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A B S T R A C T   

Oxygen deficiency (hypoxia) induces adverse effects during biotherapeutic protein production leading to reduced 
productivity and cell growth. Hypoxic conditions occur during classical batch fermentations using high cell 
densities or perfusion processes. Here we present an effort to create novel engineered Chinese hamster ovary 
(CHO) cell lines by exploiting encountered hypoxic bioprocess conditions to reinforce cellular production ca-
pacities. After verifying the conservation of the hypoxia-responsive pathway in CHO cell lines by analyzing 
oxygen sensing proteins HIF1a, HIF1β and VDL, hypoxia-response-elements (HREs) were functionally analyzed 
and used to create hypoxia-responsive expression vectors. Subsequently engineered hypoxia sensitive CHO cell 
lines significantly induced protein expression (SEAP) during adverse oxygen limitation encountered during batch 
fermentations as well as high cell density perfusion processes (2.7 fold). We also exploited this novel cell system 
to establish a highly effective oxygen shift as innovative bioprocessing strategy using hypoxia induction to 
improve production titers. Thus, substantial improvements can be made to optimize CHO cell productivity for 
novel bioprocessing challenges as oxygen limitation, providing an avenue to establish better cell systems by 
exploiting adverse process conditions for optimized biotherapeutic production.   

1. Introduction 

Sufficient oxygen supply is essential for eukaryotic cells to fuel 
cellular respiration and ensure vital cellular functions (Chance, 1965). 
The limitation of oxygen under hypoxic conditions impacts diverse 
physiological process including energy metabolism, autophagy, and cell 
proliferation (Hubbi and Semenza, 2015a, 2015b). During cellular 
production of biotherapeutic recombinant proteins, production cell lines 
encounter adverse hypoxic conditions both during classical batch fer-
mentations and perfusion processes, where high cell densities or vol-
umes of >5000 L are used to ensure high product titers (Kwon et al., 
2017; Konstantinov and Cooney, 2015; Janoschek et al., 2019; Li et al., 
2010; Huang et al., 2010). These hypoxic conditions are leading to 
reduced productivity and cell proliferation (Kwon et al., 2017; Jano-
schek et al., 2019), since industrially used Chinese hamster ovary (CHO) 
production cell lines (Scarcelli et al., 2017; Wang et al., 2018; Zhong 
et al., 2019) are currently not optimized for production under hypoxia. 
This puts a demand on cell engineering to further improve this domi-
nating production cell system. Although many studies have focused on 
the molecular improvement of CHO cells using engineering approaches 

to delete detrimental or overexpressing favorable genes (Xu et al., 2011; 
Kimura and Omasa, 2018; Chung et al., 2017; Laux et al., 2018; Škulj 
et al., 2014; Lin et al., 2015; Han et al., 2011; Fu et al., 2016), hypoxia 
adaptation or exploitation has not been addressed so far. 

In the human body, oxygen homeostasis is controlled by a sophisti-
cated regulatory system. Hypoxia inducing factor 1α (HIF-1α) is a key 
transcription factor (Schödel and Ratcliffe, 2019; Lee et al., 2020) 
degraded during normoxia by hydroxylation, binding of 
von-Hippel-Lindau (VHL) and subsequent ubiquitination (Tanimoto, 
2000) (Fig. 1A). Under hypoxia, a state of insufficient oxygen supply, 
however, these processes are suppressed and enable HIF-1α to escape 
destruction. Transcriptional complexes consisting of HIF-1α and HIF-1β 
heterodimers are formed that bind to specific hypoxia response elements 
(HREs) at thousands of loci across the genome (Lee et al., 2020; Gon-
zalez et al., 2019; Javan and Shahbazi, 2017). These induce target gene 
expression of e.g. phosphoglycerate kinase (PGK1), erythropoietin 
(EPO) or vascular endothelial growth factor A (VEGF-A) and thereby 
counteract hypoxia (Li et al., 1996; Stockmann and Fandrey, 2006; 
Sandner et al., 1997; Kimura et al., 2001; Bergeron et al., 2000; Lee 
et al., 2019). Previous studies have used HREs for targeted gene therapy 
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against human hypoxic tumors (Javan and Shahbazi, 2017; Binley et al., 
2003; Brown and Wilson, 2004; Greco et al., 2002; Shibata et al., 2000)– 
(Javan and Shahbazi, 2017; Binley et al., 2003; Brown and Wilson, 
2004; Greco et al., 2002; Shibata et al., 2000). Varying quantity, 
orientation and origin of HREs were tested and up to 10 repeats of the 
VEGF-A, EPO or PGK1 HREs displayed best induction upon hypoxia in 
human cells (Greco et al., 2002; Shibata et al., 2000). However, HRE 
elements have not been studied in CHO cell systems. 

In the current study, we created a novel hypoxia responding cell 
system in CHO production cells based on HRE elements and cellular 
oxygen sensing proteins. We were able to demonstrate substantial 
improvement of recombinant protein production under hypoxic process 
conditions using a vector based system which can be used without time- 
and cost-intensive host cell modifications in industrial settings (Li et al., 
2018). Specifically, we first verified the conservation of the 
hypoxia-responsive pathway in CHO cell lines, functionally analyzed 
HREs from VEGF and EPO genes and then created hypoxia-responsive 
expression vectors. We subsequently transfected CHO cells stably with 
the generated expression vectors and were able to show significantly 
improved protein expression during oxygen limitation both in batch 
fermentations and high cell density perfusion processes. Finally, we 
successfully applied this hypoxia sensing cell system to a novel oxygen 
shift bioprocessing strategy by using hypoxia induction to improve 
production titers. Thus, hypoxic process conditions can successfully be 
exploited to counteract bioprocessing challenges as oxygen limitation. 

2. Methods 

2.1. Cell culture 

CHO-DG44 (A1100001, Thermo Fisher, Darmstadt, Germany) and 
–K1 (CCL-61TM, ATCC) (Chinese hamster ovary) cells were cultured in 
animal component free SFM4CHO medium (GE Healthcare, Chicago, IL, 
USA), supplemented with 4 mM L-Glutamine (Lonza, Basel, 
Switzerland), 10 g/L glucose (Roth, Karlsruhe, Germany) and for CHO- 
DG44 cells with 2x HT supplement (Thermo Fisher, Darmstadt, Ger-
many). Cultivation was performed at 140 rpm (25 mm orbit) with 5% 
CO2 and 85% humidity at 37 ◦C. Cells were passaged every 3–4 days to a 
viable cell density (VCD) of 0.5 × 106 cells/mL. VCD and viability have 
been determined via trypan blue exclusion using CEDEX XS (Roche 
Diagnostics, Mannheim, Germany). Transfection of CHO cells was per-
formed using 15 μg vector using the NEON transfection kit (Thermo 
Fisher, Waltham, MA, USA). CHO-DG44 and –K1 cell lines stably 
expressing variants of the pEF-myc-cyto-mCMV-d2GFP (Addgene, 
Watertown, MA, USA) vector were selected using 500 μg/mL G418 
(Genaxxon, Ulm, Germany). In addition, a CHO-DG44 cell line stably 
expressing the recombinant protein secreted alkaline phosphatase 
(SEAP) was generated. Therefore, the gene synthesis 5HRE-CMV-SEAP 
(Genewiz, Leipzig, Germany) was cloned into a pOptivecTM-TOPOTM 

expression vector (Thermo Fisher, Darmstadt, Germany). Selection was 
performed by omitting the HT-supplement as dihydrofolate reductase is 
encoded on the pOptivecTM-TOPOTM expression vector. 

2.2. Cultivation under oxygen deprivation conditions 

To evaluate the response of CHO cells on hypoxic cultivation con-
ditions, CHO cells were not cultured under shaken conditions but 
cultivated statically with a seeding density of 0.5 × 106 cells/mL, with 
5% CO2 and 85% humidity at 37 ◦C to induce the expression of d2GFP as 
an indication for hypoxia. For cultivation at defined O2 concentrations, 
CHO cells were inoculated in 1 L at a VCD of 0.3 × 106 cells/mL using a 
2 L stirred tank bioreactor for batch fermentation (Sartorius, Göttingen, 
Germany). The bioreactors were controlling pH at 7.15, temperature at 
37 ◦C, stirring speed at 100 rpm and pO2 at 60%. The pO2 set point was 
stepwise reduced and the d2GFP expression was measured to charac-
terize the inducibility of the transfected HRE constructs using oxygen 

deprivation conditions. Detailed adjustments of the pO2 are shown in 
Fig. 3A. 

2.3. Fed-batch fermentation 

Fed-batch fermentation was performed in a 2 L Biostat ® benchtop 
bioreactor (Sartorius Stedim Biotech GmbH, Goettingen, Germany). 
Therefore, 3 × 105 cells/mL were inoculated in 1 L SFM4CHO (GE 
Healthcare, Chicago, IL, USA), supplemented with 4 mM L-Glutamine 
(Lonza, Basel, Switzerland) and 10 g/L glucose (Roth, Karlsruhe, Ger-
many) as starting concentrations. Fermentation was performed at 37 ◦C, 
pH 7.15, stirring speed at 100 rpm and an initial O2 concentration of 
40%. In contrast to the batch fermentation (60% pO2), fed-batch 
fermentation was conducted at 40% pO2 due to better growth at this 
condition. During the process, the glucose concentration was main-
tained at 5 g/L and L-Glutamine at 2 mM after the starting concentra-
tions of the supplements were depleted. Therefore, glucose and L- 
glutamine concentrations were measured daily from the cell culture 
supernatant using the Konelab arena 20XT (Thermo Fisher, Darmstadt, 
Germany). With the measured concentrations, consumption rates and 
feeding rates could be calculated to maintain the nutrient concentrations 
within the desired range. The main feed was added by a daily adjusted 
feeding rate, while the L-glutamine feed was added daily as bolus. The 
main feed (1 L) consisted of 11.6 g HyCloneTM Cell BoostTM 6 dissolved 
in 330 mL Millipore water (Cytiva, Marlborough, MA, USA), 20 g/L 
glucose and 660 mL SFM4CHO. The glutamine feed consisted of 100 mL 
200 mM L-glutamine and 100 mL SFM4CHO. Viable cell density and 
viability was determined daily via trypan blue exclusion and after 
reaching the static cultivation phase, temperature was reduced to 34 ◦C. 
Additionally, in another fermenter temperature was reduced to 34 ◦C 
and O2 concentration to 1% to assess the effect of a temperature and 
oxygen shift on productivity in comparison to the temperature shift 
alone. Every day cell culture supernatant was taken to determine the 
expressed SEAP concentration. 

2.4. Molecular biology 

The starting plasmid 5HRE/d2GFP was a gift from Martin Brown & 
Thomas Foster (Addgene plasmid # 46926) (Vordermark et al., 2001). 
Constructs were cloned using HRE sequences of VEGF, EPO and PGK1 
published by Javan et al., (2017) (Javan and Shahbazi, 2017). The oligos 
used are listed in Table 2. For cloning, oligonucleotides were annealed 
by slowly reducing temperature from 95 ◦C to 25 ◦C, phosphorylated 
using T4 PNK (New England Biolabs, Ipswich, MA, USA) and ligated by 
T4 ligase (New England Biolabs, Ipswich, MA, USA). Randomly ligated 
double stranded oligonucleotides have been cloned into the 
pEF-myc-cyto-mCMV-d2GFP after removing the 5HREs by digesting 
with XhoI and BglII (both New England Biolabs, Ipswich, MA, USA). 
Finally, the generated vectors were sequenced to confirm the desired 
sequence (Eurofins Genomics Europe Sequencing, Constance, 
Germany). 

2.5. RNA isolation 

RNA isolation was performed using the miRNeasy Kit (Qiagen, 

Table 1 
Generated vector constructs for the analysis of HRE functionality.  

Name Vector backbone Gene origin HRE repetitions 

Mock pEF-myc-cyto-mCMV-d2GFP – – 
2HRE-VEGF pEF-myc-cyto-mCMV-d2GFP VEGF 2 
5HRE-VEGF pEF-myc-cyto-mCMV-d2GFP VEGF 5 
8HRE-VEGF pEF-myc-cyto-mCMV-d2GFP VEGF 8 
3HRE-EPO pEF-myc-cyto-mCMV-d2GFP EPO 3 
4HRE-EPO pEF-myc-cyto-mCMV-d2GFP EPO 4 
9HRE-EPO pEF-myc-cyto-mCMV-d2GFP EPO 9  
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Hilden, Germany) according to the manufacturer’s protocol with 5 ×
106 cells. Purity and concentration of the isolated RNA was assessed 
using a NanodropTM 1000 Spectrophotometer by absorbance at 260 nm 
(Thermo Fisher Scientific, Darmstadt, Germany). 

2.6. PCR and RT-PCR 

After RNA isolation, cDNA was produced using the Transcriptor High 
Fidelity cDNA Synthesis Kit (Roche Diagnostics, Mannheim, Germany) 
according to the manufactures protocol. The transcription of HIF-1α, 
HIF-1β and VHL was demonstrated performing PCR on cDNA level with 
the following primers: HIF-1α Fw (5′-TCCAGTTGCGCTCCTTTGAT-3′); 
HIF-1α Rev (5′-ATCCATTGATTGCCCCAGCA-3‘); HIF-1β Fw (5’- 
TTGTCTCGTGTGAGACTGGC-3′); HIF-1β Rev (5-CCAATGGCCAC-
TAGGCAGAA-3′); VHL Fw (5′-GGTCATCTTCTGCAACCGCA-3′) and 
VHL Rev (5′-AAGCTGGAATTCAGGACCACT-3′). Amplified DNA was 
separated via gel electrophoresis and detected using Fusion FX imager 
(Vilber Lourmat, Eberhardszell, Germany). Quantitative real-time PCR 
on d2GFP was performed using the following primers: d2GFP Fw (5′- 
CTACCCCGACCACATGAAGC-3′) and d2GFP-Rev (5′-AAGTC-
GATGCCCTTCAGCTC-3′) with GAPDH as loading control: GAPDH Fw 
(5′- GACTCTACCCATGGCAAGTTCA-3′); GAPDH Rev (5′- 
TCGCTCCTGGAAGATGGTGATG-3′). The measurement with SybrGreen 
Mastermix (Genaxxon, Ulm, Germany) was recorded using a Light-
cycler480 (Roche Diagnostics, Mannheim, Germany). 

2.7. Flow cytometry analysis 

GFP fluorescence of hypoxic and normoxic cultivated CHO cells was 
measured using MACSQuant Analyzer 10 without further staining 
(Miltenyi Biotec, Bergisch Gladbach, Germany). Resulting data was 
analyzed via the MACSQuantifyTM Software. 

2.8. Immunoblotting 

3 × 106 cells were lysed in 200 μL RIPA buffer (1% v/v NonidetTM 
P40, 0.5% w/v sodium deoxycholate, ethylenediaminetetraacetic acid 1 
mM, all reagents Carl Roth, Karlsruhe, Germany). Protein concentration 
was assed via BCA-assay according to Walker (1994) (Walker, 1994). 
The sodium dodecyl sulfate polyacrylamide gel electrophoresis was 
performed using TruPAGETM Precast 4–20% gradient gels (Sigma-Al-
dich, St. Louis, MO, USA) with 30 μg protein per lane. Blotting of pro-
teins was done on polyvinylidene fluoride membrane for 75 min with 60 
mA and immunoblotting with the following antibodies was performed 
over night at 4 ◦C: Anti-HIF1-alpha antibody (Bio-Techne, Minneapolis, 
MN, USA, #NB100-479SS, 1:1000); anti-VHL antibody (Santa Cruz 
Biotechnology, Dallas, TX, USA, #sc-135657 HRP, 1:200); Anti-ARNT 
antibody (HIF-1β) (Santa Cruz Biotechnology, Dallas, TX, USA, 
#sc-17811, 1:200) and anti-β-actin antibody (Sigma-Aldrich, St. Lousis, 

MO, USA, #A5441-2 ML, 1:1000). The secondary antibodies (anti--
mouse IgG- HRP (Sigma Aldrich, St. Louis, MO, USA, #A4416; 1:5000); 
anti-rabbit IgG-HRP F (ab’)2 (Jackson ImmunoResearch, Cambridge, 
United Kingdom, #711-036-152, 1:50000)) were incubated for 1 h at 
room temperature. Detection was performed using Immobilon® West-
ern chemiluminescent HRP substrate (Millipore Corporation, Billerica, 
MA, USA) and Fusion FX imager (Vilber Lourmat, Eberhartszell, 
Germany). 

2.9. SEAP-assay 

To determine SEAP concentration the SEAP reporter gene assay, 
chemiluminescent (Roche, Mannheim, Germany) was used according to 
the manufacturer’s advice. Therefore, samples were heat inactivated at 
65 ◦C for 30 min and have been diluted 1:50 to 1:300 depending on the 
SEAP concentration to fit to the linear area of the standard curve. Af-
terwards, 50 μL heat inactivated sample have been pipetted into a black 
non-binding flat bottom 96-well plate (Greiner Bio One, Frickenhausen, 
Germany) and incubated for 5 min with inactivation buffer and freshly 
prepared substrate was added. After 10 min incubation while gently 
shaking, luminescence was measured with 1 s integration time via 
SpectraMacs (Molecular Devices, San Jose, CA, USA). 

2.10. Mock perfusion cultivation 

For mock perfusion cultivation, CHO-DG44-SEAP and CHO-DG44- 
5HRE-SEAP cells were inoculated at normal VCD (0.5 × 106 cells/mL) 
and ultra-high cell density (50 × 106 cells/mL) in a working volume of 
10 mL in a 50 mL TubeSpin bioreactor (TPP, Trasadingen, Switzerland). 
The cells were cultured as described in section 2.1 and cell culture media 
was exchanged every 24 h by centrifugation at 130×g for 5 min. Finally, 
the SEAP concentration in the cell culture supernatant of all cell lines 
was determined after 72 h and the specific productivity determined. 

2.11. Statistical analysis 

Statistical differences between data was determined using GraphPad 
Prism 6 software. ONE-WAY-ANOVA test with Bonferroni correction 
was conducted to calculate statistical differences of the mean between 
groups. All values of groups are shown as mean ± SD. 

3. Results 

3.1. Conservation of the hypoxia-responsive pathway in CHO cells 

In order to take advantage of hypoxia conditions encountered during 
high density cultivation to enhance productivity, we aimed at the cre-
ation of a hypoxia inducible expression system, similar to the regulation 
of hypoxia sensitive genes during oxygen deprivation conditions 

Table 2 
Oligonucleotide sequences for molecular biology.  

Oligonucleotide Sequence [5’ -> 3’] Gene 

Mock Fw TCGAGACTAGTCCAGTGA – 
Mock Rev GATCTCACTGGACTAGTC – 
VEGF-HRE-pair 1 Fw TCGAGCCACAGTGCATACGTGGGCTCCAACAGGTCCTCTT VEGF 
VEGF-HRE-pair 1 Rev CTCGACAAGAGGACCTGTTGGAGCCCACGTATGCACTGTGGC VEGF 
VEGF-HRE-pair 2 Fw GTCGAGCCACAGTGCATACGTGGGCTCCAACAGGTCCTCTT VEGF 
VEGF-HRE-pair 2 Rev CTCGACAAGAGGACCTGTTGGAGCCCACGTATGCACTGTGG VEGF 
VEGF-HRE-pair 3 Fw GTCGAGCCACAGTGCATACGTGGGCTCCAACAGGTCCTCTTGTCGA VEGF 
VEGF-HRE-pair 3 Rev GATCTCGACAAGAGGACCTGTTGGAGCCCACGTATGCACTGTGG VEGF 
EPO-HRE-pair 1 Fw TCGAGGCCCTACGTGCTGTCTCACACAGCCTGTCTGAC EPO 
EPO-HRE-pair 1 Rev CTCGACGTCAGACAGGCTGTGTGAGACAGCACGTAGGGCC EPO 
EPO-HRE-pair 2 Fw GTCGAGGCCCTACGTGCTGTCTCACACAGCCTGTCTGAC EPO 
EPO-HRE-pair 2 Rev CTCGACGTCAGACAGGCTGTGTGAGACAGCACGTAGGGC EPO 
EPO-HRE-pair 3 Fw GTCGAGGCCCTACGTGCTGTCTCACACAGCCTGTCTGACGTCGA EPO 
EPO-HRE-pair 3 Rev GATCTCGACGTCAGACAGGCTGTGTGAGACAGCACGTAGGGC EPO  
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Fig. 1. Molecular biological identification of crucial factors for the detection of hypoxia. (A) Hypoxia signaling pathway modified after Mattias Karlén. (B) PCR on 
cDNA detecting HIF-1α (Lane 1 + 5, expected size 670 bp), HIF-1β (Lane 2 + 6, expected size 490 bp) and VHL (Lane 9 + 11, expected size 470 bp) in unmodified 
CHO-K1 (Lane 1–4; 9 + 10) and CHO-DG44 (Lane 5–8; 11 + 12). Lane 3–4; 7–8 and 10 + 12 represent negative controls lacking reverse transcriptase. (C) Western 
blot on HIF-1α (top panel), HIF-1β (middle panel) and VHL (bottom panel) in CHO-K1 and CHO-DG44 using 30 μg of protein per lane. 

Fig. 2. Identification of the most promising vector constructs under undefined hypoxic conditions. (A) Schematic vector construct. (B + C) Flow cytometry analysis 
of static or shaken cultivated CHO-K1 (B) and CHO-DG44 (C) pools, stably expressing destabilized GFP under the control HREs from VEGF origin. Blank bars stand for 
shaken, while striped bars represent static cultured pools. The three bars represent 24 h, 48 h and 72 h after inoculation. (D + E) Flow cytometry analysis of static or 
shaken cultivated CHO-K1 (D) and CHO-DG44 (E) pools, stably expressing destabilized GFP under the control of HREs from or EPO origin. Blank bars stand for 
shaken, while striped bars represent static cultured pools. The three bars represent 24 h, 48 h and 72 h after inoculation. [n = 3 replicates; Mean ± SD]. 
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(Fig. 1A) (Kaelin et al., 2019). Hypoxia sensing and responsive pathways 
and especially HREs are currently unexplored in CHO cells. Since mainly 
CHO-K1 and CHO-DG44 cells are used for the industrial production of 
biopharmaceuticals (Xu et al., 2011; Kimura and Omasa, 2018), these 
cell lines were examined for the expression of the essential hypoxia 
related factors HIF-1α, HIF-1β and VHL. For both cell lines HIF-1α, 
HIF-1β and VHL RNA expression was detected using RT-PCR analysis 
(Fig. 1B). In addition, protein expression of HIF-1β and VHL was 
detected for both CHO-K1 and CHO-DG44 cells cultured under normoxic 
conditions, however, the unstable HIF-1α could only be detected in 
CHO-DG44 cells cultivated under hypoxic culture conditions (Fig. 1C). 
These data indicate the presence of key factors of the hypoxia sensing 
pathway in CHO production cells. 

Since the transcription factors HIF-1α and HIF-1β directly bind to the 
HRE promotor elements to induce transcriptional response, protein se-
quences were analyzed for conservation of crucial domains (Supple-
mentary 1). Critical areas like the DNA-binding domain, the HIF-1β 
heterodimerization domain and the nuclear localization signal were 
identical across all isoforms and species, while homology of the entire 
proteins reached at least 77% across all five variants. Especially the 
identical DNA-binding domains may allow for hamster HIF-1α to bind to 
vector based human HREs introduced into CHO cells. 

3.2. Construction of hypoxia sensing cell systems 

For the construction of hypoxia responsive vectors to selectively 
drive protein expression under hypoxic culture conditions, HRE building 
blocks were selected from human origin including the hypoxia sensitive 
vascular endothelial growth factor A (VEGF-A) and erythropoietin 
(EPO) genes (Javan and Shahbazi, 2017). Subsequently, several 
expression vectors were designed carrying a minimal CMV promotor 
flanked by varying repetitions of VEGF- and EPO-HRE sequences con-
trolling the expression of the unstable d2GFP (half-life 2 h) as a quan-
tifiable marker for protein expression (Fig. 2A). For all resulting vectors 
(Table 1), stable cell pools for CHO-K1 and DG44 cell lines were 
generated by transfection and antibiotic selection for the validation of a 
hypoxia sensitive expression system. To verify the functionality of the 
generated cell lines expressing d2GFP under the control of hypoxia 
inducible promotors, cells were initially cultivated in small scale batch 
fermentations under normal shaken and oxygen deprivation static con-
ditions. d2GFP expression was measured daily using flow cytometry. 

When culturing CHO-K1 cells expressing d2GFP under the control of 
VEGF-HREs under normal shaken conditions, these showed no induction 
of d2GFP expression irrespective of expression construct, with a minimal 
mean-fluorescence of around 0.3–0.5 between 24 h and 72 h (Fig. 2B). In 
contrast, the statically cultured CHO-K1 cells showed a strongly 
increased d2GFP expression with mean fluorescence of 0.7 (2HRE- 
VEGF), 1.0 (5HRE-VEGF) and up to 2.0 (8HRE-VEGF) over time, except 
for the mock control (Fig. 2B). Comparable or even slightly pronounced 
induced expression results were obtained with CHO-DG44 cells, where 
mock expressing or shaken cultured cells showed no induced d2GFP 
expression with values between 0.3 and 0.6, whereas a strong increase in 
fluorescence intensity was detected with statically cultivated 2HRE- 
VEGF (1.4), 5HRE-VEGF (3.0) and 8HRE-VEGF (2.4) CHO-DG44 cells 
(Fig. 2C). When using CHO-K1 cells expressing hypoxia inducible con-
structs with 3, 4 or 9 HREs derived from the EPO gene, only a slight 
increase in d2GFP expression was observed for static (0.4–0.7) 
compared to mock or shaken (0.2–0.5) cultured cells (Fig. 2D). How-
ever, CHO-DG44 cells expressing EPO-HRE constructs showed again a 
remarkably strong induction of d2GFP expression under/with static, 
hypoxia imitating conditions (1.5–2.2) in comparison to the shaken 
cultured control cells (0.3–0.6) (Fig. 2E). 

These data indicated that the VEGF-HRE constructs induced protein 
expression in both cell lines more reliable than the EPO-HRE variants 
and that CHO-DG44 cells responded stronger to static and hypoxic 
cultivation conditions with both VEGF- and EPO-HRE constructs than 

CHO-K1 cells. In addition, a correlation between HRE number and 
expression response was observed, which was saturated between 5 and 8 
HRE repetitions. Therefore, the 5HRE-VEGF construct was chosen for 
further developments due to its reliable and strong induction of protein 
expression under oxygen limitation. 

3.3. Hypoxia induction during scale-up batch fermentation with defined 
oxygen concentrations 

After identifying the 5HRE-VEGF vector construct as the most 
responsive and reliable HRE vector system under oxygen deprivation 
conditions, its performance was further characterized in a scale up batch 
fermentation under defined oxygen concentrations. Both stable mock 
and 5HRE-VEGF expressing CHO-K1 and CHO-DG44 cell pools were 
cultivated as batch in a 2 L-bioreactor under normoxic conditions (60% 
pO2) for 156 h (Fig. 3A). In addition, all cell lines were cultured in a 
batch fermentation where oxygen concentrations were switched to 
hypoxia starting after 12 h to 40% pO2 and continuing in a stepwise 
manner to 10%, at 60 h, 5% at 84 h and 1% at 108 h. For all fermen-
tations, hypoxia induced d2GFP fluorescence was recorded at regular 
intervals by flow cytometry. CHO-DG44-mock and CHO-DG44-5HRE- 
VEGF cells displayed identical mean fluorescence over the first 72 h of 
cultivation (Fig. 3B). However, after a reduction to 5% pO2 the CHO- 
DG44-5HRE-VEGF cells showed a clear induction of d2GFP expression 
to about 0.6, which again increased significantly to 1.5 mean fluores-
cence at an oxygen concentration of 1%. In contrast, all control cells 
showed continuously decreasing values throughout the fermentation 
(Fig. 3B). When comparing the mean fluorescence of DG44-5HRE-VEGF 
cells cultured under normoxic and hypoxic conditions, a highly signifi-
cant and nearly 10-fold induction of the d2GFP signal could be detected 
after 140 h, while no significant induction was observed for control cell 
lines (Fig. 3C). 

When culturing CHO-K1 cell lines under the same as above described 
normoxic and hypoxic fermentation conditions, all cell lines showed for 
the first 84 h h a comparable pattern of low fluorescence signal of about 
0.5 decreasing to a value of about 0.25 (Fig. 3D). After switching to 
hypoxia with a decrease to 5% pO2, CHO-K1-5HRE-VEGF cells displayed 
a slight increase in mean fluorescence to 0.3, which was further 
increased to 0.5 after a reduction to 1% pO2. For all control cell lines the 
fluorescence signal continued to decrease to about 0.15 at 5% pO2 and 
0.1 at 1% pO2 (Fig. 3E). When comparing the mean fluorescence of CHO- 
K1-5HRE-VEGF cell lines after 140 h a significant stronger 3-fold d2GFP 
expression could be observed under hypoxic condition, while no in-
duction was observed for control cell lines (Fig. 3E). Interestingly, the 
hypoxic cultivation using pO2 concentrations of 5% or 1% had no sig-
nificant negative effect on growth or viability of CHO-DG44 or CHO-K1 
cells (Supplementary Fig. 2). 

Furthermore, when monitoring d2GFP at transcript level by qPCR, a 
significant increase in expression was observed for CHO-DG44 5HRE- 
VEGF cells at pO2 concentrations of 5% after 108 h or 1% after 156 h 
when compared to cells cultured at 60% pO2 after 108 h and 156 h, 
respectively (Fig. 3F). However, no significant increase in d2GFP RNA 
expression was observed for CHO-K1-5HRE-VEGF cells when cultured 
during oxygen deprivation conditions, which mirrors the lower induc-
tion at protein level (Fig. 3F and D). In addition, to validate the mo-
lecular basis for the observe induction of protein expression under 
hypoxic conditions, the protein expression of unstable HIF-1α as the 
oxygen sensing protein binding to the HREs was analyzed in normoxic 
(60% pO2) and hypoxic (5% and 1% pO2) cultivated cells. While under 
normoxia no expression was observed, HIF-1α was detected in CHO- 
DG44-5HRE-VEGF cells cultured under hypoxic conditions with a 
slight signal at 5% pO2 and a stronger stabilization at 1% pO2 (Fig. 3G). 
On the other hand, no expression of the unstable protein HIF-1α was 
determined via Western blot for CHO-K1-5HRE-VEGF cells under nor-
moxia or hypoxia, which is in agreement with the lower response to 
hypoxia of CHO-K1 cells. These data generated for fermentations under 
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Fig. 3. Characterization of the response of CHO-K1 and CHO-DG44 cells to defined O2-concentrations. (A) Progression of the controlled oxygen concentration during 
fermentation in a normoxic batch (dotted line) and a stepwise hypoxic cultivation (solid line). Viable cell densities and viabilities of the cultured CHO-DG44 and –K1 
cells are shown in S2. (B) Mean fluorescence of CHO-DG44-Mock (black) and CHO-DG44-5HRE-VEGF (dark green) cells cultured in a batch fermentation over 156 h 
under normoxic and stepwise hypoxic conditions. Arrow indicates the time point for Fig. 3C. (C) Mean fluorescence of normoxic and hypoxic cultured CHO-DG44- 
Mock (black bars) and CHO-DG44-5HRE-VEGF (dark green bars) cells after 140 h. (D) Mean fluorescence of CHO-K1-Mock (grey) and CHO-K1-5HRE-VEGF (light 
green) cells cultured in a batch fermentation over 156 h under normoxic and stepwise hypoxic conditions. Arrow indicates the time point for Fig. 3E. (E) Mean 
fluorescence of normoxic and hypoxic cultured CHO-K1-Mock (grey bars) and CHO-K1-5HRE-VEGF (light green bars) cells after 140 h. (F) d2GFP expression assessed 
via qPCR during mild (5%) and strong (1%) hypoxic culture conditions. Fold-changes of d2GFP expression were calculated according to the respective normoxic 
cultured control cell lines. Cells for RNA isolation were taken 108 h and 156 h after inoculation. (G) Western blot on HIF-1α (top panel) and Actin (bottom panel) in 
CHO-DG44 (Lane 1–4) and CHO-K1 (Lane 5–8) using 30 μg of protein per lane. Lysates obtained from batch fermentation of normoxic (60% O2) and hypoxic (5% or 
1% O2) cultivated CHO-DG44-5HRE-VEGF and CHO-K1-5HRE-VEGF cells after 108 h and 156 h. Statistical analysis was conducted using students t-test [n = 3 
replicates; Mean ± SD; * = p < 0.05; ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001]. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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controlled O2 conditions indicate a successful establishment of a hypoxia 
inducible vector system by using a 5HRE-VEGF vector construct to drive 
protein expression under oxygen limitation. 

3.4. Exploiting hypoxia responsive induction for increased recombinant 
protein production during perfusion processing 

The above established vector system responsive to hypoxic culture 
conditions may represent an excellent tool to exploit O2 deprivation 
encountered e.g. under high cell density conditions during perfusion 
cultures. To validate the potential of the hypoxia responsive vector 
system to improve recombinant protein expression under hypoxia, novel 
vector constructs were constructed now using a full CMV promotor as 
used industrially to drive protein expression. Here, the 5HRE-VEGF 
element was inserted upstream of a full CMV promotor to drive the 
expression of the recombinant model protein SEAP (Fig. 4A). After 
transfection and selection, resulting stable cell pools expressing SEAP 
under the control of a full CMV with 5HRE-VEGF elements (CHO-DG44- 
5HRE-VEGF-SEAP) and mock cell pools (CHO-DG44-SEAP) were 
cultured under O2 deprivation with very high cell density. Both cell lines 
were inoculated with a normal (0.5 × 106 cells/mL) and ultra-high (50 
× 106 cells/mL) cell density and a batch cultivation was performed 
including a daily replacement of cell culture medium mimicking a 
perfusion process. The VCDs during the experiment are shown in Sup-
plemental Fig. 3. After 3 media replacements the specific productivities 
were calculated revealing a slight decrease in specific productivity of 
ultra-high inoculated mock CHO-DG44-SEAP cells to around 80% when 
compared to the normally inoculated control (Fig. 4B). In contrast, CHO- 
DG44-5HRE-VEGF-SEAP cells did not decrease but significantly 
increased their specific productivity during mock-perfusion conditions 
of about 2.7-fold when compared to normally cultured cells leading to a 
significantly better performance during the mock-perfusion of cells 
carrying 5HREs of the gene VEGF (Fig. 4B). 

3.5. Oxygen shift as a novel bioprocessing strategy 

During bioprocessing, a temperature shift from 37 ◦C to 34 ◦C is an 
established strategy to increase titers, prolong cultivation time and 
improve the product quality. After showing the potential of the oxygen 
responsive vector system to improve productivity under high cell den-
sity conditions, we now explored its potential to improve the production 
capacity of CHO cells during classical fermentation processes when 
applying an oxygen shift to further induce the vector system. Therefore, 
a fed-batch fermentation with CHO-DG44-5HRE-VEGF-SEAP cells was 
performed in a 2 L benchtop bioreactor, where cells were cultured under 
standard conditions (37 ◦C, 40% pO2) until reaching the static growth 
phase. At this point both a temperature shift to 34 ◦C alone and in 
combination with an oxygen shift to 1% pO2 was conducted. After 

reducing temperature or temperature and oxygen concentration, VCD 
remained stable for both cultures, with one fermentation showing a 
slightly lower VCD before the condition shift (Fig. 5A). Interestingly, a 
nearly identical viability for both culture conditions of >90% was 
observed over 12 days, demonstrating the ability of CHO cells to be 
cultured under strong oxygen deprivation conditions (Fig. 5B). During 
the process, CHO cells cultured with an oxygen shift to 1% pO2 
consumed slightly more glucose and less L-glutamine (Supplemental 
Fig. S4). When analyzing recombinant protein titer of both fermenta-
tions for the first 6 days before shifting the conditions, a comparable 
concentration of around 13 μg/mL of produced protein was monitored 
(Fig. 5C) with similar specific productivities of approximately 1.7 pg/ 
cell/day (Fig. 5D). However, after shifting temperature or temperature 
and oxygen concentration SEAP expression was induced for both con-
ditions, however, to a significantly stronger extent when adjusting pO2 
concentration to 1% (Fig. 5C and D). Under these conditions, the hyp-
oxia inducible system led to a SEAP titer of around 460 μg/mL (Fig. 5C) 
and a nearly 2-fold higher specific productivity than non-induced cells of 
approximately 20 pg/cell/day SEAP (Fig. 5D). 

4. Discussion 

Driven by increasing challenges for CHO producer cell lines con-
fronted with the need for improved product titer or the expression of 
complex format recombinant proteins, intensified continuous high cell 
density perfusion processes are becoming highly attractive alternatives 
to common fed-batch fermentations (Gagnon et al., 2018). This next 
generation biomanufacturing platform ensures a longer process, higher 
cell densities and better product quality (Kwon et al., 2017; Kon-
stantinov and Cooney, 2015) as well as higher yield, leading to sub-
stantial cost and time savings (Janoschek et al., 2019; Xu et al., 2017). 
However, these initially beneficial characteristics are leading to new 
challenges for CHO cells such as cellular aggregation, medium acidifi-
cation and increased cell densities (Ruffieux et al., 1998; Xiu et al., 1999; 
Michl et al., 2019; Jing et al., 2016; Kishishita et al., 2015; Shojaosadati 
et al., 2008). Especially high cell densities were shown to initiate oxygen 
deprivation conditions affecting CHO cell productivity and counter-
acting improved recombinant protein titer (Ruffieux et al., 1998; Xiu 
et al., 1999; Michl et al., 2019; Jing et al., 2016; Kishishita et al., 2015). 
To counteract this drawback of continuous bioprocessing, popular so-
lutions have been increased agitation or gassing rates entailing their 
own drawbacks as elevated shear stress for agitation or higher costs and 
a certain toxicity for CHO cells for pure oxygen gassing (Shojaosadati 
et al., 2008; Lee, 1996; Baez and Shiloach, 2014). However, cell engi-
neering approaches have not been undertaken to adapt CHO cells to 
novel continuous bioprocessing conditions. 

Here, we aimed to engineer CHO production cell lines by developing 
a vector system exploiting limiting oxygen conditions during high cell 

Fig. 4. Increased SEAP expression exploiting hypoxia during high cell density cultivations. (A) Schematic vector construct for SEAP expression using 5HREs of VEGF 
origin and a complete CMV. (B) Specific productivity of CHO-DG44-SEAP and CHO-DG44-5HRE-SEAP cells cultured in ultra-high cell density compared to normally 
cultured cells. 
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density cultivation to increase CHO cell productivity without the need 
for complex and cost intensive host cell modifications. We showed that 5 
repeats of HRE derivatives of VEGF-A origin are superior enhancers for 
recombinant protein expression in CHO cells when induced by oxygen 
deprivation conditions. This was observed not only in combination with 
a minimalCMV promotor, but also for a full CMV promotor driving the 
expression of a recombinant model protein. Using these established 
enhancer elements, perfusion processes may benefit massively by 
exploiting the accompanying induced hypoxia. Oxygen limitation in 
high cell density cultivations is a well-known problem resulting in 
reduced specific productivities and low overall titers (Kwon et al., 2017; 
Janoschek et al., 2019; Shojaosadati et al., 2008; Ozturk, 1996). While 
conservative solutions as increased agitation or gassing rates failed in 
restoring CHO productivity with additional drawbacks on cell viability 
and protein quality (Shojaosadati et al., 2008; Lee, 1996; Baez and 
Shiloach, 2014), hypoxia induction by the utilization of HREs even 
increased specific productivity during perfusion experiments to around 
2.7-fold in our study. 

A further attractive option enabled by the utilization of HREs is the 
application of novel bioprocessing strategies for discontinuous fed-batch 
processes. Standard industrial fed-batch processes apply a shift of tem-
perature from 37 ◦C to lower temperatures after cells reach the static 
cultivation phase (McHugh et al., 2020). Thereby, the longevity of the 
bioprocess can be enhanced combined with an increased final product 
titer as temperature reduction leads to a favorable redistribution of 
nutrients for therapeutic product synthesis (McHugh et al., 2020; Avello 
et al., 2017; Bollati-Fogolín et al., 2008). We hypothesized, that using a 
HREs containing vector system, hypoxia could be exploited by adjust-
ment of oxygen setpoints after cells reach the static phase to induce and 

drive hypoxia responsive expression of the recombinant protein. Inter-
estingly, our data demonstrate that when the oxygen shift is performed 
in parallel with temperature reduction after cells reach the static culti-
vation phase, a nearly 2-fold increase of specific productivity can be 
achieved by exploiting hypoxia in contrast to common fed-batch 
strategies. 

While hypoxia was in our study exploited for improved productivity, 
Lieske et al. recently described the hypoxia signaling pathway to be 
involved in the phenotypic instability of CHO cells leading to a loss of 
titer and notably significantly upregulated HIF-1α expression levels over 
time (Lieske et al., 2019). Although phenotypic instability of industrially 
used CHO cell lines is one of the major challenges, only little is known 
about the underlying molecular mechanisms (Bailey et al., 2012). 
However, by introducing HRE elements in recombinant expression 
vectors relevant binding proteins may occupy these elements and 
thereby even improve long-term expression of the gene of interest in 
CHO cells to counteract phenotypic instability by taking advantage of 
upregulated HIF-1α expression levels. 

Cell line engineering is an attractive tool to adapt production cell 
lines to novel challenges. Our demonstration of engineered exploitation 
of hypoxia for improved bioproduction highlights that adverse process 
conditions can be successfully converted into productive traits and even 
enable the application of novel bioprocessing strategies for optimized 
production. 
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