
Decay-accelerating factor but not CD59 limits
experimental immune-complex glomerulonephritis
Lihua Bao1, Mark Haas2, Andrew W Minto1 and Richard J Quigg1

The complex balance between the pro-activating and regulatory influences of the complement system can affect the
pathogenesis of immune complex-mediated glomerulonephritis (ICGN). Key complement regulatory proteins include
decay accelerating factor (DAF) and CD59, which inhibit C3 activation and C5b-9 generation, respectively. Both are
glycosylphosphatidylinositol-linked cell membrane proteins, which are widely distributed in humans and mice. Chronic
serum sickness induced by daily immunization with horse spleen apoferritin over 6 weeks was used to induce ICGN in
DAF-, CD59- and DAF/CD59-deficient mice, with wild-type littermate mice serving as controls. Both DAF and DAF/CD59-
deficient mice had an increased incidence of GN relative to wild-type controls associated with significantly increased
glomerular C3 deposition. Disease expression in CD59-deficient mice was no different than wild-type controls. DAF- and
DAF/CD59-deficient mice also had increased monocyte chemoattractant protein-1 mRNA expression and glomerular
infiltration with CD45þ leukocytes. Our findings suggest that activation of C3 is strongly associated with experimental
ICGN while downstream formation of C5b-9 is of lesser pathogenic importance in this model.
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The complement system is an important part of innate im-
munity. The classical, alternative and lectin complement
pathways have unique and shared components. Although the
activating influences on each pathway is different, the end
result of cleavage and activation of C3 and C5, and the non-
enzymatic assembly of the C5b-9 membrane attack complex
are equivalent.1 Given the potency of the complement sys-
tem, its activation has the potential to cause unwanted in-
flammation on host tissue. Therefore, natural inhibitors are
essential and are present throughout the three cascades.1,2

Decay accelerating factor (DAF, CD55) and CD59 are widely
expressed glycosylphosphatidylinositol (GPI)-anchored
membrane complement regulatory proteins. DAF prevents
C3 and C5 activation through all complement pathways by
inhibiting formation and accelerating decay of C3/C5 con-
vertases.3,4 CD59 is the only cellular inhibitor of C5b-9 for-
mation, which it accomplishes by blocking the interaction of
C8 with C9.5

Complement activation clearly occurs in immune complex
(IC)-mediated diseases in humans, including in the glomer-
ulus in lupus nephritis, membanoproliferative glomerulone-
phritis (GN), postinfectious GN and membranous

nephropathy.6 Horse spleen apoferritin-induced chronic
serum sickness (CSS) is a model of human proliferative GN,
characterized by glomerular IC deposition, hypercellularity
and matrix expansion.7,8 IC-mediated GN in this model
clearly has a dependence on complement activation.9–12 To
dissect the roles of early and late complement activation
cascades in this disease model, we focused on their relevant
complement regulators, DAF and CD59. CSS was induced in
DAF- and CD59-deficient mice, as well as mice doubly de-
ficient in both. DAF deficiency led to a significantly increased
incidence of proliferative GN, while CD59 deficiency did not
affect disease development, supporting the relevance of
complement activation products C3a, C3b and/or C5a, but
not C5b-9, in the pathogenesis of immune complex-medi-
ated glomerulonephritis (ICGN).

MATERIALS AND METHODS
Protocols for Animal Work
Mice with targeted deletions of DAF1 (DAF KO) and CD59a
(CD59 KO) were generated and kindly provided by Dr
Wenchao Song (University of Pennsylvania).13,14 These mice
were originally on a mixed C57BL/6 and 129 background,
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and were backcrossed onto the Balb/c strain for at least 10
generations. Homozygous DAF KO and CD59 KO mice were
generated by intercrossing heterozygous mice and screened
by flow cytometry as described.13,15 Double knockout (DKO)
mice were generated by intercrossing DAF- and CD59-defi-
cient mice. Both male and female mice at 10 to 12 weeks old
were included in this study.

ICGN was induced in DAF KO (n¼ 14), CD59 KO
(n¼ 10) and DAF-CD59 DKO (n¼ 11) mice with a daily
peritoneal injection of 4mg of horse spleen apoferritin
(Calzyme Laboratories, Inc. San Luis Obispo, CA, USA) for
6 weeks. Identically treated littermate wild-type Balb/c mice
(n¼ 10) were studied contemporaneously as controls. Serum
and urine samples were collected after 3 and 6 weeks of
apoferritin immunization. The study was terminated at 6
weeks, at which time all mice were sacrificed and the kidneys
were harvested for further studies. These animal experiments
were approved by the University of Chicago Animal Care and
Use Committee.

Measurements of BUN and Urinary Albumin
Blood Urea Nitrogen (BUN) concentrations were detected
with a Beckman Autoanalyzer (Beckman Coulter, Fullerton,
CA, USA). Urinary creatinine concentrations were measured
using a commercially obtained kit according to manu-
facturer’s instructions (Stanbio Creatinine Procedure No.
0400, Stanbio Laboratory, Boerne, TX, USA). Urinary albu-
min concentrations were measured with a mouse albumin
ELISA kit (Bethyl Laboratories, Montgomery, TX, USA) as
described previously.11 Urinary albumin excretion was ex-
pressed as the ratio of urinary albumin to creatinine con-
centrations (mg/mg).

Measurements from Tissue
For light microscopy, kidney tissues were fixed in 4% par-
aformaldehyde and embedded in paraffin. Four mm sections
stained with periodic acid Schiff were examined by a renal
pathologist (MH), who was blinded to the grouping of each
section. For each slide, the presence of GN was determined
based on the development of diffuse hypercellularity and
matrix expansion in the mesangial area.

For immunofluorescence (IF) microscopy, tissues were
snap frozen in 2-methylbutane in a container on dry ice. Four
micrometer cryostat sections were processed for direct IF.
Sections were fixed in ether–ethanol and stained with fluor-
escein isothiocyanate-conjugated antibodies (Abs) to mouse
C3, IgG, IgA (Cappel Pharmaceuticals Inc., Aurora, OH,
USA), and IgM (Sigma, Saint Loius, MO, USA). The staining
intensity was semi-quantitatively scored from 0 to 4 by an
observer blinded to the origin of the specimens as detailed
previously.11

For immunohistochemistry, 4% paraformaldehyde-fixed
and paraffin-embedded kidney sections were used. Slides
were heated for 10min in a microwave oven in pH 6.0 citrate
buffer to retrieve antigen. Endogenous peroxidases and biotin

were blocked with 0.3% H2O2 and Avidin/Biotin Blocking
Kit (Vector Laboratories, Burlingame, CA, USA). Normal
mouse serum (10% vol/vol) was also used as a separate
blocking step. The slides were then incubated with rat anti-
mouse CD45 (Cedarlane Laboratories, Ontario, Canada),
followed by mouse anti-rat IgG2b (BD Biosciences Phar-
mingen, San Jose, CA, USA) and streptavidin-peroxidase
(Sigma). Specifically bound Abs were detected by DAB
Substrate Kit (Vector). To quantify renal leukocyte infiltra-
tion in each mouse kidney section, at least 20 glomeruli or 20
high-power fields (hpf, � 400) were examined in a blinded
manner as described previously.16

In some instances, staining for proliferating cell nuclear
antigen (PCNA) was performed in slides stained with anti-
mouse CD45 as described above. Following DAB develop-
ment, the peroxidases and biotin in the first staining were
blocked with 0.3% H2O2 and Avidin/Biotin Blocking Kit.
Then the slides were incubated with rabbit anti-PCNA (Santa
Cruz Biotechnology, Santa Cruz, CA, USA), followed by
biotin-conjugated anti rabbit IgG (Vector) and streptavidin-
peroxidase (Sigma). Specific PCNA staining was then de-
tected with the VIP Substrate Kit (Vector), followed by Me-
thyl-green counter-staining (Vector). By this protocol, PCNA
and CD45 staining were indicated by purple nuclear staining
and brown cellular staining, respectively. PCNAþ cells were
enumerated from at least 20 glomeruli per section in a
blinded manner as described above.

Quantitative RT-PCR
Total RNA from renal cortex was extracted and cDNA
produced as described previously.17 Quantitative RT-PCR
(qRT-PCR) was performed with the QuantiTect SYBR Green
RT-PCR Kit (Qiagen Inc., Valencia, CA, USA). Expression data
were normalized to 18S RNA measured contemporaneously
from the same samples. The primers used are provided in
Table 1.

Anti-apoferritin ELISA
The development of anti-apoferritin Abs was confirmed by
ELISA as previously described.11 Briefly, polystyrene plates

Table 1 Primers used in qRT-PCR

Genes Primer 1 (forward) Primer 2 (reverse)

C3aR 50-taaccagatgagcaccacca-30 50-tgtgaatgttgtgtgcatgg-30

C5aR 50-gatgccaccgcctgtatagt-30 50-acgaaggatggaatggtgag-30

RANTES 50-gtgcccacgtcaaggagtat-30 50-gggaagcgtatacagggtca-30

MCP1 50-cccaatgagtaggctggaga-30 50-gctgaagaccttagggcaga-30

MIP2 50-caccaaccaccaggctac-30 50-gcccttgagagtggctatga-30

IL-1b 50-gcccatcctctgtgactcat-30 50-aggccacaggtattttgtcg-30

18S 50-atggccgttcttagttggtg-30 50-cgctgagccagtcagtgtag-30
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were coated with 5 mg/ml of apoferritin. After blocking with
1% BSA, plates were incubated with serial dilutions of serum
samples or anti-horse ferritin Ab (Jackson ImmunoResearch
Labs, West Grove, PA, USA), followed by horseradish per-
oxidase-conjugated anti-mouse IgG (Kierkegaard and Perry
Laboratories) and o-phenylenediamine peroxidase substrate
(Sigma-Aldrich, Saint Loius, MO, USA). The data were
presented as arbitrary units relative to a standard curve
generated with anti-horse ferritin Abs.

Statistical Analyses
All data are expressed as means7s.e.m. and were analyzed
using Minitab software (State College, PA, USA). One-way
analysis of variance followed by Tukey’s pairwise compar-
isons was used for the measurements and w2 analysis was
used to analyze the incidence of disease among the groups.
Potential correlations among variables were examined by
Pearson product moment correlation coefficient.

RESULTS
GN Occurs in DAF-Deficient Mice with CSS
CSS was induced in DAF KO, CD59 KO, DAF-CD59 DKO
mice, as well as littermate wild-type controls. After 6 weeks of
immunizing with horse spleen apoferritin, all four groups of
animals developed comparable levels of anti-apoferritin Abs
(1.1070.17, 0.6870.17 0.6970.08 and 0.7970.17U/ml in
DAF KO, CD59 KO, DKO and wild-type groups, respec-
tively). Along with the generation of circulating ICs in this
model,11 all animals developed glomerular IC deposits con-
sisting of IgG, IgM, IgA and C3, which were primarily in a
mesangial distribution with extension to the peripheral ca-
pillary wall. DAF deficiency led to significantly increased C3
glomerular deposition (Figures 1a–d and 2). The semi-
quantitative IF C3 scores were 3.170.1 and 3.270.2 in DAF
KO and DKO groups, respectively, compared to 2.870.2 and
2.170.2 in CD59 KO and wild-type groups, respectively (Po
0.01, DAF KO and DKO vs wild-type control). Deficiency of
DAF and/or CD59 did not affect IC deposition in the kidney
as shown by comparable staining intensity for IgG, IgA and
IgM in all groups (Figure 2).

The mice lacking DAF complement regulatory activity
developed proliferative GN characterized by mesangial hy-
percellularity and extracellular matrix expansion (Figure 1f),
not seen in mice with intact DAF (Figure 1e). Overall, 5 of 14
(35.7%) DAF KO and 5 of 11 (45.5%) DKO mice developed
GN, respectively, compared with 0 of 10 CD59 KO and 1 of
10 wild-type mice (P¼ 0.047). Thus, 40% of DAF-deficient
mice developed GN compared to 5% of mice with intact
DAF, irrespective of the presence or absence of CD59
(P¼ 0.007).

Along with the deposition of ICs and complement acti-
vation products, mice with CSS also developed albuminuria
after 3 weeks of apoferritin immunization which tended to
increase at the 6 week time period (Figure 3). Consistent with
past studies in this model, the albuminuria was relatively

mild.10,11 At each time point, DAF KO and DKO mice tended
to have higher urinary albumin excretion, although the dif-
ferences among the four groups did not reach statistical
significance. All BUN levels obtained at 3 and 6 weeks of CSS
were within the normal range (data not shown), indicating
that the ICGN induced in this model did not appear to affect
glomerular filtration.

Measurement of Inflammatory Cells and Mediators
Given the importance of inflammatory cells and their med-
iators in the development of ICGN, and the potential re-
levance of complement activation to both, their presence was
sought in renal tissue. CD45þ leukocytes were present in
glomeruli (Figure 4a) and the interstitium (Figure 4b) of
mice with CSS. In DAF KO and DKO mice there were ap-
proximately double the numbers of glomerular CD45þ

leukocytes compared to CD59 KO and wild-type mice with
intact DAF (Figure 4c). In contrast, interstitial CD45þ leu-
kocytes were equivalent among the groups (Figure 4d).
Glomerular leukocyte numbers significantly correlated with
GN (r¼ 0.67, Po0.001) and C3 staining scores (r¼ 0.43,
P¼ 0.003). The former is not unexpected, given that in-
creased cellularity was used as criteria for GN, while the latter
is consistent with the premise that activated complement at
C3 and beyond mediates leukocyte infiltration.

To provide insight into how complement activation might
affect inflammatory cell recruitment in this model, we mea-
sured mRNA expression of RANTES, monocyte chemoat-
tractant protein-1 (MCP-1), macrophage inflammatory
protein-2, and interleukin-1b, which are cytokines/chemo-
kines shown to be relevant in ICGN.16,18,19 In addition, re-
ceptors for the complement anaphylatoxins C3a and C5a
were evaluated. Among these, only MCP-1 was significantly
upregulated in the DAF-deficient mouse groups relative to
CD59 KO and wild-type mice (Figure 5). MCP-1 mRNA
correlated significantly with the numbers of glomerular (but
not interstitial) leukocytes (r¼ 0.562, Po0.001), supporting
it may play a role in their recruitment to glomeruli in CSS.

In addition to extrinsic cells infiltrating glomeruli, intrinsic
glomerular cells can be stimulated to proliferate in disease
situations. To examine this, staining was performed for
PCNA as a marker for cells undergoing DNA replication. In
all groups of animals with CSS, there were cells within glo-
meruli which stained positively for PCNA; these were typi-
cally within mesangial regions and were invariably negative
for CD45 (Figure 6a). In DAF and DKO mice with CSS, there
were significantly increased numbers of PCNAþ glomerular
cells (Figure 6b). Thus, CSS in DAF-deficient mice led to
increased infiltration with extrinsic CD45þ cells and pro-
liferation of intrinsic cells as marked by the presence of
PCNA.

DISCUSSION
Even though the complement system tends to be selective,
regulation of its activation is important to prevent bystander
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injury to host cells, particularly in those instances when ICs
deposit in tissues. Relevant in this regard are DAF and CD59
which regulate C3/C5 convertases and formation of C5b-9,

respectively.2 In this study in which ICs deposited in
glomeruli, mice deficient in DAF developed GN which
was not seen in DAF-sufficient animals. In contrast, disease

Figure 1 Complement activation and histopathological features of ICGN. Representative IF micrographs show C3 activation in glomeruli of wild-type (a)

and CD59 KO (b) mice with ICGN, that was significantly increased in DAF KO (c) and DKO (d) animals. DAF KO and DKO mice also developed mesangial

proliferative GN (f) compared to the normal morphology in wild-type and CD59 KO mouse kidneys (e). Magnification, � 400.
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development was not affected by the presence or absence of
CD59. These data suggest that inhibition of C3/C5 activation
by DAF can protect against the development of experimental
ICGN while generation of C5b-9 and its regulation by CD59
are less consequential in this model.

Complement mediators besides C5b-9 generated by C3/C5
activation are C3a, C3b and C5a, each with cognate receptors
on inflammatory cells. The C3a and C5a anaphylatoxins are
potent chemoattractants, promoting leukocyte infiltration
into affected tissues. Of the receptors for C3b products,
ranging from CR1-4, the b2 integrin CR3 (CD11b/CD18) on
inflammatory cells appears the most relevant to GN mod-
els.20 Stimulation through any or all of these receptors may
be relevant in explaining the increase in glomerular leuko-
cytes in DAF-deficient mice with CSS.

In addition to their presence on leukocytes, the receptors
for C3a and C5a are present in the kidney. Both are located
on proximal tubular epithelial cells,21–23 while in the glo-
merulus, C3a and C5a receptors appear specific to podocytes
and mesangial cells, respectively.16,21,24,25 Systemic adminis-
tration of lipopolysaccharide can markedly increase me-

sangial C5aR expression, which is dependent on urokinase
receptor activation.26 Early in the course of murine lupus
nephritis, both C3a and C5a receptor are significantly upre-
gulated, while later in the course of disease, their specific
inhibition16,19 or deletion27 lessened glomerular disease
manifestations. Although not proven directly, it seems most
likely mesangial C5a receptor was most relevant in our stu-
dies, in spite of its not being upregulated in renal cortex. Of
the many effects that can occur through C5a receptor acti-
vation, induction of MCP-1 production, blocking apoptosis
and promoting entry into the cell cycle are arguably the most
important to our findings here.26,28–31

As the activating proteins in the complement systems of
humans and mice are largely comparable, their study in mice
can provide useful insights into human pathophysiology.32

The complement regulators in mice are also largely conserved
in humans with some notable differences. In mice, there are
two forms of DAF (DAF1 and DAF2) encoded on chromo-
some 133 and CD59 (CD59a and CD59b) encoded on chro-
mosome 2;34 DAF1 and CD59a have 85% nucleotide identity
to their respective alternate forms. DAF1 is a GPI-anchored
protein which is expressed widely in mouse tissues, while
DAF2 is a type I membrane protein that is highly expressed
only in mouse spleens and testis.3,35 Similarly, the GPI-linked
CD59a is widely expressed in mouse tissues, while CD59b is
restricted to the mouse testis.34 DAF1 and CD59a appear
comparable to the single human DAF and CD59 proteins
both in structure and distribution.

The relevance of DAF and CD59 to glomerular diseases has
been inferred from their distribution in human pathological
specimens and through the use of short-term rodent studies
with neutralizing Abs. For instance, there is increased and
wider expression of DAF and CD59 in human IC glomerular
diseases such as lupus nephritis and membranous nephro-
pathy.36–38 This has been taken as evidence for a protective
response initiated by glomerular cells under complement
‘attack’, for which there also is support from in vitro studies.39

Neutralization of the function of DAF delays recovery from
puromycin-induced podocyte injury, consistent with its lo-
calization on the apical portion of this glomerular cell in
rats.40 CD59 appears to be present on the three intrinsic
glomerular cells in humans and rodents41,42 where it effec-
tively limits C5b-9 formation.43,44 Since complement acti-
vation occurs in sequence, effective regulation earlier in the
pathways may mean CD59 is dispensable in normal cir-
cumstances; however, if the tempo of complement activation
overwhelms C3/C5 inhibitors, CD59 is key to prevent cellular
injury from C5b-9 formation.45,46

The recent generation and study of DAF and CD59 KO
mice has allowed further understanding of their roles in
disease models such as nephrotoxic serum nephritis.13,14

While this is a glomerular disease model most analogous to
human anti-glomerular basement membrane GN, the
reactivities of the heterologous Abs clearly extend to
glomerular cells.47 The disease features of this model were

4.5

4
3.5

3
* *

2.5

2
1.5

1
0.5

0
C3

Control CD59 DAF DKO

IgG

IF
 in

te
ns

ity

IgM IgA

Figure 2 Semiquantitative IF scores from glomeruli of mice with ICGN.

Mice with DAF deficiency had significantly increased glomerular C3

deposition, yet immunoglobulin staining was no different between the

groups. *Po0.01 vs wild-type group.

160
Control

CD59
DAF

DKO

140

120

100

80

60

40

20

0

A
lb

um
in

ur
ia

 (
µg

/m
g 

cr
ea

tin
in

e)

Week 3 Week 6

Figure 3 Albuminuria in experimental ICGN. DAF KO and DKO mice with

CSS had increased albuminuria at 3 and 6 weeks compared to the

DAF-sufficient groups, although these were not statistically different.

DAF and CD59 in glomerulonephritis

L Bao et al

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 87 April 2007 361



exacerbated in mice lacking DAF,14,48 CD59,49 or both,50

including podocyte ultrastructural changes and proteinuria,
likely due to C5b-9-mediated podocyte injury.50

In addition to the aforementioned duplicated forms of
DAF and CD59 not present in humans, rodents have the
unique complement regulator p65/5I2 antigen,51,52 which is
now termed Crry (CR1-related gene y) because of its relat-
edness to human CR1.53 While Crry has functional and
structural similarities to human CR1, it is much more widely
distributed than CR154 and in many sites may serve the
purpose of DAF and/or MCP in humans.55 This is clearly the
case in erythrocytes, which undergo C5b-9-mediated hemo-
lysis due to DAF and CD59 deficiencies in human parox-
ysmal nocturnal hemoglobinuria,56 while Crry is the key
complement regulator on mouse erythrocytes.13 In the ro-
dent glomerulus, Crry appears to be predominantly me-
sangial cell-associated,44,55 where it can limit complement
activation.57 The role for Crry in mouse models of disease
such as CSS has experimental obstacles given the embryonic
lethality of Crry deficiency.58

Besides the glomerular cell-bound complement regulators
DAF, Crry and CD59, complement factor H clearly is im-
portant to prevent spontaneous complement activation in
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glomeruli. Its deficiency or absence from type I genetic
mutations or gene targeting can lead to spontaneous devel-
opment of MPGN type II in mice, pigs and humans.59–61

Factor H is also important in the CSS model of ICGN, as it
leads to C3b inactivation in the glomerular capillary wall, a
key factor to dampen inflammation in this model.10,62 Taking
all available information together, it appears that DAF and
CFH are relevant to C3 activation in glomerular capillary wall
cellular and non-cellular sites, respectively.

In conclusion, our current study suggests that DAF-
regulated complement activation at the C3 level is relevant
to the development of experimental ICGN. In contrast,
CD59-inhibited C5b-9 formation may not be a patho-
genic factor in this model. The mechanisms behind this
protective effect can be attributed to limiting direct and
indirect effects of the complement activation products,
C3a, C5a, C3b on intrinsic glomerular cells and extrinsic
leukocytes.
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