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protein GRP78 at 31°C when temperature-shifted culture is compared to non-
temperature-shifted culture at 24hrs and 120hrs in the conditioned media of the
CHO-K1 cell line.

Figure 3.3.15 Western blot confirming the up-regulation of the intracellular
protein GRP78 at 144hrs when 144hrs is compared to 24hrs at 37°C and at 31°C in
the conditioned media of the DP12 cell line.

Figure 3.3.16 Western blot confirming the up-regulation of the protease BMP1 at
120hrs when 120hrs is compared to 24hrs at 37°C in the conditioned media of the
CHO-K1 cell line.

Figure 3.3.17 Western blot confirming the up-regulation of the protease MMP19
at 31°C when temperature-shifted culture is compared to non-temperature-shifted
culture in the conditioned media of the CHO-K1 cell line.

Figure 3.3.18 Progenesis label-free output of the secreted protein Nidogen-1
showing its decrease in expression from 24hrs to 144hrs at 37°C. Output from
excel on which Pearson correlation calculation is based.

Figure 3.3.19 Progenesis label-free output of the protein Elongation factor 2
showing its increase in expression from 24hrs to 144hrs at 37°C. Output from excel
on which Pearson correlation calculation is based.

Figure 3.3.20 Progenesis label-free output of the secreted protein Complement C3
showing its decrease in expression from 24hrs to 144hrs at 31°C. Output from
excel on which Pearson correlation calculation is based.

Figure 3.3.21 Progenesis label-free output of the protease Cathepsin D showing its
increase in expression from 24hrs to 144hrs at 31°C. Output from excel on which
Pearson correlation calculation is based.

Figure 3.3.22 Shows changes in the expression of the proteases Cathepsin B and
Complement Clr-A subcomponent and the glycosidase Glucosylceramidase
between early and late stages in culture at both 37°C and 31°C.

Figure 3.3.23 Progenesis label-free outputs and information on the differential
expression of the secreted proteins MMP9, Sulfated glycoprotein 1 and Suprabasin
as they change in relative abundance between early and late stages in culture.

Figure 3.3.24 Pearson correlation plots and the outputs from Progenesis label-free
software of the protease ADAMTSI (A) and the reductase TXNDCS5 (B) show
how they change over time in culture at both 37°C and 31°C.

Figure 3.3.25 Pearson correlation plots and the outputs from Progenesis label-free
software of the secreted protein Tissue alpha-L-fuccosidase shows how it changes
over time in culture at both 37°C and 31°C.

Figure 3.3.26 Progenesis label-free outputs and information on HCPs identified as
being differentially-expressed in both CHO-K1 and DP12 cell lines.

Figure 3.3.27 Graphical representation of Table 3.3.20 depicting GO cellular
component enrichment for differentially-expressed HCPs identified in the
conditioned media of a DP12 cell line at 37°C when 24hrs was compared to
144hrs.

Figure 3.3.28 Graphical representation of Table 3.3.32 depicting GO cellular
component enrichment for differentially-expressed HCPs identified in the
conditioned media of a DP12 cell line at 31°C when 24hrs was compared to
144hrs.
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Figure 3.3.29 Overlap of the list of proteins identified in the conditioned media of
an IgG secreting DP12 CHO cell line grown at 37°C and 31°C over 216 hours in
shake flask culture.

Figure 3.3.30 Overlap of the list of proteins identified in the conditioned media of
an IgG secreting DP12 CHO cell line and a non-producing CHO-K1 cell line
grown at 37°C and 31°C in shake flask culture.

Figure 3.3.31 Overlap of the list of proteins identified in the conditioned media of
an IgG secreting DP12 CHO cell line and a non-producing CHO-K1 cell line
grown at 37°C in shake flask culture.

Figure 3.3.32 Overlap of the list of proteins identified in the conditioned media of
an IgG secreting DP12 CHO cell line and a non-producing CHO-K1 cell line
grown at 31°C in shake flask culture.

Figure 3.3.33 Overlap of the list of proteins identified in the conditioned media of
a non-producing CHO-K1 cell line.

Figure 3.3.34 Overlap of the list of proteins identified in the conditioned media of
an IgG secreting DP12 CHO cell line.

Figure 4.1.1 Image of kinase array containing 26 different kinases including 9
MAP Kkinases.

Figure 4.1.2 Growth curve of CHO SEAP cell line under both temperature-shifted
and non-temperature shifted conditions.

Figure 4.1.3 Growth curve of DP12 cell line under both temperature-shifted and
non-temperature shifted conditions.

Figure 4.1.4 Graph showing the final titre of SEAP secreting CHO cells grown
under temperature-shifted (31°C) and non-temperature shifted (37°C) conditions.
Figure 4.1.5 Western blot image of Phosphorylated ERK and total ERK in a CHO
SEAP cell line over time in culture at 31°C and 37°C.

Figure 4.1.6 Western blot image of Phosphorylated ERK1/2 and total ERK1/2 in a
DP12 cell line over time in culture at 31°C and 37°C.

Figure 4.1.7 Western blot image of Phosphorylated Mek1/2 and total Mek1/2 in a
CHO SEAP cell line over time in culture at 31°C and 37°C.

Figure 4.1.8 Western blot image of Phosphorylated Mek6 in a CHO SEAP cell
line over time in culture at 31°C and 37°C.

Figure 4.1.9 Western blot image of Phosphorylated JNK and total JNK in a CHO
SEAP cell line over time in culture at 31°C and 37°C.

Figure 4.1.10 Western blot image of Phosphorylated AKT1 and total AKT1 in a
CHO SEAP cell line over time in culture at 31°C and 37°C.

Figure 4.1.11 Western blot image of Phosphorylated AKT1 in a DP12 cell line
over time in culture at 31°C and 37°C.

Figure 4.2.1 Growth curve of SEAP-secreting CHO cell line grown under
temperature-shifted (31°C) and non-temperature-shifted (37°C) conditions.

Figure 4.2.2 Graph showing the final titre of SEAP-secreting CHO cells grown
under temperature-shifted (31°C) and non-temperature-shifted (37°C) conditions.
Figure 4.2.3 Venn diagram of the number of phosphopeptides that are common
and unique to each phosphopeptide enrichment method following enrichment of
CHO SEAP cells grown under temperature-shifted and non-temperature-shifted
conditions.

xii

180

182

184

185

188

190

195

196

196

197

200

201

203

204

206

208

209

211

212

216



Figure 4.2.4 Graph of the number of phosphorylation sites per peptide as
identified by titanium, iron and gallium phosphopeptide enrichment methods
following LC/MS analysis of CHO SEAP cells subject to temperature-shift.

Figure 4.2.5 Venn diagram showing the number of phosphopeptides identified
when raw files from LC/MS analysis of a phosphopeptide enriched CHO SEAP
sample were searched against CHO BB, CHO NCBI and Swiss-Prot human,
mouse, rat and CHO databases.

Figure 4.2.6 Example of the use of BLAST analysis to identify a protein based on
sequence homology in a related species with a well annotated database.

Figure 4.2.7 Overlap of the list of phosphopeptides identified after the iron oxide
enrichment of a whole cell lysate from a CHO SEAP cell line.

Figure 4.2.8 Overlap of the list of phosphopeptides identified after the titanium
dioxide enrichment of a whole cell lysate from a CHO SEAP cell line.

Figure 4.2.9 Overlap of the list of phosphopeptides identified after the gallium
oxide enrichment of a whole cell lysate pre-enriched for phosphoproteins from a
CHO SEAP cell line.

Figure 4.2.10 PCA plot for CHO SEAP whole cell lysate sample groups 37°C
(pink) and 31°C (blue) generated during label-free LC/MS data analysis using
Progenesis software.

Figure 4.2.11 GO biological process enrichment for differentially-expressed
proteins identified in quantitative label-free LC/MS analysis of whole cell lysate
from CHO SEAP cells sampled at 36hrs post-temperature-shift.

Figure 4.2.12 PCA plot for CHO SEAP phosphoprotein-enriched whole cell lysate
sample groups 37°C (pink) and 31°C (blue) generated during quantitative label-free
LC/MS data analysis using Progenesis software

Figure 4.2.13 GO biological process enrichment for differentially-expressed
phosphoproteins identified in quantitative label-free LC/MS analysis of
phosphoprotein-enriched samples from CHO SEAP cells sampled at 36hrs post
temperature-shift.

Figure 4.2.14 PCA plot for CHO SEAP gallium phosphopeptide enriched whole
cell lysate, phosphoprotein pre-enriched, sample groups 37°C (pink) and 31°C
(blue) generated during quantitative label-free LC/MS data analysis using
Progenesis software.

Figure 4.2.15 MS/MS fragmentation spectrum output from a MASCOT search
resulting in the identification of the phosphopeptide “DLLSDLQDISDSER”
belonging to the protein PITSLRE serine/threonine-protein kinase CDC2L1.

Figure 4.2.16 MS/MS fragmentation spectrum output from a SEQUEST search
resulting in the identification of the phosphopeptide “DLLSDLQDISDSER”
belonging to the protein PITSLRE serine/threonine-protein kinase CDC2L1.

Figure 4.2.17 Progenesis label-free LC/MS output showing normalised abundance
of the phosphopeptide “DLLSDLQDISDSER”.

Figure 4.2.18 PCA plot for CHO SEAP titanium dioxide Phosphopeptide enriched
whole cell lysate sample groups 37°C (pink) and 31°C (blue) generated during
quantitative label-free LC/MS data analysis using Progenesis software.

Figure 4.2.19 MS/MS fragmentation spectrum output from a MASCOT search
resulting in the identification of the phosphopeptide “TASGSSVTSLEGPR”
belonging to Protein NDRGI.
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Figure 4.2.20 MS/MS fragmentation spectrum output from a SEQUEST search
resulting in the identification of the phosphopeptide “TASGSSVTSLEGPR”
belonging to Protein NDRGI.

Figure 4.2.21 Progenesis label-free LC/MS output showing normalised abundance
of the phosphopeptide “TASGSSVTSLEGPR” from the Protein NDRGI.

Figure 4.2.22 PCA plot for CHO SEAP Iron phosphopeptide enriched whole cell
lysate sample groups 37°C (pink) and 31°C (blue) generated during quantitative
label-free LC/MS data analysis using Progenesis software.

Figure 4.2.23 MS/MS fragmentation spectrum output from a MASCOT search
resulting in the identification of the phosphopeptide “SPVAATVVQR” from the
protein Eukaryotic translation initiation factor 4 gamma 3.

Figure 4.2.24 MS/MS fragmentation spectrum output from a SEQUEST search
resulting in the identification of the phosphopeptide “SPVAATVVQR” belonging
to Eukaryotic translation initiation factor 4 gamma 3.

Figure 4.2.25 Progenesis label-free LC/MS output showing normalised abundance
of the phosphopeptide “SPVAATVVQR”.

Figure 4.2.26 GO biological process enrichment for differentially-expressed
phosphopeptides identified using quantitative label-free LC/MS analysis of gallium
oxide, titanium dioxide and iron oxide enriched samples form CHO SEAP cells
sampled 36hrs post-temperature-shift.

Figure 4.2.27 Western blot validation of the differential expression of a
phosphopeptide from the protein NDRG1 identified as being up-regulated at 31°C
compared to 37°C.

Figure 4.2.28 Western blot showing that no bands for the total protein NDRG1
were detected in CHO despite NDRGI.

Figure 4.2.29 Western blot validation of the differential expression of a
phosphopeptide from the protein ATF2 identified as being down-regulated at 31°C
compared to 37°C.

Figure 6.0.1 Schematic of the different approaches used to profile the
phosphoproteome of CHO cells under temperature-shift conditions using mass
spectrometry.

Figure 6.1.1 Images shows simplified schematic of MEK — ERK pathway.

Figure 6.1.2 Image showing the variety of cellular processes that Erk is involved
in controlling and the complexity of the related pathways.
Figure 6.1.3 Schematic of pathways and cellular processes regulated by AKT.
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31°C differentially expressed protein lists from non-producing hybridoma cell line.
Table 3.1.10: HCPs from Hybridoma cell culture supernatant identified with one
or more peptides as being common to 37°C and 31°C cultures. Proteins identified
with two or more peptides as being common to 37°C and 31°C cultures are also
indicated.

Table 3.1.11: HCPs from Hybridoma cell culture supernatant identified with one
or more peptides as being unique to the 37°C culture.

Table 3.1.12: HCPs from Hybridoma cell culture supernatant identified with one
or more peptides as being unique to the 31°C culture.
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Table 3.1.13: HCPs from Hybridoma cell culture supernatant identified with two
or more peptides as being unique to the 37°C culture.

Table 3.1.14: HCPs from Hybridoma cell culture supernatant identified with two
or more peptides as being unique to the 31°C culture.

Appendix B

Table 3.2.1: Number of differentially expressed proteins at 24hrs compared to
120hrs at 37°C in a CHO K1 non-producing cell culture supernatant.

Table 3.2.2: List of host cell proteins, the expression of which increased after
120hrs when compared to 24hrs at 37°C, identified during quantitative label free
LC/MS analysis of cell culture supernatant from a CHO K1 non-producing cell
line.

Table 3.2.3: List of host cell proteins, the expression of which decreased after
120hrs when compared to 24hrs at 37°C, identified during quantitative label free
LC/MS analysis of cell culture supernatant from a CHO K1 non-producing cell
line.

Table 3.2.4: Number of differentially expressed proteins at 24hrs compared to
120hrs at 31°C in a CHO K1 non-producing cell culture supernatant.

Table 3.2.5: List of host cell proteins, the expression of which increased after
120hrs when compared to 24hrs at 31°C, identified during quantitative label free
LC/MS analysis of cell culture supernatant from a CHO K1 non-producing cell
line.

Table 3.2.6: List of host cell proteins, the expression of which decreased after
120hrs when compared to 24hrs at 31°C, identified during quantitative label free
LC/MS analysis of cell culture supernatant from a CHO K1 non-producing cell
line.

Table 3.2.7: Number of differentially expressed proteins between 31°C and 37°C
at 24hrs post temperature shift in a CHO KI non-producing cell culture
supernatant.

Table 3.2.8: List of host cell proteins, the expression of which decreased at 31°C
when compared to 37°C, 24hrs post temperature shift, identified during
quantitative label free LC/MS analysis of cell culture supernatant from a CHO K1
non-producing cell line.

Table 3.2.9: List of host cell proteins, the expression of which increased at 31°C
when compared to 37°C, 24hrs post temperature shift, identified during
quantitative label free LC/MS analysis of cell culture supernatant from a CHO K1
non-producing cell line.

Table 3.2.10: Number of differentially expressed proteins between 31°C and 37°C
at 120hrs post temperature shift in a CHO K1 non-producing cell culture
supernatant.

Table 3.2.11: List of host cell proteins, the expression of which decreased at 31°C
when compared to 37°C, 120hrs post temperature shift, identified during
quantitative label free LC/MS analysis of cell culture supernatant from a CHO K1
non-producing cell line.
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Table 3.2.12: List of host cell proteins, the expression of which increased at 31°C
when compared to 37°C, 120hrs post temperature shift, identified during
quantitative label free LC/MS analysis of cell culture supernatant from a CHO K1
non-producing cell line.

Table 3.2.13: Pearson’s correlation analysis was used as a means of measuring the
linearity of protein expression over time in culture in the 37°C culture. The list
below displays those proteins that were found to correlate negatively (decrease in
expression) with time in a CHO K1 culture.

Table 3.2.14: Pearson’s correlation analysis was used as a means of measuring the
linearity of protein expression over time in culture in the 37°C culture. The list
below displays those proteins that were found to correlate positively (increase in
expression) with time in a CHO K1 culture.

Table 3.2.15: Pearson’s correlation analysis was used as a means of measuring the
linearity of protein expression over time in culture in the 31°C culture. The list
below displays those proteins that were found to correlate positively (increase
expression) with time in a CHO K1 culture.

Table 3.2.16: Table of proteins common to 24hrs vs 120hrs 37°C and 24hrs vs
120hrs 31°C differentially expressed protein lists from non-producing CHO K1
cell line. This table also includes information from 37°C vs 31°C at 120hrs so as to
provide an indication of which culture condition the relative abundance of the
given HCP is greatest.

Table 3.2.17: Table of proteins common to Pearson correlation analysis of protein
expression over time at 24, 72, 96 and 120 hours at 37°C and 24, 72, 96 and 120
hours at 31°C in a non-producing CHO K1 cell line.

Table 3.2.18: The use of a correction factor was investigated to facilitate
normalisation of the data by cell number (as opposed to normalisation by protein
concentration). This table show a comparison of the number of differentially-
expressed HCPs identified in the conditioned media of a CHO-K1 cell line with
and without the correction factor applied.

Table 3.2.19: List of tables containing quantitative information on proteins
classified as secreted by the Uniprot protein database.

Table 3.2.20: GO cellular component enrichment for differentially expressed host
cell proteins identified in the conditioned media of a CHO K1 non-producing cell
line at 37°C when 24hrs was compared to 120hrs (post temperature shift for a
culture grown in parallel) analysed using quantitative label free LC/MS. An
adjusted p-value of <0.05 (Benjamini) was used as a statistical cut off to generate
the list of enriched cellular components.

Table 3.2.21: GO cellular component enrichment for differentially expressed host
cell proteins identified in the conditioned media of a CHO K1 non-producing cell
line at 31°C when 24hrs was compared to 120hrs (post temperature shift) analysed
using quantitative label free LC/MS. An adjusted p-value of <0.05 (Benjamini)
was used as a statistical cut off to generate the list of enriched cellular components.
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Table 3.2.22: List of host cell proteins, classified as secreted by uniprot protein
database, the expression of which increased at 120hrs when compared to 24hrs at
37°C, identified during quantitative label free LC/MS analysis of conditioned
media from a CHO K1 cell line.

Table 3.2.23: List of host cell proteins, classified as secreted by uniprot protein
database, the expression of which decreased at 120hrs when compared to 24hrs at
37°C, identified during quantitative label free LC/MS analysis of conditioned
media from a CHO K1 cell line.

Table 3.2.24: List of host cell proteins, classified as secreted by uniprot protein
database, the expression of which increased at 120hrs when compared to 24hrs at
31°C, identified during quantitative label free LC/MS analysis of conditioned
media from a CHO K1 cell line.

Table 3.2.25: List of host cell proteins, classified as secreted by uniprot protein
database, the expression of which decreased at 120hrs when compared to 24hrs at
31°C, identified during quantitative label free LC/MS analysis of conditioned
media from a CHO K1 cell line.

Table 3.2.26: HCPs from non-producing CHO K1 cell culture supernatant
identified with one or more peptides as being common to 37°C and 31°C cultures.
Proteins identified with two or more peptides as being common to 37°C and 31°C
cultures are also indicated.

Table 3.2.27: HCPs from non-producing CHO K1 cell culture supernatant
identified with one or more peptides as being unique to the 37°C culture.

Table 3.2.28: HCPs from non-producing CHO K1 cell culture supernatant
identified with one or more peptides as being unique to the 31°C culture.

Table 3.2.29: HCPs from non-producing CHO K1 cell culture supernatant
identified with two or more peptides as being unique to the 37°C culture.

Table 3.2.30: HCPs from non-producing CHO K1 cell culture supernatant
identified with two or more peptides as being unique to the 31°C culture.

Appendix C

Table 3.3.1: Top 10 differentially regulated proteins, based on peptide number,
when all features of the protein profile from 24hrs in a DP12 culture was compared
to 144hrs and normalised to an internal standard, Cytochrome C. These proteins
were then identified in the same comparison but where all features were
normalised to proteins that did not change in expression. This allowed for direct
comparison to be made between Cytochrome C Normalisation (C) and the Normal
means of Normalisation (N), based on peptide count, ion score, ANOVA, fold
change and what condition the proteins is most highly expressed in.
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Table 3.3.2: Top 10 differentially regulated proteins, based on peptide number,
when all features of the protein profile from 24hrs in a DP12 culture was compared
to 144hrs and normalised to proteins that did not change in expression. These
proteins were then identified in the same comparison but where all features were
normalised to an internal standard, Cytochrome C. This allowed for direct
comparison to be made between the Normal means of Normalisation (N) and
Cytochrome C Normalisation (C), based on peptide count, ion score, ANOVA,
fold change and what condition the proteins is most highly expressed in.

Table 3.3.3: Number of differentially expressed proteins at 24hrs compared to
144hrs at 37°C in an IgG secreting DP12 cell culture supernatant.

Table 3.3.4: List of host cell proteins, the expression of which increased after
144hrs when compared to 24hrs at 37°C, identified during quantitative label free
LC/MS analysis of cell culture supernatant from an IgG secreting DP12 cell line.

Table 3.3.5: List of host cell proteins, the expression of which decreased after
144hrs when compared to 24hrs at 37°C, identified during quantitative label free
LC/MS analysis of cell culture supernatant from an IgG secreting DP12 cell line.

Table 3.3.6: Number of differentially expressed proteins at 24hrs compared to
144hrs at 31°C in an IgG secreting DP12 cell culture supernatant.

Table 3.3.7: List of host cell proteins, the expression of which increased after
144hrs when compared to 24hrs at 31°C, identified during quantitative label free
LC/MS analysis of cell culture supernatant from an IgG secreting DP12 cell line.

Table 3.3.8: List of host cell proteins, the expression of which decreased after
144hrs when compared to 24hrs at 31°C, identified during quantitative label free
LC/MS analysis of cell culture supernatant from an IgG secreting DP12 cell line.

Table 3.3.9 Number of differentially expressed proteins between 31°C and 37°C at
24hrs post temperature shift in the culture supernatant of an IgG producing DP12
cell line.

Table 3.3.10: List of host cell proteins, the expression of which decreased at 31°C
when compared to 37°C, 24hrs post temperature shift, identified during
quantitative label free LC/MS analysis of cell culture supernatant from an IgG
secreting DP12 cell line.

Table 3.3.11: List of host cell proteins, the expression of which increased at 31°C
when compared to 37°C, 24hrs post temperature shift, identified during
quantitative label free LC/MS analysis of cell culture supernatant from an IgG
secreting DP12 cell line.

Table 3.3.12: Number of differentially expressed proteins between 31°C and 37°C
at 144hrs post temperature shift in the culture supernatant of an IgG producing
DP12 cell line.

Table 3.3.13: List of host cell proteins, the expression of which decreased at 31°C
when compared to 37°C, 144hrs post temperature shift, identified during
quantitative label free LC/MS analysis of cell culture supernatant from an IgG
secreting DP12 cell line.
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Table 3.3.14: List of host cell proteins, the expression of which increased at 31°C
when compared to 37°C, 144hrs post temperature shift, identified during
quantitative label free LC/MS analysis of cell culture supernatant from an IgG
secreting DP12 cell line.

Table 3.3.15: Pearson’s correlation analysis was used as a means of measuring the
linearity of protein expression over time in culture in the 37°C culture. The list
below displays host cell proteins that were found to correlate negatively (decrease
in expression) with time in a DP12 culture.

Table 3.3.16: Pearson’s correlation analysis was used as a means of measuring the
linearity of protein expression over time in culture in the 37°C culture. . The list
below displays host cell proteins that were found to correlate positively (increase
in expression) with time in a DP12 culture.

Table 3.3.17: Pearson’s correlation analysis was used as a means of measuring the
linearity of protein expression over time in culture in the 31°C culture. The list
below displays host cell proteins that were found to correlate positively (increase
in expression) with time in a DP12 culture.

Table 3.3.18: Pearson’s correlation analysis was used as a means of measuring the
linearity of protein expression over time in culture in the 31°C culture. The list
below displays host cell proteins that were found to correlate negatively (decrease
in expression) with time in a DP12 culture.

Table 3.3.19: Table of proteins common to 24hrs vs 120hrs 37°C and 24hrs vs
120hrs 31°C differentially expressed protein lists from a DP12 cell line.

Table 3.3.20: Table of proteins common to 24hrs vs 144hrs 37°C and 24hrs vs
144hrs 31°C differentially expressed protein lists from a DP12 cell line. This table
also includes information from 37°C vs 31°C at 144hrs so as to provide an
indication of which culture condition the relative abundance of the given HCP is
greatest.

Table 3.3.21: Table of proteins common to Pearson correlation analysis of protein
expression over time at 24, 72, 96,120 and 144 hours at 37°C and 24, 72, 96,120
and 144 hours at 31°C in a DP12 cell line.

Table 3.3.22: Table of proteins common to 24, 72, 96,120 and 144 hours at 37°C
and 24, 72, 96,120 and 144 hours at 31°C Pearson correlation lists from a DP12
cell line. This table also includes information from 37°C vs 31°C at 144hrs so as to
provide an indication of which culture condition the relative abundance of the
given HCP is greatest.

Table 3.3.23: Table indicating the number of differentially expressed HCPs
identified in a CHO K1 and DPI12 cell line compared to the number of
differentially expressed HCPs common to both cell lines.

Table 3.3.24: Table of differentially expressed proteins common to a CHO K1
and DP12 cell line when 24hrs is compared to 120hrs (CHO K1) / 144hrs (DP12)
at 37C.

Table 3.3.25: Table of differentially expressed proteins common to a CHO K1 and
DP12 cell line when 24hrs is compared to 120hrs (CHO K1) / 144hrs (DP12) at
31C.
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Table 3.3.26: Table of differentially expressed proteins common to a CHO K1
and DP12 cell line when 37C is compared to 31C at 24hrs.

Table 3.3.27: Table of differentially expressed proteins common to a CHO K1
and DP12 cell line when 37C is compared to 31C at 120hrs (CHO K1) / 144hrs
(DP12).

Table 3.3.28: The use of a correction factor was investigated to facilitate
normalisation of the data by cell number (as opposed to normalisation by protein
concentration). This table show a comparison of the number of differentially-
expressed HCPs identified in the conditioned media of a DP12 cell line with and
without the correction factor applied.

Table 3.3.29: List of tables containing quantitative information on proteins
classified as secreted by the Uniprot protein database.

Table 3.3.30: GO cellular component enrichment for differentially expressed host
cell proteins identified in the conditioned media of a DP12 CHO cell line at 37°C
when 24hrs was compared to 144hrs (post temperature shift for a culture grown in
parallel) analysed using quantitative label free LC/MS. An adjusted p-value of
<0.05 (Benjamini) was used as a statistical cut off to generate the list of enriched
cellular components.

Table 3.3.31: GO cellular component enrichment for differentially expressed host
cell proteins identified in the conditioned media of a DP12 cell line at 31°C when
24hrs was compared to 144hrs (post temperature shift) analysed using quantitative
label free LC/MS. An adjusted p-value of <0.05 (Benjamini) was used as a
statistical cut off to generate the list of enriched cellular components.

Table 3.3.32: List of host cell proteins, classified as secreted by uniprot protein
database, the expression of which increased at 144hrs when compared to 24hrs at
37°C, identified during quantitative label free LC/MS analysis of conditioned
media from a DP12 CHO cell line.

Table 3.3.33: List of host cell proteins, classified as secreted by uniprot protein
database, the expression of which decreased at 144hrs when compared to 24hrs at
37°C, identified during quantitative label free LC/MS analysis of conditioned
media from a DP12 CHO cell line.

Table 3.3.34: List of host cell proteins, classified as secreted by uniprot protein
database, the expression of which increased at 144hrs when compared to 24hrs at
31°C, identified during quantitative label free LC/MS analysis of conditioned
media from a DP12 CHO cell line.

Table 3.3.35: List of host cell proteins, classified as secreted by uniprot protein
database, the expression of which decreased at 144hrs when compared to 24hrs at
31°C, identified during quantitative label free LC/MS analysis of conditioned
media from a DP12 CHO cell line.

Table 3.3.36: HCPs from the cell culture supernatant of an IgG secreting DP12
cell line identified with one or more peptides as being common to 37°C and 31°C
cultures. Proteins identified with two or more peptides as being common to 37°C
and 31°C cultures are also indicated.
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Table 3.3.37: HCPs from the cell culture supernatant of an IgG secreting DP12
cell line identified with one or more peptides as being unique to the 37°C culture.

Table 3.3.38: HCPs from the cell culture supernatant of an IgG secreting DP12
cell line identified with one or more peptides as being unique to the 31°C culture.

Table 3.3.39: HCPs from the cell culture supernatant of an IgG secreting DP12
cell line identified with two or more peptides as being unique to the 37°C culture.

Table 3.3.40: HCPs from the cell culture supernatant of an IgG secreting DP12
cell line identified with two or more peptides as being unique to the 31°C culture.

Table 3.3.41: HCPs from the cell culture supernatant of a non-producing CHO K1
and an IgG secreting DP12 cell line identified with one or more peptides as being
common to both cell lines. Proteins identified with two or more peptides as being
common to both cell lines are also indicated.

Table 3.3.42: HCPs from the cell culture supernatant of an IgG secreting DP12
cell line identified with one or more peptides as being unique to that cell line when
compared to the HCP content of a non-producing CHO K1 cell line.

Table 3.3.43: HCPs from the cell culture supernatant of a non-producing CHO K1
cell line identified with one or more peptides as being unique to that cell line when
compared to the HCP content of an IgG secreting DP12 cell line.

Table 3.3.44: HCPs from the cell culture supernatant of an IgG secreting DP12
cell line identified with two or more peptides as being unique to that cell line when
compared to the HCP content of a non-producing CHO K1 cell line.

Table 3.3.45: HCPs from the cell culture supernatant of a non-producing CHO K1
cell line identified with two or more peptides as being unique to that cell line when
compared to the HCP content of an IgG secreting DP12 cell line.

Table 3.3.46: HCPs from the cell culture supernatant of a non-producing CHO K1
and an IgG secreting DP12 cell line identified with one or more peptides as being
common to both cell lines at 37°C. Proteins identified with two or more peptides as
being common to both cell lines are also indicated.

Table 3.3.47: HCPs from the cell culture supernatant of an IgG secreting DP12
cell line identified with one or more peptides as being unique to that cell line when
compared to the HCP content of a non-producing CHO K1 cell line at 37°C.

Table 3.3.48: HCPs from the cell culture supernatant of a non-producing CHO K1
cell line identified with one or more peptides as being unique to that cell line when
compared to the HCP content of an IgG secreting DP12 cell line at 37°C.

Table 3.3.49: HCPs from the cell culture supernatant of an IgG secreting DP12
cell line identified with two or more peptides as being unique to that cell line when
compared to the HCP content of a non-producing CHO K1 cell line at 37°C.

Table 3.3.50: HCPs from the cell culture supernatant of a non-producing CHO K1
cell line identified with two or more peptides as being unique to that cell line when
compared to the HCP content of an IgG secreting DP12 cell line at 37°C.

Table 3.3.51: HCPs from the cell culture supernatant of a non-producing CHO K1
and an IgG secreting DP12 cell line identified with one or more peptides as being
common to both cell lines at 31°C. Proteins identified with two or more peptides as
being common to both cell lines are also indicated.
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Table 3.3.52: HCPs from the cell culture supernatant of an IgG secreting DP12
cell line identified with one or more peptides as being unique to that cell line when
compared to the HCP content of a non-producing CHO K1 cell line at 31°C.

Table 3.3.53: HCPs from the cell culture supernatant of a non-producing CHO K1
cell line identified with one or more peptides as being unique to that cell line when
compared to the HCP content of an IgG secreting DP12 cell line at 31°C.

Table 3.3.54: HCPs from the cell culture supernatant of an IgG secreting DP12
cell line identified with two or more peptides as being unique to that cell line when
compared to the HCP content of a non-producing CHO K1 cell line at 31°C.

Table 3.3.55: HCPs from the cell culture supernatant of a non-producing CHO K1
cell line identified with two or more peptides as being unique to that cell line when
compared to the HCP content of an IgG secreting DP12 cell line at 31°C.

Table 3.3.56 Table displaying the number of proteins identified in the conditioned
media of a CHO K1 cell line grown under temperature shift and non-temperature
shift cultures with samples taken at 24, 72, 96 and 120 hours post temperature
shift. RAW files from the mass spectral analysis were searched against the CHO
NCBI and CHO BB protein databases. Columns are divided into those proteins
identified by 1 peptide and proteins identified by 2 or more peptides.

Table 3.3.57: HCPs from the cell culture supernatant of a non-producing CHO K1
cell line identified with one or more peptides as being common to both NCBI and
CHO BB databases.

Table 3.3.58: HCPs from the cell culture supernatant of a non-producing CHO K1
cell line identified with one or more peptides as being unique to the NCBI
database.

Table 3.3.59: HCPs from the cell culture supernatant of a non-producing CHO K1
cell line identified with one or more peptides as being unique to the CHO BB
database.

Table 3.3.60: Table displaying the number of proteins identified in the conditioned
media of a DP12 cell line grown under temperature shift and non-temperature shift
cultures with samples taken at 24, 72, 96, 120 and 144 hours post temperature
shift. RAW files from the mass spectral analysis were searched against the CHO
NCBI and CHO BB protein databases. Columns are divided into those proteins
identified by 1 peptide and proteins identified by 2 or more peptides.

Table 3.3.61: HCPs from the cell culture supernatant of an IgG secreting DP12
cell line identified with one or more peptides as being common to both NCBI and
CHO BB databases.

Table 3.3.62: HCPs from the cell culture supernatant of an IgG secreting DP12
cell line identified with one or more peptides as being unique to the NCBI
database.

Table 3.3.63: HCPs from the cell culture supernatant of an IgG secreting DP12
cell line identified with one or more peptides as being unique to the CHO BB
database.
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Appendix D

Table 4.2.1: Table indicating the total number of phosphopeptides identified using
each phosphopeptide enrichment method following enrichment of CHO SEAP
cells grown under temperature shifted and non-temperature shifted conditions
Table 4.2.2: List of phosphopeptides identified as unique to Titanium dioxide
phosphopeptide enrichment of temperature shifted and non-temperature shifted
CHO SEAP whole cell lysates taken down 36 hours post temperature shift
following analysis by LC/MS.

Table 4.2.3: List of phosphopeptides identified as unique to Iron phosphopeptide
enrichment of temperature shifted and non-temperature shifted CHO SEAP whole
cell lysates taken down 36 hours post temperature shift following analysis by
LC/MS.

Table 4.2.4: List of phosphopeptides identified as unique to Gallium
phosphopeptide enrichment of temperature shifted and non-temperature shifted
CHO SEAP whole cell lysates taken down 36 hours post temperature shift
following analysis by LC/MS.

Table 4.2.5: List of phosphopeptides identified as common to Titanium dioxide,
Iron and Gallium phosphopeptide enrichments of temperature shifted and non-
temperature shifted CHO SEAP whole cell lysates taken down 36 hours post
temperature shift following analysis by LC/MS.

Table 4.2.6: List of phosphopeptides identified as common to Titanium dioxide
and Iron phosphopeptide enrichments of temperature shifted and non-temperature
shifted CHO SEAP whole cell lysates taken down 36 hours post temperature shift
following analysis by LC/MS.

Table 4.2.7: List of phosphopeptides identified as common to Titanium dioxide
and Gallium phosphopeptide enrichments of temperature shifted and non-
temperature shifted CHO SEAP whole cell lysates taken down 36 hours post
temperature shift following analysis by LC/MS.

Table 4.2.8: List of phosphopeptides identified as common to Iron and Gallium
phosphopeptide enrichments of temperature shifted and non-temperature shifted
CHO SEAP whole cell lysates taken down 36 hours post temperature shift
following analysis by LC/MS.

Table 4.2.9: List of phosphopeptides identified following LC/MS analysis of an
Iron phosphopeptide enriched sample of a temperature shifted CHO SEAP whole
cell lysate taken down 36 hours post temperature shift that was found to be unique
to the CHO BB protein database.

Table 4.2.10: List of phosphopeptides identified following LC/MS analysis of an
Iron phosphopeptide enriched sample of a temperature shifted CHO SEAP whole
cell lysate taken down 36 hours post temperature shift that was found to be unique
to the CHO NCBI protein database.

Table 4.2.11: List of phosphopeptides identified following LC/MS analysis of an
Iron phosphopeptide enriched sample of a temperature shifted CHO SEAP whole
cell lysate taken down 36 hours post temperature shift that was found to be unique
to the Swiss-Prot protein database containing sequences for Human, Mouse Rat
and CHO (downloaded January 2011).
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Table 4.2.12: List of phosphopeptides identified following LC/MS analysis of an
Iron phosphopeptide enriched sample of a temperature shifted CHO SEAP whole
cell lysate taken down 36 hours post temperature shift that were found to be
common to CHO BB, CHO NCBI and Swiss-Prot protein databases. (Note: The
Swiss-Prot protein database contains sequences for Human, Mouse Rat and CHO,
downloaded January 2011)

Table 4.2.13: List of phosphopeptides identified following LC/MS analysis of an
Iron phosphopeptide enriched sample of a temperature shifted CHO SEAP whole
cell lysate taken down 36 hours post temperature shift that were found to be
common to CHO BB and CHO NCBI protein databases.

Table 4.2.14: List of phosphopeptides identified following LC/MS analysis of an
Iron phosphopeptide enriched sample of a temperature shifted CHO SEAP whole
cell lysate taken down 36 hours post temperature shift that were found to be
common to CHO BB and Swiss-Prot protein databases. (Note: The Swiss-Prot
protein database contains sequences for Human, Mouse Rat and CHO, downloaded
January 2011)

Table 4.2.15: List of phosphopeptides identified following LC/MS analysis of an
Iron phosphopeptide enriched sample of a temperature shifted CHO SEAP whole
cell lysate taken down 36 hours post temperature shift that were found to be
common to CHO NCBI and Swiss-Prot protein databases. (Note: The Swiss-Prot
protein database contains sequences for Human, Mouse Rat and CHO, downloaded
January 2011)

Table 4.2.16 Symbols denoting the amino acids Serine, Tyrosine and Threonine.

Table 4.2.17: List of phosphopeptides identified following LC/MS analysis of Iron
phosphopeptide enriched samples from temperature shifted and non-temperature
shifted CHO SEAP whole cell lysates taken down 36 hours post temperature shift
that were found to be common to CHO BB and CHO NCBI protein databases.

Table 4.2.18: List of phosphopeptides identified following LC/MS analysis of Iron
phosphopeptide enriched samples from temperature shifted and non-temperature
shifted CHO SEAP whole cell lysates taken down 36 hours post temperature shift
that were found to be unique to the CHO NCBI database.

Table 4.2.19: List of phosphopeptides identified following LC/MS analysis of Iron
phosphopeptide enriched samples from temperature shifted and non-temperature
shifted CHO SEAP whole cell lysates taken down 36 hours post temperature shift
that were found to be unique to the CHO BB database.

Table 4.2.20: List of phosphopeptides identified following LC/MS analysis of
Titanium Dioxide phosphopeptide enriched samples from temperature shifted and
non-temperature shifted CHO SEAP whole cell lysates taken down 36 hours post
temperature shift that were found to be common to CHO BB and CHO NCBI
protein databases.

Table 4.2.21: List of phosphopeptides identified following LC/MS analysis of
Titanium Dioxide phosphopeptide enriched samples from temperature shifted and
non-temperature shifted CHO SEAP whole cell lysates taken down 36 hours post
temperature shift that were found to be unique to the CHO NCBI database.
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Table 4.2.22: List of phosphopeptides identified following LC/MS analysis of
Titanium Dioxide phosphopeptide enriched samples from temperature shifted and
non-temperature shifted CHO SEAP whole cell lysates taken down 36 hours post
temperature shift that were found to be unique to the CHO BB database.

Table 4.2.23: List of phosphopeptides identified following LC/MS analysis of
Gallium phosphopeptide enriched samples from temperature shifted and non-
temperature shifted CHO SEAP whole cell lysates taken down 36 hours post
temperature shift that were found to be common to CHO BB and CHO NCBI
protein databases.

Table 4.2.24: List of phosphopeptides identified following LC/MS analysis of
Gallium phosphopeptide enriched samples from temperature shifted and non-
temperature shifted CHO SEAP whole cell lysates taken down 36 hours post
temperature shift that were found to be unique to the CHO NCBI database.

Table 4.2.25: List of phosphopeptides identified following LC/MS analysis of
Gallium phosphopeptide enriched samples from temperature shifted and non-
temperature shifted CHO SEAP whole cell lysates taken down 36 hours post
temperature shift that were found to be unique to the CHO BB database.
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Abbreviations

aa - Amino acid

AMPK - AMPactivated protein kinase

ATCC - American Tissue Culture Centre

BSA - Bovine Serum Albumin

cDNA - Complementary DNA

CHO - Chinese Hamster Ovary

Da - Daltons

DHFR - Dihydrofolate reductase

DMEM - Dulbecco's Modified Eagle's Medium
DMSO - Dimethyl Sulphoxide

DNA - Deoxyribonucleic Acid

DTT - Dithiothreitol

EDTA - Ethylene Diamine Tetracetic Acid
ELISA - Enzyme Linked Immunosorbent Assay
ERK - Extracellular SignalRegulated Kinase
FA - Formic Acid

FCS - Fetal Calf Serum

FWHM - Full Width at Half Maximum

GAPDH -  Glyceraldehyde6phosphate dehydrogenase
HPLC - High Pressure Liquid Chromatography
HRP - Horseradish Peroxidase

Ig - Immunoglobulin

IMS - Industrial Methylated Spirits

JNK - cJun Nterminal Protein Kinase

kDa - kilo Daltons

LC - Liquid Chromatography

MAP - MitogenActivated Protein

mRNA - Messenger RNA
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miRNA
MS
MTX
MWCO
MWM
NCBI
PBS
RNA

SDS
SEAP
SFM
TBS
TFA
Tris

UHP

microRNA

Mass Spectrometry

Methotrexate

Molecular Weight Cut Off
Molecular Weight Marker

National Centre for Biotechnology Information
Phosphate Buffered Saline
Ribonucleic Acid

Revolutions per minute

Sodium Dodecyl Sulphate

Secreted Alkaline Phosphatase
SerumFree Medium

Tris Buffered Saline
Trifluoroacetic Acid
Tris(hydroxymethyl)aminomethane

Ultra High Purity
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Title: Proteomic profiling of phosphoproteins and secreted proteins from
mammalian cell lines in order to gain insights into factors affecting cellular growth
and recombinant protein production.

Name: Martin Power
Abstract

Chinese hamster ovary (CHO) cells are one of the most commonly used cell lines in
the production of biopharmaceuticals. The reduction of culture temperature during
the exponential phase of a culture is a strategy that is commonly employed in the
bioprocessing industry to increase process yield. Lower culture temperature results
in a marked reduction in cell growth, increased specific productivity and prolonged
cell viability.

In order to understand the mechanisms involved at the post-transcriptional level in
the cellular response to temperature-shift a phosphoproteomic analysis of SEAP
secreting CHO cells was conducted. Using a liquid-chromatography mass
spectrometry-based label-free approach in conjunction with Gallium, Iron and
Titanium phosphopeptide enrichment strategies 1,307 unique phosphopeptides
(1,480 phosphosites) were identified. Gene Ontology analysis revealed enrichment
of pathways involved in protein synthesis and cell cycle progression. 92
phosphopeptides were determined as being significantly differentially-expressed
36hrs post temperature-shift, including translation initiation factors EIFSB, EIF4G3,
Transcription activator BRG1 and the tumour suppressor protein, Protein NDRGI.
Such proteins are potentially involved in controlling growth and recombinant protein
production in CHO cells.

While the effects of temperature-shift can result in an increase in overall product
yield, it can also have implications for the extracellular-milieu from which the
product must be purified. The second aspect of this thesis identifies changes in the
host cell protein (HCP) profile of an IgG-producing and non-producing cell line over
time in culture under both temperature-shifted and non-temperature-shifted
conditions. This includes the identification of proteases (Cathepsin B, Cathepsin D,
MMP9) and glycosidases (beta-galactosidase and a-N-acetylgalactosaminidase), that
could negatively impact product quality. In addition, proteins that could enhance cell
growth such as vascular endothelial growth factor isoforms A and C and Hepatoma-
derived growth factor were also identified. It was also found that the cell line and
culture conditions used both impacted on the HCP profile generated.



Introduction



1.0 Introduction

1.1 Chinese Hamster Ovary cells

Chinese hamster ovary (CHO) cells are a mammalian epithelial cell line that have
been genetically engineered to produce recombinant protein products for what is
now a multi-billion dollar industry (Beausoleil, Labrie, Dubreuil 2002; Rader 2012).
The Chinese Hamster itself was first used for typing pneumococci as a replacement
for mice in 1919 (Jayapal et al. 2007). The first CHO cell was isolated in 1957 for
use in the study of somatic mammalian cell genetics (Puck, Cieciura, Robinson
1958). The discovery of the relatively low number of chromosomes in Chinese
hamsters (2n=22) made them ideal for radiation and chemical mutagenesis
experiments (Chu 2004; Deaven and Petersen 1973). In 1986, Tissue plasminogen
activator (tPA, Activase®), became the first therapeutic product approved for
production using CHO cells. This came just four years after Lilly’s Humulin became
the first recombinant protein therapeutic to obtain regulatory approval from the FDA

(Biospectrum 2007).

Used in the production of seven of the top ten selling biologics in 2011 (Table 1.1.1),
CHO cells are used to produce nearly 70% of the recombinant therapeutic products
on today’s market (Huggett and Ldhteenmaki 2012; Jayapal et al. 2007; Noh,
Sathyamurthy, Lee 2013). CHO cells have been the predominant cell line of choice
by the biopharmaceutical industry for a number of reasons; 1) CHO cells can be
adapted to grow in suspension which enables high densities of cells to be obtained
enabling greater product yield; they have a relatively fast growth rate and are
reasonably robust in nature (Jayapal et al. 2007; Kumar, Gammell, Clynes 2007;
Rodrigues et al. 2010). 2) The adaptation of CHO cells to grow in serum free media
is also a significant advantage given the potential risks associated with the use of
serum in cell culture media for the growth of therapeutic protein producing
mammalian cell lines (Even, Sandusky, Barnard 2006; Sinacore, Drapeau, Adamson
2000). 3) Having been used for the production of biologics for over 25 years, CHO
cells have a well-established record as a safe host for the production of parenteral

products (Chu and Robinson 2001).



4) CHO cells have the ability to produce complex protein structures with correct
folding patterns and post-translation modifications such as glycosylation which
enables proper protein function (Hossler, Khattak, Li 2009; Vergara et al. 2012). 5)
In addition to being stable hosts for the expression of heterologous genes, gene
amplification techniques such as dihydrofolate reductase (DHFR) or glutamine
synthetase (GS) mediated systems may also be used to increase cellular productivity
(Barnes and Dickson 2006; Noh, Sathyamurthy, Lee 2013). DHFR negative CHO
cells are transfected with a gene for the DHFR enzyme. Through the addition of
increasing concentrations of the chemotherapeutic agent methotrexate (MTX) copies
of the DHFR gene are also increased. This results in an increase in the attached gene
for the therapeutic protein of interest, thus increasing its production (Jayapal et al.
2007). The GS system operates in a similar manner; in this instance however, the GS
inhibitor methionine sulfoximine (MSX) is used to suppress endogenous copies of
the GS gene. Only cells containing high enough copy number of the GS gene, linked
to the desired recombinant protein product, will be able to proliferate. The addition
of 20-25uM of MSX to the culture media enables selection of cells containing the
GS gene, while increasing the concentration to between 100-1000uM results in

amplification of the gene coding for the product of interest (Agrawal and Bal 2012).



Top Selling Biologic Drugs

Name Product Cell Lines 2011 Worldwifle. Sales (dollars in
billions)
Humira (adalimumab) Chinese Hamster Ovary 7.932
Enbrel (etanercept) Chinese Hamster Ovary 7.367
Rituxan (rituxan) Chinese Hamster Ovary 6.772
Remicade (infliximab) Mouse Myeloma (NSO) 6.751
Avastin (bevacizumab) Chinese Hamster Ovary 5.968
Herceptin (transtuzumab) Chinese Hamster Ovary 5.924
Neulasta (pegfilgrastim) Escherichia Coli 3.952
Lucentis (ranibizumab) Escherichia Coli 3.769
Avonex (interferon beta-1a) |Chinese Hamster Ovary 2.687
Rebif (interferon beta-1a)  |Chinese Hamster Ovary 2.354

Table 1.1.1 Table of the top 10 selling biologic drugs in 2011 of which 7 were
produced using a CHO host cell line (Noh, Sathyamurthy, Lee 2013).

Product titre has improved significantly over the years, having gone from ~50mg/l in
the mid-eighties to ~4.7g/l in 2004. Product titres of >10g/l are now within reach
(Huang et al. 2010; Wurm 2004). The increase in product yield has largely come
from improvements in media formulation and process design (De Jesus and Wurm
2011). Further improvements are required, however, if the cost of these therapeutic
products are to be brought down to a sustainable level (Dietmair, Nielsen, Timmins
2011). Herceptin, used for the treatment of breast cancer, costs US$60,000 per
patient per year (Waltz 2005). Treatment of colon cancer using Avastin costs
US$50,000, and for rare diseases, costs can be in excess of US$200,000 per patient
per year (Herper 2010). While manufacturing can play some role in influencing the
cost of the drug i.e., volume of product produced, expression system used (cheaper
prokaryotic systems versus more expensive eukaryotic models), such high prices are
largely attributed to ever increasing cost of R and D including costly clinical trials.
Although cell engineering strategies have made some contribution towards
improving cell line characteristics, results from the ‘targeted’ engineering approach
have so far fallen somewhat short of expectations (Lim et al. 2010; O'Callaghan and
James 2008). Advances in modern technology are currently enabling unprecedented
characterisation of CHO cells in the fields of genomics, proteomics and

metabolomics (Datta, Linhardt, Sharfstein 2013).



The recent publication of the CHO genome will undoubtedly play a significant role
in the quest for true cell line engineering (Lewis et al. 2013; Xu et al. 2011).
Through better understanding of the mechanisms involved in controlling different
cellular traits we will be one step closer to finally developing the much sought after

‘super producer’ (Dietmair, Nielsen, Timmins 2011; Seth et al. 2007).



1.2 Temperature-shift

The reduction of culture temperature towards the end of the exponential phase or
during the stationary phase of a culture is a strategy that is commonly employed in
the bioprocessing industry to increase process yield. Temperature reduction results in
a marked reduction in cell growth, increased specific productivity and prolonged cell
viability (Bollati-Fogolin et al. 2005; Rodriguez et al. 2005; Sakurai et al. 2005;
Schatz et al. 2003). Despite the increases in specific productivity and cell viability,
overall product yield may be decreased as a result of reduced growth. The effect of
this temperature reduction can also vary greatly according to the temperature,
recombinant protein, cell line and even clone (Yee et al. 2008; Yee, Gerdtzen, Hu
2009; Yoon, Hwang, Lee 2004). While the use of temperature-shift to increase the
specific productivity of mammalian cells has been investigated (Fox et al. 2004;
Yoon, Song, Lee 2003) and the effect of cold shock well documented (Al-Fageeh
and Smales 2006; Al-Fageeh et al. 2006), the precise cellular mechanisms involved
have only begun to become clear in more recent times. Despite this, there still
remains a significant gap in our knowledge of the mechanics of reduced culture
temperature, particularly when compared with that of other biological systems such
as bacteria or plant. The following section will discuss our current understanding of
the mechanisms involved in the response of CHO cells to reduced culture

temperature with respect to (i) cell growth and (ii) specific productivity.

1.2.1 Mechanisms controlling Cell growth rates in temperature-shifted CHO
cells
As mentioned previously, cell growth is significantly curtailed under reduced culture
temperature conditions. This reduction in growth can be attributed to the cell cycle
arrest with a shift in the proportion of cells from the S to the G1 phase of the cell
cycle observed at reduced temperatures (Hendrick et al. 2001; Marchant et al. 2008;
Moore et al. 1997). It should be pointed out that, under mild hypothermic conditions
(~32°C) cells may not arrest completely and can continue to proliferate, albeit at a
reduced rate compared to 37°C, while under more severe conditions there is almost a

complete cessation of cell proliferation (Roobol et al. 2009).



This reduced growth rate results in a reduced requirement for metabolites and in turn
decreased production of waste by-products (Wagstaff et al. 2013). It has been shown
that the cell cycle arrest of CHO cells occurs via the ATR (ataxia telangiectasia
mutated-and Rad3-related kinase) - p53 — p21 pathway (Roobol et al. 2011). The
finding that p53 is central to the arrest of temperature-shifted CHO cells is hardly
surprising given that p53 deficient mammalian cells experiencing mild hypothermia
do not undergo cell cycle arrest (Matijasevic, Snyder, Ludlum 1998; Ohnishi et al.
1998). It was proposed that activation of the ATR-p53—p21 pathway is due to
changes in membrane rigidity as a result of alterations in the membrane lipid
composition; specifically, an increase in the ratio of polyunsaturated to saturated
fatty acids upon temperature-shift (Roobol et al. 2011). It has been suggested that a
change in the fluidity of the nuclear envelop is ‘sensed’ by nuclear localised-ATR
(Zhang, Zhao, Ma 2007). In CHO, this leads to the intranuclear translocation of
ATR and subsequent phosphorylation of p53 at Serl5 (Roobol et al. 2011). The
phosphorylation of Serl5 is enhanced by the phosphorylation of Ser33 and Ser46 on
pS3 by p38MAPK (Bulavin et al. 1999), also activated by the ATR pathway (Roobol
et al. 2011). This enhanced Serl5 phosphorylation serves to stabilise and augment
binding of p53 to the transcription co-activator p300/CBP (Dumaz and Meek 1999),

thus enabling transcription of p21, resulting in cell cycle arrest.

1.2.2 Mechanisms controlling specific productivity in temperature-shifted
CHO cells
Although cell growth is significantly reduced under temperature-shifted compared to
non-temperature-shifted conditions, extended culture viability coupled with
increased specific productivity can lead to an increase in overall product yield. The
effect of mild hypothermia on specific productivity can be cell line specific however
and as such, may not be a suitable strategy for all cell lines (Table 1.2.1). Despite the
recent elucidation of the mechanisms involved in cell cycle arrest of CHO cells
under reduced culture temperature conditions (Roobol et al. 2009), our
understanding of the pathways controlling specific productivity is a lot less clear. (A
diagram summarising our understanding of the effect of temperature-shift on CHO
cells is provided in Figure 1