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Clonal evolution in relapsed and refractory diffuse large B-cell 
lymphoma is characterized by high dynamics of subclones
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ABSTRACT

Little information is available about the role of certain mutations for clonal 
evolution and the clinical outcome during relapse in diffuse large B-cell lymphoma 
(DLBCL). Therefore, we analyzed formalin-fixed-paraffin-embedded tumor samples 
from first diagnosis, relapsed or refractory disease from 28 patients using next-
generation sequencing of the exons of 104 coding genes. Non-synonymous mutations 
were present in 74 of the 104 genes tested. Primary tumor samples showed a 
median of 8 non-synonymous mutations (range: 0-24) with the used gene set. Lower 
numbers of non-synonymous mutations in the primary tumor were associated with a 
better median OS compared with higher numbers (28 versus 15 months, p=0.031). 
We observed three patterns of clonal evolution during relapse of disease: large 
global change, subclonal selection and no or minimal change possibly suggesting 
preprogrammed resistance. We conclude that targeted re-sequencing is a feasible and 
informative approach to characterize the molecular pattern of relapse and it creates 
novel insights into the role of dynamics of individual genes.

INTRODUCTION

Diffuse large B cell lymphoma (DLBCL) is the most 
common histological subtype of Non-Hodgkin Lymphoma 
(NHL) and comprises about 20% of newly diagnosed 
lymphoid neoplasms [1]. Despite chemoimmunotherapy 
more than a third of patients with DLBCL will experience 
relapse of disease and the success of second line treatment 
is significantly worse [2].

Recent research in other hematological diseases has 
shown that clinical relapse is often caused by the rise of 

a more aggressive subclone, which was mostly present, 
but not predominant, at initial diagnosis [3–6]. Despite 
the fact that multiple mutations have been identified in 
primary tumor samples of DLBCL [7–12], data about 
their prognostic role and on the mechanisms of clonal 
evolution are still scarce. Direct comparison of the 
primary tumor and relapsed disease is often not feasible 
in clinical practice due to the lack of a biopsy at relapse 
and centralized assessment. It is further complicated 
by technical limitations from formalin fixed tissues. 
Therefore, we attempt to investigate molecular patterns of 
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relapse using a robust hybrid capture targeted resequencing 
approach.

RESULTS

Patient characteristics

We included 28 DLBCL patients with histologically 
confirmed relapsed or refractory (r/r) disease in this 
analysis (patients and tumor characteristics are detailed in 
Supplementary Table S1 and S2). In summary, advanced 
disease according to Ann Arbor was present at diagnosis 
in 68% of the patients and the median age at first diagnosis 
was 62 years (range 22-84 years).

Cell of origin categories (COO) analysis revealed a 
germinal center B-cell (GCB) in ten (38%) and a non-GCB 
phenotype in 16 (62%) out of 26 evaluable patients. MYC 
translocation was present in four of 26 (15%) evaluable 
cases, two of them had an additional BCL2 rearrangement 
(Double hit lymphoma) and one patient had additional 
BCL2 and BCL6 rearrangements (Triple hit lymphoma).

To explore a possible selection bias regarding 
patients with an available second biopsy we compared 
these 28 patients with our database of all other DLBCL 
patients experiencing relapse or refractory disease at our 
cancer center (n=100). Patients in our sequencing cohort 
were younger than the other patients (61.1 vs 70.1 years 
p=0.03) indicating a more aggressive diagnostic approach 
in younger patients. However, there was no significant 
difference in progression free survival (PFS) (8 vs. 
6 months p=0.10) or IPI and NCCN-IPI risk score between 
these groups arguing against a major bias factor regarding 
disease biology.

Targeted sequencing in primary DLBCL samples

Sequencing was successful in 96.8% of all samples 
resulting in 25 patients with sequencing of the primary 
tumor (median coverage: 183X) and 24 patients with 
available sequence pairs of primary lymphoma and 
histologically confirmed relapse according to the criteria 
outlined in the supplementary method section. Overall, 
non-synonymous mutations were present in 74 of the 104 
genes tested (for details see Supplementary Table S3).

In all but one primary tumor sample at least one non-
synonymous mutation (median: 8; range 0-24 mutations) 
could be identified using a targeted sequencing approach 
(see Supplementary Figure S1). As determined by Receiver 
Operating Characteristic calculation and Youden Index 
analysis less than six non-synonymous mutations in the 
primary tumor were associated with a better median overall 
survival (OS) compared with more mutations (28 versus 
15 months p=0.031; Figure 1) in our cohort. PFS, however, 
was not affected (10 versus 7 months p=0.14) by the 
number of mutations, suggesting an influence of mutation 
burden on the ability to salvage relapsed disease. Known 
adverse prognostic factors such as high IPI, non-GCB 

phenotype or MYC status were not associated with the 
number of non-synonymous mutations in the primary 
tumor.

Estimation of clonal heterogeneity in DLBCL using 
targeted resequencing has not been reported so far. We 
assessed the presence of subclones from an analysis of 
allelic frequencies to estimate clonal heterogeneity within 
the primary tumor using all the somatic mutations in the 
primary samples. Due to lack of standardized assessment 
tools we arbitrarily defined subclonal disease, indicating 
clonal heterogeneity within the primary sample, as 
existence of a clone with an allelic fraction (AF) lower 
than the 25th percentile (20.4%) of the AF of all mutations 
in the primary samples. Such a subclonal population within 
the primary tumor indicating clonal tumor heterogeneity 
was found in 21 of 25 (84%) samples. However, this 
was neither associated with clinical outcome (PFS: 8 vs 
15 months p=0.62; OS: 16 vs 24 months p=0.93) nor 
with COO or MYC-status. Nevertheless, all sample pairs 
allowed to confirm the clonal identity of primary and 
relapsed disease by observation of common mutations 
arguing against a second independent clone.

Mode of clonal evolution

The nature of clonal evolution associated with 
relapse or refractoriness of DLBCL is unknown so far. 
Immunohistochemical parameters and translocations 
have been reported to be stable over the course of disease 
in DLBCL [13], but analyses on mutational level are 
pending.

We observed relevant dynamics on mutational 
level in almost all patients using targeted next generation 
sequencing. We categorized relapses by patterns observed. 
We defined as large global change at the time point of 
relapse the complete loss of a mutation labeling the 
dominating tumor population at first diagnosis (allelic 
fraction higher than 45%). Such large global changes 
were observed in 15 of 24 (62.5%) evaluable patients. A 
more stable pattern without loss of the predominant clone 
was present in 7 of 24 (29.1%) patients (Figure 2). Two 
cases were classified as “indeterminate”. These observed 
evolutions with a large global changing or stable pattern 
were not associated with the clinical outcome (median 
PFS: 8 vs 15 months p=0.42; median OS: 16 vs 24 months 
p=0.46) nor clinical risk scores or COO phenotype. The 
existence of subclonal disease in the primary sample was 
associated with the evolutionary pattern of large global 
change at relapse (p=0·04). Interestingly, all four cases 
with a MYC translocation showed a pattern of a large 
global change, but this association did not reach statistical 
significance (p=0.11).

When further analyzing the 7 patients showing a 
stable pattern without loss of the predominant clone, we 
observed in 5 patients a gain of new mutations with an 
AF of at least 40% at relapse suggesting selection of a 
new clone while in two patients no gain of new mutations 
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Figure 2: Different molecular patterns of relapse in DLBCL. C. A pattern of a large global change at the timepoint of relapse 
was observed in 15 of 24 (62.5%) patients and a more stable pattern in 7 of 24 patients (29.1%). The latter one can be further divided in a 
pattern of no or minor changes of the malignant clone A. and a pattern of subclonal selection B.

Figure 1: Higher number of mutations in primary samples is associated with a worse OS. Less than six non-synonymous 
mutations in the primary tumor were associated with a better median OS than more mutations (28 versus 15 months p=0.031).
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was observed. This may either suggest the presence of 
preprogrammed resistance of the malignant clone or 
relevant evolution outside the targeted gene set (Figure 2). 
Categorizing these three types of clonal evolution (large 
global change, subclone selection, and minimal change 
due to preprogrammed resistance) there was no significant 
association with clinical endpoints and risk scores, or 
molecular markers (COO, MYC).

Dynamic of subclones shown by mutated PIM1 
and BCL2 during disease progression

In addition to the high rate of PIM1 (nine of 25 
samples) and BCL2 mutated cases (nine of 25 samples; 
Supplementary Table S3) we observed multiple mutations 
per case of these genes in the majority of cases, as would 
be predicted from their known role as target of somatic 
hypermutation [14]. We, however, noted a high rate 
of loss and gain of the allelic fractions of individual 
mutations within these two genes during disease 
indicating high clonal dynamics within these tumors, 
while the allelic fractions of the major tumor cell fraction 
marked by disease defining mutations did not change 
(two representative samples in Figure 3). These findings 
indicate a dynamic process of fluctuating of smaller 
clones during evolution and therapy in DLBCL that 
was marked by PIM1 and BCL2 mutations, suggesting 
that hypermutated genes may be useful to track clonal 
evolution.

While BCL2 hypermutation (defined as more than 
one non-synonymous mutation) was associated with a 
GCB phenotype (five of ten GCB vs one of 14 non-GCB 
cases, p=0.017), PIM1 hypermutation was more prevalent 
albeit not statistically significant in non-GCB cases (five 
of 14 non-GCB vs one of 10 GCB cases; p=0.15). This 
lines up with previous reports of these genes [11, 14, 15].

Mutation frequency in primary and relapsed / 
refractory tumors

As an exploratory analysis we compared the 
frequency of mutated genes in our cohort with a gene list 
compiled from 6 major reports containing patients with 
extensive sequencing (up to 458 patients per gene). Due 
to the lack of complete clinical data and follow-up in 
these reports [7–12] the clinical impact of the described 
mutations is still unknown. Commonly mutated genes such 
as CARD11, CD58, CD79B, CREBBP, EZH2, MYD88, 
or B2M showed no difference in mutation frequency in 
our patients selected for relapse, when compared to the 
reported presumably less selected 6 cohorts. Nevertheless, 
despite low numbers in our cohort some mutations 
previously reported to be rare or absent in DLBCL were 
significantly more often observed in our primary samples 
(NOTCH1, MYC, RB1, FAT2, ATM, SMARCA4, MCL1) 
and relapsed samples (TP53, MCL1, ATM, FAT2, MYC, 
RB1, SMARCA4) (see Supplementary Tables S3 and S6) 
when compared to the literature of primary samples [7–12].

Figure 3: Dynamics of subclones marked by PIM1 and BCL2 mutations during disease progression. A. Comparison of 
primary and subsequent tumor sample show the gain of five and the loss of two PIM1 mutations; B. Gain of four BCL2 mutations and the 
loss of three PIM1 and four BCL2 mutations. It is notable that the major tumor clone characterized by other mutations (IRF 8 Figure 3A; 
CREBBP and SMARCA4 Figure 3B) did not change over time.
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Dynamics of individual mutations over time

We were interested to see whether our limited set of 
genes would allow exploring the evolutionary patterns of 
individual genes. We found genes that displayed a stable 
behavior in all observed cases, compatible with a possible 
role as truncal mutations e.g.: EP300 (two mutations in 
two patients), IRF8 (four mutations in three patients), 
and MYD88 (four mutations in four patients, see also 
Figure 4).

Nevertheless, in the majority of cases and genes 
relevant dynamics were observed. The most obvious 
pattern was acquisition of mutations in relapse. As could 
be expected from its association with poor prognosis we 
found gain of TP53 mutations in three patients, but we also 
observed clearly novel mutations appearing in relapse e.g.: 
mutation of the RB1 gene in one patient (one mutation) 
and in the EZH2 gene in two patients (two mutations, see 
Figure 4).

TP53 mutations were shown to be present at 
low frequency in CLL samples before relapse with a 
dominating p53 deficient clone [16]. To investigate the 

existence of small TP53 mutated subclones in the primary 
DLBCL samples we performed ultra-deep sequencing of 
these mutations in two patients. We were able to detect 
in both patients a small subclones with an AF of 0.45% 
and 0.1% with a median coverage of 51,830X (see also 
Figure 4C), which were below of detection levels of 
our conventional NGS approach. These findings suggest 
a selection rather than new generation of TP53 mutated 
tumor cells by R-CHOP.

We, however, also found mutations in known 
DLBCL-associated genes to be lost in relapse. For 
example, we found CARD11 in three of the 25 (12%) 
primary tumor samples, roughly matching the expected 
rate. Surprisingly, we could not detect these mutations in 
the matched samples of r/r disease in two of these three 
patients by conventional NGS suggesting that the CARD11 
mutated clone was not truncal. Using this approach we also 
observed a loss of initially detected CREBBP mutations 
in the samples of r/r disease in three of five patients. We 
also performed targeted ultra-deep sequencing of these 
CARD11 and CREBBP mutations and could detect residual 
small subclones in both relapsed CARD11 samples (AF: 

Figure 4: Dynamics of individual genes over time. A. Analyzing the dynamics of individual genes we observed a completly stable 
pattern of the genes EP300 (two mutations in two patients), IRF8 (four mutations in three patients) and MYD88 (four mutations in four 
patients) analyzing the difference of the allelic fractions of the primary and relapse tumor. B. A relevant gain of the allelic fraction was 
observed in the TP53 gene in three patients (five mutations), in the RB1 gene in one patient (one mutation) and in the EZH2 gene in two 
patients (two mutations). C. To prove the existence of small TP53 mutated subclones in the primary samples before chemotherapy we also 
performed ultra-deep sequencing. We were able to detect a small subclone with an AF 0·1% with a median coverage of 51,830X.
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0.06% and 0.02%; median coverage: 430,000X) and two 
CREBBP samples (AF: 0.2% and 0.1%; median coverage: 
500,000X).

DISCUSSION

In our project we used targeted next generation 
sequencing of 104 genes known to be frequently mutated 
in NHL to analyze a homogenously treated cohort of 28 
DLBCL patients, who experienced r/r disease.

Due to the nature of targeted resequencing our 
approach is blind beyond the selected genes and it was 
unclear whether a limited gene set of around 100 genes 
could be used to uncover patterns of evolution. Whole 
exome or genome sequencing would be desirable, but 
these approaches are optimized for fresh-frozen biopsies, 
which are not available in the majority of DLBCL patients 
in clinical routine and exome sequencing from formalin-
fixed, paraffin-embedded tissues remains a challenge. 
We show that an approach using targeted resequencing 
is feasible to detect a meaningful number of mutations 
and small subclones within one tumor, and to track clonal 
evolution in FFPE samples of DLBCL.

First, we were interested if measures of clonal 
complexity of the primary lymphoma were associated with 

clinical outcome. Overall tumor heterogeneity defined by 
the presence of smaller subclones was not associated with 
survival or other clinical characteristics. However, using 
the number of non-synonymous mutations derived from 
our gene set as surrogate for genetic complexity, we found 
that patients with less than six non-synonymous mutations 
had a better OS than the other patients, (see Figure 1), 
possibly indicating a more favourable biology in DLBCL 
clones with a lower number of mutations.

We successfully identified a mode of clonal 
evolution in 92% of evaluable cases. The three major 
patterns of clonal evolution we describe (see Figure 2 
and 5) are paralleled in a recent study using VDJ 
rearrangement to track evolution in 14 matched samples 
of primary and relapsed DLBCL. These authors proposed 
an early-divergent and a late-divergent mode of clonal 
evolution [17], similar to our classification. Importantly, 
our data make it seem difficult to envision appropriate 
tools to predict the mechanisms of clonal evolution from 
the baseline sample in the near future. Interestingly, our 
data also provide the first description of this phenomenon 
in a small set of DLBCL with double- or triple-hit 
phenotype and suggest that also in these cases relapses 
stem from small subclones that will be difficult to detect 
in the primary sample.

Figure 5: Three different relapse patterns in DLBCL. Analyzing patterns of primary and relapsed diseases we observed distinct 
patterns of relapse. The pattern of large global change is characterized by the complete loss of the dominating clone. The other patterns are 
characterized by no/minor changes in the malignant clone due to preprogrammed resistance and can be accompanied by the rise of a new 
dominating clone.
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We then analyzed the role of known driver 
mutations in DLBCL. TP53 mutations are known to be 
involved in refractoriness to chemotherapy in DLCBL, but 
their dynamics in clonal evolution have not been reported. 
We found a clonal selection from very small pre-existing 
subclones in our sample set suggesting a selection of 
pre-existing TP53 mutations rather than novel mutations 
during administered chemotherapy. This is in line with 
reports in CLL [16].

Targeted sequencing approaches have a limited 
capability to identify novel mutations, but the loss 
of previously identified mutations provides reliable 
insights into clonal evolution. Interestingly, we found 
loss of mutations clearly suggested to be important 
for the pathogenesis of lymphoma. We observed the 
loss of several CARD11 and CREBBP mutations 
during progression of DLBCL to subclonal level in r/r 
samples. In the case of two COSMIC annotated CARD11 
mutations, lost to subclonal level, this observation fits 
well with the previous published report about the varying 
biological influence of different CARD11 mutations 
[18], suggesting that functional information needs to be 
considered in all cases. As an anecdote, we also observed 
the loss of a TP53 mutation in relapse (data not shown). 
This patient displayed new mutations of SMARCA4 and 
EZH2 in the relapse samples suggesting a potential role 
for relapse independent of TP53. Truncal mutations 
allowed assuring the identity of the founder clone in all 
cases. These findings of loss and gain of mutations during 
clonal evolution challenge the concept of non-invasive 
disease monitoring by quantification of circulating tumor-
DNA based on the mutational spectrum of the primary 
tumor.

Using a comparison of the mutational spectrum 
established in our cohort selected for relapse with a 
gene set established from the published literature on 
less selected baseline samples, we were able to point 
to a few novel candidates for determining resistance in 
DLCBL. Aside from the expected TP53 mutations we 
also established a list of genes that could be targets for 
further validation as determinants of resistance. Among 
them RB1 or ATM have a relatively clear rational and 
were reported be associated with poor prognosis in 
other types of cancer [19–23], but genes such as FAT2 
or SMARCA4 may represent novel resistance genes. 
Interestingly, FAT1 has been reported in resistance 
in CLL and SMARCA4 was associated with Burkitt 
lymphoma [24, 25]. Larger studies as well as functional 
studies will be necessary to validate our proposed 
candidates.

In conclusion, we describe the major patterns of 
clonal evolution in DLBCL using targeted resequencing. 
This approach was not only feasible but also informative 
in creating insights into the role of dynamics of individual 
genes and suggestive of resistance associated genes for 
further validation.

PATIENTS AND METHODS

Patients

We identified 28 patients with histologically 
confirmed r/r DLBCL and sufficient amount of formalin-
fixed, paraffin-embedded tumor tissue from a retrospective 
analysis of 128 relapsed DLBCL cases observed in 317 
patients consecutively diagnosed at the Third Medical 
Department of the Paracelsus Medical University 
Salzburg between 2003 and 2013. Tumor cell content was 
measured by immunohistochemial as well as hematoxylin 
and eosin staining. COO categories, GCB and non-GCB, 
were classified according to the Hans algorithm [26]. 
MYC interphase FISH was performed on standard tissue 
sections using MYC FISH, Split Signal Code Y5410 (Dako 
Denmark A/S, Glostrup) and ZytoLight SPEC BCL2 / 6 
Dual Color Break Apart Prob (Zytovision Germany).

Clinical characteristics, OS and PFS after first line 
therapy were retrospectively analyzed by chart based 
review. For patients, who did not attend to follow-up 
visits, clinical follow-up data were obtained by telephone 
interviews with the patients’ general practitioner.

This analysis was approved by the Ethics Committee 
of the provincial government of Salzburg, Austria (415-
E/1540/4-2013) and written informed consent was 
obtained.

Targeted next-generation sequencing

Primary formalin-fixed, paraffin-embedded tumor 
samples, samples of refractory or relapsed disease, 
and matched germ line were used for next generation 
sequencing. Targeted exon capture, sequencing of all coding 
exons of 104 selected genes known to be frequently mutated 
in lymphoma, were performed as previously described [27, 
28] (for gene list see Supplementary Table S4). A matched 
non-tumor sample, mostly from morphologically unaffected 
bone marrow, was evaluable in 93% of patients and was 
used to exclude germ-line polymorphisms. Identities of 
tumor and matched individual germ-line DNA samples 
were additionally confirmed by fingerprint genotyping [29]. 
The measured allelic frequencies were normalized to the 
assessed tumor cell content. For validation we performed 
target re-sequencing of the previously detected mutation in 
5 patients (see Supplementary Figure S2 for details) using a 
Ion Torrent plattform. We achieved a validation rate of 97.6% 
of 82 tested mutations and an excellent reproducibility of 
the allelic fractions tested correlation (Pearson's correlation 
coefficient: 0.91; p<0.01).

Ultra-deep sequencing of selected mutations

Mutations of the TP53, CARD11, and CREBBP 
genes were selected for further sequencing with higher 
coverage to detect small subclones. We designed sequences 
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that flank the targeted regions of interest (Supplementary 
Table S5) and the amplified sequences were isolated after 
gel electrophoresis. Targeted resequencing of the sample 
of interest, the matched germ line sample as negative and 
the corresponding tumor sample with already established 
mutation as positive control was performed on a MiSeq 
(Illumina) system using the reagent kit v2 2*250.

Statistical analysis

Statistical analyses were performed using IBM® 
SPSS® statistics software, version 21 and R-statistical 
software environment (including packages survival, CPE). 
Mann-Whitney-U-test, Pearson’s chi-squared test, and 
Fisher´s exact test were used for univariate analyses, where 
appropriate. Survival was estimated using Kaplan-Meier 
curve analysis, with statistical comparison using the log-rank 
test. A two-tailed significance-level of 0.05 was considered 
statistically significant. The cut-off values in our cohort were 
determined by Receiver Operating Characteristic calculation 
and Youden Index analysis for OS.
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