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Abstract

Recombinant proteins, particularly proteins used as therapeutics,
are widely expressed for bioprocessing manufacturing processes.
Mammalian cell lines represent the major host cells for
bioproduction, according to their capacities of post-translational
modifications and folding of secreted proteins. Many parameters
can affect cell productivity, especially the rate of oxygen transfer.
Dissolved oxygen, in high orlow proportions, is a crucial parameter
which can affect cell viability and thus productivity. HEMARINA
has developed a new technology, commercially proposed as
HEMOXCell®, to improve cell culture at a large production scale.
HEMOXCell® is a marine oxygen carrier having properties of high
oxygen sensitivity, to be used as an oxygen additive during cell
culture manufacturing. In this study, we investigated the effects of
HEMOXCell® on the culture of the commonly used CHO-S cell line.
Two main objectives were pursued: 1) cell growth rate and viability
during a batch mode process, and 2) the determination of the effect
of this oxygen carrier on recombinant protein production from a
CHO-transfected cell line. Our results show an increase of CHO-S
cellular growth at a rate of more than four-fold in culture with
HEMOXCell®. Moreover, an extension of the growth exponential
phase and high cell viability were observed. All of these benefits
seem to contribute to the improvement of recombinant protein
production. This work underlines several applications using
this marine-type oxygen carrier for large biomanufacturing. It
is a promising cell culture additive according to the increasing
demand for therapeutic products such as monoclonal antibodies.

Keywords: bioprocessing, cell growth rate, cell viability, CHO-S
cells, CHO shear stress, marine oxygen additive, Oxygen carrier,
oxygen transfer rate, recombinant-protein

Introduction

Biotechnology has gained interest over the last several
decades, particularlyin thefield ofrecombinantproteins. The

need for recombinant proteins is continuously increasing,
both in fundamental research as well as for clinical applica-
tions. Indeed, the demand for the production of recombi-
nant proteins by pharmaceutical companies served a global
market of $32 billion in 2003 and reached $108 billion in
2010 (Pavlou and Reichert 2004, Wuest et al. 2012). Among
the different existing production systems, mammalian cells
are the more advantageous and represent developing new
technology for biopharmaceutical companies. Although
their cultivation is more expensive and takes longer than
the other production systems, they are the only host cells
that have the capacity to secrete proteins with proper fold-
ing, assembly, and post-translational modifications. About
50-60% of recombinant proteins for therapeutic use (and up
to 80% for monoclonal antibodies (mAb)) are produced in
mammalian cell systems (Omasa et al. 2010, Walsh 2006).

Immortalized Chinese Hamster Ovary (CHO) cell lines
currently constitute the most-used expression system for
large-scale production of recombinant proteins (Hu and
Aunins 1997). Indeed, CHO cells have been widely studied
and characterized through decades of research, and nowa-
days they represent a large database for bioproduction. Their
suitability has led to safe production of numerous recombi-
nant therapeutics for humans, like mAb production (Birch
and Racher 2006, Kelley 2009). Other advantages of these cells
are their fast growth properties, their ease of transfection,
their adaptability to serum-free medium, and their ability to
perform complex post-translational modifications required
for biological activity and compatibility with humans (Almo
and Love 2014, Omasa et al. 2010, Rita Costa et al. 2010).
However, the growth of mammalian cells is slower than that
of the microbial host systems, the cultivation processes are
longer, and the engineering selection and construction of a
mammalian cell line is more complex.

Generation time (or population doubling time (PDT))
is an important parameter for the evaluation of culture
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expansion. It was mentioned that the typical growth rate of
mammalian systems is about 0.02 to 0.05 h™ !, which is less
than the microbial growth rate (0.4 to 0.6 h~! for yeast and 1
to 3 h™ ! for bacteria) (Muller et al. 2006, Omasa et al. 2010).

The demand for biopharmaceutical proteins is continu-
ously growing, hence the necessity to optimize production
processes in order to reduce production time and increase
productivity. Moreover, for CHO cells and other mammalian
cell lines, the yields of recombinant protein are rather low.
The process to scale-up production from cell bank to biore-
actor at a production-scale (cell thawing, cell cultivation in
bioreactors of sizes increasing by 5-8-fold until large produc-
tion-scale cultivation) usually takes several weeks to months.
Another disadvantage of mammalian cell cultivation is the
low cell density, with a typical cell concentration of about 1
to 10 X 106 cells/ml (Omasa et al. 2010, Wurm 2004). Over the
pasttwo decades, significant improvements have been made,
contributing to dramatic increase in cell density and subse-
quently cell productivity. Culture conditions like stirring
speed, osmolarity, temperature, partial pressure of oxygen,
and pH variations can influence CHO cell growth. In a 1990
study, Kuranto and his team analyzed these different param-
eters and determined that pH and concentration of dissolved
oxygen were the parameters with the most influence in the
culture of the CHO non-adherent cell line (Kurano et al.
1990). Culture conditions can also affect the glycosylation
potential of these mammalian cells (Jenkins et al. 1996). The
use of serum-free media with a defined composition of amino
acids seems to be a good substitute to serum-supplemented
media, and provides a stable and xenogeneic-free environ-
ment (Costa et al. 2013; deZengotita et al. 2002).

It is therefore important to maintain a sufficient cell
density in order to enhance productivity, and that is why
cell engineering targets cell viability. Cell death in the batch
culture mode can have several origins; stirring and sparged
bubbles can induce stresses and lead to apoptosis, as well
as nutrient starvation, lack of oxygen, and waste products
(Dhanasekharan et al. 2005, Krampe and Al-Rubeai 2010).
To delay stress-induced cell death, antiapoptotic engineer-
ing technologies were developed with the aim to overexpress
antiapoptotic factors and suppress proapoptotic factors like
the Bcl-2 and Bcl-xL proteins (Dorai et al. 2010, Figueroa et al.
2007, Lee et al. 2013, Majors et al. 2008, Meents et al. 2002).

Recent research has been aimed at finding a way to
replace the addition of oxygen by bubbling with a less lethal
system for cells. Indeed, this process has created two major
problems: (i) oxidative damages; (ii) shear stress-generated
sparging air or pure oxygen. It was proposed that gases can
be encapsulated in a thin polymer and can be released
when the oxygen pressure decreases. This system does not
induce cell death, but the oxygen-loaded particles present
an inconvenience in the absorption of a significant quantity
of secreted proteins (Seth et al. 2006). In addition, an overlay
intensive supply of oxygen can induce oxidative stress, lead-
ing to a secretion of reactive oxygen species (ROS) which can
cause significant cellular damage like protein degradation
(Cacciuttolo et al. 1993, Oller et al. 1989).

HEMARINA, a french company, has developed HEMOX-
Cell®, as an oxygen carrier to bypass existing issues to transfer
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oxygen to cells. HEMOXCell® is a hemoglobin extracted from
a marine worm, Nereis virens, with a high oxygen affinity
(Chabasse et al. 2006, Rousselot et al. 2006). The binding and
release of oxygen from this carrier occurs by simple diffusion
along oxygen partial pressure gradients, according to the cel-
lular needs. This oxygen carrier has a high molecular weight,
natural extracellular properties, and the ability to be used
within a wide temperature range. Other original characteris-
tics of this oxygen carrier are its intrinsic SOD-like activity and
its ability to bind over one hundred oxygen molecules at the
same time (Franck Zal and Rousselot 2014).

The feasibility of using HEMOXCell® as an oxygen carrier
to supply oxygen in a bubbling-free batch culture system
was investigated. The CHO-S non-adherent cell line, derived
from the parental CHO-K1 cell line, was chosen as the mam-
malian cell model for this study. The benefits of HEMOXCell®
supplementation in serum-free medium was considered in
terms of cell growth and cell viability, and for its ability to
promote recombinant protein production in CHO-S trans-
fected with Enhanced Green Fluorescent Protein (EGFP).
The aim of this study was to find a bioprocess adaptable to
high scale-up of protein production, limiting cell apoptosis,
and increasing the amount of cell density and productivity.

Material and method

HEMOXCell®

The extracellular hemoglobin M201 has been used to create
the product designated as HEMOXCell® (HEMARINA SA,
Morlaix, France). This molecule is extracted from the marine
lugworm Nereis virens. The extraction process is realized
under gentle agitation of frozen worms at 4°C, followed by a
purification step and a conditioning process. HEMOXCell®
has been developed to replace the way oxygen is tradition-
ally supplied to cells from early stage R&D studies to process
development and finally production of recombinant pro-
teins at commercial scale.

Cell culture methods

Culture conditions of cell lines

The CHO-S cell line was purchased from GIBCO® (GIBCO®,
Invitrogen', Fisher Bioblocks Scientific, Illkirch, France). The
CHO-EGFP cell line was obtained by stable transfection of
CHO-S cells with the expression vector pEGFP-N3 (Clontech,
Saint-Germain-en-Laye, France) containing the improved
reporter gene GFP (e-GFP). Both cell lines were cultured in
CD-CHO medium supplemented with 8 mM L-glutamine,
100 uM sodium hypoxanthine, and 16 uM thymidine
(GIBCO®) in Erlenmeyer flasks with a vent cap (Corning,
Chorges, France). Cultures were maintained in a humidified
atmosphere with 5% CO, at 37°C until they reached a density
of 2 X 106 cells/mL, and they were reseeded twice a week by
dilution at a density of 2 X 10° cells/mL.

Transfection of CHO-S cells

CHO-S cells were plated at 3X10° cells/mL on 6-well
plates (Nunc", Rochester, NY, USA) for 15 h, and cells were
transfected by lipofection with the linearized plasmid vector
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PEGFP-N3. According to the manufacturer’s instructions, a
ratio per well of 5 ug of DNA to 25 uL of Lipofectamine LTX
(Invitrogen™) was diluted in 250 uL of Opti-MEM (Invitro-
gen™). After 48 h, transiently transfected cells were grown
in a culture medium supplemented with 500 ug/mL G418.
The enrichment step of the stably transfected cells—the
CHO-GFP cells—was performed for 11 days. The selection
pressure was then maintained at 250 pg/mL of G418 in the
growth medium.

Experimental conditions

For experimental studies, CHO-S and CHO-GFP cells were
seeded at a density of 2 X 10° cells/mL in 30 mL of supple-
mented growth medium dispensed in a 125-mL shaking flask
(Costar™, Burladingen, Germany). The growth medium was
also supplemented with various concentrations of HEMOX-
Cell™ (from 0 to 2 mg/mL). The cultures were maintained
under orbital stirring at 120 rpm in an incubator (IG 150,
Thermo Scientific) with 5% CO, at 37°C. They were main-
tained and studied until total loss of cell viability.

Parameters studied

Cell growth and cell viability

Cell quantification was carried out by two different meth-
ods: a manual counting performed with a Malassez hemo-
cytometer and an optical microscope (Olympus, Hamburg,
Germany); and an automated counting performed with Cel-
lometer™ Auto T4 cell counter (Nexcelom Bioscience, Law-
rence, Canada) coupling to the Cellometer™ Auto Counter
software (Nexcelom Bioscience).

Cell viability was determined by the trypan blue exclu-
sion method. PDT was calculated during the exponential
growth phase using the following formula: t, =In2/umax
with p_ =In(Nt-N0O)/At, where t, is the value of PDT
(hour), p . is the maximum growth rate (hour™1), Nt is the
cell density at the end of the exponential phase (cells/mL),
and NO is the cell density at the beginning of the exponential
phase (cells/mL).

Cell death

Apoptosis detection assay

Cell death was evaluated using a co-staining procedure
based on a commercial detection kit (Annexin V-FITC Kit,
Miltenyi Biotec, Paris, France). Briefly, 1.10° cells were
washed and resuspended in 100 uL of binding buffer 1X
according to the manufacturer’s instructions. Subsequently,
cells were incubated with 10 uL of Annexin-V conjugated to
FITC (AV-FITC) for 1 h in the dark and at room temperature.
Then, cells were washed with 1 mL of binding buffer 1X and
centrifuged at 300 g for 10 min. The cell pellet was resus-
pended in 200 puL of washing buffer. The fluorescence was
measured using a microplate fluorescent reader (Safire2™,
Tecan, Lyon, France) coupled to the Magellan® software
(Tecan) (excitation/emission wavelengths: 488 nm/530 nm).
Then, 0.5 ug of propidium iodide (PI) was added to each well
and fluorescence was again measured (excitation/emission
wavelengths: 535n1m/620 nm). Control cells were included in

each set of experiments. The fluorescence intensity obtained
for each condition was expressed as relative fluorescence
unit (RFU).

Caspase activity

Measurement of caspase-3 activity was carried out using
the Caspase-3 Fluorometric Assay Kit, according to manu-
facturer’s instructions (R&D Systems Europe, Abingdon,
UK). Briefly, 1.106 cells were analyzed in each condition. The
cells were centrifuged at 250 g for 10 min and resuspended
in 100 pL of lysis buffer with protease inhibitors (Roche,
Meylan, France). The suspension was then incubated for 10
min at 4°C and stocked at — 20°C until assay. The caspase-3
substrate was added for the measure of activity. The resul-
tant fluorescence was quantified with Safire2™ (excitation/
emission wavelengths: 400 nm/550 nm) and analyzed with
Magellan® software. The results were expressed as percent-
age of caspase-3 activity in cells during culture vs before
experimentation.

GFP expression

The specific fluorescence of CHO-S cells transfected with
EGFP was determined by fluorometry. Two hundred micro-
liters of cell suspension were transferred to a 96-well plate.
The fluorescence was collected using Safire2™ (excitation/
emission wavelengths: 485 nm/515 nm). The background
fluorescence of the cell culture medium and/or of non-
transfected cultures was subtracted from each value, to give
the RFU.

Gel filtration analysis

The structure of HEMOXCell® was analyzed by gel filtration
using Fast Protein Liquid Chromatography (FPLC) (Ulti-
mate® 3000, Dionex, Saint-Quentin-en-Yvelines, France).
Briefly, an aliquot of CHO-S cells cultured with 0.75 g/L
HEMOXCell® was taken each day during 10 days of culture
and centrifuged at 10,000 g for 10 min, and the supernatant
was conserved at —80°C until use. Gel filtration was per-
formed on a Superose six column (Superose TM 6, 10 X 300
nm; GE Healthcare, Velizy, France), with a fractional range
of 5 to 5000 kDa and an elution flow rate of 0.5 mL/min. The
separation was performed using the elution buffer com-
posed of 10 mM TrisBase, 145 mM sodium chloride (NaCl),
4 mM potassium chloride (KCI), 0.2 mM magnesium chlo-
ride (MgCl,), and 2.5 mM calcium chloride (CaCl,). Chro-
matographic data were collected and processed using the
Chromeleon® software (Dionex) for two wavelengths—280
nm and 414 nm. Kinetics were realized with a daily measure-
ment with GraphPad® software.

UV-visible absorption spectrophotometry

The functionality of HEMOXCell® was defined by its capacity
toreversibly bind dioxygen molecules. The functional state of
Hb may be determined by the relative decrease in the inten-
sity of the alpha and beta bands over time (Table I). An ali-
quot of CHO-S cells cultured with 0.75 g/L HEMOXCell® was
taken at various time-points during culture, during a period
of 10 days. The cell suspension was centrifuged at 10,000 g for
10 min and supernatant was conserved at — 80°C until use.



Table I. Summary table of Hb conformations according to the
characteristic absorption peaks. The Hb spectral signature contains
three characteristic peaks: the alpha band and beta band are
characteristic of the absorption of the complex consisting of the
nucleus—heme, iron, and dioxygen; the Soret band is characteristic of
the absorption of the heme nucleus and polypeptide chain complex.

Soret band beta band alpha band Hb conformation
414*2nm 540 £2 nm 576 £2nm Oxyhemoglobin

430 =2 nm 555 *2nm 555 *2nm Deoxyhemoglobin
418 =2 nm 535*+2nm 570 =2 nm Carboxyhemoglobin
406 =2 nm 500 =2 nm 630 £2nm Methemoglobin

For analysis, samples were placed in a 96-well plate (Nunc™).
Functional study was conducted by UV-visible spectrometry
on wavelengths ranging from 250 nm to 700 nm using the
spectrophotometer Synergy" 2 (BioTek, Colmar, France)
coupled to Gen 5" software (BioTek). After acquisition, the
percentage of oxidized HEMOXCell® was determined with
UV-visible spectranormalized at 523 nm, the isoelectric point
of the HEMOXCell®. Oxidation percentage was calculated
using the following formula: Oxidized %HEMOXCell® = 100
- [AHb-A100] X 100/A0-A100, where AHb=A,, +A_ ¢ for
the HEMOXCell® sample, A0 =A,, + A, of 0% oxidized
HEMOXCell®, and A100=A, +A., of 100% oxidized
HEMOXCell®.

Statistical analyses

Data were expressed as means * SD of three to four indepen-
dent experiments, using the paired Student’s t-tests and the
non-parametric Dunnett’s test to identify significant differ-
ences between experimental groups and control conditions.
Statistical significance is achieved if p <0.05. Statistics were
generated using InStat® version 3.10 (GraphPad Software(r),
LaJolla, USA).

Results

HEMOXCell® boosts cell growth

The growth of CHO-S cells showed four characteristic phases
(Figure 1A): the lag phase until day 1, where cells grew slowly
and adapted their metabolism to cell culture conditions;
the exponential phase between day 1 and day 4, where cell
growth was optimal, with the PDT of the culture calculated
along this period being 24.1 h; the stationary phase, between
day 5 and day 7, where cell growth had slowed and reached a
plateau; and finally, the death phase, from day 8.

The culture of CHO-S in presence of the oxygen carrier
storage buffer was similar to that of control cells (Figure 1B).
No significant changes in cell density were observed, and the
PDT was equivalent.

The addition of HEMOXCell® during cell culture had no
effect on the lag phase (Figure 1 C-H). However, HEMOXCell®
significantly amplified the exponential phase: it lasted two
more days than control, and cell density was increased. Cell
densitywas amplified in a dose-dependent manner from 0.125
to 0.500 g/L, in a ratio from 2.5 to 4.6, respectively (Figure 2).
Conversely, when using higher concentrations than the effec-
tive dose of HEMOXCell®, it was found that the cell growth
rate was decreased (Figures 2C-2H). Indeed, cell density was
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similar at 0.750 g/L, and a slight decrease was drawn at 1 g/L,
which was confirmed at 2 g/L. However, cell growth at these
concentrations was still more potent than in the control con-
ditions. Over this period, HEMOXCell® consequently reduced
the PDT of the culture, which was decreased to 20.3 h at 0.500
g/L and remained unchanged at 0.750 g/L (Figure 1).

Then, from day 7, cell cultures showed a sharply declined
process without going through a stationary phase, and no
more cells were counted after day 8.

HEMOXCell® maintains cell viability

To ensure that the addition of HEMOXCell® did not nega-
tively impact cell culture, we determined cell viability in
batch culture using the trypan blue dye exclusion method.
Firstly, the cell viability of control cells was maintained
above 95% until day 5, that is, during the lag phase and the
exponential phase of cell culture (Figure 3A). After the 5th
day, viability decreased to below the 95% value and reached
avalue of around 80% on day 7 and less than 20% on day 10.
No significant changes in cell viability were observed when
cells were cultured with the storage buffer.

In the presence of HEMOXCell®, viability was maintained
above 95% until day 6. On day 7, viability with 0.125 to 1 g/L
HEMOXCell® was about 75-80%, slightly under that of the
control cells. Then, the viability rapidly dropped and all cells
were dead on day 8. Cell response with 2 g/L. HEMOXCell®
was different since viability decreased more slowly and was
60% on day 8, and more than 20% of cells on day 10 were still
viable.

HEMOXCell® does not impact the cell death process
HEMOXCell® showed benefit on cell culture growth and
viability. However, the decline phase and the loss of viability
were evident. To ensure that HEMOXCell® did not negatively
impact cell culture, we decrypted the cell death process. We
chose to drive this study at HEMOXCell® levels of 0.250 and
0.500 g/L.

As shown in Figure 4, AV-FITC and PI staining were low
until day 5. Then, the intensity of AV-FITC fluorescence
increased from day 6 to day 7, whereas the increase of
PI staining was delayed at day 7. This suggests an apop-
totic process that began at day 6, followed by a necrotic
process at day 7. No connection between cell viability and
HEMOXCell® concentration can be established. This was
confirmed with caspase-3 activity, that exploded at day
7 (Figure 3B). Moreover, the apoptotic process occurring
during cell culture was not modified with HEMOXCell®;
the occurrence and the intensity were similar to the control
conditions.

HEMOXCell® boosts cell production

Protein production has been determined in CHO-S trans-
fected with EGFP. The EGFP protein differs from the native
protein by a few amino acids that ensure high purity and
maximal GFP fluorescence. Fluorescence intensity reflects
the production of recombinant proteins by the cells, and
was measured at day 0 and day 7 of batch culture (Figure 5).
Here, we show that HEMOXCell® does not induce a non-
specific fluorescence signal at day 0. At day 7, analysis



190 F.Le Papeetal.

2.0107 4
(A)
-  OgL
- wio buffer
T 15407
=
°
2
g 1.0>107 4
§ 1, =241 hrs
= 5.0x10° 4 -
3 . T
. I 3 % & %
Time (Days)
2.0x107 ~
(C)
_ - 0,125g/L
3
E 1.5x107 4 to =225 hrs
°©
e
2 1.0x107 B
] - .
3
3 5.0x10° + *
(8]
0 T T v L .
0 2 4 6 8 10
Time (Days)
2.0x107 +
(E)
-o- 0,500 g/L
3 S
£ 154074 tr,=203hrs == -
K
e
2 1.0x07 - g’
2
0
©
3 5:0:0°+
o
0 2 4 6 8 10
Time (Days)
2.0107 4
(G)
- 1g/L
j T
£ 154071 to=21.1hrs P
?’ -
e
2 10407 -
[7]
e
3
3 5.040° 4
o
o 2 4 & 8 1
Time (Days)

2.0107
(B) - 0glL
40T wi buffer

1.0x107 4
1o = 24,1 hrs

5.0x10°

Cell density (Cel/mL)

o

0 2 4 6
Time (Days)

o

10

1.5x107 4 to =216 hrs

.

**
-

1.0x107 4

-

5.0x10° 4

Cell density (Cel/mL)

0 2 4 6
Time (Days)

o« 4

10

2.0:107 4 (F)
-o- 0,750 g/L

1.5x107 1 ©=203hs . <

-

1.0x107 4

5.0x10° 4

Cell density (Cel/mL)

7 -
2.0:10 (H)
1.5x107 1o =238 hrs

1.0x107 >

5.0x10% 4

Cell density (CellmL)

o

0 2 4 6 8 10
Time (Days)

Figure 1. Analysis of the impact of HEMOXCell® concentration with CHO-S. CHO-S cells were cultivated in suspension for 8 days in the absence
(A: 0 g/L without buffer) or with different concentrations of HEMOXCell® (B: 0 g/L; C: 0.125 g/L; D: 0.250 g/L; E: 0.500 g/L; F: 0.750 g/L; G: 1
g/L; H: 2 g/L) in the presence of the conditioning buffer. Cell density (cells/mL) was calculated for each condition during 8 days, PDT (t,) was
determined during the exponential growth phase. The results correspond to the mean * SD (n =3 or 4 per group). P-value was calculated to

control. *P < 0.05; ¥**P < 0.01.

revealed that HEMOXCell® significantly boosts recombinant
protein production in the CHO-EGFP batch culture com-
pared to the culture without the carrier. We can observe an
increase of 70% of recombinant protein production in 0.250
g/L. HEMOXCell®-supplemented medium (P = 0.006), and
more than 80% with 0.500 g/L HEMOXCell® (P =0.017). It
seems that this increased fluorescence was relative to the
tested concentration, and no significant difference was
found; however, fluorescence appeared higher at 0.500 g/L
than at 0.250 g/L.

Functional and structural analysis of HEMOXCell®

In order to characterize the functional evolution of
HEMOXCell® during batch culture, we performed a func-
tional analysis by UV-visible spectrometry and a structural
analysis by fast protein liquid chromatography (FPLC). A
spectral signature of 0.750 g/L. HEMOXCell® solution was
determined by UV-visible spectrometry using wavelengths
ranging from 250 to 700 nm (Figure 6B). Data indicated
that between day 0 and day 7, the maximum absorp-
tion ranged between 414 and 416 nm for the Soret band
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Figure 2. Analysis of CHO-S cell density with HEMOXCell®. CHO-S cells were cultivated with different concentrations of HEMOXCell® (from 0 to
2 g/L) during 8 days. Two culture conditions were performed without HEMOXCell®, with or without the storage buffer to control its safety. The
results correspond to the mean =+ SD (n = 3 or 4 per group). P-value was calculated to control: *P < 0.05; **P < 0.01.

(characteristic of the absorption of the heme nucleus and
polypeptide chain complex), between 539 and 541 nm for
the alpha band, and between 574 and 575 nm for the beta
band. The alpha and beta bands are characteristic of the
complex heme nucleus/iron/dioxygen absorption. How-
ever we can note a diminution of the intensity of each peak
over time, which underlines the oxidation of a part of the
HEMOXCell®, as is evident on the UV-visible absorption
spectra of HEMOXCell® under its different conformations
(Figure 6A). The spectrum obtained at day 10 showed an
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offset of the maximum absorption for the Soret band at 460
nm. This observation indicates that molecules contained in
HEMOZXCell® are in a methemoglobin state and therefore
unfunctional, and the disappearance of alpha and beta
bands confirms this idea.

Concerning the structural evolution of 0.750 g/L HEMOX-
Cell® solution over time, the analysis was performed by FPLC
with two chromatograms. The first was performed at 280 nm
and represented all the proteins contained in the medium,
and the other at 414 nm was specific for heminic-proteins.
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Figure 3. Profiles of cell viability and caspase-3 activation of CHO-S cells. (A) Viability of CHO-S cells was analyzed at various HEMOXCell®
concentrations. CHO-S cells were cultured during 8 days, with HEMOXCell® concentrations ranging from 0.125 to 2 g/L. Viable cells were
distinguished from dead cells using the trypan blue dye exclusion method. Results are expressed as mean * SD of 3 or 4 independent experiments.
(B) Caspase-3 activation in CHO-S cells. Caspase-3 activation was determined using fluorescent staining against cleaved caspase-3. Caspase-3 is an
intracellular cysteine protease activated during the cascade of events associated with apoptosis. Caspase-3 activation was observed between days 6
and 7 after kinetic start. Results are expressed in relative fluorescence units (RFU) during 7 days of culture with three HEMOXCell® concentrations
(0g/L, 0.250 g/L, and 0.500 g/L). Results are expressed as mean =+ SD of 2 independent experiments.
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Figure 4. Apoptosis vs. necrosis detection. Fluorescent signals of annexin V (top) and propidium iodide (bottom) were measured in CHO-S
cells cultivated with three HEMOXCell® concentrations (0 g/L, 0.250 g/L, and 0.500 g/L). Annexin V staining was used to detect translocation of
phosphatidylserine (PS) from the internal to the external surface of the cell membrane, and propidium iodide (PI) was used to reveal necrotic cells.
A positive control was obtained with an incubation of CHO-S cells with 100 uM valinomycin for 5 h, to induce cell death. Significant annexin V and
PI staining were seen at the beginning of days 6 and 7 after kinetics began, respectively. The results corresponded to the mean * SD (n =3 or 4 per

group). P-value was calculated to control: *P < 0.05; **P < 0.01.

The chromatogram evolution at 280 nm allows measure-
ment of HEMOXCell® degradation, and that at 414 nm was
used to determine the proportion of dissociation product
containing heme, and thus the potentially functional mol-
ecules (Table I). Chromatograms obtained during the 10-day
culture were superposed for both wavelengths, and the per-
centage of functional molecules was calculated, which has
been represented Figure 7. A characteristic retention time
of 17 min was obtained for the native state of the molecule
(HEMOXCell® diluted at 0.750 g/L in storage buffer) (data
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Figure 5. Impact of HEMOXCell® for production of EGFP with CHO-
EGEFP cells. Transfected CHO-EGFP were cultured during 7 days with
three HEMOXCell® concentrations (0 g/L, 0.250 g/L, and 0.500 g/L).
EGFP-specific fluorescence was analyzed at day 0 and day 7 as relative
fluorescence units (RFU). Results are expressed as mean * SD of 4
experiments. P-value was calculated to control. *P < 0.05; **P < 0.01.

not shown), associated with 100% of functional molecules
(Figure 7). The percentage of functional molecules decreases
from 80% at day 0 to 51% at day 3, and remains stable until
day 7. In parallel, 64% of HEMOXCell® molecules are struc-
tured in the CD-CHO medium, and over the culture period,
a decrease of 4% of the structured molecule was observed at
day 10.

Discussion

This study consisted of investigating the effect of HEMOX-
Cell® in a reference mammalian cell line, the CHO-S cell
line (Hu and Aunins 1997, Wurm 2004). CHO cells have
thereafter been largely used in pharmaceutical and medi-
cal purposes for the production of therapeutic proteins
and antibodies for diagnostic purposes (Birch and Racher
2006, Kaneko et al. 2010, Kelley 2009). The strong demand
for recombinant biomolecules, such as monoclonal anti-
bodies, requires optimized processes in order to produce
a higher amount of recombinant proteins, save time, and
finally achieve a reduction in the manufacturing cost. This
study revealed that HEMOXCell® promotes the growth of
a large number of cells per unit volume, with an enhanced
productivity, using a simple and effective oxygen supply.
The latter constitute the mostimportant properties required
for an efficient process and its scale-up. For this purpose,
HEMOXCell® was selected due to its numerous advantages
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Figure 6. HEMOXCell® UV-visible spectra. (A) UV-visible absorption spectrum of HEMOXCell® under its different conformations. Soret band
(y) is between about 406 and 430 nm, beta band () and alpha band (o) are in the ranges of 500-555 nm and 555-630 nm respectively. (Blue:
oxyhemoglobin; green: deoxyhemoglobin; pink: methemoglobin; orange: carboxyhemoglobin). (B) The absorbance of 0.750 g/L HEMOXCell®
was determined as between 250 and 700 nm during the 10 days. The spectra obtained were superposed on a graphic representation. The control
spectrum corresponds to HEMOXCell® diluted at 0.750 g/L in the conditioning buffer. Results were normalized at 523 nm and corresponding to

one experiment. (AU = Absorption unit).

such as anti-oxidative properties and its ability to deliver a
high amount of oxygen in a simple oxygen gradient.

In the first part of this project, we have demonstrated how
HEMOXCell® increased cell density in the batch bioreac-
tor system and extended the exponential phase of growth
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Functionality of the molecule
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Figure 7. Structural and functional evolution of HEMOXCell® during
CHO-S batch culture. The evolution of the various conformational
states of HEMOXCell® during culture is represented in percentage
(%) per day. Results correspond to the percentage of the structured
molecule, the molecule dissociated containingheme, and the molecule
dissociated without heme, in comparison with the control conditions
consisting of HEMOXCell® diluted at 0.750 g/L in the conditioning
buffer. The evolution of HEMOXCell® functionality during culture
is represented as percentage (%) per day. Results correspond to the
percentage of unoxidized functional molecules in comparison with
the control conditions consisting of HEMOXCell® diluted at 0.750 g/L
in the conditioning buffer.

for one or two days. Our results on the growth follow-up
revealed a dose-dependent effect of HEMOXCell® with an
optimal concentration of 0.500 g/L. Higher concentrations
gradually increase the PDT, probably due to an overdose of
HEMOXCell® in the medium, inducing a reverse effect of
the oxygen carrier. In addition, cell viability could be main-
tained for a longer period with the optimal dose and stay
higher than 95% until day 6 of culture. It is crucial to main-
tain a high viability in order to enhance the production rate
of cells (Birch and Racher 2006, Wurm 2004). A closer study
of cell death highlights an apoptotic process by the activa-
tion of caspase-3 apoptotic protein. This kind of cell death
is characteristic of batch culture and is in major part due to
a depletion of nutrients and a lack or an excess of dissolved
oxygen, which induces modifications of the physiological
environment (Arden and Betenbaugh 2004, Goswami et al.
1999). HEMOXCell® has no impact on the induction of the
apoptotic process, therefore a possible combination of this
oxygen additive in cell medium with CHO cells transfected
with the bcl-2 or bcl-x gene can be expected, according to
other reports (Majors et al. 2008). Chemical compounds
such as Suramin (Zanghi et al. 2000) or proteins like trans-
ferrin and insulin have also shown anti-apoptotic effects on
CHO cells cultured in the bioreactor (Sunstrom et al. 2000).
Indeed, in this study, we have shown that cells died via
apoptosis until day 6, and an induced death was detected at
day 7 in culture with or without HEMOXCell®. Considering
the higher cell density with HEMOXCell®, observations could
be correlated with an increase of nutrient consumption and
therefore with an increase of apoptotic effects. The results
show that cell density remains relatively constant during this
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period (6-7 days of culture), and this is why we observed the
occurrence of cell death. This observation reflects a balance
between cell division and cell death. However, these results
are difficult to interpret because in our system, cell culture
was maintained as a batch, without removal of medium.
The decrease of viability, with only about 18% at day 10, cor-
responds to the phase of cellular decay. During this phase,
cells no longer divide and die, causing an increasing degra-
dation of culture conditions and accelerating the process of
cell death (Collins et al. 1997).

The second part of this work consisted of evaluating the
impact of HEMOXCell® on recombinant protein produc-
tion in the transfected CHO-S cell line. In our model, the
calibration of fluorescence detection was required because
we observed an auto-fluorescence of culture medium, prob-
ably linked to pyridines and flavines contained (Drepper
et al. 2010). However, this auto-fluorescence can constitute
a limitation to the fluorometric detection of EGFP. Nonethe-
less, an analysis of EGFP production shows an increase by
more than 70% in the presence of HEMOXCell®.

In parallel to these analyses, the structure and function-
ality of HEMOXCell® were monitored during culture. We
observed a degradation of the molecule over time as well as
a loss of functionality. These analyses have to be completed
and experiments may need to be repeated in culture medium
continuously buffered with carbon dioxide, which should be
sufficient to limit the dissociation of molecules. HEMOX-
Cell® is a naturally highly polymerized protein constituted
of 198 polypeptide chains including 156 globin chains, each
being able to bind one oxygen molecule (Zal et al. 1997). It
has been reported that pH variations and temperature can
improve the dissociation process (Rousselot et al. 2006),
suggesting the use of a continuous culture system to ensure
a stable structure of the molecule. An alternative could be
the encapsulation of HEMOXCell®, as for example a dialysis
system, to retain degradation products.

Indeed, oxygen supply in bioproduction is currently
performed by direct bubbling of air and oxygen into the cul-
ture medium. In some cases, it could become cytotoxic and
involved in oxidative stress or a mechanism damaging the
culture. High oxygen supply has been reported to increase
CHO growth without inducing an increase of intracellular
superoxide level, which seems to have a stimulating effect on
oxygen consumption by cells (Kurano et al. 1990).

Despite the fact that we still must work towards improve-
ments of our batch culture process, HEMOXCell® could
constitute an innovative tool for bioproduction in batch, fed-
batch and continuous culture modes. HEMOXCell® is a new
technology produced as an additive for cell culture, its high
sensitivity to oxygen pressure allowing the oxygen delivery
to the cells according to their needs. This delivery occurs by
a simple gradient of the partial pressure of oxygen within
the culture medium, which represents a new and original
concept.

This project was realised at a laboratory scale using
HEMOXCell® as the oxygen carrier, demonstrating, as a first
step, its capability to improve cell growth rate, stabilize and
maintain high cell viability, and on the other hand, increase
of the targeted recombinant protein production rate. In this

context, a recent study was initiated using different rates
of stirring and gas supply. Our preliminary results appear
to confirm the beneficial contribution of HEMOXCell® on
CHO growth rate, with the use of significantly lower doses.
The optimization of culture conditions, such as reducing the
rate of stirring and controlling the supply of carbon diox-
ide, seems to limit cell death and to improve growth. These
parameters will be considered to optimize the culture of
CHO cells and to improve the production of recombinant
proteins.

Complementary experiments such as fed-batch and
continuous modes have to be addressed. In addition, this
study on the CHO-S cell line will be extended with the use of
other cell lines, for example, hybridoma for the production
of monoclonal antibodies.

This present work contributes to a better understanding
of the potential of HEMOXCell® and highlights points for
improvement, to optimize large-scale bioproduction in a
GMP-compliant manner.
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