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Introduction: Studies on complement activation have implicated a combination of the classical pathway

(CP), lectin pathway (LP), and alternative pathway (AP) in triggering the terminal pathway (TP) for each

common autoimmune glomerulonephritis (GN). Evaluating different pathways simultaneously may help

identify whether one is preferentially activated and, consequently, which is best to target for each disease.

Methods: We followed 112 patients with focal segmental glomerular sclerosis (FSGS), membranous ne-

phropathy (MN), IgA nephropathy (IgAN), lupus nephritis (LN), and antineutrophil cytoplasmic

autoantibody-associated vasculitis (AAV) for a median duration of 22 (12–52) months. At the time of

greatest clinical activity, we simultaneously evaluated urinary C3a (C3 convertase activity), C5a and sC5b-9

(TP), MASP-1 and MASP-2 (LP), C1q (CP), C4a (CP/LP), and Ba and Bb (AP). We evaluated the relation

between activation fragments of the AP and CP/LP with the TP.

Results: Urinary complement biomarkers for each pathway were associated with the severity of protein-

uria. Fragments of the TP were higher among patients with FSGS and MN compared with patients with

IgAN, LN, and AAV. For the AP, urinary Ba level was lower in those with IgAN and LN compared with those

with FSGS. For the CP/LP, urinary C4a, MASP-1, and MASP-2 levels were similar between diseases

whereas urinary C1q levels were lower in those with LN. For each GN, independent associations existed

between the activation markers of the AP and CP/LP with the degree of TP activation, except for the AP in

AAV, although perhaps underpowered.

Conclusion: The AP and CP/LP contribute individually to the TP activation in autoimmune GN, and both

seem to be valid potential therapeutic targets.

Kidney Int Rep (2022) 7, 1027–1036; https://doi.org/10.1016/j.ekir.2022.02.002
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C
omplement activation contributes to glomerular
injury in autoimmune GN, including MN,1–7

IgAN,8–15 LN,3,16–20 AAV,20–23 and FSGS.3,5,24–27

The AP, LP, and CP each generate C3 convertases,
which cleave complement protein C3 into C3a and C3b
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and initiate tissue injury through C3b-mediated
phagocytosis, formation of the membrane attack com-
plex, and production of the C3a and C5a anaphyla-
toxins.28 At least 2 of the initiating branches of the
complement system have been implicated in each of the
common autoimmune glomerular diseases (see
Supplementary Table S1). Nevertheless, their relative
importance to one another in the pathogenesis of
glomerular disease is unknown.5,24,27 Few of the cited
studies have evaluated all pathways simultaneously,
most focused on a single GN, and many used animal
models or revised human pathology specimens with
little clinical correlations. It is also uncertain how
1027
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closely proteinuria, inflammation, and fibrosis are tied
to complement activation rather than explained by
other mechanisms.

The presence of C4a indicates activation of either the
CP/LP whereas AP activation can be evidenced by the
presence of factor B fragments (Ba and Bb). TP activa-
tion can be detected by measuring C3a, C5a, and sol-
uble C5b-9 (sC5b-9). Identifying which complement
pathway is preferentially activated may help focus
future studies and lead to novel treatment modalities.
Indeed, inhibiting the TP has already opened new
therapeutic avenues for C3 glomerulopathy and
AAV.29–31 Newer agents in investigation target 1 of the
3 initiating branches of the complement system.32,33

Consequently, we simultaneously evaluated com-
plement pathway activation in patients with FSGS,
MN, IgAN, LN, and AAV. We measured urinary C4a
(CP/LP), MASP-1, MASP-2 (LP), C1q (CP), factor B
fragments, Ba and Bb (AP), C3a (C3 convertase activ-
ity), C5a, and sC5b-9 (TP). We also evaluated urinary
MCP-1 and TGF-b1 as surrogates of inflammation and
fibrosis, respectively. We hypothesize that these uri-
nary biomarkers will help identify which complement
pathways are preferentially activated in each GN and
that they will parallel disease severity, as evaluated by
proteinuria, urinary MCP-1, and TGF-b1 levels.

METHODS

Study Design

We performed an observational study in subjects with
autoimmune GN recruited between 2006 and 2020 in 2
hospitals affiliated with the University of Montreal,
Quebec, Canada. Each center’s ethics committee
approved this study, and all participants provided
informed consent. In doing so, the participants agreed
to biobank urinary specimens with the possibility of
subsequently evaluating other urinary biomarkers
relevant to their disease. This work has been carried
out in accordance with the Declaration of Helsinki.

Patients and Samples

We included all available individuals with biopsy-
proven FSGS, MN, IgAN, LN, and AAV. Few patients
with a history of diabetes were included in the study
provided there were no signs of diabetic nephropathy.
Renal biopsy was needed to be performed within 1 year
of enrollment only when diabetes was preexisting,
because diabetic nephropathy can result in renal
complement activation.34 In the absence of diabetes,
there was no time limitation between renal biopsy and
enrollment. We collected blood pressure, serum creat-
inine, proteinuria, and antihypertensive and immuno-
suppressive drug use at each visit. A urinary void was
taken at each visit. One part was sent for measurement
1028
of proteinuria with urinary creatinine, expressed in g/g
of creatinine. The other part was frozen within 2 hours
at �20 �C (rarely up to 6 hours after the end of a clinic).
Once several samples were collected, these were
thawed and then centrifuged at 200g for 10 minutes,
aliquoted in multiple 0.4-ml vials, and stored at �80 �C
until further processing. No protease inhibitor was
used for storage. Finally, we obtained samples for
comparison from patients without diabetes with
chronic kidney disease (CKD) with <1 g/g proteinuria,
clinically presumed to be secondary to nonglomerular
diseases. These patients had also provided informed
consent, and samples were handled identically.

We measured all complement proteins of interest
once simultaneously in each individual using the uri-
nary sample with the highest protein-to-creatinine ra-
tio, with the exception of AAV for which we used the
first available urinary sample at presentation with
active vasculitis. Proteinuria and urinary C5a and sC5b-
9 levels were also evaluated at the time of low clinical
activity in these same patients, defined as the urinary
sample with the lowest protein-to-creatinine ratio. The
measurement of biomarkers at lowest clinical activity
was done only if the patient was in remission at that
time, defined by a proteinuria level # 3.5 g/g for FSGS
and MN and #1 g/g for IgAN and LN.35 Because all
patients with AVV had a clinical remission, we used
the sample with the lowest proteinuria level. The
estimated glomerular filtration rate (eGFR) at the time of
urinary sampling was estimated using the CKD-
Epidemiology Collaboration formula.
Urinary Biomarker Measurements

We used human EIA Kits (MicroVue, Quidel Corp., San
Diego, CA) to study the urinary complement fragments:
C3a reflecting C3 convertase activity; C5a and sC5b-9 as
evidence of TP activation; C4a as evidence of CP or LP
activation; and Ba and Bb as evidence of AP activation.
Although there is no activation of fragment differen-
tiating CP from LP, we measured urinary C1q (Assay
Pro, St. Charles, MO), a protein necessary for the
initiation of CP, and urinary MASP-1 and MASP-2
(Cloud Clone Corp., Katy, TX), serine proteases essen-
tial for LP activation. Urine samples were initially
diluted 1:5, with the exception of sC5b-9 and Ba, which
were diluted 1:3 and 1:15, respectively. A few samples
were further diluted to be within the detection limit set
by each enzyme-linked immunosorbent assay. The as-
says’ lower sensitivity threshold for urinary C3a, C4a,
C5a, Ba, Bb, sC5-9, MASP-1, MASP-2, and C1q was
0.06, 1.5, 0.05, 0.055, 90, 15, 0.45, 0.193, and 0.35 mg/l,
respectively, and results are reported in mg/mmol of
creatinine. Because urinary biomarker levels are likely
Kidney International Reports (2022) 7, 1027–1036



Table 1. Characteristics of patients at time of maximal clinical activity
Variable FSGS MN IgAN LN AAV P

n 20 19 33 19 21

Female sex, % 35 37 30 58 24 0.22

Age (yr) 56 � 16 58 � 13 43 � 16 36 � 11 65 � 11 <0.001 (FSGS, MN, FSGS > IgAN, LN)

eGFR, ml/min per 1.73 m2 41 � 29 64 � 34 58 � 35 77 � 40 29 � 16 <0.001 (FSGS < MN, LN; AAV < MN; AAV < IgAN < LN)

Proteinuria, g/g creatinine) 5.3 (2.2–8.4) 6.3 (4.2–11.2) 2.3 (1.1–2.3) 2.9 (0.4–6.8) 1.5 (0.9–4.3) See Figure 1

Systolic blood pressure, mm Hg 135 � 21 132 � 21 130 � 16 126 � 17 137 � 21 0.42

Diastolic blood pressure, mm Hg 75 � 9 74 � 11 81 � 11 79 � 13 77 � 12 0.22

Antihypertensive drugs, n 2 (1–3) 2 (2–4) 1 (1–2) 1 (0–3) 2 (1–3) 0.23

RASB, % 84 79 85 53 48 0.006 (FSGS, MN, IgAN > LN, AAV)

Immunosuppression, % 37 47 42 84 90 <0.001 (FSGS, MN, IgAN < LN, AAV)

Diabetes, % 0 11 12 5 14 0.49

Cardiovascular disease, % 10 0 0 5 0 0.16

AAV, antineutrophil cytoplasmic autoantibody-associated vasculitis; eGFR, estimated glomerular filtration rate; FSGS, focal segmental glomerulosclerosis; IgAN, IgA nephropathy; LN,
lupus nephritis; MN, membranous nephropathy; RASB, renin-angiotensin system blockade.
Comparisons of normal, nonparametric and percentage data were done using 1-way analysis of variance, the Kruskal-Wallis, and the Pearson c2 tests, respectively.
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influenced by the degree of proteinuria, we also
considered values in mg/g proteinuria.5

Urinary MCP-1 and TGF-b1 have a prognostic value
in autoimmune GN and can be used as surrogate
markers.36–39 They were measured using 2 Human
Cytokine/Chemokine plex kit (Millipore, St. Charles,
MO) on a multiplex platform (Eve Technologies Corp.,
Calgary, Alberta, Canada). The assays’ lower sensitivity
thresholds were 2 and 10 ng/l for MCP-1 and TGF-b1,
respectively. Samples were not diluted. We report the
values of MCP-1 and TGF-b1 in ng/mmol of creatinine.
Statistical Analyses

Normally distributed variables are presented as means
� SDs and nonparametric variables as medians with
their interquartile range. Correlations between urinary
biomarkers were calculated using Spearman’s rho (r).
Comparisons between groups of normally distributed,
nonparametric, and percentage variables were done
using one-way analysis of variance (subgroup analyses
using the least significant difference method), Kruskal–
Wallis test (subgroup analyses performed with the
Mann-Whitney U test using the Bonferroni method for
multiple comparisons), and the Pearson c2 test,
respectively.

To distinguish which complement pathway was
independently associated with the production of the
TP fragments, we performed univariate and multivar-
iate linear regression analyses using CP/LP and AP
activation fragments as covariates. The levels of uri-
nary fragments were transformed using the square
root, to respect the assumptions of linearity. For the
dependent variable (TP), we chose C5a over C3a and
sC5b-9 because the square root of C5a was relatively
normal. For the AP, we chose Ba over Bb for similar
reasons. We repeated the regression analyses by
further adjusting for the confounding effect of
proteinuria.
Kidney International Reports (2022) 7, 1027–1036
The 2-tailed P < 0.05 was considered statistically
significant. Analyses were performed using the SPSS
software (version 26, SPSS Inc., Chicago, IL).
RESULTS

Patient Characteristics

A total of 112 patients participated in the study, in
which there were 20 FSGS, 19 MN, 33 IgAN, 19 LN,
and 21 AAV. Those with MN and IgAN were consid-
ered to be primary. Patient characteristics are pre-
sented in Table 1. Participants were followed in 22 (12–
52) months. At the time of sampling at maximal clinical
activity, the eGFR varied from 29 � 16 in AAV to 77 �
40 ml/min per 1.73 m2 in LN. Proteinuria was highest
among participants with FSGS and MN (Table 1). Blood
pressure was well controlled, and most patients were
using renin–angiotensin system blockade, although the
proportion of participants receiving immunosuppres-
sion varied according to the disease. There was a me-
dian of 3 (0–22), 7 (2–32), 8 (1–29), 3 (0–22), and 1 (0–3)
months from the kidney biopsy to the urinary mea-
surement at maximal clinical activity for FSGS, MN,
IgAN, LN, and AAV, respectively. A total of 11%,
24%, 41%, and 24% were classes II, III, IV, and V of
LN, respectively. The biomarker data set was complete,
with the exception of 1 patient for whom not all uri-
nary complement biomarkers were available and 10
participants for which urinary MCP-1 and TGF-b1
were missing. When comparing biomarkers at lowest
clinical activity, 15 of 112 samples were missing: 9
because there was only 1 sample for that patient and 6
because the sample at lowest clinical activity was not in
remission. We also analyzed urinary complement bio-
markers in 13 individuals (9 men and 4 women) with
nondiabetic CKD, clinically presumed not to be
glomerular disease, with an age of 65 � 16 years, eGFR
of 30 � 25 ml/min per 1.73 m2, and proteinuria level of
0.4 (0.2–0.7) g/g.
1029



Figure 1. Terminal pathway activation urinary fragments in autoim-
mune GN. Urinary terminal pathway fragments, expressed as a
creatinine ratio. Median differences were evaluated with the
Kruskal–Wallis test, whereas subgroup analyses were performed
using the Mann-Whitney U test and Bonferroni P value thresholds.
AAV, antineutrophil cytoplasmic autoantibody-associated vasculitis;
FSGS, focal segmental glomerular sclerosis; IgAN, IgA nephropathy;
LN, lupus nephritis; MN, membranous nephropathy; creat, creati-
nine; GN, glomerulonephritis; DB, diabetes; CKD, chronic kidney
disease.
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TP Activation

Urinary complement biomarkers were detected among
all participants. The strongest intercorrelations be-
tween complement biomarkers existed between C3
convertase activity (C3a) and the TP activation frag-
ments, C5a and sC5b-9 (all Spearman’s rho >0.8, P <
0.001). TP activation also correlated strongly with
proteinuria (Supplementary Table S2). Significantly
higher levels of C5a and sC5b-9 were observed
among participants with FSGS and MN, compared
with those with IgAN, LN, or AAV (Figure 1 and
Supplementary Figure S1). These findings were
similar when urinary complement levels were
expressed as a ratio of proteinuria (Supplementary
Figure S2). There was a marked reduction in uri-
nary C5a and sC5b-9 for each GN during the period
1030
of lowest clinical disease activity, paralleling to
proteinuria.

Subjects with nondiabetic CKD had much lower
levels of TP activation compared with subjects with
active autoimmune GN with urinary C5a levels of 0.04
(0.02–0.16) and sC5b-9 levels of 0.0 (0.0–2.7) mg/mmol
of creatinine (Figure 1). By contrast, these levels were
similar to periods of low disease activity.

AP Activation

Urinary Ba level was higher among patients with FSGS
compared with patients with IgAN and LN (Figure 2).
Findings were similar when expressed as a proteinuria
ratio (Supplementary Figure S2). Urinary Bb level was
undetected in 35%, 47%, 58%, 84%, and 71% of
FSGS, MN, IgAN, LN, and AAV, respectively
(Supplementary Figure S1).

LP and CP Activation

Levels of urinary C4a, produced during activation of
the LP or CP, did not significantly differ between the
glomerular diseases, whether expressed as a creatinine
(Figure 2) or proteinuria ratio (Supplementary
Figure S2). To further explore the activation of LP
and CP, respectively, levels of urinary MASP-1 and
MASP-2 (LP) and urinary C1q (CP) were evaluated.
Urinary C1q level was significantly lower in LN,
compared with MN and FSGS (Figure 2 and
Supplementary Figure S2). Urinary MASP-1 differed
only between FSGS and LN. No difference was
observed in urinary MASP-2 (Supplementary
Figure S3). Findings were similar when expressed as a
proteinuria ratio (data not found).

Driver of TP Activation

To evaluate which initiating pathway was responsible
for the activation of the TP, we performed linear
regression analyses between urinary Ba (AP) or C4a
(CP/LP) and urinary C5a (TP) for each GN (Figure 3). A
significant correlation was observed between the TP
and both the CP/LP and AP in MN, IgAN, and LN (all
P # 0.005). In FSGS, the correlation between urinary
Ba and C5a reached statistical significance (P ¼ 0.003),
whereas that between C4a and C5a was marginal (P ¼
0.058). Lastly, in AAV, a correlation between urinary
C4a and C5a existed (P < 0.001) whereas that between
Ba and C5a did not reach statistical significance (P ¼
0.091). We then performed multivariate linear regres-
sion analyses, which confirmed that urinary Ba and C4a
levels independently predicted urinary C5a in FSGS,
MN, IgAN, and LN. In AAV, only urinary C4a level
significantly predicted TP activation, although we were
underpowered to confidently exclude an association
with AP (Table 2). We repeated these regression
Kidney International Reports (2022) 7, 1027–1036



Figure 2. Urinary Ba, C4a, and C1q in autoimmune GN. Expressed as a creatinine ratio. Median differences were evaluated with the Kruskal–
Wallis test, whereas subgroup analyses were performed using the Mann-Whitney U test and Bonferroni P value thresholds. Although the
Kruskal–Wallis tests were statistically significant for C4a, all subanalyses using the Bonferroni P value thresholds were not. AAV, antineutrophil
cytoplasmic autoantibody-associated vasculitis; FSGS, focal segmental glomerulosclerosis; IgAN, IgA nephropathy; LN, lupus nephritis; MN,
membranous nephropathy; creat, creatinine; GN, glomerulonephritis.
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analyses by further adjusting for proteinuria. All as-
sociations remained significant with the exception of
C4a in FSGS (Supplementary Table S3).

Correlations Between TP Activation and

Proteinuria and Markers of Inflammation and

Fibrosis

TP activation (urinary C5a) was significantly associated
with the levels of proteinuria, urinary MCP-1, and
TGF-b1 for each glomerular disease, except for AAV
where urinary MCP-1 and TGF-b1 were perhaps driven
by factors other than complement, although this anal-
ysis was perhaps underpowered (Supplementary
Table S2). The results were almost identical on
repeating the analyses using the anaphylatoxin C3a
instead of C5a, except that, now, urinary C3a did
correlate with urinary TGF-b1 in AAV (r ¼ 0.47, P ¼
0.04).

DISCUSSION

This study evaluated urinary components of the initi-
ating and TPs of the complement system in autoim-
mune GN. Urinary complement cleavage products can
be detected in a range of active glomerular disorders
and have marked differences compared with nondia-
betic CKD and paired samples at times of reduced GN
activity. On the basis of these biomarkers, both AP and
CP/LP were independently associated with the degree
of TP activation for each studied GN except in AAV,
where we were unable to find a relation between AP
and TP. These associations also seemed independent of
proteinuria. Finally, the C3a anaphylatoxin and TP
activation correlated with proteinuria and markers of
inflammation (urinary MCP-1) and fibrosis (urinary
TGF-b1), which are surrogates of progressive disease.

Animal models have provided insight in the
importance of the complement pathways and their
complex interrelations. For instance, inactivation of AP
in MN, FSGS, and LN animal models reduced
Kidney International Reports (2022) 7, 1027–1036
glomerular disease development.6,7,40–42 In the LN
MRL/lpr mouse model, MASP-1/3 deficiency confers
protection against GN.43 Conversely, complement de-
ficiencies can contribute to glomerular injury, further
complexifying our understanding of complement in
GN.44,45 Although animal studies have detailed many
mechanisms of complement activation in glomer-
ulopathies, corroborating which ones are most relevant
in the clinical setting is lacking, as few studies have
measured complement fragments in patients. Never-
theless, clinical trials have tested anticomplement
therapies, including Avacopan, a C5a receptor antago-
nist, in AAV,30,31 and Narsoplimab, a MASP-2 inhibi-
tor, in IgAN.32

Our objectives were to identify which initiating
pathway(s) are independently associated with TP acti-
vation; gain insight in the correlations between com-
plement activation and proteinuria, inflammation, and
fibrosis; and finally help orient future studies on
complement inhibition. This is the first study, to our
knowledge, to evaluate all 3 complement activating
pathways and the TP simultaneously. Our findings
suggest that urinary C4a and Ba, specific to CP/LP and
AP activation, respectively, both independently
correlate with TP activation (urinary C5a), supporting
previous pathology, animal and in vitro studies. In
AAV, previous studies point toward pivotal roles for
AP and CP/LP, and thus, we were most likely under-
powered in our findings with only 21 patients.21,23 The
elevated complement fragments found in FSGS were
novel given that C3c is usually found scantly in scle-
rotic areas on biopsy. These unexpected findings
warrant further investigation. We do not suggest
measuring all these fragments in the clinical setting,
nor does the present study address the value of
repeated measurements.37 We performed these analyses
because simultaneous measures of different comple-
ment biomarkers in multiple glomerulopathies,
normalized for urinary creatinine or proteinuria, may
1031



Figure 3. Linear relationship between urinary C4a and Ba with C5a. AAV, antineutrophil cytoplasmic autoantibody-associated vasculitis; IgAN,
IgA nephropathy; LN, lupus nephritis; MN, membranous nephropathy.
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provide useful information to other researchers
addressing this promising field of investigation.

Whether triggering a specific pathway can set in
motion the other initiating pathways is important to
address. Although all 3 starting branches ultimately
converge, 2 distinct C3 convertases, and, thus, 2 routes
of TP activation exist. The CP and LP activation results
in proteolytic cleavage of C2 and C4, which bind
1032
together to form the classical C3 convertase (C4bC2b),
although the alternative C3 convertase (C3bBb) is spe-
cific to AP. Spontaneous activation of AP through C3
hydrolysis results in the production of C3b which
binds to factor B. C3-bound factor B is cleaved by
factor D to Bb and Ba fragments, catalyzing the for-
mation of the alternative C3bBb convertase. Recent
advances do establish crosstalk between the LP and the
Kidney International Reports (2022) 7, 1027–1036



Table 2. Independent associations between urinary levels of AP
and CP/LP activation fragments and terminal pathway C5a

Standardized b P

Focal and segmental glomerulosclerosis, r2: 0.52

Ba 0.59 0.003

C4a 0.36 0.047

Membranous nephropathy, r2: 0.86

Ba 0.67 <0.001

C4a 0.48 <0.001

IgA nephropathy, r2: 0.89

Ba 0.73 <0.001

C4a 0.31 <0.001

Lupus nephritis, r2: 0.83

Ba 0.72 <0.001

C4a 0.35 0.009

ANCA-associated vasculitis, r2: 0.71

Ba 0.21 0.13

C4a 0.77 <0.001

ANCA, antineutrophil cytoplasmic autoantibody; AP, alternative pathway; CP, classical
pathway; LP, lectin pathway.
C4a and Ba correspond to CP/LP and AP activation fragments, respectively.
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AP mediated by MASP-3, the exclusive activator of the
AP’s factor D46; AP pathway activation can also be
triggered by C3b production by CP/LP. The AP then
acts as an amplification loop for further C3b produc-
tion, leading to exponential TP activation and resulting
in downstream inflammatory, phagocytic and lytic re-
sponses. Thus, the AP contributes to the CP and LP’s
abilities to effectively defend the host against patho-
gens and maintain homeostasis47 and may explain the
critical role of the AP observed in both animal and
human studies of glomerular diseases.6,7,19–24,40–42

Hence, primary AP activation may not be the sole
mechanism by which factor B fragments are generated,
as they may be produced by the AP’s amplification
loop after CP/LP activation or by MASP-3.

Methodologic choices merit comment. We identified
GN at the time of their greatest protein/creatinine ratio
to improve the likelihood of identifying the predomi-
nant initiating complement pathway at the acme of
disease, with the exception of AAV, where maximally
active disease was considered to be initial presentation
of their vasculitis. We opted for urinary over serum
evaluation of complement activity because certain GN
are renal-limited (e.g., primary MN and FSGS) and
urinary biomarkers were previously found to predict
disease.24,27,37,38,48 AP and CP/LP activation fragments
were detected among the various GN; however, urinary
biomarkers were higher in nephrotic-range glomer-
ulopathies. Complement activation at the podocyte or
in Bowman’s space may explain higher urinary levels
observed in FSGS and MN. It does not imply that
higher urinary measurements found in FSGS and MN
equate to a greater complement burden, as complement
fragments in IgAN, LN, and AAV may not be able to
Kidney International Reports (2022) 7, 1027–1036
escape into the urine. Hence, levels of urinary com-
plement fragments may not be comparable across glo-
merulopathies, and our findings do support further
research. Indeed, there are trials revealing beneficial
effects of complement inhibition in patients with IgAN
and AAV, where we found lower activation frag-
ments.30–32 Nevertheless, our results do suggest that
complement inhibition should be considered in MN
and FSGS. In addition, there is evidence suggesting
heavy proteinuria stimulates tubular complement acti-
vation and may contribute to the higher levels of
complement fragments.49 To address this, we did
evaluate urinary biomarker levels expressed as a pro-
teinuria ratio, yet results did not differ. Lastly, when
correlating the TP with either AP or CP/LP activation,
the TP anaphylatoxin C5a (11 kilodalton) was chosen
because of its higher urinary detection rate compared
with sC5b-9 (1030 kilodalton). Urinary Ba (30 kilo-
dalton) was selected as the surrogate marker of AP
activation as the larger Bb (60 kilodalton) was unfre-
quently detected in the urine, perhaps owing to lower
urinary solubility or glomerular and/or tubular tissue
fixation.46 Interestingly, levels of urinary sC5b-9 in
active IgAN, LN, and AAV were similar to levels of 1.9
(0.5–10.4) found in a cohort of 83 subjects with overt
diabetic nephropathy with an eGFR of 25 � 9 ml/min
per 1.72 m2 and a proteinuria level of 1.1 g/g.34 Levels
of urinary complement fragments were much lower in
individuals with nondiabetic CKD compared with those
with active autoimmune GN.

Previous studies have evaluated levels of urinary
C1q and MASP-1 in glomerular diseases.34 The serine
proteases MASP-1 and MASP-2 activate the LP,
whereas C1q is a recognition protein within the C1
complex which results in CP activation.46 Importantly,
circulating MASP-1, MASP-2, and C1q are not cleavage
fragments and thus do not confirm CP/LP activation.
Furthermore, the MASP-1 and MASP-2 assays may not
discriminate the inactive zymogen from its active form.
This could explain why levels of urinary MASP-1 and
MASP-2 were similar across GN. Urinary C1q, inter-
estingly, was lowest among participants with LN
possibly owing to excessive protein consumption or
glomerular deposition during active LN.

Urinary MCP-1 and TGF-b1 are useful tools in
evaluating disease activity and long-term outcomes in
glomerular diseases.36–39 Higher urinary levels of MCP-
1 have been associated with active AAV, IgAN, and
LN.38 Indeed, urinary MCP-1 was included as a sec-
ondary end point in trials investigating Avacopan in
AAV,30,31 one of which observed a greater improve-
ment in urinary MCP-1 among participants treated
with Avacopan, militating for C5a/C5aR implication in
MCP-1 secretion.30 TGF-b1 is a pleiotropic cytokine
1033
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associated with the fibrogenic response after injury and
subsequent progressive kidney disease.50 In vitro
studies suggest that C5b-9–mediated sublytic injury is
responsible for TGF-b1 secretion.51 Further supporting
the role of complement in mediating progressive kid-
ney disease comes from the LN MRL/lpr animal model
in which inhibition of C3 activation resulted in the
normalization of TGF-b1 and a reduction of
glomerulosclerosis.52

Because multiple complement pathways may be
activated simultaneously in glomerular diseases, an
important question that arises is whether therapeutic
approaches should focus on inhibiting the TP or spe-
cifically target an earlier complement pathway.53

Although likely more effective in controlling exces-
sive complement activation, targeting the downstream
TP comes at a cost, with a loss in important comple-
ment system functions. These include combating in-
fections, linking the innate and adaptive immune
responses, and clearing debris, apoptotic cells, and
immune complexes.46 Targeting either the LP or AP
would preserve the clearance capabilities of immune
complexes and maintain a certain degree of host de-
fense against pathogens.

Certain limitations must be underlined. The number
of participants was modest, which may have precluded
our ability to observe a significant correlation between
AP and TP activation in AAV. More importantly, the
lack of pathology correlations reduces the certainty of
our findings. Biopsy immunohistochemistry could
elucidate the role of chronic versus active lesions in the
genesis of complement fragments.54 It could also reveal
the localization of complement deposition (e.g.,
glomerular capillaries, podocyte, mesangial, tubular)
and explain for the differences in urinary measure-
ments observed between GN. Unfortunately, the pa-
tients were not enrolled at the time of renal diagnosis
and, in some cases, the timing between the renal biopsy
and urinary sampling was >1 year. The evolution for
each patient, spontaneous or treatment-induced, dur-
ing this time would undoubtedly affect urinary com-
plement biomarkers. Finally, many subjects were
receiving immunosuppressive treatments at the time of
sampling, which may have influenced the results. It is
possible that the maximal proteinuria does not corre-
spond to the maximal immunologic activity when such
treatments are given. Nevertheless, simultaneous
immunohistologic localization of complement frag-
ments would have addressed some limitations of uri-
nary measurements, including confounding by
filtration of circulating fragments.

In conclusion, our results suggest that both the
AP and CP/LP contribute to TP activation in com-
mon autoimmune GN. This lends support to clinical
1034
trials investigating different complement pathway
inhibition, either of the terminal or initiating
branches, as possible therapeutic options in auto-
immune GN.
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