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Abstract

Purpose of review: Thrombotic microangiopathy (TMA) is suspected in patients presenting with thrombocytopenia and
evidence of a microangiopathic hemolytic anemia. Patients with TMA can be critically ill, so rapid and accurate identification
of the underlying etiology is essential. Due to better insights into pathophysiology and causes of TMA, we can now categorize
TMAs as thrombotic thrombocytopenic purpura, postinfectious (mainly Shiga toxin-producing Escherichia coli-induced)
hemolytic uremic syndrome (HUS), TMA associated with a coexisting condition, or atypical HUS (aHUS). We recognized an
unmet need in the medical community to guide the timely and accurate identification of TMA, the selection of tests to clarify
its etiology, and the sequence of steps to initiate treatment.

Sources of information: Key published studies relevant to the identification, classification, and treatment of TMAs in
children or adults. These studies were obtained through literature searches conducted with PubMed or based on the prior
knowledge of the authors.

Methods: This review is the result of a consultation process that reflects the consensus of experts from Canada, the United
States, and the United Arab Emirates. The members represent individuals who are clinicians, researchers, and teachers
in pediatric and adult medicine from the fields of hematology, nephrology, and laboratory medicine. Authors, through an
iterative review process identified and synthesized information from relevant published studies.

Key findings: Thrombotic thrombocytopenic purpura occurs in the setting of insufficient activity of the von Willebrand
factor protease known as ADAMTSI3. Shiga toxin-producing Escherichia coli<induced hemolytic uremic syndrome, also
known as “typical” HUS, is caused by gastrointestinal infections with bacteria that produce Shiga toxin (initially called
verocytotoxin). A variety of clinical conditions or drug exposures can trigger TMA. Finally, aHUS occurs in the setting of
inherited or acquired abnormalities in the alternative complement pathway leading to dysregulated complement activation,
often following a triggering event such as an infection. It is possible to break the process of etiological diagnosis of TMA
into 2 distinct steps. The first covers the initial presentation and diagnostic workup, including the processes of identifying
the presence of TMA, appropriate initial tests and referrals, and empiric treatments when appropriate. The second step
involves confirming the etiological diagnosis and moving to definitive treatment. For many forms of TMA, the ultimate
response to therapies and the outcome of the patient depends on the rapid and accurate identification of the presence of
TMA and then a standardized approach to seeking the etiological diagnosis. We present a structured approach to identifying
the presence of TMA and steps to identifying the etiology including standardized lab panels. We emphasize the importance
of early consultation with appropriate specialists in hematology and nephrology, as well as identification of whether the
patient requires plasma exchange. Clinicians should consider appropriate empiric therapies while following the steps we have
recommended toward definitive etiologic diagnosis and management of the TMA.

Limitations: The evidence base for our recommendations consists of small clinical studies, case reports, and case series.
They are generally not controlled or randomized and do not lend themselves to a stricter guideline-based methodology or a
Grading of Recommendations Assessment, Development and Evaluation (GRADE)-based approach.

Abrégé
Justification: La microangiopathie thrombotique (MAT) est suspectée chez les patients présentant une thrombocytopénie
et la preuve d’'une anémie hémolytique microangiopathique (AHMA). Les patients atteints de MAT peuvent étre gravement
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malades, il est donc essentiel de déterminer rapidement et précisément I'étiologie sous-jacente. Grace a une meilleure
connaissance de la physiopathologie et des causes de la MAT, nous pouvons désormais classer les MAT par catégorie: purpura
thrombocytopénique thrombotique (PTT), syndrome hémolytique urémique post-infectieux (SHU) principalement induit par
STEC (Escherichia coli produisant la toxine Shiga), ou MAT associée a une affection coexistante ou a un SHU atypique (SHUa).
Nous avons constaté un besoin dans la communauté médicale pour guider a la fois la détection rapide et précise de la MAT,
la sélection des tests pour clarifier son étiologie et la séquence des étapes menant a linitiation du traitement.

Sources: Des recherches documentaires sur PubMed et les connaissances antérieures des auteurs ont permis de colliger les
principales études publiées portant sur la détection, la classification et le traitement de la MAT chez les enfants ou les adultes.
Méthodologie: Cet examen est le résultat d’un processus de consultation qui refléte le consensus des experts du Canada,
des Etats-Unis et des Emirats arabes Unis. Les membres représentent des cliniciens, des chercheurs et des enseignants en
médecine pédiatrique et adulte dans les domaines de 'hématologie, de la néphrologie et de la médecine de laboratoire. Les
auteurs, par le biais d’'un processus d’examen itératif, ont colligé et synthétisé I'information provenant des études publiées
jugées pertinentes.

Principaux résultats: Le PTT survient lors d’une activité insuffisante de la protéase du facteur Willebrand connue sous le
nom d’ADAMTSI3. Le SHU-STEC, aussi appelé SHU «typique », est causé par des infections gastro-intestinales dues a des
bactéries produisant la toxine Shiga (initialement appelée vérocytotoxine). Plusieurs états pathologiques ou expositions a des
médicaments peuvent déclencher la MAT. Quant au SHU atypique (SHUa), il survient en présence d’anomalies héréditaires
ou acquises de la voie du complément alternatif qui ménent a un déreglement de I'activation du complément, souvent a la
suite d’'un événement déclencheur comme une infection. On peut diviser le processus de diagnostic étiologique de la MAT
en deux étapes distinctes. La premiére couvre la présentation initiale et le diagnostic, y compris les processus de détection
de la MAT, les tests initiaux et aiguillages appropriés, ainsi que les traitements empiriques si nécessaire. La deuxiéme étape
consiste a confirmer le diagnostic étiologique et a procéder au traitement définitif. Pour de nombreuses formes de MAT, la
réponse ultime aux traitements et le résultat du patient dépendent de la détection rapide et précise de la MAT et ensuite,
d’une approche standardisée pour la recherche du diagnostic étiologique. Nous présentons une approche structurée pour
détecter la présence de MAT ainsi qu’'une démarche pour rechercher I'étiologie, y compris des tableaux de laboratoire
normalisés. Nous soulignons I'importance d’une consultation précoce avec les spécialistes appropriés en hématologie et en
néphrologie, et de la détermination d’un éventuel besoin d’échange de plasma (PLEX) pour le patient. Les cliniciens devraient
envisager les traitements empiriques appropriés tout en suivant la démarche que nous recommandons pour le diagnostic
étiologique définitif et la gestion de la MAT.

Limites: La base factuelle de nos recommandations est constituée de petites études cliniques, de rapports de cas et de
séries de cas. Ces études ne sont généralement pas contrdlées ou randomisées et ne se prétent pas a une méthodologie
plus stricte basée sur des lignes directrices ni a une approche fondée sur le GRADE (Grading of Recommendations Assessment,
Development and Evaluation).

Keywords
thrombotic microangiopathy, thrombotic thrombocytopenic purpura, STEC-induced hemolytic uremic syndrome, atypical
hemolytic uremic syndrome
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Introduction

Thrombotic microangiopathy (TMA) occurs in the context
of various diseases. Identifying the etiology can be challeng-
ing. Patients with TMA may be critically ill, and the underly-
ing diagnosis may be unclear at initial presentation, as may
be the exact pathophysiology. However, a rapid diagnosis is
essential for effective treatment. Thrombotic microangiopa-
thy is characterized by endothelial cell damage and forma-
tion of microthrombi in small vessels. This can lead to the
classical presentation of TMA, with varying degrees of
microangiopathic hemolytic anemia (MAHA), thrombocyto-
penia, and ischemic damage to target organs such as the brain
and kidney, but can also affect multiple other organ systems
such as the heart, lungs, and the gastrointestinal tract."> The
severity and symptoms of the initial presentation are deter-
mined by which microvascular beds are involved, and the
extent of the damage to these vessels. The kidney may be
additionally injured by the release of free hemoglobin.>*

Traditionally, hemolytic uremic syndrome (HUS) and
thrombotic thrombocytopenic purpura (TTP) were viewed as
disorders characterized by fragmentation of red blood cells,
platelet consumption, and microthrombi in involved tissue.>*
It was thought that primary involvement of renal glomerular
and preglomerular vessels resulted in “HUS,” the predomi-
nant TMA manifestation in childhood, while the preferential
involvement of cerebral vessels was considered characteris-
tic of TTP, the predominant TMA manifestation in adults.®

Thrombotic microangiopathies were categorized as pri-
mary (eg, classical TTP or HUS) or secondary (ie, caused by
a systemic disease, drugs, or pregnancy).” Subsequently,
various “atypical” forms of hemolytic uremic syndrome
(aHUS) were identified with clinical and prognostic features
that were often different from those of Shiga toxin-producing
Escherichia coli (STEC) HUS.®? A better understanding of
the etiology and pathophysiology of TMAs now allows clas-
sification based on underlying mechanisms rather than clini-
cal features, which overlap between these distinct conditions
(Figure 1).7

Prompt identification of a TMA and its underlying cause
is crucial to minimizing organ damage and improving patient
survival. Accurate etiological diagnosis is also critical as the
therapeutic approach can vary significantly.! We will discuss
4 major pathophysiologic categories of conditions that can
present as TMA (TTP, STEC HUS, aHUS, and TMA associ-
ated with coexisting disease, drugs, or pregnancy), with a
focus on important diagnostic aspects of these conditions.
We will also propose a diagnostic algorithm to help identify
the condition that triggered TMA. Finally, we will provide a
list of tests to aid the diagnostic workup of TMA at the time
of initial presentation, including specifics of how blood sam-
ples should be drawn and stored. The focus of this article is
not to discuss the detailed pathophysiology or etiologies of
these conditions or their treatments. They have been exten-
sively reviewed elsewhere.!%-!13

Methods

This review is the result of a consultation process that reflects
the consensus of experts from Canada, the United States, and
the United Arab Emirates. The authors represent individuals
active in pediatric and adult medicine from the fields of
hematology, nephrology, and laboratory medicine. All are
clinicians involved in treating pediatric or adult patients pre-
senting with TMA. Most are also involved in clinical and/or
basic science research in this area, and all are involved in
lecturing on related topics at the University, national or inter-
national level.

During the development of the article, authors were asked
to identify relevant key peer-reviewed publications from
their area of expertise and also in support of all sections of
the manuscript. On completion and full authorship approval
of the initial draft of the article, 9 revision opportunities were
arranged from 2018 to 2020. At each of these revision mile-
stones, all authors were asked to review both their own sec-
tions and provide internal peer review of the entire article
with the following aims: (1) remove information and refer-
ences that had been superseded by newer information, (2)
update existing references with newer and/or higher quality
references, and (3) add new information and references aris-
ing since the last revision. Authors obtained this information
through their own search of the literature predominantly by
using PubMed, participation in research projects, and atten-
dance of conferences and medical education events. A struc-
tured literature review was not performed, nor was peer
review external to the group of authors.

Review
Thrombotic Thrombocytopenic Purpura

Thrombotic thrombocytopenic purpura ensues from insuffi-
cient activity of the von Willebrand factor (vVWF) protease
known as ADAMTSI13 (a disintegrin and metalloproteinase
with a thrombospondin type 1 motif, member /3). This pro-
tease cleaves ultra-large multimers of vWF that are highly
thrombogenic in the uncleaved form.!” When ADAMTS13
activity is lacking, ultra-large multimers accumulate and act
as a scaffold for excessive platelet aggregation, resulting in
uncontrolled microvascular thrombosis and hemolysis.

Thrombotic thrombocytopenic purpura is commonly
caused by IgG autoantibodies directed against ADAMTS13.
Hereditary (congenital) TTP, known as Upshaw-Schulman
syndrome, results from homozygous or compound heterozy-
gous mutations in the ADAMTSI3 gene.?’

Previously, TTP was considered a clinical diagnosis,
based on the pentad of thrombocytopenia, MAHA, fever,
neurologic symptoms, and renal dysfunction.?! The full
clinical picture is seen in only about 5% of patients with
TTP,? and if present is typically observed late in the evolu-
tion of the disease.?* Clinicians should not delay treatment
until all criteria are met, given the high early mortality



Canadian Journal of Kidney Health and Disease

Confirmed Presence of TMA

TMA Associated with

Viral infection
associated HUS

TTP Infection Induced Co-Existing Disease or Atypical HUS
Condition
Infection-induced HSCT Complement
TMA Solid organ transplantation associated HUS
* STEC3-HUS Malignancies with or without
* S pneumoniae- Autoimmune diseases genetic
HUS Drugs abnormalities

Malignant Hypertension
Pregnancy
*Cobalamine

* With anti-CFH
antibodies

*Additional genetic
causes for TMA —
complement
unrelated ex.
DGKE and INF2

Figure 1. Thrombotic microangiopathies by category.
Source. Modified from Fakhouri et al.®

Note. TMA = thrombotic microangiopathy; TTP = thrombotic thrombocytopenic purpura; STEC = Shiga toxin-producing Escherichia coli; HUS =
hemolytic uremic syndrome; HSCT = hematopoietic stem cell transplantation; CFH = complement factor H; DGKE = diacylglycerol kinase epsilon;

INF2 = inverted formin 2.
*TMA forms predominantly affecting children.

risk.?* Otherwise, unexplained thrombocytopenia and
MAHA are sufficient to suspect TTP and commence a
potentially lifesaving therapy. Compared with STEC HUS
or aHUS, TTP is usually associated with more severe
thrombocytopenia and less renal involvement, although
there is significant overlap.? In adult patients with TMA, a
platelet count <30 X 10%L and a serum creatinine of <200
umol/L predict low ADAMTSI13 activity with odds ratios
(ORs) of 9.1 (95% confidence interval [CI] = [3.4, 24.2])
and 23.4 (95% CI = [8.8, 62.5]), respectively.?® Similarly,
patients with TMA who are antinuclear antibody positive
are also more likely to have low ADAMTS 13 activity (OR:
2.8; 95% CI = [1.0, 8.0]), and thus, these associations are
helpful in ascertaining the correct TMA diagnosis. The
more recently developed PLASMIC score, which adds
hemolysis, presence of cancer or transplant, international
normalized ratio (INR), and mean corpuscular volume as
variables, can predict severe ADAMTSI13 deficiency and
may have more discriminatory power than platelets and
creatinine alone.?’” However, for a definitive diagnosis,
ADAMTSI13 activity should be assessed.

Quantitative measurement of ADAMTSI13 activity along
with antigen and inhibitor levels accurately permit or rule out
a diagnosis of TTP. As early recognition of TTP and prompt
therapeutic intervention is critical to patient outcomes,
ADAMTSI13 is now an integral part of the initial diagnostic

workup of any newly identified TMA,® unless a clear cause
is already obvious (eg, cobalamin deficiency). Presently,
ADAMTSI3 testing is limited to a few specialized centers. It
is our recommendation that all laboratory directors establish
contracts with reference laboratories to obtain timely (<48
hours), quantitative measurements of ADAMTS13 activity
for all patients presenting with TMA. Severely reduced
ADAMTSI13 activity is diagnostic of TTP.?’ Most centers
across Canada use assays which have <10% as the validated
assay lower limit of detection. ADAMTSI13 activity <10%
in the appropriate clinical context confirms the diagnosis of
TTP. Cases with ADAMTSI13 activity between 10% and
20% should be considered suspicious for TTP. Any plasma
therapy before obtaining the test sample, such as plasma
infusion or plasma exchange (PLEX) therapy, may spuri-
ously augment detected ADAMTSI13 activity. Finally, the
presence of an anti-ADAMTS13 antibody is diagnostic of
autoimmune or acquired TTP.

The currently recommended treatment for TTP is PLEX
and immunosuppressive therapy, aimed at reducing the
concentration of autoantibodies and restoring ADAMTS13
activity.’® Blood for ADAMTS13 testing should be drawn
prior to the first PLEX treatment, but it may still be diag-
nostic in immune TTP if tested after PLEX therapy has
been initiated.>>’! There is a significant early mortality
risk associated with TMA induced by TTP which can be
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reduced by the timely use of PLEX,* and so definitive
treatment should not be delayed awaiting the results of
ADAMTSI3 activity testing when a TMA is present and
TTP is suspected.

STEC-Induced HUS

STEC HUS is a serious complication of gastrointestinal
infections with Shiga toxin (Stx) producing bacteria, pri-
marily Shiga toxin-producing Escherichia coli (STEC).
Shiga toxin is absorbed into the circulation bound to globo-
triaosylceramide-3 (Gb3) and translocated into microvascu-
lar endothelial cells and other tissues expressing the receptor.
Renal and colonic endothelial cell injury is responsible for
most of the symptoms, but the central nervous system, pan-
creas, and other organs can be affected, and this dictates the
extent and outcome of STEC HUS. STEC O157:H7 is the
most common £E coli serotype associated with HUS.
However, non-O157 STEC strains and other Stx-producing
bacteria, especially Shigella dysenteriae, have been isolated
from patients with HUS worldwide.*? Many animals such as
cattle lack Gb3 on the cell surfaces and therefore can carry
STEC without developing disease.?

The key diagnostic test for STEC HUS is a stool sample
for culture and/or Stx testing (eg, by polymerase chain reac-
tion or enzyme-linked immunosorbent assay). For epidemio-
logical reasons, bacterial isolation is desirable in all instances.
With a few exceptions, a positive test allows categorization
of the type of HUS. Treatment for STEC HUS is largely sup-
portive, including dialysis, and red blood cell transfusions if
required.**3¢ Volume expansion during the colitis phase and
early in the course of HUS appears to reduce morbidity and
mortality.3*3® Anticomplement therapy has been reported to
be beneficial in life-threatening cases of STEC HUS.**#
However, detailed retrospective analyses following the 2011
German E coli O104:H4 and other outbreaks failed to show
evidence that patients benefited from eculizumab therapy
during acute HUS.***¢ Ongoing randomized controlled trials
may resolve the controversy.*’

Thrombotic Microangiopathy Associated with
Coexisting Disease, Drugs, or Pregnancy

Various conditions have been described as potential triggers
for TMA, including viral infections, malignancies, and hema-
topoietic and solid organ transplantation. Systemic lupus ery-
thematosus (SLE) and disorders such as catastrophic
antiphospholid syndrome have also been associated with
TMA..*® The latter may be primary or SLE related. Autoimmune
TTP may be also a part of SLE-associated TMA.#

Both therapeutic and recreational drugs (eg, cocaine)
have been implicated in TMA.5%*!' HELLP syndrome
(hemolysis, elevated /iver enzymes, low platelets) is a preg-
nancy-specific TMA, although pregnancy can also trigger
TTP or aHUS.>?

Identifying the etiology of such a cause of TMA is pri-
marily driven by clinical suspicion, consequent clinical
findings, and corroboration by laboratory testing. If the
patient presents with signs or symptoms suggesting a sig-
nificant systemic condition, be it pregnancy, infection, con-
nective tissue disease, or malignancy, or exposure to certain
drugs previously associated with TMA, appropriate investi-
gations should be initiated. We suggest some tests that
would be reasonable additions to the initial workup of TMA
in this context (Figure 2). Treatment for TMA is then
directed at the underlying cause. In many cases of drug-
induced TMA, the TMA will resolve on discontinuation of
the drug. If the disease presentation is severe and the etiol-
ogy is unclear, PLEX may be employed while investiga-
tions are pending and/or while treatment directed at the
underlying cause takes effect. The diagnosis should be
reevaluated if the TMA does not resolve with adequate
therapy of the presumed underlying condition, especially in
the setting of connective tissue disease.

Although the exact pathogenetic mechanism is often
unknown, it is assumed TMA results from direct or indirect
endothelial injury and that biological mediators such as com-
plement and vWF may be involved. Note that patients with
TMA associated with coexisting conditions or drugs who do
not respond to standard therapy may have an underlying
genetic or acquired defect of the complement or coagulation
system that has not yet been recognized.™

Atypical HUS

For the current discussion, we define aHUS as a disease
caused by dysregulation of the complement system or related
coagulation factors. The primary functions of the comple-
ment system are to defend against pathogens and adverse
consequences of cell injury, to induce inflammation and
bridge innate and adaptive immunity.>* Clq is critical for
apoptotic cell removal, in addition to its role in the initiation
of the classical pathway of complement activation,’ while
C3a and C5a are potent proinflammatory chemokines.>
There are 3 well-characterized pathways of complement
activation: the classical pathway is mostly triggered by the
binding of Clq to antigen-antibody complexes; the lectin
pathway by binding of pattern recognition molecules to sur-
face carbohydrates involving mannose-binding lectin-asso-
ciated serine proteases that catalyze C4 and C2 cleavage of
the classical cascade;”” and finally, the alternative pathway
which is constitutively active at a low level. Regardless of
how the complement cascade is activated, it results in the
formation of C3 and C5 convertase, inflammatory chemo-
kines, and assembly of the membrane attack complex (MAC)
which punctures cell membranes causing cell lysis and efflux
of cell content.

The alternative pathway is constantly “on” but tightly
controlled, a process referred to as “C3 tickover.” The
complement protein 3 (C3) spontaneously hydrolyses to a
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Testing

Adult Patients
Phase

Pediatric Patients

Confirm Presence
of TMA

CBC, Reticulocyte count, LDH, Blood film, Haptoglobin

Evaluate for Organ
Damage

Lytes (Sodium, Potassium, Chloride and Bicarbonate), Troponin, Lactate,
AST,ALT, ALP, gamma GT, Bilirubin direct and indirect, Urinalysis, BUN,

creatinine, Lipase

Rule out TTP

Plasma ADAMTS-13 activity + inhibitor

Rule out Infectious

Culture for STEC (stool or rectal swab), Real-time PCR or ELISA for Shiga toxin
identification in stool, Anti-LPS antibodies, CXR, Cultures (ex. blood, urine,

associated with
coexisting disease/

Causes CSF), Influenza A/B culture or PCR, HIV, Hepatitis B and C serology
Lipase, C3,C4, ANA,dsDNA, anti-centromere, anti Scl-70, Calcium, INR/PTT,
Fibrinogen, FDP, D-Dimer, Lupus Anticoagulant, Anti-cardiolipin antibody, 32
glycoprotein, Coomb’s test
Rule out TMA

Homocysteine, methionine plasma
levels (amino-acid chromatography)

conditions ANCA., Anti-GBM Methylm?lonic acid p[asme} or urinary
Beta hCG evels (organic ao|d_
chromatography), Screening for
MMACHC mutations
Tests of systemic complement activation (CFB/Ba/Bb, C5b-9 level, CH50), Anti
Consider aHUS CFH antibodies, MCP surface expression on leucocytes, Screening for

mutations in CFH, CFI, MCP, C3, CFB, THBD, CFHR1-5, genes not linked to
the complement system (DGKE, plasminogen, VWF, INF2, VTN)

Figure 2. Recommended tests during the workup of a suspected or confirmed thrombotic microangiopathy.

Note. Test list: ALP = alkaline phosphatase; PCR = polymerase chain reaction; ELISA = enzyme-linked immunosorbent assay; ADAMTSI3 = a
disintegrin and metalloproteinase with a thrombospondin type | motif, member |3; ALT = alanine transaminase; ANA = antinuclear antibody; ANCA

= antineutrophil cytoplasmic antibodies; AST = aspartate aminotransferase; BUN = blood urea nitrogen; CBC = complete blood count; CFB =
complement factor B; CFH = complement factor H; CFHR = complement factor H related; CFl = complement factor |; CSF = cerebrospinal fluid;
CXR = chest x-ray; C5b-9 = complement factor b-9; DGKE = diacylglycerol kinase epsilon; dsSDNA = double stranded DNA; FDP = fibrin degradation
product; gamma GT = gamma-glutamyl transferase; GBM = glomerular basement membrane; hCG = human chorionic gonadotropin; HIV = human
immunodeficiency virus; INF2 = inverted formin-2; LDH = lactate dehydrogenase; LPS = lipopolysaccharides; MCP = membrane cofactor protein;
MMACHC = methylmalonic aciduria and homocystinuria type C protein; SCL-70 = antitopoisomerase antibody-type of antinuclear autoantibodies (seen
in some cases of scleroderma); STEC = Shiga toxin-producing Escherichia coli; THBD = thrombomodulin; VTN = vitronectin; VWF = von Willebrand
factor; TMA = thrombotic microangiopathy; TTP = thrombotic thrombocytopenic purpura.

partially active C3b, which in turn catalyzes further con-
version of C3 to C3b. C3 is 1 of the most abundant proteins
in the blood, and the constitutive conversion of C3 to C3b
provides the substrate for rapid activation and amplifica-
tion of downstream complement activity. In health, the
presence of several regulators of complement safeguards
against inappropriate activation of C3b, but also allows for
rapid complement activation when C3b is bound to a tar-
get, for example, during infection. This mechanism pre-
vents uncontrolled activation of the complement system
and attendant tissue injury. Other complement regulators
increase the decay of convertases, the enzyme complexes
necessary to drive complement activity.

Atypical HUS occurs when the alternative pathway of
complement is inappropriately activated, usually through
genetic variants that reduce the function of complement
regulators (eg, complement factor H [CFH], complement
factor I, and membrane cofactor protein [CD46]), or
through gain-of-function (“activating”) mutations, mainly
of C3 or complement factor B.’® Autoantibodies against
inhibitors of complement activation (eg, CFH) can pro-
duce a similar clinical phenotype (acquired aHUS).
Impaired regulation of the complement system can lead to
endothelial injury and further complement activation that
triggers TMA and downstream organ damage.’® There is
some evidence to suggest that resultant hemolysis leads to
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further complement activation, thus initiating a vicious
cycle.?*

Atypical HUS is a systemic disease that may involve
various organs and tissues. The kidney seems particularly
vulnerable to complement-induced injury. Extrarenal man-
ifestations can involve the heart, central nervous system,
and gastrointestinal tract, among others.

The disease penetrance of (usually heterozygous) com-
plement regulator mutations is incomplete. Affected people
may not present with aHUS until later in life. Usually, a trig-
gering event is required such as an illness or other condition
(eg, infection with a complement-activating pathogen such
as influenza, or pregnancy or surgery).!%33606! However, in
an estimated 1/3 of episodes, no triggering event has been
identified.*

There is no single, rapid, or definitive test to positively
diagnose aHUS. Atypical HUS should be suspected in the
presence of TMA with at least partially preserved ADAMTS13
activity and absence of coexisting condition or drug exposure
known to trigger TMA, or when the TMA fails to improve
despite adequate treatment of a coexisting condition. Other
features suggesting aHUS include observation of familial
occurrence, recurrence after transplantation, and a particu-
larly severe or unrelenting clinical course. Genetic and func-
tional testing for complement dysregulation may provide
insight into the risk of relapse in cases of aHUS and may
have an impact on transplant options.*®

Testing for genetic variants of the complement system
or for relevant autoantibodies should be performed and
may provide useful prognostic information; however, only
about half of the patients with aHUS have an identifiable
genetic variant with currently available tests. Furthermore,
the time required for genetic and serological testing is
often too long to allow an etiological diagnosis at the time
of presentation or to guide the initial treatment. Treatment
should not be delayed due to negative or pending diagnos-
tic test results.*

The treatment of choice for aHUS is blockade of inappro-
priate complement activation.!>»% Currently the only effec-
tive treatment available is the anti-C5 antibody eculizumab.
In some jurisdictions, a long-acting second-generation C5
inhibitor under the name ravulizumab has been recently
approved.®* Future complement blockers interfering with the
complement cascade (eg, at the level of C3 activation or
MAC/C5b-9 formation or through blocking of C5 RNA) are
in development.

Specific pediatric considerations—Differential diagnosis. Sub-
types of TMA affect children with frequencies different from
those found in adults (Figure 1). Among infection-induced
TMAs, STEC and Streptococcus pneumoniae HUS are pri-
marily found in children.”

Thrombotic microangiopathy due to diacylglycerol kinase
epsilon (DGKE) genetic variants mainly affects infants
below 1 year but has been reported in children up to 6 years

of age.® Diacylglycerol kinase epsilon-HUS typically results
in end-stage renal disease in the second decade of life.%
Complement factor H autoantibody—mediated HUS predom-
inantly affects young adolescents but can affect younger
children.®” Methylmalonic aciduria and homocystinuria type
C protein (MMACHC) is often considered a diagnosis of
neonates or young infants and associated with neurological
symptoms.®®%° However, recent studies show that cblC defi-
ciency—associated TMA can manifest later in life (ie, the sec-
ond decade).® CblC-deficient patients were found to present
with HUS and pulmonary hypertension during preschool
age; in older children, neurological symptoms were predomi-
nant, while thromboembolic events and glomerulopathies
were mainly found in adults.**7

A Diagnostic Approach

The approach to identifying the presence of a TMA and diag-
nosing the underlying cause consists of the steps outlined in
(Figure 3). The initial step in the diagnostic pathway is to
recognize TMA, defined by the presence of thrombocytope-
nia and MAHA. Thrombocytopenia can be either absolute
(platelet count <150 X 10%L) or relative (>25% reduction
in platelet count from baseline). Microangiopathic hemolytic
anemia is diagnosed when there is evidence of anemia and
hemolysis, including schistocytes in the blood smear,
increased lactate dehydrogenase, free hemoglobin in serum,
and reticulocytosis. Decreased haptoglobin is a sensitive, but
nonspecific feature.”! Not all of these items are needed
simultaneously to confirm the presence of MAHA.

Once the presence of TMA is identified, the focus becomes
finding the underlying etiology. In some cases, clinical sus-
picion may point to the diagnosis. For example, a child pre-
senting with a first episode of TMA with bloody diarrhea in
the warm season is likely to have STEC HUS. As another
example, a patient presenting with relatively preserved glo-
merular filtration rate but severe thrombocytopenia may
have TTP. However, in all cases of unclear TMA, we recom-
mend that a panel of tests be ordered to determine the under-
lying cause (Figure 2). These tests should be obtained as
soon as possible, to expedite an accurate diagnosis, as well to
avoid confounding test results by therapeutic interventions
such as PLEX, immunotherapy, transfusions, antibiotics, and
so on. This list is a starting point, and other investigations
should be pursued as clinically indicated. We include instruc-
tions for blood collection, preparation, and storage. When a
test is not available locally (eg, ADAMTSI13 activity), the
blood should be collected, prepared, and stored locally
according to the instructions of the partner laboratory, and
then properly transported in an expedited fashion to an
accredited testing facility. If empiric therapy such as PLEX is
needed, it is important to proceed with these treatments with-
out delay. To ensure subsequent accurate interpretation of
biomarker or complement function testing, 2 additional
blood samples of citrated plasma (light blue tube), EDTA
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Figure 3. A diagnostic algorithm for suspected thrombotic microangiopathy.

Note. Patients with previously confirmed diagnosis of aHUS (+TMA history and/or genetic mutation and/or kidney transplant) should be treated
immediately with anti-C5 inhibitor. Complement genetic testing should be performed in all patients with aHUS, but treatment should not be delayed
awaiting results. While waiting for ADAMTSI 3 results, a platelet count >30 X [09/L or serum creatinine >200 pmol/L almost eliminates a diagnosis of
severe ADAMTS I3 deficiency (TTP). TMA = thrombotic microangiopathy; TMA-CCD = thrombotic microangiopathy with coexisting disease or drug
exposure; LDH = lactate dehydrogenase; PLEX = plasma exchange; TTP = thrombotic thrombocytopenic purpura; HUS = hemolytic uremic syndrome;
aHUS = atypical hemolytic uremic syndrome; STEC = Shiga toxin-producing Escherichia coli; ADAMTSI3 = a disintegrin and metalloproteinase with a
thrombospondin type | motif, member |3; INH = inhibitor antibody; C5 = complement component 5.

plasma (lavender top tube) and serum with clot activator (red
top tube) should be drawn prior to therapy for storage in the
local hospital laboratory. These blood samples need to be
processed within 2 hours of collection, centrifuged, sepa-
rated, and stored in a —80°C freezer.

As the results of investigations become available, the
underlying etiology often becomes clearer, especially once
the STEC testing is available in those with a diarrheal illness,
and once the ADAMTSI13 testing is available in others. If
results remain unclear, the stored samples of blood can be
used to send for additional complement function and/or bio-
marker testing, as appropriate.

It is important to note that PLEX should be initiated
empirically in adult patients with TMA of unclear etiology
due to the prevalence of TTP and the worsening of clinical

outcomes in TTP when PLEX is delayed. In all cases of
TMA, hematology and nephrology specialists should be con-
sulted, especially to facilitate rapid access to PLEX and/or
dialysis for patients in centers who do not provide these
treatments. It is important to initiate therapy as soon as pos-
sible even before diagnostic test results are back to control
disease manifestations and have the best chance to favorably
affect clinical outcomes.

Figure 3 summarizes the approach to TMAs and provides
guidance regarding empiric and definitive treatments. For
further information regarding therapies, we direct readers to
some recent reviews. %1372

Specific pediatric considerations—Diagnostic approach. The
diagnostic approach to TMA in children will reflect the
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above considerations. Infection-induced TMA should be
confirmed or ruled out in all children with TMA. This
requires full workup for infection by Stx-producing bacte-
ria, regardless of whether bloody diarrhea is present.!® In
pediatric TMA patients with pneumonia—in particular in
combination with empyema—or meningitis, the possibility
of pneumococcal HUS has to be considered; workup should
include culture or nucleic acid tests for S pneumoniae and
assays for the detection of neuraminidase-induced exposure
of the Thomsen-Friedenreich neoantigen.!*3* Genetic
workup of children with suspected aHUS should include
screening for DGKE genetic variations (at least up to 6
years of age). All pediatric patients should undergo testing
for CFH autoantibodies, although the incidence of anti-
CFH antibody-mediated aHUS appears to be greater in ado-
lescents with TMA than in younger children. Likewise, all
children with TMA should be tested for possible cblC defi-
ciency by measuring plasma and/or urine homocysteine
and methylmalonic acid levels, followed by genetic confir-
mation via MMACHC sequencing in suspected cases.!>7

Specific pediatric considerations—Treatment. In patients
with established etiology of TMA, therapeutic principles
are identical across age groups. Age-specific differences,
however, apply in cases where the results of the diagnostic
workup are still pending and where empirical treatment is
urgent. Incidence and prevalence of TMA subtypes differ
between children and adults (Figure 1). Pediatric patients
with TMA without strong arguments for TTP (ie, predomi-
nant neurological symptoms and platelet count <30 X
10°/L) or STEC HUS (ie, colitis) should be considered to
have aHUS and treated accordingly with complement
blockade (eg, eculizumab).

This is in contrast to adult patients with TMA, where the
probability of TTP is higher and PLEX is accepted as first-
line therapy. Exceptions from complement blockade as
first-line therapy in children with aHUS are patients carry-
ing DGKE genetic variations (predominantly preschoolers)
and those with high suspicion of cblC deficiency, where
anticomplement therapy is not indicated. Patients with pre-
sumptive or proven cblC deficiency TMA should be
promptly treated with hydroxycobalamin while awaiting
genetic confirmation.®

Limitations

Although repeated literature reviews were performed by the
authors, a structured literature review was not performed.
The evidence base for our recommendations consists of
small clinical studies, case reports, and case series. They are
generally not controlled or randomized, and do not lend
themselves to a stricter guideline-based methodology or a
Grading of Recommendations Assessment, Development
and Evaluation (GRADE)-based approach.

Conclusions

The presence of TMA can be daunting due to its rarity, high
morbidity, and mortality; the need for specialized diagnostic
testing; and the urgency for therapeutic intervention. However,
a structured approach to this clinical presentation can help cli-
nicians move rapidly toward a correct diagnosis and optimal
treatment. As many of the tests that we have recommended in
the workup of a patient presenting with TMA may not be intui-
tive, and as the appropriate collection, storage, and processing
of blood specimens is important in preventing diagnostic
delays, it is our hope that hospitals will adopt a standardized
approach to the diagnosis and initial therapy of TMA that
include order sets with appropriate laboratory processing
instructions, based on our recommendations.
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