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Introduction: Complement plays an important role in the pathogenesis of glomerulonephritis (GN). Even

though the underlying etiology of GN might be different, complement activation with subsequent

glomerular deposition of complement proteins result in glomerular injury and progression of the lesions.

Routine immunofluorescence microscopy (IF) includes staining for only complement factors C3c and C1q.

Therefore, with regard to evaluation of the complement pathways, routine kidney biopsy provides only

limited information.

Methods: In this study, using laser microdissection of glomeruli followed by mass spectrometry, com-

plement proteins and pathways involved in GN were analyzed.

Results: We found that C3 followed by C9 are the most abundant complement proteins in GN, indicating

activation of classical or lectin or alternative, and terminal pathways, either exclusively or in a combination

of pathways. Furthermore, depending on the type of GN, C4A and/or C4B were also present. Therefore,

membranous nephropathy (MN), fibrillary GN, and infection-related GN showed C4A dominant pathways,

whereas lupus nephritis (LN), proliferative GN with monoclonal Ig deposits, monoclonal Ig deposition

disease (MIDD), and immunotactoid glomerulopathy showed C4B dominant pathways. Significant depo-

sition of complement regulatory proteins, factor H-related protein-1 (FHR-1) and factor H-related protein-5

(FHR-5), were also detected in most GN.

Conclusions: This study shows accumulation of specific complement proteins in GN. The complement

pathways, complement proteins, and the amount of complement protein deposition are variable in

different types of GN. Selective targeting of complement pathways may be a novel option in the treatment

of GN.
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G
N results from glomerular injury because of
varying etiologies. GN is now classified based on

the etiology and pathogenesis instead of the traditional
pattern-based classification. Therefore, GN is broadly
classified into immune-complex GN, antiglomerular
basement membrane GN, antineutrophil cytoplasmic
antibody (ANCA) GN, C3 glomerulopathy, and mono-
clonal immunoglobulin-associated renal diseases.1

Although, the underlying etiology and pathogenesis is
different, the glomerular injury and progression of the
lesions in these heterogeneous groups of diseases may
result from activation of the complement pathways. A
kidney biopsy is required to confirm the diagnosis of
a specific GN. Routine IF includes staining for only
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complement factors C3c and C1q. Therefore, with regard
to evaluation of the complement pathways routine, kid-
ney biopsy provides only limited information.

In this study, complement proteins and pathways
involved in GN were analyzed using laser microdis-
section of glomeruli followed by mass spectrometry
(MS/MS). Minimal change disease and MN, as well as
classical forms of noninflammatory glomerular diseases
were also analyzed for comparison. The complement
findings on routine biopsy IF was compared with that
detected on MS/MS.
METHODS
Laser Microdissection and MS/MS

Kidney biopsy tissue from formalin fixed paraffin
embedded material (FFPE) was used for MS/MS studies.
The kidney biopsy tissue was sent to the renal pathol-
ogy laboratory at the Mayo Clinic, Rochester, Minne-
sota, for diagnosis and interpretation. The study was
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Figure 1. Proteomic Identification of complement proteins in glomerular diseases: (a) Infection related GN. (b) Lupus nephritis. (c) IgA
nephropathy. (d) Fibrillary glomerulonephritis. (e) Pauci-immune ANCA-negative and ANCA-positive (PR3 and MPO) GN. (Continued)
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approved by Mayo Clinic Institutional Review Board.
An established method was utilized to analyze the
proteomic content of the glomeruli in the FFPE tissue
biopsies.2 In brief, 6mm-thick sections of FFPE tissue
were mounted on Director slides (Expression Pathol-
ogy), deparaffinized and stained with hematoxylin and
eosin. Nonsclerotic glomeruli were identified using
polarized light and resected with laser microdissection
828
using a Leica LMD6000 laser-capture microscope. Mul-
tiple (2–3) independent microdissections were per-
formed for each case and each microdissection was
configured to capture an area of 125,000 mm2. FFPE
fragments from each microdissection were collected in a
cap containing a Tris-EDTA Zwittergent cell lysis buffer
and analyzed individually. Proteins were extracted from
the FFPE fragments using heat and denatured via
Kidney International Reports (2023) 8, 827–836



Figure 1. (Continued) (f) C3 glomerulonephritis (C3GN). (g) Dense deposit disease (DDD). (h) Proliferative glomerulonephritis with monoclonal Ig
deposits (PGNMID). (i) Immunotactoid glomerulopathy. (j) Heavy chain immunoglobulin deposition disease (HCDD). (Continued)
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sonication. Extracted proteins were digested overnight
using trypsin (Promega, Madison WI) and the resulting
peptide mixture was analyzed on a QExactive-Plus mass
spectrometer (Thermo-Fisher, Bremen, Germany)
Kidney International Reports (2023) 8, 827–836
coupled to a Dionex Ultimate 3000 RSLC nano-flow high
performance liquid chromatography system. The
resulting MS/MS spectra were analyzed using Mascot
and X!Tandem. All search engines derived tryptic
829



Figure 1. (Continued) (k) Membranous nephropathy. Numbers in green boxes represent spectral counts of MS/MS matches to a respective
protein. Protein grouping ambiguity (red star) indicates shared amino acid sequences for certain proteins.
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peptides from a reference database containing sequences
for SwissProt canonical human proteins and common
contaminants. Reversed protein sequence entries were
appended to the database for estimating the protein and
peptide false discovery rates. Resulting peptide identi-
fications were combined and filtered using Scaffold
software (Proteome Software Inc., Portland, OR)
configured to treat raw files from replicate microdis-
sections as biological replicates. Proteins with at least
single confident unique peptide identification (proba-
bility > 0.9) and more than 5 spectral matches were
considered for clinical interpretation. The cases that
were used for this study served as controls for amyloid
detection and discovery of DNAJB9 in fibrillary GN.3-5

The proteomic data on these cases were then analyzed
for complement pathways for this study. The controls
included greater than 100 cases with glomerular disease.
Complement deposition based on total spectral counts
were graded as very high (>50, þþþþ), high (16–
50, þþþ), moderate (6–15, þþ), low (2–5, þ), and
baseline (0–1).
RESULTS
MS/MS of Complement Proteins in GN (Table 1)
Immune-Complex GN

Infection (Bacterial)-Related GN. Infection-related GN
is characterized by diffuse proliferative GN that occurs
in the setting of an infection. Infection-related GN may
result from viral, bacterial, and fungal infections.6-8
830
Bacterial infections include Gram-positive bacterial
such as Streptococcus and Staphylococcus, and Gram-
negative bacteria such as Escherichia coli, Yersinia,
Pseudomonas, and Hemophilus.

Kidney biopsy findings: IF microscopy in bacterial-
related GN is dominated by bright capillary wall
staining for C3. C1q may or may not be present.7

Proteomics: MS/MS of 4 cases (case 6 to 9) showed
high spectral counts of C3 (41.8 � 7.4), moderate
spectral counts of C9 (6.75 � 2.0), and low spectral
counts for C4A (2.25 � 1.7), C6, and C7. Complement
regulatory proteins included low spectral counts of
FHR-1 and FHR-5 (Figure 1a).

Conclusion: significant complement activation is
present in infection (bacterial)-related GN from C3- and
C4A- based pathways. Terminal pathway complement
proteins and regulatory proteins of the complement
pathway are also present.
LN. LN is considered a classic immune-complex medi-
ated GN and is defined by the presence of both immu-
noglobulins and complement factors. LN is classified into
class I to VI based on light microscopy features.9,10

Kidney biopsy findings: IF in LN is characterized by
staining for C3 and C1q. The intensity of staining is
variable with C3 staining in general being brighter
than C1q. The pattern of staining depends on the class
(mesangial in class I and II, and capillary wall in class
III, IV, and V).

Proteomics: MS/MS of 5 cases (case 40 to 44) showed
high spectral counts of C3 (43.4 � 44.9) in all cases. The
Kidney International Reports (2023) 8, 827–836
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spectral counts varied from 16 to 123. The variability
may be explained by higher spectral counts in class IV
diffuse proliferative lesions (case 40, 41, 43) versus class
III or class IV with segmental lesions (case 42, 44). High
spectral counts of C4B (22 � 25.2) were detected in all
cases, whereas 1 case showed both C4A and C4B. High
C1q spectral counts were detected in 1 case and mod-
erate to low counts were detected in 3 cases. Moderate
spectral counts of C9 (8.8 � 10.8) were detected in all 5
cases, whereas C6 was present in 4 cases. Low to
moderate spectral counts FHR-1 and FHR-5 were
detected in 3 cases (Figure 1b).

Conclusion: significant complement activation is
present in LN from C3-based and C4B-based pathways.
Terminal pathway complement proteins and regulatory
proteins of the complement pathway are also present.
IgA Nephropathy. IgA nephropathy is a common
glomerular disease that is characterized typically by
mesangial proliferation resulting from mesangial de-
posits that stain for IgA.11 Endocapillary hyper-
cellularity and crescents may be present.

Kidney biopsy findings: IF in IgA nephropathy
shows variable staining for C3 (trace to 3þ). C1q is
typically absent.

Proteomics: MS/MS of 4 cases (case 84 to 87) showed
high spectral counts of C3 (28.3 � 10.9) and moderate
spectral counts of C9 (6.5 � 4.5) in all cases. Moderate
spectral counts FHR-1 (17 � 12.2) were detected in 3
cases (Figure 1c).

Conclusion: significant complement activation is
present in IgA nephropathy from C3 pathways. The
absence of any significant C4 and C1 suggests acti-
vation of the alternative pathway of complement.
Terminal pathway complement proteins and regula-
tory proteins of the complement pathway are also
present.

Fibrillary GN. Fibrillary GN is a rare glomerular dis-
ease that is characterized by proliferative GN resulting
from mesangial and capillary wall fibrillary deposits
that stain for IgG.12 The fibrillary deposits are typically
negative on Congo red staining but are positive for
DNAJB9.5

Kidney biopsy findings: IF in fibrillary GN shows
bright staining for C3. C1q (trace to 1þ) may be
present.12

Proteomics: MS/MS of 5 cases (Case 24 to 28) showed
very high spectral counts of C3 (72 � 14.5) in all cases.
High spectral counts of C4A (29.4� 7.7) were also
present in all 5 cases and 2 cases also showed C4B.
Moderate spectral counts of C9 (13.4 � 6.1) were
detected in all cases. High spectral counts of FHR-1
(23.0 � 13.8) and FHR-5 (20.4 � 15.7) were present
in all cases (Figure 1d).
Kidney International Reports (2023) 8, 827–836
Conclusion: significant complement activation is
present in fibrillary GN from C3-based and C4A-based
pathways. Terminal pathway complement proteins and
regulatory proteins of the complement pathway are
also present.

Pauci-Immune ANCA-Associated GN and

ANCA-Negative GN

ANCA-associated GN is characterized by a pauci-
immune necrotizing and crescentic GN and comprises
of 3 heterogeneous multisystem disorders as follows: (i)
granulomatosis with polyangiitis, (ii) microscopic pol-
yangiitis, and (iii) eosinophilic granulomatosis with
polyangiitis.13 The autoantigens proteinase 3 (PR3) or
myeloperoxidase (MPO) are present in most ANCA-
associated GN. One-third of the pauci-immune necro-
tizing and crescentic GN are negative for MPO and
PR3-ANCA and are referred to as ANCA-negative
pauci-immune GN. Complement activation plays an
important role in the pathophysiology ANCA vascu-
litis,14 although it remains unclear which pathway may
be activated.15

Kidney biopsy findings: IF in ANCA-GN often
shows coarse segmental C3 in the glomeruli involved
by the necrotizing and crescentic lesions. The unin-
volved glomeruli may show minimal or no C3 (0-1þ),
C1q is absent.15

Proteomics: MS/MS of 5 cases of ANCA-negative GN
(70–74) showed moderate to high spectral counts of C3
(15.8 � 8.2), whereas both MPO-associated and PR3-
associated GN (MPO-associated case 75 to 78, PR3-
associated case 79 to 83) showed much lower spectral
counts of C3 (3.5 � 1.9 and 3.4 � 4.9, respectively).
Similarly, moderate spectral counts of C9 (11.2 � 7.3)
were present in ANCA-negative GN compared to MPO-
associated (0.5 � 1) and PR3-associated GN (0.6 � 1.3).
C4 was minimal or absent in ANCA-negative GN.
Moderate spectral counts of FHR-1 (8.4 � 5.6) and low
spectral counts of FHR-5 (3.4 � 3.4) were present in
ANCA-negative GN and they were essentially absent in
ANCA-associated GN (Figure 1e).

Conclusion: glomeruli that are not involved by
necrotizing and crescentic lesions were dissected. In
these glomeruli, significant complement activation is
present in pauci-immune ANCA-negative GN from C3-
based pathways. Terminal pathway complement pro-
teins and regulatory proteins of the complement pathway
are also present. Glomeruli without crescents show lesser
complement activation in MPO/PR3-associated GN
compared to ANCA-negative pauci-immune GN. On the
other hand, glomeruli with crescents and necrotizing
lesions in MPO/PR3-associated GN show large spectral
counts of C3 and C5b-9 (data not shown).16
831



Table 1. Complement proteins in glomerulonephritis
Complement proteins IRG LN IgAN FG ANCA D GN ANCA - GN C3GN DDD PGNMID ITG MIDD MN

C3 þþþ þþþ þþþ þþþþ þ þþþ þþþþ þþþþ þþþþ þþþþ þþþþ þþþþ
C4A þ � � þþþ þ/� þ/� � þþ � þþþ
C4B � þþþ � þþþ þþþ þþþþ �
C9 þþ þþ þþ þþ � � þþþ þþþ þþ þþ þþþ þþ
FHR-1 þ þþ þþþ þþþ � � þþþ þþþ þþ þþþ þþ þþ
FHR-5 þ þþ þ/� þþþ � � þþþ þþ þþ þþ þþ þ
ANCA, anti-neutrophil cytoplasmic antibodies; DDD, dense deposit disease; FG, fibrillary glomerulonephritis; GN, glomerulonephritis; IRG, infection-related GN; IgAN, IgA nephropathy;
ITG, immunotactoid glomerulopathy; LN, lupus nephritis; MIDD, monoclonal immunoglobulin deposition disease; MN, membranous nephropathy; PGNMID, proliferative GN with
monoclonal immunoglobulin deposits.
þ to þþþþ: �negative or baseline (0–2), þ (low) spectral counts between 2–5, þþ (moderate) spectral counts between 6–15, þþþ (high) spectral counts between 16–50, þþþþ
(very high) spectral counts over 50; ANCA þ and ANCA- are pauci-immune crescentic GN with positive and negative ANCA titers, respectively.
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C3 Glomerulopathy

C3 glomerulopathy is characterized by bright C3
staining on IF along with the absence or minimal Ig
staining. It can be further classified into C3 GN (C3GN),
and dense deposit disease (DDD) based on ultrastruc-
tural findings.

Kidney biopsy findings: IF in C3GN and DDD shows
bright mesangial and capillary wall staining for C3. C1q
is typically absent.17

Proteomics: MS/MS of 9 cases (case 10 to 18) of
C3GN showed very high spectral counts of C3 (129 �
92.8) and high spectral counts of C9 (24.5 � 37.1) in
all cases. Moderate spectral counts of C6, C7, and C8
were also present. High spectral counts of FHR-1
(23.0 � 13.8) and FHR-5 (20.4 � 15.7) were detec-
ted (Figure 1f).

MS/MS of 5 cases (case 19 to 23) of DDD showed
very high spectral counts of C3 (75.8 � 51.9) and C9
(45.6 � 23.7) in all cases. Moderate spectral counts of
C6, C7, and C8 were also present. High spectral counts
of FHR-1 (16.2� 23.4) and moderate spectral counts of
FHR-5 (11.8 � 9.75) were detected (Figure 1g).

Conclusions: both C3GN and DDD show significant
complement activation through C3-based pathways.
Figure 2. Proposed complement pathways in glomerulonephritis. ANCA,
MIDD, monoclonal immunoglobulin deposition disease.

832
Terminal pathway complement proteins and regulatory
proteins of the complement pathway are also present.
However, although both C3GN and DDD show high
spectral counts of C9, the counts appear higher in DDD
compared to C3GN.

Monoclonal Immunoglobulin-Associated

Glomerular Disease

Deposition of monoclonal immunoglobulins (MIg) can
result in diseases involving the glomeruli, interstitium,
and vessels.18 Larger molecular weight MIg molecules
consisting of heavy and light chain are unlikely to pass
the glomerular filtration barrier resulting in glomerular
deposition of the MIg with ensuing glomerular
inflammation. These include proliferative GN with
monoclonal Ig deposition and immunotactoid glomer-
ulopathy. In addition, MIg that interact with other
proteins such as matrix proteins can result in glomer-
ular disease such MIDD.

Proliferative GN With Monoclonal Ig Deposition

(PGNMID)

The kidney biopsy is characterized by a proliferative
GN with glomerular MIg deposits on IF studies and
antineutrophil cytoplasmic antibody; DDD, dense deposit disease;

Kidney International Reports (2023) 8, 827–836
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granular (nonorganized) electron dense deposits by
electron microscopy. The most common MIg is IgG,
and the most common IgG subtype is IgG3.19,20

Kidney biopsy findings: IF in PGNMID shows bright
glomerular capillary wall staining C3 (2-3þ) and mild
staining for C1q (1–2þ, in 64% of cases).

Proteomics: MS/MS of 5 cases of PGNMID (Case 65 to
69) showed very high spectral counts of C3 (63.8 �
38.0), high spectral counts of C4B (24.8 � 17.2), and
moderate spectral counts of C4A (11.8 � 12.8) and C9
(9.0 � 9.9). FHR-1 (14.4 � 18.0) and FHR-5 (8.2 � 10.2)
were present in all cases (Figure 1h).

Conclusion: significant complement activation is
present in PGNMID from C3-based and C4B-based
pathways. Terminal pathway complement proteins
and regulatory proteins of the complement pathway are
also present.

Immunotactoid Glomerulopathy

Immunotactoid glomerulopathy is a very rare glomer-
ular disease that is characterized by the deposition of
Congo red-negative organized microtubular glomerular
deposits that stain for monotypic IgG. Most immuno-
tactoid GN are associated with a circulating MIg and an
underlying hematologic malignancy.21

Kidney biopsy findings: IF in immunotactoid glo-
merulopathy shows bright glomerular capillary wall
staining C3 (2–3þ) and mild staining for C1q (1–2þ, in
63% of cases).

Proteomics: MS/MS of 2 cases of immunotactoid
glomerulopathy (case 38 and 39) showed very high
spectral counts of C3 (107.0 � 26.8) and C4B (51.5 �
21.9) and moderate spectral counts of C9 (7.0 � 5.6).
One case showed high spectral counts of C4A in addi-
tion to C4B. Variable moderate to high spectral counts
of FHR-1 (25.5 � 26.0) and FHR-5 (15 � 9.8) were
present in both cases (Figure 1i).

Conclusion: significant complement activation is
present in immunotactoid from C3-based and C4B-
based pathways. Terminal pathway complement pro-
teins and regulatory proteins of the complement
pathway are also present.

MIDD

MIDD is a renal disease that is characterized by the
deposition of Congo red-negative punctate mesangial,
glomerular, and tubular basement membrane deposits
that stain for monoclonal light chains, monoclonal
heavy chains, and light and heavy chains. Most MIDD
are associated with a circulating MIg and an underly-
ing hematologic malignancy.22

Kidney biopsy findings: IF in MIDD showed C3 (2–
3þ) staining in only 6 of 64 cases and weak staining for
C1q in only 3 patients.
Kidney International Reports (2023) 8, 827–836
Proteomics: MS/MS of 4 cases of monoclonal Ig
heavy chain deposition disease (case 29, 30, 33, and 39)
showed very high spectral counts of C3 (73.0 � 40.2),
C4B (67.8 � 47.2), and high spectral counts of C9 (18.3
� 10.1). Moderate spectral counts of FHR-1 (13.8 �
15.3) and FHR-5 (8.6 � 9.8) were present in all cases
(Figure 1j).

Conclusion: significant complement activation is
present in MIDD from C3-based and C4B-based path-
ways. Terminal pathway complement proteins and
regulatory proteins of the complement pathway are
also present.

MS/MS of Complement Proteins in

Noninflammatory Glomerular Diseases

Minimal Change Disease. Minimal change disease is a
common cause of nephrotic syndrome and is seen in
children and accounts for 20% of cases in adults.

Kidney biopsy findings: IF is commonly negative for
all immunoglobulins and complement factors. Trace
mesangial C3 stain may occasionally be present.

Proteomics: MS/MS from 3 cases of minimal change
did not show any significant complement factor spec-
tral counts.

Conclusion: Although minimal change disease re-
sults from podocyte injury because of circulating or
permeability factors, the kidney biopsy and MS/MS
findings suggest that complement deposition does not
play a significant role in the pathophysiology of min-
imal change disease.

MN. MN is the most common cause of nephrotic
syndrome in the adult Caucasian population. MN is
characterized by bright granular staining for IgG and
C3 along the capillary walls. MN is usually divided into
primary MN, of which 60% to 70% are phospholipase
A2 receptor (PLA2R)-positive; and secondary MN, of
which 30% are exostosin 1 (EXT1/EXT2) positive and
are seen in patients with autoimmune disease.23

Kidney biopsy findings: IF in primary PLA2R-
positive MN shows bright capillary wall staining for
C3 in primary MN; C1q is typically negative.

Proteomics: MS/MS of 9 cases of MN (Case 46 to 54)
showed very high spectral counts of C3 (50.3 � 23.6),
and high spectral counts of C4A (31.4 � 25.9), and
moderate spectral counts of C9 (7.8 � 5.4). Moderate
spectral counts of FHR-1 (6.1 � 6.1) and low spectral
counts of FHR-5 (3.5 � 4.5) were also detected
(Figure 1k).

On the other hand, using a different methodology,
MS/MS showed high spectral counts of C3, C4, C5, C6,
C7, C8, and C9, in PLA2R-associated and EXT1/EXT2-
associated MN. In addition, low spectral counts of C1
were present in EXT1/EXT2-positive MN. Complement
regulatory factors included high spectral counts of
833
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complement factor H, FHR-1, FHR-5, clusterin, and
vitronectin, with lower spectral counts of factor H-
related protein-3, factor H-related protein-4, and CD59.
Low spectral counts of factor B and properdin, key
components of the alternative pathway were also
detected (data not shown).24

Conclusion: significant complement activation is
present in MN as evidenced by large spectral counts of
complement proteins from C3-based and C4A-based
pathways, including regulatory proteins of the com-
plement pathways.
DISCUSSION
Complement pathways play an important role in trig-
gering, maintaining, and in the resolving phase of
GN.25 It is likely that accumulation of large amounts
activated complement proteins play an even greater
role in pathogenesis of GN than the original inciting
trigger such as immunoglobulins (e.g., in immune-
complex GN and monoclonal Ig-associated renal dis-
eases), which may not be cumulative because the
inciting injury may be limited (e.g., infection-related
GN). Unlike the original injury, the complement
pathway is a process driven by amplification and thus
can result in glomerular accumulation of large amounts
of complement proteins. A systematic study of com-
plement proteins and pathways can therefore shed
important information of the pathogenesis of the
various types of GN. Unfortunately, whereas the
routine kidney biopsy is typically geared toward
diagnosis and determining the underlying etiology of
GN, it falls short in assessing extent and type of com-
plement proteins involved in various types of GN. It is
of paramount importance that we study the comple-
ment system in detail in all forms of GN. This infor-
mation is particularly valuable because newer drugs
targeting specific pathways of complement are likely to
play an important role in treating GN.

In this manuscript, we studied the complement
proteins using laser microdissection and mass spec-
trometry (MS/MS) in GN. MS/MS allows for a semi-
quantitative analysis of proteins analyzed. We found
that C3 was the most dominant complement protein
present in GN (Table 1). This is easily explained
because not only is C3 the converging point of all
complement pathways but it is also involved in the
amplification loop. As expected, the highest spectral
counts of C3 were present in C3GN and DDD. However,
interestingly, very high spectral counts for C3 were
also present in GN associated with monoclonal
immunoglobulin-associated renal lesions and MN. High
spectral counts of C3 were also present in immune-
complex mediated GN, although it was less than that
834
seen in C3GN or monoclonal immunoglobulin-
associated renal lesions, keeping in mind that the
immune-complex mediated GN is a heterogenous group
of diseases.

C4 was also detected in most Ig or immune complex-
associated and monoclonal Ig-associated renal diseases.
C4B was the dominant C4 protein in monoclonal Ig-
associated renal diseases and LN whereas C4A pro-
teins were detected in MN, fibrillary GN, and
infection-related GN (Figure 2). The C4A and C4B iso-
types are defined by 4 specific amino acid residues at
position 1101, 1102, 1105, and 1106 encoded by exon
26 of C4 gene.26 C4A is thought to be important in
solubilization, immunoclearance, and opsonization of
immune complexes whereas C4B is important for the
propagation of classical and lectin pathways.27,28 The
significance of dominant C4A versus C4B and vice-
versa in GN is not known and needs further investi-
gation. It is worth pointing out that the identification
of C4A and C4B by MS/MS is made difficult by the
small differences in the amino acids sequence of C4A
and C4B.

C9 was detected in all GN except ANCA-associated
GN (see below) and was the highest in C3GN and
DDD. The presence of C9 indicates that the presence of
terminal complex (membrane attack complex) in GN.
Even though the counts of C9 are not as high as C3,
likely explained by lack of amplification loop, the
moderate spectral counts of C9 detected in most GN
indicate a role of the membrane attack complex in
causing disruption of GBM architecture.

The ratio of C3:C9 spectral count is intriguing in
C3GN. The C3 counts are very high in C3GN whereas
the counts of C9 are only moderate with a ratio of
almost 5:1. In contrast, both C3 and C9 counts are high
in DDD, giving a ratio of only 1:1.6. These findings
suggest greater activation of terminal pathway of
complement in DDD compared to C3GN.2,29

The detection of complement in pauci-immune
necrotizing and crescentic GN was variable. There
were only low spectral counts of C3 present in ANCA-
positive (both MPO and PR3)-associated GN whereas
there were high spectral counts of C3 in ANCA-
negative GN. The high spectral counts of C3 and the
absence or very low spectral counts of C4 suggests a
role of alternative pathway of complement in ANCA-
negative GN.15 The glomeruli dissected in pauci-
immune GN did not include those with necrotizing
and crescentic lesions and this may account for the lack
of high spectral counts of C3 in ANCA-positive GN. We
have recently completed a study comparing the com-
plement profile in normal appearing glomeruli versus
crescentic glomeruli in MPO-associated or PR3-
associated GN and find significantly increased
Kidney International Reports (2023) 8, 827–836
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complement factors including C3 and C5b�9 in cres-
centic glomeruli compared to normal appearing
glomeruli (in press).16 Similarly, moderate spectral
counts of C3 and low counts of C9 were present in IgA
nephropathy in the absence of C1q and C4, suggesting
a role for alternative and terminal pathways.30,31

Complement regulating proteins FHR-1 and FHR-5,
which are fluid phase regulators, were also detected
in moderate to high spectral counts in all GN except
pauci-immune-GN and infection-related GN. Although
the precise function of these proteins is not known, it
likely that they play a key role in modulating com-
plement activation in GN.

Therefore, complement pathways play roles in all
the GN studied although the extent and type of com-
plement proteins can be variable depending on the GN.
C3 is the dominant complement protein with the
highest spectral counts in C3GN, PGNMID, fibrillary
GN, immunotactoid glomerulopathy, MIDD, and MN.
This is likely because of the persistent activation of
complement pathway in these disease entities. Simi-
larly, large spectral counts of C5b�9 are present in
C3GN and MIDD, with moderate spectral counts in
other types of GN. It is also tempting to speculate the
complement pathways involved based on the presence
of C3, C4, and C9 in the different types of GN
(Figure 2).

There are limitations to this study because some
disease entities are rare and MS/MS was done in only 2
to 3 cases. It should also be pointed out that the com-
plement activation and subsequent deposition of com-
plement proteins is dependent on the location (fluid vs.
tissue) and the phase (active vs. chronic) of the disease
process, and this can lead to variable findings. In
addition, further studies by immunohistochemistry are
required to confirm our findings. Finally, we studied
mostly abundant complement proteins and did not
search for other complement proteins with low abun-
dance such as complement factor B, CD59, etc (see next
section on methodology).

Regarding the methodology of MS/MS, 2 extraction
and subsequent MS/MS protocols were utilized in this
study. The cohort outlined above utilized a smaller
cubic volume of glomeruli (w125,000 mm3) and the
MS/MS methods were tailored toward detection of
higher abundance proteins by utilization of a lower
dynamic exclusion time and maximum ionization
times. Therefore, the finding of C3, C4A, C4B, C9, FHR-
1, and FHR-5 in dissections suggests abundance of
these proteins. On the other hand, our recently pub-
lished studies on detection of novel membranous an-
tigens, such as exostosin, utilized a greater cubic
volume of glomeruli (w23-fold greater) and the MS/MS
methods were tailored toward a more discovery
Kidney International Reports (2023) 8, 827–836
methodology aimed at detection of lower abundance
proteins by utilizing a longer gradient, larger dynamic
exclusion window, and lower maximum ionization
times. Therefore, the spectral counts of proteins using
greater cubic volume are higher when compared to
dissection of smaller cubic volumes. Both methodolo-
gies enable the detection of higher abundance proteins
such as complement proteins but will differ in their
abilities to detect low abundance biomarkers such as
exostosin (EXT proteins), neural epidermal growth
factor-like 1 protein (NELL-1), and semaphorin 3B
(Sema3B) and complement proteins of lower abundance
such as factor B, properdin, and CD59.23,24,32,33

To summarize, C3 followed by C9 are most abundant
complement proteins in GN, indicating activation of
classical or lectin or alternative, and terminal path-
ways. Depending on the type of GN, C4A and/or C4B
are also present. The C3:C9 ratio in C3GN suggests
increased accumulation of terminal pathway comple-
ment in DDD compared to C3GN. The presence of FHR-
1 and FHR-5 indicate regulatory mechanisms are also in
play. Therefore, activation of complement pathways
with deposition of complement proteins plays an
important role in pathogenesis of GN. Selective tar-
geting of different complement pathways in the treat-
ment of GN is currently undergoing evaluation in a
number of clinical trials.
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