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Abstract

Background The C3 glomerulopathies (C3G) are recently defined glomerular diseases, attributed to abnormal complement regulation.
Dense deposit disease (DDD) is part of the spectrum of C3G, characterized by electron-dense deposits in the lamina densa of the
glomerular basement membrane. Patients with DDD present with hematuria, variable degrees of proteinuria, and kidney dysfunction.
Kidney biopsies typically disclose proliferative and inflammatory patterns of injury. Treatment with glucocorticoids and mycopheno-
late mofetil has been shown to achieve remission of proteinuria in a significant proportion of C3G patients.
Case-diagnosis/treatment We report two patients with persistent nephrotic syndrome while on immunosuppressive therapy.
Repeat kidney biopsies disclosed massive C3 deposits with foot process effacement in the absence of proliferative or inflamma-
tory lesions on light microscopy.

Conclusion These cases, coupled with data from animal models of disease and the variable response to eculizumab in C3G
patients, illustrate that two different pathways might be involved in the development of kidney injury in C3G: a C5-independent
pathway leading to glomerular capillary wall injury and the development of proteinuria versus a C5-dependent pathway that
causes proliferative glomerulonephritis and kidney dysfunction.
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Introduction acterized by electron-dense deposits in the lamina densa

with a ribbon or a sausage structure. Patients with DDD

Dense deposit disease (DDD) is a rare renal disease,
within the spectrum of the C3 glomerulopathies (C3G),
caused by complement dysregulation [1]. DDD is char-
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present with hematuria, proteinuria, and/or kidney dys-
function. The initial kidney biopsy mostly discloses a
mesangial or a membranoproliferative glomerulonephri-
tis (MPGN), but also endocapillary proliferation and
crescents can be observed [1]. Treatment with glucocor-
ticoids and mycophenolate mofetil (MMF) benefits a
significant proportion of patients [2]. Although comple-
ment dysregulation is pivotal in the pathogenesis of
C3G@, the causative role of the various complement pro-
teins is debated. Studies in mouse models suggest an
important role for the C5a fragment and its receptor
(C5aR1) [3]. Treatment with C5aR blockade is now
under investigation in C3G (NCT03301467). We report
two patients with DDD with improved kidney function
but persistent proteinuria after immunosuppressive ther-
apy. A kidney biopsy showed evidence of podocyte in-
jury in the absence of proliferative lesions. These cases
illustrate how two different, complement-dependent
pathways might cause kidney injury in DDD.
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Case reports
Case 1

This Caucasian female patient presented in 2008, at the age of
17 years, with nephrotic syndrome (urine protein-creatinine
ratio (UPCR) of 9 g/10 mmol (normal <0.10 g/10 mmol),
serum albumin 19 g/L (normal > 35 g/L)). Serum creatinine
concentration was normal (85, normal 45-90 umol/L). The
C3 concentration was low (196, normal 700—1500 mg/L) with
a normal C4 concentration (216, normal 100—400 mg/L).
Anti-nuclear antibodies were negative. The kidney biopsy
(D+2) (Supplementary Fig. SIA-C) showed a diffuse
endocapillary and mesangial proliferative glomerulonephritis
with extracapillary proliferation in 70% of the glomeruli.
Ribbon-like eosinophilic deposits were seen in the capillary
walls. There was C3-dominant staining on immunofluores-
cence (IF) (Supplementary Fig. SIB), and electron microsco-
py (EM) was typical for DDD (Supplementary Fig. S1C).
No genetic variants in complement regulatory genes were
detected. No auto-antibodies against factor H nor C3 nephritic
factor (C3NeF) activity were found. The patient was treated (D+
3) with methylprednisolone pulses (3 x 1000 mg i.v.), followed
by oral prednisolone (1 mg/kg), MMF (2 % 1000 mg), and con-
servative therapy with an ACE inhibitor. Despite treatment, kid-
ney function deteriorated (serum creatinine rising from 85 to
283 umol/L), necessitating introduction (D+16) of cyclophos-
phamide and plasmapheresis (total of 10 sessions) with tempo-
rary interruption of MMF. After 6 weeks, cyclophosphamide
was discontinued (D+56), and MMF restarted. Kidney function
improved, with serum creatinine reaching a nadir of 73 pmol/L
(MDRD 89 ml/min/ 1.73m2) after 1 year; however, proteinuria
persisted in nephrotic range (UPCR 3.5-4.5 g/10 mmol, serum
albumin 33 g/L) (Supplementary Fig. S2). The dose of MMF
was initially tapered. In 2012, because of increasing proteinuria
(UPCR 7.3 g/10 mmol) and decreasing serum albumin (28 g/L),
the patient was treated with methylprednisolone pulses, and the
MMF dose was again increased to 2 x 1000 mg. Despite treat-
ment, proteinuria persisted (UPCR 4-5 g/10 mmol, serum albu-
min 22-27 g/L). Over the next years, after a Salmonella infection
in 2013, the patient developed progressive gastro-intestinal intol-
erance to MMF. In 2017 the drug was stopped, and the side
effects disappeared. Because of low blood pressure, the ACE
inhibitor was also discontinued. In view of the persistent nephrot-
ic syndrome, with a slow decline in kidney function (serum
creatinine 92 pmol/L, MDRD 63 ml/min/1.73m?), treatment
with C5aR blockade was discussed, and a kidney biopsy was
performed. The kidney biopsy, taken 10 years after initial diag-
nosis, showed a sclerosing glomerulopathy (50% globally
sclerosed glomeruli) with massive deposits of eosinophilic mate-
rial in the mesangium and capillary walls. There was no cellular
proliferation nor active inflammation. Complete foot process ef-
facement was seen on electron microscopy (Supplementary Fig.
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S1D-F). In the absence of inflammation, ongoing C3 deposition
was deemed responsible for the proteinuria. A superimposed
minimal change nephropathy (MCD), analogous to the nephrotic
syndrome in class I or II lupus nephritis (i.e., lupus
podocytopathy) or IgA nephropathy, was considered a possibil-
ity. These lesions typically respond to steroid or calcineurin in-
hibitor therapy akin to primary podocytopathies. In light of this,
our patient received three pulses of methylprednisolone, follow-
ed by prednisolone (1 mg/kg) and tacrolimus without any effect
on the level of proteinuria or serum albumin. At the most recent
follow-up visit (11 years after diagnosis), she remains nephrotic
(UPCR 4.2 g/10 mmol, serum albumin 28 g/L), with a serum
creatinine of 104 umol/L (MDRD 54 ml/min/1.73m?). Blood
pressure was well controlled (111/67 mmHg).

Case 2

This Caucasian female patient presented in 2004, at the age of
6 years, with nephrotic syndrome (urine protein level 19.8 g/
L, serum albumin 21 g/L). There was mild kidney dysfunction
(serum creatinine 61 pumol/L). C3 concentration was low
(84 mg/L), with normal C4 concentration (108 mg/L). A kid-
ney biopsy showed a membranoproliferative glomerulone-
phritis with mild endocapillary proliferation and, in few glo-
meruli, extracapillary proliferation. Ribbon-like eosinophilic
deposits were seen in the capillary walls. Dominant C3 de-
posits were observed, and EM disclosed the typical appear-
ance of DDD (Supplementary Fig. S3A-C).

No genetic variants were found in complement regulatory
genes. C3NeF was negative, and no auto-antibodies against fac-
tor H were detected. She was treated with high dose prednisolone
and conservative therapy with an ACE inhibitor. She reached
complete remission, and prednisolone was discontinued after
5 years. At the age of 15 years, she developed recurrent nephrotic
syndrome (serum creatinine 87 pmol/L, serum albumin 21 g/L,
UPCR 6.4 g/10 mmol) (Supplementary Fig. S4). No obvious
trigger was found. Treatment consisted of methylprednisolone
pulses, followed by oral prednisolone and mycophenolic acid
(MPA), with improvement of kidney function (serum creatinine
63 pumol/L, MDRD >90 ml/min/1.73m?) and complete remis-
sion of proteinuria. The prednisolone was stopped. At the age of
18 years, she again presented with a recurrence. Laboratory re-
sults showed a serum creatinine of 64 of wmol/L, a serum albu-
min of 26 g/L, and a UPCR of 3.1 g/10 mmol. Despite an
increase in dose of MPA, the nephrotic syndrome persisted,
and, at the age of 21 years, a kidney biopsy was performed to
evaluate eligibility for anti-complement therapy. The biopsy
showed a sclerosing glomerulopathy with massive eosinophilic
deposits in the mesangium and capillary walls. The typical
hyperlobular MGPN pattern was not observed. No cellular pro-
liferation nor active inflammation was present. There was exten-
sive foot process effacement (Supplementary Fig. S3D-F). At the
most recent follow-up visit (15 years after diagnosis),
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proteinuria was 2.7 g/10 mmol (with a low serum albu-
min 24 g/L), with a preserved kidney function (serum
creatinine of 64 pmol/L, MDRD >90 ml/min/1.73m?)
and a normal C3 concentration (1010 mg/L). Blood
pressure is well controlled (120/78 mmHg) with the
use of an angiotensin II receptor blocker.

Discussion

C3G is attributed to complement dysregulation. Recent re-
views describe the two pathways that may be involved in
kidney injury [1, 4]. We suggest that our cases illustrate that
two pathways exist, with differential types of glomerular in-
jury (Fig. 1). One pathway is C5 independent and causes
injury to the glomerular capillary wall, characterized by pro-
teinuria and podocyte foot process effacement, while the other
pathway is C5 dependent and responsible for proliferative
glomerulonephritis and kidney dysfunction. We hypothesize
that in our patients, the C5-dependent route was managed
effectively with MMF and corticosteroids, but the C5-
independent injury persisted. In contrast to podocyte injury
that is associated with primary GNs (e.g., lupus
podocytopathy, IgAN with superimposed MCD), our patients
did not respond to steroids or calcineurin inhibitor therapy,

suggesting a complement rather than circulating factor-
induced mechanism of injury.

Studies in mouse models nicely recapitulate this sequence
of events. Pickering et al. created a factor H-deficient mouse
model and showed that these mice developed MPGN, charac-
terized by glomerular proliferation, and formation of crescents
[3]. C5 deficiency, studied by crossing factor H deficient with
C5-deficient mouse, resulted in markedly reduced prolifera-
tive and inflammatory lesions and improvement of eGFR.
Subsequent studies showed that the development of mesangial
and glomerular capillary hypercellularity was prevented in
C5-deficient mice, but not in mice deficient for C6 or C9
[5], clearly underlining the role of C5a/C5aR in the develop-
ment of proliferative C3G. However, C5 deficiency did not
fully reverse the disease. In fact, the factor H- and C5-deficient
mice still developed GBM thickening and subendothelial de-
posits, and proteinuria was not attenuated. Together, these
findings support a role for C3, independent of C5 activation,
in the development of proteinuria [3]. The anaphylatoxin C3a
and its receptor C3aR may be involved in kidney injury. Mice
injected with Stx2/LPS develop a HUS phenotype (thrombo-
cytopenia, glomerular capillary thrombosis, and acute kidney
injury) with excessive glomerular C3 deposits and injury and
loss of podocytes. Podocyte injury and loss could be
prevented by treatment with a C3aR antagonist. Blockade of
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the C3aR also reduced proteinuria [6]. In other experimental
models, blockade of the C3a receptor also was effective in
reducing proteinuria and glomerulosclerosis [7, 8], and several
possible mechanisms of C3a-induced glomerular injury have
been suggested [6, 9]. Alternatively, C3dg deposition could be
involved, akin to the different pathways of complement-
mediated injury in paroxysmal nocturnal hemoglobinuria
(PNH). In PNH a C5b-9-dependent pathway leads to
membrane-attack-complex-mediated intravascular hemolysis,
and a C3-dependent pathway results in deposition of the op-
sonin C3dg on the erythrocyte, explaining ongoing extravas-
cular hemolysis in patients treated with eculizumab [10].
Accordingly, C3 may play a role, either through C3aR activa-
tion or C3dg deposition, in inducing glomerular capillary wall
injury, leading to proteinuria, podocyte loss, and
glomerulosclerosis in C3G.

A detailed evaluation of the response to treatment with
eculizumab, which inhibits C5 activation, provides further support
for the C5-independent kidney injury. In a recent study of 4 pa-
tients with C3GN and 6 patients with immune complex MPGN,
treatment with eculizumab had no significant effect on proteinuria
in 7 patients, despite normalization of the elevated sC5b-9 levels in
all patients [11]. Le Quintrec et al. reported 26 patients with C3G
who were treated with eculizumab. A very good response was
noted in only six patients. These patients were characterized by a
rapidly progressive glomerulonephritis and the presence of cres-
cents in the kidney biopsy [12]. Supplementary Table S1 summa-
rizes case reports with information of kidney biopsies performed to
evaluate the histological response to eculizumab. A decrease in
proliferation was noted in 15/23 cases (65%). In contrast, a signif-
icant decrease in C3 staining was observed in only 2 patients.
Clinical characteristics at start of therapy were quite variable.
However, there was a clear tendency for improvement in eGFR,
whereas proteinuria response was more variable. Of note, nephrot-
ic range proteinuria and/or nephrotic syndrome persisted in 6 pa-
tients, despite a decrease in proliferation.

Our patients are not unique. Figueres et al. reported a pa-
tient with DDD (case 2), who presented with nephrotic syn-
drome and had repeated kidney biopsies during follow-up.
The first kidney biopsy, performed because of persistent ne-
phrotic syndrome, showed moderate mesangial proliferation
and no inflammatory cell influx. A second biopsy, performed
while on steroid therapy with persistent non-nephrotic protein-
uria, showed no mesangial proliferation but evident mesangial
and subendothelial deposits characteristic of DDD. A third
biopsy 20 years after disease onset, performed because of
deteriorating kidney function and nephrotic range proteinuria,
showed severe global glomerulosclerosis (58%) and intersti-
tial fibrosis and tubular atrophy (60%) [13].

In summary, we report two DDD patients with persistent
nephrotic syndrome despite immunosuppressive therapy, with
no inflammatory lesions in the kidney biopsy. We propose
that C3 deposition causes glomerular capillary wall injury
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leading to proteinuria and podocyte loss, independent of C5,
explaining inefficacy of current treatment modalities such as
eculizumab, and suggesting potential efficacy of novel com-
plement inhibitors working at the level of C3. We would like
to emphasize that C3G is a heterogeneous disease and that
response to therapy is also quite variable. Our patients illus-
trate one part of the disease spectrum. There is a need for large
clinical registries and clinical trials with detailed phenotyping
of patients and evaluation of treatment response.

We propose that two pathways are involved in the develop-
ment of kidney injury in C3G. The first pathway is a C5-
dependent pathway. Degradation of C5 leads to the production
of the fragments C5a and C5b, the latter being assembled into the
membrane attack complex: C5b-9. C5a is a strong proinflamma-
tory mediator which binds to the C5a receptor 1 (C5aR1). C5aR1
is expressed on immune cells and various cells types in the kid-
ney such as mesangial cells, glomerular endothelial cells, and
epithelial cells, and expression may be up-regulated in case of
tissue injury. Glomerular inflammation may lead to acute kidney
injury and can be responsive to treatment with eculizumab, a C5a
receptor blocker, and/or standard immunosuppressants. The gen-
eration of the membrane attack complex may augment
glomerulosclerosis and tubulo-interstitial fibrosis (arrow A), but
not proteinuria, as demonstrated by Turnberg et al. in mice defi-
cient of a MAC formation regulator [14].

The second pathway is C3 dependent but C5 independent.
In this pathway degradation of C3 leads to the following: (1)
the production of C3b, which attaches on the endothelial cell
surface and GBM, and is further cleaved into C3dg, and (2)
the generation of the anaphylatoxin C3a, which can bind to the
C3a receptor, which is present on endothelial and epithelial
cells. The role of the alternative complement pathway in pro-
teinuric kidney diseases has been studied using animal
models, including a model of toxic podocyte injury [14] and
a model with protein overload [9]. In these models initial
podocyte injury (either induced by Adriamycin or protein
overload) resulted in glomerular C3 deposition, podocyte in-
jury and loss, proteinuria, glomerular sclerosis, tubulo-
interstitial fibrosis and acute kidney injury. The kidney injury
could be attenuated by inducing complement deficiencies (C3,
factor D or factor B deficiency) and could be increased in mice
deficient in complement regulators (factor H deficiency) [9,
14]. Although it is evident from these studies that the alterna-
tive complement pathway plays a role in the development of
podocyte injury, proteinuria, and glomerulosclerosis, it is un-
certain how C3 induces kidney injury. We propose that com-
plement deposition induces glomerular capillary wall injury
leading to proteinuria and podocyte loss. Both C3a and C3b/
C3dg may contribute to this process. Podocyte injury may
lead to further podocyte loss, as damaged podocytes can inju-
ry adjacent podocytes [15]. Thus, proteinuria and podocyte
injury may induce a vicious circle of injury with ongoing
damage via complement-mediated and other, yet unknown,
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mechanisms (arrows B—D). Therapeutic interventions may be
C3, factor B, or factor D blockade; selective blockade of the
C3a receptor; and/or standard immunosuppressive therapy in
patients with antibody-mediated C3G.
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