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Editorial on the Research Topic
Thrombotic Microangiopathies, Diagnostic and Therapeutic Advances

Thrombotic microangiopathies (TMAs) as a disease group represent a diagnostic and clinical
challenge to practitioners. Presentations, which at times have overlapping symptomatology or
have undetermined etiologies, emphasize the need for a constant reassessment of what is known
about this disease group in order to determine not only how to best treat patients but also to
develop targeted approaches to test for a given etiology. Likewise, in those instances when excluding
diagnoses is the only available option, timely adjustment of therapy due to lack of therapeutic
response needs to be achieved in the most efficient way. It is with this in mind that this topic-specific
collection of articles was conceptualized to provide a forum to review not only what is currently
known about these disease entities but also to present new findings in order to keep readers abreast
of ways in which these diseases can be discerned. This is important since each of these etiologies
responds to different therapies with a distinct road to recovery.

Sometimes diseases at presentation may have a preponderance in complement pathway
activation characterized by C3 deposition similar to cases of immune-complex membranous
glomerulonephritis (Hanna et al.). In these patients, thrombocytopenia may not be as significant
as their renal impairment, and complement abnormalities are at the center of their presentation.
This is discussed in more detail in this issue whereby using a case-driven approach, contributors
suggest that genetic testing by itself may not always lead to the discovery of complement-related
mutations. Instead, C3 staining patterns or presence of anti-factor H antibodies can ultimately
lead to rapid recognition and initiation of appropriate therapeutic regimens while patients await
renal transplantation. Along the same lines, complement mediators can not only mediate disease
pathology but also serve as biomarkers in cases when thrombocytopenia occurs post-hematopoietic
stem cell transplantation. In such patients, a report in this issue indicated that increases in soluble-
C5b-9 can be seen and may be a diagnostic marker of patients who develop transplant-associated
TMA (Mezo et al.).

Thrombocytopenia can also be an unintended adverse event from an increasing list of
medications that include chemotherapeutic agents, monoclonal antibodies, and antimicrobials, to
name a few. Unfortunately, this can go unrecognized in clinical practice and remain lower in the
differential due to a lack of clinical suspicion. Adding complexity to this problem, mechanisms
leading to drug-induced TMA are likely distinct from one another due to the different drug
agents involved and intended corresponding cellular targets; however, this TMA may involve
either antibody formation or dose-dependent and cumulative toxicity, and recovery occurs upon
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discontinuation of the offending drug (Chatzikonstantinou
et al.). This is discussed in this issue where an update of
drugs leading to this type of TMA and potential mechanisms
are reported.

It is understandable that when clinicians see a patient
with acute thrombocytopenia in the presence of schistocytes
in the peripheral smear, a very non-specific test without
standardization, the gravitas of the clinical picture may make
them think of the most serious presentation. This is the
case with thrombotic thrombocytopenic purpura (TTP), which
is associated with high morbidity and mortality, requiring
prompt initiation of therapy in the form of therapeutic
plasma exchange (TPE) and concurrent immunosuppression.
The latter specifically can be a matter of concern to practitioners
because current literature is still not clear on which long-
term immunosuppression regimen best leads to platelet count
recovery and reduces relapses. It is thus encouraging that a
report in this issue found similar efficacy in treating TTP patients
with either rituximab or cyclophosphamide (Abou-Ismail et al.).
Nowadays, it is well-accepted that the test to confirm the clinical
diagnosis of TTP is ADAMTS13 activity. However, this test is
often performed at reference laboratories and results may not
be available at the time of therapy initiation. Notably, it should
be of interest to readers that a broad platelet differential that
focuses on immature platelets produced at the bone marrow can
aid in differentiating TTP from other thrombocytopenias (Reeves
and Maitta). On the other hand, in those thrombocytopenic
cases in which ADAMTS13 activity is normal, a comprehensive
body survey may be required to identify possible metastatic
malignancies that have gone unnoticed (Osti et al.). With
the advent of caplacizumab, the first TTP-specific approved
therapy, it should be of interest that cases refractory to TPE
and steroids respond to the agent even when initiated during
the second week of hospitalization leading to recovery from
thrombocytopenia and thrombi-related complications such as
neurological impairments (Mellaza et al.). Finally, this issue will
discuss congenital TTP unveiled by an infectious agent that led
to a thorough workup that resulted in proper diagnosis and
successful therapy (Wendt et al.).

In clinical practice, TMA patients can have a broad range
of symptomatology and a report looking at almost 300 patients

diagnosed with TMA serves as a good source to exemplify
the challenges when encountering such patients (Henry et al.).
Without a doubt, the vast majority of patients will have a
TMA secondary to a primary insult rather than a primary
TMA such as TTP or atypical hemolytic uremic syndrome
(aHUS). This study stresses the need of proper testing that does
not neglect ADAMTS13 activity and/or complement mutation
studies, when applicable, to avoid misdiagnosing patients and
yielding an accurate and timely diagnosis (Henry et al.). Notably,
another contribution to this collection brings attention to and
argues in favor of potentially new complement circulating factors
mediating familial cases of aHUS when mutations in known
complement genes are not identified (Piras et al.).

To conclude, as new discoveries in the field of TMA research
that include reports of new highly-specific therapies in the form
of monoclonals, among others, come to fruition, the future
looks promising that some of these diseases will be treated in a
targeted way earlier in the clinical course resulting in improved
patient outcomes. Thus, it is the hope of the topic editors and
contributors of this special collection that it will serve as a conduit
to continue the discussion of TMA presentations while providing
guidance on how to best treat patients under our care.
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INTRODUCTION

Drug-induced thrombotic microangiopathy (DITMA) is a life-threatening complication that is
often under-recognized and under-reported (1). Despite recent systematic reviews published in
2015 (2) and 2018 (3), the list of drugs implicated in TMA continues to expand (4-9). In addition,
novel reports have unraveled potential new mechanisms that might contribute to a targeted
therapy of this syndrome. In this opinion article, we aimed to summarize recent data on DITMA,
categorizing drugs based on mechanisms of actions and specialties.

MECHANISMS OF ACTION

Two decades ago, George et al. introduced the term “drug-induced thrombocytopenia.” Clinically
based criteria were proposed and levels of evidence were stratified in order to solidify a definite,
propable, possible, or an unlikely causal relationship between a drug and thrombocytopenia (10).
Although the mechanisms of endothelial injury during DITMA still remain unknown; immune-
mediated mechanisms or dose-dependent and cumulative toxicity are implied (11). The hypothesis
is based on the observation of the timing of TMA occurrence, the pattern of disease, the exclusion
of a better explanation thorough investigation. DITMA suspicion is ampilified by TMA resolution
when the drug is withdrawn or recurrent endothelial injury during re-exposure to the drug.

During the last decade, laboratory criteria have been added to support the causal relationship
between a drug and TMA (2). Some examples of drugs in which antibody mediated DITMA
has been confirmed with identification of drug-dependent antibodies to platelets or other cells
as the pathophysiologic mechanism of TMA are quinine, oxaliplatin, and vancomycin (12). On
the other hand, the dose-dependent and cumulative toxicity model seems to fit for opanas
abuse, bevacizumab, levofloxacin, alemtuzumab, and interferon’s cases of DITMA (9, 13-15). It is
important to exclude any other diagnosis before attributing TMA to a drug. For example, in some
cases such as these of ipilimumab, pazopanib, ustekinumab, and golimumab severe ADAMTS13
deficiency was found, plasma exchange was effective and no drug-dependent antibody inhibition
of ADAMTS13 activity was reported, making drug-indused causal relationship unlikely (7, 16-18).
Figure 1 summarizes postulated mechanisms in DITMA.

HEMATOLOGY/ONCOLOGY

DITMA is caused by various drugs used in Hematology and Oncology.
Chemotherapy

Chemotherapeutic agents were the first to be implicated in causing DITMA. Mitomycin and
gemcitabine have numerous reports of dose-related DITMA, while one report describes an
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FIGURE 1 | Summary of postulated mechanisms in drug-induced thrombotic
microangiopathy (DITMA). ADAMTS13: a disintegrin and metalloproteinase
with a thrombospondin type 1 motif, member 13.

immune-DITMA as a result of gemcitabine administration (19—
26). Despite their use as a combination with other drugs, which
makes the direct causal relationship difficult in some cases, many
well-described cases support a clear-cut association (21, 27, 28).

Three reports have described DITMA caused by pentostatin,
a purine analog used in lymphoproliferative diseases (29).
Docetaxel and vincristine have also been reported to induce TMA
(30, 31). Oxaliplatin has been implicated as a cause of DITMA
in a review by Al-Nouri et al. (2), although the authors of the
original report described gemcitabine as the causative factor (32).
Renal-limited TMA has been reported in three patients treated
with pegylated liposomal doxorubicin (33) and in one patient
receiving treatment with a short interfering RNA targeted against
Myc (DCR-MYC) (5).

Multiagent Chemotherapy

Drug-induced TMA has been reported in children with acute
lymphoblastic leukemia (34, 35) and adults with solid tumors (36,
37), receiving multiagent chemotherapy. Jodele et al. described
13 patients developing TMA after high-dose chemotherapy
and autologous stem cell transplantation for neuroblastoma
(12 patients receiving carboplatin/etoposide/melphalan and one
cyclophosphamide/thiotepa) (38). Finally, a high incidence
of TMA was observed in melanoma patients receiving a
lymphodepleting preparative chemotherapy regimen with total
body irradiation (TBI) prior to autologous T cell therapy (39).
In all cases, the co-administration of multiple drugs hinders the
identification of the causative agent.

Proteasome Inhibitors

Proteasome inhibitors are mainly used in multiple myeloma
treatment and have been associated with DITMA (bortezomib,
carfilzomib, ixazomib). The majority of reports have implicated
bortezomib and cafilzomib (3, 40). Recent reports also support
a causal association of ixazomib with DITMA (41-43). Some
authors report successful treatment of carfilzomib-induced TMA
with eculizumab (44, 45).

VEGF, Kinase and Immune Checkpoint

Inhibitors

Vascular endothelial growth factor (VEGF) inhibitors are used
for the treatment of various malignancies. Many cases reported
DITMA as a result of bevacizumab use, a humanized monoclonal
antibody directed against VEGF (46-49). In some, treatment
with eculizumab was successful (50). Ramucirumab, anti-VEGF
receptor 2 monoclonal antibody, and cetuximab, a monoclonal
antibody against epidermal growth factor receptor (EGFR), are
also implicated in causing renal-limited TMA (51, 52).

Tyrosine kinase inhibitors (TKIs) are effective in the treatment
of hematologic malignancies and solid tumors. Sunitinib is
a small-molecule TKI that targets VEGFR-2 and PDGFR-b.
Imatinib and ponatinib are small-molecule BCR-ABL TKIs, used
mainly in the treatment of chronic myeloid leukemia. Palbociclib
inhibits the cyclin-dependent kinases CDK4 and CDK6. Cases
reporting a link between the aforementioned TKIs and drug-
induced TMA have been described in literature (6, 53-56).

Two cases of TMA, one in a patient receiving the immune
checkpoint inhibitor ipilimumab, and one in a patient treated
with multi-targeted receptor tyrosine kinase inhibitor pazopanib
have also been reported. However, these reports differ from other
DITMAs, due to the severe ADAMTS13 deficiency (7, 16).

Calcineurin and mTOR Inhibitors

Numerous reports implicate cyclosporine and tacrolimus
in causing dose-dependent TMA (2). Most of these reports
described calcineurin inhibitor-induced TMA in patients
that have undergone hematopoeitic stem cell or solid organ
transplantation (57). Calcineurin inhibitor-induced TMA
mostly affects the kidneys (58, 59). The inhibitors of the
mechanistic target of rapamycin (mTOR), can also cause
DITMA, most frequently associated with sirolimus or tacrolimus
administration, than everolimus (60-62). Successful treatment
with complement inhibition has been described in several
patients, since this condition along with TA-TMA has been
considered to resemble atypical hemolytic uremic syndrome
(aHUS) (63, 64).

MONOCLONAL ANTIBODIES

The first reported case of monoclonal antibody-induced TMA
described a patient treated with anti-T cell monoclonal antibody
muromonab-CD3 (OKT3) (65). Emicizumab, a monoclonal
antibody used in Hemophilia A, co-administered with high doses
of activated prothrombin complex concentrate (aPCC) has been
linked with TMA in three patients (66). Discontinuation of
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aPCC resulted in resolution of TMA, highlighting the fact that
emicizumab monotherapy may not be sufficient to cause DITMA.

Various monoclonal antibodies against tumor necrosis
factor alpha (TNF-a), such as adalimumab, golimumab, and
certolizumab pegol have been reported to cause TMA in a
few cases (17, 18, 67). Another report describes a patient with
psoriasis developing TMA after treatment with methotrexate
and ustekinumab, a monoclonal antibody that blocks interleukin
(IL)-12 and IL-23 (68). However, in the cases where ustekinumab
and golimumab were suspected to be the causative factor of
DITMA, the authors reported low levels of ADAMS13 (<5%) and
an initial response to plasma exchange, making DITMA diagnosis
unlikely (17, 18).

In phase 1 study, moxetumomab pasudotox, an anti-
CD22 immunotoxin used in the treatment of childhood acute
lymphoblastic leukemia, caused TMA in 13% of patients. In the
majority of cases, TMA resolved with drug discontinuation (69).

OPIOIDS AND OTHER DRUGS OF ABUSE

Intravenous use of the extended-release opioid oxymorphone
and oxycodone tablets reformulated with polyethylene oxide
(PEO) have been reported to cause DITMA in many patients (3).
Subsequently, intravenously administrated high molecular PEO
was determined as the causative factor (15). Cocaine and ecstasy
have caused DITMA in recreational users (70-72).

NEUROLOGY

One of the biggest challenges in neurology is the lack of disease-
specific drugs that contributes to the increasing global burden
of neurological disorders (73). Traditionally, epilepsy benefited
from a wide variety of available medicines but during the last
decade numerus drugs were introduced at multiple sclerosis
(MS) treatment raising long-term safety considerations (74, 75).
Until 2018, interferon beta 1-a and 1-b, disease modifying
treatments (DMTs) of MS and anticonvulsive valproic acid
were the only neurologic drugs associated with thrombotic
microangiopathy (3).

Recently, alemtuzumab; which was approved by US Food and
Drug Administration (FDA) for treatment of relapsing-remitting
MS (RRMS) at 2014; was associated for the first time with DITMA
(8,9). Administration of alemtuzumab was known to rarely cause
severe renal adverse effects (76). Nevertheless, in that case report
the causal relationship of alemtuzumab with TMA is supported
by the fact that (a) symptoms started immediately after the
first infusion and (b) the patient did not respond to plasma
exchange (9). Another DMT, fingolimod was linked with TMA
in an induced-malignant hypertension animal model; in contrast
with control group in which fingolimod was not administrated
(77). Interferon (IFN) has also been correlated with TMA with a
dose-dependent manner (14). Further studies confirm that TMA
is a severe complication of IFN-beta RRMS treatment. Lately,
five patients were reported to have IFN-induced TMA following
long-term treatment (78-80). Interestingly, renal function of
three patients improved only after administration of eculizumab,

TABLE 1 | Summary of drugs involved in DITMA.

Drug

Type

Specialty

Docetaxel
Doxorubicin
DCR-MYC
Gemcitabine
Oxaliplatin
Pentostatin
Vincristine

Carboplatin +
Etoposide + Melphalan
Cyclophosphamide

+ Thiotepa
Bortezomib
Carfilzomib

Ixazomib

Bevacizumab
Ramucirumab
Cetuximab

Imatinib

Ipilimumab
Pazopanib

Ponatinib

Palbociclib
Ruxolitinib

Sunitinib
Cyclosporine
Rapamycin
Tacrolimus
Adalimumab
Certolizumab pegol
Emicizumab + aPCC
Golimumab

OKT3

Ustekinumab
Moxetumomab pasudotox
Cocaine/ Ecstasy
Oxymorphone/Oxycodone
Polyethylene

oxide (PEO)

Interferon beta 1-a /1-b

Chemotherapy

Multiagent
chemotherapy

Proteasome inhibitors

VEGF, kinase and
immune checkpoint
inhibitors

Calcineurin and mTOR
inhibitors

Monoclonal antibodies

Opioids / Drugs of
abuse

Disease modifying
treatments for Multiple

Hematology/Oncology

Hematology/Oncology/
Rheumatology

Toxicology

Neurology

Alemtuzumab Sclerosis

Fingolimod

Valproic acid Anticonvulsive

Tenofovir/Emtricitabine Anti-infectives Infectious diseases

Quinine/Hydroxychloroquine Antimalarials

Ciprofloxacin
Fluoroquinolone
Metronidazole
Penicillin

Antibiotics

not after withdrawal of IFN (80)

. Clinical translation of those

studies raises awareness of neurologists for early recognition and
management of TMA when prescribing DMTs.

INFECTIOUS DISEASES

An infection can be caused by a variety of organisms such as
bacteria, viruses, parasites or fungi. Many anti-infectives agents
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have been associated with DITMA in the past (2); quinine, the
treatment of malaria, was the most commonly reported (81).

Novel studies implicate a number of different drugs in
causing DITMA. First of all, a case report incriminates
hydroxychloroquine, a synthetic derivative of quinine used
for rheumatoid arthritis and systemic lupus erythematosus,
as a possible cause of thrombotic thrombocytopenia purpura
(TTP) (82). Disease progression was detrimental and patient
died in spite of drug withdrawal and plasma exchange.
Moreover, for the first time an antiretroviral treatment of human
immunodeficiency virus consisting of tenofovir/emtricitabine
was found to have a causality relationship with immune TTP
(83). After the cessation of the drug and the initiation of
corticosteroids and azathioprine the patient recovered. Last but
not least, several antibiotics such as ciprofloxacin, penicillin,
and metronidazole were reported with probable evidence
to cause DITMA (2). A new case report implicates again
ciprofloxacin in drug-induced TTP which resolved completely
with plasma exchange (84). Another report, identified a
highly effective and frequently prescribed fluoroquinolone,
levofloxacin as a new potential suspect for DITMA (13).
This case report described two patients who developed
microangiopathic hemolysis and thrombocytopenia following
levofloxacin treatment of respiratory tract infections. Both cases
resolved after drug cessation; the first patient received also
therapeutic plasma exchange. In conclusion, a wide variety
of anti-infectives agents have been scarcely correlated with
DITMA and unfortunately, no one could predict or prevent
its appearance; hence, it is of paramount importance to be
aware of that possibility in order to start the appropriate
treatment promptly.

THERAPEUTIC POTENTIALS

The only proven intervention in the management of DITMA
is discontinuation of the offending agent. Plasma exchange
and immunosuppressive therapy may be a reasonable treatment
option, especially when the diagnosis is uncertain. Although
rarely described in DITMA, patients with severe ADAMTS13
deficiency respond to plasma exchange (7, 16-18, 82-84).
However, these reports should be interpreted with caution, since
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C3 dominant immunofluorescence staining is present in a subset of patients with
idiopathic immune complex membranoproliferative glomerulonephritis (iMPGN). It is
increasingly recognized that IMPGN may be complement driven, as are cases of “typical”
C3 glomerulopathy (C3G). In both IMPGN and C3G, a frequent membranoproliferative
pattern of glomerular injury may indicate common pathogenic mechanisms via
complement activation and endothelial cell damage. Dysregulation of the alternative
complement pathway and mutations in certain regulatory factors are highly implicated in
C3 glomerulopathy (which encompasses C3 glomerulonephritis, dense deposit disease,
and cases of C3 dominant MPGN). We report three cases that demonstrate that an initial
biopsy diagnosis of IMPGN does not exclude complement alterations similar to the ones
observed in patients with a diagnosis of C3G. The first patient is a 39-year-old woman
with IMPGN and C3 dominant staining, with persistently low C3 levels throughout her
course. The second case is a 22-year-old woman with elevated anti-factor H antibodies
and C3 dominant iIMPGN findings on biopsy. The third case is a 25-year-old woman
with C3 dominant iIMPGN, dense deposit disease, and a crescentic glomerulonephritis
on biopsy. We present the varied phenotypic variations of C3 dominant MPGN and
review clinical course, complement profiles, genetic testing, treatment course, and
peri-transplantation plans. Testing for complement involvement in IMPGN is important
given emerging treatment options and transplant planning.

Keywords: complement mutations, membranoproliferative glomerulonephritis, alternative pathway, C3
glomerulonephritis, proteinuria

INTRODUCTION

C3 glomerulopathy (C3G) encompasses a group of diseases that result from abnormalities in the
alternative pathway of complement regulation, and has been defined by C3 only or C3-dominant
immunofluorescence staining seen on renal biopsy (1). In contrast to atypical Hemolytic Uremic
Syndrome (aHUS) (2), the clinical course of C3G is more indolent. As such, C3G is less likely than
aHUS to present clinically as a systemically active and rapidly progressive disease (3). The term
C3G was introduced to differentiate glomerular diseases which result from alternative pathway
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dysregulation from other immune complex mediated glomerular
diseases. C3G includes C3 glomerulonephritis (C3GN)
and dense deposit disease (DDD); the latter of which is
characterized ultra-structurally by the presence of highly
osmiophilic intramembranous deposits (4). Both C3GN and
DDD often present with a membranoproliferative pattern of
glomerular injury, a finding that can also be seen in thrombotic
microangiopathy (TMA) (5). Also included under the “umbrella”
term of C3G are a subset of cases which were historically
diagnosed as immune complex mediated membranoproliferative
glomerulonephritis (MPGN) of unknown etiology, but showed
dominant staining for C3 by immunofluorescence staining, with
lesser deposition of “typical” immune complex deposits such as
IgG or IgA.

The pathogenic mechanism underlying C3G is uncontrolled
production and deposition of the C3 breakdown product, C3b,
along glomerular and sometimes tubular basement membranes
(the latter which is most often seen in DDD) (6). While
histologically the disease can appear quite heterogenous (7),
pathogenically, there is a final common pathway leading to
glomerular injury (8). There are important acquired forms
of the disease such as autoantibodies against the regulatory
proteins factor H (FH) and factor B (FB), as well as
autoantibodies against the C3 convertases of the alternative
and classical pathways (C3Nef and C4Nef, respectively)that
can phenotypically mimic genetically acquired disorders (9-11).
Patients with C5 nephritic factors (C5Nef) against downstream
effectors in the final common pathway have also been reported
(12). C3-5Nef and factor B antibodies have been observed in
C3G patients with DDD as well as MPGN patterns on renal
biopsy (9, 12-14), and can be treated with C3 and C5 blocking
pharmacotherapy (15, 16).

As the understanding of the pathogenesis of C3G evolved,
it became clear that some cases of immune complex mediated
MPGN, including those with C3 dominant immunofluorescence
staining and cases where there was also deposition of other
immune complex deposits, were in fact complement-mediated,
and represented a subset of C3G (1, 8, 16, 17). These cases
could therefore be distinguished from cases displaying the more

Abbreviations: ADAMTS13, A Disintegrin and Metalloproteinase with a
Thrombospondin Type 1 Motif, Member 13; aHUS, Atypical Hemolytic Uremic
Syndrome; Clq, Clq Protein; C3, Complement Component 3; C4, Complement
Component 4; C3G-C3, Glomerulopathy; C3GN-C3, Glomerulonephritis; CFB,
Complement Factor B; CFH, Complement Factor H; CFHRI1, Complement
Factor H Related Protein 1; CFHR3, Complement Factor H Related Protein 3;
CFHRS5, Complement Factor H Related Protein 5; CFI, Complement factor I
C3Nef-C3, Nephritic Factor; C4Nef-C4, Nephritic Factor; C5Nef-C5, Nephritic
Factor; C5b-9, Complement Factor 5b-9 Membrane Attack Complex; DGKE,
Diacyl Glycerol Kinase Epsilon; DDD, Dense Deposit Disease; ELISA, Enzyme
Linked Immunosorbent Assay; Factor B, Complement Factor B; HBV, Hepatitis
B Virus; HCV, Hepatitis C Virus; IgA, Immunoglobulin A; IgG, Immunoglobulin
G; IgM, Immunoglobulin M; iMPGN, diopathic, Idiopathic Immune Complex
Membranoproliferative Glomerulonephritis MAC-Membrane Attack Complex;
MCP, Membrane Cofactor Protein (CD-46); MMACHC, Methylmalonic
Aciduria (Cobalamin Deficiency) CblC Type, with Homocystinuria; MLPA,
Multiple Ligation Probe Amplification; MPGN, Membranoproliferative
Glomerulonephritis; PLG, Plasminogen; THBD, Thrombomodulin; TMA,
Thrombotic Microangiopathy. Note all abbreviations formatted according to
standard complement nomenclature (18, 19).

“typical” mixed complement and immunoglobulin deposition
seen in MPGN secondary to infections and autoimmune
disease, or MPGN associated with plasma cell dyscrasias and
monoclonal immunoglobulin deposition disease (MIDD) (1,
10, 15, 16). In some cases, histologic features of TMA may
co-exist with diagnostic features of C3G, also suggestive of
abnormal complement regulation and activation as the source of
glomerular disease.

Inherited or genetic causes of C3G include loss of function
mutations that result in impaired self-protection from innate
immunity (20), or uncontrolled activation of the alternative
pathway (21-23). Mutations in Factor H, Factor I, C3, Factor B,
Membrane cofactor protein (MCP), thrombomodulin (THBD),
diacylglycerol kinase epsilon (DGKE) (24), and plasminogen are
the more common mutations associated with DDD, C3GN, and
C3 dominant iMPGN that form C3 GN (24). Table 1 summarizes
the pathological findings seen in C3G and idiopathic immune
complex MPGN.

We report three cases of C3G with various clinical
presentations and pathologic findings. The clinical course,
complement profiles, and treatment plans are reviewed. In
addition, the role of eculizumab and other immunosuppressive
agents is discussed as it relates to each case. The chief aim of
this case series is to provide examples of the importance of
detecting and managing complement dysfunction in iMPGN for
the purposes of treatment and planning for renal transplantation.

CASES

Case 1

The patient is a 39-year-old woman who presented 1 year ago
with progressive proteinuria, renal failure, and hypertension.
A biopsy was performed after development of significant
renal dysfunction; serum creatinine was 3 mg/dL. The protein
excretion rate was 1-2 g/24h initially, which increased to 4-6
g/24h with worsening renal function. The initial biopsy result
at an outside institution was reported as non-diagnostic, with
features of chronic autoimmune glomerulonephritis. The patient
had a thorough infectious disease evaluation which was negative
for hepatitis A, hepatitis B virus (HBV), and hepatitis C virus
(HCV) serologies, negative for human immunodeficiency virus
(HIV), negative for treponemal serologies, and with no evidence
of tuberculosis, coccidiomycosis or other chronic infections. She
did not have known diabetes, obesity, or malignancies.

Extensive serological evaluation was negative for lupus
serologies [anti-nuclear antibody negative (<1:40 titer),
anti-double stranded DNA (anti dsDNA) negative (<200
international units/ml), DNAase B antibody negative (<86
Units/ml), anti-histone antibody negative 0.4 units, anti-
centromere <1, ribonucleoprotein <20 units, anti-smith
antibodies <20 units, Sjogren’s syndrome (SSA and SSB)
antibodies <20 units, rheumatoid factor negative <1,
scleroderma antibodies negative at 1 AU/ml, anti-citric
citrulline peptide negative at 3 units, Cardiolipin IgA, IgG, IgM
was negative, and ANCA panel (c-ANCA, p-ANCA, proteinase
3 and anti-myeloperoxidase were all negative <1:20 titer).
Complement titers (CH 50) were near the lower limit of normal
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TABLE 1 | Pathological findings in each subtype of C3 glomerulopathy and three cases of C3 dominant idiopathic MPGN.

Type Age Gender Ethnicity LM findings IF EM Complement Genetic Acquired Peak UPC Peak
findings findings profile mutations sCr
associated
Classic C3 MPGN, TMA, C3>1g Varies, Possible FH, FB,FI, CB3/C4/C5 Inc Inc
GN MP, DEP 2:1 may have increased C3,C5, Nef
deposits activation THBD, PLS,
MCP, DAGKE
DDD MPGN, TMA, C3>1g Numerous  Possible FH, FB,FI, C3/C4/C5 Inc Inc
Crescentic GN 2:1 dense increased C3,C5, Nef
deposits activation THBD, PLS,
MCP, DAGKE
C3 Dom MPGN, TMA C3>1g Sub End, Possible FH, FB,FI, C3/C4/C5 Inc Inc
iIMPGN 2:1 sub Ep increased C3,C5, Nef
deposits activation THBD, PLS,
MCP, DAGKE
Case 1 41 F Hispanic ~ MPGN, C3>1g Sub End, Low C3, None found None 4-69g 3mg/dL
iIMPGN Endothelial sub Ep normal protein/g
swelling, deposits sC5b-9 creatinine
Crescents
Case 2 C3 22 F Asian MPGN C3 only Sub End, 120-160% of ~ Not done AntiCFH  1-2g 0.5
Dom MPGN sub Ep normal Ab protein/g mg/dL
deposits sC5b-9 creatinine
Case 3 C3 25 F Hispanic ~ MPGN, DDD, C38>1g Dense Initially normal  None found None 99 15 mg/dl
Dom MPGN Crescents deposits then protein/g
decreased creatinine
C3,C4

Anti CFH Ab, anti-complement Factor H antibody; C3G, C3 glomerulopathy; C3 Dom MPGN, C3 dominant membranoproliferative glomerulonephritis; CH50, total complement;
DGKE, diacylglycerol kinase epsilon; DDD, dense deposit disease; DEF, diffuse endocapillary proliferative pattern; EM, electron microscopy; F, female; FH, factor H; FB, factor B; Fl,
factor I; g, gram; GN, glomerulonephritis; Inc, increased; iIMPGN, idiopathic membranoproliferative glomerulonephritis; IF, immunofluorescence; Ig, immunoglobulin; iMPGN, idiopathic
membranoproliferative glomerulonephritis; LM, light microscopy; M, male; MCR, membrane cofactor protein; mg/dL, milligram/deciliter; MR, mesangial proliferative pattern; MPGN,
membranoproliferative glomerulonephritis [Type I]; NF, nephritic factor; PLS, plasminogen, sCr, serum creatinine [mg/dL]; Sub End, subendothelial; Sub Ep, subepithelial; SMAC, soluble
membrane attack complex; THBD, thrombomodulin; TMA, thrombotic microangiopathy; UPC, urine protein/creatinine ratio [9/g creatinine].

at 43 units/mL [Reference range 42-95 Units/mL], and there was
isolated depression of C3 at 67 mg/dL [Reference range 76-165
mg/dL] but with normal C4 levels at 23 mg/dL [Reference range
16-48 mg/dL]. Serum and urine electrophoretic studies and
immunofixation studies did not reveal a monoclonal spike. Free
light chain kappa to lambda ratio was also normal with a ratio
of 1.66.

On renal biopsy (Figurel), the dominant finding by
light microscopy was an MPGN pattern of injury that was
predominantly chronic with segmental sclerosis, extensive global
glomerulosclerosis, and parenchymal scarring. However, there
was residual activity including focal cellular-to-fibrocellular
crescents, karyorrhexis, and diffuse, and mild endocapillary
hypercellularity. Along with prominent glomerular basement
membrane double contours, there was also some suggestion
of mesangiolysis and marked endothelial cell swelling
raising the possibility of endothelial cell injury, although
definitive morphologic features of TMA were not identified.
Immunofluorescence studies showed segmental to global
granular staining for IgG (2+), IgA (trace), IgM (trace),
Clq (24), C3 (3+), and kappa/lambda light chains (both
trace). At least two glomeruli exhibited segmental fibrinogen
staining (2-3+) in areas of capillary loop necrosis. Electron
microscopy revealed amorphous electron dense deposits

present in a predominantly subendothelial and mesangial
distribution with occasional subepithelial and intramembranous
deposits. Endothelial cell cytoplasm was swollen. There were
no tubuloreticular inclusions or extra-glomerular deposits. A
diagnosis of immune-complex mediated membranoproliferative
glomerulonephritis was rendered.

Given the negative evaluation for underlying infectious,
autoimmune diseases, and neoplastic disorders, the possibility of
a complement-mediated disorder was investigated. Complement
profile testing did not reveal C3Nef, C4Nef, anti-factor H, or
factor B antibodies. Soluble C5b-9 levels were not elevated
(within the normal range of <250 ng/mL), a finding which was
compatible with the patient’s glomerular disease having entered
a quiescent stage. No known genetic mutations or variants of
uncertain significance were found at the time (Iowa complement
laboratory) in the 2017 panel that was sent. The panel sent
included CFH, CFI, MCP (CD46), CFB, CFHR5, THBD, C3,
ADAMTS13, PLG, DGKE, MMACHC, G6PD. Multiple Ligation
Probe Amplification (MLPA) was included in the testing to
determine copy number variants over the complete complement
Factor H related region (25).

It should be noted that the rate of capture of genetic
mutations remains only 41-60%, as not all mutations leading to
complement mediated disorders are known at this point (14).
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mesangial deposits (red arrows).

FIGURE 1 | Renal biopsy data for Case 1: (A) light microscopy 40x silver stain Double contours and segmental scar; (B) light microscopy 40x silver stain Double
contours with endocapillary hypercellularity and segmental scar; (C) light microscopy 40x hematoxylin and eosin cellular crescent with segmental karyorrhexis; (D)
light microscopy 40x hematoxylin and eosin tubulointerstitial inflammation; (E) immunofluorescence IgG staining; (F) immunofluorescence showed C3 staining > 1gG
staining. (G) Electron microscopy, subendothelial deposits (red arrows); (H) electron microscopy, subepithelial deposits (red arrows); (1) electron microscopy,

However, C3 levels remained low at 67-75 mg/dL a year after the
renal biopsy, supporting the presence of a complement-mediated
disorder. The patient has remained off renal replacement therapy
and is scheduled to undergo a preemptive renal transplant.
Treatment with mycophenolate mofetil with the transplant
may be able to prevent any complement mediated disease
process recurrence; however, further therapy would depend on
demonstration of recurrent glomerulonephritis in renal allograft
biopsy (26, 27).

Case 2

The patient is a 22-year-old woman who was noted to have
persistent non-nephrotic proteinuria of 2-3g protein/g
creatinine with preserved renal function; serum creatinine

was 0.5 mg/dL. These parameters remained essentially
unchanged for 2 years, at which time a renal biopsy (Figure 2)
was performed. Serum C3, C4, and CH50 were within
normal range.

By conventional light microscopy, a diffuse MPGN pattern
of glomerular injury was observed, with diffuse mesangial and
endocapillary hypercellularity associated with conspicuous
glomerular basement membrane double contour formation.
Prominent mesangial and capillary loop deposits were identified.
There was focal segmental glomerulosclerosis. No crescents
or necrotizing features were seen. Immunofluorescence
studies demonstrated bright diffuse and global capillary wall
and mesangial staining for C3 without significant staining
for any other immunoglobulins or complement protein.
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are also present.

FIGURE 2 | Renal biopsy data for Case 2: (A) light micrographs demonstrating a diffuse and global membranoproliferative glomerulonephritis pattern of injury periodic
acid Schiff (PAS) stain; (B) Jones silver stain (40x magnification) demonstrating glomerular basement membrane double contours; (C,D) immunofluorescence
micrographs demonstrating diffuse global bright mesangial and capillary loop C3 staining; (E,F) electron micrographs demonstrating numerous mesangial,
subepithelial, and intramembranous deposits. Several subepithelial deposits show “hump-like” morphology. Capillary loop double contours with cellular interpositions

Electron microscopic evaluation demonstrated numerous
amorphous electron dense deposits throughout mesangial
regions, intramembranous spaces, and subepithelial spaces
(including several “hump-like” deposits), and less frequently
in subendothelial locations. Bowman’s capsular deposits
were also seen. Glomerular basement membrane duplication
with mesangial interposition was also present. No highly
osmiophilic intramembranous or “sausage-like” deposits
were seen.

Subsequent lab tests revealed evidence for alternative pathway
activation (28). Specifically, an autoantibody against complement
factor H was positive at a 1:200 titer(value of _1200_AU/mL)
[Reference range < 150 AU/mL] (29). An elevated soluble C5b-
9 membrane attack complex (MAC) was also detected. The titer
was at 1.6 (160% reference range <1). C3NeF and C4NeF were
negative by immunofixation and C3/C4 degradation tests and
C3 CSAP [centriole-cilia-and spindle associated protein] were
also negative. Genetic testing for Cockayne syndrome B protein
[CSB protein] was normal. Deletions in CFHR3-CFHRI1 were
screened for and not found. This testing was done since some
CFHR3-CFHR1 deletions maybe associated with development of
anti CFH antibodies (30). This case illustrates what is likely an
acquired form of C3G.

The patient was monitored closely by her nephrologist
and started on renin-angiotensin-aldosterone system (RAAS)
blockade with an angiotensin receptor blocker (ARB) and an
aldosterone antagonist. Anti Factor H autoantibodies remained
elevated at 1:200 and was found via an ELISA assay [Reference
range < 150 AU/mL] (29). C5b-9 MAC levels remained
elevated but improved at 1.2 (120% of reference range,
<1). The patients serum creatinine has remained normal
at 0.5mg/dL, and current urinary protein-to-creatinine ratio
is improved at 0.2g protein/gram creatinine. The patient
was not started on factor H inhibitor therapy or other
immunosuppressive therapy given her remarkably stable renal
parameters and lack of any other thrombotic manifestations.
She is being monitored for deterioration at which time
plasma exchange and anti CD20 monoclonal antibodies would
be considered.

Case 3

The patient is a 25-year-old woman who presented at age 16
with lower extremity edema when she was approximately six
months pregnant. Kidney biopsy at that time revealed DDD with
45% active crescents and marked acute tubulointerstitial injury
(Figures 3A-C). On immunofluorescence, approximately
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dense deposits.

FIGURE 3 | Renal biopsy data for Case 3: (A-C) First renal biopsy demonstrating (A); light microscopy with Jones silver stain demonstrating membranoproliferative
pattern of injury 40x; (B) immunofluorescence demonstrating dominant C3 binding in a segmental confluent granular to pseudolinear pattern; (C) electron
microscopy showing dense deposits within segments of the basement membrane, it also shows electron dense deposit-like aggregates in scattered subepithelial and
intramembranous areas; (D-F) second renal biopsy re-demonstrates a membranoproliferative pattern of injury, C3 dominant binding on immunofluorescence and

half the glomeruli had capillary wall and/or mesangial
staining for C3 (44) in a segmental confluent granular to
pseudolinear pattern. On electron microscopy, capillary walls
were irregular and segmentally had thickened with osmiophilic
deposits which segmentally transformed and replaced the
lamina densa. There were scattered aggregates of electron
dense deposits in a subepithelial and intramembranous
distribution, and a pathological diagnosis of DDD was made.
At that time the serum creatinine was 0.99 mg/dl, with
normal C3 89.5 [76-165 normal range] and C4 80.1 (16—
48 normal range). The patient declined treatment at that
time because of concern about taking medications during
her pregnancy.

Six days after a full-term delivery, she presented to a
different hospital with abdominal pain, dysuria, and worsening
edema. Labs were significant for creatinine 4.1 mg/dL, albumin
1.6 g/dL, and urine protein-to-creatinine ratio of 9.3 g/g. In
addition, there was isolated depression of C3 at 54.1 [76-165
normal range] with normal C4 37.5 [16-48 normal range].
A repeat kidney biopsy again showed DDD with extensive
crescent formation. The tubulointerstitium showed interstitial
inflammation with focal intratubular neutrophils and cellular
debris suggestive of acute pyelonephritis, as well as evolving

parenchymal scarring (Figures 3D-F). On electron microscopy,
few and large, “hump-like” subepithelial deposits were noted.
She was treated with intravenous antibiotics, one dose of
intravenous methylprednisolone 500 mg, and five sessions of
plasma exchange. She also started hemodialysis at that time.

Genetic testing was performed as part of a transplant
evaluation. A C3 glomerulonephritis (C3GN)/DDD genetic
susceptibility panel, including C3, CFB, CFH, CFHR1, CFHR2,
CFHR1, CFI, MCP (CD46) identified no known mutations. In
addition, C3Nef, Factors B, H, and I, Factor H autoantibody,
and soluble C5b-9 levels were within normal limits (reference
range <1).

The patient was activated on the kidney transplant list. After
9 years on dialysis, the patient underwent a deceased donor
kidney transplant (donor in 30s, terminal creatinine 1 mg/dl).
She received basiliximab for induction immunosuppression
and tacrolimus, mycophenolate mofetil, and prednisone for
maintenance immunosuppression. Her post-transplant course
was significant for expected delayed graft function given cold
ischemia time of 19h requiring hemodialysis for two sessions
post-transplant. She was monitored closely with no evidence
of proteinuria or intermittent microscopic hematuria. She is
now over l-year post-transplant with a creatinine of 0.9 mg/dl
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and no evidence of proteinuria or hematuria to indicate
recurrent disease.

DISCUSSION

C3G was first described in 2007 (31, 32), and increased
the awareness of the role of complement and complement
dysregulation in renal disease. These diseases are continuing
to be characterized in great molecular detail (17). C3G
includes DDD (7, 33), C3 glomerulonephritis (34), and a
subset of immune complex mediated MPGN which are thought
to result from alternative pathway dysregulation. The wide
variability in clinical presentation and pathology are shown
in our three cases. Clinically, the presentation varied from
mild to severe and progressive chronic kidney disease (CKD)
requiring eventual hemodialysis. Histologically, the pathology
manifestations included DDD as well as variably active
and proliferative MPGN, sometimes with severe crescentic
involvement. The latter finding is consistent with reports of
more severe cases of C3G which have presented as crescentic
and necrotizing rapidly progressive glomerulonephritis (RPGN)
(27, 35), or as pulmonary renal syndromes (36). A low C3 level
in iMPGN patients suggests a need for workup for alternative
pathway dysfunction.

The three cases of C3G demonstrate the diversity of pathologic
findings and the variability of clinical course. The first patient
presented with a persistently low C3 level and had biopsy
findings of MPGN and ultrastructural features suggestive of
endothelial cell injury; with a more severe clinical course
with significant CKD in the absence of genetic mutations in
the alternative pathway. In contrast, the second patient also
exhibited MPGN features on biopsy and was found to have
anti-factor H autoantibodies, elevated C5b-9levels 120-160% of
reference range, but with a milder clinical course not requiring
immunosuppression. A limited genetic screen did not find
CFHR1-3 deletions. The third patient presented with sporadic
decreased C3 levels and demonstrated C3G biopsy findings with a
DDD phenotype and extensive crescentic involvement. However,
alternative pathway genetic testing was negative for known
mutations or suspicious variants of unknown significance.

These cases highlight the etiologic, molecular, pathologic,
genetic, and clinical features that demonstrate how a subset
of immune complex mediated MPGN cases can overlap with
diseases resulting from complement dysregulation as well as
TMA (22). One important limitation of our three cases is that
Pronase digestion was not used, hence, limiting ability to find
“masked” immunoglobulin deposits (37). There is increasing
evidence that a distinct group of C3G patients may be associated
with monoclonal gammopathies, and can also manifest with
histologic features consistent with C3G and MPGN (38).

Like aHUS, the genetic mutations leading to complement
dysregulation in C3G are varied and interact in complex
non-mendelian patterns (14, 39). There can be combinations
of mutations or traits that coincide and ultimately lead to
complement dysregulation. Less frequently observed are patients
with mutations that are strongly heritable with a higher

penetrance both in aHUS and in patients with C3G (21). It
is recommended that potential organ donors be screened for
complement mutations if C3G is suspected before transplant,
analogous to a patient with aHUS having a family member who is
a potential donor screened. This has real clinical implications as
C3G has shown to frequently recur in renal allograft patients (40).

Acquired factors classically known as nephritic factors are
autoantibodies that disrupt the function of various complement
regulatory factors resulting in pathway dysfunction. This can
ultimately lead to the uncontrolled production and deposition
of complement components in the glomeruli (10, 11). The
presence of nephritic factors can be found in the entire spectrum
of the C3G family of disorders (10, 11, 22). In our patient
group, however, we were not able to detect the presence of a
nephritic factor.

It is imperative for the authors to mention that the
complement testing that we did nearly 3 years ago was limited.
It is now standard of genetic testing in MPGN to identify
all the known genetic drivers in C3G (3). Studies have to
include mutational screening of complement genes, copy number
variations analyses to detect genomic rearrangements of CFHR
genes, and screening of risk alleles of the CFH, MCP, and
CFHRG5 genes. In addition, immunological/biochemical evidence
of complement involvement should be sought by measuring
plasma levels of C3, C4, FH, FI, FB, and soluble C5b9 complexes,
and by screening autoantibodies (anti-FH, anti-FB, C3Nef,
C4Nef, C5Nef).

Treatment recommendations have been slowly evolving (26),
but less targeted immunosuppression including glucocorticoids
and rituximab are reportedly less effective (41, 42). There is
great interest and an apparently increasing role of complement
inhibition (i.e., off-label utilization of C5 convertase inhibitors
such as eculizumab or other novel complement blocking agents)
(43). The need to prevent recurrence post-transplant provides
a compelling indication for effective treatment strategies in
patients with C3G, as complement blockade has been postulated
to allow an allograft to continue functioning and prevent
recurrent TMA or C3G (44). Our patient with DDD who received
a kidney transplant (case 3) did not require eculizumab and
has not shown recurrence over 1-year post-transplant. Given the
variable course of DDD, we opted not to administer eculizumab
pre-transplant, but rather to clinically monitor for recurrence
post-transplant. In addition, this patient remains on routine
maintenance immunosuppression with mycophenolate mofetil,
tacrolimus, and prednisone. It should be noted, however, that
because this disease can present as a late recurrence, possibly due
to an environmental trigger, vigilant screening of proteinuria and
creatinine is warranted.

C3G as a persistent process related to complement
dysregulation has potential analogs to aHUS beyond just
diagnosis, genetics, molecular etiology, and therapy. The
importance of both genetic and environmental risk factors in
both diseases can explain the low penetrance and periods of
quiescence seen in many cases. The finding that complement
inhibition in C3G is only effective when the disease is more
active might be explained by the fact that complement inhibition
fails to affect quiescent or smoldering disease (44). Similarly,
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an environmental trigger is often needed to activate an episode
or relapse of aHUS (such as pregnancy, medications, infection,
multiple myeloma, and diverse rheumatological diseases) (45—
47). Therefore, it is possible that C3G follows an analogous
pattern where complement activating conditions can also trigger
the development of C3G in genetically susceptible individuals.
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Hematopoietic stem cell transplantation (HSCT)-associated thrombotic microangiopathy
(TA-TMA) is a multifactorial complication. Complement dysregulation may play an
important role in the pathogenesis of TA-TMA. Our previous observations suggested that
early increase of soluble C5b-9 (sC5b-9), before the development of other complications,
can predict the development of later TA-TMA. The present study aims to validate
our earlier findings in an independent cohort enrolling 67 pediatric patients who
underwent allogeneic HSCT during the study period (October 2015-January 2019).
Five different TA-TMA diagnostic criteria were applied, and all important clinical and
laboratory parameters of TA-TMA activity were registered. Complement pathway
activities, components and sCb5b-9 levels were systematically measured before
transplantation and on days 28, 56, and 100 after HSCT. A strong and remarkable
association still have been found between early increase of sC5b-9 (10 of 10
patients with TA-TMA vs. 27 of 57 without TA-TMA; P = 0.002) and the
development of TA-TMA during 100 days post-transplantation. An increase in sC5b-9
concentration had 100% sensitivity and 53% specificity for TA-TMA in the cohort.
All TA-TMA cases have been observed during cyclosporine immunosuppression, no
TA-TMA was diagnosed during tacrolimus or mycophenolat mofetil therapy. In the
majority of patients TA-TMA was mild and self-limiting, without any signs of organ
damage. No additional complement parameters were closely associated with the
development of TA-TMA. Early raise of the sC5b-9 activation marker was predictive
for later development of TA-TMA throughout the whole study period. In patients
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with a marked increase, early and frequent monitoring of TA-TMA activity markers should
be attempted, to facilitate subsequent therapy decisions in time. However, patients with
TA-TMA were only identified during or after cyclosporine immunosuppression. Further
studies enrolling higher number of patients are necessary to determine the role of
immunosuppression in the pathogenesis of TA-TMA.

Keywords: hematopoietic stem cell transplantation, HSCT, transplant-associated thrombotic microangiopathy,
TA-TMA, complement, pediatric, sC5b-9, thrombotic microangioapathy

INTRODUCTION

Transplant-associated ~ thrombotic ~ microangiopathy  (TA-
TMA) is a severe complication of hematopoietic stem cell
transplantation (HSCT), characterized by microangiopathic
hemolytic anemia, elevated serum lactate dehydrogenase level,
thrombocytopenia, and multiorgan injury (1). Earlier studies
reported incidence rates of TA-TMA between 0.5 and 63.6% (2),
while more recent studies have shown the rate of 2.3 to 39% (1, 3).
Although the exact pathophysiology is still unclear, endothelial
damage appears to be central. Numerous risk factors have been
identified including non-modifiable factors such as older age,
number of prior transplantations, complement gene variations
and CMYV seropositivity of the recipient (4, 5). Multiple studies
determined various transplant-associated risk factors like the use
of HLA-mismatched donors and peripheral blood stem cells,
infections, conditioning regimens and high-dose chemotherapy,
graft-vs.-host disease (GVHD), and calcineurin inhibitors (6, 7).
Recent research demonstrated that the presence of TA-TMA with
concurrent infection or GVHD associates with worse survival
than TA-TMA alone, furthermore patients who develop TA-
TMA are also at increased risk of developing GVHD, infections
and other complications (8, 9).

However, there is growing evidence that the overactivation of
the complement is involved in the pathophysiology of TA-TMA.
Jodele et al. reported that HSCT recipients with proteinuria and
elevated soluble terminal complement complex sC5b-9 levels
in blood at the time of TMA diagnosis were associated with
very poor survival (10). In recent years, numerous studies
have demonstrated the elevated level of sC5b-9 may aid in the
diagnosis of TA-TMA, while patients with increased sC5b-9 levels
are at higher risk of mortality, although not necessarily led to the
development of TA-TMA (7, 11).

Recent studies suggest that elevated levels of other proteins
and activity of the complement, like the activation product Ba,
C3b and the total classical pathway activity (CH50) could serve
as a marker of TA-TMA, supporting the role of the complement
system in the pathogenesis of TA-TMA (11, 12).

These findings suggest that activation of the complement via
the alternative pathway may lead to terminal pathway activation
in TA-TMA and may help to identify patients who are at higher
risk for the development of TA-TMA after HSCT.

In our previous pediatric cohort the early increase in level
of sC5b-9 activation marker (from baseline until 28 days after
HSCT) was proved to be predictive for the development of TA-
TMA during the first 100 days post-transplantation with 100%
sensitivity and 61% specificity. In the present study our aim was

to validate the earlier observations in an independent, pediatric
cohort, enrolling higher number of patients.

PATIENTS AND METHODS

The sample and data collection as well as the methods used
for the detection and analysis of complement parameters
were described with full details in our previously published
paper (13).

Patient Population, Sample, and Data

Collection

All patients from July 2015 to February 2019 who underwent
allogeneic HSCT at United St. Istvan and St. Laszl6 Hospital
in Budapest were approached to participate in this study.
In total, 67 subjects of the 84 fulfilled inclusion criteria
and had adequate material for complement assessments.
Individuals with weight below 10kg (seven patients) and
death <30 days after transplantation (one patient) were
excluded from this prospective cohort. Seven patients
were excluded due to technical problems during sample
collection. Moreover, two patients underwent transplantation
in both study periods, their complement data were included
in the first cohort, and excluded from validation cohort.
Detailed flow chart is presented on Figure 1. The study was
conducted in accordance with the Declarations of Helsinki
and approved by the institutional Ethics Committee on
Human Research.

Sample and data collection were performed in the
same way as in our previous paper. Briefly, samples
(serum, EDTA-anticoagulated plasma, and sodium-citrate
anticoagulated plasma) were collected at four time points: before
transplantation, 28, 56, and 100 days after HSCT. Coombs test,
hypertension, proteinuria, serum lactate dehydrogenase,
haptoglobin and creatinine levels, new onset anemia,
thrombocytopenia, and fragmentocytes as markers of TMA
activity were also determined.

Detection of Complement Parameters

Complement measurements were performed after the 100 days
follow-up. All parameters of a subject were determined at
a single time point. Serum concentration of complement C3
(reference range: 0.9-1.8 g/L) and C4 (reference range: 0.15-0.55
g/L) were determined by turbidimetry. CH50 (reference range:
48-103 CH50/ml) was determined by an in-house hemolytic-
titration assay while an enzyme-linked immunosorbent assay
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Included:
84 allo-HSCT patients transplanted
between July 2015- February 2019

Y

/7 patients excluded due to <10 kg body weight \
1 patient excluded due to transplantation-related
mortality before day 30

2 patients excluded due to 214 transplant during

the study period

7 patients excluded due to technical problems

v Quring sample collection /

67 allo-HSCT patients followed
for 100 post-HSCT days

1 patient died on day 59 due to
.| multiple organ failure
"| 1 patient died on day 73 due to
CMYV pneumonitis

Y

Transplantation-related complications
of 65 allo-HSCT patients until day 100

-

o

25 patients:  no complications
L 11 patients: ~ multiple complications*
» 22 patients:  viral react. or infection only
6 patients: acute GVHD only
1 patient: TA-TMA only

=

)

FIGURE 1 | Study flow chart. "The sequence of multiple complications, including acute GVHD (G), viral reactivation or new infection (V), and TA-TMA (T) were as
follows: three patients G-T; three patients V-T; two patients G-V; 1-1 patient each: T-V, V-T-G, G-T-V.

was applied to measure Clq (reference range: 60-180 mg/L),
terminal pathway activation complex sC5b-9 (reference range:
110-252 ng/ml) as well as factor H (FH) levels (reference range:
250-880 mg/L), and the activity of the lectin (Wieslab Comp
AP320 kit, reference range: 35-130%, EuroDiagnostica, Malmo,

Sweden) and alternative pathways (reference range: 70-125%).
Factor I (FI) and factor B (FB) levels were measured by radial
immunodiffusion (reference range: 70-130%). FRET-VWEF73
substrate was used to detect the ADAMTS13 enzyme activity
(reference range: 67-151%).
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FIGURE 2 | Development of virus reactivation, GVHD and thrombotic microangiopathy after HSCT from baseline to day 100.

Definition of Transplant-Related

Complications

Glucksberg criteria was used to grade the severity of acute GVHD
(14). Quantitative PCR assays were performed to detect viral
reactivation or primary infection. During the first 100 days of
the post-transplantation period, viral reactivation (CMV, EBV
or adenovirus) have occurred in 32 cases. Acyclovir was started
on the first day of conditioning therapy. As preemptive therapy
rituximab, foscarnet, gancyclovir, and cidofovir were used.

For the determination of TA-TMA, five sets of diagnostic
criteria were used (15-19) and the date of diagnosis was defined
as the day when all of the TA-TMA diagnostic criteria introduced
by Jodele et al. were fulfilled.

None of the patients who underwent complement evaluation
received eculizumab treatment in the whole study period.

Statistical Methods
Continuous data were expressed as the median and IQR
(range from the 25th to the 75th percentile) and categorical
variables as frequencies. Fisher exact tests were used to compare
categorical data and Mann-Whitney, Wilcoxon or Friedman tests
to compare continuous data.

Kaplan-Meier analysis was applied for calculation of TA-
TMA even-free survival and Log-rank test was used for the
comparison of survival curves. Two-sided P-value <0.05 was
considered statistically significant. For analyzes GraphPad Prism
6.03 (GraphPad Software Inc., La Jolla, CA) and IBM SPSS
Statistics 24 (IBM Corporation, Armonk, NY) were used.

RESULTS

Baseline Characteristics

The study population included 67 pediatric patients undergoing
allogeneic stem cell transplantation. The study flow chart is
shown on Figure 1. The median age of the recipients at the

time of HSCT was 8 years (range, 2.6-12.1 years), the majority
of patients were male gender (55%). Malignant diseases were
the primary indication of transplantation (55%), including acute
lymphoblastic leukemia (46%), acute myeloid leukemia (22%)
and juvenile myelomonocytic leukemia (11%) as the most
common diseases. The non-malignant disorders (45%) involved
were bone marrow failure syndromes, immunodeficiencies and
metabolic diseases in 19 (63%), 8 (27%) and 3 (10%) patients,
respectively. The conditioning regimen was myeloablative in 42
subjects (63%), the majority were treosulfan-based (52%) and
busulfan was also used in 20 cases (48%). The most common
graft source for HSCT was bone marrow (73%), particularly from
matched unrelated donors. Patients were followed for 100 days
after transplantation and transplantation related complications
were monitored.

During the first 100 days of the post-transplantation period
acute GVHD was observed in 13 cases (19%), out of which 8
was graded as I-II, and 5 was graded as severe III-IV GVHD.
Interestingly, out of the five severe acute GVHD cases, only
two patient developed TA-TMA. Sixty-four of the 67 subjects
received at least one of the calcineurin inhibitors as GVHD
prophylaxis, including cyclosporine (n = 54) and tacrolimus
(n = 13), furthermore mycofenolate mofetil was used in two
cases, and one patient received no immunosuppression due
to an identical twin donor. Sirolimus was used in two cases
as GVHD prophylaxis or treatment. Furthermore, the most
frequent transplant-related complication was virus reactivation
which was detected in 33 patients (49%). Twenty-five patients
had no complications, while most of the TA-TMA events
were preceded by GVHD or viral reactivation (n = 9).
Incidence of transplantation-related complications is shown
on Figures 1, 2.

All components of the five various diagnostic systems for TA-
TMA were monitored consecutively. Depending on the different
diagnostic systems, 6 (9%)(BMT = 26), 5 (7%) (IWG = 27), 5
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(7%)(Cho = 28), 7 (10%)(CoH = 29), and 10 (15%)(Jodele) of
67 subjects met the criteria for TA-TMA. All of the 10 patients
identified by the criteria system of Jodele et al. fulfilled the
requirements of at least three TA-TMA diagnostic systems.

Of 67 patients, 10 (15%) met the criteria for TA-TMA with
the median occurrence of 62 days post-transplantation (range,
42-85 days). Characteristics of patient groups with or without
TA-TMA are summarized in Table 1. No differences were found
in relation to age, gender, previous transplantations, donor type,
stem cell source, conditioning therapy, time of engraftment,
and viral infections between the two groups. All TA-TMA cases
have been observed during cyclosporine immunosuppression
and no TA-TMA was diagnosed during tacrolimus (0 of 13
patients) or mycophenolat mofetil (0 of 2 patients) therapy.
As a consequence of reduced toxicity conditioning regimen,
in majority of patients TA-TMA was mild and self-limiting,
without any signs of organ damage. Out of the 10 TA-TMA cases,
three patients required intensive therapy due to organ damage
during GVHD and TA-TMA treatment. In case of early signs
of a developing TA-TMA, withdrawal or change of calcineurin
inhibitors was the initial step to control the process in our clinical
practice. Calcineurin inhibitor was discontinued or changed
by the treating physicians if hypertension, posterior reversible
encephalopathy syndrome, relapse, minimal residual disease or
rapidly elevating LDH occurred. One patient received defibrotide
therapy as TA-TMA treatment.

However, individuals with acute GVHD during the first
100 days post-HSCT were at higher risk for the development
of TA-TMA (P 0.019). Although the difference in the
incidence of viral infections was statistically not significant
between the TA-TMA positive and negative groups (60 vs.
46.6%, P 0.5), the co-occurrence of acute GVHD and
virus reactivation was more frequently registered for subjects
with TA-TMA.

Complement Activation During the First
100 Days After HSCT

Our first goal was to identify the associations between various
measures of complement profile and TA-TMA, by measuring
the activities of the classical-, lectin- and alternative pathways,
plasma/serum levels of Clq, C4, C3, FH, FI, FB, and sC5b-9, as
well as the activity of ADAMTS13 during the first 100 days after
transplantation (Table 2). The levels of complement proteins
were considered to be elevated when an increase from baseline
was observed.

Among these parameters, complement terminal pathway
activation complex sC5b-9 and C4 levels showed association with
incident TA-TMA.

We observed a significant association between elevated sC5b-
9 levels and TA-TMA development. Baseline sC5b-9 levels did
not differ in patients with (interquartile range, 128-202 ng/ml),
or without (interquartile range, 113-220 ng/ml) subsequent TA-
TMA, furthermore the median levels remained within the
reference range of the assay for both groups. However, on day
28, sC5b-9 levels of 4 of 10 subjects with TA-TMA exceeded
252 ng/ml, the upper limit of the reference range, while 27

TABLE 1 | Patient characteristics.

Patients without Patients with P-value
TA-TMA (n =57) TA-TMA (n =10)
Age, years (median; IQR) 7.1 (2.5-11.8) 9.4 (6.7-14.3) 0.07
Male recipient sex 31 (54.4) 6 (60) 1
Indication of
transplantation
Malignancy 31 (564.39) 6 (60)
Bone marrow failure 16 (28.1) (30) 0.84
Other (immune deficiency or 10(17.5) 1(10)
metabolic disease)
Recent transplantation
0 53 (93) 10 (100) ’
1 4(7) 0
Donor type
Related identical or 21 (36.8) 2 (20)
haploidentical 0.47
Unrelated 36 (63.2) 8 (80)
Stem cell source
Bone marrow 42 (73.7) 7 (70)
PBCS 11 (19.9) 3(30) 0.55
Cord blood 4.(7) 0
Conditioning therapy
Myeloablative 34 (59.6) 8 (80) 03
Reduced intensity 23 (40.4) 2 (20)
Engraftment, days 20.5 (15-26) 26 (13-48) 0.41
HSCT-related
complications
Acute GVHD before day 100 8 (14.1) 5 (50) 0.019
GVHD before day 28 3(5.9) 2 (20) 0.16
Viral infection before day 27 (46.6) 6 (60) 0.5
100
Viral infection before day 28 8 (14) 2 (20) 0.64
None of the 2 25 (43.9) 1(10)
GVHD or viral reactivation 30 (52.6) 7 (70) 0.012
GVHD and viral reactivation 2(3.5) 2 (20)
Relapse-related mortality 10 (17.5) 0 0.34
TRM 7 (12.3) 2 (20) 0.28

Data presented are n (%) unless otherwise indicated.
PBSC, peripheral blood stem cell; IQR, interquartile range.

recipients showed an increase in the group of patients without
TA-TMA, and among them 6 reached the upper limit (P = 0.037).
Peak sC5b-9 levels were detected on day 28 in both groups,
however, concentrations were significantly higher in patients who
later developed TA-TMA, than recipients without: 240 ng/ml
(interquartile range, 219 to 376) vs. 160 (interquartile range, 110-
201; P = 0.0008). Furthermore, this difference remained on day
56 (P = 0.001), while sC5b-9 levels measured before HSCT and
on day 100 did not differ between them. Moreover, all patients
with later development of TA-TMA showed and early increase
(until day 28) of sC5b-9 (Table 3).

When absolute difference between day 28 and day 0
sC5b-9 values were calculated, ROC analysis identified
66 ng/ml increase, as the optimum cut-off point to identify
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TABLE 2 | Complement pathway activities and activation product levels at different time points before and after transplantation.

Parameter Before HSCT Day 28 Day 56 Day 100 P-value
Classical pathway activity, CH50/ml

Reference range: 48-103

TA-TMA (n = 10) 73 (56-95) 90 (74-110) 87 (77-106) 88 (72-120)

No TA-TMA (n = 57) 70 (63-96) 77 (69-100) 79 (66-92) 72 (61-84) ne
Alternative pathway activity, %

Reference range: 70-125

TA-TMA (n = 10) 87 (75-106) 105 (42-119) 92 (80-102) 106 (99-109)

No TA-TMA (n = 57) 89 (69-107) 94 (72-109) 92 (63-102) 89 (70-99) ne
MBL pathway activity, %

Reference range: 35-130

TA-TMA (n = 10) 117 (80-119) 115 (62-118) 105 (102-128) 122 (90-126)

No TA-TMA (n = 57) 84 (18-145) 105 (20-150) 99 (12-162) 95 (21-120) ne
Complement C3, g/L

Reference range: 0.9-1.8

TA-TMA (n = 10) 1.42 (1.26-1.44) 1.51 (0.95-1.79) 1.5 (1.28-1.96) 1.43 (1.33-1.73)

No TA-TMA (n = 57)
Complement C4, g/L
Reference range: 0.15-0.55
TA-TMA (n = 10)

No TA-TMA (n = 57)

FH, mg/L

Reference range: 250-880
TA-TMA (n = 10)

No TA-TMA (n = 57)

Fl, %

Reference range: 70-130
TA-TMA (n = 10)

No TA-TMA (n = 57)

FB, %

Reference range: 70-130
TA-TMA (n = 10)

No TA-TMA (n = 57)
ADAMTS13 activity, %
Reference range: 67-151
TA-TMA (n = 10)

No TA-TMA (n = 57)
sC5b-9, ng/ml
Reference range: 110-252
TA-TMA (n = 10)

No TA-TMA (n = 57)
C1q, mg/L

Reference range: 60-180
TA-TMA (n = 10)

No TA-TMA (n = 57)

1.35 (1.16-1.58)

0.38 (0.29-0.44)
0.36 (0.26-0.45)

690 (456-758)
448 (316-605)

90 (83-102)
88 (78-102)

98 (89-102)
90 (74-102)

99 (81-116)
91 (70-112)

157 (128-202)
153 (113-220)

90.9 (77.9-112)
89.9 (73.2-105.5)

1.37 (1.2-1.64)

0.38 (0.36-0.53)
0.39 (0.3-0.51)

564 (440-715)
468 (347-612)

76 (73-83)
86 (76-103)

89 (85-102)
84 (67-110)

68 (60-96)
78 (55-102)

240 (219-376)
164 (110-201)

101.6 (63-116.1)
78.1 (68.5-95.5)

1.31 (1.15-1.49)

0.45 (0.36-0.5)
0.35 (0.27-0.43)

479(369-897)
449 (296-614)

79 (70-89)
88 (76-105)

106 (67-122)
82 (67-100)

84 (65-117)
93 (58-121)

210 (161-272)
147 (120-189)

102.6 (90-120)
78.7 (64.2-91.1)

1.25 (1.06-1.36)

0.5 (0.42-0.56)
0.33 (0.26-0.4)

535 (419-761)
444 (313.9-531)

77 (72-94)
81 (70-97)

84 (74-98)
85 (68-104)

92 (58-117)
96 (62-120)

137 (126-148)
149 (108-201)

93.1 (35-125.7)
66.3 (50.7-84.8)

ns

0.009 for TA-TMA

ns

ns

ns

ns

0.003 for TA-TMA

ns

Data are presented as median (interquartile range). P-values were obtained with two-way analysis of variance.

ns, not significant.

TA-TMA patients with 90% sensitivity and 84% specificity
(AUC: 0.869; 95% CI 0.776-0.963).

Changes in C4 levels after HSCT showed moderate, significant
differences between patients with or without TA-TMA. Patients
with TA-TMA showed increasing C4 on 56 and 100 days
after HSCT, whereas in patients without TA-TMA C4 levels

peaked on day 28. We have no formal explanation for this
observation, but since multiple complications necessitating
combined/long drug treatment coincided with development of
TMA, cumulative effects drug- or inflammation related factors
might be in the background of elevated C4. However, a direct
relationship between elevated C4 levels and development of
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TABLE 3 | Complications and activity markers with or without early elevation of
sC5b-9 until day 28.

sC5b-9 elevation No change or P-value
from baseline to decrease of
day 28 (n = 37) sC5b-9 from
baseline to day
28 (n = 29)
Engraftment day 23 (17-27) 18 (13-24.5) 0.022
TA-TMA before day 100 10 (27) 0(0) 0.002
TA-TMA before day 28 3(8.1) 0(0)
Acute GVHD before day 100 7(18.9) 6 (20.7) 1
Acute GVHD before day 28 3(8.1) 2(6.9) 1
Viral reactivation before day 100 18 (48.6) 14 (48.3) 1
Viral reactivation before day 28 8(21.6) 7 (24.1) 0.31
Fever on day 28 3(8.1) 1(3.5) 0.62
Bloodstream infection 11 (29.7) 8(27.6) 1
Transplant failure before 100 3(8.1) 1(3.5) 0.62
days
Diagnostic parameters for TA-TMA
Elevated LDH until day 28 5(13.5) 5(17.2) 0.74
Elevated LDH until day 100 24 (64.9) 13 (44.8) 0.14
New onset anemia until day 28 1(2.7) 2(6.9) 0.58
New onset anemia until day 100 18 (48.6) 13 (44.8) 0.8
New onset thrombocytopenia 0 0
until day 28
New onset thrombocytopenia 15 (40.5) 10 (34.5) 0.8
until day 100
Low haptoglobin until day 28 10 (27) 8 (27.6) 1
Low haptoglobin until day 100 13 (35.1) 12 (41.4) 0.62
Fragmentocytes until day 28 13 (35.1) 12 (41.4) 0.62
Fragmentocytes until day 100 20 (54) 15 (61.7) 1
Proteinuria until day 28 6(16.2) 5(17.2) 1
Proteinuria until day 100 13 (35.1) 5(17.2) 0.16
Hypertension until day 28 17 (45.9) 7 (24.1) 0.078
Hypertension until day 100 22 (59.5) 8 (27.6) 0.013
None of the seven 11 (29.7) 4(13.8)
One of the seven 12 (32.4) 13 (44.8) 0.28
At least two of the seven until 14 (37.8) 12 (41.4)

day 28

Data presented are median (interquartile range) or n (%). P-values were obtained by
Fisher’s exact test.

TMA cannot be excluded, requiring further studies to clear
this association.

There was no significant association of TA-TMA with changes
in classical, lectin and alternative pathway activities, and other
complement parameters.

The relationship between the early increase of sC5b-9 and
transplantation related complications and early laboratory or
clinical markers of TA-TMA were also analyzed (Table 3). Based
on the changes in sC5b-9 levels from baseline to day 28, two
groups were defined, including patients with elevated, or with
decreased or unchanging levels of sC5b-9.

TA-TMA showed a remarkable association with early increase
of terminal pathway activation (Figure 3). Ten patients of 37 with

early increase in sC5b-9 levels developed later TA-TMA, while
none of the 29 recipients without an elevation. Furthermore, the
day of engraftment was delayed in patients with early increase in
sC5b-9 levels. Acute GVHD, viral reactivation and/or infection,
severe mucositis, fever, blood stream infection, transplant failure,
elevated LDH, new onset anemia and thrombocytopenia showed
no significant association with early increase of sC5b-9 levels
(Table 3).

Finally, we analyzed if early increase of sC5b-9 levels could
help in the clinical management of HSCT patients and calculated
sensitivity and specificity values to predict development of TA-
TMA. Early sC5b-9 elevation was a 100% sensitive predictive
marker for the later development of TA-TMA (10 of 10 patients
with TA-TMA had early elevation of sC5b-9; Figure 3), but it was
less specific (10 of 37 patients with early sC5b-9 increase had TA-
TMA events translating to 53% specificity). Positive predictive
value of having early elevation in sC5b-9 for the development of
TA-TMA was low, 27%, but the negative predictive value for the
same (not having sC5b-9 elevation, and lack of development of
TA-TMA) was 100%. Therefore, since 44% of our cohort had no
early elevation of sC5b-9 levels we consider checking of sC5b-9
levels clinically useful to stratify patients for later development
of TA-TMA.

DISCUSSION

Transplantation associated TMA is a frequent cause of organ
damage, and is associated with increased morbidity and mortality
after HSCT (20). Modifiable risk factors of TA-TMA are related
to transplantation-associated factors like HLA- or minor ABO
mismatched donor, use of PBSC, and lack of ATG- or presence
of myeloablative conditioning regimen. In addition, several post
transplantation events including infections, viral reactivation,
acute graft vs. host disease and use of calcineurin inhibitors
may also increase the risk of post-HSCT TMA (7). HSCT is
planned process with strict protocols for biological sampling
and monitoring of various organ functions, therefore, it is
feasible to search for, and to identify predictive biomarkers
of various post-TA-TMA complications. In our previous study
we utilized the advantages of our institutional protocol and
conducted an explorative, consecutive, comprehensive analysis
of complement biomarkers to search for TA-TMA associated,
predictive biomarkers. Early increase of terminal pathway
activation marker was identified as a sensitive marker of later
development of TA-TMA (13). To decrease the risk of a false
positive conclusion that may be related to the small size of our
previous observational study, we found it of utmost importance
to validate our initial observations in an independent cohort,
before making any firm conclusions based on the initial data.
Accordingly, the aim of this study was to enroll a new
prospective cohort of pediatric patients undergoing HSCT, and
to consecutively collect appropriate plasma and serum samples
for complement analysis with relevant clinical information, in
order to validate our previous results. Here we show, that
early elevation of complement terminal pathway activation
complex sC5b-9, is a predictive biomarker for the development
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FIGURE 3 | Development of thrombotic microangiopathy after HSCT in relation to changes of terminal pathway activation marker sC5b-9 from baseline to day 28.
Kaplan-Meier plot showing percentage of TA-TMA event-free patients.

of TA-TMA after HSCT (Figure 3 and Table 2). The current
findings are fully supporting and validating our previous results,
demonstrating 66 ng/ml increase, as the optimum cut-oft point
to identify TA-TMA patients with 90% sensitivity and 84%
specificity (AUC: 0.869; 95% CI 0.776-0.963). The association
between the early increase of sC5b-9 (binary variable) and later
development of TA-TMA translates to remarkably high negative
predictive value (100%) with 27% positive predictive value.

Most patients in our cohort had mild to moderate severity
of TA-TMA (Tables 1, 3) and were managed by modification
of immunosuppressive therapy, and by treatments for GVHD
and infections. All TA-TMA cases have been observed during
cyclosporine immunosuppression and no TA-TMA was
diagnosed during tacrolimus or mycophenolat mofetil therapy.
There was no patient in this cohort who required plasmapheresis
or complement inhibitory therapy to manage TA-TMA.
Accordingly, the mortality in this cohort was not associated with
TA-TMA (Table 1). All, but one, of the 10 TA-TMA events were
preceded by development of acute GVHD or viral reactivation,
or both (Figures 1, 2). This observation is supporting the current
“multiple hits” pathogenesis model of TA-TMA.

Currently, there are no universally accepted biomarkers
for the prediction of TA-TMA, although platelet activation,
neutrophil extracellular traps and complement activation are
suggested to play key roles (21). The relationship between
elevated sC5b-9 levels at the time of TA-TMA diagnosis
and poor survival was reported a few years ago (10),
which has been followed by several studies demonstrating
the possible link between complement activation and TA-
TMA, and facilitated subsequent therapeutic decisions and
analysis to predict response to treatment (7, 22). Importantly,

according to recent observations in a large pediatric cohort
use of anti-C5 complement inhibitory drug seems to be an
effective therapeutic strategy for high-risk TA-TMA patients
after HSCT (22). In addition, Jodele and associates observed
that subjects with higher complement activation marker sC5b-
9 before initiation of anti-C5 treatment were less likely to
respond and required more doses of the drug. Our results are
in line of these observations and provide further support to
complement activation markers, specifically terminal pathway
activation marker sC5b-9, as clinically useful biomarkers to
manage post HSCT TA-TMA patients.

In addition to sC5b-9 marker, our study identified
development of hypertension and acute GVHD, as signs,
and clinical factors associated with the development of TA-
TMA. Additional risk factors for the development of TA-TMA
after HSCT include conditioning agents and regimens (23).
As a result of modifications in the institutional conditioning
therapy (according to an international clinical study in
patients with acute lymphoblastic leukemia a less toxic
treosulphan based conditioning was used) and prophylactic
immunosuppression protocol, the incidence of TA-TMA was
lower in the current study (10/67) when compared to our
original cohort (10/33; P = 0.05). As a consequence of reduced
toxicity conditioning regimen, in majority of patients TA-TMA
was mild and self-limiting, without any signs of organ damage
and may contribute to smaller extent of sC5b-9 formation
compared to sC5b-9 levels measured in our previous study.
These observations indicate that the more aggressive or toxic
conditioning regimens could lead increased TA-TMA incidence,
although further, larger studies or pooled analysis, allowing
multivariable analysis, would be necessary to identify and
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validate the exact composition and role of clinical risk factors
for TA-TMA.

In conclusion, based on our original and current results we
consider early elevation of sC5b-9, the terminal complement
pathway activation marker, as a clinically useful predictive
marker for the development of mild to moderate TA-TMA
in pediatric HSCT patients. We suggest to include regular
monitoring of complement biomarkers into additional studies
and possibly also into institutional protocols. Studies on
complement targeting drugs are very limited in this setting at
this time, but interest is increasing after the first supportive
clinical observations (22, 24). Accumulating data and
evidence about the role and clinical utility of complement
biomarkers, and advanced understanding of the exact
role of complement activation in the post-transplantation
setting may facilitate the development of biomarker-
stratified therapy schemes, and improved management of the
affected patients.
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Thrombotic thrombocytopenic purpura (TTP) is a rare thrombotic microangiopathy
characterized by mechanical hemolytic anemia, profound thrombocytopenia, and
neurological manifestations. Acquired auto-immune TTP, the most prevalent cause
of TTP, is induced by the presence of inhibitory anti-ADAMTS13 auto-antibodies.
Modern treatment of acquired TTP relies on plasma exchange, rituximab, and steroids.
Caplacizumab (Cablivi®), a humanized single-variable domain immunoglobulin that
targets the A1 domain of the ultra-large von Willebrand factor, inhibits the interaction
between ultra-large VWFand platelets. In two clinical trials, caplacizumab, in addition
to conventional treatment, shortened the delay to platelet count normalization in
comparison to conventional treatment plus placebo, without increasing significantly
hemorrhagic complications. Moreover, caplacizumab was associated with reduced
occurrence of a secondary endpoint associating death, TTP recurrence, and major
thromboembolic events. Here, we report the off-label use of caplacizumab in a
68-year-old patient with confirmed acquired TTP, severe thrombocytopenia, and
generalized tonic—clonic seizures requiring mechanical ventilation and admission in the
intensive care unit. Conventional treatment was rapidly started. Despite the intensification
of plasma exchange treatment with twice-daily sessions, steroid continuation, and
a second rituximab infusion on day 6, thrombotic microangiopathy worsened with
thrombocytopenia at 21 g/L on day 8 from admission. We also considered using
caplacizumab, which we could obtain and start on day 12 from admission, as it
was available under a temporary authorization use in France. As soon as 12h after
caplacizumab initiation, we observed a significant increase of platelet count and
improvement of other hemolytic parameters. We observed resolution of encephalopathy
and complete recovery of motor paralysis, allowing us to stop mechanical ventilation on
day 14. Caplacizumab was maintained for 128 days until day 139 from initial admission.
The patient is going well 10 months after initial admission, without any neurological
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sequelae, and TTP did not relapse. To the best of our knowledge, this is the first reported
use of caplacizumab in such a condition. This case report suggests that caplacizumab
use may help to reduce the rate of refractory TTP episodes.

Keywords: thrombotic thrombocitopenic purpura, caplacizumab, refractor, case report, platelet

BACKGROUND

Thrombotic thrombocytopenic purpura (TTP) is a rare
thrombotic microangiopathy characterized by mechanical
hemolytic  anemia, profound thrombocytopenia, and
neurological manifestations (1). Acquired auto-immune
TTP, the most prevalent cause of TTP, is induced by the
presence of inhibitory anti-ADAMTSI3 auto-antibodies. At
the pathophysiological level, auto-antibodies induce severe
ADAMTS13 deficiency (typically below 10%) and the inability to
cleave von Willebrand factor (vWF), the ADAMTS13 substrate,
leading to the expression of prothrombotic ultra-large vVWF in
the microcirculation. Interactions between ultra-large vWF and
platelets induce microthrombi formation, which is responsible
for tissue injury and organ dysfunction (1).

Modern treatment of acquired TTP relies on plasma
exchange (PE), rituximab (RTX), and steroids (2). PE allows
to remove autoantibodies and to replenish ADAMTS13
concentration using plasma from healthy donors, whereas
RTX targets B cells, including autoreactive B cells that produce
pathogenic autoantibodies. Using this regimen, up to 85%
of patients achieve disease remission by 5-15 days, the
latter being classically defined as organ dysfunction recovery
and sustained platelet count normalization. In a minority
of patients, resistance to first-line treatment is observed,
leading to consider the use of intensive PE (twice daily),
cytotoxic agents (i.e., cyclophosphamide), and/or splenectomy
(3). It is important to underline that despite significant
therapeutic signs of progress, acquired TTP remains a life-
threatening disease with a mortality rate ranging from 5 to
15% occurring predominantly within the 2 weeks after hospital
admission (4).

Caplacizumab (Cablivi®), a humanized single-variable
domain immunoglobulin that targets the Al domain of the
ultra-large VWE inhibits the interaction between ultra-large
vWF and platelets (5). In two clinical trials, caplacizumab, in
addition to conventional treatment, allowed to shorten the delay
to platelet count normalization in comparison with conventional
treatment plus placebo, without increasing significantly
hemorrhagic complications (6, 7). Moreover, caplacizumab was
associated with reduced occurrence of a secondary endpoint
associating death, TTP recurrence, and major thromboembolic
events (7). After these trials, caplacizumab was approved
for TPP treatment and conventional treatment in the US
and Europe.

Here, we report the off-label use of caplacizumab in a patient
with acquired TTP resistant to conventional therapy. To the best
of our knowledge, this is the first reported use of caplacizumab in
such a condition.

CASE PRESENTATION

A 68-year-old woman was admitted to the emergency
department of a local hospital after a 15-min transient
neurological attack. She had a history of essential hypertension
treated with lercanidipine and Sjogren’s syndrome, which
was recently diagnosed. On examination, arterial pressure
was 148/85 mmHg; she had purpuric lesions of the upper
limbs, petechia of the mucosa, and diffuse ecchymoses.
The neurological examination was first normal. Biological
examination revealed thrombotic microangiopathy (TMA), with
mechanical microangiopathic hemolytic anemia (hemoglobin
8.9 g/dL, haptoglobin below 0.2 g/L, free bilirubin at 57 pmol/L,
lactate dehydrogenase 1,245 UI/L, schistocytes between 5 and
10%, and thrombocytopenia at 10 g/L). Serum creatinine was 94
wmol/L, without significant proteinuria. The diagnosis of TTP
was rapidly considered, and she was transferred to the proximity
university hospital for therapeutic management.

Confirming acquired TTP, ADAMTSI13 activity was below
5%, and anti-ADAMTSI13 antibodies (titer > 100 UI/ml)
were detected. Positive antinuclear antibodies (1/200) were
also detected with anti-Sm-RNP antibodies. The search for
antiphospholipid antibody syndrome was negative.

After the first PE session on day 1, the patient presented
generalized tonic—clonic  seizures requiring mechanical
ventilation and admission to the intensive care unit. Steroids
(1-mg/kg/day prednisone) and the first infusion of 375-mg/m?
RTX were administered. Her clinical and biological condition
improved on day 3, allowing to stop sedative drugs and weaning
from mechanical ventilation. However, despite PE treatment,
steroid continuation, and a second RTX infusion on day 6,
TMA worsened with thrombocytopenia at 21 g/L on day 8 from
admission. At that time, we decided to intensify PE treatment
to twice-daily sessions. However, her clinical and neurological
condition worsened. Indeed, TMA was not controlled as attested
by the platelet count remaining below 10 g/L. On day 9, she
developed encephalopathy with repetitive partial seizures
necessitating profound sedation and mechanical ventilation. At
clinical examination, persistent motor paralysis of the upper
left limb was observed. The CT scan was normal, excluding
brain hemorrhage, and the MRI showed two micro-infarctions.
A third RTX infusion was done on day 10. On day 11, platelet
count was 7 g/L, and encephalopathy with motor paralysis was
persistent. Given that complement activation has been observed
in TMA, including in TTP, and based on some literature case
reports (8), we decided to administer eculizumab to our patient
as a rescue therapy on day 11. Despite complement blockade,
we did not observe any improvement of TMA activity and
neurological involvement.
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FIGURE 1 | Treatment management and evolution of the platelet count and the lactate dehydrogenase level from diagnosis and day 90. The patient gave her written

Concomitantly, we also considered using caplacizumab, which
we could obtain and start on day 12 from admission, as it was
just available under a temporary authorization use in France.
The first injection of caplacizumab was done intravenously
at 10-mg dose, followed by 10mg twice-daily subcutaneous
administration after each PE session, as recommended by the
manufacturer. As soon as 12h after caplacizumab initiation,
we observed a significant increase of platelet count and
improvement of other hemolytic parameters. We observed a
resolution of encephalopathy and complete recovery of motor
paralysis, allowing to stop mechanical ventilation on day 14.
A drop of platelet count to 66 g/L without other biological
signs of TMA occurred on day 18, which we attributed
to a hypersensibility reaction to plasma infusion. Complete
resolution of biological TMA signs was observed on day 24
from admission.

PE sessions were continued twice daily until day 20 from
admission and could be stopped on day 31 (a total of 41 PE
sessions performed). Rituximab infusions were administered on
day 19 (CD19 count 17 cells/pl, fourth infusion), day 28 (CD19
count 2 cells/pl, fifth infusion), and day 71 (CD19 count 1
cell/pl, sixth infusion) to achieve complete B cell depletion. In
parallel, we closely monitored ADAMTS13 activity and decided
to continue caplacizumab until ADAMTS13 activity returned
above 20%. Caplacizumab was maintained for 128 days until
day 139 from initial admission. Apart from a benign palpebral
hematoma, no other adverse event occurred under caplacizumab
treatment. The treatment management and the evolution of TMA
parameters are summarized in Figure 1. The patient was going
well 20 months after initial admission, without any neurological
sequelae and did not develop TTP relapse.

DISCUSSION

Caplacizumab has been tested in two clinical trials as an
add-on therapy to conventional TTP treatment associating
PE, steroids, and RTX (6, 7). Both trials were associated
with faster thrombocytopenia correction in the caplacizumab
groups. Interestingly, in the phase III trial HERCULES, no
patient in the caplacizumab group experienced refractory TTP
defined by the absence of platelet count doubling after 4 days
of treatment, whereas three patients did in the conventional
treatment group. At the difference of clinical trials where it
was tested, caplacizumab was used as rescue therapy for a
severe resistant form of TTP in our patient. Interestingly,
platelet count increased very early after caplacizumab
initiation, suggesting an immediate action of the molecule
at the microcirculation level. We observed concomitantly
a fast correction of the hemolytic parameters and clinical
improvement of the patient. Thus, these observations clearly
suggest that caplacizumab can improve microcirculation and
prevent tissue damage.

Consequently, as illustrated in our case, the ability of
caplacizumab to control very severe TTP forms strengthens
the view that its use, along with first-line treatment, should
reduce significantly life-threatening forms of the disease and
the need for more aggressive salvage therapies (twice daily
PE, cyclophosphamide, splenectomy). Finally, in our patient,
if caplacizumab were not available to use, we would have
considered cyclophosphamide administration or splenectomy.
Both have been reported in the literature as salvage therapies
that should be considered alone or sequentially in patients
with severe and resistant TTP forms (9, 10). However, the
use of these treatments relies mainly on small retrospective
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studies, and their safety remains controversial, especially in
regard to bleeding risk after splenectomy and infectious
complications (9, 10).

ETHICS STATEMENT

The patient gave her written, informed consent for publication of
the case report.
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Background: Immune thrombotic thrombocytopenic purpura (iTTP) is a rare,
life-threatening disorder managed with plasma exchange (PLEX) and steroids. Addition
of rituximab (RTX) to initial disease treatment has been shown to lower future relapse
rates. Information as to whether upfront cyclophosphamide (CTX) treatment is helpful in
reducing relapse is not known.

Methods: In a retrospective cohort study, we identified all patients at our institution
diagnosed with iTTP between 2010 and 2019. We analyzed outcomes of cumulative
incidence of relapse (CIR) and duration of remission.

Results: Thirty Nine patients were studied. Group A (n = 10) included patients who
received upfront PLEX and steroids alone, and Group B (n = 28) included those who
received either upfront RTX (n = 23) or CTX (n = 5) in addition to PLEX and steroids.
The 2-year CIR was 50% in Group A and 27.7% in Group B, with a median duration
of remission of 43.6 months vs. 108.3 months, respectively (o = 0.04). Group A was
associated with a HR=8.7 (95% CI: 1.27, 59.45), p = 0.027 for duration of remission.
There was no significant difference between CTX and RTX in both outcomes of CIR and
duration of remission. We observed a potential impact on remission duration based on
the presenting absolute neutrophil count (HR = 0.74, 95% CI: 0.58, 0.96) and serum
creatinine (HR = 1.42, 95% CI: 1.03, 1.94).

Conclusion: There was no significant difference in iTTP relapse outcomes between
upfront RTX and CTX. Absolute neutrophil count and serum creatinine may have a role
in predicting relapse. Larger, prospective studies are needed to evaluate these findings.

Keywords: thrombotic thrombocytopenic purpura, rituximab, cyclophosphamide, treatment, relapse

INTRODUCTION

Auto-immune thrombotic thrombocytopenic purpura (iTTP) is a rare, life-threatening disorder
caused by auto-antibodies against ADAMTS13. It is characterized by a severe thrombotic
microangiopathy (TMA) that leads to organ failure and is associated with high morbidity
and mortality. The mortality rate of the untreated disease is around 90%, and treatment with
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corticosteroids and therapeutic plasma exchange (PLEX) reduces
that rate to around 10%. (1, 2) Although this treatment induces
remission, disease relapse remains a common problem. Relapse is
estimated to occur in around 30-50% of patients after achieving
initial remission (3, 4). Since iTTP is mediated by an antibody
against ADAMTS13, additional immunosuppressive therapy
given upfront has been shown to lower relapse rates (5-9).

Rituximab (RTX) is a monoclonal antibody that targets
B-cells, which produce the antibody responsible for causing
iTTP. It was first used in treating this disease in the relapsed
or refractory setting in the early 2000s, and was successful
in inducing remission (10, 11). The Phase II trials by Scully
et al. and Chen et al. demonstrated safety and efficacy of using
upfront RTX (8, 12). In the former trial, RTX was associated
with 10% relapse rate compared to 57% in historical controls,
which was a statistically significant reduction (8). It has since
been used in the upfront setting in various studies and shown
to lower relapse rates (5-9). While recent common practice
has shifted toward adding RTX to steroids and PLEX as front-
line treatment for acute initial iTTP, this practice has not been
rigorously examined.

An alternative therapy, cyclophosphamide (CTX), has been
used in relapsed iTTP. CTX is effectively used in the management
of acquired hemophilia that is caused by auto-antibodies to
factor VIII (13, 14). In the European Acquired Hemophilia
Registry, steroids combined with cyclophosphamide resulted
in more stable complete remission (70%) than rituximab-
based regimens (59%) (14). Several small studies have utilized
cyclophosphamide in the treatment of relapsed or refractory
iTTP where it has been shown to be effective (15-19). However,
studies evaluating CTX use in the upfront setting as a first-
line treatment along with PLEX and corticosteroids are lacking.
There are several advantages to the use of CTX. First, many
patients develop infusion reactions to RTX or have other
contraindicating comorbidities that may preclude its use upfront.
Furthermore, if given concurrently with PLEX, ~65% of RTX
may be removed making the optimal dose and frequency of
this drug difficult to determine (20). Alternatively, CTX is
unlikely to be removed by PLEX due to its low protein-
binding rate of 23%, and higher volume of distribution of
0.8 L/kg (21). Furthermore, CTX is far less costly than RTX.
As such, having an alternative agent for use in the upfront
setting may be beneficial. In this retrospective clinical review,
we hypothesized that CTX is as effective as RTX in lowering
relapse rate when used in the upfront setting for initial acute
iTTP. We compared outcomes of cumulative incidence of
relapse (CIR) as well as duration of remission between patients
who received upfront CTX and those who received RTX,
in addition to PLEX and steroids. Subsequently, in order to
evaluate whether there was benefit in the use of any additional
immunosuppression besides PLEX and steroids, we compared
the cohort of patients who received either additional CTX or RTX
with those who received PLEX and steroids alone without any
additional immunosuppression. This retrospective investigation
also examined several baseline characteristics on initial disease
presentation and assessed whether they correlated with a higher
risk of relapse.

METHODS

Patient Selection and Data Collection

In a retrospective chart review, we identified all patients
diagnosed with iTTP at University Hospitals—Cleveland Medical
Center between 2010 and 2019. The study was approved by
the Institutional Review Board (IRB). A billing diagnosis code
search for “thrombotic microangiopathy” (ICD9: 446.6, ICD10:
M31.1) was conducted. We included all patients diagnosed with
iTTP, defined as having an ADAMTS13 level of <10% and a
positive ADAMTS13 inhibitor or antibody, with clinical evidence
of TMA per provider documentation. We excluded patients with
a follow-up duration of <30 days, or with TMA due to other
causes such as congenital TTP, hemolytic-uremic syndrome,
anti-phospholipid syndrome, HELLP syndrome, systemic lupus
erythematosus, preeclampsia, accelerated hypertension, and
diffuse intravascular coagulopathy. The ADAMTS13 assays
were performed at the Blood Center of Wisconsin, measured
by Fluorescence Resonance Energy Transfer with a synthetic
substrate. Inhibitor assays were performed on those patients with
low ADAMTS13 levels.

We divided our cohort into four groups (Figure 1). Group A
included patients who received steroids and PLEX alone, without
any additional upfront therapy. Group B included patients who
received steroids, PLEX, in addition to either RTX or CTX. The
latter group was further divided into RTX group and CTX group
to compare the effects of these two agents. For our secondary
objective of predictors of relapse, we utilized the collective data
from the entire cohort (all groups combined).

Outcomes and Definitions

We defined the “onset of remission” as the date after which
the platelet count was greater than or equal to 150,000 /pl and
lactate dehydrogenase (LDH) <246 U/L for a minimum of 48 h.
Clinical relapse was defined as recurrence of TMA in addition
to ADAMTSI3 level of <10%. The “duration of remission” was
measured from the date of onset of remission, until the date of
first clinical relapse of TTP. For patients who are alive and did
not relapse, the end point was the date of last-follow-up.

Statistical Methods

The cumulative incidence of relapse (CIR) was estimated using
Kaplan-Meier method (22) and its difference among treatment
groups was examined by log-rank test. The effect of continuous
and categorical covariates on thrombotic thrombocytopenic
purpura relapse rate was estimated by univariate Cox model (23).
The association of categorical variables and continuous variables
was examined using chi-square test and Pearson correlation
coefficient, respectively, and the difference of continuous
measurements among groups was tested using T-test (two
groups) or ANOVA (more than 2 groups). The effect of
continuous and categorical covariates on time to eradication
of inhibitor (from diagnosis time) was estimated by univariate
and multivariable linear regression. The effect of continuous
and categorical covariates on days of hospitalization duration
was also estimated by univariate and multivariable linear
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39 met inclusion + exclusion criteria

(used in Cox regression analysis for
predictors of relapse)

1 patient on MMF

excluded from CIR analysis

38 included in CIR cohort

A4

i

10 received PLEX + steroids alone

(Group A)

28 received PLEX + steroids + RTX or

CTX

(Group B)

A 4

y

23 patients received PLEX +
steroids + RTX

(RTX Group)

5 patients received PLEX +
steroids + CTX

(CTX Group)

FIGURE 1 | The four different groups used for CIR analysis.

regression. All tests are two-sided and p < 0.05 was considered
statistically significant.

RESULTS

A total of 39 patients met the inclusion and exclusion criteria.
One patient received mycophenolate mofetil, and was not
included in the primary analysis of CIR, but was included in
the secondary objective of the study on laboratory predictors of
relapse. Ten patients received steroids and PLEX alone (Group
A), and 28 patients received steroids, PLEX, and either RTX
or CTX (Group B). Of those, 23 received RTX (375 mg/m2
weekly for four doses), and five received CTX (400 mg/m2 every
3 weeks for six doses). The average age of diagnosis was 44
years. The average duration of follow-up was 76 months. There
were no significant differences in baseline characteristics between
any of the groups (Table 1). Upfront administration of CTX
was not associated with any significant side effects in the five
treated patients.

Clinical Relapse

The median duration of remission in Group A vs. Group B was
43.6 months (95% CI: 0.5, 114.3) and 108.3 months (95% CI: 36.8,
N/A) respectively (p = 0.04). The CIR at 48 months in Group
A was 50 vs. 27.7% (CTX = 33.3%, RTX = 27.2%) in Group B
(Table 2) In the multivariable analysis, Group A was associated
with a statistically significant hazard ratio of 8.7 (95% CI: 1.27,
59.45), p = 0.027 for time to clinical relapse, compared to Group
B. There was no statistically significant difference in CIR between
RTX and CTX in the Kaplan-Meier analysis (Figure 2, Table 2).

Predictors of Relapse

The Cox regression analysis of the effect of initial inhibitor
level, absolute neutrophil count (ANC), nadir platelet count,
and serum creatinine on the outcome of duration of remission
is summarized below, and highlighted in Table 3. The analysis
on all other variables, including age, absolute lymphocyte
count, neutrophil/lymphocyte ratio, peak LDH on admission,
fibrinogen, D-Dimer, presence of autoimmune disease, and
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FIGURE 2 | Kaplan-Meier estimation of cumulative incidence of clinical relapse after remission for Group A vs. Group B (A), and CTX vs. RTX (B).
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TABLE 1 | Baseline Characteristics.

Variables CTX group (n = 5) mean RTX group (n = 23) mean Group A (n = 10) mean p-value
(STD) or frequency (STD) or frequency (STD) or frequency

Age (years) 33 (7.80) 44 (20.55) 43 (13.4) 0.44
Gender (F/M) 5/0 13/10 7/3 0.169
Initial inhibitor level 1.98 (2.50) 2.97 (2.72) 2.30 (2.51) 0.73
Initial ADAMTS13 antibodly level 37.5 (34.65) 33.83 (29.08) N/A 0.89
D-Dimer 767.00 (202.34) 2255.57 (1801.57) 1590.75 (600.06) 0.31
Fibrinogen 264.40 (67.42) 302.95 (90.46) 319.00 (117.66) 0.63
Nadir platelet count 8.8 (2.28) 12.5 (8.6) 12.20 (7.36) 0.64
Absolute neutrophil count 7.14.72) 8.8 (4.1) 6.97 (2.14) 0.65
Absolute lymphocyte count 1.61 (1.06) 2.07 (1.05) 1.91 (1.40) 0.70
Neutrophil-to-lymphocyte ratio 9.59 (12.59) 6.23 (5.85) 5.61 (4.09) 0.61
Creatinine on admission 1.02 (0.22) 1.93 (1.98) 3.08 (1.47) 0.31
Peak LDH on admission 1,444.4 (790.47) 1,222.91 (604.31) 926.20 (374.53) 0.41
Platelet normalization (days) 11.2(7.73) 11.32 (11.41) 11.20 (16.13) 0.99
LDH normalization (days) 11.6 (6.62) 11.33 (10.6) 6.00 (3.16) 0.58
Resolution time (days) 14.6 (8.32) 14.5 (12.07) 12.80 (15.15) 0.96
Duration of hospitalization (days) 23.6 (9.29) 26.75 (15.98) 11.2(6.72) 0.13
Altered mental status (Yes/ No) 2/3 8/13 2/2 0.91
Autoimmune disease (Yes/No) 3/2 3/20 2/8 0.07
Malignancy (Yes/No) 3/2 4/19 1/9 0.06

TABLE 2 | Kaplan-Meier estimation of the cumulative incidence of clinical relapse
(CIR, %).

This effect maintained statistical significance in the multivariable
analysis, with an HR of 0.74 (95% CI: 0.58, 0.96). Also, a Kaplan-
Meier graph of a dichotomized separation of high or low ANC

Factor Cumulative incidence of relapse (CIR) p-value . 9 o
for clinical relapse (above or below the median of 7.6 x 10°/L) shows a statistically
significant decrease in the risk of CIR in the high ANC group
24 48 2 120 (Figure 3A), with p = 0.015. Although the average ANC between
months months months months . L K K
the groups was not different, within the entire cohort there is
GroupA(n=10)  40.0 50.0 70.0 85.0 0.04 a gradient of ANC values. Those ANC values >7.6 x 10°/L
GroupB (=28 172 27.7 33.0 66.6 demonstrate the improved CIR finding.
Cyclophosphamide 0.0 33.3 33.3 0.81 .
(h=5) Nadir Platelet Count
Rituximab (0 = 23)  21.1 27.2 33.8 66.9 The nadir platelet count on presentation was not associated with

presence of malignancy did not show a statistically significant
impact on duration of remission. Similarly, the time to initiation
of CTX or RTX from the time of disease diagnosis did not
demonstrate an effect on the duration of remission.

Initial Inhibitor Level

Although the initial inhibitor level showed a trend toward an
increased risk of clinical relapse per unit increase the results did
not meet statistical significance in the univariate analysis (HR:
1.16, 95% CI: 0.95, 1.44), p = 0.17. However, this effect was
amplified after controlling for type of upfront therapy in the
multivariable analysis (HR: 1.23, 95% CI: 0.97, 1.56), p = 0.084.

Absolute Neutrophil Count (ANC)

A higher ANC on presentation was associated with a statistically
significantly longer duration of remission per unit increase.

a statistically significant change in time to clinical relapse, with
HR 0f 0.98 (0.90, 1.06), p-value: 0.60.

Serum Creatinine

The serum creatinine level on presentation was associated with
a decreased time to clinical relapse per unit increase, which was
statistically significant in the multivariable analysis (HR: 1.42,
95% CI: 1.03, 1.94). A Kaplan-Meier graph of a dichotomized
separation of high or low serum creatinine (above or below the
median of 1.2 mg/dL) shows a statistically significant increase in
the risk of CIR in the high serum creatinine group (Figure 3B),
with p = 0.046.

DISCUSSION

Our study results demonstrate that the upfront use of
immunosuppressive therapy, in addition to steroids and PLEX
is associated with a reduction in the cumulative incidence of
relapse and prolongs the duration of remission. The median
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TABLE 3 | Univariate and multivariable Cox regression analysis on time to clinical relapse.

Variable (per unit increase)

Clinical relapse HR (95% CI)

Univariate

Multivariable

Initial inhibitor level
Nadir platelet count
Initial ANC

Initial serum creatinine

1.16 (0.94, 1.44), p-value: 0.17
0.98 (0.90, 1.06), p-value: 0.60
0.79 (0.65, 0.98), p-value: 0.029
1.36 (1.02, 1.82), p-value: 0.035

1.23 (0.97, 1.56), p-value: 0.084*

0.74 (0.58, 0.96), p-value: 0.020
1.42 (1.03, 1.94), p-value: 0.032

*Controlled for type of therapy only. All the other analyses controlled for all the baseline characteristics listed in Table 1.
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duration of remission was significantly higher in Group B (108.3
months) compared to steroids and PLEX alone in Group A (43.6
months) with a HR of 8.7 (95% CI: 1.27, 59.45) after controlling
for baseline characteristics in the multivariable model. Consistent
with previously reported data, these findings demonstrate that
the addition of immunosuppressive therapy is associated with
a longer initial remission in iTTP. Our data is derived from
a combined cohort of patients who received either CTX or
RTX and demonstrates the benefit of any additional upfront
immunosuppression besides PLEX and steroids in this disease.
The sample size in the RTX and CTX groups individually was
too small to demonstrate a statistically significant difference in
outcomes in either group.

We then compared the outcomes between those who received
RTX or CTX upfront. The use of upfront RTX has been shown
in several studies to lower relapse rates (6-9). CTX, on the other
hand, has not been studied in the upfront setting, as opposed to
relapsed or refractory disease. While our sample size is small, the
Kaplan-Meier curves showed clear overlap and no statistically
significant changes in relapse outcomes in patients who received
upfront CTX as compared to RTX. However, in order to achieve
80% power to detect a difference, the required total sample

size is 308 patients. Nevertheless, our data demonstrate that it
would be beneficial to evaluate the use of upfront CTX in larger,
prospective studies. Low-dose pulse intravenous CTX used for
iTTP is associated with far less adverse effects compared to higher
doses of CTX, which can lead to infectious complications, bone
marrow suppression, and long-term risk for malignancy (24).
The risks with low-dose CTX are outweighed in the context of
preventing relapse of life-threatening iTTP.

The second goal of our study was to investigate baseline
characteristics that may help predict the risk of relapse.
Identification of risk factors predictive of relapse would make
a stronger argument for adding an upfront immunosuppressive
agent, or using more aggressive therapy at diagnosis. A previous
study by Tuncer et al. demonstrated that male sex, severe
thrombocytopenia, and higher LDH pre-/post-treatment ratio
were associated with higher risk of relapse (3). However, from all
the different baseline characteristics we analyzed, we identified
three different variables that may impact relapse outcomes:
inhibitor level, ANC, and serum creatinine.

The inhibitor level on presentation did not show a statistically
significant effect on duration of remission in the univariate
analysis. However, when we controlled for the type of therapy
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used (Group A vs. Group B), its effect was amplified and trended
closer toward statistical significance. This suggests that with
larger study samples, this effect may be more pronounced. Of
note, there are limitations in the inhibitor assay that we use since
it does not report levels above 8 arbitrary units. Unlike previously
reported data, our study did not demonstrate a statistically
significant impact of nadir platelet count on relapse risk (3).
Further, we found that a higher serum creatinine was associated
with a shorter duration of remission and a statistically significant
separation in the Kaplan-Meier analysis for CIR. We suspect
that this may reflect a more aggressive nature of the disease and
its microvascular complications, which may also translate into a
higher tendency for clinical relapse.

We proposed that an elevated ANC may correlate with
higher risk of relapse. However, contrary to our hypothesis, we
found that a higher ANC was actually associated with a longer
duration of remission. The protective effect of a higher ANC
maintains statistical significance in the multivariable analysis
after controlling for all other characteristics and is statistically
significant in the Kaplan-Meier separation. At present, the
mechanistic basis of this observation is not known. There is
emerging evidence in the literature that neutrophils may inhibit
B-cell responses, especially in the context of autoimmune diseases
(25). In murine models, data suggest a role for neutrophils
in suppressing immunoglobulin and antibody production in B
lymphocytes, as well as slowing disease progression of murine
lupus (26-28). There is also evidence that such an effect may
occur in humans as well. A study by Lelis et al. has shown
that myeloid derived suppressor cells, which may function as
pathologically activated neutrophils, have a role in modulating B
cell responses by suppressing B-cell proliferation and antibody
production (29). Since iTTP is also an autoimmune disease
caused by auto-antibodies against ADAMTS13, a modulatory
effect on the B cell production of antibodies probably would
correlate with a more durable remission.

CONCLUSION

Our study is the first to examine outcomes in a subset of
patients treated with upfront CTX therapy for initial iTTP,
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Molecular Studies and an ex vivo
Complement Assay on Endothelium
Highlight the Genetic Complexity of
Atypical Hemolytic Uremic
Syndrome: The Case of a Pedigree
With a Null CD46 Variant

Rossella Piras, Paraskevas latropoulos, Elena Bresin, Marta Todeschini, Sara Gastoldi,
Elisabetta Valoti, Marta Alberti, Caterina Mele, Miriam Galbusera, Paola Cuccarolo,
Ariela Benigni, Giuseppe Remuzzi and Marina Noris*

Clinical Research Center for Rare Diseases ‘Aldo e Cele Dacco,’ Istituto di Ricerche Farmacologiche Mario Negri IRCCS,
Bergamo, Italy

Atypical hemolytic uremic syndrome (aHUS) is an ultra-rare disease characterized by
microangiopathic hemolysis, thrombocytopenia, and renal impairment and is associated
with dysregulation of the alternative complement pathway on the microvascular
endothelium. Outcomes have improved greatly with pharmacologic complement C5
blockade. Abnormalities in complement genes (CFH, CD46, CFl, CFB, C3, and THBD),
CFH-CFHR genomic rearrangements, and anti-FH antibodies have been reported in
40-60% of cases. The penetrance of aHUS is incomplete in carriers of complement
gene abnormalities; and multiple hits, including the CFH-H3 and CD46gcaac risk
haplotypes and the CFHR7*B risk allele, as well as environmental factors, contribute
to disease development. Here, we investigated the determinants of penetrance of
aHUS associated with CD46 genetic abnormalities. We studied 485 aHUS patients
and found CD46 rare variants (RVs) in about 10%. The ¢.286+2T>G RV was the
most prevalent (13/485) and was associated with <30% penetrance. We conducted
an in-depth study of a large pedigree including a proband who is heterozygous
for the ¢.286+2T>G RV who experienced a severe form of aHUS and developed
end-stage renal failure. The father and paternal uncle with the same variant in
homozygosity and six heterozygous relatives are unaffected. Flow cytometry analysis
showed about 50% reduction of CD46 expression on blood mononuclear cells from the
heterozygous proband and over 90% reduction in cells from the proband’s unaffected
homozygous father and aunt. Further genetic studies did not reveal RVs in known
aHUS-associated genes or common genetic modifiers that segregated with the disease.
Importantly, a specific ex vivo test showed excessive complement deposition on
endothelial cells exposed to sera from the proband, and also from his mother and
maternal uncle, who do not carry the ¢.286+2T>G RV, indicating that they share
a circulating defect that results in complement dysregulation on the endothelium.
These results highlight the complexity of the genetics of aHUS and indicate that
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CD46 deficiency may not be enough to induce aHUS. We hypothesize that the proband
inherited from his mother a genetic abnormality in a complement circulating factor that
has not been identified yet, which synergized with the CD46 RV in predisposing him to

the aHUS phenotype.

Keywords: atypical hemolytic uremic syndrome, complement, membrane cofactor protein, incomplete
penetrance, splicing, CD46 expression, ex-vivo assay, rare variants

INTRODUCTION

Hemolytic uremic syndrome (HUS) is an ultra-rare disease
characterized by microangiopathic hemolytic —anemia,
thrombocytopenia, and renal impairment (1) caused by
platelet thrombi in the microcirculation of the kidney and other
organs. Atypical HUS (aHUS) accounts for about 10% of all cases
and has a poor prognosis compared with the most common
form of HUS in children, which is caused by Shiga-like toxin
producing Escherichia coli (STEC) (1). Before the introduction
of C5 inhibition therapy, up to 50% of aHUS cases progressed
to end-stage renal failure (ESRF) or developed irreversible brain
damage, and 25% died during the acute phase of the disease
(2,3).

The term primary aHUS identifies cases characterized by
dysregulation of the alternative complement pathway (2, 4).
Rare recessive forms of aHUS are associated with genetically
determined cobalamin C (5) or diacylglycerol kinase 3 deficiency
(6, 7). Finally, aHUS may be secondary to other conditions,
such as autoimmune diseases, systemic diseases, malignant
hypertension, and transplantation (4, 8).

In 40-60% of patients with primary aHUS, genetic
abnormalities affecting the complement regulatory proteins
factor H (CFH), membrane cofactor protein (MCP), factor I
(CFI), and thrombomodulin (THBD) and the components of
the alternative pathway C3 convertase C3 and factor B (CFB)
or anti-FH autoantibodies have been identified (2, 9-13). Less
than 20% of cases are considered familial, that is, cases where
two or more members of the same family are affected by the
disease and exposure to STEC has been ruled out. All the other
patients do not have a family history of the disease (sporadic
aHUS), and most of them inherited the complement abnormality
from an unaffected parent. Indeed, incomplete penetrance
has been reported for all genes associated with aHUS. Other
genetic modifiers, including risk haplotypes and polymorphisms
and environmental factors have been shown to contribute
to the development of disease phenotypes (14-16). A wide
variety of triggers have been identified, including common
viral and bacterial infections, ischemia, organ transplantation,
and pregnancy.

Mutations in the gene encoding membrane cofactor protein
(also known as CD46), first described in association with aHUS
in 2003 (17, 18), account for 5 to 9% of cases with primary aHUS.
MCP is a transmembrane protein made by four N-terminal short
consensus repeats (SCRs), a serine/threonine-rich (ST) domain, a
transmembrane domain (TM), and a cytoplasmic tail (CYT) and
serves as cofactor for factor I (FI), a plasma serine protease that
cleaves C3b and C4b. It is widely expressed on all nucleated cells

and is particularly highly expressed in the kidney (19), where it
regulates C3 activation in the glomerulus.

aHUS-associated CD46 variants usually cluster in the
extracellular complement regulatory SCR domains (14, 20-22).
Seventy-five percent cause a reduction in MCP expression on the
cell surface (23, 24).

The penetrance of aHUS among subjects with CD46
mutations is incomplete, and 25% of patients had combined
mutations in other complement genes (12).

Here, we investigated the determinants of CD46 mutation
penetrance. We found that the splicing variant ¢.2864+2T>G
(also known as ITVS2+2T>G; dbSNP: rs769742294) is the most
prevalent CD46 genetic abnormality in our cohort of patients
(n = 485) with primary aHUS, and within families, disease
penetrance in ¢.286+2T>G carriers was 28%. We performed an
in-depth study of the large pedigree of a patient with sporadic
aHUS who is heterozygous for this variant. Fremeaux-Bacchi et
al. demonstrated that this splice-site variant results in abnormal
splicing, causing a deletion of 48 amino acids in the SCRI1
of the protein (24). Afterwards, Maga et al. reported that the
c.286+2T>G results in another abnormally spliced mRNA,
leading to a frameshift and the translation of a truncated protein
(p.Glu97Lysfs*33) (25).

In published studies, the ¢.286+2T>G variant was associated
with a variable phenotype: heterozygous carriers have a milder
form of aHUS, while the disease is more severe and has an
earlier onset in homozygous carriers (24, 26). In contrast, in our
pedigree, the heterozygous proband manifested a severe form
of aHUS and developed ESRF, while two adult relatives (his
father and paternal uncle) with the same variant in homozygosity
are unaffected. Screening for other known aHUS-associated
complement genes did not reveal rare or common variants that
segregated with the disease. An ex vivo test showed excessive
complement deposition on endothelial cells exposed to sera from
the proband, and also from his mother and his maternal uncle,
who do not carry the ¢.286+2T>G variant, indicating that the
proband inherited a maternal circulating defect in complement
regulation. These results highlight the complexity of the genetics
of aHUS and indicate that CD46 deficiency may not be not
enough to cause aHUS.

MATERIALS AND METHODS
Study Subjects

Four hundred eighty-five unrelated patients with a diagnosis
of primary aHUS were recruited through the International
Registry of HUS/TTP, under the coordination of the Aldo and
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Cele Dacco Clinical Research Center for Rare Diseases (Ranica,
Bergamo, Italy).

Clinical information and demographic and laboratory data for
all patients and their available relatives were collected using a case
report form. Biochemical and genetic tests were performed on
blood, plasma, serum, and DNA samples collected from all aHUS
patients and available relatives.

All participants received detailed information on the purpose
and design of the study, according to the guidelines of the
Declaration of Helsinki.

aHUS was diagnosed in all cases with microangiopathic
hemolytic anemia and thrombocytopenia [defined as hematocrit
(Ht) <30%, hemoglobin (Hb) <10 g/dl, serum lactate
dehydrogenase (LDH) of >500 IU/L, undetectable haptoglobin,
fragmented erythrocytes in the peripheral blood smear, and
platelet count less of than 150,000/p.1] associated with acute renal
failure (serum creatinine >1.3 mg/dl for adults, >0.5 mg/dl for
children under 5 years old and >0.8 mg/dl for children aged
5-10, and/or urinary protein-creatinine ratio >200 mg/g; or
an increase in serum creatinine or urinary protein-creatinine
ratio >15% compared with baseline levels). Thrombotic
thrombocytopenic purpura was ruled out because all patients
exhibited ADAMTSI13 activity >10% and no anti-ADAMTS13
antibodies. Primary aHUS was defined in aHUS patients
when both secondary underlying conditions and infections by
Stx-E.coli were ruled out.

Ethnically matched healthy controls (n = 319) were also
recruited from blood donors and were screened for CD46
variants that we found in primary aHUS patients.

All participants provided informed written consent. The study
protocol was approved by the Ethics Committee of the Azienda
Sanitaria Locale, Bergamo, Italy.

Genetic Screening and Biochemical
Testing

Genomic DNA was extracted from peripheral blood leukocytes
(Nucleon BACC2 kit, Amersham; NucleoSpin Blood Kkit,
Macherey-Nagel). All coding exons and the intronic flanking
regions of membrane cofactor protein (CD46), complement
factor H, (CFH), complement factor I (CFI), complement factor
B (CFB), complement C3 (C3), and thrombomodulin (THBD)
genes were amplified by polymerase chain reaction (PCR), using
gene-specific primers and standard conditions. Amplification
products were sequenced using standard Big-Dye Terminator
v.1.1 protocols on 48-capillary 3730 DNA Analyzer. Sixty patients
who were recruited more recently were analyzed using a home-
made next-generation sequencing (NGS) diagnostic mini panel
for simultaneous sequencing of the six complement genes
reported above using a combination of multiplex PCR and high-
throughput sequencing (PGM Ion Torrent, Life technologies).
dbSNP, 1,000 genomes, ESP6500, and ExAC databases were used
to distinguish new variants from those that had already reported.
Ethnically matched healthy controls (n = 319) were screened for
rare CD46 variants found in non-Stx-HUS patients.

Genetic variants with a reported minor allelic frequency
(MAF) below 0.001 in 1,000 Genomes and in the Exome

Aggregation Consortium (ExAC), not found in 319 healthy
controls and with a Combined Annotation Dependent Depletion
(CADD) phred score > 10 were considered rare variants
(RVs). CD46 RVs were further classified in “pathogenic,” “likely
pathogenic,” “uncertain significance,” “likely benign,” or “benign”
using the guidelines from the American College of Medical
Genetics and Genomics (ACMG) (27) and Kidney Disease:
Improving Global Outcomes (KDIGO) conference (4).

Once a RV was identified, the parents and relatives of
the proband were invited for genetic testing to study the
transmission model.

In patients carrying the CD46 ¢.286+2T>G RV and their
available relatives, we genotyped by direct sequencing the
CFH single-nucleotide polymorphisms (SNPs) (c.1-331C>T,
rs3753394; c.184G>A, p.V62I, rs800292; ¢.1204C>T, p.H402Y,
rs1061170; c.2016A>G, p.Q672Q, rs3753396; ¢.2237-543G>A,
rs1410996; ¢.2808G>T, p.E936D, rs1065489) that define
the disease risk haplotype CFHrgrger (known as CFH-H3
haplotype) and one SNP in CD46 (rs7144, ¢.*897T>C) that tags
the risk CD46GGac haplotype.

All CFHR5 exons and the three nucleotide differences in
exon 4 of CFHRI (c.469, c.475, and c.523) that distinguish the
CFHRI*A and CFHRI*B alleles were also genotyped in the
proband and his relatives, using direct sequencing. The three
differences cause three amino acid changes in SCR3 of FHRI1
that make SCR3 of FHRI identical to SCR18 of FH (28). The
SCR3 with Tyr157, Vall159, and GIn175 amino acids characterizes
the basic isoform of FHR1 and is identical to the SCR18 of FH,
indicating that the CFHRI1*B allele could be the result of a gene
conversion between CFH and CFHRI. The CFHRI*B allele has
been found to be associated with aHUS patients carrying the
homozygous CFHRI1*B allele.

Multiplex ligation-dependent probe amplification (SALSA
MLPA P236-A3 ARMD, MCR-Holland) was used to evaluate
copy number variations in CFH, CFHR3, CFHR1, CFHR2, and
CFHRS5 genes.

The mRNA extracted from peripheral blood mononuclear
cells (PBMCs) from the proband and his relatives in
family #646 was reverse transcripted using SuperScript®
II  Reverse Transcriptase (Invitrogen, Carlsbad, CA,
United States). ¢cDNA amplification and sequencing were
performed using a forward primer constructed on exon
1 (signal  peptide) (5-GCTTTCCTGGGTTGCTTCT)
and a reverse primer constructed on exon 3
(SCR2) (5'-CATTTGCAGGGACTGCTTG).

Complement C3 and C4 serum levels were evaluated using
kinetic nephelometry (14). Plasma SC5b-9 levels were evaluated
with the MicroVue SC5b-9 Plus EIA commercial kit (SC5b-9
Plus, Quidel). The presence of anti-FH antibodies was evaluated
using enzyme-linked immunosorbent assay (ELISA) (13).

CD46 Expression Studies on Peripheral
Blood Mononuclear Cells

PBMCs were isolated from the peripheral blood of the proband,
his relatives, and healthy volunteers by performing density
gradient centrifugation using Ficoll-Paque. Fresh or thawed
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PBMCs were labeled with anti-human CD3 APC-Cy7 or
alternatively anti-human CD3 BV510 (clone SK7) and with
antibody anti-human CD46 fluorescein isothiocyanate (FITC)
(clone E4.3 that recognizes SCRI1 epitope) or with antibody
anti-human CD46 FITC (clone MEM258 that recognizes SCR4
epitope). Each experiment was performed using PBMCs from
healthy volunteers labeled for CD3 and CD46 (SCR1) or CD3 and
CD46 (SCR4) or unlabeled as negative controls (29). The gating
strategy is reported in Supplementary Figure 1.

Samples were acquired with FACSAria or LSR-Fortessa X-20
cytofluorimeter (BD) and analyzed using Flow]o software (BD).

Samples were labeled with the VIABILITY dye probe to
exclude dead cells from analysis 10 min before acquisition.

FMO (Fluorescence minus one) was used to analyze samples.
Samples were gated in single cells, and T live cells were
then analyzed for the specific expression of CD46 [as median
fluorescence intensity (MFI)] for SCR1, or for SCR4. CD46
expression was indicated as MFI percentage compared with
the control.

Complement Deposition on Human
Microvascular Endothelial Cells

A human microvascular endothelial cell line of dermal origin
(HMEC-1) was plated on glass slides and used when confluent.
Cells were activated with 10 WM of adenosine 5'-diphosphate
(ADP) for 10 min and then incubated for 4 h with serum diluted
1:2 with test medium [Hanks’ Balanced Salt Solution (HBSS) with
0.5% bovine serum albumin (BSA)]. At the end of the incubation
step, HMEC-1 were stained with FITC-conjugated rabbit anti-
human C3c-complement or rabbit anti-human complement
C5b-9 followed by FITC-conjugated secondary antibody. In each
experiment, a pool of sera from healthy controls was tested
parallel with the patients serum. We verified the cellular integrity
after exposure to serum samples in parallel slides in which
HMEC-1 were stained with May-Grunwald Giemsa (30). A
confocal inverted laser microscope was used for the acquisition
of the fluorescent staining on the endothelial cell surface. Fifteen
fields per sample were acquired, and the area with fluorescent
staining was evaluated with automatic edge detection using built-
in functions in the Image J software and expressed as pixel? per
field analyzed. The fields with the lowest and highest values were
excluded from calculation. Results were expressed as percentage
of staining compared with control serum pool.

Statistical Analysis

MedCalc software was used for statistical tests. Fishers exact
test was used to compare the frequency of CD46 RVs between
aHUS patients and healthy control populations. Chi-square test
or Fisher’s exact test was used to calculate the risk of CFH-H3
and CD46GGaac haplotypes to increase the risk of developing
aHUS. The results of C5b-9 deposition on activated HMEC were
expressed as mean =+ SE and analyzed by ANOVA.

RESULTS

c.286+2T>G Is the Most Frequent CD46
Rare Variant in Atypical Hemolytic Uremic
Syndrome and Is Associated With

Incomplete Penetrance

Screening of complement disease-associated genes in 485
unrelated patients with primary aHUS (herein defined aHUS)
identified RVs in 189 cases. Specifically, 17% of patients carry
CFH RVs; 7% CFH-CFHR rearrangements; 8% RVs in CD46; and
4,8,2,and 1% in CFI, C3, CFB, and THBD genes, respectively. In
addition, in 10% of patients, we identified anti-FH antibodies.

We identified 15 CD46 RVs in 39 patients. Of these, 20% (n
= 8) exhibited additional RVs in CD46 (n = 3) and/or in other
complement genes (n = 5) (Table 1). Nonsense and frameshift
RVs were found in 13 aHUS patients, whereas no non-sense or
frameshift RVs were found in any of the 319 healthy controls
(13/485 vs. 0/319; P = 0.002).

c.2864+2T>G is the most frequent RV that we identified
in aHUS patients of our Registry and is significantly
overrepresented in patients compared with controls (patients
13/485 vs: healthy controls 0/319, P = 0.002; ExAC controls
4/60412, P =1 x 107°) (Table 1). Patients carrying this RV had
an age of onset ranging from 1 to 58 years. Through the genetic
analysis of seven pedigrees, we found 25 subjects carrying the
€.286+2T>G variant. Given that only seven individuals in the
above pedigrees developed the disease, the penetrance of aHUS
in ¢.286+2T>G carriers is 28%.

Among the seven studied pedigrees, we further focused
on the large family identified as #646 as a prototype of
incomplete penetrance associated with the ¢.2864+2T>G
variant (Figure 1). In this pedigree, the proband was born
from non-consanguineous, healthy parents. After an episode
of acute gastroenteritis at 29.5 years of age, the man developed
hypertension, jaundice, and thrombocytopenia (platelet
count 25,000/pl) with borderline serum creatinine levels (1.2
mg/dl) and normal Hb levels (15 g/dl). The episode resolved
spontaneously, platelet count normalized (293,000/p.1), and Hb
levels and renal function were normal (16.6 g/dl and 1.1 mg/dl,
respectively) (Figure 2). At age 32, he was hospitalized with a
fever and jaundice. Laboratory results revealed a low platelet
count (12,000/p], Figure 2), an increased LDH level (1,619 U/L),
hyperbilirubinemia, fragmented red cells (schistocytes), and
slightly elevated serum creatinine levels (1.36 mg/dl). A clinical
diagnosis of aHUS was made. After 10 plasma exchanges and oral
therapy with high doses of steroids (1 mg/kg), the hematologic
features improved but renal function worsened (creatinine
levels up to 2.9 mg/dl, Figure 2). The patient continued steroid
therapy, leading to improvement in renal function (serum
creatinine: 1.5 mg/dl) and an increase in platelet numbers
(203,000/p1, Figure 2). After 3 months, serum creatinine was 4
mg/dl (Figure 2), and the patient underwent a kidney biopsy,
which showed thrombotic microangiopathy with ischemic
nephropathy. Two months later, he had an aHUS relapse with

P-values of less than 0.05 were considered severe thrombocytopenia (44,000/jL]) severe renal failure (serum
statistically significant. creatinine 10.6 mg/dl, Figure2) and lower than normal C3
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TABLE 1 | List of CD46 rare variants (RVs; variants with minor allele frequency < 0.001 in 1000 Genomes and EXAC databases and with CADD phred score >10)
identified in 485 atypical hemolytic uremic syndrome (aHUS) patients recruited through the International Registry of HUS/TTP.

Exon CDA46 rare variants Patients Ctrs P- dbSNP rs HGMD 1,000K ExAC global Pathogenic CADD Variant
(n =485) (n=319)value frequency frequency in functional classification
studies
Intron 1 ¢.98-1G>C (p.C35X) 4 0 0.16 rs1441937053 CS064376 NA NA VYes! 241 P
Exon2  ¢.104G>A (p.C35Y) 32 0 0.28 rs121909591 CM062498 NA 8.26 x 1076 Yes' 24.5 LP
Exon2  c.175C>T (p.R59X) 6P 0 0.09 rs121909590 CM062495 NA NA Yes' 24.5 P
Exon2  ¢.192_198delinsC (p.C64fs) 1 0 1.00 NA CX064751 NA NA NA 22.5 LP
Intron 2 ¢.286+2T>G 13° 0 0.002 rs769742294  CS066620 NA 3.3 x 107° Yes? 23.7 P
Intron 2 ¢.287-2A>G 3d 0 0.28 rs759813089 CS064377 NA 3.1 x 107° VYes! 23.9 LP
Exon3  ¢.295T>C (p.C99R) 1 0 1.00 NA CM062496 NA NA Yes' 23.8 P
Exon3  ¢.307C>T (p.R103W) 1 0 1.00 rs1486782648 CMO050660 NA NA Yes® 10.3 us
Intron 4 c.475+1_4delGTAA 1€ 0 1.00 NA CD136074 NA NA NA 16.8 NA
Exon5 ¢.565T>G (p.Y189D) 4f 0 0.16 rs202071781 CM103418 1.99 x 10* 8.2 x 10°° VYes? 23.8 LP
Exon5 ¢.648G>C (p.W216C) 1 0 1.00 NA CM103419 NA NA NA 24.9 NA
Exon 6 ¢.685C>T (p.R229X) 1 0 1.00 rs1553251787 CM1516829 NA NA NA 35 LP
Exon 6 ¢.799-800delAC (p.T267fs) 1 0 1.00 NA CD034158 NA NA Yes* 15.03 P
Exon 6 c.815_832delinsATT+ 1 0 1.00 NA CX064752 NA NA VYes! 25.4 NA
c.841C>A (p.272-
276del+D277N+P278S)
Exon 6 ¢.725T>G (p.F242C) 19 0 1.00 NA CM062499 NA NA Yes' 22.3 P

Nucleotide CD46 numbering was used according to GenBank sequence NM_002389.4. Statistical analysis was performed using Fisher’s exact test. Statistical significance: P < 0.05.
Italic characters indicate statistically significant values.

HGMD, Human Gene Mutation Database; 1000K, 1000 Genome Project; EXAC, Exome Aggregation Consortium; CADD, Combined Annotation Dependent Depletion; Variant
Classification reported in the Database on complement gene variant (https://www.complement-db.org/home.php) based on guidelines from ACMG and Goodship et al. (4); R,
pathogenic; LR, likely pathogenic; US, uncertain significance; NA, not available.

aA patient (#F106) carries two additional RVs (CD46 p.R59X; FH p.R1210C).

bTwo patients have combined complement RVs: patient #1075 also carries a THBD pathogenic variant (p.A43T); patient #F106 carries two additional RVs (CD46 p.C35Y; FH p.R1210C).
CFour patients have additional complement variants: patient #5978 also carries a FI (p.1357M) and an FH (p.R1210C) RV, patient #1503 carries an additional RV in CD46 (p.Y189D).
Patient #1873 also carries an FH RV (p.N516K). Patient #1793 also carries a FI RV (p.R317Q).

9A patient (#657) also carries a FI RV (p.L.484Vfs3X).

©This patient (#1430) carries an additional CD46 RV (p.Y189D).

"Two patients (#1430 and #1503) also carry additional complement RVs (#1430: c.475+1_delGTAA; #1503: ¢.286+2T>G).

9This patient (#F169) also carries an FH RV (p.G1194D).

TCaprioli et al. (23).

2Fremeaux-Bacchi et al. (24).

3Fang et al. (31).

4Noris et al. (17).

and C4 levels (44 and 4 mg/dl, respectively). He was treated The proband carries the CD46 ¢.286+2T>G RV in
with plasma exchange and steroid therapy and underwent  heterozygosity. The family history is negative for aHUS
hematological remission but developed ESRF requiring chronic  and other kidney diseases. Genetic analysis for the ¢.2864+2T>G
hemodialysis. One year later, C3 and C4 serum levels were variant was extended to 16 healthy relatives. As shown in
normal, Hb levels were borderline (between 11 and 11.9 g/dl),  Figurel (pedigree #646), the c.2864+2T>G variant is of
and the platelet count was normal (Table 2). paternal origin. Surprisingly, the proband’s unaffected father
At age 37, the patient underwent a cadaveric renal (III-7) and one paternal aunt (III-6) are homozygous for
transplantation with prophylactic plasma exchange to prevent  the ¢.28642T>G RV. Furthermore, six paternal relatives
post-transplant recurrence (Figure2). The patient received are healthy carriers of the same variant in heterozygosity
an induction treatment with low doses of thymoglobulin  (Figure1).
and basiliximab, and maintenance immunosuppression with Sequencing of other complement aHUS-associated
steroids, cyclosporine, and azathioprine. Hypertension was  genes (CFH, CFI, C3, CFB, THBD, and CFHR5)
treated with atenolol and nifedipine. On day 9 post-transplant, in the proband and his parents did not reveal
the platelet count and Hb level were normal, and serum  additional RVs. The proband has a normal copy
creatinine was 1.6 mg/dl. At the last follow-up, 5 years after =~ number of CFH-CFHR genes. The assay for anti-FH
transplantation, blood pressure was normal (136/72 mmHg), antibodies that was done before transplantation showed
serum creatinine was 1.43 mg/dl, and the platelet count and Hb  negative results.
levels were within normal ranges, while proteinuria was absent We then investigated whether genetic modifiers previously
(0.08 g/24 h). associated with aHUS, including the CFH-H3 and the
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FIGURE 1 | Pedigree (#646) of the atypical hemolytic uremic syndrome (aHUS) patient (IV-8; indicated by the black square) carrying the heterozygous ¢.286+2T>G
rare variant (rs769742294) in the gene encoding membrane cofactor protein (CD46). The CD46 ¢.286+2G rare variant is indicated in red. The CD46 ¢.*897T>C SNP
(rs7144) tags the risk CD465644c haplotype. In orange is indicated the disease risk haplotype CFHrgraaT(CFH-H3 haplotype), while in blue and in green are indicated
CFH haplotypes (CFHcaaags of CFH-H1; CFHeGTaac Of CFH-H4a; CFH7aTaac Of CFH-H4b) not associated with aHUS. A indicates the CFHR1*A allele, which encode
the acid (A) isoform of FHR1, and B indicates the CFHR1*B allele that is a risk factor for aHUS when present in homozygosity and encodes the basic (B) isoform of
FHR1.

CD46GGaac haplotypes (32-35), and the CFHRI*B allele  who are heterozygous for ¢.286+2T>G RV (II-2, the paternal
(28) could account for disease penetrance in family #646. grandmother and III-3, a paternal aunt; 83 and 49 years
The proband is heterozygous for the CFH SNPs of the risk  old, respectively) share the same risk factors as the proband.
H3 haplotype (CFHrgrger), which he inherited from his  Indeed, they have one copy of CFH-H3, two copies of the
mother. In addition, he is homozygous for the ¢.*897T>C  CD46GGaac, and one copy of the CFHRI*B. These data indicate
SNP (rs7144), which tags the CD46GG4ac risk haplotype and  that the presence of CFH and CD46 risk haplotypes and
was inherited from both parents, who are homozygous for =~ CFHRI*B alleles is not enough to explain the disease in
this SNP. Finally, he is heterozygous for the CFHRI*B allele  ¢.2864-2T>G carriers.
(Figure 1). We extended the analysis of CFH and CD46 risk haplotypes
Unlike the proband, his father does not carry the risk to the other aHUS patients and their available unaffected
CFH-H3 haplotype. Indeed, he is homozygous for the neutral  relatives carrying the CD46 ¢.2864+2T>G RV. We found
CFH-HI, previously found with the same frequency in aHUS  no significant association between the presence of CFH-
patients and in the control population (34, 36). In addition, H3 (P = 0.29) or CD46GGaac (P = 0.12) haplotypes and
the father does not carry the CFHRI*B allele. However, as  the disease (Table3), confirming the results obtained in
shown in Figurel, two unaffected adult paternal relatives  pedigree #646.
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In Pedigree #646, the CD46 ¢.286+-2T>G
Rare Variant Causes the Formation of Two
Abnormal mRNA Variants, Leading to
Reduced Cell Surface Protein CD46

Expression
The ¢.286+2T>G RV is in the donor splice site of exon 2 of
CD46 coding for short consensus repeat 1 (SCR1), which is one

of the four extracellular complement regulatory domains of the
protein. The variant has already been described as affecting exon
2 splicing (24, 25). In 2006, Fremeaux-Bacchi et al. (24) described
that it results in aberrant mRNA that lacks 144 bp of exon 2 and
encodes a protein that is missing 48 amino acids in the SCR1
domain in phase with the wild-type protein sequence. In 2010,
Maga et al. (25) provided different results and showed that the
c.286+2T>G RV leads to a frameshift at p.R96 (SCR2) of the
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TABLE 2 | Clinical, complement, genetic, and CD46 expression data in the patient and his asymptomatic relatives.

Genetic data Clinical parameters Complement parameters CD46 protein expression’
Disease Subject Gender Age CD46: Platelets LDH Hb sCr C3 C4 sC5b-9 C3 deposits' C5b-9 With anti-SCR1 With anti-SCR4
status (years)® ¢.2864+2T>G (x10%/u))® (IU/L)° (g/dl)® (mg/dl)® (mg/dl)f (mg/dl)® (ng/mi)P (% of deposits’ (% antibody (% of antibody (% of

control) of control) control) control)

Affected IV-8 M 34 TG 363 434 11.9 10.03 114 47 250.7 380 464 46 63
Unaffected I1-7 M 57 GG 204 392 14.6 0.83 nd nd 136.2 135 104 7 15
Unaffected 11-9 F 52 T 226 334 13.1 0.76 nd nd 1401 275 358 95 100
Unaffected II-2 F 82 TG 209 454 13.4 1.13 nd nd nd nd nd 37 54
Unaffected I11-6 F 49 GG 277 376 12.4 0.56 nd nd nd nd nd 8 9
Unaffected -3 F 60 TG 151 401 13.4 0.81 nd nd nd nd nd 40 56
Unaffected -5 M 50 T 151 437 141 0.81 nd nd nd nd nd 91 100
Unaffected V-1 M 7 T 215 nd 13.5 0.47 nd nd nd nd nd 97 nd
Unaffected -1 M 51 TG 245 482 16 0.76 nd nd 211.5 nd 103 nd nd
Unaffected l-10 M 55 TG nd 334 nd 1.08 nd nd nd 193 337 nd nd

4At this age, the proband was in hematological remission and chronic hemodialysis. Age of relatives refers to the data of the visit done at our center for genetic, clinical, and complement CD46 expression analyses.
Abbreviations and limit of normal range.

£150-400 x 103/pl.

CLDH, lactate dehydrogenase: 266-500 IU/L.

9Hb, hemoglobin: 14-18 g/dl (men), 12-16 g/dl (women).

¢sCr, serum creatinine: 0.55-1.25 mg/d.

fC3: 79-170 mg/di.

9C4: 10-40 mg/dl.

"Normal plasma sC5b9 levels: <400 ng/ml.

Expressed as percentage of control. Limit of normal range < 150%.

Tcpa6 protein levels in CD3+ positive peripheral blood mononuclear cells (PBMCs). Values are expressed as percentage median fluorescence intensity in control CD3+ PBMCs. Data are mean of results of 2/3 experiments.
nd, not done.
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TABLE 3 | Analysis showing that CFH-H3 and CD46gcaac haplotypes are not associated with CD46 ¢.286+2T>G rare variant.

CFH-H3 haplotype CD46 c.*897T>C
Status het hom No CFH H3-haplotype Total subjects screened TT TC CcC Total subjects screened
Affected 3 3 3 9 0 1 10 11
Unaffected 7 1 5 13 0 6 7 13
P =0.293 P=0.124

Patients and relatives carrying the CD46 c.286+2T>G rare variant were genotyped for CFH single-nucleotide polymorphisms (SNPs) and for the CD46 SNP (rs7144; ¢."897T>C)
tagging the CD46Gcaac haplotype.

Ctr: wild-type Subject IV-8: wild-type + variant 1 Subject IlI-7: variant 1
B EXON 2 EXON 3 C EXON 2 EXON 3 D| EXON2 : EXON3
TU ATRIG AJE A AJA C AT TTATAI6AG AAACAT "\T/'*T}\*‘G’5)\""‘5)\"‘5"‘)A
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FIGURE 3 | Results of CD46 cDNA sequencing and prediction of the effect of the abnormal splicings at protein level. (A) Agarose gel image of cDNA showing a single
band in the control (ctr) and two bands in the proband (IV-8) and in his healthy father (lll-7). First lane: 100-bp ladder used as a size marker. (B) Electropherogram
showing the wild-type cDNA sequence of the control. (C) Electropherogram of the upper band in the proband (subject IV-8) showing the wild-type sequence and the
variant 1’s sequence with 4-bp insertion. (D) Electropherogram of the upper band in the homozygous proband’s father (subject Ill-7) showing the sequence of variant
1 only. (E) Electropherogram of the lower minor band in the proband showing the sequence of variant 2 with the deletion of 144 bp. (F) Wild-type CD46
heterogeneous nuclear RNA (hnRNA), messenger RNA (MRNA), and protein. (G) Representation of the effect of splicing variant 1 on CD46 hnRNA, mRNA and
protein. The predicted protein is truncated in the SCR2 domain and includes only the first 128 amino acids. (H) Representation of the effect of splicing variant 2 on
CD46 hnRNA, mRNA, and protein. The predicted protein lacks 48 amino acids of SCR1. Horizontal red arrows indicate the localization of primers used for cDNA
sequencing. The vertical red arrow indicates the localization of ¢.286+2T>G variant.

protein, with the addition of several amino acids, followed by a  located on exon 1 and reverse primer located on exon 3
premature truncation at position p.129X (SCR2). revealed two different bands on agarose gel electrophoresis in

To clarify the effect of the c.2864+2T>G variant in pedigree  the proband and in all carriers (Figure 3A). Sequencing of the
#646 and to evaluate whether there was any difference in the  two bands revealed the wild-type sequence and two variants in
abnormal splicing between the proband and the unaffected  the heterozygous proband, as well in the heterozygous healthy
carriers, we extracted RNA from PBMCs from the proband relatives. The upper band includes both the wild-type sequence
and his relatives. cDNA amplification using the forward primer  and a second sequence (variant 1) with a 4-bp insertion, which
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FIGURE 4 | Representative histograms of flow cytometry analysis in pedigree #646, performed with anti-SCR1 and anti-SCR4 antibodies showing levels of CD46 on
CD3+ peripheral blood mononuclear cells (PBMCs), expressed as median fluorescence intensity (MFI). The heterozygous carriers of the 286+2T>G rare variant [the
proband V-8, (A), and the paternal grandmother -2, (D)] showed about 50% CD46 expression compared with the wild-type mother [subject IlI-9, (B)], while in the
homozygous patient’s father [subject lll-7, (C)], a severe reduction of CD46 expression (<8% compared with the wild-type mother) was observed. The
electropherograms of DNA sequences in the proband and his relatives are shown on the top of each panel.

corresponds to the variant described by Maga et al. (25) (control:
Figure 3B, proband: Figure 3C). cDNA sequence analysis of the
upper band from two homozygous relatives showed the variant
1 sequence, but not the wild-type sequence (Figure 3D). The
sequence of the minor band (variant 2) corresponds to the
splicing variant with the 144-bp deletion described by Frémeaux-
Bacchi et al. (24) (Figure 3E). These data demonstrate that (1)
the two aberrant mRNA splicing isoforms coexist both in the
proband and in his unaffected carrier relatives; (2) variant 1
(with the 4-bp insertion) is the predominantly expressed variant
both in heterozygous and homozygous carriers; and (3) in the
homozygous unaffected carriers, no appreciable wild-type mRNA
is transcribed. Thus, the characterization of abnormal RNAs and
their proportion in the pedigree do not explain the incomplete
penetrance of the c.286+2T>G RV in this pedigree.

The predicted effect of the two aberrant mRNA splicing
isoforms on protein sequence in respect to wild-type protein
is shown in Figures 3F-H. To investigate whether the

c.286+2T>G RV affected the levels of CD46 protein on
cell surfaces in the proband and in his unaffected carrier relatives
differentially, we performed fluorescence-activated cell sorting
(FACS) studies in peripheral blood leukocytes (Table2 and
Figure 4). With the use of an anti-SCR1 antibody, the MFI on
PBMCs from the proband was 46%, compared with that found
on PBMCs from healthy controls (Table 2). Similar levels of
MFI were observed on PBMCs from the heterozygous healthy
carriers (37% in II-2 and 40% in III-3, Table 2). These results
indicate that the c.2864+2T>G RV severely impairs cell surface
protein expression.

Impressively, the PBMCs from the two healthy homozygous
relatives (the father, III-7 and the paternal aunt, I1I-6) exhibited
<8% of normal CD46 expression (Table 2), demonstrating an
almost complete CD46 deficiency.

Since the anti-SCR1 antibody cannot recognize the less
abundant splicing variant 2 that lacks 48 amino acids in SCR1,
we repeated the FACS analysis using an antibody targeting the
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FIGURE 5 | Serum-induced C3 and C5b-9 deposition on human microvascular endothelial cell line (HMEC-1) activated with adenosine 5'-diphosphate (ADP). (A,C)
Histograms show the quantification of C5b9 (A) or C3 (C) staining on activated HMEC-1 after 4 h of incubation with the serum from a healthy control (control), the
patient (IV-8; heterozygous for CD46 ¢.286+2T>G variant), patient’s father (lll-7; homozygous for CD46 ¢.286+2T>G variant), the patient’s mother (Ill-9; with no
complement RVs), a paternal relative (Ill-1; heterozygous for CD46 ¢.286+2T>G variant), and a maternal relative (lll-10; with no complement RVs). Data are means =+
SE; *P < 0.0001 vs. control; °P < 0.0001 vs. IV-8; *°P < 0.01 vs IV-8; “P < 0.0001, “*P < 0.001 vs. Ill-9; 8P < 0.01, %8P < 0.05 vs. Ill-10. Representative confocal
microscopy images show strong C5b-9 (B) and C3 (D) staining (green) on activated H-MEC1 induced by serum from the patient (IV-8) and from his unaffected mother
(I1-9) but not by the serum from the proband’s father (lll-7; B,D). The blue color indicates the 4’-6-diamidino-2-phenylindole (DAPI) staining of cell nuclei.

SCR4 of CD46. CD46 surface expression was about 63% normal
in the proband, 54-56% in the heterozygous healthy carriers, and
12% in the homozygous family members (Table 2).

Thus, with both antibodies, CD46 protein expression was
similar and close to half-normal levels in the proband and the
heterozygous carriers, whereas healthy homozygous relatives had
an almost complete CD46 deficiency.

In the wild-type family members, the CD46 expression on
PBMCs was similar to that observed in healthy controls with both
anti-SCR1 and anti-SCR4 antibodies (Table 2).

Representative FACS histograms are shown in Figure 4.

In Pedigree #646, a Circulating Defect of
Maternal Origin Causes Complement

Dysregulation on Endothelial Cells
The complement system is constituted by over 50 components,
and its activation is strictly regulated by circulating and

membrane bound proteins to prevent injury to host cells. We
hypothesized that a defect in a circulating factor resulting in
complement dysregulation at the endothelial cell level could have
synergized with CD46 RV in inducing the disease in the proband.
To address this issue, we used a specific ex vivo test in which
serum from patients with aHUS, studied either during the acute
phase or in remission, induces intense deposition of complement
products on microvascular endothelial cells (HMEC-1) (37, 38).
We exposed ADP-activated HMEC-1 to serum from the proband
and from his relatives and evaluated the surface area covered
by deposits of the terminal complement complex C5b-9. Serum
from the proband (IV-8 in Figure5), collected while he was
in remission when he was on chronic hemodialysis, deposited
significantly more C5b-9 on HMEC-1 than control serum (464%
of C5b-9 deposits recorded with a pool of sera from healthy
controls, Figures 5A,B). Similar results (589%) were obtained
with serum collected 2 weeks after kidney transplantation.
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Serum from the unaffected father (III-7), who is homozygous
for the CD46 RV, and serum from a heterozygous unaffected
relative (III-1) did not increase endothelial C5b-9 deposits
(Figures 5A,B). At variance, abnormally high C5b-9 deposits
were induced on HMEC-1 by serum from the proband’s mother
(ITI-9; 358% of control sera) and from a maternal uncle (III-
10; 356%) who do not carry the CD46 RV (Figures 5A,B).
These results indicate that the proband inherited from his
mother an abnormality in a circulating factor that predisposes to
complement activation on endothelial cells.

Similar results were obtained when we repeated the ex vivo
test on activated HMEC-1 using an anti-C3c antibody to detect
deposits of C3 activation products. Results showed that serum
from the proband in remission induced significantly higher C3
deposits than the pool of control sera (380%) (Figures 5C,D).
Elevated endothelial C3 deposits were also observed on cells
incubated with sera from the proband’s mother (III-9, 275%) and
the maternal uncle (ITII-10, 193%) but not with the serum from
the proband’s father (II1-7, 135%) (Figures 5C,D).

DISCUSSION

Through a retrospective analysis of a cohort of 485 aHUS
patients, we performed genetic, molecular, and functional studies
to investigate the determinants of penetrance of aHUS associated
with genetic abnormalities in CD46. This gene encodes a
transmembrane glycoprotein that is highly expressed in all
tissues, on endothelial cells, and on all circulating cells with the
exception of erythrocytes, which regulates both the alternative
and classical complement pathways, acting as cofactor for FI
to degrade C3b and C4b and to prevent C3 activation on cell
surfaces (39).

In this study, CD46 RVs were found in about 10% of aHUS
patients. Consistent with data reported earlier by our group and
others, aHUS-associated CD46 RVs cluster in the extracellular
domains of the protein, which are involved in cell surface
complement regulation (21, 40).

We focused on the splicing variant ¢.286+2T>G, which is
the most frequent CD46 RV in our and other aHUS cohorts
(21). The ¢.286+2T>G is also present in the general population,
and the allele frequency of this variant in European non-
Finnish population is 6.02 x 107>, If this allele were fully
penetrant, it would have resulted in 0.012% of population
developing aHUS. However, the reported prevalence of aHUS
is far lower, ranging between two to ten per million population
(0.0002-0.001%) (41), implying that the c.286+2T>G is not
enough to develop the disease. Consistently, through the analysis
of our pedigrees, we have found several unaffected carriers
of the ¢.2864+2T>G and that aHUS penetrance was lower
than 30%.

As a prototype of incomplete penetrance associated with
c.2864+2T>G RV, we investigated in depth a large pedigree
(#646) from our cohort with nine carriers, of whom only one
was affected by aHUS. The proband, as well as six unaffected
family members, is heterozygous for the ¢.286+2T>G RV, and
surprisingly, the healthy proband’s father and aunt were even

homozygous for this variant. Bathia et al. (26) described the
incomplete penetrance of the ¢.2864+2T>G RV in a family with
three homozygous siblings, two of whom developed aHUS at 5
and 8 years of age but one of whom was still asymptomatic at
age 10. The authors” hypothesis that the latter may develop HUS
at a later age (26) is not supported by findings in our pedigree,
showing two adults who are homozygous for this RV and are
asymptomatic at 66 and 58 years of age at present.

Altogether, these data indicate that genetic deficiency of
CD46 due to pathogenetic RVs is not enough to induce aHUS
and that other genetic risk factors are likely important for
disease manifestation.

This is consistent with the present and other published (12)
findings that show that around 25% of aHUS patients with RV's
in CD46 carry a second or third RV in other complement genes.
Specifically, in 23% of patients with the ¢.286+2T>G variant, we
found RVs in other known disease-associated genes. However,
this is not the case for the large pedigree #646 described here,
since the proband did not carry other RVs or anti-FH antibodies.

In addition to complement gene RVs, common genetic
modifiers, such as the CFH-H3 and CD46GGaac haplotypes
and the CFHRI*B allele, may influence susceptibility to aHUS
(16, 32-34, 36). Indeed, the CFH-H3 and CD46GG44c haplotypes
and the homozygous CFHRI*B allele have been reported
more frequently in aHUS patients than in controls. It is
significant that our group and others have shown that in
some aHUS families the disease manifested only in individuals
who inherited a complement RV from one parent and the
CFH and/or CD46 risk haplotype from the other parent (32,
34, 42). However, the above findings are not universally true,
since in other families aHUS penetrance was still incomplete
in carriers of complement RVs and both CFH-H3 and
CD46Gcaac risk haplotypes, suggesting that the synergic effect
of these haplotypes may depend on the specific concurrent
RV (12).

Consistently, here, we have found that the proband of the
large pedigree with the 286+2T>G RV carries the CFH-H3 risk
haplotype, the homozygous CD465G44c haplotype, and one copy
of the CFHRI*B allele, but this combination does not explain
penetrance, since the same risk factors are present in unaffected
relatives who are carriers of the ¢.2864+-2T>G RV. The finding
that in the other pedigrees with the ¢.286+2T>G RV the CFH-
H3 and CD46GGa4c did not segregate with aHUS confirms that
the above haplotypes do not have a significant effect on the risk
of aHUS in CD46 ¢.286+2T>G carriers.

c.2864+2T>G is a splice variant and as such can affect
mRNA processing and generate aberrant proteins with impaired
structural and/or functional properties. However, different data
on its effect have been reported. In one study, this RV was
shown to cause an in-frame deletion generating a shorter CD46
protein that lacks part of SCR1 (24) and likely maintains
a partial regulatory function. At variance, in another report,
€.286+2T>G was shown to have a greater impact, resulting in
the premature truncation of CD46 at SCR2 with the loss of all the
other complement regulatory SCRs and of the transmembrane
and intracellular domains (25). Thus, we wondered whether
differences in the mRNA and protein products of the abnormal
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splicing between the proband and the unaffected carriers could
explain incomplete aHUS penetrance in our pedigree. However,
this was not the case, since we found that the proband and
all healthy carrier relatives express mRNAs encoding both the
shorter and truncated CD46 variants and that the latter was
prominent in all carriers. The finding that the proband and
the heterozygous ¢.2864-2T>G carriers had approximately half-
normal CD46 levels on blood cells and homozygous carriers
had an almost total CD46 deficiency confirmed at the protein
level that the truncated variant was the main product of the
€.2864+2T>G RV. Severe CD46 protein deficiency was also
reported in a patient with aHUS and his healthy sister, both of
whom were homozygous for another RV, CD46 ¢.286+1T>G,
affecting the same splice site (43). Together, these findings
indicate that CD46 deficiency is not enough to induce the
aHUS phenotype.

As multiple complement regulatory proteins, including
the transmembrane decay-accelerating factor (DAF), protectin
(CD59), and plasma factor H are expressed or bind to endothelial
cell surfaces, the endothelium can regulate complement even
when gene abnormalities cause impaired activity of one of them
(44). This is supported by studies in blood outgrowth endothelial
cells showing that the inhibition of CD46 with a specific antibody
followed by exposure to normal human serum as a source of
complement did not cause C3 deposition on cell surfaces (45).

In search of additional abnormalities in the proband of our
pedigree that could predispose him to aHUS, we used an ex vivo
assay of serum-induced complement activation on a cultured
endothelial cell line (HMEC-1) [34], based on evidence that
in aHUS the microvascular endothelium is the main target of
complement dysregulation (2). In previous studies, the assay with
ADP-activated HMEC-1 allowed us to specifically pick up genetic
complement abnormalities that affect circulating regulators both
in aHUS patients and in their unaffected relatives (37).

The finding here that serum from the proband, and also sera
from the mother and a maternal uncle, caused extensive C3 and
C5b-9 deposits on activated HMEC-1 indicates that the proband
inherited from his mother a genetic abnormality that causes
complement activation on endothelial cells.

At variance, the unaffected paternal relatives carrying the
¢.286+2T>G CD46 RV had normal serum-induced complement
deposition on endothelial cells, which is an expected finding
because CD46 is a surface complement regulatory protein and
the endothelial cell line used in the assay expresses normal CD46.
Thus, the proband has two main genetic predisposing factors,
the ¢.286+2T>G CD46 RV inherited from his father and a
defect of maternal lineage that remains unknown and which,
together with the CFH-H3 and CD46GGaac risk haplotypes,
have synergized and induced aHUS. The finding that both the
paternal relatives carrying the ¢.2864-2T>G CD46 variant and
the maternal relatives with an abnormal complement deposition
test are unaffected indicates that either genetic defect alone were
not enough to induce aHUS.

Whole exome sequencing studies in this pedigree are required
to identify the genetic defect inherited from the patient’s mother,
using segregation with the phenotype “elevated complement
deposits” as criterion for selection of candidate variants.

Terminal complement activation associated with aHUS has
been shown to activate platelets and neutrophils and to induce the
formation of neutrophil-platelet aggregates (46, 47). Further ex
vivo studies with platelets and blood leukocytes from the proband
and his relatives could also contribute to clarify the complex
pathogenetic mechanisms leading to aHUS in this pedigree.

aHUS patients with CD46 RV usually have a good prognosis.
Although recurrences are frequent, spontaneous remissions are
common and the long-term outcome appears to be good, with
about 90% of patients maintaining normal renal function. The
proband described here, however, had a severe disease course
and developed ESREF, despite intensive plasma-exchange therapy.
This phenotype closely resembles that of patients with combined
RVs in CD46 and other complement genes (14), thus supporting
the hypothesis that the proband inherited an additional genetic
defect from his mother. The observation that the proband did
not experience HUS recurrence in the kidney graft and exhibits
good a graft function at the 5-year follow-up after transplantation
can be explained by the transplant correcting the CD46 genetic
defect, since endothelial cells within the kidney allograft express
normal CD46. This finding also supports our interpretation that
both the paternal CD46 variant and the unidentified maternal
defect synergized to induce aHUS in this pedigree.

In conclusion, we demonstrate that CD46 c.2864-2T>G is a
variant with a severe functional effect and also confirm that CD46
deficiency alone is not sufficient to develop aHUS, even though it
is a strong risk factor.

The results from this study are consistent with earlier reports
in the literature (33) that have documented the complexity of
genetic abnormalities associated with aHUS, which range from
highly penetrant RVs and genomic rearrangements that affect
CFH to RVs that cause aHUS only in the presence of other
RVs and/or risk haplotypes. Combining genetic studies with
the ex vivo test of complement activation on endothelium may
contribute to explaining the determinants of penetrance in this
complex disease.
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Hollie M. Reeves and Robert W. Maitta*

Department of Pathology, University Hospitals Cleveland Medical Center and Case Western Reserve University, Cleveland,
OH, United States

A major challenge encountered by clinicians is differentiating presentations characterized
by significant thrombocytopenia due to overlapping clinical symptoms and signs in
the setting of ambiguous laboratory results. Immature platelets represent the youngest
platelets that can be measured in peripheral blood by current hematology analyzers.
These young platelets are larger, with higher RNA content recently released from the
bone marrow. Thrombocytopenic presentations caused directly or indirectly by immune
responses can lead to compensatory bone marrow responses seeking to normalize the
platelet count; thus obtaining absolute immature platelet counts may be informative while
triaging patients. Over the last decade, their use has expanded beyond being an early
biomarker of bone marrow reconstitution post-hematopoietic stem cell transplantation to
being used to establish bone marrow responses to infection and thrombocytopenias due
to immune etiologies. Its accessibility as part of more detailed platelet indices obtained
with routine laboratories makes it a promising option to understand the bone marrow’s
real-time response to disease states characterized by thrombocytopenia. This review
will look at the immature platelet count as a biomarker, while presenting current attempts
trying to understand how it could be used in thrombocytopenias occurring secondary to
a given immune etiology.

Keywords: absolute immature platelet count, thrombotic thrombocytopenic purpura, immune thrombocytopenia,
immature platelet fraction, immature platelets

INTRODUCTION

Immunological processes that affect platelet production and/or platelet counts represent clinical
challenges not only to diagnose but also to treat. Indeed, over the years a better understanding
of some of these immune processes causing thrombocytopenia has led to more timely and
targeted treatment approaches resulting in better outcomes. However, difficulties still remain when
overlapping clinical pictures make a definitive diagnosis challenging. This can be exemplified by
microangiopathic hemolytic anemia presentations where a given etiology may not be immediately
apparent (1), and even in some instances when malignant states could be misdiagnosed as immune
thrombocytopenia (ITP) (2). It is with this in mind that a growing body of literature describing
potential alternative biomarkers lending support to a given diagnosis that results in timelier and
etiology-specific interventions can be found. One of these markers, readily obtainable in modern
automated hematology analyzers with fluorescence capability, is the immature platelet fraction
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(%-IPF) and specifically the absolute immature platelet count
(A-IPC). Regardless of how the acronyms are presented in
the literature, such as designation of either immature or
reticulated platelets, it has become more evident that this is
an important variable when discerning processes leading to
a thrombocytopenic state which has long been overlooked in
clinical practice (3-8).

Immature platelets have been shown to be much larger,
with higher RNA content, and more biochemically active
than their mature counterparts (9). They can be affected by
chemotherapy treatments and irradiation, and when immune
reactions target platelets they can be elevated well above reference
ranges (9, 10). They can be accurately measured in blood
samples even 24h after they have been collected (11), likely
due to their increased longevity compared to mature platelets
(9). Additionally, consumptive thrombocytopenic processes and
those characterized by platelet hypoproduction can be readily
identified looking at immature platelets (12). These counts can
potentially point out if the thrombocytopenia-inducing etiology
is either centrally (at bone marrow) or peripherally driven (5, 13).
Likewise, immature platelets appear not to be affected by gender
(14) or age since their production is preserved even in older
individuals with lower platelet counts (15).

Nevertheless, tests that have the potential to be used clinically
need to undergo scrutiny that at times may come into a collision
course with the constrains of the technology behind them. The
number of reports describing the utility of immature platelet
counts has been mostly positive favoring it as a gauge to zero-
in on a narrower group of potential etiologies. Yet, technological
differences exemplified by changes in dyes with improved
specificity for platelet elements, changes in gating, size correction,
testing platform used, and wavelengths influence the analytical
limits of this test (16-18); while those factors that are pre-
clinical in nature such as timing of measurement with respect to
specimen collection, degree of platelet activation, anticoagulant
used, and quality of the sample (degree of hemolysis) may begin
to explain the finite discrepancies that appear in the literature

(16, 19-22).
Measurement of immature platelet counts requires
establishing better defined reference intervals (16, 17).

Importantly, reports describing that A-IPC changes precede
those of their mature counterparts at times by 2-3 days may
be an important observation when treating patients with
thrombocytopenia (23-25). This is also the case in patients
recovering from chemotherapy or stem cell transplantation
in which immature platelets are first to return indicating that
engraftment has occurred (23, 26, 27). This is undoubtedly of
benefit to predict patients engrafting or for those recovering
from their immune-consumptive processes. This may also
help even those patients whose bone marrow fails to produce
platelets in sufficient numbers to compensate for an existing
thrombocytopenic state (3). Finally, research into their biology
is likely to become easier thanks to the development of newer
assays that immunostain, sort, and isolate immature platelets
from the peripheral circulation (28, 29). Thus, this is the focus of
this review to present the most current information of potential
uses of immature platelets counts in clinical practice.

IMMATURE PLATELETS IN ITP

When the first data of changes in baseline %-IPF in the setting
of ITP was reported, it raised the possibility that a real-time
response by the bone marrow in this disease was possible to
measure (30). Pathologically both higher platelet destruction that
results in decreased platelet counts and potentially impaired
thrombopoiesis influence risk of bleeding (31). Thus it should
be of interest that reports appear to suggest that bone marrow
attempts to compensate for platelet destruction by markedly
increasing %-IPF to cope with the consumptive/destructive
process (2, 8, 21, 30, 32-34); that these increases appear higher
in those with chronic ITP (35); and that these dynamics may help
risk stratify patients at risk of bleeding since they appear to have a
higher preponderance of immature platelets (32, 36, 37). Notably,
the magnitude of these compensatory increases in patients with
ITP may be conveyed in a more consistent manner by looking at
A-IPC at presentation (38).

However, few reports have found limited utility in using
immature platelets to differentiate ITP where one hematology
analyzer found some value to measuring it while the other had
discrepant results (39). Regrettably, this study lacks A-IPC data
analysis and determination if immature platelet counts were
comparable with stratification according to platelet count (39).
Despite this, recent data indicates that as ITP patients respond
to treatment (40), specific changes in A-IPCs identify those with
the disease (8). Based on these results, potentially helpful clinical
scoring models that include immature platelet counts and favor
ITP as a diagnosis have been proposed (2, 33), that take into
consideration the high positive predictive value of these A-IPC
changes (41). What adds to their potential usefulness is that in
ITP, the higher immature platelet counts seen as patients recover
from the disease (high turnover/destruction) precede by >3
days changes in mature platelet counts (25), similar to what has
been described in other thrombocytopenic presentations. Thus, a
model can be derived taking into account the published literature
which favors a preserved and at times enhanced immature
platelet/ mature platelet feedback (Figure 1A). In this model, as
platelets get consumed or destroyed in the periphery, the bone
marrow concomitantly increases its immature platelet output
to compensate for platelet losses. Once platelet counts improve
in response to disease remission and/or as a result of therapy,
and platelet counts improve there is a corresponding decrease in
immature platelet output as they return to baseline (10).

IMMATURE PLATELETS IN THROMBOTIC
THROMBOCYTOPENIC PURPURA (TTP)

In the TTP literature, without a doubt the discovery that
deficiency either innate or immune-mediated (acquired) of the
metalloprotease ADAMTSI13 is at the center of its pathology
has changed the way in which patients are diagnosed and
triaged (42, 43). This test, however, is sent-out to reference
laboratories by most institutions often leading to initiation
of therapeutic plasma exchange (TPE) prior to testing results
becoming available. This is an important point to consider, since
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<

Bone marrow/megakaryocytes do not respond to thrombocytopenia
with corresponding increased immature platelet output

FIGURE 1 | Schematic representation of proposed negative feedback models that take into account responses to thrombocytopenia based on immature platelet
production. (A) Responses to thrombocytopenia in ITP. (B) Responses to thrombocytopenia in TTP.

Thrombocytopenia develops secondary

ADAMTS13 (<10%), thrombocytopenia=>
microthrombi formation

TPE is associated with higher adverse reactions when plasma is
used as replacement fluid as required in TTP patients, making
a timely accurate diagnosis paramount (44, 45). As a result,
alternatives that increase the index of suspicion for TTP while
not delaying prompt initiation of therapy could prove useful in
such clinical settings. Early reports indicate that the immature
platelet counts of TTP patients are much lower than those of
ITP patients (30). Furthermore, recent data has shown that
TTP patients (ADAMTS13 <10%) have A-IPCs at presentation
that are markedly decreased compared to healthy controls that
differentiates this group from other thrombocytopenic patients
without the enzyme deficiency (24, 46, 47), and in some, such
as refractory TTP cases, it may facilitate adjustments in therapy
(48, 49). In TTP patients, improvement in A-IPC precedes that
of mature platelet counts by about 2 days following initiation of

TPE; and counts return to baseline once mature platelet counts
stabilize at a normal level (24, 46, 50).

A-IPCs have been shown to predict response to TPE in
patients with high ADAMTS13 inhibitors who may require
longer treatment protocols to restore platelet counts (50).
However, it remains to be determined if they would be helpful
to assess responses of those TTP patients who are likely to
require more TPE based on their ABO blood group (51).
Patients with TTP as indicated by their immature platelet
counts at presentation, appear to have a suppressed negative
feedback i.e., rapidly relieved by TPE initiation (24, 46,
50). Based on this, we can propose a model in which an
impaired immature platelet/ mature platelet negative feedback
characterizes new onset TTP. This proposed model suggests
that the bone marrow appears not to respond to the existing

Frontiers in Medicine | www.frontiersin.org

December 2020 | Volume 7 | Article 597734


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Reeves and Maitta

Immature Platelets and Thrombocytopenias

thrombocytopenia with a corresponding increase in immature
platelets until TPE is initiated (Figure 1B). Nonetheless, post
TPE initiation A-IPC increases, preceding the mature platelet
count changes restoring the negative feedback. Once mature
platelet counts reach a normal level, A-IPC begins to decline
back to baseline indicating that patients are on their way to
recovery. This apparent suppressed A-IPC response implies
that the feedback mechanisms at play between mature and
immature platelets are disrupted in new onset TTP. This should
be the focus of future research looking at the mechanisms
mediating this observation to establish how disease precipitates
in TTP patients.

IMMATURE PLATELETS DURING
INFECTIOUS PROCESSES

Infectious processes may lead to decreases in mature platelets
as the body fends off the infectious agent(s). Notably, even
though thrombocytopenia can be seen in infections, A-IPCs
are generally maintained so that at least platelet production
attempts to keep up with the higher consumption (52); yet
such A-IPC increases appear to correlate with higher mortality
risk and disease severity in septic patients (53). These increases
in immature platelets have been reported to occur earlier in
patients prior to sepsis onset (54), which may be predictive of
subsequent decreases in mature platelet counts once infection
sets in Muronoi et al. (55). In this regard %-IPF has been
reported as highly sensitive in identifying patients with sepsis
regardless of extent of infection or severity (56, 57). This may
relate to the significant immune hyperreactivity observed under
states of severe infection leading to a disseminated platelet
consumption requiring a higher immature platelet output.
However, these increases may not be applicable to neonates
where suppressed A-IPC characterizes those patients who did
not survive disseminated infections (58). On the other hand,
older children with dengue fever who recovered from the
infection had increased immature platelet outputs up to 3 days
prior to recovering their platelet count (59). Therefore, in an
infectious presentation, the negative feedback between immature
platelets and mature platelets appears generally preserved in
older children and adults.

IMMATURE PLATELET COUNTS IN
INFLAMMATORY SETTINGS

Inflammation-inducing disease processes that lead to impaired
thrombopoiesis can be triaged looking at immature platelets as
shown in patients with impaired liver function/cirrhosis (60).
Similarly, states in which inflammation leads to platelet count
changes can be ascertained looking at immature platelets. For
example, higher counts of immature platelets in circulation may
predict those patients at risk of subsequent inflammation post-
cardiac surgery (61). Even 7 days after these surgical procedures
a correlation between pro-inflammatory interleukin (IL)-6 and
immature platelet counts has been reported, where the former is
associated with the inflammation encountered by these patients

(62). Potentially, these increases in immature platelets may be
directly driven by IL-6 since this cytokine leads to thrombocytosis
and platelet activation in intestinal inflammatory settings (63).
However, the risk may be related to cardiovascular disease
itself since human immunodeficiency virus (HIV) patients on
antiretroviral therapy with cardiovascular disease have a higher
number of immature platelets compared to HIV patients on
therapy without cardiovascular disease (64).

Inflammation has also been shown associated with
hypertension and this may lead the cardiovascular disease
sequelae among other complications (65). For example,
patients with malignant hypertension who present with
thrombocytopenia have significantly higher immature platelet
counts that are distinct from other microangiopathic hemolytic
anemia processes including TTP (47, 66). Likely, sheer forces
associated with hypertension lead to vascular damage and
platelet consumption that result in a higher immature platelet
output. Similarly, just as in other inflammatory processes it
appears that the A-IPC allows for a better distinction between
preeclampsia and those patients with hemolysis, elevated liver
enzymes, and low platelet count syndrome (66). Along these
lines, smoking causes vascular stenosis that lead to hypertensive
complications and patients who are smokers have higher
proportions of immature platelets (67). Paradoxically, some
reports indicate that low grade inflammation may not provide
enough of a stimulus to drive immature platelet production
(68). Additional research is required to further characterize
differences among these presentations.

IMMATURE PLATELETS AND
DRUG-INDUCED PRESENTATIONS

Immature platelets have been used to establish when a given
drug has no effect over thrombopoiesis (69). Antibody-mediated
reactions to complexes that include platelet factor four are
mediated by use of heparin. Since platelets are affected by
the presence of antibody to the PF4-heparin complexes, this
can result in changes to immature platelet output. Mild
increases in %-IPF have been reported in samples tested during
heparin-induced thrombocytopenia (HIT) investigations (70).
However, recently it was shown that patients who test positive
(HITT) for the presence of anti-PF4-heparin antibodies have
A-TPC similar to the reference range unlike patients who test
negative whose immature platelets are well-below this range
(71). This implies that HIT" patients may have immature
platelet responses that attempt to maintain the platelet count
though not necessarily leading to an increase in net immature
platelet production. Future investigation should expand upon
these observations.

CONCLUDING REMARKS

Expansion over the last decade of the literature showing
potential uses of immature platelet measurement in a variety
of thrombocytopenic clinical settings (23, 38, 52, 71, 72),
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represents a promising development that has evidently resulted
in heightened interest on their use.

Yet, it must be acknowledged that these promising reports,
favor the establishment of well-controlled clinical trials that
look at how immature platelet counts could affect disease
management without compromising therapy timing (73).
Likewise, as mentioned earlier, there are still remaining
limitations since different analyzers will require establishment of
reference ranges prior to potential application, and as technology
advances with newer analyzers becoming available with higher
specificity and sensitivity these ranges will undoubtedly
require revision. Despite these apparent shortcomings,
counts below, at, or above a reference range may prove
clinically informative when discerning the etiology behind a
thrombocytopenic presentation.
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Diagnosis of Hereditary TTP Caused
by Homozygosity for a Rare Complex
ADAMTS13 Allele After Salmonella
Infection in a 43-Year-Old Asylum
Seeker
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Heidi Rossmann“** and Bernhard Ldmmle 678%*
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University College London, London, United Kingdom

A 43-year-old Armenian patient was diagnosed with salmonella infection and thrombotic
microangiopathy (TMA). The clinical course was benign with resolution of all laboratory
alterations after antibiotic treatment. Constantly deficient ADAMTS13 activity without
ADAMTS13 inhibitors and evidence of homozygosity for a rare complex ADAMTS13
allele led to the diagnosis of congenital thrombotic thrombocytopenic purpura (CTTP).
Half-life of ADAMTS13 after plasma infusion was calculated (27,6h) and double blinded
plasma infusion as well as ergometric exercise with and without prior plasma infusion
undertaken to investigate suspected smoldering TTP activity.

Keywords: cTTP, Upshaw Schulman syndrome, hereditary TTP, ADAMTS13, TMA

INTRODUCTION

Congenital or hereditary thrombotic thrombocytopenic purpura (cTTP) or Upshaw Schulman
syndrome (USS, OMIM #274150) is a very rare disorder characterized by severe ADAMTS13
deficiency. In the vast majority TTP is caused by autoantibodies toward ADAMTS13 (a
disintegrin and metalloprotease with thrombospondin type 1 repeats, member 13) with consecutive
ADAMTS13 deficiency. In ¢cTTP, ADAMTS13 deficiency is due to mutations in the ADAMTSI3
gene. It is inherited as an autosomal recessive trait and accounts for <10% of all TTP cases.
ADAMTS13 protease deficiency leads to persistence of ultra large von Willebrand factor multimers
and eventually to acute thrombotic microangiopathy (TMA). Most cTTP cases are diagnosed in
childhood or early adolescence after a first acute TTP episode. Here, we present an unusual case of
late-onset cTTP occurring after salmonella infection at the age of 43 years caused by homozygosity
for a rare, complex ADAMTSI3 allele.

Frontiers in Medicine | www.frontiersin.org

67 February 2021 | Volume 8 | Article 639441


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://doi.org/10.3389/fmed.2021.639441
http://crossmark.crossref.org/dialog/?doi=10.3389/fmed.2021.639441&domain=pdf&date_stamp=2021-02-26
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:ralph.wendt@sanktgeorg.de
https://orcid.org/0000-0003-1600-658
https://orcid.org/0000-0003-4538-5154
https://orcid.org/0000-0002-7532-8540
https://doi.org/10.3389/fmed.2021.639441
https://www.frontiersin.org/articles/10.3389/fmed.2021.639441/full

Wendt et al.

Late Onset cTTP

CASE PRESENTATION

A 43-year-old person of Armenian ancestry presented to our
hospital due to fever and severe diarrhea. This patient was
an asylum-seeking refugee in Germany, who just recently had
a barbecue. Salmonella enteritidis enterocolitis was diagnosed
with associated acute kidney injury AKIN L. There was severe
thrombocytopenia (14 GPT/I) and signs of hemolysis (elevated
lactate dehydrogenase level, low haptoglobin) (Figure 1). The
initial differential diagnosis of the treating colleagues at the
Infectiology department was Shiga toxin-producing E. coli
induced hemolytic-uremic syndrome (STEC-HUS) due to the
presentation with diarrhea. Based on the result of a stool culture
revealing Salmonella enterica the attending physician suspected
a Salmonella-induced secondary HUS. The patient received
supportive treatment (volume replacement with balanced
electrolyte solutions) and antibiotic treatment for salmonella
(azithromycin). Platelet count normalized within 6 days, renal
function completely normalized, and all other laboratory
abnormalities were also resolved (Figure 1). Due to diagnosis of
latent tuberculosis (based on positive QuantiFERON-test without
evidence of active tuberculosis) the patient was treated with
isoniazid for nine months.

The patient received neither plasma products nor plasma
exchange at any time point during hospitalization.

The diagnosis of TTP was made after consulting with the
nephrologist and after normalization of laboratory findings and
resolution of the clinical symptoms. There was no measurable
ADAMTS13 activity or ADAMTS13 antigen during the acute
phase of the disease and no evidence of anti-ADAMTS13 IgG
antibodies. ADAMTS13 deficiency was shown to be persistent
during the follow-up (Table 1). Because of suspected cTTP, a
genetic analysis of ADAMTS13 gene was performed.

RESULTS
Family History

The parents of our patient had died at the age of 78 years (mother,
unknown cause) and 75 years (father, “stroke”). The patient has
2 brothers (52 and 56 years old) and five sisters (46, 51, 55, 57,
and 62 years of age), who are refugees (currently in Russia) and
unfortunately not accessible for us despite all efforts. Another
brother had died at the age of 22 years from suspected stroke.
Two sisters are known to have heart problems (no objective data
available). According to our patient there was no other sibling
with any severe disorder.

Laboratory Values During the Disease

Course and Diagnosis of cTTP
The patient has been subjected to a series of tests in order to
clarify his symptoms and to optimize his clinical management.
The course of the most significant laboratory analyses are
depicted in Tablel. No plasma products were given and
no plasmapheresis was performed. The only treatment was
oral antibiotic therapy of salmonella infection and intravenous
volume replacement.
Repeated analyses of ADAMTSI3 activity and inhibitor or
antibodies, respectively, showed no measurable protease activity
and no evidence for ADAMTS13 antibodies at any time.

Genetic Analysis

Sanger sequencing of the ADAMTSI3 (OMIM: *604134;
RefSeq: NM_139025.4) exons and splice sites was performed
on a CEQ 8000 Genetic Analysis System (Sciex, Darmstadt,
Germany). In exon 19 the variant c.2351G>A, p.Arg784GIn
(dbSNP 1s377187626), in exon 22 the variant c.2746C>T,
p.Arg916Cys (dbSNP rs374444423) were detected, both in

platelet count (1339-403 Gpt/l)
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TABLE 1 | ADAMTS13 activity and inhibitor at presentation and during follow-up.

09.01.2018 15.03.2018 15.10.2018 01.11.2018

ADAMTS13 activity, % <3.0* <3.0* <1.0" <1.0"
(40-130)

ADAMTS13 concentration, <0.01*

ng/ml (0.31-0.82)

ADAMTS13 inhibitor, (Ohid o

Bethesda Units (<0.5)

ADAMTS13 IgG antibodies,
U/ml (<12)

1.17

"Values measured at Institute of Transfusion Medicine and Clinical Hemostasiology, St.
Georg Hospital Leipzig, Germany (Technozym® ADAMTS13 ELISA Kit and TECHNOZYM
ADAMTS13 INH, measuring anti-ADAMTS13 antibodies by ELISA) “ADAMTS13 activity
and functional inhibitor measured by in house assay using the FRETS-VWF73 substrate
(1, 2) at the Institute of Clinical Chemistry and Laboratory Medicine, University Medical
Center Mainz, Germany.

homozygosity. A large deletion of the ADAMTSI3 gene
excluded by NGS (Next Generation Sequencing):
Target enrichment was achieved by in solution custom
probe hybridization (IDT, Leuven, Belgium). Sequencing
was performed by a MiSeq instrument (Illumina, Berlin,
Germany) confirming homozygosity for the complex allele
c.[2351G>A;2746C>T] p.[Arg784Gln;Arg916Cys].

The patients son was found to be heterozygous for
c.[2351G>A;2746C>T] p.[Arg784Gln;Arg916Cys] and had an
ADAMTS13 activity of 48.6%.

was

Plasma Infusion Trial

To further confirm cTTP we calculated plasma half-life of
ADAMTS]13 after donor plasma infusion (Figure 2). The single
time infusion volume was 9 ml/kg bodyweight (BW) fresh frozen
plasma (FFP) with a pooled ADAMTSI13 activity of 85%. Ty
refers to the time at which the plasma volume was fully infused
(2h after start of the infusion). ADAMTS13 activity at Ty was
15.7%. Based on the predicted plasma volume of 3.72 liters,
we calculated a maximum ADAMTSI13 activity of 18.6%. This
value corresponds well to the extrapolated protease activity of
17.1% at 1 h after plasma infusion. Additional blood samples for
ADAMTS13 activity were drawn at 2, 24, 48, 72, and 144 h after
end of the infusion. A fast initial decline in ADAMTS13 activity
was observed between 0 and 2 h, which afterwards changed into
a first order elimination kinetics. Therefore, we calculated the
ADAMTS13 activity half-life as 27.6 h (95% confidence interval:
19.9-45.12 h) according to a 2-phase elimination kinetics (3).

Investigation of Smoldering Clinical TTP

Manifestations

Maximal Bicycle Exercise Testing With and Without
Prior Plasma Infusion

Usual bicycle exercise testing (ergometry) was performed with
blood samples taken at the following timepoints: start of
ergometry, 5min after start, at the end of exercise and 60 min
after start of exercise (Figure 3). The first ergometry testing was
performed without prior plasma infusion. Exercise was started

at 50 watts and increased every 2 min by 25 watts. After almost
11 min and at 150 watts, the ergometric exercise was stopped
due to patient exhaustion. 48h later a second ergometry was
performed after prior infusion of 525ml fresh frozen plasma.
Laboratory assays at the different time points of exercise testing
are shown in Supplementary Table 1.

Double Blinded Infusion Trial (Crystalloids Vs. Fresh
Frozen Plasma)

On the day of our blinded infusion trial, the patient repeatedly
reported thoracic (6/10), abdominal (5/10) und back pain (8/10),
quantified on a 10-point visual analog pain scale (VAPS). We
blinded the patient, the treating physicians and the nurses by
using aluminum foils for the infusion lines and infusion fluids
(Supplementary Figure 1). Infusion time was set to 2h. We
started with two parallel infusions of 500 ml each of balanced
electrolyte fluids (E153), followed by two parallel infusions of
250 ml each of fresh frozen plasma.

After the infusion of the balanced electrolyte solution, thoracic
pain (starting from 6/10 on the VAPS) and abdominal pain
(starting from 5/10 on the VAPS) completely vanished (both
1/10 VAPS), but back pain persisted at 8/10 on the VAPS
(Supplementary Table 2). After plasma infusion the back pain
was almost completely gone (2/10 VAPS).

DISCUSSION

Congenital TTP (or Upshaw-Schulman syndrome) is a very rare,
autosomal recessive disease, which is caused by homozygous
or compound heterozygous ADAMTS13 mutations (4-14). The
diagnosis is confirmed by evidence of a persistent severe
ADAMTSI13 deficiency (<10%), absence of an ADAMTS13
inhibitor and presence of biallelic mutations of ADAMTSI3.
There seems to be no clear genotype-phenotype relationship (4).
Subjects, e.g., parents, heterozygous for an ADAMTS13 mutation
are unaffected, also under conditions that can precipitate TTP
episodes. The son of our patient was heterozygous for the
patient’s mutation and showed ADAMTSI3 activity of about
50%, which seems sufficient to prevent acute TTP episodes.

The patient is homozygous for the complex allele
c.[2351G>A;2746C>T]  p.[Arg784GlIn;Arg916Cys].  Both
variants, Arg784GIn in Exon 19 (dbSNP: rs377187626) and
Arg916Cys in Exon 22 (dbSNP: rs374444423) are very rare
(minor allele frequency of both <0.00008 [dbSNP]).

Though analysis by bioinformatic tools is inconsistent
(Mutation Taster: polymorphism; PolyPhen2: probably
damaging; SIFT: tolerated; PROVEAN: deleterious), a biological
consequence of ¢.2746C>T, p.Arg916Cys is plausible as it creates
an unpaired cysteine. More importantly, it was reported in
compound heterozygosity with a further ADAMTS13 mutation
in several Upshaw-Schulman syndrome (USS) patients (15-17).
Furthermore, a poster presented by Russo et al. (18), reported an
USS patient with homozygosity for the same complex allele as
found in the patient described here.

In summary, we consider the complex allele Arg784Gln;
Arg916Cys to be the cause of our patient’s disease, but it remains
unclear whether Arg784Gln, which is classified as benign by the
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FIGURE 3 | Exercise induced lactate levels in bicycle exercise testing with and without prior plasma infusion.

applied bioinformatic tools (Mutation Taster, PolyPhen2, SIFT,
PROVEAN), contributes to the allele’s pathogenicity.

Since no residual plasma ADAMTS13 activity was detected,
we conclude that Arg784Gln;Arg916Cys causes a severe defect of
the affected ADAMTS13 allele, suggesting that either no protein is
expressed, protein maturation is severely impaired, or the protein
is not secreted.

Plasma Half-Life of ADAMTS13

In patients with autoimmune TTP (iTTP) there is usually
no measurable increase in ADAMTS13 activity after plasma
infusion. Therefore, the increase of ADAMTS13 activity in our
patient after plasma infusion confirms our diagnosis of cTTP.

The ADAMTS13 activity half-life of 27.6h in our patient is
somewhat shorter than most previous reported elimination half-
life values.

The expected maximal concentration of ADAMTS13 activity
at the beginning of the infusion [calculated via equation
described by Furlan et al. (19)] was 18.6%. The fast decline of
ADAMTSI3 activity at the beginning of the curve points to a
multiple-compartment kinetics. Few studies have documented
the same effect after plasmatherapy, but this can mostly be
attributed to the lack of data points early after infusion. The
half-life (t;/2) of ADAMTSI13 reported in the scarce literature
is significantly longer [between 2.1 days [50.4h] up to 7,9 days
[189.5h] (19-21)].
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The plasma half-life of ADAMTS13 in another case of ¢cTTP
was close to our findings with an elimination half-life of 1.54
days (37 h) (22). We suppose that part of the infused ADAMTS13
will be trapped by binding to endothelial cell-attached VWF
multimers. There seems to be no significant difference between
ADAMTS13 half-life of cTTP patients with prior plasma
exchange vs. patients just receiving plasma infusions (21).

The shorter ADAMTS13 half-life in our case may
also be related to the multi-compartment elimination,
as  previous treatments with plasma infusions or
plasmapheresis over an extended time period could saturate all
compartments of ADAMTS13 and cause higher ADAMTS13
half-life measurements.

In the study of the pharmacokinetics of recombinant
ADAMTS13 (thADAMTS13) the t;/, was 2,47 d (59.2h) with a
reported initial half-life of 17h (23). In one patient the half-life
was as low as 29.5 h, comparable to the result in our patient.

There is a rather large variation of reported half-lives due to a
paucity of systematic testing.

Late Onset cTTP

Several factors (most of them not understood) influence the
severity of disease and first occurrence of an acute TTP episode.
An important factor is residual ADAMTS13 activity (24). But
results of the large International Hereditary TTP Registry with
123 enrolled cTTP patients showed that residual ADAMTS13
activity is not the only determinant of the age at first disease
manifestation (4). Median age at overt disease onset was 4.52
years and at clinical diagnosis 16.7 years. Another important
factor is exposition to strong triggers of disease (infections,
surgery, pregnancy, drugs, etc.).

The influence of ABO blood group type on plasma levels of von
Willebrand factor (VWF) is well-documented in several studies
(25-27). A large study with healthy individuals nicely showed
that plasma VWF levels were lowest in blood group 0 persons and
highest in blood group AB subjects (28). Among patients from
the Oklahoma TTP registry with acquired TTP blood group 0
was more frequent than expected and was even discussed to be a
potential risk factor (29). While blood group might play a role in
iTTP, there are no data in USS patients. Whether blood group 0
may protect cT'TP patients from early disease onset is unknown.

The first disease onset and clinical diagnosis in our patient was
at the age of 43 years. Our patient was carrier of two homozygous
ADAMTSI13 variants and had no residual plasma ADAMTSI3
activity, his blood group was 0.

There was no anamnestic finding that could retrospectively be
attributed to an earlier TTP episode. Because of the complete
resolution of the TTP flare by just treating the triggering
situation in this case, we cannot exclude earlier unknown
disease manifestations which may have resolved by treating the
underlying triggering condition without diagnosis of TTP.

Smoldering TTP Activity

In the literature there are hints to ongoing disease activity despite
lack of classical signs and symptoms of active disease (4, 5, 30, 31).
Symptoms reported were headaches, loss of concentration or
abdominal discomfort (5), which were reversed by prophylactic
plasma infusions.

Our patient consistently reported thoracic and abdominal
pain. There were no pathological changes in ECG, transthoracic
echocardiography, abdominal sonography or repeated troponin
values, lipase, lactate dehydrogenase and other parameters. There
were no laboratory signs of TTP flare. The most interesting
observation was a complete resolution of all pain burden within
2h of plasma infusion. The positive effect lasted for about
4 days, as reported by the patient without any knowledge
nor information about half-life of ADAMTSI13 or advanced
knowledge of the disease. We could reproduce this effect of
complete pain resolution on two further occasions. With this
information we searched for signs of “smoldering TTP activity,”
but we could not find any laboratory value which was consistently
or temporarily altered (troponin, lipase, LDH, haptoglobin, CK,
platelets, lactate, coagulation parameters including D-dimers).
We tried to provoke signs of smoldering clinical TTP with
clinical provocation tests that could possibly cause peripheral
ischemia. We did maximum ergometric cycling exercise with
and without prior prophylactic plasma infusion, but-except for
a lower lactate at starting point-we were unable to find any
difference in any parameter evaluated: no significant differences
in dynamics of troponin, lipase, LDH, haptoglobin, CK, platelets
and lactate values (Figure 3, Supplementary Table 1) between
the two ergometry tests.

In the further course the patient reported spontaneous
disappearance of the above-named symptoms without any
intervention. When the symptoms returned, we decided to do
the double-blinded infusion trial with balanced crystalloid fluids
vs. fresh frozen plasma infusions with an impressive effect of
just crystalloid fluids on thoracic and abdominal pain. The fresh
frozen plasma was then effective in reducing back pain. It is
difficult to interpret these findings correctly and we rather doubt
having proof of smoldering TTP activity reacting exclusively to
replenishment of ADAMTS13 via plasma infusion (5, 6, 31).
There seems to be a significant placebo effect, especially in this
patient with a huge language barrier and fear of deportation to
his home country after possible failure of asylum procedures and
expiration of residency permit.

Triggers of Acute Episodes of cTTP
The salmonella infection was clearly the trigger for the acute TTP
flare in our case.

It is nevertheless remarkable that the acute TTP episode
was completely resolved just by treating the trigger situation
(antibiotics against salmonella, supportive treatment) without
any plasma infusion. Platelet count normalized on day 6 and
lactate dehydrogenase on day 9 after presenting at our hospital
(day 4 resp. day 7 after starting antibiotic therapy against
salmonellosis). The inflammatory trigger (salmonella infection)
probably caused an upregulation of endothelial VWF secretion
and increase of VWF plasma levels, which caused acute flare of
the disease in analogy to triggering acute TTP by shiga toxin in
an ADAMTS13 deficient mouse model (32).

Until recombinant ADAMTS13 (23) becomes available,
treatment is either on demand with plasma infusions during
acute flares of TTP (10 to 20 ml/kg BW of fresh frozen plasma)
or prophylactic with 10-15 ml/kg BW every 2-3 weeks. Data
from the International hereditary TTP registry show that 71%
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of the 117 registered cTTP patients with available treatment data
receive prophylactic plasma infusions and just 29% on demand
treatment (4). We decided for “on demand” treatment strategy
and careful surveillance in our patient. In the 3 years of follow-
up since diagnosis, there has been no recurrence of TTP episodes.
Echocardiography, myocardial scintigraphy, and cerebral MRI
were performed without pathological findings.

Although our understanding of c¢TTP has increased
enormously over the last two decades, there is still a lack
of knowledge about long-term sequelae and possible silent
smoldering end organ damage, which makes lifelong careful
follow-up and regular assessments imperative.
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Background: Thrombotic microangiopathies (TMAs) are highly suspected in
patients showing mechanical hemolytic anemia, thrombocytopenia, and haptoglobin
consumption. Primary [thrombotic thrombocytopenic purpura (TTP) and atypical
hemolytic uremic syndrome] and secondary TMA are considered. Even if ADAMTS13
measurements and alternative complement pathway explorations have greatly improved
the ability to identify primary TMA, their diagnosis remains difficult, and their frequency
relative to that of secondary TMA is undetermined. The objectives of the present study
were, therefore, to describe the etiologies, management, and the outcomes of patients
presenting with TMA in real-life clinical practice.

Methods: We conducted a retrospective study between 01/01/2008 and 31/12/2018
that included all consecutive patients presenting with biological TMA syndrome at
admission or developing during hospitalization. Patients were identified from the
laboratory databases, and their medical files were reviewed to confirm TMA diagnosis,
to determine etiology, and to analyze their therapeutic management and outcomes.

Results: During this period, 239 patients with a full TMA biological syndrome
were identified, and the TMA diagnosis was finally confirmed in 216 (90.4%) after
the cases were reviewed. Primary TMAs (thrombotic thrombocytopenic purpura or
atypical hemolytic uremic syndrome) were diagnosed in 20 of 216 patients (9.3%).
Typical HUS was diagnosed in eight patients (3.7%), and the most frequent secondary
TMAs were HELLP syndrome (79/216, 36.6%) and active malignancies (30/219,
13.9%). ADAMTS13 measurements and alternative complement pathway analyses were
performed in a minority of patients. Multiple factors identified as TMA triggers were
present in most patients, in 55% of patients with primary TMA, vs. 44.7% of patients with
secondary TMA (p = 0.377). Death occurred in 57 patients (23.4%) during follow-up, and
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dialysis was required in 51 patients (23.6%). Active malignancies [odds ratio (OR) 13.7],
transplantation (OR 4.43), male sex (OR 2.89), and older age (OR 1.07) were significantly

associated with death.

Conclusion: Secondary TMAs represent many TMA causes in patients presenting a full
TMA biological syndrome during routine clinical practice. Multiple factors favoring TMA
are present in about half of primary or secondary TMA. ADAMTS13 and complement
pathway were poorly explored in our cohort. The risk of death is particularly high in
patients with malignancies as compared with patients with other TMA.

Keywords: Thrombotic microangiopathies, etiology, primary, secondary, thrombotic thrombocytopenic purpura,
hemolytic uremic syndrome, real-life

INTRODUCTION

Thrombotic microangiopathies (TMAs) are defined by the
presence of thrombi in small arterioles and capillaries (1).
Thrombosis affects microcirculation and leads to tissue ischemia
and organ failure (2). Although the confirmation of TMA
diagnosis relies on histological features, a biopsy of an affected
organ is rarely performed. Not only do TMAs have, in most cases,
a characteristic biological presentation, but also biopsy is often
contraindicated, given the bleeding risk. Mechanical hemolytic
anemia, schistocytosis, and thrombocytopenia are strongly
suggestive of TMA. As in other hemolytic anemia syndromes,
haptoglobin consumption, elevated LDH, and elevated free
bilirubin levels are also detected.

The understanding of biological mechanisms implicated
in TMA development has greatly improved over the past
three decades, allowing for the individualization of entities
with specific pathophysiology (3, 4). In parallel with the
pathophysiological understanding of TMA, the classification of
TMA has been enriched with new entities and has further
enabled the identification of several favoring or precipitating
factors (1, 5). The latter can act as triggers of TMA development
in patients with conditions that make them pre-disposed
to primary TMA, i.e., genetic defects, or can induce TMA
by themselves. TMAs are usually classified into two subsets,
primary and secondary. Primary TMAs include thrombotic
thrombocytopenic purpura (TTP) and atypical hemolytic uremic
syndrome (aHUS). TTP is associated with low or undetectable
ADAMTS13 activity (usually <10%), which may be related to a
rare genetic defect in the ADAMTS13 gene (Upshaw-Schulman
syndrome) or is, in most cases, an autoimmune disease associated
with auto-antibodies neutralizing the enzymatic functions of
ADAMTSI13 (6). aHUS is related to several inherited or acquired
abnormalities affecting complement alternative pathway (cAP)
(7) that result in its permanent activation. Primary TMA can
manifest at all ages and frequently develops after the occurrence
of triggers that induce endothelial injury. Secondary TMAs,
however, include numerous conditions or diseases that have been
associated with TMA development. In secondary TMA, genetic
defects and autoimmune abnormalities are rarely detected, and
the microvascular endothelial injuries are driven by other factors
altogether. The pathophysiology of secondary forms is, therefore,

less well-defined, and as a result, diagnosis is rendered much
more difficult. In the light of this, several classifications have
been proposed to guide clinicians to the right diagnosis. Among
secondary TMAs, typical HUS (tHUS) induced by the endothelial
toxicity of Shiga toxins from Escherichia coli is the most well-
defined secondary TMA. However, numerous other conditions
such as a solid organ or bone marrow transplantation, drugs,
pregnancy (HELLP syndrome), malignant hypertension, and
malignancies can be associated with TMA development (1, 8-
11). In such cases, the mechanisms of TMA are largely unknown
and frequently multifactorial, and the therapeutic management
of these patients is not well-codified.

The treatment of primary TMA has greatly evolved in the
last few years using specific drugs such as rituximab in TTP
and eculizumab in aHUS (12-15). In these conditions, mortality
and organ lesions (mainly brain and kidney injuries) occur early,
within the first days or weeks. A patients prognosis is very
dependent upon any delays to commencing with possible specific
treatment. It is, therefore, crucial to identify these patients among
the flood of those with a secondary cause.

The relative frequency of primary to secondary TMA
has been poorly analyzed in the literature (16). Moreover,
the management of patients with secondary TMA and their
prognosis in comparison with patients with primary TMA are
not well-known.

In the present study, we identified all consecutive patients with
biological features of TMA (full biological TMA syndrome) in
a period spanning 11 years. The objective of the study was to
analyze the relative frequency of primary and secondary TMA,
their presentation, and their therapeutic management. We also
analyzed the prognosis of patients according to the causes of
their TMA.

METHODS

Selection of Patients

Patients admitted to the University Hospital of Angers between
01/01/2008 and 31/12/2018 and presenting with a full biological
TMA syndrome were included in the study. The concomitant
association of anemia defined full biological TMA syndrome
(<12 g/dl in females and 13 g/dl in males), with thrombopenia
<150 G/L, schistocytosis >0.5%, and a decreased haptoglobin
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level <0.4 g/L. These patients were identified from the database
of our hematological laboratory. Two datasets listing patients
with (1) thrombocytopenia and schistocytosis screening and
(2) haptoglobin measurements during the study were extracted
and merged. Adult patients (>18 years old) with concomitant
thrombocytopenia, schistocytosis, and a decreased haptoglobin
level were included in a systematic review of medical records after
anemia had been confirmed. The study protocol complied with
the standards of the Ethics Committee of the Angers University
Hospital (no. 2019/12).

Identification and Classification of

Thrombotic Microangiopathic Patients

Medical records of patients identified with a full TMA biological
syndrome were analyzed by four physicians (NH, CM, BB,
and JFA) trained in nephrology, hematology, and critical care
medicine, to confirm or rule out the diagnosis. In patients
with a TMA diagnosis, its cause was determined after a
hierarchical analysis according to current classifications. In a
first step, patients with ADAMTS13 < 10% were classified as
having TTP. Next, patients with Shiga toxin-positive bacteria
(detected in stool culture or polymerase chain reaction) were
classified as having tHUS. The other following TMA causes were
systematically considered: patients with HELLP syndrome, drugs
known to induce TMA, graft vs. host disease (GvHD)-associated
TMA, cancers, autoimmune diseases, malignant hypertension,
and infections (excluding those related to Shiga toxin-producing
bacteria). Patients with TMA and acute renal failure but without
evidence of other secondary TMA causes and/or with cAP
abnormalities known to be associated with TMA were classified
as having aHUS. Patients without evidence of any of the causes
of secondary TMA listed earlier, with rare secondary causes of
TMA and without evidence of cAP abnormalities, were classified
in “other secondary TMA causes.” Patients with multiple
TMA potential causes, for whom clinical file review could not
determine a predominant mechanism, were also classified in
“other secondary TMA causes” (Supplementary Table 1).

In some patients with primary or secondary TMA, several
TMA causes could be present. In patients with primary
TMA, other possible causes were considered as favoring
factors. Patients with secondary TMA were classified within
the most probable diagnosis after medical file review, and
other associated conditions were considered as favoring factors.
Factors considered to favor TMA were concomitant infection,
pregnancy, past or present history of malignancy, drugs known
to induce TMA, transplantation, autoimmune diseases, and
B12 deficiency.

Therapeutic Management and Outcomes
Plasma exchange and/or plasma infusion, eculizumab and
rituximab use, and the requirement for transfusion or dialysis
were identified in medical charts and collected. Outcomes,
including death or need for renal replacement therapy, were
also collected.

Statistical Analysis

Continuous variables are presented as median (minimum-
maximum). Categorical variables are presented as the absolute
value and percentage. Differences between groups were analyzed
using the 2 test (or Fisher exact test if necessary) for categorical
variables and the Mann-Whitney U test for continuous
variables. Logistic univariate analysis was used to examine
factors associated with the outcomes. P-value < 0.05 were
considered significant. Statistical analysis was performed using
SPSS software® 23.0 and Graphpad Prism®.

RESULTS

Baseline Characteristics

During the period mentioned earlier, we identified 427 patients
with thrombocytopenia and schistocytosis >0.5% and 4,664
patients with haptoglobin <0.4 g/L. After cross-referencing the
datasets, we could identify 239 patients with a full biological
TMA syndrome. After the review of medical charts, 216
patients were finally diagnosed with TMA, whereas 23 had
no evidence of TMA (Figurel). The diagnosis retained in
these 23 patients after reviewing their medical files are given
in Supplementary Table 2. Patients with TMA were initially
admitted to 17 different medical and surgical departments
(Supplementary Figure 1). Among the 216 patients, 81 (37.5%)
were admitted to a critical care unit at least partially during
their hospitalization.

TMA patients were predominantly females (74.1%), with a
median age of 45.3 £ 18.5 years. Hypertension and chronic
kidney disease (estimated glomerular filtration rate < 60
ml/min/1.73 m?) were found in 54 (25%) and 21 (9.7%) patients,
respectively. Primary TMA (TTP or aHUS) was diagnosed in
20 patients (9.3%), with mostly acquired TTP (11 patients,
5.1%), whereas secondary TMA represented 90.7% of all TMA
cases. Among secondary TMA, HELLP syndrome and active
cancer-associated TMA were the most frequent diagnosis, in 36.6
and 13.9%, respectively. In the case of the latter, solid cancer
featured in 19 patients and acute haemopathy in 11 patients.
Other secondary TMA causes were less frequently observed, with
tHUS representing 3.7% (Table 1 and Supplementary Figure 2).
A subgroup of 30 patients was classified as “other TMA.” Some of
these patients had a rare TMA cause or had no identified cause of
TMA or multiple causes of TMA, not allowing their classification
within other groups. The characteristics of patients classified
in this subgroup of TMA are given in Supplementary Table 3.
Surprisingly, TMA diagnosis was not mentioned within the
medical file at the end of the initial admission for 53 of 216
(24.4%) patients. These patients were classified as having mainly
secondary TMA after file review (cancer, n = 18; aGVHD, n =12;
undetermined TMA cause, n = 11). ADAMTS13 determination
was performed in only 25% of patients, and, therefore, the
diagnosis of TTP may have been missed in some patients.
C3 and C4 complement fraction concentration and alternative
complement pathway were studied in 33.8 and 19.4% of the
patients of the cohort, respectively (Supplementary Table 4).
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y
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FIGURE 1 | Flowchart of the study.

Clinical and Biological Presentation
According to Thrombotic Microangiopathy

Cause

Table 1 reports the clinical and biological presentation according
to the TMA etiology. Patients with aHUS tended to be
younger compared with patients with TTP. In secondary TMA,
patients with HELLP syndrome were younger than those with
malignancies. Neurological signs were present at admission with
variable frequencies according to TMA causes. They were present
in most patients with primary TMA, either TTP or aHUS.
Neurological symptoms exhibited greater variety in secondary
TMA, most frequently observed in patients with malignant
hypertension and malignancies. Acute kidney injury was present
in all patients with aHUS and tHUS, in most patients with TTP,
and with a variable frequency in other secondary TMA causes.
Serum creatinine was greatly higher in patients with aHUS
and malignant hypertension, as compared with other causes of
TMA. The level of proteinuria showed a similar trend. However,
although 75% of TTP patients developed acute kidney injury,
their median serum creatinine level at admission was 94 pmol/L
and therefore in the same range as HELLP syndrome patients.
Diarrhea was present in all patients with tHUS and in most
patients with aGvHD but was very inconstantly observed in
other conditions. Anemia was present in all patients but with

variable severity. Thrombocytopenia was particularly profound
in patients with TTP.

Analysis of Thrombotic

Microangiopathy-Favoring Factors

Except for patients with HELLP syndrome and active
autoimmune diseases, the presence of an additional factor
known to favor TMA was frequent (Table2). There was
no difference in the frequency of patients with at least one
additional factor between patients with primary TMA and
patients with secondary TMA (55.0 vs. 44.7%, p = 0.377). The
most frequent additional factor was a history of malignancy
and concomitant administration of a drug known to favor
TMA, mostly gemcitabine or calcineurin inhibitor. Patients
with aGvHD and drug-associated TMA tended to have more
associated factors than patients with primary TMA and with
other secondary causes (Table 2).

Management of Thrombotic
Microangiopathy

Red blood cell transfusion was used in 43.5% of patients and
platelet transfusion in 22.7% of patients. Plasma exchange or
plasma infusion was initiated in 28.2% of patients. Rituximab
and eculizumab were administered in 7.9 and 3.7% of patients,
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TABLE 1 | Clinical and biological presentation of TMA according to etiology.

Characteristics Primary TMA Secondary TMA
N (%) n =20(9.3) n =196 (90.7)
TTP aHUS tHUS HELLP syndrome Malignant HBP  Malignancies Drugs Infections AID aGVHD Others

n=12(5.6) n=28(3.7) n=28(3.7) n =79 (36.6) n=12(5.6) n =30 (13.9) n=11(5.1) n=>5(23) n=>5(2.J3) n =16 (7.4) n =30 (13.9)
Baseline characteristics
Age (years) 59.2 (31-83) 36.9 (24-79) 63.9 (34-83) 29.8 (20-45) 35.6 (22-75) 63.6 (21-86) 59.1 (27-74)  63.8(49-83) 72.3 (45-85) 53.4 (24-70) 39.5 (23-93)
Females (%) 7 (68.3) 6 (75.0) 6 (75.0) 79 (100) 5(41.7) 20 (66.6) 5 (45.4) 3 (60.0) 2 (40.0) 8 (50.0) 17 (66.7)
Neurological signs 8 (66.6) 6 (75.0) 7 (87.5) 25(31.6) 7 (68.3) 17 (66.7) 2(18.2) 2 (40.0) 0(0) 5(31.2) 8(26.7)
Diarrhea 3(25.0) 0(0) 8 (100) 0(0) 0(0) 0(0) 1(9.1) 0(0) 0(0) 9 (56.2) 4 (13.3)
AKI 9(75.0) 8 (100) 8 (100) 26 (32.9) 10 (83.3) 15 (50.0) 7 (63.6) 5 (100) 5 (100) 8 (50.0) 14 (46.7)
Biological presentation
Hemoglobin, g/DI 7.3 (6.5-9.7) 7.5 (4.5-10.9) 9.5 (5.8-11.5) 9.8 (5.6-13) 7.2 (5.6-10.4) 7.6 (6.2-10.7) 6.9 (6.7-11.3) 6.1 (3.4-13.0) 8.0 (6.4-10.6) 8.5(6.4-10.5) 9.6 (4.6-13.0)
Platelet count, G/L 10 (5-75) 68 (24-106) 42 (23-111) 38 (9-145) 97 (39-108) 48 (4-131) 53 (8-143) 41 (9-72) 94 (59-124) 15 (10-41) 78 (7-136)

LDH, UI/L

Schizocytes, n (%)

0.5-1% 2(16.7) 2 (25.0)
1-3% 1(8.4) 3(37.5)
3-5% 2(16.7) 1(12.5)
5-10% 5(41.6) 2 (25.0)
>10% 2(16.7) 0(0)
Elevated free 7 (58.3) 3(37.5)
bilirubin, n (%)

Elevated LE, n (%) 5(41.7) 1(12.5)
Fibrinogen, g/L 4.2 (1.5-7.8) 4.8 (4.3-9.9)
Prothrombin time (%)  78.0 (76-83) 55.5 (24-80)
CRP, mg/L 6 (3-105) 27 (4-65)
Serum creatinine, 94 (62-1,131) 795 (300-1,631)
pmol/L

Proteinuria, g/L 1.0(0.2-5.2) 4.4 (0.4-9.8)
Albuminemia, g/L 36 (14-49) 28 (21-42)

847 (618-1,852) 1,569 (278-4,200) 1,365 (412-3,709) 1,982 (276-6,760)

00 31(39.2)
4 (50.0) 40 (50.7)
2 (25.0) 5 (6.3)
2 (25.0) 2(2.5)
000 1(1.9)
6 (75.0) 47 (59.5)
6 (75.0) 79 (100)
3.4 (2.6-8.3) 3.9(0.3-8.4)
90.0 (66-113) 97.0 (77-109)
19.5 (3-45) 28 (4-111)
268 (97-844) 81.5 (33-746)
1.8 (1.5-4.5) 7.6 (0.0-31.5)
32 (23-34) 22 (18-36)

935 (297-1,955) 1,700 (288-6,546) 558 (221-1,648) 526 (478-4880) 992 (510-2318) 489 (150-14,540) 412 (240-5,900)

5(41.7) 4(13.3) 5 (45.5)
4(33.9) 11 (36.7) 3(27.9)
1(8.9) 7(23.9) 3(27.9)
1(8.3) 7 (23.3) 19.1)
1(8.3) 1(3.9) 0(0)
3(25.0) 19 (63.3) 5 (45.5)
3(25.0) 8(26.7) 4(36.4)

3.8 (2.5-5.9) 2.4(03-75  3.0(2.8-4.7)
96.0 (61-117)  73.0(32-106)  88.0 (57-108)
4 (3-52) 50 (4-347) 29 (3-98)
1,087 (120-1,491) 245 (30-700) 258 (63-499)
2.7 (0.6-8) 1.1(0.0-24.00  1.1(0.27.1)
37 (21-45) 26 (17-43) 30 (24-43)

0(0)
3(60.0)
0(0)
2 (40.0)
0(0)
4 (80.0)

5 (100)
2.9 (1.7-5.0)
56.0 (21-86)

9 (3-322)

1 (20.0)
3(60.0)
|

5 (100)
4.0(2.4-6.7)
60.5 (59-62)

122.5 (76-169)

244 (138-350) 287 (106-505)

0.2 (0.1-1.1)
32 (31-33)

0.4 (0.2-0.5)
29 (21-40)

000
10 (62.5)

9(56.3)
3.1(1.8-11.5)
89.0 (19-112)
29.5 (3-488)
100 (50-343)

0.6 (0.4-3.5)
29 (19-36)

15 (50.0)
8(26.7)
2 (6.7)
7)
3)
46.7)

26
13
14 (
12 (40.0)

3.4(2.3-8.8)
79.5 (19-106)
31.6 (3-230)
383 (64-962)

1.8 (0.1-24)
26 (20-39)
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TABLE 2 | TMA-favoring factors according to TMA cause.

Characteristics Primary Secondary
TTP aHUS tHUS HELLP syndrome Malignant HBP Malignancies Drugs Infections AID aGVHD Others
n=12 n=8 n=8 n=T79 n=12 n=30 n=11 n=5 n=5 n=16 n=30

Infections 0 0 8 0 0 8 0 5 0 12 1
Shiga toxin E. coli 0 0 8 0 0 0 0 0 0 0
Bacteria 0 0 0 0 0 2 0 3 0 0
Virus 0 0 0 0 0 2 0 1 0 10 0
Fungus 0 0 0 0 0 2 0 1 0 1
Undetermined 0 0 0 0 0 2 0 1 0 0
Pregnancy 1 2 0 79 0 0 0 0 0 0 11
History of Malignancy 2 1 3 1 2 26 9 3 0 13 5
Solid cancer 0 1 3 0 2 18 6 2 0 1 2
Hematological malignancy 0 0 0 0 0 9 3 1 0 13 3
Actual Malignancy 0 2 0 0 0 30 0 0 0 0
Solid cancer 0 1 0 0 0 19 0 0 0 0
Hematological malignancy 0 1 0 0 0 11 0 0 0 0 0
Drugs 5 1 0 0 0 7 11 0 0 12 1
Transplantation 3 1 0 0 0 2 3 1 0 16 7
Solid organ transplantation 2 1 0 0 0 0 1 0 0 4
Stem cell transplantation 1 0 0 0 0 2 2 1 0 16 3
Autoimmune disease 0 0 0 0 1 0 0 0 5 0
B12 deficiency 0 0 0 0 0 0 0 0 0 3
No identified factor 0 0 0 0 0 0 0 0 0 0 7
Mean number of other factors per patient* 0.92 0.87 0.37 0.01 0.25 1.43 1.09 0.8 0 2.93 -

*When the factor was considered as the main etiology of TMA, it was not counted as a favoring factor.
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respectively. As expected, plasma exchange or plasma infusion
was used in most patients with primary TMA. Rituximab was
administered in 50% of patients with TTP and at a lower
frequency in other TMA groups. Eculizumab was used in eight
patients, five of them with aHUS or tHUS (Table 3).

Outcomes and Factors Associated With

Prognosis

Fifty-one (23.6%) patients required dialysis during initial
admission, and 57 (23.4%) died during follow-up at a median
time of 42 days (1-1,796) from initial admission. Using univariate
analysis, older age [odds ratio (OR) 1.07], male sex (OR 2.89),
active malignancies (OR 13.7), and transplantation (OR 4.43)
were associated with an increased risk of death. Primary TMA
(OR 3.00), aHUS, and tHUS (OR 4.84) were associated with
dialysis initiation during the first admission, whereas male sex
(OR 0.49) and HELLP syndrome (OR 0.17) were associated with
a decreased risk of requiring dialysis (Table 4).

DISCUSSION

The present study gives an overview of TMA etiology and
management in routine clinical practice. The major finding
of this work is that secondary TMAs are largely much more
frequent than primary TMAs (TTP and aHUS). Importantly,
using our biologically based selection and systematic medical
file review, we were able to conclude TMA diagnosis in ~25%
of patients for whom the diagnosis was not clearly mentioned
within the medical file. These patients had secondary TMA
related to various causes. This observation probably reflects the
complexity of TMA diagnosis, especially when multiple factors
are involved. Data from TMA registries show a higher proportion
of primary TMA. As an example, in the Oklahoma TTP-HUS
registry, TTP represented 15% of TMA between 1999 and 2007
(17) and 43% in the UK TTP registry between 2009 and 2013 (18).
These discrepancies are probably explained because entries into
these registers are linked to plasma exchange requirement and
by ADAMTS13 measurement, respectively. Thus, they include
selected populations and do not, in fact, reflect the frequency
of TMA, nor their distribution in “real-life” conditions. Rather,
in the present study, we undertook an unbiased analysis of
all consecutive patients with full TMA biological syndrome.
Interestingly, a very recent study with a methodology like that
used in the present study showed similar frequencies of primary
and secondary TMA (16): TTP and aHUS represented 5.9% of
TMA, slightly below the 9.3% observed in our study.

It is important to note that ADAMTS13 measurement and
cAP analysis were performed in only a minority of patients in
our cohort. Therefore, some patients may have been misclassified
as having a secondary TMA. This would be in line with
recent research showing abnormalities in alternative complement
pathway proteins, notably patients with clinical features of
malignant hypertension (19, 20) or with TMA associated with
drugs, such as calcineurin inhibitors used in transplant patients
(21). More recently, patients with HELLP syndrome have also
been shown to present a higher incidence of germline alternative

TABLE 3 | Therapeutic management of TMA patients.

Secondary TMA

Primary TMA

Treatment, n (%)

Infections AID aGVHD Others

Drugs

Malignancies

Malignant HBP

HELLP syndrome

TTP aHUS tHUS

All
n =216

n =230

n=16

11

n

n=230
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TABLE 4 | Univariate analysis of factors associated with outcomes.

N* Death (n = 57) N* RRT (n = 51)

OR (95% CI) P OR (95% CI) P
Patient characteristics
Age** - 1.07 (1.05-1.09) <0.001 - 1.02 (0.98-1.02) 0.823
Male (yes) 32 2.89 (1.50-5.55) 0.001 19 0.49 (0.25-0.96) 0.037
TMA etiology
Primary TMA (vs. secondary) 7 1.57 (0.59-4.16) 0.362 9 3.00 (1.17-7.71) 0.023
TTP (yes) 5 2.09 (0.63-6.86) 0.225 3 1.08 (0.28-4.16) 0.907
aHUS or tHUS (vs. others) 3 0.62 (0.17-2.27) 0.475 9 4.84 (1.70-13.7) 0.003
HELLP syndrome (vs. others) 0 - 6 0.17 (0.07-0.42) <0.001
Active malignancies (vs. others) 24 13.7 (6.67-33.9) <0.001 7 0.89 (0.36-2.20) 0.802
Transplantation (vs. others) 18 4.43 (2.05-9.58) <0.001 10 1.51 (0.66-3.42) 0.328
aGvHD (vs. others) 10 5.42 (1.87-15.7) 0.002 2 0.44 (0.01-2.00) 0.289
Need for RRT (vs. no RRT) 51 1.22 (0.61-2.45) 0.576 - - -

*Number of events in subgroup.
**per year.

complement pathway gene mutations (22). The explanation for
such a low rate of patients with specific investigations in our study
is likely to be multifaceted, reflecting an unawareness of these
relatively new data, the rarity of TMA, and the variable TMA
experience of the clinician.

We observed the presence of favorable/precipitating factors
that can act as “triggers” in ~50% of patients. Interestingly,
their frequency showed no significant difference between patients
with primary and secondary TMAs. Therefore, this observation
supports the concept of the “multi-hit” theory of TMA (23). TMA
has been shown to occur in ~10% of patients with aGvHD (24).
It is interesting to note that it was the condition with the higher
number of concomitant triggers in our study.

Finally, primary TMAs, for which treatment has been
better codified in past years, represent a minority of TMA
cases. HELLP syndrome and active malignancies were the
most highly represented causes of secondary TMA in our
cohort. The repartition between secondary causes in our
study is closely aligned with those observed in the study of
Bayer et al. (16). However, we observed far fewer patients
with infection-associated TMA (2.3%). These discrepancies are
probably linked to different methods for selecting patients
and for classifying them between the two studies. First, in
Bayer et al’s study, screening constituted a combination of
automatized medical file analysis and the inclusion of patients
with partial biological TMA syndrome. The differences in
patient selection probably explain why Bayer et al. included
many more patients. Second, in our study, we considered
infectious events as triggers rather than as causative agents
per se.

In line with previous data, the mortality rate was
high in our study, and death occurred early after TMA
diagnosis. In the univariate analysis, active malignancies,
transplantation, and aGvHD were significantly associated
with a higher risk of death. These observations are in

line with the clinical experience we have of TMA and
with the few available reports on these topics (24-26).
Notably, the differentiation between chemotherapy-induced
TMA and cancer-associated TMA represents a challenge,
especially when medical files are reviewed retrospectively.
Moreover, these patients do not usually undergo extensive
biological explorations given their very limited prognosis;
this in turn also limits what can be achieved through
reviewing files. We may, therefore, have misclassified some
of them.

In conclusion, our study highlights that more than 90% of
patients with full TMA biological syndrome have secondary
TMAs, which are associated with very high mortality. We
also point out that it is not uncommon for the diagnosis of
TMA not to be mentioned, especially in patients diagnosed
with secondary TMA. Therefore, these results suggest that
more attention and clinical research should focus on secondary
TMA to understand better the mechanisms implicated in it,
especially with systematic cAP and ADAMTS13 exploration to
rule out primary TMA, improve their classification and codify
their treatment.
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Alice Sartori’, Alice Parisi?, Maurizio Cantini®, Francesca Pizzolo’, Oliviero Olivieri’ and
Simonetta Friso ™

" Department of Mediicine, School of Medicine, University of Verona, Verona, ltaly, ? Department of Diagnostics and Public
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Thrombotic microangiopathies (TMAs) include a heterogeneous group of diseases
characterized by abnormalities in the vessel walls of arterioles and capillaries resulting
in microvascular thrombosis that typically presents with a microangiopathic hemolytic
anemia (MAHA) and severe thrombocytopenia. We describe here the case of an
82-year-old woman, who came to our attention for a clinical condition consistent
with thrombotic microangiopathy. Even if initially highly suggestive for a thrombotic
thrombocytopenic purpura (TTP), the elevated ADAMTS13 activity together with
the alteration of the main coagulation parameters (D-dimer elevation, fibrinogen
consumption, slightly prolonged prothrombin time), induced us to consider several other
diseases in the differential diagnostic process. The case evolved toward a suspected
overlapped secondary hemophagocytic syndrome, though the hyperferritinemia was
finally interpreted within the frame of a cytokine storm. After a complex diagnostic
workup, the clinical and biochemical parameters guided us toward the diagnosis of a
cancer-related microangiopathic hemolytic anemia (CR-MAHA) secondary to a relapsing
breast cancer with multiple metastatic localizations. Prednisone 1 mg/kg body weight
was started, and several units of fresh frozen plasma were infused, obtaining a good
control of the hemolysis. No specific oncological therapies were, however, possible,
due to the older age and the critically compromised general condition of the patient;
therefore, after clinical stabilization, the patient was discharged for treatment in a palliative
care Hospital.

Keywords: thrombotic microangiopathy, breast cancer, ADAMTS13, thrombotic thrombocytopenic purpura,
disseminated intravascular coagulation, hemolytic anemia

INTRODUCTION

Cancer-related microangiopathic hemolytic anemia (CR-MAHA) is a rare pathologic condition
and often represents a very challenging enigma for the physician at the frontline while facing a
critically ill patient. A broad and fast differential diagnostic process is mandatory to achieve the
correct diagnosis for the most appropriate and potentially successful treatment.

The present case prompted us to review the pathophysiology of thrombotic microangiopathies
and the most recent literature on this multifaceted cluster of diseases (I, 2). In describing
this case, we have an intent of highlighting how crucial it is to dedicate extreme attention to
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the several coagulative and hemachrome parameters for the
achievement of a correct diagnosis of such complex pathologies.

Written informed consent was obtained from the patient for
the publication of this case report.

CASE DESCRIPTION

An 82-year-old woman was referred in December 2019 to our
University Hospital Internal Medicine Unit with a diagnosis
of thrombotic thrombocytopenic purpura, from a nearby
community hospital where she had been admitted few days
before for an episode of mild epistaxis.

No neurological or major hemorrhagic/thrombotic events
were reported. From collection of her clinical history emerged a
type II diabetes mellitus treated with metformin and a history of
ductal infiltrating breast cancer. The breast carcinoma had been
diagnosed in 2006 and firstly treated with quadrantectomy and
radiotherapy (QUART) and tamoxifen and, after documented
relapse in April 2019, with radical mastectomy and axillary lymph
nodes dissection after which she restarted hormone therapy with
anastrazole. The most recent follow-up tests were negative for
disease relapse. As shown in Table 1, when she was admitted her
blood tests showed a mild normochromic normocytic anemia
(Hb 9.3 g/dL) with increased reticulocyte count (325,000 per
pl), and a severe thrombocytopenia (platelet count 32,000 per
pl); lactate dehydrogenase (LDH) was increased (1200 U/L) as
it was total bilirubin (2.5 mg/dL). Coagulation tests highlighted
a slightly prolonged prothrombin time (INR 1.4) with a normal
activated partial thromboplastin time and a severely reduced
plasma concentration of fibrinogen (0.5 g/L) and markedly
elevated plasma concentrations of D-dimer (7000 U/L). Direct
and indirect antiglobulin tests were negative. Renal function
indexes and serum electrolytes concentrations were within the
normal range. A peripheral blood smear showed the presence of
an elevated number of schistocytes (about 20%).

Given the diagnosis of thrombotic thrombocytopenic purpura
hypothesized the day prior to referral to our Internal Medicine
Unit, the patient had been infused with 800 cc of fresh frozen
plasma (FFP).

Right after admission to our Internal Medicine Unit, a sample
for ADAMTS13 activity detection was obtained, whose results
came to our attention few hours after admission and showed a
normal activity (104%).

Even if PLASMIC score, that is, a score that
predicts ADAMTS13 deficiency, in suspected thrombotic
thrombocytopenic purpura (TTP) with high discrimination was
high-intermediate, several aspects did not fit with a presumptive

Abbreviations: MAHA, microangiopathic hemolytic anemia; TTP, thrombotic
thrombocytopenic; ADAMTS13, a disintegrin and metalloproteinase with a
thrombospondin type 1 motif, member 13; QUART, quadrandectomy and
radiotherapy; DIC, disseminated intravascular coagulation; PT, prothrombin
time; aPTT, activated partial thromboplastin time; INR, international normalized
ratio; MCV, mean corpuscular volume; VWE von Willebrand factor; FFP,
fresh frozen plasma; PEX, plasma exchange; PNH, paroxysmal nocturnal
hemoglobinuria; GPI, glycosylphosphatidylinositol; NK, natural killer; PET,
positron emission tomography; FDG, fludeoxyglucose; US, ultrasonography; CT,
computed tomography; CD, cluster of differentiation; LDH, lactate dehydrogenase.

TABLE 1 | Biochemical parameters at the time of admission and dismission from
the Internal Medicine Unit.

Biochemical parameters At admission At dismission

Hemoglobin (g/dl) 9.3 1.3
Mean corpuscular volume (fl) 96 94
Platelets count (per ) 32,000 118,000
Reticulocyte count (per i) 325,000 -
Total bilirubin (wmol/liter) 80 16
LDH (U/liter) 1200 872
Creatinine (umol/liter) 96.8 57.2
Aptoglobin (g/liter) <0.08 -
D-dimer (ng/ml) 800 -
INR 1.42 1.18
aPTT 1.07 1.03
Fibrinogen (g/liter) 0.5 1.57
ADAMTS13 activity (%) 104 101
Direct Coombs test Negative -
Indirect Coombs test Negative -
Blood smear for schistocytes count 20% -

diagnosis of TTP, which was therefore put into doubt. In fact, the
markedly reduced fibrinogen and the elevated plasma D-dimer
concentrations, together with the normal ADAMTS13 activity,
even if taking into account that the patient had undergone FFP
infusion before testing are not typical of TTP. Plasma exchange
(PEX) was, therefore, not performed, but oral therapy with
prednisone 1 mg/kg body weight was started.

Considering also, in differential diagnosis, the hypothesis of
a subacute disseminated intravascular coagulation (DIC), even
if not fulfiling all the criteria, FFP infusion at low dosage (10
mL/kg/day) was started. Fresh frozen plasma was performed for
four consecutive days and then, because of the normalization
of PT-INR and aPTT with persistently reduced fibrinogen levels
(<1 g/L), fibrinogen infusions were started and maintained for 1
week and eventually stopped, given the absence of either major
or minor bleeding events.

To make a correct differential diagnosis of Coombs negative
hemolytic anemias, other diagnostic hypotheses such as sepsis,
endocarditis, and rheumatic diseases (in primis antiphospholipid
antibody syndrome and systemic lupus erythematosus),
paroxysmal nocturnal hemoglobinuria and folate/vitamin B12
deficiency needed to be excluded. Other primary thrombotic
microangiopathies were not clinically probable, given the
advanced age of the patient, the absence of prodromal diarrhea,
and the normal renal function.

ADAMTS13 activity was subsequently repeated after 1 week,
and it was confirmed to be normal. Also, ADAMTS13 inhibitors
resulted not detectable.

Remarkably, elevated serum ferritin concentrations were
observed (2900 pg/L) and therefore, given the presence of
persistently reduced fibrinogen levels, elevated natural killer
(NK) cells count (>1000 per pl, even if it is clearly not the
right test to demonstrate an altered NK cells function), a bone
marrow biopsy was performed showing a certain grade of
hemophagocytic phenomenon.
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(C,D) lliac lesion that underwent to CT-guided needle-biopsy.

FIGURE 1 | PET scanning with 18-FDG: (A) Image showing diffuse hypermetabolism located at the spinal column; (B) Hepatic lesion of about 1 cm diameter; and

Even if neoplastic markers, including Ca-15.3, were normal,
concerns arose for the presence of a diffuse relapse of
breast carcinoma, and therefore scar and bilateral axillary
ultrasonography, along with contralateral mammography, were
performed, all of which were negative for neoplastic localizations.
A PET/CT scan was also performed, which showed instead a
diffuse fludeoxyglucose hypercaptation in almost all vertebral
bodies together with other multiple focal bone lesions, and a
unique hepatic lesion of about 1 cm diameter (Figure 1).

The hepatic lesion was too small to possibly perform a US-
guided biopsy; therefore, with the support of our interventional
radiologist, we decided to perform a CT-guided needle biopsy of
the left iliac crest (Figures 1C,D), which resulted positive for the
presence of neoplastic dedifferentiated cells expressing keratins
8-18-19 and GATA-3 at immunohistochemistry, compatible with
metastatic breast carcinoma localizations (Figure 2).

The global performance status of the patient progressively
and rapidly declined during the period of hospitalization,
precluding the possibility of specific oncological therapies;
hence, the patient was lastly dismissed to another hospital
for palliative care, maintaining low dose of oral prednisone
therapy (Table 1).

DIFFERENTIAL DIAGNOSIS

When approaching thrombotic microangiopathy (TMA)
syndromes, terminology is a key element to understand the
entire diagnostic process. Microangiopathic hemolytic anemia
(MAHA) is a descriptive term for non-immune hemolysis
(Coombs-negative hemolysis) resulting from intravascular red

blood cell fragmentation that produces schistocytes on the
peripheral blood smear where characteristic laboratory data
include increased serum LDH, increased indirect bilirubin, and
low serum haptoglobin (1, 2).

Thrombotic microangiopathies describes a specific pathologic
lesion in which abnormalities in the vessel wall of arterioles
and capillaries lead to microvascular thrombosis. Not all MAHA
are caused by a TMA, but nearly all TMAs cause MAHA and
thrombocytopenia (1, 2).

Thrombotic microangiopathies is a pathologic diagnosis
made by tissue biopsy, typically a kidney biopsy; however, it
is commonly inferred from the observation of MAHA and
thrombocytopenia in the appropriate clinical setting.

Primary TMA syndromes include TTP (hereditary or
acquired), Shiga toxin-mediated haemolytic uremic syndrome
(ST-HUS), drug-induced TMA (DITMA) syndromes,
complement-mediated HUS (hereditary or acquired), and
rare hereditary disorders of vitamin B12 metabolism or factors
involved in hemostasis (1).

As for the case of our patient, the presence of a
microangiopathic hemolytic anemia and thrombocytopenia
is, at a first glance, indicative of TTP.

However, the normal ADAMTSI13 activity is a key element
to exclude TTP, in which it is almost always below 10% (3,
4). Complement-mediated hemolytic uremic syndrome (HUS)
typically presents with an impaired renal function, and so does
Shiga-toxin-associated HUS; in the latter case, TMA is usually
preceded by diarrhea, abdominal pain, and fever. No new drugs
had been recently introduced by the patient, so even the diagnosis
of a drug-induced TMA was unlikely.
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immunohistochemistry.

FIGURE 2 | Histopathological examination from iliac bone biopsy: (A,B) hematoxylin-eosin staining; (C) cytokeratin-8 immunohistochemistry; and (D) GATA-3

In megaloblastic anemia, ineffective erythropoiesis mimics
MAHA, because of the elevated indirect bilirubin, elevated LDH,
and reduced aptoglobin concentrations. In such a case, the
increased MCYV is the key factor to guide the correct diagnosis.
Thrombocytopenia and leucopenia are also generally present, but
the degree of thrombocytopenia is usually not as severe as in TTP.
Dosage of serum vitamin B12 plus autoantibodies to intrinsic
factor in the case of pernicious anemia and folate concentration
are then confirmatory.

Hemolytic anemia in Evans syndrome and antiphospholipid
antibody syndrome is not due to microangiopathy, and its
pathogenesis is invariably autoimmune then featuring a Coombs-
positive hemolytic anemia.

In the case of paroxysmal nocturnal hemoglobinuria,
in which a Coombs-negative hemolytic anemia is present,
thrombocytopenia is due to a reduced medullary production
in the context of an aplastic anemia rather than a peripheral
consumption; in such a case the diagnosis is confirmed by flow-
cytometry for glycosylphosphatidylinositol (GPI)-linked proteins
is the confirmatory test.

Moreover, in TTP, clot formation is very rarely dependent by
the coagulation cascade, being the clot is almost entirely built of
platelets and the von Willebrand factor (vWF). The prolonged
PT-INR, the reduced fibrinogen, and the elevation of D-dimer
plasma levels are suggestive of DIC, but DIC is not generally
associated with the presence of schistocytes in the peripheral
blood smear (5). Moreover, in this case, the antithrombin-III
(AT-III) levels were normal, making the differential diagnosis
even more challenging.

Taking into consideration all of these biochemical parameters,
together with the diagnosis of metastatic breast cancer relapse,

we think that the diagnosis of cancer-related microangiopathic
hemolytic anemia (CR-MAHA) is the most appropriate to solve
the case.

Finally, some case reports of hemophagocytic syndrome
presenting as thrombotic microangiopathy are reported in
the literature, and the possible overlap even of a secondary
form of hemophagocytic syndrome made really hard the right
interpretation of this aspect (6, 7).

The elevated ferritin levels were interpreted as the
epiphenomenon of a cytokine storm, a very complex life-
threatening systemic inflammatory syndrome involving elevated
blood concentration of cytokines and a hyperactivation of
immune cells triggered by several clinical conditions, such as
monogenic and autoimmune disorders, among which are in-
primis hemophagocytic lympho-histiocytosis (HLH), infectious
diseases (including COVID-19), autoimmune pathologies,
various therapies, and even cancers (8). In the case described
here, the hemophagocytic phenomena observed at the bone
marrow biopsy were very limited, and in the absence of more
specific tests, such as the dosage of soluble CD25 and the
evaluation of NK cells activity, the diagnosis of a secondary HLH
could not be formulated with absolute confidence.

DISCUSSION AND LITERATURE REVIEW

Endothelial dysfunction in cancer is an established event (9),
and CR-MAHA, especially in cases of widespread metastasis
of a malignant tumor, is a rare but well-described condition
(10). Cancer-related microangiopathic hemolytic anemia has
been reported in association with several types of carcinomas as
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observed in a report of 168 cases of CR-MAHA, where gastric
cancer was the most frequent, followed by breast, prostate, and
lung cancer (10, 11). Even if CR-MAHA in breast cancer does
not seem to be associated with a specific histological type, ductal
infiltrating carcinoma is the most commonly reported (10). The
pathophysiology behind MAHA in malignancy is yet not well-
understood, even if it is thought to be rather a paraneoplastic
syndrome than an independent condition co-existing with
cancer disease. Two mechanisms have been proposed: red cell
fragmentation against tumor emboli within blood vessels and an
increased vVWF multimers release from bone marrow (the latter
in response to altered angiogenesis and secondary myelofibrosis)
(12). Cancer-related microangiopathic hemolytic anemia must
not be confused with chemotherapy-induced MAHA, which is a
specific form of drug-induced TMA, particularly frequent when
using gemcitabine and mitomycin, and can be both immune and
non-immune mediated.

In a 2011 case of a series of eight breast-cancer associated
TMAs, ADAMTS13 activity was normal or slightly reduced, and
basic coagulation parameters (PT-INR and aPTT) were only
minimally altered, exactly as in the case of our patient (13).
von Willebrand factor levels were elevated, but it is known that
vWE is also an acute phase reactant and that vWF plasma levels
are elevated in case of inflammation and many other physical
stressful conditions.

The most effective treatment in CR-MAHA is cancer-specific
chemotherapy, while PEX is almost useless, and the prognosis
is generally very poor (10). Similarly, treatment of secondary
hemophagocytic syndrome is based on the specific oncologic
treatment, which was unfortunately not possible for our patient
due to a degraded performance status, so the choice was directed
toward an adequate palliative care.
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