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Complement in Secondary Thrombotic
Microangiopathy

Lilian Monteiro Pereira Palma', Meera Sridharan® and Sanjeev Sethi®

"Pediatric Nephrology, State University of Campinas (UNICAMP), Brazil; 2Hematology, Department of Internal Medicine, Mayo
Clinic, Rochester, Minnesota, USA; and *Department of Laboratory Medicine and Pathology, Mayo Clinic, Rochester, Minne-
sota, USA

Thrombotic microangiopathy (TMA) is a condition characterized by thrombocytopenia and micro-
angiopathic hemolytic anemia (MAHA) with varying degrees of organ damage in the setting of normal
international normalized ratio and activated partial thromboplastin time. Complement has been implicated
in the etiology of TMA, which are classified as primary TMA when genetic and acquired defects in com-
plement proteins are the primary drivers of TMA (complement-mediated TMA or atypical hemolytic
uremic syndrome, aHUS) or secondary TMA, when complement activation occurs in the context of other
disease processes, such as infection, malignant hypertension, autoimmune disease, malighancy, trans-
plantation, pregnancy, and drugs. It is important to recognize that this classification is not absolute
because genetic variants in complement genes have been identified in patients with secondary TMA, and
distinguishing complement/genetic-mediated TMA from secondary causes of TMA can be challenging and
lead to potentially harmful delays in treatment. In this review, we focus on data supporting the involve-
ment of complement in aHUS and in secondary forms of TMA associated with malignant hypertension,
drugs, autoimmune diseases, pregnancy, and infections. In aHUS, genetic variants in complement genes
are found in up to 60% of patients, whereas in the secondary forms, the finding of genetic defects is
variable, ranging from almost 60% in TMA associated with malignant hypertension to less than 10% in
drug-induced TMA. On the basis of these findings, a new approach to management of TMA is proposed.
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Challenges in the classification and diagnosis of
TMA

Thrombotic microangiopathy (TMA) is an overarching
term used to describe any condition characterized by
nonimmune thrombocytopenia and microangiopathic
hemolytic anemia' with varying degrees of organ
damage in the setting of normal prothrombin time and
activated partial thromboplastin time.” Thrombocyto-
penia due to peripheral consumption should also be
ruled out. Although microthrombi in tissue specimens,
mainly kidney biopsies, is the hallmark of TMA
(Figure 1), TMA is often inferred from the observation
of thrombocytopenia and MAHA in the appropriate
clinical setting. Determining the underlying etiology
can be a major challenge but is important for directed
therapy. One of the most useful classifications is that
originally proposed by Nester and George,” which was
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subsequently modified by others grouping TMA into
primary (genetic and acquired) and secondary causes™”
(Figure 2).

Primary genetic causes of TMA include (i) deficiency
of ADAMTSI13 (a disintegrin and metalloprotease with
thrombospondin type-1 repeats, 13th member), which
is seen in congenital thrombotic thrombocytopenic
purpura (TTP)G; (ii) complement-mediated hemolytic
uremic syndrome (HUS), also known as aHUS, which is
driven by abnormalities in complement genes; (iii) and
a few rare diseases such as cobalamin C (cblC) defi-
ciency, which is most commonly due to mutations in
the MMACHC (methylmalonic aciduria cblC type with
homocystinuria) gene, mutations of DGKE (diac-
ylglycerol epsilon), and mutations in the INF2 (inver-
ted formin 2) gene. Primary acquired causes of TMA
include (i) TTP secondary to autoantibodies to
ADAMTS13 (acquired TTP) and (ii) complement-
mediated HUS secondary mainly to autoantibodies to
factor H (FH).

Secondary TMA signifies a TMA occurring in the
context of another disease process, such as infection,
malignant hypertension, autoimmune disease,
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Figure 1. Pathology of thrombotic microangiopathy (TMA). The pathology of TMA on light microscopy includes glomerular and vascular
changes. Glomerular changes: thrombi in glomerular capillaries, mesangiolysis, and, in the chronic phase, thickened capillary walls with double
contour formation. Vascular changes: thrombi, fragmented red cells, intimal swelling, and fibrous thickening with onion skinning. Representative
findings of TMA in a case of aHUS (a,b), antiphospholipid syndrome (c), scleroderma (d), drug (cocaine) (e), and infection (Shiga toxin hemolytic
uremic syndrome; STEC-HUS) (f). (f) STEC-HUS shows severe TMA with cortical necrosis. Thin black arrow points to thrombi in glomerular
capillaries and arteries; thick black arrow points to myxoid change and onion-skinning of arterial walls. In general, the glomerular and vascular
TMA findings are not specific for a particular etiology. (a,b: silver methenamine stain 40x; ¢, periodic acid—Schiff stain 40x; d, hematoxylin and

eosin 20x; e, toluidine blue 10x; and f, hematoxylin and eosin 10x).

malignancy, transplantation, pregnancy, or drugs. It is
important to recognize that this classification is not
absolute because genetic variants in complement genes
have been identified in patients with secondary TMA
associated with pregnancy, transplantation, infections,
systemic and glomerular diseases, and malignant hy-
pertension, suggesting an overlap between primary
and secondary TMA and illustrating the importance of
genetic background in disease susceptibility.

Regardless of etiology, TMA is frequently associated
with increased mortality or end-organ damage.” '
Although TTP,'” Shiga toxin HUS,"” "’ and Strepto-
coccus  pneumoniae—associated HUS'® have well-
established diagnostic tests and treatment guidelines,
distinguishing aHUS and other genetic types of TMA
from secondary causes of TMA can be challenging and
lead to potentially harmful delays in treatment. Cavero

et al.'” have demonstrated that patients with secondary

| Thrombotic microangiopathy |

I Acquired |

I Hereditary |

e I
—| 117 | aHUS*
o

(]
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| Secondary |

— I Malignant hypertension J

— | Drugs
|—— | Autoimmune diseases

— | infections, including STEC-HUS |

— | Malignancy, including
monoclonal gammopathy

— | Transplant

Figure 2. Classification of thrombotic microangiopathy. aHUS, atypical hemolytic uremic syndrome; DGKe, diacylglycerol kinase epsilon; INF2,
inverted formin 2; STEC-HUS, Shiga toxin hemolytic uremic syndrome; TTP, thrombotic thrombocytopenic purpura. *aHUS and TTP can be both
hereditary and acquired; aHUS more likely to be hereditary, whereas TTP is more likely to be acquired.
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Figure 3. Genetic abnormalities in complement genes in primary and secondary thrombotic microangiopathy. aHUS, atypical hemolytic uremic

syndrome; TTP, thrombotic thrombocytopenic purpura.

TMA respond to eculizumab as a temporary approach
to complement blockade. '

In this article, we focus on data supporting the
involvement of alternative complement pathway in
secondary forms of TMA associated with malignant
hypertension, drug exposure, autoimmune diseases,
pregnancy, IgA nephropathy (IgAN), and infections.
For an in-depth overview of specific analysis of com-
plement pathways, we recommend the articles from
Skattum et al.'” and Angioi et al.”’

aHUS: The Prototype of Complement-Mediated
TMA

aHUS is a disease characterized by dysregulation of the
alternative pathway of complement on cell surfaces.
Uncontrolled activity of the terminal complement
pathway leads to the generation of massive amount of
membrane attack complex with consequent damage to
endothelial cells and the generation of fibrin thrombi in
the microvasculature,”’ culminating in platelet adhe-
sion, mechanical intravascular destruction of erythro-
cytes, and tissue ischemia. There is no diagnostic test
that conclusively confirms aHUS, and the diagnosis is
considered to be one of exclusion.

Genetics

Although genetic data are useful in the diagnosis of
aHUS, the absence of detectable mutations in comple-
ment proteins does not rule out aHUS because genetic
abnormalities are only identified in about half of pa-
tients.”*** *” Genetic data can be broadly divided into
inactivating mutations in genes that encode comple-
ment regulating proteins such as CFH, CFI, and MCP
or a gain-of-function mutations in genes that encode
complement activating proteins such as C3 and CFB
(Figure 3). The penetrance of aHUS in families is
complicated and has been estimated to be 50%.” In
light of incomplete penetrance, the current hypothesis

Kidney International Reports (2021) 6, 11-23

is that the development of aHUS requires “2 hits”
(combination of genetic background and a trigger).
Approximately 50% of cases are triggered by in-
fections.®”* Pregnancy is another frequent trigger for
women, and most will present in the postpartum
period29 (discussed subsequently). CFH mutations can
result in either aHUS or C3G. In aHUS, the mutations
tend to be missense mutations involving the C-termi-
nus of CFH with normal CFH regulatory activity in
plasma (but limited capacity to protect cells at tissue
level), whereas in C3G, the mutations tend to be at the
N-terminus of CFH with decreased complement regu-
lating activities of CFH in the plasma (fluid phase
dysregulation).”

Determination of pathogenicity of identified variants
follows American College of Medical Genetics and Ge-
nomics guidelines.”’ Accurate classification is para-
mount to clinical care and remains one of the main
challenges today. As such, testing is best done in lab-
oratories with specialized expertise in complement
genetics.

With regard to acquired, disease FH autoantibodies
are also associated with aHUS, typically in children
who are homozygous deleted for the CFHRI gene, a
member of the CFH gene family. The frequency of this
deletion allele varies across the globe from a high of
more than 50% in Nigeria to very rare in South
America and Japan. How deletion of CFHRI leads to
development of FH autoantibodies is complicated and
may involve slight differences in structural conforma-
tion of FHR1 and FH as well as an individual’s sus-
ceptibility to the development of autoantibodies in
general. 3233

Complement Evaluation

Complement pathway assessment can be a useful tool to
aide in diagnosis of aHUS; however, similar to genetic
analysis, normal results do not exclude a diagnosis of
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aHUS. Standard complement evaluation comprises
quantitative and qualitative analyses. Reduction in
complement proteins are not invariably seen with
aHUS, but determining serum proteins levels can assist
in the interpretation of genetic and functional data.’ In
aHUS patients, there is preferential activation of the
alternative complement pathway, and the expected
serum complement profile consists of low serum C3 and
normal C4, which reflects the preferential activation of
the alternative complement pathway even though C3
levels are reduced in only 30% of patients. Low C3
with normal or decreased FB concentration, associated
with normal C4, suggests alternative pathway—
mediated complement activation. The concentrations
of FH, factor D, and factor I can clarify the mechanism
of C3 consumption. It is common that abnormal results
may not all be found simultaneously, and in approxi-
mately 60% of aHUS patients, all complement protein
levels are normal. This has given rise to an extensive
debate on which tests are the most sensitive and spe-
cific for aHUS.”” **

Finally, complement activation and C5b-9 (mem-
brane attack complex) deposition on endothelial cell
surface can also be determined in the laboratory by
incubating serum/plasma using endothelial cell culture
(HMEC—I).”’40 Complement serology may be useful,
when available, for monitoring of C5 blockade in pa-
tients receiving complement directed therapy.

TMA and Secondary Causes

One of the challenges in TMA classification is whether
patients with secondary causes also have a significant
component of TMA from complement activation and
whether these patients will benefit from anticomple-
ment therapy. Here we discuss the available data on the
role of complement in various secondary causes of
TMA.

TMA and Malignant Hypertension

Patients with hypertensive emergency, defined as out-
of-range elevation in blood pressure associated with
failure of at least 3 organs,”' may present with features
of MAHA."*"’ Scleroderma renal crisis should be ruled
out (discussed subsequently). In a study of 97 patients
with malignant hypertension, one-third had MAHA, of
which 56% needed dialysis (as opposed to only 3% in
the group without MAHA), and only 40% where able
to stop dialysis after blood pressure control, suggesting
additional mechanisms of injury.44 Indeed, it has
recently been shown that complement abnormalities
are present in a significant number of patients who
develop TMA in the setting of malignant hypertension.
In recent studies, variants in genes encoding regulatory
proteins of the alternative complement pathway were
identified in 6 of 9 patients.””** In another series of 26
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patients with malignant hypertension and T™MA,*
35% of the patients had variants in complement
genes. In addition, soluble and glomerular deposits of
C5b-9 have been identified in the patients with ma-
lignant hypertension who develop TMA."” Thus, pa-
tients who had massive tissue deposition of C5b-9 more
often progressed to end-stage renal disease (ESRD; 72%
vs. 38%) than patients with minor deposition, irre-
spective of complement genetic status; the patients
with significant complement activation also had more
glomerular thrombi. In this same cohort, complement
inhibition with eculizumab prevented ESRD in 5 of 6
patients with massive ex vivo complement activation
after blood pressure lowering failed.

In another cohort of patients with aHUS, HELLP
(hemolysis, elevated liver enzymes, low platelet count)
syndrome, preeclampsia, and malignant hypertension,
a modified endothelial cell assay for deposition of C5b-9
(using activated plasma instead of serum) was used to
detect complement activation. Ex vivo C5b-9 deposition
was increased in the active phase of patients with
aHUS, as well as in 100% of patients with HELLP and
90% of patients with preeclampsia. In the subgroup of
patients with malignant hypertension, C5b-9 deposi-
tion was similar to control levels, and there was partial
TMA response after blood pressure control alone.”’

Given the severity of renal disease presenting with
TMA in the setting of malignant hypertension, early
detection of complement involvement may help identify
a subset of patients that would benefit from complement
inhibition especially when blood pressure lowering does
not improve TMA.*® Eculizumab (Soliris, Alexion
Pharma, New Haven, CT) has been used for a variable
lengths in patients developing TMA in the setting of
malignant hypertension”””” with good response even
when initiated 5.5 months after initial TMA presenta-
tion.'” The length of administration of complement
blockers may be guided by TMA response and presence
of a positive genetic test for complement genes (Figure 4).

In summary, on the basis of available data,
approximately one-third of patients with malignant
hypertension may present with TMA, of which com-
plement abnormalities are found in 35% to 65%. These
patients have worse outcome compared with patients
without complement defects, and usually TMA does
not subside with blood pressure control. Complement
abnormalities should be suspected in patients with
TMA in the setting of malignant hypertension.

Drug-Induced TMA

Thrombotic microangiopathy may be mediated by
drugs and medicinal plants.”’ Drug-induced TMA
(DITMA) has 2 primary underlying mechanisms: (i)
dose-related idiosyncrasies that are immune mediated

Kidney International Reports (2021) 6, 11-23
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TMA
| |
TTP Other TMA-related STEC-HUS
diseases

Secondary TMA
Complement +* Complement +*
Complement Consider early Treat Treat
inhibitor initiation of underlying underlying
Early initiation complement condition condition
inhibitor if and consider
significant complement
organ inhibitor
dysfunction if refractory to
standard therapy

Figure 4. Approach to thrombotic microangiopathy (TMA) management according to evidence of complement involvement. *Evidence of
complement activation, if available: (i) genetics: pathogenic/likely pathogenic variant or risk haplotype in alternative complement pathway
genes; (ii) antibody: autoantibodies to complement factors (mainly anti—factor H and anti—factor B), (iii) functional assays: soluble C5b-9, tissue
deposition of C5b-9, others; (iv) biopsy: staining for C4d, C5b-9. aHUS, atypical hemolytic uremic syndrome; STEC-HUS, Shiga toxin hemolytic

uremic syndrome; TTP, thrombotic thrombocytopenic purpura.

and (ii) direct toxic effects dependent on the dose and
time of drug administration. TMA resulting from anti—
vascular endothelial growth factors such as bev-
acizumab has been demonstrated to involve injury to
renal podocytes.52 Other examples of medications
inducing TMA by toxic effects include cocaine,
cyclosporine, docetaxel, everolimus, and interferon-
alpha, interferon-beta, interferon polycarboxylate,
pentostatin, sirolimus, sunitinib, tacrolimus, and
vincristine.

Quinine is the hallmark of immune-mediated drug-
related TMA, and purpura related to exposure to this
antimalarial drug has been known for more than a
century’’; other examples of medications that can cause
immune-mediated TMA include muromonab-CD3,
penicillin, mitomycin, quetiapine, sulfisoxazole, and
trielina. Some medications such as gemcitabine and
oxaliplatin induce TMA via both immune-mediated
and toxic effects.”

DITMA is suspected when there is a sudden onset of
severe systemic symptoms, usually acute kidney injury
with anuria, within days (usually <21 days in
antibody-mediated TMA) or hours after exposure to
the drug (in cases of direct toxicity), although some
cases may occur long after drug exposure. There may
be a history of malaise after previous exposure.
Another diagnostic criterion is resolution or

Kidney International Reports (2021) 6, 11-23

improvement of TMA when the suspected drug is
stopped or dose reduced, although some degree of
kidney injury may persist.”” The detection of
antibody-dependent reaction to the drug supports the
clinical diagnosis; however, a negative test does not
exclude drug-induced TMA.”” Management of DITMA
predominantly involves withholding the causative
medication; often that alone is not enough to lead to
clinical recovery, however, and in patients with esca-
lating renal injury other therapies such as plasma ex-
change and eculizumab sometimes needs to be
considered. As noted earlier, gemcitabine may have
direct endothelial toxicity, with release of large
amounts of von Willebrand factor multimers and
concomitant activation of the coagulation cascade,’®
although a few case reports of the benefit of steroids,
plasma exchange, and rituximab’’’® in gemcitabine-
related TMA also support the role of an immune
mediated mechanism. Further highlighting the
complexity of DITMA are case reports of gemcitabine-
related TMA resolution with short-term eculizumab
after no response to plasma exchange, raising the
possibility of complement involvement in the patho-
genesis of this entity in adults’ °* and children.®’ In a
large registry study,”* 120 patients with gemcitabine-
related TMA were treated with plasma exchange/
plasma infusion (42%), corticosteroids (15%) or
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eculizumab (5%) after complete drug withdrawal.
Overall response was similar among all treatments, and
no genetic complement abnormalities were found in the
patients, which is consistent with the analysis of 110
patients with secondary TMA in which the genetic
findings were similar to healthy individuals.®’

Similarly, eculizumab was also used in a cohort of 29
patients with secondary TMA, of which 15 patients
had DITMA and 14 patients had other causes (systemic
diseases, pregnancy/postpartum, cancer-related, acute
humoral rejection in a transplant recipient, and pri-
mary intestinal lymphangiectasia).'"” All 15 DITMA
patients were kidney transplant recipients and 14 pa-
tients were using the combination of tacrolimus with
an mammalian target of rapamycin (mTOR) inhibitor.
All but 1 patient withdrew the offending drug, and 12
patients also received plasma exchange. Eculizumab
was started 4 to 53 days after TMA detection and no
graft was lost. Genetic variants of complement genes
were not detected in the 15 patients, which corrobo-
rates that the most probable cause of TMA was tacro-
limus/mTOR use.

In summary, DITMA may be immune mediated or a
consequence of direct toxicity of the offending drug to
endothelial cells. Even though the majority of patients
lack complement genetic variants, response of DITMA
to eculizumab may provide indirect evidence of com-
plement activation in some cases. Functional studies of
complement activation in DITMA are lacking.

TMA and Autoimmune Diseases

A variety of autoimmune diseases that can be associ-
ated with TMA,®® both at the onset or during the
course of the disease. In this review, we focus on
systemic lupus erythematosus (SLE), antiphospholipid
syndrome (APS), and scleroderma. The pathophysi-
ology of TMA in autoimmune diseases is complex and
multifactorial because both classical and alternative
complement pathways may be involved in a somewhat
paradoxical manner.®’

TMA in patients with SLE may be renal limited or
present with systemic features. It is important to rule out
secondary TTP through determination of ADAMTSI13
activity and antibody, which has therapeutic implica-
tions. Elevated anti-DNA antibody titers and hypo-
complementemia are not predictive of renal TMA in
lupus nephritis.”” TMA is a rare manifestation (3%-9%)
in SLE and results in poor renal outcome irrespective of
the presence antiphospholipid antibodies.’® In a study of
148 biopsies of lupus nephritis, 36 cases (24%) presented
with TMA, of which 80% were isolated and 20% were
associated with other conditions (TTP, HUS, malignant
hypertension, and scleroderma); the patients with TMA
had worse kidney outcome, especially if C4d staining
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was positive and serum FH levels were low.”” The com-
plement system in SLE seems to have a protective role
(clearance of apoptotic cells and immune complexes) but
also a pathogenic role (amplification of an inflammatory
response), and genetic analysis showed that an intact
classical pathway is important to protect from develop-
ment of lupus nephritis. Genetic defects in the alterna-
tive pathway genes also have been associated with SLE
and lupus nephritis (FH, factor I, large deletions in
CFHRI-CFHR3 possibly through anti-FH antibodies).”’
Although there is evidence of genetic abnormalities of
the classical and alternative pathway in development of
lupus nephritis, the role of genetic variants in comple-
ment genes has not been studied in detail in patients with
TMA in lupus. In patients with persistent TMA despite
treatment of lupus nephritis, the use of eculizumab in 43
patients with SLE/APS showed a positive outcome in
hematological indexes in 40 (93%) patients and kidney
function improvement in 29 (72.5%) patients,'”’" sug-
gesting involvement of complement pathways. Unfor-
tunately, genetic analysis of complement genes was not
performed in most patients in this study.

APS can occur in isolation (primary) or in association
with other autoimmune diseases such as SLE (second-
ary). Catastrophic APS (CAPS), defined as intravascular
thrombosis in patients with persistent antiphospholipid
antibodies affecting 3 or more systems simultaneously
or within 1 week,”” occurs in less than 1% of patients
with APS and has a high mortality rate (approximately
30%) despite treatment with steroids, anticoagulation,
plasma exchange, intravenous immunoglobulin, and
rituximab. Renal involvement is commonly found in
CAPS, and a frequent finding is TMA.”’ Regardless of
whether TMA is noted in APS, a role for complement
activation on endothelial cells in the hypercoagulability
status of patients with antiphospholipid antibodies”
has been identified, and eculizumab has been used to
treat refractory cases of CAPS. A systematic review on
the use of eculizumab in 6 patients with CAPS found
improvement or stabilization in all cases.”” Elevated
soluble C5b-9 and other complement products upstream
of C5 were found in a patient with CAPS who was
treated with eculizumab with good response to com-
plement inhibition in hours.”

In scleroderma, the presence of kidney injury,
thrombocytopenia, and microangiopathic hemolytic
anemia, with or without malignant hypertension, is
known as scleroderma renal crisis (SRC)”’ and occurs in
less than 5% of patients with systemic sclerosis (2.4%
in a cohort of 637 patients). Steroid use is one risk
factor,”® and viral infections, such as influenza B, may
precipitate SRC.”” Differentiating SRC from other cau-
ses of TMA may be difficult, with poor kidney and
patient outcomes despite standard treatment (plasma

Kidney International Reports (2021) 6, 11-23
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exchange, angiotensin converting enzyme inhibitors),81
even in normotensive patients.”” The pathophysiology
is still not completely unraveled and comprises Major
histocompatibility complex class I haplotypes, B and T
cells, antibodies to angiotensin 2 receptor 1, and RNA
polymerase III,”” which may have a role in endothelial
cell activation, overexpression of endothelin-1 and
complement activation as seen with C4d deposition in
peritubular capillaries®” and C3b staining in kidney
biopsies of patients with SRC.”’ Recurrence rate after
kidney transplantation is low (<2%) and there may be
a role for mTOR inhibitors.”® Good response to eculi-
zumab in resistant cases even with negative comple-
ment genetic findings reinforce the role of complement
activation in SRC.**

In summary, the presence of underlying genetic
variants in complement genes seems rare in patients
with systemic diseases and TMA. Some patients,
however, demonstrate a good response to eculizumab
that suggests a secondary complement involvement.

TMA and Pregnancy

The differential diagnosis of TMA in pregnancy in-
cludes cases of eclampsia, preeclampsia, and HELLP
syndrome, which can show an overlap of signs and
symptoms. aHUS should be suspected when despite
delivery, TMA fails to improve and extends beyond
72 h, which would be the expected time for recovery
in cases of eclampsia, preeclampsia, and HELLP
syndrome.87 In 2010, Fakhouri et al.”’ found that
among 100 women with aHUS, 21 cases were associ-
ated with pregnancy (P-aHUS), and 79% of the cases
occurred in the postpartum period. In this series,
genetic defects in alternative complement pathway
were detected in 18 of 21 patients. Without specific
treatment, the prognosis in these cases was reserved
because 76% of patients progressed to ESRD. The
authors also observed a higher risk of having TMA in
a second pregnancy. In another cohort of 29 patients
with secondary TMA treated with eculizumab,'’ 2
patients presented P-aHUS with good response to
eculizumab despite absence of detectable pathogenic
variants.

Complement-mediated disorders in pregnancy were
elegantly reviewed in a recent work," reinforcing that
TMA associated with pregnancy, especially in the
postpartum period, is highly associated with genetic
complement abnormalities and most patients benefit
from eculizumab.

TMA and IgAN

IgAN is the most common primary glomerulonephritis
worldwide. In a Brazilian cohort, from 118 patients
with IgAN, 21 (17.8%) had histologic features of TMA.
These  patients  presented more frequently

Kidney International Reports (2021) 6, 11-23
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hypertension, hematuria, low serum C3 levels, and
worse kidney function, leading more often to renal
replacement therapy than patients without TMA fea-
tures on biopsy (71.4% vs. 21.6%).”’

In another cohort, of 128 cases of IgAN, 68 (53.1%)
had features of TMA on the kidney biopsy. Similarly,
71% of the TMA had uncontrolled hypertension, and
on follow up doubling of serum creatinine or ESRD
developed in all patients with laboratory evidence of
TMA. The kidney biopsy findings were similar to that
seen in malignant hypertension. No genetic mutations
in complement genes were identified in the 11 patients
studied with severe TMA in this series.”’ Similarly, no
mutations in CFH were identified in another large series
of IgAN.”" Taken together, genetic variants of com-
plement genes do not appear to play a role in TMA in
the setting of IgAN.

TMA and Infections
TMA in the context of infectious diseases have been

extensively reviewed,”>”* with findings as follows:

. Shiga toxin-producing enterobacteria: E. coli is the
most common; others include Shigella dysenteriae,
Campylobacter jejuni, and Moraxella osloensis

« Viral infections: cytomegalovirus, Epstein-Barr virus,
varicella zoster virus, parvovirus B19, human im-
munodeficiency virus, influenza virus

- Respiratory tract agents:

pertussis, Streptococcus pneumoniae,m

pnewnoniae9

Protozoa: Toxoplasma gondii

. Rare agents: erlichiosis,”” Capnocytophaga cani-
morsus,%’97 ,9

Bordetella
Mycoplasma

infection

Plasmodium vivax (malaria),”® snake bites
(Bothrops jammca),% dengue fever,'"" %% West Nile
virus,'”” Chikungunya fever'**'”

« Severe acute respiratory syndrome coronavirus type
2 (SARS-CoV-2)

Mechanisms of TMA-associated with infectious
diseases are complex and include direct endothelial
injury, development of ADAMTSI3 inhibitors, and
complement activation of different levels and
magnitude. As an illustration, putative mechanisms
of TMA in influenza infection are production of
neuraminidase (although lower than seen with
Streptococcus pneumoniae), direct infection of endo-
thelial cells leading to apoptosis, activation of plate-
lets, and generation of thrombin. Severe deficiency of
ADAMTSI3 has been detected in patients with
influenza infection, HIV-associated TMA,'” and
dengue fever.'”” In experimental models, terminal
complement activation during influenza infections
can lead to lung injury and neutrophil recruitment.
Furthermore, elevated soluble C5b-9 was detected in
patients with HINI infection during the 2009
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Table 1. Case reports and series of patients with infection-related thrombotic microangiopathy who carried pathogenic variants in complement

genes
Author Pts Genetic findings Infection/trigger Treatment and outcome
Bitzan ef al.'®’ N =230 Seven of 8 patients fested presented variants in complement genes Influenza A (20 pfs) 20 of 24 pts recovered with PE/PI
(C3, MCP, MCP combined with CFB, clusterir) Influenza B (4 pts) 2 pts received eculizumab
Influenza vaccine (5 3 pts died
pis)
1 not described
Mittal ef al,''® 16y MCP (chr.1:207930883A>G 2bp upstream exon 3) Influenza B oseltamivir, PE, steroids; good oufcome
Okano et al.''® 23y C3 missense (p.I1157T) Influenza A Eculizumab; good outcome
Szilagyi et al.'® 37 mo Three of 5 pts had positive genetic findings: Strepfococcus PE/PD/no sequelae
18 mo CFH Arg114949X Arg1131X ppneumoniae Support/no sequelae
29 mo CFl Pro50Ala Pro32Ala PD/no sequelae
THBD Thr44lle Thr26 lle
Tong ef al.'?° 6 mo S. pneumoniae
Berner ef al.'?’ NB Altered FH in Wesfern blot Bordetella pertussis Deceased
Obando ef al.'?? NB Homozygous MCPggaac risk haplotype B. pertussis Plasma infusion; good oufcome
Kwon ef al.'? 5y Heterozygous MCP exon 2 (c.191G>T) Varicella zoster virus Supportive; good outcome
4y Anti-FH antibody PE; good oufcome
Agrawal et al.'** by Two SNPs in CFH gene, exon-7 rs1061147 (p.Ala243Ala) and Malaria vivax Arfesunate, primaquine, dialysis; CKD
exon-9 r1s1061170 (p.His402Tyr)
Westra ef al.*® 26 STEC ~ STEC: 7/25 (28%) — CFH, C3, anti-factor H Ab aHUS: 7/11 (63.3%) — STEC-HUS Variable
11 aHUS CD46, C3,
anti-factor H Ab
Celakil ef al.'?® 6y CFH (p.Glu936Asp) STEC-HUS Eculizumab; CKD
CFB (p.Arg32Trp)
Aldridge ef al.'?® 55 IR HUS 1 CFH STEC-HUS Variable; 19% progressed to ESRD
cases 1 post-transplant recurrence of HUS S. pneumoniae
Fremeaux-Bacchi 108 pts with 3/75 (4%) had variants with MAF <0.1% vs. 0.8% in confrols STEC-HUS 1 patient progressed to ESRD (CFH pathogenic
etal'?’ STEC variant)
Dowen ef al.'?® 16y C3 (c.4855A>G) (p.Ser1619Arg) STEC-HUS Post-fransplant recurrence resolved with
eculizumab

aHUS, atypical hemolytic uremic syndrome; CKD, chronic kidney disease; ESRD, end-stage renal disease; FH, factor H; HUS, hemolytic uremic syndrome; IR, infection related; NB,
newborn; PD, peritoneal dialysis; PE, plasma exchange; P, plasma infusion; SNP, single-nucleotide polymorphisms; STEC-HUS, Shiga toxin hemolytic uremic syndrome.

pandemic.'’” Complement activation in patients with
STEC-HUS has been demonstrated,'®® and eculizumab
can be considered in patients with STEC-HUS and
severe organ involvement.'”” Le Clech et al.”” found
18 patients with secondary TMA due to infections
(among 110 patients with secondary TMA) and only
1 patient with E. coli HUS also had a pathogenic
in CFH. Genetic variants of alternative
pathway complement proteins are variable in patients
with infection-related TMA (Table 1).

In 2020, the world is being challenged with the
COVID-19 pandemic, a disease caused by the SARS-
CoV-2. Previously, experimental studies in mice had
identified the complement system as an important
mediator of SARS-CoV tissue injury after the 2002—
2003 SARS outbreak.''” There is growing evidence of
complement activation orchestrated with coagulation
disorders''' as one of the mechanisms of tissue injury
and endothelial cell damage from SARS-CoV-2 infec-
tion,''” and autopsy reports of patients with COVID-
19 infection have identified evidence of TMA in the
pulmonary vasculature.''” The bulk of complement
components such as C5a may derive from uncon-
trolled complement regulation triggered directly by
SARS-CoV-2 infection. Also, there appears to be a role

variant
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for lectin pathway overstimulation on the pathogen-
esis of thrombotic events, and these latter findings
may have therapeutic implications.''* Jhaveri et al.'"’
described a patient with TMA who presented normal
coagulation tests, normal ADAMTSI3 activity,
elevated soluble C5b-9 and soluble CBb, low serum FH
activity, and positive antiphospholipid IgM antibody.
This patient received 1 dose of eculizumab but had a
fatal outcome 2 days later. Although antiphospholipid
antibodies have been found in patients with COVID-
19, the pathophysiological significance is still unde-
termined.” ” Preliminary data of eculizumab use in 4
patients with confirmed SARS-CoV-2 infection who
received noninvasive mechanical ventilation and
multiple associated drug therapy showed good re-
sults,''” a larger ongoing trial (SOLID-C19 NCT
04288713) may confirm the benefit of eculizumab in
patients with COVID-19. Currently, 13 clinical trials
addressing complement inhibition in COVID-19
infection are underway.

In summary, genetic variants in complement pro-
teins can be present in TMA associated with infections.
The type and incidence of genetic variants depends on
the infection. The role of complement inhibitors in
TMA-associated with infections is unclear.

Kidney International Reports (2021) 6, 11-23
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Monoclonal Gammopathy and TMA

Monoclonal gammopathy has been shown to be asso-
ciated with C3G, a disease associated with abnormal-
ities of the complement pathway.'”” Recently,
monoclonal gammopathy was also shown to be associ-
ated with TMA. Complement evaluation has not yet
been evaluated in patients in this group.'”

CONCLUSION

The severity and extent of genetic complement ab-
normalities in secondary TMA is variable. Malignant
hypertension and pregnancy-associated TMA are more
likely to be associated with genetic complement ab-
normalities and appear similar to those in aHUS,
whereas autoimmune diseases and drug-associated
TMA are less likely to have genetic complement ab-
normalities. Genetic complement defects in infection-
associated TMA are variable, and infections may
trigger aHUS. We propose early use of complement
inhibition in patients with secondary TMA refractory
to traditional therapy, provided there is significant
organ dysfunction. Determining the extent of comple-
ment involvement in secondary TMA may help in the
decision to use complement inhibitors in early pre-
sentation. The duration of complement inhibition
should be tailored based on presence of complement
abnormalities and response to therapy, and there is an
urgent need for randomized controlled trials regarding
complement inhibition in secondary TMA.
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