source of
autoantigens that stimulate an autoantibody response in geneti-
cally susceptible hosts.

Methods

Targeted disruption of the mouse CIga gene. The mouse Clga gene was
isolated from a 129/Sv genomic library. The exon-intron organization was
determined by restriction endonuclease and DNA sequence analysis. The
targeting vector was constructed by inserting the neo gene (pPMC1Neo-poly
(A)*, Stratagene) into an Smal restriction site located in the middie of the
first exon. The herpes simplex virus thymidine kinase gene was appended at
the 3" end of the construct, outside the area of homologous recombination,
to allow selection against random integration. Two different embryonic
stem cell lines were transfected with the targeting vector by electroporation,
and G418- and gancyclovir-resistant clones were screened by Southern-blot
analysis using diagnostic digestions and probes as shown in Fig. 1.
Germline transmission of the disrupted allele was obtained from two inde-
pendent clones. Homozygous C1q-deficient and wild-type mice used in the
analysis were of mixed genetic background (129/0lax C57BL/6). The care
and the use of the animals were in accordance with institutional guidelines.

Complement assays. Clq levels were determined by sandwich ELISA as
described!®. Functional Clq activity was measured by a reconstitution
assay using human Clg-deficient serum and sensitized sheep red blood
cells, Haemolytic complement activity was determined by a fluid-phase
51Cr-release assay as previously described!®.
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Serological analysis. Mice were bled from the tail vein at regular intervals
and serum was stored at —70 °C prior to analysis. IgG ANA levels were
measured by indirect immunofluorescence using Hep-2 cells and a fluo-
rescein-conjugated IgG Fe-specific anti-mouse secondary antibody. The
serum samples were screened at a 1:80 dilution and the positive samples
were titrated to end point. Anti-histone antibody levels were measured by
ELISA as described?’. The serum samples were screened at a 1:50 dilution.
The results were expressed in arbitrary ELISA units (AEU) relative to a
standard positive sample (derived from a MRL/Mp-Ipr/Ipr mouse) which
was assigned a value of 100.

Histology. Kidneys were fixed in 10% buffered formalin and stained with
hematoxylin and eosin. Coded samples were scored for glomerulonephri-
tis as described previously'®. Glomerular hypercellularity was graded on a
0-TV scale in which 0=no involvement, and grades I-IV =<25%, 25-50%,
51-90% and >90% abnormal glomeruli, respectively. For electron
microscopy examination, the kidneys were fixed in glutaraldehyde.
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Fluorescence microscopy was performed on frozen sections incubated
with a monoclonal anti-mouse C3 antibody (Connex) or a polyclonal
anti-mouse IgG. Apoptotic bodies were counted in sections coded to
obscure their origin. A cell was considered apoptotic when it showed loss
of cell volume, chromatin condensation along the nuclear membrane with
intensely basophilic staining and/or nuclear fragmentation into spherical
structures containing condensed chromatin.
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