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Patientswith chronic lymphocytic leukemia (CLL) bearing TP53mutations experience chemo-
refractory disease and are therefore candidates for targeted therapy. However, the signifi-
cance of low-burden TP53 mutations with <10% variant allele frequency (VAF) remains a
matter for debate. Herein, we describe clonal evolution scenarios of low-burden TP53muta-
tions, the clinical impact of which we analyzed in a “real-world” CLL cohort. TP53 status was
assessed by targeted next-generation sequencing (NGS) in 511 patients entering first-line
treatment with chemo- and/or immunotherapy and 159 patients in relapse before treatment
with targeted agents. Within the pretherapy cohort, 16% of patients carried low-burden
TP53 mutations (0.1% to 10% VAF). Although their presence did not significantly shorten
event-free survival after first-line therapy, it affected overall survival (OS). In a subgroup
with TP53 mutations of 1% to 10% VAF, the impact on OS was observed only in patients
with unmutated IGHV who had not received targeted therapy, as patients benefited from
switching to targeted agents, regardless of initial TP53 mutational status. Analysis of the
clonal evolution of low-burden TP53 mutations showed that the highest expansion rates

were associated with fludarabine, cyclophosphamide, and rituximab regimen in both first- and second-line treatments
(median VAF increase, 14.83 and 11.83, respectively) in contrast to treatment with less intense treatment regimens
(1.63) and no treatment (0.83). In the relapse cohort, 33% of patients carried low-burden TP53 mutations, which did
not expand significantly upon targeted treatment (median VAF change, 13). Sporadic cases of TP53 mutations' clonal
shifts were connected with the development of resistance-associated mutations. Altogether, our data support the incor-
poration of low-burden TP53 variants in clinical decision making.

Introduction
TP53 defects in chronic lymphocytic leukemia (CLL) are a well-
established marker for poor prognosis and chemotherapy-
resistant disease. Patients with TP53 defects strongly benefit
from targeted therapy with BcR pathway or bcl2 inhibitors
that are presumed to act independent of the p53 pathway.1-3

CLL treatment has progressed rapidly in recent years, and cur-
rent European Society for Medical Oncology guidelines recom-
mend that all patients with unmutated IGHV, irrespective of
TP53 status, should be treated with the targeted agents in the
first-line setting.4 Unfortunately, this treatment strategy is cur-
rently not applicable in common practice in many countries
because of financial constraints and/or no registration in this
indication. Therefore, testing for TP53 gene mutations and
deletions of the corresponding locus [del(17p)] remain indis-
pensable in treatment decision making.5-7 Current guidelines

are based on studies showing the negative impact of TP53
mutations detectable by Sanger sequencing.8-10 The detection
limit of Sanger sequencing is �10% variant allele frequency
(VAF), which corresponds to the recommended threshold for
clinical reporting.6 Next-generation sequencing (NGS) allows
for the identification of TP53 variants present even below 1%
VAF, and it has been documented that standard chemoimmu-
notherapy (CIT) triggering apoptosis via the p53 pathway often
leads to the clonal expansion of these small mutant subclones
during relapse, with the exact risk being unknown.11-15 In con-
trast, it has been suggested that TP53 defects do not provide
selective fitness to ibrutinib treatment16; however, data on the
clonal evolution of low-burden TP53 mutations upon treatment
with targeted agents are limited.17

The clinical significance of low-burden TP53 mutations has been
widely discussed and several studies have been published with

KEY PO INT S

� Low-burden TP53
mutations in CLL do not
significantly affect the
response duration to
chemo- and/or
immunotherapy, but
shorten OS.

� Clonal expansion of low-
burden TP53 mutations
in CLL is associated with
intense chemoimmuno-
therapy, but not with
targeted therapy.
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discordant results that may be, at least in part, attributable to dif-
ferent cohort composition.14,18-22 Three of 4 publications focusing
on early disease stages showed a negative impact of low-burden
mutations,14,18,22 whereas 1 study did not.19 Regarding the
patients requiring treatment, in 2 of the studies, small cohorts
were analyzed at initiation of treatment (53 and 61 patients), show-
ing the negative impact of small TP53-mutated (TP53-mut) sub-
clones on OS.14,19 In contrast, a recently published study,20

performed on patients included in the UK LRF CLL4 trial, failed
to demonstrate a significant difference in survival between
patients carrying low-burden TP53 mutations and either the
TP53 wild-type (TP53-wt) or TP53mutations$12% VAF, suggest-
ing that these cases represent an intermediate-risk group. Simi-
larly, shortened OS for patients with low-burden TP53 mutations
was not observed in those with relapsed disease who were
included in the Complement 2 trial.21

In our study, we usedNGS to identify TP53mutations present in as
low as 0.1% VAF in a single-center, consecutive, “real-world”
cohort of 511 patients with CLL entering first-line treatment with
chemo- and/or immunotherapy and 159 patients with relapsed
disease treated with targeted agents. We evaluated the clinical
impact of low-burden TP53 mutations, and we assessed the risk
of clonal expansion in the context of different treatment modali-
ties and analyzed the factors involved in the process.

Material and methods
Patients and samples
The study was performed on tumor cells separated from periph-
eral blood obtained from patients with CLL monitored at the Uni-
versity Hospital Brno. For all samples, written informed consent
approved by the Ethics Committee of University Hospital Brno
was obtained in accordance with the Declaration of Helsinki.
Patients were diagnosed, monitored, and treated according to
International Workshop on CLL National Cancer Institute guide-
lines.23 The following patients with available blood samples
were analyzed: (1) 511 patients entering first-line treatment from
2008 through 2017; (2) 159 patients in relapse entering treatment
with BcR or bcl2 inhibitors from 2013 through 2019. For details on
patient cohorts see supplemental Data, available on the Blood
Web site. The patients were further monitored during remission
and relapse (supplemental Methods).

TP53 mutation analysis by deep NGS
TP53mutation analysis of the whole coding region was performed
with amplicon-based targeted NGS, as described previously24,25

(supplemental Methods). The presence of all TP53 variants identi-
fied in pretherapy samples was confirmed by a repeated analysis
of affected exon/repeated sample (starting from the PCR amplifi-
cation of affected exon). The ability of the methodology to reach
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Figure 1. TP53 defects in the analyzed cohort. (A) Composition of TP53 defects. (B) TP53 mutations in 141 patients with CLL, in order according the highest VAF. Black,
highest mutation VAF; white, cumulative mutation VAF.
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the limit of 0.1% VAF has been documented in our previous stud-
ies by the analysis of serial samples from individual patients24,26

and by the sequencing of 10 replicates of a dilution series of 8 var-
iants (supplemental Methods; supplemental Figure 2). Neutral
and/or germline variants as assessed by the International
Agency for Research on Cancer (IARC) TP53 database27 and
Seshat,28 were excluded from further analyses (supplemental
Table 4).

Statistical analyses
The Kaplan-Meier survival analysis was used to assess the proba-
bility of event-free survival (EFS) from initiation of treatment to any
of the following events: progression, therapy change, or death of
any cause. Overall survival (OS) was estimated from initiation of
treatment to death of any cause. Statistical methods are detailed
in the supplemental Methods.

Results
Low-burden TP53 defects are frequent in
pretherapy samples and have the same profile as
high-burden mutations
Altogether, 511 patients entering first-line treatment were
included in the study (Table 1). The patients were treated mainly
with CIT (85%), with fludarabine, cyclophosphamide, and rituxi-
mab (FCR), and with bendamustine and rituximab (BR) as the
most common regimens. Non-CIT regimens involved mainly
corticoid-based treatment, alemtuzumab, or chlorambucil (sup-
plemental Table 5). EFS andOSby treatment are shown in supple-
mental Figure 3. Using NGS analysis of separated B lymphocytes,
284 TP53 mutations were identified in 141 patients (28%). More
than 1 TP53mutation was detected in 36 patients (2-27 mutations
per patient; supplemental Table 6; supplemental Figure 4). When
stratified based on allelic fraction, 59 patients carried a mutation
with $10% VAF (12%; referred to as high-burden mutations),
and 82 patients had mutations with VAF of ,10% only (16%;
referred to as low-burden mutations). Of the patients with low-
burden mutations, 53 harbored mutations with VAF ,1% (10%
of the whole cohort; Figure 1). Comparison of the characteristics
of low- and high-burden mutations did not show any differences
in codondistribution and functional impact (supplemental Figure 5).

Compared with patients bearing TP53-wt, the subgroup with
high-burden TP53 mutations was significantly associated with
unmutated immunoglobulin genes (IGHV; 90% vs 69%; P 5

.003). Patients received FCR as a first-line treatment less frequently
(29% vs 55%; P, .0001), in line with the recommendation to pref-
erably avoid CIT regimens in patients carrying TP53 mutations.7

The subgroup of patients with low-burden TP53 mutations was
not significantly different from patients with TP53-wt in IGHV
mutational status, age, and treatment type (Table 1).

Del(17p) was detected by interphase fluorescence in situ hybridi-
zation (I-FISH) in 41 patients (8%; for allelic composition, see

Figure 1A). In addition, genomic arrays revealed TP53 gene dele-
tions not detected by I-FISH in 2 patients and a copy-neutral loss
of heterozygosity (cn-LOH) of the TP53 locus in 8 patients (supple-
mental Figure 4B). Del(17p) was not identified in any of the
patients with low-burden mutations, which was related, at least
in part, to the limit of detection for del(17p) analysis (5% positive
nuclei).

High-burden, but not low-burden, TP53 mutations
shorten the duration of remission after first-line
CIT treatment
Analysis of EFS after first-line treatment in patients stratified
according to the different TP53 mutation burden showed that
only patients with TP53 mutations $10% VAF had significantly
shortened EFS compared with TP53-wt patients (P , .0001;
Figure 2A; Table 2). Shortened EFS was observed irrespective
of the presence of del(17p) (supplemental Figure 6A). EFS in
patients with TP53mutations below 10% VAF did not differ sig-
nificantly from that in patients with TP53-wt (P 5 .083; supple-
mental Figure 6B). This finding was in line with the observation
that only patients with TP53 mutations of $10%, not ,10%,
VAF had a lower response rate (supplemental Table 7).
Low-burden TP53 mutations shortened EFS when neither a
1% nor a 5% threshold was applied (Figure 2A; supplemental
Figure 6C).

Factors significantly influencing EFS in a multivariate model
included the presence of high-burden TP53 mutations and
del(17p), del(11q), RAI stage, and IGHV mutation status
(Table 2). As IGHV mutational status represented the strongest
factor that affected EFS, we analyzed patients with mutated and
unmutated IGHV separately. EFS in patients with unmutated
IGHV corresponded to the results obtained when analyzing the
whole cohort (Figure 2B). In patients with mutated IGHV, we did
not observe shortened EFS in any TP53-mut subgroup (supple-
mental Figure 6D), which may be partly attributable to the low
number of patients in the individual subgroups.

All TP53 mutations, irrespective of mutation
burden, have an inferior impact on OS in CIT-
treated patients
OS from first-line therapy was significantly shortened in patients
with TP53 mutations of $10% VAF compared with those with
TP53-wt (P, .0001; supplemental Figure 7A; Table 2). The sepa-
rate subgroup of patients with low-burden TP53 mutations of
,1% VAF also showed a shortened survival (P 5 .0302), whereas
survival of patients with mutations 1% to 10% was similar to TP53-
wt–bearing patients (P 5 .888; Figure 2C).

In a multivariate model, all TP53 mutations, irrespective of VAF,
showed an independent impact on OS (Table 2). This finding
was true also of mutations 1% to 10% VAF, which did not show
significant impact in a univariate model (hazards ratio [HR], 1.04;
P 5 .9020), but it turned out to be significant after removing the

Figure 2. EFS and OS from first line-treatment, stratified according to the TP53 mutation load. (A) EFS of the whole cohort. (B) EFS in patients with unmutated IGHV.
(C) OS of the whole cohort. (D) OS in patients stratified according to a targeted treatment. Dashed line, patients received targeted treatment with either BcR inhibitors
(ibrutinib, idelalisib, or acalabrutinib) or bcl2 inhibitor (venetoclax) in later stages of the disease. Patients undergoing allogeneic hemapoietic stem cell transplant were
excluded (n 5 14). (E) OS in a cohort with unmutated IGHV, with patients switched to targeted agents or undergoing allogeneic hemapoietic stem cell transplant excluded.
All analyses were also performed for time to second treatment and for FCR-treated patients only, and very similar results were obtained (data not shown).
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impact of other variables (HR, 2.03; P 5 .0170). Targeted treat-
ment in later stages of the disease was revealed to have the stron-
gest independent impact on OS (HR, 4.16; in patients who did
not receive inhibitor treatment; P , .0001). When we stratified
the analysis based on the administration of targeted treatment
in relapse, prolonged OS was confirmed for all groups of patients
switched to targeted treatment (Figure 2D). When only patients
who did not receive targeted treatment were considered, the
shortest OS was confirmed for high-burden TP53 mutations
(Figure 2D), irrespective of the presence of del(17p) (P , .0001;
supplemental Figure 7B). Patients with TP53 mutations ,10%
VAF also showed shortenedOS, which was different from patients
with TP53-wt (P 5 .0004) or high-burden TP53-mut (P 5 .0011;
supplemental Figure 7C). The difference from TP53-wt was statis-
tically significant in the subgroup carrying mutations ,1% VAF
(P 5 .0018) and showed a trend for mutations that were 1% to
10% VAF (P 5 .081; Figure 2D). After further stratification of
patients based on a 5% VAF threshold, we observed shortened

survival only for mutations of 5% to 10% but not of 1% to 5%
(P 5 .005 and P 5 .4918, respectively; supplemental Figure 7D).
When IGHV mutational status was considered, all subgroups of
patients carrying TP53mutations, irrespective of VAF, showed sig-
nificantly shortened OS in IGHV-unmutated patients (Figure 2E),
whereas we were not able to prove significantly different
OS between the subgroups in those with mutated IGHV
(supplemental Figure 7E).

Next, we explored whether incorporating low-burden TP53muta-
tions into the CLL-International Prognostic Index (IPI) prognostica-
tion model29 would lead to better patient stratification. Both
models, CLL-IPI A, involving only high-burden TP53 mutations,
and CLL-IPI B, involving all TP53 mutations irrespective of VAF,
were significant. However, CLL-IPI B better differentiated patients
with a worse prognosis. Reclassification of the patients with low-
burden TP53mutations into higher risk categories led to the iden-
tification of patients with significantly shorter survival, compared
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Figure 3. Clonal evolution of low-burden TP53 mutations in patients treated with first-line chemo- and/or immunotherapy. All patients analyzed in relapse and 3
patients with a TP53 mutation expanded in remission with no relapse sample available were included (n 5 55; supplemental Figure 9). Mutation with the highest VAF was
considered in each case, irrespective of whether it was the same mutation as in a pretreatment sample (for details, see supplemental Table 9). (A) Mutation burden before
therapy and during relapse in patients with low-burden TP53 mutations. Dashed line, 10% VAF threshold. For cumulative VAF see supplemental Figure 10B. (B) Estimated
fraction of TP53-mutated (TP53-mut) (red line) and TP53-wt cells (green line) before therapy, during remission and after TP53-mut/cnLOH expansion in relapse in patient
1507. Bars, NGS result (right y-axis). (C) Number of mutations before therapy and during relapse. Before treatment: multiple mutations in 18 of 82 (22%) patients, median
1 mutation per patient (range, 1-27); relapse: multiple mutations in 31 of 53 (58%) patients, median 2 mutations per patient (range, 1-48). Red line, median. (D) Proportion
of patients, in whom the TP53 mutation exceeded 10% VAF threshold in relapse stratified according to pretherapy subclone size. In total, during median follow-up of 4.1
years (range, 1.3-11.6; median number of therapy lines 2, range 1-3) we observed that the TP53-mut subclone expanded above the 10% VAF threshold in 29 patients.
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with patients who remained in the lower risk category (supplemen-
tal Table 8; supplemental Figure 8).

FCR treatment represents the main factor driving
clonal evolution of low-burden TP53 mutations
In patients with sole low-burden TP53 mutations, we further
monitored the evolution of mutated subclones (supplemental
Figure 9). Samples from first relapse were available in 52 of 82
(63%) patients, and, in 17 patients, we analyzed residual CLL cells
present in remission by using separation based on CLL-specific
ROR1 expression.30

In most of the patients, an increase in the TP53 mutation burden
was observed (Figure 3A; supplemental Figure 10A-B; supple-
mental Table 9). Nevertheless, the mutations persisted at a low
level or VAF even decreased in some patients. Such a scenario
was observed mainly for mutations with ,1% VAF.

We have also recorded a prominent clonal shift favoring the TP53-
mut subpopulation in 5 of 17 patients analyzed during remission.
Absolute CLL cell counts dramatically decreased in remission in
both TP53-wt and TP53-mut cells, but the shrinkage of the
TP53-mut subpopulation was less prominent, leading to a change
in the ratio between TP53-wt and TP53-mut cells (Figure 3B; sup-
plemental Figure 11). Of patients in whom the samples were ana-
lyzed both in remission and in subsequent relapse, the expansion
observed in remission was confirmed in relapse in 2 cases. On the
other hand, in 4 patients with a stable mutation burden in remis-
sion, no significant clonal expansion was observed in relapse.

Overall median VAF fold change of the highest mutation between
pretherapy and first relapse samples was 7.2x (range, 0-530;
Figure 3A), with a significant increase in the number of TP53muta-
tions (P , .0001; Figure 3C).

When the increase in proportion of mutations above the currently
accepted clinically relevant threshold of 10% VAF was considered,
the increase wasmore frequent in the subgroupwith pretreatment
TP53 mutations of 1% to 10% VAF than in the group with ,1%
VAF mutations (P , .0001; Figure 3D). Samples in subsequent
relapses were available for 22 (relapse 2) and 5 (relapse 3) patients
and showed a gradual expansion of low-burden mutations
(Figure 3D; supplemental Table 9).

The clonal expansion of TP53mutations was accompanied by the
deletion of the second allele in 8 of 23 cases with I-FISH and/or
single-nucleotide polymorphism array results available, whereas

cnLOH was identified in 5 of 10 del(17p)-negative cases with
single-nucleotide array results available. In 5 cases, the clone
expanded without the inactivation of the second allele (supple-
mental Table 9).Wedid not observe any impact of the allele status
at expansion on EFS or OS (data not shown).

Next, we analyzed the risk of clonal expansion in first relapse in
relation to mutations’ and patients’ characteristics. Of the molec-
ular features analyzed, only mutations classified in the IARC
TP53-database as hot spots showed a higher risk of clonal expan-
sion (HR, 4.83; P5 .0053; Figure 4A). Analyzing patient character-
istics, we found that the factors significantly influencing clonal
expansion were FCR treatment and younger age; these were
mutually connected, as FCR treatment was indicated for younger
patients (Figure 4A-B). Patients with higher expansion rates also
tended to have pretherapy VAF .1% and to achieve a complete
remission (CR) more often (Figure 4A,C). In a multivariate analysis,
only FCR treatment significantly increased the risk of clonal expan-
sion (HR, 6.44; P 5 .036). The mutation VAF increase in patients
treated with FCR was significantly greater than in other patients:
14.8x vs 1.6x (1.9x for BR and 1.4x for other regimens; P 5 .001
for both comparisons; Figure 4D). The risk of clonal expansion
of TP53 mutations in the first relapse .10 times was 64% in
patients treated with FCR vs 9% in patients treated with other reg-
imens (Figure 4B; P 5 .0003).

Focusing on patients with decreasing TP53mutation burden, they
were mainly treated with non-FCR regimens, in contrast to
patients with increasing mutation burden (Figure 4D; P 5

.0006), and they tended to have pretherapy VAF below 1%
more often (P 5 .0503; supplemental Table 10). Admittedly, it
was not possible to reliably assess the exact proportion of
decreasingmutations because of the variance in theNGSmethod,
which is VAF dependent (supplemental Figure 2B).

In addition, we wanted to explore whether novel, previously
undetectable, high-burden mutations occur in relapse. Therefore,
we analyzed the TP53 gene in the first relapse in patients
classified as TP53-wt before treatment. Of the 205 patients with
available samples obtained during relapse, we found 3 (1%) with
novel high-burden and 44 (21%) with novel low-burden TP53
mutations.

To verify that intensive CIT accelerates clonal expansion of TP53-
mut cells even in patients with relapsed disease, we analyzed
paired samples in 12 patients with low-burden TP53 mutations
from the original cohort who entered second-line treatment with

Figure 5. TP53 defects and clonal evolution of low-burden TP53 mutations in patients with relapsed disease treated with targeted agents. (A) Composition of TP53
defects. (B) TP53mutations in 110 patients with CLL, in order according the highest VAF. The highest mutation VAF is depicted in black, and the cumulative mutation VAF is
in white. (C) Swimmer plots depicting treatment and TP53 mutation history in patients with low-burden TP53 mutations show patients investigated at the beginning and at
the end of inhibitor treatment (top) and patients investigated during inhibitor treatment (bottom). In patients with longer intervals between event and sampling, no inter-
vening CIT was administered. (D) Mutation burden in 20 patients with low-burden TP53 mutations before treatment with targeted agents (ibrutinib, n 5 11; acalabrutinib,
n5 1; and idelalisib, n5 11), and at the end of treatment. Dashed line, 10% VAF threshold. Three patients were subsequently treated with second inhibitor (blue lines). For
cumulative VAF see supplemental Figure 13B. (E) Mutation burden in patients with low-burden TP53 mutations before and during (.1 year) treatment with targeted agents
(ibrutinib, n 5 11; idelalisib, n 5 8; and venetoclax n 5 1). For cumulative VAF see supplemental Figure 13C. (F) TP53 mutation VAF fold change in different treatment
context. Red line, median; black lines, quartiles. Only significant differences are depicted with asterisks. **P , .01; ***P , .001; ****P , .0001. (G) FISH plots depicting
clonal evolution in patients treated with targeted agents with significant clonal shifts in TP53-mut cell population. Patient 338: the most abundant TP53 mutation changed
from 1.75% before inhibitor treatment to 54.7% VAF in progression (accompanied with del[17p]), BTKC481S in progression, 71% VAF. Patient 842: the most frequent TP53
mutation changed from 79.2% before inhibitor treatment to 1.1% VAF at the time of Richter’s transformation; BCL2D103E mutation at the time of Richter’s transformation,
41% VAF. Data for creating FISH plots were obtained by whole-exome sequencing from purified peripheral blood CLL cells (supplemental Methods). BTK mutation:
NM_000061.2:c.1442G.C, NP_000052.1:p.Cys481Ser; BCL2 mutation: NM_000633.2:c.309C.A, NP_000624.2:p.Asp103Glu.
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FCR. The observed expansion rate of low-burden TP53mutations
in the second relapse was similar to first-line treatment (median
VAF fold change, 11.8x; range, 0-463.1; Figure 4E; supplemental
Table 11).

To further corroborate the impact of selective pressure, we inves-
tigated the clonal evolution in untreated patients between diag-
nosis and initiation of treatment. We analyzed TP53 status in 94
patients, in whom diagnostic samples taken .6 months before
first-line treatment were available (for details, see supplemental
Methods). Low-burden TP53 mutation was identified in 22
patients, whereas high-burden mutation was found in 5. In most
patients, themutation burden between diagnostic and pretherapy
sample remained stable (median VAF fold change, 0.81x; range,
0-29.5); however, in a minority of cases, subclone expansion was
recorded even in the absence of therapy selection pressure
(Figure 4F; supplemental Table 12).

Targeted agents do not accelerate expansion of
TP53-mutated subclones in patients with relapsed
CLL in contrast to CIT
To explore TP53 clonal evolution upon treatment with novel
agents, we analyzed the TP53 gene in separated B cells in the
cohort of patients with relapsed or refractory disease entering
treatment with BcR and bcl2 inhibitors (supplemental Table 1).
In concordance with the aforementioned finding that the fre-
quency and number of mutations increase during the disease
course, we detected 704 mutations in 110 of 159 patients (70%;
57 patients with high-burden and 53 patients with low-burden
mutations; median, 2 mutations; range, 0-58 mutations per
patient; Figure 5A-B; supplemental Table 13). OS after initiation
of targeted treatment in patients in the TP53-mut group did not
significantly differ from those in the TP53-wt group, irrespective
of VAF (supplemental Figure 12). Factors significantly associated
with increased risk of shortened OS in a multivariate model were
the number of prior therapy lines .2, the presence of del(17p),
and the type of inhibitor treatment (supplemental Table 14).

Of the patients with low-burden TP53 mutations present before
first or second inhibitor treatment, samples from the termination
of therapy were available in 20 (Figure 5C; supplemental
Figure 13A) and did not show a marked expansion rate (median
VAF fold change: 1x; range, 0-31.3; Figure 5D; supplemental
Figure 13B; supplemental Table 15). Similar results were obtained
when analyzing residual CLL cells in samples of 20 patients during
inhibitor therapy (.1 year from initiation of therapy; median VAF
fold change, 0.8x; range, 0-8.1; Figure 5E; supplemental
Figure 13C). These findings were in sharp contrast to expansion
rates after both first- and second-line FCR (P , .0001 and P 5

.0021, respectively) and comparable to expansion rates in
untreated patients and patients treated with other regimens
(Figure 5F). We observed prominent expansion of the TP53 defect
in only one patient, who was found to be carrying the BTKC481S

mutation at the time of progression, suggesting that it arosewithin
a TP53Y103 subclone (patient 338; Figure 5G). Conversely, the
elimination of the TP53-mut subclone was recorded in 2 patients.
The first patient progressed during treatment with ibrutinib, with a
novel BTKC481S mutation having occurred and a TP53Y205D muta-
tion having decreased from 5.2% (sample taken 2months after ini-
tiation of therapy) to 0.15% VAF in progression (patient 5). The
other patient died of Richter’s transformation after venetoclax

therapy accompanied by a decrease in the TP53R273C mutation
and concurrent expansion of the BCL2D103E mutation (patient
842; Figure 5G). Apart from this patient, the variant allelic fraction
remained stable in patients carrying high-burden TP53 mutations
(n 5 20; median fold change, 1x; supplemental Figure 13D). Of
15 patients with TP53-wt, a new low-burden TP53 mutation was
identified in 3 at the end of targeted treatment, all of them
present in very low VAFs (0.13%, 0.21%, and 0.22%; supplemental
Figure 13D).

Discussion
According to current TP53 recommendations published by the
European Research Initiative on Chronic Lymphocytic Leukemia
in 2018,6 only TP53 mutations above the consensual Sanger
sequencing–like threshold of 10% VAF should be clinically
reported. When reporting mutations between 5-10% VAF, the
notion about their uncertain clinical significance should always
be included. In 2021, this recommendation is still valid, and the
reasons for maintaining this conservative threshold for reporting
are technical difficulties in detecting low-burden mutations31

and lack of clinical evidence. Because TP53 gene mutations
remain a predominant indication for treatment with targeted
agents in many countries, there is a need to reevaluate the 10%
VAF threshold to expand the group of patients eligible for this
type of treatment. To conduct this reassessment, sufficient evi-
dence is needed from patient cohorts requiring treatment in line
with CLL guidelines for TP53 testing.5 However, most studies pub-
lished on this topic have thus far used samples taken at diagnosis
or in early stages of the disease14,18,19,22; therefore, we focused on
patients entering first-line treatment in common clinical practice.

We showed that minor clone TP53 mutations are frequent at the
initiation of treatment, and thesemutations share the samemolec-
ular characteristics as high-burdenmutations, confirming that they
do not represent sequencing artifacts. By analyzing the clinical
impact of mutations with different allelic burden, we confirmed
the unequivocal negative impact of TP53 mutations .10% VAF
on EFS after treatment, as well as onOS, independent of the pres-
ence of del(17p). This result was prominent in all patient sub-
groups analyzed, except for those with mutated IGHV, in which
case we were unable to confirm shortened survival of the TP53-
mut subgroup because of the low patient count and insufficient
follow-up. The previously published data showed that patients
withmutated IGHV and TP53 defectsmay have a better prognosis
than patients with a TP53 defect and unmutated IGHV32-34; how-
ever, the prognostic impact of TP53 mutations within the IGHV-
mutated subgroup remains unclear and warrants investigation in
larger cohorts.

In patients with low-burden TP53mutations, no significant impact
on duration of remission was observed when compared with that
of patients carrying an intact TP53 gene. In contrast, OS was short-
ened in those patients. However, a significant difference from the
TP53-wt in the whole cohort was proved only in patients carrying
mutations of ,1%, not in those with mutations between 1% and
10% VAF. This result may seem paradoxical, but it was most likely
influenced by 2 factors: first, OSwas strongly influenced by switch-
ing to targeted treatment, which significantly prolonged the sur-
vival of patients with later-expanded TP53 mutation; second,
IGHV mutational status plays an important independent role.
These presumptions were supported by the results obtained after
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having limited the cohort to unmutated IGHV and after having
excluded patients receiving inhibitor treatment; this analysis
showed a negative impact of all low-burden TP53 mutations irre-
spective of VAF. ThemedianOS of patients with low-burden TP53
mutations was between the OS of those with high-burden TP53-
mut and TP53-wt, in concordance with the results from the UK
LRF CLL4 trial,20 in which, similar to our cohort, patients at initia-
tion of first-line treatment were included. Studies focusing on early
stages of the disease, with a larger proportion of patients bearing
mutated IGHV, havemostly shownOSof patients with low-burden
TP53 mutations to be similar to those with high-burden muta-
tions.14,18,22 In contrast, a study of patients in relapse included
in the Complement 2 trial21 suggested shortened response dura-
tion, but not OS, in patients with low-burden TP53mutations. The
reason for the different result may be the short follow-up for show-
ing the difference inOS and a larger proportion of TP53mutations
with 5% to 10% VAF in this trial, which shortened progression-free
survival.

The different impact of low-burden TP53 mutations on EFS and
OS, observed in our cohort is most likely attributable to the fact
that the mutated subclones often expanded during relapse, and
their negative impact manifested only when the clonal burden
reached a certain threshold. The critical threshold at which the
TP53-mut subpopulation manifests is debatable. The current con-
ventional threshold of 10% is arbitrary, and the 5% VAF threshold
accepted in TP53 recommendations for reporting is also currently
under discussion. Our analysis of patients with mutations between
5% and 10% VAF suggests that these patients may in fact have a
prognosis similar to patients carrying high-burden TP53 muta-
tions. Admittedly, this subcohort does not contain enough
patients to derive any reliable conclusions (n5 6), and a largemul-
ticenter series would be needed to arrive at a clinically relevant
threshold.

As our data suggest that clonal expansion is likely the main factor
contributing to the inferior survival of patients with low-burden
TP53 mutations, we further performed longitudinal monitoring of
the clonal evolution of these subclones to assess the risk of clonal
expansion and to explore which factors are involved. For most of
the low-burden TP53mutations, we observed that themutation bur-
den increased during relapse after chemo- and/or immunotherapy,
but persisting and diminishing mutations were also recorded, mainly
among mutations,1% VAF. According to our observation, the risk
of an expanding TP53 mutation crossing the current threshold of
10% VAF in first relapse is significantly higher in patients carrying
mutations of .1% VAF, compared with those with ,1% that often
expanded in later relapses. This result reflects the kinetics of clonal
expansion, allowing for mutations of.1% to reach the 10% thresh-
old earlier. In line with the gradual-expansion hypothesis, novel pre-
viously undetectable high-burden TP53 mutations identified in
relapse were rare, whereas novel low-burden mutations were
observed frequently.

The analysis of factors influencing the risk of TP53mutation clonal
expansion revealed that, apart from assigned IARC hot spots, the
most important parameter involved is treatment with the FCR reg-
imen. This result corresponds with a previous study analyzing copy
number alterations (CNAs) in serial samples from individuals
treated in the CLL8 trial, where the clinical feature significantly
associated with CNA evolution was FCR therapy compared with
fludarabine and cyclophosphamide treatment.15 In this study,

the FCR superiority regarding CNA evolution was attributed to
early low minimal residual disease and thus was likely caused by
the strong overall selection pressure imposed by CIT. Despite
lacking information on minimal residual disease in our study, our
data regarding clinical response are in line with this, as patients
with higher expansion rates tended to achieve CR more often.
This observation advocates that elimination of the TP53-wt popu-
lation represents a key factor in the clonal selection of TP53-defi-
cient cells, as was also shown in the remission samples. Regarding
response duration, the situation is more complex, as, on the one
hand, patients reaching CR have longer responses; on the other,
a changing ratio of CLL cells in favor of an aggressive TP53-mut
subclone may be followed by rapid disease relapse.

Upon treatment with less intense therapeutic regimens and in
patients during the “watch-and-wait” period, only isolated cases
of expansion were observed. These events may be ascribed to
the fact that, although CIT treatment strongly accelerates clonal
expansion, p53 inactivation results in an aggressive phenotype
compared with cells with intact p53 even if no therapy is adminis-
tered.35,36 In addition, TP53 defects may facilitate the coexistence
of other aggressive genomic features.37

Contrary to the first-line and relapse FCR treatment, targeted
treatment did not accelerate the clonal expansion of low-burden
TP53-mutated subclones in our cohort of patients with relapsed
disease. In line with the premise that CLL cells under targeted
treatment favor defects overcoming the selective pressure
(ie, those causing treatment resistance),38-40 we observed TP53-
mut clonal shifts only in patients developing novel resistance-
associated mutations after both ibrutinib and venetoclax treat-
ment. This result is in agreement with published data,41 suggest-
ing that genetic events driving resistance to targeted treatment
may overcome the clonal advantage of TP53-deficient cells or
may arise within a TP53-deficient subclone. Our observation that
BcR and bcl-2 inhibitors do not accelerate low-burden TP53-mut
clonal evolution should be confirmed in cohorts of patients
treated with novel agents in the frontline setting. This issue has
not been explored in clinical studies, and the published data are
preliminary.17 Another limitation of our study consists in scarce
data regarding venetoclax; the selection pressure upon this type
of treatment should be explored on larger cohorts.

Patients with high-burden TP53 defects greatly benefit from tar-
geted treatment, as was also confirmed in the present study in
patients in relapse treated outside the clinical trial. Nevertheless,
TP53 defects appear to maintain their adverse prognostic effect,
even after treatment with inhibitor therapies.4,42-45 Increased risks
associated with high-burden TP53 defects support the use of tar-
geted agents for patients with low-burden TP53 mutations in the
first-line setting to prevent undesirable clonal expansion that can
facilitate genomic instability and further clonal evolution. Hence,
when the technical quality is guaranteed,31 we propose that muta-
tions below 10% VAF should also be clinically reported.
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