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Since the re-classification of membranoproliferative glomerulonephritis the new disease
entity C3 glomerulopathy is diagnosed if C3 deposition is clearly dominant over
immunoglobulins in immunohistochemistry or immunofluorescence. Although this new
definition is more orientated at the pathophysiology as mediated by activity of the
alternative complement pathway C3 glomerulopathy remains a heterogenous group of
disorders. Genetic or autoimmune causes are associated in several but not in all patients
with this disease. However, prognosis is poorly predictable, and clinicians cannot directly
identify patients that might benefit from therapy. Moreover, therapy may range from
supportive care alone, unspecific immune suppression, plasma treatment, or plasma
exchange to complement inhibition. The current biopsy based diagnostic approaches
sometimes combined with complement profiling are not sufficient to guide clinicians
neither (i) whether to treat an individual patient, nor (ii) to choose the best therapy. With this
perspective, we propose an interdisciplinary diagnostic approach, including detailed
analysis of the kidney biopsy for morphological alterations and immunohistochemical
staining, for genetic analyses of complement genes, complement activation patterning in
plasma, and furthermore for applying novel approaches for convertase typing and
complement profiling directly in renal tissue. Such a combined diagnostic approach
was used here for a 42-year-old female patient with a novel mutation in the Factor H gene,
C3 glomerulopathy and signs of chronic endothelial damage. We present here an
approach that might in future help to guide therapy of renal diseases with relevant
complement activation, especially since diverse new anti-complement agents are under
clinical investigation.
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INTRODUCTION

In2013aconsensusreportsuggestedare-definitionoftheheterogeneous
group of membranoproliferative glomerulonephritis (MPGN) (1, 2). A
new classification according to the immunohistochemical/
immunofluorescence findings was recommended, in order to allow
better association of pathogenesis of the diseases compared to the pure
morphological distinction of MPGN type I, II, or III. For that, C3
glomerulopathy (C3G) should be diagnosed if C3 deposition is clearly
dominant over immunoglobulins. This new definition of C3G includes
the patterns MPGN I and III, as well as intramembranous
glomerulonephritis/dense deposit disease (MPGN type II). Moreover,
diagnosis of C3Gwas not restricted to amembranoproliferative pattern
but could be every other form of glomerulonephritis, e.g.,
mesangioproliferative. This new definition resulted from advances in
the understanding of complement-mediated kidney diseases, of which
C3G is one prototypical disease (3, 4). In C3G, overactivation of the
complement system can be associated with genetic mutations in
complement genes, like Factor H, C3 and the FHR1, FHR2, FHR3,
FHR4 andFHR5 genes. Nephritic factors are antibodies that are capable
to stabilize complement activationbybinding to the alternative pathway
(AP) C3 convertase or the C5 convertase or to single complement
proteins such as Factor H, C3, C3b, C3d or Factor B. These diverse
antibodies interferewith the alternative pathway activation and cause its
overactivation. In healthy individuals the alternative complement
pathway is constantly activated by default, due to a spontaneous
hydrolysis of C3 and controlled by different complement factors.
Complement factor H (Factor H) is the primary regulator of the
alternative complement cascade. The Factor H genes encode two
mRNAs. One codes for the full length Factor H gene which is
composed of 20 repeat domains The second mRNA encodes FHL1 a
42 kDa plasma protein that includes the first seven SCR domains of
Factor H. Several other mutations, primarily interacting with the
alternative complement pathway, have been described. Mutations in
othergenes link inFHR1,FHR2,FHR3,FHR4FHR5,C3 includedgenes
which encode components that form the C3 or C5 convertases or for
regulatorswhichdefine the time and the site ofC3 convertase action (5).

However, in a relevant number of patients, a causal genetic
alteration or autoimmune factor cannot be found. Despite the new
classificationandorientation towardspathophysiology,C3Gremains
a very heterogeneous disease. In consequence, the clinical outcomeof
the patients is different. While some patients initially present with
rapidly progressive glomerulonephritis, others present with
albuminuria and have stable renal function. The mean 10-year
renal survival rate is approximately 50% (6). Clinicians first have to
decide whether or not to treat a C3G patient, but there are only few
studies focusing on the therapy of this rare disease group. Someof the
studies were performed before reclassification, meaning that these
studies do not only include C3G but also immune complex forms.
Given thechange in terminologyanddisease characterizationand the
potential confounding effect on trial stratification, the results of these
trials are of limited use in guiding current treatment considerations
forC3G. In general, there are different treatment strategies, including
immunosuppression, plasma therapy, or complement blockade.
A significant dilemma is that clinicians lack data on which therapy
might be helpful in which patients. The current diagnostic work-up
seems not sufficient to guide treatment of single patients.Wewant to
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highlight the importance of an interdisciplinary diagnostic approach
to understand an individual patient’s form of C3G to guide therapies
with this work.
CASE ANALYSIS

We here present a case of a 42-year-old female, Caucasian patient
that presentedwith arterial hypertension, elevated serum creatinine
values and albuminuria (up to 500 mg/g creatinine) at her
nephrologist. Due to ongoing rise of serum creatinine the patient
was sent to our hospital (Figure 1A). A kidney biopsy was
performed, revealing the diagnosis of mesangioproliferative
glomerulonephritis. Immunohistochemical staining for
immunoglobulins A and G was negative. In contrast, there was
dominant mesangial positivity for C3 (Figure 1B), leading to the
diagnosis of a mesangioproliferative glomerulonephritis with
dominant C3 deposition. Since there was no evidence for an
infection-related cause, it was classified as mesangioproliferative
C3 glomerulonephritis as a subform of C3G. Due to the ongoing
impairment of renal function, we agreed that there was an
indication for treatment. Since clinical trials are not sufficient to
recommend a specific therapy for these cases, we performed further
analysis. Genetic testing revealed a heterozygous mutation of the
FactorHgene, introducing a stop codon at p.Pro440 -Stop, in SCR7
(Figure 1C). Such heterozygous Factor H mutations in domain 7
are not described so far for C3G and to our knowledge most
mutations in the Factor H gene associated with C3G or MPGN
type II present as homozygous or compoundheterozygous settings.
The stop codon in domain 7 affects expression of one allele both of
A

B D

C

FIGURE 1 | (A) Course of S-Creatinine values previous to treatment. (B)
Representative microphotographs of periodic acid Schiff (PAS) and Masson-
Goldner-Elastica (MGE) stained kidney sections show a mesangioproliferative
pattern (PAS) and signs of chronic endothelial damage in an arteriole
(MGE). Immunohistochemical staining reveal strong positivity for C3, but no
deposition of Immunoglobulin G (IgG). (C) Genetic analysis revealed
introduction of a stop codon in domain 7 with a (D) consecutive a lack of
Complement Factor H (Factor H) and Factor H like Protein1 (FHL1) in serum
of the patient.
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Factor H and of the FHL1 protein. Indeed, plasma protein levels of
both Factor H and FHL1 were low when compared to healthy
subjects (Figure 1D). Interestingly, othermutations of FactorH are
associated with thrombotic microangiopathies, especially atypical
hemolytic uremic syndrome (7). Indeed, the initial biopsy showed
some intimal sclerosiswithout elastosis (Figure1B),which couldbe
regarded as a former or chronic thrombotic microangiopathy,
indicating an ongoing damage of endothelial cells. However, the
biopsy did not reveal freshmicrothrombi. Nevertheless, the genetic
analysis linked glomerulonephritis and the (alternative)
complement system and so strengthened the diagnosis of C3
glomerulonephritis. To evaluate different therapeutic strategies,
we performed further analyses. Using ELISA, a series of
complement markers and activation product were analyzed in
plasma to follow the complete complement pathways and
compared their pattern with a patient with atypical hemolytic
uremic syndrome as with other patients and also healthy subjects
(Figure 2A) (8).C3 consumption combinedwith increased levels of
complement activation products indicates ongoing complement
activation, which is also detected in plasma of a patient with
genetically mediated atypical hemolytic uremic syndrome. C3
level were reduced in patient serum. In addition C3a, a product of
C3 hydrolysis and opsonin, was increased when compared with
healthy subject. Moreover, the noncatalytic subunit Ba of
complement Factor B was upregulated considerably, further
indicating activation of the alternative complement pathway.
Since the patient suffered from a mutation that could not control
complement overactivation, we assumed activation downstream of
the C3 convertase, e.g., the terminal complement pathway. Indeed,
we detected the terminal complement cascade products to be
elevated (C5a and C5b-9) (Figure 2A). The observation of
terminal complement activation was not restricted to the serum
Frontiers in Immunology | www.frontiersin.org 3
reflecting defective fluid phase regulation. Analyzing the kidney
biopsy, prominent immunohistochemical staining for C3 and, even
more impressive, C5b-9 we observed (Figure 2B) arguing for
activation of the terminal complement pathway also on the
surface of the target organ.

Due to complement activationwith the apparent involvement of
the terminal cascade, signs of thromboticmicroangiopathy, and the
FactorH/FHL1mutation, we askedwhich type of therapymight be
best for this patient. Assuming that reduced plasma levels and
reduced regulatory Factor H and FHL1 function caused
complement deregulation in plasma and on surfaces in the
patient, we wanted to test which components, Factor H, FHL1 or
complement inhibitors can restore the complement stability and
reduce hemolysis. To this end we established in vitro hemolytic
assays to the show that serumpurifiedFactorH,CPV-101H,FHL1,
Compstatin. sCR1or alsoEculizumabmight influence complement
mediated hemolysis of sheep erythrocytes, and furthermore asking
whethercomplementpreferredC5 inhibitionas themostpromising
treatment strategy. Both, Factor H, CPV-101, FHL1 and sCR1
reducedhemolysis in this assay and the effectswere comparable and
dose dependent. The C3 inhibitor (Compstatin) also reduced
hemolysis. Moreover, Eculizumab, at that time the only clinically
approved inhibitor, also inhibited lyses (Figure 2C). Based on these
effects we finally decided to start treatment with Eculizumab. After
13 weeks of treatment, again a kidney biopsy was performed,
allowing us to reevaluate the inhibitory effect in the target organ.
Upon treatment we observed some reduction of C3 and
considerable reduction of C5b-9 deposition in the glomeruli
(Figure 3A). Using a computer-based deep-learning assisted
detection of cell nuclei, we quantified mesangial and
endocapillary mononuclear cells (Figure 3B). With that tool, we
found a reduction of both cell types, indicating functional relevance
A B C

FIGURE 2 | (A) Measurement of the complement protein 3 (C3), the cleavage product C3a, Factor Ba, fragment, complement anaphylatoxin C5a, and the soluble form of
the membrane attack complex (sC5b-9) in sera of the patient, a healthy subject (NHS) and a patient suffering from hemolytic uremic syndrome induced by deficiency of
complement Factor H (positive control) by ELISA. By following the levels of C3, the central complement components indicative of continuous ongoing complement activation
at the early levels (8). The consumption of C3 combined with elevated levels of C3a, Ba, C5a and sC5b-9 shows that complement is activated and that activation proceeds
to the C3 convertase, as well as C5 convertase level and processes to the terminal pathway. Such strong fluid phase activation is in agreement with reduced Factor H and
FHL1 plasma levels. (B) Representative immunohistochemical staining for C3 and the membrane attack complex (C5b-9). (C) In vitro effect of Factor H, CPV-101, FHL1,
sCR1 Eculizumab and Compstatin in in vitro hemolysis assays using patient serum (white circles) NHS (black circles), H2O (grey circles) or buffer (dark grey circles).
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of reducedC5a andC5b-9 deposits. As previously described, we are
also able to visualize the alternative and classical C3 convertase
using proximity ligation assay (PLA) (Figure 3C) (9). Both were
unaffected by the C5 blockade, assumably since Eculizumab blocks
downstream of the C3 convertases. In line with this argumentation,
serum analysis revealed a dramatic reduction in the terminal
complement components (C5a, C5b-9). Components upstream
of C5 inhibition, e.g. C3 and Ba, were not affected (Figure 3D).
By including these PLA methods, theoretically it is also possible to
distinguish whether the reduction of C5b-9 deposition is a therapy
effect or reflects a decreased natural disease activity. In this case,
unchanged high signal numbers for the alternative C3 convertase
indicates anunchangednatural proximal disease activity, so that the
C5b-9 reduction can be interpreted as a therapy effect. However,
also C3a was reduced upon Eculizumab treatment, potentially
arguing for a feedback regulation on C3 conversion. During
treatment the serum creatinine levels stabilized (1.5 – 1.7mg/dl)
and the patient presented without significant albuminuria
(< 100mg/g creatinine), up to 20 weeks follow-up.
DISCUSSION

C3G is a heterogeneous disease group resulting from defective
complement regulation either in the plasma (fluid phase) or on
surfaces such as the glomerular basement and cell membranes.
Different mechanisms ultimately drive the same pathological
principals. The disease ranges from genetic mutations to
autoantibody-mediated dysregulation of the alternative
Frontiers in Immunology | www.frontiersin.org 4
complement system. In dense deposit disease, 25 of 32 patients
(78%) were positive for an autoantibody stabilizing the alternative
C3 convertase (10). Genetic analysis demonstrated several
mutations in various genes interacting with alternative
complement cascade, including Factor H, FHR1, FHR2, FHR3,
FHR4, FHR5 and C3 (1, 3). However, immune-complex mediated
MPGN and C3G share pathophysiological aspects and even
immunoglobulin dominant MPGN cases can have an underlying,
primary dysregulation of the alternative complement pathway (6,
11–13). Thus, also in these cases, if systemic infectious or
rheumatological diseases, such as systemic lupus erythematosus,
hepatitis C, and cryoglobulinemia are excluded, it is important to
consider autoimmune, genetic, and functional plasma analysis for
the alternative pathway. The clinical course of C3G is difficult to
predict. The Mayo Clinic published its data on 114 C3G patients
and concluded variable response to their therapy, meaning that
there is no clear data on when therapy is indicated in an individual
patient (14). Currently, a kidney biopsy is mostly performed at the
initial stage of disease and is primarily of diagnostic relevance.
However, endocapillary hypercellularity or necrosis/extracapillary
proliferationmay serve as criteria for treatment.Up tonow, authors
recommend unspecific therapy with steroids or the combination
with proliferation inhibitors (15). Guidelines and most authors
recommendMMF as the first-line therapy and refer to one study if
immunosuppression is indicated. In a Spanish cohort, MMF in
combination with steroids demonstrated preferable result when 22
patients were compared to 18 patients that received other
immunosuppression (mostly steroids alone) (16). This
observation was confirmed in another small study in which 67%
A B

D

C

FIGURE 3 | (A) Representative immunohistochemical staining for complement C3 with a mild and the membrane attack complex (C5b-9) with a significant reduction after
treatment with Eculizumab. (B) Analyzing density of mesangial and endocapillary mononuclear cells shows a reduction of both cell types. (C) Quantification of the signal density
for the classical and the alternative C3 convertase revealed no major changes, especially no reduction of the alternative convertase. (D) Complement marker profile before and
after Eculizumab treatment. C3 plasma levels increased upon Eculizumab therapy. The proximal activation markers C3a, and Ba did not change. Distal activation markers, e.g.
the anaphylatoxin C5a and the soluble membrane attack complex (sC5b-9) showed reduction after treatment with Eculizumab.
May 2022 | Volume 13 | Article 826513
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of 30 patients treated with MMF were classified as responders to
immunosuppression (17). The largest study investigating the
therapeutic effect of MMF in C3 glomerulopathy includes 97
patients (C3G n=81; DDD n=16). Here, not only the therapeutic
response of MMF and steroids was investigated in comparison to
other therapeutic options, but also the different pathogenesis with
regard to genetic alterations and antibodies was taken into account.
After a follow-upof up to 10 years, a superiority of the group treated
with MMF and steroids was shown. This was true for the
comparison with other immunosuppressive therapy regimens as
well as for supportive therapy alone.However, the therapeutic effect
ofMMFand steroids seemed to be less pronounced in patients with
genetic abnormalities (18). These observations contrasts with other
reports which demonstrate no benefit for immunosuppression (19,
20). Given the heterogenous character of the disease some cases of
complement-mediated glomerulonephritis seem to benefit from
immunosuppression. Such forms might represent the former with
complement activation in plasma as indicated by reduced C3
plasma levels as well as elevated levels of the inflammatory
anaphylatoxins C3a or C5a. Kidney biopsy from such patients
may lack signs of thrombotic microangiopathy, but might show
glomerulonephritis with an influx of inflammatory cells and
mesangial cell proliferation. This case underlines the importance
of establishing multiple complement plasmamarkers upon time of
diagnosis and combine this with genetic testing. We firstly
demonstrate a new heterozygous Factor H gene mutation
associated with C3G, which affects both Factor H and FHL1 levels
in plasma. Since Factor H and FHL1 are strong inhibitors of
alternative complement, reduced levels Factor H and FHL1 might
force clinicians to treat patients with plasma infusions or exchange.
Our analysis gained insights into the therapeutic effect after
reconstitution with Factor H and FHL1 by in-vitro testing.
Indeed, this may be a relevant therapeutic option. Licht et al. also
demonstrated the efficacy of plasma infusions in two patients
suffering from DDD due to a Factor H mutation and preserved
themfromdisease progression (21).However, even if treatmentwas
well tolerated in this study, plasma infusion risks allergic reactions
and might cause volume overload. Moreover, as C3G potentially
progresses to end-stage kidney disease, plasma infusion can cause
antibody formation, which must be avoided before renal
transplantation. Supplementation of Factor H by recombinant
proteins might be a therapeutic prospect. Its production in
therapeutically useful quantities might be feasible by production
in several cellular systems (22). Restoring Factor H activity by
human recombinant Factor H in deficient knockout mice led to
resolution of glomerular basement membrane lesions in a murine
model for dense deposit disease (23). This might be a therapeutic
option for patients with complement mediated disease suffering
from loss of function Factor H mutations.

The new approach presented here shows that a detailed
analysis of the kidney biopsy in combination with extensive
complement marker analysis in plasma is helpful at the time of
diagnosis, allows to evaluate complement inhibitors for therapy
and furthermore allows to follow the complement response upon
treatment with complement inhibitors. In addition, repeated
biopsies following therapy with complement inhibitors show the
Frontiers in Immunology | www.frontiersin.org 5
effect of treatment in the affected organ, and these effects were
combined with inhibition of the activation in plasma, maybe
allowing to monitor or even predict clinical response. We
detected low levels of C3 and consecutive higher levels of C3a,
indicating complement activation. Ba fragment is cleaved from
Factor B upon formation of the alternative C3 convertase (C3bBb).
Elevated Ba levels strongly argue for alternative activation in
plasma since Factor B is only involved in this pathway. A
detailed examination of combined complement markers along
the cascade allows to follow the complement activation steps and
this may help to narrow down the localization of the defect leading
to extended complement activation. Given different cause single
patients might present with a different pattern of complement
activation. With such a detailed analysis of complement
components, it might be feasible to choose the right drug for an
individual patient. In our case, elevated C5b-9 levels in serum and
the kidney biopsy argued for a dominant role of the terminal
complement cascade. Despite several successful case reports on
Eculizumab in C3G, this treatment seems to have mixed results
(24, 25). In a study by Bomback, with six patients (three DDD,
three C3G) that presented with albuminuria >1g/d and/or AKI
were treated for 12 months (26). During that course of treatment,
only three patients had a marked reduction of s-creatinine or
albuminuria and one more patient had histopathological evidence
of improvement. In the French cohort in a heterogeneous group of
26 patients, including 13 adolescents and 13 children, some of
them having CKD, others presenting with progressive disease, and
at least two patients requiring dialysis were treated for a median
duration of 14 months (27). 54% of these patients had no clinical
response. In study of 10 patients that presented with nephrotic
albuminuria Eculizumab was used in a single-arm trial in an off-
on-off-on design. Patients were treated in two 48-week treatment
periods, divided by a 12 week washout period. In this study, only
patients with very high levels of sC5b-9 levels were included.
Despite this evidence for activation of the terminal complement
cascade, only 30% of the patients achieved significant reduction of
proteinuria in the first treatment period. All responders showed
increase of proteinuria during eculizumab withdrawal (28).
However, none of these studies were able to predict the response
to the treatment. In this case, we were convinced that C5
inhibition might be the favorable treatment strategy since we
found overactivation of the alternative complement pathway and a
genetic mutation that cannot control that overactivation.
Consequently, we saw the activation of the terminal
complement pathway in our patient’s sera and kidney. In
addition to C3G, the renal biopsy had also shown signs of an
old thrombotic microangiopathy, which can occur in atypical
hemolytic uremic syndrome. Mutations in Factor H are also
present in aHUS, in which eculizumab is an approved therapy.
Indeed, the efficacy of eculizumab has been demonstrated in 2
patients with bioptic signs of C3G and thrombotic
microangiopathy (29). After in-vitro testing the therapeutic
potential, we started treatment with Eculizumab. Even if the
follow-up period is too short to draw conclusions about the
effective efficacy of eculizumab treatment we detected an
inhibition of terminal complement activation in the sera and
May 2022 | Volume 13 | Article 826513
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the kidney. Since Eculizumab acts downstream of the C3
convertase, changes in the concentration of C3a and Ba were
less affected under C5 inhibition. However there are signs of a
feedback regulation under Eculizumab. Since current
recommendations focus on classical risk factors for progressive
kidney diseases and do not consider genetic and functional
analysis we argue that a combined and detailed analysis of the
plasma complement parameters and the kidney might allow
guiding therapy in C3G and also in other complement-mediated
glomerulonephritis. A more detailed insight into different
(alternative) complement activation steps might be more
relevant soon since various complement blocking agents are
under clinical investigation for renal and extrarenal diseases (30).

In conclusion, we believe that C3G is not only too rare but
also too heterogenous for larger, controlled, randomized,
prospective therapy studies. Thus, C3G is a perfect example of
a disease, in which unravelling the exact pathogenesis by
combining morphological in situ, genetic, autoimmune, and
functional in vitro data of single patients likely will be the clue
to the best, personalized therapy.
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