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Abstract

Animal cell culture, with single cells growing in suspension, ideally in a chemically defined

environment, is a mainstay of biopharmaceutical production. The synthetic environment

lacks exogenous growth factors and usually requires a time-consuming adaptation process

to select cell clones that proliferate in suspension to high cell numbers. The molecular mech-

anisms that facilitate the adaptation and that take place inside the cell are largely unknown.

Especially for cell lines that are used for virus antigen production such as baby hamster kid-

ney (BHK) cells, the restriction of virus growth through the evolution of undesired cell char-

acteristics is highly unwanted. The comparison between adherently growing BHK cells and

suspension cells with different susceptibility to foot-and-mouth disease virus revealed differ-

ences in the expression of cellular receptors such as integrins and heparan sulfates, and in

the organization of the actin cytoskeleton. Transcriptome analyses and growth kinetics dem-

onstrated the diversity of BHK cell lines and confirmed the importance of well-characterized

parental cell clones and mindful screening to make sure that essential cellular features do

not get lost during adaptation.

1. Introduction

Animal cell culture technology was first used for the production of virus antigen in vaccine

production, but more recently bacterial or yeast production platforms for recombinant pro-

teins are changed over to mammalian cell systems as well [1, 2]. Important in both contexts

are baby hamster kidney (BHK) cells, derived from the Syrian golden hamster (Mesocricetus
auratus). Originally, BHK cells were an adherently growing, anchor-dependent mammalian

cell line with a fibroblast growth pattern in standard cell culture conditions including foetal

bovine serum (FBS) [3, 4]. The adaptation of adherent BHK cells to suspension growth in

serum-free media combined with large-scale culture conditions is a success story for the pro-

duction of recombinant proteins (e.g., factor VIII) with high yields [1, 2]. Furthermore, BHK

cells are susceptible to a wide range of viruses, including the virus of foot-and-mouth disease

(FMD) [5]. To meet the increasing demand for FMD vaccines in many parts of the world,
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large quantities of antigen must be produced as cheaply as possible, which is achievable by

increasing viable cell densities on the cellular side and decreasing cost through simplification

of up- and downstream processing of the antigen on the production side [6]. Animal-compo-

nent-free media (ACFM) reduce the risk of contamination by adventitious agents and addi-

tionally simplify the process when no serum has to be supplemented [6, 7]. However, the

adaptation of cells to grow in suspension without serum and in ACFM is a time-consuming

and gradual process [6, 8]. BHK cells easily reach cell densities of 3.5×106 cells/mL in suspen-

sion but the adaptation always carries the risk of evolving undesired cell properties in compari-

son to the starting population that can result in poor growth performance, insufficient cell

specific yields or tumorigenic assets [5, 7]. In turn, changes to the cells can lead to unexpected

virus variants during the culture adaptation process. Especially for vaccine antigen production

a change in virus characteristics and antigenicity is highly undesirable. BHK cells already differ

in their susceptibility and their possibility to propagate certain virus strains of FMDV [9].

Obviously, the change from anchorage-dependent fibroblastic growth via aggregation and for-

mation of spheroids to cells growing independently in suspension will be accompanied by sig-

nificant changes to the cell itself [4, 6]. The loss of integrin signaling due to the interruption of

extracellular matrix-cell contact leads to changes in membrane protein expression and in the

organization of the actin cytoskeleton which is an important recipient of integrin-mediated

signaling [6, 10]. At the same time, these integrins play an important role for FMDV infection

because they are the receptor for FMDV in the natural host and the primary receptor in cell

culture [11].

A more profound understanding of the cellular differences between adherently growing

BHK cells and cells in suspension will open up new possibilities for cell engineering and sim-

plify the selection of suitable cell clones for vaccine antigen production.

In this study, adherently growing BHK cells and ACFM-adapted suspension BHK cells

were examined with regard to the expression of cellular receptors such as integrins and

heparan sulfates (HS), their ability to present proteins on the cell surface and the organization

of the cellular actin skeleton. Transcriptome analyses and growth kinetics provide information

about the diversity of the tested BHK cell lines.

2. Materials and methods

2.1 Cell lines and cell culture

The principal cell lines used were two adherent BHK-21 clone 13 derivatives (from American

Type Culture Collection [ATCC] CCL-10, held as CCLV-RIE 164 and 179 in the Collection of

Cell Lines in Veterinary Medicine, Friedrich-Loeffler-Institut, Greifswald, Germany; in short:

BHK164 or BHK179) and the suspension cell lines BHK21C13-2P (BHK-2P) provided by the

European Collection of Authenticated Cell Cultures (ECACC; 84111301) and BHK-InVitrus

(BHK-InV, also referred to as “line #8” as in our earlier publication [12]; Sigma-Aldrich,

St. Louis, USA).

For growth kinetics, the following cell lines were used in addition: BHK-2P maintained

either in Glasgow’s Minimal Essential Medium (GMEM) with 10% FBS (“line #2”) or adapted

to the ACFM Cellvento™ BHK200 (Merck KGaA, Darmstadt, Germany) in two different pro-

cesses (lines #4 and #5), plus four other suspension cell lines: BHK21C13 adapted to growth in

suspension by gradual withdrawal of serum (line #3), BHK21-C (line #6), BHK21-Hektor (line

#7) and production BHK (line #9) [12]. All these cells were provided by Merck KGaA.

All BHK-21 cells used in the study are ultimately derived from the BHK-21 clone 13 cell

line of Macpherson and Stoker [13]. The term “cell line” is used loosely; not all of the eleven

BHK-21 lines described in the present study are truly distinct cell lines rather than derivatives
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cultured under different conditions. For easier reference, the numbering of the lines is kept

consistent with the numbering in our previous publication [12].

Cell line #1 from the previous publication was not included in the present study and this

number is therefore not used. Instead, any reference to BHK-2P cells that does not mention

the line numbers #2, #4 or #5 is to the principal suspension cell line BHK21C13-2P (ECACC

84111301) introduced at the beginning of this section.

The adherent Chinese hamster (Cricetulus griseus) ovary (CHO) cell lines CHO-K1 (ATCC

CCL-61, held as CCLV-RIE 134) and CHO677 (CRL 2244, held as CCLV-RIE 1524) as well as

IB-RS-2 cells (Instituto Biológico-Rim Suı́no-2, held as CCLV-RIE 103) and Madin-Darby

bovine kidney cells (in short: MDBK, held as CCLV-RIE261) were used as controls in flow

cytometry experiments.

Culture conditions were 37 ˚C, 5% CO2, and for suspension cells 320 rpm in TubeSpin bio-

reactors (TPP Techno Plastic Products AG, Trasadingen, Switzerland) at 80% relative humid-

ity. All adherent cell lines were cultured in Minimum Essential Medium Eagle (MEM)

supplemented with Hanks’ and Earle’s salts (Sigma-Aldrich) with 10% FBS. All suspension cell

lines were adapted to grow in Cellvento™ BHK200 medium (Merck KGaA) except cell line #2,

which was cultured as described above.

Measurements of cell density and viability were performed using trypan blue (Bio-Rad,

Hercules, CA, USA) and an automatic cell counter (model TC20, Bio-Rad).

2.2 Growth curve analysis of suspension cells

Growth curve analyses were conducted as batch experiments, performed in duplicates, two

times individually, with a seeding density of 0.6×106 cells/mL. Viable cell density (VCD) and

viability in percent were measured daily up to six days after cell inoculation.

The cell-specific calculations were performed according to the equations given by [14]:

Specific Growth Rate : m h� 1
� �

m ¼
lnXn � lnXn� 1

tn � tn� 1

X: VCD (per mL); t: time points of sampling (hour); n and n-1: two consecutive sampling

points.

Cell Division Number (cd):

cd ¼ log
2

Cell density level at the end of the culture
Cell density level at inoculation

2.3 Flow cytometry

Flow cytometric analyses were performed using the flow cytometry instrument FACSCanto II

(BD Biosciences, Oxford, UK). Cell debris was gated out based on the forward and side scatter

patterns. For actin staining, the median fluorescence intensity in the Alexa 488 channel was

measured directly. For all antibody stains, the percentage of Alexa 488 or PE-positive cells was

determined with an interval gate whose lower boundary was set based on an isotype control.

All experiments were performed three times independently.

2.3.1 Antibody staining of cellular surface receptors. BHK179, BHK-2P and BHK-InV

cells were examined for the expression of integrin αvβ3, integrin αvβ8 and HS on the cellular
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surface. MDBK cells served as positive control for the expression of αvβ3, IB-RS-2 cells served

as positive control for the expression of αvβ8 and CHO-K1 cells served as positive control for

the expression of HS. CHO677 cells do not express any of the tested integrins nor HS and

therefore served as negative control in all experiments. The following antibodies were used: for

αvβ3, PE-conjugated clone LM609 (dilution 1:20) (mAb1976H, Merck KGaA); for αvβ8, pri-

mary antibody 11E8, clone 68, mouse IgG2a (dilution 1:100) (kindly provided by Dr. Stephen

Nishimura) with secondary antibody goat anti-mouse IgG2a (dilution 1:1000) conjugated with

Alexa Fluor 488 (Thermo Fisher Scientific); for HS, clone 10E4, mouse IgM (dilution 1:200)

(Amsbio, Abingdon, UK) with secondary antibody goat anti-mouse IgM mu chain (dilution

1:2000) conjugated with Alexa Fluor 488 (ab150121, Abcam, Cambridge, UK). Only one pri-

mary antibody was used in each experiment.

Suspension cells were washed with phosphate-buffered saline (PBS). Adherent cells were

detached using 10 mM EDTA in PBS and then washed with PBS. After washing, cells were fil-

tered through a cell strainer (nylon mesh, 70 μm pore diameter, VWR, Radnor, USA) to

remove cell clumps and were adjusted to 1×106 cells/mL before 1 μL of LIVE/DEAD Fixable

Violet dead cell stain (Thermo Fisher Scientific) was added to 1 mL cell suspension for 30 min-

utes. This step and all following steps were performed protected from light and at 4 ˚C. Pri-

mary antibody was incubated for 30 minutes and secondary antibody was incubated for 20–30

minutes. A washing step with 2 mL FACS buffer (PBS, 0.1% sodium azide, 0.1% BSA) and cen-

trifugation at 300 × g, 5 min, 4 ˚C was performed after all steps. Finally, the stained cells were

resuspended in 300 μL FACS buffer.

2.3.2 Actin staining. Filamentous actin was stained using Phalloidin-iFluor 488 Reagent

(ab176753, Abcam), prepared according to the datasheet. BHK179, BHK-2P and BHK-InV

cells were detached as described above and fixed with 4% formaldehyde for 20 minutes at

room temperature (RT). Cells were washed twice with PBS and 1×106 fixed cells were permea-

bilized with 0.1% Triton X-100 (Sigma-Aldrich) in PBS, followed by incubation at RT for 3

min. Cells were washed twice with PBS (centrifugation at 300 × g, 5 min) before adding the

prepared phalloidin stock solution, diluted 1:1000 in FACS buffer and incubated for 20 min at

RT. Lastly, cells were washed twice with FACS buffer and were resuspended in 300 μL FACS

buffer. Stained cells were analyzed directly with a fluorescence microscope and used for FACS

analysis.

2.3.3 Transfection experiments. BHK164 and BHK-2P cells were transfected with either

pEGFP-N1, a plasmid expressing enhanced green fluorescent protein (EGFP) (Clontech), or

in another series of experiments with pVSV-G, a plasmid expressing the G protein of vesicular

stomatitis Indiana virus (VSV), using Lipofectamine 3000 (Thermo Fisher Scientific) accord-

ing to the manufacturer’s instructions. In short, 2 μg of plasmid DNA and 1.875 μL or 3.75 μL

of lipofectamine diluted in Cellvento™ BHK200 medium were mixed and incubated at RT for

20 min to allow complex formation. Afterwards, these mixtures were transferred to cells in

12-well plates (approximately 4×105 cells/mL) and medium was added up to 200 μL. The cells

were incubated at 37 ˚C for 24 h.

For FACS analysis, the entire content of the wells was harvested after 24 h. The pEGFP-

transfected cells were washed three times with PBS and were resuspend in 300 μL FACS buffer.

One duplicate of pVSV-G-transfected cells was permeabilized with PBS with 0.1% (v/v) Triton

X-100 for 5 min at RT prior to antibody staining, while the other remained non-permeabilized.

Antibody staining was performed as described above with polyclonal rabbit serum VSV 274/E

(dilution 1:500, kindly provided by Dr. Stefan Finke) and secondary antibody goat anti-rabbit

IgG (H+L) conjugated with Alexa Fluor 488 (dilution 1:1000; Thermo Fisher Scientific).
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2.4 Statistical analysis

The data were analyzed using GraphPad Prism version 07.04 for Windows (GraphPad Soft-

ware, La Jolla, USA). Ordinary one-way analysis of variance was done with Tukey’s post-hoc

test to evaluate differences between treatment groups. The threshold for statistical significance

was set at a p-value of 0.001.

2.5 Transcriptome analysis

2.5.1 RNA extraction, library preparation and sequencing. Three independent batches

of each of the adherent BHK179 cell line and the BHK-2P and BHK-InV suspension cell lines

were used for transcriptome analysis. On average, 8.3×105 BHK179 cells, 1.6×107 BHK-2P

cells and 1.4×107 BHK-InV cells were lysed in TRIzol Reagent (Thermo Fisher Scientific).

After adding 0.2 volumes of trichloromethane to the cell lysate, incubation and centrifugation,

the aqueous phase was collected and mixed with one volume of 100% ethanol. From this, total

RNA was extracted using the RNeasy Mini Kit (Qiagen, Hilden, Germany) with on-column

DNase digestion with the RNase-Free DNase Set (Qiagen) following the manufacturer’s

instructions. The ERCC RNA Spike-In Mix 1 (Thermo Fisher Scientific) was added and used

as an internal control for all following steps. Next, polyadenylated mRNA was isolated from

1–3 μg of high-quality total RNA using the Dynabeads mRNA DIRECT Micro kit (Thermo

Fisher Scientific). The mRNA was subsequently fragmented and used for cDNA synthesis and

library preparation using the TruSeq Stranded mRNA LT Sample Prep Kit (Illumina, San

Diego, USA) according to the manufacturer’s instructions. Sequencing was performed at the

Heinrich-Pette-Institut, Hamburg, using NextSeq 500 (2x75 bp) and HiSeq 4000 (1x50 bp)

equipment (Illumina).

2.5.2 Statistical analysis of differential gene expression. A quality check of the raw reads

from each sequencing library was performed using FastQC (version 0.11.9; Babraham Insti-

tute, Cambridge, UK) with emphasis on the read length distribution and adapter contamina-

tion before and after adapter trimming using Trim Galore (version 0.6.4_dev, Babraham

Institute) and Cutadapt (version 2.10) [15]. Using Salmon [16], the trimmed raw reads were

then quasi-mapped to the genome of the Syrian golden hamster.

In short, the genomic and transcript references of GCF_000349665.1_MesAur1.0 were

obtained from the National Center for Biotechnology Information (NCBI) and combined with

reference sequences of the ERCC spike-in controls. A decoy-aware transcriptome index [17]

was constructed in order to allow selective alignment with Salmon. For quantification, ten

bootstrap replicates were used and compensation for sequence-specific biases, GC biases and

5’ or 3’ positional bias was enabled.

Subsequently, the quantification data for the ERCC spike-in controls was correlated to their

theoretical concentration, in order to detect problems during sample preparation.

Furthermore, the gene-specific quantification data were initially filtered (only genes that

appear in more than one replicate with over 15 counts), normalized using regularized log

transformation (rlog), and used for explorative data analysis, e.g. with PCA. Differentially

expressed genes were identified and subsequently used for pathway analysis using DESeq2

[18]. The expression data were analyzed for significantly differently expressed genes between

the cell line pairs BHK-2P and BHK179, BHK-InV and BHK-2P, and BHK-InV and BHK179.

Subsequently, the resulting binary logarithmic (log2) fold change was adjusted using functions

“lfcShrink” and “apglm” in DESeq2 in order to compensate for low or variable read counts

that may lead to variance overestimation [19].

The criteria for a significantly differently expressed gene were set to a maximum adjusted

p-value of 0.05 and a minimal absolute value of the shrunk log2 fold change of 1. Pathway and
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enrichment analysis was conducted using the function “enrichGO” in clusterProfiler (version

3.16.0).

3. Results

3.1 The susceptibility of a cell line for FMDV is independent of its

individual growth rate and cell division number

Batch experiments with nine different BHK suspension cell lines were conducted over a period

of six days and viable cell density (VCD) and viability were measured daily. Based on previous

observations that the cell lines differed in their susceptibility for FMDV serotype Asia-1 [12], it

was examined whether an elevated cellular metabolism and growth rate is linked to a reduced

susceptibility for infection with this virus (Table 1). Two of three susceptible BHK suspension

cell lines are slowly growing cells with small cell division numbers (cd) of 0.60 (#3) and 0.70

(#9), while the third susceptible cell line (#8) has the highest growth rate and cd (μ = 0.035,

cd = 1.62) among all tested cell lines.

The withdrawal of serum and adaptation to growth in ACFM did not have an effect on the

susceptibility to FMDV in our set of examined cell lines. Cell line #2 is the slowly growing,

serum-dependent precursor of the BHK-2P cell lines, maintained in suspension in GMEM

with fetal bovine serum. During adaptation to growth in ACFM, the cells were selected for

high VCD, linked to a high growth rate and cd. Like the principal BHK-2P cell line used for

the study, the cell lines #4 and #5 are also derived from cell line #2 but differ in the mode of

adaptation to ACFM. All BHK-2P cell lines maintained in ACFM showed a very similar

growth profile. Susceptibility for FMDV serotype Asia-1 was not acquired by any of these cell

lines during the adaptation to ACFM, probably because the original line #2 had already been

resistant.

Similarly, no change in susceptibility was seen for suspension cell line #3. When growing

adherently (cf. cell line #1 in [12]), the cells had been susceptible to FMDV Asia-1 and they

retained this characteristic during adaptation to growth in suspension. At the same time, they

did not acquire the rapid growth profile of other suspension cells.

3.2 Suspension cells present fewer primary receptors but more secondary

receptors for FMDV on their surface than adherent BHK cells

The first step for a virus to successfully infect a cell is the binding of the viral particle to recep-

tor molecules on the cell surface. To analyze the differences between adherently growing BHK

Table 1. Maximum Viable Cell Density (VCD) (×106 cells/mL), growth rate μ (h-1) and cell division number (cd) of different BHK suspension cell lines in conjunc-

tion with susceptibility for infection with FMDV Asia-1 as previously determined [12].

cell line FMDV Asia-1 max. VCD μ cd

BHK-2P† resistant 9.0 0.033 1.45

#2 BHK-2P (GMEM with serum) resistant 2.2 0.016 0.66

#3 adBHK21C13 susceptible 0.6 0.014 0.60

#4 BHK-2P process A† resistant 6.3 0.031 1.32

#5 BHK-2P process B† resistant 7.8 0.033 1.49

#6 BHK21-C resistant 7.5 0.028 1.14

#7 BHK21-Hektor resistant 5.5 0.024 0.96

#8 BHK-InVitrus susceptible 6.7 0.035 1.62

#9 production BHK susceptible 3.7 0.017 0.70

With the exception of line #2, all cells were grown in Cellvento™ BHK200 ACFM.
† Derived from cell line #2 by adaptation to growth in ACFM.

https://doi.org/10.1371/journal.pone.0246610.t001
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cells and BHK cells in suspension, antibodies to cellular receptors involved in the extracellular

matrix interaction and known to play an important role for FMDV infection were tested.

Integrins αvβ3 and αvβ8 were examined as representative cell receptors that recognize the

RGD (Arg-Gly-Asp) binding motif and interact with serum components and the extracellular

matrix but are also used by FMDV as its natural primary receptors. Neither of the tested sus-

pension cell lines (BHK-InV and BHK-2P) expressed integrin αvβ3 or αvβ8 on the cell surface.

While the difference between adherent BHK and suspension BHK was not significant for

integrin αvβ8 (Fig 1b), a significantly higher percentage of adherent BHK179 expressed integ-

rin αvβ3 compared to the suspension cell lines BHK-InV and BHK-2P (Fig 1a).

High amounts of HS were presented on the surface of both suspension cell lines. The

expression of HS was highly divergent between the replicate cultures of adherent BHK179

cells. Compared to the suspension cell lines, fewer cells in the BHK179 cultures were HS-posi-

tive, even though the difference was not significant at the predetermined level of significance

(Fig 2).

Fig 1. Expression of integrin αvβ3 and αvβ8 on the cellular surface of the adherently growing cell line BHK179

and two suspension cell lines BHK-InV and BHK-2P. Cells were stained with antibodies targeting αvβ3 (a) or αvβ8

(b) and were analyzed by flow cytometry. MDBK cells served as positive control for integrin αvβ3, while IB-RS-2

(IBRS) cells served as positive control for the expression of αvβ8. Green dots are used for the respective positive control

in each panel. BHK179 cells are presented as black squares, while the suspension cell lines are represented as triangles.

The negative control cell line CHO677 is shown as red diamonds. Experiments were performed three times

independently. Significance code: ���� p< 0.0001.

https://doi.org/10.1371/journal.pone.0246610.g001

Fig 2. Expression of heparan sulfate (HS) on the cellular surface of the adherently growing cell line BHK179 and

the two suspension cell lines BHK-InV and BHK-2P. Cells were incubated with an antibody targeting HS and were

analyzed by flow cytometry. CHO-K1 cells served as positive control (green circles), while CHO677 cells served as

negative control (red diamonds). BHK179 cells are shown as black squares and the suspension cell lines are

represented by triangles. Experiments were performed three times independently.

https://doi.org/10.1371/journal.pone.0246610.g002
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Staining and microscopical analysis revealed large differences in the arrangement of the

actin cytoskeleton between adherent and suspension cells (Fig 3). The actin filaments in the

adherent BHK179 cells are uniformly distributed over the entire cell in a fine reticular pattern

(Fig 3a), whereas cells growing in suspension had diffuse actin staining (Fig 3b). Interestingly,

the quantity of filamentous actin was different between the suspension cell lines BHK-InV and

BHK-2P. The median fluorescent intensity (MFI) after phalloidin staining was significantly

higher in BHK-InV cells compared to BHK-2P, which indicates a higher filamentous actin

content in these cells (Fig 3c).

3.3 Suspension cells differ in transfection efficiency but not in their ability

to display surface proteins

Because of the differences in actin conformation between adherent and suspension cells, the

cells were examined with regard to their transfectability and the ability to present proteins on

their surface. In general, the transfection efficacy, measured by the expression of EGFP, is

reduced in suspension cells (Fig 4a). When using a low dose of transfection reagent, a signifi-

cantly higher percentage of adherent cells expressed EGFP compared to the suspension cells.

When a high dose of transfection reagent was used, a higher percentage of suspension cells

were successfully transfected, although the difference between high and low doses was not sig-

nificant. To answer the question whether suspension cells are still able to present proteins such

as cellular receptors on their surface, cells were transfected with a plasmid coding for the VSV

G protein (Fig 4b). One series of cells was permeabilized prior to staining to account for the

possibility that the G protein was expressed but not displayed on the cellular surface. There

was no significant difference in the ability to express and present the VSV G protein between

adherent and suspension cells, neither when using a low or a high dose of transfection reagent.

3.4 Transcriptome analysis reveals differences in the expression of genes

related to the extracellular matrix between suspension cells

A transcriptome analysis was performed to further investigate differences between adherently

growing BHK cells and BHK cells in suspension and to elucidate why suspension cells differ in

their susceptibility for FMDV. An adherent BHK cell line (BHK179) cultured in MEM supple-

mented with FBS as well as a fast-growing FMDV-susceptible cell line (BHK-InV) and a fast-

growing resistant cell line (BHK-2P), both adapted to ACFM, were chosen for the analysis.

Fig 3. Quantity and distribution of filamentous actin. The microscopy images give examples of the distribution of

filamentous actin in BHK179 cells in adherent growth conditions (a) and in one of the suspension cell lines (BHK-2P)

(b). Microscopically, there was no difference between the two suspension cell lines. The median fluorescent intensity

(MFI) of filamentous actin staining in BHK-InV and BHK-2P (c) was measured by flow cytometry in two replicates

per experiment. The experiment has been performed three times independently. Significance code: ���� p< 0.0001.

https://doi.org/10.1371/journal.pone.0246610.g003
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A principal component analysis (PCA) highlighted the close relationship between the bio-

logical replicates of the individual cell lines (Fig 5a). All replicates of the same cell line are

located closely together in the plot with little indication of batch-to-batch effects. The first

principal component (accounting for 81% of variance in the normalized dataset) was inter-

preted as the transcriptional difference between cells growing in suspension and cells growing

in adherence, while the second principal component (15% of variance) represented the differ-

ence between the suspension cell lines BHK-2P and BHK-InV, possibly associated with sus-

ceptibility to FMDV infection. Together, the first two principal components were able to

explain 96% of the variance found within the dataset, which indicates that the transcriptome

analysis identified relevant differences between the three cell lines.

The smallest number of differentially expressed genes was found when comparing

BHK-InV with BHK-2P (590 up-regulated; 304 down-regulated). Similar numbers were seen

in the comparison of either BHK-2P or BHK-InV individually with BHK179 (1527 and 1519

up-regulated; 1308 and 943 down-regulated, respectively) (Fig 5b). When the two suspension

cell lines (BHK-InV and BHK-2P) were combined and compared to the adherent BHK179 cell

line, 1814 genes were differently expressed. While 411 genes are exclusively differently

expressed when comparing BHK179 with BHK-InV, nearly twice as many (701 genes) are

exclusively differently expressed between BHK179 and BHK-2P. Between the two suspension

cell lines, only 104 genes were exclusively differently expressed.

When comparing the set of differentially expressed genes of the FMDV-susceptible cell

lines BHK179 and BHK-InV with the FMDV-resistant cell line BHK-2P, a subset of 553 genes

were found to be differently expressed in both comparisons (Fig 5c). As these genes might be

involved in FMDV susceptibility, a GO term enrichment analysis was conducted and revealed

that many of these genes are related to the cellular components of the extracellular matrix

(ECM), cell membranes and cell-cell junctions (Fig 5d).

Since we observed differences between the cell lines related to ECM interactions, the tran-

scriptome was reanalyzed with a focus on the expression of integrins αvβ1, αvβ3, αvβ6, αvβ8,

as well as actin, all potentially relevant for susceptibility to FMDV infection (Fig 5e). With the

exception of ACTA2, there was no significant difference in the expression of actin-related

Fig 4. Transfection efficacy and ability to display proteins on the cellular surface of adherent and suspension cells.

Adherent BHK164 cells and BHK-2P suspension cells were transfected with plasmids expressing EGFP (a) or VSV G

protein (b). For transfection, either a low dose (downward arrow) or a high dose (upward arrow) of transfection

reagent was used. The percentage of successfully transfected cells was measured with flow cytometry after 24 h

incubation at 37 ˚C. The experiments were performed three times independently. Significance code: ��� p< 0.001.

https://doi.org/10.1371/journal.pone.0246610.g004
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genes between BHK-InV and BHK-2P cells at the mRNA level. The normalized gene counts

for all examined actin-related genes were significantly higher in the adherent cell line BHK179

than in the suspension cell lines (S1 Fig).

All three cell lines expressed similar quantities of ITGAV transcripts, coding for integrin

subunit αv but showed differential expression for the integrin β subunits. In detail, the suspen-

sion cell lines BHK-2P and BHK-InV expressed significantly less ITGB1, ITGB3 and ITGB6 in

comparison to the adherent cell line BHK179. ITGB3 and ITGB8 were significantly differen-

tially expressed between the suspension cell lines BHK-2P and BHK-InV. Interestingly, ITGB8

was the only integrin subunit coding gene that was highly overexpressed in both FMDV-sus-

ceptible cell lines BHK179 and BHK-InV when compared to the FMDV-resistant cell line

BHK-2P (Fig 5e).

4. Discussion

The adaptation of cells to grow in suspension and in serum-free media is a time-consuming

and gradual but necessary process in biotechnology to generate high-yielding cell lines used to

Fig 5. Explorative and differential gene expression analysis between adherent and suspension cell lines. (a) The principal component analysis

(PCA) visualizes the difference in gene expression patterns between the adherent BHK179 cells (yellow triangles) and the two suspension cell lines

BHK-InV (grey squares) and BHK-2P (blue circles). (b) The number and fold change of differentially expressed genes for each of the three possible

comparisons. Down- and up-regulated genes are indicated in blue and yellow, respectively. Dashed lines indicate the cutoff value of |log2 foldchange|>

1. (c) The Venn diagram summarizes differentially expressed genes when comparing FMDV-susceptible cell lines BHK179 and BHK-InV with the

FMDV-resistant cell line BHK-2P. (d) The subset of 553 genes from (c) was used for GO term enrichment analysis focusing on cellular components. (e)

Normalized gene counts for different integrin genes in the analyzed cell lines BHK179, BHK-2P and BHK-InV. The integrin genes ITGAV, ITGB1,

ITGB3, ITGB6 and ITGB8, corresponding to the integrin subunits αv, β1, β3, β6 and β8, respectively, were analyzed. Significance code: � p< 0.05.

https://doi.org/10.1371/journal.pone.0246610.g005
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produce antibodies, vaccine antigen or other proteins [1, 8]. Indeed, this process is always

fraught with the risk that cells acquire undesired properties compared to the original cell mate-

rial [7]. In the case of vaccine antigen production the susceptibility of the cell line for the target

virus is of major importance. For foot-and-mouth disease virus (FMDV), it is a well-known

phenomenon that certain BHK cell lines are resistant to infection or lose their susceptibility

during repeated subculturing [20–22]. In addition, the antigenic properties of the virus can be

variable depending on the host cell [9].

Suspension cells grow independently of a surface and are engulfed by oxygen-rich nutrient

media, allowing them to grow quickly. The rapid multiplication of cells is a required feature to

scale up the culture to large volumes easily and in short time. The removal of serum from the

medium is necessary to reduce costs, the risk of contamination and to simplify downscale pro-

cesses [23, 24].

Batch growth analysis of different BHK suspension cell lines was intended to determine if

the selection towards a fast-growing cell population in serum-free conditions is detrimental to

the propagation of FMDV. In fact, two of three susceptible cell lines did grow slowly but their

susceptibility to FMDV was found to be independent of their growth metabolism. It is more

likely that FMDV susceptibility is already lost (or retained) during the initial adaptation to

growth in suspension. The detachment of the cells from the surface and the withdrawal of

serum in the following steps of adaptation to suspension growth leads to changes in the expres-

sion level of surface proteins and proteins involved in the cytoskeleton [7].

Integrins are an important family of cell surface receptors that are integrated into the cell

membrane and mediate cell-to-cell signaling as well as a strong connection between the cell

and the surface through the binding of extracellular matrix (ECM) components [10, 25]. Cell

cycle regulation, organization of the cytoskeleton and the translocation of nascent receptor

molecules to the cell membrane depend on integrins [25]. For many integrins, the binding of

the ECM as well as the binding of ligands provided to the cells through the addition of serum

to the culture medium is mediated by the RGD motif [6, 25] and it is likely to change when the

cell switches from adherent to suspension growth. The recognition of the RGD motif by integ-

rins is also used by FMDV to initiate a receptor-mediated endocytosis of the virus particle

[26]. The RGD motif in VP1 of FMDV is highly conserved [27], and the integrins αvβ1, αvβ3,

αvβ6 and αvβ8 are known receptors used by FMDV in vivo and in vitro [28–31]. Because the

suspected differences in the cell surface proteome between adherent and suspension cells may

also be crucial for the differences in susceptibility to FMDV infection, antibodies binding to

the integrin αvβ3 and αvβ8 were used to stain an adherent BHK cell line as well as a susceptible

and a resistant suspension BHK cell line. No αvβ6 staining was performed because it has been

previously shown that this integrin is not expressed on the surface of BHK cells [32], even

though ITGB6 mRNA is detectable. Similarly, despite the high level of ITGB8 mRNA expres-

sion detected in BHK179 and BHK-InV cells, αvβ8 integrin does not appear to be presented

on the surface of BHK cells in general. Integrin αvβ3 was found to a minor degree on the

adherent cell line, but not on the suspension cell lines.

Apart from integrins, ligand binding, internalization events and intracellular signaling can

be mediated by heparan sulfate (HS) proteoglycans [33] and the acquisition of HS as a second-

ary receptor is often observed after repeated passaging of FMDV in culture [34]. Specific anti-

body staining revealed abundant HS on both suspension cell lines and to a lesser extent also on

the adherent BHK cells. Mutations in the genome of FMDV, leading to changes in the viral

capsid proteins to allow the usage of HS as receptor, are known to attenuate the virus in the

natural host [35]. The availability of HS might therefore be a crucial factor for changed antige-

nicity of FMDV in dependence of the cell line the virus has been adapted to.
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Because cellular detachment is linked to changes in the actin-myosin contractile mecha-

nism [7] and culturing cells in suspension brings different requirements for survival, e.g. resis-

tance to high shear stress due to agitation of the culture fluid [6], the actin skeleton has been of

major interest in this study. Microscopical analysis revealed a conformational rearrangement

of the cytoskeleton from a reticular distribution in adherent growing cells to a dense spherical

structure in suspension conditions. This might be an adjustment mechanism to the above-

mentioned high shear stress and is also known to occur in CHO cells in the same conditions

[6]. But it is also noteworthy that while there was no significant difference in the expression of

most actin genes between BHK-InV and BHK-2P cells at the mRNA level, significantly more

filamentous actin protein was detected in the FMDV-susceptible BHK-InV than in the

FMDV-resistant BHK-2P. This may be linked to different polymerization rates of globular

actin into filamentous actin.

At least in adherent cells, the entry of FMDV depends on actin dynamics. Viral entry

induces actin ruffles and a disruption of the actin filament network through the conversion of

filamentous actin to globular actin has been described in the early stage of infection [36–38].

Judging from to the cytopathic effect (CPE) seen in adherent BHK cells when infected with

FMDV the cytoskeleton goes through intensive rearrangements in many of its components

[38]. Such CPE is not seen in suspension cells due to their already spherical shape but the ele-

vated actin content may give some advantage to the virus. Because of the differences in the

actin cytoskeleton, transfection experiments were conducted to compare the transfection effi-

ciency between suspension and adherent BHK and to determine if the dense cytoskeleton of

the suspension cells hinders the presentation of proteins on the cellular surface. It is common

knowledge that suspension cell lines are very difficult to transfect, which is caused by reduced

attachment of the transfection complex to the cell membrane and subsequently reduced

uptake of the DNA payload [39]. This was also confirmed by our experiments. But although

the transfection efficiency was reduced in BHK-2P cells compared to the adherent BHK cell

line, there was no difference in the ability to display the transfected VSV G protein on the cel-

lular surface. A difference in the percentage of stained cells was observed between the

pEGFP-N1 and pVSV-G expression plasmids in BHK-2P cells. This was not investigated fur-

ther, but it may be caused by a different limit of detection between the immunofluorescent

staining used to visualize VSV-G and the innate fluorescence of EGFP.

Lastly, transcriptome analysis was performed to give more information about the transcrip-

tional differences between adherent and suspension BHK cells on the one hand and between

FMDV-susceptible and FMDV-resistant BHK cell lines on the other hand. Our results are in

line with other studies of transcriptomic changes in CHO, MDCK or HEK cells during the

changeover from adherent to suspension growth. In general, most changes are related to cyto-

skeletal structure, cellular metabolism and ECM component interactions and are upregulated

for suspension cells [7, 40, 41]. Surprisingly, the FMDV-resistant BHK-2P suspension cell

showed downregulation of these gene sets, which might also explain the reduced levels of actin

in BHK-2P compared to the BHK-InV cells. Specific analysis of integrin subunit expression

revealed similar levels of integrin subunit αV transcripts in all three cell lines. The highest

expression in all cell lines was found for the integrin subunit β1. It is important to note that

integrin β1 can form heterodimers with ten different α chains and is constitutively expressed

by most mammalian cells [6, 42]. Similarly, the αV subunit is able to form a heterodimer with

five different β chains, but β6 and β8 are only presented on the cell surface in combination

with αV [42]. This is accurately reflected by the observed abundance of transcripts of the single

integrin subunits. The elevated transcription of β3 in adherent cells also correlates well with

the higher signal for integrin αvβ3 in the antibody staining experiments. On the other hand,

the observed differences in ITGB3 and ITGB8 mRNA levels between BHK-2P and BHK-InV
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were not reflected in the surface staining. We were not able to resolve whether this was merely

due to dissimilar sensitivity between the mRNA and protein quantification methods or indica-

tive of a post-transcriptional block of protein expression or surface presentation [43]. Overall,

the suspension cell lines BHK-2P and BHK-InV expressed significantly less ITGB1, ITGB3

and ITGB6 mRNA in comparison to the adherent cell line.

5. Conclusions

In conclusion, it is of critical importance in the preparation of suspension cells to use a paren-

tal cell clone with well-known characteristics and to screen the resultant cell population care-

fully during the adaptation process to ensure that the cell line retains essential features, in this

case the susceptibility to FMDV. In addition, modern methods such as FACS analysis and

transcriptomics should be used for further characterization of production cell lines.

Supporting information

S1 Fig. Normalized gene counts for actin-related genes ACTA1, ACTA2, ACTB, ACTC1,

ACTG1 and ACTG2 in the analyzed cell lines BHK179, BHK-2P and BHK-InV. Signifi-

cance code: � p< 0.05.

(TIF)
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