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The impact of process temperature on
mammalian cell lines and the implications
for the production of recombinant proteins in
CHO cells

The use of a temperature-shift to subphysiological temperatures (<37°C) during the
culturing of mammalian cell lines engineered to produce a recombinant protein is widely
utilized. The effect of such a temperature shift on both the cellular responses and
recombinant protein yield is not uniform and is both cell- and product-specific. Despite
this, the understanding of the cellular responses to mild subphysiological temperature
(27-35°C) culturing has developed markedly over the last decade and, as such,
opportunities exist to harness this knowledge to further improve product yields and
quality at subphysiological temperatures. In this review we describe the mammalian
cell response to mild subphysiological temperature, the effects on recombinant
protein production under such conditions, those mechanisms that appear to underpin
increases in productivity at such temperatures, and potential future innovations and
directions that may further enhance the use of such conditions during bioprocessing
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of recombinant protein products.

Mammalian cells & the production

of recombinant proteins

Mammalian cell expression systems are
routinely used for the generation of recom-
binant proteins, particularly in the industrial
biopharmaceutical manufacturing industry
where they are used for the production of
therapeutic proteins (rPs). Indeed, many of
the currently available recombinant protein
biopharmaceuticals (e.g., monoclonal anti-
bodies [mAbs]) are produced in cultured
mammalian cells (1], with the most commonly
used industrial mammalian cell host being
the Chinese hamster ovary (CHO) cell p
because these are a relatively easy and robust
cell line to grow. In addition, from a regula-
tory prospective, CHO cells have a proven
track record of producing safe biotherapeutics.
Biotherapeutics now constitute a significant
portion of the total pharmaceuticals market

and it is predicted that mAb-based products
alone will have sales approaching US$89.9 bil-
lion by 2017 3]. Mammalian cells are usually
chosen as the expression system of choice over
other systems (e.g., yeast, bacteria, plants and
transgenic animals) for biotherapeutic pro-
duction when, first, the recombinant protein
product is required to be as similar as possible
to that which would be produced in humans,
and second, when the correctly assembled
and functionally active protein requires spe-
cific post-translation modification(s), folding
and assembly of the target protein that can
only be undertaken within specific cellular
compartments/organelles that contain the
required cellular machinery (e.g., chaper-
ones and enzymes) to perform these cellular
processes [4].

Traditionally, mammalian cells are cultured
at the physiological temperature of 37°C to
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Key Term

Subphysiological temperature culturing: The culturing of
mammalian cells at temperatures below 37°C, generally
covering the range of 25-35°C.

align with conditions that are found in the body of the
organism from which the cells were derived [5]. During a
typical batch or fed-batch culture of a recombinant cell
line the majority of cell proliferation occurs during expo-
nential growth during which time recombinant protein
synthesis is suboptimal as cellular resources and energy
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are diverted towards the essential processes required for
doubling of cell mass (and hence protein) and cell pro-
liferation [6]. The synthesis of recombinant protein from
mammalian cells is generally greatest when cells are in a
stationary growth phase when there is less competition
with endogenous protein synthesis and cellular processes
(7). This difference in the production level in relation to
the stage of growth and the cellular energy requirements
is known as the biphasic production concept.

Over the last 20-30 years the yields of recombi-
nant protein obtained from cultured mammalian
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Figure 1. Summary of key mammalian cell cold-shock responses. In response
exposure of mammalian cells to cold-shock, cells arrest in the G1 phase of the cell

to subphysiological temperature culturing and the
cycle, which leads to a reduction in growth rate and as

a result decreased biomass and fewer cells. Metabolism is reduced upon cold-shock and therefore less metabolic toxic by-products are
generated, there is reduced ATP and oxygen consumption and cells exhibit enhanced sheer resistance and delayed or reduced apoptosis.

Consequently, cell viability is enhanced and cell doubling time is lengthened leadin

g to prolonged culture duration. The cell cytoskeleton

disassembles disrupting the organization of the translational machinery and results in attenuation of protein biosynthesis, although STOP

proteins interact with the microtubule network to stabilize these. The lipid composition of cellular membranes is altered changing the rigidity
activating the ataxia telangiectasia mutated and Rad3-realted kinase (ATR)-p53-p21 pathway. p53 activation of p21 in turn causes cell cycle
arrest. Global transcription and translation is reduced, although cold shock proteins (CSP) are induced and the synthesis of selective proteins
are upregulated. Mechanisms including CSP binding to cis-elements of target genes increasing their translation, activation of alternative
promoters to generate alternative mRNA transcripts that can be preferentially translated through internal ribosome entry site (IRES) cap-
independent translation, alternative splicing leading to preferential cold-specific mRNAs, secondary structure formation in mMRNAs such that
they are ‘stabilized’ with reduced turnover, and a reduction in protein turnover. Up arrows indicate a potential increase in the process, down
arrows a decrease upon subphysiological temperature culturing. Note, the schematic is a general guide to responses and items are not
necessarily in correct locations within the cell, in proportion or all responses always in the same direction across all cells and products (see
text for more detail).
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Impact of process temperature on mammalian cell lines

cells has improved immensely such that yields in
excess of 10 g/l have now been reported (e.g., Huang
et al. who reported yields of a monoclonal antibody
and FC-fusion protein in excess of 10 g/l [8]). The
majority of enhancements in yield over the years
have resulted from improvements to process condi-
tions (e.g., pH control), enhanced culture media and
feeding regimes, manipulated vectors and constructs,
development of new host cell lines, and the develop-
ment of new high-throughput screening strategies that
allow the assessment of large numbers (100s—1000s)
of cell lines to select those with desirable industrial
phenotypes (high growth and productivity) [9]. Many
examples of such process improvements are found
throughout the literature, including the optimization
of culture medium [10-12], cell line development [11]
and selection [13,14], improved vector design [15], apop-
tosis engineering [16], manipulation of mRNA trans-
lation initiation factors [17], culture process develop-
ment (18] and the use of subphysiological temperature
culturing to improve recombinant product yields
(19]. The prevalence of subphysiological temperature
culturing of mammalian cells in industry is difficult
to gauge from the literature alone, but it is generally
accepted to be widely used, but certainly not in all
cases, and is usually applied on a case-by-case basis
during the development of a specific bioprocess for a
particular molecule and cell line.

When mammalian cells are cultured at tempera-
tures of less than 37°C (subphysiological tempera-
tures) the cell responds to such environmental change.
The cellular response to a reduction in culture tem-
perature is discussed in more detail below; however,
cells generally respond by initiating a coordinated
response (Figure 1) that involves cell cycle arrest and
reduced proliferation, modulation of transcription/
gene expression and mRNA translation, reduced
metabolism, changes in lipid biosynthesis and mem-

brane remodelling, changes to the cell cytoskeleton,
and a general reduction in cellular processes [20]. In
order to understand and harness the mechanisms by
which reduced temperature cultivation can poten-
tially result in enhanced recombinant protein yield
(Table 1) it is first necessary to consider the mamma-
lian cell response to subphysiological temperature
cultivation.

Cellular response of mammalian cells to
subphysiological temperature culturing

Our knowledge of the cellular responses of cultured
mammalian cells to subphysiological temperatures
and the application of this understanding to the pro-
duction of recombinant protein as it stood in the mid-
dle of the last decade has previously been reviewed [19].
Since this time further advances have been made with
respect to understanding the responses of mamma-
lian cells to subphysiological temperatures, although
the knowledge in this area compared with that in
bacteria and plant systems, where defined cold-shock
proteins are expressed and orchestrated waves of
modulated gene expression are initiated, remains lim-
ited. For example, a reduction in temperature results
in the formation of mRNA secondary structure that
can result in the inhibition of gene expression as a
result of premature transcription termination, altered
mRNA degradation and inefficient mRNA transla-
tion [21]. Escherichia coli respond to this challenge by
the expression of a number of cold-shock-induced
proteins (CSPs) upon temperature downshift that
allow the cell to negate these effects, either through
the CspA family of proteins that work as RNA chap-
erones and influence transcription and potentially
translation of specific mRNAs or via RNA helicases
and exoribonucleases that together overcome RNA
stability to degrade RNA [21]. Such a detailed under-
standing of the responses in mammalian cells remains

Table 1. Key mammalian cell phenotype responses upon subphysiological temperature culturing

(25-35°C) relevant to the production of recombinant proteins.

Mammalian cell phenotype
Cell proliferation

Biomass accumulation
Cell viability

Apoptosis

Culture duration
Metabolism

Tolerance to shear stress

Cell-specific and volumetric productivity

Protein folding
Product quality

Response upon subphysiological temperature culturing
Reduced

Reduced

Prolonged

Reduced

Prolonged

Reduced, toxic by-products (e.g., lactate) reduced
Increased

Cell-, product- and process-specific effects. May
be increased or unchanged. In a few cases actually
decreased

May be improved

Can be enhanced
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to be elucidated, however, a summary of the major
cellular processes that are known to be modulated in
response to cold-stress in mammalian cells is outlined
in Figure 1.

» mRNA translation & protein synthesis at
subphysiological temperatures in mammalian
cells

In response to subphysiological temperatures, global
protein synthesis rates are decreased [22], which would
seem at odds with the observation that recombinant
protein expression can be increased at such tempera-
tures. The obvious explanation for this is that upon
cold-shock the associated reduction in global mRNA
translation and metabolism (and hence reduced
metabolic burden) coupled with increased mRNA
stability/reduced degradation that leads to increased
recombinant protein mRNA amounts [5,22-24] together
mean that although protein synthesis per se is reduced,
there is less competition of recombinant mRNAs with
endogenous mRNAs for the translational and protein
folding/secretory machinery, and hence recombinant
protein yields are enhanced. However, the mechanisms
that underpin potential increases in recombinant pro-
tein yield from mammalian cells are far more complex
than this, as discussed below.

In addition to the global decrease in mRNA transla-
tion and protein synthesis via the phosphorylation of
the initiation factor elF2a [25,26], cold-shock of mam-
malian cells can reportedly lead to the formation of
cytoplasmic structures termed stress granules (SGs)
that contain stalled translation pre-initiation com-
plexes [25]. Recent data suggest that protein synthesis
is also attenuated in parallel by activation of AMP-
activated protein kinase (AMPK), which results in
inhibition of mTOR signaling as a result of impaired
mitochondrial function [25]. Furthermore, microRNA
(miR) expression is also modulated in CHO cells
upon a shift to subphysiological temperatures [7.27].
These small non-coding RNAs mainly act as negative
regulators of translation of specific mRNA targets by
binding to the 3"-UTR of the target mRNAs [27]. The
artificial manipulation of such miRs has been shown
to have functional effects in CHO cells and to influ-
ence recombinant protein cell-specific productivity
(27]. In particular, endogenous miR-7 expression has
been shown to decrease to a greater extent in CHO
cells shifted to lower temperatures over time in culture
compared to those kept at 37°C, however, when miR-7
was transiently overexpressed at 37°C this resulted in
an effective block of cell proliferation, while inhibition
of miR-7 amounts had no effect on cell growth [27].
The overexpression of miR-7 at 37°C did, however,
result in an increase in cell-specific productivity, and a
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subsequent study of the proteome of CHO cells over-
expressing miR-7 showed that the expression of 93 pro-
teins was decreased and of 74 proteins was increased
upon miR-7 overexpression. Proteins involved in
translational control, RNA and DNA processing were
enriched in those proteins whose expression decreased,
and those involved in protein folding and secretion
were enriched in the upregulated category [23].
Although global endogenous protein synthesis
is reduced upon subphysiological temperatures in
mammalian cells, the synthesis of specific proteins is
reportedly upregulated [20.22], presumably these being
proteins that are required or essential for the cellular
response to, and survival of, cold-shock. There are
reportedly two mammalian cold-induced CSPs, Rbm3
(RNA-binding motif protein 3) and CIRBP (cold-
inducible RNA-binding protein), these bearing no
sequence homology to the bacterial CSPs [20]. There
are reports that describe more than 20 additional genes
and proteins whose expression changes in mammalian
cells at subphysiological temperatures [22,29]. However,
care needs to be taken when defining cold-shock-
induced protein upregulation as protein degradation is
also reduced at subphysiological temperatures, which
can result in an apparent increase in protein abundance
due to reduced turnover rather than due to an increase
in protein expression [22]. The contributions of these
two effects (increased protein synthesis vs increased
abundance) can be investigated by metabolic radio-
labelling of nascent polypeptide chains to determine
newly synthesized material and standard protein anal-
ysis of total protein lysates. When undertaking such
analysis it is seen that the range of proteins synthesized
at 37 and 32°C is broadly the same, although global
protein synthesis is reduced at 32°C compared with
37°C except in the case of a few polypeptides whose
expression does appear to be increased [22,26].

» Effect of subphysiological temperature
culturing on the cell cycle

In addition to reduced metabolism and protein syn-
thetic capacity in mammalian cells upon subphysio-
logical temperatures, mammalian cells cell cycle arrest
(30], predominantly in the GI phase of the cell cycle
(23]. While cells can proliferate at 32°C [22], at 25°C
and below proliferation more-or-less ceases, although
this is rapidly restored upon a return of cells to 37°C
(30]. The arrest of the cell cycle in mammalian cells
upon cold-shock is due to the activation of the p53
signaling pathway [31]. It has now been established
that p53 itself is activated as a result of activation of
the ataxia telangiectasia mutated and Rad3-related
kinase (ATR)-p53—p2l pathway (32]. The mecha-

nism of ATR activation upon reduced temperature
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Impact of process temperature on mammalian cell lines

cultivation appears to be due to changes in the lipid
composition of cellular membranes at reduced tem-
perature [32]. Subphysiological temperature culturing
results in changes to the lipid composition of cellular
membranes (33], leading to enhanced rigidity [22] and
a reduction in cellular membrane associated roles
(20]. Mammalian cells appear to actively respond to
maintain the fluidity of the membrane by raising the
levels of polyunsaturated fatty acid, activating ATR
and the ATR signaling pathway, which ultimately
results in p53 and p21 activation and cell cycle arrest
(32]. Interestingly, p53 in the CHO-KI1 cell line has
a point mutation in codon 211 (from ACA to AAA
resulting in a change from a Thr to a Lys residue) that
manifests in high spontaneous amounts of p53 that
do not respond to X-irradiation and mutant function
of the protein in terms of a lack of the G1 check-
point [34]. However, p53 amounts clearly do respond
to reduced temperature in CHO-K1 cell lines with
reports confirming these are increased [32] and hence
it may be the pathway of activation that differs
between cold-shock and X-irradiation that activates
p53 and subsequent arrest in G1.

» Induction of specific cold-shock proteins at
subphysiological temperatures

As described above, two CSPs have been identified in
mammalian cells, CIRBP [29,35] and RBM3 [36]. The
upregulation of these proteins in response to subphysi-
ological temperatures is maximal at mild hypothermic
conditions (e.g., 32°C), while at severe hypother-
mic conditions (<15°C) there is little to no observed
upregulation of these proteins. This suggests that in
mammalian cells two distinct responses exist in the
adaption to subphysiological temperature culturing;
one at mild-hypothermia (32-27°C) and one at severe
hypothermia (<15°C). Both CSPs are highly homolo-
gous in terms of amino acid sequence and belong to the
glycine rich RNA-binding protein family [20].

The exact function of both of these mammalian
CSPs is unknown, although like the bacteria CSPs
they are suggested to act as RNA chaperones [29.35].
Both have been shown to bind mRNAs, and are
thought to be involved in maintaining mRNA stabil-
ity and assisting in the translation of specific mRNA
upon subphysiological temperature culturing [33].
RBM3 is also reported to inhibit miRs, which com-
promises translation efficiency of target mRNAs by
interacting with the miR to prevent it from interact-
ing with the target mRNA [37]. CIRBP, also known
as hnRNP A18 [38], was the first of the mammalian
CSPs to be identified [33] and is thought to be involved
in protecting cells from TNF-induced apoptosis by
stimulating the extracellular signal-regulated kinase

pathway [39]. CIRBP also binds to ATR mRNA and
an increase in CIRBP expression reportedly leads to
an increase in the levels of ATR protein [40], a further
direct link between the (ATR)-p53—p2l pathway
and cold-shock. CIRBP is also thought to bind to
the translation initiation factor eIF4G [40]. Via an
interaction with the 3-UTR, such as in the ATR
mRNA, and the initiation factor eIF4G, CIRBP may
act as a bridge to facilitate translation under cold-
stress in a manner similar to that of polyA-binding
protein (PABP).

It is interesting to note that the stability of the
CIRBP mRNA is not changed upon mild hypother-
mia even though CIRBP mRNA and protein levels are
increased [41]. Thus, mechanisms other than increased
CIRBP mRNA stability play a key role during the
cold-shock response and CIRBP induction. Indeed,
such mechanisms are now beginning to be unraveled,
including increased transcription of selected genes
due to CSPs binding to cis elements in the promoter
regions of target genes leading to enhanced transcrip-
tion and, therefore, in turn leading to higher tran-
script levels. The regulation of CIRBDP itself is now
also being unraveled. The CIRBP gene reportedly
contains a mild-cold responsive element (MCRE)
in its promoter, and specificity protein 1 (Spl), a
transcription factor, binds to the MCRE leading to
the induction of CIRBP [38]. The expression and or
localization of Spl itself also changes under such
conditions with Spl being localized preferentially to
the nucleus at 32°C where it is able to bind to the
MCRE of CIRBP [38]. Furthermore, the authors of
this study also demonstrated that the MCRE can
be added to target genes to specifically enhance
recombinant protein expression in mammalian cells
at 32°C [38]. The expression of CIRBP is also poten-
tially controlled by the use of alternative promoters,
whereby upon mild hypothermia an alternative pro-
moter is activated that results in the production of an
alternative CIRBP mRNA to that observed at 37°C
(4142]. This alternative and longer mRNA contains
a potential internal ribosome entry site (IRES) that
facilitates translation of the mRNA under cold-shock
conditions [41]. Interestingly, differential splicing of
mRNAs at different subphysiological temperatures
has also been reported to generate cold-specific
mRNAs, for example alternative splicing of pre-
mRNA reportedly occurs in neurofibromatosis type
1 mRNA during exposure to temperatures between
20 and 32°C [29]. Other cold-response promoters and
promoter elements have also been identified in CHO
cells and shown to increase the transient expression of
a luciferase reporter construct at 33°C compared with
37°C over and above the control SV40 promoter [43].
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» Additional responses to subphysiological
temperatures by mammalian cells

A further response of mammalian cells to subphysi-
ological temperatures is the remodeling of the cell
cytoskeleton. An intact cytoskeleton is required for
efficient protein synthesis in mammalian cells [44],
and the cytoskeleton is disrupted by cold-shock as the
microtubules disassemble [45] and the F-actin system
is disrupted [44]. Translational components including
polyribosomes, mRNAs and initiation factors also
co-localize with the cytoskeleton [46]; therefore, if the
cytoskeleton integrity is compromised this organiza-
tion is compromised at a local level. Consequently, dis-
assembly of the cytoskeleton during cold-shock proba-
bly leads to the disruption of translation and is a factor
in the attenuation of protein biosynthesis. However,
mammalian cells can express STOP proteins (stable
tubule-only-polypeptides) that at subphysiological
temperatures are thought to stabilize the microtubule
network [47].

Mammalian cells, therefore, actively respond to the
cellular stress incurred due to reduced temperature cul-
turing. It is important to note that cold-stress exposes
cells to two types of stress; hypothermia due to reduc-
tion in temperature and potentially oxygen-related
stress. At reduced temperatures there is a higher dis-
solved oxygen concentration [19] and decreased oxygen
demand from the cells [48]. It is also interesting that the
CSPs CIRBP and RBM3 are upregulated in response
to hypoxia at both the mRNA and protein levels [49]
and cells may experience hypoxia during rewarming
to 37°C. Whether the improving understanding of
the mammalian cold-shock response can be applied
to further design of new systems and approaches that
enhance recombinant protein yields at such tempera-
tures remains to be seen and is addressed further in the
following section.

Subphysiological temperature culture as an
approach to enhance recombinant protein
productivity from mammalian cells

Although the concept of subphysiological temperature
culturing of mammalian cells is not new [50], knowl-
edge of the processes and mechanisms that determine
protein production at low temperatures remains
incomplete. As described above, when cells are cul-
tured at subphysiological temperatures growth rate is
reduced [23.50] and cell doubling time is increased [23].
As a result culturing of cells at subphysiological tem-
peratures leads to a reduced biomass when compared
with cells cultured at 37°C [23]. This inherently seems
counterproductive with regard to recombinant protein
productivity and, hence, in order for subphysiological
temperature culturing to yield greater recombinant
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protein amounts strategies that either first accumulate
biomass before cold-shock, increase growth at reduced
temperatures or an increase in cell-specific productivity
must be achieved.

» Use of bi- & tri-phasic culture strategies
involving temperature down-shifts for
recombinant protein production

Partially as a result of the reduction in cell growth at
subphysiological temperatures, metabolite depletion
or utilization is decreased and in turn the build-up of
toxic by-products such as lactate that usually accumulate
upon the culturing of mammalian cells is also reduced
(23.24,51]. Mild cold-shock also delays or decreases apop-
tosis, probably due to the reduced metabolism and
nutrient use, reduced toxic by-product build up, less
ATP and oxygen consumption [20], less sheer stress (or
more sheer resistance in cells cultured at lower tempera-
tures [s2]) and the fact that the cells mainly arrest at the
G1 phase of the cell cycle [2353]. The reduction in cell
death, largely due to reduced apoptosis, leads to pro-
longed viability of mammalian cells at subphysiological
temperatures and, hence, an extension in the duration
of the culture [5.2354]. One factor that can therefore
lead to enhanced productivity from mammalian cells at
subphysiological temperatures is the prolonged viability
to counterbalance the decreased biomass; however, this
alone is not sufficient at an industrial scale to warrant
the use of culturing at reduced temperatures as having to
run bioreactors for extended periods of time to achieve
the same or better yields would in the main likely be
uneconomical. To overcome such limitations a ‘biphasic
process” strategy is therefore usually used. This strat-
egy involves two-stage culturing, whereby in the first
stage biomass is accumulated by growth of the cells at
37°C until sufficient biomass has been accumulated
(often as cells are about to or have entered stationary
phase of growth) followed by the second or production
phase when the culture temperature is reduced, usu-
ally in the range of 27-35°C [s5,56]. For example, such
a strategy was utilized to enhance the productivity of
recombinant human IFN-y from CHO cells [s7]. More
recently there have been reports of a three-phase culture
strategy involving low-temperature perfusion culture in
order to increase productivity and control aggregation
of the product [s8]. In this process cells were grown at
37°C before transition to 32°C in batch culture mode
before the implementation of a third perfusion stage.
This approach led to both a cell-specific and volumetric
productivity increase over that at 37°C in batch mode,
reduced aggregation compared to the batch mode and
the sialylation pattern, essential for the target molecules
bioactivity, was significantly enhanced in the three-phase
perfusion mode compared with batch culture [s3].
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» Effect of subphysiological temperature
culturing on recombinant protein production
from mammalian cells is cell & product
specific

Reports demonstrate that subphysiological tem-
perature culturing of mammalian cells can positively
impact upon both the specific and volumetric pro-
ductivity with regard to recombinant protein produc-
tion. However, the effect is variable and may be cell
line-, cell type- and target-specific. For example, while
reduced temperature culturing was shown to increase
the productivity of recombinant human growth hor-
mone from a recombinant CHO cell line, subphysi-
ological temperature culturing actually appeared to
decreased cell viability [s9]. Other reports have shown
that subphysiological temperature culturing of recom-
binant mammalian cell lines resulted in no change or
an actual decrease in cell-specific productivity [57.60-62].
One such example that illustrates this was reported by
Yoon et al. who showed that reduced temperature cul-
tivation of a CHO cell line expressing an anti-4-1BB
antibody had very little effect on productivity at 33°C
and a detrimental effect at 30°C (3.9-fold decrease)
(5]. On-the-other-hand, there are many reports show-
ing an enhancement in either or both cell-specific and
volumetric productivity of recombinant products from
subphysiological temperature culture cells compared
with that observed at 37°C (e.g., [5.8.16,23,26,54-59,63-71])
in response to subphysiological temperature culturing.
Increases in either cell-specific or volumetric produc-
tivity range from modest (1.5-2-fold increases) to
much larger increases (7—8-fold increases).

From the reports to date it is clear that even when
the same cell type is used (e.g., CHO) there are dif-
ferences in the effect of subphysiological temperature
culturing on productivity. This may be related to
differences in how the strategy is applied, feeding
regimes, vector design and elements within constructs,
specific target protein effects and cell-specific differ-
ences. The cell-specific effect was well documented
in a study investigating twelve parental clones. In this
study 12 parental recombinant clones and their cor-
responding amplified recombinant clones producing
a humanized antibody were investigated with respect
to their productivity at subphysiological temperatures.
When these CHO cells were cultured at 32°C there
was an enhancement in the cell-specific productivity
of the parental clones that ranged from 4-25-fold, but
only a modest increase in the majority of the ampli-
fied clones when compared to the 37°C controls [72].
The differential effect of subphysiological temperature
culturing is also variable across different cell types; for
example there are reported opposing effects of reduced
temperature on productivity in hybridoma and CHO

cells. When hybridoma cells expressing a monoclonal
antibody were cultured at 33°C there was a 21% drop
in cell-specific productivity compared with the 37°C
control [60]. Furthermore, there was a 42% drop in the
cell-specific productivity of hybridoma cells express-
ing a cytotoxic monoclonal antibody when cultured at
33°C [61]. On-the-other-hand, in CHO cells subphysi-
ological temperature culturing generally led to either
no change or an increase in cell-specific and volumet-
ric productivities. The reason for this discrepancy is
unknown.

There have also been reports of a difference in the
effect of subphysiological temperature culturing on
the cell-specific and volumetric productivity of the
same mADb produced in different host cell types. For
example, when non-secreting (NSO) murine myeloma
cells and CHO cells expressing the same IgG4 mono-
clonal antibody (cB72.3) were temperature shifted to
32 from 37°C in the CHO cell line, there was a 50%
increase in cell-specific (gMab) productivity during
the stationary stage of growth when compared with
cells cultured at 37°C. Conversely, in the NSO cells
there was a negative effect on productivity upon tem-
perature shift, which was more-or-less halted during
stationary phase of growth at 32°C [23). This differ-
ence in gMab was attributed to be due to differences
in metabolite utilization, cell growth and recombinant
mRNA levels between the two cell lines in response
to subphysiological temperature culturing [23]. Finally,
the strategy for subphysiological temperature culture
also influences the observed effect on yield and cell-
specific productivity. This was clearly demonstrated in
a study using recombinant erythropoietin and follicle-
stimulating hormone producing CHO cell lines that
when cultured at 32°C had significantly increased
cell-specific productivities, while volumetric activity
was not as enhanced due to decreased cell growth.
However, in some cases volumetric productivity can
be enhanced due to extended culture lifetime allow-
ing the cells more time to produce protein leading to
a higher final product yield. In an attempt to further
improve yield the erythropoietin and follicle-stimulat-
ing hormone-producing CHO cell lines were adapted
to grow at 32°C (as opposed to temperature-shifting
during culture), and this improved the specific growth
rates of both recombinant cell lines at 32°C as opposed
to that observed upon temperature-shift, however the
cell-specific productivities were actually decreased [71].

» Subphysiological temperature culturing can
influence recombinant protein quality

In addition to potential benefits on product yield,
subphysiological temperature culturing has also been
shown to improve product quality [26773] and protein
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glycosylation [7475]. These improvements have been
attributed to improved and more accurate protein
folding and post-translational modifications in cells
cultured at lower temperatures [26], and therefore
reduced product aggregation [5568]. However, once
again this may be a product- and cell-specific effect.
In contrast to those reports that show improved fold-
ing and reduced aggregation at subphysiological tem-
peratures, others have shown increased aggregation. In
one such study subphysiological temperature culturing
led to amplification of recombinant antibody aggre-
gates. This was attributed to enhanced levels of light
chain (LC) and heavy chain (HC) mRNA generat-
ing an unfavorable LC/HC polypeptide/protein ratio
combined with restricted ER machinery, limiting the
folding and assembly of antibody, hence initiating the
formation of aggregates [76]. Increased aggregation was
also observed of a flag-tagged COMP angiopoietin-1
(FCA1) molecule from CHO cells at 33°C and pH 7.2
compared with that at 37°C, although aggregation was
dramartically decreased at both temperatures at pH 7.5,
suggesting that temperature alone was not responsible
for the observed aggregation (54].

Cellular mechanisms by which
subphysiological temperature culturing
influences recombinant protein production
& quality

Subphysiological temperature can have a positive effect
on recombinant protein productivity from mammalian
cells, although this is not universally the case. But what
is/are the mechanism(s) by which an improvement in
productivity is attained, or not, upon subphysiological
temperature culturing? As described previously, sub-
physiological temperature culturing leads to extended
culture longevity and cell cycle arrest and many of
the original investigations attributed increases in cell-
specific and volumetric productivity to these responses
as there had been reports of a correlation between Gl
cycle arrest and higher specific cellular productivity in
mammalian cells [53.75]. However, even though cells
residing in the G1 phase of the cell cycle has been
linked with enhanced productivity, other phases of
the cell cycle have also been reported as preferable for
recombinant protein production. For example, Fox
et al. reported that the S-phase of the cell cycle is the
most productive in terms of recombinant protein yield
in CHO cells [77]. During the S-phase, DNA synthe-
sis occurs and it is likely that increased cell-specific
productivity during GI or S-phase cell cycle arrest is
due to reduced competition between endogenous and
recombinant mRNA and polypeptides for the cellular
machinery required to synthesize, fold and assemble
recombinant protein.

Masterton & Smales

A number of more recent studies have suggested that
changes in recombinant mRNA amounts in mam-
malian cells upon mild subphysiological temperature
culturing is a key factor in enhanced productivity at
such temperatures [5,23,26,70,77] and that growth arrest is
not the key factor in enhanced productivity under such
conditions [77]. During subphysiological temperature
culturing the amounts of recombinant mRNA present
have been shown to be elevated compared with those
observed at 37°C [23,70,77) due to increased mRNA
stability [70] through the formation of secondary struc-
tures and a reduction in the rate of degradation [22.77].
Several studies have now shown this effect; for example,
one such study in CHO cells reported that the levels of
recombinant IFN-y mRNA increase at subphysiologi-
cal temperatures and are responsible for the associated
increase in IFN-y production at such temperatures
(67.77). Another similar study reported that the specific
productivity of a TNF receptor-immunoglobulin G1
Fc fusion protein (TNFR-Fc) was increased fivefold
at 30°C above that at 37°C when expressed in CHO
cells, and that the increase in specific productivity was
related to an increase in TNFR-Fc mRNA levels [70].
These authors also showed that the increase in mRNA
levels was due to a change in the half-life of the mnRNA
at 32°C (5.55 h at 32°C vs 3.69 h at 37°C) as a result of
enhanced mRNA stability at the reduced temperature
and not due to transcriptional activity [70].

As described previously, upon subphysiological tem-
perature culturing of mammalian cells the expression
of the CSP CIRBP is induced. Hence, investigators
have determined the effect of overexpressing CIRBP
at physiological temperature on recombinant protein
expression. Overexpression of CIRBP in CHO cells
stably expressing IFN-y cultured at 37°C increased
cell-specific IFN-y productivity and led to a 40%
increase in final IFN-y yields. This approach generated
higher yields than in cells not stably overexpressing
CIRBP cultured using a biphasic temperature-shift
approach or by culturing at one temperature — 37°C or
32°C [78]. This improvement was once again reported
to be due to higher IFN-y mRNA levels [78]. Whether
this was due to CIRBP, an RNA-binding protein,
directly stabilizing the recombinant mRNA levels, due
to an indirect effect or just a cell line-specific effect was
not established.

Increased mRNA amounts at mild subphysi-
ological temperatures would seem to be a key factor
in enhanced protein yield from mammalian cells at
such temperatures. Global translation is attenuated at
mild-hypothermic temperatures, but not halted [22,26],
and hence the increased mRNA levels must more
than compensate for this decrease such that additional
mRNA molecules are actually being translated at the
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reduced temperature compared with that at 37°C in
order for enhanced protein synthesis to occur. This
may also be aided by the global reduction in mRNA
translation resulting in less ‘competition’ with endog-
enous mRNAs for the cellular translational machinery
leading to more recombinant mRNAs being located
on ribosomes. Indeed, it has been suggested that via
manipulation of the translational machinery it may be
possible to further enhance recombinant protein yields
from mammalian cells at subphysiological tempera-
tures [17]. The effect of miRs in modulating mRNA
translation and protein synthesis is also likely to be a
key determinant underpinning recombinant protein
yields and quality at subphysiological temperatures
(7.2728]. Once temperatures drop below approximately
27°C translation is more-or-less completely halted [22)
and, hence, even though mRNA levels may increase,
protein production levels will not be.

The majority of studies described herein refer to
observations and mechanisms in stably expressing
recombinant cell lines. However, the application of
subphysiological temperature culturing to enhance
recombinant protein yields from mammalian cells
has now been applied to transient systems to enhance
yields [69]. A transient approach is often desirable when
recombinant protein material is rapidly required for
candidate screening, research purposes and preclinical
studies [79]. For example, when using a double-knock-
out CHO-K1 cell line, whereby the two pro-apoptotic
factors Bax and Bak had been knocked out using zinc
finger nuclease technology, these cells produced high
levels of lactate; however, this effect was mitigated
against, and the transient productivity enhanced, by
shifting the culture temperature to 31°C [79]. Others
have used mild-hypothermic culturing in combination
with additional treatments to successfully enhance
the yields of various recombinant protein products
from cultured mammalian cells [79-81]. The exact
mechanism(s) by which subphysiological temperature
enhances transient recombinant protein yields are yet
to be elucidated, however, they are likely to include
those defined in stable systems.

Conclusion

The subphysiological (<37°C) temperature culturing
of mammalian cells clearly results in a coordinated cel-
lular response invoking reduced growth rate, increased
cell viability, a reduction in metabolism, reduced oxy-
gen and ATP utilization, decreased toxic by-product
generation, delayed apoptosis, cell cycle arrest, attenua-
tion of global transcription and translation, and in turn
protein synthesis, preferential translation of specific
mRNAs, formation of mRNA secondary structure and
mRNA stabilization, induction of CSPs, reduced pro-

tein turnover, improved tolerance against shear stress,
alterations of the cell cytoskeleton and cell membranes,
and in some situations enhanced cell-specific recombi-
nant protein productivity and improved protein qual-
ity. The actual response is also temperature-dependent
with different responses at mild hypothermic condi-
tions to those activated at more severe temperatures.
The exact cellular mechanisms that are activated and
how these are interconnected is still not well under-
stood, but the cell does actively respond to reduced
temperature cultivation through a range of mecha-
nisms and processes.

Future perspective

Understanding how the cellular mechanisms initiated
upon the perception of cold-shock are coordinated,
and why recombinant protein production is enhanced
in some but not all cases under such conditions, will
be crucial in developing new processes, cell lines and
vector systems that utilize these responses to further
enhance product yield and quality at reduced temper-
atures. Mechanistic modelling approaches that look
across cellular processes are likely to be useful in pre-
dicting (and therefore helping to select) the effects of
varying cellular responses under varying temperature
(and indeed other) conditions, and such approaches
are now being developed [s2]. Future developments
are likely to harness elements taken from the cel-
lular cold-shock response to enhance recombinant
protein synthesis or require the engineering of cells
to combat negative regulation of processes that limit
recombinant protein expression at reduced culture
temperatures. New approaches are likely to involve
manipulation of global regulators, which, while more
challenging in predicting the outcome or in their
manipulation, are likely to yield larger improvements.
This approach, coupled with a bi-phasic temperature
culture strategy, is likely to be utilized in the future
not necessarily to further improve protein yields
beyond those currently achievable, but as a method to
help in the production of difficult-to-express proteins
and as a means to more closely control recombinant
protein product quality.
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Executive summary

Mammalian cells & the production of recombinant proteins

» Mammalian cells are often the expression system of choice for the production of industrial recombinant
biopharmaceuticals, and these products are having a large impact of the pharmaceutical market.

» The most commonly used mammalian host cell line in industry is the Chinese hamster ovary (CHO) cell line.

» Traditionally mammalian cells are cultured at 37°C, however subphysiological temperature culturing (<37°C) is an
approach used to try to increase recombinant protein yield and product quality.

The cellular response of mammalian cells to subphysiological temperature culturing

» mRNA translation is a key control point of gene expression regulated at both the global and mRNA specific level

upon perception of cold stress in mammalian cells.

» Cell cycle arrest occurs upon perception of cold-stress in mammalian cells that reduces cell proliferation and

accumulation of biomass.

» Two cold-shock proteins have been identified in mammalian cells, Rom3 (RNA-binding motif protein 3) and CIRBP

(cold-inducible RNA-binding protein).

» Cold-shock actually exposes cells to two types of stress; hypothermia due to reduction in temperature and oxygen
related stress due to a higher dissolved oxygen concentration and decreased oxygen demand from the cells.
Subphysiological temperature culture as an approach to enhance recombinant protein productivity from

mammalian cells

» Subphysiological temperature culturing can be used as an approach to enhance recombinant protein yields in terms

of volumetric and cell-specific productivity.
» The effect is cell line, product and process specific.

The cellular mechanisms by which subphysiological temperature culturing influences recombinant protein

production & quality

» Changes in recombinant mRNA amounts and turnover upon cold-stress is a key factor in enhanced productivity at

subphysiological temperatures.
Conclusion

» Mammalian cells actively respond to subphysiological temperature culturing in a cell line, product and temperature

specific manner.
Future perspective

» As our understanding of the mechanisms involved in the cold-shock response continues to be refined this will
facilitate further manipulation of the cell and bioprocesses to improve product quality and to enhance protein

yields further.
» Such future approaches include:
Mechanistic modelling of cellular processes.

Manipulation of global cellular regulators that effect recombinant protein production.
Use of a bi-phasic temperature shift approach coupled with engineering of cellular regulators.
Manipulation of cellular processes that elicit the same response as cold-stress at 37°C.
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