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We report a simple and effective means to increase the biosynthetic capacity of host CHO cells. Lonza proprietary
CHOK1SV® cells were evolved by serial sub-culture for over 150 generations at 32 °C. During this period the
specific proliferation rate of hypothermic cells gradually recovered to become comparable to that of cells
routinely maintained at 37 °C. Cold-adapted cell populations exhibited (1) a significantly increased volume and
biomass content (exemplified by total RNA and protein), (2) increased mitochondrial function, (3) an increased
antioxidant capacity, (4) altered central metabolism, (5) increased transient and stable productivity of a model
IgG4 monoclonal antibody and Fe-fusion protein, and (6) unaffected recombinant protein N-glycan processing.
This phenotypic transformation was associated with significant genome-scale changes in both karyotype and the
relative abundance of thousands of cellular mRNAs across numerous functional groups. Taken together, these
observations provide evidence of coordinated cellular adaptations to sub-physiological temperature. These data
reveal the extreme genomic/functional plasticity of CHO cells, and that directed evolution is a viable genome-
scale cell engineering strategy that can be exploited to create host cells with an increased cellular capacity for
recombinant protein production.

1. Introduction

Chinese Hamster Ovary (CHO) cells demonstrate remarkable
phenotypic plasticity, being able to adapt to the wide range of industrial
processes required to meet the demands of modern biopharmaceutical
manufacturing (Costa et al., 2011; Sinacore et al., 2000; Dahodwala and
Lee, 2019). Industrial CHO cell lines are inherently “fit-for-purpose”,
exhibiting a high capacity for cell and product biomass synthesis and
robust cell culture process performance. Whilst these attributes have
been improved via genetic engineering, cell culture process control or
media optimisation (McVey et al., 2016; Budge et al., 2020; Handlogten
et al., 2018; Pan et al., 2017), they have also been derived by adaptive
evolution (e.g., to suspension growth in chemically defined media) and
directed selection of clonal variants. Such methods effectively harness
CHO cell genetic/functional heterogeneity by enriching the existence of

* Corresponding author.
E-mail address: d.c.james@sheffield.ac.uk (D.C. James).

desirable traits (Sinacore et al., 2000; Prentice et al., 2007; Sunley et al.,
2008; Bort et al., 2010; Costa et al., 2011; Fernandez-Martell et al.,
2018; Chandrawanshi et al., 2020; Weinguny et al., 2020; Mistry et al.,
2021; Chakrabarti et al., 2022).

With respect to cell culture process optimisation, relatively simple
and robust manipulations have typically had the most positive impact on
key fed-batch process metrics such as volumetric titre and cell viability.
For example, to mitigate the decline of cellular biosynthetic capacity
during culture, many industrial manufacturing processes implement the
concept of biphasic cultivation, wherein an initial rapid cell prolifera-
tion phase is achieved by cultivating cells at physiological temperature
(i.e. 37 °C), followed by a cell proliferation arrest phase resulting from a
shift to low cultivation temperature (i.e. 28-33 °C) to ensure maximal
protein production (Yoon et al., 2004; Gomes and Hiller, 2018).
Although improved culture performance has been achieved by
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implementing biphasic cultivation (Ahn et al., 2008; Al-Fageeh et al.,
2006; Fox et al., 2004; Xu et al., 2019), the intrinsic cell cycle arrest
imposes a limit on the viable cell concentration (VCC) from this point
onwards. To overcome this inherent drawback, attempts to adapt stably
producing cell lines to hypothermic conditions have been made. How-
ever, this has generally not resulted in any wholly successful outcomes
for recombinant protein production due to reduced specific pro-
ductivities or cells becoming fragile as they were re-adapted to sus-
pension culture (Sunley et al., 2008; Yoon et al., 2006).

In this study we subjected non-producing host CHOK1SV® cells to
hypothermic conditions (32 °C) for over 150 generations to create
evolved CHO variants with recovered proliferation rates, relative to the
proliferation rates of their progenitor parental populations when
cultured at 37 °C. Evolved cells also had an increased average cell vol-
ume (1.7-fold), and increased (2-fold) cellular biomass content (total
RNA and protein). Additionally, evolved cells exhibited significantly
increased transient and stable production of recombinant proteins (IgG4
mAD and an Fe-fusion protein) without negative impacts upon N-glycan
processing. Moreover, our data indicate that this phenotypic trans-
formation of host CHO cells to an inherently more biomass intensive and
productive state was facilitated by enhanced oxidative metabolism, a
reduced cellular content of reactive oxygen species (ROS), and differ-
ential utilisation of carbon source, amino acid and fatty acid meta-
bolism. These changes were underpinned by extensive karyotype and
gene expression changes, the scale of which would be difficult to achieve
with current genetic engineering technologies. Overall, we demonstrate
a very simple and effective means to significantly increase the synthetic
capacity of host CHO cells using a facile culture process manipulation as
a selective pressure.

2. Materials and methods
2.1. CHO cell culture

A host CHOK1SV® cell line was provided by Lonza Biologics (Slough,
UK). Routine cell culture (hereafter referred to as standard conditions)
was carried out in 125 mL vented Erlenmeyer flasks (Corning, Surrey,
UK) at a working volume of 30 mL in CD-CHO medium containing 6 mM
L-glutamine (Thermo Fisher Scientific, Loughborough, UK). Cells were
sub-cultured according to a 3-4 d regime at a seeding concentration of
2x10° viable cells mL™ and maintained at 37 °C, 140 rpm and 5% CO,,
unless otherwise stated. Stable pools were similarly maintained but used
CD-CHO medium supplemented with 25 pM methionine sulfoximine
(MSX) and without L-glutamine. VCC, cell viability and average cell
diameter was routinely measured using a Vi-CELL XR (Beckman Coulter,
High Wycombe, UK). Average cell volume was calculated as follows:

(9

Where v is the average cell volume and r is the average cell radius. The
time integral of viable cell concentration (IVCC) and the time integral of
viable cell volume (IVCV) were calculated as follows:
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Where x; and x¢ are the VCC at final and initial timepoints, respectively,
t; and to are the time at final and initial time points, respectively, and v;
and vq are the average cell volume at final and initial time points,
respectively. Based upon previous studies (Dungrawala et al., 2010;
Padovan-Merhar et al., 2015; Zhurinsky et al., 2010; Marguerat and
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Baehler, 2012) we assume a linear relationship between cell volume and
biomass accumulation, and a positive correlation between cell size and
productivity (Schellenberg et al., 2022). Therefore, we choose to pri-
marily use IVCV over IVCC, because we believe it is a more accurate
representation of cell biomass accumulation during cell culture and is
more useful when considering the relationship between biomass accu-
mulation and productivity, especially given the variation in cell volume
between populations.

2.2. Hypothermic cell culture

Three independent CHOK1SV® cell cultures (termed parental cells;
P-A, P-B and P-C) were each used to seed two Erlenmeyer flasks at a
concentration of 1x10° viable cells mL?, which were maintained in
either standard conditions (control cultures) or hypothermic conditions
(32 °C, 5% CO4, 140 rpm - evolved cultures) for over 150 generations.
Due to initial slow proliferation rates, evolved cultures were sub-
cultured at a seeding concentration of 1x10° viable cells mL! every 7
d for the first 8 passages and once proliferation rates had recovered cells
were sub-cultured according to a 3-4 d regime at 2x10° viable cells mL™.
Control cultures were sub-cultured according to a 3-4 d regime at 2x10°
viable cells mL" throughout. After over 150 generations, three inde-
pendent control cell populations growing at 37°C (termed control cells;
37A, 37B, and 37C) and three independent evolved cell populations
growing at 32°C (termed evolved cells; 32A, 32B, and 32C) were
established.

2.3. Total cellular RNA content quantification

Mid-exponential growth phase cells were centrifuged (200xg, 5 min)
and 5x10° cells were taken from each culture for RNA extraction and
quantification using a RNAeasy® Mini Kit (QIAGEN, Manchester, UK)
according to the manufacturer’s instructions. RNA concentrations were
measured using a Nanodrop™ 2000 Spectrophotometer (Thermo Fisher
Scientific).

2.4. Total cellular protein content quantification

Mid-exponential growth phase cells were centrifuged (200xg, 5 min)
and washed twice in phosphate buffered saline (PBS; Sigma-Aldrich,
Poole, UK). Cells (5 x 10%) were lysed in 1 mL RIPA buffer (Thermo
Fisher Scientific) supplemented with Protease Inhibitor cocktail
(Thermo Fisher Scientific) according to the manufacturer’s instructions.
Protein concentration was determined using a Pierce BCA protein assay
kit (Thermo Fisher Scientific) according to the manufacturer’s in-
structions. Optical density was measured (562 nm) using a PowerWave
xs™ microplate reader (BioTek, Potton, UK).

2.5. Measurement of cellular reactive oxygen species (ROS)

CellROX® Deep Red Reagent (Thermo Fisher Scientific) was added
to 2 mL of mid-exponential cells at a final concentration of 5 pM and
incubated at ambient room temperature (RT) for 30 min. Unstained
control samples were also incubated for the same duration. Cells were
then centrifuged (200xg, 5 min) and washed twice with PBS before
fixing with 4% (v/v) PFA. Fixed samples were analysed using a BD LSRII
Flow Cytometer (BD Biosciences, Oxford, UK) using the Red 660 nm
laser configuration.

2.6. Karyotyping and G-Banding

Chromosome spreads and G-Banding were prepared as follows: Mid-
exponential phase cells (1 x 10%) were treated with KaryoMAX™ Col-
cemid Solution (Thermo Fisher Scientific, 0.08 pg mL™) for 3h at 37 °C
and 32 °C for P-A and 32A cell populations, respectively. Cells were
centrifuged (270x g, 8 min) and resuspended in a hypotonic solution (50



K.L. Syddall et al.

mM KCl) for 8 min at RT. Cells were fixed by dropwise addition of
fixative (3:1 methanol:acetic acid). Metaphase spreads were prepared by
air-drying a 40 pL droplet of fixed cells onto an ice-cold microscope
slide. Slides were aged for 2 days at RT, partially digested with Trypsin
(Thermo Fisher Scientific, 1:250) for 10s, and washed in Sorensen’s
buffer. Slides were rinsed and stained in Leishman’s stain: Gurr Buffer
(Thermo Fisher Scientific, 1:4), washed in Gurr buffer, and then
mounted using DPX (Sigma-Aldrich) and a 20 x 50 mm coverslip.
Metaphase spreads were analysed at 100X using an Olympus BX51
microscope.

2.7. Flow cytometric polyploidy analysis

Mid-exponential growth phase cells (1 x 10° were centrifuged
(200xg, 5 min), fixed using 4% (v/v) PFA, washed with PBS, centrifuged
(200xg, 5 min), stained with 0.5 mL of FxCycle™ PI/RNase Staining
Solution (Thermo Fisher Scientific) and incubated for 30 min at RT. Cells
were analysed on a BD LSRII Flow Cytometer (BD Biosciences) using
532 nm excitation and emission collected with a 585/42 bandpass filter.

2.8. Metabolite quantification

Glucose and lactate concentrations were determined using a Cedex
Bio analyser (Roche Diagnostics Ltd., West Sussex, UK) according to
manufacturer instructions. Essential amino acid (EAA) and non-essential
amino acid (NEAA) concentrations were determined by AltaBiocience
laboratories (Birmingham, UK): Briefly, samples were mixed 1:1 with
5% (v/v) TCA and centrifuged (10,000 rpm, 5 min) to precipitate pro-
tein. The resulting solution (25 pL) was injected into a Biochrom amino
acid analyser (Cambridge, UK) with a lithium buffer system and post-
column ninhydrin derivatisation. Duplicate metabolic analyses were
performed using pre- and post-feeding samples of cell-free supernatant
from days 0, 3, 6, and 9 of fed-batch culture (FBC). To exclude cell
volume effects, cell-specific metabolic rates (QMet) were corrected using
the IVCV.

2.9. Analysis of mitochondrial bioenergetics

The oxygen consumption rate (OCR) of intact cells was measured
using a cell metabolic analyser Seahorse XF24 (Seahorse Biosciences,
North Billerica, MA) as described in Fernandez-Martell et al. (2018).
OCR measurements of control and evolved cells were performed at 37 °C
and 32 °C, respectively, with final concentrations of 1.5 pM Oligomycin,
0.75 pM FCCP and 1 pM Antimycin A/Rotenone. XF24 operating tem-
perature (i.e., 37 °C or 32 °C) did not significantly influence OCR. To
exclude any cell plating effects, OCR data was normalized by cell
number (CyQUANT Cell proliferation kit — Thermo Fisher Scientific) and
corrected using the IVCV. Derivative mitochondrial functions (basal
respiration, ATP turnover, proton leak, maximal respiration, spare res-
piratory capacity, coupling efficiency, and non-mitochondrial respira-
tion) were calculated according to Brand and Nicholls (2011) by
combining the sequential effects of optimised concentrations of oligo-
mycin (ATP synthase inhibitor), FCCP (electron transport chain accel-
erator) and rotenone plus antimycin A (ETC inhibitors), as previously
described in Fernandez-Martell et al. (2018).

2.10. Plasmid DNA preparation

Plasmids encoding IgG4 mAb and Fc-fusion protein were supplied by
Lonza Biologics. Transformed E. coli cultures were expanded, and
plasmid DNA was purified using the QIAGEN Plasmid Plus Giga kit
(QIAGEN) according to the manufacturer’s instructions.

2.11. Transient fed-batch production by lipofection

Cell aliquots (10 mL, VCC: ~1.0 x 10° cells mL’l) were dispensed
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into 50 mL TubeSpin bioreactor tubes (TPP, Trasadingen, Switzerland)
and transfected using Lipofectamine® LTX with PLUS™ (Thermo Fisher
Scientific). DNA-Lipofectamine LTX (1:2) complexes were prepared
according to manufacturer instructions with a total DNA load of 12 pg
(per aliquot), incubated at room temperature for 5 min and then added
to cells. 37A and 32A cell cultures were incubated (170 rpm, 5% CO5) at
37°C and 32°C, respectively, for 12 d with a feeding regimen of 10% (v/
v) EfficientFeed™ B (Thermo Fisher Scientific) on days 3, 6 and 9 post-
transfection.

2.12. Generation of stable pools

Mid-exponential phase cells were centrifuged (200xg, 5 min),
resuspended in CD CHO media (VCC: 14.3 x 10° cells mL!) and trans-
ferred (700 pL) to a 0.4 cm electroporation cuvette (Bio-Rad, Hemel
Hempstead, UK) containing 40 pg linearised DNA in 100 pL TE buffer.
Cells were electroporated (300 V, 900 pF, co Q) using a Gene-Pulser
Xcell™ (Bio-Rad), transferred to a T175 cm flask (Thermo Fisher Sci-
entific) containing 50 mL warmed CM55 media (Lonza Biologics), and
incubated (10% CO3, 85% humidity) at 37°C or 32°C for 37A and 32A
cells, respectively. After 24h, 50 mL of selection media (CM55 + 100 pM
MSX) was added to give a final MSX concentration of 50 pM. After cell
viability recovery, stable pools were maintained in 125 mL vented
Erlenmeyer flasks with 25 pM MSX.

2.13. Quantification of IgG4 mAb and Fc-fusion recombinant proteins

I1gG4 mAb and Fc-fusion protein titres were measured using a Fas-
tELISA® Human IgG Quantification kit (RD-Biotech, Besancon, France),
according to the manufacturer’s instructions. Optical absorbance of each
sample was measured at 450 nm using a PowerWave XS™ microplate
reader.

2.14. Purification of IgG4 mAb and Fc-fusion recombinant proteins

Recombinant IgG4 mAb and Fe-fusion protein were purified using
HiTrap Protein A prepacked columns (GE Healthcare, Buckinghamshire,
UK) according to manufacturer instructions. Purified protein concen-
tration was measured at 280 nm using a NanoDropTM 2000 Spectro-
photometer. Protein was stored in PBS at -20°C before further analysis of
glycan profiles.

2.15. N-glycan analysis

I1gG4 mAb and Fc-fusion N-glycans were purified using a ProZyme
GlycoPrep system (ProZyme, CA, USA) according to the manufacturer’s
instructions: Briefly, under denaturing conditions, purified protein was
deglycosylated by peptide-N-glycosidase F (PNGaseF) digestion. N-
linked oligosaccharides were dried in a centrifugal vacuum evaporator
(SpeedVac) and labelled with 2-aminobenzamide fluorophore (2-AB).
Non-glycan contaminants were removed using a GlykoPrep® resin
(Agilent, CA, USA) and organic solvent washes. Captured glycans were
eluted in HPLC water. Glycan analysis was performed by hydrophilic
interaction chromatography (HILIC) on a Waters UPLC controlled by
Empower 2 using a Waters BEH Glycan column (Waters, Hertfordshire,
UK).

2.16. RNA sequencing analysis

Cell pellets from populations 32A and 37A were collected in tripli-
cate on day 3 of FBC and sent to Affymetrix (CA, USA) for RNA
sequencing at a minimum depth of 30 million single-end reads. Quality
control of raw reads was performed using FastQC (https://www.bioinfo
rmatics.babraham.ac.uk/projects/fastqc/), followed by alignment to the
CHO genome (GCF_003668045.3_CriGri-PICRH-1.0) with STAR (Dobin
et al., 2013) using default parameters and gene-level quantification with
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FeatureCounts (Liao et al., 2014). Raw counts were then filtered for
genes with no expression in all samples and differential expression
analysis was performed using DESeq2 (Love et al., 2014). Variance
stabilizing transformation (VST) was applied to the normalized counts,
prior to PCA visualization. The significance threshold was Padj <0.05
and results were sorted by log2FoldChange. Orthologous analysis was
performed through a forward and reverse “all-vs-all BLASTp” (BLAST®
Command Line Applications User Manual) between the CHO (PICRH)
and mouse (GRCm39) genomes. Mouse orthologous names and Entrez
IDs were used for the downstream GO terms (Ashburner et al., 2000;
Carbon et al., 2021) and KEGG pathway (Kanehisa and Goto, 2000;
Kanehisa et al., 2022) analyses. The ontologyIndex (Greene et al., 2017)
and pathview (Luo and Brouwer, 2013) R libraries were used to down-
load the full GO ontology and KEGG pathways found in mouse (mmu).
Gene names (symbols), Entrez IDs and their corresponding GO IDs were
retrieved from the mouse Bioconductor annotation database (org.Mm.
eg.db) via AnnotationDbi. These were then filtered for mouse
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orthologues of genes expressed in our dataset and linked to GO terms
and KEGG pathways.

3. Results

3.1. Hypothermic adaptation yields larger CHO cells with a recovered
proliferation rate

Hypothermic conditions typically induce cell cycle arrest at G1 phase
(Moore et al., 1997), so we hypothesised that long-term hypothermic
culture would select for CHO cell variants with an increased capability
to proliferate under this constraint. Three independent CHOK1SV® cell
cultures (termed parental; P-A, P-B, and P-C) were routinely cultured for
over 150 generations at both 37 °C or 32 °C (standard or hypothermic
conditions) to establish control (37A, 37B, and 37C) and evolved (32A,
32B, and 32C) cell populations, respectively. All populations had a cell
viability >95% (data not shown). Over this period the average
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Fig. 1. Effect of long-term mid-hypothermic evolution on CHO cell proliferation and average cell volume. Three parental cultures of CHOK1SV cells were divided
into duplicate culture flasks. For each duplicate, one flask was continuously sub-cultured at 37 °C (control) and the second flask at 32 °C (evolved) for 150 over
generations to establish control (37A, 37B, and 37C) and evolved (32A, 32B, and 32C) cell populations, respectively. Specific cell proliferation rate (A) and average
cell volume (B) were measured approximately every 3-4 days throughout this process (n = 1). Black and grey lines represent the control and evolved populations,
respectively. For both control and evolved populations lineages A, B and C are shown using circles, squares, and triangles, respectively. The inset bar charts show the
mean specific cell proliferation rates (inset A) and average cell volumes (inset B) of each population at the end of the cell culture regime (n = 3). Black and grey bars

represent the control and evolved populations, respectively.
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proliferation rate of evolved cells maintained at 32 °C gradually
recovered, from 0.25 days? to 0.63 days’ (Fig. 1A), approximately
equalling the proliferation rate of control cells maintained at 37 °C.
Evolved cells also significantly (p < 0.002) increased in average cell
volume, from 2143 pm3 to 3577 pm3 (1.7-fold; Fig. 1B). Control cell
proliferation rate did increase marginally, from an average of 0.53
days™ to 0.65 days™!, which is in line with previous reports of increased
proliferation rates over long-term culture (Davies et al., 2013). Control
cells showed no significant changes in average cell volume (Fig. 1B) and
remained otherwise phenotypically similar to the original parental cell
populations (data not shown). A summary of growth, karyotype, and
biomass phenotypes of parental, control and evolved cells (where
measured) can be found in Table 1. Adaptation to more extreme hypo-
thermia (30 °C) was attempted in which cells remained viable but did
not recover proliferation rate (data not shown).

3.2. Hypothermic adaptation yields CHO cells with increased biomass
content and genomic heterogeneity

Previous findings that have shown that global transcription rates
(Dungrawala et al., 2010; Padovan-Merhar et al., 2015; Zhurinsky et al.,
2010) and protein content (Marguerat and Baehler, 2012) scale with cell
volume. To determine whether the increase in cell volume during
adaptation to 32 °C was associated with a corresponding increase in
cellular biomass, we measured the total RNA and protein content of
mid-exponential phase cells cultured at 37 °C and 32 °C (Fig. 2A and B).
Cells evolved for growth at 32 °C showed a significant increase in total
RNA (~1.81-fold; p < 0.02) and protein (~1.66-fold; p < 0.02) content
compared to cells continuously grown at 37 °C. Whilst this likely dem-
onstrates that biomass synthesis scales with cell volume, it might also be
the case that culturing cells at 32 °C increases the half-life of cellular
components, thus reducing the rate of turnover and increasing cellular
biomass.

An increase in mammalian cell size often correlates with an increase
in DNA content through the mechanism of DNA endoreplication to
maintain higher levels of protein synthesis for maintenance of larger
cells (Gillooly et al., 2015; Lee et al., 2009). To ascertain whether there
had been any changes to chromosomal DNA as a result of adaptation to
32 °C, we compared the overall DNA content and karyotype of
mid-exponential phase cells from population 32A with that of its pro-
genitor parental population, P-A. Overall DNA content, measured by
flow cytometry (Fig. 2C; Table 1), was approximately the same within
cells from both populations, suggesting that total DNA content did not
increase with cell volume. However, our analysis did reveal differences
in cell cycle progression. The increase in G1/GO phase cells and reduc-
tion in G2/M phase cells within the 32A population indicates an
extended G1 phase and a relatively quicker transition of cells through G2
and M phases, seemingly allowing cells to accumulate more cell mass
without compromising the rate of cell division (Ginzberg et al., 2015).

Table 1
Parental, Control, and Evolved cell phenotypes.
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The broader peak relating to GO/G1 phase cells suggests the presence of
chromosomal variation (aneuploidy) in both populations and the less
prominent G2/M peak for 32A cells demonstrates a potential lack in cell
cycle checkpoint fidelity. In accordance with this, analysis of metaphase
spreads showed increased mean chromosome numbers per cell (Fig. 2D)
in 32A cells (~33 chromosomes) compared to P-A cells (~19 chromo-
somes) and that these differences were observed as both whole chro-
mosome and segmental aneuploidy (Fig. 2E and F). Taken together these
data indicate that the increase in evolved cell chromosome number,
despite an unchanged DNA content, resulted from chromosomal rear-
rangement and minor deletions or duplications, rather than gross
changes in ploidy (i.e., endoreplication). We therefore infer that the
CHOK1SV® population (or sub-populations within) are prone to aneu-
ploidy (or defective mitotic checkpoints) with elevated levels of chro-
mosomal instability which could result from, or be potentiated by, a loss
of cell cycle checkpoint fidelity. Chromosomal aberrations are often
proposed to facilitate adaptation (Duncan et al., 2012; Sansregret and
Swanton, 2017; Yoon et al., 2002), and so perhaps genomic change may
have been a primary mechanism for phenotypic adaptation of evolved
cells (e.g., increased cellular biomass) under hypothermic conditions.

3.3. CHO cell adaptation to hypothermia is associated with elevated
mitochondrial activity

We have demonstrated considerable phenotypic similarity between
the replicate control populations (37A, 37B, and 37C) and between the
replicate evolved populations (32A, 32B, and 32C) cell populations.
Therefore, it was decided to proceed only with comparisons between
32A and 37A for all subsequent analyses, which are comparatively
resource intensive. Mitochondria are central to energy and biosynthetic
precursor generation, cellular redox (linked to DNA damage), and
thermogenesis (Templeton et al., 2013; Young, 2013; Das Neves et al.,
2010; Fedorenko et al., 2012). We hypothesised that the ability of
evolved cells to increase cellular biomass and proliferation rate at 32 °C
would require an altered mitochondrial activity and oxidative meta-
bolism. Mitochondrial function of mid-exponential 37A and 32A cell
populations was analysed using microplate-based measurement of ox-
ygen consumption rate (OCR) to determine the following derivative
mitochondrial functions: basal respiration, ATP turnover, proton leak,
maximal respiration, spare respiratory capacity, coupling efficiency, and
non-mitochondrial respiration (Fig. 3A). 32A cells exhibited a signifi-
cant increase in mitochondrial function (basal oxygen consumption:
1.76-fold, p < 0.01; ATP turnover: 1.83-fold, p < 0.001; maximal
respiration: 1.53-fold, p < 0.05; proton leak: 1.52-fold, p < 0.05;
non-mitochondrial respiration: 1.45-fold, p < 0.01; Fig. 3A) compared
to 37A cells. However, spare respiratory capacity (ability of electron
transport to satisfactorily respond to an increase in energy demand
under intense physiological stimulus) and mitochondrial coupling effi-
ciency (78.9-81.8%; the fraction of basal oxygen consumption used for

Cell Volume Cell Diameter Cell Specific Growth Rate Chromosome DNA content RNA Biomass (pg Protein Biomass (pg
(pm?) * (pm) (days™ ® Number * oD ° cell™) * cell™) *
Parental P-A 2111.7 15.94 0.529 19 1.46 4.24 169.5
P-B 2140.8 15.60 0.548 - - 4.56 200
P-C 2009.74 15.60 0.515 - - 4.70 189.5
Control 37A  2129.6 15.76 0.622 - - - -
37B 2230.4 16.34 0.636 - - -
37C 2178.0 15.92 0.642 - - - -
Evolved 32A 3773.9 19.39 0.614 33 1.345 8.77 324.2
32B 3477.7 18.67 0.634 - - 7.76 296.8
32C 3565.8 18.85 0.624 - - 7.86 309.5
- Not measured.
@ Average.
b Median.
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Fig. 2. Analysis of Biomass content, DNA content and karyotype within CHOK1SV cells evolved to 32 °C. Total RNA (A) and protein (B) content of the evolved cell
populations (grey) is presented in comparison with cells cultured routinely at 37 °C (black). Each cell population was measured in triplicate and statistical signif-
icance was calculated by Student’s t-test and is indicated as follows: *P<0.05, **P<0.01, ***P<0.001. C) Mid-exponential 32A and P-A cells were harvested for flow
cytometric analysis of DNA content using FxCycle™ PI/RNase Staining Solution. The solid and dashed lines represent P-A and 32A populations, respectively, and
both represent the analysis of >11,000 cells. D) Metaphase spreads were prepared to analyse the number of chromosomes present in populations P-A (n = 126; black)
and 32A (n = 111; grey). Three example metaphase spreads are presented from populations P-A (E) and 32A (F) to demonstrate the difference in chromosomal
structure between the two populations.
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Fig. 3. Quantitative dissection of mitochondrial bioenergetics and cytosolic ROS activity. A) Measurements of OCR were performed on populations 37A and 32A at
temperatures native to cell type (control 37A — 37 °C; evolved 32A — 32 °C) in un-buffered DMEM and after injection of each of the following compounds: oligomycin,
FCCP and rotenone plus antimycin A. OCR data was normalized by cell number and corrected using the IVCV to present data as a function of cellular biomass. The
following mitochondrial functions were derived: Basal mitochondrial respiration, ATP turnover, maximal respiration, spare respiratory capacity, proton leak, non-
mitochondrial respiration, and coupling efficiency of 37A (black) and 32A (grey) cell populations. Statistical significance (n = 3) was calculated by Student’s t-test
and is indicated as follows: *P<0.05, **P<0.01, ***P<0.001. B) Cytosolic ROS activity was quantified by flow cytometry (n > 10,000 cells) three days post-
subculture in populations 37A (black) and 32A (grey) using CellROX® Deep Red Reagent.

ATP synthesis) were unchanged, meaning that these important survival (Balaban et al., 2005; Rial and Zardoya, 2009), so to assess whether
mechanisms were not compromised during the evolution process (Desler intracellular levels of oxidative stress scaled with mitochondrial func-
et al., 2012). tions we measured the oxidative status of 37A and 32A cell populations

The majority of endogenous ROS are generated in mitochondria in complete growth media using flow cytometry. 32A cells had lower
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levels of intracellular ROS compared to 37A cells (Fig. 3B), suggesting
that evolved cells have an enhanced antioxidant resilience.

Overall, these data indicate that an increased mitochondrial capacity
was necessary to meet the metabolic requirements of the larger,
biomass-intensive and proliferative evolved cells at 32 °C, which was
achieved whilst decreasing intracellular ROS. Furthermore, increases in
proton leakage (indicative of oxygen consumption that is not coupled to
ATP production) and ROS mitigation are fundamental features of
adaptive non-shivering thermogenesis (Fedorenko et al., 2012;

Metabolic Engineering 81 (2024) 53-69

Klingenspor et al., 2008), an adaptive mechanism by which evolved cells
could have generated metabolic heat in response to culture at 32 °C.

3.4. Metabolic reprograming under hypothermia

We hypothesised that evolved cells would require an increase in
metabolic resources to sustain their elevated volume, biomass content,
proliferation rate, and mitochondrial capacity. This is supported by
previous studies reporting the metabolic reprogramming of CHO cells
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Fig. 4. Central carbon and amino acid metabolism of 37A and 32A cell populations. Cell supernatants were sampled at early exponential (A), exponential (B) and
stationary (C) growth phases of FBC for the measurement of glucose, lactate, glutamine, and essential and non-essential amino acids. The cell-specific metabolic rates
were calculated using the IVCV (displayed to the right of each plot) to exclude any cell volume effects. The black and grey bars represent the 37A and 32A cell
populations, respectively. Statistical significance (n = 3) was calculated between 37A and 32A measurements of each metabolite at each culture phase sampling point

by Student’s t-test and is indicated as follows: *P<0.05, **P<0.01, ***P<0.001.
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upon a shift to hypothermia (Wagstaff et al., 2013), particularly for the
utilisation of major carbon and nitrogen sources, such as glucose, lactate
and glutamine (Fogolin et al., 2004; Marchant et al., 2008). Therefore,
we investigated the state of cellular metabolism within 37A and 32A cell
populations at early-exponential (day 3 — Fig. 4A), exponential (day 6 —
Fig. 4B) and stationary (day 9 — Fig. 4C) phases of FBC by measuring the
cell-specific flux of major carbon sources (i.e., glucose and glutamine),
by-products (lactate) and amino acids. To exclude cell volume effects, all
measurements were corrected using the integral of viable cell volume
(IVCV). Amino acids are displayed as either essential, non-essential or
total.

During cell proliferation (Fig. 4A and B) 32A cells demonstrated
reduced glucose uptake (2.2-fold) and lactate production (up to 1.9-fold)
compared to 37A cells, revealing an altered carbon source utilisation
and glycolytic activity. The uptake of glutamine, another critical CHO
cell energy source, was also reduced (2-fold). Also, during cell prolif-
eration, 32A cells exhibited a greater (1.3-fold) amino acid uptake than
37A cells during early-exponential phase (Fig. 4A), but a relatively
reduced amino acid uptake (1.5-fold) during mid-exponential phase
(Fig. 4B). During stationary phase (Fig. 4C) the overall metabolic flux
was decreased for both 37A and 32A cells when compared to prolifer-
ative culture phases (Fig. 4A and B). When compared with 37A cells,
32A cells maintained their reduced glucose and amino acid uptake (2.5-
fold and 1.9-fold, respectively). Net glutamine flux was near zero for
both 37A and 32A cells, but the observation that 37A cells are producing
glutamine and 32A cells are consuming glutamine is statistically sig-
nificant (p < 0.05). Additionally, for both 37A and 32A cells, there was
shift from net lactate production to net lactate consumption, a phe-
nomenon that was more prominent in 32A cells (1.9-fold).

Taken together these analyses suggest that cell metabolism is
significantly altered in response to hypothermic adaptation. Whilst these
observations may demonstrate an optimisation of resource utilisation,
the overall consumption of energy resources (i.e., glucose and gluta-
mine) is decreased. Therefore, it is doubtful that these adaptations
completely account for the increased biosynthetic and oxidative ca-
pacity of evolved cells. Consequently, we hypothesise that an alternative
energy source in media such as fatty acids may provide additional re-
sources for anabolism in cold-adapted cells, and that this would also be
critical for the utilisation of adaptive non-shivering thermogenesis as a
thermoregulatory mechanism (Klingenspor et al., 2008; El Bacha et al.,
2010; Nicholls et al., 1986; Houten et al., 2016; Park et al., 2022).

3.5. Evolved cells exhibit superior biomanufacturing capabilities

To determine whether adaptation to 32 °C had impacted recombi-
nant protein production we compared the transient and stable produc-
tion of model IgG4 mAb and Fc-fusion proteins in both 37A and 32A cell
populations.

Transient production of model IgG4 mAb and Fc-fusion proteins in
37A and 32A cells was assessed during a fed-batch process performed at
both 37 °C and 32 °C (Fig. 5) after lipofectamine transfection. All
transfections achieved consistent transfection efficiencies (50%-60%)
and were not significantly different when comparing evolved and con-
trol cells (data not shown). Under their native temperatures (i.e., 37A
cells at 37 °C and 32A cells at 32 °C) 32A cells outperformed 37A cells in
terms of product titre (1.30- and 1.28-fold for 1gG4 and Fc-fusion,
respectively; Fig. 5A), however, IVCC performance was approximately
similar (data not shown). At 32 °C, 32A cells outperformed 37A cells in
terms of product titre (1.77- and 1.49- fold for IgG4 and Fc-fusion,
respectively; Fig. 5A) and IVCC (2.56- and 2.60-fold for IgG4 and Fc-
fusion, respectively; data not shown). Primarily, this appears to be due
to the relatively poor ability of 37A cells to proliferate at 32 °C (Fig. 5C).
At 37 °C 32A cells had relatively low product titres (0.37- and 0.36- fold
for IgG4 and Fe-fusion, respectively; Fig. 5A) and IVCC (0.43- and 0.47-
fold for IgG4 and Fc-fusion, respectively; data not shown) compared to
37A cells due to their shortened stationary phase and early decline in
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VCC (Fig. 5B). 32A cells were able to achieve a biphasic culture profile
across the fed-batch process at 32 °C (Fig. 5C), further demonstrating
that evolved cells have similar proliferation characteristics to cells
routinely cultured at 37 °C.

Triplicate stable cell pools producing IgG4 mAb and Fc-fusion pro-
tein were generated using both 37A and 32A cell populations, and their
production under native temperatures was measured. Cells were trans-
fected using electroporation. The average transfection efficiencies were
~95% and ~85% for 32A and 37A cells, respectively (data not shown),
demonstrating an improvement in electroporation for evolved cells. 32A
stable pools achieved larger product titres for both IgG4 mAbD (1.14-fold;
Fig. 6A) and Fc-fusion protein (1.72-fold; Fig. 6B) when compared to
37A pools. The volumetric titre difference between IgG4 mAb (272 mg L
1) and Fc-fusion protein (202 mg L’l) in 37A stable transfectant pools
reflects the biosynthetic challenges imposed by these complex mole-
cules, with the Fc-fusion protein being relatively more “difficult-to-ex-
press” (DTE). Notably, the 32A Fc-fusion stable pools outperformed the
volumetric titre of both (37A and 32A) IgG4 stable pools (Fig. 6). This
indicates that adaptation to 32 °C has a product-specific impact upon
biomanufacturing performance and that the biosynthetic challenges
related to the production of the model Fc-fusion protein production were
more substantially alleviated by this adaptation in comparison to the
model IgG4 protein.

The profile of N-glycans is one of the main quality control attributes
of mAbs and a key element during the selection of manufacturing host
cell lines (O’Callaghan et al., 2015). N-glycan analyses by UPLC showed
that there was no difference in N-glycan profiles between 37A and 32A
pools producing IgG4 mAD or Fc-fusion proteins (Fig. 6A and B). These
results indicate that the evolution process has not interfered with or
adversely compromised N-glycan processing — a critical requirement
when developing a new lead production cell line.

Taken together, these data ultimately show that the evolved cells are
excellent host candidates for producing a large range of industrially
relevant recombinant proteins.

3.6. Evolved cell functional adaptations correspond to gross changes in
cellular mRNA abundance

We hypothesised that the multi-functional phenotypic divergence of
evolved cells would be underpinned by large-scale changes in gene
expression. Therefore, transcriptomic analysis of early-exponential (day
3) 32A and 37A cells was carried out via RNA-seq. A PCA plot of the
RNA-seq data (Fig. 7A) shows that 37A and 32A cell populations have
distinct gene expression profiles, with each population belonging to a
distinct cluster. When comparing 37A and 32A populations almost half
(9933) of genes are significantly (Padj <0.05) differentially expressed
and 15% (1437) of these changes are > 2-fold (>log2+/-1; Fig. 7B).
Differential expression was split evenly between upregulation and
downregulation. Many of these substantial changes are related to critical
cellular processes (Fig. 7C), including those that were found to be
functionally different when comparing evolved and control cells, such as
cell proliferation (cell cycle, apoptosis), DNA replication, biomass
accumulation (translation, transcription, ribosome biogenesis, protein
folding/assembly), mitochondrial activity (ETC, thermogenesis, redox
control), cellular metabolism (fatty acids, lipids, amino acids), and re-
combinant protein production (translation, protein folding/assembly,
protein transport).

Targeted analyses of pivotal genes that underpin cell cycle and en-
ergy metabolism (Fig. 8) elucidates the potential adaptive mechanisms
that gave rise to the divergent functions of evolved cells during selec-
tion. Typically, the successful transition between cell cycle phases is
driven by accumulation (through increased transcription) or degrada-
tion of various phase-specific cyclins: G1 phase — cyclin D, S phase and
G1/S - cyclin E, G2 phase and G2/M - cyclin A, M phase - cyclins A and
B (Cooper, 2000). 32A cells display significant changes in the expression
of these cyclins and other critical checkpoint regulatory genes (Fig. 8A).
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Fig. 5. Transient expression of IgG4 mAb and Fc-fusion protein in fed-batch culture. Plasmid DNA vectors encoding either recombinant IgG4 mAb or Fc-fusion
protein were transfected into 37A and 32A cell populations in triplicate by lipofection. Transfected cells were assessed within a 10-day FBC at both 37 °C and
32 °C. A) Protein titres were measured at day 10 post-transfection. The black and grey bars represent the 37A and 32A populations, respectively. Statistical sig-
nificance (n = 3) was calculated by Student’s t-test and is indicated as follows: *P<0.05, **P<0.01, ***P<0.001. VCC measurements were taken daily for transfected

populations grown at 37 °C (B) and 32 °C (C). The black and grey lines represent each of the transfected 37A and 32A populations, respectively.
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Fig. 6. Protein titres and N-glycan profiles from IgG4 mAb (A) and Fc-fusion protein (B) 37A and 32A stable transfectant pools under native culture temperatures
(37A - 37 °C; 32A - 32 °Q). Protein titres were measured at day 10 of FBC. The black and grey bars represent the 37A and 32A cell populations, respectively.
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square: n-acetylglucosamine, clear circle: galactose, shaded circle: mannose). The black and grey bars represent the 37A and 32A populations, respectively.

Specifically, the slow G1 phase displayed by 32A cells is in line with the
decreased expression of cyclin D, cyclin E and Rb, as well as increased
expression of E2f1, E2f2 and HDAC, which together are associated with
a delayed commitment to G1/S transition (van den Heuvel and Dyson,
2008; Bertoli et al., 2013; Hai et al., 2021). Also, increased expression of
Cyclin A, Cyclin B, CDKs and other key regulators (e.g., Cdc20, Cdc25,
14-3-3) correspond to the relatively quicker evolved cell progression
through S, G2 and M phases (Hochegger et al., 2008). In addition, dif-
ferential expression of genes related to DNA replication, microtubule
organisation, and spindle formation could explain the increased levels of
chromosomal instability and aneuploidy found in evolved cells (Zimmet
and Ravid, 2000; Jahn et al., 2013; Wang et al., 2020).

Differential gene expression within relevant functional modules
(amino acid metabolism, glucose/glutamine metabolism; Fig. 7C) sup-
port our findings (Fig. 4) that metabolism of major energy sources (i.e.,
glucose and glutamine), by-products (lactate) and amino acids is altered.
As previously mentioned, we hypothesise that these alterations are not
sufficient to support the increased capacity of evolved cells. Fig. 7C also
shows substantial differential gene expression in lipid and fatty acid
metabolism in 32A cells and so we carried out a targeted analysis to
establish whether these processes could be meeting the elevated de-
mands of the evolved cell phenotype. Indeed, there is substantial
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differential gene expression in 32A cells (Fig. 8B) that suggests elevated
lipid-based energy metabolism through increased fatty acid uptake,
B-oxidation, and entry into the TCA cycle. It also suggests that de novo
fatty acid and lipid synthesis are increased, alongside increased lipolysis
(breakdown of lipids into fatty acids), which would provide further
resource for these processes. Together, these elevated processes would
facilitate higher levels of respiration and oxidative phosphorylation in
the mitochondria, which also display large differences in gene expres-
sion. Also, in line with our experimental data, there is a decrease in
expression of genes related to mitochondrial ROS production alongside
an increase in expression of genes related to the mitochondrial antiox-
idant response and mild ROS maintenance (Fig. 8B).

4. Discussion

After prolonged (over 150 generations) exposure to 32 °C in shake-
flasks, CHO cells displayed extensive functional adaptations to enable
proliferation in hypothermic conditions, and this adaptation was asso-
ciated with genome-scale changes in cellular mRNA abundance and
karyotype. As a result, the evolved cell functional landscape was
markedly different to that of the parental host, ultimately giving rise to
superior biomanufacturing performance characteristics.
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Fig. 7. Differential gene expression between 37A and 32A cell populations. Triplicate samples were taken from mid-exponential phase 37A and 32A cell populations
for RNAseq analysis. A) PCA plot showing the clustering of 37A and 32A cells relative to their differing gene expression profiles. B) The number of significantly
differentially expressed genes (Padj <0.05) in 37A and 32A cell populations, with and without a log2FC cut-off of+/-1. The total number of CHO genes is shown for
context. C) Functional module (based on GO terms and KEGG pathways) gene expression differences (log2 fold change) in 32A cells compared to 37A cells.

The increase in proliferation rate and cell volume in evolved cells
suggests that alterations to control of cell cycling were a critical factor
for hypothermic adaptation. To enable proliferation at the same rate as
cells routinely cultured at 37 °C, evolved cells needed to overcome 32°C-
induced cell cycle arrest in G1 (Fogolin et al., 2004; Hendrick et al.,
2001; Kaufmann et al., 1999; Marchant et al., 2008; Moore et al., 1997;
Rieder and Cole, 2002). Cells arrested in G1 phase are generally more
metabolically active, accumulate more biomass, are significantly larger,
and are more productive (Bi et al., 2004; Carvalhal et al., 2003; Ginzberg
et al., 2015; Son et al., 2012). In evolved cells the rate of G1 transition
did recover but was still slower than that of cells cultured at 37 °C.
However, a slow G1 was compensated by a rapid rate of transition from
S to M phase, resulting in an overall recovery in proliferation rate. These
changes in cell cycle progression resulted in biosynthetically enhanced
cells that maintained the cellular phenotypes inherent within G1 arrest
without compromising doubling time. The increase in RNA and protein
content supports previous findings that global transcriptional and
translational rates scale with cell volume (Dungrawala et al., 2010;
Marguerat and Baehler, 2012; Padovan-Merhar et al., 2015; Zhurinsky
et al., 2010), although a slower rate of biomass turnover at
sub-physiological temperatures might also explain the accumulation of
cellular biomass content. Increased cell volume could also be interpreted
as a thermodynamic stress response intended to reduce heat loss by a
reduction in surface area to volume ratio (Meiri and Dayan, 2003; Sand
et al., 1995).

The comprehensive changes in cell cycle progression coincided with
a dysregulation of the requisite checkpoints that govern cell division
fidelity, such as those controlling the proper replication and division of
genetic material. Indeed, a rapid transition from S phase to mitosis has
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previously been shown to increase errors in genomic repair and chro-
mosome segregation (Hartwell and Kastan, 1994; Lobrich and Jeggo,
2007; Knauf et al., 2006) and the increased levels of chromosomal
instability (CIN) in evolved cells represents a loss of fidelity in these
processes (Thompson et al., 2010). Chromosome segregation is a pre-
cise, highly coordinated, and multigenic process which can be severely
impacted by changes in expression of its regulatory genes (Hochegger
et al., 2008; Malumbres and Barbacid, 2009; Jahn et al., 2013). Various
instances of differential gene expression in evolved cells (Fig. 8A) point
towards increased chromosomal instability, such as increased expres-
sion of Cyclin A (Tane and Chibazakura, 2009), dysregulation of
mini-chromosome maintenance (MCM) proteins (Bailis and Forsburg,
2004), and decreased Map9 gene expression (Wang et al., 2020).
Interestingly, larger cells are prone to spindle positioning defects,
resulting in chromosome mis-segregation and aneuploidy (Cadart et al.,
2014). Aneuploidy led to increased genetic variation within the evolved
cell population, associated with cellular adaptation to hypothermia.
Therefore, genomic variability and plasticity, through mechanisms such
as high CIN, could be adaptive prerequisites to accelerate and promote
cellular adaptation via directed evolution approaches, permitting crea-
tion of more robust mammalian phenotypes for industrial applications.
In accordance with this, it has been shown that aneuploidy in
mammalian cells can function as a mechanism to adapt to stressful en-
vironments and gain a proliferative advantage (Duncan et al., 2012).
This is supported by evolutionary studies in cancer cells that have shown
that CIN and aneuploidy can facilitate adaptation to detrimental envi-
ronments and cause drug resistance (Sansregret and Swanton, 2017).
The elevated biosynthetic capabilities of evolved cells are supported
by an increased mitochondrial oxidative capacity (Fig. 3). Recent CHO
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cell studies have demonstrated that early activation of mitochondrial
metabolism and a healthy oxidative mitochondrial capacity are neces-
sary to sustain an intensive biosynthetic capacity (Fernandez-Martell
etal., 2018) and to increase recombinant protein production (Templeton
et al., 2013), which is indicative of the substantial energy requirement of
recombinant protein synthesis. Furthermore, energy limitation has been
shown to be a bottleneck for recombinant protein production, particu-
larly for DTE proteins (Martinez et al., 2016; Gutierrez et al., 2020; Park
et al., 2022). Production of ROS has been shown to scale with mito-
chondrial activity (Doherty and Cleveland, 2013), but here we show that
evolved cells have mitigated this toxic by-product of increased biosyn-
thetic capacity with an increase in antioxidant capacity (Fig. 3B). ROS
mitigation is a desirable trait for a biomanufacturing cell line and a
recent study showed that CHO cells evolved to have an increased anti-
oxidant capacity displayed increased growth, viability, and bispecific
antibody production in FBC (Mistry et al., 2021).

Differential utilisation of carbon and nitrogen sources in evolved
cells (Fig. 4) likely contributed to their enhanced biomanufacturing
capabilities by sustaining their increased capacity for proliferation,
biomass accumulation and energy metabolism (Ghorbaniaghdam et al.,
2014; Lukey et al., 2017; Geoghegan et al., 2018; Park et al., 2022). For
example, evolved cells display a more pronounced shift towards net
lactate consumption in stationary phase when compared to cells main-
tained at 37 °C, which has been associated with enhanced culture per-
formance (Dorai et al., 2009) and increased productivity (Le et al., 2012;
Templeton et al., 2013; Park et al., 2022). Moreover, the mitigation of
lactate as a toxic by-product, by the rewiring of lactate resorption during
stationary phase and a reduced reliance upon glucose (allowing a lower
production of lactate) throughout FBC, is an example of system detoxi-
fication. However, we suggest that the change in carbon and nitrogen
source utilisation would not be sufficient to solely sustain this evolved
enhanced biosynthetic capacity. Based upon our transcriptomic analysis
(Fig. 8B) we speculate that lipid and fatty acid metabolism was
completely rewired to become a critical resource for evolved cells.
Specifically, it indicates that evolved cells have increased levels of free
fatty acids via increased fatty acid uptake, fatty acid and lipid de novo
synthesis, and lipid lipolysis. The conversion of fatty acids to fatty
acyl-CoA, entry of fatty acyl-CoA into the mitochondria, p-oxidation of
fatty acyl-CoA, and entry of the resulting acetyl-CoA into the TCA cycle
all also appear to be elevated according to the transcriptomic data. The
resulting increased levels of NADH and FADH; from both the B-oxida-
tion and the TCA cycle would be a substantial contributor to the elevated
activity of the mitochondrial electron transport chain (Toleikis et al.,
2020). In line with these findings previous studies that have shown that
fatty acid metabolism is elevated during stressful conditions such as cold
exposure and starvation (i.e., low carbon source utilisation), providing a
critical source of energy and overall anabolic biomass accumulation
(Nicholls et al., 1986; Houten et al., 2016; Park et al., 2022). Further-
more, under Warburg states, proliferating cells have been shown to
scavenge free fatty acids from surrounding media to maintain a constant
supply of biomass precursors (Kamphorst et al., 2013), cofactors (Kei-
bler et al., 2016), and anaplerotic intermediates (Liu, 2006). Therefore,
our study highlights that the positive regulation of mitochondrial
oxidative capacity in evolved cells is likely to be closely associated with
increased mitochondrial biogenesis and fatty acid catabolism. This is
supported by numerous studies that have sought to engineer mito-
chondrial metabolism with key regulators such as PGC-la, which
improved metabolic fitness during stress conditions (Canto and Auwerx,
2009), and increased mitochondrial oxidative capacity and fatty acid
B-oxidation (St-Pierre et al., 2006; Xu et al., 2016). Although we did not
measure free fatty acids or acetyl-CoA concentrations, these observa-
tions indicate that evolved cells utilised alternative readily available
medium components other than glucose and amino acids (e.g., free fatty
acids) as nutrient sources for oxidative metabolism and as building
blocks for rapid synthesis and maintenance of cellular biomass.

Corresponding changes in energy metabolism, ROS mitigation and
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fatty acid metabolism also indicate another form of thermoregulation in
evolved cells - non-shivering thermogenesis (Rial and Zardoya, 2009;
Stier et al., 2014; Zhang et al., 2021), whereby free fatty acids stimulate
mitochondrial uncoupling proteins (UCPs) to increase proton motive
force allowing cells to dissipate energy as heat (Klingenspor et al.,
2008). In line with the increased volume of evolved cells, it has been
shown that stress-related cell size increases can trigger UCP activation
via the release of long-chain fatty acids from the mitochondrial mem-
brane by phospholipase A2 (Kiehl et al., 2011; Klingenspor et al., 2008;
Lambert et al., 2006; Rial and Zardoya, 2009). As well as increasing
metabolic fitness and oxidative metabolism, the engineering of mito-
chondrial metabolism with the PGC-la regulator also facilitated
non-shivering thermogenesis (Puigserver et al., 1998). Therefore, the
necessity to generate heat could have been a key evolutionary driver
stimulate the drastic metabolic changes observed in evolved cells.
Here we have shown that hypothermic adaptation is potentially an
effective methodology to propel CHO cells towards an inherently more
effective biomanufacturing phenotype. Directed evolution, or adaptive
selection, is advantageous because it yields new cell populations with
numerous coordinated alterations across many cellular functional
modules (Sinacore et al., 2000; Prentice et al., 2007; Sunley et al., 2008;
Bort et al., 2010; Costa et al., 2011; Fernandez-Martell et al., 2018;
Chandrawanshi et al., 2020; Weinguny et al., 2020; Mistry et al., 2021;
Chakrabarti et al., 2022). The extent of change can be clearly seen by the
scale of karyotypic and transcriptomic changes that underpin the func-
tional transformation of evolved cells. The extent and breadth of func-
tional changes in evolved cells is vast, all of which have previously been
associated with improvements in biomanufacturing performance:
increased cell size (Bi et al., 2004; Carvalhal et al., 2003; Dreesen and
Fussenegger, 2011; Kiehl et al., 2011); increased biomass content (Edros
etal., 2013; Khoo and Al-Rubeai, 2009); changes in cell cycle regulation
(Dutton et al., 2006; Park et al., 2016); increased mitochondrial energy
metabolism (Fernandez-Martell et al., 2018; Templeton et al., 2013;
Chakrabarti et al., 2022); increased antioxidant capacity and decreased
ROS (Mistry et al., 2021); altered carbon metabolism (Toussaint et al.,
2016); altered amino acid metabolism (Xing et al., 2011; Fan et al.,
2015); and increased lipid and fatty acid metabolism (Budge et al., 2020;
Coronel et al., 2016). Of course, these findings provide additional evi-
dence that these cellular functions could be targeted for enhancement
via focussed engineering approaches (e.g., genetic, process, or media
engineering). However, the salient conclusions here are that CHO cell
plasticity and heterogeneity is perhaps the most beneficial resource to be
harnessed for the creation of generically efficacious cell factories and
that directed evolution or selection-based methods can be easily
employed to utilise it. Of course, to take any adapted cell population
forward as a production host it would need to possess the necessary
qualities for commercial manufacture, such as bioreactor compatibility
and stability. In particular, the latter may come under scrutiny given the
extent of genetic changes that are apparently required for adaptation.
In applying this strategy to generally improve CHO cell performance,
our data should be interpreted with a final note of caution. Whilst our
data do clearly illustrate that directed selective pressures can promote
progressive outgrowth of functionally different cell phenotypes, there
may be a requirement for permissive genetic variants to exist (even at
very low frequency) within a genetically heterogeneous founder popu-
lation, such as Lonza CHOK1SV® (Fan et al., 2013). Correspondingly,
we have previously shown that this heterogeneity can be exploited to
generate superior clonal derivatives for biomanufacturing (Davies et al.,
2013). Transformed cell types such as CHO will accumulate genetic
variation, but clonally derived cultures lacking extensive genetic het-
erogeneity may lack the requisite variant permissive founder cells for
this approach to be successful. Therefore, the rate of adaptation to a
selective pressure and the evolutionary outcome may vary by population
and so different populations might require divergent adaptive strategies.
In this respect, the use of directed evolution/adaptation as an approach
to engineering cell performance differs from targeted genetic
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engineering. However, even with respect to the latter, the efficacy of

specific genetic changes will likely be entirely dependent on cellular
genetic context.
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