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Individuals receiving long-term hemodialysis are at increased risk of developing cardiovascular disease
(CVD). Traditional cardiovascular risk factors do not fully explain the high CVD risk in this population.
During hemodialysis, blood interacts with the biomaterials of the hemodialysis circuit. This interaction can
activate the complement system and the factor XII-driven contact system. FXII activation triggers both the
intrinsic pathway of coagulation and the kallikrein-kinin pathway, resulting in thrombin and bradykinin
production, respectively. The complement system plays a key role in the innate immune response, but also
contributes to the pathogenesis of numerous disease states. Components of the complement pathway,
including mannose binding lectin and C3, are associated with CVD risk in people with end-stage kidney
disease (ESKD). Both the complement system and the factor XII-driven contact coagulation system
mediate proinflammatory and procoagulant responses that could contribute to or accelerate CVD in
hemodialysis recipents. This review summarizes what is already known about hemodialysis-mediated
activation of the complement system and in particular the coagulation contact system, emphasizing the
potential role these systems play in the identification of new biomarkers for CVD risk stratification and the
development of potential therapeutic targets or innovative therapies that decrease CVD risk in ESKD
patients.
© 2021 The Authors. Published by Elsevier Inc. on behalf of the National Kidney Foundation, Inc. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
INTRODUCTION individuals on long-term hemodialysis. Each of these
More than 2 million people worldwide currently receive
dialysis for end-stage kidney disease (ESKD), and this
number is expected to increase as rates of diabetes and
hypertension continue to grow.1 Furthermore, economic
growth and rising per-capita incomes in emerging econ-
omies such as the People’s Republic of China, India, and
Brazil will likely double the number of individuals on
dialysis over the next decade. For people with ESKD,
dialysis is a life-sustaining treatment. Nevertheless, long-
term hemodialysis, the most commonly employed treat-
ment modality, is associated with a far greater risk of
mortality when compared with the general population,
primarily due to the elevated cardiovascular disease (CVD)
risk. An estimated 39% of individuals undergoing hemo-
dialysis die from CVD,2 and long-term hemodialysis pa-
tients face a 30-fold greater risk of CVD-related mortality
compared to age, ethnicity and sex-matched controls.3

Factors that contribute to atherosclerosis and CVD in the
general population, such as dyslipidemia, diabetes, and
hypertension, are very common among ESKD patients.
However, these traditional risk factors do not completely
account for the exceptionally high CVD risk associated
with ESKD.4 Furthermore, when compared with the gen-
eral population, the pathology, manifestations, and com-
plications of CVD differ in people with kidney disease.5,6

For this reason, there is a growing interest in identifying
nontraditional CVD risk factors in this population. Chronic
inflammation—as evidenced by elevated levels of inter-
leukin 6 (IL-6), tumor necrosis factor α (TNF-α), and C-
reactive protein (CRP), oxidative stress, and endothelial
dysfunction—has been shown to predict CVD events in
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measures have been identified as emerging CVD risk fac-
tors for people with chronic kidney disease.4,6,7

Both disease-related and treatment-related factors
contribute to CVD risk in ESKD patients. For example, loss
of kidney function results in the retention of uremic toxins
and cytokines leading to increased oxidative stress and
inflammation.8 On the other hand, interactions between
blood and the biomaterials that compose the membrane
and tubing of the hemodialysis circuit can trigger systemic
cascades of the innate immune response, including the
complement and coagulation contact systems (Fig 1).

Dialysis membrane-induced activation of complement
has been well documented, and evidence suggests that
hemodialysis membranes and tubing can also activate the
factor XII (FXII)-driven contact system of coagulation.9-11

The contact pathway activates both the intrinsic pathway of
coagulation and the bradykinin-producing kallikrein/kinin
pathway, and can thus drive cardiovascular injury by
mediating both procoagulant and proinflammatory
responses.12

This review will focus on the potential role of hemo-
dialysis as an activator of the complement and coagulation
contact systems. We will also discuss their possible
involvement in the elevated CVD risk associated with ESKD
and hemodialysis.

THE FXII-DRIVEN CONTACT SYSTEM

FXII, or Hageman factor, is an 80-kDa plasma protein and
the inactive zymogen form of the serine protease factor
XIIa (FXIIa). It is produced mainly in the liver and circu-
lates in plasma as a single-chain molecule at a
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Figure 1. Chronic inflammation, oxidative stress, and vascular dysfunction are 3 nontraditional risk factors that contribute to CVD risk in
patients on maintenance hemodialysis. Factors related to decreased kidney function in end-stage kidney disease, such as uremia, can
lead to increased oxidative stress and inflammation. In addition, hemodialysis brings blood into contact with biomaterials in the dialysis
circuit. As a result, both the complement and the contact activation pathways can be activated. Hemodialysis-mediated complement
activation includes binding of mannose binding lectin and ficolin 2 to the hemodialysis membrane, leading to activation of the lectin
pathway. The lectin pathway, which is fundamentally linked to the alternative pathway via MASP-3, is also simultaneously activated.
The binding of properdin and C3b to the membrane may also play a role in activating the alternative pathway. Both the alternative
and lectin pathways generate C5a and C5b, which attract and activate polymorphonuclear cells and monocytes, and mediate activation
of the membrane attack complex. Complement pathway activation results in inflammation, endothelial injury, oxidative stress, and acti-
vation of the coagulation system. Surface activation of FXII initiates both the intrinsic pathway of coagulation, which produces thrombin,
and the kallikrein/kinin pathway, which generates bradykinin. In addition to its prothrombotic effects, thrombin can also contribute to
inflammation and atherogenesis via interaction with PAR-1 and PAR-4, expressed on platelets, and PAR-1, expressed on endothelial
cells. Bradykinin promotes inflammation by binding to BKR1 or BKR2, resulting in leukocyte stimulation, cytokine production, adhesion
molecule expression, and NFκB up-regulation. Abbreviations: BKR, bradykinin receptor; CVD, cardiovascular disease; FXII, factor XII;
MASP-3, third MBL-associated serine protease of the lectin pathway; NFκB, nuclear factor-κB; PAR, protease-activated receptor.
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concentration of 40 μg/mL. The contact pathway is a
proinflammatory and procoagulant protease cascade,
which involves FXII, plasma prekallikrein (PK), and high-
molecular-weight kininogen (HK). FXII binding to poly-
anionic surfaces results in autoactivation of FXII and the
generation of FXIIa (Fig 2).

Alternatively, FXII can be cleaved by kallikrein (PKa),
the enzymatically active form of PK, to generate FXIIa. As
FXIIa also activates PK, the reciprocal activation of PK by
FXIIa and FXII by PKa produces a positive feedback
loop.11,13 The net result is PKa-mediated cleavage of HK to
generate bradykinin, a potent proinflammatory and
proangiogenic mediator.11,13,14

FXIIa simultaneously initiates the intrinsic pathway of
coagulation by activating factor XI (FXI), which then
mediates limited proteolysis of factor IX (FIX). Active FIX
(FIXa) forms a cell-surface complex with activated factor
VIII (FVIIIa), known as the “intrinsic tenase” complex.11

Subsequent activation of FX ultimately results in the pro-
duction of thrombin, which not only leads to fibrin gen-
eration and platelet activation, but also has a variety of
proinflammatory properties that are mediated by multi-
cellular protease-activated receptors (PARs).15 FXIIa-
initiated contact activation is regulated primarily by the
608
serpin, C1-esterase inhibitor (C1INH), the main plasma
inhibitor of both FXIIa and PKa.13

Although its essential role in clot formation in vitro has
been well described, FXII(a)-driven contact activation was
not thought to contribute to coagulation in vivo until
relatively recently. This is because both mice and humans
lacking FXII do not experience abnormal bleeding.16

However, findings from animal studies published over
the last 20 years have revealed that both FXI(a) and FXII(a)
may play crucial amplification roles in the genesis of
arterial and venous thrombi.13,17,18

Additionally, some studies report that plasma levels of
FXI and prekallikrein zymogens are associated with coro-
nary heart disease,19 venous thrombosis,20 and ischemic
stroke.21 Conversely, severe FXI deficiency in humans is
associated with a decreased risk of stroke and deep vein
thrombosis.22 Furthermore, several studies have shown
that elevated levels of FXII and FXIIa are associated with
adverse cardiovascular outcomes such as myocardial
infarction,23,24 coronary heart disease,25 and atheroscle-
rosis.26 However, unlike FXI, current epidemiologic data
do not clearly illustrate a link between elevated levels of
FXII and thrombotic risk.16 One possible explanation for
this is that the methods most commonly used to measure
Kidney Med Vol 3 | Iss 4 | July/August 2021
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Figure 2. Summary of FXII-mediated activation of the kallikrein-kinin pathway and the intrinsic pathway of coagulation. FXIIa-
mediated activation of the kallikrein-kinin pathway results in bradykinin generation, and the intrinsic pathway of coagulation which
leads to thrombin generation. The common pathway of coagulation can also be activated by the tissue factor-factor VIIa complex,
via the so-called extrinsic pathway. Abbreviations: FIX, factor IX; FIXa, activated factor IX; FVIIIa, activated factor VIII; FX, factor
X; FXa, activated factor X; FXI, factor XI; FXIa, activated factor XI; FXII, factor XII; FXIIa, activated factor XII; HK, high-molecular-
weight kininogen; PK, prekallikrein; PKa, kallikrein; TF-FVIIa, tissue factor-factor VIIa complex.
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FXII and FXIIa can be unreliable due to ex vivo FXII acti-
vation that occurs either during or after blood is drawn.16

The exact (patho)physiological mechanisms that lead
to contact activation in vivo remain incompletely un-
derstood, but several candidate biological activators have
been proposed, including misfolded proteins,27 neutro-
phil extracellular traps28 and extracellular nucleic acids,29

inorganic polyphosphate,30 glycosaminoglycans,31 phos-
phatidylserine exposure on apoptotic cells32 and bacterial
surface proteins.33 These ongoing studies have served to
refocus attention on the role of the contact system in
CVD and thrombosis.
COMPLEMENT ACTIVATION IN HEMODIALYSIS

Biocompatibility refers to the ability of an artificial surface
material to exist in contact with tissues without causing an
inappropriate host immune response.34 The complement
system plays an important role in mediating the innate
immune response to biomaterials because it is capable of
identifying “self” from “non-self.”35,36 Three different
activation pathways—the classical, lectin, and alternative
pathways—can trigger complement activation. Whereas
the classical pathway is initiated by the C1q complex, the
lectin pathway is initiated by collectin-11, mannose
binding lectin (MBL), or ficolins. Both of these pathways
lead to the formation of the C3 convertase C4b2b. The
alternative pathway is activated by spontaneous hydrolysis
of C3 or by properdin binding to certain cell surfaces,
resulting in the creation of the C3bBb C3-convertase. The
alternative pathway is linked to the lectin pathway because
its activity is dependent on the presence of the third MBL-
Kidney Med Vol 3 | Iss 4 | July/August 2021
associated serine protease of the lectin pathway (MASP-
3).37 Both forms of C3-convertase cleave C3 to generate
C3a and C3b.38 Elevated levels of C3b result in the for-
mation of C5 convertase, which cleaves C5, producing C5a
and C5b. C5b interacts with C6-9, forming the membrane
attack complex.39,40 C5a acts as a potent anaphylotoxin,
and recruits more neutrophils and monocytes, thus fueling
the inflammatory process.

The potential for hemodialysis membranes to activate the
complement system was first documented in the 1970s.41

Following the initial reports, multiple studies were pub-
lished describing “hypersensitivity reactions” or “first use
syndrome” as pseudo-anaphylactic responses that occurred
within the first 10 minutes of hemodialysis.42-44 Today, these
allergic-like reactions are generally classified as either type A
or type B. Type A reactions, which can involve pruritus,
bronchospasm, laryngeal edema, or anaphylactic shock, are
typically considered to be mediated by IgE, while type B
reactions, which are less severe, are commonly thought to be
mediated by complement.45 The mechanisms of complement
activation during hemodialysis are not well understood. The
lectin pathway is considered to play an important role, but its
exact contribution and the potential contributions of other
pathways are yet to be fully elucidated.46

Over the last several decades dialysis membranes have
been modified to minimize complement activation. Early
dialysis membranes were composed of cuprophane, a
copper-substituted cellulose with many free hydroxyl
(–OH) groups that conferred high surface immunoreac-
tivity. These were eventually replaced by modified cellu-
lose membranes, and later by synthetic membranes, which
are commonly composed of polymethylmethacrylate,
609
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polyether sulfone, polysulfone, or polyacrylonitrile, and
have greatly reduced immune reactivity.47

Modern synthetic membranes can still cause comple-
ment activation, and researchers continue to investigate
which membranes are truly the most biocompatible, and
what characteristics contribute to biocompatibility.48,49 A
recent study published by Wagner et al50 compared the
biocompatibility of hemodialysis membranes composed
of cellulose triacetate (CTA) or polyvinylpyrrolidone:
polyarylethersulfone. The results of their morphological,
chemical, spectroscopic, and in vitro incubation analyses
revealed that the 2 membranes differ in their roughness,
fiber diameter, fiber wall thickness, pore size and distribu-
tion, hydrophilicity, and biocompatibility. Consequently,
the CTA membranes resulted in poorer clearance of uremic
toxins, but exhibited lower fibrinogen adsorption and
caused a less severe increase in complement and inflam-
matory factors.51 Studies have also compared the biocom-
patibility of different types of polysulfone dialyzers.50,52 A
study by Koga et al52 showed that 5 different polysulfone
hemodialysis membranes caused different levels of cell
activation, fibrin absorption, and oxidative stress, with NV-
U membranes proving to be the most biocompatible.

Hemodialysis facilities may choose to reuse dialyzers for a
variety of reasons, including cost control, waste reduction,
and improved dialyzer biocompatibility. Indeed, in the
1980s several studies showed that reusing cuprophane
membranes decreased their capacity to activate comple-
ment.53-55 However, additional studies revealed that reused
dialyzers should not be assumed to be more biocompatible as
biocompatibility depends on the type of dialyzer membrane,
the dialysate used, and the methods used to sterilize, store,
and process the membranes.56-61 For example, dialyzers can
be sterilized with agents such as ethylene oxide, steam, or
radiation (gamma or beta). A study by Lundberg et al61

showed that ethylene oxide sterilization appeared to cause
more complement activation than steam sterilization, but
only when using bicarbonate dialysate and a cuprophane
dialyzer. In addition, ethylene oxide is not considered the
preferred method for dialyzer sterilization because it can
cause a type A allergic reaction through IgE-mediated hy-
persensitivity.45 For these reasons, ethylene oxide sterilized
dialysis membranes are rarely used today. Hemodialysis
tubing is still sterilized using ethylene oxide in some clinics,
but this is generally considered to be unproblematic.

Although dialyzer reuse was once a highly prevalent
practice in the United States, its popularity has steadily
declined over the last 20 years due to the improved
biocompatibility and decreased price of currently used
membranes. Compared to the United States, dialyzer reuse
is even less prevalent in Europe and Japan, but is still
common in some areas of the world where availability and
price remain an issue.62

Hemodialysis is the most common form of kidney
replacement therapy. However, many individuals with
ESKD are treated with peritoneal dialysis, a common
alternative to hemodialysis. A recent study aimed to
610
determine whether peritoneal dialysis was associated with
less severe complement activation.63 The possible cause of
low biocompatibility in peritoneal dialysis is the dialysis
fluid. In this study, both forms of kidney replacement
therapy altered the concentrations of C3a, C5a, and C5b-9.
However, complement activation was greatest in hemo-
dialysis patients. The results of this study indicate that
dialysis modality is an important factor to take into account
when considering dialysis biocompatibility.63

The complement system is not only a crucial part of the
body’s innate immune system, but also plays a key role in
the pathology of multiple diseases, including CVD. A
number of studies have explored the potential prognostic
utility of complement biomarkers for predicting CVD risk
in ESKD patients.46,49 For example, MBL, which mediates
the host inflammatory response against infections, is
generally elevated in hemodialyzed patients compared
with healthy controls.64 However, low levels of MBL have
been shown to be associated with an elevated risk of CVD
events and all-cause mortality.64,65 This could be because
low levels of MBL could result in higher rates of infection
in hemodialyzed individuals, thereby promoting the
pathogenesis of atherosclerosis.64 Furthermore, the addi-
tion of plasma MBL levels to risk prediction models
significantly improved prediction of CVD risk beyond
traditionally used clinical markers in patients on mainte-
nance dialysis.49

Another recent study linked C3 with proinflammatory
and prothrombotic activity in hemodialysis. The study
reported that hemodialysis patients who developed CVD
events had significantly elevated C3 activation in the first
30 minutes of hemodialysis, followed by an increased IL-
6/IL-10 ratio and elevated concentrations of TNF-α and
von Willebrand factor. Furthermore, the authors used an
ex vivo hemodialysis model to demonstrate that comple-
ment inhibition significantly decreased markers of
inflammation and coagulation activation.46 These findings
are in accordance with a study by Lines and Carter,66

which showed that higher baseline levels of C3 were
associated with subsequent CVD events. On the other
hand, people on hemodialysis with intermediate levels of
SC5b-9 had significantly lower CVD mortality than those
with low or high levels.66

Atherosclerotic CVD risk has also been shown to be
positively correlated with the binding complex formed
by adiponectin and C1q in human blood (C1q-APN).67

Furthermore, polymorphisms of genes that code for
components of the complement pathway, including
the Y402H polymorphism in the complement inhibitor
factor H (CFH) gene and C5507G polymorphism of
the complement receptor 1 gene, were associated with
CVD risk in people with ESKD.68,69 Overall, these re-
sults indicate that altered complement pathway acti-
vation could increase CVD risk in people treated with
hemodialysis, and certain complement biomarkers
could be prognostic indicators of CVD risk in these
individuals.
Kidney Med Vol 3 | Iss 4 | July/August 2021



Table 1. Studies on Hemodialysis-Mediated Contact Activation

Study Year
In Vivo or
Ex Vivo Study Question

Does the Evidence
Support
Contact Activation?

Matsuo et al70 1997 In vivo Is FXIIa elevated in patients receiving long-term
hemodialysis?

Yes

Svensson et al71 1996 In vivo Is FXIIa activity increased after 4 hours of hemodialysis? Yes
Bouman et al72 2006 In vivo Does continuous venovenous hemofiltration using cellulose

triacetate filters cause contact activation?
No

Salmon et al73 1997 In vivo Does continuous venovenous hemofiltration using
polyacrylonitrile filters cause contact activation?

No

Francois et al74 2020 In vivo Does routine hemodialysis increase FXII, FXI, or PK
activation compared to baseline levels or compared to
control participants?

No

Papageorgiou
et al75

2014 In vivo Is FXIIa higher in patients with ESKD receiving long-term
hemodialysis compared with healthy controls?

Yes

Hong et al76 2001 Ex vivo Does FXIIa play a role in thrombin generation when whole
blood is incubated with PVC?

Yes

Lamba et al77 2000 Ex vivo Does incubation of whole blood or plasma with PVC result
in contact activation?

Yes

Frank et al78 2013 Ex vivo Does PVC tubing cause FXII activation and trigger the
coagulation cascade?

Yesa

Renaux et al43 1999 Ex vivo Mechanisms of dialysis membrane-mediated activation of
the kallikrein-kinin system

Yes

Frank et al79 2001 Ex vivo Role of contact system activation in dialysis membrane-
mediated thrombin production

Yes

Schulman et al80 1993 Ex vivo Mechanisms of bradykinin generation caused by dialysis
membranes

Yes

Abbreviations: ESKD, end-stage kidney disease; FXI, factor XI; FXII, factor XII; FXIIa, activated factor XII; PK, prekallikrein; PVC, polyvinylchloride.
aPotentially contradictory findings were reported in the study.
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CONTACT ACTIVATION IN HEMODIALYSIS

Despite the many technological advances that have been
made, hemodialysis still results in robust intraprocedural
thrombin production in the absence of anticoagulation.
For this reason, anticoagulation is often required during
hemodialysis to prevent the formation of thromboemboli,
and the subsequent obstruction of the extracorporeal he-
modialysis filter and circuit. As expected, the contact and
intrinsic pathways have been implicated as the primary
cause of coagulation activation during hemodialysis.11

Even so, our understanding of hemodialysis-mediated
contact system activation remains limited, as relatively
few published studies have addressed this topic (Table 1).

Studies addressing in vivo FXII activation in patients
undergoing hemodialysis have reported inconsistent re-
sults. Matsuo et al70 showed that FXIIa was elevated in
patients with and without diabetes receiving long-term
hemodialysis. Similarly, in another study conducted in 9
patients undergoing long-term hemodialysis, circulating
FXIIa activity increased after 4 hours of hemodialysis.71

However, 2 studies conducted in critically ill patients
with acute kidney failure reported that venovenous
hemofiltration did not have any effect on contact activa-
tion, measured by FXIIa-C1 inhibitor and PKa-C1 inhibitor
complexes.72,73 Furthermore, a recent study conducted in
10 long-term hemodialysis patients reported that routine
hemodialysis did not increase FXII, FXI, or PK activation
Kidney Med Vol 3 | Iss 4 | July/August 2021
compared with baseline levels or compared with control
participants.74 On the other hand, an additional study
showed that FXIIa was 3 times higher in patients with
ESKD receiving long-term hemodialysis compared with
healthy controls.75 The contradictory findings of these
studies could be attributed to the differing populations, the
small sample sizes, or the difficulties associated with
measuring contact activation in vivo, including the sensi-
tivity of different laboratory markers as well as the po-
tential for artifactual (ex vivo) activation of FXII after
blood has been drawn.

A number of ex vivo studies have evaluated contact
activation during hemodialysis. Several of these studies
focused on the role of polyvinylchloride (PVC), the stan-
dard polymer used for hemodialysis circuit tubing, as a
trigger of contact activation. Although PVC lacks an elec-
tronegative charge, incubation of whole blood or plasma
with PVC results in thrombin generation, which is abol-
ished by the addition of corn trypsin inhibitor, a specific
inhibitor of FXIIa.76,77 A more recent in vitro study
showed that direct inhibition of FXIIa, but not FVIIa,
decreased thrombin generation in a chandler loop model.
However, this study was unable to detect any changes in
FXIIa activity, free FXIIa levels, or FXIIa-inhibitor com-
plexes.78 These findings confirm that FXII plays an integral
role in PVC-mediated thrombin generation, while drawing
attention to the challenges related to measuring systemic
611
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FXII activation in vivo.78 The results indicate that previous
clinical studies relying only on levels of FXIIa or FXIIa-
inhibitor complexes should be interpreted with caution.

Additional ex vivo studies have focused on the activa-
tion of the contact pathway by hemodialysis membranes.
These studies have indicated that the circulation of plasma
in contact with hemodialysis membranes results in
increased levels of FXIIa and PKa paired with bradykinin
release, especially on membranes with a greater negative
charge.43,79,80 A study by Reneaux et al43 tested 6 different
hemodialysis membranes and observed that levels of bra-
dykinin and PKa were highest in plasma that was perfused
through membranes with the greatest electronegative
charge. The same study indicated that both the pH and the
concentration of the plasma flowing through an extra-
corporeal hemodialysis circuit can also affect the degree of
contact activation.43
POSSIBLE CONTRIBUTIONS OF CONTACT

SYSTEM ACTIVATION TO CVD RISK

Contact activation triggers both the intrinsic pathway of
coagulation and the kallikrein-kinin pathway, with net pro-
thrombotic and proinflammatory effects. The enzymes that
activate these 2 branches of the contact system, FXIIa, FXIa, and
PKa, have been implicated in atherosclerosis and myocardial
infarction,23,24,26 and FXI deficiency is related to lower rates of
cardiovascular and venous thromboembolic events.81 There-
fore, it is possible that repetitive hemodialysis-mediated contact
activation could contribute to the genesis of CVD and/or
exacerbate pre-existing CVD. In this section, we will briefly
address how the principal products of the 2 branches of the
contact system—namely, thrombin and bradykinin—could
contribute to CVD risk by promoting thrombosis, inflamma-
tion, vascular dysfunction, and atherosclerosis.

Thrombin

Thrombin is a multifunctional serine protease that con-
tributes to hemostasis and inflammation in several ways.
First, it proteolytically cleaves fibrinogen to form fibrin
monomers, which, via the activity of factor XIIIa, become
the cross-linked fibrin matrix in mature blood clots.
Thrombin also helps to modulate downstream anticoagu-
lant and fibrinolytic pathways whenever coagulation is
activated.82

In addition to its roles in coagulation and fibrinolysis,
thrombin further contributes to inflammation and athero-
genesis. Thrombin signaling is mediated via protease-
activated receptor 1 (PAR-1), PAR-3, and PAR-4, which
are expressed by platelets, endothelial cells, leukocytes, and
smooth muscle cells.83 For example, thrombin cleavage of
PAR-1 or PAR-4 on platelets results in platelet activation,
aggregation, and adhesion to the endothelium.84 Thrombin
activation of PAR-1 on endothelial cells leads to the release
of von Willebrand factor and the expression of adhesion
molecules, including E-selectin, P-selectin, intracellular cell
adhesion molecule-1, and vascular cell adhesion molecule-
612
1, which promote the adhesion, rolling, attachment, and
activation of platelets and leukocytes.85,86 Endothelial cell
activation by thrombin also results in the increased
expression of cytokines, chemokines, and genes related to
hemostasis, such as tissue factor and plasminogen activator
inhibitor-1 (PAI-1).

Finally, thrombin activation results in increased
permeability of the endothelial cell monolayer, alterations
in vascular tone, and vascular remodeling.84 Although a
healthy endothelium can adapt to these stimuli by regu-
lating the vascular milieu, ESKD and repeated exposure to
hemodialysis may dysregulate the vascular response.87

Indeed, the intense vascular inflammation and oxidative
stress caused by ESKD can lead to endothelial dysfunction,
a precursor event in the pathogenesis of CVD. Additional
thrombin production occurring with each hemodialysis
session could compound these issues by repeatedly up-
regulating the expression of proinflammatory cytokines,
accelerating changes in the vasculature, and promoting a
procoagulant environment.
Bradykinin

The kallikrein/kinin system is an endogenous meta-
bolic cascade in which HK is cleaved by PKa, resulting
in the release of bradykinin. As discussed previously,
in vitro studies have indicated that hemodialysis results
in FXII activation, PKa generation, and bradykinin
production.43,79,80 Bradykinin is a potent proin-
flammatory nanopeptide that activates complex
signaling cascades through two G protein-coupled re-
ceptors, bradykinin receptor 1 (BKR1) and BKR2.
BKR2 is constitutively expressed by many mammalian
cells, whereas BKR1 expression is inducible in endo-
thelial and smooth muscle cells in the context of
inflammation.88,89 Bradykinin plays an important role
in the body’s vascular responses to inflammation by
mediating vasodilation and increasing microvascular
permeability and vascular remodeling, thereby pro-
moting angiogenesis.89

The effects of bradykinin are highly complex, and can
be physiological and cardioprotective, or pathological,
depending on the context. Both BKR2 (through endo-
thelial nitric oxide synthase) and BKR1 (through
cytokine-inducible nitric oxide synthase) generate nitric
oxide (NO), endothelium hyperpolarizing factor (EDHF),
and prostacyclin (PGI2). These 3 molecules stimulate
smooth muscle relaxation, resulting in vasodilation, and
can also exert antithrombotic effects.90 However, in the
presence of oxidative stress, NO is degraded by super-
oxide to peroxynitrite (ONOO–), a highly potent oxidant
that contributes to endothelial dysfunction.91,92 Both
BKR2 and BKR1 can also mediate protective and defensive
roles of bradykinin by promoting angiogenesis following
ischemia.90,93 These beneficial actions may contribute to
the pharmacologic effects of angiotensin-converting
enzyme (ACE) inhibitors.90
Kidney Med Vol 3 | Iss 4 | July/August 2021
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The pathological actions of bradykinin that are medi-
ated by BKR1 and BKR2 include stimulation of the
migration of leukocytes from blood to tissues, promotion
of synthesis of proinflammatory cytokines and prosta-
glandins, pain, and edema. BKR1, in particular, plays an
important role in atherogenesis by up-regulating nuclear
factor-κB (NFκB) activity, leading to proinflammatory
cytokine production and enhanced interactions between
polymorphonuclear cells and endothelial cells.94,95

In vivo studies have underlined the complexity of the
actions of the kallikrein/kinin system in the vasculature.
For example, a clinical study of BKR2 inhibition in patients
receiving hemodialysis showed that the use of a bradykinin
antagonist decreased concentrations of monocyte chemo-
tactic protein 1 ((MCP-1) and PAI-1 after hemodialysis.96

PAI-1 expression is stimulated by cytokines including IL-6,
TNF-α, and IL-1β,97 and independently predicts throm-
botic events in ESKD patients on hemodialysis.98 On the
other hand, BKR2 inhibition caused circulating F2-
isoprostane and P-selectin concentrations to increase,
suggesting that endogenous bradykinin inhibits platelet
activation. Overall, these results indicate that, despite a
potentially beneficial effect on platelet aggregation, the
elevated levels of bradykinin repeatedly produced during
each hemodialysis session could paradoxically increase
CVD risk.96

Human and animal studies also indicate that bradyki-
nin’s effects on vasomotion can be complex. Animal
studies have suggested that transient increases in bradyki-
nin cause acute hypotension, whereas continuous brady-
kinin infusion results in increased mean arterial pressure.99

Recent work by Papageorgiou et al75 showed that during
hemodialysis the activation of FXII positively correlated
with mean arterial pressure and peripheral resistance in
humans. Furthermore, in a mouse model of ESKD, FXIIa-
kininogen-mediated vasoconstriction contributed signifi-
cantly to hypertension. Overall, these findings suggest that
sustained FXIIa-mediated bradykinin production could
contribute to hypertension in ESKD.

Bradykinin also plays an important role in certain kinds
of hypersensitivity reactions in patients on hemodialy-
sis.44,100 Dialysis-associated reactions are generally acute
events, and patients present with a variety of symptoms,
ranging from mild (urticaria, erythema, flushing, and
fainting) to severe (hypotension, bronchospasm, laryngeal
edema, bradycardia, and even cardiac and/or respiratory
arrest and death).101

Although there are many different types and potential
causes of dialysis-related hypersensitivity reactions, contact
activation leading to bradykinin production has been
identified as one such mechanism.100-102 Early studies
identified negatively charged dialysis membranes, espe-
cially the AN-69 membrane, as a source of FXII activation
that may promote bradykinin generation, which could
lead to acute vasodilation and hypotension.43,44,80 Another
type of dialysis-related contact activation was observed in
2007 when hundreds of patients in the United States and
Kidney Med Vol 3 | Iss 4 | July/August 2021
Europe experienced hypotension, angioedema, and
swelling of the larynx within minutes of initiating he-
modialysis.102 A contaminant in heparin—namely, over-
sulfated chondroitin sulfate (OSCS)—was eventually
identified as the cause of this reaction.103 A subsequent
study showed that OSCS and other polyanions, such as
dextran sulfate, trigger FXII-mediated activation of the
kallikrein/kinin system resulting in bradykinin produc-
tion.104 Interestingly, heparin is a known potential acti-
vator of FXII, but only polyanions with a high enough
degree of sulfation (4.0 sulfates per disaccharide)—as is
the case with OSCS and dextran sulfate—activate FXII in
plasma. Furthermore, any alteration that reduces kinin
degradation, such as ACE inhibitor therapy, could increase
bradykinin to pathological levels, and thus increase the risk
of developing hypersensitivity reactions that occur as a
result of contact system activation.102,105

In addition, some evidence suggests that FXIIa-
mediated bradykinin production could also play a role in
hypersensitivity reactions driven by IgE.106,107 Anaphylaxis
is commonly mediated through immune IgE-dependent
mechanisms that lead to the release of glycosamino-
glycan heparin from mast cells. Findings from a study
conducted by Sala-Cunill et al107 suggest that mast cell-
derived heparin provides the negatively charged surface
for the binding and consequent activation of FXII, thereby
triggering the kallikrein-kinin system and resulting in the
generation of bradykinin. These data suggest that the
contact system could potentially play a role in type A IgE-
mediated allergic reactions during hemodialysis. Further-
more, IgE mediates allergic reactions that are caused by
hemodialysis membranes sterilized using ethylene oxide.
Therefore, it is also possible that the FXII contact system
could also play a role in these reactions. However, due to
their propensity to activate complement, ethylene oxide
sterilized membranes are no longer recommended for
use.45
COMPLEMENT, COAGULATION, AND CVD IN

ESKD

Although numerous studies have illustrated an association
between complement activation and CVD events in he-
modialysis patients,46,64,65,67-69 the exact mechanisms
linking complement to CVD risk in this population remain
poorly described.66 One possible link could be the rela-
tionship between complement activation, inflammation,
and prothrombotic processes.10 A study by Poppelaars
et al46 showed that hemodialysis patients who later
developed CVD events experienced a significant peak in
complement activation during dialysis, which was not seen
in those who did not end up developing CVD events.
Furthermore, complement activation was accompanied by
significantly higher circulating levels of proinflammatory
cytokines and von Willebrand factor. These proin-
flammatory and prothrombotic responses were shown to
be subsequent to the complement activation.46
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The findings of Poppelaars et al46 are in accordance with
other studies that have demonstrated a link between
complement activation and prothrombotic activity.108-110

For example, Schuett et al110 showed that elevated levels
of C3 were associated with the formation of a denser clot
structure, which increases CVD risk in people undergoing
hemodialysis. Another study by Kourtzelis et al109 showed
that complement pathway activation caused by hemodi-
alysis biomaterials resulted in the expression of active tis-
sue factor in peripheral blood neutrophils.

In addition, the complement and coagulation pathways
can activate each other via crosstalk on both stationary and
circulating cells as well as on artificial surfaces.111 Notably,
both the complement and contact pathways are regulated by
C1 esterase inhibitor and are activated by the gC1q receptor
on the endothelium.111 Moreover, evidence from Irmsher
et al112 illustrated that, in addition to cleaving kininogen,
kallikrein can also cleave and activate C3 in vitro. Finally,
recent work by Lopatko Fagerstr€om et al113 demonstrated
that reducing contact pathway signaling using B1R and B2R
kinin receptor antagonists or C1INH results in decreased
complement levels. Their findings indicate that blocking the
kallikrein-kinin pathway could reduce complement-
mediated endothelial cell injury.
THERAPEUTIC IMPLICATIONS

Research on the complement and FXII signaling cascades
could open the door to new potential therapeutic ap-
proaches that target these pathways to decrease inflam-
mation and CVD risk in people with ESKD. For example,
treatments that target the complement system are consid-
ered a promising therapeutic option for people undergo-
ing hemodialysis. Potential complement therapeutics can
be grouped into 3 different treatment strategies that have
been comprehensively reviewed elsewhere.46

First, anticoagulants with complement inhibitory ac-
tivities, such as citrate and heparin, could be used. Citrate
reduces complement activity through its calcium chelating
properties. Although some studies have shown attenuated
complement activation with the use of citrate anti-
coagulation, the results of other studies have been incon-
sistent.46,114,115 The potential effects of heparin as a
complement inhibitor during hemodialysis have not yet
been tested.46,65

Second, systemic complement inhibitors could be used.
Inhibitors of C3, C5, and C5a receptor have been suggested
as particularly attractive options to attenuate complement
activation and the resulting inflammation and pro-
thrombotic activity.46,107,116 Third, complement inhibitors
could be used locally to improve the biocompatibility of
hemodialysis membranes. In a previous study, 5C6 coated
to a polystyrene surface was shown to bind factor H and
inhibit complement activation when exposed to human
plasma, thereby enhancing biocompatibility.117

Therapies directed at reducing contact pathway activa-
tion could provide additional approaches worthy of
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consideration. For instance, because the anticoagulants
routinely used during hemodialysis are associated with an
increased risk of bleeding, therapeutic anticoagulation
strategies targeting FXIa are currently under study in pa-
tients on hemodialysis (eg, NCT02902679,
NCT03787368, NCT02553889).118 FXIIa could prove to
be an additional therapeutic target for decreasing both
inflammation and coagulation activation without
increasing bleeding risk.13,119 Additionally, kinin B2 an-
tagonists and C1INH are commercially available agents that
have been shown to attenuate complement activation.113

Future studies could explore the potential of these in-
hibitors to reduce vascular inflammation in people with
ESKD.
CONCLUSIONS

Both ESKD and long-term hemodialysis are associated with
an elevated risk of CVD. Moreover, the pathogenesis,
progression, and manifestations of CVD differ in in-
dividuals with chronic kidney disease. Thus, understand-
ing the drivers of CVD development in this population
remains an issue of utmost importance.

Although the potential for hemodialysis to activate the
complement and coagulation contact systems has been
recognized for decades, a growing number of recent
studies have underscored the possible links between he-
modialysis membrane-induced activation of these systems
and CVD pathogenesis. Further research focused on
deepening our understanding of hemodialysis-mediated
activation of the contact pathways could potentially play
an important role in preventing and/or treating CVD dis-
ease in ESKD. For example, studies examining the com-
plement and FXII-mediated contact systems in
hemodialysis patients could lead to the identification of
alternative biomarkers for CVD risk stratification that
perform better than the traditional clinical markers used to
predict CVD risk in this population. Additionally, both the
contact and complement pathways could present future
avenues for therapeutic approaches to reduce the proin-
flammatory and procoagulant responses associated with
hemodialysis.

Finally, there is currently a renewed demand for
innovation in kidney replacement therapy, with a special
focus on developing novel treatment solutions, including
miniaturized, portable, wearable, and implantable kidney
replacement therapy options. Developing a better under-
standing of the mechanisms that trigger complement and
FXII activation in ESKD patients could prove to be essential
to creating improved hemodialysis technologies or pre-
scriptions that would limit this activation, and thereby
potentially decrease CVD risk in this population.120
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