




















CLINICAL RESEARCH

www.jasn.org

Table 6. Clinical features, complement assessment, genetic screening, and histologic features in patients classified according
to the clusters obtained through the three-step algorithm for cluster definition

Variable Cluster 1 Cluster 2 Cluster 3 Cluster 4 Overall P Value
N 56 40 28 49
Sex, % men 57 48 57 61 0.62
Data at onset
Age, yr 15.3(x12.4) 18 (=12.7) 15(%£10.8) 26.3 (£19.8)>b< <0.001
Microhematuria, % 89 87 93 73 0.08
Gross hematuria, % 36 30 43 31 0.65
Proteinuria, % 93 98 86 86 0.17
Nephrotic syndrome, % 32 68> 21 18 <0.001
Renal impairment, % 13 23¢ 4 312 0.01
Trigger event, % 32 26 32 29 0.92
Familiarity for nephropathy, % 16 13 "1 17 0.89
Serum C3, mg/dl 31.6(£21.2) 21 (+18.8)*¢ 35.6 (+35.6) 96.2 (+28.8)2P< <0.001
Serum C4, mg/dl 21.6 (£9.7) 20.6 (x£12.6) 24.2 (x£9.2) 21.8 (x7.5) 0.53
Plasma SC5b-9, ng/ml 1297 (+1281)%¢ 2003 (x1389)><¢ 523 (+508)" 308 (+154) <0.001
Low serum C3 and normal C4, % 95 78 86 4030c <0.001
LPV carriers, % 34 25 14 22k <0.001
C3NeF positive, % 52 60 79 72/bc <0.001
LPV carriers and/or C3NeF, % 75 75 83 gab.c <0.001
Data during follow-up, %
Nephrotic syndrome 48 90> 50 47 <0.001
High BP 27 45 25 572¢ 0.004
CKD 27 45 25 47 0.06
ESRD 5 8 4 16 0.20
Thrombotic microangiopathy 2 0 0 122k 0.01
Histologic features
Time onset to biopsy, yr, median (IQR) 0.4 (0.1-2.1) 0.3(0.0-1.9) 0.4 (0.4-3.8) 0.4 (0.0-3.0) 0.23
Light microscopy
Sclerotic glomeruli, % 4 (+8) 6(+12) 2(*+6) 16 (£21)20< <0.001
Crescents, % 6(*+17) 3(x8) 6(+19) 6(x17) 0.73
Degree of mesangial proliferation® 2(+0.9) 1.7 (=1.1) 1.9 (+0.8) 1.6 (1) 0.22
Degree of endocapillary proliferation® 1.3 (x1.2¢° 1.6 (=1)%¢ 1(x1.1) 0.6 (+0.8) <0.001
Degree of interstitial inflammation® 0.4 (+0.6)°¢ 0.8 (+0.7) 0.7 (0.9) 1(=0.9) 0.001
Degree of interstitial fibrosis® 0.3 (x0.6) 0.5(%0.8) 0.2 (x0.4) 0.8 (=0.9)*° 0.003
Degree of arteriolar sclerosis® 0.1(x0.5) 0.2 (*=0.5) 0.1(x0.2) 0.6 (£1)>be <0.001
IF®
C3 2.7 (=0.5) 2.7 (=0.5) 2.8(=0.3) 2.5(x0.7)>¢ 0.04
IgA 0.1 (x0.4)>¢ 0.4 (£0.7)° 0.1(x0.3) 0.4 (+0.8) <0.01
IgG 0.3(*+0.8) 1.5 (1) 0.4 (=0.7) 1.2 (£1.2)*¢ <0.001
IgM 0.6 (=0.8) 1.3 (x0.9) 0.7 (=0.6) 0.8 (x1) 0.001
Clq 0(+0.1)°¢ 1.7 (0.7 0.2 (x0.5)¢ 0.7 (=0.9) <0.001
Fibrinogen 0.4 (+0.8) 0.5(*0.9) 0.3(x0.7) 0.1 (x0.3)>° 0.05
Electron microscopy, %
Mesangial deposits 72 72 50 50°® 0.04
Subepithelial deposits 48 49 11204 43 <0.01
Subepithelial hump-like deposits 22 14 1 20 0.55
Subendothelial deposits 77 87 11264 70 <0.001
Intramembranous granular deposits 60 54 0P 40 <0.001
Intramembranous highly electron-dense 0 0 10022 0 <0.001

ribbon-like deposits

Quantitative variables are expressed as mean (+SD) unless otherwise specified. Serum C3: reference 90-180 mg/dl; serum C4: reference 10-40 mg/dl; plasma
SC5b-9: reference =400 ng/ml. IQR, interquartile range.

“Significantly different versus cluster 1.
bSignificantly different versus cluster 2.
“Significantly different versus cluster 3.
dSignificantly different versus cluster 4.

°Degrees of mesangial proliferation, endocapillary proliferation, interstitial inflammation, interstitial fibrosis, and arteriolar sclerosis as well as IF findings were
graded using a scale of 0-3, including 0, trace (0.5+), 1+, 2+, and 3+.
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Figure 3. Patients in cluster 4 have poor renal outcomes. Kaplan—
Meier renal survival analysis according to (A) the groups obtained
by the cluster analysis, (B) the clusters defined by the three-step
algorithm, and (C) the histologic groups.

DISCUSSION

Here, in a large cohort of 173 patients with C3G and patients
with IC-MPGN, we integrated histology features with clinical,
biochemical, and genetic parameters and performed unsuper-
vised cluster analysis. Through this approach, we succeeded in
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distinguishing patients with massive fluid-phase complement
activation from patients with solid-phase activation. Moreover,
we identified three distinct pathogenetic mechanisms within
patients with fluid-phase complement activation. We have also
provided a simple algorithm to assign patients to the four
clusters, which combines histology features with complement
profile, all parameters usually available in these patients.

The four clusters were characterized by peculiar clinical
phenotypes, IF and EM features, and complement abnormal-
ities, indicating the existence of multifaceted molecular mech-
anisms underlying C3G/IC-MPGN. Finding that patients in
clusters 1-3 have very low serum C3 levels, a high prevalence
of LPVs in genes of the alternative complement pathway, and/
or C3NeF strongly indicates that fluid-phase alternative path-
way dysregulation plays a major role. These data represent an
advancement to the “C3-dominant” staining criterion,? which
showed low sensitivity for capturing patients with comple-
ment gene LPVs and/or C3NeF or patients with low serum
C3 and normal C4.

Cluster analysis evidenced particular features that distin-
guish clusters 1-3 from each other. The very high SC5b-9
plasma levels in patients from clusters 1 and 2 suggest massive
complement activation until the terminal pathway. This pos-
sibility is consistent with findings that, in clusters 1 and 2,
there is a prevalence of LPVs in C3 and CFB, which encode
the two components of both the C3 convertase (C3bBb) and
the C5 convertase (C3bBbC3b) of the alternative pathway.
Conceivably, C3NeFs in clusters 1 and 2 may stabilize the
C5 convertase efficiently, resulting in high SC5b-9 plasma lev-
els, as confirmed by findings of C3NeFs, which alongside C3
convertase, stabilize the C5 convertase.l7-18 In these two
groups, C3 and C5 complement activation products formed
in the fluid phase would accumulate in the glomerulus, form-
ing amorphous deposits along the glomerular membrane lay-
ers. However, unlike cluster 1, in cluster 2, the alternative
pathway abnormalities are combined with glomerular Clq
deposits, which are always associated with IgG and/or IgM
deposits. This finding strongly suggests that classic comple-
ment pathway activation may be required additionally to trig-
ger the disease in patients in cluster 2, because the classic
pathway is initiated by Clq binding to Ig-antigen com-
plexes.!® One could argue that cluster 1 represents a more
advanced phase of the same pathologic process underlying
cluster 2, in which the C1q and IgG deposits have been cleared.
We discard this hypothesis on the basis of the time from onset
to biopsy not differing between the two clusters. In addition,
the significantly higher prevalence of nephrotic syndrome at
onset and during follow-up in cluster 2 supports the existence
of a particular pathogenetic mechanism in this cluster.

Regarding cluster 3, the low serum C3 levels associated with
normal or mildly increased plasma SC5b-9 levels indicate prev-
alent activation of the alternative pathway C3 convertase in
fluid phase. We find that C3NeFs isolated from patients from
cluster 3 stabilize C3 convertase very efficiently. Moreover,
LPVs identified in cluster 3 mostly affect genes encoding com-
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cluster 4 includes six of seven patients who,
during follow-up, developed thrombotic
microangiopathy, a condition associated with
cell surface complement activation on glomer-
ular endothelial cells.?! Alternatively, continu-
ous low-grade fluid-phase C3 activation could
contribute to glomerular C3 deposits.

We speculate that, in cluster 4, there is alow
level of complement activation with continu-
ous glomerular deposition of complement
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effector molecules, leading to chronic progres-

sive subclinical injury until presenting with
irreversible damage. Indeed, patients in this
cluster present later onset, more glomerulo-
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sclerosis, and more advanced interstitial and
arteriolar lesions. This would translate into a
higher risk of ESRD,?223 as observed in our
cohort. The latter is consistent with previous
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Figure 4. The four clusters show differences in distribution of LPVs and in C3NeF residual
activity. (A and B) Distribution of the LPVs according to (A) the clusters and (B) the algorithm-
based clusters. LPVs in C3 and CFB are over-represented in clusters 1 and 2 compared with
cluster 3. *P<0.05; **P<<0.01. (C and D) C3NeF residual activity evaluated by hemolytic
assay in C3NeF-positive patients according to (C) the clusters and (D) the algorithm-based
clusters. C3NeFs of patients in cluster 1 stabilize alternative pathway C3 convertase less
efficiently than those of patients in clusters 2 and 3. The central box represents the values
from the 25th to 75th percentiles. The blue lines represent the medians. Lines extend from

the minimum to the maximum values. *P<0.05; **P<0.01.

plement regulators, namely CFH, complement factor I (CFI),
and thrombomodulin (THBD), further differentiating this
cluster from the first two. Altogether, these peculiar abnor-
malities result in intramembranous highly electron-dense de-
posits, so that the large majority of patients with DDD fall into
this cluster. These findings are consistent with previous data
showing that dysregulation of the C3 convertase prevails over
dysregulation of the C5 convertase in DDD, where the highly
electron-dense, midlayer deposits may represent a continu-
ous, slow buildup of C3 breakdown products.!8-20
Remarkably, in the cluster analysis, we considered the pres-
ence of C3NeF and LPVs as variables but not the C3NeF effi-
ciency to stabilize C3 convertase or which genes were affected
by the LPVs. Finding differences in C3NeF activity and LPV
localization between clusters confirms our approach’s validity
for identifying groups with distinct pathogenetic mechanisms.
One of the most intriguing findings here is the identification of a
group of patients, cluster 4, with a unique complement phenotype.
Unlike clusters 1-3, cluster 4 is characterized by a low prevalence of
complement gene LPVs and/or C3NeF and likely, normal serum
C3 and plasma SC5b-9. The bright C3 glomerular staining sug-
gests that local solid-phase complement activation on glomerular
cells or along the glomerular basement membrane occurs in clus-
ter 4.21 This hypothesis is further supported by the finding that
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Algorithm-based clusters

data from our group showing a higher risk of
ESRD in patients with C3G/IC-MPGN with-
out LPVsor C3NeF.!% Indeed, LPVs in known
disease-associated complement genes are rare
in cluster 4, although we were able to identify
two LPVs, one in CFH and one in C3. Inter-
estingly, another C3 mutation resulting in
solid-phase restricted complement activation
on podocytes and glomerular endothelial cells
has recently been reported in two patients
with C3GN, adult onset, progression to
ESRD, and normal C3 levels,24 all features
shared with cluster 4. In addition, internal
duplications and genomic rearrangements affecting CFHR genes
have been reported in patients with C3G who, like patients in
cluster 4, usually show intense C3 glomerular deposits but a nor-
mal serum complement profile.2>-27

In conclusion, by using a data-driven statistical approach,
we identify clusters of patients with C3G/IC-MPGN and dis-
tinct underlying mechanisms characterized by different clin-
ical features and renal survival. The newly identified clusters
may be useful for better defining the multifaceted molecular
mechanisms underlying C3G/IC-MPGN and to predict the
risk of ESRD and the response to anticomplement therapies.
Patients from clusters 1 and 2, characterized by intense C5
convertase activation, may be more likely to respond to anti-
C5 blockade, which is consistent with published data showing
that a high level of plasma SC5b-9 was potentially a marker of
responsiveness.2%-28 Patients from cluster 3 might benefit from
new molecules under clinical development, such as factor D or
CFB inhibitors that target the C3 convertase of the alternative
pathway of complement.?® Finally, emerging complement in-
hibitors targeting C3 activation products on cell surfaces, such
as TT30,3° might be helpful for blocking solid-phase restricted
complement activation in patients in cluster 4. The latter may
lack the side effects of unselective C3 inhibitors, such as in-
fections and autoimmunity.

3 4
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CONCISE METHODS

Through the Italian Registry of MPGN, we recruited 173 patients with C3G
or IC-MPGN classified according to the recent C3G/IC-MPGN classifi-
cation.>® Briefly, patients with “dominant C3” glomerular staining (in-
tensity greater than or equal to two magnitude orders greater than other
immune reactants) were considered C3G, whereas patients with an
MPGN pattern and significant Ig deposits were considered IC-MPGN.
By EM, C3G was further classified as DDD or C3GN.> We excluded
patients with MPGN secondary to autoimmune diseases, monoclonal
gammopathy, infections (HBV;, HCV, and HIV) or neoplasms, atypical
hemolytic uremic syndrome preceding or concomitant to MPGN onset,
and no available IF, EM, or DNA samples. All participants provided in-
formed written consent. The study was approved by the Ethics Commit-
tee of the Azienda Sanitaria Locale of Bergamo.

Clinical data were recorded using standardized case report forms.
Screening of CFH, CD46 (encoding membrane cofactor protein), CFI,
CFB, C3, and THBD gene exons was performed by amplicon-based next
generation sequencing.!® C3NeF activity was determined by assessing the
ability of plasma-purified IgGs to stabilize cell-bound C3bBb conver-
tase.>! Serum C3 and C4 levels were assessed by kinetic nephelometry.3?
Plasma SC5b-9 levels were measured using an ELISA-based commercial
kit. Detailed methods are provided in Supplemental Material.
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