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Abstract

In chronic lymphocytic leukemia, the reliability of next-generation sequencing (NGS) to detect TP53 variants <10% allelic
frequency (low-VAF) is debated. We tested the ability to detect 23 such variants in 41 different laboratories using their NGS
method of choice. The sensitivity was 85.6%, 94.5%, and 94.8% at 1%, 2%, and 3% VAF cut-off, respectively. While only
one false positive (FP) result was reported at >2% VAF, it was more challenging to distinguish true variants <2% VAF from
background noise (37 FPs reported by 9 laboratories). The impact of low-VAF variants on time-to-second-treatment (TTST) and
overall survival (OS) was investigated in a series of 1092 patients. Among patients not treated with targeted agents, patients with
low-VAF TP53 variants had shorter TTST and OS versus wt-TP53 patients, and the relative risk of second-line treatment or death
increased continuously with increasing VAF. Targeted therapy in 22 line diminished the difference in OS between patients with
low-VAF TP53 variants and wt-TP53 patients, while patients with high-VAF TP53 variants had inferior OS compared to
wild type-TP53 cases. Altogether, NGS-based approaches are technically capable of detecting low-VAF variants. No strict
threshold can be suggested from a technical standpoint, laboratories reporting TP53 mutations should participate in a stan-
dardized validation set-up. Finally, whereas low-VAF variants affected outcomes in patients receiving chemoimmunotherapy,
their impact on those treated with novel therapies remains undetermined. Our results pave the way for the harmonized and

accurate TP53 assessment, which is indispensable for elucidating the role of TP53 mutations in targeted treatment.
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INTRODUCTION

Genetic alterations (mutations and/or deletions) in the TP53 gene
have been repeatedly associated with poor prognosis in chronic
lymphocytic leukemia (CLL).2? While patients with TP53 aberrations
usually relapse early after chemoimmunotherapy-based regimens,
they strongly benefit from targeted treatment with kinase and BCL2
inhibitors.3~® As such, TP53 aberrations should be assessed before
each therapy line both by sequencing and interphase fluorescence
in-situ hybridization (I-FISH).” Historically, TP53 gene sequencing
was performed with Sanger sequencing with a detection limit >10%
variant allele frequency (VAF). The introduction of NGS allowed
the detection of clones carrying mutations «10%, and this raised
questions about the technical reliability and clinical utilization of
detecting these very small clones.

Decreasing the VAF threshold for detecting variants increases the
risk of an erroneous result. The wrong interpretation of the background
noise may result in reporting a false positive result or missing the true
variant present in the position where the background noise is high.? In
addition, insufficient DNA input and sequencing coverage or poor se-
guencing quality may lead to omitting a low-VAF variant. Various ap-
proaches have been introduced to correctly identify true low-VAF
variants, involving wet-lab modifications, for example, unique molecular
identifiers (UMI), either single or duplex, and advanced error-correction
methods embedded in the bioinformatics pipelines.” ' Nowadays,
multiple commercially available gene panels with inbuilt bioinformatics
analysis aim to detect variants of 5% VAF or even lower, and several
single-gene kits detecting TP53 variants down to 1% VAF are available.

In CLL, several groups demonstrated a strong selective
advantage of small TP53-aberrant subclones under the selection
pressure of chemoimmunotherapy, resulting in their clonal expan-
sion in relapse and disease deterioration.'? 14 Studies employing
sensitive, custom-based NGS methods with tailored bioinformatics
tools showed the negative prognostic impact of TP53 variants
<10% VAF in patients treated with chemoimmunotherapy.1%14-18
Collectively, these results and the wide implementation of NGS
challenged the arbitrary Sanger-equivalent 10% VAF threshold for
reporting TP53 variants, which was previously recommended by the
European Research Initiative on CLL (ERIC) in CLL in 2018.%7 This
approach was recently re-evaluated and specific VAF cut-off for
reporting is no longer recommended.2°

We present here the results of a multicenter study organized by the
TP53 Network of ERIC addressing (i) the reliability and reproducibility of
NGS-based methods used in diagnostic and research laboratories for the
detection of low-VAF TP53 variants and (i) the impact of low-VAF TP53
variants identified in these laboratories on patients' outcome.

METHODS
Samples, cell lines, and patients

Reference samples for interlaboratory comparison of NGS-based
methods were prepared by diluting primary CLL samples (N=7; in-
cluding one sample containing two TP53 variants), and TP53-mutated
tumor cell lines (N =8) (Supporting Information S1: Table S1) in DNA
isolated from peripheral blood of the healthy donor. TP53 variants were
described using the reference MANE transcript NM_000546.6. The
samples were prepared at University Hospital Brno, Czech Republic
(Samples 2 and 4-7) and IRCCS Ospedale San Raffaele, Milan, Italy
(Samples 1 and 3), and sent to 41 laboratories participating in the study.

To analyze the impact of low-VAF TP53 mutations on time to
second treatment (TTST) and overall survival (OS), data from 1210 pa-
tients with CLL were collected from 12 centers. The inclusion criteria
were as follows: patients treated for CLL with TP53 analysis performed
before the first therapy was initiated. Clinical data were curated to reveal
discrepancies in disease timeline and inconsistencies with inclusion
criteria; cases with discordant data and patients untreated until the last
follow-up were excluded from the study. The final dataset included
1092 cases from whom peripheral blood samples were collected
between 1998 and 2021. Informed consents, approved by the ethical
committees of the participating hospitals, were obtained in accordance
with the Declaration of Helsinki. Diagnostic criteria, indications for
treatment initiation, and response assessment followed the International
Workshop on CLL (iwCLL) guidelines.”

Droplet digital polymerase chain reaction (ddPCR)

The variants present in reference samples were validated using
ddPCR. ddPCR was performed from 60 ng DNA in triplicates using
custom ddPCR assays specific to each TP53 variant and the QX200
Droplet Digital PCR System (BioRad).

Next-generation sequencing (NGS) methods

NGS-based assays (N =44) were used by the participating laboratories
(N = 41; three laboratories participated with two methods) to analyze the
reference samples (detailed in Supporting Information S1: Table S2). The
methods used by laboratories participating in the second part of the
study (N = 12) to identify TP53 variants in patients with CLL are shown in
Supporting Information S1: Table S3; eight centers used an identical
method as for the reference samples, and the remaining four centers
applied an extended panel for all or part of the samples.
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Curation of TP53 variants

For all TP53 variants identified in patient samples by individual
centers in the second phase of the study, data from in-vitro functional
studies??~2% were recorded from The TP53 Database (https://tp53.
cancer.gov)®* and The TP53 Website (https://p53.fr/).2° The
presence of variants in the human population was collected from
GnomAD.? Common population variants ¢.215C>G, c.639A>G, and
c.108G>A were not considered. Variants with concordant results
from in-vitro functional studies pointing to preserved activity and/or
variants interpreted as likely benign or benign by the ClinGen TP53
Variant Curation Expert Panel,?” or described as a rare missense
polymorphism present in human populations?® were excluded from
further analyses (N = 9; Supporting Infomaton S1: Table S4).

Statistical analysis

All statistical analyses were performed in R version 4.1.1%° with
additional packages. Statistical significance was defined as p < 0.05.
Graphical visualizations were performed in R and GraphPad Prism.
The correlations of ddPCR to median and individual NGS results were
calculated using the Spearman correlation coefficient. The impact of
assay design on method performance and correlation of the results to
ddPCR were assessed by the Kruskal-Wallis test followed by post
hoc tests (continuous values) or Fisher exact test (categorical values).

Survival analyses were performed by the Kaplan-Meier method
and between-group comparisons were performed using the log-rank
test; the association between variables and survival was estimated by
Cox regression with Benjamini-Hochberg correction for multiple
testing (survival R-package). TTST was measured from the start date
of first-line treatment to the date of second-line treatment or death,
whichever came first (event) or last follow-up (censoring). Overall
survival (OS) was considered from the date of first-line treatment to
the date of death from any cause (event) or last follow-up (censoring).
To visualize changes in the relative risk of second-line treatment and
death, spline curves were constructed in R.

RESULTS
Interlaboratory comparison of NGS methods

Six reference samples were prepared by mixing healthy donor DNA
with DNA containing 16 pathogenic TP53 variants isolated from
primary CLL samples and tumor cell lines (Supporting Information S1:
Table S1) to reach ~1%-10% VAF. One reference sample contained
healthy donor DNA only. Seven variants were represented
twice, albeit with different VAFs; altogether, the samples contained
23 pathogenic TP53 variants of various types (missense, nonsense,
splice, in-frame delins, frameshift deletion, and duplication), at
different VAF, located within exons 4 to 9 and adjacent splice sites
(Table 1). The allelic frequency of variants in individual samples was
quantified by ddPCR using custom assays and ranged from 0.7% to
6.3% VAF. The results of ddPCR were used as reference values.
Samples were tested in 41 laboratories, all of which had pre-
viously passed the ERIC TP53 Certification (http://www.ericll.org/
certification-of-tp53-analysis/), an external quality assessment pro-
gram organized to ensure the quality of TP53 mutation detection and
interpretation. Participating laboratories performed NGS analysis,
each using a methodology of their choice. Three laboratories analyzed
the samples independently with two methods; altogether, 44 sets of
results were obtained (Supporting Information S1: Table S5). The
applied methods included a broad portfolio of commercial as well as

TABLE 1  List of reference samples and pathogenic variants used in
interlaboratory comparison.
Variant cDNA Variant protein ddPCR

Sample (NM_000 546.6) (NP_000 537.3) (% VAF)
mTP53_1 c.524G>A p.(Arg175His) 43
mTP53_1 c.743G>A p.(Arg248GlIn) 2.8
mTP53_1 c.853G>A p.(Glu285Lys) 4.2
mTP53_1 c.166G>T p.(Glu56Ter) 3.9
mTP53_1 c.580C>T p.(Leu194Phe) 4.1
mTP53_2 None None NA
mTP53_3 c.524G>A p.(Arg175His) 1.1
mTP53_3 c.743G>A p.(Arg248Gln) 0.7
mTP53_3 c.853G>A p.(Glu285Lys) 1.0
mTP53_3 c.166G>T p.(Glu56Ter) 0.9
mTP53_3 c.580C>T p.(Leu194Phe) 1.0
mTP53_4 ¢.949dup p.(GIn317ProfsTer20) 5.2
mTP53_4 c.173del p.(Pro58GlInfsTer65) 6.3
mTP53_5 €.559+1G>A p.? 1.7
mTP53_6 ¢.949dup p.(GIn317ProfsTer20) 1.6
mTP53_6 c.173del p.(Pro58GInfsTer65) 1.9
mTP53_7 c.626_627del p.(Arg209LysfsTer6) 4.1
mTP53_7 c.741_742delinsTT p.(Arg248Trp) 4.9
mTP53_7 c.817C>T p.(Arg273Cys) 1.9
mTP53_7 c.685_689%del p.(Cys229HisfsTer9) 3.1
mTP53_7 c.949C>T p.(GIn317Ter) 1.7
mTP53_7 c.337T>G p.(Phe113Val) 2.0
mTP53_7 c.569C>T p.(Pro190Leu) 4.42
mTP53_7 c.672+1G>T p.? 4.4°

®The two variants are located on the same allele. Only the VAF of variant ¢.569 C>T
was validated by ddPCR.

laboratory-developed protocols (Table 2 and Supporting Information
S1: Table S2). At the time of the study, most laboratories adhered to
the ERIC TP53 Recommendations 2018 by reporting variants with
>5%-10% VAF, and they had not validated the LOD for the identi-
fication of low-VAF variants in routine practice. Yet, the laboratories
were asked to estimate their method's LOD; the estimated LOD
values are shown in Figure 1A. Since validation was not required prior
to the study, and not all laboratories provided the LOD estimation,
the performance of methods was assessed at 1%, 2%, and 3% VAF
thresholds.

In total, 823 variants in the coding region of the TP53 gene
were reported. The variants were classified as follows (Figure 1A): (i)
true positive (TP) results (N =785), that is, variants present in the
reference samples and confirmed by ddPCR; (ii) false positive (FP)
results (N = 38), that is, variants not present in the reference samples,
reported by one laboratory each; (iii) not reported (N = 224), that is,
variants present in the reference samples but not reported by the
laboratory. For the purpose of the performance analysis, all variants
not reported above a certain cut-off (1%, 2%, and 3% VAF) were
considered false negative (FN).

For each variant, the median VAF was calculated from values
reported by the participating laboratories (Supporting Information S1:
Figure S1). Although the reported VAF varied as expected, the
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TABLE 2 Summary of methods used by laboratories participating in
interlaboratory comparison.

Total 44
Library preparation principle

Amplicon-based 367

Capture-based 8

Library preparation

in-house (primers/probes designed in the laboratory) 11°
Agilent/Multiplicom (CLL MASTR Plus; SureMASTR TP53) 3
Agilent (HaloPlex; SureSelect) 2
ArcherDX (VariantPlex) 2
GenDx 1
Illumina (TruSight) 4
Paragon Genomics (CleanPlex) 1
Qiagen (QlAseq) 2
Roche+NimbleGen (KAPA HyperPrep/SeqCap EZ) 2
Seqplexing 1
Sophia Genetics 4
Thermo Fisher or lllumina (AmpliSeq™ technology) 11
Sequencing platform
lllumina 33
lon Torrent 11
Unique molecular identifiers (UMI)
No 35
Yes 9
Bioinformatic pipeline
Commercial 26
In-house 14
Combination of both 4

2Single-prime extension N = 4.
®One method commercialized later (EasySeq-RC-PCR, Nimagen).

median values significantly correlated with the values assessed by
ddPCR (Figure 1B; Spearman R =0.9849, p < 0.001).

The cumulative reliability of NGS methods for
detecting low-frequent TP53 variants increased
continuously with variant allele frequency

To assess the performance of NGS methods, the following
parameters were calculated: (i) proportion of detected variants that
are true positives (positive predictive value, PPV =TP/[TP+FP];
reaches 100% if no false positive results are reported), (ii) proportion
of known variants that were detected by the test system (Sensitiv-
ity = TP/[TP+FN]; reaches 100% if all known variants are reported)
(Table 3 and Supporting Information S1: Table S5). In total, labora-
tories reported 77.8% of all variants present in reference samples,
reaching the sensitivity of 85.6%, 94.5%, and 94.8% at 1%, 2%, and
3% VAF cut-off, respectively. In total, 38 FP variants were reported
by 10 laboratories; of them, 37 with VAF <2%. The variants that la-
boratories failed to report often occurred near the declared LOD and
can be attributed to measurement variance. Among variants ex-
ceeding the LOD more prominently, the most frequent error

represented a nucleotide insertion within a homopolymer sequence
(c.949dup; Figure 1A). The cumulative capacity of methods to detect
all variants with no FP results reached 30% and 64% for variants
21.1% and 2% VAF, respectively (Figure 1C).

Next, we explored which parameters in the assay design and
bioinformatics analysis might affect method sensitivity, PPV, and
correlation to ddPCR results (Supporting Information S1: Tables S2
and S5). The capacity to detect all variants with very low VAF (100%
sensitivity; Fisher exact test; Supporting Information S1: Figure S2)
was higher in assays including only the TP53 gene (vs. gene panels;
p=0.003 for variants >1% VAF, Fisher exact test), laboratory-
developed, that is, in-house and custom assays (vs. predesigned
solutions; p = 0.004 and 0.03 for all and >1% variants, respectively),
and in-house bioinformatics pipelines (p = 0.006 and 0.03 for all and
>1% variants, respectively). We observed no difference between
capture and amplicon-based assays. The lllumina sequencing platform
demonstrated higher sensitivity values at 1%, 2%, and 3% VAF
threshold compared to lon Torrent (p <0.05; Kruskal-Wallis test;
Supporting Information S1: Figure S3). On the other hand, no false
positive variants >1% VAF were reported by laboratories using
the lon Torrent platform. These results were likely related to the fact
that most laboratories using lon Torrent employed predesigned
assays that are designed to be robust. In this context, “robust” refers
to the assay's ability to maintain consistent performance despite
minor variations in method parameters and its reduced sensitivity to
outliers, albeit at the cost of a higher limit of detection (LOD).

Furthermore, we observed differences even among laboratories
using the same type of NGS assay, likely due to using different se-
quencing approaches and bioinformatics pipelines. The results obtained
by three laboratories after changing the parameters of the bioinformatics
pipeline demonstrated that the less stringent setting allows for the
identification of a higher number of true variants, however, it increases
the risk of FP results (Supporting Information S1: Figure S4).

All participants received individual feedback comparing their find-
ings to both the ddPCR results and the results of other participants (see
Supporting Information Material for an example of an individual report)
with the aim of helping them to improve the reliability of their methods
and help set a more proper LOD. Based on the obtained feedback,
laboratories changed the assay (ID17, 12, 18), modified the bioinfor-
matics pipeline (ID23, 4, 27), identified a pipeline error that skipped
essential noise-filtering (ID32), or set the correct LOD (ID13).

Clinical impact of low-VAF TP53 variants

In the second part of the study, we addressed the clinical relevance of
low-VAF TP53 variants identified independently of the method used.
Twelve centers provided results of TP53 analysis in patients with CLL
followed at their clinics with the corresponding clinical and laboratory
data. The curated cohort included 1092 CLL patients treated for CLL
with TP53 analysis performed before therapy initiation (Supporting
Information S1: Figure S5 and Supporting Information S1: Table Sé).
The median time from sample collection to treatment was 40 days
(interquartile range 3-198 days; 82% of samples taken <1 year before
treatment initiation). Seventy-three patients receiving frontline
therapy with kinase or BCL2 inhibitors were analyzed separately; this
subgroup was enriched for TP53 aberrations as targeted therapy was
initially approved for patients with TP53 gene disruption. The size of
this subgroup and a short median follow-up of 3.9 years enabled us to
analyze TTST only.

In total, 182/1092 (16.7%) patients carried one or more
TP53 mutations 21% VAF (237 mutations, 31 patients with >2 var-
iants; Supporting Information S1: Table S7). In 59 patients, the allelic
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FIGURE 1 Results of interlaboratory comparison of NGS methods. (A) Results provided by 41 laboratories testing 44 methods. Black and orange dots represent
variants present in reference samples with VAF values measured by ddPCR; the color distinguishes variants reported (black) and not reported (orange) by the
laboratory. Methods (X-axis) are ordered by the lowest variant allele frequency (VAF) that was detected without missing any variant present in reference samples and

without false positive results (red dots; VAF value reported by the laboratory). (B)

Correlation of median VAF values reported by participants and VAF values obtained

from droplet digital PCR (ddPCR) analysis for individual variants. Spearman correlation coefficient R = 0.9849. (C). Overall performance of tested methods. Blue area
shows the cumulative proportion of the methods (Y-axis) in relation to the lowest VAF (values measured by ddPCR; X-axis) that was reliably detected, that is, all
variants present in reference samples were reported without false positivity. Red line shows the cumulative proportion of methods reporting false positive results

(VAF value reported by the laboratory).

frequency of the variant with the highest VAF was <10%, and the
sample was categorized as a “low-VAF TP53 variant” (Table 4).
As expected, we observed a significantly uneven distribution of main
cytogenetic subgroups,® mainly concerning the high proportion of
patients with del(17p) in the high-VAF TP53 mutation subgroup
(60.3%; p < 0.001 compared to both the wt-TP53 and low-VAF TP53
subgroups). The high-VAF subgroup was also enriched for patients
with unmutated IGHV genes (82.5%; p=0.0001 and p=0.0756
compared to the wt-TP53 and low-VAF TP53 subgroups, respec-
tively). In contrast, the proportion of patients with unmutated IGHV
genes in the low-VAF subgroup did not significantly differ from
that of the wt-TP53 subgroup (69.6% vs. 65.3%, n.s.). Furthermore,
this comparison confirmed that different types of frontline therapies
had been used for patients with TP53 mutations, especially in the

high-VAF TP53 mutation group, where the use of chemoimmu-
notherapy was limited. Targeted regimens were more frequently used
in both the high-VAF and low-VAF TP53 mutation groups. In addition,
we observed that patients in the high-VAF subgroup were slightly but
significantly older at diagnosis compared to others within this cohort.

The impact of low-VAF variants on TTST (Figure 2A-C) and OS
(Figure 2D) was compared to that of the patients with high-VAF
variants and wt-TP53. In patients not receiving targeted agents in
the frontline (for details see Supporting Information S1: Table Sé6),
the TTST (Figure 2A) in the low-VAF group was significantly shorter
compared to wt-TP53 and longer compared to the high-VAF group
(p=0.013 and 0.002, respectively; median TTST: wt-TP53 3.6y,
low-VAF 2.8y, high-VAF 1vy). If del(17p) status was considered and
groups were compared to wt-TP53/no del(17p) (median TTST 3.6 ),
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the shortest TTST was seen in patients with a combination of del(17p)
and high-VAF TP53 mutations (median TTST 0.8 y/p <0.001 and
1y/p=0.032, respectively), followed by high-VAF and low-VAF
mutations in the absence of del(17p) (median TTST 1.5y/p <0.001
and median TTST 2.8 y/p = 0.026, respectively) (Figure 2B). No TTST

TABLE 3 The performance of methods used by laboratories participating
in interlaboratory comparison.
Total >1% VAF  >2% VAF  >3% VAF
Evaluated 10097 833 528 484
True positive 785 713 499 459
False positive 38 15 1 1
PPV (TP/[TP+FP]) 95.4%  97.9% 99.8% 99.8%
Any false positive (methods, N) 10 6 1 1
Any false positive (methods, %)  22.7%  13.6% 2.3% 2.3%
Not reported (false negative) 224 120 29 25
Sensitivity (TP/[TP+FN]) 77.8%  85.6% 94.5% 94.8%
Any not reported (methods, N) 37 13 12 12
Any not reported (methods, %) 84.1%  29.5% 27.3% 27.3%

Note: For the purpose of the performance analysis, all variants not reported above the
cut-off (1%, 2%, and 3% VAF) were considered false negative (FN).

*Three samples with one variant each were excluded from analysis due to technical
issues.

TABLE 4 The summary of CLL cases included in the survival analyses.

shortening was observed for patients with sole del(17p) (median
TTST 3.9y).

In patients receiving frontline targeted agents (n = 73), we did not
observe any significant difference between the patient subgroups
after the Benjamini-Hochberg correction, although a trend toward
shorter TTST was observed for the high-VAF group (Figure 2C;
p =0.06; median wt-TP53 not reached, low-VAF 4.8y and high-VAF
3.6y). The TTST analysis with the stratification based on the combi-
nations of del(17p) and TP53 mutation, and the type of regimen
(detailed in Supporting Information S1: Table Sé), was not possible
due to the low numbers of patients in individual subgroups.

For OS, we analyzed separately patients receiving targeted
treatment in the first or later relapses since it has been shown that
targeted treatment also improves OS in patients with relapsed/re-
fractory (R/R) disease.®® Initially, these therapies were preferably
used in patients with del(17p) and/or TP53 mutations, including those
with a low-VAF TP53 clone before first-line therapy who experienced
an expansion of the clone upon relapse. For patients who had
not received targeted treatment until the last follow-up, OS was
significantly shorter in both patients with low- and high-VAF variants
compared to the wt-TP53 group (p =0.033 and p < 0.0001, respec-
tively; median OS: wt-TP53 6.6y, low-VAF 3.2y and high-VAF 2.1y).
Among those receiving targeted therapy in 2nd or later therapy
lines, only the OS of the high-VAF group differed significantly from
wt-TP53 (p < 0.001) while patients with wt-TP53 and low-VAF TP53
mutations detected at frontline therapy initiation demonstrated
similar OS (median OS wt-TP53 10.6y, low-VAF 8.6y, and high-VAF
5.1vy) (Figure 2D).

High-burden TP53 mutation  Low-burden TP53 mutation

Total TP53 wt (210% VAF) (1%-10% VAF)
Cases (No.) % (range) Cases (No.) % (range) Cases (No.) % (range) Cases (No.) % (range) p-Value®
No. of patients 1092 100.0 910 123 59
Sex n.s.
Female 395 36.2 324 35.6 46 37.4 25 42.4
Male 697 63.8 586 64.4 77 62.6 34 57.6
Age at diagnosis, median y (range) 64 (28.6-94.0) 63.9 (28.6-94.0) 67.3 (29.4-89.8) 64.88 (41.1-91.0) 0.004
IGHV status 0.0004
Mutated 344 325 306 34.7 21 17.5 17 30.4
Unmutated 714 67.5 576 65.3 99 82.5 39 69.6
FISH hierarchical
Del(17p) 98 9.7 23 2.7 70 60.3 5 9.1 <0.0001
Del(11q) 213 21.1 193 23.0 10 8.6 10 18.2 0.0011
Trisomy 12 156 15.4 142 16.9 7 6.0 7 12.7 0.0063
Del(13q) 297 29.4 256 30.5 20 17.2 21 38.2 0.0053
Normal 247 24.4 226 26.9 9 7.8 12 21.8 <0.0001
First-line treatment
TTFT from dg (median, months) 22 (0-341.0) 24.0 (0-292.7) 13.8 (0-252.3) 21.2 (0-341.0)
Targeted treatment (BcR and 73 6.7 42 4.6 22 17.9 9 15.3 <0.0001
BCL2 inhibitors)
FCR, FC-Ofa 467 42.8 417 45.8 27 22.0 23 39.0 <0.0001
BR 180 16.5 162 17.8 8 6.5 10 16.9 0.0032
Other than above 372 34.1 289 31.8 66 53.7 17 28.8 <0.0001

Abbreviations: B, bendamustine; C, cyclophosphamide; F, fludarabine; n.s., not significant; Ofa, ofatumumab; R, rituximab.

@Fisher exact test (categorical values) or Kruskal-Wallis test (age).
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FIGURE 2 (See caption on next page).
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FIGURE 2 Survival in patients analyzed in 12 participating centers stratified by TP53 mutation status. (A, B) Time to second treatment (TTST) in patients not
receiving targeted treatment frontline stratified by variant allele frequency (VAF) (A) and by VAF and del(17p) presence (B). (C) TTST in patients treated with frontline
targeted agents stratified by VAF. Event = 2nd treatment or death, censored = untreated and alive at last follow-up. (D) Overall survival (OS) from therapy initiation.
Low-VAF = 1%-10%,; high-VAF = >10% VAF. Targeted treatment = BcR or BCL-2 inhibitor; for details on treatment see Supporting Information S1: Table 6. Group

comparison-LogRank test with Benjamini-Hochberg correction of p-values. HR, hazard ratio: numbers in brackets show a 95% confidence interval.

TTST
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FIGURE 3 Multivariate Cox model for TTST and OS. Wild-type TP53, mutated IGHV, and FCR-like therapy were used as reference; 1058 patients with data
available for all parameters were included. Frontline CIT-other, chemoimmunotherapy other than FCR-like; Frontline other-other therapies. Cl, confidence interval;

HR, hazard ratio.
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FIGURE 4 Relative risk for TTST (A) and OS (B) in relation to TP53 mutation VAF in patients not receiving targeted treatment frontline. The increasing relative
risks of the event (TTST: 2nd treatment or death, OS: death) were obtained from the Cox model with penalized spline term for continuous predictor “VAF highest”
centered at 0, that is, TP53 wildtype. VAF highest - % VAF of a single variant in the sample or the highest VAF if multiple variants were present.

Given that unmutated IGHV somatic hypermutation status is a
known marker of poor prognosis and that we observed imbalanced
proportions of IGHV status between cohorts with high-VAF and
low-VAF TP53 mutations, we next limited our analyses to 714 patients
with unmutated IGHV genes. As shown in Supporting Information S1:
Figure Sé, the results were consistent with those of the whole cohort,
though the difference in TTST between patients with wt-TP53 and
those with low-VAF mutations was less pronounced. Additionally, we
analyzed the impact of IGHV status and therapy type across the entire
cohort using a multivariate Cox model (Figure 3). Within our cohort,
TP53 mutation status, IGHV status, age, and type of frontline treatment
were identified as independent prognostic factors for TTST and OS.

Since 517 patients were included in a previously published
single-center cohort** (follow-up updated for this study), we assessed
whether the conclusions stayed the same if this cohort was removed
from the analysis (Supporting Information S1: Figure S7A-C).
Although shifts toward lower statistical significance were observed
since the lower number of patients in subgroups reduced statistical
power, the overall pattern corresponded with the findings obtained
from the whole cohort.

Finally, we demonstrated that the relative risk of second-line
treatment or death increased continuously with increasing VAF in pa-
tients not receiving frontline targeted agents, indicating that no clinically
significant VAF threshold for low-VAF variants can be applied (Figure 4).
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Detection of low VAF TP53 mutations in CLL

DISCUSSION

The present study was initiated after ERIC issued recommendations
on the analysis of TP53 variants in CLL in 2018 and aimed to
address two main objections against decreasing the threshold for
reporting TP53 variants below 10% VAF. The first concerned the
insufficient reliability of NGS methods when aiming for detection of
variants <10% VAF, potentially leading to a high rate of incorrect
results; the second concerned the lack of evidence about the clinical
impact of low-VAF variants.

In the first part of the study, we documented that the majority of
NGS-based approaches can reliably detect TP53 variants below 5%
VAF. Although background noise complicates variant detection at this
level, most laboratories identified variants correctly while avoiding FP
results. Since the information about the limits of a given method is an
inseparable part of the reporting process, the participating labora-
tories were asked to provide the LOD, the parameter describing
the lowest VAF value significantly exceeding background noise.
Some laboratories had not established the LOD for the detection of
low-VAF variants in routine practice, as they had reported variants
>5%-10% VAF in line with ERIC TP53 Recommendations valid at
the time of the study,'? and they used the current study to explore
the potentialities of their methods. Others had implemented tools for
assessing variant-specific LODs. For these reasons, we evaluated the
overall performance of methods used at different VAF thresholds. All
13 variants present in the tested samples with VAF 2% and higher
were reliably detected (without FP calls) by 64% of methods, and 30%
of methods even successfully called all 19 variants ranging from 1.1%
to 6.3% VAF. Thus, the data presented here show that NGS-based
approaches used in molecular hematology laboratories are technically
capable of detecting low-VAF variants. On the other hand, the fact
that six laboratories reported FP variants >1% VAF emphasizes
the need for thorough validation (laboratory-developed tests and
ready-to-use commercial assays outside the recommended range of
use) or verification (ready-to-use commercial methods) of all steps of
the NGS-based approach, including the bioinformatics pipeline.%°-32
This process aims to set parameters of the method so that FP results
are avoided while the number of false negative results is kept as low
as possible.

The validation and verification of an NGS assay aiming below the
LOD of Sanger sequencing is challenging. Besides sequencing healthy
controls, the procedure should involve as many variants as possible,
as the background noise of NGS is position and variant-specific,
and pathogenic variants can occur in virtually any position of the TP53
gene 20242534 No certified reference material containing multiple
types of TP53 variants is currently available, and the only orthogonal
method with sufficient sensitivity is ddPCR. Although we proved the
usability of this method here, it requires the preparation of a specific
assay for each variant, thus rendering thorough validation expensive.
The above-described challenges underscore the substantial value of
participation in interlaboratory comparison programs after completing
the validation/verification process. We showed here that the median
VAF reported by laboratories participating in interlaboratory compar-
ison can be used as a reliable reference since VAF values correlated
with the results of ddPCR. More recently, ERIC advocates the inclusion
of samples with TP53 variants <10% VAF of various types in the
external quality assessment programs organized in cooperation with
GenQA/NEQAS-Li (ERIC TP53 Certification, CLL TP53 EQA of
GenQA). While our study showed that some laboratory-developed
assays targeting only the TP53 gene on the Illumina platform could
detect variants with very low VAF, these assays are typically designed
for use in a single laboratory by experienced users and require
thorough validation for routine diagnostics. Commercial assays, on the

other hand, require a less extensive verification process, but because
they are typically designed to be more robust and to minimize false
positive results, they tend to have a higher LOD. Given that labora-
tories have different infrastructures available, we adhere to the current
ERIC recommendation that the laboratories select their assay based on
the available resources and equipment (including computational infra-
structure), their specific focus (e.g., parallel analysis of other genes and
diseases versus a stand-alone assay for TP53), and regional legal and
reimbursement requirements.?°

In the second part of the study, we tested the impact of low-VAF
variants on patient survival. In patients treated with chemoimmu-
notherapy, we confirmed the previously published negative impact of
low-VAF TP53 mutations. The inferior survival of these patients is in
line with the fact that TP53-aberrant clones unambiguously possess a
strong selective advantage under the pressure of chemoimmunother-
apy. This selective advantage manifested in significantly shortened
OS for patients with low-VAF TP53 subclones compared to wt-TP53
patients in four of six studies.!>1#"*8 The impact on progression-free
survival after first-line treatment was less studied and appeared less
prominent, probably due to the time required for the expansion of
TP53-aberrant clones.'*'%'® Overall, the pattern of Kaplan-Meier
curves is similar among studies, including the data presented here, with
the curve of low-VAF variants located between that of wild-type TP53
and high-VAF mutations. Nevertheless, differences between the studies
were apparent with the survival of the low-VAF group being reported
as highly similar to that of the high-VAF group,>° different both from
the high-VAF and wt TP53 groups,** and differing neither from the
high-VAF nor from the wt TP53 groups.'® These differences may be
attributed to different cohort compositions since some studies analyzed
early-stage cohorts with a higher proportion of patients carrying
mutated IGHV genes, while others studied patients with active disease
where those with unmutated IGHV genes predominated. Further,
treatment type and intensity differed among the studies, which po-
tentially affected the result as the selection advantage of TP53-aberrant
clones depends on the level of resistance to the specific drug, the
rate of elimination of leukemic cells, and the growth advantage of the
residual population. Less efficient drugs like chlorambucil exert weaker
selective pressure than regimens efficiently eliminating wild-type cells,
for example, FCR (fludarabine-cyclophosphamide-rituximab).1*> At the
same time, the selective potential of kinase and BCL-2 inhibitors against
TP53-aberrant CLL cells appears to be less impactful, with all scenarios
of clonal development being observed (persistence, expansion,
and disappearance),*#3¢~#2 although the frequent expansion of TP53
mutated clones was documented in patients with progressive disease
receiving BTKi in pretreated cohorts.*>** Accordingly, patients with
TP53 aberrations who respond poorly to chemo- and chemoimmu-
notherapy benefit from targeted treatment,> as also shown in our
study (Figure 2). Still, the presence of a TP53 defect remains a negative
prognostic marker, at least in cohorts of patients with R/R CLL and in
frontline fixed-duration venetoclax-obinutuzumab regimen.4-4¢

In the era of chemoimmunotherapy, some studies reported that
patients carrying the combination of TP53 mutation and 17p13 de-
letion had shorter median survival compared to patients with isolated
TP53 aberration,*”*® which is what we also observed here for TTST.
Today, this observation might be even more relevant for patients
treated with targeted agents, as some studies have shown that only
the combination of TP53 mutation and 17p13 deletion negatively
impacts outcome, while the targeted therapy may overcome the
negative impact of sole TP53 mutations.*~>! Altogether, the impact
of the type of alteration and clonal size in patients treated with
targeted agents remains to be resolved. Unfortunately, an insufficient
number of patients treated with frontline targeted treatment in the
present study, regimen heterogeneity, and short follow-up did not
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allow us to reach firm conclusions on this issue. In particular, while
our study demonstrates that the relative risk associated with in-
creasing VAF of TP53 mutations rises continuously in patients treated
with frontline chemotherapy, it remains unclear whether this pattern
also applies to patients treated with targeted therapies. Conducting
similar analyses in large cohorts of patients treated solely with
targeted therapies, stratified by continuous and fixed duration
regiments, is crucial to address this gap in knowledge. Studies ad-
dressing this important question must build on reliable, validated
methodology, which is what this publication aims at as part of ERIC
harmonization activities.

We acknowledge that our study has limitations and biases
inherent to a retrospective real-world multicentric study. First,
collecting data from several centers and time periods resulted in a
wide range of treatment regimens. Second, the type of sample pro-
cessing differed among centers, with some using mononuclear cell
separation while others employing separation of CD19 cells. When
mononuclear cell fraction is used for TP53 analysis in a sample with a
low proportion of leukemic cells, some low-VAF variants may not be
truly low-burden.® This, however, reflects routine practice in many
diagnostic laboratories; not reporting such cases may result in omit-
ting TP53 aberrations present in the majority of cancer cells.

CONCLUSION

We conclude that no universal LOD cut-off for reporting TP53
variants is currently justifiable either from a technical or clinical
standpoint. We argue that when low-VAF variants are identified using
a reliable, validated method, they should be included in the clinical
report to allow the referring physician to decide about treatment.?°
This is a practical approach, especially considering that the treatment
portfolio is dynamically evolving and the availability of novel drugs
differs worldwide. While low-VAF variants impact clinical outcomes
for patients receiving CIT, their clinical impact for patients treated
with novel therapies remains to be evaluated in larger cohorts.
Moreover, longer follow-up is needed to resolve whether targeted
therapies might impact clonal dynamics of TP53 aberrant clones
during long-term treatment and after several lines of chemo-free
therapy. The data from prospective clinical trials will hopefully resolve
the question as to whether low-VAF TP53 variants represent a risk
for inferior outcomes in patients treated with targeted agents.
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