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Kidney disease is one of the most prevalent chronic conditions and is a frequent complication of diabetes, cardio-
vascular disease, and obesity. Recent advances in biomedical research and novel technologies have created oppor-
tunities to study kidney disease in a variety of platforms, applied to human populations. The Reviews in this series
discuss the kidney in hypertension, diabetes, and monogenic forms of kidney disease, as well as the cellular and
molecular mediators of acute kidney injury and fibrosis, IgA nephropathy and idiopathic membranous nephropa-
thy, and kidney transplantation. In this introduction, we briefly review new insights into focal segmental glomeru-
losclerosis and the role of podocytes in health and disease. Additionally, we discuss how new technologies, thera-
peutics, and the availability of patient data can help shape the study of kidney disease and ultimately inform policies

concerning biomedical research and health care.

The burden of kidney disease

The advent of a uniform definition and staging of kidney disease
radically altered our understanding of its impact on human health
(1). Prior to this, only kidney disease that required replacement
therapy was recognized as a significant health issue. The medical
and scientific communities viewed kidney dysfunction, although
devastating to the unfortunate affected individuals, as rare and of
minimal consequence to population health. With uniform defini-
tions, we now know that kidney disease is common. The Centers
for Disease Control and Prevention estimates that over 20 million
Americans have chronic kidney disease (CKD), including more than
40% of individuals older than 65 years (2). Global CKD prevalence is
estimated to be greater than 10% in many countries (1, 3). CKD is a
frequent complication of chronic diseases that are prevalent in the
United States, including diabetes, obesity, hypertension, and cardio-
vascular disease. Additionally, the presence of CKD is associated with
significantly more adverse outcomes for patients with cardiovascular
disease and diabetes compared with individuals without CKD. CKD
therapy is expensive: in 2010 the U.S. Medicare program spent $32.9
billion providing treatment for 690,000 individuals with end-stage
renal disease (ESRD), which accounted for more than 7% of Medicare
expenses attributed to less than 1% of Medicare beneficiaries. Even in
early stage CKD, estimates of added Medicare costs are substantial
(4). CKD patients frequently progress to ESRD despite widespread
adoption of optimal renoprotective treatments (5-8).

Despite these stark realities, investigators studying kidney biol-
ogy and disease have a stunning history of creatively addressing
the burden of kidney disease. Examples include the use of kidney
biopsy to guide diagnosis and treatment, the development of renal
replacement modalities, and pioneering work in transplantation
that directly resulted in at least one Nobel Prize. An unintended
but welcome result has been life-saving diagnostics and therapies
that benefit patients with some diseases unrelated to the kid-
ney. For example, efforts to effectively treat the anemia of ESRD
spawned erythropoietin, perhaps the most successful drug to
result from recombinant DNA technology (9).
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The last decade has witnessed the emergence of novel technolo-
gies that will lead investigators to the next major breakthrough.
As these technologies become increasingly available, generating
higher data density at lower costs, their utility as tools for dis-
covery has been leveraged. These methods often were initially
optimized for use with cell culture and animal models, but now
are also being utilized to directly study biological samples from
human populations, permitting deep phenotyping and linkage
with clinical data collected in electronic health records. For the
first time, we have access to samples from large numbers of affect-
ed patients, which permits discovery of distinct molecular tax-
onomies that have been undetectable using current experimental
diagnostic modalities. Many seminal papers now start with dis-
covery using “-omics” datasets from patients and subsequently
move to the bench to define the mechanisms of action. Often
these studies also begin the path back to the bedside, with leads
for novel biomarkers or drugs. These advances in the biological
sciences, coupled with the increasing availability of clinical data
afforded by the implementation of electronic medical records and
advances in imaging modalities, have catalyzed advances in the
cause, diagnosis, and treatment of kidney disease.

For this series, we invited Reviews that encompass the breadth of
nephrology research, avoiding focus on a single biological theme,
in order to reflect the excitement engendered by discoveries in
different areas of kidney biology and disease. A number of these
Reviews discuss use of new technologies to test key questions and
show their impact on our understanding of kidney disease patho-
genesis, which will affect prevention, prognosis, and treatment.
In this introductory article, we first highlight key points of these
Reviews, focusing on the commonality of themes. We then discuss
other recent discoveries in the field of kidney disease, which also
demonstrate the rapid advances in therapies that promise restora-
tion of health — a cure for our patients, rather than a life of debil-
ity, dialysis, and death (10).

Common traits: diabetes and hypertension. Diabetes and hypertension
are two common complex diseases and remain the most frequent
causes of ESRD in the United States, accounting for over 70% of
incident cases between 2007 and 2011 (1, 11). Reciprocal kidney
transplantation studies in rodent models have shown that hyper-
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tension susceptibility or resistance was transmitted with the trans-
planted organ (12-15), which supported Arthur Guyton’s hypoth-
esis that kidney dysfunction is the cause of elevated blood pressure
(16). Subsequent studies used genetic approaches in rodent models
to selectively remove genes encoding the components of the renin-
angiotensin-aldosterone system (RAAS) from defined tissues (17,
18). In this Review series, Steve Crowley and Tom Coffman review
their pioneering studies, which showed that intrarenal RAAS func-
tion controls blood pressure and provides a molecular explanation
for the earlier cross-species transplantation experiments (19, 20).
While ongoing research on kidney RAAS and blood pressure regu-
lation continues to build on and amplify these observations, other
studies highlight additional, surprising mechanisms. Although the
kidney clearly plays a central role in blood pressure control, Crow-
ley and Coffman discuss the unexpected and interesting work that
demonstrated hypertonic accumulation of sodium in the subder-
mal space and its contribution to blood pressure control (20-22).
Another recent study presents intriguing data showing that block-
ing of NHE3-dependent sodium uptake in the intestine of animal
models of hypertension improves extracellular fluid volume and
reduces blood pressure and cardiac hypertrophy (23).

Kidney disease remains a devastating complication of diabetes.
In cohorts of both type 1 and type 2 diabetic patients, the presence
and severity of diabetic kidney disease (DKD) explains much of
the excess mortality attributed to diabetes (24-27). Despite wide-
spread adoption of renoprotective interventions, almost 50% of
the macroalbuminuric type 1 diabetic patients followed in Bos-
ton and Finland progressed to ESRD (6, 7). In addition, landmark
clinical trials and observational cohort studies have documented
the limitations of current therapies for DKD, showing that further
intensification of glycemic and blood pressure control beyond cur-
rent guidelines does not confer additional benefit and may even
cause harm (28, 29). Counterintuitively, even early blockade of
the RAAS failed to slow nephropathy progression in type 1 dia-
betic patients who were not hypertensive and had normal albumin
excretion (30). These studies indicate the need for new treatment
targets that will only be developed with a better understanding of
DKD pathogenesis.

The definition of underlying genetic architecture has been
critical to advances in other diseases (31). Multicenter collab-
orative efforts utilizing unbiased genome-wide association stud-
ies (GWAS) of large cohorts have yielded the first insights into
the genetic contributors of the initiation and progression of
DKD (32-34). The biological pathways modified by the genetic
variants underlying diabetic nephropathy remain unclear. Simi-
lar to GWAS of other disease phenotypes, variants associated
with diabetic nephropathy are in non-protein coding regions
of the genome. The functional significance of disease variants
identified by GWAS has been debated (35); they have been dis-
counted as statistical artifacts or, alternatively, proposed to be
proxy SNPs for true, but perhaps rare, causal variants within
the exome (36). However, recent data indicate that GWAS asso-
ciations are not random and are located in regions bounded by
recombination hot spots near non-coding causal variants that
regulate transcription (31, 37, 38). These genetic alterations
may change the epigenetic (chemical) modifications of DNA
and histones required for normal, tissue-specific gene expres-
sion (39). In her Review, Katalin Susztak explores the hypoth-
esis that metabolic dysregulation in diabetic subjects causes
epigenetic reprogramming that drives the progressive diabetic
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nephropathy phenotype (40). Clinical data support this hypoth-
esis. The Diabetes Control and Complications Trial/Epidemiol-
ogy of Diabetes Interventions and Complications (DCCT/EDIC)
study demonstrated that the incidence of diabetic nephropathy
remained greater in subjects with standard versus intensive gly-
cemic control during a 5-year interventional trial despite excel-
lent glycemic control in both groups during the subsequent
20-year observational phase (41, 42). Epigenetic changes may be
the mechanism behind this long-term “metabolic memory” of
glycemic control. The relationship between genetic and epigen-
etic variation in common disease has pushed the development
of epigenome-wide association studies, which can be designed
as independent analyses or integrated with GWAS in order to
discover pathways that drive disease phenotypes (39, 43, 44).

Polycystic kidney disease: “bench” strength drive

clinical trials

Autosomal dominant polycystic kidney disease (ADPKD) repre-
sents the most common monogenetic cause of ESRD, account-
ing for an additional 2% of all incident ESRD cases between
2007 and 2011 (11). Genetic studies continue to inform pheno-
typic variation and extra-renal manifestations, while protein-
based studies identify downstream pathways and provide thera-
peutic targets. Animal models continue to have an important
role in the study of cyst formation, where an emerging concept
is the idea that a threshold level of polycystin activity exists,
below which cystogenesis occurs (45, 46). The downstream
pathways and emerging treatment strategies are featured in the
Review of ADPKD by Peter Harris and Vicente Torres (47). The
recognition of dysregulated energy metabolism in models of
ADPKD has led to the identification of aerobic glycolysis as
a novel treatment target (48, 49). Interactions between leuko-
cytes and kidney cells are highlighted in several of the Reviews
(see below), and a role of macrophages in cystogenesis has also
been identified. This mechanism explains previous reports that
germ-free conditions prevent cyst growth and also suggests that
ADPKD pathogenesis may share some mechanistic similarities
with acute kidney injury (50, 51).

Cross-talk between infiltrating leukocytes and

kidney cells: clues to acute kidney injury and kidney
fibrogenesis

Macrophages as well as other elements of the immune system
are emerging as important mediators of acute kidney injury (52)
and the fibrotic components of the wound healing response
(53). These Reviews also highlight the complexity of interactions
between endogenous kidney cells in the initiation of kidney injury
and the mechanisms that underlie renal fibrosis. In the setting of
acute kidney injury, Bruce Molitoris discusses how the interaction
between proximal tubular cells and local endothelial cells results
in the local alteration of microvascular circulation through the
recruitment of innate immune molecules and circulating white
blood cells (52). Jeremy Duffield presents his overarching view
that kidney fibrosis is a wound-healing response that persists,
contributing to deposition of matrix material between tubules
and peritubular vasculature, impairing exchange of waste and
nutrients between capillary and tubular lumens, and reinforcing
tubular damage and progressive loss of renal function (53). Fate-
mapping studies show that pericytes and resident fibroblasts arise
from FOXD1 lineage precursors and, in disease settings, undergo
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differentiation into myofibroblasts that perpetuate inflamma-
tion and recruit leukocytes from the circulation (54, 55). Other
studies have suggested a more diverse origin for these cells (56).
Characterization of myofibroblasts has identified several signaling
pathways enriched or restricted to FOXD1 lineage cells that may
permit specificity in developing therapies for fibrogenesis (57, 58)

Podocytopathy discoveries: specific mechanisms
uncover tools for clinical utility

Important advances have been made in our understanding of the
pathogenetic mechanisms that contribute to the common glomeru-
lar diseases IgA nephropathy (IgAN), reviewed by Krzysztof Kiryluk
and Jan Novak (59), and idiopathic membranous nephropathy,
reviewed by Laurence Beck and David Salant (60). These advances
have been informed by studies using animal models and investiga-
tions in human populations. While the pathogenic details of each
disease are unique, they do share some common themes. The first
is the idea that genetic variants contribute to disease susceptibility.
GWAS have implicated aberrant antigen processing and presenta-
tion for both IgAN and membranous nephropathy, and have iden-
tified variants in mucosal immunity and alternative complement
pathways for IgAN and in PLA2R1 for membranous nephropathy.
These data suggest that aberrant antigen processing and presenta-
tion contribute to the pathogenesis of both diseases. Second, in both
diseases, nephritogenic antibodies, which result from abnormal anti-
gen processing, deposit in the glomerulus and cause tissue injury in
both IgAN and membranous nephropathy. Knowledge of this has
led to the development of testing strategies that hold promise for
improving the diagnosis and treatment of individuals with these dis-
eases. Early studies suggest that PLA2R1 antibodies predict outcome
and response to treatment in membranous nephropathy (61). Work
is ongoing to assess diagnostic or predictive biomarkers in IgAN
based on the discovery that IgA1l is underglycosylated in patients
with IgAN compared with healthy subjects without disease (62).

Complement and kidney allograft injury: opportunities
for intervention

One of the most effective therapies for the treatment of ESRD
remains kidney transplantation. Extending graft survival is an
important goal, since studies have demonstrated lower mortality
(63) and higher quality of life (64) with transplantation compared
with dialysis. The role of complement activation as a mediator
of graft rejection and long-term graft survival is reviewed in this
issue by Paolo Cravedi and Peter Heeger (65). Animal studies have
suggested that complement factors elaborated by cells resident in
the transplanted organ have an important role in mediating isch-
emia-reperfusion kidney injury (66). Complement cascade activity
of the recipient is also an important determinant of the immune
response and ultimately graft survival. These data point to block-
ing complement cascade activity as an important target in further
improving outcomes in kidney transplant patients.

Other recent discoveries move the needle closer

to a cure for kidney diseases

Mutations in UMOD, which encodes uromodulin, were well known
as the genetic etiology of medullary cystic kidney disease type 2, a rare
autosomal dominant Mendelian kidney disease (67). Subsequent
unbiased GWAS have found UMOD variants in association with glo-
merular filtration rate in populations with European ancestry (68,
69), but the mechanism underlying this association has remained
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obscure. Recent work showed that UMOD risk variants are associated
with an increase in UMOD expression and hypertension, which is
dependent upon the NKCC2 sodium/potassium/chloride transport-
er (70). These results provide a link between CKD and hypertension
and suggest a strategy for the rational selection of medications. Sub-
jects with the UMOD risk variants and CKD may be more effectively
treated with loop diuretics as first-line therapy rather than thiazide
diuretics, in stark contrast to current guidelines, which are based on
large hypertension trials that have excluded individuals with CKD.

A landmark discovery associated genetic variations in the
APOL1 gene with excess prevalence of advanced, non-diabetic
CKD in African Americans (71, 72), and recent data expanded
the association to include diabetic CKD (8). Although APOLI
kidney disease-associated variants are common (12% of African
Americans carry two risk alleles), only a subset of these individu-
als develop advanced CKD (72-74), suggesting that a “second hit”
is required for disease initiation. APOL1 mediates trypanosome
killing and prevents African sleeping sickness (75, 76). A subspe-
cies of trypanosome produces serum resistance associated (SRA)
protein, which binds APOL1 and blocks its trypanolytic activity
(77). APOLI coding polymorphisms, G1 and G2, circumvent SRA-
dependent resistance and restore parasite killing but, if present on
both alleles, strongly increase CKD risk (71). Our recent studies
showed that APOLLI is localized in kidney cells (78) and that the
G1 and G2 variants do not change APOLI localization, but likely
alter its function. Kidney allograft outcomes are associated with
the APOLI genotype of the transplanted kidney but not the recipi-
ent (79, 80), and we have shown that circulating levels of APOL1
do not associate with CKD phenotypes (81), together suggesting
that APOL1 within kidney mediates the associated CKD.

Two other stories are developing in the study of focal segmental
glomerulosclerosis (FSGS) that center on molecular drivers of dis-
ease and their role in podocyte health and disease. The first is an
observation that implicates microRNAs in the disease pathogen-
esis of FSGS. Using a mouse model of miRNA 193a (miR-193a)
overexpression, investigators found that these animals develop
FSGS through the downregulation of WT1, a governor of the
transcriptional program in podocytes (82). These results were fol-
lowed with human studies demonstrating that miR-193a is also
increased in the glomeruli of individuals with FSGS and may con-
tribute to the pathogenesis of FSGS through a similar mechanism.

Another example is illustrated by the accumulating in vitro and
in vivo evidence supporting a role for the expression of B7-1 (CD80)
in the podocyte as an important contributor to proteinuria as well
as a potential therapeutic target. Lipopolysaccharide treatment of
murine models induces proteinuria and expression of B7-1, and
B7-1knockout animals are protected from proteinuria, which sup-
ports a causal role for B7-1 in podocytopathic glomerular disease
(83). B7-1 expression has been observed in a spectrum of renal
pathologies (84) and may exert its pathogenic effect through the
modulation of B1-integrin activation and cell motility. A recent
report also demonstrates that high glucose concentrations is able
to induce B7-1 expression in podocytes, possibly extending the
association from a spectrum of rare glomerular disease to DKD,
which is the most common cause of glomerular pathology and
ESRD in the United States (85). In the setting of hyperglycemia,
B7-1 expression is mediated by a PI3K-mediated mechanism (85);
whether this mechanism is relevant to other glomerular patholo-
gies remains to be investigated. Abatercept is an antibody against
B7-1 and is FDA approved for treatment of rheumatoid arthritis
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(86). Five patients with FSGS resistant to current therapies and
with increased B7-1 expression on kidney biopsy achieved a com-
plete or partial remission after treatment with abatercept (84).
These results need to be tested in a randomized controlled trial.

Integration of basic science, translational, and clinical studies is
needed to address the serious obstacles to providing effective care
for kidney disease patients. The Nephrotic Syndrome Study Network
(NEPTUNE) provides a successful model to achieve this outcome.
NEPTUNE has recruited a cohort of patients with FSGS, idiopathic
membranous nephropathy, and minimal change disease, and has
generated data sets that define the underlying genetic architecture
and capture environmental exposures, unique molecular pheno-
types, and histopathology linked to prospective clinical outcomes.
This disease knowledge along the genotype-phenotype continuum is
being used to define nephrotic syndrome from its molecular patho-
genesis rather than histopathological patterns (87, 88).

Conclusion

CKD, like many complex disease phenotypes, reflects dynamic
interactions between genetic susceptibilities and environmental
factors. Unraveling the relative contributions and interactions
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of our genome and epigenome, diet and activity, and exposure
to microorganisms and medications will be the major challenge
in the near future. While it is easy to see that at this moment
in time medicine is poised to change dramatically, what it will
look like in the future is far more difficult to discern. However,
the future of medicine will be shaped by our imagination as we
create new technologies and creatively apply them to improve
the health of individuals with kidney diseases. CKD is common
and life limiting, but progress in understanding its mechanisms,
often catalyzed by discovery using human biosamples and new
technologies, makes its cure more tangible and the future of
nephrology bright.
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