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Clonal hematopoiesis is associated with various age-related morbidities. Error-corrected 

sequencing (ECS) of human blood samples, with a limit of detection of ≥0.0001, has demonstrated 

that nearly every healthy individual >50 years old harbors rare hematopoietic clones below the 

detection limit of standard high-throughput sequencing. If these rare mutations confer survival or 

proliferation advantages, then the clone(s) could expand after a selective pressure such as 

chemotherapy, radiotherapy, or chronic immunosuppression. Given these observations and the lack 

of quantitative data regarding clonal hematopoiesis in adolescents and young adults, who are more 

likely to serve as unrelated hematopoietic stem cell donors, we completed this pilot study to 

determine whether younger adults harbored hematopoietic clones with pathogenic mutations, how 

often those clones were transferred to recipients, and what happened to these clones over time 

after transplantation. We performed ECS on 125 blood and marrow samples from 25 matched 

unrelated donors and recipients. Clonal mutations, with a median variant allele frequency of 

0.00247, were found in 11 donors (44%; median, 36 years old). Of the mutated clones, 84.2% of 

mutations were predicted to be molecularly pathogenic and 100% engrafted in recipients. 

Recipients also demonstrated de novo clonal expansion within the first 100 days after 

hematopoietic stem cell transplant (HSCT). Given this pilot demonstration that rare, pathogenic 

clonal mutations are far more prevalent in younger adults than previously appreciated, and they 

engraft in recipients and persist over time, larger studies with longer follow-up are necessary to 

correlate clonal engraftment with post-HSCT morbidity.

INTRODUCTION

Matched, unrelated allogeneic hematopoietic stem cell transplantation (HSCT) is a curative 

therapy for a variety of nonmalignant β-globinopathies (1), constitutional enzyme 

deficiencies, and hematologic malignancies (2). However, HSCT recipients often suffer 

multiple early and late post-HSCT morbidities (3). These range from relatively common 

conditions such as cardiac dysfunction, coronary artery disease (4), graft-versus-host disease 

(GvHD) (5), immune dysfunction/infection, cytopenias, and myelodysplasia to very rare 

events such as donor cell leukemia (6). Many of these common morbidities have been 

anecdotally attributed to donor clone(s) with pathogenic mutations in a discrete panel of 

candidate genes (5, 7, 8). These anecdotal clones would qualify as clonal hematopoiesis of 

indeterminate potential [CHIP; with ≥2% variant allele frequency (VAF)] in an otherwise 

healthy person (9), and about 5% of healthy individuals older than 50 years harbor CHIP 

clones (10-12). However, this definition of CHIP is primarily based on the limit of detection 

of standard next-generation sequencing (NGS), hence the age-related prevalence because it 

takes decades of selection for some clones to expand to the level of this detection. In 

contrast, error-corrected sequencing (ECS) has a limit of detection of 0.0001 and has 

revealed that nearly everyone older than 50 years harbors hematopoietic clones with 

mutations associated with acute myeloid leukemia (AML) and atherosclerosis (13, 14), and 

there are very few differences in clonal variability and frequency between those who stay 

healthy and those who actually develop AML (15). The clinical relevance of hematopoietic 

clones with <2% VAF was recently demonstrated in AML prediction (16) and mutation 

clearance after allogeneic HSCT for myelodysplastic syndrome (17), where clones as rare as 

0.005 VAF were clinically relevant for disease progression. Recently, Frick and colleagues 

(5) studied common clonal mutations in the context of CHIP from older, matched, related 
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HSCT donors (>55 years old), where about 5 to 10% of this population would be expected 

to harbor CHIP clones based on prior studies (10-12). This study found that the presence of 

CHIP correlated with the development of chronic GvHD. However, the study was limited by 

only examining older, related donors and mutations above 0.02 VAF. Unlike older related 

HSCT donors who are expected to have CHIP, 86% of eligible unrelated donors are 

adolescents and young adults (AYA) aged 18 to 44 years, an age group where CHIP is 

virtually nondetectable (10-12), but recipient morbidity generally exceeds that seen in 

related HSCT. Despite not having CHIP, it has been hypothesized that the AYA population 

harbors hematopoietic somatic mutations of low VAF, undetectable via standard NGS (18), 

and these mutations could serve as a reservoir for future disease development when relevant 

selective pressure is present (19). Hence, the appro-priate way to study these low VAF 

mutations in the AYA group and the effects thereof in HSCT recipients is via ultrasensitive 

sequenc-ing techniques, such as ECS, that could circumvent the error rate of standard NGS 

(14).

In addition, the genes frequently mutated in AYA leukemia (20) differ substantially from 

leukemia in older adults (21), suggesting that the AYA population may harbor a different 

clonal hematopoietic mutation spectrum than that seen in the CHIP literature. However, the 

physiologic prevalence and mutation spectrum of hematopoietic clones with mutations <0.02 

VAF in the AYA population has not been quantitatively characterized. Thus, our 80-gene 

targeted panel included genes that are frequently mutated in both pediatric/AYA and older 

adult AML.

In summary, this caused us to hypothesize that (i) unrelated, AYA HSCT donors may harbor 

hematopoietic clones with mutations <0.02 VAF in genes other than those associated with 

CHIP, and (ii) these mutations may confer a growth or survival advantage and may there-

fore be selected and engrafted in recipients. In this model, prior and ongoing chemotherapy, 

radiotherapy, and immunosuppression can act as potent selective pressures on any cell with a 

survival or proliferation advantage. ECS has previously demonstrated a comparable process 

in therapy-related AML (t-AML) (13), where preexisting TP53-mutated hematopoietic 

progenitors, as rare as 0.0003 VAF, are selected by treatment of the primary malignancy and 

result in t-AML months to years later. To interrogate this hypothesis, our primary goal was 

to find retrospectively banked, matched unrelated donor:recipient samples with as many 

longitudinal time points as possible. For each pair, five samples were evaluated: donor pre-

HSCT, recipient pre-HSCT, and recipient at 30 (D30), 100 (D100), and 365 days (D365) 

after HSCT. We asked the following questions: (i) What is the clonal hematopoietic 

spectrum in younger, healthy donors? (ii) How many donor clones are typically transferred 

to recipients? (iii) What happens to these clones longitudinally in re-cipients? Given that the 

presence of clonal hematopoiesis is un-expected in this donor age group and there may have 

been little to no clonal transfer to recipients, this study was not designed to cor-relate clinical 

outcomes with donor clonal hematopoiesis, but the results indicate that such a study is 

warranted.
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RESULTS

Engraftment of pathogenic somatic variants of donor origin

Given that the prevalence of hematopoietic clones at <0.02 VAF in the healthy AYA 

population has not been quantified, we first characterized the prevalence and genetic 

spectrum of clonal hematopoietic mutations in donors before transplantation. Because clonal 

hematopoiesis is associated with multiple complex health problems and all-cause mortality 

(10), we were not solely interested in mutations associated with hematologic malignancies, 

but rather any mutation that would confer a growth or survival advantage to a cell due to 

altered molecular functions.

The donor pool consisted of 25 individuals with a median age of 26 years (range, 20 to 58). 

Only one donor, aged 23 (4% of donors), harbored a CHIP clone >0.02 VAF [SRCAP frame 

shift insertion-deletion (indel)]. In total, we identified 19 somatic mutations in 11 donors, 

aged 20 to 58 (44% of donors) (Fig. 1A and data file S1). The median VAF of these somatic 

mutations was 0.00247 (an order of magnitude more rare than the definition of CHIP) with a 

range of 0.00058 to 0.0274. Fourteen donors had no clonal mutations in the 80 target genes. 

Consistent with previous studies, despite a younger cohort, donors had mutations most 

frequently in DNMT3A and TET2 (Fig. 1B). None of the mutations detected in donors were 

observed in the pre-HSCT samples of recipients. Each mutation was annotated using the 

combined annotation-dependent depletion (CADD) scoring system. Mutations with a scaled 

CADD score ≥20 represent the top 1% of mutations expected to be most pathogenic to any 

cellular func-tion (22) and were, thus, labeled as “pathogenic” mutations in this study. We 

found that 84.2% of the detected mutations were patho-genic (Fig. 1B and Table 1), and 

100% of detected somatic mutations engrafted in recipients. The most common mutations 

were cytosine-to- thymine transitions (Fig. 1C), as previously seen in healthy, elderly adults 

(14). The median ages for the donors with clonal hematopoiesis and those without were 36 

and 24, respectively, which was a signif-icant difference (P = 0.03; two-sided Wilcoxon 

rank-sum test; Fig. 1D).

Of the 19 engrafted mutations, 14 (74%) clones persisted through D365 after HSCT, and 13 

of these had pathogenic mutations (Fig. 1E and fig. S1). The likelihood of persistent 

engraftment was not depen-dent on the initial VAF in donors (P = 0.105; two-sided 

Wilcoxon rank-sum test). Despite an initially low VAF, three recipients (12%) had engrafted 

clones that expanded beyond the defined CHIP threshold of ≥0.02 VAF after HSCT at D100 

and D365 (fig. S2). All mutations that expanded to ≥0.02 VAF were scored as pathogenic, 

and the mutated genes were TP53 p.R150W [Catalogue of Somatic Mutations in Cancer 

(COSMIC) ID: COSM99925; CADD = 25.7], DNMT3A p.Q222P (CADD = 26.1), and 

CREBBP p.R445X (COSMIC ID: COSM255965; CADD = 38).

Presence of de novo pathogenic somatic mutations in recipients after HSCT

Next, we examined longitudinal differences in the mutational spectrum of engrafted clones. 

By comparing the recipient’s clonal profile before HSCT and after HSCT, we accounted for 

residual physiologic hematopoietic clones and residual primary disease (data files S2 and 

S3). These recipient clones were filtered out accordingly.
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As expected, given their high prevalence, DNMT3A mutations were most commonly 

observed after HSCT across all time points (Fig. 2A), and most of these were engrafted from 

donors. In addition, 30 (61.2%) of the total detected unique mutations in recipients after 

HSCT were new mutations not previously observed in donors. Of these 30 mutations, 9 were 

observed at two different time points within the same recipients after HSCT. These newly 

detected mutations were called in different genes from those observed in donors and in 

previous CHIP studies (10-12). For instance, TET2, CREBBP, and FAT1 were more 

commonly mutated in recipients after HSCT than in donors before HSCT [mutations 

observed only in donor- derived cells in recipients after HSCT (Fig. 2B); mutations observed 

only in donors before HSCT (Fig. 1B)]. The most common type of nucleotide change was 

cytosine to thymine (fig. S3). We also found that the mutation burden across the entire 

cohort significantly in-creased from pre-HSCT (19 total somatic mutations) in donors to 

D100 (33 total somatic mutations) (P = 0.048, one-sided Wilcoxon rank-sum test; Fig. 2C). 

The presence of these mutations was not due to differences in sequencing metrics (fig. S4). 

In addition, when comparing the presence of these mutations in recipients who were 

transplanted from donors with (n = 11) or without (n = 14) detectable clonal mutations, we 

found no difference in this observation (not significant, P = 0.44, two-sided Wilcoxon rank-

sum test; data file S2 and fig. S5).

Potential explanations for the presence of these mutations were either that they (i) were 

present in donors before transplant with a VAF below the limit of ECS detection or (ii) arose 

de novo after engraftment. To distinguish between these two possibilities, we performed 

droplet digital polymerase chain reaction (ddPCR) on a subset of mutations in all five 

samples from matched pairs. We found that these mutations were a mixture of extremely 

rare donor mutations that engrafted in recipients and underwent clonal expansion and de 

novo mutations that appeared post-HSCT (Fig. 2, D to F, and fig. S6). Some de novo 

mutations persisted or expanded (Fig. 2D) over time, whereas some were transient and 

vanished by later time points (Fig. 2E). With respect to exceedingly rare preexisting clones, 

one recipient (PID_0450) was found to have a CREBBP nonsense mutation, which was not 

detected in the donor pre-HSCT sample but was detected at D365 via ECS. By ddPCR, the 

same mutation was detected in the donor pre-HSCT (Fig. 2F) and underwent an approximate 

500-fold expansion with an increase in VAF from 0.000046 to 0.027 by D365 after HSCT. 

The prevalence of these mutations was associated with gene length (P < 0.00001; Pearson 

correlation = 0.5136; fig. S7), suggesting a stochastic mechanism of mutation.

Persistent engraftment of donor-derived mutations and clinical descriptors

Although this study was not designed or powered to establish clinical correlations to clonal 

hematopoiesis, we nevertheless examined the relationships between engrafted donor-derived 

mutations and clinical outcomes as a descriptive and exploratory pilot analysis. We were 

particularly interested in chronic GvHD, which was recently associated with CHIP clones 

engrafted from older, related donors (5). Be-cause young, unrelated donors with CHIP are 

rare (we detected CHIP in one donor), we examined the effect of persistent engraftment (up 

to 1 year) of donor-derived mutations. We found that 75% of recipients who had at least one 

persistently engrafted, pathogenic mutation developed chronic GvHD versus about 50% of 

those without any persistently engrafted mutated clones. However, given the sample size, the 
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difference was not statistically significant (P = 0.17, Gray’s test; figs. S8 and S9). 

Descriptive results for other clinical outcome measures for donors with and without clonal 

mutations (as well as pathogenic or nonpathogenic) are provided in data file S4.

DISCUSSION

In this pilot study intended to quantify the presence of rare hematopoietic clones in the 

healthy AYA population and observe the dynamics of these clones over time in an unrelated 

allogeneic HSCT context, we have made five observations that address several outstanding 

questions. First, we showed that clonal hematopoietic mutations ≥0.0005 VAF are common 

(44%) in the AYA population—an age group where CHIP was virtually nondetectable in 

previous studies (10-12) but which constitutes 86% of eligible unrelated HSPC donors. 

Although not demonstrated here, previous data suggest that these mutations, which were 

present at 10-fold lesser VAF than CHIP, are likely to occur in hematopoietic progenitors 

due to their presence in myeloid and lymphoid lineages in comparable frequencies, as well 

as their persistent nature over time (14, 23). A substantial proportion of these clones harbor 

mutations that could confer a survival or proliferative advantage upon selective pressures. If 

we only examined common mutations at or above the defined CHIP threshold of 0.02 VAF 

without considering rare clones, we would miss most, if not all, of these mutations in 

unrelated donors that might have as yet unknown clinical impacts, as acknowledged by Frick 

and col-leagues (5). Given the many indications for unrelated, allogeneic HSCT and recent 

associations of clonal hematopoiesis with risks for developing leukemia (16), atherosclerosis 

(24), and chronic GvHD after HSCT (5), and given that under selective pressures these pre-

existing clones can emerge to clinical relevance years after their se-lection (13), it is crucial 

to understand how putatively pathogenic clones in this age group can be transferred from 

healthy donors to recipients who have undergone combinations of radiation, chemo-therapy, 

and immunosuppression.

Second, we find that donor hematopoietic clones harbor mutations that are mostly 

pathogenic (84.2%) and have a seemingly strong predilection for engraftment (100% in this 

cohort). Third, rare clones with pathogenic mutations were likely to persist/expand for at 

least 1 year after HSCT, regardless of initial VAF. These two observations support the 

hypothesis that pathogenic mutations confer a variable fitness advantage to the donor cells 

(25) and would also explain why these engrafted rare, pathogenic mutations persist/expand 

in recipients after HSCT. Fourth, the fact that there was no difference in the pre-HSCT VAF 

of clones with and without persistent engraftment argues for quantifying the presence of rare 

clones with mutations conferring a strong effect over time and against recent reports 

attributing clinical relevance solely to “clone size” (26). An example of this is the recipient 

with a rare donor-derived CREBBP-mutated clone expanding 500-fold in the recipient 1 

year after HSCT. CREBBP mutations have been shown to adversely affect hematopoietic 

development and are associated with malignant lymphoid stem-like properties (27). Thus, in 

the appropriate context, rare clones with mutations conferring a strong effect size or 

selective advantage can expand relatively rapidly regardless of their initial VAF.

Fifth, we found that the clonal hematopoietic spectrum of recipients after HSCT transiently 

changes over time, revealing mutations within the first year after HSCT that are less 

Wong et al. Page 6

Sci Transl Med. Author manuscript; available in PMC 2020 September 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



commonly seen in physiologic CHIP and appear to develop from de novo mutations gained 

after HSCT. The positive association between post-HSCT mutations and gene length 

suggests clonal drift. Under this scenario, the rapid proliferation of donor hematopoietic 

progenitors would introduce stochastic mutations across the genome, and only clones with 

an advantage would persist over time. In light of this, we suggest that there may be many 

rare hematopoietic progenitors with pathogenic mutations in unrelated, otherwise-healthy 

AYA donors that are otherwise neutral in the donor, due to a lack of selective pressure, but 

could undergo preferential expansion in recipients as a result of the selective pressures 

previously mentioned.

Alternatively, donor cells may experience a transient hyper-mutative phase upon 

encountering an unfamiliar microenvironment. Transient hypermutation of cellular 

subpopulations has been shown to give rise to adaptive mutations that allow new cellular 

phenotypes to emerge (28, 29), and the process selectively mutates epigenetic modifier 

genes because they promote cell phenotypic heterogeneity (30). Such a hypothesis would be 

consistent with the observed in-crease in clonal mutation burden as a function of time after 

HSCT, as well as with the observation that some de novo mutations dis-appear and some 

expand by D365, suggesting that only the clones with a selective advantage persist. In 

addition, most DNMT3A mutations observed in recipients were engrafted from donors, 

supporting the hypothesis that DNMT3A-mutated clones, or, more broadly, clones with 

mutations in epigenetic modifiers such as CREBBP or TET2, harbor a competitive 

advantage (31, 32).

In summary, we have shown that extremely rare, preexisting clones with pathogenic 

mutations engrafted the recipients regardless of their initial VAFs. Our sample size and only 

1 year of post-HSCT follow-up prevented us from establishing clinical correlations. It would 

stand to reason that our demonstration of engraftment of clones at 10-fold lower VAF than 

CHIP would require a longer time for manifestation of clinical consequences. Thus, this 

pilot study interrogating the prevalence of rare clonal hematopoiesis in the AYA population 

and examining what happens to these clones in unrelated HSCT recipients merits a much 

larger study with longer follow-up to correlate post-HSCT morbidities with transfer and 

persistence of donor clones. Such correlations could enable clinicians to survey the clonal 

hematopoietic profile of potential donors to improve post-HSCT surveillance and mitigate 

potential long-term morbidity.

MATERIALS AND METHODS

Study design

This retrospective pilot study was designed to interrogate donor- derived clonal dynamics 

after HSCT. All patients provided informed consent for research. The Human Research 

Protection Office at Washington University approved the study. From the adult AML 

specimen repository at Washington University, we initially identified a total of 30 patients 

who had banked samples before transplant and at days 30, 100, and 365 after HSCT. There 

were no other selection criteria. From that group, the Center for International Blood and 

Marrow Transplant Research (CIBMTR) was able to provide donor pre-HSCT specimens 

for 25 of 30 recipients, again without any additional selection.
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Sample collection

Four longitudinally collected peripheral blood and/or bone marrow samples per recipient 

were acquired for 25 recipients with primary hematological malignancies who had 

undergone matched, unrelated donor allogeneic HSCT at Barnes-Jewish Hospital/Siteman 

Cancer Center/Washington University School of Medicine (Table 2). Of the patients, 64% 

were transplanted for myeloid malignancies. For each patient, samples were collected before 

HSCT conditioning (pre-HSCT), 30 days (D30), 100 days (D100), and 1 year after HSCT 

(D365). In addition, aliquots from 25 corresponding unrelated do-nor leukocyte samples 

collected before HSCT were obtained from the CIBMTR repository. In total, 125 unique 

samples (100 patient samples from four time points and 25 donor samples) were processed 

and analyzed. An independent replicate for each sample was then prepared and deep 

sequenced to confirm the variants identified.

ECS and mutation analysis

Genomic DNA was extracted from the blood/marrow samples using the DNeasy Blood and 

Tissue Kit (QIAGEN) following the manufacturer’s recommendations. The final DNA 

elution volume was 50 ml. The concentration of the extracted DNA was determined with the 

Qubit dsDNA HS Assay (Life Technologies). After quantification of DNA concentration, 

200 to 250 ng of DNA per sample was used to make ultradeep ECS libraries. For this study, 

we generated a custom Illumina TruSight enrichment assay including a total of 1063 

amplicons enriching for some exons or full length of 80 frequently mutated genes in 

pediatric/AYA and adult AML (data file S5). Adult AML genes were previously included in 

the Illumina TruSight Myeloid Assay, and pediatric AML genes were identified from the 

TARGET project (20). Details of the library preparation are comprehensively documented in 

two previously published papers (33, 34). Briefly, amplicon oligos were hybridized onto the 

genomic DNA following the Illumina TruSight’s protocol. After hybridization, unbound 

oligos were removed, and extension-ligation of the amplicons of interest was performed. 

After extension-ligation, the libraries were amplified for six cycles using the Q5 High-

Fidelity 2× Master Mix (New England BioLabs) in a 75-ml reaction: 37.5 ml of Q5 master 

mix, 6 ml of 10 mM redesigned i5 adapters, 6 ml of 10 mM i7 adapters, and 22 ml of the 

extension-ligation solution. The rede-signed i5 adapters contain a string of 16 random 

nucleotides (16N) that replaces the original eight-nucleotide index sequence. The 16N serve 

as unique molecular indexes (UMIs) that are essential for error correction after sequencing. 

The redesigned i5 adapters can be ordered through Integrated DNA Technologies using the 

following oligo sequence: AATGATACGGCGACCACCGAGATCTA-CAC(N1:25252525)

(N1)(N1)(N1)(N1)(N1)(N1)(N1)(N1)(N1)(N1)(N1)(N1)(N1)(N1)

(N1)ACACTCTTTCCCTACACGAC-GCTCTTCCGATCT. The initial six-cycle 

amplification allows for tagging of molecules in the reaction with the UMIs. After the initial 

amplification, the libraries were cleaned using AMPure XP magnetic beads (Agencourt). 

The number of UMI-tagged molecules in the cleaned libraries was quantified using the 

QX200 ddPCR platform with EvaGreen (Bio-Rad). After ddPCR quantification, each library 

was normalized to 6.3 million UMI-tagged molecules, and a second round of PCR (14 

cycles) was performed in a 50-ml reaction: 25 ml of Q5 master mix, 2 ml of P5 primer (1 

mM), 2 ml of P7 primer (1 mM), and 21 ml of DNA molecules. After that, the amplified 

libraries were purified, and the libraries were normalized. Six purified libraries were pooled 
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and sequenced per lane in an Illumina HiSeq 4000 instrument with the following settings: 2 

× 144 paired-end, 8 cycles Index 1, 16 cycles Index 2 (account for 16N random bases used 

as UMI). For each sample, a technical replicate library was prepared via the same protocol. 

In total, 125 samples were processed.

Deep sequencing was performed on the Illumina HiSeq 4000 at the McDonnell Genome 

Institute of Washington University. A mini-mum of three raw reads sharing the same UMI 

were processed to give error-corrected consensus sequence (ECCS). Each library was deep 

sequenced to an average ECCS depth of 9200× (fig. S4). The raw sequencing data in fastq 

format were first demultiplexed into corresponding samples using a custom script. The 

demultiplexed reads were subsequently processed using an UMI-aware custom script. First, 

the first 30 nucleotides of each read were hard clipped to remove oligo sequences. Next, 

reads sharing the same UMIs were aligned to one another to form read families. Each read 

family was required to have three reads or more for deduplication and error correction, 

which would output a consensus read for each read family. The consensus reads were 

aligned locally to hg19 using Bowtie2 with local alignment setting. The bam files were 

realigned using GATK’s Indel Realigner. Next, the aligned reads were processed with 

Mpileup using the following parameters: –BQ0 –d 10,000,000,000,000 to remove coverage 

thresholds to ensure a proper pileup output. The output was filtered to include bases with 

≥700× consensus read coverage and within the target regions of the Illumina TruSight panel 

that are not common variants (≥0.01 minor allele fraction) identified by the 1000 Genomes 

Project. For single-nucleotide polymorphisms, a position-specific binomial background error 

model was implemented in variant calling. Each genomic position was modeled 

independently by compiling the background error rate of all samples for that specific 

genomic position (sum of all variant bases relative to the sum of reference bases). A sample 

with a number of variant bases at a genomic position that was significantly different from 

the background error rate based on binomial distribution after Bonferroni correction was 

considered a positive for that position. Typically, the P value (after Bonferroni correction) 

for calling a variant as positive was <0.00000001. After variant calling, several other filters 

were applied to remove artifacts and to obtain high-confidence variants: (i) variants that 

were only called in one technical sequencing replicate but not in the other were removed, (ii) 

variants called due to sequencing batch effect were removed, (iii) nonhotspot variants 

identified in more than one donor-recipient matched pair were removed, (iv) variants with 

<0.001 VAF were removed unless the variants were observed at multiple time points in the 

matched sample set, and (v) variants that had a coefficient of variation >15% between 3-read 

and 5-read error corrections were removed. After applying the filters, we retained a set of 

high-confidence variants by removing false-positive calls and common variants that are 

observed in the general population. Indels were identified using VarScan2 with the 

mpileup2indel setting after error correction into a consensus read sequence (35).

Two independent replicate sequencing libraries were made and sequenced separately (DNA 

was extracted from different aliquots of leukocytes from the same sample). Variants that 

passed the established filters in all available libraries for that sample were retained for 

further analysis. Variants present in pre-HSCT recipient samples represented the clonal 

hematopoietic profile of the recipient and, potentially, any remaining primary leukemia. 

These pre-HSCT germ-line variants in recipients were used to evaluate the degree of mixed 
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chimerism in the recipient after HSCT. Engraftment of donor hematopoietic clone(s) was 

evaluated on the basis of the presence of variants from donor pre-HSCT observed in 

recipient samples after HSCT. Persistent engraftment was further defined as having donor-

derived mutation(s) that persist through 1 year (D365) after HSCT.

Validation of observed mutations via ddPCR and triplicate sequencing

For validation of called mutations, we performed ddPCR using the Bio-Rad QX200 platform 

or triplicate ECS with independently pre-pared and sequenced libraries on these observed 

variants. For ddPCR, a primer/probe set specific to the variant of interest was designed by 

Bio-Rad according to MIQE (minimum information for publication of quantitative real-time 

PCR experiments) guidelines for quantitative PCR (data file S6). Probes targeted both 

reference and mutated nucleotides at the same genomic positions via different fluorophores. 

All ddPCRs were performed in accordance with the manufacturer’s recommendations using 

“ddPCR Supermix for Probe (no dUTP).” For triplicate sequencing, we considered only 

those variants observed in all three independent sequencing runs to be true positives.

Statistical analysis of clinical correlates

Categorical variables [donor gender, recipient gender, primary dis-ease = AML/

multidimensional scaling (MDS) or others, disease status before transplant = remission, 

conditioning = myeloablative or reduced intensity, and human leukocyte antigen (HLA) 

mismatch = no] were compared using Fisher’s exact test. A nonparametric Wilcoxon rank-

sum test was used to compare continuous, non-Gaussian variables (duration of cytopenia, 

age of donor, and age of recipient). Cytopenia was defined as white blood cell count <2 × 

109/liter, hemoglobin <10 g/dl, and platelets <100 × 109/liter. Because several patients died 

without chronic GvHD, the cumulative incidence of chronic GvHD was accessed using the 

Fine-Gray subdistribution hazard model to account for death as a competing risk for this 

endpoint. The start time for chronic GvHD was defined as after D100 after transplant. 

Leukemia-free survival was compared using a Kaplan- Meier model. Mixed chimerism was 

assessed repeatedly as a presence/absence, and it was compared using a repeated-measures 

logistic regression. The analysis was intended to be exploratory, so no attempt was made to 

adjust the P values for multiple tests.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Mutation burden and spectrum in unrelated donors.
(A) Number and types of somatic mutations detected in donors. Of the donor cohort, 44% 

(11 of 25) harbored at least one somatic mutation. (B) Mutation spectrum of detected 

mutations in donors. (C) Types of nucleotide changes. (D) Age of donors with and without 

detected SNV(s). Boxes show the 25th and 75th percentiles, as well as median (P = 0.03, 

two-sided Wilcoxon rank-sum test). (E) Clonal dynamics of engrafted mutations in 

recipients after HSCT.
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Fig. 2. Mutation burden and spectrum of donor clonal mutations engrafted in the recipients.
(A) Mutation spectrum in recipients at different time points after HCST. “Engrafted” 

mutations are known to be from the donor, and “New” mutations were not observed before 

HSCT in either donor or recipient specimens. Genes with ≥1 engrafted and ≥ 1 new 

mutations are shown. (B) Mutation spectrum of new mutations detected in recipients after 

HSCT. Genes with ≥2 new mutations were represented. (C) Violin plots showing mutation 

burden at different time points after HSCT. The P value was calculated using one-sided 

Wilcoxon rank-sum test. (D to F) Representative plots showing ddPCR experiment results. 

The blue dots in the panels indicate positive mutant droplets, green dots indicate positive 
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wild-type (WT) droplets, and gray dots indicate empty droplets. (D) ddPCR results 

demonstrating the presence of a de novo, persistent mutation in DNAH2 in donor-derived 

cells engrafted in the recipient (PID_0589). The mutation was not detected in the donor 

before HSCT. (E) ddPCR results demonstrating the presence of a de novo, transient mutation 

in STAG2 in donor-derived cells engrafted in the recipient (PID_0450). The mutation was 

not detected in the donor before HSCT, and it reduced in VAF by 1 year after HSCT. (F) 

ddPCR results demonstrating the presence of an engrafted donor-derived mutation in 

CREBBP that was detected at an extremely low VAF in the donor (PID_0450). This 

mutation increased in VAF at D100 and 1 year after HSCT in the recipient.
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Table 1.

Somatic mutations detected in donors that were predicted to be pathogenic according to CADD.

Gene Type Amino acid change CADD COSMIC Engrafted

COL12A1 Missense p.I530L 22.1 COSM271996 Yes

CREBBP Missense p.T1242I 25.5 – Yes

DNMT3A Nonsense p.W288X 40 C0SM1130818 Yes

DNMT3A Missense p.R174S 26.5 – Yes

DNMT3A Missense p.G398R 30 C0SM256035* Yes

DNMT3A Missense p.I158M 23.6 – Yes

DNMT3A Missense p.Q222P 26.1 – Yes

DNMT3A Missense p.H669P 23.3 – Yes

FAT1 Missense p.D1554N 25.8 COSM1429043 Yes

SRCAP Indel T:TGCTTCGCC 29 – Yes

STAG2 Missense p.Y188D 26.3 – Yes

TET2 Splicing c.3954 + 1G > A 34 C0SM87141* Yes

TET2 Missense p.Y1345C 32 – Yes

TP53 Missense p.R150W 25.7 COSM99925* Yes

USP34 Missense p.H1874R 22.5 – Yes

WT1 Missense p.R74W 28.7 – Yes

(*)
Six mutations were found to be associated with various malignancies, and three were specifically associated with hematologic malignancies.
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Table 2.

Demographic information of recipients and the corresponding matched donors in relation to engraftment of 

donor-derived mutations.

Characteristic Category No donor mutation
(n = 14)

Mutation engrafted
(n = 11) P Test performed

Donor age Median (range) 24 (21 to 39) 36 (20 to 58) 0.03 Wilcoxon rank-sum test

Donor gender
Male 10 (71.4%) 8 (72.7%)

0.99 Fisher’s exact test
Female 4 (28.6%) 3 (27.3%)

Recipient age Median (range) 51 (27 to 65) 55 (19 to 69) 0.66 Wilcoxon rank-sum test

Recipient gender
Male 13 (92.9%) 7 (63.6%)

0.13 Fisher’s exact test
Female 1 (7.1%) 4 (36.4%)

Primary disease
AML/MDS 7 (50%) 9 (81.8%)

0.21 Fisher’s exact test
Non-AML 7 (50%) 2 (18.2%)

Disease status prior to transplant

CR 7 (50%) 5 (45.4%)

Non-CR 7 (50%) 5 (45.4%) 0.99 Fisher’s exact test

Unknown 0 (0%) 1 (9.1%)

Conditioning
MAC 8 (57.1%) 7 (63.6%)

0.99 Fisher’s exact test
Non-MAC 6 (42.9%) 4 (36.4%)

HLA mismatch
No mismatch 13 (92.9%) 9 (81.8%)

0.56 Fisher’s exact test
Mismatch 1 (7.1%) 2 (18.2%)

CR, complete remission; MAC, myeloablative conditioning.
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