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REGULAR ARTICLE

Transplant-associated thrombotic microangiopathy in pediatric patients:
pre-HSCT risk stratification and prophylaxis

Christine S. Higham,1 Griffin Collins,2 Kristin A. Shimano,1 Alexis Melton,1 Sandhya Kharbanda,1 Lena E. Winestone,1 James N. Huang,1,2

Jasmeen Dara,1 Janel R. Long-Boyle,1,3 and Christopher C. Dvorak1

1Division of Pediatric Allergy, Immunology, and Bone Marrow Transplant, 2Division of Pediatric Hematology and Oncology, and 3Department of Clinical Pharmacy, Benioff
Children’s Hospital, University of California San Francisco, San Francisco, CA

Key Points

• Risk factors include
HLA mismatch, severe
aplastic anemia or ma-
lignancy, prior calci-
neurin inhibitor, and
cytomegalovirus
seropositivity.

• TA-TMA rates were de-
creased in high-risk
patients from 28.2% to
4.5%, with the intro-
duction of prophylaxis.

Transplant-associated thrombotic microangiopathy (TA-TMA) is an endothelial injury

syndrome that complicates hematopoietic stem cell transplant (HSCT). Morbidity and

mortality from TA-TMA remain high, making prevention critical. We describe our

retrospective single-center experience of TA-TMA after pediatric allogeneic HSCT and

present a novel pre-HSCT risk-stratification system and prophylaxis regimen. From January

2012 through October 2019, 257 patients underwent 292 allogeneic HSCTs. Prospective risk

stratification was introduced in December 2016. High-risk (HR) patients were treated with

combination prophylaxis with eicosapentaenoic acid and N-acetylcysteine. The 1-year

cumulative incidence of TA-TMA was 6.3% (95% confidence interval [CI], 3.2-9.4). Age $10

years, myeloablative conditioning with total body irradiation, HLA mismatch, diagnosis of

severe aplastic anemia or malignancy, prior calcineurin inhibitor exposure, and recipient

cytomegalovirus seropositivity were found to be pre-HSCT risk factors for development of

TA-TMA. Before routine prophylaxis, TA-TMA rates were significantly different between the

HR and standard-risk groups, at 28.2% (95% CI, 0-12.7) vs 3.2% (0.1-6.3), respectively (P ,

.001). After introduction of prophylaxis, the 1-year cumulative incidence of TA-TMA in the

HR group decreased to 4.5% (95% CI, 0-13.1; P 5 .062, compared with the incidence before

prophylaxis). Multicenter pediatric studies are needed to validate these risk criteria and to

confirm the efficacy of the prophylactic regimen.

Introduction

Transplant-associated thrombotic microangiopathy (TA-TMA) is a multifactorial complication of
hematopoietic stem cell transplant (HSCT) associated with endothelial injury caused by conditioning,
immunosuppression, and other systemic insults that lead to microangiopathic hemolytic anemia,
intravascular platelet activation, and formation of thrombi within the microcirculation.1-4 These adverse
effects lead to end-organ injury from ischemia, particularly in the kidney, but also in the lungs and
gastrointestinal tract. In addition to damaged endothelium, an activated complement cascade
contributes significantly to the end-organ injury. Reported risk factors include those that are inherent
and nonmodifiable (ie, genetic variants in complement genes), transplant-associated (ie, conditioning
regimen), and associated with posttransplant events (ie, infections), leading to a “three-hit” hypothesis
for the etiology of the disease.5

The diagnosis of TA-TMA is challenging, as systemic signs and symptoms of TA-TMA may overlap with
other common transplant complications, such as medication-induced hypertension, sinusoidal
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obstructive syndrome, and expected cytopenias. Currently, there is
no single diagnostic test, and there are various diagnostic
consensus criteria, with the criteria proposed by Jodele et al6

generally adopted for the pediatric population.7-10 Because of
these diagnostic challenges, the incidence of TA-TMA is poorly
defined, with published reports ranging from 3% to 39%.11-13

There is no gold standard of treatment for TA-TMA. The initial
approach consists of supportive care, including hypertension
management, renal support, and treatment of infections, whereas
treatment options with variable success include complement
blockade, plasmapheresis, and defibrotide.2,5,14-19 With the com-
plexity of diagnosis and lack of straightforward treatment, morbidity
and mortality remain high, making prevention of TA-TMA critical.

There have been multiple single-center publications on pediatric
TA-TMA, but only 1 large multicenter retrospective analysis, which
incorporated both autologous and allogeneic HSCT.12,15,20-22 In
addition, much of the literature focuses primarily on rates of TA-TMA
and its complications and treatment, with few studies focused on
how best to prevent it.23,24 In this report, we describe our single-
center experience of TA-TMA in the allogeneic setting, with a focus
on pretransplant risk and prophylaxis.

Methods

Patient data were retrospectively reviewed according to the
principles set forth in the Declaration of Helsinki and were approved
by the institutional review board. Data were manually extracted from
the medical records of patients who underwent a conditioned
allogeneic HSCT at University of California, San Francisco, Benioff
Children’s Hospital, San Francisco from January 2012 through
October 2019.

The patients’ charts were reviewed for pretransplant attributes,
including age, sex, race/ethnicity, HSCT indication, and cytomeg-
alovirus (CMV) serostatus, as well as transplant-related covariates,
such as donor type (matched related, 9 of 10 mismatched related,
10 of 10 matched unrelated, #9 of 10 mismatched unrelated, and
haploidentical), stem cell source, and conditioning (total body
irradiation [TBI] containing myeloablative [MAC], non-TBI MAC,
reduced intensity [RIC], and nonmyeloablative [NMA]).25 Graft-
versus-host disease (GVHD) prophylaxis included a calcineurin
inhibitor (CNI), primarily tacrolimus, for all patients except those who
received an ex-vivo T-cell–depleted graft. No patient received
sirolimus as initial, planned GVHD prophylaxis. Serotherapy was
administered to most patients, with the exception of recipients of
matched-sibling bone marrow (anti-thymocyte globulin, n 5 162;
alemtuzumab, n 5 80; or none 5 15). Use of CNI and serotherapy
was not analyzed as a risk factor, given that their utilization was
directly related to donor source and there was no control group for
comparison. We did not collect posttransplant data on GVHD or
infections, as these TA-TMA risk factors are not useful in developing
a pretransplant risk-stratification system for a prophylactic regimen.
Charts of patients who died of transplant-related mortality (TRM)
were extensively reviewed and retrospectively assessed for
a possible diagnosis of TA-TMA.

Formal prospective TA-TMA screening and risk stratification of all
patients were implemented on 21 December 2016. Initial TA-TMA
risk stratification was devised based on published risk factors.
Patients were classified as high risk (HR) if they met 3 of the
following criteria: $10 years of age, race/ethnicity other than

White non-Hispanic, ABO blood group minor incompatibility,
and haploidentical donor.17,26-34 All patients had daily complete
blood counts, twice weekly lactate dehydrogenase determina-
tion, and spot urine protein monitoring. Laboratory screening for
HR patients included twice weekly haptoglobin and D-dimers
starting on day 114 through day 1100.35,36 In addition, HR
patients received a standard-of-care prophylactic regimen, with
a combination of eicosapentaenoic acid (EPA, a component of
fish oil; 30 mg/kg per day; maximum, 2000 mg/day) at least 2 weeks
before conditioning through day1100 and N-acetylcysteine (NAC)
70 mg/kg every 8 hours from day 13 through day 142 (or
discharge).23,37-39 Both drugs have low side-effect profiles: EPA
has the potential to cause bad breath and nausea, and NAC may
cause nausea, vomiting, and urticaria. NAC can be given IV if the
patient is unable to tolerate oral or nasogastric administration. Studies
have found that there is not an increased risk of bleeding with EPA, but
doses were held when platelets were,20 0003 109/L and restarted
once the patient was platelet transfusion independent.40-42

Diagnosis of TA-TMA was made according to the Jodele criteria.6

TA-TMA was then classified as nonsevere or severe, based on
the need for intensive care unit admission, surgical drainage of
effusions, or dialysis or the presence of gastrointestinal bleeding
or neurologic involvement. Patients who underwent transplant
before the introduction of risk stratification were retrospectively
assigned to a risk group according to the same criteria.

Statistical analysis

Kaplan-Meier analysis was used to estimate the 1-year cumulative
incidence of TA-TMA for selected clinical variables in the overall
cohort of patients, as well as the subgroups comprising patients
who underwent HSCT before and after implementation of pro-
phylaxis based on risk stratification. Univariate logistic regression
was performed for each of the identified potential clinical risk
factors; multivariable analyses were found to be underpowered
due to the sample size. SPSS (version 26) was used to determine
summary statistics and cumulative incidences, and STATA
(version 16.1; College Station, TX) was used for univariate logistic
regression.

Results

During the study period, 257 patients underwent 292 allogeneic
HSCTs, 3 patients had prior autologous transplants, and 5 patients
had a prior allogeneic conditioned transplant before January 2012.
Patient and transplant characteristics are shown in Tables 1 and 2,
respectively, and were similar before and after risk stratification
and implementation of prophylaxis, with the exception of more
mismatched unrelated donors before and more haploidentical
donors after implementation.

TA-TMA

Fifteen patients were diagnosedwith TA-TMA, for a 1-year cumulative
incidence of 6.3% (95% confidence interval [CI], 3.2-9.4; details in
supplemental Table 1). All were clinically diagnosed during their
HSCT course, except 1 case from 2013, in which diagnosis
was retrospective; 8 (53.3%) had severe disease. Of the 7
patients with nonsevere TA-TMA, 1 received no treatment, 4
discontinued CNI alone, 1 discontinued CNI and received
eculizumab, and 1 received eculizumab; none of those patients
died of TA-TMA. Conversely, of the 8 patients with severe TA-TMA,
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all received multiple therapeutic interventions, including eculizumab,
defibrotide, rituximab, steroids, and total plasma exchange, and 5
(62.5%) died of complications of TA-TMA at a median of 112 days
(range, 56-542) from time of diagnosis, including the patient
diagnosed retrospectively. The 3 surviving patients had chronic
kidney disease, 2 of whom required long-term dialysis and kidney
transplantation. The 1-year cumulative incidence of TMA-related
mortality in the entire cohort was 2.2% (95% CI, 0.2-4.2); however,
there was a 33.3% attributable mortality after a diagnosis of any TA-
TMA, and a 30% incidence of severe renal morbidity in survivors.

Risk-stratification system and

prophylaxis implementation

TA-TMA prophylaxis based on our risk-stratification system was
implemented in December 2016, with 161 patients undergoing
transplant before TA-TMA risk stratification and 96 patients after.

The minority (19%) of patients were considered HR, with a similar
proportion before (retrospectively assigned, 16.1%) and after
(prospectively assigned, 24%) implementation (P 5 .14).

Before stratification, there were 11 cases of TA-TMA, for a 1-year
cumulative incidence of 7.3% (95% CI, 3.2-11.4), compared with 4
cases that were diagnosed after stratification, for a 1-year
cumulative incidence of 4.5% (95% CI, 0.2-8.8; P 5 .42). TA-
TMA rates by risk stratification were statistically significant overall
(1-year cumulative incidence: standard-risk [SR] 3.6% [95% CI,
1.1-6.1], and HR 18.2% [95% CI, 6.8-29.6; P , .001] and before
stratification [1-year cumulative incidence: SR 3.2%; 95% CI, 0.1-
6.3 and HR 28.2% [95% CI, 17.8-38.6; P , .001]; Figure 1A).
Because SR patients were not treated differently, their TA-TMA
rates did not change after risk stratification. Notably, the 1-year
cumulative incidence of TA-TMA in the HR group, which received
combination prophylaxis, decreased from 28.2% (95% CI, 17.8-38.6)

Table 1. Patient characteristics and incidence of TA-TMA

Overall Preprophylaxis implementation Postprophylaxis implementation

Overall,

n (%)

One-year cumulative

incidence of TA-TMA, %

(95% CI) P
Overall,

n (%)

One-year cumulative

incidence of TA-TMA, %

(95% CI) P
Overall,

n (%)

One-year cumulative

incidence of TA-TMA, %

(95% CI) P

TA-TMA, Overall 15/257 6.3 (3.2-9.4) ,.001 11/161 7.3 (3.2-11.4) ,.001 4/96 4.5 (0.2-8.8) .84

SR 7/208 3.6 (1.1-6.1) 4/135 3.2 (0.1-6.3) 3/73 4.4 (0.1-9.3)

HR 8/49 18.2 (6.8-29.6) 7/26 28.2 (17.8-38.6) 1/23 4.5 (0-13.1)

Age, y .04 .11 .18

,10 138 (54) 3.1 (0.2-6) 84 (52) 3.8 (0.1-8.1) 54 (56) 2.1 (0.1-6.2)

$10 119 (46) 9.8 (4.3-15.3) 77 (48) 10.9 (3.8-18) 42 (44) 7.8 (0.1-16.2)

Sex .43 .88 .18

Male 151 (59) 5.1 (1.4-8.8) 94 (58) 6.9 (1.6-12.2) 57 (59) 2 (0.1-5.9)

Female 106 (41) 7.9 (2.6-13.2) 67 (42) 7.9 (1.2-14.6) 39 (41) 8 (0.1-16.6)

Race .34 .30 .12

White 181 (70) 4.8 (1.5-7.9) 111 (69) 5.8 (1.3-10.3) 70 (73) 3.1 (0.1-7.4)

Black/African
American

20 (8) 11.1 (0.1-25.5) 10 (6) 22.2 (0.1-49.4) 10 (10) 0 (0-32.1)

Asian American 50 (20) 10.5 (1.7-19.3) 34 (21) 9 (0.1-18.8) 16 (17) 14.1 (0.1-32.3)

Native American 6 (2) 0 (0-44.3) 6 (4) 0 (0-44.3) 0 —

Race/ethnicity .98 .75 .9

White 83 (32) 3.7 (0-9.2) 53 (33) 8.3 (0.5-16.1) 30 (31) 3.3 (2.7-3.9)

Hispanic and non-
White

174 (68) 6.2 (2.5-9.9) 108 (67) 6.9 (2-11.8) 66 (69) 5 (0-10.5)

HSCT indication .006 .02 .23

Malignancy* 157 (61) 8.3 (3.8-12.8) 94 (58) 10.1 (3.8-16.4) 63 (66) 5.3 (0.1-11.2)

SAA 17 (7) 17.6 (0-35.6) 10 (6) 20 (0-44.7) 7 (7) 14.3 (0.1-40.2)

Other
nonmalignant†

83 (32) 0 (0-5.3) 57 (36) 0 (0-7.6) 26 (27) 0 (0-15.2)

Recipient CMV

serostatus

.03 .12 .14

Positive 120 (47) 9.9 (4.2-15.6) 80 (50) 10.6 (3.7-17.5) 40 (41) 8.4 (0.1-17.6)

Negative/unknown‡ 137 (53) 3.1 (0.2-6) 81 (50) 4 (0-8.3) 56 (58) 1.9 (0.1-5.4)

*Three patients with lymphoma had prior autologous transplants (2008, 2013, and 2015).
†Immunodeficiencies (n 5 41), bone marrow failure syndromes (n 5 12), hemoglobinopathies (n 5 8), hemophagocytic lymphohistiocytosis (n 5 8), metabolic disorders (n 5 11), and

osteopetrosis (n 5 3).
‡Patients unable to make specific antibodies without prior CMV infection.
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to 4.5% (95% CI, 0-13.1; P 5 .062; Figure 1A-B; supplemental
Table 2). Furthermore, the severity of TA-TMA declined with time
(Table 3). Of the 8 patients with severe TA-TMA, 6 were HR and all
were treated before risk stratification and prophylaxis. The HR
patient who developed TA-TMA after risk stratification had non-
severe disease that resolved quickly with eculizumab and had no
long-term TA-TMA–related sequalae.

The overall 1-year cumulative incidence of TRM was 9.7% (95% CI,
6-13.4), with 11.1% (95% CI, 6.2-16) and 7.3% (95% CI, 1.6-13;
P5 .41) dying before and after stratification, respectively. The overall
1-year cumulative incidence of TRM of SR patients was 8.3% (95%
CI, 4.4-12.2), compared with 16.3% (95% CI, 5.1-27.5; P 5.17) of
HR patients. For HR patients, the 1-year cumulative incidence of
TRM was 20.5% (95% CI, 4.4-36.6) and 10.2% (95% CI, 0-23.7)
before and after stratification, respectively (P 5 .36; Figure 1C-D).

Patient characteristic risk factors

Univariate analysis showed that patients $10 years of age had
higher rates of TA-TMA (Tables 1 and 4). Neither sex nor Hispanic

ethnicity was found to be a risk factor. In the preliminary risk
stratification, Hispanic ethnicity was included as a risk factor, but on
formal analysis, it did not appear to be one; 1-year cumulative
incidence in White non-Hispanic patients was 3.7% (95% CI, 0-
9.2), whereas the incidence among those who identified as
Hispanic was 6.2% (95% CI, 2.5-9.9; P 5 .98). When ethnicity
was not considered, the 1-year cumulative incidence in White
patients was 4.8% (95% CI, 1.5-7.9) and in patients of all other
races was 9.9% (95%CI, 2.8-17; P5 0.12). After introduction of our
risk stratification, we saw an improvement in the 1-year cumulative
incidence of TA-TMA in the Black/African patients from 22.2% (95%
CI, 0-49.4) to 0% (95% CI, 0-32.1), although small numbers
prevented that result from attaining statistically significance (P5 .13),
and there was no difference in TA-TMA incidence before and after
risk stratification in the Asian group. Underlying disease was a clear
TA-TMA risk factor, with patients with severe aplastic anemia (SAA)
having a 1-year cumulative incidence of 17.6% (95% CI, 0-35.6),
compared with patients with malignancy or other nonmalignant
diagnoses, who had 1-year cumulative incidences of 8.3% (95% CI,

Table 2. Transplant characteristics and incidence of TA-TMA

Overall Preprophylaxis implementation Postprophylaxis implementation

Overall,

n (%)

One-year cumulative incidence

of TA-TMA, %

(95% CI) P
Overall,

n (%)

One-year cumulative incidence

of TA-TMA, %

(95% CI) P
Overall,

n (%)

One-year cumulative incidence

of TA-TMA, %

(95% CI) P

Conditioning .17 .29 .02

TBI-MAC 43 (17) 12.2 (2.2-22.2) 32 (20) 9.8 (0.3-19.3) 11 (11) 19.2 (0-43.1)

Non TBI-MAC* 171 (66) 5.7 (2-9.4) 101 (63) 8.5 (2.8-14.2) 70 (73) 1.6 (0-4.7)

RIC or NMA 43 (17) 2.4 (0-7.1) 28 (17) 0 15 (16) 7.1 (0-20.6)

Stem cell source .40 .47 .86

Bone marrow 88 (34) 4.7 (0.2-9.2) 46 (29) 4.7 (0-11) 42 (44) 4.9 (0-11.6)

PBSCs† 153 (60) 7.8 (3.3-12.3) 106 (66) 9.1 (3.4-14.8) 47 (49) 4.6 (0-10.9)

Cord‡ 16 (6) 0 9 (5) 0 7 (7) 0

Donor type .13 .02 .82

MRD 60 (23) 5 (0-10.5) 32 (20) 3.1 (0-9.1) 28 (29) 7.1 (0-16.7)

MMRD (9/10) 3 (1) 0 3 (2) 0 0 —

Haploidentical 58 (23) 14.2 (4.4-24) 31 (19) 22.1 (6.4-37.8) 27 (28) 3.7 (0-10.7)

MUD (10/10) 92 (36) 3.4 (0-7.1) 58 (36) 3.5 (0-8.4) 34 (36) 3.2 (0-9.5)

MMUD (#9/10) 44 (17) 4.9 (0-11.6) 37 (23) 5.8 (0-13.6) 7 (7) 0

HLA-mismatch

(<10/10)
.08 .04 .79

No 152 (59) 4.1 (1-7.2) 90 (56) 3.4 (0-7.1) 62 (64) 5 (0-10.5)

Yes 105 (41) 9.9 (3.8-16) 71 (44) 12.7 (4.5-20.9) 34 (36) 2.9 (0-8.6)

Minor ABO

mismatch

.98 .58 .27

No 189 (74) 6.3 (2.8-9.8) 115 (71) 6.5 (1.8-11.2) 74 (77) 5.9 (0.4-11.4)

Yes 68 (26) 6.3 (0.4-12.2) 46 (29) 9.1 (0.7-17.5) 22 (23) 0

Pre-HSCT CNI

exposure

.003 .02 .07

No 238 (93) 5 (2.1-7.9) 147 (91) 5.8 (1.9-9.7) 91 (95) 3.6 (0-7.5)

Yes 19 (7) 22.4 (3-41.8) 14 (9) 22.6 (0.1-45.1) 5 (5) 20 (0-55)

MMRD, mismatched related donor; MMUD, mismatched unrelated donor; MRD, matched related donor; MUD, matched unrelated donor.
*Conditioning regimens for patients with Fanconi anemia were considered MAC.
†One patient received PBSC 1 marrow.
‡Three patients received cord 1 marrow.
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3.8-12.8) and 0% (95% CI, 0-5.3), respectively (P 5 .006). Patients
who were CMV IgG seropositive before transplant had a higher
1-year cumulative incidence at 9.9% (95% CI, 4.2-15.6) than those
who were not seropositive, at 3.1% (95% CI, 0.2-6; P 5 0.03).

Transplant characteristic risk factors

As shown in Table 2, the number of transplants, both autologous
and allogeneic, did not increase risk of TA-TMA. Patients with CNI

exposure before admission for HSCT had a 1-year cumulative
incidence of TA-TMA of 22.4% (95% CI, 3-41.8), compared with
5% (95% CI, 2.1-7.9) in those without prior CNI exposure
(P 5 .003). However, prior CNI exposure and a diagnosis of SAA
were confounded, with 53% (9 of 17) of patients with SAA treated
with CNIs before transplant, 3 of whom (33%) developed TA-TMA,
whereas, of the non-SAA patients, only 1 of 33 (3%) who received
CNI before HSCT admission developed TA-TMA.
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Figure 1. Cumulative incidence of TA-TMA and TRM by risk stratification. Cumulative incidence of TA-TMA before (A) and after (B) risk stratification. Cumulative

incidence of TRM before (C) and after (D) risk stratification.

Table 3. TA-TMA severity by stratification and risk group

Total
SR HR

Prestratification Poststratification* Prestratification Poststratification†

Total TA-TMA Cases 15/257 4/135 3/73 7/26 1/23

Typical vs severe

Typical 7 3 2 1 1

Severe‡ 8 1§ 1 6 0

*No change in clinical practice other than enhanced screening for development of TA-TMA.
†HR poststratification patients received prophylaxis with NAC and EPA.
‡Severe TA-TMA defined as the need for admission to the intensive care unit, surgical drainage of effusions, or dialysis and the presence of gastrointestinal bleeding or neurologic

involvement.
§This patient was diagnosed retrospectively and did not receive treatment.
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The stem cell source was not a risk factor on univariate analysis,
although, notably, no patients who received a cord blood transplant
developed TA-TMA (n 5 16). There was no significant effect of
conditioning on risk of TA-TMA, with TBI-containing MAC regimens
having a 1-year cumulative incidence of 12.2% (95% CI, 2.2-22.2),
compared with non-TBI MAC regimens, or with RIC and NMA
having 1-year cumulative incidences of 5.7% (95% CI, 2-9.4) and
2.4% (95%CI, 0-7.1), respectively (P5 .17). Haploidentical donors
and HLA-mismatched donors were identified as risk factors for
patients before stratification, with this association no longer
significant after implementation of prophylaxis. Minor ABO blood
group incompatibility did not cause an increased risk of TA-TMA.

Discussion

TA-TMA is becoming increasingly recognized as a serious compli-
cation of pediatric HSCT.12,15,21,43,44 Previously reported pretrans-
plant risk factors include female sex, African American race, SAA,
CMV seropositive recipient, prior transplant, mismatched donors,
minor ABO mismatch, myeloablative conditioning, and peripheral
blood stem cells (PBSCs) as the donor source.5 Epperla et al
analyzed .23000 patients reported to the Center for International
Blood and Marrow Transplant Research, including adults and
pediatric patients with autologous and allogeneic transplants, and
found a TA-TMA incidence by center designation of 3%. They
identified MAC, African American race, SAA, and mismatched
donors as risk factors for TA-TMA, similar to our findings. Other
identified TA-TMA risk factors in that study that were not predictive
in our pediatric patient population included female sex and prior
autologous HSCT. Although their sample size was far larger, Center
for International Blood and Marrow Transplant Research data
rely on accurate reporting from centers that did not use uniform
diagnostic criteria.13 Schoettler et al21 confirmed some of these
risk factors in a pediatric population; however, their data require
reconsideration of risk after the development of GVHD and
posttransplant infections. We focused particularly on pretrans-
plant risk factors, to be able to address modifiable risk factors
and to identify patients at high risk for developing TA-TMA,
thereby facilitating the use of up-front prophylactic strategies for
preventing the occurrence of TA-TMA.

The prophylactic regimen of EPA and NAC was chosen because of
its properties in endothelial health. EPA has been shown in a small
trial to decrease TA-TMA, potentially via reduction of cytokines and
stimulation of nitric oxide production.23 NAC is a synthetic
antioxidant derived from cysteine that acts by removing reactive
oxygen species, either directly or indirectly, by increasing glutathi-
one biosynthesis. NAC significantly limited endothelial injury in
a mouse model of shiga toxin–mediated atypical hemolytic uremic
syndrome, and, in another study, it reduced neutrophil extracellular
trap formation.37,45 These prophylactic interventions appeared to
decrease the occurrence of TA-TMA in our cohort, with a significant
improvement in rates of TA-TMA in the treated HR population. Both
EPA and NAC are well-tolerated with minimal side-effect profile and
low cost. Because the SR patients from the preliminary stratification
system were not given specific prophylaxis, their incidence of TA-
TMA was identical before and after stratification. Further optimiza-
tion of our risk classification to identify those patients previously
classified as SR who develop TA-TMA has the potential to further
decrease the incidence and severity of TA-TMA in our patient
population.

The risk factors identified in our analysis have raised additional
questions. After implementation of prophylaxis, there was a trend
toward improvement in TA-TMA incidence in the Black/African
population that was not seen in the Asian population. A
potential explanation for this finding is that there may be different
mechanisms by which genetic ancestry increases risk for TA-TMA.
For example, Black/African patients may have increased TA-TMA
risk secondary to activating complement genetic polymorphisms.26

Conversely, Asian patients may have increased TA-TMA risk
secondary to increased endothelial damage from increased
chemotherapy exposure related to genetic polymorphisms in
drug metabolism enzymes.46,47 Similarly, it is unclear whether
age is a direct risk factor or simply a surrogate for other factors,
such as chemotherapy dosing (weight-based vs body surface
area–based; ideal vs actual body weight). Careful analysis of the
pharmacokinetics and pharmacogenetics of various endothelial-
toxic conditioning agents may provide further insight to answer
these questions.46,47

There is a question of whether SAA itself is a risk factor for TA-TMA
or the increased risk is solely secondary to prior use of a CNI.6 In
this cohort, patients receiving CNI therapy before HSCT for SAA
had a higher incidence of TA-TMA compared with patients without
SAA. The numbers are small, but the result may indicate that SAA is
an independent risk factor regardless of CNI exposure, although the
mechanism for this risk remains unclear. Further larger studies are
needed to evaluate the incidence of TA-TMA among those patients
with SAA who proceed straight to HSCT vs those who first undergo
immunosuppressive therapy with CNIs. Finally, HLA mismatch and
CMV seropositivity may simply be surrogate markers for the risk of
developing GVHD or infection after HSCT; however, they are
amenable to use in a pre-HCT risk-stratification system.

As this is a retrospective analysis, there are limitations to the study.
Formal TA-TMA screening was not implemented until December
2016, and the patients who underwent transplant before this date
may not have had the necessary testing for retrospective diagnosis
of TA-TMA. It is possible that there were cases of TA-TMA that were
not diagnosed during the clinical course, therefore making the rates
of TA-TMA falsely low in the earlier patients. Although if cases of

Table 4. Risk factors for TA-TMA by univariate regression

Odds ratio P 95% CI

Age $10 y 3.65 .03 1.13-11.8

Non-White 2.19 .14 0.77-6.25

HLA mismatched (#9 of 10) 1.99 .20 0.69-5.75

CMV seropositive recipient 2.89 .08 0.90-9.30

Conditioning

RIC/NMA 1

Non-TBI MAC 2.71 .35 0.33-22.1

TBI MAC 9.00 .05 1.04-77.6

Diagnosis

Malignant 1 — —

Nonmalignant other than SAA — — —

SAA 3.00 .12 0.76-11.9

Pre-HSCT CNI exposure 2.29 .18 0.69-7.55
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TA-TMA were missed before implementation of prophylaxis and
proactive screening, it would only increase the incidence in the
earlier cohort, which would further support that the prophylactic
regimen was beneficial in decreasing TA-TMA. We could not
evaluate genetic ancestry directly in this study, as we relied on race
and ethnicity as documented in the medical record. Because of the
way the race and ethnicity questions are asked in our medical
records, they are poor surrogates for ancestry and are confounded
by social factors. It is, therefore, important to note that the higher
risk of TA-TMA among non-White patients could also have been
attributable to social determinants of health and structural racism.
Furthermore, because this was a single-center study, sample
numbers were small, making multivariable analysis challenging.

In conclusion, after implementation of prophylaxis in the HR patient
population, it is encouraging to see a dramatic decrease in TA-TMA
incidence and severity. The goal of our novel risk-stratification
scoring system is to ensure that prophylaxis is provided to those
patients who are at the highest risk of developing TA-TMA.
Additional refinements of the risk stratification appear to be
warranted, based on our additional analysis, and would benefit
from further refinement in a large multicenter cohort that
incorporates different HSCT approaches, to further investigate
other potential risk factors, such as CNIs, sirolimus, or serotherapy,
and that allow for multivariable analyses and formal prediction
modeling. An appropriate next step would be a randomized
controlled trial of EPA and NAC in HR patients that uses a validated
risk-stratification system developed from the criteria found in this
analysis (age, $10 years; MAC with total body irradiation, HLA
mismatch, diagnosis of SAA or malignancy, prior CNI exposure, and

recipient CMV seropositivity) and in other reports. Future efforts
should also focus on identifying the safest and most effective
prophylactic regimens, including promising medications such as
statins. Similarly, a pilot trial of defibrotide prophylaxis in patients
at high risk for development of TA-TMA is currently underway
(registered on www.clinicaltrials.gov as NCT#03384693). With
improved risk stratification and prophylaxis strategies, we hope to
continue to decrease the morbidity and mortality associated with
TA-TMA in the pediatric HSCT population.
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