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Abstract

The thrombotic microangiopathies (TMAs) are a heterogenous group of disorders
with distinct pathophysiologies that cause occlusive microvascular or macrovascular
thrombosis, and are characterized by microangiopathic hemolytic anemia, thrombo-
cytopenia, and/or end-organ ischemia. TMAs are associated with significant morbid-
ity and mortality, and data on the management of certain TMAs are often lacking. The
nomenclature, classification, and management of various TMAs is constantly evolving
as we learn more about these rare syndromes. Thorough clinical and laboratory evalu-
ation is essential to distinguish various TMAs and arrive at an accurate diagnosis, which
is key for appropriate management. In this illustrated review, we focus on thrombotic
thrombocytopenic purpura (TTP), Shiga toxin-associated hemolytic uremic syndrome,
complement-mediated hemolytic uremic syndrome, hematopoietic cell transplant-
associated TMA, and drug-induced TMA, and describe their incidence, pathophysiol-
ogy, diagnosis, and management. We also highlight emerging complement-directed

therapies under investigation for the management of complement-mediated TMAs.

KEYWORDS
atypical hemolytic uremic syndrome, hemolytic uremic syndrome, management,
pathophysiology, thrombotic microangiopathies, thrombotic thrombocytopenic purpura

e Thrombotic microangiopathies (TMAs) are a diverse group of rare, life-threatening disorders.

o We review the incidence, pathophysiology, evaluation, and management of various TMAs.

e Thorough evaluation is essential to distinguish TMAs, as management relies on accurate diagnosis.

e Several complement-directed therapies are emerging in the treatment of complement-mediated TMAs.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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Definition & Characteristics

Thrombotic Microangiopathy (TMA)

is an overarching term that encompasses a <
highly diverse group of disorders with unique

pathophysiologies.

e Describes occlusive microvascular or macrovascular disease, often with intraluminal
thrombus formation [1,2], characterized by:

Microangiopathic Hemolytic Anemia (MAHA)

4 Classically characterized by many of the following:

1 Lactate dehydrogenase J Haptoglobin
1 Indirect bilirubin 1 Reticulocytes
- Negative direct antiglobulin test

_»a. ¢ Microangiopathy: fragmented red blood cells

. « { seen on peripheral smear (schistocytes)
A
e €

and

Non-Immune Thrombocytopenia

and/or

End-Organ Ischemia

e Varying degrees of organ ischemia/infarction
(e.g. brain, heart, kidneys), often associated with
high morbidity or mortality

e Focal TMA refers to a5t
microvascular thrombosis mlly =5 4% 2\
seen histologicaly, et N P A
without peripheral MAHA or

thrombocytopenia
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TMA Epidemiology

o TMA classification and nomenclature is challenging, as it lacks consensus and is constantly evolving.

In this review, we highlight various TMAs based on their unique pathophysiologic

mechanisms, and focus on the following TMA syndromes:

~0.2-2

per million annually (6]

~3-6

per million annually (341

~6-170

per million annually* (5]

~0.4-1 ~3-20%

per milliont 71 post-HCT# [s-11]

* varies by age and geographic location

T worldwide genetic prevalence. Prevalence may be higher in certain geographic locations [12]

F available studies vary in their definition of TA-TMA and report cumulative incidence over different follow-up durations
§ incidence is unknown and varies with drug type
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Diagnostic Evaluation

Initial Evaluation

o History, physical, and careful medication review
o Complete blood count with differential
® Reticulocyte count
o Peripheral blood film
® Renal and hepatic function
o Direct & indirect bilirubin
© Haptoglobin
o Lactate dehydrogenase

 Direct antiglobulin test (if hemolysis is present)

o Fibrinogen, D-dimer, PT, PTT
o Imaging studies/additional work-up as indicated

Thrombotic Microangiopathy

identified based on presence of MAHA,
thrombocytopenia +/- end-organ involvement*

o Send ADAMTS13 activity

¢ chch & E oo

PLASMIC score
A score of 2 6 confers high
pre-test probablity of TTP [13].
It takes into account:

Kidney injury is mild or absent,
vs other TMAs (severe)

Coagulopathic findings are
absent, their presence may
suggest DIC

ADAMTS13 activity

Severe deficiencies (<10%) are
characteristic of TTP [14]

Mild/moderate deficiencies can
be seen in other TMAs

ADAMTS13 .
inhibitor or Genetic
antibody testing

A positive test evaluates for

highly suggests hereditary TTP
immune TTP

£
|

Stool shiga-toxin

confirms diagnosis

Other infections, such as
Streptococcus
Pneumoniae can cause
infection-induced HUS

Clinical diagnosis
of exclusion

Genetic Testing
(CFH, CFl, CFB, MCP, C3)
evaluates for hereditary

causes

CFH antibody
may identify autoimmune
cause when suspected.
CFl antibodies have been
reported, but their
significance is unclear [15]

Serum complement levels
(CH50, C5b-9 C3, C4) are
neither sensitive nor
specific

© Hypertension is a
common presenting
finding

 Kidney involvement is a
hallmark of TA-TMA, other
organs may be involved

* TMA may be focal
(absent peripheral MAHA)
[16], and may overlap
with DI-TMA

Clinical diagnosis

Several diagnostic criteria
have been developed to
aid in diagnosis [16,17], as
well as a recently
developed prognostic
model [18]

Clinical Diagnosis

* Based on clinical features
and temporal relationship
with known causative drug,
after excluding other
causes

e Certain drugs may cause
iTTP [20-22], which may be
confused with DI-TMA. In
DI-TMA, severe ADAMTS13
deficiency is absent.

Immune
e Onset is usually acute [19]
* Drug-dependent antibody
testing may help identify
culprit drug, but does not
rule out diagnosis [1]

Non-immune
* Onset is usually gradual
and dose-dependent [1]

Supportive Management

We discuss the pathophysiology and management of individual TMAs in detail below.
General principles of initial supportive management apply to most TMAs, regardless of pathophysiology:

The following diseases and
syndromes can cause TMA:

e DIC
© Hypertensive Crisis

o Infections
(e.g. HIV, HCV, CMV, COVID19)

o Neoplastic
(e.g. MDS, PCD, solid tumors)

® Rheumatologic

(e.g. antiphospholipid syndrome,
SLE, systemic sclerosis, vasculitis,
connective tissue disease)

© Pregnancy-associated
(e.g. preeclampsia, HELLP)

* Metabolism-mediated TMA
(e.g. defective B12 metabolism,
due to MMACHC gene mutation)

© Coagulation-mediated TMA
(e.g. genetic mutations in DGKE,
thrombomodulin, plasminogen)

o Support renal function with careful management of blood pressure, fluids, and electrolytes, and RRT as needed.
) ® Support erythropoiesis with hematinics (e.g. folic acid), and ESAs in cases of severe renal dysfunction.
j“; o RBC transfusions as needed. Platelet transfusions may be considered for limb/organ/life-threatening bleeding.

o PLEX is initiated whenever iTTP is suspected, and can be considered in select cases of other TMAs (discussed separately)

*See "Definition & Characteristics" above

CFH, complement factor H; CFl, complement factor I; DIC, disseminated intravascular coagulation; CM-TMA, complement-mediated hemolytic uremic syndrome; DI-TMA, drug-induced thrombotic
microangiopathy; ESA, erythropoietin-stimulating agent; HELLP, hemolysis, elevated liver enzymes and low platelets; MAHA, microangiopathic hemolytic anemia; MDS, myelodysplastic syndrome; PCD,
plasma cell dyscrasias; PLEX, plasma exchange; RBC, red blood cell; RRT, renal replacement therapy; SLE, systemic lupus erythematosus; STEC-HUS, Shiga toxin-producing E. coli-associated hemolytic uremic
syndrome; TA-TMA, hematopoietic cell transplant-associated thrombotic microangiopathy; TMA, thrombotic microangiopathy; TTP, thrombotic thrombocytopenic purpura
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Immune-Mediated
Thrombotic Thrombocytopenic Purpura

Available
Treatments [25]

Autoantibodies either neutralize or
increase clearance of ADAMTS13 [23].
18G antibodies are most common,
followed by IgA and IgM [24]

Repletes deficient ADAMTS13

Plasma Exchange

Eliminates pathologic antibody

Ultra-large von Willebrand . Je X ¥
factor multimers (ULVWF) \
¥ Corticosteroids
i
Bind to platelets and cause increased < . - \\
platelet activation and aggregation, : ‘ \'4 Suppress antibody production

forming platelet-rich thrombi

Inhibits B-cell lymphocytes

.......

Obstructs blood vessels, causing red
blood cell fragmentation, MAHA, and
end-organ ischemia

See "Supportive
Management" above
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Hereditary
Thrombotic Thrombocytopenic Purpura

Pathophysiology

>150 mutations
have been
identified! [26]

by

Half-life:

3-8 days [26]

Treatment

Unlike immune-mediated TTP (iTTP),
hereditary TTP can be treated by
repleting deficient ADAMTS13 alone,
and its long half-life allows for less
frequent replacement.

This can be accomplished with the
following modalities:

Clinical phenotype
is variable [26],
some may be
asymptomatic
(possibly due to
physiologic
adaptation to low
ADAMTS13) [12]

Ultra-large VWF
multimers

Certain conditions
may trigger acute
episodes [12],
likely due to
increased VWF

production [27]
Pregnancy

Infection

Inflammation/
Trauma

\{3 w

< "gVWF

G sk -
pssbe Microvascular
period and early ThrOmbOSiS

adulthood/

pregnancy [12,26]

Plasma Infusion

&

Plasma Exchange

(S

Recombinant

ADAMTS13
(TAK-755)

Plasma infusion is the current
standard of care for:

e treating acute episodes
o prophylaxis in those with
recurrent symptoms [12]

See "Supportive Management" above

Plasma exchange is considered in
severe clinical presentations or in
pregnancy [12]. It allows for
repleting larger amounts of
ADAMTS13 without causing
volume overload.

rADAMTS13 is currently

undergoing Phase Il trials for

treatment of hTTP. It offers the
advantage of avoiding transfusion
reactions such as allergic reactions,
TACO, or TRALI seen with FFP, and

had no reports of inhibitor
development [28].

It is also being investigated for iTTP.

FFP, fresh frozen plasma; TACO, transfusion-associated circulatory overload; TRALI, transfusion-related acute lung injury; VWF, von Willebrand factor
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STEC-Associated Hemolytic Uremic Syndrome

Management is
| supportive; no specific
Increased [ therapy has been proven
pr9¢1|uct|on o Formation of | effective [6].

Increased pro-inflammatory platelet-leukocyte e See "Supportjlve'

complement aggregates, activation Management" principles
activation and MAC of monocytes and y above.
formation [29] neutrophils, releasing
tissue factor [30]

Microvascular
thrombosis

impaired VWE =z aSiP=S0 <P

cleavage by

expression [29] ADAMTS13

Endothelial injury )
and acﬁvaﬁon’ increased platelet s Eculizumab and/or PLEX

leading to adhesion, activation : may be beneficial for
procoagulant and aggregation [31] severe neurologic or

endothelium end-organ involvement,
but their benefit remains
uncertain [6].

MAC, membrane attack complex; PLEX, plasma exchange; STEC, shiga toxin-producing E. coli; TM, thrombomodulin; VWF, von Willebrand factor
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Complement-Mediated Hemolytic Uremic Syndrome

Pathophysiology

Genetic deficiency in | ™M  McP(CD46) Factorl  FactorH | In the rare cases (<10%)
complement regulators caused by anti-CFH
ok Complement Regulators §* %ZZ? autoantibody,
Gain of function in FactorH 7 plasma exchange +/-
complement activators immunsuppression may
or be considered [35]
= Acquired
3 autoantibodies €4, convertase
— Vi
(c3bBb) c3 3y
A
Dysregulated Alternative O-----18
actlvatlon. Pathway -------
of the alternative Amplificati A Anaohviail
pathway amplification piiication actir\l/:'?e {ezlg(::;ts
loop [32,33] Loop ~ and platelets

(Factor 8 S0

Thrombus

v

C5 convertase
(C3bBbC3b)

In patients with a genetic
predisposition, triggers

such as infections, Termina|
pregnancy, or surgery may —
initiate CM-HUS, but are - s Pathway
not considered causes

Ravulizumab

WE————— e

Dysfunctional

Management i
g Increased MAC production Endothelium

leads to endothelial inji
o Anti-complement therapy cacsinencoes iy

e Supportive measures
(See "Supportive Management" above)

CFH, complement Factor H; MAC, membrane attack complex; MCP, membrane cofactor protein; TM, thrombomodulin
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Hematopoietic Cell Transplant-Associated Thrombotic Microangiopathy

Preconditioning Phase

Pathophysiology 11

Conditioning

Aplastic Phase Recovery Phase

o Prolonged immobilization
o Infections

® Residual leukemic cells
o Growth factor administration
o Genetic predispostion [36]

o Indwelling central venous catheters

o Direct toxicity

o High-dose busulfan
o Fludarabine-based
regimens

o Total body
irradiation [36]

o Calcineurin (CNI) and mTOR inhibitors

o Infections

o Unrelated donor transplants/HLA mismatch

o Alloreactivity/graft-versus-host disease (GVHD)

o Autoantibody-mediated endothelial injury, such as
anti-Factor H antibody (rare) [36]

THIRD HIT

rpﬂ‘ 9 0of 13
! rese

Activation of classical
and alternative
complement cascades

Preconditioning
risk factors
result in an
activated,

procoagulant

endothelium [36]

Normal
endothelium

Conditioning
regimen and
post-transplant
factors cause
further
endothelial
injury in the
"triple hit"
hypothesis [16]

antigen-presenting cells

Procoagulant
endothelium

Activation of
lymphocytes and

Endothelial
injury

Management (16,37

Identify & treat potential triggers

(see post-transplant triggers above)

Supportive
measures
Blood pressure Support renal
control function
Blood Support
transfusions erythropoiesis

A\ Caution!
Blood products/
components may
contain significant
amounts of
complement

protein

© Hematinics such
as folic acid
o Erythropoietin-

stimulating agents,

particularly in
cases with severe
renal impairment

Infection —

GVHD —

CNlor __|
sirolimus

Autoantibody

Discontinue.
Replace with other
anti-GVHD drug

Consider plasma
exchange, rituximab

Pathophysiology mechanisms adapted from Dvorak et al. [16] and Khosla et al. [36]

Microvascular
thrombosis

Endothelial

dysfunction

Complement
blockade

If elevated sC5b9 or

proteinuria present,
complement blockade should
be strongly considered [17,37].

Eculizumab may be beneficial
in high-risk TA-TMA [38,39], and
is being investigated among
other complement inhibitors.

(See "Complement-Directed Therapy"
below)
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Drug-Induced Thrombotic Microangiopathy

Immune mechanism

/’
>
Antibodies may

react with platelets,

neutrophils, or ~d
endothelial cells J}K
i

[40,41] 3
|

We distinguish
DI-TMA from
drug-induced iTTP
based on normal

ADAMTS13 levels » Management

See "Diagnosis" above i .
o Discontinue drug, and

permanently avoid any
future use

® Supportive care*

© PLEX should be
initiated if iTTP is
suspected or confirmed
with ADAMTS13 <10%

In DI-TMA,
antibodies are
usually dependent
on presence of
drug or its
metabolites [40]

o Discontinue drug
© Supportive care*
e Complement blockade
may be beneficial in
severe cases, but
evidence is scarce

o Future re-challenge
with dose reduction can
be considered when
benefit outweighs risk

Toxic drug effect
may directly lead to
endothelial
dysfunction,
increased platelet
aggregation, or
excess activation of
complement
proteins or clotting
factors[1].

Reported Causative Drugs [41]

Antimicrobials

Quinine
Trimethoprim-sulfamethoxazole
Fluoroquinolones
(Ciprofloxacin, levofloxacin)
Metronidazole
Famciclovir

Immunosuppressants Cancer Therapy

Adalimumab
Muromonab-CD3 (OKT3)

Gemcitabine
Oxaliplatin
o

Calcineurin-inhibitors Gemcitabine
(cyclosporin A, tacrolimus) Mitomycin
Sirolimus Pentostatin
Interferon a/B VEGF inhibitors

(bevacizumab, sunitinib)

Proteosome inhibitors
Other (bortezomib, carfilzomib,
ixazomib)

Ponatinib

Emicizumab
Valproic Acid
Drug use
(MDMA, cocaine,
intravenous oxycodone)
Intravenous Immunoglobin

* See "Supportive Management" principles above
iTTP, immune-mediated thrombotic thrombocytopenic purpura; PLEX, plasma exchange
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Complement-Directed Therapies

Lectin Alternative Investigational or  ClinicalTrials.gov
Pathway Pathway Approved Drugs Identifier

Iptacopan NCT04889430

Classical Danicopan NCT04988035
Pathway
NCT03205995

Narsoplimab NCT04247906

Pegcetacoplan NCT05148299

C3 convertase

Nomacopan NCT04784455

Eculi b FDA approved
el NCT03518203

FDA approved

Terminal . NCT04543591
Ravulizumab NCT04557735

Pathway C5 convertase NCT04570397

<---- Cc3a Crovalimab NCT04861259

inhibits C5b6
deposition

<---- c5a

Complement-mediated HUS
Membrane COVID-19 TMA/severe illness

attack TA-TMA (post-HCT)
complex | c8,
£

HCT, hematopoietic cell transplant; HUS, hemolytic uremic syndrome; LTB,, Leukotriene B,;; TMA, thrombotic microangiopathy; TA-TMA,
hematopoietic cell transplant-associated thrombotic microangiopathy
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