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ABSTRACT

Background and Objectives: A large cohort of pediatric patients with various forms of childhood cancer was
investigated for the presence of viruses using metagenomics. A total of 476 patient samples, collected between
1989 and 2018, were analyzed, representing various pediatric oncological diagnoses and a control group of non-
malignant diagnoses.

Study design: The study was carried out using metagenomic sequencing of serum samples. Viruses were identified
and analyzed using bioinformatics methods, followed by Polymerase chain reaction (PCR) confirmation
Results: The results indicate that a wide range of viruses can be detected in the bloodstream of children with
newly diagnosed cancer. Nine viral genomes were identified: Human Pegivirus (HPgV), Hepatitis C virus, Par-
echovirus 1, Rhinovirus C, Human papillomavirus 116, Human polyomavirus 10, Parvovirus B19, and different
variants of Torque Teno Virus (TTV). In this study, a previously unknown virus was found belonging to the
Iflavirdae family in the order Picornavirales. HPGV was significantly more common in patients with leukemia
compared to other conditions.

Conclusions: These results highlight the abundance of systemic virus infections in children, and the value of
metagenomic sequencing for hypothesis forming regarding the associations between virus infections and cancer.

1. Background and objectives

Viruses are important pathogens in humans, and viral infections play
a role in defining individual immune systems [1].

Metagenomic sequencing can be used to study viruses more effec-
tively at a genomic level. The increase in the capacity of Next-
Generation Sequencing (NGS) and improved bioinformatics methods
have made it possible to characterize microbial communities using

shotgun sequencing[2].

Analyzing the viral load in children with cancer is interesting for
several reasons. Many malignancies result in immunosuppression, and if
some symptoms may be attributable to virus infections, this has rele-
vance for treatment. New insights regarding the involvement of viruses
in cancer may also emerge. Viral infections are the leading cause of
approximately 10 % of the global cancer burden [3]. Also, certain types
of cancer cells may be sensitive to infection by a particular virus [4].

Abbreviations: PCR, Polymerase chain reaction; RT-PCR, Reverse transcriptase polymerase chain reaction; TTV, Torque teno virus; ALL, Acute lymphatic leu-

kemia; HPGV, GB virus C; HBV, hepatitis B virus.
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Hematological cancers are of particular interest, as infections that affect
immunologically untrained cells seem to increase the risk of developing
a leukemic condition [5].

This study uses a cohort of pediatric patients, sampled at diagnosis,
with various forms of childhood cancer. Serum samples have been
analyzed using shotgun metagenomic sequencing for the detection and
characterization of viruses. The results have revealed a multitude of
viruses present in these samples, including rarely detected viral species.
The results also provide support for the previously suggested association
between Human Pegivirus (HPgV) and lymphatic malignancies.

2. Study design

A total of 476 serum samples, collected between 1989 and 2018,
from patients at the Department of Pediatric Hematology and Oncology,
Uppsala Children’s University Hospital, were analyzed. The sampled
children suffered from various pediatric oncological diagnoses and a
group of non-malignant hematological diagnoses was also included for
comparison (Table 1). For metagenomic sequencing, the samples were
divided into 23 pools based on diagnosis and age. The number of pa-
tients per pool ranged from 8 to 47.

The brain tumor group included common childhood brain tumors
such as: astrocytoma, medulloblastoma, pienoblastoma, ependymoma,
craniopharyngioma, and pons glioma. The group of solid tumors mostly
consisted of patients diagnosed with Wilm’s tumor, Ewing’s sarcoma,
osteosarcoma, teratoma, neuroblastoma, and germ cell tumor. The his-
tocytosis group included Langerhans cell histiocytosis, hemophagocytic
lymphohistocytosis, and familial erytophagocytic lymphohistocytosis.
The non-malignant diagnoses group included patients initially suspected
to have malignant disease. Anemias (other than aplastic anemia) were
grouped together in one pool, and included iron deficiency anemia, but
also Dimond-Blackfan and Fanconi anemias. The rest of the non-
malignant group mostly consisted of patients investigated for various
types of lymphadenopathy, but also hemangioma, hereditary spher-
ocytosis, hereditary thrombocytopenia, and benign teratoma.

2.1. Nucleic acid extraction
21 L to 50 pL of each sample were pooled, aiming for a total volume

of 1 mL. PBS was added up to 1 mL final volume if necessary. Total
nucleic acids were extracted by MagNA Pure 96 (Roche). Total nucleic

Table 1
The table shows how the 23 pools were distributed.

Number of
patient per group

Number of
patient per group

Samples/pool Samples/pool

Pre B-ALL (0-2y. 22 Solid tumors (0-2 17

0.) y.0.)
Pre B-ALL (3-5y. 22 Solid tumors (3-5 25
0.) y-0.)
Pre B-ALL (3-5y. 22 Solid tumors 28
0.) (6-18 y.0.)
Pre B-ALL (6-18y. 22 Solid tumors 28
0.) (6-18 y.0.)
Pre B-ALL (6-18y. 22 CNS tumors (0-5 15
0.) y.0.)
Pre B-ALL (6-18y. 22 CNS tumors (6-18 23
0.) y.0.)
Acute myeloid 31 CNS tumors (6-18 22
leukemia y.0.)
T-ALL 15 Aplastic anemia 10
Non-Hodgkin 22 Other anemias 10
Lymphoma
Hodgkin's 18 Benign diagnoses 12
lymphoma (0-2y.0.)
Histiocytoses 8 Benign diagnoses 13
(3-5y.0.)
Benign diagnoses 47
(6-18 y.0.)
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acid elution was done in 100 pL. 60 mM Tris—HCI buffer. For individual
samples, 50 pL of serum, diluted with 150 pL of PBS), were extracted by
MagNA Pure 96 (Roche) and eluted in 50 pL Tris-HCI buffer.

2.2. cDNA library

Amplified cDNA was obtained using QIAseq FX Single Cell RNA Li-
brary Kit (QIAGEN) according to the manufacturers instructions, fol-
lowed by purification with AGENCOURT® AMPure®XP PCR
purification kit (Beckman Coulter) quantification with a Qubit
Fluorometer.

2.3. DNA library

DNA whole-genome amplification was performed using the Illustra
GenomiPhi V2 DNA Amplification Kit (GE Healthcare). Amplified DNA
was purified with AGENCOURT® AMPure®XP PCR purification kit
(Beckman Coulter) or Illustra MicroSpin G-50 Columns (GE Healthcare)
and quantificated as above.

2.4. Shotgun sequencing and bioinformatics analysis

Mlumina sequencing libraries were produced using the ThruPLEX
DNA-seq kit (Rubicon Genomics) followed by Illumina MiSeq and
Novaseq sequencing at Science for Life Laboratory, Stockholm, Sweden.

Trimming was carried out using Cutadapt (v. 2.8)[6] and Trim
Galore (v. 0.6.5-1). Human reads were removed by mapping to the
Human genome build GRCh 38 (GCA_000001405.15) using Bowtie 2 (v.
2.4.1) [7].

The reads were analyzed and assembled using an in-house pipeline
built using Nextflow (v. 19.07.0.5106) called “Discovery2” (https://
github.com/Amanj1/Discovery2). In brief, the reads were assembled
using MEGAHIT (v. 1.2.8) [8]. The reads and contigs were classified
using Kraken2 (v. 2.0.8-beta)[9] and Diamond Blastx (v. 2.0.6), which
aligns protein query sequences to the “nr” (Non-redundant protein se-
quences) database. The NCBI Taxonomic database and in-house scripts
were used for taxonomic classification.

2.5. PCR verification assays

Virus-specific PCR assays were used to validate viral findings. PCR
was conducted on individual samples in the pool positive for the virus by
metagenomics, except for HPgV which was analysed by nested PCR for
all samples. When possible, diagnostic assays used at the Dept of Clinical
Microbiology were used. Primers are listed in Table 4. One-step RT-PCR
reactions were performed using SuperScript™ III One-Step RT-PCR
System with Platinum™ TaqHigh Fidelity DNA Polymerase (Invitrogen)
and PCR reactions were performed with AmpliTaq Gold™ DNA Poly-
merase with Buffer II and MgCl, (Applied Biosystems) following
manufacturer recommendations. PCR testing for HPgV was essentially
performed as described in [10], and for TTV as described in [11].
Amplification reactions for Papillomavirus type 116, Polyomavirus 10,
and Parvovirus B19 were carried out essentially as described above. The
PCR products were analyzed by electrophoresis in 1,5 % agarose gels.

Parechovirus was detected by an in-house diagnostic real-time PCR
assay composed of 5 uL of sample, 1x TagPathTM One-Step RT-PCR
Master Mix kit (Life Technologies), 1 uM of each forward and reverse
primers and 0,2 pM of FRET-based MGB probe conjugated with fluoro-
chrome FAM, which enables detection of the PCR products in the
ABI7500 FAST Real Time PCR System (Applied Biosystems). Rhinovirus
was detected by Allplex respiratory panel 3 (Seegene, Seoul, South
Korea).

3. Results

Shotgun metagenomic sequencing for detection of viruses was
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performed on pooled pediatric cancer samples. A total of 476 patient
samples were analyzed (Table 1). The samples were divided into 23
pools based on diagnosis and age and the number of samples per pool
ranged from 8 to 47.

The read-based analysis identified a total of 83,286,813 reads
assigned to 14 virus families (Fig. 2 and Fig. 3). The dominant finding
was, as expected for serum samples, different types of anelloviruses.
Phage genomes and sequences present in the non template control were
excluded from further analysis.

Eight genomes of viruses known to infect humans could be fully or
partially assembled. These included 7 genomes classified at the species
level (HPgV, Hepatitis C virus, Parechovirus 1, Rhinovirus C, Human
papillomavirus 116, Human polyomavirus 10, and Parvovirus B19), and
different anelloviruses. 54 complete anellovirus genomes, and multiple
partial genomes, were assembled, but are here simply reported as Tor-
que Teno viruses (TTV) (Table 3). In addition, a previously unknown
genome belonging to the Iflaviride family was identified.

HPgV reads were detected in 14 pools (Table 2) with the highest read
number observed in the lymphoma group (274,543 reads).

A total of 87,574 reads from Hepatitis C virus (HCV) were detected in
one sample pool: Solid malignant tumors, 0-2 years. Review of medical
records confirmed that one of the samples in this group came from a
child with a known HCV infection.

A total of 1365 reads of Parechovirus 1 were detected in the pool of
solid malignant tumor patients (0-2 years). One sample, derived from an
11-month-old child who underwent surgery for sacral teratoma, was
PCR-positive. The patient was febrile before and during surgery with no
other obvious explanation.

A limited number of Rhinovirus C reads (12 reads) was detected in
the B-ALL 0-2 years pool. The real-time PCR identified one positive
sample. The patient was reported to have upper respiratory symptoms at
the time of cancer diagnosis.

A complete human papillomavirus genome, classified as human
Papillomavirus 116, was assembled from 20,111 reads from the B-ALL
(3-5 years) pool. A single serum sample from a 3-year-old child with B-
ALL was identified as the source using PCR.

A complete Human polyomavirus 10 genome was assembled from
1518 reads from the CNS tumor (0-5 years) pool. A serum sample from a
1-year-old child with pontine glioma was identified as the source using a
specific PCR [12].

A total of 16,246 Parvovirus B19 reads were detected in the “other

Table 2
HPGYV results from cDNA sequencing and PCR verification assays.

Samples/pools Coverage Reads classified by PCR results positive
x) Kraken samples

Pre B-ALL (0-2 y.o0.) 2.93 154 5

Pre B-ALL (3-5 y.0.) 652.6 29,753 6

Pre B-ALL (6-18 y.0.) 998.33 47,034 3

Pre B-ALL (6-18 y.0.) 115.63 5221 2

Acute myeloid 123.45 7180 3
leukemia

Non-Hodgkin 6526.16 274,543 3
Lymphoma

Solid tumors (0-2 y. 1430.71 72,625 1
0.)

Solid tumors (3-5 y. 1.81 85 1
0.)

Solid tumors (6-18 y. 5208.72 166,982 2
0.)

CNS tumors (6-18 y. 8.99 434 1
0.)

Aplastic anemia 2973.8 132,443 1

Other anemias 604.12 24,108 1

Histiocytoses 42.3 1533 1

Benign diagnoses (0-2 ~ 169.84 6303 2
y.0.)

Benign diagnoses 13.52 515 3
(6-18 y.0.)
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benign diagnoses” (6-18 years) pool. Two individual samples were
confirmed to be positive for parvovirus B19 by PCR. Both patients suf-
fered from fever and lymphadenopathy, and one of the patients also
suffered from severe anemia (Hemoglobin 50 g/L). The latter patient
was diagnosed with hereditary spherocytosis. In both patients the
parvovirus infection was the likely cause of the acute symptoms.

Six contigs corresponding to a previously unknown genome
belonging to the Iflaviridae family were identified in the pool Solid
malignant tumors, 0-2 years. Individual samples were tested by nested
PCR (Table 4) and a single serum sample was positive. Gap closure
produced an 8464 nucleotide contig (Supplementary figure 1). A
phylogenetic analysis revealed a previously unknown species belonging
to the Iflavirus genus. Since known iflaviruses have mainly been found in
insects, the source and natural host of this virus is unclear. PCR
screening of 1000 blood donor sera and 10 species of locally captured
mosquitos (kindly provided by Dr. Tobias Lilja, Swedish Veterinary
Agency), did not result in additional positive samples. We have tenta-
tively named this virus Uppsala iflavirus.

TTV was abundant in all pools (20,862,935 reads). A clear pattern
was observed, where levels of TTV in blood were significantly higher in
the 3-5 year age group (Fig. 1). This appears to be the case regardless of
the underlying diagnosis.

HPgV was identified in most pools. A higher number of reads was
observed in five pools (Table 2). The presence of HPgV in individual
samples was evaluated by PCR (Table 3). Of a total of 476 individuals,
37 tested positive for HPgV (Table 2). Patients with leukemia-related
disease (B-ALL, T-ALL, Acute myeloid leukemia and Non-Hodgkin
lymphoma were compared with all other diagnoses (non-leukemia
group). In the leukemia group 22/200 (11.0 %) of individuals were
positive for HPgV. In the non-leukemia group 15/276 (5.4 %) were
positive. The higher frequency of HPgV infection among leukemia pa-
tients was significant by chi-squared test (p < 0.05). The highest pro-
portions of HPgV positive patients were seen in B-ALL of various ages
(12.1 %) and non-Hodgkin lymphoma (13.7 %). In contrast, none of the
Hodgkin’s lymphoma patients were positive for HPgV.

A comparison of only lymphatic malignancies, i.e. ALL and Non-
Hodgkin lymphoma, with the other patients resulted in a smaller dif-
ference that did not reach statistical significance (p = 0.061).

4. Discussion

Metagenomic sequencing is a powerful tool for unbiased character-
ization of the viral flora of clinical samples and sample collections [13].
Advantages of this approach include the possibility of finding all viruses,
including novel strains and viruses that are normally not tested for by
regular diagnostic assays.

HPgV is a single-stranded RNA virus belonging to the genus Pegivirus
in the Flaviviridae family, that spreads via infected blood, vertical
transmission from mother to childand sexual contact [14]

The viremia is in most cases cleared, but can in some cases persist.
Presence of antibodies to the envelope protein E2 has been associated
with viral clearance and is believed to protect against reinfection [15,
16]. The results from this study indicate that children diagnosed with
leukaemia have a significantly higher prevalence of HPgV viremia at
diagnosis than healthy children and children with other types of cancers.
The prevalence of HPgV viremia among healthy adult blood donors in
the United States is 1-2 % [17]. Studies of healthy children in Australia
and Denmark showed prevalences of HPgV RNA of 1.3 % and 1.4 %,
respectively [18,19]. The proportions found in our study are higher,
particularly in leukemia and lymphoma patients.

Several large recent studies of adult patients suggested an association
between HPgV and non-Hodgkin lymphoma, including a cohort study
showing that viremia could be detected years prior to lymphoma diag-
nosis [20]. Our results support these earlier findingsand indicate a
similar association also with childhood leukemia.

Single-stranded DNA viruses dominate the blood virome, and
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Fig. 1. TTV levels as determined by read numbers were highest in the 3-5 year age group, according to underlying diagnosis.

anelloviruses account for two-thirds of the total virome [21]. A rapid
increase in TTV prevalence has been observed during the first year of
life, with a continued increase up to 4 years of age [22]. TTV has not
been linked to any human disease, but increased levels of TTV have been
observed, for example, in septicemias [23], untreated solid tumors [24]
and after bone marrow transplantation[25]. We did not observe a dif-
ference in TTV read numbers between the children diagnosed with
non-malignant diseases or malignant diseases, but TTV read numbers
were clearly higher in the 3-5 year age group, coinciding with the
incidence peak for acute lymphoblastic leukemia at 2-5 years of age.
However, quantitative analysis of anelloviruses is difficult and could be
method- and primer-dependent [26]. Further metagenomics studies of
this virus are needed.

Other, less prevalent virus findings include parvovirus B19, par-
echovirus, rhinovirus C, and polyomavirus 10. These viruses have been
detected in blood samples previously [27,28,29] and were in some cases
the likely causing symptoms of acute infection at the time of sampling.

In two cases of non-malignant disease, the likely cause of the
symptoms was a parvovirus B19 infection which was overlooked both by
the primary physician and the oncologist, but detected in this study. In
an additional case, we identified the likely cause of a febrile episode
(parechovirus) in a tumor surgery patient. These cases illustrate how this
unbiased approach is a diagnostic strength of metagenomic sequencing.

HPV116 was detected in serum of a patient with pre-B ALL. The
substantial amount and stable and reproducible detection makes
contamination from skin unlikely.

A previously unknown picornavirales genome belonging to the Ifla-
viridae family was unexpectedly identified in a sample from a solid
tumor patient. The genome was repeatedly detected in a single sample,
which ruled out reagent contamination. Iflaviruses are not well-studied,
but most infect insects. However, a few clades of the related dicis-
troviruses have been repeatedly detected in human serum samples,
indicating that they could possibly replicate in humans [30,31,32]. The
novel virus genome could not be detected by nested PCR in a limited
study of local mosquitoes and blood donor sera. The origin and host

species of this virus genome remains unknown, but data are insufficient
for ruling out that the finding represents an infection.

The previous discovery of various oncoviruses has had great
importance for prevention and treatment of cancer. We expect that
future research will generate new insights into the origins of childhood
cancer and effective ways to prevent and treat it. In this study, we have
analyzed a material collected over several decades and found that sys-
temic virus infections are prevalent in children with newly diagnosed
cancer, and that many of these infectious agents are not well studied.
There is a need for further studies about the nature and consequences of
many newly identified viruses in humans.
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Table 3
Results from PCR verification assays of virus-positive samples.

Journal of Clinical Virology 175 (2024) 105736

Family Genus Virus name Virus-positive groups by PCR Number of positive patient samples per group
Flaviviridae Pegivirus HPGV/HPgV-1 15/23 groups positive See table 2
Hepacivirus Hepatit C-virus Pre-B-ALL (3-5 y.0) 1
Picornaviridae Enterovirus Rhinovirus C Pre-B-ALL (0-2 y.0.) 1
Parechovirus Parechovirus 1 Solid tumors (0-2 y.o. groups) 1(0-2 y.0)*
Iflaviridae Iflavirus Uppsala iflavirus Solid tumors (0-2 y.o) 1
Papillomaviridae Gammapapillomavirus Papillomavirus type 116 Pre-B-ALL (3.5 y.0) 1
Polyomaviridae Deltapolyomavirus Polyomavirus 10 CNS tumors (0-5 y.0.) 1
Parvoviridae Erythorvirus Parvovirus B19 Benign diagnose (6-18 y.o.) 2
Circoviridae Anellovirus Torque teno virus (TTV) Only tested for one pool Pre-B-ALL (3-5 y.o.) 13

* Individual samples in the group 6-18 years old were not tested due to high ct. value (40,8) in the group pool.

Table 4
Oligonucleotides used for PCR verification assays.
Virus Primer”/Probe Sequence (5™~ 3") Product size
(bp)
Parechovirus Parecho_F547 CAC TAG TTG TAA GGC 70
CCA CGA
Parecho_R590 TCA GAT CCA YAG TGT
CDC TTG TTA CCT

Parecho_P570 6-FAM - GAT GCC CAG

AAG GTA - MGBNFQ
AAT GTG CCC AGA GCT 392

Uppsala Iflavirus 2276 nedre F1

GAA A
2276 nedre R1 TCT AAC GCT CCT TTC
TTG ACT ATAC
2276 nedre F3 GTT TAG GCA TCC AGA 228
AGC AAT TTA
2276 nedre R3 TCA TGA TAG GCC TTG
TGT TCC
Papillomavirus Papillo-F1 TCC ATG TTG GCA GTG 375
type 116 GAT TTA
Papillo-R1 CTT GGT TCT CCT TGT
TCT CCT C
Papillo-F2 GGC ATA AAG TTG AAG 167
GTG CTG
Papillo-R2 GCT AGT GAC AGA GGC
AGA AAT
Parvovirus B19 Parvo-F ACA AGC CTG GGC AAG 75
TTA GC
Parvo-R ACA AGC CTG GGC AAG
TTA GC
Polyomavirus 10 HPyV10-4589. Gustafsson et al., 2013. 133
F
HPyV10-4759.
R
Torque Teno Virus AMTS-F Maggi et al., 2003 63
(TTV)
AMTAS-R
AMTPTU-probe
Pegivirus (HPGV) GBV-F1 Sullivan et al., 2011. 299
GBV-R1
GBV-F2 251
GBV-R2

F, sense primer; R, antisense primer.
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