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According to data from the World Health Organization, a
total of 9.9% of human cancers are linked to infections
caused by viral pathogens [1,2]. A recent comprehensive
analysis of the landscape of viral associations in whole-
genome sequencing (WGS) data from more than 2600
tumor samples by the PCAWG (Pan-Cancer Analysis of
Whole Genomes) working group on pathogens revealed
that this number is considerably higher, as it reports an
association in 16% [3]. The International Agency for
Research on Cancer (IARC) [4] has reported that the four
most prominent viral causes of cancer are human papil-
loma virus (HPV), hepatitis B virus (HBV), hepatitis C virus
(HCV), and Epstein Barr virus (EBV) (official name: human
herpes virus 4, HHV4, genus name: lymphocryptovirus)
[5–8]. EBV was isolated from a cell line derived from a
Burkitt lymphoma (BL) [9] and was the first oncogenic
virus identified.

Different oncogenic viruses have been shown to drive
or at least to be associated with subtypes of lymphomas
or lymphatic leukemias [1]. EBV is considered to be asso-
ciated not only with BL, but also with a range of other B-
cell and T-cell lymphomas [10]. Human herpes virus 8
(HHV8, also named Kaposi-sarcoma-associated herpes
virus, KSHV) is supposed to contribute to the pathogen-
esis of primary effusion lymphomas [11]. Regarding T-cell

lymphomagenesis, a proven viral pathogen besides EBV
is the human T-lymphotropic virus (HTLV). The HTLV fam-
ily is a group of human retroviruses which are linked to
the pathogenesis of adult T-cell leukemia/lymphoma [12].

Depending on the type of virus, its nucleic acids can
be present in infected cells as RNA or DNA which could
be integrated in the human host genome. Also germline
transmission of viral sequences has been associated with
lymphomagenesis [11]. Moreover, there are a number of
viruses which are present in the blood cell compartments
in the absence of neoplastic diseases, especially members
of the Herpesviridae and Anelloviridae families [13].

T-cell prolymphocytic leukemia (T-PLL) is an aggressive
T-cell malignancy [14]. The genetic hallmarks are the
inv(14)/t(14;14) or t(X;14) which occur at a thymic differ-
entiation stage and activate the TCL1A and MTCP1 onco-
genes [15,16]. While the mutational landscape of T-PLL
has been well characterized, to this point no infectious or
otherwise causative exogenous agents have been
described to play an oncogenic role in T-PLL. With regard
to a viral contribution to T-PLL pathogenesis, it has been
reported that patients with T-PLL are seronegative for
HTLV-I, and also T-PLL cells do not contain monoclonally
integrated HTLV-I provirus [17]. Instead, EBV antigens,
EBNA3C and LMP1 were found in T-PLL cells which
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suggests that EBV infection might affect tumor growth in
T-PLL [18]. However, a specific role of EBV in the onco-
genesis of T-PLL is yet to be explored. A previous study
on whole genome and exome sequencing data of T-PLL
cases revealed no evidence of viral sequences [19].

Herein, we aimed at an un-biased investigation of a
potential viral contribution to the pathogenesis of T-PLL.
To this end, we mined previously published WGS of 16 T-
PLL cases and the SUP-T11 cell line (total n¼ 17) which
harbored a TCRAD::TCL1A (n¼ 16) or TCRAD::MTCP1
(n¼ 1) juxtaposition and of non-tumor samples from 3/16
T-PLL patients [16,19]. In addition, we included previously
published RNA-sequencing (RNA-seq) data of 10/16 T-PLL
cases and of SUP-T11 in the current analysis [16]. It needs
to be noted that the samples analyzed using WGS and
RNA-seq were obtained at the same time point.

Focusing on viral pathogens, we analyzed the raw
reads in the whole genome and transcriptome sequenc-
ing by Kraken2 (version 2.0.8-beta) [20] (Supplementary
Methods). We selected on average 10,831,317 (range
1,775,676–34,753,984) genomic raw and partially
unmapped reads as previously described [3] which were
analyzed in the 16 T-PLL cases, SUP-T11 and three non-
tumor samples (Supplementary Table S2). Thereby, we
detected viral raw reads for 25 different viruses with a
range of 1–444 reads (Supplementary Table S2). Of these,
per million extracted reads (PMER) >1 were detected for

the genus Lymphocryptovirus (e.g. EBV) in 3/17 T-PLL
and 1/3 non-tumor control samples, cytomegalovirus
(CMV) in 2/17 cases and roseolovirus in 6/17 cases
(Supplementary Table S3). The heatmap in Figure 1(A)
depicts the PMER for each virus detected in each sample.
In addition, the dot plots indicate the maximum PMER
detected for EBV, roseolovirus, and CMV in the samples
(Figure 1(B)). The WGS data of the three T-PLL cases
(case 124a, case 139, and case 52) were previously ana-
lyzed using VirusFinder2.0 [19]. In line with this previous
study, our current analysis using Kranken2 did not show
presence of viral sequences with >1 PMER in these three
cases, validating the previously published lack of viral
sequences in these samples.

We found that EBV showed the highest reads counts
(PMER¼ 27.3) in a non-tumor sample (control_case 124a)
of a T-PLL case. Nevertheless, the tumor sample (124a) of
the same case collected at the same time point was
negative for EBV (PMER¼ 0) (Figure 1(C)) despite analyz-
ing a comparable number of extracted genomic reads
(Supplementary Table S2). Furthermore, a tumor sample
collected nine months later was negative for EBV (case
124). In addition, we performed a polymerase chain reac-
tion (PCR) based verification for both the tumor (case
124a) and the respective control (non-tumor) sample.
Again, we confirmed that the tumor (case 124a) sample
was negative for EBV, but the non-tumor control was

Figure 1. Viral reads detected in T-PLL samples and non-tumor samples in the WGS data. (A) The heatmap depicts viral reads per
million extracted reads (PMER) per sample (in columns) for three viruses: EBV, roseolovirus and cytomegalovirus (in rows) based
on the WGS data of T-PLL cases (n¼ 16) and SUP-T11 (the case 124 and case 124a which is the case analysis twice is marked
with an asterisk) and non-tumor samples. The samples published in Patil et al. [16] and in Schrader et al. [19] are depicted in the
top bar. The heatmap shows PMER for viruses detected per sample with low to high read values. (B) The dot plot shows the viral
load in PMER on x-axis for all samples (T-PLL and non-tumor). (C) Bar plot shows the viral reads detected three T-PLL samples
and their respective non-tumor controls. The y-axis depicts the PMER for viruses detected per sample.
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positive for EBV. As the tumor cells lacked detectable
traces of EBV also by PCR, our results suggest that the
patient was infected with EBV at some point, but the EBV
infection was not evident in T-PLL cells. In the light of
this case, it is important to note that not in all samples
analyzed herein T-PLL cells were sorted to high purity
(Supplementary Table S1). Thus, we cannot prove with
absolute certainty that viral reads detected are derived
from or even restricted to the tumor cells. Interestingly,
roseolovirus was detected in T-PLL samples (n¼ 5) which
were all sorted using flow cytometry and, in the SUP-T11
cell line. In contrast, none of the non-sorted samples
(n¼ 6) were positive for reads from this virus suggesting
positivity in the tumor and not the normal cells
(Supplementary Table S3). In an analysis using SvABA
[21], we could not identify any evidence for integration
of viral sequences in to the human genome in any of the
WGS sequenced cases (Supplementary methods).

Next, we performed the same analyses for detecting
the viral reads in the RNA-seq data of 11/17 T-PLL sam-
ples (including SUP-T11) which were already analyzed
using WGS data. Non-tumor control samples were not
included in the transcriptome analysis. On average
15,355,751 (range 10,624,225–17,562,490) raw transcrip-
tomic reads per sample were selected (Supplementary
Table S4). Using this approach, we found that none of
the 10 T-PLL cases and SUP-T11 cell line were positive for
any viruses as the PMER threshold of >1 was not reached
in any sample (Supplementary Table S5). Thus, our tran-
scriptomic data show no evidence of virus-associated
pathogenesis in T-PLL.

In the present study, we explored whole genome and
transcriptome data for investigating a potential viral con-
tribution to the pathogenesis of T-PLL in an unbiased
approach. Among the previously known oncogenic
viruses in leukemias and lymphomas [10,18], the most
prominent viral sequences in WGS data were those of
EBV in 3/17 (18%) T-PLL samples and one non-tumor
control sample. In line, previous studies have provided
evidence of EBV infection in T-PLL that might play a role
in tumor development but the mechanism by which EBV
might affect tumorigenesis in T-PLL is yet to be identified
[17]. Here, we could not link EBV infection consistently
with tumorigenesis in T-PLL as a relatively low percent-
age of samples was EBV positive. Among, the other
prevalent viruses we detected in T-PLL is CMV which has
known to affect immunosuppressed patients [22].
However, studies have also reported its role in cancer
progression [23,24]. In addition, roseolovirus showed sev-
eral hits in T-PLL. Roseolovirus which is a member of
Herpesviridae family has been shown to be present in
tumor cells but has not been reported to play any
tumorigenic effect [3]. Furthermore, we could not identify
actively transcribed viral genes for roseolovirus or CMV at
the transcriptome level of the cases which showed high-
est number of reads in the WGS data. This is in accord-
ance with previous reports describing a latent state of

these viruses in blood mononuclear cells [25]. Although
the PMERs of CMV and roseolovirus were above our
threshold in a subset of cases, these viruses to the best
of our knowledge have not been described as oncogenic
drivers in lymphomas or lymphatic leukemias [26,27].

Our findings do neither rule out nor support the
hypothesis that the viruses detected in the WGS data of
the T-PLL samples, or any other viruses might have been
active at an earlier time point during tumor development
and therefore are not expressed at the time of sampling.
We did not detect viral sequence integration in the gen-
ome of T-PLL patients which renders the possibility of
viruses to act as an initiating factor in T-PLL by driving or
inactivating tumor-associated host genes unlikely. As
recently many mature lymphatic neoplasms have been
shown to have a long evolutionary history with initiating
events occurring early in life [28], it might be challenging
to sample T-PLL at initiating phases of the disease to
address this question. Thus, such viral ‘hit-and-run
hypothesis’ needs likely to be addressed in targeted
experiments in model systems like mouse models for
T-PLL.

Our analyses of WGS and RNA-seq datasets show that
oncogenic viruses are present in relatively few T-PLL
cases. Although our study shows no strong evidence of
tumorigenic viral involvement in T-PLL pathogenesis, we
cannot exclude a hit-and-run mechanism in which viruses
were active at an initiating phase of T-PLL pathogenesis
but then get lost during disease evolution, as it has been
proposed for some EBV-positive lymphomas [29].
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