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Transplant-associated thrombotic microangiopathy (TA-TMA) is an increasingly recognized complication of allogeneic and autologous hematopoietic cellular therapy (HCT), associated with significant morbidity and mortality. Although the central drivers of the disease are thought to be endothelial damage and complement activation, no specific diagnostic biomarkers have been identified. TA-TMA is typically diagnosed using criteria comprised of non-specific clinical and laboratory features. Some patients will have a self-remitting course, but more than half develop multi-organ dysfunction or die, making prognostic biomarkers critical. Prevention of TA-TMA, an approach central to other HCT complications such as graft-versus-host disease, is largely untested in part due to a lack of identified early high-risk biomarkers. We conducted a systematic review to summarize the diagnostic, early risk, and prognostic biomarkers of TA-TMA. We screened the titles and abstracts of 1524 citations. After screening out duplications, we read the abstracts of 979 papers and fully reviewed 132 full-text publications. Thirty-one publications fulfilled the inclusion criteria of more than five patients with TA-TMA and a reported measure of association with diagnosis, prognosis, or risk of later development of the disease. Fourteen studies (45%) were with adults, 12 (39%) were with children <18 years old, three included both children and adults, and two did not report age. There were 53 biomarker or biomarker signature entries, and a total of 27 unique biomarkers. Only four biomarkers reported sensitivity and specificity. The single biomarker with the most robust data was sC5b-9, which conferred diagnostic, prognostic, and risk implications. Studies of combinations of biomarkers were rare. No meta-analyses were performed because of significant heterogeneity between studies. The limitations of studies included small sample size, study designs with a high risk of bias (i.e., case–control), the timing of sample collection, and the selection of controls. Furthermore, only two (6%) studies included a training and validation cohort. Cut-off points are needed to stratify groups, as most biomarkers do not have normal values, or normal values cannot be assumed in the HCT setting. In the future, multi-institutional, collaborative efforts are needed to perform rigorously designed, prospective studies with serially enrolled patients, with samples collected at the time of TA-TMA diagnosis, careful selection of controls, and validation of selected biomarkers and cut-off points in a separate cohort.




Keywords: transplant associated thrombotic microangiopathy, biomarkers, complement activation, endothelial activation, sC5b-9 (serum complement membrane attack complex), NETs (neutrophil extracellular traps)



Introduction

Transplant-associated thrombotic microangiopathy (TA-TMA) is an increasingly recognized complication thought to complicate ~15%–30% of allogeneic hematopoietic cell transplantation (HCT) recipients. TA-TMA also occurs after autologous HCT, particularly in children with neuroblastoma (1–3). Multiple hits to the endothelium results in a pro-apoptotic, pro-inflammatory, and pro-thrombotic milieu and inappropriate complement activation resulting in further endothelial damage (4–7). Risk factors for TA-TMA include inherent features of underlying HCT diagnosis, age, sex, prior endothelial injury or complement genetic variations; donor-related complement genetic variations; transplant characteristics including HLA mismatch, myeloablative conditioning, radiation, and graft-versus-host disease (GVHD) prophylaxis; and transplant complications including GVHD and infection (3, 8–13).

TA-TMA shares the principal features of other TMAs—consumptive microangiopathic hemolytic anemia, platelet consumption, and organ dysfunction. Over 50% of patients with TA-TMA develop multiorgan dysfunction (MOD); once this develops mortality in untreated patients can exceed 80% (2). Clinical manifestations include diffuse alveolar hemorrhage, respiratory failure, pulmonary hypertension, kidney injury or failure, altered mental status, posterior reversible encephalopathy syndrome (PRES), seizures, bowel ischemia, abdominal pain, gastrointestinal bleeding, and pulmonary or cardiac effusions requiring drainage. Among patients who develop MOD mortality rates exceed 50% (14). Non-relapse mortality (NRM) remains significantly higher in TA-TMA patients even after adjusting for other concurrent co-morbidities (15, 16).

Early identification of TA-TMA is critical as there are treatments that impact survival and multiple ongoing clinical trials investigating new therapeutic agents (17–20). Although a renal biopsy is considered the gold standard for TA-TMA diagnosis, it is rarely obtained in the post-HCT setting and there are no identified specific diagnostic biomarkers of the disease. Thus, TA-TMA is primarily a clinical diagnosis. Several diagnostic criteria have been identified and all depend on a combination of non-specific features (Table 1) (2, 16, 21, 22). Despite expert consensus, there is not a uniformly accepted diagnostic criterion for TA-TMA (23). In addition to identifying patients with TA-TMA, prognostic markers are critical—the goal is to identify those patients at the highest risk for developing severe disease and who will most benefit from TA-TMA-directed therapy while sparing those who are most likely to have a self-remitting course from the side effects and the costs of the drug. Subclinical biomarkers predicting the risk of developing TA-TMA could facilitate strategies to pre-emptively treat or prevent TA-TMA, akin to GVHD and sinusoidal obstructive syndrome (SOS) (24, 25). Our objective for this systemic review was to identify existing diagnostic, prognostic, and risk biomarkers for TA-TMA and to evaluate the quality and the level of evidence around them.


Table 1 | Clinical diagnostic criteria for TA-TMA.





Methods

We conducted a systematic review of diagnostic, prognostic, and risk biomarkers in accordance with Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) standards. All studies of genetic variants and immunohistochemical staining of tissues were excluded, and no biomarkers from other fluid sources (i.e., bronchoscopy fluid or cerebrospinal fluid) were identified.


Data sources and search strategy

A literature search was performed using Embase® (Elsevier, Amsterdam, the Netherlands) and PubMed® (National Library of Medicine, Bethesda, MD, USA) databases for relevant original studies from inception to 4 August 2022. There were no search filter, date, or language restrictions applied to the literature search to limit results. A broad search was conducted (Supplemental Table 1).



Eligibility requirements

Studies were included if they were original human studies related to biomarkers in TA-TMA and included at least five patients with TA-TMA. Studies not related to TA-TMA, duplicate articles, review articles, animal studies, studies that included fewer than five patients with TA-TMA, studies with no biomarker data, abstracts that were published later, papers published only in conference proceedings, and studies of genetic variants in TA-TMA were excluded. There were no exclusion criteria regarding patient characteristics, TA-TMA diagnosis used, study design, or time.



Data extraction and quality

Two reviewers (MS and HB) independently screened all potentially relevant titles and abstracts for eligibility. Data gathered included author and publication year, type of study design (cohort, case–control, hybrid, retrospective or prospective, blinded, or not blinded), biomarkers, number of TA-TMA cases, diagnostic criteria used for TA-TMA, controls, sample approach, age group of cohorts, and measure of association such as hazard ratios (HRs), odds ratios (ORs), or information on sensitivity/specificity for biomarkers.



Assessment of quality and risk of bias of individual studies

A quality assessment of diagnostic accuracy studies (QUADAS)-2 assessment was performed independently by two authors (HB and MS). The QUADAS-2 is a tool that includes four domains designed to ascertain the risk of bias and standardize systematic reviews (26). Biomarker entries with available data on sensitivity/specificity and a post-HCT control group were included in the α-group, whereas β-group entries lacked either or both characteristics. For each group, biomarkers were categorized into four groups: markers of complement activation, endothelial activation, thrombosis, and miscellaneous. Finally, each of the biomarker groups were further divided into diagnostic, risk, and prognostic categories based on the data analysis.



Biomarker definitions

Biomarkers were defined as per the Federal Drug Association and National Institutes of Health joint leadership guidelines. Diagnostic biomarkers detect or confirm a diagnosis. Risk biomarkers detect the potential for disease in patients without a clinically evident disease. Prognostic biomarkers determine the anticipated disease course in patients with clinically evident disease (27).



Biomarker entry

Each biomarker or biomarker combination with either diagnostic, prognostic, or risk value was defined as a biomarker entry. Some manuscripts had multiple biomarker entries, resulting in several biomarker entries per paper. For example, if a single biomarker was tested in three ways—(1) predicting the development of later TA-TMA, (2) diagnostic ability, and (3) association of later non-relapsed related mortality (prognosis)—this resulted in three biomarker entries.




Results

After removing duplicates, 979 publications were identified. After reviewing titles and abstracts, 132 were then manually reviewed. Most publications were excluded because they were not addressing TA-TMA or did not include biomarker data (Figure 1). A total of 53 biomarker entries were identified that included 27 unique biomarkers or biomarker signatures.




Figure 1 | PRISMA flow chart of paper selection.




Characteristics and quality of included studies

Summarized results for the quality and risk of bias assessments of the 31 studies based on QUADAS-2 are shown in Figure 2. The risk of bias was shown to be high in most studies given case–control study designs, convenience sample approaches, retrospective study design, and lack of validation in a separate cohort. No study commented on whether or not the samples were blinded to biomarker analysis.




Figure 2 | Summary of QUADAS-2 assessment for the risk of bias to assess study quality. Results of the QUADAS-2 questions for each study (n=31). If information was missing from the manuscript, it was indicated as unknown. In addition to typical QUADAS-2 questions, data for timing of diagnostic samples, validation cohort, and controls (whether the cohort was post HCT or healthy donors) are also indicated.





Entries per biomarker category and type

The 53 biomarker entries, from 31 studies, were classified into four predefined categories: markers of complement activation, endothelial activation, thrombosis, or other (Figure 3). Markers of complement activation comprised 36% of biomarker entries. Sample sizes of cohorts varied with a median TA-TMA sample size of 15 patients (range 7–508 patients) and a median control cohort size of 26 patients(range 3–1482 patients). Multiple different diagnostic criteria were used including Cho (n= 8), Jodele (n=5), the Bone Marrow Transplant Clinical Trials Network (BMT-CTN) (n=4), the International Working Group (IWG) (n=3), City of Hope (n=1), Uderzo (n=2), multiple criteria (n=3), and other/unknown (n=5). Fourteen (45%) of the studies were with adults, 12 (39%) were with children, three (10%) included both children and adults, and two (6%) did not report age.




Figure 3 | Classification and number of entries per biomarker category. In total, 53 biomarker entries from a set of 31 studies were included. The α-group entries included sensitivity and specificity values and post-HCT controls. The β-group entries lacked either or both of these features. Biomarkers were grouped into markers of complement activation, endothelial activation, thrombosis, and miscellaneous. They were further subdivided into diagnostic, risk, and prognostic biomarkers. The number of α-group entries is indicated in green, and the number of β-group entries is in red.





Biomarkers with reported diagnostic performance (α-group)

Of the five studies that reported a biomarker with sensitivity and specificity, two were diagnostic and three predicted later risk of TA-TMA. Levels of sC5b-9 ≥ 321.5 ng/ml in an adult cohort of 10 patients with TA-TMA and GVHD, compared with 10 patients with GVHD, only had a 90% sensitivity and a 70% specificity for TA-TMA diagnosis (28). However, this was a case–control study, limited by a small sample size, and it was not clear when samples were obtained. vWF% activity of ≥325% at the time of TA-TMA diagnosis had an 86.96% sensitivity [95% confidence interval (CI) 66.4% to 97.2%] and a specificity of 67.25% (95% CI 53.3% to 79.3%) (29). This prospective study had a larger sample size (TA-TMA, n=23; controls, n=53), but the findings were not validated in a separate cohort.

Two biomarkers were associated with the later development of TA-TMA. Levels of Ba ≥869.1 ng/ml on day 7 post HCT had a sensitivity of 80% (95% CI 52% to 96%) and a specificity of 100% (95% CI 70% to 100%) of predicting later development of TA-TMA (median day 25, range 22.5–44 days) (30). Although sensitivity and specificity were reported, this study was limited by a case–control study design and small sample size of 15 patients with TA-TMA and 15 post-HCT controls. The only biomarker that was validated in two separate cohorts was sC5b-9 level on day 28. In two pediatric cohorts, levels of sC5b-9 ≥252 ng/ml on day 28 had a sensitivity of 100% and a specificity of 61% in the first cohort, and in the validation group a sensitivity of 100% and a specificity of 53% for developing TA-TMA later in the HCT course (median day 63, range 42–85 days) (31, 32). Although validation was a strength of this study, the sample size was a limitation. Between both cohorts, only 20 patients had TA-TMA (10 in the first cohort and 10 in the second). The same group also reported that a change in 66 ng/ml from baseline to day 28 day had a sensitivity of 90% and a specificity of 84% of a later TA-TMA diagnosis (32) (Table 2).


Table 2 | α-group biomarkers.




β-group diagnostic biomarkers

Among β-group biomarker entries (n= 22), there were 13 unique biomarkers and one scoring system incorporating multiple biomarkers. Of the 14 diagnostic biomarkers, seven (50%) were obtained at the time of clinical diagnosis, five (32%) were obtained at a standard time point available, and the timing of the sample was unclear in two (14%). Markers of complement activation were significantly higher in patients with TA-TMA and included the alternative pathway, Ba (n=1) (33) and Bb (n=1) (34), the classical pathway, CH50 (n=1) (35), terminal complement, sC5b-9 (n= 4) (2, 34–36), and anaphaylatoxin C3b (n=1). Markers of endothelial activation, including ST2 (n=2) (9, 37), sVCAM-1 (n=2) (28, 38), and ANG-2 (n=1) (36), markers of thrombosis, including thrombomodulin (n=3) (28, 37, 39), vWF : Ag (39), neutrophilic extracellular traps measured by dsDNA, and day 100 endothelial activation, and stress index (EASIX) scores, were calculated (lactate dehydrogenase (LDH) x serum creatinine)/platelets. These markers were also significantly higher in TA-TMA patients (40). Levels of heme oxygenase-1, a stress-inducible protein, which protects endothelial cells from apoptosis, were lower in patients with TA-TMA than in post-HCT controls (41) (Table 3).


Table 3 | β-group diagnostic biomarkers.





β-group risk biomarkers

Eleven biomarker entries from 10 studies resulted in eight unique biomarkers, which were significantly different before clinical manifestations of TA-TMA and may predict the development of the disease. Timing of samples acquisition varied significantly: six studies (55%) measured samples at baseline (BL) preconditioning, three (27%) on day 14 post HCT, one (9%) 2 weeks before clinical TA-TMA diagnosis, and one (9%) a range of days before TA-TMA diagnosis (median 37 days). There were no β-group risk markers of complement activation. ST2 was the most promising risk biomarker. It was significantly elevated in patients with TA-TMA, compared with controls, before clinical manifestations of the disease in three separate studies (9, 37, 44). Early elevation of dsDNA, thought to be from neutrophilic extracellular traps, was significantly elevated in TA-TMA patients in two studies (40, 45) (Table 4).


Table 4 | β-group risk biomarkers.





β-group prognostic biomarkers

Eleven biomarkers associated with poor prognosis were reported. Outcomes included death, non-relapse mortality, and neurological dysfunction (50). Four studies reported prognostic implications of sC5b-9 including (1) values ≥ 244 ng/dl at the time of diagnosis (2); (2) a change in level of 1.8-fold from baseline to diagnosis (51); (3) an increase of a log at the time of TA-TMA (51); and (4) levels of sC5b-9 ≥300 ng/l and ANG-2 > 3000 pg/ml in patients with concurrent TA-TMA and GVHD (36). Markers of microangiopathy including decreased levels of haptoglobin (52), elevated levels of LDH (15, 53), and scores that use laboratory values of microangiopathy, including BATAP (bilirubin, age, thrombocytopenia, anemia, proteinuria) (54) TMA index (LDH/platelets), and an EASIX score (55), all portended a poor prognosis. also portended a poor prognosis (14). BATAP scores and their association with mortality were studied in two independent cohorts and validated at the time of TA-TMA diagnosis in a large cohort. Of note is that the only identified positive prognostic biomarker was red cell fragments, which when present, compared with schistocytes without red cell fragments, was associated with decreased mortality (56) (Table 5).


Table 5 | β-group prognostic biomarkers.







Discussion

This systematic review assessed the diagnostic, predictive, and prognostic performance of biomarkers of TA-TMA at multiple time points. A wide variety of biomarkers were tested, but only three biomarkers had specificity and sensitivity data and only two were validated in separate cohorts. These studies had the strongest level of evidence in this systematic review, but there were still limitations due to the small sample size and study design. The single biomarker with the most robust data is sC5b-9 levels, which has reported diagnostic, risk, and prognostic associations. Furthermore, the sC5b-9 level was one of only two biomarkers that was confirmed in a separate validation cohort. However, there is insufficient evidence that elevated levels of sC5b-9 alone are specific for TA-TMA. Furthermore, the appropriate cut-off value for the sC5b-9 level is not clear, with contradictory data in children and adults. Lastly, the sC5b-9 level is not readily available, limiting its incorporation into clinical practice. Outside of CH50, LDH, blood counts, and proteinuria, most tests are only obtained in specialty laboratories and, hence, not readily available. Furthermore, although some studies reported significant differences in sC5b-9 kinetics these have limited clinical utility at this time, as these biomarkers are not routinely assessed before the transplant or serially post transplant.


Gaps identified from review in current literature and future directions

This review summarizes the biomarker landscape of TA-TMA and highlights the many unmet needs in the field. (1) There are very low-bias risk studies, and many are limited by small sample size, with a median of 15 patients with TA-TMA. (2) Many biomarkers do not have a normal range of concentration or level established. Even if a normal range is established, in the post-HCT setting the normal range can likely not be applied. Thus, a cut-off value of biomarkers is necessary for clinical utility. Only five studies reported a biomarker with a cut-off value and associated sensitivity and specificity. (3) There was significant heterogeneity in TMA diagnostic criteria used among studies. As some criteria incorporate organ dysfunction, this may bias results. (4) Among diagnostic biomarkers, only 50% were obtained at the time of clinical diagnosis. Utilizing institutional biorepositories with samples available at standard time points is often more feasible than collecting samples at the time of the event, but when investigating diagnostic biomarkers, obtaining samples at the time of the event is critical and the most rigorous approach. (5) A lack of validation in separate cohorts and demonstration of reproducibility of results. Most markers are not clinically available and, in most studies, enzyme-linked immunosorbent assay (ELISA) kits were used from multiple different companies (Supplement Table 3). We have made suggestions to address these gaps for future research (Table 6).


Table 6 | Key findings and suggestions for future studies.



Another pervasive challenge of biomarker discovery in TA-TMA is concurrent comorbidities—TA-TMA often occurs with acute GVHD, hepatic sinusoidal obstructive syndrome, and/or infections (Figure 4). Each of these complications has reported biomarkers, many of which overlap with the biomarkers reported in TA-TMA (Figure 5). This challenge is not unique to TA-TMA and impacts most biomarker research in HCT. Because GVHD and infections, well-known risk factors for TA-TMA can directly cause endothelial damage (42, 43, 57, 58), they may play a key role in the pathophysiology of TA-TMA. Thus, adjusting for these complications in a typical multivariable biomarker analysis may not be the best approach (59). Instead, to overcome this limitation, biomarkers of TA-TMA could have three separate comparison groups: (1) post HCT without any complications, (2) TA-TMA with a concomitant complication of interest (i.e., GVHD, steroid-refractory GVHD, SOS, infections, etc.), and (3) only complication of interest without TA-TMA. This approach could help overcome this limitation and gain insight into the shared and disparate biomarkers of two diseases. However, this would require large sample sizes and multi-institutional collaboration. Furthermore, because multiple complications are often present this cannot resolve all limitations. Very large cohorts, with controls enriched for concurrent morbidities using other approaches like matching or propensity score matching, is another approach that could be taken.




Figure 4 | Overlap of TA-TMA and common post-BMT complications in time. The typical high-risk period for complications post-HCT are indicated in different colors. The high-risk period for TA-TMA overlaps with the risk period for acute GVHD, VOD, infections, and organ toxicities such as pulmonary failure. **Often in the setting of overlapping or chronic GVHD, increased risks for infections and TA-TMA can occur later in the transplant course.






Figure 5 | Overlapping biomarkers of common post-BMT complications and TA-TMA. A literature search of the TA-TMA biomarkers identified in this review and any diagnostic, prognostic, or risk implications in GVHD, SOS, and pulmonary failure (infectious and non-infectious) was completed. Most biomarkers identified in TA-TMA overlapped with other post-HCT complications. Citations provided in Supplementary Table 2. Abbreviations: lactate dehydrogenase (LDH), neutrophil extracellular traps (NETS), thrombomodulin (TM).



Based on our systemic review, while many candidate biomarkers were identified, there is insufficient sensitivity and specificity data for a single biomarker or biomarker panel to be used for the diagnosis of TA-TMA. Continued efforts to identify diagnostic, prognostic, and risk biomarkers in TA-TMA and validate them in separate cohorts is a priority for this disease. Biomarker discovery is critical for clinical care and may also provide additional insight into the pathophysiology of the disease and support novel therapeutic approaches. There are currently inhibitors that target multiple components of the complement cascade, including the lectin pathway, the alternative pathway, the classical pathway, C3, and C5 (7, 60, 61). Evidence of activation in any of these pathways could support investigating the safety and efficacy of these novel therapeutic approaches. We propose a continued investigation of biomarkers, with the most robust data to date including markers of complement activation, ST2, and vWF % and markers that could have therapeutic implications, or which are readily accessible.



Strengths and limitations of this study

This systematic review outlined how the results of 31 papers and 27 unique biomarkers have several strengths. Inclusion and exclusion criteria were defined and agreed on by authors a priori. The search strategy was validated and PRISMA guidelines were followed. Quality and bias assessment of publications were assessed using QUADAS-2, a recognized and validated tool. There were no limitations on patient populations: children and adults were included using any TA-TMA diagnostic criteria. However, the review was limited by a lack of formal assessment of publication bias. We could not perform a meta-analysis given the heterogeneity of the studies. We included only studies written in English, and may have missed studies written in other languages, though we are not aware of any such misses. Furthermore, we could have missed other biases that were not covered by the QUADAS-2 questions. Lastly, we reported only “positive” results and did not summarize contradictory studies in which there were no significant differences in biomarkers.




Conclusions

The increased interest and recognition of TA-TMA is exciting, but for the field to move forward and make significant, clinically applicable progress, multi-institutional, collaborative efforts with samples obtained at appropriate time points with well-matched controls are needed. We conclude that currently, while there is promising early data, more robust evidence with large validation cohorts are needed for diagnostic, prognostic, and predictive biomarkers in TA-TMA.
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1524 records identified through database searching
955 Embase

569 Pubmed

979 records screened after duplicates removed

847 excluded based on the title or abstract
594 not target condition, TA-TMA
191 no biomarker data (genetic studies, case report,
case series, or only clinical data)
43 review articles
3 animal studies
16 not English

101 excluded full text articles
5 not target condition, TA-TMA

54 no biomarker data (genetic studies, case report,
case series, no sub-analysis in TA-TMA cohort, or
only clinical data)

14 review articles

9 conference abstracts that were later published in
full form

3 conference proceeding only
3 excluded for including <5 TA-TMA patients
13 papers not found

31 full text articles included
53 biomarker or biomarker signature entries
27 unigue biomarkers or biomarker signatures
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Category Biomarker

sC5b-9 > 244 ng/
dl

sC5b-9

sC5b-9 A from
Complement  BL to diagnosis
1.8-fold

Log-sC5b-9

Ba > 869.1 ng/ml

5C5b-9 2300 ng/
Endothelial  dl and ANG-2
>3000 pg/ml

VWEF % > 325%
Thrombotic

Calpain Activity

Proteinuria > 30

mg/dl

Haptoglobin
below normal
limits

Peak LDH

Miscellaneous

LDH at TA-
TMA diagnosis

Red cell
fragments*

BATAP score

TMA index
(LDH/platelets)

Ref

(30)

(1)

(51)

(32)

(36)

[€Y]

(50)

@)

(47)

(15)

(49)

(54)

(14)

Study
(year)

Jodele
(2014)

Gavriilaki
(2019)

Jodele
(2022)

Jodele
(2022)

Okamura
(2021)

Li (2020)

Xu (2019)

Zeigler
(1999)

Jodele
(2014)

Zhang
(2018)

Uderzo
(2000)

Schoettler
(2020)

Jekarl
(2015)
Zhao

(2021)

Uderzo
(2006)

TMA  Age
Dx cri-
teria

Jodele P
WG A
Jodele P
Jodele P
Cho A
Li A
Cho A

Jodele
Cho

Other

Jodele

BMT-
CTIN

Cho

Other

P.
and
A

P
and
A

Control
group

Study Enrollment

design

Serial
samples

Sample
timing

TMA dx

TMA dx

TMA dx

D7

TMA dx

TMA dx

TMA dx

LDH
TMA dx

TMA dx

TMA dx

TMA dx

Validation
Blinding

Size
Cases  Controls

18 18

TATMA  TA-TMA

dead alive

Q Dead o Alive

18 30

MR TA- MR TA-

TMA dead  TMA alive

18 30

MR TA- MR TA-

TMA dead  TMA alive

12 18

High Ba Low Ba

12 24

TA-TMA  acute

and GVHD ~ GVHD

38 40

> 325% <325%

VWE% YWE%

19 3

TA-TMA, no TA-TMA

neurological  neurological

change changes

18 18

TATMA  TA-TMA

dead Alive

24 26 TA-TMA

TATMA  alive

dead

9 severe TA- 19 non-

TMA severe TA-

TMA

50 50

TA-TMA  TA-TMA

dead alive

15 74

TA-TMA no TA-TMA

223 285

TATMA  TA-TMA,

dead alive

32TA-TMA 32 TA-TMA

dead alive

The B-group entries lacked sensitivity or specificity. The age range of patients in the study was indicated if included, otherwise based on median and interquartile ranges provided; if the

cohort was largely aged <18 years, P (pediatrics) is indicated. All missing data are indicated with a O , lowest biases with a ° , and higher bias risk with a e . Low risk of bias by

categories were defined as follows: any post-HCT controls, cohort study design, prospective study, serial enrollment of patients, samples obtained at the time of diagnosis for diagnostic
criteria, and validation of biomarkers in a separate cohort. Otherwise, the study features were considered to have a high risk of bias. The BATAP score was comprised of 1 point each for
bilirubinemia, age, thrombocytopenia, anemia, and proteinuria. Moderate risk TA-TMA (MR) was defined as elevated sC5b-9 or random urine protein-to-creatinine ratio without evidence
of multi-organ dysfunction. All markers are associated with a poor prognosis, either non-relapsed mortality or death except red cell fragments (*). The presence of red cell fragments in this
study was a positive prognostic factor associated with improved survival. ** sample obtained at GVHD diagnosis
thrombomodulin (TM), double stranded DNA (dsDNA), thrombocytopenic thrombotic purpura (TTP), baseline (BL), moderate risk TA-TMA (MR TA-TMA).





