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Abstract

Purpose of Review This review aims to examine the current definitions of primary and secondary hemolytic uremic syndromes.
Specifically, it seeks to determine which external conditions can result in secondary Thrombotic microangiopathy (TMA), which
can trigger cases of primary atypical uremic syndromes (aHUS), and the role of complement in the pathogenesis of TMA
spectrum disorders.

Recent Findings Building on the growing insight about the pathogenic role of dysregulation of the alternative comple-
ment pathway in primary aHUS, the successful use of complement-blocking treatment in cases of thrombotic micro-
angiopathy with coexisting conditions (secondary TMA), along with the identification of complement mutations in
some of these cases, indicates a so far possibly under-appreciated pathogenic role for complement in diagnoses within
the TMA spectrum.

Summary Uncontrolled complement activity and pro-thrombotic environments represent a unifying pathogenic mechanism in
aHUS and the TMA spectrum disorders and point towards shared diagnostic and therapeutic pathways.
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Introduction
TMA Spectrum

Thrombotic microangiopathy (TMA) defines a group of diseases
characterized by non-immune microangiopathic hemolytic ane-
mia (MAHA), thrombocytopenia, and organ injury [1]. TMAs
that result in acute kidney injury are referred to as hemolytic
uremic syndromes (HUS) [2]. HUS must mainly be differentiat-
ed from thrombotic thrombocytopenic purpura (TTP), which is a
TMA that manifests with more prominent neurological symp-
toms and is due to the severely reduced function of ADAMTS13
[3]. The differential clinical features help to characterize HUS,
but the identification of possibly underlying genetic causes, pri-
mary conditions, and triggering events is important for proper
treatment and management of the condition. Historically, HUS
has been characterized into diarrhea-associated HUS and the less
prevalent atypical HUS (aHUS). Diarrhea-associated HUS is
caused by Shiga toxin (Stx)—producing Escherichia coli
(STEC-HUS; eHUS) and accounts for 90% of cases of HUS
[4]. Cases of TMA that are negative for (Stx) infection and have
normal ADAMTSI13 function (> 10%) can be attributed to atyp-
ical HUS (aHUS, unless they occur secondary to an underlying
condition (secondary TMA)).

aHUS involves uncontrolled, chronic activation of the
complement cascade, resulting in endothelial damage with
neutrophil and platelet recruitment that leads to the clinical
triad of HUS (above). The complement system is part of in-
nate immunity and involves systemic and membrane-bound
factors mainly designed to lyse invasive pathogens or to re-
move cellular debris. It is equipped with regulatory mecha-
nisms to prevent self-damage. However, when genetic defects,
autoantibodies, or factors such as drugs, toxins, or infections
are present, the complement system can be dysregulated to
eventually attack host cells, thus creating a pro-inflammatory
environment with subsequent tissue damage [5].

Approval of the complement blocker eculizumab has revo-
lutionized the management of patients with aHUS. Eculizumab
is a humanized monoclonal antibody to complement protein C5
that inhibits initiation of the terminal pathway and formation of
the membrane attack complex (MAC; C5b-9), which when not
properly controlled results in endothelial cell damage as seen in
aHUS [6]. Atypical cases of HUS differ from STX-HUS as
there are increased rates of morbidity and mortality, increased
recurrence rates following kidney transplantation, and patterns
of familial inheritance [7]. Clinically, the incidence of aHUS is
1-2 cases per million, and there is a poor prognosis, with half of
patients progressing to end-stage renal disease (ESRD) and
25% of cases resulting in fatality [8].

In addition to TTP, STEC-HUS, and aHUS, an additional
group of TMA exists, referred to as cases of secondary TMA.
In these cases, the symptoms of HUS develop due to an un-
derlying condition such as infection, chronic disease,
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pregnancy, or pharmaceutical use [3, 9]. The complement-
blocking C5 antibody eculizumab has been shown to be ef-
fective in both patients with primary aHUS and also in a num-
ber of patients with secondary TMA. In primary aHUS, 40—
50% of cases occur without documented complement muta-
tions or autoantibodies but have been proven to respond
equally well to eculizumab [10]. In secondary TMA, there is
emerging evidence of a pathogenic role for complement with
an increasing number of patients found to carry complement
mutations known from primary aHUS.

Given the phenomenon of incomplete genetic penetrance, a
“multiple hit” hypothesis has been proposed for the clinical
presentation of aHUS [11]. A combination of inter-individual
differences in genetic mutation type and preceding environ-
mental stressors determines disease penetrance and influences
the time to disease manifestation. Epigenetic factors and en-
vironmental triggers have been implicated to cause aHUS
symptoms in individuals with an underlying complement mu-
tation. Clinical observation points towards precipitating
events such as upper respiratory tract infections or immuniza-
tions, which in a majority of cases precede the manifestation
of aHUS [3].

This article will briefly review the known genetic causes
(Table 1)of primary aHUS and will, in addition, focus on the
reported secondary causes for TMA as well as triggering
events for the manifestation of TMA (Fig. 1).

The Complement System

The complement cascade is a component of the innate im-
mune system with both circulating and membrane-bound
components designed to protect the individual from invasive
pathogens and to remove cellular debris [5]. Complement can
be activated through one of the three pathways: classical, lec-
tin, or alternative. The classical pathway is initiated by immu-
noglobulin binding to antigens resulting in formation of the
C1 complex [12]. The lectin pathway is prompted by the pres-
ence of mannose-binding lectin (MBL) residues [12]. The
alternative pathway is constantly active as C3 is constantly
hydrolyzed spontaneously at a low rate (“tick over”) [12].
Each initiation pathway converges with formation of a C3
convertase resulting in protease-mediated cleavage of comple-
ment C3 into microbe-opsonizing C3b and inflammatory
anaphylatoxin C3a. C3b, in addition to the C3 convertase,
forms the C5 convertase, which results in cleavage of comple-
ment C5 into anaphylatoxin C5a and C5b, finally resulting in
formation of C5b-9 or membrane attack complex (MAC,;
C5b-9) and cell lysis [12]. Complement is regulated by a se-
ries of fluid-phase and surface-bound proteins to prevent host
damage by inactivation of complement C3b and accelerating
the decay of proteases [5]. In aHUS, the complement, typical-
ly mediated by alternative pathway activation, becomes
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Table 1 Genetic causes of aHUS
Gene Name Mutation type ~ Complement Functional consequence Prevalence Prognosis References
cascade?
FH Complement factor H Loss of function Yes Loss of C-terminus mediated 25% Severe [12-15]
endothelial protection
FI Complement factor I  Loss of function Yes Loss of C3b inactivation 5-10% Moderate-severe [12, 16, 17]
MCP CD46 Membrane cofactor ~ Loss of function Yes Loss of cell surface 10% Fair [5,12,17, 18]
protein regulation
C3 Complement C3 Gain of function Yes Increased C3 cleavage 2-10% Severe [12, 16, 19]
FB Complement factor B Gain of function Yes Increased C3 convertase 4% Severe [12, 16, 20]
activity and decreased
regulating mechanisms
THBD CD141 Thrombomodulin Loss of function No Pro-thrombotic state and Rare N/A [12,21,22]
decreased complement
regulation
PLG Plasminogen Loss of function No Decreased clot degradation ~ Rare N/A [23]
DGKE Diacylglycerol Loss of function No Pro-thrombotic state and Rare Severe [12, 24, 25]
kinase epsilon decreased complement
regulation
INF2 Inverted Formin 2 Loss of function No Pro-thrombotic state Rare N/A [26]
FHR Complement factor ~ Autoantibody  Yes Decreased complement 4-14% Fair-moderate [12,27-29]

H-related protein

regulation

uncontrolled and can result in amplified deposition of com-
plement C3b resulting in endothelial cell injury.

Primary aHUS
Loss of Function Complement Mutations

Mutations in complement-activating or complement-
regulating genes can be identified in about 50-60% of
aHUS patients [16]. The most common predisposition to
aHUS, accounting for 25% of hereditary cases, comes from
mutations in the genes encoding products related to comple-
ment factor H (FH) [13]. FH, a 150-kDa liver-borne protein
circulating in the blood in high concentrations (about 200—
500 pg/ml) is considered the most important fluid-phase reg-
ulator of complement [14, 15]. The N-terminal domain of FH
acts as a fluid-phase cofactor to complement factor I (FI) to aid
in inactivation of C3b, as well as accelerate the decay of the
C3 convertase [14]. On cell surfaces, the C-terminal domain
of FH binds to the glycocalyx of cells, providing protection
from self-damage [14]. The majority of FH mutations are
missense heterozygous mutations in the C-terminal that result
in normal serum FH levels but deletion mutations can occur in
other regions resulting in decreased serum levels due to trun-
cation or decreased secretion [17]. In aHUS, these C-terminal
mutations eliminate the protective function of FH on the cell
surface which results in an unprotected endothelium primed
for complement attack. In addition, C-terminal FH mutations
result in increased complement activation on platelets and
consequently platelet aggregation and clot formation [15].
The prognosis for patients with FH mutations is poor, as 60—

70% of patients die or reach end-stage renal disease (ESRD)
within a year of onset [13].

Complement factor I (FI) is a serine protease, which togeth-
er with FH or other cofactors, cleaves and thus inactivates C3b
to prevent formation of convertases and decrease complement
activation [13]. FI mutations account for 5-10% of aHUS
cases [18]. All described mutations in FI are heterozygous
and clustered in the serine protease domain of the protein
[13]. The prognosis for patients with FI mutations is moderate
to severe, as 50% of patients die or progress to ESRD within
2 years and often present with multiple genetic mutations [13].

Ten percent of aHUS mutations occur in the gene that en-
codes the membrane cofactor protein (MCP/CD46), which is
a surface-anchored complement regulator that acts as a cofac-
tor to FI in the process of cleaving and inactivating bound C3b
on the host cell [18, 19]. Most MCP/CD46 mutations occur in
the extracellular domain of the protein and eliminate protein
function [3]. MCP/CD46 mutations are more likely to occur in
pediatric patients, confer a lower risk of ESRD than fluid-
phase complement mutations, and have positive transplant
outcomes [7]. On the contrary, adult onset of MCP/CD46-
caused aHUS is associated with significantly worse outcome
as compared with other genetic condition [7].

Gain of Function Complement Mutations

Gain-of-function mutations have also been reported in the
pathology of aHUS. Mutations in C3 account for 2—-10% of
aHUS cases and can incur pathology by preventing inactiva-
tion of C3b [13]. Forty-eight genetic mutations in C3 have
been identified in aHUS patients and often cluster at the FH
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Fig. 1 Schematic of TMA diagnoses. Upon presentation of the hallmark
features of thrombotic microangiopathy (TMA), which includes
thrombocytopenia, hemolytic anemia, and organ injury, further
diagnostic measures must be taken to determine the appropriate course
of treatment. All TMA are given supportive management, which consists
of fluid management, and if the prognosis is severe renal replacement
therapy. The first disorder to rule out is thrombotic thrombocytopenic
purpura (TTP) due to its high rate of mortality. A diagnosis of TTP is
confirmed with enzymatic activity of ADAMTS13 of < 10% and plasma

and MCP/CD46 binding sites, with the leading functional
consequence being impaired inactivation of C3b and comple-
ment overactivation [20]. The prognosis for patients with a
gain of function mutation in C3 is severe [20].

Rare mutations have been reported in complement factor B
(FB), with a frequency of up to 4% [13, 30]. These gain of
function mutations, located at either directly at the C3b bind-
ing site or at the area responsible electrostatic repulsion be-
tween FB and FH, which is important for complement regu-
lation, have been reported to result in C3 convertase hyperac-
tivity or resistance to convertase-regulating mechanisms such
as FH binding [30]. The prognosis for patients with FB muta-
tions is poor, as the majority have progressed to ESRD [13].

FH and FI Autoantibodies

Autoantibodies against complement pathway regulators FH
and FI have also been reported in aHUS patients. FH autoan-
tibodies account for 4-14% of all aHUS cases and are reported
to account for 25% of pediatric cases [8, 27]. In some cases, a
homozygous deletion in the FHR1 and FHR3 genes has been
identified leading to speculation of a genetic predisposition,
but other reports support an environmental link or an idiopath-
ic development of autoantibodies [28]. In fact, a sub-group of
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exchange is conducted as the appropriate therapy. Shiga toxin—producing
E. coli hemolytic uremic syndrome (STEC-HUS) must be ruled out by
testing for Shiga toxin via stool culture, PCR, or serology. After ruling out
TTP and STEC-HUS, atypical hemolytic uremic syndrome (aHUS) is the
expected diagnoses. The first-line treatment is eculizumab for suspected
complement-mediated aHUS. Secondary TMA may or may not respond
to eculizumab. Identification of the underlying cause determines the
appropriate course of treatment

HUS called deficiency of FHR plasma proteins and a-
utoantibody-positive form HUS (DEAP-HUS) is character-
ized by having both a genetic deletion in the FHR3 and
FHRI genes as well as acquired autoantibodies [29]. DEAP-
HUS occurs primarily in children and has a relatively positive
prognosis when treated efficiently [29].

Functionally, FH autoantibodies reduce the binding effica-
cy of FH to both endothelial surfaces and C3b at short con-
sensus repeats (SCR) 19 and 20 of the C-terminal and inhibit
the regulatory effects of FH [28]. Anti-FH antibodies have
been shown to be the most common cause of aHUS in pedi-
atric and adult patients, with the average age of onset being
approximately 8 years [7, 31].

FI autoantibodies are much less prevalent than FH, with an
estimated incidence up to 2% of aHUS cases [3]. Specific
genetic mutations have not been associated with FI autoanti-
bodies and patients that present have other susceptibility fac-
tors for aHUS [21]. Functionally, these autoantibodies dimin-
ish the C3b-inactivating regulatory activity of FI [21]. Age of
onset is in adulthood for reported patients with FI autoanti-
bodies and each case required a triggering event to initiate
aHUS onset [21].

Patients with autoantibodies generally have a high rate of
relapse but have a moderate prognosis with 20-35% of cases
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progressing to ESRD [28]. As autoantibodies present a unique
challenge of complement-mediated disease with an autoim-
mune component, treatment can consist of plasma exchange,
eculizumab therapy to control complement, and immunosup-
pression with prednisolone and other agents to control the
antibody load [22, 31].

Coagulation Cascade Related Mutations

Mutations in the gene encoding for thrombomodulin
(THBD/CD141), an important component of clotting regula-
tion, have also been reported to cause aHUS. THBD/CD141
initiates protein C activation by thrombin, which prevents
downstream thrombin generation and suppresses clot forma-
tion, as well as inhibits fibrinolysis through activation of pro-
carboxypeptidase B [23]. THBD has an influence on the com-
plement cascade, as it affects coagulation, inflammation, and
C3a and C5a activation and can act as a cofactor to FH to aid
in C3Db inactivation, and it has been shown to negatively reg-
ulate each complement activation pathway [24]. The exact
prevalence of THBD/CD141 mutations in aHUS is unknown,
but it is considered a rare mutation that results in loss of se-
creted THBD/CD141 protein [3].

Recently, genetic mutations in PLG, a gene encoding plas-
minogen of the coagulation pathway, has been implicated in
aHUS [25]. Plasminogen deficiency results in decreased deg-
radation of clots found in aHUS patients [25].

Non-Complement-Related Genes

Recessive mutations in diacylglycerol kinase epsilon
(DGKE) have been shown to result in a severe aHUS
phenotype, characterized by chronic proteinuria, typical-
ly in children under the age of 1 [26, 32]. The resulting
pathology from the loss of DGKE function is postulated
to be related to the development of a pro-thrombotic
state, as this mutation has not been linked to any effects
on the complement cascade [26]. Two-thirds of DGKE
HUS patients are reported to relapse, and eculizumab
and immunosuppressive therapies have been unsuccess-
ful in treatment, as the pathogenesis is not complement-
mediated [32].

Mutations in the inverted formin 2 gene (INF2) have been
identified as the cause of aHUS in two families [33]. INF2
mutations are the most common cause of autosomal dominant
nephrotic syndrome and have been associated with recessive
DGKE mutations [33]. It is hypothesized that in this non-
complement-associated mutation, damage occurs directly on
endothelial through impaired secretion of VEGF from
podocytes [33]. Anti-complement therapy was unsuccessful
in all cases of INF2 aHUS [33].

Secondary TMA

With recent learnings and deeper insight into HUS, historical
terminology defining the disease is reaching its limit. Cases
presented as secondary TMA have been defined as having no
known genetic complement mutation with symptoms due to a
precipitating condition. However, many cases of secondary
TMA have been shown to respond to anti-complement thera-
py eculizumab, and in certain cases, an underlying comple-
ment mutation has been revealed with genetic testing. It is
established that aHUS can be triggered by certain events such
as vaccination, pneumococcal infection, and certain drugs,
and a “multiple hit” hypothesis has been proposed to explain
this phenomenon. This hypothesis suggests that the onset of
disease is a consequence of mild or severe disposition in syn-
ergy with epigenetic or triggering external factors or condi-
tions, as the presence of one or multiple known genetic muta-
tions does not ensure aHUS manifestation [11, 13]. With cur-
rent definitions, it is unclear whether certain conditions confer
a secondary TMA or trigger a manifestation of aHUS. With
further mechanistic insight and increased clinical evidence, it
may become clear that predispositions can create
complement-amplifying conditions that precipitate an episode
of secondary TMA or can add a second hit to a complement-
primed system due to genetic mutation. The remainder of this
review will present reported cases of HUS that are due to an
external condition and examine the role of complement in
these cases being a secondary TMA or a trigger to a primary
aHUS.

Infections

It has previously been reported that infections, especially
caused by Streptococcus pneumoniae, human immunodefi-
ciency virus (HIV), and influenza A can lead to the develop-
ment of HUS [34-36]. Historically, these infectious cases
have been referred to as secondary TMA, but recent reports
indicate certain infections act as triggers to reveal an underly-
ing complement mutation. Successful treatment with
eculizumab has been seen in infectious HUS cases with and
without known mutations, indicating a pathogenic role for the
complement system. Three cases of HIV-induced TMA or
HUS have been successfully treated with eculizumab
[37-39]. In all reported cases, no known complement muta-
tion was present, yet after unsuccessful treatment with plasma
exchange, eculizumab was administered and recovery oc-
curred [37-39]. As no complement mutation was present but
anti-complement therapy was successful, it is likely that HIV
induces cases of complement-amplified secondary TMA.
Recent literature points to influenza B as a trigger for pri-
mary aHUS. In 2017, van Hoeve et al. reported three separate
cases of HUS triggered by influenza B infection, all revealing
an underlying complement mutation; however, all cases
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occurred before the rise of eculizumab. The article postulates
two potential hypotheses for influenza B pathogenesis, with
either an altered immune response occurring due TNF-« acti-
vation or presence of the Thomsen-Friedenreich antigen
overactivating a complement system primed by genetic muta-
tion in the complement cascade [40]. Additional cases have
since been reported, both with a pathogenic MCP/CD46 mu-
tation as the underlying cause [41, 42].

In addition to influenza B, Shigella flexneri, Mycoplasma
pneumoniae, and Enterococcal infections have all been re-
ported as infectious triggers that revealed an underlying com-
plement mutation resulting in aHUS pathology [43—46].
Cytomegaloviruses (CMVs) have recently been implicated
in aHUS, with two case reports proving success of eculizumab
treatment. However, the reports indicate no known comple-
ment mutations in these cases, indicating this is a secondary
TMA with speculation that the virus is directly damaging en-
dothelial cells [47, 48].

Other newly reported infectious causes of secondary TMA
that recovered with eculizumab treatment without a known
complement mutation include Enterococcus raffinosus,
Clostridium difficile, and varicella [49-51]. These new infec-
tious cases reported here underscore the importance of
researching into additional pathological and/or genetic mech-
anisms of aHUS. In certain infectious cases with no known
complement mutation, complement activity was detected with
elevated CH50, FH, or FI or low C3, indicating there may be
unknown genetic mutations or alternate mechanisms mediat-
ing the development of TMA [37, 47, 49-51]. The evidence
for multiple new infectious causes of aHUS indicates that
further testing may be needed upon suspicion of aHUS and
provide support for a multiple-hit hypothesis of aHUS.

Chronic Diseases

TMA development has been associated with certain chronic
diseases, including systemic lupus erythematosus, metabolic
disorders, and various types of cancer. Systemic lupus erythe-
matosus (SLE) is an autoimmune disorder targeting multiple
organ systems that results in an increased risk for thrombotic
events, including TMA in up to 10% of cases [52, 53]. A
systematic review and three recent case reports have shown
success of anti-complement treatment with eculizumab in
cases of SLE with TMA, cases of SLE and lupus nephritis,
and cases of SLE and anti-phospholipid syndrome [53-59].
Mutations in the complement cascade are rare in these condi-
tions, with only two of the cases reported having mutations in
FHR3-FHR1 and C3 [53]. The pathological mechanism of
TMA in these conditions is currently unknown; however, re-
ported complement cascade mutations indicate that SLE
symptoms create a complement amplifying environment that
results in the development of TMA.
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TMA has been implicated as a rare complication of cancer
and its associated treatments [60]. Complement has been
shown to be upregulated in ovarian and lung cancers, indicat-
ing a system primed for complement overactivation [60, 61].
Additionally, cancer is associated with increased generation of
thrombin, which has been shown to efficiently cleave comple-
ment C5 without the requirement of a convertase [62]. This
pro-complement environment can lead to the development of
HUS, especially when coupled with cancer treatments such as
chemotherapy.

While an association between the use of chemotherapy
drugs and TMA has been previously reported, a recent case
has shown a significant improvement in patient health by
using anti-complement therapy [63]. A patient receiving
gemcitabine treatment developed the clinical triad of TMA
symptoms and the condition only improved upon treatment
with eculizumab [63]. This patient did not have an underlying
genetic complement mutation, indicating that chemotherapy
drugs can create a pro-complement environment required to
develop a secondary TMA [63]. In addition to chemotherapy,
cancer patients may also be treated with VEGF inhibitors to
prevent cancer-associated angiogenesis [64]. As VEGF is im-
portant in the function of the glomerular fenestrated endothe-
lium, inhibition can result in TMA as seen in both patient
cases as well as in an animal model [64, 65]. Complement
activation and the use of complement therapy have not been
implicated in these cases as discontinuation of anti-VEGF
therapy is typically sufficient for symptom improvement.
However, VEGF has been shown to increase expression of
complement regulators, such as FH, so overactive comple-
ment may also contribute to the renal damage seen in
VEGF-inhibitor-induced TMA [66].

TMA is considered a rare side effect of sickle cell disease
(SCD). SCD is a red blood cell disorder that causes erythro-
cytes to become rigid and adhesive, leading to hemolysis and
vascular membrane damage in a pro-inflammatory and pro-
coagulant environment [67]. It has been shown that SCD in-
creases resting alternative pathway activation, leading to a
triggering pro-complement environment [68, 69], as seen with
increased levels of FB, C3a, C4a, and sC5b-9 at resting state,
and even higher levels during painful vaso-occlusive crisis
[68—72]. Moreover, the hemolysis seen in SCD (as well as
in TMA) results in the release of heme into the bloodstream.
Heme has been shown to activate the alternative complement
pathway in serum and on endothelial cell surfaces and en-
hance C3 deposition on sickled RBCs, leading to even more
hemolysis [73]. In addition, SCD-derived TMA has been re-
ported to have been successfully treated with eculizumab,
since a SCD patient with an underlying CFB mutation
responded to this treatment [74].

Metabolic disorders have been linked with HUS develop-
ment, especially the cobalamin C (CblC) deficiency. CblC
deficiency is a subtype of methylmalonic academia (MMA),
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which is a disease that causes metabolite accumulation and
can lead to multiple organ failure [75]. CbIC deficiency is
caused by a mutation in the methylmalonic acidura and
homocystinuria type C (MMACHC) gene [75]. HUS mani-
festation has been reported in five recent reports of individuals
with CbIC deficiency [75-79]. All cases presented with a mu-
tation in the MMACHC gene but no mutations in known
predisposing complement genes were identified [76—79].
Two cases responded successfully to eculizumab therapy for
treatment of TMA symptoms [77, 78].

A rare case of aHUS due to diabetic ketoacidosis has also
been reported, with an underlying CFB mutation being dis-
covered and eculizumab therapy improving the condition
[80]. This metabolic condition represents a triggering event
that added the second hit necessary for aHUS manifestation.

Transplantation

Certain pharmaceuticals, especially those associated with post-
transplantation immunosuppression, have been reported to trig-
ger TMA. The use of calcineurin inhibitors (CNI) like tacrolimus
and cyclosporine A, which suppress immune activity by
preventing T cell-mediated cytokine upregulation and immune
cell proliferation, has resulted in a reported TMA incidence of 1—
4% following transplantation [81, 82]. Complement dysregula-
tion has been implicated with CNI usage. A proposed mecha-
nism for pathogenesis speculates that complement becomes ac-
tivated, leading to downregulation of fibrinolytic factors on en-
dothelial cells of the graft tissue [83]. Cyclosporine has also been
shown to have an effect on complement regulatory proteins,
resulting in cascade overactivation [84]. Once TMA is identified,
the clinical course typically discontinues the use of CNI; howev-
er, three recent kidney transplant cases demonstrate the necessity
of eculizumab to stabilize renal function [83, 85, 86]. In each of
those cases, genetic testing for known complement mutations
was not reported, indicating that CNI usage is causing an envi-
ronment of hyperactive complement activation leading to sec-
ondary TMA [83, 85, 86]. Tacrolimus-induced HUS has been
reported in patients undergoing heart transplantation, indicating
that the diagnosis is not renal transplant specific, but rather results
in systemic complement activation [87, 88]. Additionally, it has
been reported that individuals with FH and FI mutations are
predisposed to the development of de novo TMA post-kidney
transplant, with the proposed mechanism linking reduced com-
plement activation as a primer for endothelial damage from
agents such as CNI and mTOR inhibitors [89, 90].

TMA is a known side effect of hematopoietic stem cell
transplantation (HSTC), occurring in 25-35% of patients
[91]. In 2013, Jodele et al. reported six cases of TMA follow-
ing HSTC transplantation with 83% of these patients testing
positive for the FHR1 and FHR3 deletions, and all patients
presenting with FH autoantibodies [91]. It is postulated that
the anti-FH antibodies prime the patient system for

susceptibility to viral or chemotherapy-triggered secondary
TMA [91]. In a follow-up study, it was reported that 67% of
patients had a complete response to eculizumab [92]. In 2016,
a study was published examining genetic susceptibility to
TMA following HCST and 65% of patients were found to
have an underlying complement mutation, supporting the idea
that HSCT, in addition to post-transplant consequences like
CNI use or infection, can trigger complement-mediated TMA
[93]. Additionally, a cord-blood transplant in a patient resulted
in the clinical triad of aHUS symptoms [94]. A diagnosis of
HUS unmasked a deletion in the FHR1 gene and the patient
was successfully treated with eculizumab, indicating that this
was a case of post-transplant-triggered aHUS [94].

Individuals with complement mutations, especially
encoding for CFH and CFI, have been shown to be
predisposed to de novo TMA development after kidney trans-
plantation [89]. This type of TMA tends to develop within the
first year of transplantation and is not related to HUS-induced
TMA [89]. As the incidence for de novo TMA development is
low at 1-14% after transplantation, it is hypothesized that a
complement mutation increases endothelial susceptibility to
damage from agents such as CNI or mTOR inhibitors [90].
Currently, no other complement mutations have been linked to
de novo TMA development post-transplant or have any
complement-blocking therapies used therapeutically in pa-
tients with known complement mutations, without HUS pre-
sentation, undergoing kidney transplant.

Pregnancy

TMAs are considered rare side effects of pregnancy, occurring
in 1 in 25,000 pregnancies, typically with post-natal onset and
a high likelihood of end-stage renal disease [95, 96].
Historically, it has been difficult to distinguish if pregnant
women are suffering from TTP, preeclamptic hemolysis, ele-
vated liver enzymes, and low platelet count (HELLP) syn-
drome, or aHUS [97]. TMA in pregnancy has been considered
a secondary TMA, with a significant role for complement
supported by successful treatment with eculizumab. A study
from 2010 estimated that 20% of female HUS was due to
pregnancy and that 80% of cases occurred in the postpartum,
as this period results in increased inflammation, infections,
and hemorrhage leading to complement activation [98]. A
recent study indicated the risk is higher for women that deliv-
ered via caesarian section, as this leads to heavier bleeding due
to increased damage to the endothelium [99]. The role of
complement in pathogenesis of pregnancy-associated HUS
is supported by the success of eculizumab treatment.
Multiple reports state that patients initially treated with plasma
exchange therapy, as ADAMTSI13 levels must be tested to
rule out TTP, do not show improvement [97, 100—102].
However, four recent cases have been reported with mutations
in genes for C3 and MCP/CD46 with a rapid response to
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Table2  Causes of secondary TMA

TMA Underlying cause Associated with complement Evidence for response References

mutation? to eculizumab?

Infection-related HUS Streptococcus pneumoniae No Variable [32, 33]
HIV No Variable [32,35-37]
Influenza A No No [32, 34]
Influenza B Yes Yes [38—40]
Shigella flexneri Yes Yes [41]
Mycoplasma pneumoniae Yes No [42, 43]
Enterococcus raffinosus No Yes [44, 47]
Cytomegalovirus No Yes [45, 46]
Clostridium difficile No Yes [48]
Varicella No Yes [49]
Systemic lupus erythmatosus No Variable [50-57]
Anti-phospholipid syndrome No Variable [50, 52]
Cancer/chemotherapy No Yes [58, 59, 61]
Sickle cell disease Variable Yes [62, 64, 67, 69]
Cobalamin C deficiency No Yes [70-74]
Diabetes Yes Yes [75]
Calcineurin inhibitor usage No Yes [77, 78, 80-83]
Hematopoietic stem cell transplant Yes Yes [84, 85, 87]

Pregnancy Pregnancy Variable Variable [89-96]

Hypertension Malignant hypertension Variable Yes [99-102]

eculizumab therapy [100-103]. Interestingly, a rare case of
aHUS in the first trimester of pregnancy has been reported
with eculizumab treatment occurring throughout the remain-
der of the pregnancy with no adverse effect on fetal health or
delivery [104]. This evidence indicates pregnancy can be both
a trigger for aHUS and result in secondary TMA, as the peri-
natal period creates an environment of increased inflammation
and hemorrhage.

Hypertension

Secondary TMA can be induced by severe cases of hypertension
[105]. The mechanism of pathology in these cases is speculated
to be due to shear stress on renal vasculature, or alterations in
renin-angiotensin system activation [105, 106]. In a study of 21
patients with renal TMA and malignant hypertension, it was
determined that these patients have a reduced incidence of throm-
bocytopenia and better renal outcomes than patients with aHUS
[107]. A role for the AP has recently been implicated as an
underlying cause for cases of treatment-resistant hypertension
associated TMA. Sixty-seven percent of patients studied showed
defective complement genetics as well as elevated circulating
and surface levels of complement activation products [105].
Additionally, both patients treated with eculizumab in that study
showed a positive response [105]. The prominent historical in-
tervention for hypertension-induced secondary TMA has been
blood pressure management, but a prevalence of complement-
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mediated cases indicates a need for genetic testing and potential
eculizumab treatment in individuals with treatment-resistant
cases [108].

Conclusion

HUS can be developed due to a genetic predisposition resulting
in complement overactivation, an external condition leading to a
pro-complement environment, or likely a combination of both
factors. The “multiple hit hypothesis” of aHUS that has been
previously presented is supported by cases presented in this re-
view that demonstrate a triggering condition unmasking a previ-
ously unknown defect in the complement cascade. Alternatively,
cases in this review were presented with no known complement
mutation, but rather due to hyperactivation of the complement
cascade, leading to a secondary TMA. Some external conditions,
such as CbIC deficiency and cytomegalovirus infection, have
only been implicated in cases of secondary TMA, whereas
others, such as Influenza B infection, have been shown to trigger
a primary manifestation of complement-mediated aHUS. In turn,
infections and pregnancy have been implicated as both triggers to
primary aHUS and external causes of secondary TMA (Table 2).
Perhaps with further research into alternative genetic predisposi-
tions, some cases of secondary TMA may be recategorized as
complement-mediated aHUS. The efficacy of anti-complement
therapy eculizumab in both primary aHUS and secondary TMA
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cases without a known mutation infers that there are alternative
methods of complement overactivation and identification of
complement-amplifying conditions and mechanistic insights will
aid diagnostic and therapeutic efforts.
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