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ABSTRACT: Today 60-70% of the recombinant protein pharmaceuticals production uses mammalian cells as 

a host. From all cell lines, Chinese Hamster Ovary (CHO) cells are the most popular for the production of 
recombinant therapeutics, such as monoclonal antibodies (mAbs). Several strategies have been used to 
increase the volumetric productivity and the product titer of mammalian cell lines. Host cell line engineering 
is one approach that successfully contributed to improve the cell productivity by manipulating various cellular 
processes. Although several advancements have been made in this field, these cell engineering approaches 
have mostly targeted single genes and, thus, addressing one single issue in the cell performance.  The 
mammalian target of rapamycin (mTOR) is a conserved kinase which plays a key role in a large number of 
cellular processes. This project aimed to investigate the growth and productivity of CHO-K1 cell lines, when 
stably transfected with mTOR in comparison to the same cell line transfected with an empty vector 
(expressing only GFP). Here we show evidence that mTOR transfected cell lines have an advantage in growth, 
showing higher cell concentrations and specific growth rates in the batch experiments made. Furthermore, 
mTOR transfected clones also showed a higher resistance to stress conditions, such as higher osmolalities and 
hypoxia, than the empty vector control. These results reinforce the importance of mTOR as a promising target 
for the improvement of mammalian production cell lines. 

KEYWORDS: mammalian cells; Chinese Hamster Ovary (CHO) cells; monoclonal antibodies; cell line 
engineering; mTOR 

1 Introduction 

Today, 60-70% of all recombinant protein 
pharmaceuticals use mammalian cells as its main 
production hosts [1], although other systems, such 
as microbial, insect and transgenic animals or plants, 
are also available [2]. From all the mammalian cell 
lines, nearly 70% of all therapeutic today being 
produced in CHO cells [3]. Monoclonal antibodies 
are the dominant product within the 
biopharmaceutical market, representing half of its 
total sales with a global sales revenue of nearly $75 
billion. The number of monoclonal antibodies 
approved for commercial sale in US and Europe is 
continually growing and goes from 3 to 5 new 
products annually [4]. For any commercial process, 
high volumetric productivity and/or high product 
titer are desired for reasons of profit. These goals 
can be achieved by increasing the specific 
productivity and/or the time integral of viable cell 
concentration during culture [2]. Three main 
approaches have been pursued for this purpose: (1) 
improvement of expression vectors and 
transcription of the gene of interest; (2) 
improvement of media composition and cultivation 

process; and (3) host cell line engineering [5]. More 
recently, the engineering of host cells used in large-
scale production of biopharmaceuticals has also 
contributed significantly to improve productivity 
and has enabled a better understanding of cellular 
physiology in a mammalian cell culture context [6]. 
The various cellular processes that have been 
engineered include apoptosis, cell proliferation, cell 
metabolism, cell cycle arrest and the improvement 
of protein folding, transport and secretion. 
Although, recently, several advancements have 
been made in this field, much of the cell engineering 
work has focused on the targeting of a single gene. 
However, it is clear that to engineer a super-
producer, that is more robust for the production of 
recombinant proteins, one needs to take into 
account the global effect of altering one or multiple 
genes across different cellular pathways [6]. 

mTOR is a highly conserved protein kinase 
originally discovered in yeast but also conserved in 
eukaryotes, such as mammalian[7]. mTOR plays a 
central role in regulating critical cellular processes, 
such as growth, proliferation, cytoskeletal 
organization, transcription, protein synthesis and 
ribosomal biogenesis [8]. 
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Several authors have studied the implication of 
mTOR pathway in various cellular processes. 
Dreesen et al. [9] have verified that the transient 
expression of mTOR improved several cell 
characteristics, including cell growth, proliferation, 
viability, robustness and specific productivity. Edros 
et al.[10] compared the expression of 84 target 
genes related to mTOR signalling in two CHO cell 
lines and identified high expressing genes in the cell 
line with 17.4 fold higher specific productivities, 
reinforcing the importance of mTOR pathway for the 
recombinant protein production. Courtes et al.[11], 
using polysome profiling technology, stablished a 
connection between the global/specific translation 
activity and the activation of mTOR signalling 
pathway through nutrient supplementation in CHO 
cell cultures. These results suggest that the 
engineering of mTOR pathway could be a route for 
the design of a novel super-producer with increased 
cell proliferation as well as productivity. 

2 Materials and Methods 

2.1 Cell lines and cell culture 

The used cell line CHO-K1 PG9 recombinantly 
expressed an IgG antibody termed PG9. The cell line 
was adapted to grow in CD-CHO medium (Gibco by 
Life Technologies) supplemented with 6 mM L-
alanyl-L-glutamine (Merck), 0.5 mg/mL G418 (Gibco 
by Life Technologies) and 15 mg/mL phenol red 
(Sigma-Aldrich). In bach experiments, such as batch 
experiment 2 and the bioreactor batches, MV3-2/6 
medium (Merck) was used, supplemented with 
6mM of L-Glutamine. The CHO-K1 PG9 cell line was 
transfected with a plasmid containing either mTOR 
or an Empty Vector (EV) control and subsequently 
cultivated in the medium described above plus 2.5 
µg/mL puromycin (Life technologies). The cell lines 
used were as follows: 

 CHO K1 PG9 (non-
transfected) 

 mTOR 89 

 mTOR 97 

 mTOR 82 

 mTOR 93 

 mTOR 84 

 mTOR 96 

 EV 511 

 EV 54 
 

 

The cells were maintained in routine culture with 
a seeding concentration of 3x105 cells/mL using a 
working volume from 15 to 30 mL in a 125 mL 
Erlenmeyer shake flask (Corning). The cultures were 
grown in an ISF1-X incubator shaker (Kuhner) at 
37 °C, 140 rpm, 7 % CO2 and 90 % relative humidity. 
The cells were passaged 2 times a week.   

2.2 Plasmids 

The two plasmids mTOR vector (Catalog nº: EX—
mm31144-M80; Accession nº: NM_020009; 736.2 

ng/µL; Gene CopoeiaTM) and Empty vector (EV; 
Catalog nº: EX-NEG-M80; 571.6 ng/µL; Gene 
CopoeiaTM) were used in this project as shown in 
Figure 1A and B, respectively. 

 

  
A B 

Figure 1: The applied expression vectors contained a CMV 
promotor and the IRES2 sequence followed by the EGFP insert. 
Puromycin and ampicillin were used for mammalian and 
bacterial selection, respectively. A – mTOR vector; B – Empty 
vector. 

2.3 Transfection 

Both mTOR and Empty vector plasmids were 
transfected into 2.5 million cells of CHO K1 PG9 cell 
line, using polyethylenimine (PEI) as transfection 
agent. The reagents used to prepare the transfection 
mix and PEI mix are listed in Table 1. 
Table 1: Reagents used in the PEI and transfection mixes. 

 Reagent 
V 

[µL] 
C [µg/ 

µL] 

PEI Mix 

PEI   125 1 

HBS buffer 

(pH 7.5) 
375 1 

Transfection 
mix (mTOR) 

DNA (mTOR) 41 0.3045 

HBS buffer 459 1 

Transfection 
mix (EV) 

DNA (Empty vector) 68 0.1841 

HBS buffer 432 1 

The transfected cell lines were subcloned in a 
384 well plate with 50 µL/well and 5x105 cells/mL, 
which results in 2.5x104 cells/well. The GFP positive 
cultures were eventually expanded to an Erlenmeyer 
shake flask. 

2.4 Batch experiments 

The generated PG9 antibody expressing cell lines 
super-transfected with either the mTOR or Empty 
Vector plasmid were tested in different batch 
experiments.  

 Shaker batch experiments 

Two shaker batch experiments were made in 125 
mL Erlenmeyer shake flasks at conditions described 
in section 2.3. The cultures were inoculated with 
3x105 cells/mL and terminated once the viability 
dropped below 60%. 

2.4.1.1 Shaker batch experiment 1 

This experiment aimed the selection of one 
mTOR clone and one EV clone, through the 
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comparison of growth and productivity between the 
cell lines. Thus, 6 mTOR clones, 2 EV clones and the 
non-transfected PG9 were used for batch 
cultivation, as listed in section 2.1. 

The medium used for cultivation was CD-CHO 
medium (supplemented with 6 mM L-alanyl-L-
glutamine and 15 mg/mL phenol red). 

2.4.1.2 Shaker batch experiment 2 

This experiment aimed to investigate the 
resistance of mTOR 89 and EV 511 to high medium 
osmolalities. The medium osmolality was changed, 
through the addition of a defined volume of a 2.5M 
NaCl solution, to 400, 450 and 500 mOsm/kg. As a 
control, the regular medium without salt addition 
was also cultured. The cells were grown in the in-
house formulation MV3-2/6 (supplemented with 
6mM of L-glutamine). 

 Bioreactor batch experiments 

The bioreactor experiments were made using the 
DASGIP® system, which had 4 vessels running in 
parallel. The controlled variables and its standard 
values are shown in Table 2. These experiments 
compared the performance of mTOR 89 and EV 511 
in different conditions. The cells were grown in the 
in-house formulation MV3-2/6 (supplemented with 
6mM of L-glutamine). 

Table 2: Controlled variables and respective standard settings. 
Controlled Variables Standard set-up 

T [ºC] 37.0 

pH 7.00 

DO [%] 30.0 

F [L/h] 1.0 

N [rpm] 80 

1.1.1.1 Bioreactor experiment 1: temperature 
shift 

This experiment aimed the comparison between 
growth and productivity of mTOR 89 and EV 511 
cultured in standard conditions and after a 
temperature shift to 34ᵒC was made. Two 
bioreactors were inoculated with each cell line 
(mTOR 89 and EV 511) at a starting cell 
concentration of 3×105 c/mL with a working volume 
of 600 mL. On day 4, for one cell line each, a 
parameter shift was performed in which the 
cultivation temperature was reduced to 34ᵒC. 

1.1.1.2 Bioreactor experiment 2: temperature 
shift 

This experiment had the same aims as bioreactor 
experiment 1. However, the two bioreactors were 
inoculated with each cell line (mTOR 89 and EV 511) 
at a higher starting cell concentration of 1×106 c/mL 
with a working volume of 450 mL. The temperature 
shift to 34ᵒC was made on day 1. 

1.1.1.3 Bioreactor experiment 3: hypoxia 
conditions 

This experiment aimed to investigate the 
resistance of mTOR 89 and EV 511 to hypoxic 
conditions. Two bioreactors were inoculated with 
each cell line at a starting cell concentration of 3×105 
c/mL with a working volume of 550 mL. Each cell line 
was grown by gassing with 5% (hypoxia) and 21% 
(normoxia) oxygen. 

2.5 Analysis 

For each experiment a sample was drawn to 
determine cell concentration, cell viability, cell 
diameter, nucleus size, metabolite concentration 
(glutamine, glutamate, glucose, lactate and 
ammonium) and antibody titer. Other analysis were 
also made to quantify the GFP signal, the 
intracellular antibody content and mTOR content. 

 Cell concentration 

The cell concentration was quantified using Z2 
Coulter Counter™ (Beckman coulter) for all 
experiments, except for shaker batch experiment 1, 
in which the cell concentration was determined with 
the Vi-cell™ (Beckman coulter). 

 Cell viability 

The cells viability was determined using the Vi-
cell™ relying on the trypan blue dye exclusion 
method.  

 Total cell and nucleus size 

The cells diameter was determined using Vi-cell™ 
for all experiments.  

The nucleus size was determined using the Z2 
Coulter Counter™ for shaker batch experiment 2 and 
all the bioreactor experiments. 

 Metabolite concentration 

The concentration of key metabolites (glucose, 
glutamine, glutamate, lactate and ammonia) was 
quantified for shaker batch experiment 2 and all the 
bioreactor experiments using BioProfile™ 100 Plus 
(Nova Biomedical). 

 Titer quantification 

The antibody titer of the batch experiments was 
quantified by Bio-Layer Interferometry on an Octet™ 
QK (fortéBio). For detection a protein A biosensor 
(Dip and ReadTM Biosensors, FortéBio) was used. 

3 Results 

3.1 Batch experiments 

 Shaker batch experiment 1 
In Figure 2, mTOR 93 was the clone that that had 

the highest cell concentrations over the experiment 
time, but it was also amongst the clones with a lower 
longevity. mTOR 82 and mTOR 96 were the clones 
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that had lower cell concentrations, although mTOR 
82 had a longevity of 10 days and could produce cells 
until the very last sampling day. The other clones 
produced a similar amount of cells and mTOR 84, 
mTOR 97 and EV 511 had also a longevity of 10 days  

As shown in Figure 3, all clones had a similar 
antibody production until day 7 of the batch, except 
for mTOR 96 that had a slightly lower productivity 
from day 5 to day 7. EV 511 reached the highest titer, 
followed by mTOR 84.  

mTOR 97 and mTOR 89 had the highest specific 
productivities, whereas mTOR 93 was the clone with 
the lowest specific productivities. From the EV 
clones, EV511 was the clone with the highest specific 
productivities. Overall, mTOR 89 had a mean specific 
productivity of 11.18 pcd and EV511 had a mean 
specific productivity of 10.76 pcd. 

 
Figure 2: Evolution of the cell concentration and viability of 
mTOR clones, empty vector clones and the non-transfected PG9 
over the time. The continuous lines represent the cell 
concentration and the dashed lines represent the cell viability. 

 
Figure 3: Evolution of the cell titer of mTOR clones, empty vector 
clones and the non-transfected PG9 over the time. 

 Shaker batch experiment 2 

In Figure 4, mTOR and empty vector with no salt 
addition (NS) had roughly the same production of 
viable cells, which resulted from the higher cell 
concentrations reached by mTOR NS, although it 
lasted 2 less days in culture. For all the other 
osmolalities, mTOR could reach higher cell 
concentrations than empty vector. 

Except for the condition with no salt addition, 
mTOR reached the highest titers. The higher 
osmolalities resulted in lower titers for both mTOR 
and empty vector (Figure 5). 

Empty vector had higher specific productivities, 
than mTOR and also, for both clones, higher 
osmolalities have resulted in higher specific 
productivities.  

The cell diameter (Figure 6) was quite similar for 
both mTOR and empty vector for the same 
osmolality. However, higher osmolalities have 
resulted in higher cell diameters, being mTOR at 500 
mOsm/kg the culture that reached the highest cell 
diameter. 

 
Figure 4: Evolution of the cell concentration and viability of 
mTOR clones and empty vector clones with no salt addition (NS), 
400, 450 and 500 mOsm/Kg. The continuous lines represent the 
cell concentration and the dashed lines represent the cell 
viability. 

 
Figure 5: Evolution of the cell titer of mTOR clones and empty 
vector clones with no salt addition (NS), 400, 450 and 500 
mOsm/Kg. 

0

20

40

60

80

100

0,0

5,0

10,0

15,0

0 2 4 6 8 10

V
ia

b
ili

ty
 [

%
]

C
el

l c
o

n
ce

n
tr

at
io

n
 [

1
0

6
ce

lls
/m

L]

Time [days]
mTOR 89 mTOR97 mTOR 82
mTOR 93 mTOR 84 mTOR 96
EV 54 EV 511 PG9
mTOR 89 mTOR 97 mTOR 82
mTOR 93 mTOR 84 mTOR 96
EV 54 Ev 511 PG9

0

200

400

600

0 2 4 6 8 10

Ti
te

r 
[µ

g/
m

L]

Time [days]

mTOR 89 mTOR 97 mTOR 82
mTOR 93 mTOR 84 mTOR 96
EV 54 Ev 511 PG9

0

20

40

60

80

100

0

2

4

6

8

10

0 5 10

V
ia

b
ili

ty
 [

%
]

C
el

l c
o

n
ce

n
tr

at
io

n
 [

1
0

6
ce

lls
/m

L]

Time [days]
mTOR NS mTOR 400 mTOR 450
mTOR 500 EV NS EV 400
EV 450 EV 500 mTOR NS
mTOR 400 mTOR 450 mTOR 500
EV NS EV 400 EV 450
EV 500

0

200

400

600

0 2 4 6 8 10 12

Ti
te

r 
[µ

g/
m

L]

Time [days]
mTOR NS mTOR 400 mTOR 450
mTOR 500 EV NS EV 400
EV 450 EV 500



Extended Abstract of the Thesis to obtain the Master of Science Degree in Biological Engineering 
November 2015 

5 
 

 
Figure 6: Evolution of the cell diameter of mTOR clones and 
empty vector clones with no salt addition (NS), 400, 450 and 500 
mOsm/Kg. 

 Bioreactor experiment 1: temperature 
shift 

Figure 7 shows the evolution of the cell 
concentrations. Before the temperature shift (on 
day 4), the two mTOR cell lines and EV grew to 
similar cell concentrations although, in mTOR’s case, 
mTOR shift already shows a slightly advantage in the 
cell concentration. After the temperature shift, 
mTOR shift starts to grow a lot faster and it could 
reach higher cell concentrations than mTOR at 37ᵒC, 
also because the culture stayed viable for more 
three days. For EV this difference in cell 
concentrations wasn’t as significant, although EV 
shift could also reach higher cell concentrations and 
stay viable for a longer period of time. Both mTOR 
cell lines could reach higher cell concentrations than 
EV for the shift and at 37ᵒC. 

The antibody production, shown in Figure 8, was 
rather similar for both mTOR and EV clones, 
although in the end EV had a higher antibody 
production and, for the two clones, the shift for 34ᵒC 
had a favourable effect on productivity. From day 2 
to day 6, mTOR had higher titers than EV, however 
mTOR at 37ᵒC started to produce less than the other 
cell lines until eventually on day 9 it stopped 
producing. 

 
Figure 7: Evolution of the cell concentration and viability of 
mTOR clones and empty vector clones at 37ᵒC and with the 
temperature shift to 34ᵒC. The temperature was sifted on day 4 
from 37°C to 34°C. The continuous lines represent the cell 
concentration and the dashed lines represent the cell viability. 

 

 
Figure 8: Evolution of the cell titer of mTOR clones and empty 
vector clones at 37ᵒC and with the temperature shift to 34ᵒC. 

For both glucose (Figure 9) and glutamine (Figure 
10), mTOR cell lines consumed all the nutrients 
quicker than EV. mTOR consumed all the glucose and 
glutamine on days 5 and 4, respectively, and there 
isn’t a difference between the two conditions, since 
the temperature shift only occurred on day 4 and, by 
that time, most of the nutrients were already spent. 
For EV, especially for the glucose consumption, the 
clone at 37ᵒC spent its nutrients quicker than the 
one with the shift in temperature. 

 
Figure 9: Glucose concentration over time for mTOR and EV 37ᵒC 
and shift. 

 
Figure 10: Glutamine concentration over time for mTOR and EV 
37ᵒC and shift. 

 Bioreactor experiment 2: temperature 
shift 

Figure 11 shows the cell concentrations and 
viability of mTOR and EV clones over the experiment 
time. mTOR shift has the highest cell concentrations 
and EV shift the lowest. EV at 37ᵒC had higher cell 
concentrations than EV shift, although the latter had 
the highest longevity. 
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Figure 11: Evolution of the cell concentration and viability of 
mTOR clones and empty vector clones at 37ᵒC and with the 
temperature shift to 34ᵒC. The temperature was shifted on day 1 
from 37°C to 34°C. The continuous lines represent the cell 
concentration and the dashed lines represent the cell viability. 

Figure 12 shows the cell titers reached by mTOR 
and EV over the experiment time. Even though 
mTOR at 34ᵒC had higher cell concentrations and EV 
at 34ᵒC had a higher longevity than the remaining 
cell lines, it was EV at 37ᵒC that reached the highest 
antibody titers. Interestingly, in mTOR’s case it was 
the cell line at 34ᵒC that reached the highest titers, 
which is opposite to what was verified for EV. 

 
Figure 12: Evolution of the cell titer of mTOR clones and empty 
vector clones at 37ᵒC and with the temperature shift to 34ᵒC. 

Glucose (Figure 13) and glutamine (Figure 14) 
concentrations had a quite similar evolution for 
mTOR and EV cell lines. EV shift showed a slightly 
lower rate of consumption of nutrients, especially 
for glucose. 

 
Figure 13: Glucose concentration of mTOR and EV at 37ᵒ and 
with a temperature shift to 34ᵒC. 

 
Figure 14: Glutamine concentration of mTOR and EV at 37ᵒC and 
with a temperature shift to 34ᵒC. 

 Bioreactor experiment 3: hypoxia 
conditions 

Figure 15 shows that the standard cultivation 
conditions (with 30% DO) resulted in higher cell 
concentrations. Furthermore, the mTOR clone 
reached the highest values. Even though mTOR cell 
lines had better results concerning the cell 
concentrations, these clones had a lower longevity 
than EV’s. 

 
Figure 15: Evolution of the cell concentration and viability of 
mTOR clones and empty vector clones with 5% O2 and with 
standard conditions. The continuous lines represent the cell 
concentration and the dashed lines represent the cell viability. 

The antibody titer, shown in Figure 16, was 
higher for the cell lines growing in standard 
conditions. mTOR standard (std) had a faster 
production than EV standard until day 6 of the 
experiment and it had higher titers until its last day 
in culture, however, because of its higher longevity, 
EV std reached a higher titer in the end of the 
experiment. The cell lines with 5% O2 had lower 
titers, for mTOR and EV, respectively.  
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Figure 16: Evolution of the cell titer of mTOR clones and empty 
vector clones with 5% O2 and with standard conditions. 

The glucose concentration (Figure 17) decreased 
faster for mTOR clones than for EV clones. The cell 
lines with 5% O2 had a slower consumption of 
glucose than the corresponding clones with 
standard conditions. The cell lines with standard 
conditions consumed the glutamine (Figure 18) 
faster than the cell lines with 5% O2, although until 
day 5, mTOR 5% O2 had a lower concentration of 
glutamine. Similar to the glucose concentration, also 
EV with 5% O2 had the slowest consumption of 
glutamine. 

 
Figure 17: Evolution of the glucose concentration of mTOR 
clones and empty vector clones with 5% O2 and with standard 
conditions.

 
Figure 18: Evolution of the glutamine concentration of mTOR 
clones and empty vector clones with 5% O2 and with standard 
conditions. 

4 Discussion 
4.1 Batch experiments 

 Shaker batch experiment 1 
The shaker batch experiment 1 was made in 125 

mL shake flasks and the main goal was to investigate 
the performance of the generated mTOR and empty 

vector clones and, ultimately, select one clone of 
each to proceed with subsequent fermentation 
experiments. Regarding cell growth, mTOR 93 had 
the best results with a peak cell concentration of 
1.26x107 cells/mL, followed by mTOR 97 with 
1.22x107 cells/mL. The best EV clone was EV54, 
which had a peak cell concentration of 1.14 x107 
cells/mL, the same as PG9 (Figure 2). In terms of 
specific growth rate, mTOR 93 reached a maximum 
of 0.8 d-1, followed by 0.67 d-1 from both mTOR 97 
and mTOR 89, whereas EV54 and PG9 had a 
maximum specific growth rate of 0.74 and 0.73 d-1, 
respectively. Both mTOR 93 and 97 had 10% higher 
cell concentrations than EV54 and PG9. EV54 had 
30% higher cell concentrations and 10% higher 
specific growth rates that EV511.  

mTOR 84 and 89 had the highest titers within the 
mTOR clones with 514 and 496 µg/mL (Figure 3). 
EV511 had a titer of 550 µg/mL (Figure 3), which 
corresponded to the highest titer amongst all the 
cell lines, 10% higher that the titers reached by the 
best producing mTOR clones. PG9 had a final titer of 
471 µg/mL (Figure 3), 20% lower than EV511 and 
approximately 10% lower than the mTOR clones.  

mTOR 89 and mTOR 97 had the highest 
maximum specific productivities of 18.6 and 18.7 
pcd, respectively. EV511 had a maximum specific 
productivity of 17.6 pcd, whereas PG9 had a 
maximum specific productivity of 17 pcd. mTOR 89 
and EV511 had also the highest average specific 
productivities of 11.2 and 10.7 pcd. mTOR 89 and 97 
had specific productivities up to 50% higher than the 
other mTOR clones and 10% higher than the EV 
clones and PG9. The average specific productivity of 
mTOR 89 was 20% higher than mTOR 97 and up to 
50% higher than the other mTOR clones, although it 
was less than 10% higher than EV511 and PG9. In 
comparison to EV54, EV511 had 30% higher titers 
and 10% higher specific productivities. 

Thus, these results led to the selection of mTOR 
89 as the best mTOR clone, since it has good results 
both in growth (with high specific growth rates) and 
productivity (with high titers and specific 
productivities). Nevertheless, mTOR 89 had only 
better results than both EV clones regarding the 
specific productivities. From the EV clones, EV511 
was the selected for further experiments, 
considering the specific productivity as the most 
important parameter and also that the cell 
concentration and specific growth rate of this clone 
was quite similar to the ones reached by mTOR 89. 

  Shaker batch experiment 2 
The shaker batch experiment 2 had as a main 

goal to investigate the resistance of mTOR 89 clone 
to higher medium osmolalities, in comparison to EV 
511. Regarding growth, mTOR NS was the clone with 
the highest peak cell concentration (7.62x106 
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cells/mL - Figure 4), followed by mTOR 400 (6.96x106 
cells/mL -Figure 4), which were 1.5 and 1.3 fold 
higher than the peak cell concentration of EV NS, 
respectively. For the mTOR clone, the osmolality of 
400 mOsm/Kg induced a decrease of only 1.1 fold in 
the cell concentration, whereas for 450 and 500 
mOsm/Kg the impact of the osmolality was more 
noticeable, inducing a decrease of 2 and 4 fold in the 
peak cell concentrations of mTOR 450 and mTOR 
500. For the EV clone, the increase in osmolality had 
a more prominent effect, which caused a decrease 
in the peak cell concentrations of 1.9, 3.8 and 7.5 
fold in EV 400, EV 450 and EV 500, respectively, in 
comparison with the clone with no salt addition.  For 
the osmolalities of 400, 450 and 500 the mTOR clone 
had approximately 2.3, 2.4 and 2.6 fold higher cell 
concentrations that EV, respectively. mTOR 500 and 
had an average specific growth rate of 0.13 day-1 
showing a decrease of 2.8-fold relatively to mTOR NS 
(0.37 day-1), whereas EV 500 had a specific growth 
rate of 0.09 day-1, showing a decrease of 2.6-fold 
relatively to EV NS. These results are very similar to 
[12], which reported a 3 fold decrease in the specific 
growth rate of the culture at 500 mOsm/kg (0.15 
day-1), relatively to the culture at 300 mOsm/kg (0.46 
day-1). The highest antibody titer was reached by EV 
NS with 415.5 µg/mL (Figure 5), which was 1.4 and 
1.2 fold higher than mTOR NS and mTOR 400. 
Nevertheless, for the osmolalities of 400, 450 and 
500 mOsm/Kg, the mTOR clone had end titers 1.3, 
1.4 and 1.5 fold higher than EV. Amongst the mTOR 
clones, mTOR 400 reached the highest titer, which 
was 1.1 fold higher than mTOR NS. In comparison 
with mTOR NS, mTOR 450 and mTOR 500 had a 
productivity decrease of 1.5 and 2 fold, respectively, 
although mTOR 400 had an increase in 1.1 fold. 
Relatively to the EV clone, the productivity of EV 400, 
EV 450 and EV 500 had a decrease of 1.6, 2.8 and 4 
fold due to the increase in osmolality, respectively. 
The specific productivities, in general, were higher 
for EV and also increased in higher osmolalities. EV 
500 had the highest average specific productivity 
(17.5 pcd), which was 2 fold higher than EV NS. In 
comparison to EV NS, the average specific 
productivities of EV 400 and EV 450 had an increase 
of 1.5 and 1.7 fold, respectively.  Regarding the 
mTOR clones, the highest average specific 
productivity was 12.2 pcd of mTOR 500, which was 
1.2 fold higher than mTOR NS. mTOR 400 also had 
an increase of 1.1 fold in specific productivity. 
However, for mTOR 450 the tendency of higher 
specific productivities with higher osmolalities was 
not verified, since this clone had a decrease of 1.4 
fold, relatively to mTOR NS. For the osmolalities of 
400, 450 and 500 mOsm/Kg EV had 1.1, 2.1 and 1.4 
fold higher average specific productivities, 
respectively, in comparison to mTOR clones. mTOR 

NS had, however a 1.2 fold higher average specific 
productivity than EV NS. Takagi et al. [12] reported a 
1.4 fold higher specific productivity for the culture at 
500 mOsm/kg (3.9 pcd) relatively to the one at 300 
mOsm/kg (2.9 pcd), which is close to the tendency 
of the results obtained in this experiment, although 
in [12] the absolute values of the qP were much 
lower.Higher osmolalities resulted in an increase in 
the cell diameter (Figure 6), particularly noticeable 
for mTOR 500 (1.2x) and EV 500 (1.1x). This 
difference in cell diameter between the cell lines 
cultivated with no salt addition and with 500 
mOsm/kg was also verified by [12], although in this 
case the authors reported an increase of 1.52 fold.  

In general, the medium osmolality had an effect 
in growth and productivity of mTOR and EV cell lines. 
For higher osmolalities, both cell lines had 
decreasing specific growth rates and increasing 
specific productivities. Takagi et al. [12] and Zhu et 
al. [13] both reported similar results of cell growth 
and specific productivity. The decreasing specific 
growth rates for higher osmolalities, may be related 
to a slowdown in cell metabolism [12], which for this 
experiment was verified by the slower consumption 
of glucose and glutamine. One of the reasons of 
increase in specific productivities in clones at higher 
osmolalities may be explained by the higher cell 
volumes, as reported in [12].  

Overall, mTOR had better results than EV, which 
may confirm that mTOR protein has an effect in the 
clone resistance, as reported in [9].  

 Bioreactor experiment 1: temperature shift 
The bioreactor experiment 1 has as a goal to 

investigate the performance of mTOR 89 in 
comparison to EV 511, when a temperature shift 
from 37 to 34ᵒC was applied.  

Regarding the cell concentration (Figure 7), 
mTOR had a peak of 5.5x106 cells/mL (at 37ᵒC) and 
6.9x106 cells/mL (with the temperature shift), which 
was 1.5 and 1.9 fold higher than EV 37ᵒC and EV 
shift, respectively. mTOR shift had a peak cell 
concentration 1.3 fold higher than mTOR 37ᵒC, 
whereas EV shift had a similar value to EV 37ᵒC. The 
shift in temperature had an influence in the process 
longevity (Figure 7), prolonging the experiment time 
from 10 to 13 days, in the case of mTOR, and from 
11 to 13 days in the case of EV.The antibody 
production (Figure 8) was higher for the EV clones 
and, for both clones, was positively influenced by 
the temperature shift. mTOR 37ᵒC had a final titer of 
245 mg/L, 1.3 fold lower than the end titer of mTOR 
shift (328 mg/L), whereas EV 37ᵒC had an end titer 
of 315 mg/mL, 1.1 fold lower than EV’s shift 347 
mg/mL. In comparison to EV, mTOR 37ᵒC and mTOR 
shift had 1.3 and 1.1 fold lower end titers. The 
specific productivity over the whole process of 
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mTOR and EV was 1.2 fold higher at 37ᵒC than with 
the temperature shift. In both conditions, EV had 1.7 
higher specific productivities than mTOR. The 
glucose and glutamine consumption was quite 
similar at 37ᵒC and with the temperature shift for 
mTOR, whereas in the case of EV the temperature 
shift delayed the glucose consumption 1 day. In both 
conditions, mTOR exhausted the glucose and 
glutamine concentrations 1 to 2 days earlier than EV. 

Vergara et al. [14] reported that hypothermia 
influenced growth, productivity and process 
longevity. However, in contrast to what was verified 
in this experiment, the decrease in temperature 
resulted in lower specific growth rates, which was 
attributed to a delay in the consumption of carbon 
sources, and higher specific productivities. A review 
on mild hypothermia on CHO cell productivity [15] 
also shows a clear correlation between a decrease in 
temperature and the increased specific productivity 
of recombinant proteins. This was suggested to be a 
consequence of a cell cycle arrest at G0/G1 phase 
and/or a delay in the apoptosis, caused by a delay in 
signals, associated with the exhaustion of key 
nutrients. Even though most authors reported 
opposite results to the ones we had, it is also true 
that the effect of sub-physiological temperatures is 
variable between cell lines, expression systems and 
the product of interest. [16] 

The low seeding concentration of 3x105 cells/mL 
may have influenced the results, since by the time 
the shift to 34ᵒC was made most of the nutrients 
were already totally consumed, particularly for 
mTOR clones. Therefore, a second experiment was 
conducted with a higher seeding cell concentration 
as well as an earlier induced temperature shift 
already on day 1. 

 Bioreactor experiment 2: temperature shift 
The bioreactor experiment 2 was similar to 

bioreactor experiment 1, however this time a 
seeding concentration of 1x106 cells/mL was used 
and in order to prevent a too early nutrient 
exhaustion the temperature shift was induced 
earlier (on day 1). 

Similar to the first temperature shift experiment, 
mTOR shift was once again the clone with highest 
peak cell concentrations (Figure 11) of 4.83x106 
c/mL, whereas at 37°C had a peak cell concentration 
of 5.92x106 c/mL. The peak cell concentrations of 
mTOR shift and at 37°C were 1.5 fold and 1.1 fold 
higher than EV with the temperature shift (3.92x106 

c/mL) and at 37ᵒC (4.32x106 c/mL), respectively. The 
temperature shift had different effects in the cell 
concentration of mTOR and EV – mTOR shift had a 
higher (1.2x) peak cell concentration than mTOR 
37ᵒC, whereas EV 37ᵒC had a higher (1.1x) peak cell 
concentration than EV shift. The process longevity 
(Figure 11) of the mTOR clone wasn’t prolonged by 

the temperature shift, whereas for EV the 
temperature shift prolonged the experiment time 
for 3 more days (from 10 to 13 days). This might be 
due to the nutrient consumption of EV being delayed 
(have a lower slope) by the temperature shift, 
whereas mTOR didn’t suffer any changes. EV was 
able to produce higher antibody titers (Figure 12) 
than mTOR – 1.4 fold higher at 37ᵒC and 1.1 fold 
higher with the temperature shift. As for the cell 
concentrations, the temperature shift had an 
opposite effect on mTOR and EV, increasing the titer 
of mTOR (1.2x) and decreasing the titer of EV (1.1x). 

In respect to the overall specific productivities, 
EV 37ᵒC had a 1.4 fold higher specific productivity 
than mTOR 37ᵒC and EV shift had a 1.5 fold higher 
specific productivity than mTOR shift. The 
temperature shift caused a decrease in the overall 
specific productivity of both EV (1.2x) and mTOR 
(1.3x).  

This experiment had different results for EV than 
the ones obtained with bioreactor experiment 1, 
causing a drop in both the cell concentration and the 
antibody titer, although EV shift had 1.2 fold higher 
peak cell concentration and a 1.1 fold higher end 
titer than the ones verified in bioreactor experiment 
1. This may suggest that the timing of the 
temperature shift - made 1 day after inoculation in 
this experiment and 4 days after inoculation in 
bioreactor experiment 1 – and also the higher 
seeding concentration have an effect in the results 
obtained. These results imply that the decrease in 
temperature have a higher impact in EV than in the 
mTOR clone, which had similar results in both 
experiments. 

These results have again shown different results 
to the ones reported in literature [14] and [15], 
except for the growth rate of EV which this time was 
lower in the shift conditions. The specific 
productivities of both clones was still higher in the 
standard conditions,  which is contradictory to the  
results in literature [14] and [15], which have 
reported that mild hypothermia enhances the 
specific productivity. It is unclear why the results 
were different from the ones reported in most 
literature on this subject, however, as previously 
stated, the effect of mild hypothermia is dependent 
on cell lines, expression systems and the product of 
interest.[16] It is not likely also that this results are 
related with mTOR pathway, since similar results 
were verified for EV. 

 Bioreactor experiment 3: hypoxia 
conditions 

The bioreactor experiment 3 has as a goal to 
investigate the resistance of mTOR 89 in comparison 
to EV 511, when. In this case, the hypoxia conditions 
were applied in the inoculation day. In both 
conditions, mTOR had a higher peak cell 
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concentration (Figure 15) than empty vector, 1.6 
fold in standard conditions of 21% oxygen and 1.4 
fold with 5% oxygen. The hypoxia conditions had a 
big impact in the cell concentrations, which were 
much higher in standard conditions, for both clones, 
with differences of 3.4 fold for mTOR and d 3 fold for 
EV. Regarding the culture longevity (Figure 15), 
mTOR had a faster decrease in viability than empty 
vector. Nevertheless, the lower culture longevity of 
mTOR doesn’t seem to be related with the hypoxia 
conditions, since it was the same also for the 
standard conditions, with 9 days for mTOR and 10 
for EV. Regarding the antibody production (Figure 
16), in standard conditions, mTOR had a faster 
production rate until day 6 and higher titers until day 
8 (1.2x) than EV. However EV had the highest end 
titer with 203 mg/mL, which was less than 10% 
higher than mTOR’s 196 mg/mL. In hypoxia 
conditions, mTOR, despite its lower longevity, 
reached a similar end titer as EV – 103 mg/mL for 
mTOR and 101 mg/mL for EV. Both clones had 
approximately 2 fold higher end titers in standard 
condition, in comparison with the 5% oxygen. In 
both conditions, EV reached higher specific 
productivities, 2 fold higher in standard conditions 
and 1.2 fold higher in hypoxia. The hypoxia 
conditions favoured, the production per cell, and 
subsequently, resulted in higher specific 
productivities – 2 fold higher for mTOR and 1.2 fold 
for EV. mTOR had a faster consumption of glucose 
and glutamine, which might be the reason behind its 
lower longevity. The consumption was delayed by 
the hypoxia conditions, which can be seen by the 
smaller slopes in the curves regarding the nutrients 
concentration, especially for EV. Interestingly, the 
mTOR clone in hypoxia conditions had the fastest 
production of lactate and also reached the highest 
concentrations of this by product, although this 
wasn’t reflected in a much higher cell concentration 
or lower longevity.  

The results suggest that under stress conditions, 
like hypoxia (with 5% oxygen), mTOR can reach 
higher cell concentrations and similar antibody titers 
as empty vector, besides latter’s higher process 
longevity. This resistance to hypoxia, which was 
reflected in higher cell concentrations, was also 
reported by [9], which verified that the clones 
transiently transfected with mTOR had higher cell 
concentrations than the CHO-K1 host cell line with 
1% O2. The hypoxia conditions favoured the 
productivity per cell suggesting that, under stress 
conditions, the clones spend more energy in 
production. The lower longevity of mTOR may be 
related with its faster consumption of nutrients, 
which in both conditions had resulted in higher cell 
concentrations.  
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