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Currently available treatments of diabetic kidney disease (DKD) remain limited despite

improved understanding of DKD pathophysiology. The complement system is a central

part of innate immunity, but its dysregulated activation is detrimental and results in

systemic diseases with overt inflammation. Growing evidence suggests complement

activation in DKD. With existent drugs and clinical success of treating other kidney

diseases, complement inhibition has emerged as a potential novel therapy to halt the

progression of DKD. This article will review DKD, the complement system’s role in diabetic

and non-diabetic disease, and the potential benefits of complement targeting therapies

especially for DKD patients.
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INTRODUCTION

Diabetic kidney disease (DKD) is a common microvascular complication of diabetes mellitus. It
is a chronic, progressive disease characterized by kidney function decline through hyperfiltration
with or without proteinuria not attributable to concomitant kidney diseases. DKD is the leading
cause of both chronic and end-stage kidney disease (CKD and ESKD, respectively) worldwide. In
the United States, it affects 25–43% of diabetic patients and is the primary kidney diagnosis in more
than 50% of subjects requiring kidney replacement therapy (1, 2). Of note, DKD exponentially
increases the risk of cardiovascular morbidity and mortality. Affected patients are >5 times more
likely to die of vascular disease rather than start dialysis. In the last 20 years, the incidence of
diabetes almost doubled in the US, while the fraction of diabetic patients affected by DKDdecreased
slightly. Consequently, both DKD incidence and prevalence steadily rose, and the disease is now
considered a public health concern (1).

Three classes of drugs are approved by the FDA to treat DKD: angiotensin-converting enzyme
inhibitors, angiotensin II receptor antagonists, and the sodium-glucose cotransporter 2 inhibitors
(SGLT2i). Other therapeutic interventions include the use of glucagon-like peptide-1 receptor
agonists, blood pressure and lipid control, dietetic interventions, and physical activity (3). However,
despite the recent and considerable improvements in DKDmanagement, the available therapies can
slow but neither stop nor revert disease progression. Increasing evidence demonstrates howDKD is
sustained by a complex variety of pathogenic mechanisms, including a wide range of inflammatory
processes (4). Currently, most of these findings have not been translated into clinical applications.

The complement system is the main soluble component of the innate immunity, primarily
known to facilitate pathogen clearance by lysis and opsonization of target cells. Complement
dysregulation is observed in most autoimmune disorders and is the central pathogenic mechanism
of various systemic diseases (e.g., hemolytic uremic syndrome and paroxysmal nocturnal
hemoglobinuria). As for kidneys, complement activation and deposits are frequently seen in
immune-complex mediated glomerular diseases. In the past decade, newly discovered genetic
mutations associated with the alternative complement pathway activation have been implicated
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in several glomerular diseases, alluding to a novel classification of
membranoproliferative glomerulonephritis (MPGN) and more
importantly, therapeutic options (5). In particular, the success of
C5 blockade by eculizumab in atypical HUS (6) has tremendously
improved clinical outcomes, and the preliminary data on other
glomerular diseases such as ANCA-associated vasculitis (AAV) is
also encouraging (7). Furthermore, both mice and human data
suggested the role of complement activation in the development
of acute and chronic kidney injury. Podocytes and kidney
tubular epithelial cells express complement receptors, and their
activation may contribute to the progression of DKD (8).

Herein, we will review the available evidence about the
pathogenic role of complement activation in DKD progression.
Moreover, we will discuss available and experimental drugs able
to modulate complement activity to identify novel therapies
for DKD.

DIABETIC KIDNEY DISEASE

The definition of DKD embraces a variety of pathogenic
mechanisms, histological lesions, and clinical manifestations.
Generally, DKD is considered a glomerular disease and
is classified as a microvascular complication of diabetes.
Nevertheless, the whole kidney tissue is involved, and a
considerable fraction of patients show significant tubular
injury (9, 10). Since the ’80s glycemia-induced glomerular
hyperfiltration has been considered the main pathogenic
mechanism of DKD (11). Hyperfiltration is caused by
two distinct phenomena: the enhanced osmolar load of
hyperglycemia and the increased sodium reabsorption as a
consequence of SGLT-2 hyperactivity. The latter induces a
decreased chloride delivery in the macula densa and triggers
the tubuloglomerular feedback together with the activation of
the renin-angiotensin-aldosterone axis (12). The consequent
glomerular disease is characterized by five sequential stages (13):
(i) hyper-function and glomerular hypertrophy, (ii) clinically
silent stage of morphological lesions (i.e., mesangial expansion),
(iii) incipient DKD manifestations with microalbuminuria and
elevated blood pressure, (iv) overt kidney disease characterized
by persistent proteinuria, decreased kidney function and nodular
glomerulosclerosis, and (v) ESKD with diffuse kidney fibrosis.
Nonetheless, a minority of DKD patients never manifest a
hyper-function phase nor develop proteinuria but still progress
to CKD (9). In these patients, other pathogenic mechanisms
are thought to lead disease progression which remains unclear.
In both subsets of patients, with or without albuminuria,
disease progression of DKD is marked histologically by
glomerulosclerosis through thickening of the glomerular
basement membrane (GBM), mesangial expansion and arteriole
hyalinosis (Figure 1).

Hyperglycemia is thought to play an important role in
the pathogenesis of diabetic complications. Glycation is the
bonding of glucose molecules to proteins or lipids without
enzymatic regulation. It causes the accumulation of misfolded
and pro-oxidant macromolecules called advanced glycation
end-products (AGEs). As a consequence of hyperglycemia,

AGEs accumulate in kidney tissues and cause intracellular
oxidative stress and extracellular hyaline deposits. Intracellular
AGE accumulation activates the transcription factor NFκB
(14) in blood mononuclear cells (15). The consequent chronic
inflammation induces cell cycle arrest in kidney tubular
epithelium and the acquisition of a pro-inflammatory phenotype
characterized by cytokine secretion (16). Consistently, intra-
kidney inflammation is a key mechanism for DKD progression
and is observed in either glomerular or tubular preponderant
disease. Single-cell sequencing of glomeruli from a proteinuric
DKD mice model demonstrated significant enrichment in
activated macrophages (4). On the other hand, in non-
proteinuric patients, serum concentrations of markers related
to TNF-α and Fas pathways were the strongest predictors of
disease progression (17). Evidence in experimental and clinical
studies supporting complement’s role in kidney injury due to
hyperglycemia from diabetes is discussed below.

THE COMPLEMENT SYSTEM

The complement system is constituted by soluble and
membrane-bound proteins that respond to alarm signals and,
through a proteolytic cascade, generate a plethora of immune
effectors. Three main triggers that activate the complement
cascade include (Figure 2): the binding of C1q to IgG or IgM
immune complexes (classical pathway), the continuous and
spontaneous C3 hydrolysis (alternative pathway), and the
interaction of mannose-binding lectin (MBL) with bacterial
glycosylated molecules rich in mannose (lectin pathway). In
physiological conditions, the alternative pathway is constantly
inhibited by soluble and membrane-bound complement
regulators (e.g., complement factor H, complement factor
I, and membrane cofactor protein), but it rapidly escalates
whenever inflammation or cell injury downregulates these
regulators, unbalancing this fine-tuning. While each pathway
is unique in its activation, they all converge to C3 cleavage as
a central amplification mechanism. Completion of the cascade
eventually primes the assembly of the membrane attack complex
(MAC). This leads to the lysis of bacteria (lacking complement
regulators), and to other cell sublytic injury. Once cleaved, the
complement fragments carry out multiple functions beyond the
propagation of the cascade and MAC assembly. In particular,
C3a and C5a fragments are known as anaphylatoxins, and
they are potent immune chemoattractants upon binding of
their respective receptors. On the other hand, C1q, C3b, and
C4b not only propagate the cascade with their structural and
proteolytic roles, but they also opsonize the immune complexes
thus promoting pathogen clearance.

Besides these well-established functions, complement
receptors are extensively expressed by immune and non-immune
cells and exert a variety of pathophysiologic effects (18). Our
group demonstrated that C3a/C3aR promotes podocyte injury,
activation of both C3a and C5a receptors promote T cell
activation and expansion (19), and C5aR is a key regulator
of B cell maturation in germinal centers (20). Other authors
reported that complement receptors reduce insulin sensitivity
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FIGURE 1 | The role of complement in diabetic kidney disease. Clinical manifestations of diabetic kidney disease include arteriole hyalinosis, mesangial expansion,

glomerular basement membrane (GBM) thickening, podocyte loss, glomerular hyperfiltration, albuminuria (or proteinuria), immune cell recruitment, interstitial fibrosis,

and tubular atrophy (Top). Complement activation within podocytes and glomerular endothelial cells is noted in DKD (Bottom Left). Diabetes induced downregulation

of the C3 convertase inhibitor, DAF, leads to aberrant C3 hydrolysis and subsequent C3a/C3aR signaling in podocytes. Additionally, hyperglycemia induced mannose

binding lectin (MBL) activation further propagates the lectin pathway. C3a/C3aR signaling decreases cAMP activity, increasing reactive oxidative species (ROS)

production within the mitochondria while similarly inducing IL-1β signaling leading to f-actin remodeling. Cytoskeletal rearrangement eventually leads to podocyte loss

and sclerosis after continuous inflammatory insult. Podocyte sclerosis is further promoted by crosstalk with glomerular endothelial cells exposed to hyperglycemia.

Paracrine communication of profibrotic factors is promoted by C5a/C5aR and C3a/C3aR signaling similarly leading to fibrosis of glomerular endothelial cells

themselves. C3aR and C5aR inhibitors as well as upstream C1-INH and OMS721 complement targets may help relieve glomerulosclerosis. Complement activation

within tubular epithelial cells is noted in DKD (Bottom Right). Hyperglycemia induces activates complement through enhanced MBL activity. Eventual C5 hydrolysis

leads to C5a/C5aR signaling promoting proinflammatory chemokine secretion and TGF-β mediated interstitial fibrosis. The inflammatory response encourages

immune cell recruitment leading to cellular infiltrates. The increased glycation events also decrease activation of the membrane attack complex (MAC)-inhibitor, CD59.

The combined MAC formation and immune cell infiltration encourage tubular cell lysis and apoptosis. C5aR inhibitors, Eculizumab, DPP-4 inhibitors, C1-INH, and

OMS721 may improve disease progression by uncoupling some of these pathogenic mechanisms.

in adipocytes (21), prevent memory formation in hippocampal
neurons (22), induce mucosal epithelial activation in response
to allergens (23), and modulate endothelial function during
inflammation (24).

The Complement System as a Pathogenic
Mechanism of Non-diabetic Glomerular
Diseases
The ability of the complement system to target specific surfaces
whilst distinguishing foreign or altered surfaces from the
host requires ample regulation as uncontrolled complement

activation could lead to disease. Evidence of such complement
dysregulation is noted in many kidney disease types and this
changed understanding of disease pathogenesis can improve
clinical management. For instance, improved understandings
of the alternative pathway in complement significantly revised
the classification of membranoproliferative glomerulonephritis
(MPGN). Based on the positivity of immunoglobulin (Ig)
staining, MGPN now are divided into Ig (+) C3 (+)-MPGN
such as infection, autoimmune/rheumatological diseases, or
monoclonal gammopathy-mediated GN, and Ig (−) but C3
(+)-MPGN including C3 glomerulonephritis (C3GN) and
dense-deposit disease (DDD) (5). Evidence of complement
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FIGURE 2 | The complement cascade and complement targeting therapies. Activation of the complement cascade occurs through three unique pathways: (i)

classical, (ii) lectin or mannose-binding lectin (MBL), and (iii) alternative. Classical and lectin activation through C1q binding to antigen-bound antibodies on the cell

surface or MBL binding to bacterial carbohydrate motifs. Respectively, leads to cleavage of C4 and C2 generating the C3 convertase (C4bC2b). In the alternative

pathway, complement activation occurs spontaneously through hydrolysis of C3 which binds factor B split product (Bb) to form the C3 convertase (C3bBb). Both C3

convertases cleave C3 yielding C3a and C3b products, the latter of which continues to amplify the cascade. Regulation of this amplification through Factor H and

CD46, both in conjunction with Factor I, leads to inactivation of C3b as iC3b. C3b can further bind with C3 Convertases yielding C5 convertases (C4b2bC3b and

C3bBbC3b) which cleaves C5 to C5a and C5b. The decay accelerating factor (DAF) competitively inhibits C3 and C5 convertase activity by facilitating disassociation

of the assembled enzymes. C3a and C5a split products are signaling molecules which bind the g protein coupled receptors C3aR and C5Ar, respectively. C5b binds

to C6-9 to form the membrane attack complex (MAC) which promotes cell injury through pore formation in the cell membrane. This step is inherently regulated by

CD59. Further regulation of this pathway through complement-targeted therapeutics (red boxes) include C1-INH, dipeptidyl peptidase-4 (DPP-4), eculizumab, and

C3aR and C5aR inhibitors.
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in the disease pathogenesis of other glomerular diseases
has also been demonstrated. In human focal segmental
glomerulosclerosis (FSGS) kidney biopsy samples, our laboratory
recently demonstrated a remarkable downregulation of decay-
accelerating factor (DAF, CD55), a complement regulatory
protein (see below), together with positive C3d staining
in the glomeruli. This is the results of increased DAF
cleavage by phospholipase, despite increased DAF mRNA levels.
Importantly, we also found an association between urinary
C3a with the progression of proteinuria (25). Our data not
only established the link between immune dysregulation with
FSGS but more importantly, future therapeutic approaches and
available drug targets.

Systemic or locally produced complement activation has also
been implicated in the disease pathogenesis of antibody-mediated
glomerular diseases. Diseases such as membranous nephropathy
and lupus nephritis are characterized by complement deposition
which is both a biomarker and direct mediator of disease
(26). In anti-neutrophil cytoplasm antibody (ANCA) associated
vasculitis (AAV), autoantibodies are directed against neutrophil
effector proteins, and activated neutrophils release complement
precursors and trigger the activation of the cascade (27). C5aR
activation seems to be the central pathogenic mechanism, and
specific inhibitors have been tested in clinical trials (see below).
Due to complement activity in many tissues, the consequences
of its dysregulation are extensive, and increasing evidence
has suggested the potential clinical relevance of complement
pathway intervention.

THE COMPLEMENT SYSTEM IN DIABETIC
KIDNEY DISEASE

Similar to other non-diabetic kidney diseases, complement
activation has been implicated in the pathogenesis of DKD.
Proteomic analysis from laser captured microdissection of
human kidney biopsies showed increased complement protein
in glomeruli from patients with DKD (28). Hyperglycemia is
thought to activate the lectin pathway as a result of glycation of
pattern recognition molecules (29) and complement regulatory
proteins, causing uncontrolled activation of the complement
system (30). Formation of the MAC complex is achieved
as a downstream result, therefore activating intracellular,
pro-inflammatory, and growth factor signaling pathways in
podocytes and other glomerular cells. Extensive crosstalk exists
between the resident cells of the glomerular filtration barrier
(GFB), in particular podocytes and glomerular endothelial
cells, which has been recorded under high glucose conditions
and is integral to GFB integrity (31). The diabetic milieu
surrounding the glomerulus encourages foot process effacement
and detachment of podocytes from the GBM, and it is unclear if
this is the result of a primary injury of the podocyte or is driven
by abnormalities in glomerular endothelial cells (32). Indeed,
high glucose induces morphological changes also in glomerular
endothelial cells which is ameliorated by complement receptor
(C3aR and C5aR) inhibition both in vitro and in vivo (33).
Tubular deposition of C5a has also been shown to correlate

with the severity of human DKD and blocking C5a-C5a1R axis
ameliorated interstitial fibrosis in a murine diabetic (db/db)
model (34), suggesting that complement activation is mediating
also tubulointerstitial injury in DKD.

Evidence of glycated complement components was noted
in DKD patients over three decades ago (35); glycated C3
and C4 appear early in diabetic patients but their function is
not impaired (36). Conversely, the glycation of complement
regulator CD59 leads to loss of its MAC-inhibitory function and
associates with endothelial cell damage (37). Gosh et al. measured
soluble glycated CD59 in a cohort of 500 subjects with or
without diabetes (38). Glycated CD59 was significantly associated
with other markers of disease progression and substantially
decreased after glycemia optimization. However, more studies
are warranted to investigate glycated CD59’s association with
DKD patient outcomes. Lastly, a recent study identified a unique
inflammatory signature in a cohort human DKD patients who
progressed to ESKD. Of note, DAF was shown to correlate with
other inflammatory markers, suggesting possible complement
activations in chronic inflammatory milieu of DKD (39).

Animal Models
Animal models of diabetes have illuminated a deeper
understanding of the potential role for the complement
system in disease pathogenesis [See (40) for an extensive review;
Table 1]. These preclinical studies reported an association
between intrarenal C3 deposition and DKD in both T1D (45, 46)
and T2D models (47). Intriguingly, C3 deposition is reversed by
transplanting kidneys from diabetic mice into euglycemic ones
(41). In genetically obese (ob/ob) mice, intrarenal C3a increased
in concomitance with DKD development, and C3a/C3aR
signaling in podocytes caused cytoskeletal rearrangement
and mitochondrial dysfunction leading to podocyte loss and
proteinuria (24). Transcriptomic, lipidomic, and metabolic
analysis of streptozotocin-induced diabetic mice also observed
changes in mitochondrial agility that was restored after
inhibition of C5aR (34). Therefore, both C5aR and C3aR
propose an attractive target for renoprotection in diabetes. We
hypothesized that DKD is associated with glomerular cleavage
of the DAF, a key inhibitor of C3 convertase (25). After diabetes
induction by streptozotocin, DAF deficient mice have augmented
C3b glomerular deposition and manifested a more severe disease
phenotype and aggravated histological lesions when compared
to control diabetic wild-type mice (Figure 1).

Preclinical data have indicated the relevance of the lectin
pathway in the pathogenesis of DKD. In the streptozotocin-
induced diabetes model, MBL-knockout mice had reduced
kidney weight, urinary albumin excretion, and kidney fibrosis
when compared to wild-type diabetic animals (42). Other animal
studies using this model demonstrated that MBL half-life is
increased after diabetes onset (43) and that MBL accumulates
within the glomerular tissue (44). The altered cell surface in the
glomeruli due to hyperglycemia are likely to recognized by MBL,
andMBL autoreactivity may play a role in complement activation
and DKD pathophysiology.

While these models provide valuable insight for preclinical
studies, there are limitations to these animal studies. DKD
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TABLE 1 | Murine models of diabetic nephropathy with documented complement activation.

Model Induction Diabetes

type

Model description Signs of complement activation

Streptozotocin

(STZ)

Drug 1 Induction of hyperglycemia through STZ injury to the beta

cells of the pancreas

(33) C3aR and C5aR of glomerular endothelial cells

(41) C3 deposition in mesangium reversed in transplant

(25) DAF reduction in podocytes

(42–44) Lectin pathway involvement (MBL)

NOD Genetic 1 Autoimmune destruction of beta cells (45) C3 deposition in glomeruli

OVE26 Genetic 1 Transgene that increases calmodulin expression in the beta

cells of the pancreas

(46) C3 gene expression in tubules

ob/ob Genetic 2 Mutation in leptin that causes obesity induced hyperglycemia (24) C3/C3aR signaling in podocytes

db/db Genetic 2 Mutation in the leptin receptor that causes obesity-induced

hyperglycemia

(34) C5a deposition in tubules

KK-Ay Genetic 2 Mutation in nonagouti (Ay) that casues obesity-induced

hyperglycemia

(47) C3 deposition in glomeruli and glomerular capillaries

progression in humans requires many years, whereas many
animal studies are limited to weeks or months. Therefore, it is
necessary to validate these animal findings in human studies.

Human Data
While complement activity is noted in diabetes, complement
activation is particularly evident when kidney disease occurs.
In a gene-expression analysis of postmortem kidneys,
complement was mostly altered in early DKD when only
limited glomerulosclerosis was evident (48). Also, compared
to diabetic subjects without kidney disease, DKD patients have
significantly higher levels of MBL, Bb, C4d, C3a, C5a, and
soluble MAC in both plasma and urine (49). Of note, most of
these factors are overexpressed within the kidney parenchyma
of diabetic rats and were associated with intra-renal MAC
generation (50).

Multiple clinical studies reported hyper-activation of the lectin
pathway in DKD similar to the animal studies mentioned above.
In 191 T1D patients from the Finnish Diabetic Nephropathy
Study, MBL levels were 50% higher in those affected by
proteinuria and significantly correlated with Hb1ac and kidney
glucose disposal rate (51). In a cohort of 326 T2D patients
followed for 15 years, higher MBL values were associated with
a 1.5 hazard ratio for death and 2.6 for the development of
proteinuric kidney disease (52). The same group published
data from 1,564 T1D patients with a median follow-up of 5.8
years; MBL values significantly correlated with urinary albumin
levels and predicted the onset of end-stage kidney disease (53).
Zheng et al. studied 62 kidney biopsies from DKD patients
and observed prominent MBL, MBL-associated serine protease
1 (MASP1), and MAC immune-reactivity in tubulointerstitial
tissue; by converse, intrarenal C1q deposits did not correlate
with disease status, suggesting that the classical pathway of
complement activation does not play a dominant role (29).
Consistently, another protein able to activate the lectin pathway,
H-ficolin, predicted microalbuminuria development in incident
T1D patients followed for 18 years (54). Additionally, genetic
studies were able to identify multiple MBL polymorphisms
that associate with DKD onset and progression (53, 55).

This data combined with the preclinical studies indicate the
putative mechanism of MBL activation is the cross-reactivity of
the mannose-binding domain with AGEs as demonstrated by
multiple binding assays (56).

Downstream complement products have been associated
with DKD activity as well. Urinary excretion of C3b, Bb,
and MAC have been noted in DKD patients (57) and more
recent evidence indicates that the presence of complement split
products in the urine is associated with accelerated ESKD and
death (58). Although the timing of complement activation in
the development of DKD remains unclear, urinary complement
products do correlate with tubular interstitial injury, supporting
a major pathogenic role for complement activation in DKD
progression (59). Transcriptomic analysis of advanced DKD
glomeruli and tubules have also indicated differential expression
of the complement pathway regulatory proteins and products.
Canonical pathway analysis noted that within the complement
system, C3, CD55, C1QA, CD46, C1QB, CFB, C4A/C4B, C7,
CFH, C3AR1, CR1, and C2 in DKD glomeruli showed a
three-fold increase in their expression compared to healthy
controls indicating complement is likely locally synthesized
within the DKD glomerulus (60). While the upregulation of
complement regulatory transcripts may seem to contradict
a previously noted downregulation of this protein in non-
diabetic glomerular disease leading to uninhibited complement
activation, we similarly saw an increase in CD55 mRNA in FSGS
patients but a decrease in transmembrane CD55 staining in FSGS
biopsies. This decrease in protein is likely due to cleavage of CD55
that can be found in the urine of Adriamycin treated mice and
FSGS patients (25). A similar mechanism could be occurring in
DKD. It may also be argued that this advanced-stage of DKD
is associated with glomerulosclerosis which could indicate non-
specific complement activation, but differential transcriptomics
of early-stage DKD, prior to proteinuria or changes in eGFR, have
also indicated dysregulated complement expression to be the
most significantly altered canonical pathway (48). Specifically,
C7 expression and gene product were notably upregulated in
early-stage DKD which was suggested as an early-detection
therapeutic for otherwise indiscernible renal damage (48).
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COMPLEMENT TARGETING THERAPIES
EVALUATED IN KIDNEY DISORDERS: A
POSSIBLE HORIZON FOR DKD

Complement activation is a primary pathogenic mechanism
in numerous inflammatory disorders and substantial efforts
have been made to develop complement-targeting drugs. In
March 2007, Eculizumab became the first complement-specific
drug being approved by the FDA for the treatment of
paroxysmal nocturnal hemoglobinuria and, subsequently, aHUS
(61). Nowadays only one other agent (C1-inhibitor or C1-INH)
has reached FDA approval (62), but other molecules are under
investigation [reviewed by (63)].

C3aR and C5aR Inhibitors
Growing evidence has unveiled the primary role of complement
receptors in DKD. Morigi et al. (64) showed that C3aR
antagonism preserved podocyte number and prevented both
proteinuria and kidney function decline in the ob/ob murine
model of DKD (monogenic obesity). Similarly, a C5aR
inhibitor (K-76 COONa) reduced DKD severity and glomerular
lesions in rats (65). Complement components that were
bound to the untreated diabetic rats’ injured glomeruli were
not observed in the treatment group indicating complement
activation exacerbated diabetic glomerulosclerosis. Complement
receptor blockade in diabetes may also target extrarenal disease
mechanisms. In obese rats, both C3aR and C5aR antagonists
reduced the expression of proinflammatory adipokines and other
inflammatory genes in the adipose tissue (21). The wide capacity
of these antagonists thus implicates an imaginable holistic
therapeutic from metabolic and nephrotic approaches.

While animal models of DKD invite promise for the use
of C3aR and C5aR inhibitors, the study of these inhibitors in
humans is limited. A C5aR inhibitor (CCX168) has been branded
by ChemoCyntryx as Avacopan and released for experimental
human use (66). In ANCA-associated vasculitis, CCX168 alone
or in combination with low-dose corticosteroids was non-
inferior to standard high-dose corticosteroid treatment (67). The
drug is currently under investigation as a treatment option for
hidradenitis suppurativa (NCT03852472), C3 glomerulopathy
(NCT03301467), hemolytic uremic syndrome (NCT02464891)
and IgA nephropathy (68). More data about the long-term safety
of CCX168 are needed to experiment with this drug in DKD.

C1-INH
C1-INH is the recombinant form of human C1 esterase inhibitor
and is commercially available as Cinryze (Shire pharmaceutics).
C1-INH is a complement regulating protein that halts the
classical pathway and regulates the intrinsic coagulation cascade.
It is currently FDA-approved for the treatment of hereditary
angioedema (i.e., the genetic deficiency in C1-INH) (62). A
phase II randomized and placebo-controlled trial investigated
the use of C1-INH in 70 patients at high risk of delayed graft
function (DGF) after kidney transplantation (69). The study did
not meet the primary endpoint (reduction of DGF incidence),
but treated patients required fewer dialysis sessions and had a
higher glomerular filtration rate at 1-year follow-up. Similarly,

a pilot study about antibody-mediated glomerular damage post
kidney transplantation showed a trend toward kidney function
improvement and reduced glomerular damage (70). MBL and
C1q share relevant structural and functional homologies (71); in
particular, both activate C4 and C2 to generate the C3 convertase
C4bC2a (72) and both are inhibited by C1-INH. As such, C1-
INH could downregulate the lectin pathway in DKD and may
represent a new therapeutic approach. Clermond et al. observed
a reduction of diabetic retinopathy in rats treated with intravitreal
C1-INH. Of note, DKD and diabetic retinopathy have largely
overlapping pathogenesis; however, the authors ascribed this
effect to the inhibition of plasma kallikrein, another target of
C1-INH (73).

Eculizumab
Eculizumab is a murine humanized monoclonal antibody
that binds with high-affinity C5 and prevents its cleavage
and the generation of C5a and MAC. It is commercialized
by Alexion Pharmaceuticals as Soliris. Eculizumab was
sequentially approved for the treatment of paroxysmal nocturnal
hemoglobinuria, atypical hemolytic uremic syndrome, and
neuromyelitis optica in adults who are anti-aquaporin-4
antibody positive.

Eculizumab has also been used with promising results to treat
C3 glomerulopathies (74, 75) and antibody-mediated kidney
transplant rejection (76, 77). It has also been tested, but with
no success, to prevent delayed kidney graft function (DGF)
after transplantation (78). Several clinical studies are ongoing
for other conditions, including HELLP syndrome (hemolysis,
elevated liver enzymes, low platelet count - NCT04103489), and
Guillain-Barre syndrome (NCT02029378). No data are available
on eculizumab in DKD. However, considered the large volume of
patients treated, a well-designed case-control study on diabetic
individuals who received eculizumab for other reasons may
provide relevant insights about C5 inhibition in DKD.

Lectin Pathway Targeting
OMS721 is a monoclonal antibody targeting MBL-associated
serine protease-2 (MASP-2), the protease that binds MBL and
cleaves C4 and C2. OMS721 is currently under investigation
for TMA, aHUS (NCT02222545), and IgA nephropathy
(NCT02682407). Given the specificity for the lectin pathway, this
agent could represent a valid option for DKD without inducing
broad complement inhibition.

Dipeptidyl Peptidase-4 as Possible
Complement Modulators
Dipeptidyl peptidase-4 (DPP-4) is a serine protease that
inactivates glucagon-like peptides and is targeted by a widely used
anti-diabetic drug class (DPP-4 inhibitors). Hoffman-Petersen
and colleagues (79) demonstrated in vitro that DPP-4 inhibitors
block also complement-activating serine proteases and inhibit
in particular the lectin pathway. The authors hypothesized
that DPP-4 reduce complement injury in DKD and randomly
assigned 137 patients to sitagliptin or placebo. Sitagliptin-treated
patients had reduced circulating levels of MBL and soluble MAC
after 12 weeks of treatment.
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Glycated CD59
As previously noted, hyperglycemia can cause glycation of
CD59 which normally inhibits MAC complex formation (37).
Glycation-induced inactivation of CD59 leads to enhanced
complement activity and is involved in the pathogenesis of
hyperglycemia mediated end-organ complications. Effective
screening for comorbidities such as early gestational diabetes
mellitus and large for gestational age newborns has already
been shown when glycated CD59 levels were measured (80).
In addition to the use of glycated CD59 as a biomarker for
DKD, the upregulation of CD59 presents a potential mechanism
for inhibiting the terminal pathway of complement activation.
In neurons, RE1-silencing transcription factor (REST) targeted
the upregulation of CD59 protected against complement-
mediated lysis (81). Further mechanistic understanding of
CD59 inactivation in DKD may elucidate further complement
targeted therapeutics.

CONCLUSION

Diabetic kidney disease is a frequent complication of diabetes
and the leading cause of chronic kidney disease worldwide.
In recent years, new drugs have considerably improved DKD

management by targeting glucose metabolism; however,
different disease mechanisms may promote DKD progression
once the initial injury is established. The complement system
is hyper-activated in DKD and has been recognized as the
main mechanism of disease progression. In particular, AGEs
trigger the lectin pathway, whose activation significantly
associates with patient prognosis. Besides MAC generation,
the complement cascade triggers kidney injury through
complement receptors expressed on kidney cells. Pre-clinical
studies demonstrated that complement inhibition prevents DKD
progression and complement receptor targeting is a promising
therapeutic strategy.

AUTHOR CONTRIBUTIONS

KB, SD, and SY wrote the manuscript. PC supervised the
manuscript. All authors contributed to the article and approved
the submitted version.

FUNDING

PC was supported by grant R01 DK119431 from the National
Institutes of Health.

REFERENCES

1. Afkarian M, Zelnick LR, Hall YN, Heagerty PJ, Tuttle K, Weiss NS, et al.

Clinical manifestations of kidney disease among US adults with diabetes,

(1988-2014). JAMA. (2016) 316:602–10. doi: 10.1001/jama.2016.10924

2. USRDS (2018). Available online at: https://www.usrds.org/annual-data-

report/previous-adrs/ (accessed August 14, 2020).

3. Li J, Albajrami O, Zhuo M, Hawley CE, Paik JM. Decision algorithm

for prescribing SGLT2 inhibitors and GLP-1 receptor agonists for

diabetic kidney disease. Clin J Am Soc Nephrol. (2020). 15:1678–88.

doi: 10.2215/CJN.02690320

4. Fu J, Akat KM, Sun Z, Zhang W, Schlondorff D, Liu Z, et al.

Single-cell RNA profiling of glomerular cells shows dynamic changes in

experimental diabetic kidney disease. J Am Soc Nephrol. (2019) 30:533–45.

doi: 10.1681/ASN.2018090896

5. Sethi S, Fervenza FC. Membranoproliferative glomerulonephritis–

a new look at an old entity. N Engl J Med. (2012) 366:1119–31.

doi: 10.1056/NEJMra1108178

6. Legendre CM, Licht C, Muus P, Greenbaum LA, Babu S, Bedrosian C, et

al. Terminal complement inhibitor eculizumab in atypical hemolytic–uremic

syndrome. N Engl J Med. (2013) 368:2169–81. doi: 10.1056/NEJMoa1208981

7. Ribes D, Belliere J, Piedrafita A, Faguer S. Glucocorticoid-free induction

regimen in severe ANCA-associated vasculitis using a combination

of rituximab and eculizumab. Rheumatology. (2019) 58:2335–7.

doi: 10.1093/rheumatology/kez190

8. Yu SMW, Bonventre JV. Acute kidney injury and maladaptive tubular

repair leading to renal fibrosis. Nephrol Hypertens. (2020) 29:310–8.

doi: 10.1097/MNH.0000000000000605

9. Bolignano D, Zoccali C. Non-proteinuric rather than proteinuric renal

diseases are the leading cause of end-stage kidney disease. Nephrol Dial

Transplant. (2017) 32:ii194–9. doi: 10.1093/ndt/gfw440

10. Zeni L, Norden AGW, Cancarini G, Unwin RJ. A more tubulocentric

view of diabetic kidney disease. J Nephrol. (2017) 30:701–17.

doi: 10.1007/s40620-017-0423-9

11. Ruggenenti P, Porrini EL, Gaspari F, Motterlini N, Cannata A, Carrara F, et al.

Glomerular hyperfiltration and renal disease progression in type 2 diabetes.

Diabetes Care. (2012) 35:2061–8. doi: 10.2337/dc11-2189

12. Dellepiane S, Nasr MB, Assi E, Usuelli V, Letizia T, D’Addio F, et al. Sodium

Glucose cotransporters inhibitors in type 1 diabetes. Pharmacol Res. (2018)

133:1–8. doi: 10.1016/j.phrs.2018.04.018

13. Mogensen CE, Christensen CK, Vittinghus E. The stages in diabetic renal

disease. With emphasis on the stage of incipient diabetic nephropathy.

Diabetes. (1983) 32:64–78. doi: 10.2337/diab.32.2.S64

14. Bierhaus A, Schiekofer S, Schwaninger M, Andrassy M, Humpert

PM, Chen J, et al. Diabetes-associated sustained activation of the

transcription factor nuclear factor-κB. Diabetes. (2001) 50:2792–808.

doi: 10.2337/diabetes.50.12.2792

15. Schiekofer S, Andrassy M, Chen J, Rudofsky G, Schneider J, Wendt T, et al.

Acute hyperglycemia causes intracellular formation of CML and activation

of ras, p42/44 MAPK, and nuclear factor κB in PBMC2s. Diabetes. (2003)

52:621–33. doi: 10.2337/diabetes.52.3.621

16. Peng X, Wang Y, Li H, Fan J, Shen J, Yu X, et al. ATG5-mediated autophagy

suppresses NF-κB signaling to limit epithelial inflammatory response to

kidney injury. Cell Death Dis. (2019) 10:253. doi: 10.1038/s41419-019-1483-7

17. NiewczasMA, Ficociello LH, Johnson AC,WalkerW, Rosolowsky ET, Roshan

B, et al. Serum concentrations of markers of TNFα and fas-mediated pathways

and renal function in nonproteinuric patients with type 1 diabetes. Clin J Am

Soc Nephrol. (2009) 4:62–70. doi: 10.2215/CJN.03010608

18. Cravedi P, Heeger PS. Complement as a multifaceted modulator of kidney

transplant injury. JCI. (2015) 124:2348–54. doi: 10.1172/JCI72273

19. Cravedi P, Leventhal J, Lakhani P,Ward SC, DonovanMJ, Heeger PS. Immune

cell-derived C3a and C5a costimulate human T cell alloimmunity. Am J

Transplant. (2013) 13:2530–9. doi: 10.1111/ajt.12405

20. Verghese DA, Chun N, Paz K, Fribourg M, Woodruff TM, Flynn R, et

al. C5aR1 regulates T follicular helper differentiation and chronic graft-

versus-host disease bronchiolitis obliterans. JCI Insight. (2018) 3:e124646.

doi: 10.1172/jci.insight.124646

21. Lim J, Iyer A, Suen JY, Seow V, Reid RC, Brown L, et al. C5aR and

C3aR antagonists each inhibit diet-induced obesity, metabolic dysfunction,

and adipocyte and macrophage signaling. FASEB J. (2013) 27:822–31.

doi: 10.1096/fj.12-220582

22. Wadhwa M, Prabhakar A, Anand JP, Ray K, Prasad D, Kumar B, et

al. Complement activation sustains neuroinflammation and deteriorates

adult neurogenesis and spatial memory impairment in rat hippocampus

Frontiers in Medicine | www.frontiersin.org 8 January 2021 | Volume 7 | Article 599236

https://doi.org/10.1001/jama.2016.10924
https://www.usrds.org/annual-data-report/previous-adrs/
https://www.usrds.org/annual-data-report/previous-adrs/
https://doi.org/10.2215/CJN.02690320
https://doi.org/10.1681/ASN.2018090896
https://doi.org/10.1056/NEJMra1108178
https://doi.org/10.1056/NEJMoa1208981
https://doi.org/10.1093/rheumatology/kez190
https://doi.org/10.1097/MNH.0000000000000605
https://doi.org/10.1093/ndt/gfw440
https://doi.org/10.1007/s40620-017-0423-9
https://doi.org/10.2337/dc11-2189
https://doi.org/10.1016/j.phrs.2018.04.018
https://doi.org/10.2337/diab.32.2.S64
https://doi.org/10.2337/diabetes.50.12.2792
https://doi.org/10.2337/diabetes.52.3.621
https://doi.org/10.1038/s41419-019-1483-7
https://doi.org/10.2215/CJN.03010608
https://doi.org/10.1172/JCI72273
https://doi.org/10.1111/ajt.12405
https://doi.org/10.1172/jci.insight.124646
https://doi.org/10.1096/fj.12-220582
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Budge et al. Targeting Complement in DKD

following sleep deprivation. Brain Behavior Immun. (2019) 82:129–44.

doi: 10.1016/j.bbi.2019.08.004

23. Jun SW, Kim TH, Lee HM, Lee SH, Kim WJ, Park SJ, et al. Overexpression

of the anaphylatoxin receptors, complement anaphylatoxin 3a receptor and

complement anaphylatoxin 5a receptor, in the nasal mucosa of patients with

mild and severe persistent allergic rhinitis. J Allergy Clin Immunol. (2008)

122:119–25. doi: 10.1016/j.jaci.2008.04.028

24. Morigi M, Galbusera M, Gastoldi S, Locatelli M, Buelli S, Pezzotta A, et

al. Alternative pathway activation of complement by Shiga toxin promotes

exuberant C3a formation that triggers microvascular thrombosis. J Immunol.

(2011) 187:172–80. doi: 10.4049/jimmunol.1100491

25. Angeletti A, Cantarelli C, Petrosyan A, Andrighetto S, Budge K,

D’Agati V, et al. Loss of decay accelerating factor triggers podocyte

injury and glomerulosclerosis. J Exp Med. (2020) 217:e20191699.

doi: 10.1084/jem.20191699

26. Andrighetto S, Leventhal J, Zaza G, Cravedi P. Complement and complement

targeting therapies in glomerular diseases. Int. J. Mol. Sci. (2019) 20:6336.

doi: 10.3390/ijms20246336

27. Mathern DR, Heeger PS. Molecules great and small: the complement system.

Clin J Am Soc Nephrol. (2015) 10:1636–50. doi: 10.2215/CJN.06230614

28. Satoskar AA, Shapiro JP, Bott CN, Song H, Nadasdy GM, Brodsky SV,

et al. Characterization of glomerular diseases using proteomic analysis of

laser capture microdissected glomeruli. Modern Pathol. (2012) 25:709–21.

doi: 10.1038/modpathol.2011.205

29. Zheng JM, Ren XG, Jiang ZH, Chen DJ, Zhao WJ, Li LJ. Lectin-

induced renal local complement activation is involved in tubular interstitial

injury in diabetic nephropathy. Clin Chim Acta. (2018) 482:65–73.

doi: 10.1016/j.cca.2018.03.033

30. Qin X, Goldfine A, Krumrei N, Grubissich L, Acosta J, Chorev M, et

al. Glycation inactivation of the complement regulatory protein CD59:

a possible role in the pathogenesis of the vascular complications of

human diabetes. Diabetes. (2004) 53:2653–61. doi: 10.2337/diabetes.53.

10.2653

31. Wu X, Gao Y, Xu L, Dang W, Yan H, Zou D, et al. Exosomes from

high glucose-treated glomerular endothelial cells trigger the epithelial-

mesenchymal transition and dysfunction of podocytes. Sci Rep. (2017) 7:9371.

doi: 10.1038/s41598-017-09907-6

32. Fu J, Lee K, Chuang PY, Liu Z, He JC. Glomerular endothelial cell injury

and cross talk in diabetic kidney disease. Am J Physiol Renal Physiol. (2015)

308:F287–97. doi: 10.1152/ajprenal.00533.2014

33. Li L, Chen L, Zang J, Tang X, Liu Y, Zhang J, et al. C3a and C5a receptor

antagonists ameliorate endothelial-myofibroblast transition via the Wnt/β-

catenin signaling pathway in diabetic kidney disease. Metabolism. (2015)

64:597–610. doi: 10.1016/j.metabol.2015.01.014

34. Tan SM, Ziemann M, Thallas-Bonke V, Snelson M, Kumar V, Laskowski

A, et al. Complement C5a induces renal injury in diabetic kidney disease

by disrupting mitochondrial metabolic agility. Diabetes. (2020) 69:83–98.

doi: 10.2337/db19-0043

35. Austin GE, Mullin RH, Morin LG. Non-enzymic glycation of individual

plasma proteins in normoglycemic and hyperglycemic patients. Clin Chem.

(1987) 33:2220–4. doi: 10.1093/clinchem/33.12.2220

36. Peake PW, Charlesworth JA, Timmermans V, Gavrilovic L, Pussell B.

Does non-enzymatic glycosylation affect complement function in diabetes?

Diabetes Res. (1989) 11:109–14.

37. Acosta J, Hettinga J, Flückiger R, Krumrei N, Goldfine A, Angarita L,

et al. Molecular basis for a link between complement and the vascular

complications of diabetes. Proc Natl Acad Sci USA. (2000) 97:5450–5.

doi: 10.1073/pnas.97.10.5450

38. Ghosh P, Vaidya A, Sahoo R, Goldfine A, Herring N, Bry L, et al. Glycation of

the complement regulatory protein CD59 is a novel biomarker for glucose

handling in humans. J Clin Endocrinol. Metabol. (2014) 99:E999–1006.

doi: 10.1210/jc.2013-4232

39. Niewczas MA, Pavkov ME, Skupien J, Smiles A, Dom ZIM, Wilson JM,

et al. A signature of circulating inflammatory proteins and development

of end-stage renal disease in diabetes. Nat Med. (2019) 25:805–13.

doi: 10.1038/s41591-019-0415-5

40. King AJF. The use of animal models in diabetes research. Br J Pharmacol.

(2012) 166:877–94. doi: 10.1111/j.1476-5381.2012.01911.x

41. Lee CS, Mauer SM, Brown DM, Sutherland DER, Michael AF, Najarian

JS. Renal transplantation in diabetes mellitus in rats. J Exp Med. (1974)

139:793–800. doi: 10.1084/jem.139.4.793

42. Østergaard JA, Thiel S, Gadjeva M, Hansen TK, Rasch R, Flyvbjerg

A. Mannose-binding lectin deficiency attenuates renal changes in a

streptozotocin-induced model of type 1 diabetes in mice. Diabetologia. (2007)

50:1541–9. doi: 10.1007/s00125-007-0686-0

43. Østergaard JA, Bjerre M, Dagnæs-Hansen F, Hansen TK, Thiel S, Flyvbjerg A.

Diabetes-induced changes in mannan-binding lectin levels and complement

activation in a mouse model of type 1 diabetes. Scand J Immunol. (2013)

77:187–94. doi: 10.1111/sji.12027

44. Østergaard JA, Ruseva MM,Malik TH, Hoffmann-Petersen IT, Pickering MC,

Thiel S, et al. Increased autoreactivity of the complement-activating molecule

mannan-binding lectin in a type 1 diabetes model. J Diabetes Res. (2016)

2016:1–7. doi: 10.1155/2016/1825738

45. Xiao X, Ma B, Dong B, Zhao P, Tai N, Chen L, et al. Cellular and humoral

immune responses in the early stages of diabetic nephropathy in NODmice. J

Autoimmun. (2009) 32:85–93. doi: 10.1016/j.jaut.2008.12.003

46. Yang L, Brozovic S, Xu J, Long Y, Kralik PM,Waigel S, et al. Inflammatory gene

expression inOVE26 diabetic kidney during the development of nephropathy.

Nephron Exp Nephrol. (2011) 119:e8–20. doi: 10.1159/000324407

47. Wehner H, Höhn D, Faix-Schade U, Huber H, Walzer P. Glomerular changes

in mice with spontaneous hereditary diabetes. Lab Invest. (1972) 27:331–40.

48. Sircar M, Rosales IA, Selig MK, Xu D, Zsengeller ZK, Stillman IE, et al.

Complement 7 is up-regulated in human early diabetic kidney disease. Am

J Pathol. (2018) 188:2147–54. doi: 10.1016/j.ajpath.2018.06.018

49. Li XQ, Chang DY, Chen M, Zhao MH. Complement activation in

patients with diabetic nephropathy. Diabetes Metabol. (2019) 45:248–53.

doi: 10.1016/j.diabet.2018.04.001

50. Huang Y, Xu J, Wu X, Chen X, Bai X, Zhuang Y, et al. High expression of

complement components in the kidneys of type 2 diabetic rats with diabetic

nephropathy. Front Endocrinol. (2019) 10:459. doi: 10.3389/fendo.2019.

00459

51. Saraheimo M, Forsblom C, Hansen TK, Teppo AM, Fagerudd J, Pettersson-

Fernholm K, et al. Increased levels of mannan-binding lectin in type 1

diabetic patients with incipient and overt nephropathy. Diabetologia. (2005)

48:198–202. doi: 10.1007/s00125-004-1594-1

52. Hansen TK, Gall MA, Tarnow L, Thiel S, Stehouwer CD, Schalkwijk CG, et

al. Mannose-binding lectin and mortality in type 2 diabetes. Arch Intern Med.

(2006) 166:2007–13. doi: 10.1001/archinte.166.18.2007

53. Hansen TK, Forsblom C, Saraheimo M, Thorn L, Wadén J, Høyem P, et

al. Association between mannose-binding lectin, high-sensitivity C-reactive

protein and the progression of diabetic nephropathy in type 1 diabetes.

Diabetologia. (2010) 53:1517–24. doi: 10.1007/s00125-010-1742-8

54. Østergaard JA, Thiel S, Hovind P, Holt CB, Parving HH, Flyvbjerg A, et

al. Association of the pattern recognition molecule H-ficolin with incident

microalbuminuria in an inception cohort of newly diagnosed type 1

diabetic patients: an 18 year follow-up study. Diabetologia. (2014) 57:2201–7.

doi: 10.1007/s00125-014-3332-7

55. Østergaard JA, Thiel S, Lajer M, Steffensen R, Parving HH, Flyvbjerg A,

et al. Increased all-cause mortality in patients with type 1 diabetes and

high-expression mannan-binding lectin genotypes: a 12-year follow-up study.

Diabetes Care. (2015) 38:1898–903. doi: 10.2337/dc15-0851

56. Fortpied J, Vertommen D, Schaftingen EV. Binding of mannose-binding

lectin to fructosamines: a potential link between hyperglycaemia and

complement activation in diabetes. Diabetes Metabol Res Rev. (2010) 26:254–

60. doi: 10.1002/dmrr.1079

57. Morita Y, Ikeguchi H, Nakamura J, Hotta N, Yuzawa Y, Matsuo S.

Complement activation products in the urine from proteinuric patients. J Am

Soc Nephrol. (2000) 11:700-7. Available online at: https://jasn.asnjournals.org/

content/11/4/700.long

58. Vaisar T, Durbin-Johnson B, Whitlock K, Babenko I, Mehrotra

R, Rocke DM, et al. Urine complement proteins and the

risk of kidney disease progression and mortality in type

2 diabetes. Diabetes Care. (2018) 41:2361–69. doi: 10.2337/

dc18-0699

59. Zheng JM, Jiang ZH, Chen DJ, Wang SS, Zhao WJ, Li LJ. Pathological

significance of urinary complement activation in diabetic nephropathy: a

Frontiers in Medicine | www.frontiersin.org 9 January 2021 | Volume 7 | Article 599236

https://doi.org/10.1016/j.bbi.2019.08.004
https://doi.org/10.1016/j.jaci.2008.04.028
https://doi.org/10.4049/jimmunol.1100491
https://doi.org/10.1084/jem.20191699
https://doi.org/10.3390/ijms20246336
https://doi.org/10.2215/CJN.06230614
https://doi.org/10.1038/modpathol.2011.205
https://doi.org/10.1016/j.cca.2018.03.033
https://doi.org/10.2337/diabetes.53.10.2653
https://doi.org/10.1038/s41598-017-09907-6
https://doi.org/10.1152/ajprenal.00533.2014
https://doi.org/10.1016/j.metabol.2015.01.014
https://doi.org/10.2337/db19-0043
https://doi.org/10.1093/clinchem/33.12.2220
https://doi.org/10.1073/pnas.97.10.5450
https://doi.org/10.1210/jc.2013-4232
https://doi.org/10.1038/s41591-019-0415-5
https://doi.org/10.1111/j.1476-5381.2012.01911.x
https://doi.org/10.1084/jem.139.4.793
https://doi.org/10.1007/s00125-007-0686-0
https://doi.org/10.1111/sji.12027
https://doi.org/10.1155/2016/1825738
https://doi.org/10.1016/j.jaut.2008.12.003
https://doi.org/10.1159/000324407
https://doi.org/10.1016/j.ajpath.2018.06.018
https://doi.org/10.1016/j.diabet.2018.04.001
https://doi.org/10.3389/fendo.2019.00459
https://doi.org/10.1007/s00125-004-1594-1
https://doi.org/10.1001/archinte.166.18.2007
https://doi.org/10.1007/s00125-010-1742-8
https://doi.org/10.1007/s00125-014-3332-7
https://doi.org/10.2337/dc15-0851
https://doi.org/10.1002/dmrr.1079
https://jasn.asnjournals.org/content/11/4/700.long
https://jasn.asnjournals.org/content/11/4/700.long
https://doi.org/10.2337/dc18-0699
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Budge et al. Targeting Complement in DKD

full view from the development of the disease. J Diabetes Investig. (2019)

10:738–44. doi: 10.1111/jdi.12934

60. Woroniecka KI, Seo A, Park D, Mohtat D, Thomas DB, Pullman JM, et al.

Transcriptome analysis of human diabetic kidney disease. Diabetes. (2011)

60:2354–239. doi: 10.2337/db10-1181

61. Ricklin D, Lambris JD. Complement-targeted therapeutics. Nat Biotechnol.

(2007) 25:1265–75. doi: 10.1038/nbt1342

62. Li H, Riedl M, Kashkin J. (2019). Update on the use of C1-esterase

inhibitor replacement therapy in the acute and prophylactic treatment

of hereditary angioedema. Clin Rev Allergy Immunol. 56:207–18.

doi: 10.1016/j.jaci.2018.12.119

63. Ricklin D, Barratt-Due A, Mollnes TE. Complement in clinical medicine:

clinical trials, case reports and therapy monitoring. Mol Immunol. (2017)

89:10–21. doi: 10.1016/j.molimm.2017.05.013

64. Morigi M, Perico L, Corna D, Locatelli M, Cassis P, Carminati CE, et al. C3a

receptor blockade protects podocytes from injury in diabetic nephropathy. JCI

Insight. (2020) 5:e131849. doi: 10.1172/jci.insight.131849

65. Fujita T, Ohi H, Komatsu K, Endo M, Ohsawa I, Kanmatsuse K. Complement

activation accelerates glomerular injury in diabetic rats. Nephron. (1999)

81:208–14. doi: 10.1159/000045278

66. Merkel PA, Jayne DR, Wang C, Hillson J, Bekker P. Evaluation of the

safety and efficacy of avacopan, a C5a receptor inhibitor, in patients

with antineutrophil cytoplasmic antibody–associated vasculitis treated

concomitantly with rituximab or cyclophosphamide/azathioprine: protocol

for a randomized, double-blind, active-controlled, phase 3 trial. JMIR Res

Protoc. (2020) 9:e16664. doi: 10.2196/16664

67. Jayne DRW, Bruchfeld AN, Harper L, Schaier M, Venning MC,

Hamilton P, et al. Randomized trial of C5a receptor inhibitor avacopan

in ANCA-associated vasculitis. J Am Soc Nephrol. (2017) 28:2756–67.

doi: 10.1681/ASN.2016111179

68. Selvaskandan H, Cheung CK, Muto M, Barratt J. New strategies and

perspectives onmanaging IgA nephropathy. Clin Exp Nephrol. (2019) 23:577–

88. doi: 10.1007/s10157-019-01700-1

69. Jordan SC, Choi J, Aubert O, Haas M, Loupy A, Huang E, et al. A phase

I/II, double-blind, placebo-controlled study assessing safety and efficacy of

C1 esterase inhibitor for prevention of delayed graft function in deceased

donor kidney transplant recipients. Am J Transplant. (2018) 18:2955–64.

doi: 10.1111/ajt.14767

70. Montgomery RA, Orandi BJ, Racusen L, Jackson AM, Garonzik-Wang JM,

Shah T, et al. Plasma-derived C1 esterase inhibitor for acute antibody-

mediated rejection following kidney transplantation: results of a randomized

double-blind placebo-controlled pilot study. Am J Transplant. (2016)

16:3468–78. doi: 10.1111/ajt.13871

71. Ogden CA, DeCathelineau A, Hoffmann PR, Bratton D, Fadok B,

Ghebrehiwet VA, et al. C1q and mannose binding lectin engagement of

cell surface calreticulin and CD91 initiates macropinocytosis and uptake

of apoptotic cells. J Exp Med. (2001) 194:781–95. doi: 10.1084/jem.

194.6.781

72. Sikora J, Wróblewska-Czech A, Smycz-Kubańska M, Mielczarek-Palacz A,
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