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Abstract Genes in the protein secretion pathway
have been targeted to increase productivity of mono-
clonal antibodies in Chinese hamster ovary cells. The
results have been highly variable depending on the cell
type and the relative amount of recombinant and target
proteins. This paper presents a comprehensive study
encompassing major components of the protein pro-
cessing pathway in the endoplasmic reticulum (ER) to
elucidate its role in recombinant cells. mRNA profiles
of all major ER chaperones and unfolded protein
response (UPR) pathway genes are measured at a series
of time points in a high-producing cell line under the
dynamic environment of a batch culture. An initial
increase in IgG heavy chain mRNA levels correlates
with an increase in productivity. We observe a parallel
increase in the expression levels of majority of
chaperones. The chaperone levels continue to increase
until the end of the batch culture. In contrast, calret-
iculin and ERO1-L alpha, two of the lowest expressed
genes exhibit transient time profiles, with peak induc-
tion on day 3. In response to increased ER stress, both
the GCN2/PKR-like ER kinase and inositol-requiring
enzyme-lalpha (Irelo) signalling branch of the UPR
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are upregulated. Interestingly, spliced X-Box binding
protein 1 (XBPIls) transcription factor from Irela
pathway is detected from the beginning of the batch
culture. Comparison with the expression levels in a low
producer, show much lower induction at the end of the
exponential growth phase. Thus, the unfolded protein
response strongly correlates with the magnitude and
timing of stress in the course of the batch culture.

Keywords Productivity - Recombinant CHO
cells - Unfolded protein response (UPR)
pathway - ER stress - Gene expression

Introduction

Chinese hamster ovary (CHO) cell lines are exten-
sively used as a host system for the production of
recombinant therapeutic proteins (Jayapal et al. 2007).
Engineering advancements in the field of bioreactor
technology, coupled with high throughput cell line
selection approaches have enabled high titers to be
achieved in industry. However, understanding the
molecular basis of productivity is still a challenge as
productivity is a multifaceted phenomenon with many
different pathways contributing to the creation of a
high producer.

To increase productivity, many cellular pathways
including energy metabolism, cell cycle, apoptosis
and protein secretion have been extensively studied
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Fig. 1 Engineering view of protein secretion pathway in
endoplasmic reticulum. Under stress, accumulation of unfolded
proteins inside ER leads to activation of the unfolded protein
response (UPR) pathway. ER homeostasis is restored back by a

(Chen et al. 2001; Kim and Lee 2002; Watanabe et al.
2002; Ifandi and Al-Rubeai 2005; Seth et al. 2006;
Jayapal et al. 2007; Kim et al. 2012). Increasing cell
density by either reducing apoptosis (Meents et al.
2002; Figueroa et al. 2007) or altering cell metabolism
(Chen et al. 2001) can lead to increase in product titers.
Alternatively, the protein synthesis and secretion
machinery can be targeted to increase the specific
productivity of a cell. For example, overexpression of
chaperones, calnexin and calreticulin, led to a two-fold
increase in the productivity of thrombopoietin secret-
ing CHO cells (Chung et al. 2004).

The protein secretion pathway in mammalian
systems starts with translocation of the nascent protein
into the endoplasmic reticulum (ER). Homeostasis in
ER is maintained by coordinated regulation between
three pathways (see Fig. 1): endoplasmic reticulum
associated folding (ERAF), ER associated protein
degradation (ERAD) and unfolded protein response
pathway (UPR) (Schroder 2008). In the event of
accumulation of unfolded protein in the ER, the UPR
signaling cascade is activated in response to ER stress.
The UPR pathway attempts to maintain homeostasis
by shutting down protein translation so as to minimize
the load on cells. Alternatively, the folding capacity is
enhanced by increasing the transcriptional level of
chaperones. At the same time, degradation enzymes
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co-ordinated activation of three different pathways; endoplas-
mic reticulum associated folding (ERAF), endoplasmic reticu-
lum associated degradation (ERAD) and UPR. C denotes
chaperones and D denotes degradation enzymes

are also up regulated to remove mis-folded proteins
(Schroder and Kaufman 2005; Schroder 2006).

The output of the UPR pathway varies between
adaptation and apoptosis in response to intensity and
duration of ER stress. While in the presence of low
levels of stress, the cells can adapt and handle the
increased ER load, high or prolonged levels of stress
induce apoptosis (Hetz 2012). Another pathway that
responds to protein accumulation in the ER membrane
is the ER overload response (EOR), where NF-«kB is
activated on production of reactive oxygen interme-
diates and release of Ca®" from the ER (Pahl and
Baeuerle 1997; Teruya et al. 2005).

Different genes of the protein secretion pathway have
been targeted in recombinant CHO cells, but the results
have been highly variable. The outcome often depends
on the cell line, protein product and the cell engineering
target gene. For example, overexpression of protein
disulfide isomerase protein (PDI) led to a significant
increase in the secretion rates of human antibody in one
study (Borth et al. 2005), whereas intracellular retention
of TNFR:Fc protein was observed in other recombinant
CHO cells (Davis et al. 2000). No effect of PDI
overexpression was seen on productivity in thrombo-
poietin secreting CHO cells (Mohan et al. 2007).

The effectiveness of a cell-engineering approach
often depends on the existing levels and relative
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amounts of chaperones and UPR proteins. A compre-
hensive study of these genes in recombinant CHO cells
is essential for a better understanding of the pathway
and its response. Majority of existing studies are
limited to a few chosen genes from these pathways and
to few time-points (Murphy et al. 2001; Underhill et al.
2005; Cudna and Dickson 2006; Doolan et al. 2008; Ku
et al. 2008). In this work, we undertake dynamic
profiling of all major ER chaperones and UPR pathway
genes in a batch culture. Two recombinant CHO cell
lines with varying productivity levels of a secretory
IgG are compared to investigate the relation of UPR
induction to growth and productivity related stress.

The response of UPR pathway to chronic stress is
different from that to short term stress (DuRose et al.
2006; Merquiol et al. 2011). In a batch culture, cells
are actively growing and also continuously produce
recombinant proteins. This provides a unique envi-
ronment of continuously increasing load on the ER.
The current paper thus complements past studies,
which usually focus on the short term response to
either a pharmacological agent such as tunicamycin or
overexpression of a secretory protein (Rutkowski et al.
2006).

Materials and methods
Cell culture conditions

The CHO cell lines used in this study secrete an anti-
rhesus IgG. The cell lines obtained as a gift from
Dr. Miranda Yap (BTI, Singapore) are derived from
CHO DG44 and have been described earlier (Chusai-
now et al. 2009). The cells were cultured in a medium
containing 50 % PF-CHO (Hyclone, Thermo Scien-
tific, Rockford, IL, USA) and 50 % CD CHO (Gibco-
Invitrogen, Carlsbad, CA, USA) supplemented with
2.0 g/l sodium bi-carbonate (Sigma-Aldrich, St.
Louis, MO, USA), 4 mM L-Glutamine (Sigma-
Aldrich), 0.10 % Pluronic (HiMedia Pvt. Ltd, Mum-
bai, India), 600 pg/ml G418 (Sigma-Aldrich) and
250 nM Methotrexate (Sigma-Aldrich). All cultures
were run in replicate at 37 °C with 8 % CO, in a total
culture volume of 300 ml in 11 Erlenmeyer flasks
(Corning, Lowell, MA, USA) by shaking at 110 RPM.
Cell concentration and viability were determined by
the trypan blue exclusion method using a hemocy-
tometer. Samples were taken regularly for RNA

isolation and quantification of secreted antibody. The
cumulative specific death rate was calculated as

kp = X”(t,)fix"d(t“) where Xp(t) and Xy (t) refer to dead
ydt
o

cell density and viable cell density at time t,
respectively.

Primer design

Primers for quantitative PCR were designed in Primer 3
(http://frodo.wi.mit.edu/) using a consensus sequence
obtained by performing multiple sequence alignment of
mouse, human and rat cDNA. Wherever available, the
designed primers were checked for their specificity by
blasting with the CHO genome database (wWww.
chogenome.org) and redesigned if necessary. The
complete list of primers used in this study is shown in
Table 1.

Quantitative real time PCR

Total RNA was isolated from 10’ cells using Trizol
reagent (Sigma-Aldrich) as per the manufacturer’s
instructions. RNA was quantified by measuring
absorbance at 260 and 280 nm using a nanospectro-
photometer (Implen, Munich, Germany). The quality
of RNA was checked on a 1 % denaturing agarose
(Sigma-Aldrich) gel at 70 volts. 4 g of total RNA was
converted to cDNA (in replicate for selected RNA
samples) using a reverse transcriptase kit (Thermo
Fischer Scientific, formerly Fermentas, Burlington,
ON, Canada) in a total reaction volume of 20 pl as per
the manufacturer’s protocol. 100 ng of cDNA was
used for quantitative PCR using either Maxima Sybr
Green/ROX Master Mix (Fermentas) or QuantiFast
SYBR Green PCR kit (Qiagen, Germantown, MD,
USA) in a total reaction volume of 25 pl supple-
mented with 0.5 tM gene specific primers in dupli-
cates. The reaction conditions were as follows: Initial
denaturation of 95° C for 3 min followed by 40 cycles
of 95° C for 1 min, annealing temperature for 1 min
and 72 °C for 1 min. gDNA contamination and
formation of primer-dimers was checked by running
ano RT control and no template control, respectively.
Primer specificity was checked by melting curve
analysis. B-Actin was used as the housekeeping gene
for normalization. The AACT method was used for
computing expression levels (Livak and Schmittgen
2001). The expression levels 1is defined as
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Expressionlevel = 27227 where  AACT =

[(CE®™ in test cell line — C#°"® in reference cell line
on day 1) — (CF2"" in test cell line — CFA°M" jn
reference cell line on day 1). The reference cell line
has the lowest productivity (3 pg/cell/day) and
expression levels of all the genes. Note that this
reference cell line is also derived from the same
parental cell line.

X-Box binding protein 1 (XBP1) splicing assay

Primers were designed for the total form of X-Box
binding Protein 1 (XBP1y). Unspliced X-Box binding
Protein 1 (XBP1y) form was specifically amplified by
just replacing the reverse primer of XBP1t with the
splice site sequence. The threshold cycle (Ct) value of
spliced X-Box binding Protein 1 (XBP1g) were calcu-
lated from that of XBP1+and XBP1y using the following

_(XBPly

relation:  C3PPl = log, (W) where

CyBPL, PP and CXBP! refers to the Cr value for
XBPlg, XBP1y and XBP1t respectively. Note that
XBP1ly = XBP1y 4+ XBP1s levels. Assuming 100 %
efficiency and adjusting to same threshold values, we
arrive at the relation 2-C"" = 2" 4 -G
Rearranging this equation will give 2°C7" "~ =
2= _ 2=G""which leads to the above expression
for calculating Ct value for XBP1,. Specific primers
were also designed for XBPls and few samples

repeated.
Antibody quantification using ELISA

Antibody titers in the culture supernatant were quantified
by ELISA using the protocol as described by Chusainow
et al. (2009). Goat Anti-human IgGA + IgG + IgM
(H + L) (KPL, Gaithersburg, MD, USA) was used as
the primary coating antibody. Alkaline phosphatase
conjugated anti-human IgG (Fc specific) was used as the
secondary antibody (Sigma-Aldrich) while p-Nitro-
phenyl Phosphate (pNNP) (Sigma-Aldrich) was used
as the substrate. The absorbance was read at 405 nm
using a multi plate reader (Spectramax M5e, Molecular
Devices, Downingtown, PA, USA). Human IgG (Sigma-

Aldrich) was used as a standard. The specific produc-
P(tz)—P(t,)
HX(t)+X ()4t
X(t) is the viable cell density and P(t) is the

tivity was calculated as g, = where

concentration of IgG at time t as determined by
ELISA.

Data analysis

All data are expressed as mean = SD from three
replicate cultures for the high producer and two
replicate cultures for low producer cell line. Outliers
were removed by neglecting data points that did not lie
within mean + 1.5 SD. Student’s ¢ test was employed
to estimate statistical significance of expression levels
at different days with respect to day 1 levels.

Results
Growth and productivity profile

The two cell lines chosen for this study were primarily
distinguished based on their IgG productivities, and
are referred to as low (LP) and high producer (HP).
Figure 2a, b present their growth and viability profiles.
The low producer attains a maximum viable cell
density of 8 million cells/ml. The exponential phase
lasts until day 7 with viability over 90 % and a specific
growth rate of 0.3 day~'. The high producer, on the
other hand, exhibits a higher specific growth rate
(0.6 day ") until day 4, beyond which the viability of
HP cells declines gradually. The viable cell density
reaches a maximum of 6 million cells/ml. The viable
cell density data suggests cessation of growth on day 4
for the HP. However, the total cell density plot
(Fig. 2c) shows continual growth past day 4. This
growth is however accompanied by an increased death
rate, kp (Fig. 2d), leading to an apparent stationary
phase from day 4 to day 7.

Secreted IgG concentrations measured for the two
cell lines are plotted in Fig. 3a. The antibody titers
steadily increase for both high and low producers, with
a maximum IgG concentration of 600 pg/ml on day 7
for the high-producer cell line. The low producer
could produce only 150 pg/ml by the end of the
culture. Figure 3b presents the specific productivities.
The specific productivity of the low producer remains
at relatively low values between 3 and 9 pg/cell/day
over the duration of the batch culture. By comparison,
the high-producer has a much higher productivity with
a peak value of 45 pg/cell/day on day 4.
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Fig. 2 Growth (a)

characteristics of the two 10
CHO cell lines. a Viable cell i
densities (x 10%ells/ml),

b Viability (%), ¢ Total cell
densities (x 10° cells/ml)
and d Specific death rate
(day™") of the high and low
producer in batch culture.
Solid lines denote high
producers (HP) while dash
dotted lines denote low
producers (LP)
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Transcriptomic profiling of ER resident
chaperones and UPR genes

Multiple ER resident and UPR pathway genes were
chosen for quantitative real time analysis. Figure 4
shows a detailed view of the pathway. Six major
chaperones, namely, Glucose Regulated Protein 78
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Time (Days)

(GRP78), Glucose Regulated Protein 94 (GRP94),
EROI1-L alpha (EROla), ER-localized DnaJ homo-
logue 4 (ERDJ4), Calreticulin (CRT) and Calnexin
(CNX) of the ERAF pathway were measured. In
addition, UDP-glucose glycoprotein glucosyltransfer-
ase 1 (UGGT1), an enzyme responsible for recogniz-
ing misfolded proteins was profiled.
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Fig. 4 Detailed view of protein secretion pathway. On trans-
location of the unfolded protein into the ER, multiple
chaperones help in folding, glycosylation and formation of
disulfide bridges. In the event of an ER overload, accumulation
of unfolded proteins leads to ER stress. Three membrane
transducers, PERK, Irelo and ATF6, are bound to GRP78 under
normal conditions. ER stress leads to dissociation of GRP78 and
subsequent activation of PERK and Irelo by dimerization and

The figure also shows the three different arms of the
UPR signaling cascade, initiated by PKR-like ER
kinase (PERK), inositol-requiring enzyme-lalpha

phosphorylation. Activation of ATF6 is by translocation to golgi
complex after dissociation from GRP78 where it is cleaved by
serine proteases to an active transcription factor ATF6p50.
Downstream targets of each of these pathways are shown. AARE
amino acid response element; ARE anti-oxidant response
element; ERSE endoplasmic reticulum stress element; ATF/
CRE activating transcription factor/cAMP responsive element.
Abbreviations for the genes are explained in the text

(Irelo) and activating transcription factor 6 (ATF6)
transducers. Transcription factors from the PERK and
Irelo branch of the UPR pathway were selected for the
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Fig. 5 mRNA profile of a IgG heavy chain (HC) and b light
chain (LC) in HP (solid lines) and LP (dash dotted line-
s).*Denotes p value < 0.05 with respect to day 1 expression

study. In addition, IgG light chain (IgG LC) and heavy
chain (IgG HC) mRNA were also measured. The
complete list of genes is presented in Table 1. Overall,
15 genes were analyzed at 6 time points along the
growth curves of the low and high producer cell lines.

IgG HC mRNA limits productivity in early batch
culture

Figure 5a, b present the variation in the mRNA levels
of heavy and light chain during the course of the batch
culture. In the high producer, the mRNA levels of both
HC and LC increase by about two fold from their
respective day 1 values. The increase occurs as early
as day 3, after which the levels are fairly constant. IgG
HC mRNA levels are significantly higher in the high
producer than those in the low producer at all time
points. On the other hand, IgG LC levels are compa-
rable in the two cell lines over the entire culture,
except on days 3 and 5.

We next compare the time profile of IgG heavy
chain mRNA (Fig. 5a) with that of specific produc-
tivity (Fig. 3b) in the two cell lines. On day 1, both the
productivity and IgG HC levels in the high producer
are significantly higher than those in the low producer.
Also, an increase in IgG HC levels on day 3 parallels
with an increase in productivity in the HP cell line.
Similarly, a two-fold increase in IgG HC levels on day
6 is accompanied by an increase in the corresponding
productivity values in the low producer. Both the IgG
HC levels and the specific productivity values in LP
are at a level much lower than that of the high
producer.

@ Springer

levels in high producer, whereas **refers to low producer data.
The ratio of IgG HC mRNA to LC mRNA is shown in ¢

By comparison, the IgG LC mRNA time profile
(Fig. 5b) does not show any distinct similarity with the
specific productivities of the two cell lines (Fig. 3b).
This is probably because IgG HC levels are stoichio-
metrically limiting, as the light chain is present in
higher amounts (see Fig. 5c). The high producer has
an HC/LC ratio of around 0.5, whereas the LP
maintains a ratio of 0.2. An excess of LC over HC
seems to be beneficial for productivity. Similar
findings have been reported in a study by Schlatteret al.
(2005) where a HC:LC ratio between 1:2 and 1:5 is
found to be optimal for maximizing IgG productivity
in stable CHO cells. Therefore, it can be argued that
productivity is better correlated with IgG HC than to
IgG LC levels.

Early upregulation of chaperones in high producer

Time profile data for the HP cell line presented in
Fig. 6a—g show chaperone upregulation compared to
day 1 levels. The primary chaperone, GRP78, is
induced to a modest two-fold on day 3 (Fig. 6a) and
3.3-folds on day 6 with respect to day 1. In compar-
ison, mRNA of GRP94, which binds to partial folded
proteins and acts sequentially after GRP78 (Schroder
2008), shows an increase of 2.3-fold on day 3
(Fig. 6b). As expected, GRP94 and GRP78 are the
most abundant chaperones (see Fig. 1s).

Calreticulin (CRT) and calnexin (CNX) are cal-
cium dependent glycosylation chaperones involved in
imparting glycosylation residues to the partially
folded proteins, thus making them stable (Schroder
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low producer cell lines during the course of batch culture. Symbols used are same in Fig. 5

and Kaufman 2005). CNX mRNA is present in high
numbers at all the time points measured for the high-
producer cell line. It is induced 2.7-fold on day 6
(Fig. 6¢) compared to its day 1 value. CRT is present
in very low concentrations except very high induction
on day 3 (Fig. 6d).

The UGGT!1 variant 1 (UGGTI-V1) chaperone
recognizes unfolded proteins which are partially
degraded and are not recognized by GRP78. This
enhances the protein quality control mechanism inside
the ER. The corresponding mRNA levels are found to
increase steadily with time and reach a maximum of

3.5-fold increase on day 6 compared to its day 1 level
(Fig. 6e). This may indicate an increase of misfolded
proteins. Similarly, the co-chaperone ERDJ4 mRNA
level increases steadily with an induction of 4.5-fold
(Fig. 6f) on day 6. ERDJ4 helps in the folding of
proteins by GRP78 by stimulating the ATP hydrolysis
and ATP exchange.

Protein disulfide isomerases catalyze the formation
of disulfide bonds in proteins. ERO1a is involved in the
reoxidation of PDI for its continuous function. Among
all the chaperones profiled in this study, EROla
mRNA is present in the lowest amounts (Fig. 1s). It
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Fig. 7 Transcriptional

profile of key PERK/GCN2 10¢
pathway genes, a ATF4,

b CHOP, ¢ GADD34 and

d NRF2. Refer to Fig. 5 for
symbols
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shows transient induction on day 3 (Fig 6g), similar to
the CRT profile. It is interesting to note that although
both CRT and EROla mRNA return to basal levels,
their concentration is still higher as compared to day 1.

The time profiles of the chaperones for the low
producer are also plotted in Fig. 6a—g for comparison.
Similar to the high producer, EROlo and CRT show
transient induction in the low producer. While ERO1a
mRNA levels are similar in the two cell lines, CRT
induction is comparatively low in LP cell line. The
other chaperones, in general, show higher induction in
the high productivity cell line. See, for example,
UGGT-V1 and ERDJ4.

Dynamics of PERK signaling branch of UPR
pathway

The PERK branch responds to the increase in ER
stress by shutting down protein translation, so as to
minimize the load on the cell. This is achieved by
phosphorylation of EIF20, a translation initiation
factor involved in protein synthesis.
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Time (Days)

While the translation of most proteins is attenuated,
few transcription factors, such as ATF4, are selec-
tively translated. ATF4 has also been shown to be
transcriptionally regulated under many stress condi-
tions such as exposure to thapsigargin (Tg), hypoxia
and oxidative stress (Harding et al. 2000a, b, 2003).
Among the PERK pathway genes profiled in this
study, ATF4 was the most abundant in both the high
and low producers. As seen in Fig. 7a, ATF4 mRNA is
induced 4.7-fold in the high producer on day 4
compared to its level on day 1, and continues to stay
at high levels until the end of the culture.

ATF4 targets CHOP, a bZIP transcription factor
that induces the expression of other pro-apoptotic
proteins. On day 4 and 5 of the culture, CHOP mRNA
is induced almost 13-fold in the HP cell line with
respect to its day 1 levels. At day 6, CHOP mRNA
levels reach a new state, with 24-fold induction
compared to day 1 levels (see Fig. 7b).

CHOP and ATF4 together regulate the expression
of GADD34 gene, which forms a negative feedback
loop by de-phosphorylating EIF20. so as to restore
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translation (Novoa et al. 2001). GADD34 is induced
by 5.7-fold on day 4 (Fig. 7c). Interestingly, GADD34
is repressed on day 5, only to be induced back again on
day 6. GADD34 mRNA has been shown to have a very
short half life, and needs continuous stress signals for
its sustained activation (Rutkowski et al. 2006; Brush
and Shenolikar 2008).

Profile of NRF2 mRNA (see Fig. 7d), another
transcription factor involved in the PERK pathway, is
very similar to that of CHOP. Itis induced on day 3 in HP
and reaches a maximum of 8.2-folds on day 6. NRF2 is
is phosphorylated by PERK, and it later auto-regulates
its own mRNA expression (Kaspar and Jaiswal 2010;
Stepkowski and Kruszewski 2011). NRF2 also induces
the expression of anti-oxidant responsive genes (Chen
and Kunsch 2004). This is possibly the response to high
oxidative stress in these recombinant CHO cells as a
result of continuous and repeated folding processes
inside the stressed ER (Cullinan et al. 2003).

The time profiles of PERK pathway genes in the low
producer cell line are also plotted in Fig. 7. Initially,
the mRNA levels of all genes are comparable between

Time (Days)

the two cell lines. Post day 3, while induction is
observed in the HP cell line, the mRNA levels in the LP
cell line continue to be maintained at basal levels.
ATF4, CHOP, NRF2 and GADD34 mRNA are signif-
icantly induced in the low producer cell line only on
day 6, but the induction levels are much lower than HP.

Dynamics of Irela signaling branch of UPR
pathway

The Irelo branch of UPR responds to high levels of
unfolded protein in ER by increasing both survival and
pro-apoptotic signals. The survival response is med-
iated by transcriptional induction of chaperones and
ERAD pathway proteins (Travers et al. 2000; Lee et al.
2003), whereas apoptotic response is mediated by
either transcriptional induction of CHOP or JNK
pathway (Urano et al. 2000; Rutkowski et al. 2006).
Induction of the Irela branch begins with the
dissociation of membrane bound transducer Irelo
from GRP78. Post dissociation, the endoribonuclease
activity of Irela acts on the mRNA of the transcription
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factor XBP1. A spliced form, XBPl1g, is thus formed,
which induces the expression of both chaperones and
pro-apoptotic genes such as CHOP. The active form,
XBPlg, also auto-regulates its own transcription.
Figure 8a, b present the time profile of XBP1g and
XBPl1y, the unspliced form, in the high producer. A
3.8-fold induction of XBP1g is observed on day 4, with
increasing trends until day 6. A similar transcriptional
profile is also seen for XBP1y mRNA, although to
slightly lower levels. The copy numbers of XBP1g are
comparable to NRF2 and ATF4 transcription factors
studied earlier. Also, XBP1g mRNA is always present
in higher copy numbers as compared to the unspliced
form.

Figure 8c shows the transcriptional profile of
XBP1t mRNA. It is induced both by XBPls and
ATF6p50, the active cleaved form of ATF6, which
forms the third branch of UPR signaling. XBPlt
follows a very similar time profile as that of XBPls.
An induction of 3.25-fold is observed for XBP1
mRNA on day 4, followed by a steady increase until
day 6. The kinetic profiles in the low producer plotted
in Fig. 8a—c show that the mRNA levels of XBPlr,
XBPly and XBPlg are always less as compared to
those in the high producer.

Transcriptional profiling of XBPlg indicates the
presence of spliced form mRNA at the early stages of the
culture. Figure 8d plots the percentage of XBP1g wrt
XBP1t+ mRNA in the two cell lines. On day 1, 76 % of
XBP11 mRNA is present as XBP1g mRNA in the high
producer cell line. This indicates that Irelo pathway is
active at this time point. The fraction of XBPlg to
XBP1t mRNA increases slightly from day 3 to day 4,
indicating further activation of the pathway. Presence of
XBP1s has been observed in other recombinant CHO
cell lines as well (Tigges and Fussenegger 2006; Ohya
et al. 2008). The presence of high levels of XBP1gin an
unstressed cell is a possible reason for the ineffective-
ness of XBP1 overexpression on productivity (Ku et al.
2008). The fraction of XBP1g/XBP1t+ mRNA is similar
in the low producer, with slightly lower levels on day 4
as compared to the HP data.

Note that the profile of XBP1g mRNA is highly
correlated (correlation >0.95) with the mRNA of a
number of downstream target chaperones, such as
ERDJ4, UGGT1 and GRP78. While many chaperones
are known to be regulated by coordinated action of
XBPlg and ATF6, ERDJ4 has been shown to be
dependent on XBP1s alone for its induction (Lee et al.
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2003). In contrast, the mRNA profiles of chaperones,
EROlo and CRT are distinct from XBP1s, indicating a
different regulatory mechanism.

Discussion

Many studies have targeted the protein secretion
pathway in an attempt to increase productivity of
recombinant proteins in mammalian cells. The results
have been highly variable, especially pertaining to the
folding and UPR components. The protein folding
pathway and the response to ER stress are complex
processes with multiple steps. In addition, UPR
pathway has been shown to be highly dynamic with
distinct kinetic outcomes depending on the input
(DuRose et al. 2006; Gass et al. 2008; Merquiol et al.
2011; Pena and Harris, 2011). A mechanistic under-
standing of this pathway in recombinant cell lines will
therefore aid in designing rational metabolic engi-
neering strategies. Understanding its kinetics in a
batch culture is a step towards this process. We have
chosen two recombinant CHO cell lines from the same
parental CHO DG44 cells for comparison. The two
cell lines have over four-fold difference in productiv-
ity, where the peak productivity of the high producer is
comparable to that seen in many industrial and fed-
batch processes.

Different productivity profiles have been observed
in recombinant mammalian cells in batch culture. For
example, Jiang et al. report a specific productivity
profile that is high in the initial stages of batch culture
and later decreases (Jiang et al. 2006). In contrast, we
observe that the specific productivity of the high
producer cell line is initially low. It increases until day
4 and decreases subsequently. A similar profile for
productivity has been reported earlier in a study with
GS-NSO cells (Stansfield et al. 2007), where produc-
tivity of MaB increased up to day 8, and declined
thereafter in a fed-batch culture. Other studies have
also shown a similar productivity profile (Kaufmann
etal. 1999; Hendrick et al. 2001; Yoon et al. 2006a, b).

The observed specific productivity profiles can be
determined by many different factors such as how the
cells are maintained and the expression system used in
these cells. In the early stages of batch culture, the
increase in gp is correlated to a corresponding increase
in the IgG HC mRNA levels on day 3. This is similar to
that reported by Barnes et al. and others (Dorai et al.
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20006; Barnes et al. 2007; Li et al. 2007). The observed
dynamics of IgG HC and LC genes is potentially due
to some specific elements present in the hCMV-MIE
promoter, which drives their expression. Note that this
promoter has been reported to possess sites for many
different transcription factors (Sambucetti et al. 1989;
Yurochko et al. 1997). It is interesting to note that IgG
HC and LC were also under the control of the same
promoter in the GS-NSO cells used in the study
mentioned above (Stansfield et al. 2007). The expres-
sion from this promoter seems to be inversely related
to growth. When cells from day 4 are re-suspended in
fresh medium (data not shown) we observe a drop in
their productivity. This is accompanied by a decline in
IgG HC mRNA levels.

The initial increase in specific productivity until
day 3 is related to the expression system that controls
the IgG HC and LC mRNA. By comparison, specific
productivity increases further from day 3 to day 4
without any corresponding increase in IgG HC or LC
mRNA levels. Interestingly, mRNA levels of chaper-
ones such as GRP94, ERDJ4 and Calnexin (CNX) are
upregulated in this period, which possibly enhances
the capacity of ER to process unfolded proteins. Note
that most UPR pathway genes show only a minimal
increase in the initial phase of batch culture. However,
we observe a steep induction of ATF4, CHOP and
GADD34 (Fig. 7a—c) mRNA levels on day 4. Similar
upregulation is also seen for the XBP1t and XBPlg
mRNA levels. This probably is a response to the
increased stress due to higher productivity. It may also
reflect the adaptation of the cells to handle increased
productivity levels. Factors such as nutritional status
may also play a role and are discussed later. Note that,
other studies have also observed a positive correlation
of mRNA levels of chaperones GRP78, GRP94 and
CRT and XBPlg with that of secreted antibody
concentration in production clones (Smales et al.
2004; Kober et al. 2012).

The maximum specific productivity observed in the
high producer is 45 pg/cell/day. In comparison the low
producer has only a maximum specific productivity of
9 pg/cell/day. This compares well with other studies
on cell engineering of various chaperones and UPR
pathway genes. For example, over-expression of
GADD?34, specific productivity of AT-III increased
from 15 to 30 pg/cell/day (Ohya et al. 2008). Simi-
larly, over-expression of PDI in CHO cells increased
productivity to about 22 pg/cell/day (Borth et al.

2005). In another study with CHO cells expressing
anti-apoptotic genes, a productivity of 100 pg/cell/day
is reported on treatment with sodium butyrate and a
shift in temperature (Kantardjieff et al. 2010). Micro-
array analysis suggested that the increased productiv-
ity could be because of an increase in secretory
capacity. An upregulation of chaperones and other
protein secretion related genes such as golgi apparatus
is seen in these cells.

What is the stress signal: growth or IgG?

The UPR pathway is activated under many different
stress conditions. It can be activated directly by high
amounts of unfolded protein in the ER. The UPR also
senses the nutritional state of the cell. For example, the
PERK pathway has been shown to be activated by
glucose deprivation and under hypoxic conditions
(Koumenis et al. 2002; Elanchezhian et al. 2012).
Similarly, amino-acid limitation also leads to attenu-
ation of protein synthesis by phosphorylation of EIF2a
phosphorylation via GCN2 kinase (Zhang et al. 2002).
Studies have also shown upregulation of CHOP in
response to glucose and glutamine deprivation in both
CHO and NSO cell lines (Murphy et al. 2001;
Lengwehasatit and Dickson 2002). In response to
simultaneous deprivation of both glucose and gluta-
mine, CHOP mRNA expression was further enhanced
and was comparable to that in response to tunicamycin
(Lengwehasatit and Dickson 2002). In contrast, addi-
tion of substrate failed to suppress the expression of
chaperones in another case (Downham et al. 1996).
Similarly, in a proteomics based comparison of four
NSO cell lines of varying productivity and similar
growth rates, many chaperones were found to be
upregulated in higher productivity cultures (Smales
et al. 2004).

Limitation in glucose, oxygen or amino-acids can
be caused by either high growth or high productivity of
cells. While limitation of nutrients and oxygen due to
high-growth rate is easily understandable, production
of IgG also leads to similar stress. For example,
secreted proteins cause amino-acid limitation since
they deplete the intracellular amino-acid levels. Sim-
ilarly, enhanced productivity will place a higher load
on the energy metabolism of the cell due to the
increased demands for ATP for protein folding.

The data reported in this paper clearly shows that
HP is under higher stress as compared to the other cell
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line. The chaperones and transcriptional regulators
from PERK/GCN2 and Irelo branch of UPR are
induced to a much higher level. The upregulation of
XBP1s and chaperones in the high producer strongly
suggests the activation of the Irela and possibly ATF6
pathways in the HP cell line. While the PERK/GCN2
branch could be activated by either nutrient limitation
or ER stress, the Ireloo and ATF6 branches are
activated through ER stress. Higher % spliced XBP1
in the high producer cell line is also indicative of
enhanced Irelo-P activity. Thus, the overall stress in
the high producer is a combination of the factors
discussed above, and their relative contribution needs
further study.

Comparison with previous studies

The upregulation of protein secretion related genes in
recombinant CHO cells has been reported earlier, but
the studies have usually been limited to only a few
chaperones primarily GRP78, GRP94 and occasion-
ally PDI and ERP72 (Downham et al. 1996; Lambert
and Merten 1997; Nissom et al. 2006). Further, in
these cell lines there is limited information on the
transcription control of these proteins through the UPR
signalling pathway (Ku et al. 2010; Du et al. 2013). An
integrated study of the role of UPR and its dynamics in
mammalian bioprocesses is lacking.

A constitutively high expression of the chaperones
through the course of the batch culture has been
reported in literature. For example, in a study with
CHO cells expressing TIMP-1 protein, constant levels
of Bip and PDI were detected, whereas CRT was
upregulated after initial lag phase (Underhill et al.
2005). In contrast, we find that the expression of
chaperones is highly dynamic through the course of
batch culture. The dynamics further correlates with
increase in productivity. Many factors can contribute
to the observed trend in specific productivity. These
include how the cells are maintained, the expression
system used and its relation to growth, as discussed
above.

Chaperones including CNX and PDI and XBP1
were found to be upregulated in the producer culture of
HEK?293 cells when compared with a non-producer
that grew at the same rate (Smales et al. 2004,
Dietmair et al. 2012). Abundance of protein folding
genes and IgG HC mRNA were also observed in
recombinant NSO cell line with a higher gp indicating

@ Springer

that the stressed cells require the highly active folding
machinery to maintain a higher productivity status
(Smales et al. 2004).

The expression of the transcription factor CHOP
has also been studied in NSO myeloma cell lines and in
CHO DG44 recombinant cell lines (Murphy et al.
2001; Lengwehasatit and Dickson 2002). The CHOP
mRNA profiles were transient in the NSO cell line. In
another study, the CHOP expression levels were found
to be induced at the end of the batch culture and
correlated well with apoptosis. In contrast, CHOP is
induced earlier in our culture, a reflection of higher
nutritional and ER stress. Also, the levels of CHOP
continue to increase until the end of the batch culture.

Distinct kinetic profiles of chaperones

Folding of IgG molecules in the ER consists of a series
of steps. GRP78 and GRP94 act sequentially to initiate
the folding process. Then the disulphide bonds are
formed through the PDI protein. PDI is continuously
reoxidized through ERO1a and ERO1p proteins. The
removal of oligosaccharides occurs via the calnexin
and calreticulin cycle, along with the recognition of
mis-folded proteins by UGGT]1.

On exposure to ER stress, the chaperones are
upregulated in the HP cell line. However, the data
suggest that not all chaperones are regulated similarly.
Similar results have been observed earlier. For exam-
ple, in a recent study, silencing of GRP94 was found to
have a distinct UPR response when compared to that in
response to BiP silencing or tunicamycin treatment
(Eletto et al. 2012). The calreticulin gene was not
upregulated in response to GRP94 silencing. In
response to dengue virus, only GRP78 is upregulated
but a similar increase was not detected in the case of
GRPY%4 or PDI protein levels.

We show that the dynamics of chaperones in
recombinant CHO cells producing IgG are distinct.
While most chaperones’ levels continue to increase
with time in the batch culture, expression of CRT and
EROla is found to be transient. There is high fold
increase in the expression levels of these genes,
presumably because of the sudden increase in demand
and very low basal expression levels. Interestingly, the
functionally related protein CNX is present at higher
concentrations and is induced by only two-fold.
However, the kinetic trend is similar to that of CRT.
The expression profiles of many chaperones including
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ERDIJ4, GRP78, GRP94 and UGGT]1 are found to be
strongly correlated (R? > 0.86) with that of XBPls.
However, the cause of transient regulation of CRT and
EROla needs further investigation. CRT protein has
been shown to be differentially expressed under
various conditions. In response to amino acid starva-
tion it is found to be induced (Heal and McGivan
1998), whereas it is selectively repressed in response
to many differentiating agents such as Me,SO and
retinoic acid (Clark et al. 2002).

The observed continuous upregulation of chaper-
ones appears to be a response to chronic stress, which
is different from that of short-term stress. For example,
in cells infected with hepatitis C virus, all branches of
UPR were induced post-infection. Peak induction was
observed on day 3 (Merquiol et al. 2011), and the
genes were significantly induced even at day 14. In
contrast, on treatment of CHO cells with pharmaco-
logical agents such as dithiothreitol (DTT), thapsigar-
gin (Tg) and tunicamycin (Tm), the activation of UPR
occurs as early as 15 min (DuRose et al. 2006), and
levels of many genes such as CHOP and GADD34
return to basal levels by 24 h (Rutkowski et al. 2006).

Dynamics of UPR

It has been reported that the UPR pathway exhibits a
multi-phase response of alarm, adaptation and apop-
tosis in the presence of stress signals (Hetz 2012). The
alarm phase is usually characterized by translation
attenuation implemented by an increase in EIF2a-P
levels. The adaptive phase is initiated by activation of
the Irela/ATF6 pathways. An increase in chaperone
levels occurs in this phase. Activation of GADD34
from the PERK signaling branch is also a marker for
adaptation. In response to chronic stress, when
homeostasis cannot be maintained, an increase in
CHOP levels beyond a threshold marks the onset of
the apoptosis phase.

In the current study of CHO cells in batch culture,
we observe the adaptation and apoptosis phases of UPR
pathway. The upregulation of CHOP and GADD34 is a
hallmark of activation of the PERK pathway. The
induction of GADD34 probably helps the cell in
adapting to ER stress by restoring translation. Induc-
tion of GADD34 in HP can potentially reverse
translational attenuation leading to increase in product
titres and productivity. Corroborating this hypothesis
is a recent study (Ohya et al. 2008), where over-

expression of ATF4 and GADD34 led to increase in
productivity of thrombopoietin. Similarly, increase in
XBPIg levels indicates activation of Irela pathway.
The occurrence of these phenomenons around day 3—4
marks the adaptation phase in the high producer cell
line. On day 6, the apoptotic phase of UPR is activated
in the HP, as illustrated by a further increase in CHOP
levels, and a corresponding decrease in cell viability.
On the other hand, in the LP cell line, the UPR pathway
is activated at the end (day 7) of the batch culture. In the
absence of high productivity, the corresponding
response is also much subdued as compared to the HP.

Conclusion

This paper presents a comprehensive study of UPR
pathway in recombinant CHO cells. Time profile of all
major chaperones and signalling pathway genes are
measured in a batch culture for two cell lines with
varying productivity and growth profiles. A four-fold
difference in productivity and a two-fold higher
specific growth rate, place a higher load on the high
producer. Increased stress results in much higher
induction of the UPR pathway. The presence of
chronic stress is further reinforced by the UPR
response profiles that exhibit an adaptation phase
followed by apoptosis at the end of the batch culture.
Further, the data suggests a strong correlation between
enhanced ER capacity and IgG productivity, although
additional studies are required to establish the cause
and effect relationship. Understanding this relation-
ship between growth, ER stress and productivity will
enhance our ability to target this pathway for increased
production of recombinant proteins.
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