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I N TRODUC TION

Next-generation targeted sequencing (NGS) is an estab-
lished diagnostic tool for haematological malignancies. 
NGS is performed by aligning the sequenced reads to 

the genome reference sequence and reporting discovered 
differences. One limitation of this approach is the inher-
ent heterogeneity of germline genetics, which results in 
the inability to unambiguously determine whether any 
differences detected between tumour and reference are 
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Summary
We report on a study of next-generation sequencing in 257 patients undergoing in-
vestigations for cytopenias. We sequenced bone marrow aspirates using a target en-
richment panel comprising 82 genes and used T cells from paired blood as a control. 
One hundred and sixty patients had idiopathic cytopenias, 81 had myeloid malig-
nancies and 16 had lymphoid malignancies or other diagnoses. Forty-seven of the 
160 patients with idiopathic cytopenias had evidence of somatic pathogenic variants 
consistent with clonal cytopenias. Only 39 genes of the 82 tested were mutated in the 
241 patients with either idiopathic cytopenias or myeloid neoplasms. We confirm 
that T cells can be used as a control to distinguish between germline and somatic 
variants. The use of paired analysis with a T-cell control significantly reduced the 
time molecular scientists spent reporting compared to unpaired analysis. We identi-
fied somatic variants of uncertain significance (VUS) in a higher proportion (24%) of 
patients with myeloid malignancies or clonal cytopenias compared to less than 2% of 
patients with non-clonal cytopenias. This suggests that somatic VUS are indicators 
of a clonal process. Lastly, we show that blood depleted of lymphocytes can be used 
in place of bone marrow as a source of material for sequencing.
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germline or somatic in origin. Single nucleotide polymor-
phisms (SNP) can be filtered out based on their population 
frequency using resources such as gnomAD or dbSNP, or 
based on their clinical significance using databases such 
as ClinVar or COSMIC.1–5 Once SNPs have been excluded, 
variants of unknown significance (VUS) remain, defined 
here as a variant less common than 1 in 10 000 of the pop-
ulation that alters the protein sequence but is not known 
to be pathogenic or likely pathogenic (P/LP) and is not 
reported in homozygous carriers. However, tumour-only 
sequencing can lack precision, with a false-positive rate 
of 31% reported for somatic variants in solid malignan-
cies in one study and a false-negative rate of 44% for true 
somatic variants in another.6,7 One method to improve 
the distinction between germline and somatic variants is 
to use a paired control germline sample from the patient 
(often referred to as ‘normal’), which allows identification 
of tumour-specific acquired variants.

In this paper, we report findings from a paired tumour-
normal sequencing study using an in-house-designed 
targeted capture panel, the primary aim of which was to in-
vestigate patients with idiopathic cytopenias (IC). We chose 
82 genes for our panel based on genes most commonly mu-
tated in MDS, focusing on those with the most significant 
prognostic and diagnostic relevance.8–15 Capture targets 
for 75 genes were designed to investigate the full coding se-
quence; five genes were focused on hotspot exons, and two 
genes were assessed for copy number only (Table  S1). All 
82 genes had additional probes designed to determine copy 
number changes.

Bone marrow was used as the primary diagnostic sample. 
Previous work suggests that T cells do not normally carry 
the MDS-associated variants present in myeloid lineage 
cells.16 Therefore, we opted to use T cells as a control.

Most older adults have leukaemia-associated variants 
detectable in the blood when high-sensitivity sequencing 
is employed.17 However, low variant allele frequency (VAF) 
clones are not thought to disturb haemopoiesis. Our pre-
vious work on the impact of leukaemia on normal haemo-
poiesis suggests that at least 20% of marrow cells need to be 
leukaemic to perturb normal haemopoiesis significantly.18 
Consistent with our findings, Buscarlet et al. noted a correla-
tion between variant VAF >10% and cytopenias.19 Given our 
focus was on diagnosis in IC, not prognosis in AML/MDS, 
we selected a VAF threshold of 10% as we aimed for the iden-
tification of sufficiently large clones that might cause the cy-
topenia under investigation.

M ETHODS

T-cell separation and purity assessment

T-cell separation from peripheral blood was performed 
using the EasySep™ Human Whole Blood CD3 Positive 
Selection Kit (StemCell). For additional details, see supple-
mental methods.

DNA extraction

DNA was extracted using the QIAsymphony DNA Midi Kit 
(Qiagen) and quantified using Qubit Broad Range and High 
Sensitivity (Thermofisher) assay kits.

NGS library preparation, capture and sequencing

Next-generation sequencing libraries were prepared using 
the HyperPlus NGS Library Preparation Kit (Roche) and 
the KAPA Dual-Indexed Adapter Kit (Roche). Libraries 
were pooled and captured using the Nimblegen SeqCap 
Custom Capture Panel. Sequencing was performed using the 
NextSeq Mid Output 150 cycle kit (Illumina).

NGS sequencing data processing

The bioinformatics pipeline is capable of reporting SNV, 
CNV and structural variants within the panel scope. At a 
5% VAF threshold, the assay is validated with the follow-
ing specifications: sensitivity of cancer SNV detection 
>98% [95% CI: 95.94%]; specificity of cancer SNV de-
tection >98% [95% CI: 95.94%]; accuracy of cancer SNV 
detection >98% [95% CI: 98.21%–100%]; sensitivity of 
cancer indel detection >91.7% [95% CI: 89.11%]; accuracy 
of cancer indel detection ≥89% [95% CI: 73.94%–96.89%]. 
This method was clinically validated in accordance with 
the ISO15189 standard, and each sequencing run con-
tains a positive and negative control for performance and 
quality monitoring. BCL files were converted to FASTQ 
using Illumina bcl2fastq2. The BWA MEM algorithm 
was used to align sequencing data to the human genome 
(hg19). Sequencing data QC was performed using Picard. 
GATK Best Practice pipeline 4.0, designed by Broad 
Institute, was used for next-generation sequencing vari-
ant analysis. Germline variant calling was performed by 
GATK 4.0, and somatic mutations were detected using 
Mutect2. Variants were annotated using Oncotator 
against version-controlled public databases (gnomAD, 
COSMIC).

Mutation detection

The presence of mutations produced by the analysis pipe-
line was investigated by manual checking of the BAM 
files in Integrative Genomics Viewer (Broad Institute). 
Variants reported by the pipeline underwent a double-
blind manual analysis in which a genetic technologist and 
a clinical scientist performed an assessment according to 
guidelines.20–22 The final result was compared by a clini-
cal scientist, who assigned pathogenicity to the identified 
variants in accordance with the AMP/ASCO/AGCS classi-
fication guidelines based on their frequency in the popula-
tion and annotation in COSMIC, dbSNP and ClinVar.20–23 
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When required, an additional review of published mate-
rial was performed.

Statistical analysis

Descriptive statistical analysis methods were used to sum-
marise the data using frequency and percentages for cat-
egorical data and mean/median and standard deviation or 
interquartile range (IQR) for continuous data.

Categorical variables were compared using Fisher's 
exact or Chi square tests, and continuous variables using 
the Mann–Whitney U-test, Student's t-test or Wilcoxon 
test.

All p-values were two-tailed; p-values <0.05 were consid-
ered as statistically significant. For comparison of gene fre-
quencies and VAF between groups, we only selected genes 
with a variant allele frequency of 10% or higher. ± indicates 
the standard deviation.

R E SU LTS

Diagnosis distribution of patients

We prospectively recruited 303 adult patients with cytope-
nias to the Improving Diagnosis in Idiopathic Cytopenia 
Using Gene Sequencing trial (NCT03026751) from 2017 to 
2021.

Out of 303 consecutively recruited patients, 160 were con-
firmed to have IC based on standard pathology workup of 
the bone marrow (aspirate/trephine morphology, cytogenet-
ics, immunophenotyping) and had their bone marrow and 
T cells sequenced. An additional 97 patients with successful 
sequencing of T cells and marrow had a diagnosis of a hae-
matological disorder and were divided into two groups; those 
with myeloid neoplasms (MN), totalling 81 patients (acute 
myeloid leukaemia (AML) n = 18, myelodysplastic syndrome 
(MDS) n = 49, chronic myelomonocytic leukaemia (CMML) 
n = 8 and myelofibrosis n = 3, aplastic anaemia n = 1, cytoge-
netically defined clonal cytopenia n = 1, systemic mastocyto-
sis n = 1), and those with lymphoid/other diagnoses (n = 16). 
The remaining 46 patients failed to meet inclusion/exclusion 
criteria or had inadequate material for sequencing (consent 
withdrawal n = 3, normal blood count at screening n = 3, in-
adequate standard diagnostic workup n = 17 or inadequate 
material sent for sequencing n = 23).

Molecular profile of patients

We generated NGS data from 257 patients (160 with IC 
and the rest with MN/lymphoid/other diagnoses) using a 
custom-tailored capture panel and an in-house bioinfor-
matical pipeline validated according to Medical Laboratory 
Accreditation standard ISO15189. We derived our con-
trol DNA from immunomagnetically selected T cells with 

a median purity of 97.3% (range: 50.7%–99.8%, Figure S1). 
Tumour diagnostic and control T-cell samples were se-
quenced to an average depth of 455 reads and 177 reads 
respectively. Both tumour and germline sequencing results 
were analysed using the pipeline; however, variant calling 
was performed on the tumour sample only, and the germline 
sample was used as a reference during manual variant review 
using the Integrative Genomics Viewer (IGV) (Figures  S2 
and S3). Germline variants are expected to occur with a 
VAF of around 40%–60%; however, they may fall outside 
this range due to sample quality, target gene or sequencing 
depth.24 Any variant present at 36%–60% VAF in both tu-
mour and control samples was classified as germline.

We compared the VAF of variants (both P/LP and VUS) 
in the bone marrow (BM) and paired T-cell control sample. 
The median VAF of all germline variants (both germline P/
LP variants and germline VUS) (n = 144 variants in 105 pa-
tients) was 48% (range 36%–58%) and 48% (range 38%–63%) 
in bone marrow and T-cell control samples respectively 
(Figure  1; Wilcoxon test p = 0.65). The median VAF of all 
somatic variants (n = 305 variants in 119 patients) (both so-
matic pathogenic P/LP variants and somatic VUS) was 38% 
(range 10%–95%) and 6% (range 1%–22%) in bone marrow 
and T-cell control samples respectively (Figure 1; Wilcoxon 
test p < 0.0001). Three germline VUS had a VAF of less than 
40% (36%–39%) in the bone marrow, but we deemed these 
as germline variants given they clustered with the germline 
variants. The CD3 purity for these three cases was above 
89%.

F I G U R E  1   VAFs of somatic and germline variants in paired bone 
marrow and T-cell control samples. There was no significant difference 
in VAF between the T-cell control and bone marrow samples for germline 
variants (black), including P/LP variants and VUS (n = 142 variants, 
Wilcoxon test p = 0.97). The VAF of somatic variants (white), including  
P/LP variants and VUS, was significantly higher in BM than in the paired 
control T-cell samples. (n = 298 variants, Wilcoxon test p < 0.0001).
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Where somatic variants were detected in the T cells, this 
was largely explained by contamination of the T cells by 
other blood cells (Figure S1 and Table S2).

Somatic pathogenic/likely pathogenic variants

Somatic P/LP variants were present in 118 patients: 29% 
(47/160) of IC patients, who are referred to as Clonal 
Cytopenia (CC) patients, and 85% (69/81) patients with a my-
eloid neoplasm (Figure 2; Table S3). The 113 IC patients with 
no somatic P/LP variants detected were termed Non-Clonal 
Idiopathic Cytopenia (NCIC) cases. There were significantly 
more variants per patient in the MN cohort than in the 
CC cohort (Median 3 variants in MN and 2 in CC, Mann–
Whitney test p = 0.012). Both CC and MN patients had the 
same median VAF (36%, Mann–Whitney test p = 0.44).

Somatic P/LP variants were discovered in only 39 of the 
82 sequenced genes; 17 genes were mutated in 29% of IC 
cases (47/160), and 37 genes were mutated in 85% (69/81) of 
MN cases (Figure 3).

Use of T cells as a control aids identification of 
germline variants

To determine the impact of using a paired reference T-cell 
sample, we independently analysed 257 patient marrow sam-
ples, either individually or paired with T cells (IC n = 160, 
MN n = 81 and lymphoid/other n = 16), and compared the 
results.

Reporting guidelines state that variants in the 40%–60% 
VAF range may be germline or somatic and typically require 
additional testing to resolve this ambiguity.21,24 The use of a 
T-cell control should allow these to be distinguished.16

Using the T-cell control, 142 germline variants (10 P/LP 
and 132 VUS) were discovered in 104 patients. Nine germ-
line DDX41 P/LP variants (seven in MN cases and two in 
NCIC cases) and one germline RUNX1 P/LP variant were 
identified (Table S4).

Somatic P/LP variants are common in the 
40%–60% VAF range

The paired approach was useful to unambiguously identify 
the origin of the variant. Sixty-six out of 257 sequenced pa-
tients had at least one P/LP variant in the 40%–60% VAF 
range. Paired analysis showed that 56 of these patients ex-
clusively had somatic P/LP variants CC n = 22/47 (47%), MN 
n = 33/81 (41%) and lymphoid/other n = 1/16 (6%) and 10 had 
germline P/LP variants.

Fifty-eight out of 257 sequenced patients (25/47 (53%) CC 
and 32/81 (40%) MN and 1/16 (6%) lymphoid/other patients) 
had P/LP variants with VAFs, all either <40% or >60%, and 
paired analysis confirmed their somatic status.

If only the unpaired data were available, the 18 patients 
harbouring P/LP variants in the 40%–60% VAF range in 
three genes that are of clinical significance if germline 
(DDX41, RUNX1 and TP53) would require additional test-
ing (e.g. skin fibroblast testing) to confirm somatic/germline 
status.

F I G U R E  2   Somatic P/LP mutation distribution in IC and MN patients. A histogram of the total number of discovered somatic pathogenic mutations 
per IC (grey) and MN (black) patient.
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Somatic VUS are common in clonal 
myeloid disorders

We discovered VUS in 118 out of 257 sequenced patients. 
Thirty of the 118 patients had a somatic VUS (IC and MN 
cases had a median VAF of 31% and 36%, respectively, 
Mann–Whitney test p = 0.78; Tables S5 and S6). Most of the 
patients (30/33) with a somatic VUS also had a somatic P/LP 
variant (10/12 IC cases and 20/21 MN cases); only 3 of 33 pa-
tients had a somatic VUS with no somatic P/LP variant (2/12 

IC patients and 1/21 MN). Somatic VUS were significantly 
more common in both MN and CC patients than NCIC pa-
tients (Somatic VUS were seen in 21% of CC and 26% of MN 
patients, but only in 1.8% of NCIC patients, Chi square test 
p < 0.0001), consistent with the notion that somatic VUS are 
indicators of a clonal process. The VUS in the two NCIC 
patients occurred in myeloid driver genes as defined by the 
WHO 2022, so hit criteria for CCUS. Ninety-seven of the 118 
patients had a germline VUS consistent with benign private 
variants.

F I G U R E  3   Somatic P/LP variant distribution in CC and MN patients. The frequency of P/LP somatic variants in CC patients (left) and MN patients 
(right) is shown. Colours represent the type of mutation: missense (red), truncated (light blue), inframe deletion (yellow), splice site variant (green), 
deletion (black), gain (grey) and multiple different categories of variants in the same gene (white). Statistical analysis comparing the frequency of P/LP 
variants for a given gene between CC and MN patients was performed using Fisher's exact test. * indicates p < 0.05, ** indicates p < 0.0001.
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Paired analysis is faster than unpaired

We timed the reporting of some cases to assess the impact 
of paired analysis on reporting time. The use of a paired ref-
erence sample reduced the time required for analysis from 
median 33 min (IQR: 22–46 min, n = 16) for unpaired sam-
ples to median 13 min (IQR: 10–24 min, n = 25) for paired 
samples (Mann–Whitney test p = 0.0005). Analysis of paired 
samples takes less time, because it is quicker to identify se-
quencing errors and artefacts, and distinguish somatic and 
germline variants.

CD3-depleted peripheral blood (DPB) as 
an alternative to bone marrow for NGS 
genetic testing

We tested if DPB generated during T-cell harvesting could 
be used in place of bone marrow as a source of diagnos-
tic material. DNA isolated from DPB was available for 207 
patients (121 IC, 73 MN and 13 lymphoid cases), and was 
sequenced and compared with the BM result. The VAF of 
somatic variants was not significantly different in the DPB 
and BM, with means of 37.1% (±16%) and 37.9% (±17.9%) re-
spectively (paired t-test p = 0.14) (Figure 4).

A false negative result was seen in six DPB samples of 
106 cases where somatic P/LP variants were detected in the 
BM, giving a false-negative rate for DPB of 5.8%. Conversely, 

somatic P/LP variants were detected in three DPB samples 
that were not detected in the BM. Full concordance, where 
the same variants were detected in the BM and DPB samples, 
was seen in 90% of patients, and 96% of patients had par-
tially concordant results (Figure 5).

Impact of lowering VAF threshold to 5% 
from 10%

We wanted to see the impact of lowering the VAF threshold 
to 5%, which is within the limits of detection validated for 
our sequencing approach.

Use of a 5% VAF threshold allowed the discovery of ad-
ditional somatic P/LP variants in the BM of 33 patients (IC 
n = 10/160, MN n = 19/81 and lymphoid/other n = 4/16) out 
of a total of 257 patients. Fifteen out of these 33 patients 
had variants exclusively at 5%–10% VAF (IC n = 4/160, MN 
n = 7/81 and lymphoid/other n = 4/16), and 18 patients had 
other P/LP variants above 10% VAF (Figure  6). One hun-
dred and eighteen patients had P/LP variants above a 10% 
VAF threshold, compared to 133 patients above the 5% VAF 
threshold, giving a false-negative rate of 11% (15/133).

Using the 5% VAF threshold affects the classification 
and prognostication of the patients: four IC patients who 
would have been classified as non-clonal based on a 10% 
VAF threshold had P/LP variants at 5%–10% VAF. Seven 
MDS patients had P/LP variants in IPSS-M prognos-
tic genes with a 5%–10% VAF. The IPSS-M risk category 
worsened in three of these seven patients when the 5%–
10% VAF range P/LP variants were included in the risk 
score, compared with when only P/LP variants above 10% 
were included.

We also looked at the 2% VAF threshold in line with the 
WHO/ICC CCUS definitions and IPSS-M. This moved 7% 
of NCIC patients with somatic P/LP variants at 2%–5% VAF 
into the CC category (Figure S4). Thirteen out of 49 MDS 
patients had additional somatic P/LP variants in the 2%–5% 
range that score on the IPSS-M.

DISCUSSION

In this study, we used paired tumour-normal analysis to 
identify somatic P/LP variants in 29% of IC patients. This is 
comparable to previous studies, which reported that 20%–
35% of IC patients harboured mutations using VAF cut-offs 
between 2% and 10%.25–28 Here, lowering the VAF threshold 
to 5% increased the number of IC patients identified as hav-
ing clonal haemopoiesis. While identifying low-level sub-
clones may be prognostically important in AML/MDS, there 
is a potential risk if very low VAF thresholds are used while 
investigating IC patients; cytopenias may be misattributed 
to low-level clones, which are less likely to be responsible for 
the cytopenias or have a lower prognostic value.17,19,29–31

Factors other than the VAF of variants are prognostic in 
the context of CCUS. The type of mutation as well as the 

F I G U R E  4   Comparison of allele frequencies of somatic mutations 
discovered in bone marrow and CD3-depleted blood. Black circles 
represent variants from MN (myeloid neoplasm) cases. White circles 
represent variants from CC (clonal cytopenia) cases (Pearson coefficient 
of determination r2 = 0.76; Slope = 0.79; p < 0.001). There was no significant 
difference in mean VAFs between DPB and BM, with means of 37.1% 
(±16%) and 37.9% (±17.9%) respectively (paired t-test p = 0.14).
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number of mutations can be used to classify CCUS into 
high- and low-risk categories.28,31

We discovered P/LP variants in only 39 of the 82 genes 
tested, similar to one study that reported that 41 genes pro-
vided similar diagnostic information to 640 genes.27 Clonal 
cytopenias are defined by the presence of somatic VUS as 
well as somatic P/LP variants in 54 myeloid driver genes 
listed in the WHO 2022; therefore, maintaining a broader 
panel of genes may be of utility.

We demonstrated largely concordant results between 
bone marrow and DPB, providing further evidence for rou-
tine molecular profiling of blood. Although previous stud-
ies have compared sequencing of peripheral blood and bone 
marrow, this is the first study that used material acquired 
at the same timepoint, and employed a capture-based panel 
in combination with lymphocyte depletion to enrich for 
myeloid cells (to reduce the risk of a false negative where 
patients have profound neutropenia/monocytopenia).32–34 
Although the investigation of cytopenias could start with 
the sequencing of DPB, there is a danger of missing some 
cases of MDS as not all bear mutations are detectable by cur-
rent approaches.28

The main benefits of the paired approach were both re-
liable identification and interpretation of germline vari-
ants and a reduction of analysis time, as the assessment 

of VUS and the identification of artefacts, misalignments 
and errors were greatly simplified. Timely identification of 
germline variants predisposing to haematological malig-
nancies is of particular relevance for the selection of fam-
ily donors for transplant, as donor-derived leukaemia can 
arise in recipients where donors have germline pathogenic 
variants.35 Sequencing fibroblasts cultured from skin bi-
opsies is an alternative approach. Use of T cells is quicker 
and avoids the need for skin biopsy and culture of the cells, 
but it does involve immunomagnetic selection, and selec-
tion of T cells from some AML samples can be difficult.36 
The paired approach increased costs by 85% compared 
to unpaired sequencing only, but was less expensive than 
fibroblast culture, which would increase costs by 160%. 
Units could employ a strategy of collecting T-cell DNA 
but only sequencing it if ambiguous variants in potentially 
germline variants were identified in the marrow. Patients 
with family donors who are moving to transplant as first 
treatment or for those who go to transplant after one re-
mission induction chemotherapy cycle may, however, ex-
perience delays if the T-cell sequencing is not performed 
simultaneously with the marrow.

We confirmed the DDX41 germline variant in one of 
the 10 germline cases through skin fibroblast testing. We 
cannot fully exclude the possibility that some of the other 

F I G U R E  5   Comparison of bone marrow and depleted blood sequencing results at 10% VAF threshold. The bars represent the percentage of analysed 
patients from each group (IC n = 121, MN n = 73 and lymphoid n = 13). Bars with blue diagonal stripes represent patients who had no reportable variants 
in BM but had variants in DPB. White bars represent patients who had no variants in both BM and DPB. Bars with orange diagonal stripes represent 
patients who had variants detected in BM but none in DPB. The orange bar represents partially concordant patients who had some, but not all, variants 
present in BM detected in DPB. The red bar represents fully concordant patients who had the same variants detected in BM and DPB. The purple bar 
represents partially concordant patients who had the same variants present in BM detected in DPB, with additional variants detected in DPB.
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variants we deemed to be germline occurred somatically 
at the haematopoietic stem cell (HSC) level and hence 
were detected in T cells and bone marrow. Against this, 
there is clear space in terms of the VAF between the so-
matic variants in the T cells, with a maximum VAF of 22%, 
and the germline variants, with a minimum VAF of 38%. 
Other studies show low VAF (<25%) of somatic variants 
in the T cells where HSC involvement was suspected.37–39 
We are unaware of any studies that show high VAF (>35%) 
involvement in T cells as a result of HSC involvement by 
somatic myeloid drivers.

We observed somatic P/LP variants in TET2 and SRSF2 
in CC patients at a higher frequency than in other stud-
ies (64% vs. 15%–30% for TET2 and 40% vs. 0%–20% for 
SRSF2).25–27,40,41 This discrepancy could be due to differ-
ences in the classification of ambiguous variants.42 A study 
comparing variant interpretations between laboratories 
found that 11% of patients had the same variants classified 
differently, ranging from pathogenic to VUS.43 An example 
is the SRSF2 hotspot p.Pro95, where only one out of the three 
somatic variants (p.Pro95Arg) is consistently classified as 
P/LP while the other two (p.Pro95His and p.Pro96Leu) are 
classified differently between databases, from likely patho-
genic to VUS.1,44 Such ambiguity could explain the different 
frequencies of mutated genes reported between studies, as 
usually only P/LP variants are reported, and VUS is omitted 
from analysis.

We detected somatic VUS in a significantly higher pro-
portion of patients with MN and CC than patients with 
NCIC, consistent with somatic VUS being an indicator of 
a clonal process. The importance of VUS is a hotly debated 
topic, and significant effort is placed towards resolving this 
ambiguity.45,46 The transparent reporting of VUS may help 
resolve their significance.42
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