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Abstract

Standard classification of glomerular diseases is based on histopathologic abnormalities. The
recent application of proteomic technologies has resulted in paradigm changes in the
understanding and classification of idiopathic membranous nephropathy and
membranoproliferative glomerulonephritis. Those examples provide evidence that proteomics will
lead to advances in understanding of the molecular basis of other glomerular diseases, such as
lupus nephritis. Proof of principle experiments show that proteomics can be applied to patient
renal biopsy specimens. This viewpoint summarizes the advances in immune-mediated glomerular
diseases that have relied on proteomics, and potential future applications are discussed.
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Primary and secondary glomerular diseases are the third leading cause of end stage renal
failure requiring dialysis. Beginning with the widespread use of percutaneous renal biopsy in
the 1960s, classification of glomerular diseases has been based on the pathologic features
found on light, immunofluorescence, and electron microscopy. Diagnosis, prognosis, and
treatment continue to be based on the histologic pattern of injury. Unfortunately, a similar
glomerular pattern of injury can be triggered by a number of causative agents. Thus,
diseases with the same histology, but different pathogenesis and prognosis, frequently
receive the same therapy. Thus, it is not surprising that even successful treatments improve
prognosis in only about 50% of patients. Identifying patients who will benefit from
treatment continues to be a clinical challenge. Within the last decade, application of
proteomic approaches has initiated a paradigm shift in the understanding of a number of
glomerular diseases, including reclassification of some diseases. This viewpoint summarizes
some of the paradigm shifts that have been brought about by application of proteomic
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approaches to glomerular diseases, and we suggest that enhanced application of proteomics
to clinical practice will improve care of patients with glomerular diseases.

The archetype of how proteomic analysis caused a paradigm shift in our understanding of a
glomerular disease is membranous nephropathy (MN). This disease is a leading cause of the
nephrotic syndrome in adults. The name derives from thickened glomerular basement
membrane (GBM) on light and electron microscopic examination. The diagnostic pathologic
features include staining for IgG and C3 in a finely granular peripheral glomerular capillary
loop pattern by immunofluorescence microscopy and electron dense deposits along the
subepithelial side of the GBM associated with formation of new basement membrane around
the deposits on transmission electron microscopy. Those findings indicate that this disease is
caused by immune complex deposition along the GBM. The outcome is variable, with one-
third of patients having a spontaneous remission, one-third having sustained proteinuria
without loss of renal function, and one-third showing progressive loss of renal function
leading to end stage renal disease. Treatment of MN patients destined to progress to renal
failure with corticosteroids and immunosuppressive drugs substantially improves their
prognosis (1). Despite identification of a number of causes for MN, including the hepatitis B
virus, malignancies, and certain drugs, the disease was classified as idiopathic in about 75%
of patients. Thus, it is not surprising that identifying which patients to treat and what
treatment regimen to use was a challenge, despite development of clinical guidelines (2).

The Heymann nephritis rat model of MN is induced by immunization with an extract of
proximal tubule brush border and most closely recapitulates the human disease (3).
Heymann nephritis was shown to be induced by development of antibodies against an
antigen expressed on podocytes, resulting in in situ subepithelial immune complex
formation. Activation of the terminal complement pathway produced podocyte injury and
proteinuria (4). The Heymann nephritis antigen was identified as megalin, an LDL receptor
family member (5). As megalin is not expressed on human podocytes, a two decade pursuit
of the target antigen(s) in human idiopathic MN ensued. In 2009, Beck, Salant and
colleagues reported the successful identification of a target antigen responsible for the
majority of cases of idiopathic MN (6). The authors used mass spectrometry to identify the
proteins contained in a 185 kDa band observed by Western blotting of normal human
glomerular protein extracts with serum from patients with MN. Analysis of the 18 most
highly expressed proteins for reactivity with patient sera determined that the M-type
phospholipase A, receptor 1 (PLA,R) was the target of circulating antibodies in about 70%
of patients with idiopathic MN. Following that initial study, an explosion of work
determined that 70%-80% of patients with primary MN have circulating anti-PLAR
antibodies primarily composed of 1gG4, that PLA,R is expressed on podocytes but not on
other glomerular cells, that glomerular immune complexes contain PLA2R, that single
nucleotide polymorphisms on PLA2R1 and on HLA-DQAL are associated with MN, that an
immunologic remission (shown by reduction in anti-PLA2R levels) occurs prior to a clinical
remission in proteinuria, and that anti-PLAZ2R levels predict the likelihood of a sustained
response to therapy (7-16). Recently, a similar proteomic approach identified a second
autoantibody target that occurs in about 5% of patients with MN, thrombospondin type 1
domain-containing 7a (17). Subsequent studies employing mass spectrometry identified
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autoantibodies to aldose reductase, superoxide dismutase-2, and a-enolase in the sera of
patients with idiopathic MN (18,19). A follow-up study showed that those autoantibodies
are less prevalent than, and typically co-exist with, anti-PLA,R (20). Thus, it was suggested
that autoantibodies to those intracellular enzymes develop secondary to podocyte damage
exposing those enzymes as neoantigens (3). The role of those secondary autoantibodies in
disease activity remains to be determined.

The studies described above demonstrate that application of proteomic approaches to
idiopathic MN (now termed Primary Membranous Nephropathy) have contributed to
redefining that disease as an organ-limited autoimmune disease resulting from development
of autoantibodies against antigen(s) expressed on podocytes. The presence of multiple
antigen-antibody pairs in different patients, the presence of multiple autoantibodies in
individual patients, and the strong association of anti-PLA,R-related MN with risk alleles on
PLAZ2R1 and HLA-DQA1 suggests a complex pathogenesis that may represent a spectrum
of diseases. A number of questions remain to be addressed, including how the autoimmune
response is triggered, what is the role of 1gG subclasses and complement in glomerular
injury, how does binding of antibody to transmembrane proteins lead to immune complex
formation, and does antibody binding to podocyte transmembrane proteins directly alter
podocyte function. A number of clinically important observations have been made,
including that anti-PLA,R 1gG and/or 1gG4 may be a sufficiently sensitive and specific
biomarker to allow diagnosis without a renal biopsy (21), and elimination of anti-PLA,R
(immunologic remission) prior to improvement in proteinuria (classical definition of
remission) enhances the ability to monitor therapy. In May 2014 the EUROIMMUN US,
Inc. anti-PLALR IFA and ELISA blood tests received FDA approval for clinical use, and
preliminary studies indicate those tests will be part of the routine workup for diagnosis and
management of patients with the nephrotic syndrome (13, 22). Finally, mass spectrometry
assisted in mapping the PLAZR epitope (23). That mapping may lead to personalized
therapeutic approaches, such as antibody inhibition and immunoadsorption. The rapid
development of clinical applications following identification of PLA,R autoantibodies in
MN serves as an example of how proteomics can contribute to translational medicine.

Systemic lupus erythematosus (SLE) is an autoimmune disease to which proteomic
approaches have been applied to identify targets of tissue-specific autoantibodies, including
those that cause glomerular injury. The diagnosis of SLE leans heavily on demonstration of
autoantibodies against nuclear antigens, including DNA and other components of chromatin
(24). Approximately 50% of patients with SLE develop clinical evidence of glomerular
disease called lupus nephritis (LN). The pathogenesis of LN involves glomerular deposition
of immune complexes that induce injury through complement-mediated inflammation (25).
Three major hypotheses have been proposed to explain glomerular immune complex
deposition; deposition of circulating complexes, binding of autoantibodies to endogenous
glomerular antigens, and binding of autoantibodies to antigens planted in the glomerulus.

There is evidence for and against the nephritogenic potential of antinuclear antibodies (26).
A significant, longitudinal association of serum levels of anti-dsDNA and anti-nucleosome
antibodies with proliferative LN has been reported (27,28). Analysis of autoantibodies
deposited in glomeruli from patients or mice with LN showed enrichment of antibodies to
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dsDNA, chromatin, or other nuclear proteins (29,30), and nucleosomes or their components
have been demonstrated to be contained in immune deposits (31). Supporting the concept
that immune complexes form by binding of anti-nuclear antibodies to planted antigens,
Fenton et al. (32) reported that injection of anti-dsDNA into mice failed to deposit in
glomeruli unless chromatin was previously deposited. Evidence against the role of anti-
nuclear autoantibodies includes the absence of LN in many SLE patients with high titers of
anti-dsDNA. Additionally, anti-nuclear autoantibodies were present in only a minority of
glomerular eluates from patient biopsies, and those antibodies accounted for less than 1% of
the total immunoglobulin recovered from glomeruli (29). Waters et al. (33) used a mouse
model to show that loss of tolerance to dsSDNA and chromatin was not required for
development of LN.

Evidence that anti-nuclear antibodies cross-react and bind to endogenous glomerular
antigens relied heavily on proteomic techniques. Deocharan et al. (34) determined anti-DNA
bound to mesangial cell lysates from MRL-Ipr/Ipr mice. The target of those antibodies was
identified by mass spectrometry as a-actinin. Similarly, Yung et al (35) used mass
spectrometry to show that anti-dsDNA antibody binding to human mesangial cells is
mediated by crossreactivity with annexin Il. Histone H1, but not a-actinin, was identified by
ESI-MS as the target of anti-dsDNA autoantibodies eluted from glomeruli of (NZB x
NZW)F1 mice (30).

The focus on the nephritogenic potential of anti-nuclear antibodies has diverted attention
from a possible role for organ or tissue specific autoantibodies in the pathogenesis of LN.
Mass spectrometry-based approaches offer an opportunity for non-biased identification of
new targets for pathogenic autoantibodies. Katsumata et al. (36) recently illustrated this
possibility by using mass spectrometry to identify three new autoantibodies against neuronal
proteins in patients with lupus cerebritis. Zhen et al. (37) used glomerular proteome arrays
containing a panel of proteins expressed in glomerular cells or GBM to show that sera from
patients with LN commonly contained IgG with reactivity to glomerular proteins, as well as
to dsDNA. Bruschi et al. (38) eluted antibody from laser-captured glomeruli obtained from
LN kidney biopsy samples, and then immunoblotted with podocyte proteins that were
separated by 2D gel electrophoresis. They identified 11 protein targets using LC-MS and
MALDI-MS techniques and went on to validate a-enolase and annexin Al as target antigens
(38). Those studies suggest that efforts directed toward identifying organ- and tissue-specific
autoantibodies in SLE and LN are needed.

The combination of glomerular isolation from renal biopsies by laser capture
microdissection and mass spectrometry has the potential to extend the understanding of
glomerulonephritis beyond traditional renal pathology. Satoskar et al (39) demonstrated the
feasibility of that approach to human renal biopsies. Using glomeruli isolated from patients
with normal kidneys, with diabetic nephropathy, with LN (class IV and V), and with
fibronectin glomerulopathy, proteomic data was obtained from as few as 10 glomeruli per
biopsy specimen. The application of that approach contributed to the recent reclassification
of membranoproliferative glomerulonephritis (MPGN). Previously, MPGN was classified
into three types, I, 11, and 111, based on the ultrastructural location of electron-dense deposits
rather than disease pathogenesis (40). Deposits in type | MPGN are present in
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subendothelial and mesangial locations and type 111 in subendothelial and subepithelial
locations. Type II MPGN highly electron dense deposits are primarily intramembranous.
Sethi et al. used laser capture microdissection of biopsy specimens and LC-MS/MS to
identify the proteins contained in glomerular deposits of patients with type 1l MPGN and
other forms of MPGN in which C3 was the predominant stain on immunofluorescence
microscopy (41,42). Those deposits contained increased alternative complement pathway
proteins, highlighting the shared pathogenesis of those diseases. Combined with genetic and
serologic studies, a new classification of MPGN was proposed based on pathogenesis rather
than pathology. All forms of MPGN which contain dominant C3 are now categorized under
the umbrella of “C3 glomerulopathies.” Type || MPGN continues to be called dense deposit
disease and other forms of MPGN with dominant C3 are categorized as C3
glomerulonephritis. Patients with C3 glomerulonephritis and dense deposit disease now
undergo an evaluation for complement pathway abnormalities. Enhanced understanding of
pathogenesis will lead to new treatment strategies. There is no standard therapy and current
treatments include a range of immunosuppressive regimens and plasmapheresis or plasma
infusion which has had inconsistent success. Medications targeting the complement system,
such as the terminal complement inhibitor eculizimab, may provide targeted therapy for
those diseases.

Direct analysis of renal biopsy specimens by MALDI-MS (termed MALDI imaging MS)
has been shown to be feasible (43,44). Xu et al. (45) combined laser capture microdissection
of glomeruli from a rat model of focal glomerulosclerosis with direct protein profiling with
MALDI-MS. Proteomic patterns distinguished normal versus nonsclerotic versus sclerotic
glomeruli. A number of problems remain to be solved, including optimal sample
preparation, poor reproducibility, and difficulty identifying high molecular weight,
membrane, and low abundance proteins. Successful application of that approach could
provide a sensitive and selective analysis of proteins in specific glomerular cells or immune
complex deposits, while eliminating costly processing time.

The combination of laser capture microdissection and mass spectrometry has also been
applied to amyloidosis. Amyloidosis is a systemic disease caused by extracellular deposition
of insoluble proteins, including glomerular deposition resulting in proteinuria and loss of
renal function. About 90% of cases are caused by deposition of one of three proteins, serum
amyloid A, transthyretin, and lambda or kappa immunoglobulin light chains. Treatment
depends on which protein is deposited, making accurate identification of the amyloid protein
critically important. Histologic diagnosis of amyloidosis depends on demonstrating apple-
green birefringent Congo red staining of paraffin sections and nonbranching fibrils 7.5 to 10
nm in diameter on electron microscopy. Subtyping is typically performed by
immunohistochemistry, interpretation of which is complicated by high background staining.
Sethi el al. (46) combined laser capture microdissection of glomeruli with liquid
chromatography-tandem mass spectrometry to determine the amyloid type of 4 patients who
could not be typed by standard methods. All 4 cases were found to have Ig heavy chain
deposition with or without light chains. Vrana et al. (47) showed that mass spectrometry-
based amyloid protein identification was a highly sensitive and specific tool for accurate
identification of amyloid proteins. Thus, mass spectrometry is likely to become the accepted
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laboratory tool for identifying the amyloid protein, which is necessary for individualized
treatment.

The examples provided above indicate the potential for proteomic approaches to assist in
defining pathogenesis, improving diagnosis, and identifying therapies for human glomerular
diseases. Proteomic methods may be able to identify urine and serum biomarkers of
glomerular diseases (48). Those biomarkers could significantly reduce the need for renal
biopsy for diagnosis. Additionally, biomarkers will be identified that define those patients
who should be treated and provide measures of the effectiveness of treatment. Application
of proteomic technologies directly to biopsy specimens has the potential to greatly expand
the information available to clinicians and scientists related to etiology, pathogenesis, and
disease activity. That information will allow glomerular diseases to be classified based
specific etiology and pathogenesis rather than pathology. Ultimately, enhanced
understanding of the molecular mechanisms of glomerular injury will lead to new research
directions to identify more specific, less toxic therapies.

Acknowledgements

The authors were supported by grants from the National Institutes of Health AR-063124 (to D.W.P.), Al-103980 (to
D.W.P. and K.R.M.), U01-DK085673, U01-DK096927 and UM1-DK100865 (to J.B.K); the Juvenile Diabetes
Research Foundation 1-2011-588 (to D.W.P.); and the Department of Veterans Affairs (to K.R.M.).

Abbreviations

MN membranous nephropathy

GBM glomerular basement membrane

PLASR M-type phospholipase A, receptor 1

SLE systemic lupus erythematosus

LN lupus nepbhritis

MPGN membranoproliferative glomerulonephritis
References

1. Hofstra JM, Fervenza FC, Wetzels JF. Treatment of idiopathic membranous nephropathy. Nat. Rev.
Nephrol. 2013; 9:443-458. [PubMed: 23820815]

2. Kidney Disease: Improving Global Outcomes (KDIGO) Glomerulonephritis Work Group. KDIGO
Clinical Practice Guideline for Glomerulonephritis. Kidney Int. Suppl. 2012; 2:139-274.

3. Beck LH Jr, Salant DJ. Membranous nephropathy: from models to man. J. Clin. Invest. 2014;
124:2307-2314. [PubMed: 24892704]

4. Cybulsky AV, Rennke HG, Feintzeig ID, et al. Complement-induced glomerular epithelial cell
injury: the role of the membrane attack complex in rat membranous nephropathy. J. Clin. Invest.
1986; 77:1096-1107. [PubMed: 3514672]

5. Yamazaki H, Ullrich R, Exner M, et al. All four putative ligand-binding domains in megalin contain
pathogenic epitopes capable of inducing passive Heymann nephritis. J. Am. Soc. Nephrol. 1998;
9:1638-1644. [PubMed: 9727372]

6. Beck LH Jr. Bonegio RGB, Lambeau G, et al. M-type phospholipase Ay receptor as target antigen
in idiopathic membranous nephrology. N. Engl. J. Med. 2009; 361:11-21. [PubMed: 19571279]

Proteomics Clin Appl. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Caster et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Page 7

. Segarra-Medrano A, Jatem-Escalante E, Quiles-Perez MT, et al. Prevalence, diagnostic value and

clinical characteristics associated with the presence of circulating levels and renal deposits of
antibodies against the M-type phospholipase A, receptor in idiopathic membranous nephropathy.
Nefrologia. 2014; 34:353-359. [PubMed: 24798555]

. Hoxha E, Thiele I, Zahner G, et al. Phospholipase A, receptor autoantibodies and clinical outcome

in patients with primary membranous nephropathy. J. Am. Soc. Nephrol. 2014; 25:1357-1366.
[PubMed: 24610926]

. Huy SL, Wang D, Gou WJ, et al. Diagnostic value of phospholipase A, receptor in idiopathic

membranous nephropathy: a systematic review and meta-analysis. J. Nephrol. 2014; 27:111-116.
[PubMed: 24500886]
Stanescu HC, Arcos-Burkos M, Medlar A, et al. Risk HLA-DQA1 and PLAoR1 alleles in
idiopathic membranous nephropathy. N. Engl. J. Med. 2011; 364:616-626. [PubMed: 21323541]
Lv J, Hou W, Zhou X, et al. Interaction between PLA2R1 and HLA-DQAL1 variants associates
with anti-PLA2R antibodies and membranous nephropathy. J. Am. Soc. Nephrol. 2013; 24:1323-
1329. [PubMed: 23813219]

Kanigicherla D, Gummadova J, McKenzier EA, et al. Anti-PLA2R antibodies measure by ELSIA
predict long-term outcome in a prevalent population of patients with idiopathic membranous
nephropathy. Kidney Int. 2013; 83:940-948. [PubMed: 23364522]

Beck LH Jr, Fervenza FC, Beck DM, et al. Rituximab-induced depletion of the anti-PLAsR
autoantibodies predicts response in membranous nephropathy. J. Am. Soc. Nephrol. 2011;
22:1543-1550. [PubMed: 21784898]

Larsen CP, Messias NC, Silva FG, et al. Determination of primary versus secondary membranous
glomerulopathy utilizing phospholipase Ao receptor staining in renal biopsies. Mod. Pathol. 2013;
26:709-715. [PubMed: 23196797]

Cravedi P, Ruggenenti P, Remuzzi G. Circulating anti-PLA>R autoantibodies to monitor
immunological activity in membranous nephropathy. J. Am. Soc. Nephrol. 2011; 22:1400-1402.
[PubMed: 21784892]

Qin W, Beck LH Jr, Zeng C, et al. Anti-phospholipase A, receptor antibody in membranous
nephropathy. J. Am. Soc. Nephrol. 2011; 22:1137-1143. [PubMed: 21566055]

Tomas MN, Beck LH Jr. Meyer-Schwesinger C, et al. Thrombospondin type-1 domain-containing
7A in idiopathic membranous nephropathy. N. Engl. J. Med. 2014; 371:2277-2287. [PubMed:
25394321]

Prunotto M, Carnevali ML, Candian G, et al. Autoimmunity in membranous nephropathy targets
aldose reductase and SOD2. J. Am. Soc. Nephrol. 2010; 21:507-519. [PubMed: 20150532]
Bruschi M, Carnevali ML, Murtas C, et al. Direct characterization of target podocyte antigens and
auto-antibodies in human membranous glomerulonephritis: Alpha-enolase and borderline antigens.
J. Proteomics. 2011; 74:2008-2017. [PubMed: 21640210]

Murtas C, Bruschi M, Candiano G, et al. Coexistence of different circulating anti-podocyte
antibodies in membranous nephropathy. Clin. J. Am. Soc. Nephrol. 2012; 7:1394-1400. [PubMed:
22773590]

Glassock RJ. Antiphospholipase A, receptor autoantibody guided diagnosis and treatment of
membranous nephropathy: a new personalized medical approach. Clin. J. Am. Soc. Nephrol. 2014;
9:1341-1343. [PubMed: 25035274]

Bech AP, Hofstra JM, Brenchley PE, et al. Association of anti-PLA2R antibodies with outcomes
after immunosuppressive therapy in idiopathic membranous nephropathy. Clin. J. Am. Soc.
Nephrol. 2014; 9:1386-1392. [PubMed: 25035272]

Fresquet M, Jowitt TA, Gummadova J, et al. Identification of a major epitope recognized by
PLAZ2R autoantibodies in primary membranous nephropathy. J. Am. Soc. Nephrol. 2015; 26:302—
313. [PubMed: 25288605]

Petri M, Orbai AM, Alarcén GS, et al. Derivation and validation of the Systemic Lupus
International Collaborating Clinics classification criteria for systemic lupus erythematosus.
Arthritis Rheum. 2012; 64:2677-2686. [PubMed: 22553077]

Nowling TK, Gilkeson GS. Mechanisms of tissue injury in lupus nephritis. Arthritis Res Ther.
2011; 13:250. [PubMed: 22192660]

Proteomics Clin Appl. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Caster et al.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Page 8

Seredkina N, van der Vlag J, Berden J, et al. Lupus nephritis: enigmas, conflicting models and an
emerging concept. Mol. Med. 2013; 19:161-169. [PubMed: 23752208]

Olson SW, Lee JJ, Prince LK, et al. Elevated subclinical double-stranded DNA antibodies and
future proliferative lupus nephritis. Clin. J. Am. Soc. Nephrol. 2013; 8:1702-1708. [PubMed:
23833315]

Manson JJ, Ma A, Rogers P, et al. Relationship between anti-dsSDNA anti-nucleosome and anti-
alpha-actinin antibodies and markers of renal disease in patients with lupus nephritis: a prospective
longitudinal study. Arthritis Res. Ther. 2009; 11:R154. [PubMed: 19828047]

Mannik M, Merrill CE, Stamps LD, et al. Multiple autoantibodies form the glomerular immune
deposits in patients with systemic lupus erythematosus. J. Rheumatol. 2003; 30:1495-1504.
[PubMed: 12858447]

Kalaaji M, Sturfelt G, Mjelle JE, et al. Critical comparative analyses of anti-a-actinin and
glomerulus-bound antibodies in human and murine lupus nephritis. Arthritis Rheum. 2006;
54:914-926. [PubMed: 16508974]

van Bruggen MCJ, Kramers C, Walgreen B, et al. Nucleosomes and histones are present in
glomerular deposits in human lupus nephritis. Nephrol. Dial. Transplant. 1997; 12:57-66.
[PubMed: 9027774]

Fenton KA, Tommeras B, Marion TN, et al. Pure anti-dsSDNA mAbs need chromatin structures to
promote glomerular mesangial deposits in BALB/c mice. Autoimmunity. 2010; 43:179-188.
[PubMed: 19835488]

Waters ST, McDuffie M, Bagavant H, et al. Breaking tolerance to double stranded DNA,
nucleosome, and other nuclear antigens is not required for the pathogenesis of lupus
glomerulonephritis. J. Exp. Med. 2004; 199:255-264. [PubMed: 14718514]

Deocharan B, Qing X, Lichauca J, et al. a-actinin is a cross-reactive renal target of pathogenic
anti-DNA antibodies. J. Immunol. 2002; 168:3072-3078. [PubMed: 11884481]

Yung S, Cheung KF, Zhang Q, et al. Anti-dSDNA antibodies bind to mesangial annexin Il in lupus
nephritis. J. Am. Soc. Nephrol. 2010; 21:1912-1927. [PubMed: 20847146]

Katsumata Y, Kawaguchi Y, Baba S, et al. Identification of three new autoantibodies associated
with systemic lupus erythematosus using two proteomic approaches. Mol. Cell. Proteomics. 2011;
10 10:1074/mcp.M110.005330, 2011.

Zhen QL, Xie C, Wu T, et al. Identification of autoantibody clusters that best predict lupus disease
activity using glomerular proteome arrays. J. Clin. Invest. 2005; 115:3428-3439. [PubMed:
16322790]

Bruschi M, Sinico RA, Moroni G, et al. Glomerular autoimmune multicomponents of human lupus
nephritis in vivo: a-enolase and annexin Al. J. Am. Soc. Nephrol. Nov 14.2014 :pii. ASN.
2014050493, [Epub ahead of print].

Satoskar AA, Sharpiro JP, Bott CN, et al. Characterization of glomerular diseases using proteomic
analysis of laser capture microdissected glomeruli. Modern Pathol. 2012; 25:709-721.

Bomback AS, Appel GB. Pathogenesis of the C3 glomerulopathies and reclassification of MPGN.
Nat. Rev. Nephrol. 2012; 8:634-642. [PubMed: 23026947]

Sethi S, Gamez JD, Vrana JA, et al. Glomeruli of dense deposit disease contain components of the
alternative and terminal complement pathway. Kidney Int. 2009; 75:952-960. [PubMed:
19177158]

Sethi S, Fervenza FC, Zhang Y, et al. C3 glomerulonephritis: clinicopathological findings,
complement abnormalities, glomerular proteomic profile, treatment, and follow-up. Kidney Int.
2012; 82:465-473. [PubMed: 22673887]

Herring KD, Oppenheimer SR, Caprioli RM. Direct tissue analysis by MALDI MS: application to
kidney biology. Semin. Nephrol. 2007; 27:597-608. [PubMed: 18061842]

Gessel MM, Norris JL, Caprioli RM. MALDI imaging mass spectrometry: spatial molecular
analysis to enable a new age of discovery. J. Proteomics. 2014; 107:71-82. [PubMed: 24686089]
Xu BJ, Shyr Y, Liang X, et al. Proteomic patterns and prediction of glomerulosclerosis and its
mechanisms. J. Am. Soc. Nephrol. 2005; 16:2967-2975. [PubMed: 16079267]

Proteomics Clin Appl. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Caster et al. Page 9

46. Sethi S, Theis J,D, Leung N, et al. Mass spectrometry—based proteomic diagnosis of renal
immunoglobulin heavy chain amyloidosis. Clin. J. Am. Soc. Nephrol. 2010; 5:2180-2187.
[PubMed: 20876678]

47. Vrana JA, Gamez JD, Madden BJ, et al. Classification of amyloidosis by laser microdissection and
mass spectrometry—based proteomic analysis in clinical biopsy specimens. Blood. 2009;
114:4957-4959. 2009. [PubMed: 19797517]

48. Wilkey DW, Merchant ML. Proteomic methods for biomarker discovery in urine. Semin. Nephrol.
2007; 27:584-596. [PubMed: 18061841]

Proteomics Clin Appl. Author manuscript; available in PMC 2016 December 01.



