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ABSTRACT

The diagnosis and treatment decisions in glomerular disease
are principally based on renal pathology and nonspecific clin-
ical laboratory measurements such as serum creatinine and
urine protein. Using these classification approaches, patients
have marked variability in rate of progression and response to
therapy, exposing a significant number of patients to toxicity
without benefit. Additionally, clinical trials are at risk of not
being able to detect an efficacious therapy in relevant subgroups
as patients with shared clinical-pathologic diagnoses have het-
erogeneous underlying pathobiology. To change this treatment
paradigm, biomarkers that reflect the molecular mechanisms
underlying the clinical-pathologic diagnoses are needed. Recent
progress to identify such biomarkers has been aided by ad-
vances in molecular profiling, large-scale data generation and
multi-scalar data integration, including prospectively collected
clinical data. This article reviews the evolving success stories in
glomerular disease biomarkers across the genotype-phenotype
continuum and highlights opportunities to transition to preci-
sion medicine in glomerular disease.

Keywords: translational medicine, nephrotic syndrome, preci-
sion medicine, molecular taxonomy

Despite being considered rare diseases, primary glomerular dis-
eases together generate a large individual, societal and econom-
ic burden, accounting for nearly 13% of prevalent end-stage
renal disease patients in 2010 [1]. Even before reaching end-
stage renal disease, patients with glomerular disease suffer sig-
nificant morbidity from the disease itself, including devastating
complications such as infections, reduced quality of life, throm-
botic events, hypertension, cardiovascular complications and
early mortality [2–5] and from side effects of prolonged

exposure to immunomodulatory therapies (e.g. steroid toxicity,
calcineurin nephrotoxicity, impaired fertility and bladder tox-
icity of cyclophosphamide, and infectious risk [6–9]).

The clinical presentation of these diseases is marked by a con-
stellation of signs and symptoms that cross the distinct clinical-
pathologic diagnoses, including hematuria, proteinuria, hyperlip-
idemia, edema and hypoalbuminemia. Formanyof these diseases,
activity is defined by coarse surrogatemarkers such as level of pro-
teinuria, hematuria and glomerular filtration rate (GFR) estimated
by equations that have not been validated in glomerular disease.
Conversely, although primary glomerular diseases are currently
categorized as distinct histopathologic categories, they likely result
from heterogeneous biological disorders given the dramatic vari-
ability in the presentation, rate of progression and response to
therapy. A certain proportion of patients with membranous ne-
phropathy (MN), for example, will undergo a spontaneous remis-
sion, whereas others with the same pathologic diagnoses will
progress to end-stage kidney disease, despite aggressive immuno-
suppressive therapy.

Thus, the patient and clinician experience is marked by de-
lays in diagnosis and uncertainty regarding prognostic and
therapeutic decisions for many of these diseases. The non-
specific immunosuppressive therapies do not target the under-
lying disease mechanism and can often only be applied in a trial
and error fashion, leaving patients exposed to significant treat-
ment toxicity without the expected benefit. The most recent
Kidney Disease: Improving Global Outcomes clinical practice
guidelines on glomerular disease noted a ‘paucity of robust
data from RCTs [Randomized Controlled Trials] to support
the treatment recommendations and suggestions that have
been made’, highlighting the specific challenge that many var-
iants and subtypes of glomerular disease are rare [10]. Partici-
pants with common clinical-pathologic diagnoses are grouped
together in clinical trials, despite their likely heterogeneous
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underlying pathobiology, limiting the ability to detect efficacy
in relevant subgroups, even if they are present.

THE GOAL: PRECIS ION MEDICINE
IN GLOMERULAR DISEASE

Recent advances in molecular medicine allow comprehensive
analysis of molecular profiles in clinical samples. Integrating
the clinical molecular information with novel discoveries in
the pathobiology of glomerular disease, however, has pro-
vided hope that the current treatment paradigm can be trans-
formed. The concept of ‘precision medicine’ aims to combine
the clinical-pathologic diagnoses with molecular disease de-
finitions to allow a patient’s diagnosis, prognosis and treat-
ment to be tailored to their individual needs (Figure 1)
[11]. While a comparatively novel approach in the field of
nephrology, it has been successfully deployed in oncology
where tumors with a common histology are now analyzed
at a genetic and molecular level to provide a mechanistic
diagnosis, leading to accurate prognosis and tailored therapy,
maximizing efficacy and limiting toxicity. These include suc-
cess stories such as epidermal growth factor receptor-directed
therapy in EGFR-mutant lung adenocarcinoma [12] and now
standard-of-care cytogenetic profiling in acute myeloid leu-
kemia to define risk and inform post-induction therapies
[13].

The success of precision medicine in glomerular disease will
depend on our ability to define mechanistic homogeneous dis-
ease groups inside our current syndromic disease classes. This

will require the detection and validation of classifiers, i.e. bio-
markers, including those that adequately categorize the
patient’s disease (diagnostic biomarkers), those that provide
information about a patient’s response to therapy (predictive
biomarker) and those that provide information about the
patient’s long-term outcome (prognostic biomarkers). For
many glomerular diseases, with complex and multifactorial
underlying pathology, the best diagnostic, prognostic or pre-
dictive biomarker may, in fact, be a combination of clinical
characteristics linked to genetic, tissue, serum and/or urine
biomarkers.

In the case of glomerular disease, the challenges to discov-
ery and validation of biomarkers arise principally from the fact
that they are rare diseases, often requiring long follow-up dur-
ation to reach clinically meaningful outcomes. Additionally,
surrogate outcomes are not comprehensively available for all
glomerular diseases, animal models have variable degree of
biologic similarity to human disease [14, 15] and the under-
lying pathobiology is not yet fully elucidated in the majority
of glomerular diseases. While acknowledging these hurdles,
there are distinct advantages to the development of biomar-
kers in these diseases compared with other organ systems.
The kidney biopsy tissue, not unlike tumor tissue, offers a un-
ique window into the organ currently under attack and allows
personal molecular profiling of an individual patient’s biopsy.
Additionally, urine offers an opportunity to frequently and
repeatedly measure noninvasive biomarkers reflecting, in
this liquid kidney biopsy, the state of the renal tissue with a
higher degree of precision than blood biomarkers for many
other diseases.

F IGURE 1 : Towards precisionmedicine of renal disease. Data capturing all aspects of the disease are combinedwith biomedical research to create
a knowledge network, available to the research community to define disease in functional terms (Reprinted from Toward Precision Medicine:
Building a Knowledge Network for Biomedical Research and a New Taxonomy of Disease, with permission from the National Academy of
Sciences).
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EVOLVING SUCCESS STORIES IN
GLOMERULAR DISEASE BIOMARKERS
ACROSS THE GENOTYPE-PHENOTYPE
CONTINUUM

Leveraging these unique opportunities for biomarkers in kid-
ney disease as well as advances in large-scale data generation
and multi-scalar data integration has allowed for some early
success in the development of biomarkers across the genotype-
phenotype continuum of glomerular disease. Using these tech-
niques, it is possible to link molecular and clinical phenotype,
integrating multiple layers of data, including genetic, prote-
omic, metabolomics, morphologic with environmental expo-
sures and clinical outcomes (Figure 2).

Genetic

Multiple success stories have emerged in understanding the
genetic causes and risk profiles associated with glomerular
disease. Monogenetic diseases with high penetrance of disease
represent one example of a gene mutation serving as a diag-
nostic, prognostic and predictive biomarker. Familial segrega-
tion of a known disease gene can establish causality, disease
trajectory and even therapeutic implications. A recent study
sequenced 27 genes in 1783 families (2016 affected indivi-
duals) with steroid-resistant nephrotic syndrome and found
a single gene cause in 29.5% of individuals, which was inverse-
ly correlated with age of onset [16]. Interestingly, 1% of these
individuals had a coenzyme Q10 biosynthesis pathway muta-
tion, raising the possibility of a therapeutic target. While the
familial segregation of a variant with disease most clearly

supports a single mutation as a biomarker for precision medi-
cine, the implications of sporadic mutations are not yet clear.
Population studies will need to define approaches to establish
causality and sensitivity and specificity in this very different
context.

More common allele variants, with lower disease pheno-
type penetrance, have also been recently demonstrated to re-
present opportunities to risk stratify patients. Risk loci for
several glomerular diseases have been identified and not
only help to define disease mechanism, but also show promise
as biomarkers. Homozygosity for risk alleles in both HLA-
DQA1 and PLA2R-1 in idiopathic MN showed an odds
ratio of 78.5 in a cohort of Caucasian patients [17]. The diag-
nostic and prognostic utility of these loci will require addition-
al validation work, but indicate a role of PLA2R not only as an
antigen for a biomarker, but also as an element in the patho-
genesis of MN.

In addition to identifying risk alleles for the development of
a specific glomerular disease, successful identification of genes
associated with progression of kidney disease has been found to
be more broadly applicable across distinct histopathologic
diagnoses. High-risk variants in Apolipoprotein A1 (APOL1),
initially discovered as a risk for the development of focal seg-
mental glomerulosclerosis (FSGS) in patients of African des-
cent [18], has more recently been shown to be a risk factor
for progression of kidney disease in two large cohort studies,
independent of cause of the chronic kidney disease [19]. The
significant risk for progression with APOL1 risk variants are
at a level that ongoing studiesmight indeed show diagnostic clin-
ical utility in the near future, i.e. in the setting of living donor
transplant evaluation. In contrast, panels of genetic risk loci

F IGURE 2 : Integration of multiple layers of data across the genotype-phenotype continuum to identify glomerular disease biomarkers.
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identified by large-scale CKD GWAS studies have provided
mechanistic insights intoCKD [20, 21], but currently do not pro-
vide effect sizes suitable for direct diagnostic deployment [22].

Epigenetic and gene expression

Mechanistic discovery work using epigenetics and gene ex-
pression profiling has provided a complementary approach to
identification of new biomarkers and potential therapeutic tar-
gets. An advantage of these studies is the possibility of integrat-
ing candidate genes from GWAS studies into a functional
context by combining GWAS, gene expression and clinical
information. This approach was used in a recent study that
identified 97 pathways associated with CKD across a broad
spectrum of glomerular diseases. These pathways included
both known and newly associated CKD pathways, many of
which were shared across histopathologic diseases, highlighting
the disease mechanisms common to CKD [21]. Additionally, a
study in kidney transplant patients found that inclusion of mo-
lecular profile with clinical risk factors improved the ability to
identify patients at high risk for antibody-mediated rejection
[23]. These examples of molecular profiling provide opportun-
ities to further understand disease mechanism, but also to iden-
tify targets for more mechanistic therapies.

Analysis of cell lineage-specific transcript offers the oppor-
tunity to define the state of a critical cell type in glomerular dis-
ease. An elegant series of studies by Wickman et al. describes
how urinary podocinmRNA can serve as amarker for podocyte
depletion in animal models and a wide spectrum of glomerular
diseases [24]. Across disease categories, high urinary transcript
levels of this marker were associated with current glomerular
disease activity as well as overall progression arguing for a po-
tential future use to monitor podocyte health in therapeutic in-
terventions targeting podocyte damage.

Urine and serum protein biomarkers

Certainly in clinical practice, the urinary biomarker of pro-
teinuria does provide information regarding risk of progression
and currently serves as the benchmark against all novel strategies
that have to be compared. Proteinuria has been shown within
glomerular disease [25] and in other causes of chronic kidney
disease a nonspecific predictor for future decline in renal func-
tion [26]. Its lack of specificity and mechanistic insight and the
close interaction with glomerular hemodynamics, however, lim-
its its ability as an ideal glomerular disease biomarker. As new
biomarkers are discovered and validated, they will be compared
against proteinuria to determine the amount of additional infor-
mation provided beyond the current, albeit imperfect, clinical
standards of eGFR and urine protein to creatinine ratio.

Perhaps the most exciting success story in the development of
a multi-purpose glomerular disease biomarker is the M-type
phosolipase A2 Receptor antibody (PLA2R) in MN [27]. It has
now been robustly replicated as a diagnostic biomarker with im-
pressive specificity of >90% in multiple cohorts [28–31] and has
received FDA approval for this indication [32]. There is strong
plausibility for its implication in the causal pathway from
GWAS identifying the PLA2R as a risk loci [17]. And prelimin-
ary results suggest its potential use as prognostic biomarker, wax-
ing and waning with disease activity [33]. Further understanding

of its pathogenic role may lead to uniquely targeted therapies,
personalized to the subset of MN patients with this marker.

Other protein biomarkers are at various stages of investiga-
tion. Several urinary biomarkers have been identified, but not
robustly validated. Urinary cytokines and chemokines hold
particular promise given their role in inflammation and fibrosis.
For example, urinary monocyte chemoattractant protein-1
(MCP-1) has been shown to correlate with lupus nephritis
activity and may be a useful noninvasive marker of disease
activity [34].

Pathology and morphometric markers

Histological evaluation of the renal biopsy remains the
benchmark in diagnosis of glomerular diseases. The amount
of information and the experience from over a century of evalu-
ating structural alterations and their association with clinical
presentation and outcome make this an essential and critical
part of the diagnostic workup of a patient with glomerular dis-
ease. Subclassification based on pathology and particularly as-
sessment of the degree of tubule-interstitial damage has been
shown to provide robust prognostic information [35, 36].
FSGS classification schemes provide an example of specific
pathologic features associating well with outcomes [37]. Specif-
ically, tip lesions associating with improved response to therapy
and better clinical outcomes while collapsing lesions, such as
those in the setting of HIV infection, associating with worse
clinical outcomes. Similarly, the Oxford classification of IgA
nephropathy identified reproducible biopsy features, including
the mesangial hypercellularity score, segmental glomerulo-
sclerosis, endocapillary hypercellularity and tubular atrophy/
interstitial fibrosis, which associated with renal outcome, inde-
pendent of initial GFR and proteinuria [38, 39].

Additionally, there are novel approaches to the analysis of path-
ology material which aim to maximize this unique window into
the diseased organ. Morphometry has been used to quantify the
pathologic features of a biopsy and allow for quantitative assess-
ment of those features against clinical outcomes. Measurements
of interstitial fibrosis, glomerular size and podocyte number
have been shown to be important markers of risk of disease pro-
gression across disease categories [24, 40, 41]. A descriptor-based
pattern of injury scoring system of kidney biopsy tissue has been
deployed in the nephrotic syndrome study network (NEPTUNE)
cohort, where descriptors are assigned at the level of the individual
glomerulus, providing granular data in addition to the clinical-
pathologic diagnosis [42]. And, as noted above, as new markers
are developed, the opportunity to identify the specific tissue distri-
bution of these molecules (i.e. PLA2R) allows linking the non-
invasive biomarkers with intra-renal pathophysiology.

THE PATH FORWARD TO MOVE
BIOMARKERS INTO CLINICAL CARE
AND THE DEVELOPMENT OF
TARGETED THERAPIES

Prospective, standardized data collection

Large observational cohort studies, with prospective clinical
data collection paired with standardized biospecimen banking,
are essential for the validation of candidate biomarkers. The
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challenge for rare diseases, such as glomerular disease, is to im-
plement such studies in a broad range of populations to assess
both validity and generalizability. Additionally, for many
glomerular diseases, long follow-up times are needed to
reach clinically meaningful end points to validate surrogate
outcomes. Such studies are resource intensive, but an invaluable
asset for impactful biomarker studies. Several examples from
chronic kidney disease have demonstrated the success of this ap-
proach. These include well-known worldwide studies such as the
Chronic Renal Insufficiency Cohort (CRIC) [43], Chronic Kid-
ney Disease in Children (CKid) [44], Canadian study of predic-
tion of death, dialysis and interim cardiovascular events
(CaNPREDDICT) [45], NEFRONA [46], the French CKD
renal epidemiology and information Network cohort study
(CKD-REIN) [47], and Mild to Moderate Kidney Disease
study (MMKD) [48], enrolling large numbers of patients and
controls and serve as effective platforms for biomarker discovery
and validation. Additionally, consortia such as the CKDBiomar-
kers Consortium (www.ckdbiomarkersconsortium.org) and the
IMI Summit (www.imi-summit.eu) bring together researchers
and data sources to maximize biomarker discovery.

Similar efforts are underway in the glomerular disease com-
munity to establish the infrastructure of prospective cohort
studies. The Nephrotic Syndrome Study Network (NEPTUNE,
www.neptune-study.org) is a prospective multicenter cohort
study that enrolls nephrotic syndrome patients at the time of
clinically indicated kidney biopsy and collects clinical data
and bio samples prospectively with a target recruitment of
450 patients with minimal change disease (MCD), FSGS and
MN [49]. CureGN (www.curegn.org) is a multicenter prospect-
ive cohort study that will enroll 2400 prevalent and incident pa-
tients with MCD, FSGS, MN and IgA nephropathy. Similar
studies are maturing in other countries as well, including NEP-
TUNE China, EURenOmics (www.eurenomics.eu) with Pod-
onet (www.podonet.org), UK registry for rare renal diseases
(RADAR, www.renalradar.org) and the European Renal
cDNA bank (ERCB). These studies allow for the multi-
dimensional data integration needed for the development of
precision medicine and novel biomarkers.

Rigorous biostatistics

Bringing a biomarker from discovery to clinical practice is a
multi-step process, requiring statistical analyses at each stage.
Several excellent review articles describe these approaches and
their potential pitfalls [50–52]. Initial assay development in-
cludes understanding external modifiers of a marker’s level
(e.g. diurnal variation, effect of medication or diet) as well as
measurement validity (e.g. variability, precision, limits of
assay detection). An ideal experimental biomarker to move
forward in clinical testing will have an association with disease
classification or outcome as well as biologic plausibility. Once
an assay can be implemented in a clinical cohort, there aremul-
tiple statistical approaches to fully understand the clinical util-
ity of the marker. An assessment of correlation between a
marker and disease classification or outcome of interest is an
initial descriptive step. While an important plausibility check
to move it forward, further analyses are needed. The frequently
used ROC curves and c-statistics provide information about

discrimination, the ability of a marker to differentiate between
patients with and without an outcome of interest. Sensitivity
and specificity are used to construct this curve, but positive
predictive value and negative predictive value have more clin-
ical relevance to patients and clinicians. While discrimination
may be most helpful in the research setting, calibration, the
agreement between predicted and observed outcome, is critical
when applying a marker to the clinical setting. Other ap-
proaches are necessary to describe calibration, such as the
Hosmer–Lemeshow goodness-of-fit test [53]. To understand
the contribution of a new biomarker to a panel of established
markers or clinical characteristics, methods such as R2, Brier
score and likelihood ratio tests are used. Newer methods can
also be applied in this situation such as the Net Reclassification
Improvement and the Integrated Discrimination Improve-
ment, which capture information more relevant to a clinical
setting [54, 55]. Importantly, separate discovery and validation
cohorts are needed to understand generalizability of a novel
biomarker. Finally, clinical testing of the impact of the bio-
marker on outcome is an essential step for validationmandated
prior to registration with the FDA. In the renal field, the most
recent example of a biomarker from discovery using genome-
wide screening approaches to FDA approval can be seen in AKI
with NGAL [56].

CONCLUSION

The discovery and validation of ‘useful’ biomarkers in glomeru-
lar disease are critical not only for research purposes and strati-
fication for clinical trials, but also ultimately for the ability to
practice precision medicine for patients with this disease.
Glomerular disease patients have dramatically heterogeneous
disease trajectories and response to therapies, despite their
overlapping pathologic diagnosis and clinical presentation. To
be able to develop a panel of biomarkers across the genotype-
phenotype continuum will allow for mechanistically targeted
therapies. Successful biomarkers already exist in this field,
from the cross-disease utility of urine protein to disease-specific
markers such as anti-glomerular basement membrane anti-
body. Several exploratory studies are already transitioning
into clinical validation, including anti-PLA2R, andmonogenet-
ic mutations. Discovery studies and replication cohorts are
being assembled across the globe to facilitate such work. As a
result, biomarker-based diagnosis, prognosis and therapeutic
decisions will be possible in glomerular disease.
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We very much enjoyed reading Doctors Mariani and Kretzler
Pro Position on biomarkers. We agree that the discovery of
valid and useful biomarkers in glomerular diseases is likely to
improve individualized care. And we have duly acknowledged
that discovery of anti-PLA2R autoantibodies has revolutionized
the field of membranous nephropathy (MN).

However, the validity of biomarkers is critically dependent
on the correct definition of the disease phenotype. As outlined,
this is not the case for ‘diagnostic’ biomarkers in primary focal
segmental glomerulosclerosis (FSGS). The lack of recognition
that FSGS is ‘lesion’ resulting from different pathological pro-
cesses and does not equal primary FSGS has brought about the
inclusion of heterogenous populations inmany studies, limiting
not only the validation of biomarkers in the diagnosis of FSGS
but also the interpretation of therapeutical outcomes.

Apolipoprotein A1 has been recognized as a risk factor for
progression of kidney disease in patients of African descent.
However, linking it to FSGS is a stretch, since the majority of

African Americans with progressive renal failure do not
develop nephrotic syndrome and kidney biopsy shows focal glo-
bal glomerulosclerosis—a lesion associated with hypertension,
vascular damage and aging—thus a pathogenic process different
fromprimary FSGS.Without proper patient selection, genomics,
proteomics,metabolomics, ROCcurves, c-statistics and other so-
phisticated approaches are likely to produce conflicting results.

Secondly, novel biomarkers will only be useful to the clin-
ician if they can outperform traditional ones, e.g. proteinuria.
This is particularly true for patients with minimal change dis-
ease, FSGS and MN where remission of proteinuria equals ex-
cellent long-term outcome. Similarly for LN, markers such as
MCP-1 have yet to prove superior to the combined use of trad-
itional markers.

Genetic biomarkers are too insensitive to be useful in clinical
practice. Preliminary data from our cohort with end-stage MN
undergoing transplantation suggest that the simultaneous pres-
ence of the HLA-DQWA1 risk allele in the recipient and donor
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