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Objective: Renal thrombotic microangiopathy (TMA) is associated with complement

overactivation and poor outcome in patients with lupus nephritis (LN). The role of genetic

makeup of complement system in these patients remains to be elucidated.

Methods: The clinical and laboratory characteristics of 100 patients with LN

during 2010–2017 were retrospectively analyzed. LN patients with renal TMA and

condition-matched LN patients without renal TMA were studied. Twenty normal subjects

were also enrolled for comparison. Whole exome sequence followed by Sanger

sequence was used in our study cohort.

Results: Eight patients with renal TMA and eight condition-matched patients were

enrolled from 100 LN patients with mean age 11.2 ± 2.0 years. Compared with

condition-matched LN patients without renal TMA, LN patients with renal TMA exhibited

statistically higher serum urea. Although most patients with renal TMA responded to

plasma exchange, they had significantly higher relapse rate of nephritis, lower remission

rate, and higher risk of end-stage renal disease and mortality. Compared with patients

without renal TMA and normal subjects, those with renal TMA had significantly lower

serum complement factor H (CFH) and plasma ADAMTS13 activity. Molecular analysis

of all 100 patients with LN uncovered that three patients with renal TMA harbored

mutations, two missense and non-sense, on CFI and CFHR2. The non-sense mutation,

E302X, on CFI may impair its interaction C3b/CFH complex by loss of the heavy chain

of complement factor I on simulation model.
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Conclusion: In addition to low serum CFH level and plasma ADAMTS13 activity,

defects in genes responsible for complement regulatory proteins may contribute to the

development of renal TMA in patients with LN.

Keywords: lupus nephritis, thrombotic microangiopathy, genetic background, complement factor H, complement

factor I gene

INTRODUCTION

Lupus nephritis (LN) is one of the severe complications of
systemic lupus erythematosus (SLE), and renal vasculopathy has
been reported to be a poor prognosis marker of LN (1–3). Renal
thrombotic microangiopathy (TMA) is a rare but potentially
severe complication of LN and is associated with an increased
risk of end-stage renal disease and death (4–7). The pathogenesis
of TMA in LN remains to be elucidated. Recent investigations
demonstrated that overactivation of complement pathways
caused by genetic defects of serum complement regulatory
proteins results in development of TMA (8–10). Plasmapheresis,
which provides functional complement regulatory proteins, is
previously the mainstay treatment for complement dysregulation
in TMA caused by the defects of genes responsible for
complement regulation (8–11). Currently, complement inhibitor,
anti-C5 monoclonal antibody, has been demonstrated to have
benefit on renal outcome and survival rate of LN patients with
TMA (12, 13).

There is a paucity of literature in providing a comprehensive
genetic analysis of LN patients with TMA. Without a clear
understanding of how the genetic background may contribute to
the pathogenesis of TMA, specific therapeutic strategies cannot
be developed. We conducted this study to investigate the clinical
features, outcome, and genetic characteristics in LN patients
with TMA.

MATERIALS AND METHODS

Patients and Normal Controls
The study protocol was approved by the Ethics Committee
on Human Studies at Chang Gung Memorial Hospital, in
Taiwan, Republic of China (201701388A3). Informed consent
was obtained from the patients, normal subjects, and their
parents after a detailed description of the study. All patients with
SLE that fulfilled the American College of Rheumatology revised
criteria and nephritis diagnosed by histology were enrolled
between 2010 and 2017 (14).

Demographic, Clinical, and Laboratory
Characteristics
Patients demographics (sex and age) and clinical manifestations
including age at disease onset, family history, underlying disease
other than SLE, blood pressure, Systemic Lupus Erythematosus
Disease Activity Index (SLEDAI), and organ involvement
were analyzed. Laboratory data including hemoglobin, platelet
count, schistocyte on smear, Coombs test, serum creatinine,
lactate dehydrogenase, amylase, lipase, complement 3 (C3),

complement 4 (C4), CH50, ADAMTS 13 activity (Technozyme
ADAMTS-13 ELISA kit, Vienna, Austria), urine analysis,
and Streptococcus pneumoniae antigen, and stool culture for
shigatoxin-producing Escherichia coli at diagnosis of LN and/or
renal TMA were recorded.

Renal Histology
Renal histology examined under light microscopy,
immunofluorescence, and electron microscopy was recorded.
Histological classifications of LN were determined according
to the ISN/RPS system (15, 16). Renal TMA was defined by
histopathological features of endothelial cell swelling, lumen
narrowing and obliteration, and thrombi formation in the
interlobular artery, arteriole, and glomerular capillary (17, 18).

Treatments and Follow-Up Outcome
Treatment including methylprednisolone, prednisolone,
cyclophosphamide, mycophenolate mofetil, cyclosporine, and
plasma exchange for LN was recorded. The response to plasma
exchange was defined as the normalization of platelet count
and hemoglobin level, and at least a 25% reduction of serum
creatinine after five sessions of plasma exchange (19). Clinical
outcomes including remission of LN, relapse of nephritis,
end-stage renal disease, and mortality were recorded. Complete
remission was defined as serum creatinine less than the upper
limit of age and sex and protein <0.5 g/d or <4 mg/m2/h, and
partial remission was defined as one of either a return to normal
serum creatinine or urine protein <0.5 g/d (20). Relapse of LN
and TMA was defined as an episode of LN or TMA within 4
weeks after partial or complete remission (21). End-stage renal
disease was defined as creatinine clearance <15 mL/min/1.73 m2

or initiation of renal replacement therapy.

Determination of Complement Regulatory
Proteins Levels
The sera obtained at diagnosis from eight LN patients with
renal TMA, eight condition-matched LN patients without renal
TMA, and 20 normal subjects were used for determination
of levels of serum complement regulatory proteins. The levels
of serum complement factor H (CFH) (Abnova), complement
factor I (CFI) (LSBio), membrane cofactor protein (MCP), and
C3d (Blue Gene Biotech) were measured using enzyme-linked
immunosorbent assay (ELISA) according to the manufacturer’s
guidelines (22). The linear portion of the standard curve was
subsequently used for the measurement of serum CFH, CFI,
MCP, and C3d. All assays were run in duplicate, and when
standard errors were >10%, samples were reanalyzed.
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Determination of Anti-CFH and
Anti-ADAMTS13 Autoantibodies
The sera drawn at the onset of renal TMA were used for
measurement of autoantibodies. The presence of autoantibodies
against CFH and ADAMTS13 was determined by using CFH and
ADAMTS13 IgG ELISA kits (Abnova, Taipei, Taiwan) according
to the manufacturer’s instructions.

Molecular Analysis of Corresponding
Genes by Whole-Exome Sequencing
We performed molecular analysis after the onset of TMA.
Genomic DNA was isolated from peripheral venous blood
sample. The genes involved in complement system were
analyzed. We performed exome capture using the Agilent
SureSelect Human All Exon Kit 58m (v6) (Agilent Technologies)
and massively parallel sequencing using the HiSeq 4000 platform
(Illumina, San Diego, CA) to generate paired-end 150-bp reads
from genomic DNA sequencing in Biotools (New Taipei City,
Taiwan). Raw image analyses and base calling were performed
using Illumina’s Pipeline with default parameters. Sequence data
were aligned to the reference human genome (hg38) using the
Burrows-Wheeler Aligner, and duplicate reads were removed
using Picard tools (23). We used the Genome Analysis ToolKit
(GATK) to perform the realignment and variation (SNP and
InDel) detection (24). Annovar was utilized to catalog the
detected variations (25). Then, we filtered variations with a
homopolymer length>6 (and synonymous substitutions) or that
were common (>2%) in dbSNP150 (http://www.ncbi.nlm.nih.
gov/projects/SNP/), HapMap, the 1000 Genomes Project (http://
www.1000genomes.org), the Exome Aggregation Consortium
database, and the Genome Aggregation Database (gnomAD,
https://gnomad.broadinstitute.org). Integrated Genome Viewer

was used to visualize the reads and compare polymorphisms
between each sequenced individual. Direct Sanger sequencing
was performed to verify the genetic variants detected by whole-
exome sequencing (WES). Pathogenicity score was calculated
using SIFT (26), PolyPhen2 (27), LRT (28), MutationTaster
(29), FATHMM (30), M-CAP (31), CADD (32), and GERP
(33). Cutoffs defining pathogenic or benign assertion are
either not recommended or inferred arbitrarily. Direct Sanger
sequencing was performed for patients with identified mutations
and their parents to verify the genetic variants detected
by WES.

Simulation of the Mutation Models
The resolved structures of human CFI (PDB code:2XRC)
were used as template to generate the S221C and
E302X mutants using the Built Mutants protocol (Biovia
Discovery Studio 2019). The geometries of the models
were optimized using the algorithm of smart minimization
in CHARMm force field. The ternary complex of FI,
factor H, and complement C3b was generated by
overlaying the structure of FI to the binary complex of
C3b–factor H (PDB code: 2WII) followed by geometry
minimization (34).

Statistical Analysis
The data were analyzed by using Statistical Package for
Social Sciences, version 24.0 (SPSS Inc., Chicago, IL). The
continuous variables were compared by Mann-Whitney U-test,
and categorical data were compared using the χ

2-test or Fisher
exact test. Statistical significance was defined as p < 0.05.

FIGURE 1 | Patient enrollment. Inclusion criteria of lupus nephritis patients with and without thrombotic microangiopathy and the design of the study.
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RESULTS

Demographic and Clinical Manifestations
of Patients With LN
Ten LN patients with renal TMA and 90 LN without renal
TMA were enrolled (Figure 1). Two LN patients with renal
TMA and 14 LN patients without TMA were excluded because
of the lack of DNA sample and loss to follow-up. Therefore,
eight LN patients with renal TMA were analyzed. Another eight
control LN patients matched for LN patients with TMA by age,
sex, date of diagnosis, SLEDAI, histological severity of nephritis,
medications, and duration of follow-up were recruited (Table 1).
Five of LN patients (5/8, 62.5%) with renal TMAhad acute kidney
injury at presentation (Table 2). All LN patients with renal TMA
did not have features of extrarenal TMA, except for patient three
who died of intracranial hemorrhage.

Laboratory Characteristics of LN Patients
With and Without Renal TMA at Diagnosis
Most LN patients with renal TMA manifested the triad of
TMA (anemia, thrombocytopenia, and acute kidney injury). As
shown in Table 1, LN patients with renal TMA had relatively
lower platelet count and significantly higher serum urea levels
than those without renal TMA. All LN patients with renal
TMA had normal serum vitamin B12 levels with absence of
anticardiolipin antibody (except patient 4), urine pneumococcus
antigen, shigatoxin-producing E. coli on stool, ADAMTS 13
activity, or medical history suggestive of drug-associated TMA.
Therefore, all LN patients with TMA are hemolytic uremic
syndrome (HUS); 4 of them are secondary to SLE, and one is
HUS-associated antiphospholipid syndrome.

Treatment and Outcome
There were no significant differences in pharmacotherapy
including steroids, alkylating agent, and immunosuppressant
between LN patients with and without TMA. All LN patients with
TMA, as shown in Table 2, were treated with plasma exchange.
Six were initiated within 24 h and two within 48 h from onset
of disease. One and a half times estimated plasma volume was
processed in each session of plasma exchange. Seven patients
underwent five sessions of plasma exchange every other day, and
one received seven sessions according to the clinical condition.
As shown in Table 1, seven of eight LN patients with TMA
(87.5%) responded to plasma therapy. Four and seven patients
with and without TMA reached partial or complete remission of
LN, respectively (p= 0.045).

Follow-Up Outcome
LN patients with and without TMA were followed for a mean of
40.1 and 41.2 months, respectively. As shown in Table 1, relapse
was more commonly in LN patients with TMA compared to
those without TMA (5 vs. 1, p= 0.045). Among LN patients with
renal TMA, two had recurrent TMA during follow-up. Three LN
patients (patients one, two, and three) with TMA developed end-
stage renal disease during follow-up (p= 0.045). Of note, patients
two and five died of sepsis, and patient three died of intracranial
hemorrhage (Table 1).

TABLE 1 | Clinical characteristics of lupus nephritis patients with and without

thrombotic microangiopathy.

LN with TMA

(n = 8)

LN without TMA

(n = 8)

p-value

Demography

Age 11.38 ± 5.66 15.5 ± 6.503 0.223

Sex (male/female) 1/7 1/7 1.0

Systolic pressure (mm Hg) 131.50 ± 21.35 128.13 ± 11.99 0.834

Diastolic pressure (mm Hg) 92.50 ± 17.30 86.38 ± 14.88 0.528

SLEDAI 16.25 ± 0.96 15.25 ± 0.84 0.446

Laboratory

C3 (mg/dL) 43.74 ± 31.55 55.14 ± 38.16 0.600

C4 (mg/dL) 8.94 ± 7.53 7.37 ± 3.54 0.674

Anti-dsDNA (WHO

units/mL)

422.66 ± 357.06 779.09 ± 768.24 0.344

Hemoglobin (g/dL) 8.96 ± 1.45 10.35 ± 2.22 0.172

Platelets (1,000/µL) 138.38 ± 102.46 259.38 ± 120.07 0.059

Creatinine (mg/dL) 1.64 ± 1.41 0.70 ± 0.30 0.115

BUN (mg/dL) 50.46 ± 27.25 19.86 ± 13.99 0.018

Albumin (g/dL) 2.86 ± 0.79 3.17 ± 0.72 0.451

Renal histology

III 1 1 0.767

IV (segmental/global) 7 (1 IV-S, 6 IV-G) 7 (1 IV-S, 6 IV-G) 0.767

Thrombotic

microangiopathy

8 0 0

Treatment

Plasma exchange (%, no. of

sessions)

8 (100%, 5.3 ±

0.6)

0 (0%) <0.001

Methylprednisolone pulse

(%)

8 (100%) 8 (100%) 1.000

Corticosteroid after MP+

(%)

8 (100%) 8 (100%) 1.000

Cyclophosphamide pulse

(%)

6 (75%) 6 (75%) 1.000

Mycophenolate mofetil (%) 2 (25%) 2 (25%) 1.000

Follow-up outcomes

Duration (month) 40.12 ± 13.6 41.25 ± 13.4 0.916

Response to plasma

exchange (%)

7 (87.5%) — —

Remission of lupus

nephritis++ (%)

4 (50.0%) 7 (87.5%) 0.045

Relapse of lupus nephritis 5 (62.5%) 1 (12.5%) 0.040

Relapse of thrombotic

microangiopathy

2 (25%) 0 0.740

End-stage renal disease 3 (37.5%) 0 (0%) 0.045

Mortality 3* (37.5%) 0 (0%) 0.045

+Methylprednisolone pulse therapy. ++Partial and complete remission rates. *Two sepsis

and one intracranial hemorrhage.

Complement Activation in LN Patients With
and Without TMA
Compared to LN patients without renal TMA and normal
subjects, those with renal TMA had statistically lower serum
CFH and ADAMTS13 levels. LN patients with renal TMA
also had significantly lower serum CFI and higher MCP than

Frontiers in Medicine | www.frontiersin.org 4 February 2021 | Volume 7 | Article 621609

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


Tseng et al. Thrombotic Microangiopathy in Lupus Nephritis

TABLE 2 | Clinical, laboratory, and histological features of individual with lupus nephritis and concomitant thrombotic microangiopathy.

1 2 3 4 5 6 7 8

Age (years) 15 12 18 4 15 8 13 4

Gender Male Female Female Female Female Female Female Female

Blood pressure (mm Hg) 146/86 128/83 136/105 128/101 120/75 129/101 133/77 105/63

C3 (90–120 mg/dL) 48.2 18.5 25.7 104 13 73.6 45.8 21.1

C4 (10–20 mg/dL) 6.46 3.27 8.23 25.7 2.5 13.3 6.17 5.87

CH50 (63–145 CAE units) 154 188 158 24 46 66 28 36

C3d (4.7–7.7µg/mL) 2.9 1.0 2.3 3.3 5.0 3.0 2.8 6.2

Anti-dsDNA (<109 units/mL) 1,097 406.5 544.6 49.5 343 93.8 132.9 714

Platelet (150–400 × 103/µL) 201 55 24 314 61 90 123 239

Hgb (11–13 g/dL) 10.7 9.5 8.7 9.4 11 7.4 7.8 7.2

Creatinine (0.6–0.9 mg/dL) 1.55 2.42 4.75 0.6 0.76 1.33 1.35 0.38

Anticardiolipin IgG

(<10 GPL-U/mL)

3.6 2.9 9.9 54.6 1.2 0.5 4.2 3.9

Anticardiolipin IgM

(<10 MPL-U/mL)

5.0 5.5 8.2 10.4 2.3 5.7 2.4 9.1

ADAMTS-13 (%) 82.8 40.3 80.2 53.0 76.8 49.0 43.5 65.0

CFH (330–680µg/mL) 289.922 190.24 186.76 159.75 173.70 158.01 171.09 205.90

CFI (40–80µg/mL) 11.83 4.36 8.47 20.26 6.51 16.50 17.21 9.37

CD46 (3.7–10.9 ng/mL) 34.2 33.5 35.3 28.5 32.5 23.8 33.5 31.6

Renal histology TMA TMA TMA TMA TMA TMA TMA TMA

Genetic defect CFI S221C CFI E302X CFHR2 N157I — — — — —

FIGURE 2 | Complement and coagulation studies in normal subjects, lupus nephritis patients with and without renal thrombotic microangiopathy. (A,B) The serum

CFH and ADAMTS13 levels were significant lower in lupus nephritis (LN) patients with thrombotic microangiopathy (TMA) than those without TMA and normal

subjects. (C,D) LN patients with TMA have statistically lower CFI and MCP levels than normal subjects. (E,F) There was no significant difference in serum anti-CFH

and anti-ADAMTS13 antibodies between LN patients with and without TMA.
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FIGURE 3 | Schematic model of the CFHR2 and CFI proteins and genes. (A) Genetic defects of complement genes in lupus patients with renal thrombotic

microangiopathy. (B) The N157 of CFHR2 and S221 of CFI are highly conserved amino acids. (C) High pathogenicity score of CFHR2 N157I and of CFI S221C.

normal subjects. Compared to normal subjects, LN patients
without renal TMA had statistically lower serum CFH and
higher MCP (Figure 2). There were no significant differences in
anti-CFH and anti-ADAMTS13 antibody levels between those
with and without renal TMA. The mean level of C3d in TMA
patients with identified mutations (patients one, two, and three)
and those without mutation are 2.07 and 4.06µg/mL (p =

0.086), respectively.

Mutations of Genes Corresponding to
Complement Activation
As shown in Figure 3, WES was conducted in all 100 LN patients.
Sanger sequencing was performed for validation of mutations
identified by WES. None of the LN patients without renal TMA
had a defect in genes encoding complement regulatory proteins.
On the other hand, three LN patients with renal TMA harbor
non-synonymousmutations: twomissense and one non-sense on
CFI and CFHR2 genes (p.S221C and E302X on CFI and p.N157I
on CFHR2). Of note, two of these were novel mutations. These
three variants were not detected in 200 healthy subjects, and the
pathogenicity scores of CFI S221C and CFHR2N157I were 5 and
6, respectively. The N157 on CFHR2 and S221 on CFI are highly
conserved amino acid (Figure 3B). Both TMA patients with
CFI mutations had relatively lower serum CFI levels than other

TMA and non-TMA patients (p= 0.124 and 0.073, respectively).
Of note, patients 2 and 3 who harbored CFI mutations died
of sepsis and intracranial hemorrhage, respectively. Patient one
who had CFHR2 mutation progressed to end-stage renal disease
during follow-up.

Simulation of the Mutation Models
Based on the critical roles of complement regulatory proteins in
regulation of complement activation (Figure 4A), we performed
simulation models to elucidate the possible impairment of
interaction between C3b and CFI S221C and E302X. The CFI
S221C mutant did not demonstrate apparent binding energy
change with C3b/CFH complex, even though it had distinctive
local interaction network with C3b. The red cycle represents the
site for Ser221 in wild-type (Figure 4B) and Cys221 in mutant
CFI (Figure 4C). The E302X mutant lost the heavy chain of CFI
to complex with C3b/CFH (Figure 4D).

DISCUSSION

Within a large pediatric lupus cohort study in Taiwan, we
investigated the role of gene mutations responsible for complete
activation on clinical outcomes in LN patients with renal TMA.
LN patients with renal TMA had more acute kidney injury and
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FIGURE 4 | Simulation of the mutant models. (A) Regulation of the alternative complement pathway. CFI is responsible for the proteolytic inactivation of C3b to

inactive C3b (iC3b) and irreversibly preventing reassembly of the C3 convertase. CFH and MCP acts as cofactors for CFI in the cleavage of C3b to iC3b. (B) The

models of ternary complex of factor I (FI), factor H, and C3b. The proteins are presented as ribbon model and colored green and magenta for the heavy and light chain

of FI, respectively, and cyan and yellow for factor H and C3b, respectively. (C) The red cycle represents the site for Ser221 in wild type and Cys221 in mutant FI,

respectively. (D) The E302X mutant FI in complex with factor H and C3b. The hydrogen bond is shown as dashed green line.

worse clinical outcome including high treatment failure, relapse
of nephritis, end-stage renal disease, and higher mortality than
those without renal TMA. Three different mutations involving
the complement regulation genes were uncovered in three LN
patients with TMA. The genetic background involving the
complement regulation proteins, CFI and CFHR2, may play a
role in the development of TMA in patients with LN. To the
best of our knowledge, this is the first study to dissect the genetic
background of pediatric LN patients with renal TMA.

In normal regulation of complement activation, CFI is
responsible for the proteolytic inactivation of C3b to inactive
C3b. CFH, CFHR, and MCP act as cofactors for CFI in the
cleavage of C3b to iC3b. Three patients with LN combined with
renal TMA have mutation in CFI and CFHR2 genes responsible
for complement regulation; this is consistent with previous
findings in adult lupus patients (12, 13). Two heterozygous
genetic variants, S221C and E302X on CFI, were identified in
two LN patients with TMA. These two patients had decreased
serum CFI levels. In addition, the amino acid, S221, is highly
conserved, and the E302X mutant lost the heavy chain part
of CFI to C3b-CFH complex according to the simulation
models. Based on these findings, these two genetic variants

may reduce or affect the interaction between CFI and C3b and
thereby impairment of inactivation C3b. Patient 1 had a novel
mutation, N157I on CFHR2. This amino acid, N157, is also
highly conserved. Eberhardt et al. (35) identified CFHR2 as
an alternative complement pathway regulator that inhibits C3
convertase and terminal pathway assembly by its action with
CFH. In addition, da Holanda et al. (36) identified heterozygous
deletion of CFHR1-CFHR3 in case of LN with renal TMA.
Therefore, the genetic abnormality of CFHR2 may affect the
interaction of CFH and C3b and then impairment of inactivation
C3b. A functional study is still warranted to confirm the
pathogenicity of these novel mutants on CFI and CFHR2. These
variants are possibly pathogenic because these variants had
extremely low allele frequency and were not identified in 200
healthy subjects. However, further functional assays are needed to
prove that the novel mutations are indeed deleterious in patients
with TMA. In summary, we propose that genetic background
involving complement regulation proteins may shed light on the
pathophysiology in the development of TMA in patients with LN.

In this study, we also found that LN patients with renal
TMA had significantly lower serum CFH than those without
renal TMA and normal subjects. Previous study has shown
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that low CFH may be one mechanism by which patients with
LN develop TMA (8, 37). In addition, we also demonstrated
that the serum activity of ADAMTS13 in LN patients with
renal TMA were lower than that of LN patients without
TMA. The principle function of ADAMTS 13 is cleavage of
von Willebrand factor, whereby deficient or dysfunction of
ADAMTS13 could result in vascular thrombi and TMA (38).
In line with our findings, previous studies have demonstrated
the utilization of serum ADAMTS13 level as a thrombotic
marker of SLE (39, 40). Recent literature also showed that
ADAMTS13 functions as a regulator of the complement system
(41). Therefore, patients with lower ADAMTS13 activity may
have a predilection in developing TMA via direct impairment
of complement regulation and/or indirect promotion of vascular
thrombi formation.

In our study, LN patients with renal TMAhad lower remission
rate and higher relapse rate of nephritis and were more likely to
develop end-stage renal disease or die than those without renal
TMA. In line with our findings, prior studies also showed that
renal TMA is a strong risk factor for poor renal outcome and
death (7, 8, 42). Among three TMA patients with mutations
in genes involving the complement pathway (patients one, two,
and three), two died of intracranial hemorrhage and sepsis,
and the other developed end-stage renal disease. This suggests
that the overall prognosis is poorer in LN patients with renal
TMA, especially in those who may harbor mutations affecting
the complement regulatory system. Although most LN patients
with renal TMA responded to plasma exchange therapy, the
long-term outcome remained poor. We speculate that there are
two reasons to this finding. One is that plasma exchange may
correct the low serum CFH, CFI, and ADAMTS13 levels only
temporarily, but complement activation may reoccur or continue
asymptomatically after treatment. In fact, this speculation is in
accordance with the experiences from prior studies in patients
with atypical hemolytic uremic syndrome, a type of TMA caused
by complement overactivation. In the same regard, although
these patients responded to plasma exchange therapy, their 1-
year mortality and end-stage renal disease rates were as high as
60% (43). Second, plasma exchange may have been insufficient
in providing adequate functional factors such as CFH, CFI,
and ADAMTS13 in LN patients with renal TMA. From a
therapeutic standpoint, a phase I study demonstrated therapeutic
efficacy of complement inhibitor in patients with SLE, providing
evidence in the link between complement dysregulation and
disease. This was followed by studies that showed treatment
success using eculizumab, a humanized anti-C5 monoclonal
antibody, in an SLE patient with concomitant refractory TMA
(12, 13, 44–46) and in LN patients with evidence of complement
overactivation on kidney by finding of C9 deposition (46). These
findings highlight the notion that complement blockade may
have therapeutic benefit in LN with complement dysregulation
or/and TMA. Given the success of these singular case reports,
a randomized controlled trial to evaluate the potential therapy
of anti-C5 monoclonal antibody in LN patients with renal TMA
is warranted.

The current study has some limitations. First, a small patient
size limits our ability to dissect the exact incidence of genetic
defects of patients with renal TMA. However, we did identify
defects in genes that are responsible for complement regulatory
system, which could play an important role in the development
of TMA in patients with LN. Second, we were not able to
evaluate the therapeutic benefits of additional sessions of plasma
exchange or anti-C5 therapy. Third, because of the nature
of a retrospective study, only stored serum were available,
and therefore plasma C3c, C3d, and sC5b-9 levels were not
possibly measured.

In conclusion, renal TMA is a risk factor for poor outcomes in
patients with LN. Defects on genes responsible for complement
regulation as well as low serum ADAMTS13 and CFH levels
may play an important role in the development of renal TMA
in patients with LN.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories
and accession number(s) can be found in the
article/supplementary material.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Ethics Committee on Human Studies at Chang
Gung Memorial Hospital, in Taiwan, R.O.C. (201701388A3).
Written informed consent to participate in this study was
provided by the participants’ legal guardian/next of kin.

AUTHOR CONTRIBUTIONS

M-HT, W-LF, HL, and C-YY substantially contributed to study
conception and design, acquisition of data, and analysis and
interpretation of data. J-JD, H-JL, S-HL, and S-MH substantially
contributed to acquisition of data, and analysis and interpretation
of data. M-HT and J-LH substantially contributed to study
conception and design. All the authors revised the paper and
approved the final version of the article to be published.

FUNDING

This work was supported by research fund of Chang Gung
Memorial Hospital (CMRPG3H0361, CMRPG3H0911,
CMRPG3I0021 CORPD1J0101, CMRPD1G0363, and
EMRPD1K0281) and the Ministry of Science and Technology
(MOST 106-2314-B-182A-123-MY3, MOST 106-2314-B-182A-
139-MY3, and MOST 107-2314-B-182-075-MY3).

ACKNOWLEDGMENTS

We thank Prof. Yu-Ching Chou for statistical analysis of data in
this study and Tai-Wei Wu for the critical review of manuscript.

Frontiers in Medicine | www.frontiersin.org 8 February 2021 | Volume 7 | Article 621609

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


Tseng et al. Thrombotic Microangiopathy in Lupus Nephritis

REFERENCES

1. Cameron JS. Lupus nephritis. J Am Soc Nephrol. (1999) 10:413–424.

2. Banfi G, Bertani T, Boeri V, Faraggiana T, Mazzucco G, Monga G, et al. Renal

vascular lesions as a marker of poor prognosis in patients with lupus nephritis.

Am J Kidney Dis. (1991) 18:240–8. doi: 10.1016/S0272-6386(12)80885-7

3. Appel GB, Pirani CL, D’Agati V. Renal vascular complications of systemic

lupus erythematosus. J Am Soc Nephrol. (1994) 4:1499–515.

4. Gharbi C, Bourry E, Rouvier P, Hacini S, Letaief A, Baumelou A, et al. Rapidly

progressive lupus nephritis and concomitant thrombotic microangiopathy.

Clin Exp Nephrol. (2010) 14:487–91. doi: 10.1007/s10157-010-0300-5

5. Stricker RB, Davis JA, Gershow J, Yamamoto KS, Kiprov DD. Thrombotic

thrombocytopenic purpura complicating systemic lupus erythematosus. Case

report and literature review from the plasmapheresis era. J Rheumatol.

(1992) 19:1469–73.

6. Vasoo S, Thumboo J, Fong KY. Thrombotic thrombocytopenic purpura in

systemic lupus erythematosus: disease activity and the use of cytotoxic drugs.

Lupus. (2002) 11:443–50. doi: 10.1191/0961203302lu224oa

7. Letchumanan P, Ng HJ, Lee LH, Thumboo J. A comparison of thrombotic

thrombocytopenic purpura in an inception cohort of patients with and

without systemic lupus erythematosus. Rheumatology. (2009) 48:399–403.

doi: 10.1093/rheumatology/ken510

8. Song D, Wu L, Wang F, Yang X, Zhu D, Chen M, et al. The spectrum of renal

thrombotic microangiopathy in lupus nephritis. Arthritis Res Ther. (2013)

15:1–12. doi: 10.1186/ar4142

9. Cohen D, Koopmans M, Kremer Hovinga ICL, Berger SP, van Groningen

MR, Steup-Beekman GM, et al. Potential for glomerular C4d as an indicator

of thrombotic microangiopathy in lupus nephritis. Arthritis Rheum. (2008)

58:2460–9. doi: 10.1002/art.23662

10. Li QY, Yu F, Zhou F De, Zhao MH. Plasmapheresis is associated

with better renal outcomes in lupus nephritis patients with thrombotic

microangiopathy a case series study. Med (United States). (2016) 95:e3595.

doi: 10.1097/MD.0000000000003595

11. Ariceta G, Besbas N, Johnson S, Karpman D, Landau D, Licht C,

et al. Guideline for the investigation and initial therapy of diarrhea-

negative hemolytic uremic syndrome. Pediatr Nephrol. (2009) 24:687–96.

doi: 10.1007/s00467-008-0964-1

12. Park MH, Caselman N, Ulmer S, Weitz IC. Complement-mediated

thrombotic microangiopathy associated with lupus nephritis. Blood Adv.

(2018) 2:2090–4. doi: 10.1182/bloodadvances.2018019596

13. Kello N, Khoury L El, Marder G, Furie R, Zapantis E, Horowitz DL.

Secondary thrombotic microangiopathy in systemic lupus erythematosus and

antiphospholipid syndrome, the role of complement and use of eculizumab:

Case series and review of literature. Semin Arthritis Rheum. (2019) 49:74–83.

doi: 10.1016/j.semarthrit.2018.11.005

14. Hochberg MC. Updating the American college of rheumatology revised

criteria for the classification of systemic lupus erythematosus. Arthritis

Rheum. (1997) 40:1725. doi: 10.1002/art.1780400928

15. Weening JJ, D’Agati VD, Schwartz MM, Seshan SV, Alpers CE,

Appel GB, et al. The classification of glomerulonephritis in systemic

lupus erythematosus revisited. J Am Soc Nephrol. (2004) 15:241–50.

doi: 10.1097/01.ASN.0000108969.21691.5D

16. Yu F, Haas M, Glassock R, Zhao MH. Redefining lupus nephritis: clinical

implications of pathophysiologic subtypes. Nat Rev Nephrol. (2017) 13:483–

95. doi: 10.1038/nrneph.2017.85

17. Chang A. Thrombotic microangiopathy and the kidney: a

nephropathologist’s perspective. Diagnostic Histopathol. (2013) 19:158–65.

doi: 10.1016/j.mpdhp.2013.02.004

18. Barbour T, Johnson S, Cohney S, Hughes P. Thrombotic microangiopathy

and associated renal disorders. Nephrol Dial Transplant. (2012) 27:2673–85.

doi: 10.1093/ndt/gfs279

19. Geerdink LM, Westra D, van Wijk JAE, Dorresteijn EM, Lilien MR, Davin

J-C, et al. Atypical hemolytic uremic syndrome in children: complement

mutations and clinical characteristics. Pediatr Nephrol. (2012) 27:1283–91.

doi: 10.1007/s00467-012-2131-y

20. Ginzler EM, Dooley MA, Aranow C, Kim MY, Buyon J, Merrill JT, et al.

Mycophenolate mofetil or intravenous cyclophosphamide for lupus nephritis.

N Engl J Med. (2005) 353:2219–28. doi: 10.1056/NEJMoa043731

21. Scully M, Hunt BJ, Benjamin S, Liesner R, Rose P, Peyvandi F, et al. Guidelines

on the diagnosis and management of thrombotic thrombocytopenic purpura

and other thrombotic microangiopathies. Br J Haematol. (2012) 158:323–35.

doi: 10.1111/j.1365-2141.2012.09167.x

22. Kawano M, Seya T, Koni I, Mabuchi H. Elevated serum levels of

soluble membrane cofactor protein (CD46, MCP) in patients with

systemic lupus erythematosus (SLE). Clin Exp Immunol. (1999) 116:542–6.

doi: 10.1046/j.1365-2249.1999.00917.x

23. Li H, Durbin R. Fast and accurate short read alignment with

Burrows-Wheeler transform. Bioinformatics. (2009) 25:1754–60.

doi: 10.1093/bioinformatics/btp324

24. DePristo MA, Banks E, Poplin R, Garimella KV, Maguire JR, Hartl C, et al.

A framework for variation discovery and genotyping using next-generation

DNA sequencing data. Nat Genet. (2011) 43:491–501. doi: 10.1038/ng.806

25. Wang K, Li M, Hakonarson H. ANNOVAR: functional annotation of genetic

variants from high-throughput sequencing data. Nucleic Acids Res. (2010)

38:1–7. doi: 10.1093/nar/gkq603

26. Ng PC, Henikoff S. SIFT: predicting amino acid changes that affect protein

function. Nucleic Acids Res. (2003) 31:3812–4. doi: 10.1093/nar/gkg509

27. Adzhubei IA, Schmidt S, Peshkin L, Ramensky VE, Gerasimova A, Bork P,

et al. A method and server for predicting damaging missense mutations. Nat

Methods. (2010) 7:248–9. doi: 10.1038/nmeth0410-248

28. Chun S, Fay JC. Identification of deleterious mutations within three human

genomes. Genome Res. (2009) 19:1553–61. doi: 10.1101/gr.092619.109

29. Schwarz JM, Rödelsperger C, SchuelkeM, Seelow D.MutationTaster evaluates

disease-causing potential of sequence alterations. Nat Methods. (2010) 7:575–

6. doi: 10.1038/nmeth0810-575

30. Shihab HA, Gough J, Cooper DN, Stenson PD, Barker GLAA, Edwards KJ,

et al. Predicting the functional, molecular, and phenotypic consequences of

amino acid substitutions using hidden Markov models. Hum Mutat. (2013)

34:57–65. doi: 10.1002/humu.22225

31. Jagadeesh KA, Wenger AM, Berger MJ, Guturu H, Stenson PD, Cooper

DN, et al. M-CAP eliminates a majority of variants of uncertain significance

in clinical exomes at high sensitivity. Nat Genet. (2016) 48:1581–6.

doi: 10.1038/ng.3703

32. Kircher M, Witten DM, Jain P, O’Roak BJ, Cooper GM, Shendure J. A

general framework for estimating the relative pathogenicity of human genetic

variants. Nat Genet. (2014) 46:310–5. doi: 10.1038/ng.2892

33. Davydov EV, Goode DL, Sirota M, Cooper GM, Sidow A, Batzoglou

S. Identifying a high fraction of the human genome to be under

selective constraint using GERP++. PLoS Comput Biol. (2010) 6:e1001025.

doi: 10.1371/journal.pcbi.1001025

34. Roversi P, Johnson S, Caesar JJE, McLean F, Leath KJ, Tsiftsoglou SA, et al.

Structural basis for complement factor I control and its disease-associated

sequence polymorphisms. Proc Natl Acad Sci USA. (2011) 108:12839–44.

doi: 10.1073/pnas.1102167108

35. Eberhardt HU, Buhlmann D, Hortschansky P, Chen Q, Böhm S, Kemper MJ,

et al. Human factor H-related protein 2 (CFHR2) regulates complement

activation. PLoS ONE. (2013) 8:e78617. doi: 10.1371/journal.pone.0

078617

36. de Holanda MI, Pôrto LC, Wagner T, Christiani LF, Palma LMPP. Use

of eculizumab in a systemic lupus erythemathosus patient presenting

thrombotic microangiopathy and heterozygous deletion in CFHR1-CFHR3.

A case report and systematic review. Clin Rheumatol. (2017) 36:2859–67.

doi: 10.1007/s10067-017-3823-2

37. Wang FM, Song D, Pang Y, Song Y, Yu F, Zhao MH. The dysfunctions

of complement factor H in lupus nephritis. Lupus. (2016) 25:1328–40.

doi: 10.1177/0961203316642307

38. Moake JL. Thrombotic microangiopathies.N Engl J Med. (2002) 347:589–600.

doi: 10.1056/NEJMra020528

39. Martin-Rodriguez S, Reverter JC, Tàssies D, Espinosa G, Heras M, Pino

M, et al. Reduced ADAMTS13 activity is associated with thrombotic

risk in systemic lupus erythematosus. Lupus. (2015) 24:1143–9.

doi: 10.1177/0961203315579091

40. Klonizakis P, Tselios K, Sarantopoulos A, Gougourellas I, Rouka E,

Onufriadou Z, et al. ADAMTS-13 metalloprotease abnormalities in systemic

lupus erythematosus: is there a correlation with disease status? Lupus. (2013)

22:443–52. doi: 10.1177/0961203313477898

Frontiers in Medicine | www.frontiersin.org 9 February 2021 | Volume 7 | Article 621609

https://doi.org/10.1016/S0272-6386(12)80885-7
https://doi.org/10.1007/s10157-010-0300-5
https://doi.org/10.1191/0961203302lu224oa
https://doi.org/10.1093/rheumatology/ken510
https://doi.org/10.1186/ar4142
https://doi.org/10.1002/art.23662
https://doi.org/10.1097/MD.0000000000003595
https://doi.org/10.1007/s00467-008-0964-1
https://doi.org/10.1182/bloodadvances.2018019596
https://doi.org/10.1016/j.semarthrit.2018.11.005
https://doi.org/10.1002/art.1780400928
https://doi.org/10.1097/01.ASN.0000108969.21691.5D
https://doi.org/10.1038/nrneph.2017.85
https://doi.org/10.1016/j.mpdhp.2013.02.004
https://doi.org/10.1093/ndt/gfs279
https://doi.org/10.1007/s00467-012-2131-y
https://doi.org/10.1056/NEJMoa043731
https://doi.org/10.1111/j.1365-2141.2012.09167.x
https://doi.org/10.1046/j.1365-2249.1999.00917.x
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1038/ng.806
https://doi.org/10.1093/nar/gkq603
https://doi.org/10.1093/nar/gkg509
https://doi.org/10.1038/nmeth0410-248
https://doi.org/10.1101/gr.092619.109
https://doi.org/10.1038/nmeth0810-575
https://doi.org/10.1002/humu.22225
https://doi.org/10.1038/ng.3703
https://doi.org/10.1038/ng.2892
https://doi.org/10.1371/journal.pcbi.1001025
https://doi.org/10.1073/pnas.1102167108
https://doi.org/10.1371/journal.pone.0078617
https://doi.org/10.1007/s10067-017-3823-2
https://doi.org/10.1177/0961203316642307
https://doi.org/10.1056/NEJMra020528
https://doi.org/10.1177/0961203315579091
https://doi.org/10.1177/0961203313477898
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Tseng et al. Thrombotic Microangiopathy in Lupus Nephritis

41. Turner N, Nolasco L, Nolasco J, Sartain S, Moake J. Thrombotic

microangiopathies and the linkage between von Willebrand factor and the

alternative complement pathway. Semin Thromb Hemost. (2014) 40:544–50.

doi: 10.1055/s-0034-1383547

42. Chen MH, Chen MH, Chen WS, Chang PMH, Lee HT, Lin HY,

et al. Thrombotic microangiopathy in systemic lupus erythematosus:

a cohort study in North Taiwan. Rheumatology. (2011) 50:768–75.

doi: 10.1093/rheumatology/keq311

43. Caprioli J, Noris M, Brioschi S, Pianetti G, Castelletti F, Bettinaglio P, et al.

Genetics of HUS: the impact of MCP, CFH, and IF mutations on clinical

presentation, response to treatment, and outcome. Blood. (2006) 108:1267–9.

doi: 10.1182/blood-2005-10-007252

44. El-Husseini A, Hannan S, Awad A, Jennings S, Cornea V, Sawaya

BP. Thrombotic microangiopathy in systemic lupus erythematosus:

efficacy of eculizumab. Am J Kidney Dis. (2015) 65:127–30.

doi: 10.1053/j.ajkd.2014.07.031

45. Furie R, Matis L, Rollins S. A single dose, placebo-controlled, double

blind, phase I study of the humanized anti-C5 antibody h5G1.1 in patients

with systemic lupus erythematosus. Innovative Therapies in Autoimmune

Diseases. Present American College of Rheumatology 68th Annual Scientific

Meeting. San Antonio, TX (2004).

46. Pickering MC, Ismajli M, Condon MB, McKenna N, Hall AE, Lightstone

L, et al. Eculizumab as rescue therapy in severe resistant lupus nephritis.

Rheumatology. (2015) 54:2286–8. doi: 10.1093/rheumatology/kev307

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2021 Tseng, Fan, Liu, Yang, Ding, Lee, Huang, Lin andHuang. This is an

open-access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Medicine | www.frontiersin.org 10 February 2021 | Volume 7 | Article 621609

https://doi.org/10.1055/s-0034-1383547
https://doi.org/10.1093/rheumatology/keq311
https://doi.org/10.1182/blood-2005-10-007252
https://doi.org/10.1053/j.ajkd.2014.07.031
https://doi.org/10.1093/rheumatology/kev307
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

	Complement Factor I Mutation May Contribute to Development of Thrombotic Microangiopathy in Lupus Nephritis
	Introduction
	Materials and Methods
	Patients and Normal Controls
	Demographic, Clinical, and Laboratory Characteristics
	Renal Histology
	Treatments and Follow-Up Outcome
	Determination of Complement Regulatory Proteins Levels
	Determination of Anti-CFH and Anti-ADAMTS13 Autoantibodies
	Molecular Analysis of Corresponding Genes by Whole-Exome Sequencing
	Simulation of the Mutation Models
	Statistical Analysis

	Results
	Demographic and Clinical Manifestations of Patients With LN
	Laboratory Characteristics of LN Patients With and Without Renal TMA at Diagnosis
	Treatment and Outcome
	Follow-Up Outcome
	Complement Activation in LN Patients With and Without TMA
	Mutations of Genes Corresponding to Complement Activation
	Simulation of the Mutation Models

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


