
The Effect of Pluronic and Microcarriers on the Growth,

Recombinant Protein Production and Glycosylation of cHo cells

Tharmala Tharmalingam

A Thesis submitted to the Faculty of Graduate Studies of

The UniversitY of Manitol¡a

in partial fulfilment of the requirements of the degree of

Doctor of Philosophy

Department of MicrobiologY

UniversitY of Manitoba

Winnipeg, Manitoba, Canada

by

Copyright O 2008 by Tharmala Tharmalingam



THE UNIVEIISITY OF MANITOBA

FACULTY OF GRADUATE STUDIES

COPYRIG I{T PBRVTTSSION

The Effect of Pluronic and Microcarriers on the Growth,

Recombinant Protein production and Grycosytation of cHo cells

B)'

Tharmala Tharmalingam

A Thcsis/Pl'¿rcticttnl strbmitted to the Fnculty of Gr¿rtlu¿rte St¡tlies of The Universit' of

M:rnitob¿r in p:rrti:rl fì¡lfillnlenf of the rcquir.emcnt of the degree

Doctor of Philosophy

Thal'¡nal¿r Tharnralingam02008

Permission has been gl.antcd to the Univcl.sit),of Manitob¿r Lib¡.¿rrics to lcnd ¿ì copy of this
thesis/¡rracticurn, to Libr'¿rry:rntl Archives c¿rnatla (LAC) to lend a cop)¡ of this thesis/practicum,
and to LAC's agent (UMl/ProQuest) to microfilrn, sell co¡rics and to publish an abstract of this

thesis/practicum.

This re¡rrotltlction ol'copY of this thesis hrs bee¡r rnarle ¿rr,¿ril¿rble bv ¿ruthority of the co¡ryright
olvner solel-v f'or the purpose of ¡rrivatc stutly:rnd r.esearch, and ma1, only be reprorlucerl aia ðopiea

as ¡rermittetl [rt' co¡lyl'ight larvs ol'n,ith express rvritten ¿ruthoriz¿rtion from the copl,right on,¡re r..



Acknowledgements

I would like to thank my thesis supervisor Dr. Michael Butler for his unconditional

support and guidance throughout the course of my Ph.D. (2003 - 2008).

I would not be where I am without the support of my thesis advisory committee, Dr.

Deborah Court and Dr. Helene Perreault. I really appreciate the guidance and constant

interest in my work. I also would like to thank my extemal examiner, Dr. Murray Moo-

Young for his criticisms and .

To all members of our research group, past and present, of which I had the privilege of

working with: Kevin Sunley, Maureen Spearman, Jose Rodriguez, Norm Huzel, Carly

Steinfeld, and Terry Wuerz. Thank you for your support, c.onstant discussion, and ability

to put things in perspective when problems arise. Thank you to everyone at BRI, Yves

Durocher and the Animal Cell Technology group for giving me a great opportunity and

experience. And thank you to all members of the Department of Microbiology at this

university.

Finally to my family - my sister Sinthi, and my parents Chelliah and Nageswary, and my

friends, without whom I would not be where I am today. Thank you for providing me

with the motivation for continuing and the support during an important time in my life

and for the unconditional support and love that you have given me throughout the years.

This work was supported by the Natural Sciences and Engineering Research Council

CNSERC) of Canada with a research network grant (CellNet) and an industrial research

grant in conjunction with the Cangene Corporation.



Abstract

various culture conditions enable the maximization of recombinant protein production

from culture processes. Monitoring the productivity (volumetric and specific) gives us an

idea of culture processes that are efficient for production of the protein products'

However, there are many variables that need to be monitored in order to achieve proper

operational platforms for production and for the assurance that the product formed is

indeed similar or enhanced compared to usual culture processes used for the production'

A procedure was developed to increase recombinant protein production, particularly that

of Interferon-beta (IFN-beta) and tissue plasminogen activator (tPA), that utilized the

introduction of microcarriers. Volumetric protein yields were found to increase by up to

2.5 fold and specific productivity by up to 5.5 fold compared to cortesponding

suspension cultures of the respective proteins'

An important variable that was shown to be effective for decreasing aggregation of IFN-

beta is the use of low temperature for the culture pfocesses. The use of low temperature

(32.C)in combination with microcarriers increased the volumetric product yield 5 fold

compared to a conventional suspension 37oC batch bioreactor culture' The recombinant

protein obtained from cultures where higher product yields were reached was tested for

consistency in product glycosylation compared to that obtained in the suspension

cultures.

The use of pluronic F6g (pF68) in the culture medium in static cultures discourages the

attachment of cells onto T-flask surfaces; this is shown to be a concentration dependent

1lt



effectwhereincreasedPF6spresentdecreasessurfaceattachment.

culturespromotestheincreaseincellprotectionfromshearstresses

damage. Furthermore, the use of PF68 in culture processes does

glycosylation compared to cultures not supplemented with it'

PF68 in stirred

and proteolYtic

not affect the
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Chapter I
1. Introduction

1.1. Mammalian cell culture

Transfected mammalian cell lines have been used to synthesize a wide range of

compounds that can be extracted and purified for use as biopharmaceuticals. From 1986

to 2006 there has been an increase in the number of products that have been approved for

production by mammalian cell processes and in the demand for these biopharmaceuticals

(Butler, 2007). Due to the increasing demand, the maximization of productivity of these

proteins is important to decrease costs of production. There have been many recombinant

proteins that have been licensed for use as biologicals to treat human disorders, some of

which include tissue plasminogen activator (tPA) and interferon-beta (IFN-beta).

This introduction will cover general topics encountered in mammalian cell culture,

and then more specifically into subject areas covered in this thesis. The projects covered

in this thesis are based on two parts - the use of microcarriers and pluronic F68 (PF68) in

cell culture. The use of microcarriers in cell culture was to enhance recombinant protein

production from CHO cells. The use of temperature shifts was to further enhance protein

production and the effect of increased protein production was tested on the glycosylation

of the protein. The use of PF68 is widely used as a culture additive in cell culture, and

here we describe the uses and the effects of this component in cell media.

1.1.1. Cell line

The predominant cell line used for human recombinant protein production has

been the Chinese Hamster Ovarian (CHO) cell line. CHO cells are well charøctenzed and



deemed to be a stably transfected cell line (Derouazi et a1.,2006;, Barnes and Dickson,

2006).

The CHO cell line was isolated from an inbred female adult Chinese hamster in

1958 (Puck et a1.,1958). Now the cell line is used in combinatiàn with dihydrofolate

reductase (DHFR) as a selectable and amplifiable marker. Methotrexate (MTX) can be

used to amplify genes such that high levels of recombinant proteins can be isolated. Fann

et al. (2000) used methotrexate to amplify tPA produced by CHO cells. However, there

are reports that suggest that amplified DHFR-CHO cell lines expressing recombinant

proteins show long.term culfure instabilities in the absence of MTX (Kim, 1998; Browne

and Al-Rubeai,2007).

CHO cells have been used for recombinant protein production due to their ability

to achieve glycosylation in a way similar to human cells. The cell line has been licensed

and approved for the synthesis of therapeutic products. Many studies have been done on

CHO cells that have been transfected to produce recombinant proteins such as

erythropoietin (Restelli et a1.,2006),human growth hormone (hGH) (Keane et a1.,2003),

interferon-beta (Rodri gùez et al., 2005; Spearman et a1.,2005), and tissue plasminogen

activator (Andersen et al., 2000; deZengotita et al., 2002; Famt et al., 2000; Senger and

Karim,2003).

1.1.2. Media Formulations

In an attempt to increase productivity and decrease costs, the change from.serum

based to serum free media (SFM) formulations has been made. Another reason for the



change from serum containing media to SFM is to eliminate adventitious agents such as

viruses and other transmissible agents. As well, serum is chemically undefined and thus

is subject to variation between batches. This variation results in the inconsistency of cell

growth. Fina-lly, serum is quite expensive and can compromise the extraction and

purif,rcation procedures for cell secreted proteins.

For the production of bioactive recombinant proteins, the shift from serum free

media to protein free media is being investigated (Chun et a1.,2007). SFM can contain

hormones and growth factors to mimic the conditions of serum containing media. As

well, SFM often contains insulin, transferrin, ethanolamine, and selenite (Butler, 2005).

Protein free media will ensure the supply of a large quantity of bioactive proteins at a

lower cost and furthgr enhance the consistency of production of recombinant proteins.

Furthermore,. the movement towards protein free media facilitates the downstream

purif,rcation of these recombinant proteins. Protein free media can also be optimized to

each cell line and the physiological conditions in order to maximize growth and increase

productivity (Murakami, 1990). Unlike serum containing media which may be utilized

for a broad range of cell types and culture conditions, protein free media are generally

highly-specific (Jayme, 1 99 I ).

The adaptation of cells to SFM (including protein free media) changes cell growth

characteristics. Cells such as Chinese Hamster Ovary (CHO) cells and Baby Hamster

Kidney (BHK) cells naturally grow adherent to surfaces; however, with the introduction

of these cells into SFM, the cells are found to grow in suspension.



1.2. Cell Culture

'When trying to maximize the productivity of an animal cell line from an industrial

standpoint, the cultures are often scaled up from I litre to 1000 litres in stirred tank

bioreactors. These bioreactors stir the media and cells, evenly distributing nutrients,

making sure that no gradients form and that cell concentrations are uniform throughout

the tank. The rotating impellors generate shear forces or shear stresses in the bioreactor,

which has the potential to kill cells (Dusting et a1.,2006;wang et al-,2005)'

1.2.1. OxYgen SuPPIY

Another source of stress on the cells is oxygen sparging into the culture, which is

required to introduce sufficient levels of oxygen within a bioreactor culture. The oxygen

supply within the bioreactor culture depreciates as the culture grows, and is influenced by

the growth rate of the cells. The specific oxygen consumption rate of mammalian cells

varies from 0.05 to 0.5 pmol/cell/h for a culhtre (Eyer et al., 1995; Jorjani and Ozturk,

leee).

In an attempt to control oxygen levels in a bioreactor, Kilbu rn et al- (2000),

sparged oxygen into a culture of LS mouse cells. The absence of sparging throughout the

culture led to a maximum number of cells; sparging from the beginning of the culture

and then stopping at day 3, created an increased lag phase, but cells did proliferate after

some time to levels comparable (but not as high) to those of the nonsparged culture' The

sparged culture, after having grown for 2 days, showed a sharp decline in cell numbers'

This experiment shows the effect of physical damage in bioreactor cultures- This result



was duplicated using CRL 8018 hybridoma cells in an agitated bioreactor by Kunas et al'

(1 ee0).

The specific oxygen uptake rate is influenced by the culture variables at a given

time. Jorjani and Ozturk (1999) showed that the siecific oxygen uptake rate is not

influenced by the cell density when cell concentrations are constant between 1 and 20

million cells/ml. However, they do show that specific cell lines have different specific

oxygen consumption rates and when compared to murine hybridoma cell lines' CHO

cells had the highest consumption. under a lower temperature regime, BHK cells and

.hybridoma cells were found to have a 10 to 20 o/o decteased specific oxygen consumption

rate (Jorjani and ozturk , 1999;Kwng et al., 1994; Ruffieux et a\.,1998).

The sparging of oxygen into culture medium creates air bubbles to which cells

attach. The bubbles eventually reach the liquid-air interface at which the interfacial

tension of the rnedium is high and the bubbles burst. The attached cells become entrapped

within the liquid surrounding the bubble and eventually die within the "death zone" due

to high shear forces (Jordan et al', 1994; Trinh et al', 1994)'

Trinh et al. (1994) attempted to quantify the number of cells killed and the

locations of the cells (Spodoptera frugíperda (SF-9)) relative to the bubbles' and found

that a significant number of these insect cells were killed as a result of the rupture of a

single bubble. using a method where bubbles were released at the base of a column, then

watched as they ¡ise, Dey et al. (1997) also reported the attachment of hybridoma cells to

bubbles with no surfactant present. This visualization allowed them to see that as bubbles

rise, they create a surface to which cells can attach. The cells dre when the bubbles burst
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By checking the viability at the end of the column it was reported that the number of dead

cells increased compared to the same treatment in the presence of the surfactant.

1.2.2. Shear Forces

,n"u, stress (t) is defìned by the ratio of force per area that the

the viscosity of the fluid (B) and the shear rate (y) formed

between the two surfaces, we can determine the shear forces

Shear force is the force that is exerted on cells.

force acts on. By knowing

by the velocity gradient

that are applied on cells.

T -PT

The use of water in the medium results in the viscosity to be 1 cPoise. Since I cPoise is

equal to 1 dyne s "-4 and 1 dyne s c--t is equal to 0.1 Pascale s (Pa s ), substituting the

known values into the equations shear stress can be calculated.

Shear stress is believed to be a function of viscosity, ,urfu"" tension, length of the

smallest turbulent eddy, regions of converging flow, and the generation of a deep vortex

associated with bubble entrainment (Van der Pol and Tramper, 1998). The effects of

shear stress on a cell can be predicted by the type of cell and species, cell wall thickness,

size and morphology of cell, intensity of shear stress, growth history, growth

environment, growth medium, growth rate, growth state, type and concentration of shear

protective agents (Chisti, 1999).

Several examples of shear stress experiments can be found in the literature. For

example, Al-Rubeai et al. (1995) found that increasing the agitation rate of hybridoma



spiraer cultures from 100 rpm to ó00 rpm decreased cell viability, and aprogressive loss

was found from 84 Yo on day I to 63 %o on day 2 to 56 o/o on day 3 at 600 rpm. A study

that looked at baby hamster kidney cells (BHI(21) found that increasing shear stress to

greater than 15 Nm-2_for more than I hour decreased the viability (Ludwig et a1.,1992).

Smith et al. (1987) found that mouse hybridoma 845 cells had a decrease from 2.9x10s to

0.9x10s cells/ml when exposed to a shear rate of 1240s-lfor 14 hours. Damaged cells

were covered with blebs and filamentous microvilli while the control cells were clear of

any cellular components (Smith et aL.,1981).

Shear stress can affect all types of cells, although animal cells are weaker (due to

the absence of a cell wall), they are not the only type of cell to be affected by shear

stresses. Sun et al. (1999) examined plant cells, Taxus cuspidata, in a rotating wall vessel

bioreactor with exposure to different shear stresses. The cells grew well when exposed to

lower shear stresses of 0 to 5.6x10-3 N*-', but when exposed to higher shear stresses of

8.9x10-3 and 11.1x10-3 Nm-2 the cells had a decreased lag phase and increased growth

rate with a decreased time span of exponential growth.

Shear stress can be detrimental to cells in the absence of protectants such as PF68.

Shear forces can be created by the rotating of the impellor, the cells bumping into one

another in a stirred culture, and the bubbles being released in the culture during sparging.

Numerous studies have looked at methods to reduce shear forces on mammalian cells.



1.3. Media Additives

Mammalian cell media often contain components that would work to protect cells

from high shear forces. In the past, with addition of serum, there were conditioning

factors that worked to protect cells from-high shear situations, and thus decreased cell

damage. In SFM, the addition of detergents and other chemicals is common to protect

cells from high shear damage. A well known component - PF68, is commonly added to

media to protect cells from this damage; however, there are other components that have

been used such as Methocel E50, Methocel E4M, polyvinylalcohol (PVA) and

methylcellulose.

1.4. Pluronic F68

PF68 is a nonionic surfactant which has been extensively studied as a protective agent

added into SFM. PF68 consists of a polymerized structure of ethylene oxide and

propylene oxide chains (Ahmed e:t a|.,2001).

HO - (CHzCHzO)u - (CHr CH2O)b - (CHz CHzO)" - H

I

CHE

The average molecular weight of PF68 is 8400 Da, of which ethylene oxide

makes up 80 o/0. Pluronic molecules are categonzedby numbers, depending on the values

of a, b, and c. PF68 has average values for a, b, and c of 75,30, and 75, respectively'

There are different varieties of pluronic that are expressed by the letter and numbers that

follow pluronic. The central poly(oxlpropylene) block of the molecule is lipophilic and

the poly(oxyethyl ene) bl ocks are hydrophilic.



1.4.1. The function of Pluronic

The functions of Pluronics, Methocel E50, Methocel E4M, polyvinylalcohol

(PVA) and methylcellulose are believed to be similar, but they have been used in

experiments to compare their ability to protect. The mode of action of PF68 is unclear, as

there are two major theories that are used to explain its function:

Mechanical Effect - where PF68 works to reduce cell to bubble attachment, thus

inhibiting the cells from coming in close contact to shear forces due to bubble rupture.

Biological Effect -where PF68 is able to somehow repair damage that the cells are

exposed to by plugging any damaged areas of the cell membrane (Marquis et a1.,1989).

1.4.1.1. Mechanical Functions

The presence of PF68 in small quantities was found to decrease the velocity of

rising bubbles and CHO cell aggregates or single hyb¡idoma cells did not adsorb to their

surfaces. Jordan et at. (1994) suggested that the degree of saturation determines whether

or not cells adhere to the surface of bubbles. Other studies indicate that PF68 prevents the

attachment of cells to bubbles thereby protecting damage caused by aeration into a

bioreactor (Jordan et a\.,1994; Meier et a\.,1999; Michaels et al.,1995). PF68 was also

shown to decrease the rupture time of the bubble to less than 10 seconds, thus decreasing

the shear force being produced by the bubble rupture and the interfacial tension of the

medium (Chattopadhyay et a1.,7995;Trinh et a|.1994).

Michaels et al. (1995) found that the protective mechanisms of PF68 and other

media additives, such as polyvinylalcohol and methocel, reduced cell to bubble



attachment and that the fluid mechanical forces near the rupturing bubble are reduced and

cell resistance to shear is increased. The protective effect of PF68 was also reported with

plant and insect cell lines (Handa-Corrigan et a|.,1989). Sowana et al. (2002) showed a

significant improvement in the biological responses for wild carrot cell cultures grown in

a medium supplemented with PF68, where cell breakage was reduced considerably.

1.4.1.2. Biological Functions

Palomares et al. (2000) suggests that the effects of PF68 on cell resistance to
Í

shear even after removal from the culture medium indicates the existence of a stable and

direct interaction between PF68 and Sf9 insect cells. A plant cell line (Nicotiana

tabacum) that was exposed to PF68 had increased productivity and it was suggested that

PF68 enhanced the permeability of the cell wall thus increasing the recombinant protein

being released (Lee and Kim, 2002). Gigout et at. (2008) viewed with fluorescently

labeled PF68 that the molecules are taken up by the endocytic pathway and are

transported to the lysosomes. These observations imply that the protective effects of

PF68 are due to the uptake of the surfactant by cells.

1.4.2. Pluronic and its effects on protein production

The addition of pluronics (of various kinds) has been found to inhibit adhesion of

cells to the surfaces of hydrophobic regions. Biran et al. (1999) found that Pluronic Fl08

(PFl08) was useful for the inhibition of adhesion and growth of cortical astrocytes on a

model adhesive surface. Looking at extracellular matrix proteins and the ability to

support neuronal attachment and outgrowth, they found that there was no difference in

the specific production of extracellular matrix proteins produced between those cells

l0



exposed to PFl08 and those that had no exposure. This indicates that the extracellular

matrix proteins being synthesized by the cell are only important in the first few days of

the culture (Biran et a\.,1999). Another sludy looked at the deterrence of cell adhesion of

hepatocytes and fibroblasts byuse of PFl08. The authors suggested that cell adhesion is

dependent on cell type and culture conditions. PF127 has use in the pharmaceutical

industry and has been found to decrease liposome to cell adhesion using CHO cells

(Chandaroy et al., 2002).

The presence of PF68 for the duration of a culture period has been shown to

increase the productivity of the protein recombinantly produced by the cell line. Keane et

at. (2}I3)reported that CHO cells that were exposed to shear stress of a 0.10 Nm-2 in the

absence of PF68 ceased production of human growth hormone. When the cells that were

exposed to the shear force were then exposed to 0.2 % PF68, the production of human

growth hormone continued at rates comparable to the initial one. Another study that

looked at a recombinant protein, murine granulocyte macrophage - colony stimulating

factor (mGM-CSF), produced by plant cells, Nicol ianta tabacum, reported an increase in

the production of the protein produced by the cell line in the presence of PF68 (Lee et al.,

2002). It is presumed that PF68 enhanced the permeability of the cell wall, thus allowing

the mGM-CSF to be released. The presence of PF68, in a concentration dependent

manner in Morinda citriþlíø cultures was found to manipulate the cell membrane such

that a secondary metabolite, anthraquinone, would be released (Bassetti et al., 1995).

However, the effect of PF68 on cell productivity seems to be cell line dependent as PF68

had no effect on the production of the recombinant protein, erythropoietin, produced by

CHO cells (Ghebeh et a1.,2002).
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1.4.3. Non-ionic surfactants and protein stabilization

A low concentration of non-ionic surfactants has been shown to stabilize proteins,

due to the prevention or reduction of protein surface adsorption and reduction of

aggregation due to a low critical micellar concentration (CMC). The presence of non-

ionic surfactants such as Tween 20, Tween 80, and PF68 reduce chemical degradation of

proteins. PF68 has been shown to inhibit thermally-induced aggregation and precipitation

of recombinant human growth hormone (Katakam et a1.,1997).

i.s. Mi..ocarriers

CHO cells naturally grow adherent to the surface of T-flasks, when grown in serum

containing medium. However, with the introduction of PF68 into serum free

formulations, these cells grow in suspension. To allow the cells to gtow in their natural

state, there has been the development of microporous and macroporous microcarriers.

The trade names include Cytodex (microporous) and Cytopore, Cytoline, and Cultispher

G (macroporous). Macroporous microcarriers - Cytopore, Cytoline, and Cultispher G are

composed of mesh like balls in which cells become entrapped and grow. However,

Cytoline is often used in a fluidized bed bioreactor (Cytopilot) as it is a weighted bead.

Microporous microcarriers, Cytodex, in some cases collagen-coated, are beads that cells

can adhere to. Microcarrier cultures allow the cells to grow in pseudosuspension cultures

within bioreactors and spinners without allowing the cells to be exposed to shear forces

caused by the impellors turning or sparging (Cheny et al., 1988; Koynov et a1.,2007).

Furthermore, shear rates were found to decline with the increâsing load of microcarriers,

but were found to not be affected by the microcarrier diameter or density (Grima et al.,

1ss7).
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Cell adhesion to microcarriers is attained by the adsorption of attachment factors to

the culture surface, contact between the cells and the surface, attachment of the cells to

the surface, and spreading of the attached cells (GE Heathcare, 2005). The attachment of

cells depends on the divalent cations (Cu'*, Mnt*) present and proteins in the medium or

adsorbed onto the surface of cells (Grinnell, 1g78).The attachment of cells is induced by

fibronectin (Fn), which is present in serum. However, with the movement to serum free

based media, there is a requirement for the addition of fibronectin to induce cell

attachment onto surfaces (Hughes et a1.,1979;Yirtaneî et al.,1982).

There are various intracellular attachment proteins involved in connecting the

cytoskeleton with transmembrane linker proteins, which in turn bind to transmembrane

protgins of other cells, creating the cell:to-cell or cell-to-substratum adherence. Cell-to-

cell contact and adherence is achieved by adhesion molecules, like cadherins, in

particular s and B catenins (Tsuiji et aL.,2007\. Cell-to-substratum contact is mediated by

adhesion molecules like integrins and interacting molecules like talin and vinculin

(Yamada and Miyamoto, 1995). Other proteins form focal adhesions, and are found to

recruit a large number of proteins to this region, in particular talin, vinculin, and paxillin,

when cell-to-cell adhesion responses are targeted. The recruitment of these proteins often

leaàs to morphological changes which contribute to speading, migtation, or cell

signaling, often indicating that cell attachment is occurring.

Cell-to-cell attachment was visualized by image correlation microscopy in a CHO

cell model system, where integrin microclustering was detected in adherent cells

(Ginsberg et aL.,2005). Integrins are heterodimeric transmembrane molecules that consist

13



of s and p subunits. The subunits can occur in active and inactive conformations, where

in an inactive conformation the integrins have a low affinity for ligands, and thus

disallow cell attachment. In an active conformation, ligand binding occurs and thus

activation of signal cascades leading to the assembly of multiprotein complexes at the site

of cell adhesion occurs. Cells with the deletion of the highly conserved B1 integrin gene

led to defects in adhesion, proliferation, survival and polarity.

Recent studies have shown the importance of an IPP complex in cell adherence;

Integrin-linked kinase (ILK), PINCH (particularly interesting Cys-His-rich protein), and

parvin proteins exist in a complex that would.occur with cell-to-substratum attachment

(Legate et a1.,2006). In the complex, ILK would bind to PINCH and parvin. However, it

is poorly understood as to how PINCH regulates cell to cell adhesion. Studies on the

adhesion by pINCH show that this protein may regulate adhesion in an indirect manner.

1.5.1, Cytodex

The different variants of Cytodex include Cytodex 7,2 and 3. Cytodex I microcarrier is

based on a crosslinked dextran matrix with positively-charged N,N diethylaminoethyl

(DEAE) groups, which are found throughout the entire matrix of the microcar¡ier.

Cytodex 2 is similar to Cytodex 1; however has a larger charge variation. Cytodex 3

consists of a surface layer of denatured collagen covalently bound to a matrix of cross-

linked dextran. Collagen coated surfaces are used to grow cells that are normally difficult

to grow in culture as the cells are more adherent to the collagen-coated surface, which in

turn, proinotes their growth.
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L.5.2. CYtoPore

There are different variations of Cytopore - Cytopore 1 and Cytopore 2' The two

different types of Cytopore have the same structure in that they both are macroporous'

and allow cells to enter the large pores and take refuge within.

The macroporous matrix supplies nutrients to the cells from both apical and

basolateral sides relative to the cell. Once cells are found within the microcarriers they

are able to gtow in layers, and produce recombinant proteins, without being exposed to

the shear forces that they would be exposed to when growing in suspension' The primary

difference between Cytopore 1 and C¡opote 2 is that Cytopore t has a charge density of

1.1 meq/g while Cytopore 2has a charge density of 1'8 meq/g'

Macroporous microcarriers were developed to allow cells to grow to high cell

'densities within the pores and protect them from fluid damage caused by the media

flowing throughout the bioreactor or spinner culture' Xiao et al' (1999) reported that a

higher stirring speed can be used (from 80 to 100 rpm) when using Cytopore - as less

damage would be experienced at these higher speeds. In contrast, with Cytodex cultures,

the higher rotational speeds would cause more damage, as more shear forces are

experienced the cells on the surface of the bead'

There have also been other macroporous microcarriers reported for mammalian cell

culture. These include Cytoline, Cultisphere G, and Collagen gel particles' The use of

Cytoline in culture was reported to increase the production of erythropoietin from CHO

cells by 2-fold compared to a suspension culture (wang et a|.2002). Furthermore, the
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production of an osteoblast derived antiviral protein from CHO cells was enhanced by

5.5-fold compared to a suspension culture (Kong et al. 1999). Yamaguchi et al. (1997)

showed a 30 to 60-fold increase in volumetric monoclonal antibody production from

BHK cells in an immobilized cell culture in collagen gel articles compared to a

suspension culture.

The protection of the cells within the mesh of the Cytopore allows the cells to

produce a stable recombinant protein with proper glycosylation and folding. Watson et al.

Q99a{ reported a difference in glycosylation in CHO cells producing recombinant

human tissue kallikrein. The production of kallikrein within Cytopore cultures was

enhanced, due to the increase in cellular growth. However, there appeared to be a

decrease in sialylation in the Cytopore culture and more complex oligosaccharides in

suspension cultures. Another study on the glycosylation of erythropoietin (EPO)

recombinantly produced by CHO cells in a Cytoline culture found no difference in

glycosylation when compared to a suspension culture (Wang et al., 2002). Cytopore

cultures of CHO cells producing recombinant IFN-beta showed no difference in

glycosylation when comparing Cytopore I cultures to suspension cultures (Spearman el

aL.,2005).

Vero cells that were grown in the presence of macroporous microcarriers were able to

grow to high cell densities (Lim et al., 1992; Yokomizo et al., 2004). The porous

microcarriers supported much higher cell growth compared to solid microcarriers due to

the protection of cells from shear forces in the mesh of the microcarrier. The microcarrier

in these studies is composed of cross-linked cellulose substituted with positively charged
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N,N-diethylaminoethyl (DEAE) groups. For comparison, the surface area provided by

Cytopore is 2.8 m2lgwhile that provided by Cytodex is 0.6 m2lg (Xiao et a1.,1999).

For anchorage-dependent cells, the greater surface aÍea offered within the

macroporous microcarriers can allow a significantly higher cell concentration in a culfure

and the potential for higher viral yields. In some cases higher viral yields through the

use of macroporous microcarriers have been reported (Nikolai and Hu, 1992). However,

in other cases the high cell/ bead loading may limit accessibility of the virus to the cells

(Beny et aL.,1999). These variable observations suggest the productivity of viruses from

such. culture systems may depend upon the specific strategy of virus infection and

progression in culture (Yokomizo et aL.,2004).

1.6. Recombinant Proteins

There are many factors that have to be monitored when producing recombinant

proteins from mammalian cells. Although scaling up production capacity woùld increase

protein yields, there must be the assurance that the product will be consistent with high

stability. Protein stability is important to ensure that pharmaceuticals made from the

isolated protein are stable and not subject to degradation prior to administration to a

patient.

There are many factors that determine protein stability. Some of these factors are

temperatur€, pH, presence of salts and metal ions, shaking or shearing, and the

concentration of the protein (Wang et a1.,2002).4 higher temperature can lead to protein

instability and can accelerate chemical degradation. Proteins native to thermopþilic
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organisms are found to have a high molecular stability due to greater hydrophobic

interactions, greater tnolecular packing, more hydrogen bonding, more salt bridging, loss

of surface loops, more helix forming amino acids, and restricted N-terminus mobility

(Wang et a1.,2002).
:

Protein aggregation is a serious problem that affects recombinant proteins. For the

production oftherapeutics, the presence ofaggregates ofany type is typically considered

to be undesirable because of the concem that the aggregates may lead to an immunogenic

reaction or may cause adverse events on administration (Cromwell et al., 2006). The

aggregates of protein can be soluble, ie. not visible as discrete particles and not removed

by a 0.22 ¡rm filter. Insoluble aggregates may be removed by filtration and ui" ot"n

visible to the unaided eye. However, both soluble and insoluble aggregates may be

problematic for the production and use of recombinant proteins (Cromw ell et a1.,2006).

Protein aggregation causes intermolecular association of partially denatured

protein chains. Aggregation is induced by temperature, ionic strength, vortexing, surface

and interface. adsorption. Protein aggregation occurs commonly when proteins are

overexpressed in foreign organisms, i.e. bacterial systems as E. colí, with the high

concentration of material leading to the formation of inclusion bodies (Yon, 2001).

One important issue with protein aggregation is glycosylation. Glycosylation is

important for protein stability, as it can affect protein activity, antigenicity, solubility, and

proteolytic resistance. A properly glycdsylated protein has increased stability as it is able
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to form hydrogen bonds with a polypeptide backbone or surface hydrophilic amino acids

and steric interactions with adjacent peptide residues.

1.6.1. Interferon-beta

Type 1 (alpha and beta) interferons ur" ur"d to treat several diseases, including

chronic viral hepatitis, lymphoproliferative disorders, and cancer. IFN-beta is classified

as type II, which refers to its action through a common receptor. All type II interferons

have five helices labeled A to E. The helices are left handed with a disulfide bridge

extended from cysteine 31 of loop AB to cysteine 141 of loop DE (refer to Figure 1.1 for

structure).

Human IFN-beta is an important cytokine which is secreted by fibroblasts in

response to a viral infection or exposure to double stranded RNA (Honda et a1.,2003;

Kawai and Akira, 2006). The secreted protein is normally 166 amino acids long with a

glycosylation site at position 80. Human IFN-beta is glycosylated with a biantennary

complex-type oligosaccharide with fucosylated and nonfucosylated trimannosyl core and

Siacr2 +3 GalBl + 4 GlcNAcBl (Kagawa et al., 1988). However, depending on the

origin of the recombinant protein the interferon can be glycosylated (IFN-betala) or non-

glycosylated (IFN-betalb) (Giovannoni et aL.,2002; Conradt et a\.,1987).

IFN-beta produced by CHO cells is glycosylated at position 80 with a similar

carbohydrate moiety, as that found in humans, but with the absence of a 2, 4 branched

triantennary oligosaccharide, an increase in the quantity of.2,6 branched triantennary

oligosaccharides and the partial involvement of N-acetyl lactosamine repeating unit
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Figure 1.1: The structure of HuIFN-beta. Ribbon representation of the polypeptide chain,
with full-size carbohydrate shown. Helices are labelled from A to E. Taken with
permission from Karpusas (1998).
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(Kagawa et a[.,1988). The major glycan chain in recombinant IFN-beta is a biantennary

complex type, containing an a1-6 linked fucose on the peptide proximal GlcNAc residue

and two cr2-3 linked NeuAc on terminal galactose residues (Spearman et a1.,2005). E.

coli producqd recombinant IFN-beta is the nonglycosylated form, with methionine- 1

deleted and cysteine 17 mutated to serine.

The lack of glycosylation has been shown to decrease the solubility (Conradt el

a\.,7987), and induce the aggregation of IFN-beta (Runkel et a\.,1998). Furthermore the

loss of sialic acid reduced the activity of IFN-beta (Utsumi et a\.,1995). Dissing-Olesen

et at. (2008) reported that the removal of sialic acid from the IFN-beta prior to treatment

reduced the efficiency of the protein, thus implying that the sialylation is important.

The IFN-beta produced by murine sources has a molecular weight of 25 kDa

whereas E. coliproduces a product of 17.5kDa IFN-beta due to the lack of glycosylation.

The two products are commercially available as Avonex @ with CHO cell origins and

Betaseron @ with E coli source. The Avonex @ recombinant IFN-beta- 1 a has about 1 O-fold

higher specific activity due to the presence of the glycosylated site which also allows it to

be less immunogenic. IFN-beta-l b (Betaseron) was approved for the treatment of

relapsing and remitting multiple sclerosis in 1993 (Reingold, 1996).

1.6.2. Tissue plasminogen activator

Tissue plasminogen activator (tPA) is a thrombolytic agent. tPA is involved in a

coagulation and fibrinolysis cascade that becomes activated when tPA cleaves é"¡n"

protease to form zymogen plasminogen. The active chain of tPA has a molecular weight
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of 70 kDa. tPA consists of 527 amino acids and 17 disulfidebonds. The tPA is arranged

into 5 domains: finger (which is homologous to type 1 repeats of fibronectin), growth

factor, kringle 1, kringle 2, and catalytic domain (Refer to Figure I-2 for strucfure). Each

kringle contains three loops held together by disulfide bridges. The catalysis domain

contains the serine protease triad His 322, Asp 371 and Ser 478 (Stephens, 1993).

The cleavage of tPA, at the Arg275 andlle276 peptide bond, by the action of the

plasmin product allows tPA to be a more active, two-chained protease held together by a

disulf,rde bond. Two chain tPA has similar enzyirnatic activity but is more susceptible to

protease inhibitors in vivo (Wittwer and Howard 1990). tPA is naturally found in human

blood at a concentration of 5 to 10 nglml- and has ahalf life of 5 to 10 minutes.

There are two variable types of tPA (tPA I and tPA II) differing in the possible

sites of glycosylation. There are a maximum of 4 glycosylation sites - 3 possible N-

glycosylated sites and 1 O-glycosylated site. The 3 possible N-glycosylated sites are Asn

184, Asn 448, and Asn 17. All tPA produced within mammalian cells (recombinant tPA)

contain the N-glycosylated chain of high mannose oligosaccharides at Asn 717 and a

complex glycan at position Asn 448 (Pfeiffer et al.,lgg4). Lubiniecki et al. (1994) found

that Asn184 can have a complex multiantennary glycan form or can be unoccupied.

When Asnl84 is not glycosylated it forms the less active type II tPA and when it is

glycosylated it forms the active type I tPA. The O-linked fucose residue is attached to

threonine (Th) 61.
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Kringle 2

17 Kringle 1

Growth
Factor

Figure 1.2: The structure of tPA, showing the 2 kringle fragments, and I'7 disulfide
bonds. Disulfide linkages are indicated with black bars between cysteines. N-linked
glycosylation sites are represented as black Y-shaped structures at Asn 117, Asn 184, and
Asn 448. The arrow indicates the plasmin cleavage site (Arg 275) for conversion of
single-chain TPA to two-chain TPA. Modified from Benedtct et al. (2005).
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Type I t-PA has been observed to display reduced clot lysis activity and reduced

fibrin binding compared with type II t-PA (Einarsson et a\.,1985; Wittwer et al., 1989).

However, this is offset with an increased half life as type I single chained tPA is more

resistant to plasmin catalysed conversion to two chained tPA than type II -single chained

tPA. It appears that the glycosylation site at Asn 184 inhibits the conversion reaction

(Wittwer and Howard, 1990). It has been noted that the type of tPA (type I or type II)

production is linked to the growth phase of the cell (Go/Gi) for fed batch CHO cells

producing recombinant tPA (Senger and Karim, 2003). As well, Senger and Karim

(2003) found that high shear stresses triggered the CHO cells to produce less volumetric

tPA. Of the tPA produced, type II tPA was more present within the culture media than

type I tPA.

tPA can be recombinantly produced in E. colí, fungi such as Aspergillus niger (A.

niger) (Weibe et a1.,2001), and mammalian cells such as CHO cells (Kimura and Miller,

1997; Lin et al., T993), Bowes melanoma cell line, mouse epithelial (C127) cells and

human placerital cells.

The glycosylation status of the tPA protein determines the clearance from circulation,

fhus heavily glycosylated tPA is more likely to be circulated and have a decreased half-

life. The protein produced in E. colí is just as functional and equivalent in activity when

compared to tPA produced in mammalian cell lines with glycosylated sites. However, the

use of -E coli forrecombinant protein production is not proficient, as the inactive protein

is enclosed in inclusion bodies from which it has to isolated. Once it has been isolated

from the cell, the protein has to be reactivated by ín vitro adaptation of known folding

24



reactions (Mattes, 2001). The production of tPA within E. coli is low, as the organism has

been known to produce 100 mg tPA/L/hour of the nonsecreted protein (inactive) and 10

to 100 ¡tgtPNLIhour of the active form (Qiu et a|.,1998).

tPA production in A. nigerresults in the production of low quantities of tPA. The

organism produced low quantities of nonfungal proteins, as there is incorrect folding or

processing of protein. This causes an upregulation of unfolded protein response and

therefore proteolytic degradation. As well, fungi and Saccharomyces cerevisiae tend to

hyperglycosylate recombinant proteins . A. nigerhas been known to produce 12 to 25 mg

tPA/L (Wiebe et aL.,2001).

As the pharmaceutical is prepared and ready for use, the stability of tPA would

have a major impact on the use of the protein. V/iemikowski ¿¡ at. (2000) looked at the

long term storage of tPA protein derived from CHO cells. The recombinant protein was

found to be stable for up to 6 months at -80"C. However, the study looked at the stability

at -30'C and found that samples of tPA (into 2 mg / 2mL) were stable for only 22 weeks

at this temperature

Growth conditions have an impact on the stability of tPA. Altamirano et al.

(2000) reported that tPA isolated from a two day culture with a viability of 92 Yo had a

half life of 43 days, whereas the half life of tPA from media collected from a six 'day

culture (viability of 7l %) was 15 days. Altamirano et al. (2000) also found that growing

CHO cells producing recombinant tPA in the presence of tPA decreased production rates,

indicating that there could be saturation of the secretory pathway. Comparing four clones
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of CHO cells producing tPA, Fann er al. (2000) found that two high producers and two

lower producers had a decrease of 60 Yo in the production of tPA after 139 days.

Furthermore, the presence of methotrexate gave two cell lines the stability to produce tPA

at a constant rate and two cell lines showed a slightly lower production (35 % and 40 o/o

reduction).

There is a challenge to maximize productivity of recombinant proteins produced by

mammalian cells. Through modifications of growth conditions, i.e. through media

additions or growth on microcarriers, cells can be manipulated to increase productivity.

1.7. Glycosylation

There are three types of oligosaccharides that can be added to proteins to make up a

glycoprotein: Nlinked glycan, Olinked glycan and glycosyl phosphatidylinositol (GPÐ

anchors. Briefly, N-linked glycans are attached to a glycoprotein at a sequon, which

consists of Asparagine - X - Serine / Threonine (Asn-X-Ser/Thr), where X can be any

amino acid residue except Proline (Pro). Although glycans are added to the Asn residue

in a sequon, not all sequons may be occupied. O-linked glycans, are classified as mucins.

They involve a glycan attached via an O-glycosidic bond to a Ser or Thr residue. A GPI

anchor is a preformed glycolipid structure that is transferred to the C-terminal region of a

protein.

1.7.1. N-linked Glycans

Mammalian cells utilize the glycosylation pathway to add glycans to proteins -

resulting in glycoproteins. The pathway begins by the synthesis of a polyisoprenoid lipid-
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linked precursor oligosaccharide (Glucose3 Mannosee N-Acetylglucosamine2

GlcaManeGlcNAc2) from the carrier lipid dolichol phosphate to the asparagine of

sequon of the protein (as shown in Figure 1.3).

First the protein, which is translated by the ribosome is transferred to the endoplasmic

reticulum (ER) where it begins to be glycosylated and disulphide bridges are formed.

There are chaperones and folding enzymes within the ER to assist in the folding of the

glycoprotein. The protein must be folded correctly prior to exiting the ER.

The transfer of the oligosaccharide (GlcNAc2ManeGlca) from the Dolichol-P to the

glycoprotein is mediated by the oligosaccharyl transferase (OST). Trimming of the

oligosaccharide to MansGlcNAØ must occur within the ER, prior to displacement to the

golgi, and these reactions are mediated by glucosidase I and II (oGI and crGII) and ER

marmosidase (aM). The movement of the glycoprotein from the ER to the cis-, median-,

and trans-golgi occurs via transport vesicles.

Once the glycoprotein reacfies the Cis-Golgi, 3 mannose residues are'cleaved off by

the enzyme a-mannosidase I (aMI), resulting in Man5GlcNAc2. The glycoprotein is then

transported to the median-golgi where further processing occurs. There is the addition of

a GlcNAc by N-acteylglucosaminyl transferase I (GnTI), the removal of two more

mannose residues by crMannosidase II (aMII), and then fuither additions of GlcNAc and

Fucose (Fuc) (by GnTII and fucosyl transferase; FucT). The oligosaccharide is fuither

processed in the trans-golgi by additions of galactose (by galactosyl transferase, GalT)

and sialic acids þy sialyl transferase, ST). Incomplete processing may lead to varying
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Figure 1.3. The pathway for the biosynthesis of Nlinked glycans. Biosynthesis starts in
the rough endoplasmic reticulum and proceeds through the crs-, median-, and trans-Golg¡
apparatus, before the glycoprotein is secreted. Some of the enz)rmes involved are:

oligosaccharyl transferase (OST); ø-glucosidase I e. il @G I & II); ER-mannosidase

(aM); ø-mannosidase I & II (øM I & II);N-acetylglucosaminyl transferase I & II (GnT I
& il); fucosyl transferase (FucT); galactosyl transferase (GalT); sialyl transferase (ST).

tr-Gn; o-Man; o-Glc; v-Fuc; a-Gal; O-sA. Modified from Kornfeld and Kornfeld
(re8s).
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types of N-glycans on proteins, whereby high mannose structures or hybrid glycans can

be produced.

N-linked glycans can be classified as high mannose, hybrid, and cornplex-type. These

three classifications involve a common core structure composed of Man3GlcNAczAsn

and different outer branches. A high mannose oligosaccharide would incorporate the core

structure with2 to 6 additional mamoses while a complex incorporates the core with 2 or

more outer branches containing N-acetyl glucosamine (GlcNAc), galactose (Gal), and

sialic acids (NeuAc). A hybrid is a combination of both these structures (Refer to Wildt

and Gerngross, 2005).

Mammalian cells (non-human) are the optimal choice for recombinant protein

production; however, the glycosylation is also found to differ compared to human

glycosylation (Figure 1.4 E & F). Most mammals (humans) express the enzyme c¿l-3-

galactosyltransferase which generates Galcrl,3-GalB1,4-GlcNAc residues; however

mouse cell lines are incapable of forming the al,3- linkage and thus may induce mild

human immune responses (Stephens et al. 1995)

Strategies have been employed to engineer the host CHO cell line with extra

glycosyltransferase enzymes (e.g. u2,6-sialyltransferase) normally inactive in CHO cells

but present in humans (Bragonzi et a\.,2000). As well there has been the transfection of

the 81, 4- N-acetyl-glucosaminyltransferase III to reduce IgG antibody-dependent

cellular cytotoxicity (ADCC) (Fenara et at.,2006).Feeding key carbohydrate precursors

such as N-acetylmannosamine (ManNAc) to improve sialylation has also been proposed
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Figure 1.4: The differences in glycosylation by different host cells. Where .þ represents

the peptide, I: N-acetylglucosamine (Glc-NAc), G Mannose, G Galactose, Q:
Fucose, A: N-glycolylneuraminic acid, A=N-acetylneuraminic acid, and @: Xylose.
Modified from Jenkins et al., (1996).

and tested (Gu and Wang 1998; Hamlliron et a1.,2006; Campbell et a1.,2007). Gu and

ì

Wang (1998) fed up to 20 mM of ManNAc, a sialic acid precursor, to CHO cells

producing interferon-y and observed an increase in percentage sialylation from 60 to

80%. However, increasing the ManNAc concentration up to 40 mM showed no further

improvement in the sialylation.

Other cell types used for large scale production of recombinant proteins may produce

varied glycosylation. Bacteria used for recombinant protein synthesis are incapable of

glycosylating protein (Figure 1.44). Yeast N-glycosylation is of the high mannose

type(Figure 1.4B), which causes a short half life in vivo and thus decreases the efficacy of

recombinant human therapeutic proteins produced in yeast (Jenkins et al., 1996).

However, in the past few years, there is the.report of the development of yeast strains

capable of performing hybrid N-glycosylation (Choi et al., 2003), and the production of
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complex oligosaccharides (Hamilton e/ al.,2003). Furthermore, recently there has been a

report on Pichia pastoris cell lines capable of secreting terminally sialylated, complex,

bi-anten¡rary glycoproteins (Hamilton er al., 2006).

Plant cells are capable of glycosylation; however, their proteins ìend to lack sialic

acid residues (Figure 1.4D). Also plants tend to have core c¿l-3 linked fucose instead of

an a1-6 linked fucose (Gomord et al., 2005). As well, the bisecting p1-4 N-

acetylglucosamine is generally substituted by a þ1-2 xylose (Ma and Hein, 1995).

Insect cells that produce recombinant proteins have the inability to synthesize

glycoproteins with authentic glycosylation (Figure 1.4C). The glycans lack complex N-

linked oligosaccharidps containing galactose and terminal sialic acids due to the absence

of galactosyltransferase and sialyltransferase. As well, there are insufficient levels of

terminal glycosyltransferases to convert most N-linked side chains to complex forms. The

membrane bound N-acetylglucosaminidase processes GlcNAcMan3GlcNAc z to

Man3GlcNAc2, and thus the highly processed N-linked oligosaccharide on insect cell

glycoproteins consist of Man¡GlcN Ac2 (+/. Fuc) (Hollister, 1998).

The glycosylation found in transgenic mammals (Figure 1.4 E) is similar to that found

on human proteins (Figure 1.4 F), with the exception of the sialic acids. N-

glycolylneuraminic acid (NeuGc) is a derivative of the sialic acid N-acetyJneuraminic

acid (NeuAc) and is rarely found on human glycoproteins. Low levels of NeuGc are

tolerated in recombinant proteins (l%) but higher levels may cause and immunogenic
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response (Noguchi et al.;1995). NeuAc is the predominant sialic acid found on CHO cell

glycoproteins; however, CHO cells are capable of producing NeuGc (Hokke et aL.,1995).

The N-linked oligosaccharides play multiple roles in the folding of proteins and are

required to stabìlize proteins and make proteìns more soluble thus resulting in less

aggregation. The lack of glycosylation results in aggregated forms of the protein, thus

resulting in the lack of usable protein.

1.7.2. O-linked Glycans

The most common type of O-linked glycans contain an initial N-acetyl galactosamine

(GalNAc) residue attached to a peptide chain via serine or threonine residues. The

majority of O-linked glycans contain a core GalNAc sugar, and to these there are 8

possible second sugar linkages, thus giving 8 GalNAc core structures (Figure 1.5). O-

Linked glycans tend to be very heterogeneous and thus they are classified by their core

structure. However, the termini of Olinked glycans may include Gal, GlcNAc, GalNAc,

Fuc, or sialic acid. The process of O-glycosylation occurs in the golgi. Mucins, or othef

O-linked glycans, include glucosamine, xylose, galactose, fucose, or marìnose as the

initial sugar bound to the ser/thr residues.
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1.7.3. The importance of glycosylation

Glycosylation can influence the activity, clqarance rate, antigenicity, immunogenicity,

stability and solubility of proteins (Brooks, 2004; Kimura and Miller,1997). In studies

looking at the physical stability of erthyropoeitin due to the glycans, the presence of a

glycan on proteins of mammalian cell origin allowed the protein to be soluble at a low pH

(2.5), whereas the E. coliexpressed protein precipitated at pH 5 and below. As well, the

protein, isolated from mammalian sources was soluble at a higher temperature (90"C),

whereas that expressed by E. coliprecipitated at about 40'C (Nahri et al.,1991).

Glycan heterogeneity can be altered by many cultural environmental factors, such as

nutrient starvation (Curling et al., 1990; Hayter et al., 1992; Kontoravdi et al., 2007;

LeFloch et a\.,2006), metabolic waste accumulation (Yang and Butler, 2000a; Yang and

Butler, 2000b; Yang and Butler,2002), culture viability (Andersen et a1.,2000), pH

(Borys et a1.,1993; Curling et a1.,1990; Muething et a1.,2003; Wagner, 1986), oxygen
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concentration (Serrato et a1.,2004), and temperature (Andersen et a1.,2000). Thus there

is a requirement to monitor the impact of these culture variables in order to have

consistent glycosylation, and consistent glycoprotein formation under varying culture

conditions.

The choice of cell line also greatly influences the glycosylation pattern of the

recombinant glycoprotein, since cells differ in their complement of glycosyltransferases

enzymes that control the glycosylation process (Baker et al. 2007; Jenkins et at. 1996).

The function of a particular glycan in a protein may be as complex and diverse as the

function of a particular amino acid and be important for proper protein folding, solubility,

recognition, ligand binding, protein stability, or it may have no function at all and be

completely replaceable (Wyss and Wagne r, 1996).The structure of glycans is influenced

by the competition of glycosylatiÒn enzymes for the same substrate, substrate specificity

of these enzymes and substrate availability (Khmelnitsky, 2004).

Sialic acid is a terminal sugar and a charged monosaccharide present on glycoprotein

oligosaccharides. The presence or absence of sialic acid can affeet many glycoprotein

properties, including specific activity (Goldwasser et al., 1974; Imai et al., 1990);

antigenicity (Hevey et a1.,1997; Schauer, 1988; Stephenson et ø1.,2003); resistance to

protease attack (Aquino, 1984; Goldwasser et al., 1g74),.and resistance to thermal

denaturation (Goldwasser et al., 1974). Sialic acid containing carbohydrates are highly

hydrophilic structures and increase solubility of proteins by shielding hydrophobic

residues (Sinclair and Elliott, 2005). It was suggested that the hepatic asialoglycoprotein

receptor (ASGPR) bound desialylated glycoproteins, targeting them for degradation.
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Thus, the rate of desialylation of glycoproteins was hypothesized to control their

clearance (Sinclair and Elliott, 2005). Thus, the presence of terminal sialic acid is a

desirable feature for human therapeutic proteins requiring a long circulatory half-life.

1.7.4. Biopharmaceutical manufacturing

The paradigm of routine biomanufacturing is to ensure batch-to-batch consistency in

product purity, efficacy and safety. Alterations to structural features, such as protein fold

or post-translational modification (e.g. glycosylation or phosphorylation) can alter

product efficacy. It is thus important to identify and monitór these crucial parameters

during production to assess the effect of changes in cell culture conditions on product

quality.

1.8. Thesis Objectives:

The objective of this thesis is to study the effects of Microcarriers and PF68 on the

growth of CHO cells producing the recombinant proteins. IFN-beta and tPA were chosen

as good representatives of recombinant proteins that are important biopharmaceuticals.

PF68 and Microcarriers are important for protecting cells against high shear forces in

bioreactor cultures. Thus it is important to analyze the different effects of these two

culture variables on the growth of celis, and more importantly the productivity and

product consistency

1. Comparison of the growth and productivity of CHO cells producing recombinant

IFN-beta and tPA on microporous and macroporous microcarriers
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The growth and productivity of CHO cells in microporous and macroporous

microcarrier cultures was investigated. Recombinant protein production rates differ with

different culture conditions. There is the need to increase the productivity of cells such

that the cost of production can be decreased. Increasing the cell density within a culture

by use of microcarriers (Cytopore and Cytodex) led to higher levels of proteins within a

culture.

2. The incorporation of Cytopore into a hypothermic culture to enhance productivity

A major trend in the production and growth of stable cell lines, involves the

achievement of controlled proliferation. Controlled proliferation stops cells from

progressing in the cell cycle from the transition from Gap 1 to the Synthesis phase. The

cells are able to survive with minimum nutrient requirements thus keeping the cells in a

production phase. Part of this thesis explores one way that controlled proliferation can be

achieved by using low temperature. The use of low temperature in bioreactor cultures

was investigated by following the growth of the IFN-beta producing cell line and the

effect on the production of IFN-beta.

3. Analysis of the effects of Cytopore and temperature shift on the glycosylation of IFN-

beta

Growing cells at high cell densities should increase the level of recombinant proteins.

However, increasing the level of proteín in a culture sometimes causes the cells to stop

producing and degeneration of the protein occurs (Altamirano et a1.,2000; Fawt et al.,

2000). Protein titers can be measured by ELISA; however ELISA titre measurement
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offers little data on the protein product itself. The analysis of the glycosylation would

give us information about the product and the consistency of different preparations and

thus enable us to conclude on efficient culture parameters that should be used for the

production of IFN-beta

4. To study the effect of PF68 on CHO cell growth, recombinant protein production and

glycosylation.

PF68 is a media additive used to help protect cells from high shear forces. The use of

PF68 within stationary T-flask cultures was monitored, as well as the growth and

productivity of CHO cells producing IFN-beta and tPA in larger scaled cultures. In this

study we looked at the production of recombinant IFN-beta and tPA in the presence of

different concentrations of PF68. Furthermore, the effects of PF68 on the glycosylation of

IFN-beta were also explored.

ln a bubble free5. To study the protective effect of PF68 in the presence of bubbles and

environment

Shear forces are detrimental to animal cells, as the cells do not have walls, causing

these cells to be weaker than plant or bacterial cells. Palom ares et al. (2000) found that a

sample of insect cells vortexed in the presence of PF68 had higher cell viability than cells

vortexed in the absence of PF68. Using a very high shear rates we caused damage to

CHO cells (two different cell lines) and tested the protection ability of PF68 at varying

concentrations. The protective effect of PF68 was also tested on proteolytic damage by

trypsinization.
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Chapter 2

2. General Materials and Methods

2.1. Cell Culture

2.1.7. Cell lines

Chinese Hamster Ovary (CHO) cells were derived from a transformed non-

tumorogenic hamster ovary cell in 1957 . A subclone, CHO-KI, was transfected with the

IFN-beta gene by Cangene Corporation, Winnipeg, Canada. Many clones were provided

to Prof. M. Butler at the University of Manitoba, of which CHO 674 were used for the

current studies.

The recombinant human tPA producing Chinese Hamster Ovary (Castro et al.)

cell line was purchased from American Type Culture Collection (ATCC). CHO cell line

(ATCC No. CRL-9606) was produced by transfecting CHO cells with a plasmid

ûTETPFR) to produce a system in which tPA can be produced.

Both CHO cell lines have the ability to grow in suspension in Biogro Serum Free

Media (SFM) (Winnipeg, Canada). However they can be induced to grow in an

anchorage dependent fashion with a fibroblast-like morphology.

2.1.2. Chemicals

All chemicals and reagents were obtained from the Sigma Chemical Company

unless otherwise indicated. All additions to the culture medium were of cell culture grade

or of the highest purity available.
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2.1.3. Culture Medium

Cells were cultured in Biogro CHO

contained low levels of protein (less

otherwise mentioned.

Serum Free Medium (CHO-SFM). The medium

than 20 mgll) and PF68 (0.1 o/o wlv), unless

2.2. Culturing Methods

2.2.1. Sub-culturing

CHO cells were subcultured inJ5 cm2 T-flasks for stationary cultures with a working

volume of 12 mL. Cells were subcultured every 3 to 4days with an inoculation density of

1xl0s cells/ml. Cells that were adherent required trypsinization for detachment of cells

from the flasks prior to subculturing. The trypsinization protocol involved removal of

cultured media from the flasks, washing of adherent cells with Phosphate Buffered Saline

(PBS) (Gibco, 2i600-10) with lmM ethylenediaminetetraacetic acid (EDTA) and then

incubation with trS.psin in PBS (0 2mglmL) for 5 to 10 minutes at room temperature, The

flasks were then tapped vigorously to dislodge cells. The trypsin reaction was stopped by

addition of Soybean trypsin inhibitor (0.2 mglml-). The cell suspension was then

transferred to a 15 mL centrifuge tube and centrifuged for 5 minutes at 300 xg. The

supernatant was removed and the cell pellet was resuspended in 10 mL of Biogro-CHO-

SFM for counting in a haemocytometer, and then inoculated at 1x10s cells/ml.

The cells were grown in an incubator with 5 o/o COz with the caps loosened to allow

for equilibration with the atmosphere and at 37"C. All cell culture steps outlined were

done under aseptic conditiòns in a NuAire Laminar Flow Hood. All media, trypsin,
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trypsin inhibitor, and other reagents used for cell culture were sterilized by 0.2 pm

membrane filtration (Pall, Ann Arbor, Mi).

2.2.2. Cell counting

2.2.2.1. trypan blue

Equal volumes of a cell sample and 0.2 o/o trypanblue solution (in PBS) were mixed

for up to 3 minutes prior to sample enumeration in a Neubauer haemocytometer. This

method enabled us to estimate the viable cells within the culture, as the live cells do not

take up the dyes, and dead cells stain blue indicating the uptake of the trypan blue.

2.2.2.2. CrystalViolet

Equal volumes of a cell sample and 0.5 % crystal violet solution (0.2 M citric acid

solution with Triton detergent (2 % vlv) with 0.5 % (w/v) crystal violet) were mixed. The

cells were lysed in the crystal violet solution at 37" C for up to 3 hours. The nuclei were

then enumerated using a Neubauer haemocytometer.

2.2.2.3. Haemocytometer

All reported counts are an average of 2 counts of the same sample. In each counting

event, 4 boxes of the haemoCytometer were counted and the cell concentration was

calculated according to the formula as follows:

Cell concentration (cells/ml) :
Number of squares (4)
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2.2.2.4. Specific growth rates

The specific growth rate (¡r) measures the rate of cell number increase. The formula

used for its calculation was:

,, -1,
P (h-'): ln N - In No

t

Where No is the initial cell concentration, N is the cell concentration at time t, and t is the

time (in hours) elapsed from the start of the cell growth.

2.2.3. Experimental Cultures

Cultures were set up in spinner flasks when experimeltal conditions required. The

spinner flasks available were 100 mL, 250 mL,500 mL and 1000 mL cultures. The cells

were inoculated at a density of 1x10s cells/ml (unless otherwise mentioned). The

spinners were set to spin at a rotational speed of 40 rpm, except in shear exposure

experiments (where rotational speeds were set to 100 rpm or higher, as indicated). The

cells were grown in an incubator with 5 Yo COz with the caps loosened to allow for

equilibration with the atmosphere and at37"C.

Cell culture in a bioreactor culture was established in a 3 L Applikon bioreactor with

a working volume of 2Lof medium and an inoculum of 1.0x10s cells/ml. Cultures were

maintained at pH 7.1, dissolved oxygen at 50 o/oair saturation and a temperature of 37"C.

The agitation speed was maintained at 100 rpm with a marine impeller, A daily sample

was taken until viability declined below 60 %. A minimum of 200 mL of supematant was

removed from cultures for glycosylation analysis, where required.
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2.3. Protein Detection

The specif,rc rates of production (Qp) of B-IFN were calculated from plots of product

concentration during the growth phase against the integral of values of the growth curve

(IVC).

2.3.1. ELISA for the detection of IFN-beta

Polyclonal rabbit anti-human antibodies were purchased from Biogenesis (Poole, UK)

and monoclonal antibodies were purchased from Chemicon (Temecula, USA). The

recombinant human IFN-beta standard, goat anti-mouse IgG alkaline phosphatase

conjugate, and detection substrate were purchased from SigmaCanada.

All supernatants were analyzed by ELISA with a method developed þy our

laboratory. The samples were harvested, then immediately stored at -70"C to prevent any

aggregation after freezing. Polyclonal antibod y (0.2 pglmL)in 0.1M sodium bicarbonate

buffer was used to coat the 96-well plates overnight. The plates were washed 6etween

each step 3 times with Tris Buffered Saline with Tween (TBS with 0.1 Yo Tween,TBS-

T). The plates were then blocked for t hour with 3 % BSA/TBS-T at room temperature.

Meanwhile samples were prepared by diluting culture supernatant samples 1:50 or l:100

and denaturation of the samples to ensure complete detection was occurring. The

denaturation rvas an adaplation of the denaturation of western blot samples where I pL of

SDS and 1 pL of B-mercaptoethanol was added to 100 ¡rL of supernatant and then boiled

for 5 minutes at 95"C. The samples were added to the 96-well plates and serially diluted.

Mouse monoclonal anti-human IFN-beta diluted at 1:1000 (1 ¡rglml) was incubated for I

hour. at room temperature. Alkaline-phosphatase conjugated with anti-mousê IgG
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(1:15,000 of 5 pglml-) was diluted in I Yo BSA TBS-T then introduced to the washed

plate for I hour at room temperature. The colour was developed by addition of p-

nitrophenyl phosphate substrate and incubation overnight at 4"C. The absorbance was

taken at 405nm by Softmax ELISA reader.

The concentration of the USB non-glycosylated IFN-beta standard was calibrated

with a glycosylated recombinant Human Interferon beta 1-a from Oxford Biotechnologies

(OBT 1546). This allowed for the conversion of IFN units/ml to IFN mglL, where

100,000 units/ml corresponded to 0.2 IFN-beta mglL.

2.3.2. ELISA for the detection of tPA

Monoclonal antibodies were purchased from Cedarlane Laboratories (Burlington,

Canada) and Polyclonal rabbit anti-human antibodies and recombinant human tPA

standard were purchased from Cortex Biochem (Concord, USA). The goat anti-mouse

IgG alkaline phosphatase conjugate and detection p-nitrophenyl phosphate substrate were

purchased from Sigm aCanada.

All supernatants were analyzed by ELISA, as developed in our laboratory. The

samples were harvested then immediately stored in -70jC to prevent any aggregation or

degradation after freezing. Monoclonal antibody (0'91 VglmL) in 0.1 M sodium

bicarbonate buffer was used to coat the 96 well plates overnight at 4"C. The plates were

washed between each step 3 times with TBS-T (TBS with 0.1% Tween). The plates were

then blocked for I hour with 3 % BSA/TBS-T at room temperature. Samples of cultures

were prepared by diluting them 1:50 or l:100. The samples were added to the 96 well
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plates and serially diluted. Polyclonal rabbit anti-tPA diluted at 1:3000 (of 5 my'mI-) was

incubated for t hour at room temperature. Alkaline-phosphatase conjugated with goat

anti-rabbit IgG (1:15,000) was diluted in 1 %BSA TBS-T then introduced to the washed

plate for t hour at room temperature. The colour was developed by addition of p-

nitrophenyl phosphate substrate and incubation overnight at 4"C. The absorbance was

taken at 405 nm by Softmax ELISA reader.

2.3.3. Chromozyme Assay for the detection of tPA

Chromozyme tPA was purchased from Roche Molecular Diagnostics, the

recombinant human tPA standard was purchased from Cortex Biochem. All other

materials were ordered from Sigma.

Chromozyme tPA (Roche Molecular Diagnostics, Indianapolis, IN) is a substrate that

is cleaved by tPA to form a 4-nitranilide which is measured at 405 nm. The qubstrate

solution was prepared as recommended by the manufacturer and allowed to react to the

tPA samples in 96 well plates at37"C for 30 minutes, prior to addition of citric acid (10

Vo w/v) for termination of the reaction. The samples were then read using Softmax Pro

and concentrations of tPA were estimated by comparison to a standard curve of standard

tPA. The samples were untreatêd prior to incubation with the substrate.

44



2.4. Western Blots

2.4.L. SDS-PAGE

SDS-PAGE was run according to the discontinuous buffer system of Laemmeli

(Laemmli 1g70).The gels were plepared using 7, 10 or 12 o/o polyacrylamide, depending

on separation desired from the gel. The SDS gel preparation and separation of the

proteins using the BioRad Apparatus was followed from instructions given by BioRad'

TheGelwasrtnfor45minutesat}}}Voltsoruntilthedyefrontranoffthegel.

Electrical current was supplied by a BioRad power supply (Model 1000/500)'

Pre-stained protein ladder was purchased from BioRad with a molecular weight range

of 10 to 250 kDa. Typically, 5 pL of standard was loaded onto each SDS-PAGE well'

2.4.2. Determination of IFN-beta

The gel (Section 2.4.1) was then transferred to a nitrocellulose membrane following

the procedure provided by BioRad. After transferring the gel to nitrocellulose the

nitrocellulose was treated ovemight with blocking buffer (3 % BSA/PBS) at 4"c' The

membrane was then incubated with monoclonal anti IFN-beta (0'5 prdml) (Chemicon

International) for 3 hours. The blot was incubated with alkaline phosphatase conjugated

goat anti-mouse IgG for 2 hours. The substrate (Nitroblue tetrazolium (0'3 mgiml) and

5-bromo-4-chloro-3-indolyl phosphate (0.15 mglml) in 5 mM MgCl2 wâs then applied

for up to 15 minutes for colour formation. The reaction was stopped by addition of PBS-

EDTA, and the blots were rinsed thoroughly with distilled water-
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In cases where densitometry analysis was required, a second western blot was

detected using CDP-STAR (Disodium 2-chloro-5-(4-methoxyspiro [1,2-dioxetane-3,2'-

(5'-chloro)tricyclo[3.3.1.13,7]decanl-4-yl) phenyl phosphate) (Roche, Bedford, MA). The

use of CÐP-STAR allowed for ultra-sensitive and rapid chemiluminescent detection of

alkaline phosphatase activity (see 2.4.4.).

2.4.3. Determination of tPA

The same protocol was followed as for the IFN-beta western blots with the following

changes: After blocking the blot overnight with blocking buffer (3 % BSA/PBS) at 4'C,

the membrane was then incubated with polyclonal antibody against tPA (0.5pglml-)

(Cortex Biochem) for 3 hours. The blot was incubated with alkaline phosphatase

conjugated goat anti-mouse IgG for 2 hours. The substrate (Nitroblue tetrazolium

(O.3mg/ml) and 5-bromo-4-chloro-3-indolyl phosphate (0.l5mg/ml-) in 5mM MgClz

was then applied for up to l5 minutes for colour formation.

2.4.4. IFN-beta l)ensitometry Analysis

AlphaEaseFcrM software was used to scan and quantifu IFN-beta bands following

deteÒtion via Western Blot. The glycosylated and non-glycosylated forms of the IFN-beta

were quantified in relation to total IFN-beta. Specific templates allowed for determination

of pixelated areas of the western blots. AlphaEaseFcrM automatically detects and

integrates the area under each peak and represents band intensity as a percentage ofeach

peak contributing to a total density of 100 %.
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2.5. IFN-beta Purification by Blue Sepharose 6 Fast Flow columns

2.5.1. Reagents and buffers

l't washing buffer: 0.2M phosphate and 0.15M sodium chloride with final pH of 7.2

2nd washing buffer: 0.2M phosphate and 2M sodium chloride with final pH of 7.2

Elution buffer: 0.2M phosphate, 2M sodium chloride, 50 % Ethylene glycol with final pH

of 7.2

2.5.2. Procedure

The Blue Sepharose 6 Fast Flow column (GE Healthcare, Uppsala, Sweden) was

washed (column size: 5 mL), prior to each purification, using 40 mL of 0.2M phosphate

and 0.15M sodium chloride with apH of 7.2.Filttered supernatant (200 mL) was loaded

onto the column at a flow rate of 3 ml/min. After loading, the column was washed with 8

bed volumes of 1" washing buffer and 8 bed volumes of elution buffer. The IFN-beta was

eluted with 8 bed volumes of elution buffer. The IFN-beta fraction was collected and

stored at -20'C.Following elution the columns w€re washed with 8 bed volumes of l't

washing buffer and stored. Prior to use of the collected IFN-beta, the protein was dialysed

against PBS with 2 o/o glycerol at 4'C.

2.5.3. SDS-PAGE gels

Glycosylated and non glycosylated IFN-beta species were separated by 12 % SDS-

PAGE. The gels were stained using Coomassie Blue (0.2 % Coomassie Blue
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1 .5 % acetic acid, 50 % ethanol), and then destained overnight (in 0.75 o/o acetic acid, 10

% ethanol). The Coomassie stained bands were cut from the gels and frozen at -20'C until

required for glycan extraction.

2.6. Oligosaccharide analysis

2.6.1. Release of N-glycans using PNGase F

N-glycans were released from IFN-beta by incubation with 50 pL of PNGaseF

(peptide-N-glycosidase F) (Roche, Manheim, Germany) at an initial concentration of 1

TJI1L in 1 mL of 20 mM NaHCO¡ buffer (pH 7.0). The gel bands were cut into small

pieces (1 mm2) then washed in 1 mL of 20 mM NaHCO¡ buffer (pH 7.0) for 60 minutes.

The buffer was then removed and replaced with a lml- of a 1:1 acetonitrile:2O mM

NaHCOE buffer and allowed to incubate at room temperature for 30 minutes. Once again

these two wash steps were repeated for 30 minutes each. The acetonitrile works to

remove the Coomassie stain from the gel pieces. The gel was dried in a SpeedVac

(Savant, Ramsey, USA) and 50 pl of PNGaseF was added to the dried gel. Additional 20

mM NaHCOg was added until the buffer level was high enough to cover the gel. The gels

were then incubated at37"C for 12 to l6 hours

After incubation, the supernatant was extracted and retained. To further remove

glycans still lodged in the gel, 300 pL of distilled water was added to the gel and the

sample was sonicated for 30 minutes. The supernatants from the sonicated gels were

added to the initial supernatant. The sonication step was repeated using 300 ¡rL distilled

.water and 300 ¡rL of acetonitrile, with the addition of the supernatant to the initial

supernatant. The pooled supernatants were then incubated with 40 ¡tL H+ activated AG-

48



50 for 5 minutes in order to desalt the glycans extracts. After centrifugation at 4500 xg

for 5 minutes, the supernatant was filtered through a0.45 ¡rm Millipore syringe filter. The

filtered supernatant was then dried completely in preparation for 2-AB labelling.

2.6.2. 2-AB (Aminobenzamide) labelling and GlycoClean S cartridge clean
up

The procedure followed for 2-AB labelling was as that described by Bigge et al.

(1995). The completely dried glycans were fluorescently labelled using 5 pL of a 1 M

solution of sodium cyanoborohydride (NaBH3CN) in 0.35 M 2-AB mixed in30 o/o glacial

acetic acid in DMSO and incubated at 65'C for 2 hours. After labelling, the excess 2-AB

was removed using GlycoClean S Cartridges (ProZyme, San Leandro, USA).

The Cartridges were washed with distilled water, and then primed with acetonitrile.

The sample of 2-AB labelled glycans are loaded onto the disk and allowed to soak for 15

minutes. After adsorption the excess 2-AB is removed by washing with 65 o/o acetonitrile

in water. The glycans are then extracted from the disk by washing with water. The

desorbed glycans in water are then dried down in a vacuum cenhifuge.

2.6.3. HPLC Analysis of Glycans in Normal Phase (NP) columri

The Glycan analysis was completed in a TSK-GEL Amide-80 column. The

dimensions of the column were 250 mm by 4.6 mm with the column temperature was

30 C throughout the analysis. The gradient was set up as follows, where the buffers used

were 50 mM Formic Acid adjusted to pH 4.4 withammonia (A) and Acetonitrile (B).
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Time (min) %A %B
Flow rate
(mL/min)

0 20 80 0.4

r52 58 42 0.4

155 100 0 0.4

160 100 0

165 100 0 I

t70 20 80 I

185 20 80 1

188 20 80 0.4

200 20 80 0.4

The 2-AB label was detected at 330 nm excitation wavelength, 420 rrn emisston

wavelength, with 1000 EUFS (Emission Units Full Scale) and a gain of 1. A sample of

100 pL was prepared in 80 o/o acetonitrile.

2.6.4. HPLC Analysis of Glycans in an weak Anion Exchange (wAx)
Column

The Glycan analysis was compieted in a GlycoSep C column. The dimensions of the

column were 250 mm by 4.6 mm with the column temperatur e at 25"C throughout the

running of the sample. The Gradient was set up as follows, where the buffers used were

20 % Acetonitrile in Water (A) and 20 % Acetonitrile in 250 mM Ammonium Acetate

pH a.s (B).
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Time (min) %A %B
Flow rate
(mLlmin)

0 100 0 0.4

6 100 0 0.4

34 0 100 0.4

39 100' 0 0.4

60 i00 0 0.4

The 2-AB label was detected at 330 nm excitation wavelength, 420 nm emission

wavelength, with 1000 EUFS and a gain of 1. A sample of 100 pL was prepared in

water.

2.6.5. Exoglycosidase digestions

A 2AB labelled sample, already analysed by NP-HPLC was treated sequentially with

exoglycosidase enzymes.

Enzyme digests were performed at 37"C for 24 hours in 100 mM citrateþhosphate

buffer, pH 4.5, 0.2 mM zinc actetate, 0.15 M sodium chloride.

Conditions for the individual digests are as follows:

Clostridium perfringes Sialidase (Sigma): I -2 U I mL

Bovine testes B-galactosidase (Oxford): l-2 U/mL

Jack bean N-acetyl B-hexosaminidase (Prozyme): 10 U/mL

Bovine kidney fucosidase (Oxford): I U/mL.
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The removal of sugars from the 2-AB labelled glycan can be monitored by a shift in the

peaks using NP-HPLC, leading to different retention times. The running of standards give

rise to the expected peak retention times.

2.6.6. Sialylation Index Calculation

The predominant glycans structures identified in the immunoglobulin samples were

asialylated (S0), monosialylated (S1) and di-sialylated (S2). In order to compare the

degree of terminal sialylation of the structures, a sialylation index (GI) was assigned to

each glycan profile.

sl: s2 + 0.5 * sl
sO+sl+s2

2.7 . Microcarrier cultures

2.7.1. Cytopore

2.7.1.1. Cytoporebeadpreparation

Cytopore 1 and 2 microcarriers were used for the growth of the CHO cells lines in

100 mL spinner flasks. The beads were prepared by a procedure based on that provided

by the manufacturer (GE Healthcare, Uppsala, Sweden). The microcarriers were

autoclaved for 25 minutes after hydration of I g for 10 minutes in 100 mL of PBS (pH

7.2) atroom temperature. After autoclaving, the beads were allowed to settle and the PBS

was extracted. The beads were washed with fresh media 5 times to dilute out the PBS,

then resuspended in 100 mL of fresh media to leld a final concentration of l0 mg/ml.

To prevent bead attachment, bottles used for the preparation of the microcarriers and
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culture vessels were siliconized with Sigmacote (Siglna) following the manufacturer's

instructions.

In spinner cultures containing Cytopore, after cell inoculation, the stir rate was held

constant at 40 rpm for the duration of the culture. In Cytopore bioreactor cultures, after

cell inoculation, the stir rate was held constant at 40 rpm for 2 hours, raised to 60 rpm for

2 hours, 100 rpm for 2 hours and finally 120 rpm for the duration of the culture. The stir

rate was held at 120 rpm to ensure a homogenous mixture of C¡opore throughout the

bioreactor volume. Cells were found to enter microcarriers after 2 hours of stirring at 40

rpm.

2.7.1.2. Cell enumeration from Cytopore microcarriers

Crystal violet staining of nuclei was done as described in Section 2.2.2.2. Cells from

microcarriers were removed by aspiriation (25X) through a 25 gauge needle which

allowed the recovery of stained nuclei which were counted in a haemocytometer. This

procedure was sufficient to remove all nuclei from the microcarriers, which were

routinely checked for residual nuclei by microscopic examination following staining.

Microcarriers were also observed using fluorescence microscopy (Zeiss Axioimager

Zl with20Xl0.8 plan-apochromatic objective) to follow the removal of nuclei from the

microcarriers. Fluorescence micrographs of nuclei stained with TO-PRO-3 Iodide

(Invitrogen) (Ex 640 nm/Em 690 nm) were superimposed over irnages of Cytopore

autofluorescence (Ex 470 nm/ Em 525 nm),
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2.7.1.3. Calculation of cell density within the microcarrier

The cell density within the microcarrier was determined from the cell count and the

proportional volume of the microcarriers within the culture. The bead / weight ratio of

Cytopore was obtained hy Yokomizo et at. (2004) as 3400 per mg. The volume of each

microcarrier was calculated as 7.24x10-6 cm3/bead by the standard formula 1v : 4l3nr3)

and the mean radius of 120pm. Thus at a microcarrier concentration of 2 mglmL the

proportional volume occupied by the beads was 5 o/o of the total culture volume.

2.7.2. Cytodex

Cytodex 1 and 3 were prepared in a similar manner to the Cytopore microcarriers.

However the beads were allowed to swell in PBS for 3 hours at room temperature prior to

autoclaving

2.8. Metabolite Calculation

2.8.1. Glucose

The concentration of glucose was determined based on a.,colorimetric reaction caused

by an enzymatic reaction. The kit utilized was the Glucose Trinder (Sigma, 315-100).

The reactions involved are:

Reaction 1:
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Reaction 2:

H202+ 4-Aminoatipyrine Quinoneimine Dye + H2O2 +
p-Hydroxybenzene Sulfonate

Quinoneimine Dye is detected at 505nm. The intensity of the color produced is

directly proportional to the glucose concentration in the sample, and can be quantifìed by

comparison to a standard glucose curve.

The media contains a glucose concentration of 4.5 g/L; thus a linear glucose standard

curve was prepared between 0 and 5 dL. The assay was run in 96-well plates, where I

pL of standard or culture supernatant samples was added to each well in triplicate.

Glucose Trinder (200 pL) was added to each well and incubated at 37"C for 15 minutes.

The absorbance \¡/as determined with an automated Microplate Reader (BIO-TEK

Instruments Inc.) at 490 nm.

2.8.2. Glutamine

A glutamine assay kit (Sigma GLN-2) was used to measure the glutamine

concentration in the media. The assay is based on a reductive deamidation of L-glutamine

by an enzymatic reaction (proprietary). Quantitation is accomplished by linking a dye

directly to the reductive reaction. The reaction is specific for L-glutamine and does not

cross-react with other amino acids or ammonia.
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The assay was performed in duplicate in a 96-well plate. The media samples were

compared to a standard curve ranging from 0.25 to 6 mM L-glutamine. The inclusion of

an internal standard validated the lack of any inhibition or enhancement of the reaction

due to media components other than L-glutamine. The intemal standard was prepared by

addition of 10 pL of the undiluted standard to a well containing 290 ¡tL of the culture

medium.

To each well 5 ¡rL of reaction buffer, 30 pL of sample or standard, 50 ¡rL 1X Diluent

buffer (proprietary) and 15 ¡rL enzyme preparation. The samples were incubated for 1

hour at 37"C and read at 550 nm in an automated Microplate Reader (BIO-TEK

Instruments Inc.).

A linear regression analysis of the standard L-glutamine was performed and the slope

of the curve was used to determine the uncorrected L-glutamine concentration of the

samples. The components within the media that may cause adverse reactions were

corrected by the use of an internal standard. The recovery value, that is used to correct the

sample values; was calculated by:

Recovery value : D : (A-BYC

Where:

4: fl-glutamine] in the sample with the intemal standard (spiked sample)

3: [L-glutamine] in the sample without the internal standard

6: [L-glutamine] added as the internal standard (0.2 mM since l0 pL of the 6 mM was

added to 290 pL)

D : Recovery value
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2.9. PF68 âs a protectant

2.9.1. Viscometric Assays

A variable gap cone and plate viscometer (MCl) fitted with an MK91 measuring

cone was obtained from Paar Physica, New Jersey, USA. The viscometer had a spinning

cone and a stationary plate on which the sample was placed. The gap between the cone

and plate was adjustable. An optimum gap size was determined to be 0.025 mm. A

larger gap caused the entrainment of bubbles while a smaller gap could lead to friction

between the cone and the plate at certain points.

The temperature of the lower plate was controlled by circulating water. In most cases

the viscometer was operated with a shear rate of 11,000 r-t for 12 minutes applied to

2x106 cells/ml at a temperature of 37'C with a gap distance of 0.025 mm between the

cone and plate. After this treatment the viable cell count was determined from each

sample and this enabled the calculation of the normalized cell viability (NCV) (Michaels

et al.1995)

Final Viable Cell Count

NCV : ----------- X 100 %

Initial Viable Cell Count

2.9.2. Cells grown in the presence of PF68 (Long term effects)

The cells were grown in T-75 T-flasks for 4 days under regular culture conditions

(37"C and l0 % COù. Suspended cells were then decanted, supernatant removed then
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added back to the flask with PBS-EDTA. The adherent cells were removed using trypsin,

as described under section 2.2.1. The cells were then washed in media without PF68 and

analysed for shear force resistance by viscometric analysis.

2.g.3. Cells treated to shear in the presence of PF68

Cells were treated to shear in the viscometer (as described in section 2.8.1) and 100

mL spinner flasks with rotation speeds of 100, 200, 300, 400, and 500 rpm. The spinner

platform was calibrated using a strobe light where the rpm of the strobe light was set to a

particular speed then the spinner platform was ailjusted such that the stir bar appeared

stationary.

2.9.4. Trypsinized cells treated to shear with and without PF68

Cells were treated with trypsin (0.5 Yo w/v) (Gibco) for variable time periods. Cells (2

x 106 cells/ml) in the exponential phase (day a) were removed from suspension cultr¡res.

The cells were washed in PBS and pelleted by centrifugation. The cells were resuspended
.r

in a second wash of PBS, to which trypsin was added to a final concentration of 0.05 %

w/v. After a fixed period of incubation, soybean trypsin inhibitor (0.0g %w/v; Sigma)

was added to the trypsinized cells for 5 minutes. The cells were pelleted and resuspended

in fresh media for counting using the trypan blue exclusion method (Section.2.2.2.1).

After the cells were treated with trypsin, cells were exposed to shear stress in the

viscometer as described above.
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2.10. The effect of trypsin on cells

2.10.1. The protection effect of PF68 on trypsinized cells

The protection effect of PF68 on trypsinized cells was assessed by damaging cells

with trypsin as described in section 2.8.4. The damaged cells were then inoculated into

100 mL spinner flasks containing media with and without PF68. The cultures were

incubated at 37"C for 4 days, with daily monitoring using the trypan blue viability

method (Section 2.2.2.1).

2.11. Adherence studies

. The percentage of cell adherence was determined for cells grown in T-flasks. The

non-adherent suspension cells were decanted, centrifuged, washed with PBS-EDTA (1

mM) and resuspended in medium before counting. The T-flasks with the adherent cells

were washed with PBS-EDTA (1 mM) and treated with trypsin (0.5 o/o wlv) for 3 minutes

and then Gibco soybean trypsin inhibitor (0 09 o/o w/v) was added. Cells were

resuspended in CHO-SFM and counted. The cell counts v/ere converted to cells/ml in

the original flask and the cell adherence was determined.

adherent cells

Z.ll.l. cell adherence: -------- X 100 %

(adherent + suspended cells)

2.11.2.

2.ll.3.PF68Concentrationdependentadherence

Cell adherence was determined, as described above (2.11), for cells grown in varying

concentrations of PF68. The cells were inoculated into T-flasks containing varying

concentrationsofPF68andgrownfor4daypassages'
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2.11.4. The removal of PF68 over pâssages

The removal of PF68 over passages was determined by growing cells in PF68-free

media for 9 passages. At every three passages the cells were reintroduced into PF68 to

test if the adherence effect was reversible by addition of PF68. The cells were grown in

PF68 for three passages and the percentage of adherence was calculated as mentioned

above (Section 2.11).
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Section A - The use of Microporous and Macroporous Microcarriers for
Recombinant Protein Production

Introduction

The increase of surface area in a culture can be induced by the incorporation of

microcarriers into the culture. The microcarriers allow cells to grow in a

pseudosuspension type culture where cells can attach to a positively charge bead (solid)

or embed within the mesh (porous) and grow to high cell densities.

Microcarriers can be divided into two categories, microporous and macroporous.

Microporous microcarriers have small pores on the surface, but beads are generally solid

with the ability to grow cells on the surface of the bead. Macroporous microcarriers are

porous, and enable cells to enter the microcarrier and grow to high cell densities.

The different microcarriers used in this study were Cytodex (microporous) and

Cytopore (macroporous) microcarriers. Both mic¡ocarriers were used to test the effects of

increasing cell to surface adhesion on the growth and productivity of IFN-beta and tPA

producing CHO cells.
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Chapter 3

3. The use of microporous microcarriers for CHO cell culture

3.1. Introduction

Microcarriers were originally developed as spheres capable of providing an enhanced

substratum for anchorage-dependent cells in stirred cultures. Cytodex is the most widely

used type of microcarrier and comprises a dextran matrix charged to a specific capacity

with diethylaminoethyl groups (GE-Healthcare 2005). These are often referred to as

..solid,, microcarriers although in reality they are microporous, allowing nutrients but not

cells to flow through the interior. Each microcarrier bead, with a diameter of around 180

pm, has the capacity to retain approximately 200 cells as a monolayer on the surface.

The use of Cytodex microcarriers has been limited to the growth of anchorage-

dependent cell lines, as the cells must be able to attach to the surface of the microcarrier

and grow attached to this surface. The cells can then be removed by treatment with a

proteolytic enzyme such as trypsin, breaking the bond between cells and bead. There are

3 types of Cytodex that are available on the market; Cytodex 1, 2, and3. Cytodex I andZ

have charges associated with the bead; tlpe I has the charge dispersed throughout the

bead whereas type 2 is charged solely on the surface of the bead and Cytodex 3 is

collagen coated to increase surface attachment. Cytodex I and 3 are the most widely used

Cytodex microcarriers (GE-Healthcare 2005).

In our cell system, although cells are able to grow in suspension, we tested the growth

and productivity effects of the IFN-beta producing and tPA producing CHO cells on the

Cytodex I and 3 microcarriers. CHO cells are naturally found adherent in cultures;
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however with the use of serum free media the cells grow in suspension. Regardless the

cells adhere to C¡odex microcarriers, due to the strong positive charge on the Cytodex 1

type and the collagen coating on the Cytodex 3 type.

3.2. Results

3.2.1. The growth of cells on Cytodex Microcarriers

The Cytodex microcarriers were used to increase the surface area with a spinner flask

culture. Although the two CHO cell lines used in the study were adapted to grow in

suspension, we decided to test the effect of Cytodex 1 and 3 microcarriers on the growth

of these cell lines. The goal of the use of Cytodex in culture was to enhance productivity

of the recombinant proteins, either by increasing cell yield, or creating an optimal

situation for the cells whereby the cells can produce more recombinant protein.

Cytodex microcarriers are visualized in Figure 3.1. The cells were found to attach

immediately to the surface of the microcarrier (A), but remained in a spheroid cell shape.

Later, the cells appeared to flatten out and take on a more fibroblastic appearance (B).

The first image is a representation of a day 1 culture (24 hours post-inoculation)

compared to a day 4 image(96 hours post-inoculation)-

Figure 3.1: Photomicrographs of Cyodex 3 microcarriers with (A) day 1: a small cell

population; (B) day 4: most cells were found to be adherent in the 3.0 mg/ml
mitrocarrier culture. The microcarriers were stained with trypan blue to determine the

cell viability on the Cytodex 3 microcarrier. The bar indicates 50 pm.
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3.2.2. The effect of Cytodex I on cell growth

To determine the effect of the Cytodex microcariers on the growth of the two CHO

cell lines, we monitored the cell growth. Figure 3.2 shows the growth profiles of IFN-

beta at tPA producing CHO cells on Cytodex 1 microcarriers. The cell counts are taken as

nuclei counts to allow for comparisons between Cytodex and C¡opore cultures.

Figure 3.24 shows the growth of the IFN-beta producing cell line. The suspension

culture is indicated by the dark circles, and reaches a maximum cell yield of 4.5x106

cells/ml. It appears that the suspension culture has a higher specific growth rate during

the initial period of the culture but the specific growth rate declines over time,

presumably where the concentration of the nutrients available in the culture declines. It

appears that at 5,0 mg/ml Cytodex 1, although having a lengthy lag phase, the cells grow

to a high cell density towards the end of the culture yielding close to 4 x 106 cells/ml.

However, it is important to note that the culture containing 3.0 mglml- Cytodex I yield

the maximum cell density of over 5x106 cells/ml by day 7 of the culture.

At the beginning of the experiments, the microcarrier cultures appear to have no cells

in suspension. tnitial monitoring of the cell to bead attachment by microscopy showed the

cells attaching to the beads within the first 3 to 4 hours of the culture. However, over time

as the cell density increases the cells begin to detach from the microcarriers and grow in

suspension (Figure 3.3). At the lowest microcarrier concentration of 1.0 mglml, there

was the highest cell density in suspension, where less than 1x106 cells/ml are found to

grow in suspension at day 7 of the culture. The cells grown in 3.0 mglmLand 5.0 mglmL

Cytodex 1'microcarrier cultures show a fraction of this population growing in suspension.
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Figure 3.3: Cells in suspension for IFN-beta producing CHO cells on C¡odex 1

m[rocarriers. Cells were inocuiated at 1x10s cells/ml into culture medium (100 mL)

containing 1.0 mg/ml (r), 3.0 mg/mL(A) and 5'0 mgiml (l) Cytodex I microcarriers

and suspenrion 
"rrttureì 

tli All"culture, *"r. maintained in spinner flasks at 37"C with

un o\r"riuy of 5 o/ocoz Àd with an impeller rotation speed of 40 rpm. Cell conoentrations

were determined by ih" ttypun bluá exclusion method' Samples are means + SEM

between duplicate cultures-

A similar growth pattern was seen for the tPA cell line in cytodex 1 microcarriers

(Figure 3.28).The Cytodex concentrations compared were 1.0 mglml-, 3'0 mg/ml and

5.0 mglm1-. The tpA cell line appeared to grow to lower cell concentrations than the IFN-

beta cell line. The maximum cell density obtained in any Cytodex 1 microcarrier culture

was approximately 2-5x106 cellslml- with 1.0 mg/ml Cytodex 1. The maximum cell

density reached in the suspension culture was about 3.2x106 cells/ml by day 7 of the
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culture. The tPA cells were found to grow attached to the Cytodex 1 rnicrocarriers, where

there was an insignificant number of cells to grow in suspension by the end of the culture.

The confluency of the cells on the microcarrier often limits the growth of the cells.

Figure 3.4 shows the cell to bead ratio of IFN-beta (A) and tPA (B) 
".ll 

lin., on Cytodex

1 microcarriers. In the case of IFN-beta in 1 mg/ml Cytodex 1, the maximum cell

concentration per Cytodex microcarrier is approximately 1100 cells per bead. This

maximum is reached at day 7. The cell concentrations of the 3 mglmL and 5 mg/ml

Cytodex i microcarrier cultures, in comparison, reach a fraction of the cell to bead ratio,

where the 3 mg/ml and 5 mglmL samples have a maximum ratio of 400 and 200

cells/bead, respectively, at day 7. This maximum density reached with the 1.0 mg/ml

Cytodex explains why there are many cells found in suspension at this point of the

culture. The cell distribution on the higher concentration of the microcarriers are not as

confluent, and thus could tolerate a higher cell attachment and growth. However, looking

at Figure 3.4, we can see that the cells are beginning to grow in suspension, and thus we

could conclude that the C¡odex 1 microcarriers are not efficient for the growth of this

CHO cell line.
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Figure 3.4: Nuclei to bead ratios for IFN-beta (A) and tPA (B) producing cHo cells on cytodex 1 microcarriers' cells were

inoculated at 1x10, cells/ml into culrure mediunì (100 mL) .ontiiáittg1'0 mg/ml (r), 3.0 mglmL (a) and 5'0 mg/ml (Ö) cytodex

1 microcarriers. Al1 cultures were maintained in spinner nuJ, at37'c wiiÉ an overlay of 5 o/o coz and with an impeller rotation

speed of 40 rpm. cell concentrations were determinãd uy crystal violet staining for nuclei enumeration. The values are expressed as

the cells attached to each microcarrier (calculated using ,ruírr", from Yokomizo et al., 2004). Samples are means t sEM between

duplicate cultures.
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The cell to bead ratios of the tPA producing cHo cells (Figure 3'38) were quite

different compared to those of the IFN-beta cHo cell line' The 1'0 mg/ml had a

maximum ratio of 300 cells to beads, where the 3.0 mglmL grew to a maximum cell to

bead ratio of 150, and 5.0 mglmL grew to just under 100. Comparing the growth patterns

of the IFN-beta producing cHo cells and the tPA producing cHo cells on cytodex I

microcarriers allow us to see the growth differences of two different CHO cell lines'

Although they originated from the same parental cell lines (cHo-Kl), the transfections

and the consequent selections that were assessed gives two different growth patterns of

these CHO cells.

3.2.3.The effects of cytodex ! on IFN-beta and tPA production

The volumetric and specific production of IFN-beta derived from control

(suspension) and Cytodex 1 microcarrier spinner cultures are as shown in FigUre 3'5

where the left panel shows the native titers (A) and the right panel the denatured titers (B)

(see Appendix A). The IFN-beta protein titers were equal to or less than that of the

standard suspension cultures, thus there was no advantage in using the Cytodex

microcarriers for the production of IFN-beta'

However, there appears to be a difference in the specif,rc productivity when

comparing the cells production during the exponential phase. The cells grown on the 1'0

mglmL Cytodex microcarriers have almost double specific productivity at 2.6 pg/cell-

day, compared to the suspension culture producing 1.2 p/cell-day.
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The aggregation of IFN-beta must be monitored to ensure efficient production (Refer

to section 2.3.l).Figure 3.6 shows the aggregation of IFN-beta at day 6 of the culture'

The aggregation of IFN-beta appears to decrease with the introduction of cytodex 1

mic¡ocarriers in the culture, where the suspension culture had a maximum fggre$ation

coefficient of 34 o/o. The cultures with cytodex had decreased aggregation' where

lmg/ml Cytodex led to an aggregation coefficient of 29 o/o and the higher concentrations

resulted in less than l0 0/o aggregation. However these lower aggregation coefficients

were offset with decreased overall protein concentrations'

ThevolumetricproductionoftPAinCytodexmicrocarrierculturesappearstobe

stimulated (Figure 3.7). The suspension culture had a maximum titre of 3i00 unitslmL at

day5.However'fromday5todayT,thetPAtitredecreasesfromrougtrly3100

units/ml to 2500 units/ml. This decrease is well documented as a degradation reaction

that occurs in the culture (Lin et al. 1993). Although there is a degradation occurring in

the suspension culture, there does not appear to be degradation occurring in the 3'0

mglmLconcentrationoftheCytodexlmicrocarriercultures.Themaximumproduct

titers is attained at the highest concentration of Cytodex 1 tested (5'0 mglml) where there

is a maximum of 5094 units/ml, reached at day 7' However' at day 6' the titre drops to

5021 units/ml, thus indicating that there is slowing down in the production of tPA'

71



co.F
(ú
o,
E20
o,(t)

s

Suspension 1.0 mg/ml 3.0 mg/ml 5.0 mg/ml

Cytodex 1 concentrations

Figure 3.6: Aggregation of IFN-beta produced in Cytodex 1 microcarrier cultures at day
6. The aggregation was quantified by comparing the native protein yield and denatured
protein yield in the supernatant protein sarnple. Samples are means between duplicate
cultures.
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Figure 3.7: Maximum volumetric productivity of tPA from CHO cells grown in Cytodex

microcarrier cultures in l00mL ,pìn r", flasks by ELISA, Cells were inoculated at 1xl0s
cells/ml into culture medium (100 mL) containing O.5mg/ml (V), 1.0 mglml (¡), 3.0

mglmL (A) and 5.0 mg/ml (?) Cytodex I microcarriers and suspension cultures (r).
Samples are means + SEM between duplicate cultures.
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3.2.4. The effect of Cytodex 3 on CHO cell growth

Cytodex 3 is a collagen coated microcarrier, and encourages the cell to bead

attachment via protein-protein interactions. 'We observed a similar growth pattern with

the IFN-beta producing CHO cells on Cytodex 3 microcarri"r, oä*pu.ed to cells gro\¡/n

on Cytodex I microcarriers (Figure 3.84). The cell yields of the IFN-beta producing cells

in suspension reached by the end of the 7 days were less than the cell yields of the

Cytodex 1 cultures. However, the cells appeared to have a lengthened lag phase, thus

leading to a lower cell population initially. This lengthened lag phase can be due to a

strengthened cell attachment due to the collagen coating that may cause cells to attach

and spread onto the surface of the Cytodex 3 microcarriers.

The 3.0 mglmL Cytodex 3 concentration yielded a maximum cell count of 4.1x106

cells/ml at day 7. However, the growth rate of the cells at each respective Cytodex 3

concentration was consistent throughout the culture period.

The cell to bead ratios for the IFN-beta producing CHO cells were similar for

Cytodex 3 as Cytodex I microcarriers (Figure 3.94). The maximum cell number per bead

for those cells grown in I mg/ml Cytodex I was about 1100 cells. Where cells grown on

3.0 my'ml- and 5.0 mglmL grew to just under 500 cells/bead and 200 cells/bead,

respectively. Another concentration was also tested, 0.5 mg/ml, where the intention was

to yield a high cell to bead ratio early on in the culture. The maximum cell yield per bead

was around 2000 cells/bead. However, later in the culture there was a plateau of 1500 to

1600 cells/bead. This resulted in cells detaching from the microcarriers early on in the

culture.

74



>F
9õ
oo)oo

-@õo()ç

Figur-e 3.8: Growth profrles of IFN-beta (A) and tPA (B) producing CHO cells on Cytodex 3 microcarriers. Cells were inoculated at

1x10s cells/ml into culture medium (100 mL) containing 0.5mg/ml (V), 1.0 mg/ml (r),3.0 mglmL (A) and 5.0 mglml- (Ô)
Cytodex 3 microcarriers or no microcarriers (o). All cultures were maintained in spinner flasks at 37'C with an overlay of 5 o/o COz
and with an impeller rotation speed of 40 rpm. Cell concentrations were determined by crystal violet staining for nuclei enumeration.

The values are expressed as the cell densities within each microcarrier taking into account the proportional volumes occupied in each

culture. Samples are means * SEM between duplicate cultures.
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Figure 3.9: Nuclei-to bead ration for IFN-beta (A) and tPA (B) producing CHO cells on Cytodex 3 microcarriers. Cells were
inoculated at 1xl0) cells/ml into culturemedium (100 mL) containing 0.5my'ml- (V), 1.0 mg/ml (I),3.0 mglmL (A) and 5.0
mglmL (t) Cfodex 3 microcarriers. All cultures were maintained in spinner flasks at37'C with an overlay of 5 o/o COz and with an
impeller rotation speed of 40 rpm. Cell concentrations were determined by crystal violet staining for nuclei enumeration. The values
are expressed as the cells attached to each microcarrier (calculated using values from Yokomizo et a1.,2004). Samples are means È
SEM between duplicate cultures.
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At inoculation, all cells immediately attached to the Cytodex 3 microcarriers.

However, after days 3 and 4, the cells started to detach and grow in suspension (Figure

3.10). The lower concentration (1.0 mglmL Cytodex 3) culture had over 1x106 cells/ml

in suspension by the end of the culture, whereby essàntially 25 o/o ofcells were found in

suspension. At the higher concentrations of Cytodex 3, the cell population found in

suspension was i 0 o/o or less.

The tPA cell line once again grew too much lower concentrations when compared to

the IFN-beta cell line (Figure 3.88). The maximum cell yield was 2.6x106 cells/ml at

day 7 in the 1.0 mgiml Cytodex 3 concentration. However, the other Cytodex

concentrations induced similar cell yields as the 1.0 mglml- concentration by the end of

the culfure (2.46x106 cells/ml and 1 .72x106 cells/ml, in 3.0 mflmL and 5.0 mglmL,

respectively). By the end of the culture period, there was an insignificant number of tPA

producing cells found to grow in suspension in the Cytodex 3 cultures (data not shown).

The cell to bead ratio (Figure 3.98) was much lower for the tPA cell line compared to

the IFN-beta producing cell line, where the maximum cell to bead ratio was 610

cells/Cytodex 3 microcarrier. This ratio was attained in the 1.0 mg/ml Cytodex 3

microcarrier culture at day 7. However, in the 1.0 mg/ml Cytodex 3 culture the cell to

bead coverage increased linearly from days 2 to 5, from 45 cells/bead to 510 cells/bead.

Then over the last 2 days of the 1.0 mglml Cytodex 3 culture, the cells/bead increased by

100. The 3.0 mg/ml C¡odex 3 culture resulted in a maximum of 200 cells/bead by the

end of a7 day culture and 5.0 mglmLCytodex 3 cultures resulted in half of that level

(100 cells/bead) at the end of the 7 days.
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Figure 3.10: Cells in suspension for IFN-b-eta producing CHO cells on Cytodex 3

microcarriers. Cells were inoculated at 1x105 cells/ml into culture medium (100 mL)
containing 0.5 my'ml- (V), 1.0 mg/ml (r), 3.0 mglmL (A) and 5.0 mg/ml (l)
Cytodex I microcarriers and suspension cultures (o). All cultures were maintained in
spinner flasks at 37"C with an ovèrlay of 5 %o COz and with an impeller rotation speed of
40 rpm. Cell concentrations were determined by crystal violet staining for nuclei
enumeration. The values are expressed as the cells attached to each microcarrier
(calculated using values from Yokomizo et al., 2004). Samples are means + SEM
between duplicate cultures.
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3.2.5. The effects of Cytodex 3 on IFN-beta and tPA production

The IFN-betaproduced (Figure 3.11) in Cytodex 3 microcarrier cultures was not

enhanced when compared to the suspension control cultures. The native protein (Figure

3.114) yields ,ung"à from 1.30x106 units/ml to 3.42x106 units/ml, with the suspension

culfure yielding 2.79x706 units/ml while the denatured titers (Figure 3.1 i B) ranged from

1.75x106 to 4.26x706 units/ml. The aggregation of IFN-beta (Figure 3.12) of the

suspension culture at day 6 was the greatest at 34 %o compared to the cultures with

Cflodex. The lower concentrations of Cytodex 3 induced lower aggregation of the

protein product where SmglmL Cytodex 3 induced higher aggregation of 25 o/o.

Although the production of tPA appeared to be enhanced with the presence of

Cytodex 3, (Figure 3.i3) the suspension culture yielded a maximum titre of 3866

units/ml. The 5.0 mglmLCytodex 3 culture yielded a maximum titre of 5958 units/ml at

day 7 of the culture. The lower concentration (lmg/ml) of Cytodex 3 yielded a

maximum of 5006 Units/ml at day4 of the culture, and then declined to 4325units/ml

af day 7.

3.2.6. Comparing Cytodex I and Cytodex 3

The protein yields of the CHO cells producing IFN-beta and tPA in.Cytodex I and 3

microcarriers are as summarized in Table 3.1. The protein titers were normalized against

the suspension culture to allow for comparisons between samples as well as the different

proteins, where the suspension cultures were termed 1 Units/ml. This normalization
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Figure 3.11: Maximum volumetric productivity of native (A) and denatured (B) IFN-beta from CHO cells grown in Cytodex 3
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Figure 3.12: Aggregation in Cytodex 3 microcarrier cultures at day ó. The aggregation
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supernatant protein sample. Samples are means between duplicate cultures.
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Figure 3.13: Maximum volumetric productivity of tPA from CHO cells grown in
Cytodex 3 microcarrier cultures in 100 mL spinner flasks. All cultures were maintained
in spinner flasks at37"C with an overlay of 5 o/o CO2 and with an impeller rotation speed
of 40 rpm. Protein was quantified using an ELISA. Samples are means + SEM between
duplicate cultures.
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Table 3.1: Summary table of the productivity of IFN-beta and tPA producing CHO cell
lines in Cytodex I and 3 microcarrier culfures in 100 mL spinner flasks. Protein was
quantified using an ELISA. IFN-beta samples were quantifìed by native protein yield
(non-denatured) and denatured (total protein). The percent aggregation was determined
by the ratio of aggregated protein to total protein evident in the supernatant sample. tPA
samples were quantified by ELISA of supematant samples.

Cytodex
Microcarrier

Conc.(mg/mL)

Native IFN-beta
titre (normalized

units/mL)

Denatured IFN-beta
titre (normalized

units/mL)

1 Suspension 1.00 1.53

1 1.0 1.15 1.43

1 3.0 0.90 0.95

1 5.0 0.49 0.51

3 Suspension 1 1.51

3 1.0 1.28 1.22

3 3.0 1.15 1.23

3 5.0 0.49 0.65

Cytodex
Microcarrier

Conc.(mg/mL)
tPA titre (normalized units/mL)

1 Suspension 1.00

1 1.0 1.20

1 3.0 1.53

1 5.0 1.64

3 SusÞension 1.00

3 1.0 1.44

3 3.0 1.30

3 5.0 1.67
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would enable a direct comparison between Cytodex 1 and 3 titers as well as the

difference in IFN-beta and tPA titers.

Monitoring the growth of the cells in different cultures is important; however it is

essential to evaluate production of the reco*binarrt proteins. Comparing the titers of IFN-

beta on Cytodex 1 and 3 microcarriers, there seems to have been a decrease in protein

titers with an increase in Cytodex I and 3 microcarrier concentrations. This trend was

not consistent across both cell lines, as the tPA cell line showed higher titers with

increased microcarrier concentrations. The IFN-beta production decreased with an

increase in Cytodex from 1.0 mg/ml to 5.0 mglmL, while the tPA titers increased with

an increase in Cytodex from 1.0 mglml- to 5.0 mg/mL. Thus the use of Clodex

microcarriers did not allow for similar production between both cell lines.

3.3. Discussion

Cytodex I and Cytodex 3 are microporous microcarriers that provide a surface for

cells to attach and grow to high cell densities. Although CHO cells have been adapted to

grow in suspension, and do not require a surface to which they could attach, they have

been found to grow attached when inoculated into Cytodex cultures.

In terms of growth, there appeârs to be minimal benefits of the use of Cytodex in

microcarrier cultures in the presence of some concentrations of Cytodex 1 and 3. At the

end of the cultures (day 7) the 1.0 mg/ml and 3.0 mglmLCytodex 1 or Cytodex 3

concentrations often gave rise to higher cell concentrations than the suspension culture.

However, this was not true for the tPA cell line grown on Cytodex I microcarriers, where
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there was a 25 % decrease in the cell density of the 1.0 mg/ml culture compared to the

suspension culture at day 7 .

The growth of CHO cells on the Cytodex microcarriers was comparable to the growth

of CHO cells producing Von Willebrand recombinant protein in batch culture by Mignot

et al. (7990). Mignot et al. (1990) reported that the cells grew to a density of 3x106

cells/ml up to day 12. The maximum cell loading was 250 cells/bead at day 12; however

at day 6, up to 40 % of cells were in suspension. The differences could be attributed to

the need for a substrate for attachment. As even comparing the IFN-beta and tPA

producing cell lines, there appeared to be differences between the cells ability to attach

and their differences in growth.

w\ et al. (2004) found that vero cells growing at 37"c at a high cytodex

concentration of 10 mglmL had high cell growth compared to that in lower

concentrations of 2 mglmL and 5 mg/ml. Kallel et al. (2003) reported that increasing the

Cytodex 3 concentration from 3 to 4 mglmLincreased the cell yield; however comparing

the cell to surface area they found that the surface area was limiting in the lower

concentration of Cytodex 3 microcarrier culture. In this study, we reported that the lower

concentrations of Cytodex microcarriers yielded the maximum cell concentrations.

Although the seeding efficiency was quite high and thus the percent of beads covered

were high, there appeared to be cells in suspension early in the culture after day 3. The

CHO cells appeared to fall off the Cytodex microcarriers early on in the culture, and thus

the Cytodex microcarrier was not an efficient system for cell immobilization. After about

day 3 to 5, depending on the microcarrier concentration, the cells that were attached were
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found to grow in suspension. The cells did not have a peûnanent attachment, as agitation

of the sample led to a high density of trypan blue stained cells in solution.

In most cases the use of Cytodex has been limited to the growth of adherent cell lines.

One most .o*àon use of Cytodex is with Vero cells. Ng er at. (1996) reported the

attachment rate of Vero cells onto Cytodex dricrocarriers was much greater than the

attachment of Vero cells onto Cultispher-G (9.05x10-2 min-l and 0.6xi0-2 min-I,

respectively). This high attachment rate could be then used to explain the 1O_fold higher

cell density reached within a C¡odex I bioreactor culture compared to the cell density

reached within T-flasks where cell density reached within the bioreactor was 5.6x10e

cells compared to 4.7x101cells in the T-flask (Sun e/ al. 2004).The cell density attained

within the Cytodex cultures, in our case, was similar to the cells density attained in T-

flask cultures where the range of cell density in a T-flask after 4 days of growth ranges

between 2 and'3 xl06 cells/ml. Although a direct comparison is not possible, comparing

the cell numbers from our T-flask cultures and spinner flask cultures, we achieve up to 4

Yo of the cells in the T-flask compared to the spinner culture. However, the data presented

by Sun et al. (2004) the cell numbers attained in T-flasks corresponds to less than I o/o of

the population of the bioreactor culture. The discrepancy can be attributed to the

difference in cell types, as Vero cells are anchorage dependent, where as CHO cells are

not. As well, the conditions within a bioreactor are optimized, and thus the bioreactor

cultures are able to live longer further than T-flask or spinner flask cultures.

The increase in the specific growth rates of recombinant CHO cells producing human

gamma-glutamyl transferase (Chevalot et al. 1994) from 0.025h-¡ in aggregated cells or
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individual cells to 0.040h-t in cells on Cytodex I microcarriers. Thus it was concluded

that when the cells were propagated on solid supports the cells were able to grow faster

than cells in suspension. This was argued to be due to the change in the morphological

shape, where cells in suspension grow in a spherical shape in comparison to cells on solid

supports which spread on the microcarrier support.

The use of microcarriers has not been limited to the growth of mammalian cell lines;

insect cells have also been tested for optimal growth. However, studies found that an

insect cell line, Lepidopteran (High-five and Sf-9) usually grown in suspension had poor

growth results in the presence of Cytodex 1 microcarriers (Ikonomou et al. 2002).Liu

and Wu (2004) found that a mosquito cell line, A. albopictu (C6136), grew optimally in

the prçsence of the Cytodex microcarriers when compared to a suspension culture.

Cytodex allows for the gowth of many cells requiring attachment in a large scale

growth capacity. These include VERO cells (Frazzati-Gallina et al.200l; Liu and Wu

2004; Sun er aL.2004;Wu et al. 1998;Wu et a\.2004) C6/36 mosquiro cells (Liu and Wu

2004), HeLa cells (Bleckwenn et at.2005) and HEK 293 cells (Wu et at.2002). These

cell lines require a substratum on which the cells are able to attach and grow to high cell

density, thus giving a higher surface area for virus penetration during inoculation.

Cytopore and C¡odex are also used for the growth of insect cells. Ikono mou et al. (2002)

looked at the growth of Sf-9 and High-Five cells on cytodex, cytopore 1 and 2,

Cultispher G, and Fibra-Cel disks. They found that the cells did not grow attached to the

Cytodex and that the cell density reached on Cytopore microcarriers was not high.
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The use of C¡odex had usually been limited to the growth of adherent cell lines that

are infected to produce viral vectors. However, there have been studies that looked at the

microcarrier as a possibility for the growth of suspension cells that produce recombinant

proteins. In particular, Chevalot et al. (1994) found that Cytodex I increased cell counts

and thus resulted in a higher specific and volumetric productivity of the human gamma

glutamyl transferase (GGT) protein produced by CHO cells in comparison to a

suspension culfure.

The productivity of the IFN-beta and tPA producing CHO cell lines were comparable

to suspension cultures, and in some conditions the suspension culture was found to have

higher titers than the microporous microcarrier culture. However, in the case of tpA,

although titers from this cell line are generally low, under all conditions, the titers

obtained from Cytodex 3 cultures were found to be slightly enhanced compared to a

suspension culture. This shows the benefits of the cell attachment to the microcarrier

surface- This enhancement was not witnessed in Cytodex 1 microcarrier cultures, and

thus could be explained by the collagen coat on Cytodex 3 that would work to enhance

cell attachment.

In our study, although the use of C¡odex for cell culture does not significantly

enhance recombinant protein production from either cell line, there have,been isolated

papers reporting the enhanced production of recombinant proteins using this microcarrier

system. Kong et al. (1999b) report that volumetric product from Cytodex microcarriers

were slightly higher than equivalent cultures in other microc4rriers such as Cultispher,

Collagen and Biosilon. Cheval ot et al. (1994) reported a significant increase in human
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gamma-glutamyl transferase from cHo cells grown on cytodex

compared to aggregated or individually suspended cells. Thus it

efficiency of the microcarrier system utilized is cell line dependent. In

two separate cHo cell lines that grew and produced differently.

I microcarriers

appears that the

my study I used

The use of Cytodex for these two CHO cell lines was not an efficient system for

enhancement of protein production. Comparing the growth and productivity of the two

CHo cell lines in cultures containing Cytodex microcarriers allowed us to see the

differences in the cell lines. The tPA cell line showed slightly elevated productivities in

the presence of the cytodex 3 compared to the IFN-beta cell line, where under most

concentrations of Cytodex there was no increase in productivity. However, the use of

Cytodex microcarriers to culture the IFN-beta and tPA producing CHO cell lines was not

considered to be an efficient system compared to suspension cuhures for product

maximization and thus was not further pursued.
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Chapter 4

4. Comparison of Cytopore for Growth and Volumetric Productivity

4.1. Introduction

Macroporous microcarriers were designed to offer intemal spaces where cells may be

anchored or embedded and are able to grow to high cell densities in a pseudo-suspension

culture. The entrapped cells within the carriers can be protected from high shear forces.

The macroporous microcarriers can allow higher cell to bead loadings compared to the

conventional microcarriers. This al]ows the microcarrier to reach high cell densities

without being comprqmised by high spinner rotation speeds CNg e¿ at. 1996). There are

various types of macroporous microcarriers that have been tested in the past. Of the many

examples, Cytopore is a charged cross-linked cellulose microcarrier suitable for stirred-

tank cultures (GE-Healthcare 2002). The average diameter of pore openings is 30 ¡rm

with the complete microcarrier having a diameter of up to 300 pm. There are two

varieties of Cytopore - I and 2, which differ in their charge density. Cytopore I has a

charge density of 1.1 meúg, while cytopore 2has acharge density of 1.8 meq/g.

Macroporous microcarriers such as Cytopore offer internal pores for which cells can

embed and grow to high cell densities. These high cell densities offer protection from

high shear forces, especially in the case of sparging in bioreactors (Duerrschmid, et al.

2003;Xiao et at. 1999). Cytopore microcarriers can be used for culturing adherent cell

lines as well as cells adapted to grow in suspension. The cells are able to enter within the

pores and grow to high densities.
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In this study, the use of two genetically-engineered CHO cell lines were used as

models to investigate the productivity of cells secreting human recombinant proteins that

were grown to high densities within two tlpes of macroporous microcarriers and

compared with standard suspension cultures.. In this chapter it is shown that the two

different Cytopore microcarrier species can induce different cell growth patterns and

volumetric production of two human recombinant glycoproteins (interferon-beta and

tissue plasminogen activator)

4.2. Results:

4.2.1. Cytopore 1: Cetl growth in Cytopore I Spinner flasks

The growth characteristics of two independent CHO cell lines transfected with the

recombinant human IFN-beta gene and the human tFA gene were compared in stirred

suspension cultures and in cultures containing Cytopore 1 macroporous microcarriers at

concentrations between 0.25 m{mL and 2 mglmL. Each culture was inoculated with 105

cells/ml in serum-free medium (100 mL) in spinner flasks with continuous stirrin g at 45

rpm. Figure 4.1 shows growth profiles for the beta-interferon and tPA producing cell

lines grown in Cytopore I culture. The maximum cell yield for suspension IFN-beta

producing cells was 5.02x106 cells/ml and tPA cells was 4.28x106 cells/ml which

occurred in at the end of the culture (day 7). The highest yield of cells in microcarrier

cultures was different for the two different cell lines, where IFN-beta cells had a

maximum of 3.00x106 cells/ml in Cytopore concentrations between 0.5 to 2 mglmL,

while tPA cells had a maximum yield of 4.98x106 cells/ml in 2 mglmL C¡opore 1. The

tPA cells showed a minimum cell yield in 0.25 mglmLCytopore I cultures of 2.30x106

cells/ml, while the IFN-beta cells showed a minimum cell yield of 1.75x106 cells/ml
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Figule 4.i: Growth profiles of IFN-beta (A) and tPA (B) producing CHO cells on Cytopore 1 microcarriers. Cells were inoculated at
lxl0' cells/ml into culture medium (100 mL) containing 0.25 mg/ml. (l), 0.5 mg/ml (^), 1.0 mg/ml (y) and 2.0 mg/ml (O)
Cytopore 1 microcarriers or no migrocarriers (o). The values are expressed as the cell densities in the culture where the samples'are
means + SEM between duplicate cultures.
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also in the lowest microcarrier cultures. The difference in cell yield between the different

cell lines show that the microcarrier concentrations can be optimized between the cell

lines for growth.

For the Cytopore cultures, cells became entrapped within the porous microcarriers

within two hours of inoculation. Figure 4.2 shows the concentrations of cells that were

found in suspension throughout the culture period for IFN-beta (A) and tPA (B) Cytopore

1 microcarrier cultures. In the lower concentrations of microcarriers, over time the IFN-

beta cell numbers increased from no cells in suspension to 0.5x106 cells/ml found in

suspension. The other concentrations of Cytopore led to minimal cells in suspension (less

than 0.2x106 cells/ml). ln the tPA cultures, 1.1x106 cells/ml with 0.25 mglmL

microcarrier concentration were found to gtow in suspension by the end of the culture.

However, at other Cytopore I concentrations there were no other tPA cells found to grow

in suspension throughout the culture period. During the first two days of culture the

supernatants of the microcarrier cultures were visibly clear with no evidence of non-

attached cells growing in suspension. At the peak cell density in cultures with the highest

Cytopore concentration, the proportion of non-attached cells in culture was only 4.7 o/o as

compared to 30-50 Yo for the culture at the lowest Cytopore concentration.

The mesh of cellulose present in the Cytopore allows for the entrapment of cells

u/ithin the microcarrier. The cell density within the culture can be manipulated to allow

for the estimation of cells that would occupy a microcarrier. Figure 4.3 shows the

concentration of cells determined to occupy Cytopore 1 microcarriers. The lowest

concentration of microcarriers (0.Zhmglml-) shows the maximum cell to bead occupancy
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mglmL (t) Cytopore 1 microcarriers. The values are expressed as the cells attached to each microcarrier (calculated using values
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in each cell line, while the highest microcarrier concentration (2mglmL) shows the

minimal cell to bead occupancy. For the IFN-beta producing cell line the maximum cell

to bead ratio is close to 2000 cells/bead, while the tPA producing cell line show over 35

%o greater occupancy with2750 cells/bead.

4.2.2. Cytopore l: IFN-beta and tpA production

In the case of IFN-beta production, ELISA determinations were made before and

after denaturation of culture samples. Figure 4.4 shows the production of native (A) and

denatured (B) IFN-beta from microcarrier and suspension cultures. As mentioned in

Appendix A, due to the hydrophobicity of the IFN-beta protein, the protein has the

tendency to aggregate, thus it is necessary to determine the titers of IFN-beta from native

protein samples and from denatured protein samples. This calculation allows for the

determination of aggregation which occurs within the culture. The suspension IFN-beta

culture gives a maximum yteld of 2.4xl06units/ml native IFN-beta, and a corresponding

value of 4.04x106 units/ml denatured protein.

It is desirable to design a culture process that eliminates product aggregation, and thus

the different systems for increasing protein production must be monitored for

aggregation. Figure 4.5 shows the percent product aggregation at day 6 of the IFN-beta

titers in each culture. The aggregation of IFN-beta in suspension cultures at day 6 is 33.6

%o, compared to Cytopore I cultures with aggregation ranging from 5.1 to 22.2 %o. T;¡e

aggregation for C¡opore cultures appear to increase with the concentration of

microcarriers.
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Figure 4.5: Aggregation at day 6 of Cytopore 1 microcarrier culture. The aggregation is
quantified as a comparison of native and denatured protein quantities as estimated by the
ELISA method. The values are expressed as the aggregation of duplicate samples + SEM.
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The production of tPA quantified by ELISA is shown in Figure 4.6. The protein yield

for suspension cultures was 3200 Units lmL at day 7 of the culture. However, the secreted

protein appeared to increase significantly from the beginning of the culture to day 5, after

which the protein increases by less than l0 Yo forthe duration of the culture to day 7. The

lowest concentration of Cytopore 1 (0.25mglml) gave a maximum titre of 5255

Units/ml at day 5, but slowly declined to 365ó Units/ml by day 7. This decrease is

believed to be due to a combination of tPA degradation as well as reduced syrthesis (as

explained in Appendix A). The other concentrations of C¡opore 1 gave tPA titers

between 5250 to 6790 UnitslmL at day 7 of the culture, with 1.0 mg/ml of Cytopore

leading to the maximum titre.

Protein titers were normalized against the suspension culture to allow for

comparisons between samples as well as different proteins, where the suspension culture

was given a value of 1 unit/ml-. The normalization gives us the relative titre increase

(Figure a.7).

4.2.3. Cytopore 2: CelI growth in Cytopore 2 Spinner flasks

The growth of cells in Cytopore 2 microcarriers was also investigated. The main

difference between Cytopore 1 and 2 is the difference in the charge of the bead. While

the charge density of Cytopore 1 microcarriers is 1.1 meq/g, the charge density of

Cytopore 2 is slightly higher at 1.8 meq/g. This higher charge density suggests that cells

would have a higher affinity for the Cytopore 2 microcarrier due to the net negative

charge of the membrane.
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Figure 4.6: tPA produced in CHO cells on Cytopore I microcarriers. Cells were
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O.Smg/ml ( ), 1.0 mglml (V) and 2.0 mglmL (i) Cytopore I microcarriers or no
microcarriers (.). Protein was quantified using ELISAs where the samples are means r
SEM between duplicate cultures.
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The growth of IFN-beta producing cells (Figure 4.8, panel A) in suspension followed

a similar growth pattem as the suspension culture in the Cytopore 1 data set. Where the

cell density increased for the first 6 days, with a maximum cell yield of 4.15x106

cells/ml then a decline of 10 Yo to 3.75x106 célls/ml over the last day of the culrure. The

microcarrier cultures all followed a similar growth pattem to the Cytopore 1 cultures

(Figure 4.1, panel A) where the 0.5 mglmLand 1.0 mglmLyielded a slightly higher cell

yield at 3.50x106 and 3.28x106 cells/ml, respectively. At 2.0 mglmL microcarriers the

cell concentration at day 7 was 2.40x706 cells/ml, while the 0.25mglml microcarrier

culture yielded a cell concentration of 1.2x106 cells/ml. The growth of the tpA cells

showed a similar growth pattern, as shown in .Figure 4.88. The cell density for the

microcarrier cultures ranged from .2.99x106 cells/ml to 3.81x106 cells/ml, while the

suspension culture had amaximum of 4.28x106 cells/ml at day 7. Similarly the lowest

concentration induced a lower growth, reaching a maximum of 1.8x106 cells/ml at day T.

Figure 4.9 indicates the cells found to grow in suspension at the varying concentrations of

microcarriers where Panel A shows IFN-beta producing cells, and panel B, the tpA

producing cells. In both cases , at 0.25mdmL Cytopore 2 the cell concentration in

suspension was over lxl06 cells/ml at day 7 of the culture. The IFN-beta producing cells

showed a slight increase of cells in suspension beginning at day 4. However the growth

of cells in suspension was not significant compared to the overall cell concentration. The

maximum cell concentration in suspension of the other concentrations of Cytopore 2 was

less than 0.2x106 cells/ml compared to 3.0x106 to 3.5x106 cells/ml total. tpA producing

cells had a higher quantity of cell in suspension compared to the IFN-beta producing

cells. The maximum cell yield in suspension was
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Figule 4.8: Growth profiles of IFN-beta (A) and tPA (B) producing CHo cells on Cytopore 2 microcarriers. Cells were inoculated at
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0'4x106 cells/ml in the 0.5mg/ml and 2.0 mglmLCytopore 2 concentrations. The cells

in suspension at each Cytopore 2 microcarrier concentration was about l0 % except the

lowest microcarrier concentration (0.25mg/mL) where 35-50 %o of cells were found in

suspension by day 7.

A comparison of the cells to microcarriers (Figure 4.10) show an increase in the cell

to bead occupancy in the 0.25mglmL concentration in the case of the IFN-beta cells. This

increase occurs until day 4, aft.er which point the cell to bead ratio remains near 1700

cells/beads for the duration of the culture. However, in the O.5mg/ml IFN-beta culture,

the ratio increases to 2000 cells/bead. In the case of the tPA cell line the maximum cell to

bead ratio is 2000 cells/bead, thus suggesting that there is a maximum of 2000 cells per

bead. In the majority of cases, the beads are not fully occupied.

'4.2.4. Cytopore 2: IFN-beta and tpA production

IFN-beta was measured as native and denatured protein. In the panel A of Figure

4'17, there is a maximum native protein leld of 7.5x106 units/ml by the cells in

O'5mg/ml Cytopore 2 concentration, which is just over 2.8-fold greater than the

suspension protein yield. The other Cytopore concentrations induce a 1.4 to 2.l-fold

higher protein leld than the suspension culture. Panel B shows the denatured protein

yield from the suspension and Cytopore cultures. The denatured protein titre of the

C¡opore cultures was 1 -2 to 2.5-fold greater than the yield of the suspension cultures

with 4.04x1 06 units/ml.
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Figure 4'11:Native IFN-beta (A) and denatured IFN-beta titers from Cytopore 2 microcarrier and suspension cultures. Cells wereinoculated at 1xl0s cells/ml into culture medium (100 mL) containing 0.i5mg/mL(r),O.5mg/ml (a), 1.0 mg/ml (v) and 2,0mg/mL (t) Cytopore 2 microcarriers or no microcarriers (o). The ti"ters were as calculated from ELISAs where the values areexpressed as means of duplicate samples + SEM.
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Comparison of aggregation of IFN-beta (Figure 4.12) shows that 33 % of the

suspension culture protein was aggregated by day 6 of the culture. Although the

aggregation of the IFN-beta in the microcarrier cultures did not reach the levels of the

suspension culture; the aggregàtion *u, between 20 to 25 % in all cases, except 0.25

mglmL Cytopore. The aggregation of IFN-beta in the 0.25 mglml|- at day 4 was 16 %.

However, in the last 2 days of the culture the level of aggregated protein produced must

have been negligible compared to the overall protein, as the titers from the ELISA

response showed no significant protein aggregation at day 6.

The maximum protein yield of tPA (Figure 4.13) was obtained in the g.5mg/ml

C¡opore 2 culture. Where the 0.25 mglmL and 1.0 mg/mL showed a maximum protein

yield at day 6 of the culture, with over 6000 Units/ml, the yreld dropped by over 30 yo to

about 4000 units lmLby day 7 . Thus the 0.5 mg/ml concentration of cyto pore 2appears

to give a higher product yield compared to the suspension culture, lelding over 2-fold

greater tPA.

The information from Figures 4.11 and 4.13 can be summari zed in Figure 4.14.

Where the left panel (A) shows the relative titre increase of the IFN-beta and tpA

produced in Cytopore cultures, standardized to the suspension cultures. panel B shows

the average product yield between the standardized proteins. It would appear that the

optimal concentration of c¡opore 2, for a maximum protein leld is 0.5mg/ml,

compared to 1.0 mglmL for Cytopore 1 microcarriers.
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Figure 4.13: tPA-produced in CHO cells on Cytopore 2 microcarriers, Cells were
inoculated at 1x10s cells/ml into culture medium 1f O0 mf-¡ containing 0.25 mg/ml (r),
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of duplicate samples t SEM.
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4.2.5. Comparing Cytopore 1 and Cytopore 2

The productivity of IFN-beta and tPA from CHO cells in Cytopore I and 2

microcarriers are summarized in Table 4.1. The protein titers were normalized against the

suspension protein titre for each protein (IFN-beta and tPA), where the suspension

protein titre was termed 1 unit/ml. The protein titers increased with the concentration of

microcarriers, where the optimal concentration of Cytopore 1 was 1.0 mglml for the

production of both IFN-beta and tPA, and the optimal concentration of Cytopore 2 was

O5mglmL for the production of both recombinant proteins.

4.3. Discussion

These titers of native and denatured protein \¡/ere up to 50 % less than the titers

calculated for Cytopore microcarrier cultures, which range between 5.71xI06 to 7.3gx106

units/ml native protein and 7.15x106 to 9.35x106 units/ml denatured protein.

Many studies have reported the benefits of cell growth in Cytopore microcarriers. The

use of Cytopore microcarriers has been especially beneficial for perfusion bioreactor

cultures where media is exchanged while cells remain within the culture. The use of

Cytopore has increased the efficiency of these systems for the production of recombinant

proteins, easing the cell retrieval from cultures. Zhaolie et at. (1999) have reported high

CHO cell densities of 8.83x106 cells/ml attained after 20 days. The cultures appeared to

be healthy at the end of the 20 day period with multiple layers forming on the

microcarrier and cell clumping within the carrier. Common CHO cell densities attained in

Cytopore cultures reach over lxl07 cells/ml as reported by Hu et al. (2000) and Chen er

al. (2000),and as high as 2x107 cells/ml reporred by cong et al. (2001). while our
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Table 4'1: Summary table of the productivity of IFN-beta and tpA producing CHo cell
lines in Cytopore 1 and 2 microcarrier cultures in l00ml- spinner flasks. Èrotein was
quantified using an ELISA. IFN-BETA samples were quanrided by nutiuã protein yield
(non-denatured) and denatured (total protein¡. tfe ,u*pì". were quantified ùy ELISA of
supernatant samples.

Cytopore Microcarrier
Conc.(mg/mL)

Native IFN-beta tit¡e
(Normalized
Units/ml-)

Denatured IFN-beta
Jire (Normalized

Units/ml)
I Susp 1.00 l.5l

0.2s 2.75 2.90
0.5 2.30 2.61
1.0 2.85 3.49

I 2.0 2.55 3.28
2 Susp 1.00 1.51
2 0.25 2.t4 2.14
2 0.5 2.83 3.69
2 1.0 1.94 2.63
2 2.0 t.44 r.80

Cytopore Microcarrier
Conc.(mg/mL) tPA titre (Normalized Unirs/ml)

I Susp 1.00
I 0.25 t.64
I 0.5 t.64

1.0 2.12

2.0 1.92
2 Susp 1.00
2 0.25 1.92

2 0.5 2.0s

2 1.0 1.86

2 2.0 t.22
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cultures were batch cultures, and thus stopped at d,ay 7, we were

densities as high as 5x106 ceils/ml bead. Feeding the cultures either by

batch system, or perfusion curture may allow for a higher cell yield

obtained by Cong et al. (2001) or Chen et al. (2000).

able to obtain

inducing a fed-

close to those

several other macroporous carriers have been used to immobilize and grow

mammalian cells' As an example, cultispher G is a degradable crosslinked gelatin based

macroporous microcarrier that has been used for the production of recombinant proteins

and viruses (Mignot et ar., 1990; Berry et ar., rggg). This has been reported to

accommodate high cell/ bead ratios (>4,000) and high cells densities (> 108 cells/ml) in
stirred tank bioreactors. chen et at., (2003) showed that the growth of osteocarcinoma

cells in a fibrous matrix to high densities (3x108 ceJls/ml) led to selective retention of
healthy non-apoptotic cells, mostly arrested in the Gi/ G0 phase. The cell densities

reached in this study was similar to that reported previously. A comparison of the cells to

the microcarriers, give maximum ratios ranging between 2000 to 2750 cells/bead.

The increase in cell growlh has been shown to benefit the production of recombinant

proteins from these immobilized cultures. zhaolie et al. (7999) reported a maximum

product yield of 12473 units/ml of tPA reached at the end of a 20 dayculture. similarly

Hu et al' (2000) reported a maximum product yield of 7335 units/ml of urokinase type-

plasminogen activator from a cytopore bioreactor culture aft.er 26days. The phenomenon

of enhanced productivity from cells grown to high densities in a microenvironment has

been previously observed for monoclonal antibodies secreted by murine hybridomas (Lee

et a1.,1991) and from transfected BHK ceils (yamaguch i et ar., rggT).
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The difference in the growth of the IFN-beta producing CHO cell line and the tpA

producing cell line can be explained by cell line dependence. Although we had a similar

protein yield with varying concentrations of Cytopore microcarriers, others have reported

differently. Nam e¡ al. (2007a) reported that there was no enhancement in accumulated

recombinant protein activity in Cytopore I cultures in which tPA showed a similar rate of

production as in suspension and SEAP produced in suspension was higher than 53 %o

greater than the Cytopore 1 cultures. Mignot et al. (1990) showed that there was no

enhancement in production of Von Willebrand Factor from CHO cells grown in

Cultispher G cultures.

The use of Cytopore for the maximization of recombinant IFN-beta and tpA from

CHO cell culture was found to be be¡eficial. We report an increase of up to 2.5 fold of

recombinant protein yields in both cases of protein production. As well, in the case of

IFN-beta, protein aggregation was decreased in the presence of Cytopore compared to the

aggregation in the suspension cultures. Therefore we decided to use Cytopore in further

studies to increase production ofproteins in bioreactor cultures.
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Chapter 5

5' Relationship of cell density and specific productivity within microcarriers*

5.1. Introduction

In order to develop bioprocesses suitable for the large-scale production of proteins it

is essential to be able to isolate genetically-engineered producer cells with high specific

productivity and a capability for their growth to high densities in culture (Butler 2005;

V/urm 2004)- In particular the ability to maintain high densities of cells in a viable state

for prolonged periods in culture has been a key factor in the increased volumetric

productivities that have been observed in such bioprocesses over the last 20 years (Wurm

2004)' These higher productivities have to some extent ofÊset the prerdicted short-fall in

volumetric bioreactor capacity world-wide (Butler 2005; Mallik et at. 2002). Thus,

improvements in the efficiency of cultures allows the production of high quantities of

protein and reduces the requirements for volumetric scale-up of,bioreactors.

Macroporous microcarriers were designed to offer intemal spaces where cells may be

anchored or embedded and are able to grow to high cell densities in a pseudo-suspension

culture' The entrapped cells within the carriers can be protected from high shear forces.

The macroporous microcarriers can allow higher cell to bead loadings which allow the

microcarrier to reach high cell densities without being compromised by high spinner

rotation speeds CNg e/ al. 1996).

* 
Th" conterrt of this chapter was included in a paper: Tharmalingam, T., Sunrey, K., Spearman, M., and M.Butler' Enhanced production of human råcombinant prot"ini from cHo cells grown to highdensÍties in macroporous microcarriers (submitted to Biotåchaologyprogress, May 200g) vy'ork reportedin the paper completed by others were omitted from this chapter.
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In this chapter, I investigate the relationship between an increase

impact on the specific productivity of recombinant protein being

CHO cell lines (producing IFN-beta and tpA).

5.2. Results

5.2.1. Cell density reached within microcarriers

in cell density and the

produced within both

The mesh of cellulose present in the Cytopore allows for the entrapment of cells

within the microcarrier. This is evident in the micrographs shown in Figure 5.1, where

the left panel shows a Cytopore bead at day 2 from a 1 mglmLCytopore culture. At this

stage, the average microcarrier entraps approximately 50 cells (abou t 14x106 cells/ml

bead volume). As the culture progresses, the microcarrier becomes highly populated with

the value increasing to approximately 400 cells/ bead (about 55x 106 cells/ml) at d,ay 4.

The cell concentrations within the microcarriers are shown in Figure 5.2. The cell

density within the microcarrier is the estimated density of the cells confined within the

boundaries of the microcarrier; where the volume of the microcarrier was calculated to be

7 '24x10-6 cm3 and 95 %o of the microcarrier is porous, resulting in an available volume of

6.52x10-6 cm3 (refer to Materials and Methods, sectio n 2.7 .1).

The cell density within the microcarrier at the beginning of the culture was calculated

to vary between 2-26x106 cells/cm3 to 18.04x106 cells/cm3 as the overall inoculum cell

concentration was kept constant in regards to the total culture volume. The cell

concentration quoted above refers to the concentration of cells within the bead, compared

to the inoculation cell density which was lxl0s cells/ml culture volume. However, the
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cells within the lowest concentration of cytopore microcarriers (0.25 mg/ml) increased

to a maximum of 400x106 cells per milliliter of bead volume over a 7 day culture. In

comparison' a suspension culture where maximum cell density reached at d,ay 7 had,

approximately 5x106 cells per milliliter of culture medium. This high cell density within

the beads of the microcarrier cultures was evident with both cHo cells lines and for both

microcarrier types.

5.2.2. Specifìc productivity

The relationship between the cell density within the microcarriers and the cell-

specific productivity of protein was determined from a plot of the specifìc productivity

during the growth phase and the cell concentration within the microcarrier at day 4.

Data from the production of both recombinant proteins were combined. The specific

productivities were normalized against standard values set to 1 obtained in suspension

cultures of each cell line' This allow"d Q, data from the two cell lines to be compared.

The relationship between Qp and cell density was determined by the best-fìt plot using a

polynomial algorithm (sigmaPlot). Acceptable profiles were established by

maximization of 12 values, where an I value of r indicates a perfect fit.

The results are shown in Figures 5.3 and 5.4. For cytopore 1 cultures (Figure 5.3) the

pattem appeared to be hyperbolic following equation I below.

y = 2.385x/ (3.942 + x) equation I
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This indicates a significant increase in Qo for the microcarrier culfures with a cell density

up to 1x108 cells/ml compared to the equivalent suspension cultures. However, there

was no significant evidence for a further enhancement of eo at higher cell densities.

on the other hand cytopore 2 (Figure 5.4i showed a linear increase in specifìc

productivities as the cell density within the microcarrier was increased (equation 2).

y:0.01542x+ 1.223 equation 2

The maximum cell density reached within the microcarriers was around 300x106

cells/ml, where specific productivity was increased to over 4 to 5 times the relative units

produced in suspension cultures.

5-2.3. constant cell density within Microcarrier and its effect on ep

The above-mentioned experiments showed that as the cell density within the

microcarrier increases, the specific productivity increases. This is true up to lxl08

cells/ml in c¡opore 1 microcarriers and up to 3xt0B cells/ml in cytopore 2.

It is imperative to prove that the increase in specific productivity is due to the

increase in the cell density within the microcarriers, as opposed to an increase in the

overall cell density. Experime¡ts were set up where a stock of microcarriers was

inoculated with a cell to bead ratio of 30 cells per microcarrier. The microcarrier stock

was then split such that duplicate spinner flasks were inoculated with 0.5 mg/ml, 1.0

mglmL and 2'0 mg/mL cytopore microcarriers. suspension flasks were also set up as

control controls.
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Figure 5.5 shows the ce' density of the cyropore 1 (panel A) and 2 (paner B)

microcarrier cultures in relation to the culture volume. since the experiment was set up

such that the cell to bead ratio was the same in each case, the overall cell density in
culture medium differed depending on the concentration of microcarrier. The inoculation

cell density was 0'5xl0a cells/ml, 1.0x10s cells/ml and 2.0x10s cells/ml for each

microcarrier concentration, respectively.

The different cell density within each culture translates to the same cell density within
each microcarrier (as shown in Figure 5.6). The cell density within each microcarrier was

similar for each of the microcarrier concentrations until day 5 (p>0.15). After this point

the cell density within the microcarrier at the higher cytopore microcarrier

concqntrations appeared to plateau. This is believed to be due to nutrient limitations

within the culture, as the cultures were not fed during the culture period.

The IFN-beta titers were as measured by ELISA and are shown ìn Figure 5.7. The

titers increased as the concentration of cells per carrier increased, as well as the

concentration of cells in the overall culture volume. The maximum product titre for
cytopore I microcarriers (Panel A) was measured as 16.gx106 units/ml from 2.0

mglmL' 8x106 units/ml for 1-0 mglmLand just over 6x106 units/ml for g.Smg/ml. This
was a similar case with cytopore 2 microcarriers (Panel B), where the maximum protein

titre was 74'2x106 units/ml from2 mglmL,7.5xl06 units/ml from I mg/mLand 4.1x106

units/ml from 0.5 mglmL.

Figure 5.8 shows the comparison between the specific productivities

cyopore I and 2 concentrations. The calculated specific productivities

at the varying

of the varying
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concentrations of Cytopore are constant, as are the cell densities within the microcarriers

during the exponential phase of the culture. However, it is recognized that the specific

productivity is higher in the Cytopore cultures compared to the suspension cultures even

though the overall cell density is similar. From this experiment, it is evident that the

specific productivity increase is dependent upon the cell density within the microcarrier

as opposed to the overall cell density.

This is further explained by comparing the specifìc productivity of a higher density

culture. When C¡opore 1 microcarriers are inoculated such that the cell to bead count is

150 cells/microcarrier and monitored over the culture, the specific productivity is

calculated to be 2-7 units/cell/day. The calculated specific productivity is higher in the

lower density cultures that were inoculated at a fifth of the cell concentration; however

the specific productivity is the same in both 0.5 mg/ml and the 1.0 mg/ml Cytopore

microcarri er cultures.

5.3. Discussion:

The results reported here show that further enhancement in protein productivity can

be made by increasing the effective density of cells by entrapment within the matrix of a

macroporous carrier. The Cytopore macroporous carriers used in this study allow for the

entrapment of CHO cells in an environment in which tissuelike high densities (>l¡s

cells/ml) are obtained.

The specific productivity was enhanced for both cell lines when grown in the

microcarrier cultures- There was a 5-fold increase in specific productivity by both CHO
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cell lines when cultured in C¡opore 2 and a 2.5-fold increase in Clopore l. Although

there appeared to be no difference in the profiles obtained for the two cell lines, the use of

Cytopore 2 carriers resulted in significantly higher productivity values with a very close

correlation between specific productivity and cell density within the carriers (Figure 5.4).

The entrapment of cells in various microcarriers has been shown previously to

increase the productivity of cell-secreted proteins. C¡oline is a weighted macroporous

microcarrier composed of polyethylene beads and was used in a fluidized bed bioreactor

(Amersham 2002c)- Using such a culture system, Kong et al. (Iggg) reported a 5.5-fold

increase in specific productivity for a recombinant osteoblast-derived antiviral protein

(oAP) from CHo cells as compared to a stirred tank bioreactor culture using Cytodex

microcarriers. The entrapped cells in this system attained a maximum density of 5.3 x

107 cells/ml. Using a similar C¡oline culture system, we have reported from our

laboratory a greater than fwo-fold increase in specific productivity of recombinant human

erythropoietin (EPo) from CHo cells when compared to a suspension culture (Wang el

al',2002)- In both cases, the increase in specific productivity was atkibuted to the higher

cell densities attained within the entrapped space of the microcarriers. Durrs clvnid, et

at' (2003) reported similar specific productivities of human Arylsulfatase B enzyme

(ASB) from CHo cells grown in the Cytoline culture system compared to a suspension

perfusion system. However, in this case similar high densities (>107 cells/ml) were

attained in each of the culture systems.

The phenomenon of enhanced productivity from entrapped cells grown to high

densities in a microenvironment has been previously observed for monoclonal antibodies
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secreted by murine hybridomas (Lee et al., 1991) and from transfected BHK cells

(Yamaguchi et al-, l99l). Both the specific and volumetric productivity of a murine

hybridoma was enhanced 3-fold following immobilization in calcium alginate beads (Lee

et al-,1991). They ascribed the advantages of immobilization to: (a) a lower growth rate

(b) enhanced communication between cells in the close packed environment (c)

decreased physical stress in the protected microenvironment and (d) production of

autocrine factors that could accumulate to high concentrations in the local environment.

These authors reported that the enhancement of Mab productivity was dependent upon

the culture conditions with higher productivities favored in spinner flasks rather than T-

flasks. The most plausible explanation offered was that the production of autocrine

factors produced by cells within the microcarriers at high cell densities could be affected

by the stirring conditions of the culture (Lee et a1.,1993).

In applying these various explanations to our results, we noted that the growth rates

of all cells in the microcarrier cultures (0.57 to 0.73 day r) were significantly lower than

those in free suspension (0.85 dayt). The lower growth rate in the entrapped cultures

could give rise to a higher proportion of cells in the GO/Gl phase of the cell cycle, which

could in itself lead to higher productivity (Luo and Yang, 2004).It has been shown that

cells in the Gl phase produce higher levels of recombinant protein (de Boer et a1.,2004)-

However, the range of measured growth rates of CHO cells in our experiments did not

correlate directly with the range of specific productivities observed and so this could not

fully explain our results.
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Maurer et al. (1999) studied the growth of human lung tumour cells in Cultispher

microcarriers and showed a decreased sensitivity of these cells to a range of

chemotherapeutic agents at high cell densities. This was attributed to a multicellular

contact effect. -The cell contact-induced drug resistance was explained by the following-

possibilities: (a) formation of gap junctions between cells, (b) the deposition of an

extracellular matrix and (c) enhanced ligand-receptor interaction.

Lee et al. (1993) attributed enhanced specific productivities of Mab to an

accumulation of autocrine factors in the immobilization matrix- The accumulation of

growth stimulating factors secreted by cells has been previously observed in the

extracapillary space of hollow fibre bioreactors (Kidwell et al., 1990) and could be

attributed to factors such as interleukin-6 (lL-6), which is known to stimulate protein

synthesis in lymphoid cells (Aarden, 1989; Hirano et a\.,1986). However, the production

of IL-6 in our system is an unlikely explanation for the increased specific productivity of

IFN-beta.

Our results indicate that there is a linear relationship between cell densities within the

microcarrier and specific productivity of either of the recombinant proteins. For

Cytopore 2 cultures, as cell concentrations within the microcarrier reached 3x108

cells/ml, the specific productivity was 5 times that of a comparable suspension culture.

However, with Cytopore I a maximum value of specific productivity was reached at a

cell density of 1x108 cells/ml with an enhancement of 2.5-fold compared to a suspension

culture. The possible explanation for a cell concentration-dependent increase in specific

productivity as observed in our Cytopore cultures is compatible with both enhanced cell-
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to-cell contact as well as the increased concentration of autocrine factors within the

microenvironment of the beads.

The enhancement of productivity in our culture systems was significantly greater in

cultures of Cytopore 2 compa."¿ to C¡opore 1 for both cell lines. It appeared that in

Cytopore 1 there was a threshold cell density above which the specific productivity did

not increase. In contrast the specific productivity measured for the Cytopore 2 cultures

increased linearly to the highest cell density. The physical properties of the two

microcarrier types differ in that Cytopore 2 has higher charge densities. We may

speculate that such a difference could alter the interaction of the cells with the

microcarrier matrix and cause differential protein production.

The results of our experiments are important because they show that it is possible to

enhance both specific and volumetric recombinant protein production from transfected

CHO lines in a rnacroporous microcarrier culture system by increasing cell densities to

values akin to those found in tissues ín vívo (Palsson and Bhatia, 2003).
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Chapter 6

6. Influence of Hypothermic culture conditions on productivity.

6.1. Introduction

Hypothermic conditions are classified as suboptimal temperatures at which cells

grow' and this is generally considered to be below 37"C for mammalian cell types. The

benefits of growing cells at a lower temperature (30'C to 35"C) has been reported by

many researchers, and has been reported to enhance the specific productivity and

volumetric productivity of a culture. The expression of many recombinant proteins have

been reported to increase during the growth and production phases from exposure to a

lower temperature.

Amongst the change in productivity, there are other changes that can occur.

Transcriptome analysis of CHO cells producing EPO revealed that low culture

temperature could lead to changes in gene expression in various cellular processes such

as metabolism, transport, and signaling pathways (Baik et al., 2006). Hypothermic

culture conditions induce cells to undergo delayed apoptosis due to an increased p53

protein level which in tum leads to an increased level of pizl. Complexes of p2l and a

cyclin dependent kinase (cdk2) inhibit cells from entering the next stage of cell division,

keeping cells in a Go/Gl phase (Kumar et a1.,2007;Moore et al., lggT).Two cold shock

proteins, CIRP and RBM3, have also been studied extensively. Both CIRp and RBM3 are

involved in modulation of transcription and translation by functioning as RNA

chaperones (Yoon et a|.,2lÌS;Nishiyama et al.,1gg7).

' Corrtents of this chapterwas included in a paper: Tharmalingam, T., Sunley, K., and Butler, M. 200g.
High yields of monomeric recombinant beta-interferon frãm *uó.opo.ous microcarrier cultures
under hypothermic conditions. Biotechnology Progress 2a@):832-B3li. work reported in rhe paper
completed by others was omitted from this chapter.
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In addition, low temperature growth has been found

apoptogens, reduce intermolecular aggregation of

(Rodriguez et a1.,2005), as well as lowering the cellular

allow for the maintenance of high producing cells at

periods.

to decrease a cell's sensitivity to

heterologous protein products

rate of nutrient uptake. This may

high viability for extended time

The effects of low temperature are not limited to mammalian cells. yun et al.(2001)

report a 2-fold increase in the overall recombinant human interleukin-3 (rhll--3) yield

after decreasing the temperature from 32oC to 19oC during the fermentation of

Streptomyces lividans. The increase was attributed to decreased tripeptidyl

aminopeptidase protease activity at the lower temperature.

This chapter focuses on the growth and productivity of CHO cells producing

recombinant human IFN-beta in Cytopore 2 microcarrier bioreactor cultures, in

temperature-shifted suspension cultures, and in Cytopore 2 cultures combined with a

temperature shift. Our objective was to attempt to enhance protein productivity as well

as to minim ize themolecular aggregation of IFN-beta.

From the preliürinary studies of C¡opore cultures completed in spinner flasks

(Chapter 4 and 5) it was decided to further investigate the production capabilities in

Cytopore 2. The ability of cells to reach a 5-fold increase in specific productivity within

the Cytopore 2 microcarrier and a 2.s-fold increase in volumetric protein production was

further investigated. Preliminary studies into temperature shift (Appendix B) showed that

there was a higher production resulting from enhanced specific productivity and overall

protein yield.
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The protein investigated was IFN-beta, as aggregation is an important issue for the

production of this highly hydrophobic protein. Three major determinants of aggregation

are the concentration of the recombinant protein, residence time of the protein in culture,

and the temperature (Rodriguez 2007). A lower temperature reduces aggregation, and

therefore is beneficial in large scale protein production processes.

6.2. Results

6.2.1. Growth of CHO cells in biphasic Cytopore Spinner cultures

The growth and productivity of the IFN-beta producing CHO cell line was monitored

in spinner flasks. Previous.studies in our lab showed that there \¡/as an enhancement of

the volumetric product of recombinant protein in suspension cultures by combining the

beneficial effects of enhanced specific productivity with maximal cell growth (Rodriguez

et al. 2005). A low temperature of 32"C allowed a limited growth of cells. However the

growth was enhanced by a subsequent shift from the standard temperature of 37"C.

We investigated the effects of a biphasic Cytopore culture involving a shift to the

lower temperature after a period of cell growth at 37 2C. 
The rationale was to attain a

large viable cell population, which could then be induced to a high cell specific

productivity at the lower temperature. We induced a temperature shift in cultures at days

2 and 3 in an attempt to determine the optimal time that would enable a sustainable high

cell density and furthermore lead to a high product titre. The growth profile of these

cultures was compared to those maintained at either 37"C or 32"C.

136



The growth of the cells is as shown in Figure 6.1. The day 2 and day 3 shifted

cultures showed a maximum cell yield of 3.4x106 cells/ml and,2.9x706 cells/ml by day

14, which was close to double the cell yield of the32"C Cytopore 2 culture (with cell

yield of 1.76x106 cells/ml). The 37"C Cytopore 2 culture had a maximum cell yield of

3.13x106 cells/ml at the end of the culture , day 7. The 37"C culture was ended at day 7,

when the cell density reached a plateau.

Table 6.1 summarizes the growth and productivity yields of the temperature-shifted

C¡opore 2 spinner cultures at the end of the growth period. The specific growth rates of

the shifted cultures were similar (0.0105 and 0.0100 h-r) where the32"C culture had a

significantly lower specific growth rate of 0.0085 h-r. Compared to the shifted cultures,

the 37"C Cytopore 2 control culture reached a similar cell yield (3.13x106 cells/ml) but

within half the time (7 days) with a higher specific growth rate of 0.0205 h-t.

6.2.2, Productivity of IFN,beta in biphasic Cytopore Spinner cultures

The production of IFN-beta was dependent on cell density, as the 32'C sample had a

maximum product titre of 3.60x106 units/ml by day 12, where equivalent cultures at

3l"C had a maximum product of 6.51x106 units/ml at day 7 (Figure 6.2). The shifted

cultures showed a maximum product of 12.60x106 units/ml and 9.90x106 units/ml at

day 12, for day 2 and day 3 shifts, respectively. The Qo of the day 2 shifted culture was

higher than that of the other cultures (0.75 units/cell-day compared to an average of 0.48
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Figure 6.1: Growth profiles of CHO cells producing IFN-beta grown in Cytopore 2
cultures under temperature regulated conditions in Spinner flasks. The temperature of
cultures was shifted at day 2 (t) or day 3(A) or kept at 37"C (V) and 32oC (o)
throughout the cultureperiod. The values represent the mèans of duplicate samples.
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Table 6.1: Summary table from Cytopore 2 Spinner cultures.

Temperature
("c)

32

37-32

Day
Shifted

37-32

* indicates the maximum specific gtowth rate.

Max. Cell
Yield (x106
Cells/mL)

37

2

-t

1.76

Specific
Growth Rate

ft-r)

3.40

2.92

3.13

0.008s

0.0105*

Max. IFN-beta
Titres (x106
units/mL)

0.0100*

0.0205

3.60

Specific
Productivity

(uUnits/cell-dav)

12.60

6.51

9.90

0.4s

0.75

0.53

Aggregation
(%)

0.47

10.66

2.62

6.32

3s.67
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units/cell-day). The aggregation of IFN-beta was significantly lower for the 31"C-32"C

shifted cultures and the 32"C, compared to the 37"C culture, where aggregation was

greater than 3 times higher than for the other cultures (Figure 6.3).

Based on the results summarized in Table 6.1, the Day 2 shifted culture appears to

show higher volumetric and specific productivity of IFN-beta, although cell yields and

specific growth rates of the day 2 and day 3 temperature-shifted cultures were similar.

Thus it was decided to proceed with day 2 temperature shifts in a controlled bioreactor

culture.

6.2.3. Growth of CHO cells in biphasic Cytopore Bioreactor cultures

The growth of cells in suspension and Cytopore cultures exposed to variable

temperatures are as shown in Figure 6.4. From our introductory experiments in spinner

flasks, we were able to indentiff that temperature shifts combined with Cytopore

microcarriers could increase productivity of IFN-beta by over 2-fold. Thus using the

results from the spinne¡ experiments we investigated the growth and prod¡rctivity of the

IFN-beta CHO cell line in a scaled-up 2Lbioreactor culture.

Here we outline the growth profiles of cells cultured in suspension and on Cytopore 2

microcarriers in a 2L Applikon bioreactor either at 37"C or in a biphasic temperature-shift

regimen. Based on the previous cultures in spinner flasks it was decided to decrease the

temperature of the bioreactor cultures at day 2. At 37"C the suspension culture reached a

maximum cell yield of 5.5x106 cells/ml after 5 days (Fig 6.44). This cell density was

maintained over 2 days after which the viable cell population declined. In comparison, an
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'Figure 6.3: Aggregation of IFN-beta under different temperature regimes in spinner
flasks. The percent aggregation was determined at the maximum protein yield in each

culture. The values represent the means of duplicate samples
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equivalent culture in which the temperature was decreased at day 2 yielded a maximum

of 1.7x106 cells/ml at day 9 after which the density decreased (by 17 %).

Growth profiles of the cells in Cytopore 2 microcarrier cultures in the bioreactor are

shown in Figure 6.48. Here there was a steady increase in cell concentration to a

maximum of 4.4x706 cells/ml after 7 days of culture at37"C. After this point the cells

appeared to detach from the microcarriers and grow in suspension and thus the culture

was stopped. In comparison the cell concentration of the equivalent biphasic culture

reached over 8.4x106 cells/ml afrcr 20 days. Only at this point did cells appear to detach

from the microcarriers in the culture.

6.2.4. Productivity of IFN-beta in biphasic Cytopore Bioreactor cultures

The production of recombinant IFN-beta from these cultures is shown in Fig 6.5. The

ELISA response of culture samples was measured before and after protein denaturing

conditions as an indication of the degree of aggregation of the protein in culture.

The production of IFN-beta in suspension cultures is shown in Fig 6.54. As expected

the maximum leld of IFN-beta occurred at a point in the stationary pttas" of both

cultures with a significantly higher value for the biphasic culture. The extent of protein

aggregation is shown by the difference in ELISA response between the denatured and

non-denatured samples. For the 37"C culture, the maximum yield from non-denatured

samples was 1.63x106 units/ml at day 5 after which point the values declined. The

values for denatured samples (5.41x106 units/ml) were significantly higher, particularly

toward the end of the culture. This showed a degree of product aggregation of up to 70
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%. The biphasic temperature shift of 37'C to 32'C at day 2 had a significant effect on

product yields. At day 8 the yield of IFN-beta was 8.6x106 units/ml with a minimal

degree of aggregation (8 %o), as suggested by similar responses from non-denatured and

denatured samples. The denatured samples showed a maximum yield of IFN-beta. of

10.6x106 units/ml at day 10, although the degree of protein aggregation appeared to

increase to around 40 o/o at this point'

The production of IFN-beta in Cytopore 2 microcarrier cultures is shown in Fig 6'58'

Af 37"C, the volumetric production of native IFN-beta in the microcarrier culture

(7.9x106 units/ml) was enhanced 5-fold compared to the equivalent suspension culture'

The temperature shift further enhanced the production of native IFN-beta by about 9'9-

fold yielding a maximum of 16.2x106 units/ml by the end of the culture at day 20. ln

this culture there was an initial slow rate of production of IFN-beta, which followed the

slow growth of the cells. Up to day 16 there appeared to be no protein aggregation but

after this point the ELtrSA responses suggested increased aggregation up to 50 To at day

22.

Table 6.2 summarizes the results from using cytopore 2 and hlpothermic culture

conditions in the bioreactor to enhance the production of IFN-beta. The product titers

represent the points at which the non-denatured sample titers were at their maximum in

each culture.

This shows that at these points the total product yield increased by 1.59-fold after the

temperature shift regime v/as introduced in the suspension culture and by 2-25-fold in

microcarrier cultures at the standard 37"C temperature. The enhancement in yield due to
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Table 6.2: summary table from Suspension and cytopore 2 Bioreactor cultures

Culture
Condition

Suspension

Temp
("c)

Cytopore

Max. Cell
Yield

(Cells/mL)

JI

37-32

5.50x106

Avg Specific
Growth Rate

(h-')

1 .70 xl0o

37

37-32

4.35 xl06

8.41 x106

0.033

Qp
(pUnits/
cell-day)

0.015

0.025

0.605

Max Denatured
IFN-beta Titres

(units/mL)

0.010

1.002

1.463

5.41 x106

0.571

8.60 x106

Aggregation
(%)

12.17 xI06

22.85 x106

70.0

Total Product
enhancement

(x-fold)

8.1

33.1

29.2

I

1.59

2.25

4.23
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both the use of microcarriers and the temperature shift was determined to be 4'23-fold

which is greater than the product of the individual effects. This suggests a synergy in the

enhancement of IFN-beta titers from the use of microcarriers and the temperature shift

regime in these cultures.

As well as the increased overall product titre, a further advantage of these culture

strategies is the decrease in aggregation of IFN-beta' Clearly, the lower temperature has

a substantial effect on the degree of aggregation of IFN-beta as shown by a decrease of

aggregation of 70 %o to 8 o/o in suspension culture. The microcarriers also contribute to a

lower degree of aggregation as shown by a lower peròentage of 33 o/o' The combined

effect is to reduce aggregation to 29 % but at a substantially enhanced product yield of

22.9x106 units/ml. This product yieid could be fuither enhanced toward the end of the

culture but at the expense ofincreased aggregation'

6.2.5. Nutrient Uptake of Bioreactor Cultures

The suspension culture at 37"C had a specific growth rate of 0.033h-t during the

exponential phase from the inoculation of the culture to day 5' After day 5' the culture

underwent a stationary phase, then the population slowly declined' The suspension

temperature-shifted culture had a similar beginning, where the doubling time of cells was

20.6 hours during the first phase (37"C). However after the cells were shifted to 32'C, the

specific growth rate declined to 0-020 h-t '

Cytopore cultures had a

37"C had a sPecific growth

decreased growth rate, where Cytopore 2 cultures held at

rate of 0.023 h-r, with a doubling time of 31 hours' The
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temperature-shifted culture showed a biphasic growth pattern, where initially the growth

rate was 0.030 h-r, and then declined to 0.010h-r for the second phase of growth (after the

temperature was shifted).

Although Figure 6.4 shows the growth of each culture, there was question as to

whether the cells of the temperature-shifted Cytopore 2 culture were metabolically active

throughout the culture period oî 22 days. In order to determine this a glucose uptake

assay was performed to determine if cells were indeed metabolically active throughout

the culture Period (Figure 6'6)'

The specific glucose uptake rates correlated with the specific growth rates' where

37'C Suspension and Cytopore cultures showed a similar specihc glucose uptake rate of

2.74 mol/cell-day and 2.56 mollcell-day, respectively' The cells in the temperature-

shifted cultures had a lower specif,rc glucose uptake rate, where the cells in the

suspension bioreactor took up 7,29 mol/cell-day and cells in Cytopore 2 bioreactor

culture utilized 0.65 mol/cell-day for the duration of the culture' The glucose uptake in

the temperature-shifted cytopore 2 culture was constant throughout the culture showing

that there was a steady growth throughout the22 day period'

The glutamine uptake was also measured throughout the culture period and shown in

Figure 6.7.In both 37"C (Suspension and Cytopore) cultures, the glutamine uptake

increased during the exponential phase, ffid thus was high during this period' The

glutamine concentration remaining at the end of both of the 37'C cultures was low

compared to the temperature-shifted cultures. At the end of the temperature-shifted

cultures there was roughly 1.5 mM glutamine remaining in the culture' compared t" *:
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37'C culture where glutamine was totally depleted. The maximum glutamine uptake rates

ranged from 0.42 ïo 0.74 mM/cell-day; however in the temperature-shifted cultures, the

rates drop to 0.23 mM/cell-day in the suspension temperature-shifted culture and 0'02

mM/cell-day in the Cytopore temperature-shifted culture uft". àuy 3 (Table 6'3)'

6.3. Discussion

The use of Cytopore microcarriers to increase recombinant protein production in

small scale spinner cultures has been shown in Chapters 4 and 5' In the present chapter

\ile compared the growth and productivity of cells in a bench-top bioreactor with

Cytopore 2 or suspension cultures. The production of the IFN-beia was then compared to

that of temperature-shifted suspension and cytopore 2 cultures-

Initially the cultures were run in spinner flasks; to see if there was an opportunity for

increased recombinant protein production from the cells under low temperature

conditions. Previous results gathered in the lab showed an increased productivity in

suspgnsion cultures that were exposed to a temperature-shift regime (Appendix B)' The

preliminary studies in c¡opore 2 containing spinner flasks showed that IFN-beta

expression can be enhanced by 1.9-fold volumetrically in a day 2 temperature-shifted

culture compared to the 37'C culture'

since there was an enhancement in the productivity in cyopore 2 cultures at lower

temperatures, similar to the suspension cultures, we investigated the growth and

productivity of the cells in a2Lbench-top bioreactor. The use of cytopore microcarriers

and a tønperature-shift regime independently showed approximately a 2-fold increase in
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Table 6.3: Glucose and glutamine uptake of Cytopore 2 and temperature-shifted

bioreactor cultures

Culture
Condition

Temperature
(c)

Average
p ft-t)

Specihc Glucose
Uptake (pMol
elu/cell-day)

Specific Glutamine
Uptake (pMol gln/cell-

dav)

Susnension 37 0.033 2.74 0.69

37 -32 0.015 1.29 0.74 (davs 0-3)
0.23 ldavs 3 to 10)

Cvtopore 3t 0.025 2.56 0.42

31 -32 0.010 0.65 0.72 (days 0-3)
0.02 (days 3 to 22'l
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total secreted recombinant protein compared to a controlled suspension culture. There

was also a 5-fold enhancement in the production of monomeric, non-aggregated protein,

thus indicating that these two culture methods were effective in reducing molecular

aggregation of the IFN-beta in comparison to a controlled suspension culture. The

combined effects of Cytopore and temperature shift showed a 4-fold increase in total

protein production and an 8-fold increase in monomeric protein. Thus the combined

effects of a lowered temperature and the presence of Cytopore 2 microcarriers were

additive and synergistic for the enhanced production of IFN-beta.

We have shown that for Cytopore 1 and 2 microcarner cultures there is a strong

correlation between specific productivity and cell density within the microcarrier

(Chapter 5). Cells grown in Cytopore 2 yield a 5-fold increase in recombinant protein

specific productivity as the cell density reaches 3x108 cellVcm3. Our lab has also

previously reported a30 %o increase in the titre of recombinant human IFN-beta produced

in CHO cells grown in Cytopore 1 microcarriers in a bioreactor compared to a suspension

culture (Spearman et a|.,2005).

The viability of cells appears to be extended in the cultures and this increases the

amount recombinant protein obtained. Several papers show this effect for different

recombinant proteins in culture systems incorporating Cytopore, for example; t-PA

(Zhaolie et al., lggg), u-PA (Hu et a1.,2000), pro-UK (Xiao et al., 1999) and

prothrombin (Chen et a1.,2001).
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Cultures are traditionally maintained at 37"C; however, inducing cell growth at

hypothermic culture conditions (30"C to 35'C) has been reported to enhance the specific

productivity and volumetric productivity of a culture. Many studies have credited the

increase in volumetric productivity to an increase in specific productivity, which under

appropriate conditions can offset a lower cell growth rate (Chen et a1.,2004; Fogolin er

a\.,2004b; Furukawa and Ohsuye, 1998; Shi ¿¡ a\.,2005). Chen et al. (200$ reported a

40% increase in pro-urokinase with a lowered culture temperature to 3loC. Shi et al.

(2005) showed a 3.2-fold increase in antibody-Il-2 fusion protein production at 30oC.

Fogolin et al. (2004a) described a2.t-fold increase in recombinant human granulocyte

macrophage colony stimulating factor.

Many theories have been formulated to explain the increase in productivity in

temperature-shifted cultures. Some labs have reported a change in the cell cycle where

there is an apparent shift from cells in the S phase in the cell cycle to the G0/Gl phase.

Other theories include a stabilization of the mRNA of the recombinant protein in cells

grown at a lower temperature (Fox et al., 2004); a suppressed growth rate at lower

temperatures due to the presence of a cold-inducible RNA binding protein present only at

lower temperatures (Fox et a1.,2005); enhanced protein quality due to a lower protease

activity and other temperature sensitive enzymes (Clark et a1.,2004).

Our study showed that Cytopore microcarriers and low temperature conditions can be

used together to.increase the production of IFN-beta by up to 4-fold compared to a

suspension 37"C culture. Varying the temperature alone doubled total protein production

and a 4.8-fold increase in monomeric protein. In comparison, Fogolin et at. (2004b)
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reported a 2.3-fold increase in the volumetric productivity of recombinant human

granulocyte macrophage colony stimulating factor with a 2 day temperature-shifted

culture from 37.C to 330c. yoon et ar. (2003) also indicated a 4-ford increase in the

volumetric production of recombinant erythropoietin from CHO cells' An increase in the

volumetric productivity was also shown by chen et al. (2004), for pro-urokinase with an

increase of 41 0/o ar 3*'ccompared to 370c and an associated 40 0/o íncrease in specif,rc

productivity. Fox et al. (2004) reported a 2-fold increase of interferon-gamma in a

culture at32"C comPared to 37"C'

Theincreaseinrecombinantproteinproductionatlowtemperaturealsoappearstobe

celllinespecific.Yoonetat.(2004)foundthattheproductionofananti-4-I-BBantibody

byCHOcellswasnotenhancqdat33oC.Furthermore'theyreportedthall}parentalcell

lines producing the anti-4-I-BB antibody showed different levels of recombinant protein

expressionatlowtemperature.Clarketal.(2004)reportednodifferenceinthe

production of tPA by CHO cells in 37"C and34"C cultures'

It has been well documented that there is a decreased growth rate associated with

CHoandothercellsproducingrecombinantproteinsatdecreasedtemperature(Chenet

a1.,2004;Yoon et a1.,2006;Yoon et a1.,2004).This decreased growth rate is explained

by a shift in the cell cycle from S phase to G0iG1 phase (chen et al''2004;Fogolin et al''

2004b;Shietal.,2005).Foxetal.(2004)suggestedthattheincreasedspecific

productivity in a temperature reduced culture was due to the increased stability of IFN-1

mRNA. A cold-induced RNA binding protein (CIRP) has also been identified to suppress

gfowth at lowered culture temperatures (Yoon et al' 2004)' A lower temperature may also
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be associated with reduced specific glucose and glutamine uptake rates and consequently

reduced specific lactate and ammonia production rates (Chuppa et al', 1997;Fogolin et

a\.,2004b). also consistent with the results from this study'

The detrim"ntal effect of a decreased growth rate on total production can be

overcome by inducing a biphasic culture in which cells are grown at 37oC before the

temperature is lowered for the remaining days of the culture. This temperature shift

enables the initial establishment of a viable population of cells which then enter a stage of

cell maintenance and enhanced production during the second phase. The balance between

sufficient cell growth and enhanced specific productivity can be controlled by the

appropriate timing of a temperature shift. In our cultures this balance was found

empirically by a shift at day two of culture.

Cells grow within Cytopore microcarriers at a slower rate than in suspension. However,

our results show that this slow rate of growth can be maintained for a prolonged period

under hypothermic conditions up to 20 days compared to equivalent suspension cultures

where a stationary phase was reached after 9 days. The cell densities reached in our

experiments \¡/ere comparable to those found in the literature (Refer to Table 6.4)

Table 6.4: Comparison of cell density data found in literature. The cell densities reported

are from overall cell density in the óulture and the cell density within the macroporous

microcarrier.

Cell density
(cells/ml culture volume)

Cell density
(cells/ml bead volume)

Recombinant
protein

Reference

0.5x10' 2.0x10" IFN-beta Reported here

1.1xl0' 2.3x10' Prothrombin Chen et al. (2001)

1.0x10' 1.6x10ö Prourokinase Xiao et al. (1999\

1.3x10' 2.Zxl0o U-tPA Hu et al. (2000)
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IFN-beta is prone to aggregation in culture because of its hydrophobic characteristics.

This aggregation can lead to insoluble precipitates, to the loss of activity, low

bioavailability, injection site reactions, and immunogenicity (Ricci and Brems,2004). A

previous report from our lab showed that the aggregation of IFN-beta produced from cell

culture is temperature-dependent (Rodri gpez et al., 2005). The aggregation in culture

may be reduced by the addition of glycerol (Kim and Lee, 7993; Meng et a1.,2001;

Rodriguez et a1.,2005; Yoshida et a1.,2002) or DMSO (Rodriguez et a1.,2005; Yoshida

et al., 2002).In this study we show that the presence of Cytopore microcarriers and

hypothermic conditions independently decrease molecular aggregation. Furthermore the

combination of these two factors decreased the degree of molecular aggregation

significantly, largely due to the lower temperature but also partially due to the presence

of microcarriers.

In conclusion, we have shown that the combined effects of Cytopore microcarriers

and a shift to low temperature enhanced the production of recombinant human IFN-beta

from CHO cells in culture. Furthermore the degree of aggregation of the isolated IFN-

beta was significantly lower under these conditions.
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Chapter 7

7. Glycosylation Analysis of IFN-beta from cytopore cultures

7.1. Introduction

The glycosylation profiles obtained from proteins p.odìced from mammalian cell

culture result in a heterogeneous population of glycans. Incomplete synthesis of N-linked

carbohydrate structures often leads to the heterogeneity of these structures, preventing

differences in the production ofconsistent protein structures.

The higher production capabilities from Cytopore microcarriers and temperature shift

were shown in Chapters 4, 5, and 6. The induction of higher protein yields from varying

culture conditions can impact the macroheterogeneity and microheterogeneity of

recombinant protein being produced. The use of Cytopore microcarriers can impact the

aggregation of the protein thus affecting the intermolecular interactions between other

proteins as compared to a suspension culture. Similarly the glycosylation analysis would

give us an idea of the heterogeneity of the proteins resulting from difterent culture

conditions. Thus we decided to analyse the glycans to see the impact of higher production

capabilities on the heterogeneity of the glycans isolated'

7.2. Results:

7 .2.1'. Macroheterogeneity of IFN-beta

The analysis of the macroheterogeneity of a protein allows for the determination of

the fraction of glycosylated and nonglycosylated forms of protein in relation to total

protein. In the case of IFN-beta there is one N-glycosylation site at Asn-80- Culture
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processes can affect the glycosylation - yielding proteins that are glycosylated and those

missing glycans at Asn-80. The western blot shown in Figure 7.1 shows the two resulting

banding regions, one that is identified as greater than 20 kDa (glycosylated) and the other

at 18 kDa (non-glycosylated).

Densitometry analysis of western blots allowed the comparison of glycosylated and

non-glycosylated IFN-beta bands. The results of the analysis are as given in Figure 7.2.

At the end of the 37'C suspension and temperature-shifted suspension cultures, the

densitometry values were not significantly different, where 77.13+0.75 % and

74.07+1.50 yo, respectively, of the IFN-beta produced over the last 4 days of the culture

was glycosylated (p:0.12). The IFN-beta produced in the Cytopore 2 culture yielded a

signilrcantly lower percent of glycosylated protein where 62.12+0-87 o/o of glycosylated

IFN-beta, compared to the 37"C suspension (p:0.00002). However, a combination of a

temperature shift with Cytopore resulted in a significantly higher percentage of

glycosylated protein (84.75+0.5 5 Yo) cotmpared to the 37'C suspension, temperature-

shifted suspension , and3T"CCytopore 2 cultures (p<0.0002)'

The increased yield of the glycosylated IFN-beta in the temperature-shifted Cytopore

2 culture corresponded with a lower yield of the nonglycosylated IFN-beta, where less

than 15 o/o was nonglycosylated. The ratio of glycosylated and nonglycosylated IFN-beta

throughout the culture period resulted in the same ratio for over 50 % of the culture. Thus

indicating that the Cytopore 2 andtemperature shift was a good combination for ensuring

hi gttly glycosylated protein yield.
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Figure 7.1 Western Blot of supernatant from an IFN-beta producing suspension culture
from days 1 through 7, showing an increase in the protein intensity over time. The upper
bands represent glycosylated bands and the lower bands at 18 kDa represent the

nonglycosylated band. The lanes are labeled as foliows: Lane I-J, days 1-7, respectively;
Lane 8, standard protein ladder.
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Figure 7.2: Densitometry analysis of glycosylated and nonglycosylated bands of IFN-beta
from Vy'estern Blot analysis of IFN-beta averaged from the last 4 days of the culture. The
grey bars represent the glycosylated bands, coffesponding to the bands evident at greater
than 20kDa and the hatched bars represent the nonglycosylated bands situated at 18kDa.
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7.2.2. IFN-beta glycan structure confirmation

N-glycans were analysed from purified, deglycosylated, and 2-aminobenzamide

(2AB) labelled IFN-beta samples (as described in Methods and Materials, Section 2.6.2).

The glycan profiles were compared to a standard dextran ladder (Figure 7.3) to allow

determination of the number of glucose units (GU) present within a sample. The retention

times of the glycans \¡/ere compared to the retention times of the standard dextran ladder

to assign a glucose unit value. The assigned value could be compared to a database of

known glycans structures (www.glycobase.ucd) to tentatively assign glycans structures.

Structures can then be confirmed using sequential exoglycosidase digestions, the

products of which can be separated by NP-HPLC and then verified by mass spectrometry

(Spearman et al., 2005).

Figure 7.4 shows the NP-HPLC glycosylation profile of IFN-beta obtained from a

control suspension culture. The glycans were removed from the protein by in-gel

digestion using PNGaseF, then isolated and labeled with 2-AB. The structures of the

glycan¡ were then confirmed using aî array of exoglycosidase digestions (as described in

Section 2.6.6,Materials and Methods Section) (Table 7.1). The profile B shows the

glycans treated with Clostridium perfringes Sialidase (removal of sialic acids), followed

by bovine testes p-galactosidase (galactose removal), Jack bean N-acetyl P-

hexosaminidase (GICNAc removal) and finally bovine kidney fucosidase (fucose

removal) þrofiles C-E, respectively).

The IFN-beta glycans show two major peaks at approximately 7 .9 and 8.2 GU, which

are reduced to 7.6GU with the sialidase enzyme treatment, indicating the removal of
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GU34s67
Figure 7.4: NP-HPLC Glycan profiles of 2AB labeled N-glycans from
IFN-beta (A) with (B) sialidase, (C) Bovine Testis Galactosidase, (D)
fucosidase, and (F) a non-glycosylated profile.

8 9 10 1l 12

PNGase F treated Interferon-beta Exoglycosidase digestions of
Streptococcus pneumoniae hexosaminidase, (E) bovine kidney
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Table 7.1: Exoglycosidase digestions of IFN-beta Glycans. The structures of the giycans were determined by enzymatic digestions of
the terminal sugars. The core structure is termed A, with A2 referrine to a biantennary glycans. Refer to figure 7 .4 for glycans profiles

showing the exoglycosidase digestions. The structures contain sugars including: GlcNAc (¡), Man (O), Gal (O), Fuc (A) and NeuAc
(*). The Nomenclature abbreviations include A (antennae), G (galactose), F (fucose), and S (sialic acid).

Nomenclature

A2G2FSO
A2G2FS1
A2G2F32

Approximate
Retention Time
(mins)

A2G2FSO

105-1 10

A2F

Glucose Units

105

GlcNAczMan¡F

7.6-8.2

90

Enzyme

GlcNAc2Man3

1.6

78

N/A

5.8

Proposed Glycan

72

Sialidase

4.8

Galactosidase

4.2

Hexosaminidase

Fucosidase
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sialic acid residues on these glycans. The major peaks were assigned as the structures

A2G2FS1 and A2G2FS2. These structures are shown inTab\el.2. However, there are

minor amounts of triantennary and tetrantennary glycans present within the sample at GU

greater than 8.3. With the addition of the galactosidase the peaks were reduced to a major

peak at about 5.8 GU, which confirmed the presence of terminal galactose on the glycans.

This peak was further reduced to just 4.8 GU with the addition of hexosaminidase, which

cleaves off the terminal GlcNAc sugars. And finally, the removal of fucose via

fucosidase digestions yielded a peak at about 4.2 GU. The final profile (F) shows a

negative control of labeled non-glycosylated protein, where a sample of non-glycosylated

IFN-beta was treated to PNGaseF. The confirmation of the structure using

exoglycosidase digestions are important to ensure that the glycans formed are as

predicted, as well to confirm the heterogeneity of the glycans profiles obtained.

7.2.3. Microheterogeneity of IFN-beta from Bioreactor Cultures

Figure 7.5 shows the HPLC profiles of derivatized glycans obtained from IFN-beta

glycans from a suspension bioreactor culture. The profiles shown are for samples at days

5 (A), 6 (B), and 7 (C). The areas under the peaks were integrated (Figur e 7 .6) to show

the relative amounts of a moiety of glycan compared to that of the overall glycans. The

predominant structures identified were biantennary fucosylated structures with one

(A2G2FS1) or two (AZGZFSZ) terminal sialic acid residues (GU 7.9 and 8.2). Over the

days of culture, the percentage of the A2G2FS1 and, A2G2FS2 moieties remains constant

at75 Yo of the total glycans, with a ratio of approximately 1:2. Other glycan structures

make up the remaining2ÍVo.
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Table: T.2Predominant N-glycans isolated from IFN-beta. The structures contain

Fuc (A) and NeuAc (*). The Nomenclature abbreviations include A (antennae),

Nomenclature

A2G2FSO

Approximate Retentron
Time (mins)

A2G2FS1

105

A2G2F52

108

Glucose Units (GU)

sugars including: GlcNAc (¡), Man (O), Gal (O),
G (galactose), F (fucose), and S (sialic acid).

110

7.6

7.9

Proposed Glycan
Structures

8.2
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Figure 7.5: Np-HpLC Glycan profiles of 2AB labeled N-glycans from PNGase F treated Interferon-beta from Suspension Bioreactor

cultures from days 5 (A), 6 (B) and 7(C).
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Figure 7.6: Np-HpLc analysis of IFN-beta glycans from days 5 to 7 of a control bioreactor 3l"c batch culture' The two predominant

glycans found on IFN-beta are biantennary ñróosylated structlres with one or two terminal sialic acid residues seen at GU value of 7 '9

[nZf Sri and 8.2 (A2FS2). The values represent the average of 2 experiments with SEM'
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The effect of C¡opore 2 microcarriers on the glycosylation of IFN-beta was

determined. The glycan profiles of IFN-beta are shown in Figure 7.7, whereA to D are

samples from days 4lo 7, respectively. Again, the predominant moieties were A2G2FSl

and Ã2G2FS2 -forms with a ratio of 2:3, where 25 % represents other glycan forms

(Figure 7.8). The Cytopore 2 culture had a higher proportion (6-7 %) of the non-

sialylated (A2G2FS0) peak, compared to the suspension 37'C culture (2-3 %) (Figure

7.6).

7 .2.4. Microheterogeneity from Temperature-shifted Cultures

Figure 7.9 shows the NP-HPLC glycan profiles of temp.erature-shifted batch cultures.

The samples were taken at days 8 and 10, and stored and purified as above. The major

peaks from these profiles are the 7.g GIJ and 8.3 GU representing the ÃZGZFS1 and

A2G2FS2 structu.res of monosialylated to di-sialylated structures. The ratio is 5:9, where

30 %o represent other species of glycans, as determined by peak integration (Figure 7.10)

There appear to be glycans (4-5 o/o) at GU values greater than 9.5 in the temperature-

shifted samples, which may be triantennary or tetraantenarry fucosylated structures with

varylng levels of sialic acid.

The Cytopore temperature-shifted bioreactor culture showed a larger variation of

peak sizes (Figure 7.11). There rù/as a large proportion of glycans (12 o/o) that are believed

to have the structure A2G2FS0, as shown by the peak at 7.5 (Figure 7.12). There was also

a high proportion of glycans with fewer than 7.5 GU Units (greater than 25'%) in the

samples from the temperature-shifted bioreactor cultures and less than 15 % with glucose

units greater than 8.3 GU. Both Cytopore bioreactor cultures (37'C batch culture and
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Figure 7.7: NP-HPLC Glycan profiles of 2AB labeled N-glycans from PNGase F treated Interferon-beta frorn Cytopore Bioreactor

cultures from days 4 (A), 5(B), 6 (C) and 7(D).
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Figure 7.8: NP-HPLC analysis of IFN-beta glycans from days 4 to 7 of a Cytop ore 2 bioreactor 37"C batch culture. The two

predominant glycans found on IFN-beta are biantennary fucosylated structures with one or two terminal sialic acid residues seen at

GU value of 7.9 (A2FSl) and 8.2 (A2FS2). The values represent the average of 2 experiments with SEM.
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Figure 7.9: NP-HPLC Glycan profiles of 2AB labeled N-glycans from PNGase F treated Interferon-beta from Temperature-shifted

Suspension Bioreactor cultures from days 8 (A) and l0(B).

GU 10
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Figure 7.10: NP-HPLC analysis of IFN-beta glycans from days 8 and 10 of a temperafure-shifted suspension bioreactor batch culture.
The two predominant glycans found on IFN-beta are biantennary fucosylated structures with one or two terminal sialic acid residues
seen at GU value of 7.9 (A2FS1) and8.2 (A2FS2). The values represent the average of 2 experiments with SEM.
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Figure 7.11:NP-HPLC Glycan profiles of 2AB labeled N-glycans from PNGase F treated Interferon-beta from Temperature-shifted
Cytopore Bioreactor cultures from days 16 (A) and22 (B).
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Figure 7.12: NP-HPLC analysis of IFN-beta glycans from days 16 and 22 of a temperature-shifted Cytopore 2 bioreactor batch
culture. The two predominant glycans found on IFN-beta are biantennary fucosylated structures with one or two terminal sialic acid
residues seen at GU value of 7 .9 (A2FS 1) and 8.2 (A2FS2). The values represent the average of 2 experiments with SEM.
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temperature-shifted batch culture) had a high percentage (6-1 % and 9-11 yo,

respectively) of non-sialylated A2G2F peaks (Figures 7.5 and7.9).

7.2.5. 'Comparison of Sialic Acid Contents

The major glycans isolated from IFN-beta are of the A2G2FS0, A2G2FS1, and

AZGZFS} structures. A comparison of the integration of these peaks is shown in Figure

7.13. The left panel shows the percentage of A2G2FS0, A2G2FS1, and A2GZFSZ

varieties in suspension 37"C and 37 shifted to 32'C cultures. The A2G2FS0 peak

comprised a minute amount of the overall quantity, where 2.9 % (37"C) and 6.5 % (37

shifted to 32"C) of the structures are of the A2G2FS0 variety. Under both temperature

conditions the A2G2FS1 peak composes 29 %o of the overall moiety. And the A2GZFS?

peak comprises over 65 %o of the total structures. A comparison between the 37"C culture

;
and the 37 C shifted to 32 C culture shows that the profiles are similar and the differences

are insignificant (p0. 1).

The right panel shows the degree of sialylation of the three main peaks (A2G2FS0,

A2G2FSI, and A2G2FS2) in the Cytopo re 37"C and 37 irO.O to 3|'Ccultures, where

the dark bars are representative of the 37'C culture. A comparison of the A2G2FS0 peaks

show that 8.4 % of the biantennary peaks were of the A2G2FS0 moiety in the 37"C

Cytopore culture, compared to more than double (18.7 o/o) that amount in the 37-32"C

shifted Cytopore culture. There was a significant difference when comparing either of the

37"C cultures to the temperature-shifted Cytopore culture (p:0.002 and p:0.005,

respectively). The A2G}FSZ peak was insignificantly different when comparing the
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percent of the total glycoforms of the suspension cultures and the Cytopore cultures

(p>0.1). However comparing the 37"C suspension, temperature-shifted suspension

cultures to the 37"C or temperature-shifted Cytopore cultures there was a significant

difference (p<0.05, except shifted suspension "o-p*"d to shifted Cytopore where

p:0.09).

The degree of sialylation for each culture is shown in Figure 7.14. The suspension

cultures, express a similar degree of sialylation at 82.4 o/o and 79.1 o/o, for 37"C and

temperature-shifted, respectively. The use of Cytopore in a 37"C culture reflects a lower

degree of sialylation (72.6 %).

7.2.6. Product comparisons

Although the cultures could not be compared directly, due to the differences in

sampling days, and the length of the cultures, the glycosylation analysed shows

consistencies. .The samples isolated from each culture were from the final days of the

culture. From a production standpoint it was important to compare the final days of the

production time in order to ensure a consistent product when comparing variable

culturing methods. The glycan heterogeneity is consistent for all culture conditions,

where there is a presence of the A2G2FS1 and A2G2FS2 peaks. Although the suspension

cultures (37"C and temperature-shifted) appeared to have similar glycoform profiles, the

Cytopore cultures showed a lower percentage of sialylation, and even less sialylation in

the temperature- shifted Cytopore culture, where there was close to 20 % of the
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A2G2FS0 moiety. The temperature-shifted Cytopore culture also had a higher percentage

of the higher glycan forms (triantennary and tetraantennary).

Susp 37 Susp 37-32 CyIp237 Cytp237-32

Culture Conditions

s
x.(l) __
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Figure 7.14: The sialylation index of IFN-beta glycans 
^isolated ^from suspension and

Cytopore cultures at il"C or temperature-shifted from 37'C to 32"C. The error bars are

from duplicate sample nms on the HPLC.
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7.3. Discussion

The glycosylation is an important variable to monitor for the production of

recombinant mammalian proteins. N-linked oligosaccharides have been shown to

contribute to the solubility, pharmacokinetics, and biological activity of the glycoprotein

(Ashwell and Harford, 1982; Cumming, 1991; Reju et a1.,2000; Sliwkowski et al.,

1992). It has been shown that inconsistent.sialylation and galactosylation results in the

variable clearance of proteins via asialoglycoprotein or mannose/GlcNAc receptor

mediated endocytosis (Ashwell and Harford, I 982).

The glycosylation of IFN-beta is important for the efficiency of the protein with

respect to its biological activity. Utsumi et al. (1995) reported decreased activity of IFN-

beta produced in CHO cells on human hepatoblastoma cells compared to other cell lines

that produce proteins with higher sialic acid content. The oligosaccharide moieties

reported in our studies correspond with the commonly found glycans found on IFN-beta

from other cell lines, where the glycans is most commonly fucosylated with one or two

sialic acid residues (Conradt et al., 1987; Kagawa et al., 1988; Utsumi et al., 1989).

Conradt et al. (1987) reported that 95 % of glycans isolated from CHO cells producing

IFN-beta were of the A2G2FS2 moiety and the remaining 5 Yo were of the tri- or higher

antennary glycoforms. The glycoforms isolated in our case are similar; however, there is

a combined total of 70-80 % of the mono-sialylated and di-sialylated glycoforms.

The macroheterogeneity is important to quantifo the proportion of glycosylated

protein in comparison to the nonglycosylated protein. The glycosylation has been shown

to be important for proper protein folding, solubility, recognition, ligand binding, protein
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stability, or it may have no function at all and be completely replaceable (Wyss and

Wagner, 1996). The absence of a glycan can often lead to loss of efficacy of the

recombinant protein in the treatment of a particular disease.

The increase in production of IFN-beta iy the use of Cytopore and temperature shifts

caused changes in the glycosylation of the proteins. The suspension cultures (37'C and

temperature-shifted) led to a similar percentage of glycosylated compared to

nonglycosylated protein. However, the use of Cytopore resulted in a decrease in

glycosylated protein (65 %) whereas inducing a temperature shift to a Cytopore culture

produced a higher quantity of glycosylated protein at 85 o/o.

The reasons for this increase in glycosylated protein are unclear. However, we can

speculate that the lower temperature resulted in a lower metabolism, and thus lower

quantities of glucose were utilized during the culture period (Chapter 6, Figure 6.6).

Hayter et al. (1992) showed that glucose-limiting conditions during a perfusion culture

resulted in an increase in nonglycosylated interferon-g¿fitma. In Chapter 6, Figure 6.6,

the glucose consumption for the suspension and Cytopore cultures are shown. Both the

37'C suspension and Cytopore cultures show the complete consumption of glucose at the

end of the culture period. The glucose is completely consumed by day 5 in the suspension

37'C culture and day 6 in the Cytopore 37'C culture. For the temperature-shifted cultures,

the glucose levels r"*urn high even at the end of the cultures where between 1 to 1.5 g/L

remains at the end of the culture. The low glucose uptake in the temperature-shifted

culture could explain the higher percentage of glycosylated protein compared to the
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nonglycosylated protein. However, this explanation is not sufficient for the suspension

temperature-shift ed culture.

Another explanation that can be used to describe the differences in site occupancy of

the glycans can be the differences in pH. Borys et al. (1993) ."pàrt"a that the maximum

glycan occupancy of a protein occurs at pH between 6.9 and 8.2. However, we cannot use

this to explain our results, as the pH within the bioreactor was maintained at 7.1

throughout the culture period. However, NaOH was added to maintain the pH close to

7 .7, and the although the pH was stabili zed aT 7.1 + 0.1, the addition of higher volumes of

NaOH was required to keep the pH constant.

In CHO cells the production of glycoproteins yields a mixture of bi , tri-, tetra-

antennary fully sialylated or lacking sialic acid and/or galactosylated glycans (Ashwell

and Harford 1982; Cumming l99l ;Diaz et al. 1989). This is due to different transferases

that would be present within the cell line that would lead to the difference in terminal

structures of the glycan. As well, there is a great dependence on the cell culture

processes: the cell environment, process conditions, growth rate, and specific

productivity (Weikert et al., 1999).

The decreased sialylation in the Cytopore culfures may be attributed to the quick

processing of the proteins and the glycans within the cell. The cell specific recombinant

protein productivity in these cultures is high. Thus the rapid protein processing would

decrease the relative time available for sialylation in the golgr. Another reason maybe the

availability of sialic acid present in the culture, or alternatively the availability of the

precursors; ManNAc and pynrvate. A decline in the dissolved oxygen has also been
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shown to reduce sialyltransferase activity, specific productivity and sialic acid content

(Chotigeat et al., 1994).

The decreased sialylation that we showed in Cytopore microcarrier cultures compared

to control suspension cultures is consistent with that found by others. Watson et al.

(1994) showed reduced sialylation of N-glycans isolated from human tissue kallikrein

produced from CHO cells on Cytodex microcarriers, compared to suspension cultures.

Suspension cultures had more complex oligosaccharides, but the difference was much

less greater than the sialylation. This finding was also consistent with that of Gawlitzek et

al. (1995) who reported that the use of Cytodex and serum in cultures altered the

glycosylation of a human interleukin-2 vaiant produced in BHK-21 cells, shifting the

glycan profile to ptoximal fucosylated and unfucosylated biantennary and 2,4-branched

triantennary structures. Also the sialylation rate was very low compared to cultures that

were not supplemented with serum (20 %). The production of gp120 in HeLa cells

showed consistent glycosylation in cultures using Cytodex 3 (Bleckwenn et a|.,2005).

No changes in glycosylation were reported with ihe production of EPO in CHO cells

grown in weighted macroporous microcarriers (Cytoline) coupled with a fluidized bed

bioreactor compared to suspension cultures (Wang et a1.,2002). However, glycans on

gamma-interferon produced in CHO cells from a perfusion fluidized bed reactor culture

had increased sialic acid content of tri- and tetra-antennary glycans after 210 h of culture

(Goldman et al., 1998). The N-linked glycan profile analyzed from an immunoglobulin

(IgA) produced in a hollow fiber system showed a significant decrease in the amount of
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sialylation compared to cultures in a continuous stirred reactor and a fluidized bed reactor

(Schweikart et al., 1999).

However, the effects of culture parameters can be varied when comparing the

production of different recombinant proteins. Nam et at. (2007) report that there is an

increase in the amount of sialic acid present on secreted alkaline phosphatase produced in

CHO cells in the presence of Cytopore at lowered culture temperatures when compared

to 37"C suspension cultures. The production of lFN-gamma at low temperature showed

no effect on the glycosylation quality of the protein (Tan et at., 2008). Trummer et al.

(2006) show that inducing temperature shifts to CHO cells producing a heavily

glycosylated hybrid protein Epo-Fc decreased sialylation.

Weikert et al. (1999) reported on the complete processing of terminal structures of

TNK-tPA and TNFR-IgG oligosaccharides by engineering the cell lines to express high

levels of human þ1,4-galactosyltransferase and/or a2,3-sialyltransferase. The

overexpression of these enzymes within the CHO cell lines led to a higher homogeneity

of the processed glycans on TNK-tPA, and thus led to a longer mean residence time in

rabbit models where the overexpression clearance rate was 2.0+0.3 ml/min/kg compared

to 1.42+0.3 mL/min/kg. This experiment clearly shows that increased sialylation

increases the efficacy of the recombinant protein.

Most N-glycans of recombinant glycoproteins studied are incompletely sialylated. In

vivo, this may be due to (1) deficient Golgi a2,3 sialyltransferase activity (Weikert et al.,

1999), (2) high rate of fansport of the glycoprotein substrate through the golgi (Nabi and
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Dennis, 1998), (3) competition between glycoprotein substrates for sialylases in the golgi

(Kornfeld et aL.,1964), (4) steric inaccessibility of glycan acceptor (Weikert et a|.,1999),

andlor (5) control of nucleotide-sugar substrate (CMP-NeuAc) transport into the Golgi

lumen.

The sialylation within the culture can also be decreased via degradation by sialidase

enzyrnes. However, this is less likely to be the case in our cultures, due to the

maintenance of high culfure viability throughout the culture (Sliwkowski et al., 1992).

The release of sialidase, a cytosolic enzyme released into cell culture upon cell lysis, has

been found to be the cause of post secretory degradation (Gramer and Goochee, 7993;

Wond et a1.,2005).

The nutrient supply is an important factor on the sialylation of the recombinant

protein. Lower levels of glucose (<0.70 mM) or glutamine (<0.1 mM) have been shown

to reduce sialylation in the production of IFN-gamma (Wong et a1.,2005). In our case,

the glutamine present in the culture was greater than 0.5 mM throughout the culture

period. In the case of the temperature-shifted cultures (suspension and Cytopore) the

glutamine concentration present was 1.5 mM at the end of the culture. Thus the cultures

were not glutamine deficient (Chapter 6, Figure 6.7).

It was hypothesized that a reduction in specif,rc productivity would increase the site

occupancy of glycans on a recombinant glycoprotein, and thus it was predicted that lower

temperature cultures would increase the site occupancy of cultures. However Andersen e/

at. (2000)showed that there is a lack of correlation between specific productivity and site

occupancy. Thus they argued that the site occupancy is dependent on the growth phase of
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the cells, and cells in G0/G1 would produce glycoproteins with higher site occupancy.

Goldman et al. (1998) showed a higher cell specific productivity of IFN-gamma in

perfusion cultures (397 IUl106 cells/h) compared to stirred cultures (303 IU/l06 cells/h),

and correlated the increase in site occupancy to the higher specific- productivity.

However, they reported similar sialic acid content in both stirred tank reactors and

perfusion, where sialic acid content was found to be 1.93 to 1.97 SAAJ-glycan and

1.91SAn\-glycan, respectively. Kunkel et al. (1998) reported a correlation between an

increase in dissolved oxygen and sialic acid in of the production of IgG.

The sialylation of the IFN-beta is important for the efficacy of the protein when used

in treatment. Asialoglycoprotein receptors present in the liver and macrophages cause the

removal of glycoproteins from the circulatory system, and thus decreases the half-life of

the protein in the circulatory system (Weiss and Ashwell, 1989). The sialylation was

shown to decrease in both the 37'C and temperature-shifted Cytopore cultures when

compared both suspension cultures. The decrease is especially prominent in the

temperature-shifted Cytopore culture where 18 % of the glycoforms were of the

A2G2FS0 moiety; however there is a shift to less sialylated forms in the 37"C Cytopore

culture. The reason for this may be due to the increase in protein production within the

37'C Cytopore culture, as the specific productivity of the cells is 1.4510 units/cell-day

compared to the 37'C suspension culture at 0.6045 units/cell-day. The temperature-

shifted suspension culture had a Qp of 0.7710 unitsicell-day, which was relatively similar

to the temperature-shifted Cytopore culture with Qp of 0.8843 units/cell-day. Although

the Qp of both temperature-shifted cultures were similar, the overall protein yield in the

temperature-shifted Cytopore culture was much greater, at 5-fold higher than the 37'C
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suspension culture. There was also a higher level of heavier glycosylated proteins present

in the temperature-shifted Cytopore culfure, where close to l5 % of glycoforms had a GU

of greater than 8.3.
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Section A - Discussion

The ultimate goal of using microcarriers in cell culture was to achieve an increase in

the volumetric and specific productivity, with analysis into the product quality of the

recombinant protein produced.

Initially, I compared microporous (Cytodex) and macroporous (Cytopore)

microcarriers for the growth and productivity of recombinant IFN-beta and tPA produced

by CHO cells. The use of Cytodex did not significantly enhance recombinant protein

production, where IFN-beta producing cells produced a lower titre in higher

concentrations of Cytodex and tPA production was slightly enhanced (up to 1.6-fold) in

the presence of Cytodex. The recombinant protein production was greatly enhanced in

the presence of Cytopore where there was an increase of up to 2.5-fold of both IFN-beta

and tPA compared to suspension cultures. The specific productivity was also enhanced

by up to 2.5-fold in the case of Cytopore 1 and up to S-fold in the case of Cytopore 2.

The enhancement was further amplified when IFN-beta cells growing on Cytopore 2

microcarriers were temperature-shifted to 32"C after 2 days at 37'C. The temperature

change increased protein yields by over s-fold compared to a suspension at 37"C.

Furthermore the temperature shift and Cytopore increased the overall glycosylation of the

protein by 15 Yo compared to the suspension culture. Also, the temperature shift and

Cytopore led to lower sialylation when comparing the A2G2FS0, A2G2FSI and

AZG2FSZ glycoforms, where the suspension cultures had a degree of sialylation of 82.3

% (37"C) and 79.2 % (37 to 32"C), the Cytopore cultures showed a deglee of sialylation
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of 72.5 %o, and both the Cytopore and temperature shift led to a degree of sialylation of

65.5 %.

The enhancement of protein titres in the microcarrier cultures was attributed to the

high cell density attained (greater than 10s cells/cm3) *irt in the macroporous

microcarrier cultures. The cells, once inoculated, enter within the pores and grow to high

cell densities. The cells within the Cytopore microcarriers may be in a high productivity

state, where autocrine factors could encourage high recombinant protein productivity

(Yamagxrchi et al., 1997). This high cell density state may not be supported by the

Cytodex microcarriers, where in most cases the cells grow in monolayers on the

microcarrier bead. However, this does not explain the case for the tPA producing cell

line, where the higher Cytodex microcarrier concentration (5.0 mglml-) had higher

volumetric yield of tPA (1.6-fold) compared to the suspension culture.

The benefits of using porous microcarriers in cultures are that the concentrations of

porous carriers used in cultures could be much lower than solid carriers, the growth of

cells within the pores would allow for protection from damage from shear stresses, can

accommodate for anchorage dependent and anchorage independent cell lines, and there

are fewer cells suspended in supernatants (Xiao et al. 1998). These reasons could be used

to explain the high cell densities attained within the Cytopore microcarriers.

The increased production of recombinant protein from high cell density cultures is an

important method to maximize protein production from cultures. In particular, the use of

Cytopore in scaled-up processes can maximize recombinant protein production up to 5-

fold compared to suspension cultures. The increased production of recombinant proteins
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from entrapped cells has been alluded to by many researchers; however, in this study we

were able to show a definite correlation between an increase in cell density within the

microcarrier and the specific productivity of cells.

The use of microcarriers in the small scale spinner cultures enabled us to study the

trend between specific productivity and increased cell entrapment. By scaling these

cultures up by 2O-fold, in a 2L bioreactor culture, we were able to increase volumetric

production by 2.25-fold. From the experiments done in this chapter, I would recommend

the use of Cytopore 2 microcarriers in large scale production of these recombinant

proteins. For the production of proteins prone to aggregation, the use of a temperature-

shift regime, could enhance the production further, as was the case for the production of

IFN-beta, where a temperature-shift from 37'C ta 32'C, in the presence of Cytopore 2

yielded over 2-fold greater protein than Cytop ore 2 alone. However, this maximized

production is offset by a decrease in sialylation.
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Section B - The

Introduction

Effects of PF68 on Cell Growth, Recombinant Protein Production
and Glycosylation

PF68 is a non-ionic surfactant used in cell culture to protect cells from high shear

forces that cells are exposed to in suspension cultures. The trend in media development is

to move from serum-based media to serum-free media. This ensures the production of

recombinant proteins for human therapeutics devoid of animal components. Some

disadvantages of using serum in media formulations include: batch to batch variations;

the addition of chemically undefined materials; inconsistent growth/productivity; serum

proteins compromising the extraction and purification procedures for cell secreted

proteins; the possibility for virus and prion diseases. The removal of serum in culture

leads to the removal of shear protective elements from the media, such as albumin and

bulk proteins (Keenan et al., 2006), and thus cells are more inclined to be affected by

shear forces, and thus the importance of adding detergents to the media.

There are two main theories as to the effects of PF68 on cells in culture a) mechanical

effect where PF68 coats bubbles and affects the cell to bubble interaction and b) a

biological effect whereby PF68 interacts with the plasma membrane. Many studies have

studied the mechanical effect describing the stabilization of the foam layer by PF68

(Handa-Corrigan et al., 1989) and the reduction of the cell to bubble interactions in the

presence of PF68 (Chattopadhyay et al., 1995; Meier et al., 1999; Michaels et al., 1995).

The incorporation of PF68 by the plasma membrane has also been described by

Palomares et al. (2000) who describe the long term effects of PF68 after its removal from

culture. The uptake of PF68 by cells has also been described by Gigout et al. (2008) who
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describes PF68 being intemalized and accumulated in the endocytic pathway. Thus the

debate of the mechanical and biological effects of PF68 on cells is ongoing.

In this section, I investigate the effects of PF68 on static cultures, the effects of PF68

on shear damage and proteolytic damage of cells, unà,h. effects of PF68 on recombinant

protein production and glycosylation.
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Chapter 8

8. PF68 Induces Adherence of cells*

8.1. Introduction

Cell adherence is induced by the interaction of the cell membrane-and the growth

surface. The interaction between these two surfaces and Van der Waal's or electrostatic

attraction causes the cell adherence (Butler 2004). There are three different classifications

of junctions between cells: occluding junctions, communicating junctions and anchoring

junctions (Schneeberger and Lynch 2004). Junctions that seal cells together, and prevent

small molecules from leaking from one side to another are defined as occluding

junctions. Communicating junctions prevent the passage of chemical or electrical signals

from one cell to another. Anchoring junctions are responsible for the attachment of cells

to either their neighboring cells or to extracellular matrices.

In culture, serum fibronectin, as well as that produced by the cells, can bind to both

the collagen substrates and the tissue culture plastic surface and mediate the attachment

of cells (Kleinman et al. 1981). All vertebrate cells have an unevenly distributed negative

surface charge and thus are attracted to positively-charged surfaces. Due to the propylene

oxide blocks on either arm of PF68, which are hydrophobic, PF68 molecules are able to

attach to the cell and thus extend their hydrophilic tails (polyethylene oxide) out into the

'media. This would decrease the attachment of cells to surfaces.

Cell adherence consists of initial contact of the cell with the surface, cell spreading'on

* 
The contents of this chapter have been included in a paper: Tharmalingam, T., Ghebeh, H., Weurz, T., and

Butler, M., 2008. Pluronic enhances the robustness and reduces the cell attachment of mammalian
cells. Molecular Biotech¡ology. 39(2):167-177. Work reported in thepaper completed by others was
omitted from this chapter.
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the surface, and then cell differentiation and growth. Attachment can be divided into four

different phases: initial attachment to the surface; spreading by spheroidal cells where

cells are more adherent due to increased contact area and bond density; flattened cells but

with less adhesiveness than phase two cells; and fully attached and extremely flat cells

(GE-Healthcare 2005).

Cell binding to a surface requires the secretion of an extracellular matrix (ECM)

molecules that adsorb onto a surface. The attachment process involves transmembrane

adhesion receptors (such as cadherins, integrins, and N-CAMs) and adsorbed adhesion

proteins (such as fibronectin, vitronectin, and laminin) (Chothia and Jones 1997)' The

attachment of cells to a surface, often leads to cell speading. This speading is due to

complexes of protein (such as microtubules, actin f,tlaments, and ligand-bound adhesion

receptors) that assemble at ¿idhesion sites, also known as focal contacts (Bereiter-Hahn et

at. 1990; Burridge and chrzanowska-wodnicka 1996). These protein complexes form

around transmembrane proteins such as integrins, which bind ECM molecules and actin

filament bundles within the cytoskeleton (Burridge and chrzanowska-wodnicka 1996)'

As a result, the cells often spread out on the surface to which they are adherent' thus

giving a distinct morphology to cultured cells'

In this section, we describe the effects of different PF68 concentrations on the growth

of cells in stationary T-flask cultures. The removal of PF68 from T-flask cultures induced

cells to grow attached to the T-flask surface, and thus studies were done to investigate

this propertY further.
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8.2. Results

8.2.1. CHO cell attachment to T-flasks with the removal of PF68

In the absence of PF68, CHO cell counts appeared to decrease over time. Initially this

was believed to be due to an inhibitory effect when cells were removed from PF68.

However, upon further examination, there appeared to be an increase in the number of

cells attached to the T-flask and a corresponding decrease in the number of cells in

suspension. The cells were visualized by light microscopy and are shown in Figure 8.1.

The left panel (A) shows CHO cells grown in suspension in the presence of BioGro CHO

SFM which contains 0.1 % PF68. The cells are spherical and do not show their natural

fibroblastic cell appearance. The right panel (B) shows cells that were grown in the

absence of PF68. The cells are found to adhere and take on fibroblastic growth patterns

similar to their state in semm containing media.

Figure 8.1: Light microscopy photographs showing CHO cells found to grow in
suspension in the presence of 0.1 % PF68 (A) and those found to grow adherent in the
absence of PF68 (B). The bars indicate 50 ¡rm.

Initial studies showed that there was a progressive reduction of cells in suspension in

T-flask cultures when the PF68 concentration was decreased from a concentration of 0.1

% (wlv) to 0 %o.In parallel there was a progressive increase of cells that were found to

adhere to the surface of the T-flasks. The total number of cells within the T-flask was

found to be relatively equivalent over the concentration range of PFó8.
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This trend was confirmed when growing cells in PF68-free and in the presence of

PF68 (0.1 %).The percent adherence was calculated bytaking the adherent cell density

as a function of the total cell population.

The cells for the purpose of adherence studies were inocuiated at a cell concentration

of lxl0s cells/ml. The cells were grown in the absence of PF68 for 3 passages prior to

being exposed to PF68, to ensure no residual carry-over effect of PF68 between cultures

from the cells or the media. This was minimized by washing cells in PBS-EDTA and

fresh PF68-free media prior to inoculation.

Figure 8.2 shows the cell growth pattems of representative T-flask cultures. Adherent

and suspension cell concentrations were enumerated separately then compared. The

combined concentrations of adherent cells and suspension cells gave the total cell

concentrations within the T-flask culture. The total cell concentrations were relatively

constant under all concentrations of PF68. The total cell concentrations increased from

3.48x106 cells/ml in PF68-free media, to a maximum of 4.85x106 cells/ml in 0.05 %

PF68, and then slowly declined to 3.13x106 cells/ml in 0.1 % PF68. The suspended cells

followed a similar pattern; however under PF68-free conditions the cells in suspension

were minimal compared to the suspension cell concentrations in 0.03 %PF68 and higher.

There appeared to be an exponential increase of cells growing in suspension from 0 o/o to

0.03 yo, at which there appeared to a plateau, with a slight decrease towards the higher

concentrations approaching 0.1 %. At lower concentrations of PF68 the suspended cell

concentrations were compensated for by taking into account the attached cell

concentrations. This was due to there being more adherent cells at lower concentrations
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Figure 8.2: The effect of Pluronic on IFN-beta CHO cell adhesion. The proportion of
cells that are adherent to the T-flask, grown in suspension and the total ceil cãunts (A).
The cells were then inoculated into T-75 (150 cm2) for 4 days. The suspended cells were
washed in PBS and corlnted independently. The adherent cells *"r" ,"*oved by the
addition of try.psin, then washed in PBS and counted independently. The cells were
enumerated by the trypan blue exclusion method and percent aáh"r"rr." (B) was
calculated by comparing the adherent cells to total cell populàtion.
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of PF68, where there appeared to an exponential decay of adherent cells as the

concentration of PF68 was increased. The adherent cell concentrations were decreased

from 2.05x106 cells/ml, in PF68-free media to 0.15x106 cells/ml in0.l %o PF68.

The cell adherence decåased from 59 Yo to 4.7 Yo as the PF68 concentration

increased from the 0 to 0.1 % PF68 (Figure 8.28). Visualizing the cells through the light

microscope (Figure 8.lB) showed that the attached cells in the absence of PF68 were

fibroblastic and elongated. However cells attached in higher concentrations of PF68 were

found to be more spherical.

8.2.2. Adherence of CHO cells with different PF68 concentrations

The concentration of PF68 in Biogro CHO-SFM was 0.1 % PF68. And at this

concentration it is apparent that less than 5 % of cells are adherent to the T-flask surface.

However, decreasing this concentration increased the proportion of cells that grew

adherent to the T-flask surface, up to the complete absence of PF68 where 70 % of cells

could be adherent. Figure 8.34 and 8.38 show the increase of adherent cells in IFN-beta

producing CHO cells and tPA producing CHO cells, respectively.

8.2.3. The long term effects of PF68 on cell adherence

We then tested whether the adherent cells could be returned to PF68, and whether the

re-exposure to PF68 would allow the cells to return back to their "natural" state of

spherical morphology. The cells were grown in PF68 media, during continuous

passaging. The first passage out of PF68 is identified as the first passage of the

experiment in Figure 8.4. The percentage of adherent cells in this first passage was 5 o/o.
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Figure 8.3: Cell attachment to T-flask surface as the PF68 concentration is decreased.

The IFN-beta producing (A) and tPA producing (B) CHO cells were grown in 0 % PF68
for 3 passages prior to the experiment to ensure the complete removal of PF68 from the
cells and the media. The cells were then inoculated into T-75 (150 cm2) for 4 days. The
suspended cells were washed in PBS and counted independently. The adherent cells were
removed by the addition of trypsin, then washed in PBS and counted independently. The
cells were enumerated by the tr¡rpan blue exclusion method and percent adherence was

calculated by comparing the adherent cells to total cell population.
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Figure 8.4: The removal of PF68 over multiple passages. IFN-beta producing (A) and

tPA producing (B) cells were grown in PF68 containing medium prior to the experiment.

At the first passage the çells were removed from PF68 into T-75 T-flasks (150 
"*2¡. 

At
passage 3 and 6 the cells were split into PF68 containing medium (Y) or PF68-free

medium (o). The cells were enumerated by the trypan blue exclusion method where

suspended cells and adherent cells were removed and enumerated independently. The
percent cell adherence was calculated by comparing adherent cells to total cell
population.
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Over subsequent passages in PF68-free medium there appeared to be an increase in

cell to surface adherence. The percentage adherence of IFN-beta producing cells at

passage 3 was 55 %. Over the next passage the culture was split, such that one group was

followed to grow ln pf'Og and the other in PF68-free media for 3 passages. The cells were

then returned to the media containing PF68, at which point cell adhesion decreased to 5

o/o.The cells grown in PF68-free media continued to grow adherent in all three passages

from 55 %o initially, to 65 Vo. Cells growing in media containing PF68 continued to grow

in suspension for 3 passages, with adherent cells taking about 5 o/o of the population of

cells.

The experiment was carried over a total of 9 PF68-free passages. The adherent IFN-

beta cells increased to 70 %io where tPA producing cell line increased to 95 o/o adherence.

At passage 6, the cells were split into 2 groups, one was incubated in the presence of

PF68, and the other remained in PF68-free media. The cells were found, once again, to

return to spherical suspension cells once PF68 was reintroduced in the media. However,

cells that remained in PF68-free media continued to grow in a fibroblastic cell

appearance. There *"r" ho*"lrer, differences betwee n the Zdifferent cell lines. IFN-beta

producing cells were less adherent than the tPA producing cell line in the absence of

PF68.

8.3. Discussion

The results clearly indicate that as the concentrations of PF68 increased in stationary

T-flask cultures, cell adherence decreased. This trend can be explained by the coating of

the detergent to the surface of T-flasks, and thus causing the hydrophobic tails to remain
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exposed on the surface of T-flasks. As cells are added to the flasks, the hydrophobicity of

the detergent deters any adherence that would usually be mediated by this cell to surface

attraction.

Cell adherence was visible in Figure 8.1, where the cells were found to spherical in

the presence of PF68. The absence of PF68 from culture media induced cells to grow

attached to the T-flask surface. However, there was spherical cells found in the cell

samples, probably due to the attachment phase (GE-Healthcare 2005). When cells are

inoculated into the T-flask the cells appear to be spheroidal; however within days most

cells appear to adhere nonetheless there are cells that remain in suspension even in the

end ofthe passage.

The decreased hydrophobicity of the outer membrane brought about by PF68

(Ghebeh et a|.,2002) may explain the reduced adherence of the cells in stationary culture

by a reduced interaction of the cells with the tissue culture-treated attachrnent surface. It

was clearly shown that a PF68 concentration at 0.1 %o can reduce the proportion of

attached cells from 70 o/o tominimal levels. This also reduces cell-cell interactions and as

a consequence fewer cellular aggregates were observed in PF68-supplemented cultures

Previous reports by Keen & Rapson (1995) and Bentley et al. (1989) have shown

enhanced growth in the presence of PF68 in stationary cultures even in the apparent

absence of shear forces. This is likely to be due to the higher growth rate often found in

cultures of suspension cells compared to surface-attached cells. There may also be an

interaction of PF68 wíth the flask surface to increase the wettability of the culture

substratum (Detrait et a1.,1999). Alternatively, but less likely, explanations offered for
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the effect of PF68 in stationary cultures are an increase in the nutrient uptake (Mizrahi,

1975) or an increase in growth by the impurities in commercial batches of PF68 (Chisti,

19e9).

The adherence effect was found to be reversible, as PF68 was removed the percentage

of adherent cells increased. However, once PF68 was reintroduced into the stationary T-

flask cultures, the percentage of adherence decreased. Once visualized through the

microscope, the cells appeared to have mixed attachment patterns. Some cells were found

to be flat and stretched, as characteristic of f,rbroid cells, whereas other cells attached but

remained spheroidal.

The adherence of cells was rapidly reversible upon treatment with PF68-free media as

shown over multiple culture passages. This indicates that PF68 is easily removed from

the cell surface and suggests that it is not incorporated into the membrane, so that its

effects are not prolonged as might be the case for constituent membrane components such

as fatty acids (Butler et al., 1999). This is confirmed by the report of Michaels et al.

(1991) who showed that long-term exposure to serum makes cells more shear resistant

whereas there is no benefit of long-term exposure to PF68. The reversible effect of PF68

on cell adherence is clearly an advantage in controlling the state of either stationary or

agitated cultures.

Dewez et al. (1996) reported that the presence of PF68 on bacteriological grade

polystyrene prevented the cell adhesion of Hep G2 human epithelial cells (Dewez et al.,

lgg6).The inhibited attachment of the PF68 on the polystyrene was reported to be due to

the increase in hydrophobicity of the substratum. Two years later the same group showed
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that this inhibition of cell to surface adherence when PF68 was present was evident with

three other cell lines: MSC 80 mouse schwannoma, PC 12 rat adrenal

pheochromocytoma, and rat hepatocytes (Dewez et a\.,1998). Furthermore, cell adhesion

was not influenced by PF68 when the substratum was pre-conditioned with ECM

proteins, such as collagen, laminin, and fibronectin (Dewez et al.,lggg).

Various pluronics have been studied for their impact on cell adherence. The results

are comparable to that found by Biran et al. (1999), where cell adhesion of astrocytes

were decreased with the increased hydrophobicity of the growth surface where the

surfactant used in this study was PF108 (PEOr¡z-PPOso-PEOr¡z)@iran et al. 1999).

PF108 was also shown to inhibit NIH 3T3-J2 murine fibroblast cell adhesion on glass for

up to 4 weeks (I,iu et aL.,2002). Another study of cell to surface adsorption used PFl27

(PEOe8-PPOor-PEOss) to show the ability to control CHO cell adherence on liposomes

composed of different lipid sources (egg phophatidylcholine,

dioleoloxytrimethylammonium propane methyl sulfate, dipalmitoyl rhodamine

phosphatidylethanolamine, and distearoyl phosphatidylethanolamine) by varying

concentrations of PFl27 (Chandaro y et a1.,2002).

The effect of Pluronics on the inhibition of cell to surface adherence is not specific

for mammalian cells. Levy et al. (2004) found that bacterial attachment to silicone

surfaces in the presence of Pluronic Pl88 (PPl88) was decreased to 3.02 o/o compared to

a control with22.2Yo.

In this chapter, we reported on the effects of PF68 on cell adherence of two

independent CHO cell lines. In the absence of PF68, cells grew attached to the surface of
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T-flasks, where adding PF68 induced cells to grow in suspension, in a concentration

dependent manner. The effects of PF68 appeared to be reversible, as adding PF68 to cells

that grew attached for numerous passages induced cells to grow in suspension. This work

is important for media dev-elopment, as the concentration of PF68 could influence the

growth of cells.
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Chapter 9

9. Use of PF68 for protection of cells in high shear conditions*

9.1. Introduction

Mammalian cell culture processes are used for the production of an increasing

number of commercially important biopharmaceuticals that include vaccines,

recombinant proteins, and monoclonal antibodies (Butler, 2005). One important

criterion for scaling these processes is the use of serum-free media with minimal protein

content and the absence of animal-derived components, as demanded by regulatory

authorities in recognition of the dangers of animal-borne contaminants (Schroder et al.,

2004). However, the low protein content of the latest generation of media formulations

may increase the risk of cell damage through high levels of shear stress introduced by

sparging and stirring in the culture vessel (Van der Pol and Tramper, l99S). The shear

sensitivity of mammalian cells to sueh an environment is variable and may depend on a

number of factors including cell type, thickness of the cell membrane, cell size, growth

rate, growth medium and the type and concentration of shear protective agents (Chisti,

leee).

In large-scale stirred-tank bioreactors of animal cell cultures (>2 L), transfer of

oxygen via the air-liquid interface is not sufficient to supply the metabolic requirements

of growth beyond 106 cells ml--l and therefore gas sparging may be necessary (Butler,

2004). However, sparging generates bubbles that burst at the surface leading to

detrimental effects on cells (Bavarian et aL.,1991; Chalmers and Bavarian, 1991; Jordan,

* 
The contents of this chapter have been included in a paper: Tharmalingam, T., Ghebeh, H., Weurz, T., and

Butler, M., 2008. Pluronic enhances the robustness and reduces the cell attâchment of mammalian
cells. Molecula¡ Biotechnology.39(2):167-117. Work reported in the paper completed by others was
omitted from this chapter.
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1994; Kunas and Papoutsakis, 1990; Tan et a1.,1994; Trinh, 1994; Wen and Tan,1999).

This is caused by the retracting rims of bursting bubbles at the liquid surface that

generate a jet with a speed of 3 m s-l resulting in a mechanical shear force sufficient to

lyse cells in the surrounding area (Cheny and Hulle, 1992). Agitation by impellers to

mix a suspension cell culture or cell-attached microcarriers also generates shear forces.

Nevertheless, in suspension cultures, with rates of impeller agitation below 800 rpm the

shear forces generated from mixing do not damage cells where a bubble-free aeration

device is deployed and the air-liquid interface is eliminated (Kunas and Papoutsakis,

1990). Otherwise in the presence of an air-liquid interface, agitation speeds above 200

{pm cause cell damage if a vortex is generated leading to air entrainment and therefore

bubble bursting at the liquid surface (Kunas and Papoutsakis, 1990).

The protective effect of PF68 has been shown to occur by decreasing bubble-cell

attachment (Jordan et al., 1994; Michaels et al., 1995), decreasing surface tension and

thereby decreasing the energy generated from bubble bursting (Dey et atl., 7997; Ma et

a1.,2004). PF68 may also increase cell membrane strength. Zhang et at. (1992) showed

by micro-manipulation techniques that the critical tension to burst cells increased

significantly in the presence of PF68. This suggests the possibility of incorporation or

adsorption into the cell membrane (Goldblum er al., 7990; Murhammer and Goochee,

1eeO).

The objective of this study was to investigate the multiple effects of PF68 on cell

protection, repair and surface adhesion in transfected CHO cell lines in an attempt to

better understand the mechanisms involved. The experiments were based on two CHO

209



cell lines that were transfected for heterologous protein expression. High shear rates

were applied by increasing the agitation rate of the spinner flasks and by a cone-and-plate

viscometer that offered a bubble-free environment for the cells.

9.2. Results

9.2.1. Agitated cultures

9.2.1.1. Spinner flasks

The removal of PF68 fiom spinner cultures appears to affect the cell stability after

ürultiple passages in the absence of PF68. CHO cells producing tPA that were removed

from PF68 over multiple (1 to 4) passages were inoculated in 100 mL spinner cultures

and measured for cell density and cell viability. The cells were inoculated into spinner

flasks with (Figure 9.18) and without (Figure 9.1,A') PF68, to test the shear sensitivity of

the cells growing at a low stir rate (45 rpm). The PF68-free cells inoculated into media

with PF68 and appeared to induce a similar growth pattern in each passage, where the

cells enter exponential phase at day 2 reaching a maximum cell density of 2.5x106

cells/ml by day 5 and slowly decline towards the end of the culture. Cells inoculated into

PF68-free media appeared to show different growth characteristics, where cells from the
I

first three passages out of PF68 reached a maximum of 1.5x106 to 1.75x106 cells/ml by

day 5 or 6 and slowly declined towards the end of the culture. Cells from passage 4 out of

PF68 appeared to be affected by the shear forces within the spinner, as the cells reached a

maximum of 0.5x106 cells/ml by day 5.

Measurement by trypan blue indicated that cell viability of all cultures remained

above 85 % for all spinners until day 5, except for the cells removed from PF68 at
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passage 4, growing in PF68-free media. The viability for this culture decreased to 80 %

by day 1 of the culture, and remained at roughly 80 % until day 5, after which it declined

to 50 o/o at day 7 .

The IFN-beta producing cells were removed from pf'OS ø. 3 passages and then

reintroduced into PF68 or continued a fourth passage in PF68-free media. The growth of

cells under both conditions is shown in Figure 9.2. The cells under both conditions grew

to similar cell concentrations when inoculated into spinners containing media with and

without PF68. Both spinner flasks were inoculated at lx10s cells/ml and counted daily

by ,haemocytometer using the trypan blue exclusion method. The cells both in the

presence and absence of PF68 entered an exponential phase at day 2, and continued

growth until day ó, with a maximum cell density of 4.20x106 cellslml, after which the

viable cell population declined to 3.60x106 cells/ml. The IFN-beta cells were monitored

for growth in further passages of PF68-free medium, and it seemed that the cells

continued similar growth curves (data not shown), thus showing that the cells are

unaffected by the shear stresses induced at 45 rpm in the absence of PF68.

The removal of PF68 for 3 passages ensured that the possibility of cell carryover of

PF68 from passage to passage was eliminated. The differences in the growth of the tPA

producing (Figure 9.1) and the IFN-beta producing (Figure 9.2) CHO cell lines in the

absence of PF68 shows a difference in the cell resistance to shear
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9.2.1.2. Bioreactor

The effect of PF68 in agitated cultures was determined in a controlled stirred-tank

bioreactor with a stirring speed of 100 rpm (Figure 9.3). The IFN-beta producing cells

\¡/ere grown in PF68-free medium for 3 passages prior to inoculation into the bioreactor

culture (2L) at a seeding density of lxl0s cells/ml. cells in pF6g (0.1 %) containing

medium grew at a maximum specific rate of 0.018 h-l and reached a maximum cell

density of 4.3x106 cells/ml after J days of culture. However the cells in pF6g-free

medium showed poor growth with a maximum cell density of only 0.45x106 cells/ml

aftet day 4' The significant difference in growth shows the protective effect of pF6g in

the agitated environment of the bioreactor (p<0.01).

9.2.2. Cell damage at high shear rates

Shear stress can be induced in cell culture by high stirring rates or gas sparging in

culture' In order to quantifu these protective effects of PF68, we developed two systems

to measure rates of cell damage. cells were exposed to a high agitation rate in a spinner

flask' In this system at agitation rates above 250 rpm, a liquid vortex developed in the

culture causing gas entrainment and associated damage to cells. We chose a standard

stirring rate of 500 rpm that would allow measurement of loss of cell viability over a

reasonable period of time (Butler et al., lggg). In a second system a cone-and-plate

vtscometer was used to generate high shear stress in a bubble free environment. This

would allow rates of cell damage to be determined in an environment of liquid shear but

without the effects of a gasJiquid interface.
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9.2.2.1. Spinner flasks/ high agitation

Figure 9.4 shows the percentage of viable cells remaining after exposure to a high

agitation rate of 500 rpm over a period up to 5 h. In this experiment the two CHO cell

lines (producing IFN-beta and tPA, respectively) were grown in pf'Og-free medium for 3

passages prior to inoculation into spinner flasks. The left (Figure 9.4A) and right (Figure

9.48) panel represents CHO cells producing IFN-beta and those producing tPA,

respectively. The cells were seeded into the spinner flasks at ixi06 cells/ml before

agitation at 500 rpm for 5 h. The cell viability of the cultures was determined from

samples taken at 30 min intervals. From the data, there was no evident overall loss in cell

viability of either of the cell populations in the presence of PF68, with the cell viability

remaining close to 100 %. However, there was significant and rapid cell damage in the

cultures that were exposed to the high agitation rate in the absence of PF68. This resulted

in large clumps of cellular debris that was evident in each culture.

There was a significant difference in the rate of damage observed for the two cultures

(p<0.0001 in both cases). The IFN-beta cell line was reduced to zero viability within I h.

However, the viability of tPA producing cell line decreased rapidly during the first 30

min followed by a more gradual phase of decrease up to the 5 h point. This difference

suggests an intrinsic difference in robustness of the cell lines in response to shear stress.

Most experiments explained here were done in PF68 at 0.1 % which is a

concentration commonly used in culture media. Figure 9.5 shows the result of cells being

agitated in a shaker flask at different concentrations of PF68. The cells (10x106 cells in 5

ml-s) were taken from T-flask cultures growing at0 o/o PF68 for 3 passages then
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in the absence of PF68 (o) or in 0.1 % PF68 (V).
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Figure 9.5: Cell sensitivity to high speed agitation in shaker flasks. CHO cells were
grown in the absence of PF68 for 3 passages and then exposed to high rotation speeds of
300 rpm in the different concentrations of PF68. Samples were counted at 0,30 and 120

mins. Cell viability was was estimated using the trypan blue exclusion method (0.5 %
w/v).
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the cells were agitated at 300 rpm for up to 2 hours. In the absence of PF68 the cell

viability in 0 o/o PF68 dropped to 80 Yo after 30 minutes of agitation. Furthermore after 2

hours the cell viability was 7.6 Yo. The protection of cells from the shear forces from the

agitation seemed dependent on concentration of PF68. ihe cells in 0.1 %o and 0.05 %

PF68 retained a viability close to 100 % during the assay. The viability of cells in 0.001

%PF68 and 0.01 %owas 44%o and 57 yo, respectively after 120 minutes of agitation.

9.2.2.2. Shear stress in a bubble-free environment

Although designed for the measurement of liquid viscosity, the cone-and-plate

viscometer offers a means of subjecting cells to a shear force caused by a high relative

rotational velocity between two metal plates. Gas bubbles can be removed from the

space in which the liquid is introduced, thus eliminating any gas-liquid interface.

Several commercially-available viscometers were tested for their suitability. The Rheolab

MCl was chosen because it produced a high shearrate of up to 11,000 s-lwhich was

suff,rcient to produce a complete decay curve of cell viability within 10 min and with a

small sample volume of up to 600 ¡rL.

Samples (350 pL) from cultures of two CHO cell lines (IFN-beta and tPA producing)

grown in the absence of PF68 for 3 passages, were subjected to a shear force of 11 Pa for

a period up to 12 min in the presence or absence of PF68. The cell viability of each

sample was determined after the period of exposure to the shear force (Figure 9.6).

The results clearly show the protective effect of PF68 (0.1 %) in this system with

viabilities maintained >90 o/o. In the absencs of PF68 the viability of the two cell lines
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Figure 9.6: The effect of high shear rates in a bubble-fiee system. CHO cells producing

(A) IFN-bera and (B) tPA were grown in the absence (o) or presence (V) of PF68 were

subjected to a shear rate of I 1,000 s-t in u bubble free environment provided in a cone

and plate viscometer for up to 12 minutes. Cell viability was estimated using the trypan

blue exclusion method and expressed as a mean (tSEM) where n > 3.
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decreased to values between 40 to 50 Yo aft"er 12 minutes. The rate of decrease of cell

viability appears to be lower for the tPA producing cell line (Figure 9.68) and suggests

the enhanced robustness of this cell line as previously inferred from the spinner flask

results. However, there ãoes appear to be a residue of viability in the IFN-beta producing

cell line (Figure 9.64) after 12 min that seems to be resistant to further rapid decay. This

is unexplained but may be due to aggregation of cells or the presence of cell debris.

9.2.3. Long term effects of PF68 on cell protection

In order to determine whether the presence of PF68 during cell growth would affect

the long-term robustness of cells, cells were grown in the presence of PF68 then exposed

to a shear force in the absence of PF68. Cells were grown in stationary cultures in the

presence of varying concentrations of PF68 (0-0.1 %)- The cells were then harvested and

resuspended in medium with no PF68 at a cell density of 2xl06cells/ml. The cell

suspensions were then exposed to a shear rate of 1 1,000 s-t fot 10 minutes. In each case

the cell viabilities decreased to 50 Yo, with a profile that was not significantly different

from that of cells previously gro,,¡/n and tested in the absence of PF68. This result

indicates that PF68 does not have a continued long-term effect of shear protection once

removed from the culture (Figure 9.7).

The protection of PF68 after shear force exposure is shown in Figure 9.8. Cells were

grown in PF68-free media for 3 passages were exposed to shear in the viscometer. The

cells were then exposed to PBS with and without PF68 for 2 minutes, then enumerated
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Figure 9.7:Longterm effects of PF68 on shear stress by a viscometer. Cells grown in
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Figure 9.8: The protection of cells by PF68 after shear force exposure. Cells were

exposed to shear forces in the viscometer in the absence of PF68. PF68 additions were

tnád" to the cell samples prior to the enumeration of cells using the trypan blue exclusion

method. Samples represent an average of n:5 t SEM.
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via the trypan blue exclusion method. Cells that were exposed to shear and enumerated in

the absence of PFó8 showed a lower cell viabilìty (52 %) after 8 minutes compared to the

sample in the presence of PF68 (80 %).

The higher cell viability may be due to the interference of PF68 with the counting

method. Thus we followed a similar protocol to enumerate cells that were not exposed to

shear forces to see if the difference in the cell viability was an artifact. The cells were

divided into two fractions of 3.0x106 cells/ml in PF68-free media, and then each was

diluted with media either containing 0.2 o/oPF68 or 0 % PF68. Cell samples were counted

at 1,5,30 and 60 minutes pbst dilution by trypan blue exclusion. The results are as

shown in Figure 9.9. Under both conditions of counting, the cell viability remained close

to 100 o/o, thus indicating that there was no interference of PF68 in the counting method'

It was also determined if PF68 would protect cells from the shear forces induced by

pipetting prior to enumeration. Thus an assay was developed to see if multiple pipetting

steps caused a decrease in cell viability. The cells were grown in 0 Yo and 0.1 % PF68 and

then resuspended in media with and without PF68 before estimated using the trypan blue

exclusion method. The mixture was then resuspended using a micropipette (150 pl) up

and down for varying times. The final counts after resuspending were compared to the

initial to get cell viability, which is as shown in Figure 9.10.

The results of this experiment show that the presencê of PF68 could protect cells from

shear forces during multiple pipetting steps. The cells that were grown in the presence of

PF68, then treated to shear force by pipetting in the absence of PF68 showed a decrease
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Figure 9.9: The lack of interference of PF68 during cell enumeration by the trypan blue

exclusion method. ff,ã.ttt' were dividJitt tYgry:ti":s of 3'0x106 cells/ml in PF68-

free media, and theneach was diluted to o.i ;2" PF68 (o) ot 0 o/o PF68 (r)' Cell samples

were counted at l, 5, 30 and 60 minutes-and compared to initial counts' The values

reported are represeniåtio" oftypical results observed'
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Figure 9.10: The effect of repeated pipetting on cells gr.own in the absence of PF68

(O/O) and the pr"r"n"" of pf'OS (V).The:cells grown in the absence of PF68 were

resuspendea in *"áiu *i,t ppog (o) and without-PF6s (o) before being enumerated

using the trypan btue exclusion method. The samples are an average of n:3 + SEM'
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in cell viability to 70 voafter 50 aspirations in the micropipette. This was also true for the

cells grown and pipetted multiple times in the absence of PF68, where the cell viability

decreased to 10 o/o. The cells that were gfown in the absence of PF68 then exposed to

pipening in the presence of PF68 had a cell viability of 100 % throughout thå assay' Thus

this experiment showed that cells are protected by shear forces in the presence of PF68'

and that there is no long term protection offered by PF68'

9.2.4. TrYPsin

Trypsin is used routinely in cell culture to remove adherent cells from culture

surfaces or to disaggregate clumped cells. However, it is generally believed that

membrane damage may be caused by prolonged exposure of cells to the proteolytic

enz.vrfle. In this experiment, we aimed to test the ability of PF68 to repair the damaging

effect of trypsin. The cells were exposed to trypsinization times (>10 min) which are

greater than those generally used in practice, in order to test the abilíty of PF68 to

ameliorate the potentially damaging effects on the membrane'

Preliminary experiments were performed to see the effects of trypsin on the cells'

Cells were incubated in suspension in PBS containing trypsin (0.05 % w/v) for up to 300

minutes at37"C. At different time intervals cells were removed from the sample and

enumerated as a percentage of the original counts. Figure 9'11 shows the results from this

experiment. Briefly, as the cells are incubated with this proteolytic enziwrre' the cell

viability decreases. At 60 minutes the cell viability reached 57 %o andthis was consistent

until the end of the assay at 240 minutes'
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The addition of PF68 during trypsinization appears to decrease the cell damage due to the

proteolytic activity, and is shown in Figure 9-I2- The trypsinization of cells in the

presence of PF68 shows no effect on the cell viability, where during the trypsin

incubation period the cell viability remains close to 100 %' However' in the absence of

PF68 the cell viability drops I0 % after 30 minutes and 40 o/o after 60 minutes of

incubation with trypsin. Thus this experiment shows the protective effect of PF68 on the

proteolytic enzyme activity of trypsin'

The possibility of an overestimation of cell viability caused by PF68 preventing

trypan blue uptake by non-viable cells during the assay was discounted through a control'

Here trypsin-damaged samples of cells that had not been in contact with PF68 were

serially diluted. Viable cell count at each dilution was measured by the trypan blue

method with and without the presence of 0.1 % PF68' In accordance with the standard

assay protocol, the viable cells were counted within 5 minutes of trypan blue addition'

The results showed that under these conditions there was no significant difference in the

two sets of viable and non-viable counts, showing that there \¡/as no effect of the presence

of PF68 in the counting assay (data not shown)'

This protective effect was also evident when treating trypsinized cells to high shear

forces in the cone-and-plate viscometer. Figure 9.13 shows the residual viable cells

remaining after various treatments. cells treated with trypsin and then subjected to shear

stress in the viscometer in the absence of PF68 showed the greatest decrease in viability

with a residue of only 48 % viable cells. Significantly higher yields of residual viable

cells were found if the cells were not exposed to trypsin (62%;p:0'02) or if PF68 was
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added to the

Furthermore,

viability.

cell suspension prior to the application of shear stress (p<0'00002)'

the addition of PF68 to trypsin-treated cells enhanced the residual cell

This difference betwe"n ,h"* sensitivity was evident in the hrst passage of cells

being trypsinized in the absence PF68. Cells from the second and third passages after

trypsinization appeared to show no difference in shear sensitivity due to trypsinization'

The sensitivity was evidently due to the exposure of shear stress in the presence or

absence of pF6g. cells that were either trypsinized or not trypsinized but exposed to

shear forces in the absence of pF68 showed no significant difference in the percent viable

cells remaining after shear stress exposure (p:0.5) (data not shown)' There is no valid

explanation for the difference in the cells reaction to shear forcçs when comparing the

cells reaction to trypsinization in the first passage to that in the following passages'

However, it is possible that the cells in the subsequent passages may have been selected

out by trypsinization, and thus are a trypsin resistant cell population'

A further experiment was designed to determine if PF68 could provide a protective

barrier to the membrane of damaged cells. In this experiment cells (2xr06 cells/ml) were

incubared with trypsin (0.5 %wiv) for varying lengths of time up to 4 h' The activity of

the trypsin was stopped by the addition of trypsin inhibitor (O'09 % w/v)' The cells (l

mL) were then suspended in PBS with or without PF68 for 30 min prior to cell counting

using the standard trypan blue assay. The results are shown in Figure 9'14 andindicate

that the proportion of trypan blue-stained cells increased significantly with the time of

exposure to trypsin. This showed that trypsin had an effect on the increase in membrane
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suspended in pBS t" th" f*t*." 9f absence of PF68 (0'1 %) for 30 minutes prior to

staining in trypan ti""iO i ø w/v) for counting in a haemocytometer' The proportion of

blue-stained cells *u, à"o.¿ed in each samplJfor suspension containing PF68 (o) or in

theabsenceofPFó8(o).Thevaluesshownaremeans(ISEM).(n:2).
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porosity of all the cells tested. However, the addition of PF68 to the trypsin-treated cells

prior to the exposure to trypan blue reduced the uptake of the dye significantly' This was

particularly evident for the cells treated with trypsin for longer than 60 min when the

proportion of stained cells was up to 10 o/o less in the presence of PF68 (p'O'Ot)' This

indicates that PF68 significantly decreased the membrane porosity of cells damaged by

trypsin.

In a separate series of experiments the effect of PF68 was determined on the growth

of trypsin-damaged cells. Cells were inoculated at 1xl0s cells/ml into 100 mL spiirner

flasks and grown for 4 days. The harvested cells were then suspended in PBS-EDTA

(100 mL), and dispensed equally into Zcentrifuge tubes prior to centrifugation' one cell

pellet was then incubated in trypsin (0.5 %) in PBS-EDTA for 120 minutes' while the

second pellet was incubated in PBS-EDTA. The suspensions were agitated intermittently

to maintain the cells in suspension. After incubation trypsin inhibitor (0'09 % w/v) was

added and the cells were inoculated at lxl0scellvml- into 100 mL spinner flasks in

cultures with or without PF68. The corresponding growth curves of these cultures are

shown in Figure 9.15.

Figureg.l5AshowsthegrowthoftheCHocellsintheabsenceofPF6s.Thecontrol

culture that was not exposed to trypsin showed a steady growth rate after day 1 to a

maximum cell density of 1.7*l0u cells/ml. However, the damaging effect of trypsin

exposure in the second culture is seen by the significantly lower growth rate and

maximum cell density of only 0.6x10ó cells/ml (p<0.005)' Figure 9'158 shows the

effect of pF6g on these cells. whereas, there is no considerable difference in the growth
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.¡nJ values ur" ,n.un cell counts (ISEM) where (n I 3) for

trypsinized cells (r) or controls (o)'

235



profile of the control cells that were not exposed to trypsin, PF68 appears to have a

significant effect on the trypsin-exposed cells (p<0.005). In this case the higher growth

rate results in a maximum cell density of 1.2x10ó cells/ml at day 4, which is twice the

yield of the equivalent culture grown in the absence of PF68.

9.3. Discussion

pF68 has been used as a supplement for mammalian cell cultures for a number of

years as a cell protectant particularly in scale-up of stirred-tank bioprocesses (Kilburn and

Webb, 2000). It has a well-characterized function as a cell protectant against the shear

forces that arise fiom impeller agitation and bubble dispersion during gas sparging- This

requirement for such protection is even gteater in the low protein or protein-free

environment of current serum-free media formulations that expose cells to harsher

physico-chemical conditions than the more traditional high protein serum-based

formulations previouslY used.

Cell clestruction in sparged, agitated cultures is likely to be due to cell-laden bubbles

drawn into the liquid-gas interface where bubble disengagement occurs (Michaels 1995)-

This zone at the gas-liquid interface is where the cells are subjected to forces that cause

lysis (Kunas and Papoutsakis, 1990).

Several mechanisms have been suggested for the protective effect of PF68 in agitated

cell cultures. One is that PF68 reduces the interaction between cells and bubbles that

arise from sparging by a decrease in cell- to-bubble attachment (Jordan et al., 1994;

Meier et al., 1999; Michaels et al., 1995; Zhang et al., 1992). This mechanism explains
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the growth profile we observed in a sparged bioreactor, in which there was negligible

growth of CHO cells in the absence of PF68. This mechanism could also explain the

concentration-dependent protective effect of PF68 at high agitation rates in spinner

cultures (500 rpm) and shake flasks (300 rpm). This assay system was developed

previously in our laboratory to measure the robustness of cells following treatment with

selective media components such as linoleic acid (Butler et al., 1999). Agitation rates

above 250 rpm in the spinner flasks produce an observable liquid vortex, which

introduces bubbles into the medium. Therefore the protective mechanism offered by

pF68 could be similar to that seen in the sparged bioreactor. This assay showed

differences in the intrinsic robustness of both of the CHO cell lines tested, the IFN-beta

cell line showed a rapid death rate with a complete loss of viability after t hour, whereas

the tpA producing cell line showed a more gradual decline with a residual of 20 o/o

viability even after 5 hours.

PF68 may also increase the cell membrane resistance to liquid shear in the absence of

bubbles or a gas-liquid interface. To test this we subjected both the cell lines to an assay

based on the use of a cone-and-plate viscometer producing a maximum shear rate of

11,000 s-t , in which there was a rapid loss of cell viability over a12min test period-

Results from this assay showed that there was a significant protective effect of PF68 on

the cells in the bubble-free environment of the viscometer. Marquis et al. (1989)

reported some protection of cells in a coquette flow system with a lower shear rate of

6,000 s-r . Further evidence for the protective effect of PF68 in liquid shear arises from

the work of Zhang et al. (1992) who showed by micromanipulation tecþiques that the

critical tension required to burst hybridoma cells increased signif,rcantly in the presence
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of pF6g. Goldblum et al. (1990) reported the same effect on insect cells using a modif,red

rheogoniometer, which is a device similar to viscometer but with a rotating plate and a

stationary cone.

This high shear assay also indicated differences in the intrinsic robustness of different

cells with half-lives of around 5 min for the IFN-beta producing cell line, whereas the

tpA producing cell line showed greater resistance with a more gradual decay curve and a

half-life of 10 minutes.

The difference in the sensitivity of cells to shear can be due to the intrinsic difference

in the cell membrane, cytoskeleton or due to a difference in the size of cells- Our lab has

previously reported differences in the hydrophobicity of the cell surface of hybridoma

and CHO cells (Gheb eh et a\.,2002). Furthermore CHO cells have been shown to have a

ruffled surface, depending on the method of culture, compared with hybridoina cells with

a smooth cell boundary. This is evidence for an intrinsic difference in the nature of the

membranes of the two different cell lines. In this study, both the IFN-beta and tPA

producing CHO cells took on a ruffled appearance. Zhang et al. (1995) reported that 0.1

% (w/v) pF68 enhanced erythrocyte cell lysis in flasks agitated at 100 rpm, while 0.1 %

(w/v) dextran or albumin prolonged erythrocyte survival. Larger cells are more prone to

shear forces than smaller cells (Al-Rubeai et al., 1995). Under the microscopic

examination and using a haemocytometer the CHO cells were observed to be x1-5 larger

in diameter than hybridoma cells. The observed diameter range of CHO cells was 15 to

25 microns compared to hybridoma cells with diameter range of 10 to l5 microns-
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Although in our experiments cells were protected from high shear rates only when

pF68 was present in the assay. In general, differences in the intrinsic cell resistance to

shear may also be due to a change in the plasma membrane fluidity (Calder et aL.,1994)-

Although we have no evidence that PF68 could alter the membrane fluidity this

possibility is supported by Ramirez and Mutharasan (1990), who suggest that PF68 may

interact directly with the membrane structure enhancing its stability. This suggests the

possibility of prolonged protection by PF68 that has been shown previously in insect cells

(Murhammer and Goochee, 1990). There was no evidence for long-term stabilization of

CHO cells by PF68 in our culture systems. These apparent differences may be because

of variability between cell lines or due to the metabolic state of the cells'

Wu et at. (1996) reported that PF68 could decrease the hyd¡ophobicit¡r of insect cell

membranes. In a recent paper we also showed that PF68 decreases the cell

hydrophobicity index of CHO and hybridoma cells (Ghebeh et a\.,2002). It is suggested

that a reduction in the hydrophobicity index of the surface of cells accounts for the

decreased cell-to-bubble attachment in the presence of PF68. Murhammer and Goochee

(1990) investigated the properties of different molecular structures of the family of

pluronic polymers and showed that the hydrophilic/ lypophilic balance is an important

criterion for.predicting their ability to protect cells in culture, which suggests their

interaction with the cell membrane. Furthermore Wu et al. (1997) measured the

adsorption of PF68 molecules to the cell membranes by measuring the decrease in the

pF68 concentration in PBS after mixing with insect cells. Al-Rubeai et al. (1993)

reported that pF6g could block a leaky cell membrane and protect surface-associated
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immunoglobulin in hybridomas from shear damage. Lakhotia et al. (1993) found that

pF68 can protect CD33 surface antigen of HL60 human leukemia cells from shear forces.

One of the most likely explanations for the effects of PF68 is that it is adsorbed on to

the membrane surface creating an artificial wall that may protect cells and even repair

damaged cells. This is supported in our experiments by the evidence of enhanced shear

resistance, decreased membrane porosity and higher growth rates of cells in PF68-

supplemented medium that have been damaged by the effects of prolonged incubation in

trypsin. The effect of trypsin in the presence of PF68 is most likely to be due to a

protective effect, and not inactivation of trypsin by PF68. The trypsinization of cells in

pBS requires inactivation by a trypsin inhibitor when SFM is used in cell culture (Cruz et

ã1., lggi). Resuspending cells in serum containing media does not require this

inactivation step, as there are natural inhibitors in serum that would inactivate this

proteolytic enzyme.

The sensitivity of CHO cells to shear forces has an important implication to the

development of bioprocesses that includes the design of the impeller, the agitation speed

and the intensity of sparging. PF68 supplementation in culture has many advantages that

can reduce the deleterious effects ofboth gas sparging and liquid shear caused by culture

agitation as well as maintaining a single cell suspension. However, there are offsetting

disadvantages of using PF68. These include the difficulties of removing PF68 during

product recovery as well as the potential inhibition of growth for some cell lines (Al-

Rubeai et al.,lgg1). For these reasons it may be important to minimizethe concentration

of pF68 in the culture. As the sensitivities to the shear forces in culture can differ
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between cell lines, this minimal concentration of PF68 should be determined for each cell

line.

The protection by PF68 is not limited to mammalian cells, as plant cells were

protected by high shear forces in the presence of PF68' In particular' u ptpp"' cell culture

was protected by the phenols produced by the cells when PF68 was added into culture

medium (Kaparakis and Alderson, 2003). Furthermore the effects of PF68 on the cell

protection were further enhanced with the combination of haemoglobin and

arabinogalactan Proteins.

In conclusion we have shown that PF68 has multiple effects in cHo cell culture'

.This includes the enhancement of growth under agitated culture mode and reduced

adherence in stationary culture. The PF68 coating the membrane serves to enhance

robustness, reduce surface attachment and limit the damage of cells exposed to high shear

forces or ProteolYtic enzYmes'
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Chapter 10

10. The effect of PF68 on Protein Production and Glycosylation

10.1. Introduction

The media components added to cell culture may be monitored for inhibitory effects

on cell growth or protein production. In the case of our studies, the addition of PF68 was

monitored for its effects on cell adherence (Chapter 8) and benefits on protection of cells

from high levels of shear and proteolytic damage (Chapter 9). The benefits of adding

PF68 to cell culture could be nullified if there is an inhibitory effect on the recombinant

protein production of IFN-beta and tPA in cell culture.

In this chapter we focus on the effects of PF68 on the recombinant protein production

of IFN-beta and tPA produced in CHO cells. The effect of PF68 on protein production is

compared using different modes of culture (T-flasks, spinners and bioreactors). Also, the

effects of PF68 and shear stress on the heterogeneity of recombinant human interferon-

beta were investigated.

10.2. Results

10.2.1. PF68 and Protein Production in T-flask cultures

The removal of PF68 affects the growth of cells in stationary T-flasks; as the

percentage ofPF68 decreases, the cell adherence increases (explained in Chapter 8). The

effect of PF68 on recombinant protein production lryas tested in adherent cultures using

CHO cells producing IFN-beta.
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Cell concentrations remain relatively constant between 3.41x106 cells/ml to 4.08x106

cells/ml after 4 days of growth (Figure 10.14). However, the IFN-beta producing cell

line showed a slight but significant increase in recombinant protein production with the

increase in pF6g in the media. Figure 10.18 shows a slight trend of product increase as

PF68 concentrations increase, as indicated by the equations: native

y6.09xlO61x;+0.90x10ó 1r2 : 0.98) and denafured 58.93xt06(x)+1.04x106 1r2 
: O'eS¡'

Both the native and denatured protein products show a slight upward trend of protein

yield. This leads us to believe that PF68 concentrations have a positive effect on protein

production in CHO cells producing IFN-beta.

The product titres of tpA from T-flask cultures of CHO cells are visualized in Figures

10.2 and 10.3. There app.eared to be no increase in tPA produced when PF68

concentrations increased þ-value : 0.8). Cells grown in 0 % PF68 yielded a total

maximum cell count of 4.04x106 cells/ml, where the product yield was 3000 IU/mL. At

the varying concentrations of PF68 (0.01 % to 0.5 Yo),thecell counts varied from 4.0x106

cells/ml to 4.6x106 cells/ml, but product yield was between 2700 IU/mL and 3500

IU/mL, thus indicating that there is no impact of PF68 concentrations on the production

of tPe.

10.2.2. PF68 and ELISA

The presence of PF68 could interfere with the ELISA assay, thus giving an elToneous

protein measurement. Thus to eliminate the possibility of an interference, the ELISA

assay was performed on samples in the presence and absence of PF68. The results are

shown in Figure 10.4. Samples of tPA in PF68 containing and PF68-free media were
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Figure 10.2: Cell growth (A) and tPA titre (B) from cells grown in stationary T-flasks under different concentrations of PF68. The
cells were enumerated in trypan blue while product yield was calculated by ELISA.
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cells were enumerated in trypan blue while product yield was calculated by ELISA. The cell densities and titres are as determined
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Figure 10.4: The effect of PF68 on the determination of tPA titres by ELISA. The tPA
supernatant samples tested were from T-flask cultures with cells in PF68-free media (0

%), PF68-ftee grown + diluted with PF68-free media (0 % + 0 yo), and PF68-free grown

and diluted with 0.2 %PF68 containing media resulting in 0.1 %PF68 within the tested

sample (0 % + 0.2 %). The titres are as determined from duplicate samples, with error
represented as SEM.
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assayed by ELISA after dilution with media containing PF68 or no PF68. The original

samples obtained from cultures were from 0 o/o media samples which were assayed to

contain 1700 Units/ml tPA. A dilution of the sample obtained from 0 % PF68 with 0 %

PF68 media resulted in a titre of 1620+80 Units/ml whereas diluting the same sample

such that the final concentration of the sample was 0.1 0/o resulted in a measured titre of

170ù-t13 Units/ml. Thus it was concluded that the addition of PF68 does not cause a

false increase in the samples being assayed by ELISAs.

10.2.3. PF68 and protein production in spinner cultures

Spinner cultures with CHO cells producing IFN-beta showed that the production of

IFN-beta was not dependent on the presence of PF68. In Figure 10.5, there is an increase

in product titres when cells were grown in the absence of PF68. The product yields are

similar until day 4, where a maximum yield of about 2.80x106 units/ml were present in

the culture. The samples for glycan analysis from the spinner cultures were obtained at

day 4,as the cell yield and product titre between both cultures were consistent.

Analysis of the tPA producing cell line showed that cells removed from PF68 for 3

passages and then inoculated into spinner flasks showed a similar growth pattern as that

described above (Figure 10.6). Where a maximum cell yield reached was at day 5, with

3.13x106 cells/ml in the presence of PF68, a maximum of only 0.85x106 cells/ml was

reached at day 6 in the absence of PF68. Protein production analysis by tPA ELISA

shows that cells grown in the absence of PF68 had a maximum titre of 3160 units/ml

compared to a maximum titre of 6374units/ml from cells grown in the presence of
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Figure 10.5: Growth and Productivity of CHO cells producing IFN-beta grown in 100mL Spinner flasks. The cells were grown in 0 o/o

for 3 passages before being inoculated into the spinners. The left panel (A) represents the growth and productivity of cells grown in 0
% PF68, and the right panel (B) represents the growth and productivity of cells grown in0.1o/o PF68. The productivity was assayed by
an ELISA assay. The titres are as determined from duplicate samples, with error represented as SEM.
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passages before being inoculated into the spinners. The left panel (A) represents the growth and productivity of cells grown in 0 o/o

PF68, and the right panel (B) represents the growth and productivity of cells grown in 0.1 % PF68. The tPA titre was determined by
an ELISA assay. The cell density and tPA titres are from representative cultures.
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PF68. Although there was a difference in the volumetric product of tPA from cells grown

in the presence and absence of PF68, this appeared to be due to cell growth. The

calculated cell specific productivity for cells grown in both PF68-free and in the presence

of PF68 was not significantly different (1.5 mUnits/cell/day). Thus PF68 did not have

any effect on the protein productivity of the tPA producing cell line.

10.2.4. PF68 and Protein Production in bioreactor cultures

The IFN-beta produced from the bioreactor cultures appears to be minimal in the

absence of PF68, as visualized in Figur e 10.7. This is due to the killing of cells in the

absence of PF68 by shear forces. The maximum product yield obtained in the presence of

PF68 is 3.5x106 units/ml denatured product yield.

10.2.5. The effect of PF68 on the glycosylation of IFN-beta.

It is well documented that PF68 protects cells from the shear forces. However, very

little has been reported about the effect of PF68 on the glycosylation of the protein. We

chose to use spinner flasks cultures to study the effects of PF68 on the glycosylation of

IFN-beta because significant growth could be obtained even in the absence of PF68.

Analysis of the IFN-beta produced by cells grown in the presence and absence of

PF68 in spinner cultures showed that there was no effect of PF68 on the glycosylation.

The glycan structures of IFN-beta are shown in Chapter 7. Glycan analysis (Figure 10.8)

shows that there is similar glycosylation of the products from 0 % PF68 spinners and 0.1

% PF68 spinners with rotation speed of 45 rpm throughout the culture period. The

integration of the area under the peaks (Figure 10.9) shows that 50 %o of the glycans are
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Figure 10.8: Representative glycan profiles from IFN-beta samples from PF68-free (A)
and PFó8 (B) spinnerq. The spirurers had a stir rate of 45 rpm throughout the culturç
period.
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identified in Chapter 7 (Section 7.2.2). The integration values are expressed as a mean

(tSEM) where (n:2).
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of the bisialylated biantennary glycan form, 20 % of the glycans are of

monosialylated biantennary glycan form, 10 Yo are of the monosialylated form,

roughly 20-30 %o are of triantennary and tetraantennary moieties.

10.2.6. The effect of shear forces on the glycosyration of IFN-beta

Although there is no effect of PF68 on glycan structures, there was a difference in the

glycan profile of IFN-beta from spinners at a high (100 rpm) (Figure 10.10) or low (45

rpm) (Figure 10.8) speeds of rotation in the presence and absence of PF68. Figure 10.11

shows the integration of the area under the peaks from the cultures agitated at 100 rpm.

The integration shows that 50 %o of the glycans are of the A2G2FS2 moiety, 18 % of the

glycans are of the A2G2FS1 moiety, l0 %ó are of the A2G2FS0 moiety, and the majority

of the remaining glycans are triantennary or tetrantennary glycans.

Figure 10.12 shows the integrated areas from IFN-beta glycans isolated from all four

culture conditions. The increased speed of rotation at 100 rpm appears to decrease the

monosialylated biantennary structurc (7.9 GU) of IFN-beta by 8 %o, where the 45 rpm

cultures had a monosialylated peak with over 25 o/o conformity and the glycans from the

100 rpm cultures had just 18 % (Figure 10.11). This decrease was present for glycans

formed in the presence or absence of PF68. This decrease in the monosialylated

biantennary structure was ofßet by an increase in the bisialylated bianterurary and

tri si al yl ated triantennary gl ycans structures.

The glycan sialylation can also be detected by WAX (Weak Anion Exchange) as the

sialic acids give the glycan an overall negative charge, thus can be separated out by

the

and
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1110

Figure 10.10: Glycan analysis profiles from PF68-free (A) and PF68 containing (B) IFN-
beta glycans grown in 100 rpm spinners.
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Figure 10.11: Integration analysis from Glycan analysis profiles (as shown in Figure
10.10) from PF68-free and PF68 containing IFN-beta glycans. The integrated values are
expressed as a mean (ISEM) where (n:2).
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Figure 10.12l. The effect of PF68 and stir speeds on the glycosylation-of IFN-beta. The

""ilr 
*rr" inoculated into 100 mL spinner flasks with PF68-free or PF68 containing

media and grown for 5 days. The media was filtered then frozen at -20"C until
purification and sample preparation for glycan analysis. The peaks obtained in the 2-AB
labeled N-glycan extraction from IFN-beta were compared to a dextran ladder to obtain

Glucose Unit values. The percent area was calculated from integration of area under the

peaks obtained. The values are expressed as a mean (ÍSEM) where (n:2):
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charge. The degree of sialylation in WAX correlates with retention time with the more

charged glycans (tetrasialylated) retained for longer in the column. Figure 10-13 shows

-the results from the elution of the charged glycans from the WAX column, where the

non-sialylated glycans are minimal, and the majority of the glycans are of the A2G2FS1

and, AZGZFS2 forms. The A2G2FS1 glycan shows a slight difference between the higher

spinner stir rates compared to the 45 rpm spinners, where overall sialylation is decreased

at the lower rotation speed of 45 rpm (Figure 10.14) by 5 % or more. However, as shown

with the NP-HPLC results there are no differences between the glycans isolated from

PF68 containing and PF68-free media.

10.3. Discussion:

The addition of PF68 appeared to affect the protein production of IFN-beta and not

tpA. Thus the effect of PF68 addition on protein production appears to be cell line

dependent. The addition of PF68 at low concentrations (between 0 o/o and 0.1 %)

increased production of IFN-beta by up to 2-fold (denatured IFN-beta) compared to

samples produced in the absence of PF68. There was no effect from the addition of PF68

on the production by the tPA cell line. The addition of PF68 does not affect cell growth at

these concentrations; however PF68 addition at these concentrations decreased cell to

surface adhesion in stationary T-flasks, where the adherence of the cells decreased from

60Yointhe absence of PF68 to 5 o/o in the presence of 0.1 %PF6S (Chapter 8).

A proposed explanation for the higher production rate is that cells in lower

concentrations of PF68 devote more of their protein production towards adhesion
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Figure 10.13: Sialic acid content from glycans isolated from spinner flasks containing 0

%PF68 and 0.1 % PF68 with spinrier speeds of 45 rpm and 100 rpm. The sialic acid was
detected by WAX - HPLC. The sialic acid residues refer to the sialic acids present on

each glycan isolated from IFN-beta. The values are expressed as a mean (ISEM) where
(n:2).
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Figure 10.14: Sialylation index of glycans isolated from spirurer flasks containing 0 %
PF68 and 0.1 % PF68 with spinner speeds of 45 rpm and 100 rpm. The sialylation index

is calculated as shown in Section 2.6.6. The values are expressed as a mean (tSEM)
where (n:2).
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proteins compared to cells growing in suspension. Where adhesion proteins are not

necessary for growth in suspension cell culture processes, the energy could be diverted to

recombinant protein formation. The overexpression of oCaMKII (Ca2* / calmodulin -

dependent protein kinase) to increase cell to surface adhesiÀ caused transfected cells

grew 50 o/o slower than nontransfected cells (Masse and Kelly 1997).

The production of IFN-beta was not greatly effected in the presence of PF68 in the

spinner cultures. However, the addition of PF68 in the case of the tPA producing cell line

impacted the cell resistance to shear, and thus cell concentrations were maintained in the

presence of PF68. Therefore the volumetric protein formation was enhanced from the

tPA producing cell line in the presence of PF68. The specific product formation was not

impacted greatly where the presence of PF68 had a calculated specific productivity of

1.486 mUnits/cell-day compared to 1.537 mUnits/cell-day in the absence of PF68. A

similar effect was seen in the 2L bioreactor culture; where the cell yield of CFIO cells

producing IFN-beta, impacted the protein yields obtained from these cultures. Thus in the

absence of PF68 the protein yields remained close to nil compared to the 0.1 % PF68

containing bioreactor culture.

The enhancement of protein yield is generally due to an increase in cell yields due to

the protection of cells in a high shear environment. The cell yields are maintained, and in

some cases are enhanced, thus leading to an increase in the protein titres due to a greater

population of cells with a similar cell specific productivity. Sakai et al. (2002) showed

that there \¡/as no growth promoting activity when PF68 or Tween 80 was added into
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culture, and production levels of human IFN-gamma were similar. Similar growth was

reported when growing non-transfected CHO cells (Sakai et a|.,2001).

The addition of different media components in cell cultures has often been found to

affect thl recombinant protein production from these cells. The effect of PF68 on

recombinant protein production has been described to be cell line specific. The effect of

PF68 on CHO cells producing human growth hormone (hGH) was shown when cells that

were exposed to shear stress ceased hGH production; however addition of 0.2 % PF68

allowed continued production of hGH (Keane et aL.,2003).

Apart from mammalian cell culture, PF68 is also used for the cuituring of other cell

lines such as insect and plant cells. The addition of PF68 has been reported to increase

the production of mGM-CSF from Nicotüana tabacu'* cells(Lee and Kim, 2002). PF6S

was shown to stimulate the anthroquinone product release from plant cells. The use of

PF68 at 2 % (w/v) improves the intracellular release of secondary metabolites from

Morinda citrífotia cells (Bassetti et al., 1995). The use of PF68 for the growth and

production of recombinant proteins in Sf-9 insect cells, where the presence of PF68

increased the maximum recombinant protein concentration, yield, productivity and

specific production rate by 1O-fold in cultures supplemented with PF68 (Palomares et al.,

2000).

In most cases the absence of PF68 has been shown to negatively affect the growth of

cells, and thus negatively affect the production of recombinant proteins. Castro et al.

(1995) reported that the addition of PF68 stimulated CHO cell growth although the

expression of human interferon-gamma was not improved. Ghebeh et al. (2002) reported
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that although the cells were able to grow under high levels of shear stress in the presence

of PF68, there was no effect on the production of EPO from CHO cells. The EPO

produced (348 +l- 40 units/ml) was consistent across the cultures.

The effect of PF68 on protein glycosylation was also tested in this study.

Recombinant IFN-beta was isolated from supernatants from spirurer cultures and tested

for differences in glycosylation. As mentioned in Chapter 7, iFN-beta has 1 glycosylation

site, which varies in the microheterogeneity depending on culture parameters. The overall

yield of protein was relatively similar when comparing the PF68-free and PF68-

containing samples, and thus the IFN-beta was purified and tested for differences in

glycosylation.

There appeared to be no differences in the macroheterogeneity when comparing the

IFN-beta produced in PF68-free or PF68-containing culture media (p:0.18). As well,

there was no significant difference when oomparing the glycosylated and non-

glycosylated protein yields at a higher spinner rotation speed compared to the control 45

rpm (p:0.90). This finding was different than that by Keane et at. (2003) where the

production of type II tPA (with 2 N-glycosylation sites) was 7 4 o/o in the presence of high

shear stresses compared to type I tPA (3 N-glycosylation sites) with 26 %. Thus, the

quality of the protein produced was lowered under high shear conditions.

In this study the glycosylation of the IFN-beta was found to be affected by the high

rotation speeds of the spinner culture. The differences in glycosylation of the IFN-beta

were found to differ from the 45 rpm culture in the quantity of monosialylated A2G2F

glycans. IFN-beta isolated from the CHO cell cultures has predominantly a biantennary
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fucosylated monosialylated and biantennary fucosylated di-sialylated glycan' The

predominant form isolated from cultures is of the A2G2FS2 form' However' under shear

stress exposure the quantity of monosialylated glycan forms is decreased' while the di-

sialylated moiety remains constant at roughly 50 %'-

The sialylation of beta-interferon was decreased by 6-7 %under the condition of high

shear. This result is consistent with those of Joosten and Shuler (2003) where they

reported that the highest level of sialylation (g %) of recombinant secreted alkaline

phosphatase (SEAP) from the Trichoplusia ní insectcell line' Tn-4s was obtained in the

culture with the lowest agitation rate. Furthermore the lowest level of sialylation (2-6 %)

was obtained in the 150 rpm culture and suggests a detrimental effect of shear on

glycosylation. Although the addition of PF68 did not affect the glycosylation of the

SEAP.

r .- -. c-^* rENr Lora r,rrnÁrrcerl in cHO cells in the presence and
ThecofnpansonofglycansfromlFN-betaproducedinCHocellsinthep

absenceofPF6sshowedthatthissurfactanthadnoeffectontheglycosylationofthe

protein. However, a difference was seen when comparing the glycans isolated from

proteinsproducedatahighershearratethanthecontrolcultures.Therewasadecreasein

themonosialylatedglycancomparedtothecontrolspinnercultureswithrotationspeedof

45 rpm.
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Section B - Discussion

The use of PF68 in mammalian cell culture is wide spread, as it has been shown

previously to protect cells from high shear forces caused by air sparging as well as by

rotation of the impellor. The use of PF68 has been reported to prevent cell to bubble

attachment, and thus death by hydrodynamic damaging forces due to the collapsing of

bubbles. In this section we show that PF68 protects cells from high shear forces caused

by spirurer speeds of 500 rpm, as well as shaker flask with high rotation speeds of 300

rpm, both of which allow for bubble formation. It is also evident that PF68 protects cells

from high shear forces in a bubble free environment, as that caused by high rotation

speeds in a viscometer. 'We show that PF68 does not have a long term protection and thus

is only protective when present during high shear force exposure.

The experiments done here show a mechanical effect of the PF68 on the cells. In the

presence of PF68, exposing the cells to shear forces induce minimal disruption on the

cells. However, the protective effect of PF68 can be inferred to be also due to a biological

effect. The removal of PF68 from stationary T-flask cultures induced the attachment of

cells to the T-flask. Although the addition of varying concentrations of PF68 did not

affect cell growth, the recombinant protein production varied, showing that the effect of

PF68 on recombinant protein production is cell line dependent.

The treatment of cells to trypsin caused proteolytic damage to the cells, and thus led

to lower cell viability in cultures not exposed to PF68. The exposure of cells with

trypsinization to PF68 led to a lower percentage, of cells being affected by the trypsin. As

well, cell counting after trypsin treatment was slightly improved (10%) upon addition of
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PF68 to the cells prior to cell density estimation using the trypan blue exclusion method.

The addition of PF68 to cells treated to trypsin for up to 2 hours then inoculated into

spinner flasks with and without PF68 induced 2-fold greater cell growth in PF68

containing medium. Thus, the PF68 works to protect weak cells, perhaps by plugging

holes induced in the membrane by either shear forces or by proteolytic damage.

Although Palomares et al. (2000) speculate that PF68 is taken up into cells due to the

long term protection of cells after PF68 has been removed from culture media, we fail to

see this long term protection in our shear experiments. In our studies, once PF68 has been

removed from culture media, cells were found to be affected by the shear forces (Section

g.2.5).However, in the adherence experiments, there appeared to be a gradual increase in

cell adherence over passages where PF68 was removed (Section 8.2.3). The protection of

cells from high shear forces and proteolytic damage occured in the presence of PF68.

The addition of PF68 in the media is important to ensure the protection of the cells

from high shear forces. It is important for maximization of the recombinant protein

production to scale up cultures in bioreactors; in cultures with PF68 we were able to

attain higher growth and production, compared to PF68-free media. Therefore, the use of

PF68 for the growth of CHO cells producing the recombinant proteins is essential to

maximize cell growth and recombinant protein production from larger scale bioreactor

cultures.

267



Chapter 11

11. General Discussion

In this study, I evaluated the effects of using PF68 and microcarriers on the growth of

cells, as well as their effects on pro$uctivity and glycosylation of the recombinant

proteins produced. Mammalian cells are prone to shear force damage, and thus media

additives, such as PF68, must be incorporated to help with the protection of the cells.

PF68 has been used in media compositions for numerous years; however the mechanism

of protection that PF68 offers is still not properly elucidated. The two main theories are

based on mechanical effects, whereby cells are coated and more protected, and biological

effects whereby PF68 is incorporated into the cellular membrane.

The addition of PF68 allows protection of cells from high shear forces, and also

allows for the decrease of attachment of cells in static cultures (Tharmalingam et al.,

2008a). The analysis of glycosylation profiles of protein produced in the presence or

absence of PF68 showed that there is no effect on glycosylation. However, the

introduction of shear stresses caused the decrease of sialylation giving a higher

percentage of the A2G2FS1 compared to the AZGÌFS2(See Sectio n7.2.2).

Macroporous microcarriers such as Cytopore entrap cells in a mesh network allowing

growth to high cell concentrations in a protected environment from high shear forces

within a pseudo-suspension stirred culture. In this study we determined the relationship

between the cell density and the specific productivity of Chinese hamster ovary (CHO)

cells in both Cytopore I and 2 microcarriers. Cells producing recombinant IFN-beta

within a Cytopore 2 microcarrier culture showed a S-fold increase in the specific
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productivity and a 3-fold increase in the volumetric product titre compared to cells grown

in an equivalent suspension culture. The densities reached within the microcarriers were

2xl¡scells/cm3, which is comparable to the cell density in typical animal tissue (Palsson

and Bhatia, 2003). This high density seems to account for the observed increase in

specific productivity of recombinant proteins in these microcarrier systems.

An optimal biphasic temperature-shift regime was applied to Cytopore 2 microcarrier

cultures in an attempt to further enhance the productivity of IFN-beta. Under these

conditions the volumetric productivity of IFN-beta was enhanced 4.Z-fold compared to a

single temperature suspension culture in a controlled bench-top bioreactor. Furtherïnore

the degree of molecular aggregation was reduced signifìcantly, largely due to the lower

temperature but also partially due to the presence of microcarriçrs. These results

indicate that the hypothermic conditions in a Cyopore culture had a combined and

possibly synergistic effect of increasing volumetric productivity of the recombinant

protein.

The major achievement of this work was the enhancement of the volumetric

production of IFN-beta and tPA by over 2-fold, and the specific productivity

enhancement of these proteins (up to 5-fold) in Cytopore 2 microcarriers (Tharmalingam

et a1.,2008b). Furthermore, there was a 5-fold enhancement when combined with

hypothermic culture conditions compared to a suspension bioreactor culture

(Tharmalin garn et al., 2008c). The approach that we undertook to increase overall

product titres was by obtaining high specific productivities at high cell densities.

Generally, due to costs of production, the use of microcarriers is not adopted for large
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scale production of recombinant proteins. Most approaches focus on obtaining cells

adapted to suspension cultures, and thus by using macroporous microcarriers we have

shown an alternative approach to increasing recombinant protein production.

The overall glycan structure distribution was similar to the suspension cultures

(biantennary fucosylated mono- and di-sialylated glycans) with a higher percentage of the

di-sialylated forms (40-50 %). However with the combination of Cytopore and

temperature shifts, there was a higher quantity of glycosylated protein, but a shift towards

lower sialylated glycans (A2G2FS0 anð AZGZFSI) compared to the suspension cultures.

Although the use of PF68 and microcarriers can be beneficial for cell growth and

protein production, it is important to ensure consistent product quality, in particular the

glycosylation. The glycosylation of the recombinant protein ensures protein efficacy and

low immunogenicity, and thus the protein must be analyzedthoroughly.

11.1. Future Work

11.1.1. PF68

The use of PF68 in serum free media is important to allow for cells to be protected

from high shear forces in spinners and bioreactors, as well as for the inhibition of

adhesion to T-flasks. Although the analysis that we completed here showed no

differences in glycosylation due to PF68, I did show that the glycosylation is altered

when spinner rotation speeds are increased. Thus further work is required to show

whether this difference in glycosylation is due to the up regulation of enzymes (eg.

sialyltransferase) when exposed to higher oxygen transfer from the higher stir rates. This
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can be attempted by isolating proteins from the golgi that may be differentially expressed

in high and low oxygen conditions then using mass spectrometry to identifu the protein.

It would be also interesting to see whether the differences in glycosylation are due to the

exposure of glycans to high_shear stresses, and not due to the differences in production.

This can be attempted by exposing sialylated standards to high shear stresses then

comparing the microheterogeneity to the original standards.

Another aspect that must be regarded is the recombinant product formation

enha¡cement. In my study I reported an increase in product formation from the IFN-beta

cell line and not the tPA producing cell line; thus it would be informative to look at the

genetic level to determine what would cause the differences in product formation in the

presence of PF68. Also it would be intçresting to analyzethe differences in the proteomes

that would lèad to increased adhesion to T-flask surfaces in the absence of PF68.

11.1.2. Microcarriers

For further work to be done on microcarriers, I believe that it would be beneficial to

scale the culture levels higher for further analysis. Our lab has been involved in

successfully developing perfusion modes of culture in 2L bioreactors for human IFN-beta

production (Rodriguez et al, 2008). We have reported that IFN-beta aggregation could be

decreased to less than l0% while increasing productivity (77x106 units/ml). It would be

interesting to see if the incorporation of Cytopore in a perfusion system could increase

protein yields further by decreasing aggregation-
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Another interesting aspect that should be further explored, is the reason for the

increased specific productivity when the cell density reaches high concentrations. In

particular, we could investigate the possibility of a decrease in protease formation in high

cell density cultures or the up regulation of genes that would lead to this increase. The

information obtained from such analysis could be used to genetically modify cell lines,

such that the cells could produce the recombinant protein at a high specific productivity

without the use of Cytopore microcarriers, thus being more cost effective'
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Appendix A

Protein Detection

4.1 Introduction

The two recombinant proteins used for the duration of my research project were

recombinant human IFN-beta and recombinant human tPA. Two CHO cell lines capable

of producing these proteins were used as model systems for the study.

4.2. IFN-beta aggregation

The primary structure of IFN-beta reveals a high number of surface-exposed

hydrophobic residues (such as Phe-70, Phe-l 54,Trp-'79, and Trp-l43) in the vicinity of

the glycosylation site (Karpusas ¿/ al. 1997).ln the absence of the glycan, the protein is

more prone to aggregation, due to the possibility for the hydrophobic residues to interact

with each other to stabilize the core of the molecule. The high intra molecular

aggregation was found to decrease protein titres detected in the later stages of culture.

The decrease in protein titres are usually consistent with increased turbidity (due to

multimolecular aggregates) in the cell free supernatant-

Figure 4.1 shows the typical cell growth and protein production from the IFN-beta

producing CHO cells in a control suspension culture. From the initiation of the culture we

can see an increase in protein in both the native protein and denatured protein yields until

¿uV 
?. 

At days 4 anð 5, there is an increase in both non-denatured and denatured titres-

However at day 5, the native protein concentration reaches a maximum, and native
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Figure 4.1 : The growth and productivity of CHO cells producing recombinant IFN-beta.
The protein titres detected after day 5 decrease, as aggregation increases. The values

represent means of duplicate samples + SEM.
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protein titres drop about 20 o/o at day 6. When the denatured protein is measured, the yield

is found to increase further to just under 4x106 units/ml from 3.2x106 units/ml, the day

before. The IFN-beta aggregation issue was the focus of a thesis project by Rodriguez

(2007), and results presented in this upp.nài* here are confirmatory results to show the.

aggregation problem is consistent.

The aggregation is reported to be due to multiple factors within a batch culture.

Rodriguez (zXl7)reported that within a culture, temperature, protein concentration and

residence time are factors that led to IFN-beta aggregation. Furthermore the use of low

temperatures for the duration of a culture led to lower percentages of aggregation

(Rodriguez et al. 2005). The temperature for storage of the IFN-beta samples as well as

repeated freeze-thawing were important factors for the aggregation of samples, where

protein aggregation was increased with higher storage temperatures (Figure 4.2.) and

repeated freeze-thawing (Rodrigu ez 20Q7).

4.3. tPA degradation

Figure 4.3 shows the degradation of tPA. The tPA concentration measured by ELISA

shows an increase in tPA to day 6 of the culture. However at day 7 we see a decrease of

about 20 %o in the protein titre compared to day 6. A westem blot was done to confirm

that the decrease in protein titre was not an artifact caused by aggregation. The western

confirmed that the decrease was due to degradation of the protein. As the days

progressed, the tPA band appeared to intensiff, until day 5, after which the band was less

intense. The band atT}kDa appeared to decrease in intensity after day 5, and there was
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Figure 4.2: Native and denatured IFN-beta titres at various storage

storage temperature. The percent aggregation is represented in B.
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temperatures (A). Samples were assayed after 48 hours at the
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Figure 4.3. A representative growth and productivity profile of CHO cells producing

reðombinant tPA. The tPA was assayed from supernatant samples stored in -70 C until

the end of the culture.
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evidence of a lower molecular weighted band at approximately 35-40 kDa. However' this

band was much lower in concentration compared to the decrease in the 70 kDa band'

This decrease in tPA protein product was also reported by Lin et al. (1993) when

cHo cells producing tPA exposed to anoxia showed a drop in tPA production. The drop

in tpA protein correlated with a 40 Yo decrease in tPA specific activity due to extensive

tpA degradation. Dutton et al. (2006) alluded to a relationship between the expression of

recombinant protein and the cell cycle phases, where tPA production declined overtime

due to a combination of declining secretion and enhanced degradation of extracellular

tpA in CHO cell cultures. This degradation of tPA was also found to occur in Aspergíllus

niger producing cell cultures, whereby maximum volumetric t-PA activity was observed

at approximately 45 h, at the end of the first phase of batch (Wiebe et al' 2001)'

However, past this time period, the total tPA concentration decreased as well the tPA

activity.

The tpA ELISA protocol required optimization to ensure no interference from media

components. I completed numerous tests to ensure that the ELISA was sufficient for our

samples. As well, there are two tests to detect the levels of tPA within supernatant

samples - an ELISA and the Chromozyme assay. The ELISA detects overall tPA levels

within a sample whereas the Chromozqe assay detects the biologically active tPA

present within the sample. However, in cultures where the cell viability remained high,

the ELISA and Chromozyme assay yielded símilar tPA titres, and thus it was decided to

assay tPA by the ELISA method because it was repeatable'
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Temperature of storage was tested with tPA (Figure 4.4). Samples of tPA were stored at

-20" C, 4" C, 20" C and, 31" C for 48 hours prior to being assayed by the Chromozyme assay.

Samples stored at -20"C showed no signs of lowered protein activity from the original

sample. Samples stored aT 4"C and 20'C showed assay values of 90-95 o/o compared to the

original sample. However, samples stored at 37"C overnight assayed at" 83 %io of the

original sample. Thus samples were stored at -80"C for longterm sample storage (3

months to a year) or -20"C for short term sample storage (within 3 months). Storage at

these temperatures did not seem to affect measured tPA titres. The samples were stored in

small aliquots to prevent multiple thawing of samples.

-4 20

Temperature (oC)

Figure 4.4: Effect of storage conditions of tPA supematant at different temperatures after
48 hours of storage at varying temperatures. The tPA was assayed by the Chromozyme
Assay. The values are averages of triplicate samples t SEM.
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Appendix B
Microcarrier Counting Technique

8.1 Introduction

' Microcarriers such as Cytopore are composed of a dextran mesh whiih entraps cells

and allows them to grow to a high cell density. A major problem with the growth of these

cells in the dextran mesh, is the enumeration of the cells. The separation of intact cells

from the porous microcarrier is virtr:ally impossible, and thus different counting methods

must be analysed for efficient counting.

The recommended counting method involves the removal of nuclei from Cytopore by

addition of a 0.1M citric acid solution with Triton detergent (2 % vlv) with crystal violet

solution (Spearman et aL.,2005; Yokomizo et a\.,2004). However, when looking at high

cell densities, it is questionable as to whether the nuclei are being completely removed

from the microcarrier.

Thus in this section we investigated the mechanisms of counting, also proving that the

crystal violet removal method is sufficient for nuclei removal from these macroporous

microcarriers.

8.2 Results

A reliable method of cell counting was required to allow growth in the Cytopore

cultures to be monitored. Brightfield photomicrogaphy of cells stained with crystal

violet indicates the level of cell colonization within the microcarriers. Figure 8.1 shows
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the staining of individual microcarriers taken at day 2 and day 4 of a culture and

represents approximately 50 and 400 cells/bead respectively. However, the density

profile offered by such photomicrographs are only semi-quantitative as an indicator of

cell concentration within the microcarriers.

The validation of our counting technique is important to ensure that the nuclei counts

obtained within the microcarriers are an accurate measurement of cell growth- The

method used in the lab, also recommended by GE Healthcare, involve treatment of cells

in the Cytopore microcarriers to 0.1M citric acid, 2 % (vlv) Triton, and 0.1 Yo crystal

violet. The method involves shaking a I to I ratio of cells to citric acid mix for up to 3

hours and then aspirating through a 25-guage needle 25 times. The method has been

deemed to be efficient for removal of CHO cells from the Cytopore pores (Spearman ef

a\.,2005).

However, we wished to investigate the complete removal of cells from the Cytopore.

As a result we aspirated microcarriers up to 30 times through a Z1-gmge needle and

counted nuclei release from the samples after each aspiration. In attempt to keep similar

shear stresses within the needle for each aspiration, we aspirated independent samples,

thereby accounting for the removal of the microcarriers after each sample count-

Figure 8.2, represents the stained nuclei removed from the microcarrier- Each

aspiration removed.nuclei from the microcarrier up to n:30. We considered the nuclei

released with 30 aspirations as the maximum number of nuclei possible within the
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Figure 8.1: Brightfield photo micrograph of CHO cells grown in 1.0 mg/ml Cytopore 1.
The left micrograph indicates a microcamier with approximately 50 cetts qOay 2) and the
right image represents a microcarrier with approximately 400 cells (day 4). Microcar¡iers
were stained with crystal violet. Each ba¡ indicates 50 ¡rm.
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Figure 8.2: The cell recovery from microcarriers when aspirating through a Zl-goage
needle varying times. The cells were treated with a citric acid solution thén enumerated
by crystal violet nuclei staining. The number of nuclei released at n:30 was considered to
be 100 Y".
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sample, and thus compared the nuclei released with less aspiration to the value at n:30 to

obtain the percent released. The graph indicates that as the aspirations increased the

nuclei released into the supernatant increases to a maximum at n:20. By comparing the

nuclei relèased into the supematant we were able to validate the maximum aspirâtions

required to release all nuclei from the dense microcarrier.

Visualization of the microcarriers under light confirmed the removal of nuclei. The

microcarriers stained with the crystal violet solution were then washed with PBS fo

remove excess crystal violet from the microcarriers. The washing of the microcarriers

with PBS entailed allowing the microcarriers to settle, then removing excess buffer and

adding fresh buffer of the same quantity. The dilution of the buffer allowed us to clearly

see the crystal violet taken up by the nuclei, and allowed for the visualization of residual

nuclei left behind by the aspiration technique.

The removal of nuclei from the microcarriers was also visualized fluorescently. The

cell removal was similarly done, where 0.1 M citric acid and 2 o/o Tnton was added to

microcarriers and they were aspirated up to 30 times. TO-PRO-3 was then added to the

microcarriers in a 5 pM concentration and visualized (Excitation 640 nm / Emission 690

nm). The nuclei images obtained from the TO-PRO-3 fluorescence were overlayed with

Cytopore (Excitation 470 r.rrrr/ Emission 525 nm) and shown in Fig¡rre 8.3 (A-E). This

enabled us to completely visualize the remaining nuclei retained on the bead.
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Figure 8.3 (B-F) clearly shows the residual nuclei left behind by the counring

technique aforementioned. The nuclei left behind on the microcarrier are represented by

the darkly stained areas of the microcarrier. In Figure 8.38, we see a microcarrier that

has solely been treated to the crystal violet solution with no aspirations. We could see that

the nuclei remainìng on the microcarrier is high, thus indicating that agitating the

microcarriers in the citric acid solution for 30 minutes allows for the removal ofjust 5 %

of nuclei. In Figure 8.3F, we have a microcarrier that has been agitated in the crystal

violet solution for 30 minutes and aspirated through a2l-guageneedle for 30 times. The

image clearly shows that there was the removal of 95 Yo of nuclei by following this

method. Figures 8.3 C-E show the microcarriers after aspiration n:10 (C), n:20 (D),

n:25 (E) times. The integration of area of space taken up by nuclei is shown in Figure

B-3 A. The nuclei remaining after aspiration n:20 times, show that n:20 aspirations are

sufficient for nuclei removal from the microcarriers. Subsequently, we adopted a step of

25 aspiration cycles in our standard operating protocol in order to ensure the complete

removal of stained nuclei from the microcarriers.

The use of Cytopore in cultures leads to a problem in the isolation of cells. As we are

unable to isolate cells from the microcarriers, and we thus must use nuclei counts to

determine the cell density of the cells. The enumeration of nuclei generally leads to

counts higher than the actual cell number due to the presence of binucleated and

multinucleated cells and the presence of micronuclei within the cell population. Also

there is no way of differentiating the nuclei isolated from live or dead cells. Thus towards
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the end of cultures, there is generally up to 2-fold higher cell counts if counted by the

crystal violet method.

Figure 8.4 shows the counts of a suspension culture by trypan blue (cells) and crystal

violet (nuclei) counts. At the beginning of a culture, during the lag phase, the cell and

nuclei counts are consistent. However, as the cells enter the exponential phase, the cell

and nuclei numbers become varied. In the stationary and death phases, the cells appear to

become bi- or multi- nucleated, as well the presence of residual nuclei from lysed and

dead cells, such that the nuclei counts increase whereas the cell counts depreciate over

time. The increase in the nuclei is consistent with the increase in dead cells in the culture.

The data obtained from the enumeration method of the Cytopore cultures are known

to be inconsistent with the live cell counts. However, we must remain consistent when

comparing Cytopore and suspensíon cultures to allow for comparison between the two

different types of cultures. Although there are inconsistencies between the ratio of cells

and nuclei throughout the life cycle of the cultures, the counting of the nuclei of each

culture is important to ensure reasonable comparisons between cultures.
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Figure !.a: Cgmparison of nuclei.and cell counts in suspension cultures. The cell density
was estimated using the trypan blue exclusion method and the nuclei density by crystãl
violet staining. The single points are represented an average of n:2.
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Growth and

C.1 Introduction

Appendix C

Productivity of IFN-beta in biphasic cultures*

Exposure of cultures to low temperature can enhance cell specific productivity (yoon

et al. 2003). In the following experiment our objective was to maximize volumetric

productivity by combining the beneficial effects of enhanced specific productivity with

substantial cell growth. Preliminary work showed that a low temperature of 32"C

allowed limited growth following a shift from the standard temperature of 37'C

(Rodriguez et al. 2005).

C.2 Results

We investigated the effects of a biphasic culture involving a shift to the lower

temperature after a period of cell growth at 37 "C (Figure C.1). A temperature shift was

induced at days 7, 2, and 3 in an attempt to determine the optimal time to enable a

sustainable high cell density and lead to a high product titre. The growth profile of these

cultures was compared to those maintained at either 37"c or 32"c.

At 37"C the cells grew with a maximum specific growth rate of 0.032h-l during the

exponential growth phase and reached a maximum density of 2.5x106 cells/ml after 4

days of culture. Cells that were incubated for an equivalent period at 32"C showed

negligible growth. After day 12 at this lower temperature the population increased to just

over 1 .3x I 0s cells/ml. Reducing the culture temperatur e to 32"C after I , 2 or 3 days at

' Experiments of this Appendix were completed by K. Sunley. The contents were included in a paper -
Tharmalingam, T-, Sunley, K., and Butler, M. High yields of monomeric recombinant beta-interferon from
macroporous microcarrier cultures under hypothermic conditions. Biotech. prog. 2008,2a@):g32-g3g.
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37"C resulted in intermediate cell yields.

higher production af 32"C from the day 2

units/ml (Table C.1).

Analysis of IFN-beta showed a significantly

temperature culfure with a yield of 14.4 xl06
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Figure c.l: Growth profile of temperature-shifted cultures (o ;n; L),37"c(o) and 32"c(r) cultures' The temperature-shifted cultures were allow"¿ ío'gro*- at 3i"é until thetemperature was shifted to 32"c. The arrows represent the day of shift for eachcorresponding plot: day I (o), day 2 (n), and day 3 (Á).
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Table C.l Volumetric production of IFN-beta from CHO cells grown at 3i"C and in
biphasic (37"C to 32"C) cultures.

* Refers to negligible aggregation

Culture
Condition

Temperature

("c)
Shifted

Day

Native
Protein

(units/mL)

Denatured
Protein

(units/mL)

Aggregation
(%)

Monophasic

37 N/A 1.81 x106 4.64x106 61

32 N/A 1.39 x106 1.98x106 30

Biphasic

37-32 Day I 7.08 xt06 8. l4xt 0ó 13

37-32 Day 2 I i.38 x106 14.4 x106 2l

37-32 Day 3 12.8 x106 12.8 x106 +
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