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REGULAR ARTICLE blOOd advances
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m Transplant-associated thrombotic microangiopathy (TA-TMA) is a severe complication of
hematopoietic stem cell transplantation (HSCT). A single-center prospective screening study
* In this multicenter has shown that the incidence of TA-TMA is much higher than prior retrospective studies that

study, we report a high did not systematically screen. These data have not been replicated in a multicenter study.

inci 0
incidence (16%) 9f . Our objective was to determine the incidence and risk factors for TA-TMA and compare
TA-TMA after pediatric

outcomes of pediatric HSCT patients with and without TA-TMA. Patients were prospectively
stem cell transplant.

screened for TA-TMA at participating centers using a simple to implement and inexpensive

* Patients with TA-TMA strategy from the start of the preparative regimen through day +100. TA-TMA was
have higher morbidity

and mortality compared
with patients without
TA-TMA.

diagnosed if =4 of 7 laboratory/clinical markers diagnostic for TA-TMA were present
concurrently or if tissue histology showed TA-TMA. A total of 614 patients (359 males; 58%)
received prospective TA-TMA screening at 13 pediatric centers. TA-TMA was diagnosed in 98
patients (16%) at a median of 22 days (interquartile range, 14-44) posttransplant. Patients
with TA-TMA had significantly increased bloodstream infections (38% [37/98] vs 21%
[107/51], P = .001), mean total hospitalization days (68; 95% confidence interval [CI], 63-74 vs
43; 95% CI, 41-45; P = .001), and number of days spent in the intensive care unit (10.1; 95%
CI, 6.4-14; vs 1.6; 95% CI, 1.1-2.2; P = .001) in the first 100 days after HSCT compared with
patients without TA-TMA. Overall survival was significantly higher in patients without
TA-TMA (93%; 490/516) compared with patients with TA-TMA (78%; 76/98) (P = .001). These
data support the need for systematic screening for TA-TMA and demonstrate the feasibility
and efficacy of an easy to implement strategy to do so.

Submitted 21 September 2020; accepted 22 November 2020; published online 23 The full-text version of this article contains a data supplement.
December 2020. DOI 10.1182/bloodadvances.2020003455. © 2021 by The American Society of Hematology

Data sharing requests should be sent to Christopher E. Dandoy (e-mail:
christopher.dandoy@cchmc.org).
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Introduction

Hematopoietic stem cell transplantation (HSCT) is an effective
treatment for many malignant conditions, marrow failure syndromes,
and immune deficiencies in children, adolescents, and adults."?
Today, >50000 HSCTs are carried out annually worldwide, and
these numbers increase each year. Transplant strategies and
supportive care have evolved over recent decades, resulting in
improved overall survival (OS).2 Despite these advances, patients
undergoing HSCT are at high risk for developing complications.
Transplant-associated thrombotic microangiopathy (TA-TMA) is
now recognized as a severe complication of HSCT."? TA-TMA after
HSCT can range from a mild self-limiting disease to a fulminant
multiorgan disorder leading to death.® Specifically, mortality as high
as >80% has been reported 1 year after HSCT.* The kidney is the
organ most commonly affected by TA-TMA. However, other organs,
such as the gastrointestinal tract and heart, can be affected as
well.*® Patients diagnosed with TA-TMA can develop life-
threatening pulmonary hypertension, pericardial effusions,®” bowel
ischemia,* and central nervous system hemorrhage.® Patients with
untreated severe TA-TMA can progress to multiple organ failure due
to ongoing tissue injury, although patients with mild TA-TMA
typically recover over time without specific treatment.

The lack of clarity regarding the incidence of TA-TMA is a conse-
quence of the absence of any large prospective multicenter
studies collecting data that might be considered generalizable to
larger populations. In general, retrospective studies have reported
low frequencies of TA-TMA because centers do not routinely
screen for appropriate markers; thus, only the most severe cases
are identified.® ' Further, tissue diagnosis for TA-TMA is often not
feasible in ill HSCT populations at high risk for bleeding.

Previous work in pediatrics, conducted mostly at a single center,
suggests that simple and inexpensive markers applied to an entire
HSCT population will be effective in correctly identifying TA-TMA
cases, as well as in identifying those who need treatment.'*'®
Recent prospective single-center TA-TMA studies in children and
young adults have provided new insights into pathogenesis and
genetic susceptibility to TA-TMA, raising awareness of this critical
transplant complication and allowing for the identification of
therapeutic options, including complement blockade."®'? However,
clinical experience is limited to few transplant centers.

In this study, we set out to establish whether a simple pragmatic
approach to screening could be applied broadly at disparate
transplant centers and would contribute to clinical care. We
implemented prospective TA-TMA screening through a pragmatic
research approach, using contemporary diagnostic criteria, in 13
pediatric transplant centers including small, medium, and large
pediatric institutions as a combined Pediatric Transplant and
Cellular Therapy Consortium and Pediatric Acute Lung Injury and
Sepsis Investigators research effort. We then completed a multi-
institutional data analysis to determine the incidence, timing, risk
factors, and outcomes for TA-TMA after HSCT.

Methods
Prospective screening for TA-TMA

Prior to uniform implementation, members of the Pediatric Trans-
plant and Cellular Therapy Consortium and Pediatric Acute Lung
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Injury and Sepsis Investigators network debated and agreed upon
the screening and diagnosis algorithm that was modeled after
evidence-based guidelines.®®'2'*181° ggreening for TA-TMA
was agreed upon by all providers at the participating centers and
implemented into clinical practice in all pediatric patients un-
dergoing HSCT between 2016 and 2019 (Figure 1A). To ensure
reliability of TA-TMA screening, participating centers added TA-
TMA screening to the transplant paper and electronic order sets.
Additionally, local investigators verified adherence to the screen-
ing through regular audits. Data regarding clinical outcomes
through the first 6 months post-HSCT were collected for all
patients receiving TA-TMA screening. Prospective TA-TMA
screening at the participating centers included daily complete
blood count with differential, monitoring for schistocytes and
transfusion requirements, renal panel and blood pressure mea-
surement, twice-weekly lactate dehydrogenase (LDH), and weekly
urine analysis (UA), with calculation of a random urine protein/
creatinine ratio. Terminal complement activity measurement
(blood sCBb-9) was requested by the treating physician only
when TA-TMA was suspected. sC5b-9 testing was done internally
or as an external send-out.

Screening continued through the first 30 days posttransplant
or until discharge from the hospital, whichever came later. Upon
discharge, or at day +30 post-HSCT, LDH and UA were transitioned
to weekly testing and continued through day +100 or resolution of
TA-TMA, if later. Institutions used individual implementation strategies
to ensure all patients were reliably screened.?*!

Diagnosis of TA-TMA

TA-TMA was diagnosed if =4 of 7 laboratory/clinical markers
diagnostic for TA-TMA were concurrently present on 2 consecutive
tests or if TA-TMA was identified by histology in a tissue biopsy. TA-
TMA diagnostic markers were elevated LDH, schistocytes on the
peripheral blood smear, de novo thrombocytopenia or anemia or
transfusion dependence, hypertension defined as > 99% for age,
proteinuria, and terminal complement activation (elevated plasma
sC5b-9 above normal)® 1314172224 (Figyre 1B). Laboratory criteria
for diagnosis of TA-TMA had to occur concurrently, as well as on
=2 consecutive tests, to be classified as positive (Figure 1B).
Additionally, centers were instructed to rule out thrombotic
thrombocytopenic purpura by testing for ADAMTS 13 activity before
the diagnosis of TA-TMA was made, as previously described.'®"?
Treatment and further workup after TA-TMA diagnosis was based
on each institution’s standard of practice.

Clinical data review

The cohort consists of patients from 4 large transplant programs
(>80 HSCTs per year), 4 medium-sized transplant programs (25-
80 HSCTs per year), and 5 small institutions (<25 HSCTs per
year). The study was approved by the Institutional Review Board at
Cincinnati Children’s Hospital Medical Center as the coordinating
center, and the Institutional Review Board approved the study at
each participating site prior to data review. Following Institutional
Review Board approval of the uniform study protocol, each site
completed a retrospective review of the consecutively screened
patients from their center and entered deidentified data into
a RedCap database prepared for this study. Data from all centers
were aggregated to determine outcomes.
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Recommended TA-TMA screening

Start of chemotherapy through day +30

1. Daily: complete blood counts, renal panel, blood pressure
2. Twice weekly: LDH

3. Weekly: UA, random urine protein/creatinine ratio

Diagnosis of TM-TMA

Histologic evidence of TA-TMA
Oor
Laboratory and clinical markers diagnostic for TA-TMA

« Lactate dehydrogenase LDH above normal value for age
« Schistocytes on peripheral blood smear

* De novo thrombocytopenia or require platelet transfusions
* De novo anemia or require red blood cell transfusions

(>4 of 7 concurrent markers are required to meet TA-TMA diagnosis)

* Hypertension > 99% for age (<18 years of age) or 140/90 mm Hg (=18 years of age) requiring =2 antihypertensive agents
* Proteinuria = 30 mg/dL on random UA twice or random urine protein/creatinine ratio > 1 mg/mg
* Terminal complement activation: elevated plasma sC5b-9 above normal limit (=244 ng/mL)

All laboratory criteria must occur concurrently and on >2 consecutive tests to be classified as positive

If no sign of TMA at day +30 or discharge from hospital:

Screening algorithm day +30 through +100
Weekly: complete blood counts, renal panel, blood pressure,
LDH, UA, random urine protein/creatinine ratio

Figure 1. TA-TMA screening and diagnosis algorithms for patients at participating centers. (A) Participating institutions implemented standardized screening for TA-

TMA. (B) Diagnostic criteria for TA-TMA.

Patient-, disease-, and transplant-related variables

Patient data were described, including demographics, primary
transplant diagnosis, therapy characteristics, transplant complica-
tions, and outcomes. The following variables were evaluated: sex,
age at transplant, diagnosis, donor relationship, HLA match, stem
cell graft source, graft-versus-host disease (GVHD) prophylaxis,
and conditioning intensity.?®> Currently accepted clinical criteria
were used for the diagnosis of acute GVHD (aGVHD)?® and
steroid-refractory GVHD (SR GVHD).?”

Study outcomes and definitions

We assessed the cumulative incidence of TA-TMA in the first
100 days and compared overall survival (OS) and treatment-related
mortality (TRM)?® at 6 months post-HSCT between patients who
developed TA-TMA and those who did not. We determined the
odds ratios (OR) of the following transplant-related complications in
the first 100 days post-HSCT: respiratory failure requiring invasive
and noninvasive ventilation; acute kidney injury (AKI), defined as
doubling of creatinine from pretransplant baseline; veno-occlusive
disease (VOD); pulmonary hemorrhage; pericardial effusion re-
quiring surgical intervention (pericardiocentesis, drain, or pericardial
window); pulmonary hypertension; and kidney failure requiring renal
replacement therapy (RRT) in those with TA-TMA compared with
those without. We also compared the number of hospitalization
days, days spent in the intensive care unit, and the number of
bloodstream infections in the first 100 days in patients with and
without TA-TMA. Additionally, we compared the incidence of TRM,
defined as death without progression or relapse of primary disease,
in patients with TA-TMA compared with those without.?® Finally, in
patients who developed TA-TMA, we compared OS in the first
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6 months post-HSCT between patients with proteinuria and
elevated sC5b-9'® and those without, as well as those who
received treatment and those who did not.

Statistical analysis

Patients were categorized into those who developed TA-TMA in the
first 100 days post-HSCT and those who did not. We compared
patient-, disease-, and transplant-related factors between groups
using the x2 test for categorical variables and the Wilcoxon 2-
sample test for continuous variables. ORs with 95% confidence
intervals (Cls) were determined between patients with and without
TA-TMA. Multivariable logistic regression analysis with an examina-
tion of the proportional hazard assumption was used to evaluate
potential risk factors for TA-TMA. If the proportional hazards
assumption was violated, the variable was added as a time-
dependent covariate. A stepwise selection procedure was used to
identify the final model. The Kaplan-Meier method was used to
estimate the probability of 8-month OS, which was compared by the
log-rank test. The cumulative incidence function estimated the
incidence of TA-TMA by 100 days. Statistical evaluation was
performed using R (3.1.3), and P < .05 was considered significant.

Results

Six hundred and fourteen consecutive patients who underwent
TA-TMA screening at 1 of the 13 participating centers were
included in the analysis. The cost of TA-TMA screening was
approximately $60 to $100 per week. Ninety-eight HSCT recipients
(16%) were diagnosed with TA-TMA, a median of 22 days after
HSCT (interquartile range [IQR], 14-44 days) (Figure 2A). Ninety
patients (92%) were diagnosed with TA-TMA after meeting
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Figure 2. Cumulative incidence and 6-month survival in patients with and without TA-TMA. (A) Cumulative incidence of TA-TMA in all HSCT patients (N = 614). (B)
Overall 6-month survival in allogeneic HSCT recipients with and without TA-TMA (n = 422). (C) Overall 6-month survival in autologous HSCT recipients with and without TMA

(n = 192).

laboratory/clinical criteria alone (=4 of 7 laboratory/clinical
markers), and 8 patients (8%) were diagnosed by meeting
laboratory/clinical criteria and having histologic findings of TA-
TMA (kidney, n = 5; bowel, n = 2; lungs, n = 4; and skin,n = 1).

Nine of the 13 centers (70%) had =1 patient who was diagnosed
with TA-TMA. The 4 centers that did not diagnose any patients with
TA-TMA screened 6% (39/614) of the total patients in the cohort.
Sixty-one patients underwent HSCT at a small center with 4
developing TA-TMA (7%), 142 underwent HSCT at a medium-sized
center with 18 (13%) developing TA-TMA, and 411 underwent
HSCT at large center with 76 (18%) developing TA-TMA. In
univariate analyses, institution size was significantly associated with
TA-TMA (P = .025); however, this was not statistically significant in
multivariate analyses (Table 1).

Allogeneic HSCT recipients

The incidence of TA-TMA was significantly higher in patients
undergoing allogeneic HSCT (79/422; 19%) vs autologous
HSCT (19/192; 10%; P = .004). Patients with an underlying
immune deficiency had an increased risk for developing TA-
TMA in multivariate analyses (OR, 2.4; 95% CI, 1.3-4.5; P =
.006). Receiving a graft from an unrelated allogeneic donor was
associated with TA-TMA (P = .001); however, this was not
significant in multivariate analyses. Forty-two percent (13/31) of
patients with primary hemophagocytic lymphohistiocytosis and
50% (4/8) of patients with Hurler syndrome were diagnosed with
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TA-TMA. Patient demographics and transplant characteristics are
listed in Table 1. Univariate analysis of allogeneic HSCT recipients
revealed a significant association between TA-TMA and use of
alemtuzumab, cyclosporine, and methotrexate, as well as CD34
selection (supplemental Table 1). aGVHD (any grade) was
diagnosed in 32% of allogeneic transplant recipients with TA-
TMA and in 26% without TA-TMA (P = .33). Thirty-five allogeneic
HSCT recipients were diagnosed with steroid-refractory aGVHD:
12 (15%) patients with TA-TMA and 23 (7%) patients without
(P =.02).

Twenty-five patients were diagnosed with TA-TMA and aGVHD. In
those patients, the median time from transplant to TA-TMA
diagnosis was 24 days (IQR, 14-47), whereas the median time to
aGVHD was 34 days (IQR, 25-45). Ten patients with aGVHD and
TA-TMA were admitted to the intensive care unit; among those, 6
(60%) were diagnosed with TA-TMA prior to the aGVHD diagnosis.
In the 12 patients with SR GVHD and TA-TMA, 7 patients (58%)
were diagnosed with GVHD prior to the diagnosis of TA-TMA.

Autologous HSCT recipients

In the 192 subjects undergoing autologous HSCT, 72 patients
had a primary diagnosis of neuroblastoma, and 120 patients had
other solid tumors. Nineteen (10%) TA-TMA cases were diagnosed
in the autologous HSCT cohort, and 13 (68%) occurred in patients
with neuroblastoma, all of whom were scheduled to undergo
tandem HSCT. Univariate analysis showed a significant association
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Table 1. Multivariate analysis of variables associated with TA-TMA

Univariate analysis

Multivariate analysis

Variable No TA-TMA (n = 516) TA-TMA (n = 98) P OR (95% CI) P
Age, median (range), y 6.7 (2.6-14.4) 5.3 (1.9-12.7) 1
Sex
Male 311 64 .37
Female 205 34
Diagnosis
Malignancy 338 46 <.001 1.0
Immune deficiency/dysregulation 75 30 2.4 (1.3-4.5) .006
Bone marrow failure 54 12 1.4 (0.6-3.0) 41
Nonmalignant hematology 41 5 1.1 (0.3-2.9) .92
Genetic/metabolic 8 5 2.7 (0.7-9.2) A1
Donor
Autologous 173 19 .001 1.00
Related allogeneic 142 20 1.1 (0.5-2.5) .88
Unrelated allogeneic 200 59 1.7 (0.8-3.7) 19
Syngeneic 1 0 0
Graft source
Bone marrow 216 45 .033 1.00
Peripheral blood stem cells 266 40 1.1 (0.6-2.0) .72
Cord blood unit 34 13 2.0 (0.9-4.5) .10
Preparative regimen
Myeloablative 398 69 .33
Nonmyeloablative 19 3
Reduced intensity 96 26
None 3 0
Institution size
Small 57 4 .025 1.00
Medium 124 18 1.9 (0.7-6.8) .28
Large 335 76 2.7 (1.0-9.3) .07

Univariate and multivariate analyses of variables associated with TA-TMA. Variables were included in the multivariate analysis if P < .1.

between TA-TMA and chemotherapy-preparative regimens (cyclo-
phosphamide, carboplatin, thiotepa, and etoposide) of patients
undergoing tandem autologous HSCT for neuroblastoma (supple-
mental Table 2).

Neuroblastoma and TA-TMA

Seventy-two patients underwent autologous HSCT for neuroblas-
toma. Twenty-one patients (29%) were scheduled for a single
transplant, and 51 (71%) were scheduled for a tandem transplant.
TA-TMA did not occur in any patient in the single-transplant cohort,
although 6 patients (29%) were diagnosed with VOD. No patient
allocated to a single transplant had a delay in radiation; 1 patient
had a delay in antibody therapy (unknown reason). Thirteen patients
(25%) who were scheduled to undergo tandem transplant developed
TA-TMA (1 after HSCT #1, 12 after HSCT #2), and 5 patients (10%)
developed VOD. Three patients did not receive HSCT #2: 1 because
of TA-TMA, 1 because of VOD, and 1 had disease relapse. Fifty-four
percent of neuroblastoma patients with TA-TMA had a delay in
starting posttransplant radiation therapy and 62% were delayed in

€ blood advances 12 january 2021 - voLuME 5, NUMBER 1

receiving anti-GD2 antibody therapy compared with 10% and 7% of
those without TA-TMA, respectively (Figure 3).

Organ injury and transplant outcomes

In univariate analyses, all evaluated organ injury variables were
significantly increased in patients with TA-TMA compared with
patients without TA-TMA, including respiratory failure requiring
intubation (26% vs 6%; P < .001) or noninvasive ventilation (30%
vs 6%; P = .001), pericardial effusion requiring surgical inter-
ventions (9% vs <1%; P < .001), pleural effusion requiring surgical
intervention (4% vs <15%; P = .03), pulmonary hypertension (6%
vs <1%; P = .001), renal failure requiring RRT (15% vs 3%; P <
.001), and AKI (66% vs 21%: P < .001) (Table 2). Further, intensive
care admission was significantly associated with TA-TMA (OR, 6.2;
95% Cl, 1.4-6.3), pericardial effusion requiring surgical intervention
(OR, 17.3; 95% Cl, 4.5-66.9), pulmonary hypertension (OR, 11.2;
95% Cl, 2.7-46.7), dialysis or continuous RRT (OR, 7.0; 95% ClI,
3.2-15.5), death within the first 6 months post-HSCT (OR, 4.9;
95% Cl, 2.6-9.0), and TRM (OR, 48.6; 95% Cl, 4.1-17.7) (Figure 4).

TA-TMA AFTER HSCT 5



Figure 3. Cumulative incidence of TA-TMA in neuro-
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Tandem transplant 13 of 51 (25%) tologous HSCT for neuroblastoma; 21 (29%) were
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Thirty-nine percent (38/98) of patients with TA-TMA and 21% (107/
516) of those without TA-TMA had =1 bloodstream infection in the
first 100 days posttransplant (P = .0002). Furthermore, 17% (n = 17)
of patients with TA-TMA had =2 bloodstream infections vs 5%
(n = 25) of those without (P = .0001). The mean number of days
hospitalized in the first 100 days after HSCT was significantly higher
in the TA-TMA group compared with those without TA-TMA
(68 days; 95% Cl, 63-74 vs 43 days; 95% Cl, 41-45; P < .001).
Additionally, the mean number of days in the intensive care unit was
significantly higher in patients with TA-TMA (10.1 days; 95% ClI,
6.4-14 vs 1.6 days; 95% Cl, 1.1-2.2; P < .001).

OS in the first 6 months after transplant was significantly lower in
allogeneic HSCT patients with TA-TMA compared with allogeneic
HSCT patients without TA-TMA (77% vs 93%; P = .001)
(Figure 2B). TRM during the first 6 months was significantly higher
in allogeneic HSCT recipients with TA-TMA compared with those
without (20% vs 3%; P = .0001). OS in autologous HSCT
recipients during the first 6 months was also significantly lower
in patients with TA-TMA than in those without (79% vs 98%;
P = .001) (Figure 2C).

TA-TMA-targeted interventions

Fifty-eight of the 98 (59%) patients with TA-TMA received =1
targeted intervention based on treating physician discretion.
Fifty (51%) were treated with the terminal complement blocker
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eculizumab, 6 (6%) were treated with therapeutic plasma exchange,
2 (2%) were treated with rituximab, and 3 (3%) received defibrotide.
Clinicians adjusted the dose of calcineurin inhibitors in 12 allogeneic
HSCT recipients with TA-TMA. Eculizumab was administered only to
subjects who had high-risk TA-TMA features, TA-TMA-associated
organ injury, or biopsy-proven TA-TMA. In patients treated with

Table 2. Univariate outcomes of HSCT patients with and without
TA-TMA

TA-TMA No TA-TMA

(n=98) (n=516) P
Respiratory failure requiring intubation, n = 57 25 (26) 32 (6) <.001
Respiratory failure requiring noninvasive ventilation, 29 (30) 33 (6) <.001
n =62
PE requiring pericardiocentesis, drain, or window 9(9) 3 (<1) <.001

during the first 100 d, n = 12

Pleural effusion requiring pleurocentesis and/or chest 4 (4) 4 (<1) .03
tube in the first 100d, n = 8

Pulmonary hypertension diagnosed in first 100 d, 6 (6) 3 (<1) .001
n=9

Required dialysis or continuous RRT in the first 100d, 15 (15) 13 (3) <.001

n=28

AKl'in the first 100 d, n = 174 65 (66) 109 (21) <.001

With the exception of the P values, data are n (%).
PE, pericardial effusion.

12 JANUARY 2021 - VOLUME 5, NUMBER 1 & blood advances



TA-TMA No TA-TMA OR 95% CI
(n=98) (n=516)
Acute GVHD 25 89 1.6 1.0,2.8
Steroid refractory
GVHD 12 23 3.0 1.4,6.3
ICU admission 52 80 6.2 3.8,9.9
Invasive ventilation 25 32 5.2 2.9,9.3
Noninvasive
ventilation 29 33 6.2 3.5,10.9
Pericardial effusion 9 3 173 4.5,66.9
Pulmonary
hypertension 6 3 11.2 2.7,46.7
Dialysis or CRRT 15 13 7.0 3.2,15.5
Acute kidney injury 65 109 7.4 4.6,11.9
voD 19 32 3.6 1.9,6.8
Death 22 29 4.9 2.6,9.0
TRM 20 15 8.6 41,177

02 04 06 08 10 20 40 80 16.0 320 64.0

Figure 4. Outcomes of pediatric HSCT recipients with and without TA-TMA. CRRT, continuous RRT dialysis; ICU, intensive care unit.

eculizumab, 96% had elevated sC5b-9 and/or proteinuria, which
were previously identified as being high-risk for mortality in patients
with TA-TMA.'® There was no statistical difference in the de-
velopment of =1 bloodstream infection in the first 100 days post-
HSCT in patients who were treated with eculizumab vs those who
were not. In patients who were treated with eculizumab, 21 of 50
(42%) developed =1 bloodstream infection vs 17 of 48 patients
(35%) who were not treated with eculizumab (P = .54).

Interestingly, 80% (n = 78) of patients with TA-TMA had
proteinuria; 6-month mortality was 27% (21/78) in patients with
proteinuria vs 5% (1/20) in patients without (P = .04) (Figure 5A).
Patients with TA-TMA who received any treatment had a 6-month
mortality of 29% (17/58) compared with 13% (5/40) in patients
who did not receive any treatment (Figure 5B). Patients with TA-
TMA who were treated with eculizumab had a 6-month mortality of
32% (16/50) compared with 13% (6/48) in patients with TA-TMA
who were not treated with eculizumab (P = .03) (Figure 5C). It is
important to highlight that there were no guidelines or recommen-
dations for treatment of TA-TMA, and it is likely that the patients who
received eculizumab had more severe disease compared with the
patients who did not receive it. Patients with TA-TMA who were
treated with eculizumab had an increased rate of intensive care
admission (64% vs 42%; P = .04) and pulmonary hypertension
(12% vs 0%; P = .03) compared with patients who were not
treated with eculizumab (supplemental Table 3).

Discussion

To our knowledge, this is the first multicenter analysis of incidence,
risk factors, and outcomes of children with TA-TMA receiving
prospective evidence-based screening for TA-TMA after HSCT.
Our study cohort was composed of a large population of stem cell
transplant recipients from small, medium, and large pediatric
transplant centers. TA-TMA occurred in 19% of those undergoing
allogeneic HSCT and in 10% of those undergoing autologous
HSCT. These data confirm single-center data suggesting that
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TA-TMA is a frequent and important clinical problem after pediatric
HSCT. We observed a higher incidence of TA-TMA in children with
nonmalignant disorders, perhaps explaining, to some extent, differ-
ences between centers based on differences in clinical practice.'®
The association between TA-TMA and immune and metabolic
disorders is intriguing. Recent reports suggest coactivation of
complement and interferon pathways as a potential culprit in the
evolution of TMA in patients with immune dysregulation disorders
like hemophagocytic lymphohistiocytosis, and it may explain the
greater susceptibility to endothelial injury in such disease groups.?®

TA-TMA after autologous HSCT was predominantly observed in
patients with neuroblastoma undergoing myeloablative tandem
HSCT?® using carboplatin/etoposide/melphalan. The use of
carboplatin/etoposide/melphalan in neuroblastoma patients has
been linked to high rates of TA-TMA in several single-institution
retrospective studies.'®?93! Qur study data suggest that patients
with neuroblastoma receiving this particular combination of
chemotherapy are at high risk for developing TA-TMA; further
investigations of endothelial injury mechanisms with these drugs are
warranted. These data also support prospective TA-TMA screening
and consideration for early interventions to reduce TA-TMA-associated
organ injury because these patients require additional therapy with
radiation and targeted antibody after HSCT that was commonly delayed
in those with TA-TMA. Moreover, radiation therapy often encompasses
kidneys, which commonly reactivates or exacerbates TA-TMA, leading
to further morbidity.

Our study clearly demonstrates that patients diagnosed with TA-
TMA had significantly lower OS and increased transplant-related
complications requiring intensive care support, including respiratory
failure and RRT, as well as increased health care resource
utilization. This study plays a significant role in raising our awareness
about TA-TMA's impact on pediatric transplant recipients and will
aid in planning studies in adults. TA-TMA had been considered an
infrequent complication of HSCT until the last 5 years. In 2014,
Jodele et al reported an 18% incidence of high-risk TA-TMA in
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Figure 5. Comparison of diagnostic and treatment variables and 6-month OS in patients diagnosed with TA-TMA (n = 98). (A) Six-month OS in patients di-

agnosed with TA-TMA who had proteinuria vs those who did not. (B) Six-month OS in patients who received any treatment vs those who did not. (C) Six-month OS in patients

treated with eculizumab vs those who were not.

a prospective cohort of pediatric stem cell transplant recipients.'® In
this cohort, untreated high-risk TA-TMA was associated with significant
organ injury and with poor 1-year postiransplant survival (<16.7%).
Untreated TA-TMA has since been found to be associated
with bacteremia,®2 pulmonary hypertension,®243%:34 pericardial
effusion,®”2* and bowel necrosis.*3> The key role of comple-
ment activation in TA-TMA has been described and led to studies
implementing complement blockade as a first-line therapy, with
significantly improved clinical outcomes in patients with high-risk TA-
TMA 8217192336 Qur current study confirms complement activation,
as measured by elevated blood sC5b-9 and proteinuria, as a high-risk
TA-TMA marker associated with increased TRM. These data will aid
in the planning of future prospective studies based on TA-TMA risk
stratifications. We believe that it is very important to identify high-risk
patients early in the disease process, so that targeted intervention
can be used in those who would benefit from such interventions and
for the most economical use of medical resources.

Our study also documents a higher incidence of SR GVHD in
patients with TA-TMA. Recent clinical and biomarker studies report
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endothelial injury in patients with SR GVHD, linking TA-TMA and
GVHD with high mortality and suggesting that both complications
should be treated in parallel to improve transplant outcomes.®”3®
These data suggest that patients with GVHD and TA-TMA may
need treatment of both processes to resolve symptomatology,
possibly explaining the apparent lack of efficacy of steroids alone.
Clinical trials of the efficacy of strategies to diagnose and treat both
processes will be valuable.

The majority of the published clinical experience on TA-TMA in the
United States has been reported as single-center studies, creating
an urgent need to demonstrate whether findings are generalizable
to all pediatric transplant populations. Moreover, it is important to
determine whether simple and inexpensive screening measures
can be incorporated into standard care at all institutions and are
effective in identifying a population with a significantly increased risk
for adverse outcomes.

The pragmatic research approach used in this study leverages
innovative designs to inform “real-world” choices about clinical
care.® Califf and Sugarman defined pragmatic research as “research
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that is designed for the primary purpose of informing decision makers
regarding the comparative balance of benefits, burdens and risks of
a biomedical or behavioral health intervention at the individual or
population level.”*® Pragmatic research and implementation work
usually takes place in the clinical setting with an intention to avoid
complex infrastructure and elevated costs to achieve generalizable
results in an efficient manner.*® In our study, institutions adopted
standardized evidence-based strategies to prospectively screen for
TA-TMA in their practice/institution, and management was determined
by the standard of care of their respective center. The intervention was
easy to implement (addition of LDH and UAs, as well as close
monitoring of cytopenias and hypertension) and had a low cost (~$60-
100 per week). Furthermore, the study was completed, with minimal
expenses, by volunteer faculty at the respective centers using a uniform
TA-TMA diagnostic algorithm and uniform remote deidentified data
input. We believe that this approach has provided a platform for future
collaborative pragmatic multi-institutional studies.

Multi-institutional studies necessarily include variability in clinical
care practices at different centers, which is a strength and
weakness of our study. We particularly wanted to ensure that
approaches were suitable for large and small transplant centers, as
well as more and less research-focused centers, but recognize that
differences in standard care will occur. Our study did not include
a standard treatment intervention; although we suspect that the
increased mortality in those treated reflects management of more
severe cases, we have insufficient data to verify this. An important
future goal is to develop and validate a standardized treatment
approach.

Despite limitations, this pragmatic multi-institutional study provides
crucial data that TA-TMA affects outcomes in an important number
of pediatric transplant recipients at all participating transplant
centers, as well as that TA-TMA can be identified via prospective
screening. Patients undergoing HSCT should have routine
scheduled monitoring for TA-TMA, because these basic laboratory
tests are inexpensive and available at all institutions.'” Specialized
complement studies used for TA-TMA risk stratification are available
as Clinical Laboratory Improvement Amendments (CLIA)-certified
tests at reference laboratories. Our data clearly demonstrate that
TA-TMA can lead to multiorgan failure; improved uniform treatment
approaches are urgently needed. Prospective TA-TMA screening at
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