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Thesis Abstract 
 

Mild hypothermic conditions (30ºC to 33ºC) have previously been shown to increase cell 

specific productivity (QP) of recombinant proteins from mammalian cells.  However, this 

is often associated with a lower growth rate which off-sets any potential advantage of 

higher product titres.   This thesis describes the isolation of a novel population of Chinese 

Hamster Ovary (CHO) cells that have been adapted to low temperature growth by 

continuous subculture at low temperature for a duration of 400 days.     

This adapted cell population achieved a growth rate 2-fold greater than non-adapted cells 

under low temperature conditions (32ºC) while maintaining an elevated level of cell-

specific expression of recombinant beta-interferon.  The volumetric titre of beta-

interferon was enhanced by 70% in stationary cultures and by more than 2-fold by 

application of a temperature-shift strategy involving a growth to production phase.  

However, the low temperature-adapted cells were fragile and demonstrated an increased 

sensitivity to hydrodynamic stress in agitated cultures.  This problem, caused by a 

weakened vimentin intermediate filament network, was resolved by the use of 

macroporous microcarriers which were demonstrated to entrap and protect the cold-

adapted cells. Cold-adapted microcarrier cultures were able to achieve high cell densities 

(greater than 5x106 nuclei/mL) cultures under hypothermic conditions.   This resulted in a 

3-fold enhancement of volumetric titre of monomeric beta-interferon compared to the 

original control culture at 37ºC. 
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Chapter 1 – Literature Review and Introduction 
 

Since the first production of recombinant proteins for therapeutic use nearly thirty years 

ago there have been many significant advances in the processes used for the production 

of biologics.  Although initially produced within bacterial hosts, host cell limitations, 

particularly in terms of their ability to post-translationally modify the protein product has 

made mammalian cells the preferred choice for manufacturing of biologics.  Chinese 

hamster ovary (CHO) cells, a eukaryotic cell line originally isolated by Puck et al(1), has 

become the predominant host for the production of biologics due to their ease of genetic 

manipulation and the availability of metabolic enzyme deficient mutants to aid in clone 

selection(4). 

 

The importance of the choice in host cell line has become more critical as the biological 

importance of post-translational modifications, particularly glycosylation, is better 

understood(4, 5).  Variations in glycan structure are known to play an important role in 

product quality and pharmacokinetics, affecting the stability of the formulated product 

and the in vivo half-life of the active molecule(4, 5), and even within mammalian lines 

some species are more capable of human-like glycosylation than others. 

 

Strategies to increase the overall production from recombinant CHO cells have focused 

on increasing both the rate of cell growth (µ) and cell-specific heterologous protein 

production (QP).  Over the last twenty years improvements in cell lines, process control 

and media formulations have increased product titres nearly 100-fold(6). 
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Production process control, which regulates the environment the cells are cultivated 

within, has undergone continuous improvements since the initial batch cultures of the 

mid-1980s.  Improved environmental control and adoption of fed-batch and perfusion-

based culture systems have improved culture densities and durations significantly.  In 

addition, the real-time online monitoring of environmental parameters (pH, dissolved 

oxygen, cell and product concentrations, and nutrient levels) allows precise regulation, 

recording and immediate responses to changes within the culture environment.  

 

Traditional culture strategies have attempted to create an environment which encourages 

unhindered growth of a therapeutic producing cell line.  This method does not attempt to 

maximize the protein production of an individual cell, but instead attempts to create a 

large biomass of moderately producing cells.  Numerous ways have been found to 

increase the specific productivity (the quantity of protein produced by a single cell over 

time), however often the increased productivity comes at the cost of greatly reduced cell 

growth.  Alternatively, by purposely maintaining a small population of high producing 

cells, similar or greater product titres can be achieved with fewer cells and therefore 

fewer resource requirements.  This method of inhibiting growth to increase cell specific 

productivity is the principle behind controlled proliferation. 

 

Chapter 1.1 - The Cell Cycle 

Proliferation in mammalian cells is controlled by a series of checkpoints which are 

regulated by a complex network of kinases, inhibitors and numerous other signaling 
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molecules which together form the cell cycle.  These checkpoints ensure that events 

required for proper cell division do not occur prior to the completion of necessary 

preceding steps(7) and that cellular or genetic damage which could eventually lead to 

uncontrolled or malignant growth has not occurred(8).  The cycle itself is divided into 

two distinct phases; interphase and M-phase, each with further sub-divisions (Figure 1.1).  

The transitions between the sub-phases of interphase are tightly controlled.  During S-

phase, a sub-phase of interphase, the genetic material of the cell is replicated in 

preparation for cell division.  Directly before and after S-phase are the two “gap” phases 

of interphase, G1 and G2, during which the cell prepares for either the replication of 

nuclear material (S-phase) or the separation into two progenic cells (M-phase) 

respectively.  M-phase, which consists of mitosis and cytokinesis follows immediately 

after G2 and marks one complete round of the cell cycle, resulting in daughter cells 

which begin the cycle again.  Cells which no longer need to proliferate can arrest the 

progression through the cell cycle during the G1 phase, entering the quiescent G0 phase.  

These cells are maintained in G0 through the phosphorylation of key cell cycle 

regulators(9), although can re-enter active division if signaled to. 

 

Chapter 1.2 – Controlled Proliferation 

Controlled proliferation in the context of biotechnology is the manipulation of the cell 

cycle of a recombinant cell population to increase heterologous protein expression 

through a G1/G0 cell cycle arrest(10).  While growth arrest can also be induced at the 

G2/M checkpoint(10), inductions of arrest at G1/S are far more prevalent. 
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Mitosis 

Interphase 

Mitosis 

Cytokinesis 

M-Phase 

INTERPHASE 

G1 

G2 

S 

Figure 1.1: The phases of the mammalian cell cycle including sub-divisions of M-
Phase and Interphase 
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Although the relationship between G1 arrest and increased heterologous protein 

expression has been well documented; the mechanisms responsible for this increase are 

less clear.  It has been observed that cells at the end of G1 are typically more 

metabolically active, larger in size(11, 12), and are actively expressing many genes 

responsible for ribosome biosynthesis(13).  These traits do not however describe a 

mechanism, only indicate possible contributing factors. 

 

The key to controlled proliferation strategies is to inhibit the function of the primary 

regulatory kinase enzymes which allow the transition from the G1 to S-phase.  These 

enzymes, a family of cyclin-dependant kinases (CDKs), are regulated through either 

positive or negative regulation; requiring the presence of the protein cyclin, or inactivated 

by members of the family of cyclin-dependent kinase inhibitors (CKI).  The downstream 

target of CDK regulation is the phosphorylation of the retinoblastoma (Rb) protein; a 

tumor suppressing protein which inhibits the activity the E2F family of transcription 

factors(14).  Entry into the S-phase, and therefore cell proliferation, is inhibited as long as 

Rb remains unphosphorylated.  A complex of CDK 4 and 6, followed by CDK2 

phosphorylates two sites on Rb to initiate G1 to S progression.  Phosphorylated Rb 

dissociates from a heterodimeric complex of E2F-DP allowing the transcription of S-

phase specific genes(15).  Controlled proliferation strategies prevent this from happening 

through the activation of upstream CKIs.    This simplified model of G1 to S progression 

(Figure 1.2) introduces the regulatory checkpoints which are exploited to introduce 

growth arrest and increase heterologous protein expression.  There are other regulatory 

channels which regulate cell cycle progression and heterologous protein expression, 



 

6 

Figure 1.2: Regulation of the G1-phase/S-phase checkpoint in the mammalian cell cycle. 
Pathway diagram reproduced courtesy of Cell Signaling Technology, Inc. 
(www.cellsignal.com). 
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such as histone acetylation through the enzyme histone deacetylase 1 (HDAC1), which is 

essential for active cell proliferation.  Loss of HDAC1 activity has been found to increase 

expression of CKIs p21CIP1 and p27KIP1, inhibiting the downstream phosphorylation of Rb 

and preventing entry into S-phase(16).  Intentional activation of CKIs can be achieved in 

culture through a variety of strategies; including the addition of chemical agents, genetic 

manipulation of the cell line and environmental changes (specifically mild hypothermic 

conditions).  Each of these strategies, although achieving similar end results, has 

advantages and disadvantages; however the similarities of between these three 

approaches are striking.  Regardless of whether the cell cycle is arrested through a 

response to an external environmental stress (low temperature), chemical inhibition of 

G1/S checkpoint regulators, or genetic manipulation of the regulatory machinery itself, 

these distinct strategies affect the cell in very similar ways. 

 

 

Chapter 1.3 – Induction through the Introduction of Chemical Agents 

Numerous chemical agents have been found to increase the expression of heterologous 

proteins while decreasing or arresting cell growth.  Sodium butyrate(17-19) (NaBu) and 

dimethyl sulfoxide(19-21) (DMSO) are two which have been used successfully in 

existing bioprocesses.  Many additional chemical agents with similar effects on 

proliferation have been identified(22).  This review will focus on the inhibitory effects of 

NaBu as an example of how these chemical agents can affect proliferation and 

recombinant protein expression. 
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1.3.1 – Sodium Butyrate Induced Controlled Proliferation 

While the growth arresting properties of NaBu were first observed thirty-five years 

ago(23), its positive effect on recombinant plasmid(24) and protein expression(25) was 

not recognized for another decade.  A product of the microbial fermentation of dietary 

fiber, NaBu is a non-toxic short chain fatty acid(26) which has been approved by the 

United States Food and Drug Administration (FDA) for the production of therapeutic 

proteins(18).  Known to induce early G1 growth arrest(27, 28), NaBu is believed to 

induce cell cycle arrest through the dephosphorylation of Retinoblastoma protein(29, 30) 

as well as the up-regulation of CKIs p16INK-4A and p21Cip1(26, 29, 31).  However 

conflicting reports concerning the involvement of p21Cip1(26, 32) seems to indicate that 

there could possibly be several simultaneous pathways through which NaBu-induced 

growth arrest can occur. 

 

Sodium butyrate is part of a family of chemical agents known as aliphatic acid-based 

histone deacetylase (HDAC) inhibitors (HDI).  Other members of this family, including 

phenylbutyrate and valproic acid(33), despite structural differences(34) (Figure 1.3) are 

believed to induce growth arrest through similar mechanisms; chelating the zinc atom in 

the active site of class I and/or class II HDACs, inhibiting their activity(35, 36).  

Inhibition of HDAC affects the transcription of numerous genes(37),  inducing growth 

arrest through the CKIs previously mentioned and the down-regulation of the 

transcription factor coding gene c-myc(38). 
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Figure 1.3:  Chemical structures of members of the aliphatic acid family of histone 
deacetylase inhibitors: (A) sodium Butyrate, (B) sodium phenylbutyrate and (C) vaporic 
acid.  A schematic illustration (D) of vaporic acid binding to the zinc atom of a class I/II 
HDAC active site.  
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In culture, low concentrations of NaBu (0.1 – 0.5 mM) have been reported to increase 

production of heterologous protein in CHO cells by 2-4 fold(39-41).  The mechanism for 

the increased heterologous protein expression is less understood than that of the growth 

arrest.  Hyperacetylation of histones through to the inhibition of HDAC has been found to 

up-regulate transcription by opening up nucleosome structures(42).  Such modifications 

would make a recombinant gene more accessible, and thus increase its transcription rate.  

However the extent of the increased accessibility does not correlate with the increased 

rate of protein expression, indicating that there are likely other mechanisms involved as 

well(38).  Additionally the response to NaBu was found to be clone specific(41), and 

more pronounced in lower producing cell lines(38).  As well as growth arrest and an 

enhanced rate of recombinant protein expression, NaBu also induces apoptosis in a dose-

dependent manner(38, 43).  This can be alleviated through genetic up-regulation of anti-

apoptotic genes(44), or anti-sense RNA-mediated inactivation of the apoptotic 

executioner enzyme Caspase-3(45).  However if genetic manipulation is to occur, other, 

more direct, strategies can be performed which makes the addition of NaBu unnecessary. 

 

 

Chapter 1.4 – Induction through Genetic Manipulation 

The induction of controlled proliferation through the genetic manipulation of a cell line 

allows direct control over the expression of anti-proliferative genes.  This branch of 

metabolic engineering has been able to induce reversible growth arrests concurrent with 

significant increases in heterologous protein expression.  Targets which genetically 

induce growth arrest have included interferon-responsive factor IRF-1(46), and members  
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 of the cyclin-dependent kinase inhibitor family; specifically p21Cip1 and p27Kip1 (Table 

1.1).  IRF-1-induced arrest was found to only increase heterologous expression of genes 

under the control of IRF-1 responsive promoters, additionally cell mortality was high in 

induced cells.   Over-expression of the c-jun oncogene has been found to result in G0 

arrest, however under this phase heterologous protein expression is typically reduced 

rather than elevated(46). 

 

The up-regulation of the CKIs p21Cip1 or p27Kip1 is in principle similar to the use of 

cytostatic compounds such as NaBu.  Both induce growth arrest through the inhibiting of 

cyclin-dependent kinase activity, halting downstream phosphorylation of the Rb protein 

and arresting the cell cycle in G1.  However engineering growth arrest allows only for the 

up-regulation of a few targeted genes, while chemical agents can affect numerous genes, 

many likely still uncharacterized despite proteomic and genomic studies(37).  Attempts to 

induce growth arrests were initially through single gene modulation, up-regulating the 

production of p53, p21Cip1 or p27Kip1(47).  These approaches demonstrated the initial 

limitations of metabolic engineering.  A transiently transfected CHO cell line engineered 

to co-express secreted alkaline phosphatase (SEAP) and p21Cip1 exhibited productivity 5-

fold greater than an unmodified cell line(47).   However when selected as a stable 

transfectant the productivity reverted to that of a proliferative line(48). 

 

A successful p21Cip1 line was produced in which production was increased 10 to 15-fold.  

However this required the simultaneous over-expression of two additional gene products; 

the differentiation factor CAATT/enhancer binding protein α (C/EBPα; which induces 
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Table 1.1: Effect of CKI up-regulation on recombinant protein expression in CHO cells 
 
 
 
Contributor 

 
 
 
Inhibitor 

 
 
Recombinant 
Product 

 
Increased 
Specific 
Productivity 

 
 
 
Host 

 
 
Expression 
System 

Bi et al.  (11) p21CIP1 IgG4 4-fold CHO Stable 

Carvalhal et al. (12) p27KIP1 SEAP 2-fold CHO Stable 

Fussenegger et al. (47) p21CIP1 

p27KIP1 

p53 

SEAP 

SEAP 

SEAP 

4.6-fold 

3.9-fold 

3.9-fold 

CHO Transient 

Mazur et al. (48) p21CIP1 

p21CIP1† 

p27KIP1† 

SEAP 

SEAP 

SEAP 

No Increase 

10 to 15-fold 

30-fold 

CHO Stable 

Meents et al. (49) p27KIP1 sICAM 5-fold CHO Stable 

† Indicates mutli-cistronic co-expression with C/EBPα and Bcl-xL 
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and stabilizes p21Cip1) and the anti-apoptotic protein Bcl-xL(50).  Up-regulating p27Kip1 

in tandem with C/EBPα and Bcl-xL increased SEAP expression up to 30-fold over 

unmodified, proliferative controls(50). 

 

The selection of CKI targets highlights the inherent complexity of attempting to over-

express key regulatory molecules.  The pathways involved in CDK-mediated cellular 

proliferation are highly redundant, interconnected and regulated by many intrinsic and 

external signals(51-53).  Increased p53 expression leads to increased p21Cip1 expression, 

however elevated p53 level also induce apoptosis(54).  p27Kip1 is produced under the 

control of the anti-mitogenic cytokine transforming growth factor β (TGF-β)(52), which 

also can induce p21Cip1 in a p53-independent manner.  p21Cip1 can be over-expressed 

directly, but as already discussed, the effectiveness of this is dependent on the inherent 

variability of mammalian transfection methods and as recently described by Khoo et al., 

the internal physiological state of the cell during production(55).  Accessibility of the 

gene to transcription machinery is dependent on the site of integration within the genome, 

which greatly affects transcription levels(56).  Multi-cistronic expression vectors(46) 

simply this process considerably by expressing several genes off of a single promoter 

(through the use of internal ribosome entry sites), however this results in a cell line 

specific for controlled proliferation strategies, unable to also be used in traditional 

bioprocesses.  

 

 

 



 

14 

Chapter 1.5 – Induction through Hypothermic Conditions  

The culturing of cells at temperatures below their physiological ideal induces numerous 

changes at the genetic, molecular and phenotypic level.  Traditional mammalian cell 

culture has overwhelmingly adopted the mammalian physiological body temperature of 

37°C as it results in cultures of highly proliferative, highly viable cells(57).  Deviation 

from that temperature, under hyper- or hypothermic conditions, significantly reduces cell 

proliferation.  Growth under hyperthermic conditions have been extensively characterized 

in both prokaryotic and eukaryotic species(58-60), yet aside from a few specific research 

areas, hypothermic growth, particularly in mammalian species, has received very little 

attention(61-64). 

 

From a biotechnological perspective, culturing cells under mild hypothermic conditions 

(30°C to 35°C) has been found to induce an actively regulated growth reduction in cells 

within S or G1 phase of the cell cycle(62).  Actively metabolizing cells induce growth 

arrest though the induction of growth repressing mechanisms.  This differs remarkably 

from more extreme hypothermic conditions (4°C) where cellular metabolism and ATP 

synthesis is not observed(63).  Although the mechanism of this response is not 

completely understood, two molecules believed to play key roles are p53 and p21Cip1(61).  

Through numerous proteomic(65), miRNA(66) and genomic(67, 68) expression studies 

additional low temperature-induced cellular effects have been observed.  These can be 

categorized into effects on cellular metabolism (increase in phosphoglycerate kinase 

expression), protein expression and folding (increased protein disulfide isomerase, 

ERp57, and heat shock cognate 71 kDa; decreased heat shock protein 90-β and 
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elongation factor-2), RNA chaperones (increased cold-inducible RNA binding protein 

and RNA-binding motif protein 3) and cell cycle arrest (increased nucleoside diphosphate 

kinase B, p53, p21Cip1 and microRNAs miR-21 and miR-24)(61, 66, 68-71). 

 

In addition to a growth arrest-induced increase in specific productivity, the cultivation of 

cells under mild hypothermic conditions offers other relevant advantages: extended 

culture durations (lower cell populations reduce overall nutrient uptake and waste 

production)(72), decreased O2 demand(73), reduced intermolecular product aggregation 

(74), increased sensitivity to deviations in culture pH(75, 76) and a decreased sensitivity 

to pro-apoptotic agents(77, 78).  Product quality (in terms of protein sialylation) is also 

improved under hypothermic conditions over physiological cultures(72), and genetically 

(p27Kip1) induced controlled proliferation strategies(79). 

 

Low temperature enhanced therapeutic production has been observed for numerous 

heterologous products (Table 1.2) and under the control of both of the two most common 

genetic promoters; the human cytomegalovirus promoter (PhCMV) and the simian virus 40 

promoter (PSV40)(79).  However despite being product and promoter independent, 

enhanced hypothermic heterologous protein expression has been found to be cell line(80) 

and even clone specific(81).  In a pool of 12 methotrexate-amplified clones derived from 

a low temperature-responsive CHO cell line, two of the newly derived clones showed no 

enhanced low temperature expression(81).  Indicating that the phenomena of G1-growth 

arrest and elevated QP, despite concurrent induction under lower temperature conditions, 

are not inherently linked and can occur independently of each other. 
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Table 1.2: Effect of low temperature growth on recombinant protein expression in CHO cells 
 
 
 
Contributor 

 
 
 
Temp. 

 
 
Recombinant 
Product 

 
 
 
Host 

 
Increased 
Specific 
Productivity 

 
Increased 
Volumetric 
Productivity 

Nam et al.  (82) † 33°C † SEAP CHO 1.3-fold 3-fold 

Tharmalingam et al. (83) 32°C †‡ Interferon-β CHO N/A 4.2-fold 

Fox et al. (84) 32°C Interferon-γ CHO 4.9-fold 2-fold 

Rodriguez et al. (74) 30°C 

30°C † 

Interferon-β 

 

CHO N/A 

N/A 

2-fold 

5-fold 

Yoon et al. (72) 30°C † 

33°C † 

Erythropoietin CHO 4-fold 

5.4-fold 

No Increase 

2.5-fold 

Schatz et al. (85) 28°C † Fab Antibody CHO 6.8-fold 14-fold 

Chen et al. (86) 34°C † Pro-urokinase CHO 1.7-fold 1.5-fold 

Yoon et al. (80) 30°C † 

33°C † 

Anti-4-1BB CHO No Increase 

0.16-fold 

-3.9-fold 

No Increase 

† Indicates use of a temperature shift culture strategy 
‡ Indicates the use of macroporous microcarriers as an extra-cellular support structure 
N/A = Information Not Available 
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1.5.1 – The Molecular Mechanism of Low Temperature Response 

The two key elements of the mammalian low temperature response are the arrested 

progression of the cell cycle and the elevated transcription of recombinant genes.  

Although the mechanism which initiates and coordinates these events is still poorly 

understood, a model was proposed by Al-Fageeh and Smales(64) which encompasses the 

five aspects of the low temperature gene response: (i) generalized reduction in 

transcription and translation, (ii) inhibited RNA degradation, (iii) increased transcription 

of cold-specific genes (through a promoter-encoded cold response element), (iv) 

alternative pre-mRNA splicing, and (v) increased translation of cold-specific genes 

(through internal ribosome entry sites within the 5’-leader sequences)(2).   

 

1.5.2 – Increased Production under Hypothermic Conditions 

Cold stress is believed to be initially communicated to the cell through a generalized 

down-regulation of translation.  In both eukaryotes(87) and  prokaryotes(88) the 

ribosome itself functions as a biosensor which detects environmental thermal changes.  

Cold-induced reduced ribosome activity(2, 89), likely in combination with other yet to be 

identified signals, triggers a cell-wide stress response which culminates in p53/p21Cip1 

mediated G1-growth arrest(2).  Although there are likely numerous molecules involved in 

the transduction of the cold-shock response, only two have been well characterized to 

date: cold-inducible RNA binding protein (CIRP)(69, 90), alternatively known as hetero-

nuclear ribonucleoprotein A18 (A18 hnRNP)(91) and RNA-binding motif protein 3 

(RBM3)(70, 92).  CIRP and RBM3 both belong to the family of glycine-rich RNA 

binding proteins(70), a group of highly conversed proteins which have been speculated to 
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facilitate low temperature translation as RNA chaperones(93, 94).  These two proteins 

have received particular interested due to their elevated expression under mild 

hypothermic conditions(2), and as potential mediators of low temperature growth arrest 

and elevated heterologous protein expression.  Despite their structural similarities(69), 

CIRP and RBM3 have remarkably different functions under hypothermic conditions.  

Additionally, within cell culture models, those roles also vary among different 

mammalian cell lines.   

 

The majority of eukaryotic protein translation (predicted to be 95-97% of mRNAs) 

occurs through the cap-dependent translation pathway(95).  In prokaryotes, under 

hypothermic conditions, cap-dependent translation is inhibited through the formation of 

secondary structures in the 5’-untranslated region of mRNAs blocking ribosome access to 

the Shine-Dalgarno sequence(96).  However in eukaryotes under mild hypothermic 

stress, inhibition occurs through a different mechanism; the de/phosphorylation of 

initiation and elongation factors(97, 98).  Repression of cap-dependent translation does 

not inhibit IRES-mediated translation, allowing the expression of genes including internal 

ribosome entry sites. 

 

Transcription of cold-inducible genes continues (or up-regulates) under hypothermic 

conditions through the binding of cold-shock proteins (CSPs) to cis-elements within their 

promoters(64).  Concurrent with the inhibition of cap-dependent translation, 

phosphorylation of eukaryotic initiation factor 2α (eIF2α) activates IRES-mediated 

translation(99).  The transcripts of certain cold-shock proteins, including RBM3, are 
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enhanced further through the recruitment of ribosomes to an IRES within the mRNA(93).  

Increased expression of RBM3 has been found to increase protein translation at both 

mild-hypothermic and physiological temperatures(70), likely preventing even further 

down-regulation of protein synthesis under cold-shock conditions.  It has been postulated 

that RBM3 is affecting overall protein expression post-translationally by altering 

microRNA levels(70).    

 

It remains unclear how this low temperature response is capable of specifically increasing 

the production of heterologous proteins while the primary mechanisms of transcription 

and translation are repressed.  Even as the mechanisms of low temperature transcription 

and translation are better understood, how these interact specifically to benefit 

recombinant protein expression is still unknown.  There is likely a combined effect of 

cold-temperature RNA stabilization, up-regulation of RNA chaperones, CSPs functioning 

as cold-specific transcription factors, alternative pre-mRNA splicing, altered 

phosphorylation of initiation and elongation factors and the up-regulation of RBM3-like 

proteins. 

 

 

1.5.3 – Low Temperature Growth Arrest 

As previously discussed, the basis of controlled proliferation strategies is to inhibit cell 

growth as a mechanism to increase specific heterologous protein production.  Although 

the molecular mechanism of cold-enhanced QP is still not clear, as of yet there does not 

seem to be any significant overlap between the mechanisms of enhanced productivity and 
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growth arrest other than the initial detection of thermal stress (reduced ribosome 

function).  RBM3, a CSP involved in elevated protein expression has not been observed 

to induce growth arrest under hypothermic conditions.  Despite its elevated hypothermic 

expression, the over-expression of RBM3 induces a proliferative effect at physiological 

temperatures(100). 

 

Cold-induced growth arrest, similar to chemical and genetically-induced growth arrest, is 

achieved through the activation of cyclin-dependent kinase inhibitors (Figure 1.2).  

However in the previously described strategies the growth limiting mechanisms were 

induced directly (engineered up-regulation of relevant genes or chemical agents which 

affected the G1/S checkpoint itself).  Cold-inducible RNA-binding protein (CIRP), the 

second of the two identified CSPs, is involved in this role.  The induction of CIRP occurs 

through two distinct pathways, both initiating with exposure to sub-physiological 

temperatures (Figure 1.4).  The mechanisms under which the induction occurs is still 

poorly understood, however at least one of the known cold-induced stimuli is an overall 

inhibition of protein synthesis(2).  This is supported by the observations of Danno et 

al.(101) and Tokuchi and Fujita(2), who observed that exposure to cycloheximide or 

puromycin simultaneously induced CIRP and RBM3 while generally inhibiting protein 

translation.  Subsequent addition of the protein kinase A activator forskolin reverses 

cycloheximide/puromycin-mediated CIRP induction.  However, forskolin has no effect 

on CIRP expression when induced through low temperature exposure(2).  This is relevant 

as it indicates that while cold-shock and chemical translation inhibitors both result in the 

repression of cap-dependent translation and increased CIRP expression, their mechanism 
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CIRP 
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Growth 
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H2O2 Forskolin 

Figure 1.4: Low Temperature induction of Cold-inducible RNA-binding protein 
(CIRP). Schematic illustration of the two distinct induction pathways and the 
inhibitory effects of H2O2 and Forskolin (a protein kinase A activator).  Figure adapted 
from Fujita. 1999(2). 
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 of induction differs. 

 

Hydrogen peroxide (H2O2), a strong chemical oxidizer, has a similar dose-dependent 

inhibitory effect on cold-induced CIRP expression(102), but no effect when induction is 

caused by chemical inhibitors (cycloheximide or puromycin).  From this, two different 

induction pathways can be inferred; both likely using the inhibition of protein synthesis 

as a regulatory signal, yet the method of inhibition differing sufficiently that separate 

down-stream regulators (H2O2 and forskolin) have developed(2).  

 

The role of CIRP in cold-induced growth arrest and cold-shock has been primarily based 

upon two observations: the up-regulation of CIRP under hypothermic conditions and the 

alleviation of cold-induced growth arrest through anti-sense oligonuclecotide CIRP 

suppression.  Anti-sense inhibition reduced CIRP expression significantly (although not 

entirely) and increased hypothermic growth nearly 2-fold in mouse embryonic fibroblasts 

(MEFs)(69).  As CIRP suppression was incomplete, it is unclear whether it is the sole 

mediator of growth arrest, or if there still are other unidentified members involved.  

Numerous mRNA transcripts have been found to selectively bind to CIRP, indicating 

possible regulatory targets; these are primarily UV- or stress-responsive genes, ribosomal 

genes, and transcriptional elongation factors(103). 

 

Further complicating the model of CIRP-induced growth arrest is the work of Hong et al. 

who observed that small interfering RNA-based CIRP suppression had no alleviating 

effect on low temperature growth arrest of recombinant CHO cells.  Significant down-
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regulation of CIRP caused no statistically significant (P < 0.18) effect on hypothermic 

growth compared with CIRP-producing populations.  Recombinant protein expression 

was also not affected in CIRP-repressed cultures(104).   Neither at physiological 

temperatures did the over-expression of CIRP in CHO cultures induce hypothermic-like 

growth arrest as was observed in MEFs(69).  Increased CIRP expression did not 

significantly diminish µ in erythropoietin or γ-interferon producing CHO populations 

(104, 105), however γ-interferon production was increased significantly resulting from 

increased product transcript levels(105).   

 

Both severe (4°C) and mild (28°C) hypothermic arrest is produced through a p53-

dependent p21Cip1 mediated mechanism(71, 106).  Populations of human glioblastoma 

and mouse embryonic fibroblasts demonstrated elevated p21Cip1 expression when 

exposed to a hypothermic environment.  p53, a p21Cip1 inducing transcription factor was 

also post-translationally up-regulated under these conditions(106).  In p53-null 

populations there was no evidence of elevated p21Cip1 expression or subsequent growth 

arrest, indicating its central role in the induction of cold-mediated growth arrest(71, 106).  

These findings clearly indicate that despite the progress made in the understanding of the 

mammalian cold response, much more study is need to further our understanding of its 

regulation, even in the limited context of the production of biologics.   
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1.5.4 – Bi-phasic (Temperature-shift) Strategies to Increase Hypothermic Response 

While attempting to exploit the numerous advantages of low temperature growth, cellular 

proliferation is reduced, limiting the overall population available for protein expression.  

Total protein production is measured as the product of cell specific productivity (QP) 

(units of product/cell·day) and the integral of the concentration of viable cell density 

(IVCD) (cells/day per mL)(107). 

 

As growth is limited, the IVCD is concurrently reduced, affecting the total protein yield.  

Hypothermic growth therefore is a balance between increased specific productivity and 

reduced IVCD.  Manipulating this balance can be achieved by partitioning a culture into 

two distinct phases differentiated by temperature.  After initiating a culture with a small 

inoculum at physiological temperatures (37°C), cells actively proliferate creating a 

biomass suitable for maintaining a large IVCD.  After this initial phase, the culture is 

subjected to sub-physiological temperatures (typically 30 – 33°C) inducing growth arrest 

and elevated protein expression.  This two phase system; an initial growth phase and a 

subsequent production phase harnesses aspects of both physiological and hypothermic 

growth within a tunable system.  This allows for biasing the culture towards enhanced QP 

or cellular growth (µ), controlling the system through the manipulation of two variables: 

the time and degree of the temperature shift.  An earlier shift alters the culture towards a 

more hypothermic growth profile, while later shifts produce a more physiological culture 

(Figure 1.5).  Modifying the temperature of the production phase (between 30°C and 

33°C) induces a direct effect on the specific productivity and growth rate of the culture; 

with lower temperatures increasing QP and decreasing µ, and higher temperatures 
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producing the opposite effect(72, 108).  The QP of low temperature cells has also been 

found to be significantly affected by small changes (pH of ±0.2) in environmental 

pH(75).  This sensitivity has been found to affect cell viability during the production 

phase of a bi-phasic culture(76).  Proper pH control increases the proportion of viable 

cells within a culture significantly (at pH 6.8) over a control culture at pH 7.0. 

 

Simultaneous manipulation of these variables yields a complex culture system from 

which maximum protein yields can be achieved in the context of reduced nutrient use and 

product aggregation.   

 

Fox et al. have produced and validated a model which can balance the variables of QP, µ, 

and nutrient utilization within a bi-phasic temperature-shift culture(109).  Through such 

simulations, hypothermic bioprocesses can be predicted and developed for the production 

of therapeutics, circumventing many of the limitations of low temperature growth. 

 

 

1.5.5 – Decoupling the Hypothermic Response 

Despite their simultaneous induction under hypothermic conditions (or other CKI-

inducing stimuli), no evidence has been found to directly link the mechanisms of cell 

cycle arrest with enhanced heterologous protein expression.  This suggests the possibility 

of a bioprocess which could decouple these two phenomena; allowing the induction of 

enhanced QP during periods of active proliferation. 
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Figure 1.5: Manipulation of the bi-phasic low temperature response of a β-interferon 
producing CHO cell line through the modification of the time of temperature shift. 
Arrows indicate time of temperature shift.  (Sunley et al., unpublished) 
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Genetic up-regulation of the relevant genes would provide the most direct approach, 

however our understanding of the involved pathways is not nearly sufficient to predict 

which genes to target.  Approaches need to either induce cold-like elevated protein 

expression under physiological conditions or inhibit the manifestation of cold-induced 

growth arrest within a hypothermic environment.  Alleviating growth arrest under 

hypothermic conditions provides a more favourable strategy due to the greater 

understanding of the underlying mechanism of the G1/S cell cycle checkpoint.  

 

Cold-induced growth arrest was circumvented at 32°C by Fox et al. through the addition 

of mitogens to hypothermic cultures of CHO cells.  High concentrations of insulin (5-

25µg/mL), basic fibroblast growth factor (bFGF; 13-45ng/mL), and fetal bovine serum 

(FBS; 10-25%) were added to γ-interferon producing CHO cells.  bFGF addition resulted 

in a dose-dependent increase in hypothermic growth, achieving nearly 70% of that of a 

physiological culture.  Cultures supplemented with insulin responded similarly, although 

to a lesser extent.  The addition of 25% FBS resulted in near physiological growth.  All 

the mitogens resulted in significant increases in γ-interferon yields, however different 

factors prevent the use of each in industrial bioprocesses; high concentrations of insulin 

induce apoptosis(110), bFGF is prohibitively expensive as a media supplement, and 

current regulations prohibit the use of serum in current bioprocesses(84).  This work 

demonstrated that active hypothermic growth could be achieved with a 

biotechnologically relevant cell line without the compromising cold-enhanced 

productivity gained under hypothermic conditions.  However the authors acknowledged 
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that this finding was only a proof of concept, and that more cost-effective strategy would 

be needed to benefit from these findings. 

 

 

1.5.6 – Low Temperature Adaptation 

As the mechanism of cold-induced growth arrest is not sufficiently understood to target at 

the molecular level, the application of selective pressure could be used to isolate a 

population of cells capable of low temperature growth.  The methodology of this is 

simple; continuously subculture a population under hypothermic conditions.  At each 

passage the most proliferative cells will be selected for, generating a population capable 

of enhanced hypothermic growth.  

 

This strategy was employed by Yoon et al. with two recombinant CHO cell lines.  

Throughout the adaptation process µ gradually increased by 73% and 20%, however the 

specific productivities were concurrently reduced by similar proportions.  The 

mechanisms of adaptation were not immediately apparent.  No significant changes in 

CIRP mRNA levels were observed despite increased hypothermic growth.  Reduced QP 

was not associated with loss of foreign gene copies, indicating expression was down-

regulated at the transcriptional or translations level.  However the increased µ was not 

sufficient to counter the reduction of QP which occurred during the adaptation process 

and resulted in no net increase in production(111).  Cold-adapted populations have been 

described previously to the work of Yoon et al., however not involving therapeutic 

protein production.  Therefore no comparable effects on QP could be reported(112). 
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Chapter 1.6 – Objectives of Research 

This thesis describes how hypothermic cell culture can be applied to the production of the 

hydrophobic cytokine β-interferon.  Low temperature strategies were employed with the 

aim of increasing cell specific productivity, product quality and product yield.   

 

Further enhancement of hypothermic culture processes were attempted through the 

successful isolation of a CHO population capable of active growth under hypothermic 

conditions.  This resulted in the first successful isolation of a recombinant CHO cell 

population capable of enhanced growth simultaneous with elevated heterologous protein 

expression under mild hypothermic conditions. 
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Chapter 2 - Materials and Methods 
 

2.1 – Cell Lines and Culturing 

Throughout this thesis cell populations were maintained in both stationary and agitated 

cell cultures.  Unless otherwise mentioned, routine culturing was carried out in 75 cm2 T-

flasks (Corning Inc., New York, USA) at 37°C in an atmosphere of 10% CO2 within 

CHO-SFM serum-free media (Biogro Technologies Inc., Winnipeg, Canada).  

Subculturing was performed every four days (corresponding to mid-exponential growth) 

and seeded at a concentration of 1x105 cells/mL.   

  

Low temperature culturing (30°C to 33°C) conditions were otherwise identical to those at 

a physiological temperature, however subculturing was only performed every eight days. 

 

2.1.1 – Cell Lines 

A recombinant Chinese hamster ovary (CHO-K1; ATCC CCL 61) cell line transfected 

with the gene for human Interferon-beta (β-IFN) was provided by Cangene Corporation 

(Winnipeg, Canada).  From this line, numerous serum-free adapted clones were isolated. 

Clone CHO-674, a highly proliferative clone capable of producing high titres of 

recombinant protein is referred to in this work as either the non-adapted or parental 

population and was the source of the low temperature-adapted population.  A tissue 

plasminogen activator (t-PA) producing CHO cell line (ATCC CRL-9606) was also 

utilized for cold-adaptation, however no successful isolation occurred and use of this line 

was discontinued. 
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2.1.2 – Cell Line Maintenance and Subculturing Procedures 

As previously described, stationary cell cultures were typically maintained in 75 cm2 T-

flasks (although 25 and 150 cm2 flasks were also employed depending on cell titres 

required).  When cultured in serum-free media the CHO-674 clone displays a non-

adherent phenotype, growing as spherical cells suspended within the culture media.  

Subculturing was performed by resuspending the cells within a solution of phosphate 

buffered saline (pH 7.1) supplemented with 5 mM ethylenediaminetetraacetic acid 

(EDTA) through centrifugation (approx. 430xg) for 5 minutes.  Cell-free spent media 

samples were stored at -80°C for further analysis. 

 

Cell enumeration was performed through manual counting using a hemocytometer and an 

optical bright-field microscope (total magnification 100x).  Viable cells were 

differentiated from non-viable by mixing a 200 µL aliquot of the resuspended cell 

population 1:1 with a solution of trypan blue (0.2% w/v) in phosphate-buffered saline 

(PBS) following the trypan blue dye exclusion method(113).  Cells were seeded to a 

concentration of 1x105 viable cells per mL in 12 mL of serum-free media (for a 75 cm2 

T-flask). 

  

Viable cell concentrations were determined using the following formula: 

 

viable cell concentration  =  total viable count x 104 (conversion to mL) x 2 (trypan blue dilution factor) 

                                        4 (number of hemocytometer squares observed) 
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Cell viability was determined by multiplying the ratio of the viable cells over the total 

population counted and multiplied by 100.  All cell culture manipulations were 

performed under aseptic conditions in a NuAire Laminar Flow Hood.  All media, trypsin, 

trypsin inhibitor, and other reagents used for cell culture were sterilized by 0.2 μm 

membrane filtration (Pall, Ann Arbor, MI).  

 

All growth profiles except for the adaptation process were performed in duplicate and 

reported ± standard error. 

 

 

2.1.3 – Hypothermic Culturing 

Hypothermic, or low-temperature culturing was carried out following the previously 

described protocols, only at a reduced incubation temperature.  Temperature control was 

maintained using a NuAire water-jacketed incubator (Temperature ± 0.2°C) in an 

atmosphere of 10% CO2.  Temperature shifts were performed through transporting the 

culture vessels (T-flasks or spinner flasks) from a 37°C incubator to a second incubator 

pre-set at the hypothermic temperature.  The time of this shift (abbreviated as Tshift) 

varied and is described with the experimental details described further in this thesis.   

 

2.1.3 – Suspension and Microcarrier Cultures 

Populations of adapted or non-adapted cells were inoculated into autoclaved 100 mL 

glass spinner flask vessels (Bellco Biotechnology Inc.) to a final concentration of 1x105 

viable cells/mL in CHO-SFM serum-free media.  The cultures were stirred at 45 
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revolutions per minute (RPM) at 37°C or 32ºC in an atmosphere of 10% CO2 to allow for 

cell entrapment and proliferation.  Temperature-shifted cultures were incubated at 37ºC 

for 48 hours prior to incubation at 32ºC.  Microcarrier cultures were supplemented with a 

solution of Cytopore 2 microcarriers (GE Healthcare) suspended in CHO-SFM media 

according to the manufacturer’s instructions at a final concentration of 1 mg/mL prior to 

inoculation.   

   

2.1.4 – Preparation of Cytopore™ 2 Microcarriers 

Cytopore 2 beads were initially hydrated at a concentration of 1g/100mL in PBS.  The 

solution was autoclaved for 20 minutes at 121ºC in accordance with manufacturer’s 

instructions.  The microcarrier preparation was then washed twice in fresh PBS, followed 

by three washings in CHO-SFM serum-free media.  

 

2.1.5 – Nuclei Enumeration of Microcarrier Cultures 

The growth within microcarrier cultures was determined through the lysis of entrapped 

cells and the enumeration of released stained nuclei.  Suspension cultures which were 

directly compared to microcarrier cultures were enumerated using the same method.   

 

Each culture sample (0.5 mL) was mixed with an equal volume of crystal violet reagent 

(0.2M citric acid, 0.2% w/v crystal violet and 2% w/v Triton X-100) for up to 3 hours at 

37ºC (114).  Nuclei were released from the carriers by repeated aspiration (25 times) 

through a 25 gauge needle.  Nuclei were counted with the aid of a hemocytometer and 

reported as nuclei/mL of culture volume.  All growth profiles were performed in 
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duplicate and reported ± standard error.  Nuclei release from microcarriers has been 

determined to be in excess of 90% by Spearman et al.(114) using this method for 

Cytopore concentrations between 0.25 mg/mL and 2.0 mg/mL. 

 

2.1.6 – Specific Growth Rate (μ) and Specific Productivity (QP) 

The apparent specific growth rate (µapp; h-1), referred to simply as µ, is described by the 

following equation: 

 

ln N = ln N0 + μ·t 

 

where N represents the maximum cell yield achieved by the culture, N0 is the initial cell 

concentration at time of inoculation, t is the duration of the culture at time of sampling 

(hours) and μ is the growth rate.  Growth rate values were reported ± standard error.  The 

specific productivity of the culture (units/cells per day) was determined from a plot of the 

product concentration (units/mL) against the integral of the concentration of viable cells 

over time (cells or nuclei/day per mL).  The slope of the relationship was calculated as 

the specific productivity.   

 

 

2.1.7 –Solutions and Chemicals 

Unless otherwise mentioned, all standard laboratory chemicals were purchased from 

Sigma-Aldrich Canada (Oakville, Ontario). 
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2.2 – Recombinant Protein Production and Quality 

Quantification of the β-IFN recombinant product was performed using an enzyme-linked 

immunosorbent assay (ELISA).  This method was also utilized to differentiate between 

monomeric and aggregated β-IFN. 

 

2.2.1 – Interferon-beta Quantification 

The concentration of β-IFN was determined using an enzyme-linked immunosorbent 

assay.  Media samples from cultures were cleared of cell debris and/or microcarriers 

through centrifugation (approximately 300xg) and stored at -80ºC for later analysis.  

EIA/RIA 96-well polystyrene plates (Corning Inc.) were coated with a 0.2 μg/mL 

solution of polyclonal rabbit anti-human β-IFN antibody (Biogenesis Ltd.) in 0.1M pH 

9.6 carbonate buffer and incubated overnight. 

 

Plates were washed (3x) with 50mM Tris-buffered saline (TBS) and 0.1% Tween 20 

between all additions.  After blocking with BSA to prevent non-specific binding, pre-

diluted media samples were added and incubated at room temperature.  The secondary 

antibody, mouse monoclonal anti-human β-IFN (Chemicon International), was diluted to 

1:1000 in 50mM TBS with 0.1% Tween 20 and 3% w/v BSA and incubated.  The 

conjugate detector antibody, goat anti-mouse IgG alkaline phosphatase (Sigma-Aldrich), 

was added and developed with p-nitrophenyl phosphate (Sigma-Aldrich).  The plate was 

read photometrically at 405nm.   Sample values were determined with the aid of a 
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standard curve of known β-IFN concentrations (United States Biological Inc.) and 

reported as relative units of β-IFN/mL. 

 

2.2.2 – Interferon-beta Aggregation 

The relative proportion of aggregated interferon-beta monomers was determined through 

a modified ELISA assay.  Samples of culture supernatant (containing β-IFN) were 

subjected to an aggressive denaturing treatment.  This involved the addition of sodium 

lauryl sulfate (SDS) and β-mercaptoethanol (β-ME) to final concentrations of 0.1% and 

1% respectively.  This was then incubated at 100°C for 5 min in a sealed polypropylene 

1.5 mL microcentrifuge tube.   

 

This treatment dissociated interferon aggregates through two distinct methods; 

minimizing hydrophobic intermolecular attraction through the addition of the SDS 

detergent, and reducing any inter- or intramolecular disulfide bonds which may have 

formed between cysteine residues. 

 

The ELISA assay was then performed as described (section 2.2.1), simultaneously 

quantifying the native (or non-denatured) and denatured samples.  By pre-treating the 

samples and dissociating the aggregates, all epitopes are exposed and available to be 

bound by the detecting antibody.  In the non-treated samples, only epitopes on the non-

aggregated monomers are available to the antibodies, therefore the ELISA signal is 

reduced.   The proportion of the non-aggregated monomers was determined by dividing 

the non-treated ELISA response by the denatured response. 
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2.3 – Western Blotting of Vimentin Intermediate Filament 

2.3.1 – Sample Preparation 

Populations of cells (1x107 cells) were ultrasonically lysed through four cycles of 30 

seconds (50% power) using a Branson Sonifer 450 and a model 102 converter (Branson 

Ultrasonics Inc.) in a 2x sample buffer solution. 

 

2.3.2 – SDS-PAGE Separation 

SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis) was performed 

according to the discontinuous buffer system described by Laemmeli(115). The gels were 

prepared using 10% polyacrylamide gels to allow for accurate separation of the protein 

molecules. The SDS gel preparation and protein separation was performed using the Bio-

Rad Mini-PROTEAN 3 electrophoresis apparatus following the manufacture’s 

instructions.  Electrophoresis was run at 200 volts for 45 min (allowing for the dye front 

to travel the length of the gel).  Electrical current was supplied by a Bio-Rad 

electrophoresis power supply (Model 1000/500). 

Pre-stained protein ladder was purchased from Bio-Rad with a molecular weight range of 

10 to 250 kDa, 5 μL of standard was loaded onto each SDS-PAGE gel. 
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2.3.3 – Immunodetection of Vimentin Protein Molecule 

The electrophoretically separated proteins (Section 2.2.3.1) were then transferred to a 

nitrocellulose membrane following the procedure provided by Bio-Rad.  After 

transferring the gel to nitrocellulose the membrane was treated overnight with blocking 

buffer (3% BSA-Tween 20) at 4°C. The membrane was then incubated with the mouse 

anti-human vimentin monoclonal antibody (Clone V9 from Sigma Aldrich) at a 

concentration of 0.5 μg/mL for 3 hours. The blot was then washed (3x 5 minutes in PBS-

Tween 20) and incubated with alkaline phosphatase conjugated goat anti-mouse IgG 

(Sigma Aldrich) for 2 hours. The substrate, nitroblue tetrazolium (0.3 mg/mL) and 5-

bromo-4-chloro-3-indolyl phosphate (0.15 mg/mL) in 5 mM MgCl2 was then applied for 

up to 15 minutes to allow for colour formation. The reaction was stopped by addition of 

PBS-EDTA, and the blots were rinsed thoroughly with distilled water. 

 

2.4 – Characterization of Cell Size and Fragility 

Overall cell strength was determined through a number of physical and biochemical 

methods.  The following were used to demonstrate the adaptation-induced changes 

relevant to cellular fragility. 

 

2.4.1 – Determination of Cell Size 

 Samples of adapted and non-adapted cultures were centrifuged (approximately 300xg) to 

remove supernatant and resuspended in 3% w/v paraformaldehyde in phosphate buffered 

saline.  Samples were stored at 4ºC for later analysis.  Microscope slides were coated 
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with a 0.1 mg/mL solution of MW 300,000 Poly-L-lysine (Sigma-Aldrich) according to 

manufacturer’s instructions.  Fixed cell samples were then applied to slides, mounted in 

10% phosphate buffered saline in glycerol under a coverglass and observed 

microscopically.   

 

Cells were imaged using a Zeiss AxioImager Z1 with a Plan-Apochromat 20x/0.8 

objective and their areas determined using AxioVision 4.5 LE software (Carl Zeiss, Inc.).  

A minimum of 650 cells per population were measured. 

 

2.4.2 – Nucleation / Nuclear Fragmentation Profile 

Samples of adapted and non-adapted cultures were prepared as indicated above for cell 

size determination, except that prior to mounting the cells were stained with a 0.3μM 

solution of 4',6-diamidino-2-phenylindole (DAPI) (Invitrogen Corp.) in phosphate 

buffered saline.  n-Propyl gallate (Sigma-Aldrich) was added to the mountant at a 

concentration of 1 mg/mL to reduce photobleaching.  Cells were imaged using a Zeiss 

AxioImager Z1 and a Plan-Apochromat 100x/1.4 objective.  The nuclei of at least 400 

cells per population were counted manually. 

 

3D reconstructions were produced through capturing a Z-stack of fluorescence images 

using a Zeiss AxioImager Z1 with a Plan-Apochromat 100x/1.4 objective.  Images were 

captured every 0.22 μm along the Z-axis using a 16-bit AxioCam MRm.  Image stacks 

were developed using the iterative deconvolution module of Zeiss AxioVision 4.5 (Carl 

Zeiss, Inc.).  Contrast was adjusted to show 3D structure using Adobe Photoshop CS 
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(Adobe Systems Inc.); ensuring manipulations were linear and did not affect the data 

within the image. 

 

2.4.3 – Mechanical Stress Sensitivity and LDH Release 

Cells at a concentration of 1x106 cells/mL were added to a 10mL glass beaker containing 

an 8 mm diameter cross-shaped magnetic stir bar.  Cells were stirred at rates of 0, 300 or 

500 rpm for 120 minutes at 32ºC with supernatant samples collected every 30 minutes.  

Microcarrier samples were assayed following the same methods, except that 

microcarriers were inoculated with cells at 1x105 cells/mL four days prior to the trial, 

incubated at either 32ºC (adapted cells) or 37ºC (non-adapted cells), and added in equal 

volumes to the suspension cell samples. 

 

The activity of the endogenous lactate dehydrogenase (LDH) enzyme released into the 

media was assayed using the CytoTox 96 Non-radioactive Cytotoxicity assay kit 

(Promega Corp.) as described in the manufacturer’s instructions.  The values were 

normalized against the total LDH activity per vessel by lysing a population equal to the 

initial concentration using a freeze/thaw cycle at -80ºC.  Released values were calculated 

as a percent of the total cellular LDH.  Each trial was performed in triplicate and reported 

± standard error. 
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2.5 – Immunofluorescence and Lectin-based Imaging of Cellular Structures 

Fluorescent dye conjugates were utilized throughout different aspects of this thesis as a 

method to visualize intracellular structure (vimentin and p53 localization) and cellular 

morphologies (centrifugation-induced deformation).  These methods followed standard 

protocols as suggested by their manufacturer (Invitrogen Corp.) 

 

2.5.1 – Immunofluorescence Staining 

Cells taken from actively growing (viability > 90%) were allowed to settle on poly-L-

lysine (MW > 300,000; Sigma Aldrich) pre-coated (0.5 mg/mL) microscope cover slips 

(thickness 0.15 - 0.19 mm; Corning Inc.).  After incubation for 30 minutes in a 

humidified environment (37°C) cells were fixed with 4% paraformaldehyde in phosphate 

buffered saline (PBS) and subsequently permeabilized with 0.1% v/v Triton X-100 in 

PBS.  Cells were washed twice in PBS between all steps. 

 

The fixed and permeabilized cells were then blocked using Image IT signal enhancer (as 

per manufacturers instructions; Invitrogen Corp.) and incubated for 1 hour with a 1:20 

dilution of the primary antibody (mouse anti-vimentin or mouse anti-p53; Sigma Aldrich) 

in PBS with 10% fetal bovine serum.  The secondary antibody, goat anti-mouse IgG 

conjugated to Alexa Fluor 555 was used at a concentration of 20 µg/mL and incubated 

for 1 hour.  The cells were then quickly washed (1 minute) in 1 µg/mL 4',6-diamidino-2-

phenylindole (DAPI), and mounted in phosphate buffered glycerol containing 5 mg/mL 

n-propyl gallate as an anti-fade agent. 
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2.5.2 – Lectin-based Fluorescence Staining 

Viable cells settled on glass cover slips were treated to varying degrees of centrifugal 

force, fixed in 4% paraformaldehyde, and incubated in a solution of 1.0 mg/mL of Alexa 

Fluor 555 pre-conjugated to wheat germ agglutinin for 10 minutes.  The cells were then 

washed in PBS and mounted in phosphate buffered glycerol (containing n-propyl gallate).  

 

2.5.3 – Imaging of Fluorescent Samples 

Prepared slides of lectin or antibody stained cells were imaged using a Zeiss AxioImager 

Z1 upright motorized microscope and a cooled AxioCam MRm camera.  Image 

acquisition was performed using Zeiss AxioVision software.  Image processing and 

manipulation was limited to contrast and brightness manipulation using Photoshop 

software (Adobe Inc.) 

 

2.5.4 – In Situ Viability Determination 

Viability determination was performed within microcarriers using fluorescence 

microscopy.  Cells were removed from actively proliferating cultures, entrapped within 

microcarriers, and incubated in solutions of fluorescein diacetate (25 mM; Sigma 

Aldrich) and TO-PRO-3 Iodide (1 µM; Invitrogen Corp.).  Viable cells catalyze the non-

fluorescent fluorescein diacetate to fluorescein, which was observed through a 

fluorescence microscope.  TO-PRO-3 Iodide stained all cells, living and non-viable, 

allowing the calculation of the percentage of viable cells within the population. 
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2.6 – 2D Electrophoresis and Sample Preparation 

Two-dimensional electrophoresis was performed using Differential In-Gel 

Electrophoresis (DIGE) technology according to the manufacturer’s instructions (GE 

Healthcare) in collaboration with Dr. Brendan McConkey  at the University of Waterloo.   

 

 

2.6.1 – Sample Preparation 

Cells (approximately 2.5x106) were harvested and washed three times in TRIS-Sucrose 

buffer (20 mM TRIS, 250 mM sucrose).  The cell pellet was resuspended in a reducing 

lysis buffer (7M urea, 2M thiourea, 1% ASB-14, 5 mM tributyl phosphine, 2.42 mg/mL 

TRIS base) and incubated for 25 minutes.  4-vinyl pyrimidine was added to a final 

concentration of 20 mM and incubated for 1 hour to alkylate any disulphide bonds 

reduced by the tributyl phosphine. 

 

Excess 4-vinyl pyrimidine was quenched with an equimolar (20 mM) solution of 

dithiotheritol and the samples were centrifuged at 7000xg for 30 – 60 minutes at 4 - 8°C.  

 

 

2.7 - Apoptosis Assays 

Assays to determine apoptotic activity in cell populations were carried out to investigate 

to specific apoptotic markers within the cell. 
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2.7.1 – Caspase 3/7 Assay 

Caspase activity was assayed within the cell using the Caspase-Glo™ 3/7 assay kit from 

Promega Corporation.  A lumingenic substrate containing the amino acid sequence 

aspartic acid-glutamine-valine-aspartic acid, is cleaved specifically by caspases 3 and 7, 

and measured using a Synergy 2 multi-modal plate reader (BioTek Corp.). 

 

2.7.2 – Agarose Electrophoresis based detection of Caspase Activated DNAses 

DNA “laddering”, a fragmentation pattern characteristic of caspase activating DNAse 

activity and apoptosis was assayed for using the Apoptotic DNA Ladder Kit from Roche 

Applied Science.  The manufacturer’s methods were followed with some modifications.  

Briefly, genomic DNA was isolated from 2.0x106 cells using glass fiber chromatography, 

and visualized on an ethidium bromide-free 1% agarose gel with bromophenol blue-free 

loading buffer run at 75V for 1 hour.  The gel was stained in a solution of 0.5 µg/mL 

ethidium bromide post electrophoresis and imaged on an Alpha Innotech gel 

documentation system.  

 

2.8 - Statistical Analyses 

Statistical significance was determined through the use of unpaired T-tests (P ≤ 0.05) 

between equal or approximately equal numbers of data points.  Regression lines were 

calculated using numerous mathematic models (described within each figure).   T-tests, 

standard error calculations and linear regressions were preformed using SigmaPlot 2000 

version 6.1 (Systat Software Inc.). 
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Chapter 3 - Maximizing Recombinant Protein Expression under Hypothermic 
Conditions through Manipulation of Culture Temperature 
 

Chapter 3.1 – Introduction 

The production of therapeutically useful recombinant proteins, also referred to as 

heterologous proteins or biologics, under mild hypothermic temperatures (30°C to 33°C) 

is a method of protein production which as been described at length in published 

literature and has been employed industrially.  Lower temperature growth offers a simple 

and effective strategy to modulate cell growth and increase protein expression, without 

the need for previously performed additional genetic manipulation or the addition of any 

exogenous chemical agents. 

 

Chapter 3.2 – Results 

Populations of β-interferon-producing Chinese hamster ovary (CHO) cells were cultured 

at temperatures below their physiological normal in an effort to simultaneously reduce 

heterologous protein aggregation and increase production yields.  However, these 

elevated protein yields came at the cost of dramatically reduced cell growth; proportional 

to the magnitude of the temperature decrease.  The aim of this thesis is to build from the 

initial work of Rodriguez et al.(74), further optimizing the hypothermic processes 

employed in the context of increasing the production of monomeric β-interferon. 
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3.2.1 – Hypothermic Growth and Optimization of Bi-phasic Bioprocesses through the 

Induction of Hypothermic Temperature Shifts 

In an effort to alleviate the low temperature growth reduction, strategies which divided 

the cultures into two phases; an initial physiological (37°C) phase followed by a 

hypothermic (30°C to 33°C) phase were employed.  Optimization of these strategies was 

performed to maximize the protein production and product quality through the 

modulation of cell growth. 

 

 

3.2.2 – The Effect of Hypothermic Temperature on Cell Growth and Recombinant 

Protein Expression 

To determine the role of temperature in the production of biologics, cultures were 

inoculated at 1x105 cells/mL and maintained in small-scale (100 mL) stirred glass vessels 

over a range of sub-physiological temperatures and maintained for either 8 days (for 

37°C cultures) or 12 days (for hypothermic cultures).  Temperatures between 31°C and 

33°C were selected for a strategy to simultaneously reduce intermolecular aggregation 

and increase recombinant protein expression.  This range was selected by expanding on 

the 30°C culturing performed by Rodriguez et al.(74), in an effort to increase the 

hypothermic titres which had been previously achieved. 

 

Growth (enumerated using a hemocytometer) was suppressed in a temperature-dependent 

manner (Figure 3.1); essentially halted at 31°C (µ = 0.0003 h-1; doubling-time = 87 days).  

Increasing the culture temperature to 32°C increased cell proliferation 3-fold (µ = 0.001 
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h-1; doubling-time = 29 days), while growth at 33°C resulted in nearly a 9-fold increase 

(µ = 0.0087; doubling-time = 3.3 days); up to 40% of the growth which occurs under 

physiological conditions (37°C) (µ = 0.0215; doubling-time = 1.3 days). 

 

The growth profiles which resulted from temperature manipulation varied between a 

typical physiological culture (max. cell yield = 2.2x106 cells/mL at day 6) to an 

essentially non-proliferative culture (which did not exceed 0.11x106 cells/mL after 12 

days).  Figure 3.2 illustrates the growth of cultures between 31°C and 37°C.  However, in 

the context of biopharmaceutical production, other factors in addition to growth rate must 

be considered; including specific recombinant protein expression (QP; measured in 

units/cell per day) and product quality.  β-interferon, the glycoprotein product 

investigated in this work, is a hydrophobic cytokine prone to temperature-dependent in-

culture aggregation(116).  As only the monomeric form of β-IFN is suitable for 

therapeutic use, in-culture product aggregation was also considered in determining an 

optimum culture temperature. 

 

Specific β-IFN production, a key factor in determining product yields exhibited a slight 

inverse relationship with temperature, however did not vary appreciably between 31°C, 

32°C and 33°C degrees (0.956, 0.868, and 1.009 units/cell per day).  As a result 

temperature optimization was based only on the interplay between cellular proliferation 

(µ) and the rate of product aggregation. 

 



 

48 

Culture Temperature (°C)

30 31 32 33 34 35 36 37

G
ro

w
th

 R
at

e 
(h

-1
)

0.000

0.005

0.010

0.015

0.020

0.025
y = 0.0215 / (1 + e-((x - 33.148) / 0.03826) R2 = 0.9998
Growth Rate

Figure 3.1:  The effect of temperature on the growth rate (µ) of β-IFN producing 
CHO cells.  Non-linear (3-parameter sigmoidal) regression illustrates the 
response over the mild-hypothermic and physiological range. 
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Figure 3.2: The effect of temperature on cell growth profiles of β-IFN 
producing CHO cells.  Cultures were incubated at varying hypothermic 
temperatures (31-33°C) and 37°C in 100 mL suspension cultures. (n = 2 ± 
standard error). 
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Intermolecular aggregation of β-IFN is a function of numerous parameters; one of which 

is the environmental temperature.  Cultures were maintained at varying sub-physiological 

temperatures (31°C, 32°C, and 33°C); allowing the aggregated proportion of their 

respective product yields to be compared to that of a physiological culture (37°C).  

Temperature was found to have a sigmoidal relationship with β-IFN aggregation, with the 

31 – 33°C temperature range having a particularly pronounced effect (Figure 3.3).  

Interferon-beta aggregation was quantified in this work through the ratio of two ELISA 

responses.  The β-IFN titres of untreated and denatured supernatants (supernatants 

adjusted to 14.2 nM β-ME and 0.001% SDS and heated at 100°C for 5 minutes).  The 

SDS within the denaturing mixture dissociates intermolecular aggregation stabilized 

through hydrophobic interactions between protein monomers, while the β-ME reduces 

any covalent bonds which may have formed between sulfide groups on external serine 

residues.  The extent of the process was determined using an ELISA, with the percent of 

non-aggregated β-IFN calculated as a ratio of the non-denatured ELISA response to the 

denatured.  Intermolecular aggregation would reduce the ELISA response within the 

sample by blocking access to exterior epitopes on the interferon molecule.  

 

Although product aggregation at 31°C was minimal (approximately 10%), hypothermic 

growth arrest was so severe (µ = 1.4% of a 37°C culture) at this temperature that there 

was no significant cell growth throughout a 12 day culture.  Determining the optimal 

temperature between 32°C and 33°C was more complex.  Proliferation at 32°C was 
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Figure 3.3:  The effect of temperature on in-culture intermolecular aggregation of β-
IFN produced by CHO cells.  Non-linear (3-parameter sigmoidal) regression illustrates 
the effect over mild-hypothermic and physiological temperatures. 
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 increased 3.5-fold over 31°C (although still only 5% of a 37°C culture); and product 

aggregation was limited to less than 50% of physiological conditions.  Increasing the 

temperature further to 33°C increased cell growth significantly (40% of a 37°C), but also 

increased product aggregation to nearly 70% of a physiological culture (resulting in a loss 

of nearly 50% of the product yield).   

 

3.2.3 – Bi-phasic (Temperature-shift) Cultures to Increase Recombinant Protein Yields 

Raising the culture temperature from 32°C to 33°C induced an increase in cellular growth 

which was significantly greater than that of the increase in product aggregation (8-fold 

and 1.4-fold respectively).  Product yields at 33°C were also 26% greater; indicating that 

the warmer temperature may increase production more than it aggregates product 

monomers.  However intermolecular aggregation is irreversible and self-perpetuating, 

therefore production strategies should aim to minimize β-IFN aggregation. 

 

Temperature-shift strategies were therefore employed to increase cellular growth without 

significantly increasing product loss.  By initiating cultures under physiological 

conditions (37°C) and then lowering their incubation temperature to sub-physiological 

temperatures, growth under sub-physiological conditions is enhanced.  Temperature 

shifts were performed with the two most promising hypothermic temperatures (32°C and 

33°C), as determined in Chapter 3.2.1, in an effort to increase low temperature growth. 

By preceding sub-physiological growth with a period of 37°C incubation, growth arrest 

was alleviated in a time-dependent manner.  Temperature shifts (to 32°C and 33°C) were  

initiated after 24, 48 and 72 hours of physiological growth; increasing the maximum cell 
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 yields from less than 0.5x106 to over 2.0x106 cells/mL in a non-linear (sigmoidal) 

response (Figure 3.4). 

 

3.2.3.1 – Growth and Production Responses to 37°C – 32°C Temperature Shifts 

Growth of cells within a 32°C temperature-shifted cultures is illustrated in Figure 3.5.  

Continuous hypothermic incubation resulted in minimal cell growth, reaching only 

0.13x106 cells/mL after 12 days of incubation.  The induction of temperature shifts at 24 

and 48 hours increased maximums to 0.48x106 and 1.15x106 cells/mL respectively, while 

a 72-hour shift yielded near physiological growth (2.2x106 cells/mL).  β-IFN expression 

also increased with an extended 37°C phase.  However, unlike cell growth, production 

under physiological conditions did not outperform cultures which underwent a period of 

low temperature growth.  

 

The product yields of a 1-day temperature-shift (Tshift = 1 day) culture was 1.75-fold 

greater than 37°C cultures after 8 days of incubation.  Increasing Tshift to 48 and 72 hours 

subsequently increased product titres to 3-fold and 3.3-fold respectively; however 

increased aggregation at Tshift = 72 hours reduced monomeric β-IFN titres to less than  

(95%) a 48-hour temperature shift (Figure 3.6). 

 

3.2.3.2 – Growth and Production Responses to 37°C – 33°C Temperature Shifts 

Temperature shifts induced at 33°C demonstrated a similar Tshift-dependent proliferation 

response; however at a reduced rate compared to 32°C cultures (Figure 3.4).  Maximum 
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Figure 3.4:  The effect of time of temperature shift on maximum cell 
yields in small-scale agitated (100 mL) cultures of β-IFN-producing 
CHO cells.  Time of induction was varied (at 32°C and 33°C)  between 
24 and 72 hours, as well as non-shifted (hypothermic) and physiological 
(37°C) cultures.  All titres were measured after 8 days of incubation, with 
the exception of the physiological culture which was measured after 4 
days due to decreased cell viability. Non-linear (3-parameter sigmoidal) 
regression illustrates the response over the mild-hypothermic, 
temperature shifted and physiological range. (n = 2 ± standard error). 
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Figure 3.5: Growth response of CHO cells under physiological (37°C), 
hypothermic (32°C) and temperature-shifted conditions in small-scale (100 
mL) agitated cultures.  Arrow indicates times of temperature shift. (n = 2 ± 
standard error). 
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Figure 3.6: β-Interferon titres (day 8) from physiological (37°C), hypothermic 
(32°C) and temperature-shifted agitated (100 mL) cultures.  Monomeric (black) 
and aggregated (grey) product concentrations as well as the percent of non-
aggregated β-IFN are illustrated. 
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cell yields increased 2.25 to 2.75-fold over a non-shifted culture (at Tshift of 48 and 24 

hours respectively).  Increasing Tshift to 72 hours further increased the maximum cell 

yield to 3.75-fold; 90% of a completely physiological culture (Figure 3.7).  At both 32°C 

and 33°C, extending the 37°C growth phase transformed the culture further towards a 

physiological growth profile. 

 

The volumetric production response at 33°C was proportional to that of 32°C cultures; 

with the increased the cell yields at 33°C increasing titres under all conditions (Figure 

3.8).  Product titres were elevated between 12% to 37%, with maximum production 

induced by a day 3 temperature shift (1.8x107 units/mL); 4.3-fold greater than a 

physiological culture.  The magnitude of the production increase over 32°C cultures was 

inversely proportional to the length of the initial 37°C production phase (inversely Tshift-

dependent), with diminished increases occurring in cultures with a later Tshift (Figure 3.9). 

As the increased product yields at 33°C (over 32°C) were reduced by bi-phasic culturing 

(Figure 3.9) and the intermolecular aggregation was also increased (Figure 3.3); Tshift = 

48 hour 32°C cultures were determined to maximize monomeric β-IFN production.  

These conditions were utilized for all subsequent temperature-shift cultures. 

 

3.2.4 – Enhanced Proliferation is not a Response to Elevated Cell Density at Time of 

Shift. 

Temperature-shift strategies result in a significant accumulation of cellular biomass prior 

to the induction of the hypothermic production phase.  The population generated during 
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Figure 3.7: Growth response of CHO cells under physiological (37°C), 
hypothermic (33°C) and temperature-shifted conditions in small-scale (100 
mL) agitated cultures. Arrows indicate time of temperature shift.  (n = 2 ± 
standard error). 
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Figure 3.8: Interferon-beta titres (day 8) from physiological (37°C), hypothermic 
(33°C) and temperature-shifted agitated (100 mL) cultures.  Monomeric (black) 
and aggregated (grey) product concentrations as well as the percent of non-
aggregated β-IFN are illustrated. 
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Figure 3.9: The effect of increased Tshift on β-IFN production at different culture 
temperatures (32°C and 33°C).  This figure illustrates the increased product titre 
from culturing the cells at 33°C over 32°C during a series of increasingly delayed 
temperature shifts.  Production enhancement from the increased temperature 
decreases in response to a delayed Tshift when the incubation temperature is raised 
from 32°C to 33°C; with no significant gain after 48 hours.  Product titres were 
normalized to physiological control cultures.  Non-linear (3-parameter exponential 
decay) regression illustrates the response over increased lengths of the initial culture 
growth phase (from a non-shifted culture to Tshift = 72 hours). 
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 to the induction of the hypothermic production phase.  The population generated during 

the initial physiological growth phase is necessary to maximize the benefit of the 

enhanced hypothermic QP.  While the benefits of bi-phasic culturing are multiplied by 

increased cell titres and an increased rate of hypothermic growth, enhanced growth 

during a temperature-shifted culture’s post-shift hypothermic phase is not due directly to 

an elevated inoculum upon entering the hypothermic production phase. 

 

To demonstrate this, hypothermic (non-shifted) cultures were inoculated with varying 

inoculums (0.1x106 to 1x106 cells/mL) and incubated continuously at 32°C (Figure 

3.10A).  Regardless of inoculation density, all populations exhibited little or no growth.  

The populations of inoculated cultures steadily declined at rates between 0.15x103 to 

4.91x103 cells/hour; proportional to their initial inoculum.  This is in contrast to a 

temperature-shift (37°C to 32°C; Tshift = 48 hours) culture which continued to actively 

proliferate under hypothermic conditions (5.62x103 cells/hour) (Figure 3.10B).  The 

significantly different responses of high-inoculum and temperature-shifted cultures 

demonstrated that the cell density at Tshift is not the sole contributing factor to enhanced 

hypothermic growth within temperature shifts.  Inoculating hypothermic cultures at a 

density equivalent to that of a temperature-shifted population (at time of shift; 0.5x106 

cells/mL) did not induce a shift-like growth profile.  A moderate hypothermic 

proliferative response was observed in cultures where the inoculum was not pre-washed 

in an isotonic phosphate buffered saline solution prior to inoculation (Figure 3.11).    

After inoculating at 1x106 cells/mL, the unwashed culture increased to 1.7x106 cells/mL 
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Figure 3.10:  The effect of initial inoculum on hypothermic (32°C) 
culture growth in 100 mL agitated cultures (panel A) compared to 
physiological (37°C) and temperature-shifted cultures (panel B).  Arrow 
indicates time of temperature shift.  (n = 2 ± standard error) 
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Figure 3.11: Effect of a pre-inoculation wash (isotonic phosphate buffered 
saline; pH 7.1) on hypothermic (32°C) culture growth. (n = 2 ± standard 
error). 
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after 48 hours, before decreasing at a similar rate (7.3x103 cells/hour) to the PBS-washed 

culture.  This indicates the possibility that in-culture secreted factors, which in this 

experiment would have been transferred as part of the inoculum, may play a role in active 

hypothermic proliferation. 

 

 

Chapter 3.3 – Discussion 

 

3.3.1 – Maximizing Recombinant Protein Expression under Hypothermic Conditions  

The development of bioprocesses for the production of β-interferon production was 

begun as a collaborative research project between our research group at the University of 

Manitoba (under the supervision of Dr. Michael Butler) and Cangene Corporation.  

Interferon-beta (Figure 3.12), a class I interferon, is a hydrophobic cytokine involved in 

the innate anti-viral immune response and used therapeutically in the treatment of 

multiple sclerosis (by limiting the interaction of activated T-cells with the central nervous 

system)(117). 

 

3.3.2 – Hypothermic Growth and Optimization of Bi-phasic Bioprocesses through the 

Induction of Hypothermic Temperature Shifts 

High yields of recombinant protein were obtained through a bi-phasic culture strategy 

involving a temperature shift from a physiological temperature (37ºC) to hypothermic 

temperatures; increasing cell specific productivity (QP) (94).  The ability to attain high 
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Figure 3.12: Structure (2.2Å resolution) of the Human β-
interferon glycoprotein monomer.  Hydrophobic residues are 
indicated in orange.  Based on the structure of Karpusas et al. 
1997; PBD 1au1 (1) and rendered using PyMOL molecular 
visualization software. 
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product titres is dependent upon the balance of the internal state of the cell as well as the 

timing and magnitude of the temperature change (118).   

 

 
3.3.2.1 – Improving β-IFN Product Quality through Hypothermic Production Strategies  
 
Immediately upon exposure to near hypothermic temperatures (30°C – 33°C) cell 

proliferation was dramatically reduced.  The reduction in cell growth was proportional to 

the decrease in culture temperature; following a sigmoidal relationship (Figure 3.1).  

Incubation between 30°C and 32°C resulted in a nearly complete growth arrest.  Between 

34°C and 37°C proliferation approached physiological rates, while 33°C represented a 

mid-point between the two ranges (Figure 3.2).  This illustrates how temperature can be 

used as a parameter to influence cell growth in-culture. 

 

Also induced under hypothermic conditions was a general down-regulation of cap-

dependent protein translation; believed to be the initiating response of the low 

temperature cellular response.  β-interferon, typical of heterologous products, was among 

a population of genes(62) up-regulated in response to mild cold-shock.  Internal ribosome 

entry sites (IRES) are believed to allow these genes to circumvent the cell-wide down-

regulation of translation, and have been engineered into recombinant expression vectors 

for this purpose(119).  The exact molecular connections between the detection of 

decreased environmental temperature, non-specific down-regulated cap-dependent 

translation, cellular growth arrest and the up-regulation of IRES-specific transcripts is 

still not understood; however from the perspective of recombinant protein manufacturing 

these systems can be manipulated to favour increased production. 
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The effect of the cap-independent increase of β-IFN formation was significant.  The 

cellular rate of β-IFN production (QP) increased 2-fold, comparable to productivities of 

many published hypothermic production strategies (Table 1.2).  Product titres increased 

accordingly to the increased QP, however the hypothermic conditions decreased cell 

proliferation dramatically (approximately 2.5-fold more than production was increased).  

Although total product yields did not exceed physiological yields at any of the 

hypothermic temperatures investigated; product quality must be considered when 

evaluating interferon titres.  Aggregated interferon monomers cannot be employed 

therapeutically; therefore only increases in monomeric (non-aggregated) β-IFN represent 

biotechnologically relevant improvements. 

 

A further advantage of low temperature cultivation on the production of β-IFN is the 

reduction of the intermolecular aggregation of the protein product.  Aggregation is caused 

by interactions between the hydrophobic monomers, attempting to sequester their 

external non-polar residues (represented in orange in Figure 3.11) from their aqueous 

environment.  This results in aggregates which are ineffective as therapeutic agents (116).  

In our system, aggregation is monitored by a reduction in the ELISA response as the 

epitopes become unavailable for binding to the detecting antibody, a correlation which 

has been confirmed through SDS-PAGE and gel permeation chromatography (74).   

Although the hypothermic conditions cannot prevent aggregation, they can increase the 

threshold of product concentration or residence time at which molecular aggregation 

occurs (74).  This relationship (Figure 3.3) demonstrates that production under 

increasingly hypothermic environments results in decreased in-culture aggregation, and is 
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further illustrated in Figures 3.6 and 3.8 where monomeric β-IFN approximately meets or 

exceeds physiological production at 32°C or 33°C respectively; despite significantly 

reduced overall product titres (and concurrent with dramatically reduced cell growth).. 

 

3.3.2.2 – Circumventing Hypothermic Growth Arrest with Bi-phasic Bioprocesses 
 
The combining of physiological and hypothermic phases within a single culture is 

capable of inducing near physiological growth while maintaining the enhanced 

productivity of low temperature cultures.  Manipulating the balance between these two 

phases, through adjusting the time of the temperature shift (Tshift), provides a culture 

parameter which allows an essentially seamless transition between hypothermic and 

physiological proliferation (Figure 3.4).  The mechanism through which the physiological 

growth phase alleviates G1-growth arrest is still not understood.  As physiological 

cultures remain proliferative throughout the length of their culture, a significant portion 

of their cells have been found to reside in S-phase.  However in both temperature-shifted 

and hypothermic cultures the percentage of S-phase cells was very low (below 5% in bi-

phasic cultures and lower within non-shifted).  This was proportional to their rate of cell 

growth, and concurrent with increasing G1-arrested cells (78).  It can only be assumed 

that during the initial physiological period the cells accumulated unidentified factors 

which allowed for sustained proliferation into the hypothermic phase. 
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3.3.2.3 – Increased Bi-phasic Growth is not a Factor of Increased Biomass at Time of 

Shift 

As the initial culture inoculations and hypothermic temperature shifts both occur while 

the cells are undergoing exponential growth; there appears to be few remarkable 

differences between a (non-shifted) hypothermic culture and a bi-phasic culture except 

for the cell density at the time of initial hypothermic exposure.  Hypothermic cultures 

within this work (unless otherwise described) were inoculated with a population of cells 

harvested from a culture maintained at 37°C (1x105 cells/mL).  Bi-phasic cultures were 

initiated using identical inoculums; however the cells were maintained for an additional 

24 to 72 hours at 37°C prior to hypothermic exposure.  As the shift occurred during 

exponential cell growth, from the perspective of cells within the hypothermic phase of a 

bi-phasic culture, it could appear indistinguishable to a non-shifted 32°C culture 

inoculated at a higher cell density (typically around 5x105 cells/mL). 

 

To determine whether the enhanced hypothermic growth exhibited during the production 

phase was attributed to this, hypothermic cultures were inoculated at varying cell 

densities; from 1x105 to 1x106 cells/mL.  Unlike the hypothermic production phase of a 

temperature-shift culture; all hypothermic cultures, regardless of inoculum exhibited no 

significant proliferation at sub-physiological temperatures.  Therefore it must be 

concluded that the effectiveness of the bi-phasic culture system is not a result of entering 

hypothermic state with an increased culture biomass.  Other factors which have been 

hypothesized to aid cell proliferation during sub-physiological temperatures, such as 
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cellular energy state (adenylate energy charge) were not found to be affected by low 

temperature exposure(78).   

 

Throughout the cultures described in this thesis, subculturing occurred through the 

inoculation of new cultures with an inoculum harvested from a viable, exponentially 

growing population of cells.  The cells were then washed in an isotonic solution of 

phosphate buffered saline, resuspended in fresh media, and diluted to a concentration of 

1x105 cells/mL.  Inoculums which were not washed; removed from viable cultures and 

immediately resuspended into new media exhibited a short period of active hypothermic 

growth (Figure 3.11).  It is apparent that inoculum volume (approximately 0.5 to 1 mL), 

carried over from the preceding culture, contains secreted factors which increased 

proliferation under hypothermic conditions.  Although these factors remain unidentified, 

their mitogenic effects were completely absent once the inoculum was washed and 

resuspended in fresh media.  Characterization of these factors and their effect on cell 

proliferation remains an unexplored aspect of hypothermic bioprocesses which could aid 

in the development of low temperature-specific media formulations, further increasing 

recombinant protein titres. 
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Chapter 4 – The Adaptation of Recombinant CHO Cells to Hypothermic Temperatures 
to Enhance Heterologous Protein Expression 
 

Chapter 4.1 – Introduction 

Chinese hamster ovary cells, typical of all cells of mammalian origin, are capable of their 

maximum cellular growth at physiological (37°C) temperatures.  Reducing their 

environmental temperature proportionally reduces cell growth through the range of mild-

hypothermic temperatures (30°C through 35°C).  This hypothermic growth arrest is 

induced through an active mechanism of cell cycle regulation; inducing arrest at the G1/S 

checkpoint and concurrently increasing heterologous protein expression. 

 

Chapter 4.2 – Results 

Despite increased hypothermic proliferation during post-shift production phases (5-fold 

greater than non-shifted hypothermic cultures), growth was still significantly reduced 

from physiological conditions (µ = 0.0067 and 0.0307 respectively).  The limiting effect 

of cold-induced growth reduction on recombinant protein expression could be alleviated 

through the culturing of cells inherently capable of further enhanced hypothermic growth.  

The isolation of cells which were capable of active hypothermic growth would likely 

select for cells with comprised cell cycle regulation; allowing for growth at otherwise 

inhibitory temperatures. 
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4.2.1 – Growth Properties of Cold-Adapted Cell Lines 

Two populations of cold-adapted cells were isolated which exhibited enhanced and 

sustained growth at hypothermic temperatures (32ºC). To achieve this, parallel 

subcultures of a β-IFN-producing CHO cell line (maintained at 37°C) were cultured 

continuously for 400 days (50 eight-day passages) under hypothermic conditions (32°C) 

in 75 cm2 (non-agitated) T-flasks.  Their response to low temperature selection was 

characterized in three distinct phases: (I) an initial pre-adaptation phase, (II) an “adapted” 

phase during which the cells exhibited stable growth (µ) and specific productivity (QP), 

and (III) a final phase during which growth and production rates began to fluctuate 

dramatically.   

 

Both β-IFN-producing populations exhibited a similar adaptation response.  This is in 

contrast to a population of ATCC purchased tissue plasminogen activator (t-Pa)-

producing CHO cells which underwent the same hypothermic selective process yet no 

successful isolation was achieved. 

 

4.2.1.1 – β-IFN Population “A” Growth and Production Kinetics throughout the 

Adaptation Process 

During the initial pre-adaptation phase (phase I; passages 1 to 12) the first of the two β-

IFN adapted populations (“Population A”) immediately exhibited a reduced growth rate 

(μ = 0.007 h-1) compared to 0.034 h-1 at 37ºC, and a 3.3-fold enhanced QP over 37ºC (QP 

= 1.383 and 0.419 units/cells per day respectively).  This response was typical of 

recombinant CHO cells lines cultured under mild hypothermic conditions(94).  In the 
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subsequent four passages μ decreased further, correlating with a dramatic rise in QP.  By 

the fifth passage μ had decreased nearly 5-fold, while QP increased approximately 2-fold 

(Figure 4.1A and 4.2A).  After this initial period (phase I) of low temperature exposure, 

the cell’s rate of growth and recombinant protein expression began to approach levels 

similar to those during their first hypothermic passage.  By passage 12, both μ and QP had 

returned to these initial levels; 0.0125 h-1 and 1.031 units/cell per day respectively. 

 

During phase II (passage 12 to 32) the population sustained an enhanced QP typical of 

hypothermic conditions; 1.343 ± 0.390 units/cell per day (Figure 4.2A), while μ gradually 

increased to a mean value of 0.012 h-1, which was sustained over 20 passages.    This 

period (passages 12 to 32) was designated phase II and chosen to be representative of the 

cold-adapted cell population “A”.   The mean growth rate of these cells was almost 2-fold 

higher than the mean growth rate (0.007 h-1) (Table 4.1) of a comparable set of “non-

adapted” cultures growing cells at 32ºC with no previous hypothermic exposure (the 

inoculum taken directly from a physiological environment).   This enhanced growth rate 

of the cells maintained over phase II was the basis for designating these cells as cold-

adapted.  The increased growth rate was statistically significant (P < 0.0001) and was not 

associated with a change in specific productivity (QP).  The effect of cold-adaptation on 

the growth rate of population “A” is summarized in Table 4.1. 
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Figure 4.1: Growth rate (panel A) and maximum achieved cell densities (panel B) over the 
low temperature adaptation process of β-IFN producing adapted population “A”.  Vertical 
breaks indicate sub-divisions (phase I, II and III) of the adaptation process. 
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Figure 4.2: Specific (panel A) and volumetric productivities (panel B) achieved throughout the 
low temperature adaptation process of β-IFN producing population “A”.  Representative 
physiological values indicated as dashed line (      ). Vertical breaks indicate sub-divisions (phase 
I, II and III) of the adaptation process. 
 



 

76 

Throughout phase III (passages 33 through 50) µ remained elevated (increasing 1.5-fold 

to a maximum of 0.018 h-1 at passage 41), however specific β-IFN production was 

inconsistent and decreased nearly 70% by end of the adaptation process.  This indicated 

that phase II of the adaptation process; which exhibited stable, predictable and enhanced 

protein expression, is the preferred window of passages from which further 

characterization should be performed. 

 

4.2.1.1 – Cell and Recombinant Protein Yields of the β–IFN-Producing Population 

“A” in Response to Sustained Low Temperature Growth 

Under hypothermic conditions both the non-adapted and cold-adapted population “A” 

maintained a QP at least 2-fold greater than that of a non-adapted culture under 

physiological conditions (Table 4.1).    Both populations sustained a QP at 32°C of 0.805 

± 0.013 and 1.343 ± 0.390 units/cells per day respectively which was significantly 

increased from that of a physiological population (0.419 ± 0.007 units/cells per day; P < 

0.0001).   

 

The volumetric protein yield generally increased with increased hypothermic exposure, 

reaching a maxima of 1.4x107 units/mL at passage 41 (Figure 4.2B).  This also 

corresponded to the highest recorded cell yield (3.0x106 cells/mL; Figure 4.1B).  These 

high product titres and cell densities were observed in within phase III, however during 

this phase yields were not sustained and product expression quickly declined due to 

decreasing QP. 
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4.2.1.3 – β-IFN Population “B” Growth and Production Kinetics throughout the 

Adaptation Process 

The second population (population “B”) of the two β-IFN-producing CHO cells subjected 

to cold-adaptation exhibited a very similar response to extended low temperature 

cultivation.  The growth response during phase I (passages 1 – 12) mirrored that of 

population “A”; a 5-fold reduced growth rate compared to physiological cultures (0.007 

h-1 and 0.034 h-1 respectively) and a 2.8-fold increase in the QP of β-IFN  (1.193 from 

0.419 units/cell per day).  Cell proliferation continued to decrease, reaching a minimum 

of 0.002 h-1 (passage 3), before increasing and surpassing the initial low temperature 

response by nearly 2-fold.  The adapted population achieved a stable growth rate of 0.012 

h-1 by passage 12, which was maintained into phase II (Figure 4.3A). 

 

Specific β-IFN production further increased 2.3-fold to 2.795 units/cell per day during the 

first five low temperature passages (40 days), however returned to its initial levels prior 

to phase II (Figure 4.4A). 

 

During phase II µ and QP remained stable (0.012 ± 0.001 h-1 and 0.868 ± 0.035 units/cell 

per day) (Table 4.1).  The growth rates of both population “A” and “B” were identical; 

although the specific β-IFN of population “B” was 35% lower.  Despite a decreased rate 

of product expression, the productivity of population “B” was more stable; with 10-fold 

less variability between passages (standard deviations of 0.390 and 0.035 respectively).  

Due to this stability; with variations of less than 8% (µ) and 4% (QP), phase II cells from 
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Figure 4.3: Growth rate (panel A) and maximum achieved cell densities (panel B) over the 
low temperature adaptation process of adapted β-IFN producing population “B”.  Vertical 
breaks indicate sub-divisions (phase I, II and III) of the adaptation process. 
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Figure 4.4: Specific (panel A) and volumetric productivities (panel B) achieved 
throughout the low temperature adaptation process of β–IFN producing population “B”. 
Representative physiological values indicated as dashed line (     ). Vertical breaks 
indicate sub-divisions (phase I, II and III) of the adaptation process. 
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Table 4.1:  Effect of Low Temperature Adaptation on μ, QP and maximum volumetric 
productivity of β-IFN-producing cells in stationary cultures 
 

Culture 
  

Temperature
 (ºC) 

 Growth 
 Rate 
 μ (h-1) 

Specific 
Productivity 
QP 
(units/cell per day) 

Total 
Volumetric  
Production 
(units/mL) ‡ 

Non-adapted  37ºC 0.034 ± 0.001 0.419 ± 0.007  3.40x106 

 32ºC 0.007 ± 0.002 0.805 ± 0.013 2.72x106 

 

Adapted † 32ºC A 0.012 ± 0.001 1.343 ± 0.390 5.72x106 

          B 0.012 ± 0.001 0.868 ± 0.035 5.77x106 

 

† Values  based on averages of cultures during phase 2 (n = 20) 
‡ Based on culture lengths of four and twelve days for 37ºC and 32ºC respectively 
A, B indicate two individual isolated cold-adapted cell populations 
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population “B” were selected to be representative of cold-adapted cells for all subsequent 

characterization and experimentation.  Table 4.1 summarizes the growth and production 

kinetics of this population. 

 

Phase III cultures, similar to their counterparts in population “A”, exhibited increased 

instability in cellular growth (although to a lesser extent than in population “A”) (Figures 

4.3A and 4.1A). Specific productivity declined throughout phase III, reaching a minimum 

of 0.384 units/cell per day (passage 48) (Figure 4.4A). 

 

4.2.1.4 – Cell and Recombinant Protein Yields of the β–IFN-Producing Population 

“B” in Response to Sustained Low Temperature Growth 

Maximum cell yields at each passage were consistent throughout phase II (1.06x106 ± 

0.14x106 cells/mL), peaking at 1.34x106 cells/mL (passage 24) (Figure 4.3B).  

Fluctuations in β-interferon yields were therefore proportional to changes in QP, which 

during phase II and the majority of phase III exceeded the production of a physiological 

CHO culture (Figure 4.4B).  This demonstrates that the loss of specific productivity 

during late phase III lead to substantially reduced protein titres, emphasizing the 

importance of stable cellular QP and the selection of phase II cells in overall bioprocess 

design. 
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4.2.1.5 – Growth and Production Kinetics of t-PA-Producing CHO Cells during 

Sustained Low Temperature Exposure 

Contrary to the adaptation response observed in β-interferon cell lines, prolonged 

hypothermic culturing of a t-PA-producing CHO cell line failed to select for enhanced 

low temperature growth. 

 

Immediately following incubation at 32°C the growth rate of the t-PA-producing 

population was reduced nearly 50% to 0.008 h-1 (from 0.017 h-1 at 37°C).  Over 

subsequent passages µ was further reduced to below zero levels (at passage 6), where 

after 8 days there were fewer cells in culture than in the initial inoculum.  Following this 

minimum the growth rate recovered to initial hypothermic levels (increasing to 0.008 h-1 

by passage 10).  Although this response is typical of hypothermic growth and mirrored 

the responses of both β-interferon lines; unlike the β-IFN populations, µ decreased again 

to 0.002 h-1 and did not recover from this level of near-zero growth (Figure 4.5A) 

 

Specific t-PA production also initially followed a typical hypothermic response.  

Productivity was increased 4-fold following initial low temperature exposure, and 

followed µ in an inversely proportional manner (increasing another 430% by passage 4).  

However following this maximum, QP dramatically decreased to near zero levels during 

the next passage, resulting in essentially no t-PA production. (0.4 units of t-PA/cell·day) 

(Figure 4.6A) 
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Figure 4.5: Growth rate (panel A) and maximum cell densities (panel B) achieved over 
the low temperature adaptation process of a t-PA-producing CHO cell population. 
Vertical breaks indicate sub-divisions (phase I, II and III) of the adaptation process. 
Culture terminated at passage 13 due to low cell growth and viability. 
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4.2.1.6 – The Effect of Continuous Low Temperature Growth on Cell and 

Recombinant Protein Yields of t-PA-Producing CHO Cells 

As a result of low temperature growth reduction and the lack of any adaptation response, 

the t-PA-producing population did not increase in cell yield beyond the initial 

hypothermic response (reduced 74% from physiological conditions).  Cell yields declined 

10-fold (from 0.75x106 cells/mL) to a minimum of 0.085x106 cells/mL (at passage 6); the 

t-PA-producing population then recovered to 60% of its initial hypothermic yield 

(0.47x106 cells/mL).  However this increase was not sustained; cell yields progressively 

declined between passage 10 and 14 (0.18x106 cells/mL) when the adaptation process 

was discontinued (Figure 4.5B) 

 

Product yields, determined through ELISA assays, were affected two-fold: through the 

gradual reduction in population densities and the nearly complete loss of specific 

productivity which occurred at passage 5.  Product yields, as a result, immediately 

dropped to 23% of those of a 37°C culture (which previously had met or exceeded 

physiological levels).  In subsequent passages, titres further decreased to 0.45x106 

units/mL (1.5% of initial hypothermic production) (Figure 4.6B).  This catastrophic 

decrease in production resulted in the termination of the adaptation process for this cell 

population at passage 13. 

 

4.2.2 – Successful Isolation of a Cold-Adapted Population 

Based on the growth and production kinetics of the two β-interferon- and the t-PA-

producing CHO cells lines, the β-IFN population “B” was selected as a model for further 
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characterization and bioprocess development.  The t-PA-producing cell line was excluded 

as it did not demonstrate any adaptive properties.  Both β-IFN-producing populations 

exhibited enhanced low temperature growth (increased 1.7-fold over a non-adapted 

population); however there was significant passage-to-passage variation in the specific 

productivity of population “A” (± 30%).  The β-IFN population “B” was more consistent, 

7.5-fold less variable than population “A” (± 4%). 

 

To minimize variations between cultures, the window of passages already described as 

phase II was defined.  This period, mid-way through the adaptation process, 

demonstrated the most consistent growth and production properties between consecutive 

passages in both adapted β-IFN cell lines; with population “B” the most consistent of the 

two.  As a result all ensuing experimentation was performed using inoculums harvested 

from phase II, population “B” cultures.  All further references to cold or low-temperature 

adapted cells will be referring to cells derived this sub-set of the low temperature 

adaptation process, unless otherwise stated. 

 

4.2.3 – Morphological Changes in Cold-adapted Populations 

In addition to affecting cell growth and recombinant protein production kinetics, the low 

temperature-adaptation process induced changes in other aspects of the population’s 

physiology; including physical alterations to cellular structure.  
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4.2.3.1 – Cold-adapted Population Significantly Enlarged through Adaptation Process 

While monitoring the low temperature-adapted cells in T-flask cultures, it was observed 

that the cells from the adapted populations appeared enlarged; including a small 

percentage of cells which were up to 10-fold larger than an average 37ºC cell.  The areas 

of cells from adapted and non-adapted populations grown in stationary cultures were 

determined microscopically using a differential interference contrast (DIC) equipped 

Zeiss AxioImager Z1 with a Plan-Apochromat 20x/0.8 objective and AxioVision 

software (Figure 4.7A).  Representative images of the two populations are presented in 

Figures 4.7B and C.   

 

The size of the cold-adapted cells increased significantly, on average 52% larger and 

more varied in size than those from the non-adapted population; with an average size of 

237.5 ± 139.4 μm2 compared to 156.2 ± 48.7 μm2 in the non-adapted population (P < 

0.0001).   Cells as large as 2205 μm2 in area were observed within the adapted 

population, although this extraordinarily large phenotype was not representative of the 

majority of cold-adapted cells.  The proportion of cells larger than 1000 μm2 in area was 

less than 0.5% of the total adapted population; cells of this size are indicated by arrows in 

Figure 4.7.  There were no cells larger than 500 μm2 in area observed in any of the non- 

adapted cultures, while 3.8% of the adapted cells were larger than the largest non-adapted 

cell. 
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Figure 4.7: Distribution of cell sizes of low temperature-adapted and non-adapted CHO cells (panel 
A; n = approx. 650 cells per group).  Arrows indicate presence of atypically enlarged (5-10 fold) 
cold-adapted cells.  Images of low temperature-adapted cells (panel B) and non-adapted cells (panel 
C) to illustrate the increased variability of the adapted population (Bar = 25 μm). 



 

89 

4.2.3.2 – Enhanced Multi-nucleation/Nuclear Fragmentation within the Population of 

Low Temperature-Adapted Cells 

Within the population of adapted CHO cells it was noticed that in addition to an overall 

larger cell size, the cells appeared to have either become significantly more multi-

nucleated or to have undergone an extensive amount of nuclear fragmentation.  The 

number of nuclei per cell in populations of low temperature-adapted and non-adapted 

interphase cells is presented in Figure 4.8A. 

 

The adapted population contained significantly more nuclei and/or nuclear fragments per 

cell (P < 0.0001).  The non-adapted CHO cell population was predominantly 

mononucleate, with 87% of the population having only one nucleus.  The remainder of 

the population was binucleate, with less than 2% of the population containing 3 or 4 

nuclei or nuclear fragments.  No cells in the non-adapted culture were found to contain 

more than 4 nuclear bodies. 

 

Cells which had been adapted to low temperature growth had a significantly different 

nucleation profile.  While the majority of the cells were still mononucleate, only 64% of 

the cells had only one nucleus.  Approximately 15% of the remaining cells were 

binucleate, with an additional 10% containing 3 or 4 nuclear bodies.  In contrast to the  

non-adapted population, nearly 10% of the low temperature-adapted cells contained 
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Figure 4.8: Multi-nucleation and/or nuclear fragmentation (panel A) in 
response to the low temperature adaptation of CHO cells (n = 400 cells per 
group).  3D reconstructions typical of mononucleate to tetranucleate nuclear 
complexes are illustrated (panels B through E). 
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 more than 4 nuclei or nuclear fragments.  A small proportion of the cell population 

(<1%) was observed to contain up to 12 nuclei and/or nuclear fragments.  

 

The non-adapted population had on average 1.15 nuclei and/or nuclear fragments per cell, 

while cells in the adapted cultures contained 1.97, an increase of approximately 70%.  3D 

reconstructions of DAPI-stained nuclear complexes containing various numbers of 

nuclear fragments are illustrated in Figure 4.8B through E and again in Figure 4.9 in 

context with their cellular morphology.   These are representative of the populations 

described within Figure 4.7A, and illustrate both symmetric and asymmetric nuclear 

fragmentation.  The increase in fragmentation may be indicative of elevated rates of 

genetic instability, improper chromosome segregation, disrupted cytokinesis or overall 

mitotic failure within a subset of the adapted population (120).   

 

No distinction was made between cells which were fully bi-nucleate, containing a 

complete additional set of genetic material (a result of completed mitosis and failed 

cytokinesis) and cells in which their nuclei had fragmented during mitosis into distinct, 

incomplete nuclear bodies.  The terms nuclei, nuclear fragments and nuclear bodies are 

used interchangeably throughout this section due to this lack of intra-nuclear analysis.   

 

4.2.4 – Proteome Level Analysis of Low Temperature-adaptation Induce Changes 

A proteomic-level analysis of adaptation-induced changes was performed, quantifying 

differential protein expression levels between the two adapted populations and a non-

adapted β-interferon-producing CHO population.   
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Figure 4.9: 3D representations and 2D micrographs of single and multi-
nucleated/fragmented complexes.  Panels A through F represent 3D reconstructions of 
mono- and multinuclear complexes.  Asterisks identify presence of micronuclei. 
Number of distinct nuclear fragments indicated in each frame.  2D micrographs from 
the represented cells (panels a through f) illustrate relationship between nuclear 
material (blue) and cell morphology. (Bar = 2 µm) 
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Two-dimensional fluorescence differential in-gel electrophoresis (DIGE) was employed, 

allowing a broad-based investigation of expression changes between the populations.  

Proteins were isolated through two-dimensional electrophoresis; separating based on their 

apparent molecular weight and isoelectric point (pI) (Figure 4.10)  Identities of the 

proteins which exhibited statistically altered expression levels (T-test calculated p-values 

< 0.1) were predicted based on the electrophoretic response of a set of internal molecular 

weight and pI standards. 

 

Electrophoretically isolated proteins which demonstrated similarly altered expression in 

both adapted populations are described in Table 4.2.  Nine statistically significant 

proteins were detected; identifications of four of these were possible using a 2D 

electrophoresis map of the Chinese hamster proteome(121).  An unidentified heat-shock 

protein was found to be up-regulated 1.7 and 2.3-fold in both populations of the adapted 

cells.  A second isolate, determined to be either lactate dehydrogenase A (LDH-A) or 

phosphoribosylpyrophosphate synthetase I was up-regulated 1.3-fold in both populations.  

The remaining proteins were down-regulated varying degrees (between 1.21 and 1.74-

fold); two of these were identified as cytoplasmic dynein intermediate chain 2 homologue 

and UV excision repair protein. 
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Figure 4.10: Representative 2D-SDS polyacrylamide gel image used for DIGE proteome analysis 
of adaptation-induced cellular changes.  Proteins were separated based on their isoelectric point 
(X-axis) and molecular weight (Y-axis).  Individually resolved spots were detected; their relative 
abundance quantified and compared to a non-adapted population using DeCyder™ Differential 
Analysis Software (GE Healthcare).  Statistically significant alterations in expression levels are 
described in Table 4.2. 
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Table 4.2:    Changes in levels of protein expression within the two low temperature-adapted cell 
populations versus their parental (non-adapted) cell line 
 

  
Change in Expression 

(fold)  
Protein 
ID # 

pI / Molecular 
Weight 

Population 
A 

Population 
B Identification 

          
269 5.16/100.0 kDa 1.67 2.28 Unknown heat shock protein 
764 5.76/69.7 kDa -1.45 -1.36  
765 5.65/69.7 kDa -1.74 -1.52  
803 6.02/48.7 kDa -1.45 -1.63  
841 5.08/47.8 kDa -1.74 -1.62 Cytoplasmic Dynein Intermediate Chain 2 

Homologue 
1093 6.38/53.1 kDa -1.59 -1.27  
1163 4.78/44.1 kDa -1.35 -1.21 UV Excision Repair Protein 
1909 6.84/20.3 kDa 1.3 1.31 LDH-A or Phosphoribosylpyrophosphate 

Synthetase I 
183 5.90/19.5 kDa 1.93 1.61  
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4.2.5 – Adaptation Response is Retained After Re-introduction to Physiological Growth 

Successfully adapted cells were re-introduced to physiological temperatures (37°C) to 

determine whether the adaptation response would be retained in the absence of selective 

pressure.  A population of low temperature-adapted cells was transferred to 37°C after 

subculturing and maintained at physiological temperatures for three 4-day passages.  

After each passage the population was divided; maintaining one subculture at 37°C and 

the second under hypothermic conditions.  The cultures were maintained at physiological 

temperatures for an additional two 8-day passages (Figure 4.11). 

 

After subsequent 37°C passages the maximum physiological cell yields of each adapted 

culture increased; reaching that of a typical non-adapted culture (3.6x106 and 3.25x106 

cells/mL respectively).  The low temperature-adapted response was maintained in all 

populations after re-introduction to 32°C, regardless of the duration of physiological 

exposure (4 to 12 days).  Cells continued to reach maximum cell yields 5-fold greater 

than a typical non-adapted hypothermic culture (1.53x106 and 0.33x106 cells/mL 

respectively) for two 8-day passages after re-introduction. 
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Figure 4.11: Hypothermic maximum cell yields of low temperature-adapted cells after re-
introduction to physiological (37°C) temperatures.  Cells were returned to hypothermic 
conditions after a period (4-12 days) of physiological growth.  Points of re-introduction 
indicated by arrows.  All populations retained enhanced hypothermic growth upon re-
introduction. 
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Chapter 4.3 – Discussion 

 

4.3.1 – The Adaptation of Recombinant CHO Cells to Hypothermic Temperatures to 

Enhance Heterologous Protein Expression 

The work presented in this chapter describes the isolation a cell population which has 

been adapted to sub-physiological conditions through continuous culturing at 32ºC.  

These cells exhibit an enhanced performance under hypothermic (32°C) conditions, 

allowing further improvement to the process described by Rodriguez et al.(74); which 

previously reported the hypothermic culturing of this β-interferon producing cell line.  

  

The adaptation process produced a population of cells capable of enhanced hypothermic 

growth which did not compromise the elevated hypothermic QP characteristic of many 

recombinant cell lines.  The ability of Chinese hamster cells to adapt themselves to non-

physiological temperatures (32°C through to 41°C) was first described by Li and Hahn in 

1980(112); seven years prior to CHO cells being utilized in recombinant production(4).  

Despite hypothermic production strategies first being reported over 15 years ago, it was 

only in the last three years that adaptation had been attempted to further increase protein 

yields.  Yoon et al. (111) described the successful isolation of two low temperature-

adapted recombinant CHO cell populations.  However they reported that in both cases the 

increase in μ occurred concurrently with a proportional decrease in QP.  As a result, there 

was no net increase in protein production in either cell line.  Unlike the cultures utilized 

in this thesis, both populations described by Yoon et al.(111) were isolated in successive 

agitated spinner cultures.   The β-IFN-producing CHO cell lines in this work were 

adapted to hypothermic temperatures through a series of stationary T-flask cultures.  This 
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resulted in an adaptation which, in addition to increased μ, sustained a hypothermically-

elevated QP.   

 

4.3.2 – Morphological changes in cold-adapted populations 
 
A particularly notable characteristic which resulted from the adaptation process was a 

significant increase in the average cell size, the variability of cell sizes, and an increased 

rate of multi-nucleation and/or nuclear fragmentation within the adapted population.  

Whether there is a direct correlation between increased nucleation and/or cell size and 

cold-adaptation is unknown, however the prevalence of these traits within the population 

makes it difficult to overlook their potential role in the low temperature-adaptation 

response. 

 

For adaptation-induced active hypothermic growth to occur, regulatory systems within 

the cycle cell checkpoints must be circumvented to avoid G1-phase cell cycle arrest.  

This has been achieved previously by Fox et al.(84) through the supplementation of 

hypothermic cultures with high concentrations of mitogens(84).  Increased cell size and 

aberrant cellular nucleation could be a result of same cell cycle dysregulation, resulting in 

the interruption of M-phase processes, including mitosis and cytokinesis(120). 

 

4.3.3 – Low Temperature-Adaptation is a Sustained Response Affecting Numerous 

Cellular Processes 

Proteomic analysis of adaptation-induced changes did not produce a clear mechanism for 

low temperature-adaptation.  The proteins identified to have modulated expression 
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belonged to three general categories: dynein motor protein subunits, metabolic enzymes, 

and stress response proteins. 

 

4.3.3.1 – Identification of Proteomic Analysis Isolates   

Cytoplasmic dynein intermediate chain (CD-IC) 2 homologue (down-regulated 

approximately 1.6-fold) is a subunit of the cytoplasmic dynein motor protein, involved 

the attachment of cargo organelles to the protein motor complex(122).  CD-IC has been 

reported to undergo caspase-mediated cleavage during apoptosis(123), resulting in an 

apparent decrease in CD-IC expression; however no additional evidence to support 

apoptotic activity was observed.  This is further discussed in Chapter 6. 

 

UV excision repair protein (down-regulated 1.3-fold), is a stress response protein 

involved in nucleotide excision and DNA repair, which is also is involved in degradation 

of misfolded glycoprotein aggregates(124).  Another stress response protein, an 

uncategorized heat shock protein was found to be up-regulated approximately 2-fold.  

These proteins are typically induced under thermal stress (hyperthermia) and function as 

protein chaperones.  Significant overlap has been found between the hypo- and 

hyperthermic stress response(62). 

 

The specific identity of the final protein isolate could not be determined, however two 

candidates were proposed; both involved in cellular metabolism  Phosphoribosyl-

pyrophosphate synthetase I, the first of the two possibilities, is a metabolic enzyme 

involved in the de novo and salvage synthesis pathways of guanosine-5'-
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triphosphate(125).  The second possibility, lactate dehydrogenase A, another metabolic 

enzyme, is involved in the conversion of lactate to pyruvate under low O2 

conditions(126).   

 

4.3.3.2 – Re-introduction of Low Temperature-adapted Cells to Physiological 

Conditions 

Although the adaptive mechanism was not explained through proteomic analysis, re-

introducing the cells to physiological temperatures demonstrated that the adaptation, 

induced through selective pressure, did not require the maintenance of this pressure to 

sustain it. 

 

This is an important observation as it confirms that the adaptive response is integral to the 

cell’s regulatory machinery, and can be maintained dormant at typically growth 

permissive temperatures (37°C) and reactivated upon subsequent exposure to 

hypothermic conditions. 

 

4.3.4 – Decoupling of the µ and QP Relationship 

The most significant trait to arise from the adaptation process was the ability to decouple 

the relationship between μ and QP.  This allowed increased hypothermic growth without 

reducing cell specific protein expression.  As already described, the link between μ and 

QP has been previously decoupled through the supplementation of hypothermic cultures 

with high concentrations of mammalian growth factors (84).  Genetic alteration, 

specifically the down-regulation of cold-inducible RNA-binding protein (CIRP), a gene 
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product believed to be responsible for growth arrest under mild hypothermic conditions, 

alleviated the growth arrest of mouse fibroblasts at 32ºC (69).  However it was 

subsequently reported that the inhibition of the CIRP protein alone is not sufficient to 

induce active hypothermic growth in CHO cells under the same conditions(104).  The 

process of low temperature-adaptation presented is this chapter allowed the isolation of 

the first CHO cell line capable of enhanced hypothermic growth and production without 

the introduction of exogenous growth factors or additional genetic manipulation to be 

described in literature. 

 

 

Aspects of this chapter have been published in the AIChE journal Biotechnology 

Progress (127): 

 

Sunley, K., Tharmalingam, T. and M. Butler. CHO Cells Adapted to Hypothermic 

Growth Produce High Yields of Recombinant beta-Interferon. Biotechnol. Prog. 2008; 

24:898-906. 
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Chapter 5 - Growth and Recombinant Protein Expression in Low Temperature and 
Temperature-shifted Stationary Culture of Cold-adapted Cells 
 

Chapter 5.1 – Introduction 

Low temperature-adaptation and bi-phasic culture strategies are two distinct methods to 

achieve the same goal: increase cell proliferation under hypothermic conditions.  In an 

effort to further optimize hypothermic production; cold-adapted cells were cultured 

within temperature-shifted processes, increasing heterologous protein expression in a 

combinatorial manner.  

 

Chapter 5.2 – Results 

β-IFN production was further increased through the culturing of low temperature-adapted 

cells in bi-phasic (32°C temperature-shifted) cultures in 75 cm2 (non-agitated) T-flasks.  

This process involved a 48 hour growth phase at 37ºC to induce an enhanced μ, then a 

period under hypothermic conditions to enhance protein expression.   

 

5.2.1 – Bi-phasic Culturing Increase the Cell Yields of Low Temperature-Adapted 

Bioprocesses in Stationary Cultures 

As described in Chapter 3, cells with no prior hypothermic exposure (non-adapted) 

exhibit very little growth under low temperature conditions (increasing to 1.6x105 

cells/mL after 10 days).  The same population of cells under temperature-shift conditions 

increased almost 7-fold, to 6.9x105 cells/mL, from an initial 1.0x105 cells/mL inoculation 

(Figure 5.1A). 
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The adapted cells presented in Chapter 4 demonstrated a significantly enhanced μ under 

low temperature conditions, increasing over 10-fold and resulting in yields of 1.1x106 

cells/mL over the 10 day culture.  This represents more than a 6-fold increase over non-

adapted cell titres under the same conditions.  Growth under temperature-shifted 

conditions increased the cell yields of the adapted population an additional 2.3-fold (to 

2.5x106 cells/mL); a 4-fold increase over a non-adapted temperature shift culture (Figure. 

5.1B) 

 

Total recombinant protein expression in these cultures was related to the differences in 

cell growth (Table 5.1).  The non-adapted cultures, under both 32ºC and temperature-

shifted conditions, produced similar amounts of β-IFN (2.2x106 and 2.4x106 units/mL 

respectively).  This is explained by the fact that although the QP was enhanced 

significantly at the lower temperature, the decreased growth rate and subsequent cell 

yields of the non-adapted cells off-set any advantage in terms of total protein production.  

Alternatively, the adapted cells demonstrated the dual advantage of high QP and an 

enhanced growth rate at the lower temperature.  This translated into significantly higher 

yields of the recombinant protein.   At 32ºC, the cultures of adapted cells produced 

5.7x106 units/mL of β-IFN, an increase of 2.6-fold over the non-adapted cells; while 

temperature-shifted cultures increased nearly 3-fold (7.1x106 units/mL) over an 

equivalent non-adapted culture. 
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Figure 5.1: Cold and non-adapted stationary (T-flask) cell cultures under 
hypothermic (32°C) and temperature-shifted (37°C to 32°C) conditions. (n = 2 ± 
standard error) 
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Table 5.1:  Growth and β-IFN Production of Non-adapted and Low Temperature- 
adapted Cells in Low Temperature and Temperature-Shifted Stationary Cultures
 
 
 
 
Culture 

Temperature 
 (ºC) 

Max. Cell 
Density 
(cells/mL) 

Total 
Volumetric  
Production 
(units/mL) 

End Culture  
Viability  
(%) 

Non-adapted  32ºC  1.6x105  2.2x106   93% 

 37→32ºC  6.9x105  2.4x106   98% 

 

Adapted †  32ºC   1.1x106  5.7x106   93% 

 37→32ºC  2.5x106  7.1x106   88% 

 

† Low temperature-adapted cells were from within phase II of the adaptation process 
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5.2.2 – Development of Low Temperature-adapted Scalable Stirred-tank Bioprocesses 

The potential for scale-up of adapted cell cultures is dependent on the ability to transfer 

bioprocesses into stirred-tank (agitated) vessels; such as smaller scale spinner-flasks or 

bioreactors.  The scalability of the cold-adapted cell processes was assessed in a series of 

100 mL agitated spinner flasks.    

 

5.2.2.1 – Growth of Low Temperature-adapted Cells in Stirred-tank Suspension 

Cultures  

The growth profile of the non-adapted cultures matched those exhibited in stationary T-

flask cultures at 32ºC (Figure 5.2A and Figure 5.1A respectively).    During the 18 day 

culture, cells in suspension only reached a density of 0.17x106 nuclei/mL (Figure 5.2A).  

However, unlike the proliferative cell growth within the adapted stationary cultures, the 

growth of the cold-adapted cells was minimal in agitated suspension cultures and did not 

exceed a density of 0.25x106 nuclei/mL; 10-fold lower than the maximum cell yield 

attained in an equivalent stationary culture  (Figure 5.1B and Figure 5.2B respectively). 

 

5.2.2.2 – Growth of Low Temperature-adapted Cells in Stirred-tank Microcarrier 

Cultures 

These low cell yields were concurrent with dramatically decreased cell viability; only 

40% of the cells remained viable to the end of the culture (2-fold less than in stationary  
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Figure 5.2: Cell growth of non-adapted (panel A) and low temperature-
adapted (panel B) CHO cells at 32ºC grown in suspension or entrapped 
within macroporous microcarriers in 100 mL magnetically-stirred cultures. 
(n = 2 ± standard error per condition) 
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cultures).  As a result of the apparent fragility of the adapted cells under agitation, the 

potential of microcarriers to protect the cells and support growth was assessed.   Cytopore 

2 are macroporous microcarriers that have been shown to support the growth of CHO 

cells in previous studies in our laboratory (114).  The cells become embedded within the 

pores of the microcarrier; a matrix of cross-linked dextran polymers and are protected 

from the hydrodynamic shear forces generated through agitation.   

 

The growth profiles of the microcarrier cultures are illustrated in Figure 5.2.  The low 

temperature-adapted cells reached a density 20-fold higher than in microcarrier-free 

cultures (reaching 5x106 nuclei/mL) under the same culture conditions (Figure 5.2B).  

However, the increased growth within the non-adapted population from the addition of 

microcarriers was negligible (reaching only 0.8x106 nuclei/mL) (Figure 5.2A).  The 

specific rates of β-IFN production within the Cytopore cultures of adapted cells (Table 

5.2) were not significantly different from those in the stationary T-flask cultures at 32ºC; 

0.920 units/cells per day and 0.868 units/cells per day respectively.  This indicates that a 

transition to an agitated culture system utilizing Cytopore microcarriers did not alter cell 

specific protein production (QP).    

 

The total volumetric β-IFN production was enhanced significantly in the low 

temperature-adapted microcarrier cultures as a result of the enhanced QP and μ at 32°C 

(Table 5.2).  The product titre (1.0x107 units/mL at day 12) was 3-fold higher than the 

equivalent in non-adapted cell cultures at 32°C, even though QP was only increased by  



 

110 

 

Table 5.2:  Growth and β-IFN Production of Non-adapted and Low Temperature-adapted Cells in 
Cytopore 2 (1 mg/mL) and Microcarrier-free Agitated Cultures at 32ºC 
 
 
 
Culture 

Temperature 
(ºC)  

Microcarrier 
Concentration
(mg/mL) 

Max. Cell 
Density 
(nuclei/mL)

Specific Productivity 
QP 
(units/nuclei per day) 

Total 
Volumetric 
Production 
(units/mL) ‡

Non-
adapted   37ºC   0  4.14x106    0.341  4.24x106 

  37ºC   1.0  2.53x106    0.954  5.19x106 

      

  32ºC  0  0.17x106    0.784  1.32x106 

  32ºC   1.0  0.82x106    0.847  3.27x106 

 

Adapted †    32ºC   0  0.25x106    0.233  0.73x106 

  32ºC   1.0  5.01x106    0.920  10.1x106 

 

† Low temperature-adapted cells were from within phase 2 of the adaptation process 

‡ Total protein production as of culture day 6 or day 12 (37ºC and 32ºC respectively) 
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10%.  Although β-IFN production from the non-adapted physiological cultures was also 

increased by the addition of the microcarriers; their product yields were only 50% of 

those obtained from cold-adapted hypothermic microcarrier cultures.    

 

Significantly higher quantities of β-IFN could be obtained through the maintenance of the 

microcarrier cultures beyond day 12; however product analysis demonstrated that 

culturing beyond this gradually reduced titres of monomeric β-IFN through increased 

product aggregation.  This phenomenon of in-culture intermolecular β-IFN aggregation 

has been studied previously in our laboratory and has been found to occur at high product 

titres (typically above 1.0x107 units/mL) (74). 

 

It should be noted that the cell yields described in this section were assayed by nuclei 

enumeration (visualized by crystal violet nuclei staining) rather than the trypan blue dye-

exclusion method used throughout the remainder of this thesis.  This was essential for 

microcarrier cultures because of the inability of extracting intact cells from the 

microcarrier core.  The same method was applied to the equivalent suspension cultures to 

enable valid comparisons. Due to the multi-nucleation states of the different cell 

populations, direct comparison between cell counts and nuclei counts would not have 

been valid, although the inaccuracies would likely not have exceed ± 1.7-fold (based on 

the nucleation states described in Chapter 3.3.1) 
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Chapter 5.3 – Discussion 
 

5.3.1 – Combinatorial Effect of Bi-phasic Low Temperature-adapted Cultures 

Low temperature adaptation increases hypothermic proliferation through a still 

uncharacterized mechanism which circumvents G1 cell cycle arrest, typically induced 

through cyclin-dependent kinase inhibitor activation.  Bi-phasic culturing is a second 

mechanism for achieving increased hypothermic proliferation, also through a mechanism 

which is poorly understood.  The combination of these two processes results in a 

synergistic effect which further increases hypothermic growth without compromising 

elevated recombinant protein expression, resulting in significantly increased β-IFN titres. 

 

 

5.3.2 - Development of Low Temperature-adapted Scalable Stirred-tank Bioprocesses 

 

For developed recombinant production processes to be biotechnologically relevant they 

must be able to be scalable to industrial volumes.  Non-agitated (T-flask) cultures, used 

routinely in cell culture laboratories (Figure 5.3A) rely on vessels of low volumes and 

high surface areas, which can not be easily scaled to multiple litre vessels.  High volume, 

low surface area vessels can be constructed up to volumes of 20,000 litres, yet require 

significant agitation and sparging to ensure sufficient oxygenation and pH control.  To 

scale-up towards these large scale vessels, smaller intermediate stirred vessels (100 – 

1000 mL) (Figure 5.3B) and bench-scale bioreactors are used simulate these conditions. 
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A B 

Figure 5.3: Vessels used routinely in cell culture research.  Non-agitation (stationary) T-
flasks (panel A) are low volume (10-20 mL), high surface area vessels which rely on 
passive gas diffusion for oxygenation and pH control.  Spinner flasks (panel B) are 
agitated larger volume (100mL), low surface area vessels which are magnetically stirred 
allow for homogenous gas and pH control.  Images courtesy of Corning Life Sciences and 
Bellco Glass respectively. 



 

114 

 

5.3.2.1 – Growth of Low Temperature-adapted Cells in Stirred-tank Suspension 

Cultures 

The scale-up of the stationary T-flask adapted cultures to agitated stirred-tank vessels 

resulted in minimal cell growth with poor viability; presumably due to a sensitivity to 

mechanical agitation.  This sensitivity was observed only in the low temperature-adapted 

populations, and therefore seems to have been unintentionally selected for through the 

adaptation process. 

 
 
 
5.3.2.2 – Growth of Low Temperature-adapted Cells in Stirred-tank Microcarrier 
Cultures 
 
In an effort to provide an environment that would reduce in-culture mechanical stress, the 

cells were inoculated into stirred cultures containing macroporous microcarriers.  The 

Cytopore carriers are cross-linked cellulose beads charged with active DEAE groups, 

which are capable of entrapping CHO cells (Figure 5.4) within their mesh-like structure 

(128).   

 

The microcarrier-entrapped adapted cells, when maintained in magnetically stirred 

cultures at low temperature, were capable of growth profiles very similar to those 

achieved in stationary T-flasks.  The stirred microcarrier cultures also maintained the 

high rate of recombinant protein production observed in stationary flasks.  These cultures 

were able to reach high cell densities while maintaining an elevated QP, which resulted in 
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Figure 5.4: Optical fluorescence cross-section of a Cytopore 2 macroporous 
microcarrier populated with recombinant CHO cells.  Carrier imaged through 
intrinsic auto-fluorescence of the dextran material while cells were visualized 
by acridine orange staining.  Image demonstrates the capacity of the carrier 
to internalize cell populations (see arrows).  Bar = 50 µm. 
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high product titres; 10-fold higher than non-adapted cells in equivalent suspension 

cultures and 3-fold higher than equivalent non-adapted microcarrier cultures. 

   

This demonstrates that a strategy which employs a hypothermic temperature-shift on a 

scalable population of cold-adapted CHO cells is capable of increasing product titres 

substantially over either of the methods individually. 
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Chapter 6 - Loss of Cellular Integrity through Enhanced Sensitivity to In-culture 
Hydrodynamic Stress within Cold-adapted Cells 
 

Chapter 6.1 – Introduction 

Cellular robustness is maintained through a strong cytoskeletal structure and an intact 

cellular membrane(129).  As the inability of the cold-adapted cells to proliferate within 

agitated cultures was determined to be due to a perceived sensitivity to in-culture 

hydrodynamic stress due to increased cellular fragility (as discussed in Chapter 5), the 

mechanism of this fragility was investigated. 

 

Chapter 6.2 – Results  

The ability of macroporous microcarriers to facilitate growth within stirred cultures 

suggests that the carriers offer a protective environment for the adapted cell population.  

The role of in-culture hydrodynamic stresses (induced through culture agitation) and the 

protective nature of the Cytopore microcarriers was quantified in the context of cell 

viability.  Furthermore, adaptation-induced structural changes were correlated to 

increased cellular fragility 

 

6.2.1 – Increased Cellular Fragility within Populations of β-IFN-Producing Cold-

Adapted CHO Cells and the Protective Mechanism of Macroporous Microcarriers 

Cell fragility was investigated through the examination of whole cell populations and at 

the resolution of the individual cell.  This approach allowed for the comparison between 

different heterogeneous populations of recombinant CHO cells and ability to determine 
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how the variability within a single population (in terms of cell size and intra-microcarrier 

localization) affected cellular robustness.   

 

6.2.1.1 – Endogenous Lactate Dehydrogenase as a Marker for Compromised 

Membrane Integrity in Populations of Low Temperature-adapted Cells 

The overall extent of cellular fragility was quantified by subjecting a population of cells 

(1x106 cells/mL in a working volume of 5 mL) to increasing rates of mechanical agitation 

(Figure 6.1).  These were performed in triplicate in small-scale (10 mL) magnetically-

stirred glass culture vessels using a 10 mm diameter cross-shaped polytetrafluoroethylene 

(PTFE) coated stir bar (schematically illustrated in Figure 6.1E) in a 37°C, 10% CO2, 

humidified environment. 

 

By maximizing the size of the stir bar relative to the size of the culture vessel, the amount 

of mechanical stress transferred on to the cells was increased, generating an enhanced 

stress response.  The cells were also exposed to rates of agitation over 10-fold higher than 

in traditional spinner flask culturing (500 RPM and 45 RPM respectively) to further 

exaggerate the response over the short period of time of this assay (2 hours).  This 

experimental setup was designed as a proof of principle to simulate in-culture 

hydrodynamic stresses, however able to generate stress levels significant enough to be  
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E 

Figure 6.1: Cytosolic lactate dehydrogenase release in response to mechanical agitation of 
non-adapted (panel A) and low temperature-adapted cell (panel B) populations of CHO cells 
(n = 3 ± standard error).  The release of LDH from non-adapted and adapted populations 
entrapped within Cytopore 2 microcarriers (Panels C and D) is also represented (n = 3 ± 
standard error).  Lactate dehydrogenase release was used as an indicator of cell damage in 
response to mechanical stress.  A schematic representation of the experimental set-up is 
illustrated in panel E. 
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detected during a short-term experiment, rather than the 10 to 12 days typical of 

hypothermic cultures. 

 

The presence of lactate dehydrogenase (LDH); a non-secreted, cytosolic enzyme in the 

culture media was assayed over time as an indicator of cell damage; as LDH activity 

within culture supernatant would be proportional to compromised membrane integrity.   

This is due to the fact that the only source of LDH within the culture media would be 

from cell lysis and the rupturing of cell membranes; which over the 2 hours of the 

experiment can be presumed to be caused by the significantly increased rates of 

mechanical agitation.  The short duration of the experiment, and subsequent elevated 

rates of mechanical agitation were also necessary to minimize the spontaneous loss of 

LDH activity, which has a measured half-life of 2 to 2.5 hours(130).  LDH was also 

chosen as a marker due to relatively simple and sensitive methods available for its 

detection, including the colorimetric assay used in this work(131); where LDH catalyzes 

the first reaction, and a second enzyme (diaphorase), catalyzes the colourless tetrazolium 

salt 2-p-(iodophenyl)-3-(p-nitrophenyl)-5-phenyltetrazolium chloride (INT) into a 

formazan product (detectable by optical absorbance at 492nm) at a rate limited by the 

first reaction: 

 

Lactate + NAD(+) → Pyruvate + NADH;       NADH + INT → NAD(+) + Formazan 

 

The levels of released cytosolic LDH were then normalized as a percentage of the total 

cellular LDH within the population of cells.  This was performed through determining the 

ratio of the released LDH activity (for a treated population of 1x106 cells) to the activity 
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total potential LDH activity of a similar population of cells completely lysed through a 

series of freeze/thaw cycles (at -80°C) and expressing this as a percentage.  This allows 

for the valid comparison between different populations of the same and between different 

cell lines; acknowledging the significant heterogeneity which exists even between 

technical replicates of the same cell population using a method which is well 

established(132) and compatible with cells entrapped in extra-cellular structures, unlike  

traditional optical methods such as the trypan blue dye exclusion assay(133). 

 

The effect of RPM on the release of LDH was measured over a series of time points (30 

minute intervals) between 0 and 2 hours, at varying rates of agitation (stationary, 300 and 

500 RPM).  This assay system was then applied to both the low-temperature and non-

adapted CHO populations, in the presence and absence of macroporous microcarriers to 

determine the relationship which exists between agitation-induced mechanical stress, the 

protective nature of the microcarriers and robustness of the different cell populations.   

 

The release of LDH from non-adapted cells in suspension cultures was minimal, with no 

significant extra-cellular activity (1% of total cellular LDH) after 120 minutes at 500 

RPM (Figure 6.1A).  However, the low temperature-adapted cells exhibited significant 

release, with maximum LDH activities of 1%, 27% and 38% after exposure to 0, 300 and 

500 RPM respectively (Figure 6.1B). 

 

The protective effect of the Cytopore 2 microcarriers was demonstrated through the LDH 

release from microcarrier-entrapped cells exposed to equivalent agitation rates (Figures 
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6.1C and 6.1D).  Cells were inoculated into cultures containing 1.0 mg/mL Cytopore 2 

microcarriers at a density of 1x105 cells/mL and incubated at 37°C to a density of 1x106 

cells/mL (determined by nuclei enumeration).  During this incubation, cells migrated into 

the interior of the microcarrier structure (with less than 1% remaining in suspension).  

From this culture approximately 1x106 cells were transferred into the assay vessel to 

determine agitation-induced LDH release.   

 

The LDH release from the entrapped non-adapted cells was again minimal, at 

approximately 3% of total cellular LDH after exposure to 500 RPM. The release from 

low temperature-adapted cells with the carriers increased 4-fold, however still at a rate 3-

fold lower than the adapted cells in suspension.  The maximum LDH release from 

Cytopore 2 cultures was 3%, 8% and 12% from their respective 0, 300 and 500 RPM 

trials after 120 minutes.  This demonstrated that in-culture LDH release from CHO cells 

increased in an RPM-dependent manner (Figure 6.2) and that the microcarriers were able 

to protect the fragile cells under conditions of elevated hydrodynamic stress. 

 

6.2.1.2 – Intra-Microcarrier Localization Determines the Protective Effect of Cytopore 

Cultures 

To further characterize the protective role of macroporous microcarriers against in-

culture hydrodynamic forces, cellular viability was quantified as a function of intra- 



 

123 

 

Figure 6.2: The RPM-dependent release of endogenous cellular LDH in response to 
increased mechanical agitation.  Non-linear (2-parameter logarithmic) regression 
illustrates the response over the increased rates of mechanical agitation (0 – 500 
RPM) (n = 3 ± standard error) 
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microcarrier location.  Viability was determined in situ through fluorescence microscopy, 

adapting the method of Jones and Senft(134), utilizing a combination of fluorescein 

diacetate (FDA; 25 mM) and TO-PRO-3 iodide (1 µM).  FDA; a non-polar, membrane 

permeable, non-fluorescent ester enters the cytosol passively and is hydrolyzed by 

intracellular esterases in living cells, cleaving the two acetate groups.  Fluorescein, the 

polar product of esterase hydrolysis then accumulates within the cells to due to its poor 

membrane permeability, and functions as an inferred marker for viability, reporting the 

integrity of the cell membrane and intracellular esterase activity through a strong 

fluorescence signal.  TO-PRO-3 iodide was used as a non-selective fluorescent counter-

stain and is results in the staining of all cells, viable and non-viable, a property which is 

necessary to identify the location and quantity of the cells within the carrier.  FDA and 

TO-PRO-3 were detected through green (λEX = 490 nm, λEM = 513 nm) and red (λEM = 

642 nm, λEX = 661 nm) fluorescence respectively.  Cells were determined to be viable if 

they exhibited green and red fluorescence simultaneously and non-viable if only red 

fluorescence was observed. 

 

Throughout an optical cross-section of the microcarrier (Figure 6.3) cell viability was 

visually determined, and correlated to regions within the carrier.  To facilitate 

quantification, the carrier was divided up into sequential ring-shaped zones, 25 µm in 

width, and the cell viability within each region was determined.  Structured fluorescence 

illumination, achieved through the use of a Zeiss Apotome module(135), allowed the 

exclusion of out-of-focus light, creating an optical section through the middle of the 

approximately 300 µm bead.  Mechanical agitation (2 hours at 300 RPM) compromised  
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Figure 6.3: A representative composite image used to examine the effect of intra-
microcarrier localization on cell viability in response to mechanical agitation (300 RPM; 
120 minutes).  In situ viability (fluorescein diacetate/TO-PRO-3 Iodide fluorescence) 
allowed determination of viable (green) and membrane compromised (red) cells within a 
microscopically observable 3D region of the microcarrier structure (illustrated as 
horizontal plane through inset image).  (Bar = 50 µm) 
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the membrane integrity of entrapped cells in a relationship inversely to their proximity to 

the exterior of the microcarrier structure (Figure 6.4), reducing viability to below 10% at 

the periphery of the carrier.  Microscopy analysis was immediately performed after 

agitation and staining to not compromise the health of the remaining viable cells.  All 

manipulations were performed within sterile phosphate-buffered saline.  This experiment 

confirms that the microcarrier internal structure itself is providing a sheltered 

environment from in-culture hydrodynamic forces, facilitating the growth of the fragile 

cold-adapted cells in stirred-tank cultures. 

 

6.2.2.3 – Increased Mechanical Deformability of Low Temperature-adapted Cells 

To determine the mechanism which resulted in the increased fragility of cold-adapted 

cells, the susceptibility of individual cells within the adapted population to mechanical 

deformation was investigated. 

 

The mechanical strength of the low temperature-adapted cells was compared to non-

adapted cells cultured at physiological conditions by measuring their resistance to 

structural deformation after centrifugation, following the method of Brown et al. (136). 

Briefly, 100 µL of live cells from mid-exponential viable cultures (>90% at 

approximately 5x105 cells/mL) were suspended in phosphate buffered saline and 

dispensed onto poly-L-lysine coated glass coverslips.  These were subjected to significant 

centrifugal force through centrifugation for 10 minutes at 1700g, a force which was found 

to produce a wide range of deformation responses, and allowed for an overall precise  
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measurement of deformation.  Cellular structure was determined microscopically by pre-

staining the plasma membrane of the live cells with fluorescently-labeled wheat germ 

agglutinin (10 µg/mL in PBS), a glycan-binding lectin (specific for N-acetylglucosamine 

and N-acetylneuraminic sialic acid residues) conjugated to a Alexa Fluor 594 (Invitrogen 

Corp.).  The cells were fixed in 4% paraformaldehyde post-centrifugation to preserve 

their structure for observation.  The relatively high abundance of membrane 

glycoproteins on mammalian cells results in the seemingly non-selectively staining the 

exterior cellular structure.   

 

High resolution three-dimensional microscopy (Apotome-equipped Zeiss AxioImager Z1 

with a Plan-Apochromat 100x/1.4 objective) was used for the capture of a series of 

optically-sectioned images at 0.27 µm intervals along the Z-axis of individual cells.  This 

collection of images allowed for accurate three-dimensional reconstruction of the cell’s 

morphology and subsequent measurement of the cell height and diameter.   The degree 

of cell Z-axis compression was quantified by calculating a relative deformation index 

(DI):  

Deformability Index = X or Y-axis Cell Diameter (μm) / Z-Axis Cell Height (μm) 

 

These values were used to categorize the adapted and non-adapted populations in terms 

of their ability to resist structural change, a property likely correlated with their overall 

robustness and tolerance for in-culture hydrodynamic stress. 

 

Two distinct sub-populations were observed within the population of non-adapted cells; 

cells which generally resisted deformation (Low DI or DI < 2) and cells which 
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compressed to less than half their initial height (High DI or DI > 2). The adaptation 

process, in addition to selecting for enhanced hypothermic growth, also seemed to select  

against cells which were able to resist mechanical deformation; as only the latter sub-

group (Low DI) was observed within the adapted population.   

 

The inherent variation within the two cell populations is illustrated in Figure 6.5.  Post-

centrifugation (1700g for 10 minutes), cells within the non-adapted population ranged 

from 100% of their initial height (DI = 1.0) to only 12% (DI = 8.5).  This is in contrast to 

the low temperature-adapted population, in which all observed cells were compressed to 

a minimum of 40% of their initial height and over half were reduced to less than 25%.  

Average deformability indexes, sub-categorized by their resistance (DI < 2) or 

susceptibility (DI > 2) to deformation are illustrated in Figure 6.6.  In the non-adapted 

population both resistant and susceptible cells were observed (average DI = 5.57 ± 1.98 

and 1.48 ± 0.46 respectively), indicating that CHO populations are naturally 

heterogeneous in terms of their cellular robustness.  However in the adapted populations 

no cells were observed which were able to resist deformation (average DI = 6.17 ± 2.21). 

 

 



 

130 

Cell Diameter (μm)

0 10 20 30 40

C
el

l H
ei

gh
t (

μm
)

0

5

10

15

20

Non-adapted Cells (DI < 2)
Non-adapted Cells (DI > 2)
Low Temperature-adapted Cells

Low Deformability Index

High Deformability Index

Figure 6.5: Measured cell deformation in response to centrifugal (1700g) force of low 
temperature and non-adapted CHO cells.  Populations are grouped in terms of being 
generally resistant (low DI) or susceptible (high DI) to mechanical deformation. 



 

131 

Figure 6.6:  Average deformability indices (DI) of low temperature and non-
adapted CHO cells, sub-categorized by high and low index values.  Low DI cells 
were absent from the cold-adapted population. (n = 10 per population) 
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Cells selected through the adaptation process were also on average 70% larger, a trait 

which likely contributes to their increased cellular fragility.   Yet the overall increase in 

cell size is not the cause of their weakened cell structure, as in the non-adapted 

populations smaller cells of equal size were be found both resistant or susceptible to 

structural deformation .  X/Y-axis and X/Z-axis projections of resistant and susceptible 

cells are represented in Figures 6.7A and B, and 6.7C and D respectively. 

 

 

6.2.2 – The Vimentin Intermediate Filament Network and its Role in Increased 

Cellular Fragility 

Physiological causes for the increased fragility of the adapted cells would likely be based 

in one of two areas: a weakened cellular membrane or a compromised cytoskeletal 

structure.  Two broad approaches were attempted to quickly screen whether the cell 

membrane was responsible for the increased cell fragility (Table 6.1): determining 

whether there was limited availability of a component of the membrane structure within 

the media formulation, or whether the membrane (through any number of possible 

reasons) was weaken to where it could simply not withstand the in-culture hydrodynamic 

shear forces across its hydrophobic surface.   

 

To ensure that no essential membrane components were limited, Ex-cyte™ (Millipore 

Inc.), a concentrated complex mixture of lipoproteins, cholesterol and fatty acids which  
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Figure 6.7: Representative X/Y-axis (panels A and C) and X/Z-axis (panels B and D) 
fluorescence projections of high (left) and low (right) deformability index CHO cells post-
1700g centrifugation.  (Bar = 5 µm) 
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has been demonstrated to increase membrane fluidity(137) was supplemented to the 

CHO-SFM media in concentrations between 0.5 and 5%.  This range was selected to 

cover and exceed the manufacturer’s recommended concentration for CHO cells by 5-

fold (1% and 5% respectively).  However none of the concentrations demonstrated any 

significantly observable effect on either the cell growth or culture viability, indicating 

that the fragility is not due to the insufficient availability of common membrane 

precursors. 

 

Another approach attempted was to reduce the in-culture hydrodynamic shear stress 

which affects the hydrophobic membrane of the cells in suspension.    Pluronic™ F-68 

(BASF Corp.) is an FDA-approved, non-ionic surfactant which has been demonstrated to 

reduce hydrodynamic shear forces on the cell membrane(138) through coating or 

internalization of the product into the membrane.  Pluronic™ F-68 is added routinely as a 

protective agent to cell culture media, including CHO-SFM at a concentration of 0.1% 

(previously optimized for the parental CHO population by Tharmalingam et al.(139)).  To 

determine whether increasing the available concentration would have an additive 

protective effect, the low temperature-adapted cells were cultured in 100 mL agitated 

spinner flasks in the presence of 0.2% Pluronic™ F-68.  At this increased concentration 

cell growth and viability decreased to below those at 0.1% (Figure 6.8), demonstrating 

not only the lack of an additional protective role but a possible cytotoxic effect.  

 

These two assays screened the two most likely roles the membrane could play in terms of 

affecting cellular integrity.  By removing the possibility of a limited membrane  
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Table 6.1:  Strategies to determine the cause of increased fragility in low temperature-adapted CHO cells 

  

Investigative Strategy 

Cellular  

Target 

Effect of Cell 

Fragility Details of Strategy 

 

Increased Pluronic F-68 Concentrations† 

 

Cell Membrane 

 

No 

 

Cultures were supplemented 

between 0.1 and 0.5% 

Addition of cholesterol, lipoprotein and 

fatty acid concentrate‡ 

Cell Membrane No Cultures were supplemented 

between 0.5 and 5% 

    

† Pluronic F68 (Sigma Aldrich) is a non-ionic surfactant with well characterized cell strengthening properties 

‡ Ex-cyte (Millipore) is a cell culture supplement which increases plasma membrane fluidity 
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component and observing no beneficial effect of increased Pluronic™ F-68 

concentrations, all initial leads to a role for the membrane in the increased cell fragility 

were eliminated, leaving the alterations to cytoskeleton as the most likely cause. 

 

6.2.2.1 – In situ Examination of the Vimentin Intermediate Filament Network 

The cytoskeleton is a dynamic, interactive network of different protein classes which 

regulate, structure, and coordinate many diverse processes throughout the cell.  

Composed of distinct sub-networks; actin microfilaments, intermediate filaments and 

microtubules, each of these sub-groups contain numerous unique protein classes with 

specialized roles within the cell’s physiology.  A review of the current literature prior to 

investigating the potential role of the cytoskeleton in cell fragility found two notable 

observations; that although microfilaments and microtubules have important and well 

characterized roles in conferring mechanical strength to a cell, previous proteomic 

investigations have not observed significant changes to the expression of these proteins at 

hypothermic temperatures.  However, intermediate filaments (IF), and particularly the 

vimentin IF network has been observed play a significant role in the mechanical stability 

of mammalian cells (136, 140), with an expression level which has been found to be 

modulated at sub-physiological temperatures(141).  These two occurrences resulted in 

vimentin being the primary target of an investigation into adaptation-induced cytoskeletal 

changes. 
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The role the cytoskeleton in cellular fragility was initially investigated by examining the 

vimentin intermediate filament network through immunofluorescence microscopy.  

Populations of cells (1x105 cells per population) were allowed to settle on poly-L-lysine 

coated glass coverslips.  These cells were then fixed in a 4% solution of phosphate-

buffered paraformaldehyde, then permeabilized with 0.1% Triton x-100.  The vimentin 

intermediate filament network was detected through a mouse-produced anti-vimentin 

monoclonal antibody (clone V9 from Sigma Aldrich), which was subsequently detected 

using an anti-mouse IgG molecule conjugated to the fluorescent dye Alexa Fluor 568 

(Invitrogen Corp.).  The cells were then briefly incubated (1 – 5 minutes) in 300 nM 4',6-

diamidino-2-phenylindole (DAPI) and visualized with a Zeiss AxioImager Z1 using a 

100x/1.4 Plan-Apochromat objective. In the non-adapted cells (under physiological or 

hypothermic conditions) the vimentin network formed a continuous sub-membrane shell 

around the perimeter of cell (Figure 6.9A).  However, within low temperature-adapted 

cells the vimentin shell appeared irregular and discontinuous, with a significant portion of 

the network internalized to the perinuclear region of the cell relative to the DAPI-stained 

nuclei (Figure 6.9B). 

 

6.2.2.2 – Analysis of the Vimentin Protein Monomer 

Further characterization of the cellular vimentin network was performed on the molecular 

level to explore a potential mechanism responsible for the irregular and apparently 

weakened network structure.  It was determined by Western-blot analysis that within the   
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Figure 6.9: The structure of the vimentin intermediate 
filament network within non-adapted (panel A) and low 
temperature-adapted (panel B).  Arrows indicate 
weakened external structure (white) and enhanced 
perinuclear localization (red).  To provide reference for 
the perinuclear region, DAPI-stained nuclear structures 
are included as panels C and D, as are false-colour 
superimpositions of the two micrographs (panels E and F). 
(Bar = 2 µm) 
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Figure 6.10: Western blot of cellular vimentin intermediate filament protein (56 kDa) 
from non- and cold-adapted CHO cells.  56 kDa vimentin band was absent in cold-
adapted cells, concurrent with an appearance of lower molecular weight (43 and 31 
kDa) vimentin fragments. 
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low-temperature adapted population the vimentin peptide (typically 56-57 kDa) had been 

truncated or degraded into two smaller molecular weight forms (43 and 31 kDa; Figure 

6.10); with no significant quantity of the 57 kDa vimentin form detected by Western blot 

in the adapted sample (outlined in Figure 6.10).  This analysis was performed using a 

12% acrylamide SDS-PAGE one-dimensional gel for protein separation of cell lysates 

(approximately 1x107 cells per sample), with the molecular weight determination 

calculated from a set of known molecular weight standards (Bio-Rad Precision Plus pre-

stained protein standard) (Figure 6.11).  Protein detection was carried out using a mouse 

anti-vimentin monoclonal antibody (clone V9 from Sigma Aldrich) and an anti-mouse 

alkaline phosphatase conjugated IgG antibody on a nitrocellulose membrane. 

 

6.2.3 – Vimentin Monomers are Degraded through an Apoptosis-Independent 

Mechanism  

The detection of two clear lower molecular forms of vimentin suggests that the 

modification of the 57 kDa form is likely a specific, targeted degradation; rather than 

random proteolysis or truncation of the reading frame of the vimentin gene. 

 

Had numerous, randomly distributed lower MW products been detected, this would have 

implied a non-site specific degradation of the monomer, however it is clear from the 

Western blot that there are two primary degradative forms (43 and 31 kDa).  For this to 

be a result of gene loss, two independent copies of the vimentin gene would have had to 

have been randomly truncated at different sites.  While this is not impossible, 
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Table 6.2:  Common apoptosis biomarkers and their presence/absence in non-adapted and cold-adapted 

recombinant CHO cells  

Apoptotic Biomarker 

Non-Adapted 

Population 

Cold-Adapted 

Population   Method of Determination 

 

Nuclear Fragmentation - +   Fluorescence Microscopy 

Nuclear p53 Localization - -   Immunofluorescence Microscopy

Low-MW Vimentin Protein Forms - +   Western Blot 

Caspase 3 and/or 7 Activity - -   Luminescence Assay 

Apoptotic DNA fragmentation - -   Agarose Gel Electrophoresis 

Apoptotic Bodies/Membrane Blebbing - I   Microscopy 

 

I = Inconclusive; blebbing was observed sporadically throughout adapted population, minimally in some cultures.
        and significantly in others.  Blebbing was never a dominant phenotype of any of the examined cultures 
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it is very improbable.  Additionally, there have been no reported observations of lower 

molecular weight vimentin isoforms resulting from alternative splicing in Chinese 

hamster ovary cells.  Indicating that there is no compelling evidence of vimentin 

monomer variations regulated at the transcriptional level.  Therefore it has become more 

likely that the vimentin degradation, and subsequently increased fragility is result of 

vimentin-specific protein degradation.  As a result, a review of published mechanisms 

which targeted vimentin for proteolytic degradation was performed; with the vast 

majority of research focusing on the interaction between apoptosis-mediation caspase 

enzymes and the vimentin monomer. 

 

Vimentin, a known substrate for several of caspase proteins(142), is cleaved during early 

apoptosis. Caspases are a family of cysteine-specific proteases which are instrumental in 

inducing, regulating and executing apoptosis, otherwise known as programmed cell 

death.  This, when considered with the increased frequency of nuclear fragmentation 

(Chapter 4.2.3.2) and the obvious dysregulation of the cell cycle (resulting in enhanced 

hypothermic growth), may suggest that apoptotic pathways are involved in, or triggered 

by the low temperature-adaptation process.  However the absence of significant 

membrane blebbing and apoptotic bodies (condensed granules of sequestered cellular 

components); both of which are characteristic microscopically visible phenotypes of 

apoptosis, and assays for numerous apoptotic biomarkers indicated that there was no 

detectable apoptotic activity in either the non-adapted or adapted populations (Table 6.2). 
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6.2.3.1 – Absence of Caspase 3 and/or 7 Activity in Cold-adapted Cells 

One of these assays was for intracellular activity of two of the most prominent 

executioner caspases; caspases 3 and 7.  The caspases, called executioner caspases 

because of their active role in apoptosis, induced through members of the class of 

“initiator” caspases, begin a cascade of regulated proteolysis which coordinates the 

organized deconstruction and compartmentalization of the apoptotic cell.  Apoptosis 

cannot proceed in the absence of caspase 3 and 7 activity, as they are key members of the 

apoptotic pathway.   

 

No significant differences in caspase-3 or 7 activity was detected between the non-

adapted and low temperature-adapted cells (Figure 6.12). This was determined through a 

luminescence-based assay (Caspase-Glo™ 3/7 from Promega Corp.), in which a 

proluminescent substrate; aminoluciferin covalently bound to the caspase 3/7-specific 

tetrapeptide aspartic acid-glutamic acid-valine-aspartic acid (DEVD-aminoluciferin) is 

cleaved by endogenous caspase activity into the aminoluciferin, a substrate for the 

luminescent reported enzyme luciferase.  This assay was performed in a 96-well plate 

(approximately 1x104 cells/well) and measured on a Synergy 2 multi-modal plate reader 

(BioTek Instruments Inc.).  The absence of endogenous caspase activity indicates that the 

adaptation-induced truncated vimentin forms and nuclear fragmentation, despite their 

association with apoptotic processes are not caspase-induced and must be caused by some 

other, yet to be determined, cellular event. 
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Figure 6.12: Caspase 3 and/or 7 activity in non-adapted and low temperature-
adapted CHO cell samples.  Non-linear (3-parameter logarithmic) regression 
illustrates activity over a range of cell populations. (n = 3 ± standard error) 
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Figure 6.13:  Detection of apoptosis-induced 
nuclease activity in cold-adapted (32°C) and 
non-adapted (37°C) CHO cells.  Asterisks 
indicate apoptotic internucleosomal fragments. 
Note the absence of fragments in hypothermic 
and non-adapted samples. 
 
Lane 1: DNA ladder (1 Kb Plus) ladder  
Lane 2: Apoptotic U937 Cells (Positive Control) 
Lane 3: Non-adapted CHO cells 
Lane 4: Low-temperature adapted CHO cells 
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6.2.3.2 – Lack of Apoptosis-induced DNAse Activity in Low Temperature-adapted Cells 

Confirming the lack of apoptotic activity, DNA was isolated from adapted and non-

adapted populations was assayed for apoptotic nucleosomal fragments; 200 base pair (bp) 

DNA fragments produced by caspase-activated DNAses (CADs).  This was performed 

through the use of an Apoptotic DNA Ladder Kit (Roche Diagnostics), and involves the 

lysis and DNA extraction from populations (2x106 cells/mL) of adapted and non-adapted 

cells on a DNA-binding glass fiber mesh.  Cytosolic components were removed through 

centrifugation (approximately 700xg), and the remaining nuclear material was eluted 

from the glass mesh and separated electrophoretically on a 1% agarose gel (75V for 1.5 

hours at room temperature) using ethidium bromide-free and bromophenol blue-free 

loading buffer.  The DNA bands were visualized by staining the gel post-separation in a 

solution of ethidium bromide (0.5 µg/mL) and imaged in an Alpha Innotech Gel 

Documentation station.  No DNA fragments of appropriate size (200 or 400 bp) were 

detectable in either of the populations (Figure 6.13), despite their appearance in a control 

population of apoptotic U937 human leukemic monocyte lymphoma cells.  Short DNA 

fragments (in intervals of 200 bp) visualized through agarose gel electrophoresis would 

be indicative of CAD activity and late-apoptotic processes. 

 

6.2.3.3 – No Nuclear p53 Accumulation was Observed in Low Temperature-adapted 

Cells 

In p53-mediated growth arrest and apoptosis, the tumor suppressing protein p53 is 

translocated to the nucleus; a mechanism necessary for the protein to affect gene 

expression.  p53 localization was determined by immunofluorescence to be sequestered 
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within the cytoplasm in both non-adapted and low temperature-adapted cells (Figure 

6.14) under hypothermic conditions.  Cells were harvested from viable (>90%) 

exponentially growing cultures, fixed and permeabilized using standard 

immunofluorescence techniques (15 minute incubations in 4% paraformaldehyde and 

0.1% Triton X-100 respectively).  p53 was targeted through the use of a mouse anti-

human p53 monoclonal antibody (clone DO-7 from Sigma Aldrich), briefly incubated for 

1 – 5 minutes in a 300 nM solution of 4',6-diamidino-2-phenylindole (DAPI) and then 

visualized through a goat produced anti-mouse IgG molecule conjugated to the 

fluorescent dye Alexa Fluor 568 (Invitrogen Corp.) with a Zeiss Plan-Apochromat 

100x/1.4 objective on an AxioImager Z1 fluorescence microscope.  p53 localization was 

categorized as either nuclear or cytosolic relative to the location of the DAPI-stained 

nucleus. 

 

This assay confirmed that the apoptotic-like symptoms within the low temperature-

adapted cells (multi-nuclear/nuclear fragmentation and lower MW vimentin forms) 

occurred in the absence of conclusive apoptotic biomarkers. 
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Figure 6.14: Cytosolic p53 localization in non-adapted (panel A) and low-temperature 
adapted (panel B) CHO cells under hypothermic conditions.  Reference micrographs 
of relevant non- and cold-adapted cells are illustrated in panels C and C respectively. 
(Bar = 25 µm) 
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Chapter 6.3 – Discussion 
 
The perceived sensitivity to mechanical agitation of the low temperature-adapted 

population discussed in Chapter 5 was further investigated in an effort to quantify the 

magnitude of the sensitivity in context of the parental non-adapted population. 

 

Quantification was performed in two respects; a population-based assay which 

determined the overall response of the two populations to varying degrees of mechanical 

agitation; and on a cellular level, where individual cells were measured within each of the 

populations.  Physiological causes for the increased fragility were also investigated; 

identifying cytoskeletal changes induced through the adaptation process likely resulted in 

the increased fragility. 

 

6.3.1 – The Effect of Adaptation-induced Fragility on Populations of Recombinant 

CHO Cells   

The inability of the low temperature-adapted cells to proliferate in an agitated 

environment demonstrated an inherent fragility which developed through the selection 

process.  The relationship determined through exposing populations of cells to a series of 

increasing levels of mechanical stress demonstrated that cellular damage was 

proportional to the rate of agitation (using the presence of a cytosolic enzyme in the 

culture supernatant as a marker for compromised cell membranes).  This indicates that 

the inhibited culture growth can be attributed to physical cell damage, rather than an 

induced cell cycle arrest or another regulated form of growth arrest; facilitating the entry 

of a non-secreted cytosolic enzyme (lactate dehydrogenase) into the culture supernatant. 
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The extent of membrane damage varied significantly between the two populations; with 

the low temperature adapted cells losing membrane integrity 10-fold faster than the non-

adapted population in response to the same external stresses (Figure 6.1A and B).  It was 

also immediately apparent that the culturing of cells within macroporous microcarriers 

decreased the cells susceptibility over 4-fold (Figures 6.1C and D), presumably by 

sequestering the cells within an environment sheltered from hydrodynamic forces. 

 

This was confirmed through in situ viability determination of individual microcarrier-

entrapped cells exposed high levels of hydrodynamic stress.  Within the microcarrier 

structure, the rate of membrane failure was direction proportional to the proximity of the 

cell to the exterior of the carrier.  This demonstrates that the carrier structure and the 

localization of the cell within it are responsible for the protective nature of microcarrier 

culturing; a phenomenon which has been presented previously in within our research 

group and others (128, 143, 144), although not to this resolution. 

 

6.3.2 – Increased Cellular Fragility and Loss of Heterogeneity within the Adapted 

Population 

The final stage of characterization which was performed was to determine the effect of 

the increased fragility on the physical properties of intact adapted cells.  CHO cells (when 

cultured in suspension) are spherical(145), robust cells, capable of growth within agitated 

cultures without a significant loss of viability.  As already discussed, the low 

temperature-adapted population was found to be incapable growth within this type of 

environment, leading to the presumption that they were significantly more fragile. 
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The strength of their mechanical structure was investigated at the resolution of an 

individual cell, subjecting populations to a fixed centrifugal force, following the method 

of Brown et al.(136), and monitoring for any structural deformation which occurred.  A 

deformability index (DI) was calculated for each observed cell to allow relative 

comparisons within and between populations; a value which represents the ratio of the X 

or Y-axis diameter of the cell to its Z-axis height.  This provides an intuitive system for 

recognizing the strength of a cell’s structure; where a DI of 1.0 indicates no deformation 

occurred (the cell was spherical with a width equal to its diameter), 2.0 represents a cell 

which was compressed to half its initial height, and further increasing values signifying 

cells which were compressed to even greater extents.  From this, cells were categorized 

more generally, being either resistant (DI < 2.0) or susceptible (DI > 2.0) to mechanical 

deformation. 

 

The parental, non-adapted population was found to be heterogeneous in terms of the 

strength of its member’s structures; containing both resistant and susceptible phenotypes.  

The size of the cell appeared to have an effect the strength of its structure, as all the cells 

classified as susceptible to deformation were larger than 15 µm in diameter.  However 

within the population of cells smaller than this; a cell of a given size could be found to be 

either susceptible or resistant. 

 

The cold-adapted population exhibited a significantly different profile, containing no 

cells resistant to deformation.  The absence of smaller cells (which were the most 

resistance to deformation in the non-adapted population) could partially account for this 
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result, although the smaller cells within the non-adapted population demonstrated that 

this effect was not solely a function of cell size.  Therefore it is likely that additional 

intracellular effects (other than the size of the cell) are responsible the fragility of the 

adapted population. 

 

6.3.3 – Fragility within Adapted Population is a Result of a Compromised Intermediate 

Filament Network 

The strength of the overall cellular structure is conferred through a combination of an 

intact cell membrane and an organized cytoskeleton.  The cell membrane is a dynamic, 

fluid structure which must remain intact and pliable through many environmental 

conditions and cellular processes for the cell to remain viable(137).  In this work, two 

strategies were attempted to determine whether deficiencies in the membrane itself were 

responsible for the fragility of the adapted population.   

 

6.3.3.1 – Increased Fragility a Result of a Membrane-independent Cellular Event 

The first approach involved the supplementation of the culture media with a complex 

concentrate of lipoproteins, cholesterol and fatty acids; which would compensate for any 

deficiencies in the culture media or the cell’s synthetic pathways.  Supplementing low 

temperature-adapted cultures with up to 5-fold greater than the manufacturer’s 

recommended concentration had no restorative effect on the ability of the population to 

survive within agitated cultures. 
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Pluronic™ F-68, a non-ionic surfactant with known cellular protective properties against 

hydrodynamic stress(138), was also utilized to attempt facilitate growth in stirred-tank 

cultures.  Concentrations were increased up to 5-fold greater than the experimentally 

determined ideal(139), however no protective effect was observed beyond the 0.2% 

concentration routinely used within the serum-free media developed for the growth of the 

parental population. 

 

These procedures reduced the likelihood of the membrane as an adaptation-induced weak 

point in the cell structure by ensuring all membrane components were available in excess 

and coating to membrane with a surfactant to reduce in-culture shear forces.   

 

6.3.3.2 – Truncated Vimentin Forms Result in a Disorganized, Irregular Intermediate 

Filament Network 

The cytoskeleton is a network of three classes of filament proteins: actin filaments, 

intermediate filaments (IF) and microtubules; each with many functional roles within the 

cell.  The intermediate filament network, and particularly the type III intermediate 

filament protein vimentin, is well characterized for its structural role in the cell(136, 140).  

However, the role of vimentin within the cell is complex; with additional roles in the 

intracellular activation of caspases(142, 146, 147), nuclear(148, 149) and Golgi 

organization(150),  cell adhesion, migration and cell signaling(151). 

 

Due to its well characterized role as a structural element within the cell(136) and reports 

of vimentin expression being modulated as a result of hypothermic (32°C) 
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exposure(141), the role of vimentin in the increased cell fragility was investigated.  The 

continuous peripheral protective protein network in the parental population was absent 

from a subset of cells in the adapted population, and irregular in appearance in others.  

This is reminiscent of the results of Brown et al.(136), who observed the disruptive of 

effect of calyculin A on the vimentin IF network and a subsequent increase in cell 

fragility.  The cold-adapted vimentin network also appeared in internalize itself to the 

perinuclear region of the cell.  As it is known that there is a direct interaction between the 

vimentin IF network and the Golgi apparatus (through the Golgi-specific protein 

formiminotransferase)(150); it could be speculated that in addition to up-regulation of 

proteins involved in the secretory pathway(141), interactions between vimentin and the 

Golgi apparatus were increased to support increased cellular translation. 

 

These results indicate that the mechanism behind the disruption of the vimentin IF 

network is likely induced site-specific proteolysis of the vimentin monomer.  The smaller 

molecular weight vimentin peptides observed in the adapted cell population existed 

primarily in two forms; a 43 and 31 kDa form (compared to 57 kDa of an intact 

monomer).  The cleavage of the vimentin monomer was necessarily specific as it resulted 

in only two molecular weight forms (minimal protein fragments were observed at other 

weight ranges).    Proteolysis of vimentin has been previously reported(142, 146, 152-

154), believed to be involved in the apoptosis signaling pathway; as both an inducer 

molecule and a substrate for executioner and initiator caspases.  Caspases, a family of 

cysteine proteases, regulate and mediate the process of apoptosis through highly 

regulated proteolysis of intracellular proteins(155).  Members of the caspase family 
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which have been observed to cleave vimentin include the initiator caspases 8 and 9, and 

the executioner caspases 3 and 6; cleaving at aspartic acid residues 85 or 259 and 429 

respectively(146).  Retroviral proteases (PRs); including those from human 

immunodeficiency virus type 1 (HIV-1) and type 2 (HIV-2), bovine leukemia virus 

(BLV), Mason-Pfizer monkey virus (M-PMV) and myeloblastosis-associated virus 

(MAV) have also been found to be involved in vimentin degradation(156), however this 

requires an active infection within the cell population which was not present in cultures 

described in this work. 

 

Caspase or PR-induced proteolysis of vimentin results in a complex mixture of fragments 

of varying molecular weights.  Caspase-proteolysis produces fragments of 47, 41, 28 and 

22 kDa, and additional fragments which would not be detected by the anti-vimentin 

monoclonal antibody (clone V9) used throughout this thesis(146) due to its specificity to 

the carboxyl-terminal end of protein.  These fragments fit within the range of fragments 

observed within the adapted population vimentin profile (43 and 31 kDa), considering 

that the SDS-PAGE method of molecular weight determination should be assumed to 

include an error of at least ± 5 to 10%(157).  

 

 

6.3.3.3 – Caspase and Apoptosis-independent Vimentin Proteolysis 

Vimentin proteolysis has been hypothesized to function as a regulatory mechanism 

involved in the restructuring of cellular intermediate filament networks; as the extreme 

insolubility of the vimentin monomers would inhibit polymerization and 
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depolymerization(158).  To determine whether the vimentin degradation was caspase-

mediated, the activity of executioner caspases 3 and 7 was assayed against the 

background level present in the non-adapted, robust cell population.  From the lack of 

significant differences between the two populations, it can be inferred that the absence of 

executioner caspase activity (and the deduced lack of upstream initiator caspase activity 

which would have induced executioner activity) presents the adaptation-induced vimentin 

degradation as a caspase-independent phenomenon. 

 

Further markers of apoptosis, specifically early-stage apoptotic p53 translocation(159) 

and late-stage caspase-activated DNAse activity(160) were investigated.  Both wild-type 

and mutant forms of p53, a transcription factor involved in cell cycle regulation and the 

initiation of apoptosis, require nuclear accumulation to affect gene expression(159).  The 

cytosolic sequestering of p53 under hypothermic conditions in the adapted and non-

adapted populations, inhibiting its interacting with cellular genetic material, demonstrated 

that the hypothermic growth arrest exhibited by the non-adapted population and the 

degradation of vimentin monomers occurred independently of p53-induced growth arrest 

and in the absence of apoptotic initiation. 

 

The lack of caspase-activated DNAse activity further confirms the absence of an 

apoptotic phenotype, compelling evidence that the dissociation of the vimentin IF 

network is mediated by a novel apoptosis- and retrovirus-independent mechanism.  While 

this does not present a direct molecular mechanism for the increased cellular fragility, it 
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does describe an emergent correlation between the mechanical properties of the cold-

adapted population and intra-cellular regulation of structural proteins. 

 

6.3.4 – Increased Cellular Fragility an Emergent Trait of Low Temperature-

Adaptation Process 

In the context of the biopharmaceutical protein production and the success of the low 

temperature-adapted populations presented in this thesis, it is still unknown whether the 

enhanced shear sensitivity was a direct consequence of adaptation to low temperature 

growth or an independent, simultaneously isolated trait.  However, it is important to note 

that in the cold-adapted (32°C) cell populations described by Yoon et al.(33), previously 

discussed in Chapter 1.5.6, the iterative subculturing throughout their adaptation process 

was performed in a series of stirred spinner flask vessels.  The possibility that this 

process, inherently selective against fragile cells, played a role in the inability of their 

cultures to sustain high levels of specific heterologous protein expression throughout the 

adaptation process cannot be overlooked.  

 

This thesis presents this significant reduction in cell robustness, induced through an 

active regulatory mechanism (rather than a limiting nutrient leading to a weakened 

membrane), as an adaptive trait which cannot be easily isolated from the beneficial 

effects of the low temperature adaptation process.   
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Chapter 7 – Conclusions and Future Work 
 

Chapter 7.1 – Conclusions 

This thesis presents a novel method of cell culture optimization which had not been 

successfully implemented in published literature.  The induction of active hypothermic 

growth, allowing for increased cell proliferation under typically prohibitive sub-

physiological temperatures, without the addition of exogenous growth factors or targeted 

genetic modification yielded significantly increased product titres of a therapeutic 

biologic. 

 

The strength of this approach is that it approaches the development of a cold-adapted cell 

population by selecting for the desired phenotype, rather than attempting to induce the 

phenotype through predictive genetic modification.  This circumvents the primary 

limitation of genetic modifications; the lack of a thorough understand of cellular 

metabolism, and in the case of the Chinese hamster ovary cell line CHO-K1, the lack of a 

publicly available genome sequence.  Through the culturing of cells under a significant 

selective pressure (a prohibitive growth temperature), a sub-population of cells capable of 

active hypothermic growth was isolated without prior knowledge of the metabolic 

systems responsible its regulation.  These isolates can also be used to gain knowledge of 

such regulatory systems, by retrospectively investigating the changes which were 

induced; in this case, the circumvention of temperature dependent cell cycle control and 

factors leading to a cell’s mechanical integrity. 
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This thesis presents a process which has successfully isolated a population of cold-

adapted cells which has not lost its ability to produce enhanced titres of heterologous 

protein under sub-physiological conditions.  This is in contrast to the only other published 

account of cold-adaptation of a recombinant cell line, which failed to maintain an 

elevated specific productivity(111).  Also described is a scalable bioprocess which has 

the potential to employ these cells in multi-litre stirred-tank bioreactor cultures, a criteria 

which is essential for an industrially relevant cell line. 

  

Chapter 7.2 – Future Work  

The work described in this dissertation could be furthered by carrying research forward in 

two distinct directions.  Published literature on mild-hypothermic growth of CHO cells 

leads to the speculation that optimization of the low temperature culture conditions, 

specifically environmental (pH and dissolved oxygen) and nutrient conditions, would 

likely yield significantly enhanced protein production beyond what has been achieved in 

this project.  Cells under mild hypothermic temperatures have been found to be 

increasingly sensitive to changes in pH(75), and require significantly different nutrient 

requirements(109); these variables, along with the inherent link between temperature and 

the capacity of culture media to absorb oxygen, have not yet been thoroughly explored.  

A comprehensive investigation of a low temperature environment, the cellular cold-shock 

metabolic response, and its effect on the protein production of the adapted cells would 

likely yield significant benefits in terms of protein expression. 
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Additionally, the population of cold-adapted cells offers an opportunity to identify novel 

regulatory mechanisms involved in cold-induced growth arrest and elevated recombinant 

protein expression.  A more detailed understanding of these regulatory systems would 

provide targets for direct genetic manipulation, further improving already successful 

controlled proliferation strategies.   

 

This thesis provides strong and convincing evidence that a recombinant Chinese hamster 

ovary cell line is capable of adaptation to sub-physiological temperatures, and that this 

adaptation can be used advantageously for the production of recombinant therapeutics.  

This allows the effects of cold-induced growth arrest, the most significant limitation to 

product yields under hypothermic conditions, to be minimized; increasing product yields 

several fold with only minimal additional input costs. 
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