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Hematopoietic stem cell transplantation (HSCT)-associated thrombotic microangiopathy

(TA-TMA) is a multifactorial complication. Complement dysregulation may play an

important role in the pathogenesis of TA-TMA. Our previous observations suggested that

early increase of soluble C5b-9 (sC5b-9), before the development of other complications,

can predict the development of later TA-TMA. The present study aims to validate

our earlier findings in an independent cohort enrolling 67 pediatric patients who

underwent allogeneic HSCT during the study period (October 2015–January 2019).

Five different TA-TMA diagnostic criteria were applied, and all important clinical and

laboratory parameters of TA-TMA activity were registered. Complement pathway

activities, components and sC5b-9 levels were systematically measured before

transplantation and on days 28, 56, and 100 after HSCT. A strong and remarkable

association still have been found between early increase of sC5b-9 (10 of 10

patients with TA-TMA vs. 27 of 57 without TA-TMA; P = 0.002) and the

development of TA-TMA during 100 days post-transplantation. An increase in sC5b-9

concentration had 100% sensitivity and 53% specificity for TA-TMA in the cohort.

All TA-TMA cases have been observed during cyclosporine immunosuppression, no

TA-TMA was diagnosed during tacrolimus or mycophenolat mofetil therapy. In the

majority of patients TA-TMA was mild and self-limiting, without any signs of organ

damage. No additional complement parameters were closely associated with the

development of TA-TMA. Early raise of the sC5b-9 activation marker was predictive

for later development of TA-TMA throughout the whole study period. In patients
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with a marked increase, early and frequent monitoring of TA-TMA activity markers should

be attempted, to facilitate subsequent therapy decisions in time. However, patients with

TA-TMA were only identified during or after cyclosporine immunosuppression. Further

studies enrolling higher number of patients are necessary to determine the role of

immunosuppression in the pathogenesis of TA-TMA.

Keywords: hematopoietic stem cell transplantation, HSCT, transplant-associated thrombotic microangiopathy,

TA-TMA, complement, pediatric, sC5b-9, thrombotic microangioapathy

INTRODUCTION

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

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

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

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

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

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

PATIENTS AND METHODS

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

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

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

Detection of Complement Parameters
Complement measurements were performed after the 100 days
follow-up. All parameters of a subject were determined at
a single time point. Serum concentration of complement C3
(reference range: 0.9–1.8 g/L) and C4 (reference range: 0.15–0.55
g/L) were determined by turbidimetry. CH50 (reference range:
48–103 CH50/ml) was determined by an in-house hemolytic-
titration assay while an enzyme-linked immunosorbent assay
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FIGURE 1 | Study flow chart. *The sequence of multiple complications, including acute GVHD (G), viral reactivation or new infection (V), and TA-TMA (T) were as

follows: three patients G-T; three patients V-T; two patients G-V; 1-1 patient each: T-V, V-T-G, G-T-V.

was applied to measure C1q (reference range: 60–180 mg/L),
terminal pathway activation complex sC5b-9 (reference range:
110–252 ng/ml) as well as factor H (FH) levels (reference range:
250–880 mg/L), and the activity of the lectin (Wieslab Comp
AP320 kit, reference range: 35–130%, EuroDiagnostica, Malmo,

Sweden) and alternative pathways (reference range: 70–125%).
Factor I (FI) and factor B (FB) levels were measured by radial
immunodiffusion (reference range: 70–130%). FRET-VWF73
substrate was used to detect the ADAMTS13 enzyme activity
(reference range: 67–151%).
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FIGURE 2 | Development of virus reactivation, GVHD and thrombotic microangiopathy after HSCT from baseline to day 100.

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

rituximab, foscarnet, gancyclovir, and cidofovir were used.
For the determination of TA-TMA, five sets of diagnostic

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

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

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

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

RESULTS

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

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

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

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

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

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

Complement Activation During the First
100 Days After HSCT
Our first goal was to identify the associations between various
measures of complement profile and TA-TMA, by measuring
the activities of the classical-, lectin- and alternative pathways,
plasma/serum levels of C1q, C4, C3, FH, FI, FB, and sC5b-9, as
well as the activity of ADAMTS13 during the first 100 days after
transplantation (Table 2). The levels of complement proteins
were considered to be elevated when an increase from baseline
was observed.

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

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

TABLE 1 | Patient characteristics.

Patients without

TA-TMA (n = 57)

Patients with

TA-TMA (n = 10)

P-value

Age, years (median; IQR) 7.1 (2.5–11.8) 9.4 (6.7–14.3) 0.07

Male recipient sex 31 (54.4) 6 (60) 1

Indication of

transplantation

Malignancy 31 (54.39) 6 (60)

Bone marrow failure 16 (28.1) 3 (30) 0.84

Other (immune deficiency or

metabolic disease)

10 (17.5) 1 (10)

Recent transplantation

0 53 (93) 10 (100)
1

1 4 (7) 0

Donor type

Related identical or

haploidentical

21 (36.8) 2 (20)
0.47

Unrelated 36 (63.2) 8 (80)

Stem cell source

Bone marrow 42 (73.7) 7 (70)

PBCS 11 (19.3) 3 (30) 0.55

Cord blood 4 (7) 0

Conditioning therapy

Myeloablative 34 (59.6) 8 (80)
0.3

Reduced intensity 23 (40.4) 2 (20)

Engraftment, days 20.5 (15–26) 26 (13–48) 0.41

HSCT-related

complications

Acute GVHD before day 100 8 (14.1) 5 (50) 0.019

GVHD before day 28 3 (5.3) 2 (20) 0.16

Viral infection before day

100

27 (46.6) 6 (60) 0.5

Viral infection before day 28 8 (14) 2 (20) 0.64

None of the 2 25 (43.9) 1 (10)

GVHD or viral reactivation 30 (52.6) 7 (70) 0.012

GVHD and viral reactivation 2 (3.5) 2 (20)

Relapse-related mortality 10 (17.5) 0 0.34

TRM 7 (12.3) 2 (20) 0.28

Data presented are n (%) unless otherwise indicated.

PBSC, peripheral blood stem cell; IQR, interquartile range.

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

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

Parameter Before HSCT Day 28 Day 56 Day 100 P-value

Classical pathway activity, CH50/ml

Reference range: 48–103

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

No TA-TMA (n = 57) 70 (63–96) 77 (69–100) 79 (66–92) 72 (61–84)

Alternative pathway activity, %

Reference range: 70–125

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

No TA-TMA (n = 57) 89 (69–107) 94 (72–109) 92 (63–102) 89 (70–99)

MBL pathway activity, %

Reference range: 35–130

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

No TA-TMA (n = 57) 84 (18–145) 105 (20–150) 99 (12–162) 95 (21–120)

Complement C3, g/L

Reference range: 0.9–1.8

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

No TA-TMA (n = 57) 1.35 (1.16–1.58) 1.37 (1.2–1.64) 1.31 (1.15–1.49) 1.25 (1.06–1.36)

Complement C4, g/L

Reference range: 0.15–0.55

TA-TMA (n = 10) 0.38 (0.29–0.44) 0.38 (0.36–0.53) 0.45 (0.36–0.5) 0.5 (0.42–0.56)
0.009 for TA-TMA

No TA-TMA (n = 57) 0.36 (0.26–0.45) 0.39 (0.3–0.51) 0.35 (0.27–0.43) 0.33 (0.26–0.4)

FH, mg/L

Reference range: 250-880

TA-TMA (n = 10) 690 (456–758) 564 (440–715) 479(369–897) 535 (419–761)
ns

No TA-TMA (n = 57) 448 (316–605) 468 (347–612) 449 (296–614) 444 (313.9–531)

FI, %

Reference range: 70–130

TA-TMA (n = 10) 90 (83–102) 76 (73–83) 79 (70–89) 77 (72–94)
ns

No TA-TMA (n = 57) 88 (78–102) 86 (76–103) 88 (76–105) 81 (70–97)

FB, %

Reference range: 70–130

TA-TMA (n = 10) 98 (89–102) 89 (85–102) 106 (67–122) 84 (74–98)
ns

No TA-TMA (n = 57) 90 (74–102) 84 (67–110) 82 (67–100) 85 (68–104)

ADAMTS13 activity, %

Reference range: 67–151

TA-TMA (n = 10) 99 (81–116) 68 (60–96) 84 (65–117) 92 (58–117)
ns

No TA-TMA (n = 57) 91 (70–112) 78 (55–102) 93 (58–121) 96 (62–120)

sC5b-9, ng/ml

Reference range: 110–252

TA-TMA (n = 10) 157 (128–202) 240 (219–376) 210 (161–272) 137 (126–148)
0.003 for TA-TMA

No TA-TMA (n = 57) 153 (113–220) 164 (110–201) 147 (120–189) 149 (108–201)

C1q, mg/L

Reference range: 60–180

TA-TMA (n = 10) 90.9 (77.9-112) 101.6 (63-116.1) 102.6 (90-120) 93.1 (35-125.7)
ns

No TA-TMA (n = 57) 89.9 (73.2–105.5) 78.1 (68.5–95.5) 78.7 (64.2–91.1) 66.3 (50.7–84.8)

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

ns, not significant.

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

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

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

sC5b-9 until day 28.

sC5b-9 elevation

from baseline to

day 28 (n = 37)

No change or

decrease of

sC5b-9 from

baseline to day

28 (n = 29)

P-value

Engraftment day 23 (17–27) 18 (13–24.5) 0.022

TA-TMA before day 100 10 (27) 0 (0)
0.002

TA-TMA before day 28 3 (8.1) 0 (0)

Acute GVHD before day 100 7 (18.9) 6 (20.7) 1

Acute GVHD before day 28 3 (8.1) 2 (6.9) 1

Viral reactivation before day 100 18 (48.6) 14 (48.3) 1

Viral reactivation before day 28 8 (21.6) 7 (24.1) 0.31

Fever on day 28 3 (8.1) 1 (3.5) 0.62

Bloodstream infection 11 (29.7) 8 (27.6) 1

Transplant failure before 100

days

3 (8.1) 1 (3.5) 0.62

Diagnostic parameters for TA-TMA

Elevated LDH until day 28 5 (13.5) 5 (17.2) 0.74

Elevated LDH until day 100 24 (64.9) 13 (44.8) 0.14

New onset anemia until day 28 1 (2.7) 2 (6.9) 0.58

New onset anemia until day 100 18 (48.6) 13 (44.8) 0.8

New onset thrombocytopenia

until day 28

0 0

New onset thrombocytopenia

until day 100

15 (40.5) 10 (34.5) 0.8

Low haptoglobin until day 28 10 (27) 8 (27.6) 1

Low haptoglobin until day 100 13 (35.1) 12 (41.4) 0.62

Fragmentocytes until day 28 13 (35.1) 12 (41.4) 0.62

Fragmentocytes until day 100 20 (54) 15 (51.7) 1

Proteinuria until day 28 6 (16.2) 5 (17.2) 1

Proteinuria until day 100 13 (35.1) 5 (17.2) 0.16

Hypertension until day 28 17 (45.9) 7 (24.1) 0.078

Hypertension until day 100 22 (59.5) 8 (27.6) 0.013

None of the seven 11 (29.7) 4 (13.8)

One of the seven 12 (32.4) 13 (44.8) 0.28

At least two of the seven until

day 28

14 (37.8) 12 (41.4)

Data presented are median (interquartile range) or n (%). P-values were obtained by

Fisher’s exact test.

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

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

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

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

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

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

DISCUSSION

Transplantation associated TMA is a frequent cause of organ
damage, and is associated with increasedmorbidity andmortality
after HSCT (20). Modifiable risk factors of TA-TMA are related
to transplantation-associated factors like HLA- or minor ABO
mismatched donor, use of PBSC, and lack of ATG- or presence
of myeloablative conditioning regimen. In addition, several post
transplantation events including infections, viral reactivation,
acute graft vs. host disease and use of calcineurin inhibitors
may also increase the risk of post-HSCT TMA (7). HSCT is
planned process with strict protocols for biological sampling
and monitoring of various organ functions, therefore, it is
feasible to search for, and to identify predictive biomarkers
of various post-TA-TMA complications. In our previous study
we utilized the advantages of our institutional protocol and
conducted an explorative, consecutive, comprehensive analysis
of complement biomarkers to search for TA-TMA associated,
predictive biomarkers. Early increase of terminal pathway
activation marker was identified as a sensitive marker of later
development of TA-TMA (13). To decrease the risk of a false
positive conclusion that may be related to the small size of our
previous observational study, we found it of utmost importance
to validate our initial observations in an independent cohort,
before making any firm conclusions based on the initial data.

Accordingly, the aim of this study was to enroll a new
prospective cohort of pediatric patients undergoing HSCT, and
to consecutively collect appropriate plasma and serum samples
for complement analysis with relevant clinical information, in
order to validate our previous results. Here we show, that
early elevation of complement terminal pathway activation
complex sC5b-9, is a predictive biomarker for the development
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FIGURE 3 | Development of thrombotic microangiopathy after HSCT in relation to changes of terminal pathway activation marker sC5b-9 from baseline to day 28.

Kaplan-Meier plot showing percentage of TA-TMA event-free patients.

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

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

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

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

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

In conclusion, based on our original and current results we
consider early elevation of sC5b-9, the terminal complement
pathway activation marker, as a clinically useful predictive
marker for the development of mild to moderate TA-TMA
in pediatric HSCT patients. We suggest to include regular
monitoring of complement biomarkers into additional studies
and possibly also into institutional protocols. Studies on
complement targeting drugs are very limited in this setting at
this time, but interest is increasing after the first supportive
clinical observations (22, 24). Accumulating data and
evidence about the role and clinical utility of complement
biomarkers, and advanced understanding of the exact
role of complement activation in the post-transplantation
setting may facilitate the development of biomarker-
stratified therapy schemes, and improved management of the
affected patients.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Scientific and Research Ethics Committee of the

Medical Research Council (ETT TUKEB) in Budapest, Hungary.
Written informed consent to participate in this study was
provided by the participants’ legal guardian/next of kin.

AUTHOR CONTRIBUTIONS

ZP and GK: study concept and design. BM, OH, GS, and NV:
experimental procedures. OH and GK: acquisition of data. BM
and ZP: critical writing of the manuscript. ZP and GK: study
supervision. GK, OH, and ZP: acquisition of funding. All authors:
data analysis, interpretation of data, and critical revision of the
manuscript for important intellectual content.

FUNDING

The research was financed by the Higher Education Institutional
Excellence Programme of the Ministry of Human Capacities
in Hungary, within the framework of the molecular biology

thematic programme of the Semmelweis University. This work
was supported by the Hungarian Pediatric Oncology Network,
the Hungarian Scientific Research Fund (KH_18_130355),
EFOP-3.6.3-VEKOP-16-2017-00009 and the Ministry of Human
Capacities in Hungary.

ACKNOWLEDGMENTS

The authors would like to thank the physicians and nurses who
participated in the patient care and follow-up.

REFERENCES

1. Yamada R, Nemoto T, Ohashi K, Tonooka A, Horiguchi SI, Motoi T, et al.

Distribution of transplantation-associated thrombotic microangiopathy

(ta-tma) and comparison between renal ta-tma and intestinal ta-

tma: autopsy study. Biol Blood Marrow Transplant. (2020) 26:178–88.

doi: 10.1016/j.bbmt.2019.08.025

2. Obut F, Kasinath V, Abdi R. Post-bone marrow transplant thrombotic

microangiopathy. Bone Marrow Transplant. (2016) 51:891–7.

doi: 10.1038/bmt.2016.61

3. Wanchoo R, Bayer RL, Bassil C, Jhaveri KD. Emerging concepts in

hematopoietic stem cell transplantation-associated renal thrombotic

microangiopathy and prospects for new treatments. Am J Kidney Dis. (2018)

72:857–65. doi: 10.1053/j.ajkd.2018.06.013

4. Hildebrandt GC, Chao N. Endothelial cell function and endothelial-related

disorders following haematopoietic cell transplantation. Br J Haematol. (2020)

4:508–19. doi: 10.1111/bjh.16621

5. Postalcioglu M, Kim HT, Obut F, Yilmam OA, Yang J, Byun BC, et al.

Impact of thrombotic microangiopathy on renal outcomes and survival

after hematopoietic stem cell transplantation. Biol Blood Marrow Transplant.

(2018) 24:2344–53. doi: 10.1016/j.bbmt.2018.05.010

6. Epperla N, Li A, Logan B, Fretham C, Chhabra S, Aljurf M, et al.

Incidence, risk factors for and outcomes of transplant-associated thrombotic

microangiopathy. Br J Haematol. (2020) 189: 1171–81. doi: 10.1111/bjh.16457

7. Dvorak CC, Higham C, Shimano KA. Transplant-associated thrombotic

microangiopathy in pediatric hematopoietic cell transplant recipients: a

practical approach to diagnosis and management. Front Pediatr. (2019) 7:133.

doi: 10.3389/fped.2019.00133

8. 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) 54:540–8.

doi: 10.1038/s41409-018-0293-3

9. Li A, Wu Q, Davis C, Kirtane KS, Pham PD, Sorror ML, et al.

Transplant-associated thrombotic microangiopathy is a multifactorial disease

unresponsive to immunosuppressant withdrawal. Biol Blood Marrow

Transplant. (2019) 25:570–6. doi: 10.1016/j.bbmt.2018.10.015

10. 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) 124:645–53.

doi: 10.1182/blood-2014-03-564997

11. 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) 96:1849–55. doi: 10.1007/s00277-01

7-3092-9

12. 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:e28070. doi: 10.1002/pbc.28070

13. Horvath O, Kallay K, Csuka D, Mezo 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) 24:989–96.

doi: 10.1016/j.bbmt.2018.01.009

14. Glucksberg H, Storb R, Fefer A, Buckner CD, Neiman PE, Clift RA, et al.

Clinical manifestations of graft-versus-host disease in human recipients of

marrow from HL-A-matched sibling donors. Transplantation. (1974) 18:295–

304. doi: 10.1097/00007890-197410000-00001

15. Ho VT, Cutler C, Carter S, Martin P, Adams R, Horowitz M, et al.

Blood and marrow transplant clinical trials network toxicity committee

consensus summary: thrombotic microangiopathy after hematopoietic stem

Frontiers in Medicine | www.frontiersin.org 9 October 2020 | Volume 7 | Article 569291

https://doi.org/10.1016/j.bbmt.2019.08.025
https://doi.org/10.1038/bmt.2016.61
https://doi.org/10.1053/j.ajkd.2018.06.013
https://doi.org/10.1111/bjh.16621
https://doi.org/10.1016/j.bbmt.2018.05.010
https://doi.org/10.1111/bjh.16457
https://doi.org/10.3389/fped.2019.00133
https://doi.org/10.1038/s41409-018-0293-3
https://doi.org/10.1016/j.bbmt.2018.10.015
https://doi.org/10.1182/blood-2014-03-564997
https://doi.org/10.1007/s00277-017-3092-9
https://doi.org/10.1002/pbc.28070
https://doi.org/10.1016/j.bbmt.2018.01.009
https://doi.org/10.1097/00007890-197410000-00001
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Mezö et al. sC5b-9 in HSCT-Associated TA-TMA

cell transplantation. Biol Blood Marrow Transplant. (2005) 11:571–5.

doi: 10.1016/j.bbmt.2005.0+6.001

16. Jodele S, Laskin BL, Dandoy CE, Myers KC, El-Bietar J, Davies SM, et al. A

new paradigm: diagnosis and management of HSCT-associated thrombotic

microangiopathy as multi-system endothelial injury. Blood Rev. (2015)

29:191–204. doi: 10.1016/j.blre.2014.11.001

17. Ruutu T, Barosi G, Benjamin RJ, Clark RE, George JN, Gratwohl A,

et al. Diagnostic criteria for hematopoietic stem cell transplant-associated

microangiopathy: results of a consensus process by an International

Working Group. Haematologica. (2007) 92:95–100. doi: 10.3324/haematol.

10699

18. Cho BS, Yahng SA, Lee SE, Eom KS, Kim YJ, Kim HJ, et al.

Validation of recently proposed consensus criteria for thrombotic

microangiopathy after allogeneic hematopoietic stem-cell transplantation.

Transplantation. (2010) 90:918–26. doi: 10.1097/TP.0b013e318

1f24e8d

19. Garcia-Martin P, Alarcon-Payer C, Lopez-Fernandez E, Moratalla L, Romero

A, Sainz J, et al. Transplantation-associated thrombotic microangiopathy

in patients treated with sirolimus and cyclosporine as salvage therapy

for graft-versus-host disease. Ann Pharmacother. (2015) 49:986–94.

doi: 10.1177/1060028015593369

20. Jodele S, Dandoy CE, Myers KC, El-Bietar J, Nelson A, Wallace

G, et al. New approaches in the diagnosis, pathophysiology, and

treatment of pediatric hematopoietic stem cell transplantation-associated

thrombotic microangiopathy. Transfus Apher Sci. (2016) 54:181–90.

doi: 10.1016/j.transci.2016.04.007

21. Seaby EG, Gilbert RD. Thrombotic microangiopathy following

haematopoietic stem cell transplant. Pediatr Nephrol. (2018) 33:1489–500.

doi: 10.1007/s00467-017-3803-4

22. Jodele S, Dandoy CE, Lane A, Laskin BL, Teusink-Cross A, Myers

KC, et al. Complement blockade for TA-TMA: lessons learned from a

large pediatric cohort treated with eculizumab. Blood. (2020) 135:1049–57.

doi: 10.1182/blood.2019004218

23. Castagnoli R, Delmonte OM, Calzoni E, Notarangelo LD. Hematopoietic stem

cell transplantation in primary immunodeficiency diseases: current status and

future perspectives. Front Pediatr. (2019) 7:295. doi: 10.3389/fped.2019.00295

24. Jodele S, Fukuda T, Vinks A, Mizuno K, Laskin BL, Goebel J, et al. Eculizumab

therapy in children with severe hematopoietic stem cell transplantation-

associated thrombotic microangiopathy. Biol Blood Marrow Transplant.

(2014) 20:518–25. doi: 10.1016/j.bbmt.2013.12.565

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 © 2020 Mezö, Horváth, Sinkovits, Veszeli, Kriván and Prohászka. 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 October 2020 | Volume 7 | Article 569291

https://doi.org/10.1016/j.bbmt.2005.0$+$6.001
https://doi.org/10.1016/j.blre.2014.11.001
https://doi.org/10.3324/haematol.10699
https://doi.org/10.1097/TP.0b013e3181f24e8d
https://doi.org/10.1177/1060028015593369
https://doi.org/10.1016/j.transci.2016.04.007
https://doi.org/10.1007/s00467-017-3803-4
https://doi.org/10.1182/blood.2019004218
https://doi.org/10.3389/fped.2019.00295
https://doi.org/10.1016/j.bbmt.2013.12.565
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

	Validation of Early Increase in Complement Activation Marker sC5b-9 as a Predictive Biomarker for the Development of Thrombotic Microangiopathy After Stem Cell Transplantation
	Introduction
	Patients and Methods
	Patient Population, Sample, and Data Collection
	Detection of Complement Parameters
	Definition of Transplant-Related Complications
	Statistical Methods

	Results
	Baseline Characteristics
	Complement Activation During the First 100 Days After HSCT

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


