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Viral contamination is a major concern for biological products. Therefore, virus testing of raw materials and cells
is essential for the safety of the final product. We used high-throughput sequencing to detect viral-like sequences
in selected CHO cell lines. Our aim was to test various approaches of sample preparation, to establish a pipeline
for metagenomic analysis and to characterize standard viral metagenome of production and parental CHO cell
lines. The comparison of the metagenomics composition of the differently prepared samples showed that among

four tested approaches sequencing of ribosomal RNA depleted total RNA is the most promising approach. The
metagenomics investigation of one production and three parental CHO cell lines of diverse origin did not indicate
the presence of adventitious viral agents in the investigated samples. The study revealed an expected background
of virus-like nucleic acids in the samples, which originate from remains of expression vectors, endogenized viral
elements and residuals of bacteriophages.

1. Introduction

Chinese hamster ovary (CHO) cells are one of the main cell lines used
in the production of recombinant therapeutics [1] and have the highest
occurrence of reported virus contaminations compared with other
mammalian cell lines [2]. The utilization of the current combination of
in vitro, in vivo, and PCR assays for the identification of adventitious
viruses has a limited range of detection. High-throughput sequencing
(HTS) on the other hand is able to detect all types of nucleic acid se-
quences in a sample [3] and has gained significant attention in the field
of biologicals since a porcine circovirus 1 contamination has been
detected in a licensed pediatric vaccine [4] and a novel rhabdovirus was
discovered in the Sf9 insect cell line [5]. Since then, HTS has been uti-
lized as a supplemental test and is now considered as an alternative
method for adventitious virus testing [6-9]. The aim of this study was to
test various approaches of sample preparation, to establish a pipeline for
metagenomic analysis and to characterize standard viral metagenome of
selected CHO cell lines. This study serves as a baseline for further in-
vestigations of CHO cell lines for adventitious viruses using HTS.
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1 Both authors contributed equally to this paper.

https://doi.org/10.1016/j.biologicals.2020.11.001

2. Materials and methods
2.1. CHO cell lines

Four different CHO cell lines (T-CHO, P-CHO-1, P-CHO-2, P-CHO-3)
were used in the study. P-CHO-1, P-CHO-2 (engineered) and P-CHO-3
are parental cell lines originating from different lineages, including
CHO-K1, CHO-DUKXB1 and CHO-DG44. As previously described [10],
the CHO-K1 and CHO-DG44 (dihydrofolate reductase (DHFR) deficient)
cell lineages were generated from the spontaneously immortalized cells
from Chinese hamster ovaries by single-cell cloning and gamma radia-
tion, respectively. The DHFR-deficient CHO-DUKXB1 lineage was
generated from CHO-K1 cells by chemical mutagenesis. The test
(T-CHO) cell line is a monoclonal antibody producing cell line derived
from the engineered P-CHO-2 parental cell line.

2.2. Sample preparation and nucleic acids isolation

In the first batch of analyses, we compared different sample
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preparation approaches using T-CHO cell line. Total (tot)RNA extracted
from cells and nucleic acids isolated from either nontreated, ultra-
centrifuged or filtrated growth media were used as inputs for HTS
(detailed in Fig. 1 and Supp. materials and methods). Additional two
negative controls: processed growth medium and fresh growth medium
were treated in the same way and stored for possible troubleshooting
and additional confirmation analyses.

In the second batch of analyses, three parental cell lines were pro-
cessed using the selected approach (totRNA sequencing of CHO cells)
based on the results of the first batch of the analyses. First, cells were
separated from growth medium by centrifugation (5 min, 4 °C, 400xg)
and were further used for nucleic acids isolation (P-CHO-1, P-CHO-2, P-
CHO-3).

For all analyses, RNA from cell samples was isolated using RNeasy
Plus Mini kit (Qiagen) (batch 1 and batch 2). Sample of nuclease free
water spiked with luciferase was used as a negative control of nucleic
acid isolation from parental cell lines (batch 2). For simultaneous pu-
rification of DNA and RNA from growth media samples (batch 1)
QIAamp MinElute Virus Spin Kit (Qiagen) was used.

T-CHO cell line with growth media
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2.3. Sequencing and bioinformatics analysis

For all samples (Table 1), depletion of ribosomal RNA using Ribo-
Zero Gold rRNA Removal Kit (Illumina) and reverse transcription of
RNA were performed. For first batch of production cell line samples
sequencing libraries were prepared using Illumina Nextera DNA Library
Prep Kit and sequenced by Illumina MiSeq (2 x 250 bp). For parental
cell lines samples [llumina TruSeq Stranded total RNA library prepara-
tion kit was used and libraries were sequenced using Illumina HiSeq
2500 (2 x 150 bp). For first batch of samples less data was generated
compared to sequencing of parental cell lines, where we increased the
sequencing depth to get a better insight into the presence of virus-like
nucleic acids.

The pipeline used for data analysis of all samples is presented in
Fig. 1 and described in details in supplementary materials and methods.
Additionally, reads from parental cell line samples were used for de novo
assembly using software SPAdes [11] and were further classified (Supp.
materials and methods). The presence of retroviral-like reads corre-
sponding to the sequence of known transcriptionally active retrovirus
sequences from CHO genomes were investigated by mapping of reads
from parental cell lines to endogenous retroviral sequences (Supp.
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Fig. 1. Detailed schematic representation of sample preparation workflow and bioinformatics pipeline. Two aliquots of cell samples were first briefly centrifuged. In
order to lyse the cells, one of the aliquots was sequentially frozen three times in liquid nitrogen (samples originating from this aliquot are marked with A). The other
aliquot was left untreated (samples originating from this aliquot are marked with B). Both samples were further centrifuged to separate cells (T-CHO-c-A, T-CHO—c-
B) from growth media. Total RNA was isolated from pelleted cells (T-CHO-c-A, T-CHO-c-B). Aliquots of growth media samples were stored for nucleic acids isolation
(T-CHO-m-A, T-CHO-m-B). The rest of the growth media was either ultracentrifuged or filtrated through inorganic filter. After ultracentrifugation, supernatant was
removed from the tubes and pellets were used for nucleic acid isolation (T-CHO-mUC-A, T-CHO-mUC-B). After sample filtration, the filter was transferred in a
sterile Petri dish and fragmented into small fragments, which were then fragmented and used for the nucleic acid isolation (T-CHO-mF-A, T-CHO-mF-B).
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materials and methods).

Reads classified as viral in Diamond/Megan analysis were extracted
and further analyzed to possibly confirm/reject that they correspond to
viral genomes. Those viral-like reads were then imported into CLC
Genomics Workbench (Qiagen) and compared against the latest NCBI nt
and nr databases using blastn and blastx, respectively. Reads showing
significant similarity only to viral taxa in blastn or blastx analysis were
further investigated to determine if they might originate from CHO
genomic DNA. They were compared for similarity against selected
known CHO short read archive (SRA) datasets (Supp. Table 1) using
blastn and against reference viral database (RVDB) U-RVDBv19.0 and
U-RVDBV18.0 using blastn and blastx, respectively.

3. Results and discussion

3.1. Comparison of sample preparation approaches and standard viral
metagenome of selected CHO cell line

Comparing the number of viral-like reads and detection of different
viral taxonomic groups can give some insight about which of the tested
sample preparation approaches would be more appropriate for dis-
covery of adventitious viral agents. When comparing different sample
preparation approaches, the differences are not striking, however,
highest number of viral-like reads (292) and detected viral taxonomic
groups (Fig. 2) was found in sample of isolated totRNA from cells.
Analyzing ribosomal RNA-depleted totRNA from cells required the
smallest amount of handling and therefore smaller chance of the con-
taminants introduction among tested approaches, additionally sup-
porting our choice of this approach for subsequent analyses (for
parental cell lines).

Majority of reads classified as viral in Diamond/Megan analysis
corresponded to retroviral sequences (Fig. 2), which are known to be
endogenized in CHO genomes. A substantial amount of reads were
classified as human betaherpes virus 5 (family Herpesviridae), and some
to polyomaviruses, both originating from the expression vectors used to
manipulate the cell line. Some samples contained remains of bacterial
and bacteriophage reads, which are expected to be present as residuals
from chemicals and labware used in the procedure. Few reads were
misclassified as viral, however further analysis showed they correspond
to parts of bacterial or CHO genomes. Finally, very few reads were
showing similarities to filoviruses or parvoviruses and were analyzed in
detail to better determine their possible origin.

8 reads remained classified as protoparvovirus sequences after the
additional blastx and blastn analysis in media samples (T-CHO-m-A
and T-CHO-m-B). Sequences could be further assembled, resulting in
two contigs that were most similar to sequences of rat parvovirus (82%
identity at the nucleic acid level and 74% at the amino acid level) and
canine parvovirus (74% identity on nucleic acid level and 71% on
amino acid level), confirmed also by blasting against RVDB. Blastn
analysis did not show significant similarity to the reads in CHO SRA
archives. There have been several reports of endogenization of parvo-
viral sequences into animal genomes [12], including rodent genomes
[13]. Moreover, there have been several reports on contamination of
nucleic acid extraction columns with parvoviral nucleic acids [14].
Therefore, it seems highly unlikely that such reads correspond to an
adventitious viral agent replicating in the CHO cells, due to the
extremely low number of observed reads (corresponding to less than
12% of parvoviral genome length) and low similarity of these reads to
known pathogenic viruses.

2 reads were classified as filoviral. Blastn analysis showed that their
sequences were highly similar to C. griseus sequence (100% sequence
identity), annotated as magnesium transporter, but was identified as
filoviral using blastx (77% sequence identity). We could find a similar
sequence in other existing CHO SRA datasets. We were unable to find a
report about CHO genome integrated filoviral sequences, however, in-
tegrated filoviral sequences have been found in other rodent species
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Fig. 2. Overview of the virus-like reads
across the tested production cell line samples
in first batch of analysis (a) and parental cell
line samples with negative control (b). Reads
were classified as viral by Diamond and
Megan. Squares represent the abundance of
the reads classified as a specific category in a
specific sample (one square represents 4
reads); the read counts are square root
transformed for better representation. The
comment column shows final classification
or interpretation of reads origin.

A Sam
,,,,,,,,,,,,,,,, wples .
< o Toe
| ; LW
< o ¥ 2 4L 4L S5 3
$ ¢ & & E E E E
o (@] O O O O O O
T I I I I I I I
(@) (@) O O o o o o
Category [ [ [ [ [ [ I & Comment
Unclassified viruses o o
Unclassified dsDNA phages o
Siphoviridae Bm B  Bm Bm
Podoviridae g, B
Poxviridae B
Flaviviridae =R misclassified CHO reads
Retoviridee o N BEE Ba OO BN M
Polyomaviridae o B B
Herpesviridae - e = & = B
Filoviridae =N
Parvoviridae Bm  E
B Samples
T 94
o o o S
T T I =
e 9 9 ¥
Category o o o Z Comment
Unclassified RNA viruses - - & & contamination (present also in NKI)
Unclassified viruses a a contamination (present also in NKI)
Virgaviridae contamination/ residual seqences
m
Tombusviridae o - contamination (present also in NKI)
Picornavirales - contamination (present also in NKI)
a a
Flaviviridae misclassified CHO reads
=] =] =]
Filoviridae - old endogenized sequence
Unclassified ssDNA viruses o a - contamination (present also in NKI)
Retroviridae o ﬁ ™ endogenisation known for CHO genomes
Reoviridae contamination (present only in NKI)
=
Poxviridae o misclassified CHO reads
Polyomaviridae . residuals of expression vector
Siphoviridae residual bacteriophages' reads
o
Podoviridae & residual bacteriophages' reads

[15]. Thus, we suggest that such reads likely correspond to an ancient
integrated filovirus sequence in the CHO genome, which likely obtained
new function through the evolution of C. griseus genome.

3.2. Metagenomic analysis for the detection of adeventitous viruses in
selected parental CHO cell lines

We used totRNA sequencing of cells to determine the metagenomic
baseline of selected CHO parental cell lines. We obtained a high number
of sequencing reads for analyzed samples (Table 1), including a negative
control, which enabled us to further filter the results. Most of the reads
classified as viral corresponded to retroviral sequences that did not map

73

to the reference host genome using selected parameters. However,
additional blastn and blastx similarity searches showed that all detected
retroviral-like sequences had high similarities with CHO genomes and
thus probably represent endogenized retroviral elements. Additional
assembly of sequencing data (trimmed reads) from parental cell lines
resulted in 13 contigs (78-1076 nt) classified as retroviral using Dia-
mond/Megan analysis (Supplementary Table 2). Blastn and blastx sim-
ilarity searches against nt/nr databases showed that all contigs have
significant alignments to host transcripts or transcripts or genomes of
rodent species (Supplementary Table 2). Reads from parental CHO cell
lines mapped to the two previously reported transcriptionally active
retroviral sequences [16,17]. However, for only one of the two
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sequences (ETC109F) and only in P-CHO-2, complete length of the
sequence was covered by the reads (Supp. Fig. 1).

In addition, 4 reads were classified as filoviral in P-CHO-2 sample.
Reads were assembled into 1 contig (166 bp) showing similarity with
C. griseus genome using blastn, and similarity to filoviruses using blastx
(54% sequence identity), which we already observed in the previous
analysis of T-CHO cell line. We could find similar sequences in other
existing CHO SRA datasets. The P-CHO-2 parental cell line has been used
to prepare the T-CHO cell line analyzed in previous experiment, which
explains the detection of similar sequences, with exception of herpes-
virus sequences that originate from the expression vectors used to
manipulate the parental cell line. Also in P-CHO-2 sample, we detected a
relatively high number of reads classifying as polyomaviruses corre-
sponding to expression vector sequence, supporting the fact that P-CHO-
2 is an engineered parental cell line. Reads classifying as polyomaviruses
(expression vector sequence) were not detected in other parental cell
lines, explaining the lower numbers of reads assigned to viruses in other
two analyzed parental cell lines.

Few reads of unclassified ssDNA viruses and unclassified RNA viruses
were detected both in samples and in the negative control. They were
probably introduced during the extraction or sequencing and were thus
regarded as contamination. Sequences classified as unclassified ssDNA
viruses showed similarity with widely distributed [18] CRESS (circular
Rep-encoding single-stranded DNA) viruses and sequences classified as
unclassified RNA viruses were similar to sequences of members from
Picornavirales order. Viral-like reads only present in negative control
were probably introduced together with the synthetic luciferase RNA,
which was spiked in the negative control.

6 reads in P-CHO-3 sample were classified as plant infecting toba-
moviruses from Virgaviridae family (blastn — 94-96% sequence identity,
blastx — 100% sequence identity) matching two different parts of toba-
movirus genomes. Reads classifying as tobamoviruses are potentially
representing a very low input contamination. The sequences belong to
plant infecting viruses and are not of concern for human health.

To summarize, in all analyzed CHO cell line samples (T-CHO, P-CHO-
1, P-CHO-2, P-CHO-3) we detected known endogenized retroviral se-
quences and residuals of bacteriophages. Residuals of expression vectors
with viral sequences and filoviral-like reads were detected in engineered
parental (P-CHO-2) and in corresponding derived production (T-CHO)
cell line. Reads classifying as parvoviral were detected only in T-CHO
cell line media samples (T-CHO-m-A, T-CHO-m-B). In parental cell line
samples, which were investigated with higher sequencing depth, more
contaminating sequences were detected; however, they were also
detected in negative control, except from plant infecting tobamoviral
reads only present in P-CHO-3.

4. Conclusions

The metagenomics investigation of one production and three
parental CHO cell lines of diverse origin did not indicate the presence of
adventitious viral agents in the investigated samples. The study revealed
an expected background of virus-like nucleic acids in the samples, which
originate from remains of expression vectors, endogenized viral ele-
ments and residuals of bacteriophages. Obtained results together with
established bioinformatic pipeline focused on viral-like reads serve as a
baseline for future investigations of CHO cell lines for adventitious vi-
ruses using HTS. The results including the overlapping virus-like se-
quences between parental and corresponding production cell line and
the contaminations present in negative control are showing the impor-
tance of knowing the range and source of background signal in studies of
adventitious virus detection. Regulatory authorities are increasingly
recognizing the potential of HTS for the detection of a broad range of
viruses. Therefore, HTS methodologies can complement, supplement or
even replace some of the conventional adventitious virus detection as-
says (Khan et al., 2020). The method described in this study is currently
aresearch tool, which has a potential to supplement other currently used
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adventitious virus detection methods. Since HTS is constantly evolving,
there is a need for standardization and validation of the methodology,
including the technical and bioinformatics steps.
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