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Transplant-associated thrombotic microangiopathy (TA-TMA) is a fatal complication after
allogeneic hematopoietic stem cell transplantation (allo-HSCT). Previous reports suggest
that TA-TMA is caused by complement activation by complement-related genetic
variants; however, this needs to be verified, especially in adults. Here, we performed a
nested case-control study of allo-HSCT-treated adults at a single center. Fifteen TA-TMA
patients and 15 non-TA-TMA patients, matched according to the propensity score, were
enrolled. Based on a previous report showing an association between complement-
related genes and development of TA-TMA, we first sequenced these 17 genes. Both
cohorts harbored several genetic variants with rare allele frequencies; however, there was
no difference in the percentage of patients in the TA-TMA and non-TA-TMA groups with
the rare variants, or in the average number of rare variants per patient. Second, we
measured plasma concentrations of complement proteins. Notably, levels of Ba protein
on Day 7 following allo-HSCT were abnormally and significantly higher in TA-TMA than in
non-TA-TMA cases, suggesting that complement activation via the alternative pathway
contributes to TA-TMA. All other parameters, including soluble C5b-9, on Day 7 were
similar between the groups. The levels of C3, C4, CH50, and complement factors H and I
in the TA-TMA group after Day 28 were significantly lower than those in the non-TA-TMA
group. Complement-related genetic variants did not predict TA-TMA development. By
contrast, abnormally high levels of Ba on Day 7 did predict development of TA-TMA and
non-relapse mortality. Thus, Ba levels on Day 7 after allo-HSCT are a sensitive and
prognostic biomarker of TA-TMA.

Keywords: allogeneic hematopoietic stem cell transplantation, transplantation associated-thrombotic
microangiopathy, complement, alternative pathway, Ba
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INTRODUCTION

Allogeneic hematopoietic stem cell transplantation (allo-HSCT)
enables long-term survival of those with high-risk hematological
disorders; however, there are some fatal treatment-related
complications. Transplant-associated thrombotic microangiopathy
(TA-TMA) is one of these, and the prognosis is miserable (1). In
addition, diagnosis and management remain challenging (2). TA-
TMA is characterized by systemic vascular endothelial injury,
resulting in hemolytic anemia, consumptive thrombocytopenia,
elevated lactate dehydrogenase levels, and schistocytes in
peripheral blood (PB) smears. Ultimately, it causes renal
failure and central nervous system disturbance, both of which are
major causes of non-relapse mortality (NRM) following allo-
HSCT (3).

Previous reports show that human leukocyte antigen (HLA)-
mismatched donors, conditioning intensity, acute graft-versus-
host disease (aGVHD), calcineurin inhibitors, and viral infection
are risk factors for TA-TMA; thus TA-TMA is a multifactorial
and heterogeneous disorder (4–6). Interestingly, recent studies
indicate that the complement system may contribute to
development of TA-TMA (7–12). First, a pediatric cohort
suggested an association between genetic abnormalities of
complement-related genes and TA-TMA (9). Rare variants
(allele frequencies < 1%) of the 17 complement-related genes
were more common in TA-TMA patients, suggesting that some
genetic backgrounds predispose to TA-TMA. However, no
similar studies of adult cases have been reported. Second,
elevated levels of soluble terminal complement complex (sC5b-
9) might be a predictive, diagnostic, and prognostic biomarker
for TA-TMA (7, 8, 10, 12). Third, reports show that TA-TMA
can be treated successfully with eculizumab, an anti-C5 antibody
(13–16). Thus, increased activation of complement may cause
TA-TMA; however, the detailed mechanisms underlying
complement activation in TA-TMA are still unclear.

Here, we analyzed single nucleotide variants (SNVs) of
complement-related genes, along with temporal changes in
complement protein levels in TA-TMA and non-TA-TMA
cases. We then examined the association between adult TA-
TMA and the complement system, along with the significance of
complement biomarkers for adult TA-TMA.
MATERIALS AND METHODS

Study Design and Patient Selection
This was a retrospective nested case-control study. Consecutive
patients who underwent allo-HSCT at Osaka City University
Hospital between December, 2012 and December, 2016 were
enrolled. Patients who did not consent, who developed uncertain
TA-TMA, or for whom DNA samples were not available, were
excluded. Uncertain TA-TMA was defined as the cases which
could not exclude TA-TMA due to the absence of haptoglobin
test and/or Coombs test or due to other causes of
thrombocytopenia or hemolysis (e.g., drug, uncontrolled
underlying hematological disease, or hemophagocytic
Frontiers in Immunology | www.frontiersin.org 2
syndrome). Next, patients with TA-TMA were distinguished
from those without, and the propensity score (PS) for each
patient was calculated. Based on this score, patients with TA-
TMA were matched with those without TA-TMA (ratio, 1:1).
Finally, the TA-TMA cohort and non-TA-TMA cohort
were analyzed.

Variants of 17 genes related to complement pathways were
examined in both groups, along with temporal measurement of
complement proteins. This study was approved by the Ethical
Committee of Osaka City University Graduate School of
Medicine. The transplantation procedure is described in the
Supplementary Material.

Diagnostic Criteria for TA-TMA
TA-TMA was defined according to a previous report (17):
[1] lactate dehydrogenase levels above the upper limit of
normal; [2] de novo thrombocytopenia with a ≥ 50% decrease in
the platelet count, or thrombocytopenia requiring transfusion
support; [3] de novo progressive anemia or anemia requiring
transfusion support; [4] histologic evidence of microangiopathy
or a ≥ 1% presence of schistocytes in the PB; [5] absence of a
coagulopathy; [6] haptoglobin level below the lower limit of
normal; and [7] a negative Coombs test. The date of TA-TMA
onset was defined as the first day on which all of the above criteria
were fulfilled. We did not use two cells per high power field but 1%
presence in 1000 red blood cells as the abnormal threshold value
of a schistocyte count because we had only these qualitative
results due to retrospective nature. International Council for
Standardization in Haematology recommends this threshold for
diagnosing thrombotic microangiopathic anemia (18).

Genetic Analysis
Genomic DNA was purified from PB samples using a QIAamp
DNA Blood Midi Kit (Qiagen, Valencia, CA). Target DNA
fragments for sequencing were prepared using the SureSelect
QXT Target Enrichment System (Agilent Technologies, Santa
Clara, CA). Briefly, 50 ng of genomic DNA was digested
enzymatically, ligated to adaptors, and amplified. The
amplified DNA fragments were enriched for the exons of 136
complement-related genes using a biotinylated RNA capture
library and streptavidin-conjugated magnetic beads (Agilent
Technologies). Paired-end reads (150 bp) of the prepared DNA
fragments were sequenced using a MiSeq Reagent Kit version 2
(300 cycles) and the MiSeq system (Illumina, San Diego, CA).
The sequence reads were mapped to a human genome reference
sequence (GRCh37/hg19) using the SureCall software program
(version 2.1 or 3.5; Agilent Technologies), and single nucleotide
variants were detected. In this study, variants of 17 genes (C3, C5,
CFB, CFD, CFH, CFI, CFP, C4BPA, CD46, CD55, CD59, THBD,
CFHR1, CFHR3, CFHR4, CFHR5, and ADAMTS13) of the 136
complement-related genes initially sequenced were analyzed
(Supplemental Table 2) (9). Rare variants were selected from
those variants with a minor allele frequency <1% in the Human
genetic variation database of the Japanese population or the
Genome Aggregation Database, which is composed of exome
and genome sequence data from individuals worldwide. The
pathogenicity of identified variants was analyzed using the
July 2021 | Volume 12 | Article 695037
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Human gene mutation database and ClinVar, which aggregate
information on the relationships between genomic variations and
human phenotypes, and using tools that predict the pathogenicity of
variants (i.e., Polyphen-2, SIFT, and PROVEAN).

Complement Examination
Promptly after blood sampling, ethylene-diamine-tetra-acetic
acid, disodium salt-treated plasma samples were obtained by
centrifugation at 1,880 ×g for 20 minutes and stocked at -80°C at
the Department of Clinical Examination, Osaka City University,
until required. Nine complement tests (C3, C4, CH50, Ba, C5a,
sC5b-9, CFI, CFH, and anti-CFH-antibody) were performed at
four time points: at pre-conditioning, and at Days 7, 28, and 60
after allo-HSCT. Plasma CH50 levels were measured by
hemolysis of sensitized sheep erythrocytes. The concentrations
of C3 and C4 were measured by nephelometry (Nittobo Medical
Co., Ltd., Tokyo, Japan). The concentrations of CFH, CFI, and
anti-CFH autoantibodies were measured using ELISA kits
(Abnova, Taipei, Taiwan). The concentrations of Ba, sC5b-9,
and C5a were measured using MicroVue Ba EIA, MicroVue
SC5b-9 Plus EIA, and MicroVue C5a EIA (Quidel, San Diego,
CA) kits, respectively. We used the average levels ± 2 standard
deviations of complement proteins in 70 Japanese healthy
volunteers (age: 26-75 years) as the normal range (19).

Propensity Score Matching
The PS for each patient was calculated using a multiple logistic
regression model of TA-TMA development. Nine pre-transplant
factors (reported as risk factors for TA-TMA) were used as
variables: recipient age, sex, disease status (complete remission
[CR] or non-CR), relationship to donor (related or non-related),
HLA compatibility (matched or mismatched), graft source (bone
marrow, peripheral blood [PB], or cord blood), conditioning
intensity (myeloablative conditioning or reduced intensity
conditioning), GVHD prevention (cyclosporine-based or
tacrolimus-based), and the cytomegalovirus (CMV) serostatus of
the recipient (seropositive or seronegative) (1, 8, 17, 19–22). Based
on the PS, controls (non-TA-TMA) were matched (ratio, 1:1) with
TA-TMA patients using a caliper within a standard deviation of
0.25. Patients who were alive with neither relapse nor TA-TMA
when paired patients developed TA-TMA were selected as controls.
We allowed matching with replacement if a control candidate
matched by PS was excluded due to death or relapse of
hematological disease when a paired patient developed TA-TMA.

Statistical Analysis
The two cohorts were compared using the Fisher exact test for
categorical variables and the Mann-Whitney U test for
continuous variables. Student t test was used to compare
complement protein levels between the two cohorts. The
hazard ratio for TA-TMA development was calculated by
cause-specific analysis using a Cox proportional hazards
model. A restricted cubic spline, which can assess a non-linear
relationship, was used to calculate the hazard ratio. The
performance of complement protein levels at the early phase
following allo-HSCT for predicting TA-TMA development
was assessed using receiver-operating characteristic (ROC)
Frontiers in Immunology | www.frontiersin.org 3
curve analysis. An overall survival (OS) event was defined as
death from any cause. NRM was defined as death without
relapse/progression (Rel/Prog). Acute and chronic GVHD were
diagnosed and graded according to established criteria (20, 21).
Steroid refractory aGVHD (SR-aGVHD) was defined as grade 2–
4 aGVHD that did not respond to standard prednisone therapy
(1–2 mg/kg body weight) and which required second-line
therapy. The diagnosis of CMV disease was established based
on the presence of symptoms, clinical signs of organ damage
reflected in laboratory tests and confirmed by biopsy (22). The
probability of OS was calculated using the Kaplan–Meier
method, and results were compared using the log-rank test.
The cumulative incidences of GVHD, CMV disease, Rel/Prog
and NRM were calculated using Gray’s method. Non-GVHD
death was treated as a competing event for GVHD. Rel/Prog and
NRM were treated as competing events.

All P-values and 95% confidence intervals (CIs) were two-
sided. A P-value < 0.05 was deemed statistically significant.
Analyses were performed using R version 3.5.1.
RESULTS

Patients and Transplantation
A flowchart depicting patient selection is shown in Figure 1. One
hundred-and-seventy-four patients underwent allo-HSCT. Six
patients who did not consent, and eight patients for whom no
DNA samples were available, were excluded, as were 51 patients
who developed uncertain TA-TMA. Thus, 109 patients (TA-
TMA, 16 patients; non-TA-TMA, 93 patients) were selected as
candidates for PS matching. PS matching yielded 15 controls
(non-TA-TMA) and 15 cases (TA-TMA), which were then
analyzed. One of the controls was duplicated by matching with
replacement and thus was analyzed twice (patient number 05025,
Supplemental Table 4).

The median onset of TA-TMA was Day 25 following allo-
HSCT (interquartile range: 22.5–44). There were no cases that
administered eculizumab. Complement protein levels in one case
of TA-TMA could not be measured before allo-HSCT due to the
small volume of the plasma sample. Three TA-TMA lacked
plasma samples at Day 60 following allo-HSCT due to early
death (on Days 37, 44, and 57). The characteristics of the 106
patients before PS matching and of the 30 patients after PS
matching are shown in Table 1. The detailed characteristics in
TA-TMA patients are shown in Supplemental Table 1.

No Association Between Complement-
Related Genetic Variants and TA-TMA
In accordance with a previous report, we examined the association
between TA-TMA and rare variants of 17 complement-related
genes (Supplemental Table 2) (9). For the 30 patients with TA-
TMA or non-TA-TMA, we found 35 rare variants in the Genome
Aggregation Database (gnomAD): 17 non-synonymous variants, 11
synonymous variants, five intronic variants around the exon-intron
boundaries, and two frameshift variants. No variants of four genes
(CD46, CD55, CD59, and CFP) were identified. Sixteen variants
July 2021 | Volume 12 | Article 695037
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showed allele frequencies < 1% in the Human genetic variation
database of the Japanese (HGVD). These variants contained seven
non-synonymous variants (including one variant with an allele
frequency > 1% in gnomAD), six synonymous variants, two
intronic variants, and one frameshift variants. All of these rare
variants were heterozygous. The detailed results are shown in
Supplementary Tables 3, 4.

Three rare variants in TA-TMA patients in gnomAD have been
reported previously. A variant in the CFI gene (p.R201S) was
predicted to be a disease-associated polymorphism (DP), but
was in fact a variant with a higher allele frequency (0.02233) in
Frontiers in Immunology | www.frontiersin.org 4
the HGVD. A variant of the THBD gene (p.D486Y) was reported as
a causative mutation of atypical hemolytic uremic syndrome
(aHUS), leading to dysregulation of complement activation (23,
24). However, this variant was classified as “DM?”, which has been
registered as a likely disease-causing mutation but with questionable
pathogenicity in the Human gene mutation database, and as a
benign mutation in ClinVar. Although a variant in the CFH gene
(p.V837I) was reported as a predisposing mutation in patients with
aHUS (25), the effect of this mutation on gene function is unclear
and this variant had a higher allele frequency (0.0183) in the
HGVD. A variant in the CFI gene (p.R201S) was predicted to be
TABLE 1 | Patient characteristics.

Before PS matching After PS matching

TA-TMA non-TA-TMA P-value TA-TMA non-TA-TMA* P-value

n 16 93 15 15
Median age [range] 54.5 [36–68] 46 [19–68] 0.005 55 [36–68] 58 [40–67] 0.59
Sex male/female 8/8 54/39 0.59 8/7 8/7 1
Disease (%) 0.06 0.73

AML 3 (19) 39 (42) 3 (20) 5 (33)
ALL 2 (13) 23 (25) 2 (13) 2 (13)
MDS 4 (25) 11 (12) 3 (20) 2 (13)
other 7 (44) 20 (22) 7 (46) 6 (40)

Disease status CR/non-CR 5/11 53/40 0.06 5/10 4/11 1
HLA disparity match/mismatch/unknown 6/10/0 41/51/1 0.82 5/10/0 4/11/0 1
Conditioning intensity MAC/RIC 3/13 48/45 0.016 3/12 4/11 1
Graft source (%) 0.94 0.41

BM 5 (31) 28 (30) 4 (27) 4 (27)
PB 9 (56) 48 (52) 9 (60) 6 (40)
CB 2 (13) 17 (18) 2 (13) 5 (33)

GVHD prophylaxis CsA/Tac based 2/14 34/59 0.083 2/13 1/14 1
CMV sero-status in recipient positive/negative 15/1 76/17 0.46 14/1 12/3 0.6
July 2021
 | Volume 12 | Article
*including one duplicated patient.
AML, acute myeloid leukemia; ALL, acute lymphoblastic leukemia; BM, bone marrow; CB, cord blood; CMV, cytomegalovirus; CR, complete response; CsA, cyclosporine; GVHD, graft-
versus-host disease; HLA, human leukocyte antigen; MAC, myeloablative conditioning; MDS, myelodysplastic syndrome; PB, peripheral blood; PS, propensity score; RIC, reduced
intensity conditioning; Tac, tacrolimus; TA-TMA, transplant-associated thrombotic microangiopathy.
FIGURE 1 | Flowchart for patient selection. allo-HSCT, allogeneic hematopoietic stem cell transplantation; CR, complete response; Hp, haptoglobin; PS, propensity
score; TA-TMA, transplant-associated thrombotic microangiopathy.
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a DP, but had a higher allele frequency (0.02233) in the HGVD.
Two non-synonymous variants with an allele frequency < 1% in
both the HGVD and gnomAD databases (p.V324A in C4BPA and
p.R85H in THBD) were found in TA-TMA patients. In silico
analysis predicted that the variant p.V324A in C4BPA was
possibly damaging in Polyphen-2 (score, 0.680), damaging in
SIFT (score, 0.043), and deleterious in PROVEAN (score, -3.14).
The variant p.R85H in THBD was predicted to be possibly
damaging in Polyphen-2 (score, 0.794) but tolerated in SIFT
(score, 0.207) and neutral in PROVEAN (score, -2.02).

Analysis of the HGVD showed that 14 patients (46.7%) had at
least one rare genetic variant (Table 2). Importantly, the percentage
of patients in the TA-TMA (nine patients, 60.0%) and non-TA-
TMA (five patients, 33.3%) groups with rare variants was not
significantly different (P = 0.27). Non-synonymous rare variants
were identified in all five non-TA-TMA patients but in only three of
nine patients with TA-TMA. Rare synonymous variants and
intronic variants were found only in patients with TA-TMA.
HGVD revealed that the average number of rare variants per
patient was 0.80 in the TA-TMA group and 0.33 in the non-TA-
TMA group, but the average number of non-synonymous or
frameshift variants was higher in non-TA-TMA patients (0.33)
than in TA-TMA patients (0.27) (Table 3). These results suggest
that the genetic background with respect to complement genes does
not differ between TA-TMA and non-TA-TMA patients.

Abnormally High Levels of Ba on Day 7
Are Positively Associated With TA-TMA
Sequential measurement of complement proteins revealed
several differences between the TA-TMA and non-TA-TMA
groups (Figure 2). There were significant differences in Ba
Frontiers in Immunology | www.frontiersin.org 5
levels on Day 7 (P < 0.001), C3/C4/CH50/CFI/CFH on Day
28, and CH50/CFH on Day 60 following allo-HSCT. Notably,
TA-TMA was characterized by abnormally high levels of Ba on
Day 7 (mean ± standard error [SE]: 1129 ± 109 vs. 584 ± 38 ng/
ml for non-TMA) and decreased C3/C4/CH50/CFI/CFH levels
on Day 28. There were no differences in the levels of antibodies
specific for CFH (one of the principal causes of aHUS) in
either group.

The hazard ratio of Ba levels on Day 7 following allo-HSCT
for TA-TMA development is shown in Figure 3A. As Ba levels
increased, the hazard ratio for TA-TMA development increased.
The area under the ROC curve (AUC) for Ba on Day 7 following
allo-HSCT as a factor in TA-TMA development was 0.88 (95%
CI, 0.72–1.00). The Youden index revealed that the best cut-off
value for Ba was 869.1 ng/ml (Figure 3B), which had a positive
predictive value (PPV) of 100% (95% CI, 64–100), a sensitivity of
80% (95% CI, 52–96), and a specificity of 100% (95% CI,
70–100).

GVHD, Infection and the Prognosis
According to Ba Levels During the Early
Phase Following Allo-HSCT
Next, all analyzed patients were divided into high and low Ba
groups using the above cut-off value for Ba (869.1 ng/ml) on Day
7 following allo-HSCT (which identifies TA-TMA development
at the earliest time during the peri-transplant period). We
compared the cumulative incidence of grade 2–4 aGVHD, SR-
aGVHD, extensive chronic GVHD (cGVHD), and CMV disease
between the two groups. Although the Ba levels on day 7 were not
associated with cGVHD and CMV disease, it was associated with
the incidence of aGVHD (P = 0.03, Supplemental Figure 1).
TABLE 2 | Proportion of patients with rare variants.

Patient Effect of variant HGVD gnomAD

TA-TMA (n = 15), n (%) Non-synonymous or frameshift 3 (20.0) 5 (33.3)
Synonymous 4 (26.7) 6 (40.0)
Intronic variants 2 (13.3) 3 (20.0)
Total 9 (60.0) 11 (73.3)

non-TA-TMA (n = 15), n (%) Non-synonymous or frameshift 5 (33.3) 10 (66.7)
(including a duplicated patient) Synonymous 0 (0.0) 7 (46.7)

Intronic variants 0 (0.0) 2 (13.3)
Total 5 (33.3) 12 (80.0)
July 2021 | Volume 12 | Artic
gnomAD, Genome Aggregation Database; HGVD, Human genetic variation database of the Japanese population; TA-TMA, transplant-associated thrombotic microangiopathy.
TABLE 3 | Average number of rare variants per patient.

Patient Effect of variant HGVD gnomAD

TA-TMA (n = 15), n (range) Non-synonymous or frameshift 0.27 (0–2) 0.73 (0–4)
Synonymous 0.4 (0–2) 0.80 (0–4)
Intronic variants 0.13 (0–1) 0.20 (0–1)
Total 0.8 (0–2) 1.73 (0–8)

non-TA-TMA (n = 15), n (range) Non-synonymous or frameshift 0.33 (0–1) 1.33 (0–4)
(including a duplicated patient) Synonymous 0 (0) 0.60 (0–2)

Intronic variants 0 (0) 0.13 (0–1)
Total 0.33 (0–1) 2.1 (0–6)
gnomAD, Genome Aggregation Database; HGVD, Human genetic variation database of the Japanese population; TA-TMA, transplant-associated thrombotic microangiopathy.
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FIGURE 2 | Temporal changes in complement protein levels in the TA-TMA and non-TA-TMA groups. Plasma levels of C3, C4, CH50, Ba, C5a, sC5b-9, CFI, CFH, and
CFH-IgG at four time points (pre-conditioning, Day 7, Day 28, and Day 60) are shown for TA-TMA (red line) and non-TA-TMA (black line) patients. The blue shadow
indicates the normal range in Japanese adults. *P < 0.05; **P < 0.01; ***P < 0.001. SE, standard error; TA-TMA, transplant-associated thrombotic microangiopathy.
A B

FIGURE 3 | Association between Ba levels on Day 7 following allo-HSCT and TA-TMA development. Hazard ratio (A) and ROC curve (B) of Ba levels on Day 7
following allo-HSCT for TA-TMA development are shown. Gray shadow shows 95% CI of hazard ratio. allo-HSCT, allogeneic hematopoietic stem cell transplantation;
CI, confidence interval; ROC, receiver-operating characteristic; TA-TMA, transplant-associated thrombotic microangiopathy.
Frontiers in Immunology | www.frontiersin.org July 2021 | Volume 12 | Article 6950376
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Furthermore, we then compared the probability of OS and the
cumulative incidence of Rel/Prog and NRM between the groups.
Although we found no significant differences in the probability of
OS and the cumulative incidence of Rel/Prog (Figures 4A, B, P =
0.15, P = 0.20), we found that the cumulative incidence of NRM
in the high Ba group was higher than that in the low Ba group
(Figure 4C, P < 0.01).
DISCUSSION

In this study, we examined rare variants of complement-related
genes and temporal changes in the plasma concentrations of
complement proteins in patients with TA-TMA and non-TA-
TMA before and after allo-HSCT. We did not find an association
between TA-TMA development and variants of 17 genes related
to the complement system. However, we did find that Ba levels
during the early phase following allo-HSCT are associated with
not only TA-TMA development but also with NRM. These
findings suggest that complement activation via the alternative
pathway contributes to TA-TMA development, and that Ba
levels during the early phase following allo-HSCT may be a
novel predictive biomarker of TA-TMA development.

Jodele et al. reported that more complement gene variants
were observed in patients with TA-TMA than in those without;
however, our result is not consistent with their findings (9). This
discrepancy could be due to differences in the characteristics of
the patients analyzed. The participants in the study by Jodele
et al. were pediatric patients, and the majority were not Asian.
Furthermore, the major underlying diseases in their study were
non-malignant disorders. All of the patients analyzed in our
study were Japanese adults, and all had malignant hematological
diseases. Although we found several rare non-synonymous
variants (p.D486Y and p.R85H in THBD and p.V324A in
C4BPA) of the 17 complement-related genes in TA-TMA
patients, we did not find any variant that has been determined
to cause aHUS. Further studies should clarify the functional
and genetic association between these variants and TA-
TMA development.
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Previous studies report an association between TA-TMA and
various complement proteins. Recently, Sartain et al. reported
that Ba might be a diagnostic marker for TA-TMA in pediatric
patients (11). They suggested that alternative pathway activation
contributes to the pathogenesis of TA-TMA. However, Ba has
never been identified as a useful biomarker that predicts TA-
TMA development. Horváth et al. reported that elevated sC5b-9
levels on Day 28 following allo-HSCT can predict TA-TMA
development (7). We also found that sC5b-9 levels in the TA-
TMA group on Day 28 were higher than those in the non-TA-
TMA group, but the differences were not statistically significant.
Ba levels following allo-HSCT showed earlier and more
significant changes in the TA-TMA and non-TA-TMA groups
than sC5b-9 (Figure 2). Thus, Ba levels following allo-HSCT
might be a more sensitive and earlier predictive biomarker for
TA-TMA development than sC5b-9.

TA-TMA developed after Day 7 following allo-HSCT in
all cases. Ba levels were elevated before TA-TMA development
in all cases. This implies that the alternative pathway in TA-TMA
cases was activated at an early time point following allo-HSCT.
We did not have complement protein data on Day 60 for three of
the TA-TMA cases due to early death. Therefore, we may have
underestimated Ba levels on Day 60 in the TA-TMA group.
Furthermore, C3, C4, CH50, CFI, and CFH levels in the TA-
TMA group on Day 28 and/or 60 following allo-HCT were lower
than those in the non-TA-TMA group, although they remained
within the normal range (Figure 2). We speculate that
complement activation in TA-TMA exhausts various
complement proteins. The activation via the classical or lectin
pathways, coupled with reduced levels of complement regulators,
may lead to the activation of the alternative and terminal
pathways. In our study, Ba was an earlier and more sensitive
marker than C3 for the development of TA-TMA. The
concentration of Ba in plasma is generally much less than that
of C3. Therefore, Ba can be not only specific but also more
sensitive for alternative pathway activation. It has been reported
that multiple factors, including conditioning, infection,
calcineurin inhibitor, and allo-reaction, can cause endothelial
cell activation after allo-HSCT, which induces complement
activation (26). We analyzed the association between Ba levels
A B C

FIGURE 4 | Prognosis of allo-HSCT in patients with low and high Ba levels on Day 7 following allo-HSCT. The probability of OS (A) and the cumulative incidence of
Rel/Prog (B) and NRM (C) are shown for the groups with low Ba (< 869.1 ng/ml) and high Ba (≥ 869.1 ng/ml) on Day 7 following allo-HSCT. allo-HSCT, allogeneic
hematopoietic stem cell transplantation; NRM, non-relapse mortality; OS, overall survival; Rel/Prog, relapse/progression.
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and the calcineurin inhibitor concentration on day 7 to detect the
specific trigger of complement activation. However, no
significant correlation was found (data not shown). Thus, we
could not identify the trigger of complement activation, but it
might derive from the combined effects of these multiple triggers
of endothelial cell activation.

We found that the early abnormal elevation of Ba levels after
allo-HSCT was associated with the cumulative incidence of grade
2–4 aGVHD (Supplemental Figure 1). Interestingly, all 12
patients in the high Ba group developed TA-TMA and 10 of
whom developed grade 2–4 aGVHD. These findings suggest that
early Ba elevation after allo-HSCT is associated with both TA-
TMA and aGVHD. Recently, Wall and Li reported that the
elevation of sC5b-9 and BBPlus in plasma at the onset or 2–6
weeks after the onset of aGVHD were high-risk factors for the
subsequent development of TA-TMA (12, 27). Thus, the clinical
course and phenotype in aGVHD with complement activation
could differ from those in aGVHD without complement
activation in terms of the subsequent development of TA-
TMA. According to our findings, Ba might be predictive
marker for aGVHD with TA-TMA. Clarifying causal
relationships between aGVHD, TA-TMA, and complement
activation is required for the development of an optimal
treatment because the prognosis of TA-TMA with aGVHD is
worse than that of aGVHD or TA-TMA alone (4, 28).

Furthermore, we found that early increases in Ba levels
following allo-HSCT might be associated not only with TA-
TMA development but also with an increased incidence of NRM.
Recent studies show promising results for eculizumab as a
treatment for TA-TMA (13–16). Furthermore, various anti-
complement drugs, such as C3, C5, or mannose-binding
protein-associated serine protease 2 (MASP-2) inhibitor have
been developing recently. According to our findings, these
anti-complement inhibitors are promising for TA-TMA
treatment because any complement pathways (classical, lectin,
alternative, and terminal pathways) may contribute to the
development of TA-TMA. Thus, close monitoring, adjustment
of immunosuppressive agents, or pre-emptive intervention using
these complement inhibitors might be required for patients
showing early elevation of Ba after allo-HSCT. The clinical
trial of these complement inhibitors for patients with early
abnormal Ba elevation after allo-HSCT is expected. In
conclusion, our findings suggest that the alternative pathway is
already activated before TA-TMA development, and that early
elevation of Ba following allo-HCT is a novel predictive marker
for TA-TMA related to NRM. Our findings are meaningful in
that the present study represents the first exploratory research to
show the significance of Ba as a predictive marker for the
development of TA-TMA. However, as our research is
retrospective one at a single affiliation, further study with a
large and independent cohort is required to validate our findings.
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7. Horváth O, Kállay K, Csuka D, Mező B, Sinkovits G, Kassa C, et al. Early
Increase in Complement Terminal Pathway Activation Marker sC5b-9 Is
Predictive for the Development of Thrombotic Microangiopathy After Stem
Cell Transplantation. Biol Blood Marrow Transplant (2018) 24(5):989–96.
doi: 10.1016/j.bbmt.2018.01.009

8. Jodele S, Davies SM, Lane A, Khoury J, Dandoy C, Goebel J, et al. Diagnostic
and Risk Criteria for HSCT-Associated Thrombotic Microangiopathy: A
Study in Children and Young Adults. Blood (2014) 124(4):645–53. doi:
10.1182/blood-2014-03-564997

9. Jodele S, Zhang K, Zou F, Laskin B, Dandoy CE, Myers KC, et al. The Genetic
Fingerprint of Susceptibility for Transplant-Associated Thrombotic
Microangiopathy. Blood (2016) 127(8):989–96. doi: 10.1182/blood-2015-08-
663435

10. Qi J, Wang J, Chen J, Su J, Tang Y, Wu X, et al. Plasma Levels of Complement
Activation Fragments C3b and sC5b-9 Significantly Increased in Patients
With Thrombotic Microangiopathy After Allogeneic Stem Cell
Transplantation. Ann Hematol (2017) 96(11):1849–55. doi: 10.1007/s00277-
017-3092-9

11. Sartain S, Shubert S, Wu MF, Wang T, Martinez C. The Alternative
Complement Pathway Activation Product Ba as a Marker for Transplant-
Associated Thrombotic Microangiopathy. Pediatr Blood Cancer (2020) 67(3):
e28070. doi: 10.1002/pbc.28070

12. Wall SA, Zhao Q, Yearsley M, Blower L, Agyeman A, Ranganathan P, et al.
Complement-Mediated Thrombotic Microangiopathy as a Link Between
Endothelial Damage and Steroid-Refractory GVHD. Blood Adv (2018) 2
(20):2619–28. doi: 10.1182/bloodadvances.2018020321

13. de Fontbrune FS, Galambrun C, Sirvent A, Huynh A, Faguer S, Nguyen S,
et al. Use of Eculizumab in Patients With Allogeneic Stem Cell Transplant-
Associated Thrombotic Microangiopathy: A Study From the SFGM-TC.
Transplantation (2015) 99(9):1953–9. doi: 10.1097/TP.0000000000000601

14. Jodele S, Dandoy CE, Lane A, Laskin BL, Teusink-Cross A, Myers KC, et al.
Complement Blockade for TA-TMA: Lessons Learned From Large Pediatric
Cohort Treated With Eculizumab. Blood (2020) 135(13):1049–57. doi:
10.1182/blood.2019004218

15. Jodele S, Fukuda T, Mizuno K, Vinks AA, Laskin BL, Goebel J, et al. Variable
Eculizumab Clearance Requires Pharmacodynamic Monitoring to Optimize
Therapy For Thrombotic Microangiopathy After Hematopoietic Stem Cell
Transplantation. Biol Blood Marrow Transplant (2016) 22(2):307–15. doi:
10.1016/j.bbmt.2015.10.002

16. Vasu S, Wu H, Satoskar A, Puto M, Roddy J, Blum W, et al. Eculizumab
Therapy in Adults With Allogeneic Hematopoietic Cell Transplant-
Associated Thrombotic Microangiopathy. Bone Marrow Transplant (2016)
51(9):1241–4. doi: 10.1038/bmt.2016.87
Frontiers in Immunology | www.frontiersin.org 9
17. Cho B-S, Yahng S-A, Lee S-E, Eom K-S, Kim Y-J, Kim H-J, et al. Validation of
Recently Proposed Consensus Criteria for Thrombotic Microangiopathy After
Allogeneic Hematopoietic Stem-Cell Transplantation. Transplantation (2010)
90(8):918–26. doi: 10.1097/TP.0b013e3181f24e8d

18. Zini G, d’Onofrio G, Briggs C, Erber W, Jou JM, Lee SH, et al. ICSH
Recommendations for Identification, Diagnostic Value, and Quantitation of
Schistocytes. Int J Lab Hematol (2012) 34(2):107–16. doi: 10.1111/j.1751-
553X.2011.01380.x

19. Katsuki Ohtani NI, Yoshihiko H, Nobutaka W. The Analysis of Complement
Factors and Activation Markers in Normal Japanese Individuals. Hotai [Jpn]
(2019) 56(2):13–22.

20. Shulman HM, Sullivan KM, Weiden PL, McDonald GB, Striker GE, Sale GE,
et al. Chronic Graft-Versus-Host Syndrome in Man. A Long-Term
Clinicopathologic Study of 20 Seattle Patients. Am J Med (1980) 69(2):204–
17. doi: 10.1016/0002-9343(80)90380-0

21. Przepiorka D, Weisdorf D, Martin P, Klingemann HG, Beatty P, Hows J, et al.
1994 Consensus Conference on Acute GVHD Grading. Bone Marrow
Transplant (1995) 15(6):825–8.

22. Ljungman P, BoeckhM, Hirsch HH, Josephson F, Lundgren J, Nichols G, et al.
Definitions of Cytomegalovirus Infection and Disease in Transplant Patients
for Use in Clinical Trials. Clin Infect Dis (2017) 64(1):87–91. doi: 10.1093/cid/
ciw668

23. Noris M, Caprioli J, Bresin E, Mossali C, Pianetti G, Gamba S, et al. Relative
Role of Genetic Complement Abnormalities in Sporadic and Familial Ahus
and Their Impact on Clinical Phenotype. Clin J Am Soc Nephrol (2010) 5
(10):1844–59. doi: 10.2215/CJN.02210310

24. Delvaeye M, Noris M, De Vriese A, Esmon CT, Esmon NL, Ferrell G, et al.
Thrombomodulin Mutations in Atypical Hemolytic-Uremic Syndrome.
N Engl J Med (2009) 361(4):345–57. doi: 10.1056/NEJMoa0810739

25. Matsumoto T, Fan X, Ishikawa E, Ito M, Amano K, Toyoda H, et al. Analysis
of Patients With Atypical Hemolytic Uremic Syndrome Treated at the Mie
University Hospital: Concentration of C3 P.I1157T Mutation. Int J Hematol
(2014) 100(5):437–42. doi: 10.1007/s12185-014-1655-2

26. Young JA, Pallas CR, Knovich MA. Transplant-Associated Thrombotic
Microangiopathy: Theoretical Considerations and a Practical Approach to
an Unrefined Diagnosis (2021) (Accessed 2021 May 23).

27. Li A, Bhatraju PK, Chen J, Chung DW, Hilton T, Houck K, et al. Prognostic
Biomarkers for Thrombotic Microangiopathy After Acute Graft-Versus-Host
Disease: A Nested Case-Control Study. Transplant Cell Ther (2021) 27
(4):308.e1–8. doi: 10.1016/j.jtct.2020.12.010

28. Kraft S, Bollinger N, Bodenmann B, Heim D, Bucher C, Lengerke C, et al.
High Mortality in Hematopoietic Stem Cell Transplant-Associated
Thrombotic Microangiopathy With and Without Concomitant Acute Graft-
Versus-Host Disease. Bone Marrow Transplant (2019) 54(4):540–8. doi:
10.1038/s41409-018-0293-3

Conflict of Interest: KO, NW, and NI are councilors of the Japanese Association
for Complement Research (JACR). HN received research funds from Alexion GK.

The remaining 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 Okamura, Nakamae, Shindo, Ohtani, Hidaka, Ohtsuka,
Makuuchi, Kuno, Takakuwa, Harada, Nishimoto, Nakashima, Koh, Hirose,
Nakamae, Wakamiya, Hino and Inoue. 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.
July 2021 | Volume 12 | Article 695037

https://doi.org/10.1038/s41409-018-0374-3
https://doi.org/10.1111/ctr.13371
https://doi.org/10.1038/bmt.2017.119
https://doi.org/10.2147/JBM.S102235
https://doi.org/10.1016/j.bbmt.2018.10.015
https://doi.org/10.1016/j.bbmt.2018.01.009
https://doi.org/10.1182/blood-2014-03-564997
https://doi.org/10.1182/blood-2015-08-663435
https://doi.org/10.1182/blood-2015-08-663435
https://doi.org/10.1007/s00277-017-3092-9
https://doi.org/10.1007/s00277-017-3092-9
https://doi.org/10.1002/pbc.28070
https://doi.org/10.1182/bloodadvances.2018020321
https://doi.org/10.1097/TP.0000000000000601
https://doi.org/10.1182/blood.2019004218
https://doi.org/10.1016/j.bbmt.2015.10.002
https://doi.org/10.1038/bmt.2016.87
https://doi.org/10.1097/TP.0b013e3181f24e8d
https://doi.org/10.1111/j.1751-553X.2011.01380.x
https://doi.org/10.1111/j.1751-553X.2011.01380.x
https://doi.org/10.1016/0002-9343(80)90380-0
https://doi.org/10.1093/cid/ciw668
https://doi.org/10.1093/cid/ciw668
https://doi.org/10.2215/CJN.02210310
https://doi.org/10.1056/NEJMoa0810739
https://doi.org/10.1007/s12185-014-1655-2
https://doi.org/10.1016/j.jtct.2020.12.010
https://doi.org/10.1038/s41409-018-0293-3
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Early Elevation of Complement Factor Ba Is a Predictive Biomarker for Transplant-Associated Thrombotic Microangiopathy
	Introduction
	Materials and Methods
	Study Design and Patient Selection
	Diagnostic Criteria for TA-TMA
	Genetic Analysis
	Complement Examination
	Propensity Score Matching
	Statistical Analysis

	Results
	Patients and Transplantation
	No Association Between Complement-Related Genetic Variants and TA-TMA
	Abnormally High Levels of Ba on Day 7 Are Positively Associated With TA-TMA
	GVHD, Infection and the Prognosis According to Ba Levels During the Early Phase Following Allo-HSCT

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


