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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 té achieve proper
operational platforms for prodﬁction 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 cbrresponding

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 processeé. The use of low temperature
(32°C) in combination with microcarriers increased the volumetric product yield 5 fold
compared to a conventional suspension 37°C batch bioreactor culture. The recombinant
protein obtained from cultures where higher product yields were reached was tested for .
consistency in product glycosylation compared té that obtained in the suspension

cultures.

The use of Pluronic F68 (PF68)‘ in the culture medium in static cultures discourages the

attachment of cells onto T-flask surfaces; this is shown to be 2 concentration dependent

i



effect where increased PF68 present decreases surface attachment. PF68 in stirred

cultures promotes the increase in cell protection from shear stresses and proteolytic

damage. Furthermore, the use of PF68

in culture processes does not affect the

glycosylation cor_npared to cultures not supplemented with it.
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Chapter 1
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 .introdu-(:tion wivll cover general topicé encoﬁnfered in mammalian ceil cﬁlture,
and then more specifically into subject areas covered in this thesis. The projects covered
‘-in this.thesis are based on two parts - the usg.of microcarriers and pluronic F68 (PF68) in
cell cultﬁre. The use of microcarriers in cell culture was to enhance recombinant proteiﬁ
production from CHO cells. The use of terhperature 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 characterized and



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

2006).

The CHO cell line was isolated frorﬁ an inbred female adult Chinese hamster in
1958 (Puck et al., 1958). Now the cell line is used in combinati;)n.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 culture instabilities in the absence of MTX (Kim, 1998; Browne

and Al-Rubeai, 2007).

CHO cells have béen ﬁsed fof fecomBinant protein produétién 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 stﬁdies have been done on
CHO -cells that  have been transfected to produce recombinant proteins such as
erythropoietin (Restelli ez al., 2006), human growth hormone (hGH) (Keane ez al., 2003),
interferpn-beta (Rodriguez et al., 2005; Spearman et al., 2005), and tissué plasminogen
;activator (Andersen et al., 2000; deZengotita et al., 2002; Fann 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. Finally, serum is quite expensive and can compromise the extraction and

purification 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 al., 2007). SFM can contain
hormones and growth factors to mimic the conditions of serum containing media. As
well, SFM often contains insulin, transferrin, ethanolaiﬁine, and selenite (Butler, 2005).
Protein free media will ensure the supply of a large quantity of bioactive proteins at a
lower cost and further enhance the consistency of production of recombinant proteins.

| Furthermore, the movement towards protein free media facilitates the downstream
purification of these recombinant proteins. Protein free media can also be optimized to
veach cell line and the physiolog‘ical. co‘nd.itiiéns 1n order to méximizé ‘.growlth aﬁd incre.ase‘
. productivity (Murakami, 1990). Unlike serum containing media which may be utilized
for a broad range of cell typés and culture vconditions, protein free media are generally

highly-specific (Jayme, 1991).

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 1 litre to 1000 litres in stirred. tank
bioreactors. These bioreactors stir the media and cells, evenly distributing nutrients,
making sure that no gradients form énd 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 ez al., 2000; Wang et al., 2005).

1.2.1. Oxygen Supply

Another source of stress on the cells is oxygen sparging into the culture, which 1s
required to introduce sufficient lévels of oxygen within a bioreactor culture. The oxygen
supply within the bioreactor cuitur'e depfeciates 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 culture (Eyer et al., 1995; Jorjémi and Ozturk,

1999).

In an aftempt to control oxygen levels in a bioreactor; Kilburn et al. (2000),
sparged oxygen into a cultu;e of LS mouse cells. The absence of éparging throughout the
culture led to a maximum number of cells; sparging from the beginning of fhé culture
and then stopping at day 3, created an increased lag phase, but cells did proliferate aftér
‘'some time to levels comparable (but not as high) to those of the nonsparged culﬁlre. 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.

(1990).

The specific oxygen uptake rate is influenced by the culture variables at a given
time. Jorjani and Ozturk (1999) showed that the s;;eciﬁc oxygen uptake rate is not
influenced by the cell density when cell concentrations are constant between 1}and 20
million cells/mL. However, they db 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 % decreased specific oxygen consumption

rate (Jorjani and Ozturk, 1999; Kyung ez al., 1994; Ruffieux et al., 1998).

The sbarging of .okygen into culture medium breates 'ai-r bubbles to which celis
attach. The bubbles eventually reach the liquid-air interface at Wthh the 1nterfa01a1
 tension of the medium 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 ef al. (1994) attempted to quantify the numbei" of cells killed and the
locations of the cells (Spodoptera frugiperda (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 rise, Dey et al. (1997) also reported the attachment of hybridoma cells to

| bubbles with no surfactant present. This visualjzation allowed them to see that as bubbles
rise, they create a surface to Which cells can attach. The cells die 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

Shear stress (1) is defined by the ratio of force per area that the force acts on. By knowing
the viscosity of the fluid (B) and the shear rate (y) formed by the velocity gradient

between the two surfaces, we can determine the shear forces that are applied on cells.

Shear force is the force that is exerted on cells.

T =0y

~ The use of water in the medium results in the viscosity to be 1 cPoise. Since 1 cPoise is
equal to 1 dyne s cm? and 1 dyne s cm™ 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, sﬁrface 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



spinner cultures from 100 rpm to 600 rpm decreased cell viability, and a progressive loss
‘was found frqm 84 % on day 1 to 63 % on day 2 to 56 % on day 3 at 600 rpm. A study
that looked at baby hamster kidney cells (BHK21) found that increasing shear stress to
~greater than 15 Nm'z.for more than 1 hdur decreased the viability (Ludwig et al., 1992).
Smith et al. (1987) found that mouse hybridoma B45 cells had a decrease from 2.9x10° to
0.9x10° cells/'mL when exposed to a shear rate of 1240s'for 14 hours. Damaged cells
were covered with blebs and filamentous microvilli while the control cells were clear of

any cellular components (Smith et al., 1987).

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 ef al. (1999) examined plant cells, Taxus cuspidata, in a rotating wéll vessel
bioreactor with exposure to different shear stresses. The cells grew well when exposed’ to
lower shear stresses of 0 to 5.6x10°> Nm?, but when exposed to higher shear stresses of
8.9x10’3 and 11.1x10° Nm'z_the cells had a dec.:réased'vlag phase and incfeésed 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 sheaf 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 deteygents and other chemicals is common to protect
cells from high shear damagé. 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 honionic surfactant which has beeﬁ extensively studied as a protective agent
"added into SFM. PF68 consists of a polymerized structure of ethylene oxide and
peryIéne oxide chains (Ahmed et al., 2001).

HO — (CH,CH,0), — (CH; CH;0), — (CH, CH,0), - H

|
CH;

The average molecular weight of PF68 is 8400 Da, of which ethylene oxide
~ makes up 80 %. Pluronic molecules are categorized by numbers, depending on the values
of a, b, and c. PF68 has average values fér a, b, and c‘of 75, 30, and 75, respectively.
There are different varieties of pluronic that are expressed by th¢ letter and numbers that
follow pluronic. The central poly(qupfopylene) block of the molecule is lipophilic and

the poly(oxyethylene) blocks 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 ef al., 1989).

1.4.1.1. . Méchanicél. Funcﬁons

The presence of PF68 in small quantitiés was found to decrease the velocity of
rising bubbles and CHO cell aggregates or single hyb/ridoma.cells did not adsorb to their -
.surfaces. Jordan et al. (1994-) suggested that the degree of saturation determines whethér
or not cells adhere to the suﬁace of bubbles. ther studies indicate that PF68 prevents the

"attachment of .cells to bubbles thereby protecting damage caused by aeration into a |
bioreaétor (Jordan et al., 1994; Meier et al., 1999; Michaels et al., 1995). PF68 was also
shown to decrease the rupture time of the bubble to less than 16 séconds, thus decreasing
the shear forcev being produced by the bubble rupture and the interfacial tension of the

medium (Chattopadhyay et al., 1995; Trinh et al. 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
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attachment and that the fluid mechanical forces near the rupturing bubble are reduced and
ceil resistance to shear is increased. The protective effect of PF68 was also reported with
plant and insect cell lines (Handa-Corrigan et al., 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
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 pfolductivity 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 al (2008) viewed with fluorescently
labeled PF68 that the molecules are taken up by the endocytxc pathway and are
transported to the lysosomes These observatlons 1mply that the protectlve 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 pluronies (of various kinds) has been found to jinhibit adhesi_on of
cells to the surfaces of hydrephobic regions. Biran et al. (1999) foundA that Pluronie F108
(PF108) was useful for the inhieition of adhesion and growth of cortical astrocytes on ab
rhodel adhesive surface. Looking at extracellular matrix proteins and the abil_ify to
supporfF- neuronal attachment and outgrosvth, they found that there was no difference in

the specific production of extracellular matrix proteins preduced between those cells
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exposed fo PF108 and those that had no exposure. This indicates that the extracellular
matrix proteiris being synthesized by the cell are only important in the first few days of
the culture (Biran et al., 1999). Another study looked at the deterrence of cell adhesion of
hepatocytes and fibroblasts by use of PF108. 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
al. (2003) reported that CHO cells that were exposed to shear stress of 2 0.10 Nm™ in the
.absence of PF68 ceased production of human growth hormone. W_hen- 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
vloeked af a recombinant pfotein; murine granﬁlocyte maerophege - eolony stimuiating -
factor (mGM-CSF), produced by plant cells, Nicotianﬁ tabacum, reported an increase in
the production of the protein produced by the eell liﬁe in the presence of .PF68 (Lee et al., |
2002). Itis presumed that PF68 enhenced the permeability of the cell wall, thus allowing
the mGM-CSF to be released. The presence of PF68, in a concentration dependerit
manner in Morinda citrifolia 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 eell pfoductivity'seems fo be cell line dependent as PF68
had no effect on the production of the recombinant protein, erythropoietin, produced By

CHO cells (Ghebeh et al., 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 preventionvor 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 al., 1997).

1.5. Microcarriers

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 suspenéion. To allow -th'e ‘cells to grow in their natural
‘state, there has been the dévelopment of microporous and macroporous microcarriers.
The trade namés include Cytodex (microporous) and Cytopore, Cytoline, and Cultis_pher.'
G (macroporous). Macroi)orous microcarriers - Cytopore, Cytoline, and Cultispher G are
compqsed of mesh like balls in‘ which cells become entrapped and grow. However,
Cytoline is éﬁen used in a fluidized bed bioreactor (Cytopilot) as it is a weighted bead.
Microporous microcarriers, Cytodex, iﬁ some cases collagen-coated, are beads that cells
can adhere to. Microcarrier cultures lallow the cells to grow in pééudosuspension cultures
within bioreactors and spinners without allowing the cells to be exposed to shear forces
caused by the impellors turning or sparging (Cherry et al., 1988; Koynov et al., 2007).

~ Furthermore, shear rates were found to decline with the increasing load of microcarriers‘,
but were found to not be affected by the microcarrier diameter or density (Grima et al,,
1997). |
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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 (Ca*", Mn®") present and proteins in the medium or

“adsorbed onto the surface bf cells (Grinnell, 1978). 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 ez al., 1979; Virtanen et al., 1982).

There are various intfacellular attachment proteins involved in connecting the
cytoskeleton with transmembrane linker proteins, which in turn bind to transmembrane
proteins of otherb cells, creating the cell-to-cell or cell-to-substratum adherence. Cell-to-
cell contact and adherence is achieved by adhesiqn molecules, like cadherins, in
particular a and B catenins (Tsuiji ez al., 2007). Cell-to-substratum contact is mediated by
édhesion molecules 1ike.integ.rins and in;teractir.lg' molecules like talin‘ and vinculin
| (Yamada and Miyarﬁofo, 1995). Othér proteins form fobal adhesions, and are found to
recruit a larg.e number of pr.oteins'to this regio'n, in partipular talin, Vinculin, and paxillin,
when cell-to-cell adhesion responses are targeted. The recruitment of thes¢ proteins often
leads to morphological changes which contribute to speading, migration, 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
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of o and B 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 adherencé;
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 al., 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 regﬁlate adhesion in an indirect manner.

1.5.1. Cytodex

The different variants of Cytodex include Cytodex 1, 2 and 3. Cytodex 1 microcarrier 1s
based on a cross;linked dextran matrix with positively-charged N,N diethylaminoethyl
(DEAE) groups, which are found throughout the entire matrix of the microcarrier.
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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1.5.2. 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 grow in layers, and produce recombinant proteins, without being exposed to
the shear forces that they would be exposed to when growing in sus'pension.. The primary
difference between Cytopore 1 and Cytopore 2 is that Cytopore 1 has a charge density of

~ 1.1 meq/g while Cytopore 2 has a charge density of 1.8 meq/g.

Macroporous microcarriers were developed to allow cells to grow to high cell
‘densities Wifhin the poreé and protect them fro;n -ﬂuid }damage caused by t.he‘ media
~ flowing throughout the bioreactor or spinner culture. Xiao ef 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 al. 2002). Furthermore, the
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~ production of an osteoblast derivéd antiviral protein from CHO cells was enhanced by
5;5-f01d compared to a suspension culture (Kong et al. 1999). Yamaguchi et al. (1997)
shox;s/ed 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 glycbsylation and folding. Watson et al.
(1994a) reported a difference inv 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
glycoé};latién-whéh compared to a sﬁspension éu]tufe (Wang et al., 2002). Cytoporé
culturés .of CHO cells producing recombinant IFN-beta showed no 'differeﬁce in
glycosylation When compaﬁng Cytopore 1 cultures to sﬁspension cultureé (Spearman et.

al., 2005).

Vero cells that were grown in the presence of macroporous microcérriers were able to
grow to high cell densities (Lim er al., 19§2; Yokomizo et ql., 2004). The porous
microcarriers supported much higher cell growth coinpa;ed to solid microcarriers due to
the perection of célls 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 m*/g while that provided by Cytodex is 0.6 m?*/g (Xiao et al., 1999).

For anchorage-dependent cells, the greater surface area offered within the
machi)porous microcarriers can allow a significantly higher cell concentration i1.1 aculture
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 accéssibility of the virus to the cells
(Berry 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 mény facfors that have to be monitored when pfoducing recbmbinant
proteins from mammalian cells. Although scaling up production capacity would increase
protein yields, there must be the assurance that th¢ product will be consis’;ent with high
stability. Protein stability is important to ensure that pharmaceuticals made from the
isolated protein are stable and not subject to degfadati'on prior to administration to a

patient.

There are many factors that determine protein stability. Some of these factors are
temperature, pH, presence of salts and metal ions, shaking or shearing, and the
concentration of the protein (Wang er al., 2002). A higher temperature can lead to protein

instability and can accelerate chemical degradation. Proteins native to thermophilic
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organisms are found to have a high molecular stability due to greater hydrophobic
interactions, greater molecular packing, more hydrogen bonding, more salt bridging, loss

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

(Wang ef al., 2002).

Protein aggregation is a serious problem that affects recombinant proteins. For the
production of tﬁerapeutics, the presence of aggregates of any type is typically considered
to be undesirable because of the concern that the aggregates may lead to an immunogenic
r¢action 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 um filter. Insoluble aggregates may be removed by ﬁltratioh and are often

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

problematic for the production and use of recombinant proteins (Cromwell et al., 2006).

" Protein ‘aggregation causes intermolecular ‘association of partially denatured -
protein chains. Aggregation is induced by temperature, ionic strengtﬁ, vortexing, surface
and interface. adsorption. Protein aggregation occurs cdmmon]y when proteins are
overexpressed in foreign organisms, i.e. bacterial systems as E. coli, 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

proteolytié resistance. A properly glycosylated protéin 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 are used to treat several diseases, including
chronic viral hepatitis, lymphoproliferative disorders, and cancer. IFN-beta is classified
as type II, which ;efers 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 cystéine 31 of loop AB to cysteine 141 of loop DE (refer to Figure 1.1 for

structure).

Human IFN~betg is an important cytqkine‘\%/h.ich' is secreted by ﬁb;oblgists in |
response to a viral infection or exposure to double stranded RNA (Honda ez al., 2003;
Kawai and Akira, 2006). The bsec.reted protein is nonnally 166 arhino acids long with a
"glycos'ylation' site"at position 80. Human IFN-beta is glycosylated with a biantennary
complex-type oligoéacchaﬁde with fucosylated and noﬁfucosylated trimannosyl core and
Siaa2 -3 Galpl — 4 GIcNAcP1 (Kagawa et al., 1988). However, depending on the
origin of the recémbinant protein’th'e interferon can be glycosylated (IFN-betala) or noh-

glycosylated (IFN-betalb) (Giovannoni et al., 2002; Conradt et al., 1987).

IFN-beta produced by CHO cells is glycosylated at position 80 with a similar
carbohydrate mdiety, 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 ez al., 1988). The major glycan chain in recombinant IFN-beta is a biantennary
complex type, containing an al-6 linked fucose on the peptide proximal GIcNAc residue
and two o2-3 linked NeuAc on terminal galactose residues (Spearman et al., 2005). E.

coli produced 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 et
al., ‘1987), and induce the aggregation of IFN-beta (Runkel et al., 1998). Furthermore the
loss of sialic acid reduced the activity of IFN-beta (Utsumi et al., 1995). Dissing-Olesen
et al. (2008) rgportéd 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. coli producesia produét of 17.5 kDa IFN-beta due to the lack of glycosylation.
"The two products are commercially available as Avonex® with CHO cell ‘origi.'ns and
Betaseron® with E. coli source. The Avonex ® recombinant IFN-beta-1a has about 10-fold

higher specific activity due to the presence of the glycosylated site which also allows it to
be less immunogenic. IFN-beta-1 b (Betaséron) 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 serine

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 disulfide bonds. 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 1.2 for structure). 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 and 11e276 peptide bond, by the action of the
plasmin product allows tPA to be a more active, two-chained protease held together by a
disulfide bond. Two .chain tPA has similar enzymatic 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 ng/mL and has a half life of 5 to 10 minutes.

Thefe are two variable tybes of tPA (tPA T and tPA II)vd.iffer.ing in fhe 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-glycpsylated sites are Asn:
184; Asn 448, and Asn 17. All tPA producéd within mammalian cells (recombinant tPA)
contain the N-glycosylated chain of bhigh mannose oligosaccharides at Asn 117 and a
| complex glycan at poéition Asn 448 (Pfeiffer ét al., 1994). Lubiniecki et al. (1994) found
that Asn184 can have a complex multiantennary giycan form or can be unoccupied.
When Asn184 is not glycosylatéd it forms the less active type II tPA and When it 1s
glycosylated it forms the active type 1 tPA. The O-linked fucose residue is attached to

threonine (Thr) 61.
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Figure 1.2: The structure of tPA, showing the 2 kringle fragments, and 17 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 Benedict et al. (2005).
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Type 1 t-PA has been observed to display reduced clot lysis activity and reduced
fibrin binding compared with type II t-PA (Einarsson ef al., 1985; Wittwer ef 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 (G,/G;) for fed batch CHO cells
producing recombinant tPA (Senger énd Karim, 2003). As well, Senger and Karim
(2003) found that high shear stresses friggered the CHO cells to produce less volumetric
tPA. Of the tPA produced, type II tPA was more presentvwithin the culture media than

type [ tPA.

tPA can be recombinantly produced in E. coli, fungi such as Aspergillus niger (A.
niger) (Weibe et al., 2001), and mammalian cells such as CHO cells (Kimura and Miller, ’
“ 1997; Lin et al., 1993), Bowes melanoma cell line, m.ouse.epith'elia.l (C127) cells and

human placental cells.

The glycosylation status of the tPA protein determines the cle_arance from circulation,
thus heavily glycosylated tPA is more likely to be circulated and have a decreased half-
life. The protein produced in E. coli is just as'functiohal and equivalent in activity when
compared to {PA produced in mammalian cell lines with glycosylated sites. However, the
use of E. coli for recombinant protéin production is nof proficient, as the inactive protein
is enclosed in inclusion bobdies from which it has to isolated.-Once it has been isolatéd

from the cell, the protein has to be reactivated by ir vitro adaptation of known folding
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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 pg tPA/L/hour of the active form (Qiu ef al., 1998).

tPA producti'c;n in A. niger results in the production of low quantities of tPA. The
organism produced low quantities of nonfungal proteins, as there is incorrectl folding or
processing of protéin. This causes an upregulation of unfolded protein response and
therefore proteolytic degradation. As well, fungi and Saccharomyces cerevisiae tend to
hyperglycosylate recombinant prbteins. A. niger has 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. Wiernikm;vski et él. (2006) looked at the
long t‘errri storage of tPA proteinidérivgad from CHO celis. The recombinant prote‘ih 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/ 2 mL) were stable for énly 22 weeks

at this temperature.

Growth conditiohs have an impact on the stability of tPA. Altamirano et al
(2000) reported that tPA isolated from a two day culture with a Qiability of 92 % had a
half life of 43 days, whereas the half life of tPA from media collected from a six day
culture (viability of 71 %) 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 proéucing tPA, Fann ef al. (2000) found that two high producers and two
lower producers had a decrease of 60 % 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 %

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: N-linked glycan, O-linked glycan and glycosyl phosphatidylinositol (GPI)
anchors. Br»ieﬂy; N-linked gl-ycans are attached to é glycoprotein at a sequon, which
cdnsists 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
" 1in a sequon, not all sequons rﬁay 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 (Glucose; Mannoses N-Acetylglucosamine, -
GlesManygGleNAc,) from the carrier lipid dolichol phosphate to the asparagine of a

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 (GlcNAc,MangGles) from the Dolichol-P to the
glycoprotein is médiated by the oligosaccharyl transferase (OST). Trimming of the
.ohgosacchande to MangGlcNAcz must occur w1th1n the ER, prior to dlsplacement to the
golgi, and these reactlons are medlated by glucosidase I and II (aGI and aGII) and ER
mannosidase (aM). The movement of the glycoprbtein from the ER to the cis-, médian-,

and trans-golgi occurs via transport vesicles.

Once the glycopmtein reaches the 'Cis-Golgi, 3 mannose residues are cleaved off by
 the enzyme a-mannosidase I (aMI), resulting in MansGlcNAc,. 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 aMgnnosidase II (aM1l), and then further additions of GlcNAé and

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

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

and sialic acids (by sialyl ;transferase, ST). Incomplete processing may lead to varying
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Figure 1.3. The pathway for the biosynthesis of N-linked glycans. Biosynthesis starts in
the rough endoplasmic reticulum and proceeds through the cis-, median-, and trans-Golgi
apparatus, before the glycoprotein is secreted. Some of the enzymes involved are:
oligosaccharyl transferase (OST); a-glucosidase I & 1 (oG I & II); ER-mannosidase
(aM); a-mannosidase I & II (eM 1 & 1I); N-acetylglucosaminyl transferase I & I (GnT I
& 1I); fucosyl transferase (FucT); galactosyl transferase (GalT); sialyl transferase (ST).
O-Gn; O-Man; ®-Glc; V-Fuc; A-Gal; 0-SA. Modified from Komfeld and Kornfeld
(1985).
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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 complex-type. These
three classifications involve.a common core structure composed of Man3GIcNAc;Asn
and different outer branches. A high mannose oligosaccharide would incorporate the core
structure with 2 to 6 additional mannoses while a complex incorporates the core with 2 or
more outer branches containing N-acetyl glucosamine (GlcNAc), galactese (Gal), and
sialie acide (NeuAc). A hybrid is a combination of both these structures (Refe_r to Wildt

and Gerngross, 2005).

Mammalian cells (non-human) are the optimal choice for recombinant protein
ﬁroducﬁon; however, the glycosyletien 1s also found t‘o diffef compétred to. human
glycosylation V(Figure 1.4 E & F). Most mammals (humans) express the enzyme al-3--
galactosyltransferase - which generates Galal,3-Galp1,4-GIcNAc residues; however:
‘mouse cell lines are incapable of forming the al,3- 'linkage aﬁd thus may indpce mild

human immune responses (Stephens et al. 1995)

Strategies have been employed to engineer the host CHO cell line with extra
glycosyltransferase enzymesv(e.g. oc2,6-sialy1tfansferase) normally inactive in CHO cells
but presenf in humans (Bragonzi et al., 2000). As well there has been the transfection of
the B1, 4- N-acetyl—g-lucosaminyltransferase III to reduce IgG antibody-dependent
cellular cytotoxicity (ADCC) (Ferrara et al., 2006). Feediné key carbohydrate precursors

such as N-acetylmannosamine (ManNAc) to impreve sialylation has also been proposed
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Figure 1.4: The differences in glycosylation by different host cells. Where J~ represents
the peptide, M= N-acetylglucosamine (Glc-NAc), @ Mannose, O= Galactose, O=
Fucose, /A= N-glycolylneuraminic acid, &=N-acetylneuraminic acid, and ®= Xylose.
Modified from Jenkins et al., (1996).

and tested (Gu and Wang 1998; Hamilton et al, '2006? Campbell et al., 2007). Gu and
Wang (1998j_fed up' to 20 mM. of _Manl\}Ac,- a sialic acid precursor, to CHO cells
prqducing_ intcfferon-y and Qbserved an increase inApercentage 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 fof lafge scale production of recombinant proteins may produce
| Véﬁed glycosylation. Bacteria used for recombinanf protein synthesis are incapable of
glycosylating protejn (Figure 1.4A). 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 ef 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 et al., 2003). Furthermore, recently there has been a
report on Pichia pastoris cell lines capable of secreting terminally sialylated, complex,

bi-antennary glycoproteins (Hamilton et al., 2006).

Plant cells are capable of glycosylation; however, their proteins tend to lack sialic
acid residues (Figure 1.4D). Also plants tend to have core a1-3 linked fucose instead of
an ol-6 linked fucose (Gomord et al., 2005). As well, the bisecting B1-4 N-

acetylglucosamine is generally substituted by a B1-2 xylose (Ma and Hein, 1995).

Insect cells that produce recombinant broteins have the inability to synthesize
glycoproteins with authentic glycosylation (Figure 1.4C). The glycans lack complex N-
linked oligosaccharides contéining gala(;tqse and terminal sialic acids due to the absence
of galactosyltransferase and sialyltransferase. As well, there are insufficient levels of
terminal' giycosyltransferases to convert mostIN-linked éidé chains to complex fonfls.'The ”
membrane bound N-acetylglucosaminidase prOCesSes ' GlcNAcMaﬁ3GlcNAcz to

.Man3GlcNAcz, and thus thé highly processed N-linked oligosaccharide on insect cell

glycoproteins consist of MansGlcNAc, (+/- Fuc) (Hollister, 1998).

The glycosylation found in transgenic mammals (Figure 1.4 E) i§ similar to that found
on. human proteins (Figure 1.4 F), with the exception of the éialic acids. N-
glycolylneuraminic acid (NeuGc) is a derivatjve of the sialic acid N—acetylneuraminic
~acid (NeuAc) and is rarely found on human glycoproteins. Low levels of NeuGc are

tolerated in recombinant proteins (1%) but higher levels may cause and immunogenic
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response (Noguchi ez 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 stabilize proteins and make proteins 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 peptidé chain yia serine or threonine residues. The
majority of O-linked g}yqans contain a core GalNAc sugar, and to these there are §
possible second Sugar linkages, thus giving 8 GalNAc core structures (Figure 1.5). O-
L‘inkéd glycans tend to be véry hetefogeneous and thus they are vclassiﬁed‘by .their core
© structure. However, the termini of O-linked glycans may include Gal, ‘GlcNAc,. GalNAc,
Fuc, or sialic acid. The process of O-glycosylation occurs in the goigi. Mucins, or other
O-linked glycans, include g]ucdsaminé, xylose, galactose, fucose, or mannose. as the

initial sugar bound to the ser/thr residues.

32



g6 ' B6

./Dg O-Ser/Thr 2 0-Ser/Thr & OSer/Thr g OSer/Thr
' B3 3 ‘ B3
Corel Core2 Core3 Cored
a B o '
O-Ser/Thr OSer/Thr O—Ser/Thr .J:]— OSer/Thr
o3
Core5 B3Core 6 Core?7 Core 8

-GIcNAc D GalNAc ' Gal

Figure 1.5: Core O-glycans: Structures of the eight known core types with Ser/Thr
attached GalNAc sugars. Modified from Butler (2005). :

1.7.3. The importance of glycosylation

Glycosylation can influence the activity, clearance 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
'glycén on proteiﬁs of mémrhaﬁaﬁ cell on'gin allowed the prbtein to ‘bev sdluble at a low pH
(2.5), whereas the E. coli expressed protein precipitated at pH S'and below. As well, the
proteiﬁ, isolated from mammalian sources was soluBle at a highef temperaturé (90°C),

whereas that expressed by E. coli precipitated at about 40°C (Nahri ét 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 al., 2006), metabolic waste’accumulationr(Yang and Butler, 2000a; Yang and
Butler, ZOOOb; Yang and Butler, 2002), culture viability (Andersen et al., 2000), pH

(Borys et al., 1993; Curling et al., 1990; Muething et al., 2003; Wagner, 1986), oxygen
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concentration (Serrato et al., 2004), and temperature (Andersen et al., 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. 2001; Jenkins et al. 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 Wagner, 1996). The structure of glycans is influenced
by the competition of glycosylation 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
oligosaqchari.des. The presence or absence of sialfc acid can affect maﬂy glycoprotein
properties, including siaéciﬁc activity (Goldwasser et al., 1974; Iméi et al._, 1990);
antigenicity (Hevey et al., 1997, Schauer, 1988; Steﬁhenson et al., 2003); resistance to
protease attack (Aquino, 1984; Goldwasser et al, 1974), and resistance to thermal
denaturation (Goldwasser et al., 19745. Sialic acid containing carbohydrates are highly
hydrophilic. structures and increase solubility of proteins by shielding hydrophobic
vrcsidues (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 .i.dentify and monitor these crucial paramefers
during production to assess the effect of changes in cell culture conditions on product

quality.

1.8. Thesis Objectives:

| ~ The objectivé c;f thié thesis is to study the effecté of Microcafriers and PF68 on the
'grdmh df CHO cells p-rod‘ucing."[he reéombinént préteins. iFN—béta aﬁd tPA were éhosen
as good representatives of récombinant protéins that are important biopharmaceuticals.
PF68 and Microcarr.iers are impoftant for profectirig cells against high shear.forces in
_bioreactor cultures. Thus it is important to analyze the different effects of these two
culture variableé 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



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 frdm
progressing in the cell cycle from the transition from Gap 1 to the Synthesis phase. The
celis are able to survive With minfmum nutrient requirem.ents. thus kééping tfle cellsin a
productioh phase. Part of this thesis explores one way that controlled prbli'feration can be
: a‘chieved by using low temperature. The use of low temperature in bioreaétor -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 protein in a culture sometimes causes the cells to. stop
producing and degeneration of the protein occurs (Altamirano et al., 2000; Fann e? 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 protéin production and

glycosylation.

PF68 is a media additive used to help protect cells from high shear forces. The use of
PF68 within stationéry 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 |
‘différenf conceﬁtr.ations»of PF68. Furthermore,‘ the effecis of PF68 on the glyco.sy;la-tion of |

IFN-beta were also explored. |

5. To study the protective effect of PF68 in the presence of bubbles and in a bubble free

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. Palomares ef al. (2000) found that a
.sample of insect cells vortexed in tﬁe presence of PF68 had higher cell viability than cells
vortexed in the absence of PF68. Using a very high shear rates we caused daniage to
CHO cells (two different cell lines) and tested the protection ability of PF68 at varying
concentrations. Thé 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

2.1.1. Cell lines

Chinese Hamster Ovary (CHO) cells were derived from a transformed non-
vtumorogenic hamster ovary cell in 1957. A subclone, CHO-K1, was transfected with the
IFN-beta gene by Cangene Corporation, Winnipeg, Canada. Many clones were providéd
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 produbed By transfecting’ CHO éells With a plasmid

(pETPFR) 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 (SEM) (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 Serum Free Medium (CHO-SFM). The medium
contained low levels of protein (less than 20 mg/l) and .PF68 (0.1 % w/v), unless

otherwise mentioned.

2.2. Culturing Methods

2.2.1. Sub-culturing

CHO cells were subcultured in 75 cm? T-flasks for stationary cultures with a working
volume of 12 mL. Cells were subcuitured every 3 fo 4 days with an inoculation density of
1x10° 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 frofn' the flasks, washing of adherent cells with Phosphate Buffered Saline
(PBS) (Gibco, 21600-10) with 1mM ethylenediaminetetraacetic_ acid (EDTA) and then
inqubation with t_rypsin in PBS (0.2 mg/mL) for_ 5 to 10 minutes at room temperature. The -

| ﬂasks were then tapped VigOI‘OI‘lSlyA to dislc.)dge-cells. The tryﬁsin reaction-was s;cqppea by
addition of Soybean trypsin inhibitor (0.2 mg/mL). The cell suspension was then
transferred to a 15 mL centrifuge tube and centrifuged for 5 minptes at 300 xg. The
supematant: was removed and the cell pel]et was resuspended in 10 mL of Biogro-CHO-

SFM for counting in a haemocytometer, and then inoculated at 1x10° cells/mL.

The cells were grown in an incubator with 5 % CO, with the caps loosened to allow
for equilibration with the atmosphere and at 37°C. All cell culture steps outlined were

done under aseptic conditions in a NuAire Laminar Flow Hood. All media, trypsin,

39



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 sémple and 0.2 % trypan blue 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.  Crystal Violet

AE'qual volumes of a cell sample and 0.5 % crystal violet solution (0.2 M citric acid
solution with Triton detergent (2 % v/v) 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
evenf, 4 boxes of the haemocytometer were counted and the cell concentration was

calculated according to the formula as follows:

Cell concentration (cells/mL) = Total cell count x dilution factor (2) x10*
Number of squares (4)
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2.2.2.4. Specific growth rates

The specific growth rate () measures the rate of cell number increase. The formula
used for its calculation was:
p () =InN-InNo
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 experimental 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 1x10° cells/mL (unless' otherwise mentioned). The -
spinners were set to spin at a rotational speed of 40 rpm, except in shear exposure
experiménts (where rotational speeds-were set to 100 rpm or higher, as indicated). The
célls wéré gr&wn in- an'in.cubator .With-S % .CO.Z With t.he caps looseﬁed. to 'allow fof

equilibration with the atmosphere and at 37°C.

Cell culture in a bioreactor culture was established in a 3 L Applikon bioreactor with
a working volume of 2 L of medium and an inocﬁhim of 1.0x10° cells/mL. Cultures were
maintained at pH 7.1, dissdlved oxygen at 50 % air 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 miﬁimum of 200 mL of supernatant was

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

The specific 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 Sigma Canada.

All _Supematants were analyzed by ELISA with a method developed : by our
laboratory. The samples were hafvested, then immediately stored at -70°C to prevent any
aggregation éﬂer freézing. Polyclonlal antibbdy (6.2 pg/mL) in. 0.1M sodium bicarborie'lteI
| bﬁffér was used to coat thé 96-wéll platés ovémight.- The plateé were Washéd between
| each step 3 times with Tﬁs Buffered Saline With Tween (TBS with 0.1 % Tween, TBS-
T). The plates wére then blocké;i for 1 hoﬁr with 3 % BSA/TBS-T at room tgmperature. |
‘Meanwhile sémples were prepared by diluting culture supernatant samples 1:56 or 1:100
and denaturation of the samf)les to ensure complete detection was occurring. The
denaturation was an adaptation of the denaturation of western blot samples where 1 pL of
SDS and 1 pL of B-mercaptoethanol was added to 100 uL of superhatant and then boiled
for 5 minutés at 95°C. The samples were added to thé 96-well plates and serially diluted.
‘Mouse monoclonal anti-human IFN-beta diluted at 1:1000 (1 pg/ml) was incubated for 1 |

hour. at room temp_eratu're.. Alkaline-phosphatase conjugated with anti-mouse IgG
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(1:15,000 of 5 ug/mL) was diluted in 1 % BSA TBS-T then introduced to the washed
plate for 1 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 mg/L, where

100,000 units/mL corresponded to 0.2 IFN-beta mg/L.

2.3.2. ELISA for the detection of tPA

Monoclonal antibodies were purchased from C_edar]ane Laboratorjes (Burlington,
Canada) and Polyclonal rabbit anti-hﬁman antibodies and recombinant human tPA
standard Were purchased from Coftex Biochem (Concord, USA). Tﬁe goat anti-rhouse
I¢G alkaline phosphatase conjugate and detection p-nitrophenyl phosphate substrate were

purchased from Sigma Canada.

'All supernatants were analyzed by ELISA, as developed in our laboratory. The
samples were harvested then immediately stored in -70(;C to prevent any aggregation or
degradation after freezing. Monoclonal antibody (0.91 upg/mL) 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 1 hour with 3 % BSA/TBS-T at room temperature. Samples of cultures

were prepared by diluting them 1:50 or 1:100. 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 mg/mL) was
incubated for 1 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 waéhed
plate for 1 hour at room temperature. The colour was developed by addition of p-
nitrophenyl phosphate‘ substrate and incubation overnight at 4°C. The absorbance waé

taken at 405 nm by Softmax ELISA reader.

2.3.3. Chromozyme Assay for the detection of tPA

Chromozyme tPA  was pufchased from Roche Molecular Diagnoétics, 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 rheésured at 405 nm. The substrate
solution was prepared as recommended by the manufacturer and allowed to react to the
tPA samples in 96 well plates at 37°C for 30 minutes, prior to addition of citric acid (10
" % w/v) for termination of the reaction. The samples were then read using Softméx Pro
and concentrations of tPA were estimated by comparison to a standard curve of standard

tPA. The samples were untreated prior to incubation with the substrate.
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2.4. Western Blots
2.4.1. SDS-PAGE

SDS-PAGE was run according to the discontinuous buffer system of Laemrﬁeli
(Laemmli 1970). The gels were prepared using 7, 10 or 12 % 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.
The Gel was run for 45 minutes at 200 Volts or until the dye front ran off the gel.

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

Pre- stamed protein ladder was purchased from BloRad with a molecular weight range

" of 10 to 250 kDa. Typically, 5 puL 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 gél to nitrocellulose the
nitrocellulose was treated overnight with blocking buffer (3 % BSA/PBS) at 4°C. The
membrane was then incubated with monoclonal anti IFN-beta (0.5 pg/mL) (Chemicon
International) for 3 hours. The blot was incubated with alkaline phosphétase conjugated
goat anti-mouse IgG for 2 hours. The substrate (Nitroblue tetrazolium (0.3 mg/mL) and
5-bromo-4-chloro-3-indolyl phosphate (0.15 mg/mL) in 5 mM MgCl, was then -épplied
for iup to 15 minutes for colour formation. The reaction was stopped by addition bf PBS-

EDTA, and the blbts 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]decan]-4-yl) phényl phosphate) (Roche, Bedford, MA). The
use of CDP-STAR allowed for ultra-sensitive and rapid chemiluminescent detection of

alkaline phésphatase 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 foilowing
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 (0.5pug/mL)
(Cortex Biochem) for 3 hours. The blot was incubated with alkaline phosphatase
con'jugatéd goat anti-mouse IgG for 2> hoﬁrs. The‘ substrate (Nitroblue tetrazélium
(0.3mg/mL) and S—Brdmo-4;chloro-3-indolyl phosphate '(O.lsmg/mL)‘ in SmM MgCl

“was then applied for up to 15 minutes for colour formation.
2.4.4. IFN-beta _Den'sitometry' Analysis

AlphaEaseFCfM software was used to scan and quantify IFN-beta bands following
detection via Western Blot. The glycosylated and non-glycosylated forms of the IFN-beta
;7vere quantified in relation to total IFN-beta. Specific templates allowed for determination
of pixelated areas of the western blots. AlphaEaseFC™ autématically detects and
integrates the area under each peak and répresents band inténsity as a percentage of each

péak 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
1% washing buffer: 0.2M phosphate and 0.15M sodium chloride with final pH of 7.2
2™ washing buffer: 0.2M phésphate 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), prio’r to each purification, using 40 mL of 0.2M phosphate-
and 0.15M sodium chloride with a pH of 7.2. Filtered supernatant (200 mL) was loade(i
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 bcolumns were washed with 8 bed volumes of 1%
washing buffer and stored. Prior to use of the collected IFN-beta, the protein was dialysed

against PBS with 2 % 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 % CoomaSéie Blue
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7.5 % acetic acid, 50 % ethanol), and then destained overnight (in 0.75 % 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
U/mL in 1 mL of 20 mM NaHCO; buffer (pH 7.0). The gel bands were cut into small
pieces (1 mmz) then washed in 1 mL of 20 mM NaHCO; buffer (pH 7.0) for 60 minutes.
Thé buffer was then removed and replaced with a ImL of a 1:1 acetonitrile:20 mM
’NaHCOg Buffér and allowed to incubate at room temperature for 30 minutes. Once again
tﬁese two wash steps were repeated for 30 minutes each.v_The acetonitrile worka to
remove the Coomassie stain from the gel pleces The gel was dned in a SpeedVac‘
(Savant Ramsey, USA) and 50 pl of PNGaseF was added to the dned gel Addmonal 20
" mM NaHCO; was added until the buffer level was high enough to cover the gel. The gels

were then incubated at 37 C for 12 to 16 hours.

After incubaﬁon, 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 300ApL distilled
‘water and 3OQ p.L of acetonitrile, with the addition of the supernatant to the initial

supernatant. The pooled supernatants were then incubated with 40 pL. H+ activated AG-
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50 for 5 minutes in order to desalt the glycans extracts. After centrifugation at 4500 xg
for 5 minutes, the supernatant was filtered through a 0.45 um 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 ofa 1 M
solution of sodium cyanoborohydride (NaBH;CN) in 0.35 M 2-AB mixed in 30 % glacial
acetic acid in DMSO and incubated at 65°C fo.r 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 sovakfor 15
‘minutes. Aﬁcr'ads_orption_t.he qxbesé 2-AB is removed by washing with 65 % 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 centrifuge.
~ 2.6.3. HPLC Analysis of Glycans in Normal Phase (NP) column

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 throughouf the analysis. The gradient was set up as follows, where the buffers used

were 50 mM Formic Acid adjusted to pH 4.4 with ammonia (A) and Acetonitrile .(B).
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Time (min) %A %B frfsr;?;‘;

0 20 80 0.4

152 58 0 0.4

155 100 0 0.4

160 100 0 1

165 100 0 1

170 20 80 1

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 nm emission

wavelength, with 1000 EUFS (Emission Units Full Scale) and a gain of 1. A sample of

100 pL was prepared in 80 % acetonitrile.

2.6.4. HPLC Analysis of Glycans

Column

~The Glycan analysis was completed in a GlycoSep C column. The dimensioﬁs of the

in an Weak Anion Exchange (WAX)

column were 250 mm by 4.6 mm with the column temperature 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 4.5 (B).
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Time (min) %A %B 21052;?5
100 0 0.4
6 100 0 0.4
34 0 100 0.4
39 100° 0 0.4
60 100 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 dlgests were performed at 37 C for 24 hours in 100 mM 01trate/phosphate

buffer, pH 4.5, 0.2 mM zinc actetate, 0.15 M sodium chlonde

Conditions for the individual digests are as follows:
Clostridium perfringes Sialidase (Sigma): 1-2 U/mL
Bovine testes B-galactosidase (Oxford): 1-2 U/mL
Jack bean N-acetyl B-hexosaminidase (Prozyme): 10 U/mL

Bovine kidney fucosidase (Oxford): 1 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 (SO), monosialylated (S1) and di-sialylated (S2). In order to compare the
degree of terminal sialylaﬁon of the structures, a sialylation index (GI) was assigned to

each glycan profile.

SI S2+0.5*81

S0+S1+S2

: 27 Microcarrier cultures
© 27.1. Cytopore
2.7.1.1. 'Cytopore bead preparation
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 Healtlicjare, Uppsala, SWeden). The microcarriers were
autoclaved for 25 minutes after hydration of 1 g for 10 minutes in 100 mL of PBS (pH
7.2) at room 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 yield a final concentratidn of 10 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 (Sigma) following the manufacturer’s

instructions.

In spinner cultures containing Cytopore, after cell inoculation, the sﬁr rate was held
cons‘tant at 40 rpm for the duration of the culture. In Cytopore bioreactor culiures, 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 Cytopore 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 wéré rémbved by aspiriation (25X) fhrough a> 25. gauge heedle which
allowed the recovery of stained nuclei which weré 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
Z1 with 20X/0.8 plan-apochromatic objective) to follow the removal of nuclei from the
microcarriers. Fluorescence micrographs of nuclei staihed with TO-PRO-3 lodide
(Invitrogen) (Ex 640 nm/Em 690 nm) were superirﬁposed over images 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 al. (2004) as 3400 per mg. The volume of each |
microcarrier was calculated as 7.24x10° cm’/bead by the standard formula (v = 4/3mr°)
and the mean radius of 120pm. Thus at a microcarrier concentration of 2 mg/mL the

proportional volume occupied by the beads was 5 % 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:

Glucose + Hy0 + 0, >  Gluconic Acid + H;0,
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Reaction 2;

H;0; + 4-Aminoatipyrine ———  Quinoneimine Dye + H,0, +
p-Hydroxybenzene Sulfonate

Quinoneimine Dye is detected at 505nm. The intensity of the color produced is
directfy proportiohal to the glucose concentration in the sample, and can be quantified 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 g/L.. The assay was fun in 96-Well,plates, where 1
pL of standard or culture supérnatant samples was added to each we11 in triplicate.
Glucose Trinder (200 pL) was added to each well énd incubated at 37 C for 15 minutes.
The absorbance was determined with an automated Microplate Reader (BIO-TEK

_ Instruments Inc.) at 490 nm.
2.8.2. Glutamine

A glutalﬁine 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-gmtamine 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 internal standard was prepared by
addition of 10 uL of the undiluted standard to a well containing 290 pL of the cultﬁre

medium.

To each well 5 uL of reaction buffer, 30 uL of sample or standard, 50 pL 1X Diluent
buffer (proprietary) and 15 pL 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 t}hevcurve-: was used to determine the‘ uncorrec'ted‘L-glutamine concentraﬁoﬁ of fhe
: samples. The compOnenté within the media that may cause adverse reactions were
corrected by the use of an internal standard. The recovery value, that is used to cdrreét the

“sample values, was calculated by: '
Recovery value =D = (A-B)/C

Where:
A = [L-glutamine] in the sample with the internal standard (spiked sample)
B = [L-glutamine] in the sample without the internal standard

~ C = [L-glutamine] added as the internal standard (0.2 mM since 10 pL of the 6 mM was
added to 290 pL)

D= Recovery value’



2.9. PF68 as a protectant
2.9.1. Viscometric Assays

A variable gap cone and plate viscometer (MC1) 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 tefnperature of the lower plate was controlled by circulating water. In most cases
the viscometer waé operated with a sheaf rate of 11,000 s for 12 minutes applied to
2x10° 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 countv 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 10 % COy). 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.

2.9.3. 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-lOO, 200, 300, 400, and 500 rpm. The spinner
platform was calibrated using a strobe iight where the rpm of the strobe light was set to a
particular speed then the spinnef platform was adjusted such that the stir bar appeared

stationary.

2.94. Trypsinizéd cells treated to shear with and without PF68

Cells were treated with trypsin (0.5 % w/v) (Gibco) for variable time periods. Cells (2
" x 10° cells/mL) in the exponential phase (day 4) were removed from suspension cultures.

The cells Wefe washed i.n PBS and pélleted by centﬁfugation. The célls were resu'spendéd'

;
s

in a second wash of PBS, to which trypsin was added to é final concentration of 0.05 %
w/v. After a fixed period of incubation, soybeaﬁ trypsin inhibitor (0.09 % 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, quhed with PBS-EDTA (1
mM) and resuspended in medium before counting. The T-ﬂaéks with the adherent cells
- were washed with PBS-EDTA (1 mM) and treated with trypsin (0.5 % w/v) for 3 minutes

and then Gibco soybean tryps'i.nv inhibitor (0.09 % w/v) was added. Cells were
résuspended iﬁ CHQ—SFM and coﬁnted; The ‘celi céunts were converte;d té c.ells/r.nL iﬁ

the original flask and the cell adherence was determined.

, adherent cells
2.11.1 " cell adherence = X 100 %
(adherent + suspended cells)

2.11.2.

2.11.3. PF68 Concentration dependent adherence

Cell adherence was detefmined, as described above (2.11), for cells grown in varying
_concentrations of PF68. The cells were inoculated into T-flasks containing varying

concentrations of PF68 and grown for 4 day passages.
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2.11.4. The removal of PF68 over passages

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 aé 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 Cytode){ (microporous) and
Cytopore (macroporous) microcarriers. Both microcarriers were used to test the effects of
increasing cell to surface adhesion on the growth and productivity of IFN-beta and tPA

producing CHO célls.
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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 célls in stirred cultures. Cytodex is the most widely
used type of microcarrier and comprises a dextran matrix charged to a specific capacity

with dlethylammoethyl groups (GE-Healthcare 2005). These are often referred to as
“solid” microcarriers although in reality they are microporous, allowing nutments 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 thé cells must be able to attach to the surface of thé microcarrier
| and grow attached to this surface. The cells can then be removed by treatment with a
p;oteolyfic eniyme sﬁch as trypsm, Breéking ;che bond betw.een'cells Aar'ld bééd. There are
3 types of Cytodex that are availéble on the market; Cytodéx 12, énd 3. Cytodex 1 and 2
| have charges associéted with the bead; type 1 has the charge dispersed throughouf the
bead whereas type 2 is charged solely on the surface of thé bead and Cytodex 3 is
pollagen coated to increase surface attachment. Cytodex 1 and 3 are the most widely used

Cytodex microcarriers (GE-Healthéare 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 1 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 Cytodex 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 Cytode); 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 Figuré 3.1. The‘cells were found to attach
immediately to the surface of the microcatrier (A), but remained in a spherpid cell shape.
‘Later, fhe 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 Cytodex 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
microcarrier culture. The microcarriers were stained with trypan blue to determine the
cell viability on the Cytodex 3 microcarrier. The bar indicates 50 pm.



3.2.2. The effect of Cytodex 1 on cell growth

To determine the effect of the Cytodex microcarriers 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 Cytopore cultures.

Figure 3.2A 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 4.5x10°
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 IS;O-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 10® cells/mL.
However, it is important to note that the culture containing 3.0 mg/mL Cytodex 1 yield

the maximum cell density of over 5x10° cells/mL by day 7 of the culture.

At the beginning of the experiments, the microcarrier cultures appear to have no cells
in suspension. Initial monitoring of the cell to bead attachment by microscopy showed the
'ceils 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 rhicrocarriers and grow in

“suspension (Figure 3.3). At the lowest microcarrier concentration of 1.0 mg/mL, there -
wés the highest cell density in suspension, where less than 1x10° cells/mL are found to
grow in suspensjon at day 7 of the culture. The cells grown in 3.0 mg/th and 5.0 mg/mL

Cytodex 1'microcarrier cultures show a fraction of this population growing in suspension.
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Figure 3.2: Growth profiles of IFN-beta producing (A) and tPA producing (B) CHO cells on Cytodex 1 microcarriers. Cells were
inoculated at 1x10° cells/mL into culture medium (100 mL) containing 1.0 mg/mL (), 3.0 mg/mL (A) and 5.0 mg/mL (@) Cytodex
1 microcarriers or no microcarriers (e). All cultures were maintained in spinner flasks at 37°C with an overlay of 5 % CO, 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 3.3: Cells in suspension for IFN-beta producing CHO cells on Cytodex 1
microcarriers. Cells were inoculated at 1x10° cells/mL into culture medium (100 mL)
containing 1.0 mg/mL (), 3.0 mg/mL (A) and 5.0 mg/mL (@) Cytodex 1 microcarriers

and suspension cultures (e). All cultures were maintained in spinner flasks at 37°C with
an overlay of 5 % CO, and with an impeller rotation speed of 40 rpm. Cell concentrations -
were determined by the trypan blue 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 3.2B). The Cytodex concentrations compared were 1.0 mg/mL, 3.0 mg/mL and
5.0 mg/mL. 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 2.5x10° cells/mL with 1.0 mg/mL Cytodex 1. The maximum cell

density reached in the suspension culture was about 3.2x10° cells/mL by day 7 of the
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culture. The tPA cells were found to grow attached to the Cytodex 1 microcarriers, 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) céll lines 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 mg/mL and 5 mg/mL
Cytodex 1 microcarrier cultures, in comparisqn, reach a fraction of the cell to bead ratio,.
where the 3 mg/mL and 5 mg/mL 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 Acan_ S.ee- thatv‘the cells are beginﬁiﬁg to 'grow in Suspensién, and thus we
could conclude that.the Cytodex 1 microcarriers are not efficient for the growth of this

CHO cell line.
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-beta (A) and tPA (B) producing CHO cells on Cytodex 1 microcarriers. Cells were
inoculated at 1x10° cells/mL into culture medium (100 mL) containing 1.0 mg/mL (#), 3.0 mg/mL (A) and 5.0 mg/mL (€) Cytodex
1 microcarriers. All cultures were maintained in spinner flasks at 37 C with an overlay of 5 % CO, 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.

Figure 3.4: Nuclei to bead ratios for IFN

68



The cell to bead ratios of the tPA producing CHO cells (Figure 3.3B) weré 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 mg/mL grew to a maximum cell to
bead ra’;io of 15.0, and 5.0 mg/mL gr;:w to just under 100, Comparing the growth patterns
of the IFN-beta producing CHO cells and the tPA producing CHO cells on Cytodex 1
microcarriers allow us to see the growth differences of two different CHO cell lines.‘
Although they originated from the same parental cell lineé (CHO-K1), the transfections
and the consequent selections that were assessed gives two different growth patterns Qf

these CHO cells.
3.2.3. The effects of Cytodex 1 on IFN-beta and tPA production

The volumetric -and specific production. of IFN-beta derived from control
(suspensmn) and Cytodex 1 mlcrocamer spinner cultures are as shown in Flgure 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 specific productivity when
comparing the cells production during the exponential phase. The cells grown on the 1.0
mg/mL Cytodex microcarriers have almost double specific productivity at 2.6 pg/cell--

day, compared to the suspension culture producing 1.2 pg/cell-day.
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F igure 3.5: Maximum volumetric production of IFN-beta from CHO cells grown in Cytodex 1 microcarrier cultures in 100mL spinner
flasks. All cultures were maintained in spinner flasks at 37°C with an'overlay of 5 % CO, and with an impeller rotation speed of 40
rpm. Protein was quantified using ELISAs. Samples were quantified by native protein yield (A) and denatured (B). Samples are means
+ SEM between duplicate cultures. :
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The aggregation of IFN-beta must be monitored to ensure efficient production (Refer
to Section 2.3.1). 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_rocarriers in the culture, where the suspension culture had a maximum e}ggregation
coefficient of 34 %. The cultures with Cytodex had decreased aggregation, where
img/mL Cytodex led to an aggregation coefficient of 29 % and the higher éoncentrations
resulted in less than 10 % aggregation. However these lower aggregation coefficients

were offset with decreased overall protein concentrations.

The volumetric producti‘on of tPA in Cytodex microcarrier cultures appears to be
stimulated (Figure 3.7). The suspension culture had a maximum titre of 3100 Units/mL at
day 5. However, from day 5 to day.7, the tPA titre decreases from roughly 3100
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 suﬁpension cultufe, there doés ribt appéar to be dégfadation oécufﬁﬁg ‘in .the' 3.0
mg/mL concentration of thé Cytodex 1 microcarrier cultures. The maximum product
titers is attained at the highest conéentration of Cytodex 1 tested (5.0 mg/mL) where there
isa niaximum of 5094 units/mL., reached at da)/I 7. However, at day 6, the titre drops to

5021 units/mL, thus indicating that there is slowing down in the production of tPA.
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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 sample. 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 100mL spinner flasks by ELISA. Cells were inoculated at 1x10°
cells/mL into culture medium (100 mL) containing 0.5mg/mL (V¥), 1.0 mg/mL (&), 3.0

‘mg/mL (A) and 5.0 mg/mL (@) Cytodex 1 microcarriers and suspension cultures (®).

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 pattel*'n:with
the IFN-beta producing CHO cells on Cytodex 3 microcarriers cbmpared to cells grown
on Cytodex 1 microcarriers (Figure 3.8A). 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
Cytodéx 1 cultures. However, the cells appeared to have a lengthened lag phasé, 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 mg/mL Cytodex 3 concentration yielded a maximum cell count of 4.1x10°
cells/mL at day 7. However, the growth rate of the cells at each respective Cytodex 3

concentration was consistent throughout the culture peridd.

The cell to bead ratios for the IFN-beta producing CHO cells were similar for
Cytodex 3 as Cytodex 1 microcarders (Figure 3.9A). The maxifnum cell number per bead
‘ fbr those cells grown in 1 mg/mL Cytodex 1 was about 1100 cells. Wheré cells grown on
3.0 mg/mL and 5.0 mg/mL grew to just under 500 célls/bead and 200 cell>s/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 méximum cell yield per bead
was éround 2000 cells/bead. However, later in the culture there was a plateau of 1500 to
1600 cells/bead. This resulted in cells detachihg from the microcarriers early on in the |

culture.
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Figure 3.8: Growth profiles of IFN-beta (A) and tPA (B) producing CHO cells on Cytodex 3 microcarriers. Cells were inoculated at
1x10° cells/mL into culture medium (100 mL) containing 0.5mg/mL (V¥), 1.0 mg/mL (&), 3.0 mg/mL (A) and 5.0 mg/mL (@)
Cytodex 3 microcarriers or no microcarriers (e). All cultures were maintained in spinner flasks at 37°C with an overlay of 5 % CO;,
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 1x10° cells/mL into culture medium (100 mL) containing 0.5mg/mL (V¥), 1.0 mg/mL (&), 3.0 mg/mL (A) and 5.0
mg/mL () Cytodex 3 microcarriers. All cultures were maintained in spinner flasks at 37 C with an overlay of 5 % CO, 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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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 mg/mL Cytodex 3) culture had over 1x10° cells/mL
in suspension by the end of the culture, whereby esséntially 25 % of cells were found in

suspension. At the higher concentrations of Cytodex 3, the cell population found in

suspension was 10 % or less.

The tPA cell line once again grew too much lower concentrations when compared to
the IFN-beta cell line (Figufe 3.8B). The maximum cell yield was 2.6x10° cells/mL at
day 7 in the 1.6 mg/mL Cytodex 3 concentration. However, the other Cytodex
concentrations induced similar cell yields as the 1.0 mg/mL concentration by the end of
the culture '(2.46x106 c;eils/mL. and 1.72x10° cells/n;L, in 30 mg/mL énd 5.0 mg/rﬁL, |

‘respectively). By t.heA end of the culture period, there was an insiéniﬁcant' number of tPA

producing cells found to grow in suspension in the Cytodex 3 cultures (data-not shown).

‘The c¢11 to bead fatio (Figure 3.9B) was much lower for the tPA c¢11 line compa;ed_ 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 fo

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 mg/mL Cytodex 3 cul’cu}e, the cells/bead increased by
100. The 3.0 mg/mL Cytodex 3 culture resulted in a maximum of 200 cells/bead by the
.end of a 7 day culture and 5.0 mg/mL Cytodex 3 cultures resulted in half of that level

(100 cells/bead) at the end of the 7 days.



3x10° 1 | —e— Suspension
-~ ' —v— 0.5 mg/mi
£ —=— 1.0 mg/ml
L —v— 3.0 mg/ml
3 —e— 5.0 mg/mi
= 2x10° -
o
k7
ot
[0,
o
[72)
jus
[/2}
c 1x108 -
0
©
@)
0 v
0 1 2 3 4 5 6 7
| Time (days)

~ Figure 3.10: Cells in suspension for IFN-beta producing CHO cells on Cytodex 3
microcarriers. Cells were inoculated at 1x10° cells/mL into culture medium (100 mL)
containing 0.5 mg/mL (V), 1.0 mg/mL (&), 3.0 mg/mL (A) and 5.0 mg/mL (@)
Cytodex 1 microcarriers and suspension cultures (®). All cultures were maintained in
spinner flasks at 37 C with an overlay of 5 % CO, 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-beta produced (Figure 3.11) in Cytodex 3 microcarrier cultures was not
enhanced when compared to the suspension control cultures. The native protein (Figure
3.11A) yields rangegl from 1.30x10° units/mL to 3.42x10° units/mL, with the suspension
culture yielding 2.79x10° units/mL while the denatured titers (Figure 3.11B) ranged from
1.75x10° to 4.26x10° units/mL. The aggregation of IEN-beta (Figure 3.12) of the |
suspension culture at day 6 was the greatest at 34 % compared to the cultures with
Cytodex. The lower concentrations of Cytodex 3 induced lower aggregatioﬁ of the

protein product where Smg/mL Cytodex 3 induced higher aggregation of 25 %.

Although the production of tPA appeared to be enhanced with the presence of
Cytodex 3, (Figure.3.13)-.th.e suspension culture yielaed a fnéximufrl titre of 3866
units/mL. The 5.0 mg/mL Cytodex 3 culture yielded a ‘maxir_num titre of 5958 units/mL at
day 7 of the culture. - The lower concentraﬁon (Img/mL) of Cytodex 3 yielded a -
maximum of 5006 Units/mL at day 4 of thé culture, and then declined to 4325 units/mL

at day 7.

3.2.6. Comparing Cytodex 1 and Cytodex 3

The protein yields of the CHO cells producing IFN-beta and tPA in Cytodex 1 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



Native IFN-beta Titre

* (x10° Units/ml)

.—e— Suspension
—&— 1.0 mg/mi
~—4— 3.0 mg/ml
—y— 5.0 mg/mi

~O- Suspension B
~—0— 1.0 mg/ml
—f- 3.0 mg/ml
—~9— 5.0 mg/ml

Time (Days) ' ) » Time (Days)

Denatured IFN-beta Titre

{x10° Units/ml)

Figure 3.11: Maximum volumetric productivity of native (A) and denatured (B) IFN-beta from CHO cells grown in Cytodex 3
~ microcarrier cultures in 100mL spinner flasks. All cultures were maintained in spinner flasks at 37 C with an overlay of 5 % CO, and
with an impeller rotation speed of 40 rpm. Protein was quantified using ELISAs. Samples are means + SEM between duplicate

cultures.
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Figure 3.12: Aggregation in Cytodex 3 microcarrier cultures at day 6. The aggregation
was quantified by comparing the native protein yield and denatured protein yield in the
supernatant protein sample. Samples are méans 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 at 37°C with an overlay of 5 % CO; 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 1 and 3 microcarrier cultures in 100 mL spinner flasks. Protein was
quantified using an ELISA. IFN-beta samples were quantified 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 supematant sample. tPA
samples were quantified by ELISA of supernatant samples.

Microcarrier Native IFN-beta Denatured IFN-beta
Cytodex Conc.(mg/mL) titre (normalized titre (normalized
Mg units/mL) 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

Microcarrier . . .
Cytodex Conc.(mg/mL) tPA titre (normalized units/ml.)

1 Suspension 1.00

1 1.0 1.20

1 30 - 1.53

1 5.0 1.64

3 Suspension : . 1.00

3 1.0 : 1.40

3 3.0 1.30

3 5.0 1.67




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 recombina;lt 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 1 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 mg/mL, while the tPA titers increased with

an increase in Cytodex from 1.0 mg/mL to 5.0 mg/mL. Thus the use of Cytodex

microcarriers did not allow. for similar production between both cell lines.

3.3. Discussion
' Cytodex 1 and Cy-todex'3' are micfoporOuS 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 térms of growth, thére appeérs to be minimal benefits of the use of Cytodex in
microcarrier cultures in the présence of some concentrations of Cytodex 1 and 3. At the
end of the cultures (day 7) the '1 .0 mg/mL and 3.0 ﬁlg/mL Cytodex vl or Cytodex 3

- concentrations often gave rise to highér cell concentrations than the suspension culture.

However, this was not true for the tPA cell line grown on Cytodex 1 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 batcfl culture by Mignot
et al. (1990). Mignot et al. (1990) reported that the cells grew to a density of 3x10°
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 appearea to be differences between the cells ability to attach

and their differences in growth.

‘Wu et al. (2'004) fouﬁd ’ehat Vere celle growing at 37 C a;[ a high‘ Cytodex
concentration of 10 mg/mL had high cell growth compared ‘to that in lower
“concentrations of 2 mg/niL and 5 mg/mL. Kallel et al. (2003) reported that increasing the
Cytodex 3 concentration from 3 to 4 mg/mL increased the cell yield; howe\;er comparing
the cell to-surface area they foundthat the éurface area was limiting in the lower
eoncentration of Cytodex 3 microcarrier culture. In this study, we reported that the 10wer

- 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 eells 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 microcarrief co'ncentrati.on, the eells that were attached were



found to grow in suspension. The cells did not have a permanent 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 cornr‘non use of Cytodex is with Vero cells. Ng et al. (1996) reported the ~
attachment rate of Vero cells onto Cytodex microcarriers was much greater than the
attachment of Vero cells onto Cultispher-G (9.05x10? min? and 0.6x102 min™,
respectively)..This high attachment rate could be then used to explain the 10-fold higher
cell density reached within a Cytodex 1 bioreactor culture compared to the cell density
reached within T-flasks where cell density reached within the bioreactor was 5.6x10°
cells compared to 4.7x10" cells in the T-flask (Sun et 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 x10° cells/mL. Although a direct comparison is not possible, comparing
thé ceil hurhbérs frdm our T-ﬂask.cul'tures én.d spiﬁner ﬂélsk cuitures, 'w.e achievé»ﬁp fo 4 R
% of the cells in the T-flask compared to.the spinnér culture. However, the data presented
| by Sun et al. (2004) the cell nurhbers attained in T-flasks éorresponds to less than 1 % of
the population of the b@oreactor culture. The discrepémcy can be attributed to the
difference in cell types, as Vero cells are anchoragé 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™ in cells on Cytodex 1 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
nsect cell line, Lepidopteran (High-five and Sf-9) usually grown in suspénsion 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, 4. albopictu (Cé/36), grew optimally in

~ the presence of the Cytodex microcarriers when compared to a suspension culture.

- Cytodex allows for the growth of many cells requiring attachment in a large scale
growth capacity. These include VERO cells (Frazzati-Gallina et-al. 2001; Liu and Wu - -
2004; Sun et al. 2004; Wu et al. 1998; Wu et al. 2004) C6/36 mosquito cells (Liu and Wu
2004), HeLa cells (Bleckwenn et al. 2005) and HEK 293 cells (Wu et al. 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 afea for virus penetration during inoculation.
Cytopére and Cytodex are also used for the growth of insect cells. I'konomou etal (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 Cytodex 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 1 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 culture.

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. Thfs enhancemént was not-Witnes'sed.‘ir.l Cytddex 1 microcarrierAc':ulltures,. and
thus coﬁld be explained by the collagen coat on Cytodex 3 that would work to énhance

cell attachment.

In our study, although the use of Cytodéx for cell culture does not -signiﬁcantly
enhance recombinant protein production from either cell line, there have been isolated
‘ vpapers reporting the enhanced production of recombinant proteins using this microcarrier
system. Kong ez al. (1999b) report that volumetric product from Cytodex microcarriers
- were slightly higher than equivalent cultures in other microcarriers such as Cultispher,

Collagen and Biosilon. Chevalot et al. (1994) reported a significant increase in human

1
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gamma-glutamyl transferase from CHO cells grown on Cytodex 1 microcarriers
compared to aggregated or individually suspended cells. Thus it appears that the
efficiency of the microcarrier system utilized is cell line dependent. In my study I used

two separate CHO cell lines that grew and produced differently.

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 tp the IFN-beta cell line, where under most
concentrations of Cytodex there was no increase in productivity. However, the use of
Cytodex r’nilcr,ocarriers to culture the IFN-beta and tPA producing CHO cell lines was not
considered to be an efficient system compared to suspension cultures for product

maximization and thus was not further pursued.

.



Chapter 4
4. Comparison of Cytopore for Growth and Volumetric Productivity

4.1. Introduction

Macroporous microcarriers were designed to offer internal spaces where cells may be
anchored or embedded and are able to grow to high cell densities in a pseudo-suspénsion
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 allows the microéarrier té reach high cell densities
without being compromised by high spinner rotation speeds (Ng et al. 1996). There are
various types of macroporous microcarriers that have been tested in the past. Of the many
examples, Cytopore is a charge'd cross-linked cellulose microcarrier suitable for stirred-
- tank cultures (GE-Healthcare'ZOOZ). The average diameter of pore openingé is 30 pm -
with the cpmplete _mi'crocarrier having a diameter c_)f up to 300 pm. There_ are two
varieties of Cytopore — 1 and 2, which differ in_theif charge density. Cytopore 1 has a

charge density of 1.1 meg/g, while Cytopore 2 has a charge 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 al. 1999). Cytoporé microcarriers can be used for culturing adherent cell
lines as Wel] as cells adaptéd 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, tﬂe 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 types of macroporous microcarriers and
comparéd 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 récombinant glycoproteins (interferon-beta and

tissue plasminogen activator).

4.2. Results:

4.2.1. Cytopore 1: Cell growth in Cytopore 1 Spinner flasks

The growth characteristics of two independent CHO cell lines trar.lsfected‘with the
recémbinant human IFN-beta gene and the human tPA gene were compared in stirred
suspension cultures'and in cultu;es containing Cytoporé‘l macroporous microcarriers at
concentrations between 0.25 mg/mL and 2 mg/mL. Eacﬁ culture was inoculated with 10°
bells/mL in éerurﬁ-free rﬁediurﬁ (ldO-mI;) fn spiﬁner flasks With cdntinuéﬁs stifﬁng atv45
rpm. Figure 4.1 shows growth profiles for the beta-interferon and .tPA producing cell '
ﬁnes grown in Cytopore 1 culture. The maximufn cell yiéld for suspenéion IFN-beia
producing cells was 5.02x10° cells/mL and tPA cells was 4.28x10° cells/mL which
océurred 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 3.00x10° célls/mL in Cytopore cbncentrations between 0.5 to 2 mg/mL,
while tPA cells had a maximum yield of 4.98x10° cells/mL in 2 mg/mL Cytopore 1. The
. tPA cells showed a minimum ceil yield in 0.25 mg/mL Cytopore 1 cultures of 2.30x10°

~ cells/mL, while the IFN-beta cells showed a minimum cell yield of 1.75x10° cells/mL
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Figure 4.1: Growth profiles of IFN-beta (A) and tPA (B) producing CHO cells on Cytopore 1 microcarriers. Cells were inoculated at
1x10° cells/mL into culture medium (100 mL) containing 0.25 mg/mL (H), 0.5 mg/mL (A), 1.0 mg/mL (V) and 2.0 mg/mL (@)
Cytopore 1 microcarriers or no microcarriers (). 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 thé 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 »O.5x106 cells/'mL found in
suspension. The other concentrations of Cytopore led to minimal cells in suspension (less
than 0.2x10° cells/mL). In the tPA cultures, 1.1x10° cells/mL with 0.25 mg/mL
microcarrier concentration were found to grow in suspension by the end of the culture.
However, at other Cytopore 1 concentrations there were no other tPA gells found to grow
in suspension throughout the culture period. During the first two days of culture the
sﬁpémétaﬁts of the microcarr.ier'cultu're's weré visibly clear wit'h'no évidénbe of .non~A
 attached cells growing in suspensioﬁ. At the peak cell density in cultures with the highest
Cytopore concentration, the.prop\ortion of ﬁ§n—attached cells in culture was only 4.7 % as

compared to 30-50 % for the culture at the lowest Cytopore concentration.

The mesh of cellulose present in the Cytopore allows for the entrapment of cells
within the microcarrier. The cell density within.the culture can be manipulated to allow
for .the esﬁmation of cells that would occupy a microcarrier. Figure 4.3 shows tﬁe
concentration of cells determined to occupy Cytdpore 1 microcarriers. The lowest

concentration of microcarriers (0.25mg/mL) shows the maximum cell to bead occupancy
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Figure 4.2: The cells found in suspension for Cytopore 1 cultures of cells producing IFN-beta (A) and tPA (B). The symbols represent
cultures with varying concentrations of microcarriers 0.25 mg/mL (®), 0.5 mg/mL (4), 1.0 mg/mL (V) and 2.0 mg/mL (@)
Cytopore 1 microcarriers. The values are expressed as means of duplicate samples.
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Figure 4.3: Nuclei to bead ratios for IFN-beta (A) and tPA (B) producing CHO cells on Cytopore 1 microcarriers. Cells were
inoculated at 1x10° cells/mL into culture medium (100 mL) containing 0.25 mg/mL (M), 0.5 mg/mL (A), 1.0 mg/mL (V) and 2.0
mg/mL (@) Cytopore 1 microcarriers. The values are expressed as the cells attached to each microcarrier (calculated using values
from Yokomizo et al., 2004) where the samples are means + SEM between duplicate cultures.
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in each cell line, while the highest microcarrier concentration (2mg/mL) 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

% greater occupancy with 2750 cells/bead.

4.2.2. Cytopore 1: IFN-beta and tPA Production

In the case of IFN-beta production, ELISA determinations were made before and
after denaturation of cultﬁre samples. Figure 4.4 shows the production of native (A) and
denatured (B) IFN-beta from microcarrier and sugpension 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 d_etermine; the titers of IFN-beta ‘from -nati_ve
protein samples and from denatured protein samples. This calculation allows for the
determination 6f ‘aggrégation which occurs within fhe culture. The suspension IFN-beté
~ culture gives a maximum yield of 2.4x10° units/mL native IFN-beta, and a corresponding

value of 4.04x10° 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
%, compared to Cytopore 1 cultﬁres with aggregation ranging from 5.1 to 22.2 %. The
aggregation for Cytopore cultures appear to increase with the concentration of _

microcarriers.



10 - - 10
—e— Suspension A ' —e— Suspension B

—@— 0.25 mg/ml ~—@— 0.25 mg/ml|

—a&— 0,5 mg/ml —A— 0.5 mg/mi

8 4l —y— 1.0 mg/ml ' —v— 1.0 mg/ml

—6— 2.0 mg/ml —— 2.0 mg/ml

Native IFN-beta titer
(x10° units/mi)
Denatured IFN-beta Titer
(x10° Units/ml)

Time (Days) : Time (Days)

Figure 4.4: Native IFN-beta (A) and denatured IFN-beta titers from Cytopore 1 microcarrier and suspension cultures. Cells were
inoculated at 1x10° cells/mL into culture medium (100 mL) containing 0.25mg/mL (®), 0.5mg/mL (A), 1.0 mg/mL (V) and 2.0
mg/mL (@) Cytopore 1 microcarriers or no microcarriers (). The titers were as calculated from ELISAs where the values are means
+ SEM between duplicate cultures.
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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/mL 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 10 % for the duration of the .culture to day 7. The
lowest concentration of Cytopore 1 (0.25mg/ml) gave a maximum titre of 5255
Units/mL at day 5, but slowly declined to 3656 Units/mL by day 7. This decrease is
believed to be due to a combination of tPA degradation as well as reduced synthesis (as

~explained in Appendix A). The other concentrations of Cytopore 1 gave tPA titers
between 5250 to 6790 Units/mL 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 4.7).

4.2.3. Cytopore 2: Cell 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 meg/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 1 microcarriers. Cells were
inoculated at 1x10° cells/mL into culture medium (100 mL) containing 0.25mg/mL (H),
0.5mg/mL (A), 1.0 mg/mL (V) and 2.0 mg/mL (4) Cytopore 1 microcarriers or no
microcarriers (®). Protein was quantified using ELISAs where the samples are means +
SEM between duplicate cultures.
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Figure 4.7: Relative maximum proteiri titers from Cytopore 1 culturés, normalized to the suspension culture titre. The titers were
normalized as compared to the suspension protein yield. Panel A represents the overall fold increase for the production of IFN-beta

and tPA and panel B shows the ayeragé fold increase of both the cell lines + SEM.
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The growth of IFN-beta producing cells (Figure 4.8, panel A) in suspension followed
a similar growth pattern 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 4.15x10°
cells/mL then a decline of 10 % to 3.75x10° célls/mL over the last day of the culture. The
microcarrier cultures all followed a similar growth pattern to the Cytopore 1 cultures
(Figure 4.1, panel A) where the 0.5 mg/mL and 1.0 mg/mL yielded a slightly higher cell
yield at 3.50x10° and 3.28x10° cells/mL, respectively. At 2.0 mg/mL microcarriers the
cell concentration at day 7 was 2.40x10° cells/mL, while the 0.25mg/mL microcarrier
culture yielded ai cell concentration of 1.2x10° cells/mL. The growth of the tPA cells
showed a similar growth pattern, as shown in Figure 4.8B. The cell density for the
microcarrier cultures ranged from 2.99x10° cells/mL to 3.81x10° cells/mL, while the
suspension culture had a maximum of 4.28x10° cells/mlL af day 7. Similarly the lowest

concentration induced a lower growth, reaching a maximum of 1.8x10° cells/mL at day 7.

Figure 4.9 indiéates the cells found to gréw iﬁ éuspehsion ét the varying éonéentraﬁdns of
micrbca;riers where Panel A shows IFN-beta .producing cells, and Panel B, the tPA
producing ‘cells. In bbth cases, at 0.25mg/mL Cytopore 2 the ceﬂ concentratioﬁ in
suspension was over 1x10° cells/mL at day 7 of the culture. The IFN-beta producing cells
showed a slight increase of cells in suspension beginning af 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 0.2x10° cells/mL compared to 3.0x10° to 3.5x10° cells/mL total. tPA producing
cells had a higher quaﬁtity of cell in suspension compared to the IFN-beta producing

cells. The maximum cell yield in suspension was
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- Figure 4.8: Growth profiles of IFN-beta (A) and tPA (B) producing CHO cells on Cytopore 2 microcarriers. Cells were inoculated at
1x10° cells/mL into culture medium (100 mL) containing 0.25 mg/mL (®), 0.5 mg/mL (4), 1.0 mg/mL (V) and 2.0 mg/mL (@)
Cytopore 2 microcarriers or no microcarriers (e). The values are expressed as the cell densities in the culture where the samples are
means + SEM between duplicate cultures. :
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Figure 4.9: The cells found in suspension fbr Cyfopor_e 2 microcarrier cultures of cells producing IFN-beta (A) and tPA (B). The
values are expressed as means of duplicate samples. '
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0.4x10° cells/mL in the 0.5mg/mL and 2.0 mg/mL Cytopore 2 concentrations. The cells
in suspension at each Cytopore 2 microcarrier concentration was about 10 % except the
lowest microcarrier concentration (0.25mg/mL) where 35-50 % 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 0.25mg/mL concentration in the case of the IFN-beta cells. This
increase occurs until day 4, after which point the cell to bead ratio remains ﬁear 1700
cells/beads for the.duration of the culture. However, in the 0.5mg/mL IFN-beta culture,
the ratio increases to 2000 cells/bead. In the case of the tPA cell line the maximufn cell to
bead ratio is 2000 cells/bead, thus suggestmg that there is a maximum of 2000 cells per

bead In the majonty of cases, the beads are not fully occupied.

'4.2.4. Cytopo_rg 2: IFN-_beta and tPA Production

IFN-beta was measured as native and denatured protein. In the panel A of Figure
4.11, there is a maximum native protein yield of 7.5x10° units/mL by the cells in
0.5mg/mL Cytopore 2 concentration, which is just over 2.8-fold greater than the
suspension protein yield. The other Cﬁopore concentrations induce a 1.4 to 2.l-fold_
higher protein yield than the suspe}lsion culture. Panel B shows the denatured protein
yield from the suspension and Cytopore cultures. The denatured protein titre of the
Cytopore cultures was 1.2 to 2.5-fold greater than the yield of the suspension cultures

with 4.04x10° units/mL.
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beta (A) and tPA (B) producing -CHO cells on Cytopore 2 microcarriers. Cells were

Nuclei/bead

inoculated at 1x10° cells/mL into culture medium (100 mL) containing 0.25mg/mL (®), 0.5mg/mL (A), 1.0 mg/mL (V) and 2.0
alues are expressed as the cells attached to each microcarrier (calculated using values

mg/mL (@) Cytopore 2 microcarriers. The v
from Yokomizo et al., 2004).
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Figure 4.11: Native IFN-beta (A) and denatured IFN-beta titers from Cytopore 2 microcarrier and suspension cultures. Cells were
inoculated at 1x10° cells/mL into culture medium (100 mL) containing 0.25mg/mL (M), 0.5mg/mL (A), 1.0 mg/mL (V) and 2.0
mg/mL (@) Cytopore 2 microcarriers or no microcarriers (e). The titers were as calculated from ELISAs where the values are
expressed 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 aggregz;tion was between 20 to 25 % in all cases, except 0.25
mg/mL Cytopore. The aggregation of IFN-beta in the 0.25 mg/mL 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 0.5mg/mL
Cytopore 2 culture. Where the 0.25 mg/mL and 1.0 mg/mL showed a maximum protem
yield at day 6 of the culture, Wlth over 6000 Units/mL, the yield dropped by over 30 % to
about 4000 Units/mL by day 7. Thus the 0.5 mg/mL concentration of Cytopore 2 appears |
- to give a higher product yield compared to the suspension culfure, yielding over 2-fold

greater tPA.

The information from Figures 4.11 and 4.13. can be summarized in Figure 4.14.
Where the left panel (A) shows the relative titfe 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 prdteins. It would appear that the-
optimal concentration of Cytopore 2, for a maximum protein yield is 0.5mg/mL,

compared to 1.0 mg/mL for Cytopore 1 microcarriers.
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Figure 4.12: Aggregation of IFN-beta in Cytopore 2 at day 6 of 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 means of duplicate samples.* represents
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Figure 4.13: tPA produced in CHO cells on Cytopore 2 microcarriers. Cells were
inoculated at 1x10° cells/mL into culture medium (100 mL) containing 0.25 mg/mL (M),
0.5 mg/mL (A), 1.0 mg/mL (V) and 2.0 mg/mL (€) microcarriers or no microcarriers
(®). The titers were as calculated from ELISAs where the values are expressed as means

of duplicate samples + SEM.
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Figure 4.14: Relative maximum protein titers from Cytopore 2 cultures as compared to the suspension culture titre. The titers were
normalized as compared to the suspension protein yield. Panel A represents the overall fold increase for the production of IFN-beta
and tPA and panel B shows the average fold increase of both the cell lines + 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 1 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 provtein titers increased with the concentration of
microcarriers, where the optimal concentration of Cytopore 1 was 1.0 mg/mL for the
production of both IFN-beta and tPA, and the optimal concentration of Cytopore 2 was

0.5mg/mL for the production of both recombinant proteins.

4.3. Discussion

These titers of native and denatured protein were up to 50 % less than the titers
‘calculated for Cytopore microcarrier cultures, which range between 5.71x10° to 7.38x10°

units/mL native protein and 7.15x10° to 9.35x10° units/mL denatured protein.

- Mariy studies ha\-/e repo‘rted‘the benefits of cell growth in Cytopo.re'micfbcarrie'rs. The
use of Cytopore microcarriers has been especially beneficial fbr perfusion bioreactor
cultures where media is exchanged while cells remain within the cuiture. The use of
Cytopore has increased the efficiency of these systémé for the production of recombinant
proteins, easing the cell retrieval from cultures. Zhaolie et al.. (1999) have reported high
CHO cell densities of 8.83x10° 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
' microcarﬁer and cell clumping within the carrier. Common CHO cell densities attained in
Cytopore cultures reach over 1x107 cells/mL as reported by Hu ez al. (2000) and Chen et

al. (2000), and as high as 2x10 cells/mL reportéd 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 100mL spinner flasks. Protein was
quantified using an ELISA. IFN-BETA samples were quantified by native protein yield
(non-denatured) and denatured (total protein). tPA samples were quantified by ELISA of
supernatant samples.

Microcarrier Native IFN-l?eta titre De_natured IFN-beta
Cytopore Conc.(mg/mL) (Nor_mahzed tire (Nprmahzed
Units/mL) Units/mL)
1 Susp 1.00 1.51
1 0.25 2.75 2.90
1 0.5 2.30 2.67
1 1.0 2.85 3.49
1 2.0 2.55 3.28
2 Susp 1.00 1.51
2 0.25 2.14 2.14
2 0.5 . 2.83 3.69
2 1.0 1.94 2.63
2 2.0 1.44 ) 1.80
Cytopore Cl‘fri‘ér(";agr/rf{) {PA titre (Normalized Units/mL)
1 Susp 1.00
1 0.25 1.64
1 0.5 164
1 10 2.12
1 220 - o - 192
2 Susp 1.00
2 0.25 1.92
2 0.5 2.05
2 1.0 1.86
2 2.0 1.22

113



cultures were batch. cultures, and thus stopped at day 7, we were able to obtain
densities as high as 5x10° cells/mL bead. F eeding the cultures either by inducing a fed-
batch system, or perfusion culture may allow for a higher cell yield close to those

obtained.by Cong et al. (2001) or Chen et al. (2000).

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 e al., 1990; Berry et al., 1999). ~ This has been reported to
accommodate high cell/ bead ratios (>4,000) and high cells densities ¢ 10® cells/mL) in

stirred tank bioreactors. Chen er al., (2003) showed that the growth of osteocarcinoma

cells in a fibrous matrix to high densities (3x10° cells/mL) led to selective retention of ,

healthy non-apoptotic cells, mostly arrested in the G1/ GO phase. The cell densities
reached in this study was similar to that reported previously. A comparison of the cells to

the rhiérocarriers, give maximum ratios raﬁging between 2000 to 2750 cells/bead.

The increase in cell growth has been shown to benefit the production of recombinant
proteins from these immobilized cultures. Zhaolie et al. (1999) reported a maximum
product yield of 12473 Units/mL of tPA reached at the end of a 20 day culture. Similarly
Hu ez al. (2000) reported a maximum product yield of 7335 Units/mL of urokinase type-
plasminogen activator from a Cytopore bioreactor culture after 26 days. The phenomenon
of enhanced productivity from cells grown fo high densities iﬁ a microenvironment has
been previously observed for monoclonal antibodies secreted by murine hybridomas (Lee

et al., 1991) and from transfected BHK cells (Yamaguchi et al., 1997).
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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 et al. (20072) 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 %
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 beneficial. 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
aggregatibh in the sﬁépehsibn cuitures. Therefore we deéided t6 use Cytopofe in ﬁlrfher -

studies to increase production of proteins in bioreactor cultures.
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Chapter 5
3. 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-engineeréd producer cells with high specific
productivity and a capability for their growth to high densities in culture (Butler 2005;
Wurm 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 volﬁmetric
productivitiesithat have been observed in such bioprocesses over the last 20 years (Wurrﬁ
2004). These higher productivities have to some extent off-set the predicted short-fall in
volumetric bioreactor capacity world-wide (Butler 2005; Mallik et al. 2002). Thus,
improvements in the efficiency of cultures allows the bfoduction of high quantities of

protein and reduces the requirements for volumetric scale-up of bioreactors.

M.acroﬁorous fnicroéarrieré were desigﬁed to offer intéma] spaceé where c;cll‘s méy be
ahchored 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 ﬁom high sheaf 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 (Ng et al. 1996).

* The content of this chapter was included in a paper: Tharmalingam, T., Sunley, K., Spearman, M., and M.
Butler. Enhanced production of human recombinant proteins from CHO Cells grown to high
densities in macroporous microcarriers (submitted to Biotechnology Progress, May 2008) Work reported
in the paper completed by others were omitted from this chapter.
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In this chapter, I investigate the relationship between an increase in cell density and the
impact on the specific productivity of recombinant protein being produced within both

CHO cell lines (producing IFN-beta and tPA).

5.2. Results

5.2.1. Cell density reached within microcarriers

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 shéws_ a Cytopore bead at day 2 from a 1 mg/mL Cytopore culture. At this
stage, the average microcarrier entraps approximately 50 cells (about. 14x10° cells/mL
bead volume). As the culture progresses, the microcarrier becomes highly populated with

. the value increasing to approximately 400. cells/ bead (about 55x10° cells/mL) at day 4.

The cell concentrations within the microc-an‘iers.aré 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°° cm® and 95 % of the microcarrier is porous, resulting in an available volume of

6.52x10° cm® (refer to Materials and Methods, Section 2.7.1).

The cell density within th§: microcarrier at the beginning of the culture was calculated
to vary between 2.26x10° cells/cm® to 18.04x10° cells/cm’ as the overall inoculum cell
concentration was kept constant in regards to the total culture volume. The cell
concentration quoted above refers to the concéntration of cells within the bead, compared

to the inoculation cell density which was 1x10° cells/mL culture volume. However, the
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Figure 5.1: Brightfield photo micrograph of CHO cells grown in 1.0 mg/mL Cytopore 1.
Left micrograph indicates g microcarrier with approximately 50 cells (day 2) and the

right represents a microcarrier with approximately 400 cells (day 4). Microcarriers were
stained with crystal violet.
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cells within the lowest concentration of Cytopore microcarriers (0.25 mg/mL) increased
to a maximum of 400x10° cells per milliliter of bead volume over a 7 day culture. In
'comparison, a suspension culture where maximum cell density reached at day 7 had
approximately 5x10° 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. Specific Productivity

The relationship between the cell density within the microcarriers and the cell-
specific productivity of protein was determined from a plot of the specific 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 _
. produetivitiee were normalized against standard values set to 1 obtained in suspension
cultures of each cel] line. This allowed Qp data from the two cell lines to be compared
The ‘relatlonshlp between Qp and cell dens1ty was determmed by the best-fit plot usmg a |
polynomial algorithm (SigmaPlot). Acceptable profiles were estabhshed by

maximization of values, where an r* value of 1 indicates a perfect fit.

The results are shown in Figures 5.3 and 5.4. For Cytopore 1 cultures (Figure 5.3) the

pattern appeared to be hyperbolic following equation 1 below.

y =2.385x/.(3.942 + x) equation 1
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Figure 5.3: The relationship between specific productivity and cell density within
Cytopore 1 microcarriers as compared to suspension cultures. The specific productivity is
- -represented as a comparison to relative units where as the specific productivity of the

suspension cultures were set to 1 unit per cell-day. The 1* value was calculated to be 0.89.
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Figure 5.4: The relationship between specific productivity and cell density within
Cytopore2 microcarriers as compared to suspension cultures. The specific productivity is
represented as a comparison to relative units where as the specific productivity of the
suspension cultures were set to 1 unit per cell-day. The r* value was calculated to be 0.93.
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This indicates a significant increase in Qp for the microcarrier cultures with a cell density
up to 1x10® cells/mL compared to the equivalent suspension cultures. However, there

was no significant evidence for a further enhancement of Qp at higher cell densities.

On the other hand Cytopore 2 (Figure 5.4) showed a linear increase in specific

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 300x10°
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 Qp

The above~ment10ned expenments showed that as the cell den31ty within the
mlcrocamer increases, the spemﬁc product1v1ty increases. Th1s is true up to lxlO8

cells/mL in Cytopore 1 microcarriers and up to 3x108 cells/mL in Cytopore 2.

It is imperative to prove that the increase in speciﬁp productivity is due to the
increase in the cell density within the microcarriers, as opposed to an increase in the
overall cell dehsity. Expen’mf;nts were set up where a stock of microcarriers was
moculated 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
mg/mL and 2.0 mg/mL Cytopore microcan‘ier_s. Suspension flasks were also set up as

control controls.
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Figure 5.5 shows the cell density of the Cytopore 1 (Panel A) and 2 (Panel 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 microcamler. The inoculation
- cell density was 0.5x10* cells/mL, 1.0x10° cells/mL and 2.0x10° 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 F igure 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 higﬁer Cytopore microcarrier
concentrations appeared to A_plat_eau. 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 in 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 1 microcarriers (Panel. A) was measured as 16.8x10° Units/mL from 2.0
mg/mL, 8x10° units/mL for 10 mg/mL and just over 6x10° units/mL fof 0.5mg/mL. This
was a similar case with Cytopore 2 microcarriers (Panel B), where the maximum protein
titre was 14.2x10° units/mL from 2 mg/mL, 7.5x10° units/mL from 1 mg/mL and 4.1x10°

units/mL from 0.5 mg/mL.

Figure 5.8 shows the comparison between the specific productivities at the varying

Cytopore 1 and 2 concentrations. The calculated specific productivities of the varying
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Figure 5.5 Cell density of IFN-beta producing CHO cells in Cytopore 1 (A) and Cytopore'2 cultures (B) in 100 ml spinner cultures.
The Cytopore cultures were inoculated with approximately 30 cells/microcarrier bead where e = 0.5 mg/mL, @ = 1.0 mg/mL and A
= 2.0 mg/mL Cytopore microcarriers. The values are represented as means of duplicate samples.
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Figure 5.6 Cell density of IFN-beta producing CHO cells within Cytopore 1 (A) and Cytopore 2 (B) microcarriers where @ = 0.5
- mg/mL, ® =1.0 mg/mL and A = 2.0 mg/mL. The initial inoculum was 30 cells/bead. The values are represented as means of
duplicate samples. :
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Figure 5.7: Denatured IFN-beta titers as quantified by ELISA from Cytopore 1 (A) and Cytopore 2 (B) cultures. The cultures were
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inoculated at 30 cells/bead. The various microcarrier concentrations tested were 0.5 mg/mL (e), 1.0 mg/mL (®) and 2.0 mg/mL (A)
Cytopore microcarriers. The values are represented as means of duplicate samples.
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Figure 5.8: Specific productivities of IFN-beta from CHO cells grown in Cytopore 1 (A) and Cytopore 2 (B) microcarrier cultures.
The values are represented as means of duplicate samples
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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
pmductivi‘ty 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 specific productivity of a higher density
culture. When Cytopore 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 2.1 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

microcarrier 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 enfrapment 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 tissue—like high densities (>10°

cells/mL) are obtained.

The specific productivity was enhanced for both cell lines when grdwn 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 Cytopore 2 and a 2.5-fold increase in Cytopore 1. 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. Cytoline is a weighted macroporous
microcarrier composed of polyethylene beads and was used in a fluidized bed bioreactor
(Amersham 2002c). U.sing' such a culture system, Kong et al. (1999) 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 Cytoline culture system, we have reported from our
laboratory a greater than two-fold increase in specific productivity of recombinant human
érﬁhroboietin 4(EPO') from'CHO éellé When éompéred toa suspénsibn culfufe (Wang et
| al., 2002). In both cases, the increase in specific productivity was atﬂibﬁted to the higher
cellvdensities atfained within the entrapped space of the microcérriers. Dufrschm‘id et |
al. (2003) reported similar specific productivities of human Arylsﬁlfatase 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 ef al, 1991) and from transfected BHK cells
(Yamaguchi et al., 1997). 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 tﬁat 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 al., 1993).

In applying these various explanations to our results, we noted that the growth rates
of all cells in the mic.ro.cam'-ér cultures (O'.57 to .0.73 déy’lj were sigm’ﬁéantly Jower than
those in free suspénsion (0.85 day™). The lower growth rate in the entrapped cultures
could givé rise to a highér proportioﬁ of cells in fhe GO/GI 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 G1 phase produce higher levels of recombinant protein (de Boer et al., 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 ef al. (1999) studied the growth of human Iung 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 matn’x_. 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 (IL-6), which is known to stimulate protein
synthesis in lymphoid cells (Aarden, 1989; Hirano et al., 1986). However, the production
of IL-6 in our system is an unlikely explanation for the increased specific productivity of

IF N-befa. |

Our results indicate that there is a linear relationship between cell densities within the
microcarrier and sbeciﬁc productivity of either of the recombinant proteins. For
Cytopore 2 cultures, as cell concentrations within the microcarrier reached 3x10°
cells/mL, the specific productivity was 5 times that of a comparable suspension culture.
However, with Cytopore 1 a maximum value of specific productivity was reached at a
cell density of 1x10® 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 culfures 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 compared t(; Cytopore 1 for both cell lines. It appeared that in
Cytopore 1 there was a threshold cell densify above which the specific productivity did
not increase. In contrast the specific productivity measured for the Cytopore 2 cultures
inéreased 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 macroporous microcarrier culture system by increasing cell densities to -

values akin to those found in tissues in vivo (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 incfease 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 exi)ression in various cellular processes such
as nﬁetabdliém, franspoﬁ, and signéling path.wéys» (Baik ét al., 2006). ‘Hyf)othe.m.lic
culture 'conditions induce cells to undergo delayed apoptosis due to an increaséd pS3

'protein level Which in tufn leads to an increased level of p21. Complex'és of p21 and .a
cyclin dependent kinase (cdk2) inhibit cells from entering the next stage of cell division,
keeping cells in a Go/G1 phase (Kumar et al,, 2007; Moore et al., 1997). Two cold shock
proteins, CIRP and RBM3, have also been studied extensively. Both CIRP and RBMS3 are
involved in modulation of transcription and translation by functioning as RNA

chapérones (Yoon et al., 2005; Nishiyama ef al., 1997).

" Contents of this chapter was included in a paper: Tharmalingam, T., Sunley, K., and Butler, M. 2008.
High yields of monomeric recombinant beta-interferon from macroporous microcarrier cultures
under hypothermic conditions. Biotechnology Progress 24(4):832-838. Work reported in the paper
completed by others was omitted from this chapter.
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In addition, low temperature growth has been found to decrease a cell’s sensitivity to
apoptogens, reduce intermolecular aggregation of heterologous protein products
(Rodriguez et al., 2005), as well as lowering the cellular rate of nutrient uptake. This may
allow for the maintenance of high producing cells at high .viability for extended time

periods.

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 (rhIL-3) yield
after decreasing the temperature from 32°C to 19°C during the fermentation of
Streptomyces  lividans. The increase was attributed to decreased tripeptidyl

aminopeptidase protease activity at the lower temperature.

This cﬁaﬁter focuses on the grthh and. broduc;[ivity of CHO cells .produéin;g
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 minimize the molecular aggregation of IFN-beta.

From the preliminary studies of Cytopore 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 2.5-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 speéiﬁc 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 aggfegation, 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 was 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 O_C allqwed 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 pen’od of cell 'gréwth at 37 "C. The rationale was to attain a
large viable cell population, which could then be induced to a I}igh 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 3.4x10° cells/mL and 2.9x10° cells/mL by day
14, which was close to double the cell yield of the 32°C Cytopore 2 culture (with cell
yield of 1.76x10° cells/mL). The 37°C Cytopore 2 culture had a maximum cell yield of
3.13x10° 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
Cytopore 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™") where the 32°C culture had a
signiﬁcéntly lower specific growth rate of 0.0085 h™'. Compared to the shifted cultures,
the 37°C Cytopore 2 control culture reached a similar cell yield (3.13x10° cells/mL) but

within half the time (7 days) with a higher specific growth rate of 0.0205 h™'.

- 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 prqduct titré of 3.60x10° units/mL by day 12, where equivalent cultures at
37°C had a maximum product of 6.51x10° units/mL at day 7 (Figure 6.2). The shifted
cultures showed a maximum product of 12.60x10° units/mL and 9.90x10° units/mL at
day 12, for day 2 and day 3 shifts, respectively. The Q, of the day 2 shifted culture was

higher than that of the other cultures (0.75 units/céll-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 (m) or day 3(A) or kept at 37°C (V) and 32°C (°)
throughout the culture period. The values represent the means of duplicate samples.
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Table 6.1: Summary téble from Cytopore 2 Spinner cultures.

Temperature | Da Max. Cell Specific Max. IFN-beta Specific Agoresati
? Q) Shi ﬁ}; d Yield (x10° | Growth Rate Titres (x10° Productivity gg} (5) ton
Cells/mL) th™h units/mL) (uUnits/cell-day) °
32 - 1.76 0.0085 . 3.60 0.45 10.66
37-32 2 3.40 0.0105* 12.60 0.75 2.62
37-32 3 2.92 0.0100%* 990 0.53 6.32
37 - 3.13 0.0205 - 6.51 0.47 35.67

* indicates the maximum specific growth rate.
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Figure 6.2: Productivity of CHO cells producing IFN_—beté in spinner flasks containing Cytopore 2 microcarriers under different
temperature regulated regimes. The Day 2 and Day 3 shifted cultures represent cells that underwent temperature changes from 37 C to
32 C. The values represent the means of duplicate samples + SEM.

140



units/cell-day). The aggregation of IFN-beta was significantly lower for the 37°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 grthh of cells in suépension and Cytoporé vcultt'lre's exposed to variable
temperatures are as shown in Figure 6.4. From our introductory experiments in spinner
flasks, we were ab.le‘ to indentify that temperature shifts combined with Cytopore
microcarriers could increase productivity of IFN-beta by over 2-fold. Thus using the
results from the spinner experiments we investigated the growth and productivity of the .

IFN-beta CHO cell line in a scaled-up 2 L bioreactor 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 temperéture—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
maximﬁm cell yield of 5.5x10° cells/mL after 5. days (Fig 6.4A). This cell density was
maintained over 2 days after which the viable cell population declined. In 'comparison, an
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Figure 6.4: Growth in 37°C and biphasic (376C to 32°C) cultures in suspension (A) and Cytopore 2 (B). The solid circles (e) represent

single temperature cultures at 37 C and open squares (0) represent biphasic cultures. Temperature shifts were induced after 2 days at
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equivalent culture in which the temperature was decreased at day 2 yielded a maximum

of 1.7x10° 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 6.4B. Here there was a steady increase in cell concentration to a
maximum of 4.4x10° cells/mL after 7 days of culture at 37 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 8.4x10° cells/mL after 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.

’fhe production of IFN-beta in suspension cultures is showﬁ in Fig 6.5A. | As expectéd
the maximum yield of IFN-beta occurred at a point in the statiqnary phasé 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 1.63x1 0% units/mL at day 5 after which point the values declined. The
.values for denatured samples (5..41xlO6 units/mL) were significantly higher, particularly
toWard the eI;d of the culture. This showed a degree of product aggregation of up to 70
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Figure 6.5: Production of IFN-beta from CHO cells grown in 37°C and biphasic (37°'C to 32°C) cultures in Suspension (A) and
Cytopore 2 (B). The circles represent native IFN-beta produced and squares represent denatured IFN-beta produced. Closed symbols
represent 37 C cultures and open symbols represent biphasic cultures. Temperature shifts were induced after 2 days at 37 C.
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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 8.6x10° units/mL with a minimal
degree of aggregation (8 %), as suggested by similar responses from non-denatured and
denatured samples. The denatured samples showed a maximum yield of IFN-beta of
10.6x10° units/mL at day 10, although the degree of protein aggregation appeared to

increase to around 40 % at this point.

The production of IFN-beta in Cytopore 2 microcarrier cultures is shown in Fig 6.5B.
At 37C, 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 16.2x10° units/mL by the end of the culture at day 20. In
this culture there was an initial slow rate of production of IFN-beta, which followed the
slow groth of the cells. Up to day 16 there appeared to be no protein aggregation but
 after this point fhe ELISA res‘ponvses sﬁggestéd increased éggregét‘ibn up t0 50 % at day |

22.

Table 6.2 summarizes the results from using Cytopore 2 and hypothermic 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 was 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 Cytoporé 2 BiOreactor_Cultures

Culture Tem Max. Cell | Avg Specific Qp. Max Denatured | Aggregation | Total Product
Condition R C)p Yield Growth Rate | (uUnits/ | IFN-beta Titres (%) enhancement
(Cells/mL) (h") cell-day). (units/mL) (x-fold)
Suspension | 37 5.50x10° 0.033 0.605 5.41 x10° 70.0 1
37-32 | 1.70 x10° 0.015 ©1.002 8.60 x10° 8.1 1.59
Cytopore 37 4.35x10° 0.025 1.463 12.17 x10° 33.1 2.25
3732 | 8.41x10° 0.010 0.571 22.85 x10° 29.2 4.23

147



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 1ou/er temperature has
a substantial effect on the degree of aggregation of IFN-beta as shown by a decrease of
aggregation of 70 % to 8 % in suspension culture. The microcarriers also contribute to a
lower degree of aggregation as shown by a lower percentage of 33 %. The combined
effect is to reduce aggregat1on to 29 % but at a substantlally enhanced product yield of
22.9x10° umts/mL This product yield could be further enhanced toward the end of the |

culture but at the expense of increased aggregation.

6.2.5. Nutrient Uptake of Bioreactor Cultures

The suspension culture at 37°C had a specific growth rate of 0.033h™ 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 0.020h™.

- Cytopore cultures had a decreased growth rate, where Cytopore 2 cultures held at
37°C had a specific growth rate of 0.023 h™', 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', and then declined to 0.010h™ 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 of 22 days. In order to determine this a glucose uptake
assay was performed to determine if cells were indeed metabolically active throughoﬁt

the culture period (Figure 6.6).

The specific glucose uptake rates correlated with the specific growth rates, where
37C Suspensmn and Cytopore cultures showed a similar specific glucose uptake rate of
- 2. 74 mol/cell day and 2.56 mol/cell day, respectwely The cells in the temperature—
shifted cultures had a lower specific glucose uptake rate, where the cells in the
. suspension bioreactor took up 1.29 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 the 22 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, and 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 teroperamreéshifted cultures. At the end of the temperature—shifted

~ cultures there was roughly 1.5 mM glutamme remammg in the culture, compared to the
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Figure 6.6: Glucose uptake over time of CHO cells producing IFN-beta grown in 37°C () and biphasic (37°C to 32°C) () cultures in
Suspension (A) and Cytopore 2 (B).
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37°C culture where glutamine was totally depleted. The maximum glutamine uptake rates
ranged from 0.42 to 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 after day 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
we compared fhe growth and productivit‘y of cells in a bench-top bioreactor with
Cytopore 2 or suspension cultures. The production of the IFN-beta 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 prétcin production from the cells under low temperature
conditions. Previous results gathered in the lab showed an increased productivity in
suspension cultures that were exposed to a temperature-shift regime (Appendix B). The
preliminary studieé in Cytopore 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 Cytopore 2 cultures at lower
temperatures, similar to the suspension cultures, we investigated the growth and
productivity of the cells in a 2L bench-top bioreactor. The use of Cytopore microcarriers
and a temperature-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

Specific Glucose

Specific Glutamine

Cccilrﬂit;ggn Tem?ecr)a fure AV?;?{%G Uptake (pMol | Uptake (pMol gln/cell-
H glu/cell-day) day)
Suspension 37 0.033 2.74 0.69
37-32 0.015 - 1.29 0.74 (days 0-3)
0.23 (days 3.to 10)
Cytopore 37 0.025 2.56 0.42
37-32 0.010 0.65 0.72 (days 0-3)
0.02 (days 3 to 22)
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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 microcarrier cultures there is a strong
correlation between specific »prodﬁctivity 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 3x10% cells/em®. ~ Our lab has also
preﬁously fepoﬁed a 30 % iﬁcrease in the titre of reéombinént hﬁman IFN-befa produéed
in CHO cells grown in Cytopore 1 microcarriers in a bioreactor compared to a suspension

culture (Spearman et al., 2005).

The viability of cells appears to be extended in the cultures and this _increas.es the
amount recombinant protein obtained. Several papers show this effect for different
recombinant proteins in culture systems incorporating Cytopore, for exarhple; t-PA
(Zhaolie et al., 1999), u-PA (Hu et al, 2000), pro-UK (Xiao et al., 1999) and

prothrombin (Chen et al., 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 al., 2004; Fogolin et
al., 2004b; Furukawa and Ohsuye, 1998; Shi ez al., 2005). Chen et al. (2004) reported a
40 % increase in pro-urokinase with a lowered culture temperature to 31°C. Shi et al.
(2005) showed a 3.2-fold increase in antibody-IL-2 fusion protein production at 30°C.
Fogolin et al. >(2004a) described a 2.1-fold increase in recombinant human granulocyté

macrophage colony stimulating factor.

Many theories have been formulated to explaiﬁ 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 GO/G1 phase. -
. Othér .theor.ies include a stabil.izvation' of .thé mRNA of the recombiriant.protéin' in éélls
gfown at a lower témperature (Fox et al., 2004); a suppressed growth fate at lower
tgmperétu;es due to the presence of a cold-inducible RNA binding ﬁrotein present‘only at
lower temperatures (Fox et al., 2005); enhanced protein quality due to a lower protease

activity and other temperature sensitive enzymes (Clark et al., 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 al. (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 33°C. Yoon et al. (2003) also indicated a 4-fold 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 47 % at 34°C compared to 37°C and an associated 40 % increase in specific
productivity. Fox et al. (2004) reported a 2-fold increase of interferon-gamma in a

culture at 32°C compared to 37°C.

The increase in recombinant protein production at low temperature also appears to be
cell line specific. Yoon et al. (2004) found that the production of an anti—4;I-BB antibody
by CHO cells was not enhanced at 33°C. Furthermore, they reported that 12 parental cell
lines producing the anti-4-1-BB antibody showed different Jevels of recombinant protein
expression at low temperature. Clatk et al. (2004) reported no difference in the

production of {PA by CHO cells in 37°C and 34°C cultures.

Tt has been well documented that there is a decreased growth rate associated with
CHO and other cells producing recombinant proteins at decreased temperature (Chen et
al., 2004; Yoon et al., 2006; Yoon et al., 2004). This decreased growth rate is explained
by a shift in the cell cycle from S phase to GO/G1 phase (Chen et al., 2004; Fogolin et al.,
2004b; Shi et al, 2005). Fox et al. (2004) suggested that the increased specific
productivity in a temperature-reduced.culture was due to the increased stability of IFN-y
mRNA. A cold-induced RNA binding protein (CIRP) has also been identified to suppress

growth at lowered culture temperatures (Yoon ef 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

al., 2004b), also consistent with the results from this study.

The detn'ment;ﬂ effect of a decreased growth rate on total production can be
overcome by inducing a biphasic culture in which cells are grown at 37°C before th‘e
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 were 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 culture and the cell density within the macroporous
microcarrier.

Cell density - Cell density Recombinant ‘Reference
(cells/ml culture volume) | (cells/ml bead volume) protfein
0.5x10’ 2.0x10° JFN-beta Reported here
1.1x10’ 2.3x10° Prothrombin | Chen ez al. (2001)
1.0x10’ ' 1.6x10° Prourokinase | Xiao et al. (1999)
1.3x107 A 2.2x10° - U-PA 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 (Rodriguez et al., 2005). The aggregation in culture
may be reduced by the addition of glycerol (Kim and Lee, 1993; Meng et al., 2001,
Rodriguez et al., 2005; Yoshida ez al., 2002) or DMSO (Rodriguez et al., 2005; Yoshida
et al., 2002). In this study we show that the presence of Cytopore microcarriers and
hypothermié conditions independently decrease molecular aggregation. Fuﬂﬁermore the -
combination of these two factors decreased th.e 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 terhperéture 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 produced 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 of consistent protein structures.

The higher production capabilitiés from Cytopore microcarriers and temperature shift
were shown in Chapters 4, 5, aﬁd 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
' aggregétion of the protein thus affécting, thev 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 vproteins resulting from different culture
conditions. Thus we decided to analyse the glycahs 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 bénds. 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 %, respectively, of the IFN-beta produced over the last 4 days of the cglture
was glycosylated (p=0.12). The IFN-beta produced in the Cytopore 2 culture yielded a
significantly lower percent of glycosylated protein where 62.72+0.87 % of glycosylated
IFN-beta, compared to the 37°C suspension (p=0.00002). However, a combiﬁation of a
temperature shift with Cytopore resulted in a significantly higher bercentage of
'gly-coéylated protein (84.75£O.55 .%-) cofnpared to the 37°C vsusp.ensi‘or.l, témperatﬁre-

shifted suspension, and 37°C Cytopore 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 % waé nonglycosylafed. 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 and temperature shift was a good combination for ensuring

highly 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 follows: Lane 1-7, 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 Western Blot analysis of IFN-beta averaged from the last 4 days of the culture. The
grey bars represent the glycosylated bands, corresponding 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 (ngure 7.3) to allow
determination of the number of glucose units (GU) present within a sample. The retention
times of the glycans were 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 pro'ﬁle' 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 an array of exoglycosidase digestions (as-described in
Section 2.6.6, Mateﬁals and Methods Section) (Table 7.1). The profile B shows the
glycans treated with Clostridium perfringes Sialidase (removal of sialip acids), followed
by bovine testes P-galactosidase (galactose removal), Jack bean N-acetyl B-
hexosaminidase (GlCNAc‘ removal) and finally bovine kidney fucosidase (fucose

removal) (profiles C-E, respectively).

The IFN-beta glycans show two major peaks at-approximately 7.9 and 8.2 GU, which
are reduced to 7.6 GU with the sialidase enzyme treatment, indicating the removal of
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Figure 7.3: Dextran Ladder standard profile obtained from separation using NP-HPLC. Each peak répresents the retention of a
polysaccharide of glucose, where the first peak represents 1 glucose and the last 18 glucose units.
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Figure 7.4: NP-HPLC Glycan profiles of 2AB labeled N-glycans from PNGase F treated Interferon-beta Exoglycosidase digestions of
IFN-beta (A) with (B) sialidase, (C) Bovine Testis Galactosidase, (D) Streptococcus pneumoniae hexosaminidase, (E) bovine kidney
fucosidase, and (F) a non-glycosylated profile.
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Table 7.1: Exoglycosidase digestions of IFN-beta Glycans. The structures of the glycans were determined by enzymatic digestions of
the terminal sugars. The core structure is termed A, with A2 referring 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 (<), Fuc (&) and NeuAc
(%). The Nomenclature abbreviations include A (antennae), G (galactose), F (fucose), and S (sialic acid).

Approximate

Nomenclature | Retention Time Glucose Units | Enzyme Proposed Glycan
(mins)

A2G2FS0O

A2G2FS1 105-110 7.6-8.2 N/A

A2G2FS2

A2G2FS0 105 7.6 Sialidase

A2F 90 5.8 Galactosidase

GlcNAc,MansF | 78 4.8 Hexosaminidase

GlcNAc,Mans | 72 4.2 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 in Table 7.2. However, there are
minor amounts of triantennary and tetrantennary glycans present within the sample at GU
greatér than 8.3. With the addition of the galactosidase the peaks were reduced t(; 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 prote?n, 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 vv_eré integratéd (Figure 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 (A2G2FS2) 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
at 75 % of the total glycans, with a ratio of approximately 1:2. Other glycan structures

make up the remaining 25%.
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Table: 7.2 Predominant N-glycans isolated from IFN-beta. The structures contain sugars including: GleNAc (), Man (O), Gal (<),

Fuc (O) and NeuAc (*). The Nomenclature abbreviations include A (antennae), G (galactose), F (fucose), and S (sialic acid).

Nomenclature Approx1mate Retention Glucose Units (GU) Proposed Glycan
Time (mins) Structures

A2G2FS0 105 7.6

A2G2FS1 108 7.9

A2G2FS2 110 872
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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). : v
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Figure 7.6: NP-HPLC analysis of IFN-beta glycans from days 5 to 7 of a control 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
(A2FS1) and 8.2 (A2FS2). The values represent the average of 2 experiments with SEM.
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The effect of Cytopore 2 microcarriers on the glycosylation of IFN-beta was
determined. The glycan profiles of IFN-beta are shown in Figure 7.7, whére A to D are
samples from days 4 to 7, respectively. Again, the predominant moieties were A2G2FS1
and A2G2FS2 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, comparéd 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 temperature-shifted batch cultures.
The samples were taken at days 8 and 10, and stored and purified as above. The major
peaks from these pro'ﬁ-les are the 7.9 GU and 8.3 ‘GU representing the A2G2FS1 and -
A2G2FS2 structures of monosialylated to di-sialylated structures. The ratio is 5:9, where
30 % represent o’;her species of glycans, as determined by peak integration (Figure 7.10).
Tﬁere ai)pear 'to be glycans (4-5 '%) }at GU .values greafer thén 9.5 in the 'tempéraﬁlre.-
shifted samples, which may be triantennary or tetraantenarry fucosylated structures with

varying levels of sialic acid.

- The Cytopore temperature-shifted bioreactor culture shoWed a larger variation of
peak sizes (Figure 7.11). There was a large proportion of glycans (12 %) 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 from 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 Cytopore 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 (A2FS1) 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 10(B).
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Figure 7.10: NP-HPLC analysis of IFN-beta glycans from days 8 and 10 of a temperature-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) and 8.2 (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) and 22 (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 (A2FS1) 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 (6-7 % and 9-11 %,

respectively) of non-sialylated A2G2F peaks (Figures 7.5 and 7.9).

7.2.5. - Comparison of Sialic Acid Contents

The major glycans isolated from IFN-beta are of the A2G2FS0, A2G2FS1, and
A2G2FS2 structures. A comparison of the integration of these peaks is shown in Figure
7.13. The 1¢ft panel shows the percentage of A2G2FS0, A2G2FS1, and A2G2FS2
varieties in suspension 37 C and 37 shifted to 32°C cultures. The A2G2FS0O 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 »A2G2FSA1 peak composes 29 % of the ovetall moigty. And the A2G2FSZ
peak comprises over 65 % of the total structures. A comparison between the 37°C culture
and the 37 C shifted to 320.C éulturé shows that the profiles are éimilar and thé differences

are insignificant (p>0.1).

’The right panel shows the degree of sialylation of the three main peaks (A2G2FS0,
A2G2FS1, and A2G2FS2) in the Cytopore 37 C and 37 ;hiﬁed to 32°C cultures, where
the dark bars are representative of the 37°C culfure. A comparison of the A2G2FS0 peaks
show that 8.4 % of the biantennary peaks were of the A2G2FS0O moiety in the 37°C
Cytopore culture, compared to more than double (18.7 %) 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 A2G2FS2 peak was insignificantly different when comparing the
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Figure 7.13: Analysis of the SO, S1 and S2 peaks (the main peaks) isolated from IFN beta glycans isolated from Suspension cultures
(A) and Cytopore cultures (B) at the end of the culture. The dark bars represent the cultures that were grown in 37 °C and the grey bars

represent the temperature-shifted cultures. The values are represented from duplicate sample runs on the HPLC + SEM.
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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
diffe;ence (p<0.05, except shifted suspension compa:red 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 % and 79.1 %, 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 ‘cultu.re's,_ the glycosylation analysed shows .
consistencies. The samples isolated from eacfl 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).
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Figure 7.14: The sialylation index of IFN-beta glycans 1solated from suspension and
Cytopore cultures at 37°C or temperature-shifted from 37°C to 32°C. The error bars are
from duplicate sample runs 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 solubiiity, pharmacokinetics, and biological activity of the glycoprotein
.(Ashwell and Harford, 1982; Cumming, 1991; Reju et al., 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/GIcNAc receptor

mediated endocytosis (Ashwell and Harford, 1982).

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-
béta produced in CHO éells oﬁ Human hepatoblastoma éellé compaféd to ofher 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 % 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 i'mpbrtant to quantify the proportion of glycosylated
protein in comparison to the nonglycosylated protein. The glycosylation has been shown
" to be important for proper protein fblding, 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 l;y 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 %.

The reasons for this increase in glycosylated protein are unclear. However, we can
' spéculéte thatv tﬁe lov-ver temperature resultéd in é léwer metabolism, andl thﬁs Iowef
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-gamma. 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 remain high even at the end of the cultures where between 1 to 1.5 g/L
remains at the end of thé culture. The low glﬁcose 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-shifted 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) rep:)rted 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
7.1, and the although the pH was stabiliz.ed 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-
éntennary fully sialylatéd ér lackiﬁg sialic. acid and/or galactosyiated giyc.:ans (Ashwell
and Harford 1982; Cumming 1991; Diaz et al. 1989)."This is due to different transferases
that would be present within the cell line that would léad to the differencé in terminal
structures of the glycan. As well, there is a great dependence on the cell culture
procevsses: the cell - environment, process conditions, growth rate, and speciﬁc

productivity (Weikert et al., 1999).

The decreased sialylation in the Cytopore cultures 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 gol giT Another reason maybe the
availability of sialic acid present in the culture, or alternatively the availability of the

precursors; ManNAc and pyruvate. 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 s.uspension 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 variant produced in BHK-21 cells, shifting the-
glycan profile to proximal 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 cohsistent_ glycosylatidn in cultures using Cytbdex 3 (Bleckv?ennét al. ,- 2005).

- No changes in glycosylation were reported with the production of EPO in CHO cells
grown in weighted macroporous microcarriers (Cytoline) coupled with a fluidized bed
bioreactor compared to suspension cultures (Wang et al., 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 recombix;ant proteins. Nam et al. (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 IFN-gamma at low temperature showed
1o effect_ on the glycosylation quality of the protein (Tan et al, 2008). Trummer} et al. .
(2006) show that inducing temperature shifts to CHO cells producing a heavily

glycosylated hybrid protein Epo-Fc decreased sialylation.

.V'Veiker.t et al. (1999) reportea on thé ‘complete processing of tefminal étructureé of
| TNK-tPA and TNFR-IgG oligosaccharides by engineering the cell lines to express high
levels: of ‘human p1,4-galactosyltransferase and/or @2, 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 02,3 sialyltransferase activity (Weikert et al.,

1999), (2) high rate of transport 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 ef al., 1999),
and/or (5) control of nucleotide-sugar substrate (CMP-NeuAc) transport into the Golgiv

lumen.

The sialylation within the culture can also be decreased via degradation by sialidase
enzymes. However, this is less likely to be the case in our cultures, due to the
“maintenance of high culture viability throughout the culture (Sliwkowski et al., 1992).
The release of sialidase, a cthsolic enzyme released into cell culture upon cell lysis, has
been found to be the cause of post secretory degradation (Gramer and Goochee, 1993;

Wond et al., 2005).

The nutl“ienti supply is an important factor on tﬁe sialylétion of the recombinént
protein. Lower levgis of glucose (<0.70 mM) or glutamine (<0.1 mM) have been shown
- to reduce sialylation in the production of IFN-gamma (Wong ef al., 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) thé
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 specific 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 et
al. (2000) showed that there is a lack of correlation between specific prbducﬁvity and site

occupancy. Thus they argued that the site occupancy is dependent on the growth phase of
, . o . R : o g7



the cells, and cells in GO/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 IU/ 10 cells/h) compared to stirred cultures (303 1U/ 10° 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 SA/N-glycan and
I.QISA/N-giycan, 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

| comi)ared both sﬁspénsioﬁ éultufes. The de'crease' is especiéliy prdmineﬁt in the
temperature-shifted Cytdpore culture where 18 % of the glj/coforms were of the
A2G2FS0 moiety; however thére 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
3’Z°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 'ter‘nperature-
shifted suspension culture had a Qp of 0.7710 uﬁits/gell-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 prptein 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 culture, where close to 15 % 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, 1 compared microporous (Cytodex) and macroporous (Cytopore)
microcarriers for the groth and productivity of recombinant IFN-beta and tPA produced
by CHO cells. The use of Cytodex did not significantly enhance recombinant protein
produétion, 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 compaféd to suspension cultures. The specific pfoductivity was also enhanced

by up to 2.5-fold in the case of Cytopore 1 and up to 5-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 5-fold compared to a suspension at 37°C.
Furthermore the temperature shift and Cytopore increased the overall glycosylation of the
protein by 15 % compared to the suspension culture. Also, the temperature shift and
Cytopore led to lower sialylation when comparing the A2G2FS0, A2G2FS1 and
A2G2FS2 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 degree of sialylation
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of 72.5 %, 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 £0 the
high cell density attained (greater than 10° cells/em®) \;vithin 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
(Yamaguchi et al., 1997). This high pell 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 mg/mL) 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 éarriers, the growth of
cells within the pores would allow for protection from damage from shear stresses, cén
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

191



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 20-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 to 32°C, in the presence of Cytopore 2
yielded over 2-fold greater protein than Cytopore 2 alone. However, this maximized

production is offset by a decrease in sialylation.
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~ Section B — The Effects of PF68 on Cell Growth, Recombinant Protein Production
and Glycosylation

Introduction

PF68 is a non-ionic surfactant used in cell culture to protect cells from high shear
forces that cells are exposed to in suspension cuitures. 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 wheréby PF68 in’;eracts with the plasma membrane. Many studieé 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 er al., 1995).
The incorporation of PF68 by the plasma membrane has also been described by
Palqmares 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 internalized 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, and the 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 froﬁ 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
thé collagen subétrafes and the tiésue culture .plastic- surface an.d‘me.diéte thé attachment
of cells (Kleinman et al. 1981). All vertebrate cells have an unevenly distributed negative
surface charge énd thus are atﬁacted to pésitively—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 th_é robustness and reduces the cell attachment of mammalian
cells. Molecular Biotechnology. 39(2):167-177. Work reported in the paper 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
diffe_rent 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 filaments, and ligand-bound adhesion
receptors) that assemble at adhesion sites, also known as focal contacts (Bereitcr—Hahn et
“al. 1990; Burridge and Chrzanowska-Wodnicka 1996). These protein complexes form
.a.round {ransmembrane i)roteins such as ihtegrihé, whi.ch bind ECM molécﬁles and éétin
ﬁlament bundles within the cytoskeleton (Bur_ridge and Chrzanowska—Wodnicka 1996).
As a result, the cells often spread but on the Surfacé to whiéh 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 sﬁspension 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 serum 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 um.

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
% (w/v) to 0 %. 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 PF68.
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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 by taking 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 1x10° 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 patterns of representative T-flask cultures. Adherent
and suspension cell concentrations were enumerated separately then compared The
combined concentrétloﬁs of adherent ‘cells and suspensmn. 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'
© 3.48x10° cells/mL in PF68-free media, to‘ a maximum of 4.85x10° cells/mL in 0.05 %
PF68, and then slowly declined to 3.13x10° 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 O % to
0.03 %, at which- there apbeared to a plateau, with a slight decrease towards the higher
concentrations approachiﬁg 0.1 -%. At lower concentrations of PF68 the su'spended 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 cell counts (A).
The cells were then inoculated into T-75 (150 sz) 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 trypan blue exclusion method and percent adherence (B) was
calculated by comparing the adherent cells to total cell population.
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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 2.05x10° cells/mL, in PF68-free media to 0.15x10° cells/mL in 0.1 % PF68.

The cell adherence decr.eased from 59 % to 4.7 % as the PF68 concentration
increased from the 0 to 0.1 % PF68 (Figure 8.2B). Visualizing the cells through the light
microscope (Figure 8.1B) 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

Tﬁg concentration of PF68 in- Biqgro CHO-SFM was Q.l '% PF6‘8. And ' at this
concentration it is apparent that less than 5 % of cells are adherent to the T-flask surface.
Howéver, decreaéing this concentration. irAlcreas-ed the proportion of cells .that grevs}
adherent to the T-flask surface, up to the complete absence of PF68 where 70 % of cells
- could be adherent. Figure 8.3A and 8.3B 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 adhefent 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 %.
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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 cm?) 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 trypan 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 experlment
At the first passage the cells were removed from PF68 into T-75 T-flasks (150 cm %). At
passage 3 and 6 the cells were split into PF68 containing medium (V) or PF68-free
medium (e). 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.

202



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 in PF68 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
%. The cells grown in PF68-free medi‘a continued to grow adherent in all three passages
from 55 % initially, to 65 %. Cells growing in media containing PF68 continued to grow
in suspension for 3 passages, with adherent cells taking about 5 % 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 % where tPA producing cell line increased to 95 % 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 éel_ls were found, once again, to
return to spherical suspension cells once PF68 was reintroduced in the media. Howevér,
cells that remained in PF68-free media continued vto grow in a fibroblastic cell
appearance. There were how;ver, differences between the 2 different 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 Figu;e 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 of the passage.

| The décreaséd hydrophobicity: of | the oﬁtér membrane brought. abéut by -P'F68
(Ghebeh et al., 2002) may explain the reduced adherence of the cells in stationary culture
-by a reduced interaction of the cells with the tissue culture-treated attachment surface. It
was clearly shown that a PF68 concentration at 0.1 % can reduce the proportion of
attached cells from 70 % to minimal 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 with the flask surface to increase the wettability of the culture

substratum (Detrait ef al., 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,

1999).

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 fibroid cells, whereas other cells attached but

remained spheroidal.

The adherence of cells was rapidly reversible upon treatment with PF68-free media as
shown over multipie éulture ﬁassages; This indicates that PF68 is.ee'lsily 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 ef al.
(1991) who showed that long-termn 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.,
1996). 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

205



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 al., 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., 1999).

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 (PEO;3-PPOse-PEO;3;)(Biran et al. 1999).
PF108 was also shown to inhibit NIH 3T3-J2 murine fibroblast cell adhesion on glass for
up to 4 weeks (Liu ef al., 2002). Another study of cell to surface adsorption used PF127
(PEOgé-PPOsy-PE09g) to show the ability to control CHO cell adherence on liposomes
composed of different lipid -sources (egg phophatidylcholine,
‘diblebloxyfrimethylammdniﬁm prépane methyl .sulfate., | dipélmitdyl | fhodaxﬁine
phosphatidylethanolamine, and‘ distearoyl phosphatidylethanolamine) by varying

concentrations of PF127 (Chandaroy ét al., 2002).

The effect of Pluronics on the inhibition of cell to surface adherence is not specific
for mammalian cells. Levy er al. (2004) found that bacterial attachment to silicone
surfaces in the presence of Pluronic P188 (PP188) was decreased to 3.02 % compared to

a control with 22.2 %.

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
- o N . : . i



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 development, 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 biophamiaceuticals that include vaccines,
recombinant proteins, and monoclonal antibodies (Butler, 2005). One important
criterion for scaling these prbcesses is the use of serum-free media with minimal protein
content and the absence of animal-derived components, as demanded by regulatory
authorities iﬁ recognition of the dangers of animal-borne contaminants (Schroder et él.,
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 .str‘ess introduced by
sparging and stirring in the culture vessel (Van der Pé)l' and Tramper, 1998). The shear
sensitivity of mammalian cells to such an environment is variable and may depend on a
number of faéto_rs including cell type, thjckness of the cell membrane_, cell size, g;*owtﬁ A
_rate, growth medium and the type and concentration of shear i)rotective_ agents (Chisti,

1999).

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 requirementé
of growth beyond 10° celis mL™ 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 ez 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 attachment of mammalian
cells. Molecular Biotechnology. 39(2):167-177. Work reported in the paper completed by others was
omitted from this chapter.
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1994; Kunas and Papoutsakis, 1990; Tan et al., 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 resulting in a mechanical shear force sufficient to
lyse cells in the surrounding area (Cherry 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 presencé of an air-liquid interface, agitatiion speeds above 200
rpm 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 decreésiﬁg théeherg& generéted from bﬁbble Bursting (Dey et dl., 1997; Ma et
al., 2004). PF68 may also increése cell membrane strength. Zhang et al. (1992) showed
by micro-rﬁanipulation téchniques that the critical tension to burst cells increaéed
significantly in the presence of PF68. This suggests the possibility of incorporation or
adsorption into the cell membrane (Goldblum er al., 1990; Murhammer and Goochee,

1990).

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
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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 trom spinner cultures appears to affect the cell stability after
multiple 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 9.1B) and without (Figure 9.1A) 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 ehtér éxponen;tial phase at cllay' 2 reéc‘hing.»a maximum_ cell devnsity‘ of .2.‘5x106.
cells/mL by day 5 and slowly decline towérds the end of the culture. Cells inoculated into
PF68-free media appeared to shdw different grbwth characferistics, where cells from the
ﬁ’rst three passages out of PF68 reached a maximum of 1.5x10° to 1.75x10° 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 0.5x10° 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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Figure 9.1: Representative cell growth patterns of tPA producirig CHO cell lines over multiple passages in the absence of PF68. After
each passage in the PF68-free media, the cells were grown in spinner flasks stirred at 45 rpm containing (A) PF68-free or (B) PF68
containing media (0.1 % w/v). Cell densities were estimated using the trypan blue exclusion method.
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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 % at day 7.

The IFN-beta producing cells were removed from I;F68 for 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 1x10° 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 6, with a maximum cell density of 4.20x10° cells/mL, after which the

viable cell population declined to 3.60x10° cells/mL. The IFN-beta cells were monitored
for growth in further passages of PF68-free medium, and it seemed that the cells
continued sirhilar..growth curves (dété not sh(v)Wn),b thus showing that the cells .aré

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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Figure 9.2: The growth of IFN-beta producing CHO cells after the removal of PF68 after
3 passages. The cells were removed from PF68 for 3 passages before being inoculated

into the absence () or presence (w) of PF68. Viable cell concentration was estimated
using the trypan blue exclusion method (0.5 % wiv).
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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
were grown in PF68-free ~me,dium for 3 passages prior to inoculation into the bioreactor
culture (2 L) at a seeding density of 1x10° cells/mL. Cells in PF68 (0.1 %) containing
m;:dium grew at a maximum specific rate of 0.018 h™ and reached a maximum cell
density of 4.3x10° cells/mL after 7 days of culture. However the cells in PF68-free
medium showed poor growth with a maximum cell density of only 0.45x10° cells/mL
after day 4. The significant difference in growth shows the protective effect of PF68 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 gaé sparging in

“culture. In order to quantify 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 abc')ye 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, 1999). In a second system a cone-and-plate
viscometer 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 gas-liquid interface.
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Figure 9.3: The effect of PF68 in‘agitat-ed cultures. IFN-beta producing CHO cells were
grown in a 2 L bioreactor for up to 7 days in the presence of PF68 ( &) or absence of
PF68 (®), following 3 passages in PF68-free medium. The marine impeller rotation

speed was 100 rpm with sparging to keep the dissolved oxygen level at 50 %. Viable cell
concentration was estimated using the trypan blue exclusion method(0.5 % w/v).
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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 PF68-free medium for 3
passages pﬁor to inoculation into spinner flasks. The left (Figure 9.4A) and right (Figure
9.4B) panel represents CHO cells producing IFN-beta and those producing tPA,
respectively. The cells were seeded into the spinner flasks at 1x10° 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 1 h.
However, the viability of tPA producing cell line decreased rapidly during the first 30
min followéd 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 (10x10° cells in 5

mLs) were taken from T-flask cultures growing at 0 % PF68 for 3 passages then
. , S 516
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Figure 9.4: Cell sensitivity to high speed agitation. CHO cells producing (A) IFN-beta
and (B) tPA were grown in the absence or presence of PF68, following 3 passages in
PF68-free médium, and were subjected to a high rotation speed of 500 rpm in a 100 mL
spinner flask for up to 5 hours. Cell viability was estimated using the trypan blue
exclusion method (0.5 % w/v) and expressed as a mean (XSEM) where (n=2) for cultures

in the absence of PF68 (@) orin 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 % PF68 dropped to 80 % after 30 minutes of agitation. Furthermore after 2
hours the cell viability was 7.6 %. The protection of cells from the shear forces from the
agitation seemed dependent on concentration of PF68. ~The cells in 0.1 % and 0.05 %
PF68 retained a viability close to 100 % during the assay. The viability of cells in 0.001

% PF68 and 0.01 % was 44 % and 57 %, 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 relat;ve
rotational velogity .betwee.n two metal plates. Gas bubbles can _be removed from the}
space in which the liquid is introduced, thus eliminating any gas-liquid interface.
‘Se\./eral commercially-available .viscometers Were tested for their suitébﬂity. The Rheolab
MCI1 was chosen because it produced a high shear rate of up to 11,000 5™ which was
sufficient to produce a complete decay curve of cell viability within 10 min and with a

" small sample volume of up to 600 pL.

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 %. In the absence of PF68 the viability of the two cell lines
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Figure 9.6: The effect of high shear ratesin a bubble-free system. CHO cells producing

(A) IFN-beta and (B) tPA were grown in the absence (®) or presence (V) of PF68 were
subjected to a shear rate of 11,000 s in a 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 (+SEM) where n > 3. .
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decreased to values between 40 to 50 % after 12 minutes. The rate of decrease of cell
~ viability appears to be lower for the tPA producing cell line (Figure 9.6B) and suggests
the enhanced robustness of this cell line as previously inferred from the spinner flask
results. However, there ;ioes appear to be a residue of viability in the IFN-beta producing
cell line (Figure 9.6A) 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 jn statiqnary 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 é cell density of 2x106cells/ﬁ1L. The céll
suspensions were then exposed to a shear rate of 11,000 s for 10 minutes. In each case
the cell viabilitiés decreased to 50 %, with a profile that was not significantly different
from that of cells previously grown 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: Long term effects of PF68 on shear stress by a viscometer. Cells grown in
- media containing varying concentrations of PF68 were transferred to PF68-free media
prior to being treated in the viscometer at 11,000 s for 10 minutes. The values are
expressed as means (£ SEM) where n> 3. '
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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
made to the cell samples prior to the enumeration of cells using the trypan blue exclusion
method. Samples represent an average of n=5 + SEM.
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via the trypan blue exclusion method. Cells that were exposed to shear and enumerated in
the absence of PF68 showed a lower cell viability (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 3.0x10° cells/mL in PF68-free media, and then each was
diluted with media either containiﬂg 0.2 % PF68 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 Flgure 9.9. Under both conditions of countmg, the cell viability remained close

to 100 %, thus mdlcatmg that there was no mterference of PF68 in the counting method.

It was also determined if PF68 would protect cells from the shear forces linduced 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 % and 0.1 % PF68 and
then resuspended in media with and without PF68 befére estimated using the trypan blue
exclusion method. The mixture was then resuspended using a micropipette (150 pl) up
and dowﬁ for varying times. The final counts after resuspending were compared to the

initial to get cell viability, which is as shown in Figure 9.1 0.

The results of this experiment show that the presence 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. The cells were divided into two fractions of 3.0x10° cells/mL in PF68-
free media, and then each was diluted to 0.1 9% PF68 (O) or 0 % PF68 (e). Cell samples
‘were counted at 1, 5, 30 and 60 minutes and compared to initial counts. The values
reported are representative-of typical results observed. ' ' '
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in cell viability to 70 % after 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 70 %. The cells that were grown in the absence of PF68 then exposed to
pi.petting in the presence of PF68 had a cell viability of 100 % throughout the 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 femove 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 proteelytic
enzyme. In this experiment, we aimed to test the ability of PF68 to repair the damaging
effect of trypsm The cells were exposed to tryps1n1zat10n tlmes (>10 min) which are
greater than those generally used in practice, in order to test the ability 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 at 37 C. At different time intervals cells were removed from the sample and
enumerated as a percentage of the original counts. Figure 9.'14 1 shows the results from this
experiment. Briefly, as the cells are incubated with this proteolytic enzyme, the cell
viability decreases. At 60 minutes the cell viability reached 57 % and this was consistent

until the end of the assay at 240 minutes.
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Figure 9.11 The effect of trypsin on cells in PBS from 0 to 240 minutes. The cell density
was estimated using the trypan blue exclusion method. Samples represent an average of
n=8 + SEM. ’
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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 9.12. 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 10 % after 30 minutes and 40 % 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
seﬁallsl dilute-d.A Viéble cell count at each diluti(-)n. was measured by the‘ tryf)an blué

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 was 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
force.s in the bone-anci—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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Figure 9.12: The trypsinization of cells in the presence of PF68. The cells were
enumerated by using the trypan blue exclusion method. The samples represent n=2 +
SEM. - _
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Figure 9.13: Shear sensitivity of CHO cells exposed to trypsin after passage 1 (A), passage 2 (B) and passage 3 (C). Cells (IFN-beta
producing) were grown in agitated culture in the absence of PF68 prior to harvesting by centrifugation. Samples of the cells (5 mL at
2%10% cells/mL) were treated with trypsin (0.5 % w/v) for 10 min (condition 1 and 3). Each cell suspension (350 pl) was then
exposed to a shear rate of 11,000 s™ in the cone-and-plate viscometer for 12 minutes in the presence (condition 3 and 4) or absence
(condition 1 and 2) of 0.1 % PF68. The values shown are means (£SEM). (n=3).
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added to the cell suspension prior to the application of shear stress (p<0.00002).
Furthermore, the addition of PF68 to trypsin-treated cells enhanced the residual cell

viability.

This difference between shc;ar.sensitivity was evident in the first 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 PF68. Cells that were either trypsinized or not trypsinized but expo_sed 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 forces when comparing the
cells reaction to trypsinization in the first passage to that in the following passages.
- Howeyver, it 1s p0551b1e that the cells in the subsequent passages may have been selected

4out by trypsmlzatlon and thus are a trypsm re31stant cell populatlon

A further experimeﬁt was designed to determine if PF68 could provide a protective
barrier to the membrane of damaged cells. In this experiment cells (2x106 cells/mL) were
incubated with trypsin (0.5 % w/v) for varying lengths of timevup to 4 h. The activity of
the trypsin was stopped by the addition of trypsin inhibitor (0.09 % w/v). The cells (1
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 and indic‘ate
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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Figure 9.14: The protective effect of PF68 upon trypsin-damaged cells. IFN-beta
producing cells (1 mL at 2%x10° cells/mL) were incubated with trypsin (0.5 % wi/v) for
times up to 240 min at 37°C. The enzymatic activity was stopped by the addition of
trypsin inhibitor (0.09 % w/v). A portion of each cell suspension (0.5 mL) was then re-
suspended in PBS in the presence of absence of PF68 (0.1 %) for 30 minutes prior to
staining in trypan blue (0.5 % wi/v) for counting in a haemocytometer. The proportion of
blue-stained cells was recorded in each sample for suspension containing PF68 (o) or in

the absence of PF68 (@). The values shown are means (£SEM). (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 % less in the presence of PF68 (p<0.01). 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 1x10° cells/mL into 100 mL spinner
flasks and grown for 4 days. The harvested cells were then suspended in PBS-EDTA
(100 mL), and dispensed equally into 2 centrifuge 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
' addéd and the cells were inbculéfed at 'IXIOS.CCHS/II’.IL. into 100 mL spinnef flasks in
cultures with or without .PF68. The corresponding growth curves of these cultures are

shown in Figure >9. 15.

Figure 9.15A shows the growth of the CHO cells in the absence of PF68. The control
culture that was not exposed to trypsin showed a steady growth rate after day 1 to a
maximum cell density of 1.7x10° 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 0.6x10° cells/mL (p<0.005). Figure 9.15B sﬁows the

offect of PF68 on these cells. Whereas, there is no considerable difference in the growth
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Figure 9.15: The effect of trypsin damage on cell growth. Twenty five mL of IFN-beta .
producing CHO cell suspension at 7%10° cells/mL were trypsinized (0.5 % w/v) for 120
minutes which was then inhibited using soybean inhibitor (0.9 % w/v). A control cell
sample was incubated in PBS-EDTA for 120 minutes. The trypsinized and non-
~ trypsinized cells were then inoculated at 1x10° cells/mL into a PF68-free cultures (panel
A) or 0.1 % wiv PF68-containing cultures (panel B) in 100 mL spinner flasks and grown
over a 4 day period at 37°C. The values are mean cell counts (+SEM) where (n > 3) for

trypsinized cells (m) or controls (e).
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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 1.2x10° 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 from impeller agitation and bubble dispe1;sion during gas sparging. This
requirement_ for suqh protection is even greater 'in the low protein or pmtein-ﬁee
environment of current serum-free media formulations that expose cells to harsher
physico,—chemicai -conditions 'than the more tradifioﬁal high protein serum-based

formulations previously used.

Cell destruction 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 tc; 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 1 hour, ‘whereas
" the tPA producing cell line showed a more gradual decline with é'résidual of 20 %

viability even after 5 hours.

PF68 rhay al.so' incréase the cell inembrérie resistaﬁcé to Hquid éhear in the absence of
bubbles or a gas—liquid interface. To test this we subjected both the cell lines to an assay
based on fhe use o>f a cone—and-plate viscometer producing a maximum sheér rate of
11,000 s” , in which there was a rapid loss of cell viability over a-12 min test period.
Results from this assay showed that there was a significant protective effect éf PF68 on
the cells in the bﬁbble-free environment of the viscometer. Marquis et al. (1989)
reported some protection of cells iﬁ a coquette flow system with a Jower shear rate of
6,000 s . Further evidence for the protective effect of PF68 in liquid shear arises from
the work of Zhang et al. (1992) who showed by micromanipulation techniques that the

critical tension required to burst hybridoma cells increased significantly in the presence
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of PF68. Goldblum et al. (1990) reported the same effect on insect cells using a modified
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
prev1ous1y reponed differences in the hydrophoblclty of the cell surface of hybndoma ,
and CHO cells (Ghebeh et al., 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 surviyal. 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 15 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 mémbrane 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 cqlture systems. These apparent differences may be because

of variability between cell lines or due to the metabolic state of the cells.

~ Wu et al. (1996) reported that PF68 could decrease the hydrophobicity of insect cell
membranes. In a recent paper we also showed that PF68 decreases the cell
hydrophobicity index of CHO and hybﬁdorha cells (Ghebeh et al., 2002). 1t is suggested
' that a redﬁcﬁon in thé hydfophobicity index of the surfaée of cells accounts fof the
decreased cell-to-bubble attachment in the presence of .PF68. Murhammer and Goochee
‘(1990) investigated the properties of differeﬁt molecular sfructures 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 PF68 could block a leaky cell membrane and protect surface-associated
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immunoglobulin in hybridomas from shear damage. Lakhotia ez 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 t}{at 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
al, 1997). 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 sensitivitgf 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 of both 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., 1992). For these reasons it may be important to minimize the 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
a protected by high shear forces in the presence of PF68. In particular, a pei)per cell culture
was protected by the phenO.IS 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
adherén(;e in stationary culturé. ’i’he PF68 coating the membrane se&es to .eﬁhance
robuétness,' 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 pfotection 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
percenfage of PF68 decreases, the cell adherence increases (explained in Chapter 8). The
effect of PF68 on recombinant protein production was tested in adherent cultures using

CHO cells producing IFN-beta.
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Cell concentrations remain relatively constant between 3.41x10° cells/mL to 4.08x10°
cells/mL after 4 days of growth (Figure 10.1A). However, the IFN-beta producing cell
line showed a slight but significant increase in recombinant protein production with the
increase in PF68 in the media. Figure 10.1B shows a slight trend of product increase as
PF68  concentrations increase, as indicated by the equations: native
y=6.09x10°(x)+0.96x10° (* = 0.98) and denatured y=8.93x10°(x)+1.04x10° (* = 0.98).
Both the native and denatured protein products show a slight upward trend of protein
yield. This leadsvus to believe that PF68 concentrations have a posiﬁvé 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
102 and 10.3. There appeared to be no increase in tPA produced when PF68
concentrations jncreased (pfvalue = 0.8). Cells grown in VO % PF68 yielded a total
maximum cell count of 4.04x10° cells/mL, where the product yield was 3000 IU/mL. At
fhe varﬁng cdncentfaﬁons 6f PFGS (.0.01 % fo 0.5 %), the c.ell éounts v.aried- from‘ 4.0x1 06
cells/mL to 4. 6x10 cells/mL but product yield was between 2700 IU/mL and 3500
IU/mL, thus indicating that there is no impact of PF68 concentratlons on the productlon

of tPA.

10.2.2. PF68 and ELISA

The presence of PF68 could interfere with the ELISA assay, thus giving an erroneous
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 1n PF68 containing and PF68-free media were

243



= o =
2 E = E
G w» -8
53 S E
o° QD
) L0
T2 2%
Ox TR
® Native
8 Denatured 05
-------- y = 6.00x10% + 0.96x10° r*=0.98
—— y=893x10% + 1.04x10° #=0.98
B T T T T T T 0'0
0.02 0.04 0.06 0.08 0.10 0.00 0.02 0.04 0.06 0.08 0.10
% PF68 (W/v) : % PF68 (W/v)

Figure 10.1: Cell growth (A) and IFN-beta titre (B) from CHO cells grown in stationary T-flasks for 4 days under different
concentrations of PF68. The cells were enumerated in trypan blue while product yields were calculated by ELISA.
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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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Figure 10.3: 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. The cell densities and titres are as determined

from duplicate samples, with error represented as SEM.
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Figure 10.4: The effect of PF68 on the determination of tPA titres by ELISA. The tPA '
- supernatant samples tested weére from T-flask cultures with cells in' PF68-free media (0
%), PF68-free grown + diluted with PF68-free media (0 % + 0 %), 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 ﬁo PF68. The original
samples obtained from cultures were from 0 % 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 dilutjng the same sample
such that the final concentration of the sample was 0.1 % resulted in a measured titre of
170013 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
N IFN-beta was not dependent on the presence of PF68. In Figure 10.5, there is-a'n increase
in product titres when cells were grown in the absence of PF68. The product yields are
similar until day 4, where a ma_ximﬁm yield of about 2.80)(1(.)6 units/mL were present in
fhe 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 qells reﬁovgd 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
3.13x10° cells/mL in the presence of PF68, a maximum of only 0.85x10° 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 6374 units/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 %
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 in 0.1 % 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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Figure 10.6: Growth and Productivity of CHO cells producing tPA grown in 100mL Spinner flasks. The cells were grown in 0 % 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 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/celI/dz;y). 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 Figure 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 3.5x10° 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

r IFN-beta because significant growth could be obtained even in the absence of PF68.

Analysis of the IFN-beta produced by cells growh 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 simjlar glycosylation of the products from 0 % PF68 spinners and 0.1
% PF68 spinners with rotation speed of 45 rpm throughout the culturé period. The

integration of the area under the peaks (Figure 10.9) shows that 50 % of the glycans are
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Figure 10.8: Representative glycan profiles from IFN-beta samples from PF68-free (A)
and PF68 (B) spinners. The spinners had a stir rate of 45 rpm throughout the culture
period.
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Figﬁre 10.9: Intégration analysis from Gllyczin énalysis profiles from PF68-freé and PF68
- containing IFN-beta glycans from the profiles in Figure 10.8. The glycan structures are as
‘identified in Chapter 7 (Section 7.2.2). The integration values are expressed as a mean

(£SEM) where (n=2).
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of the bisialylated biantennary glycan form, 20 % of the glycans are of the
monosialylated biantennary glycan form, 10 % are of the monosialylated form, and

roughly 20-30 % are of triantennary and tetraantennary moieties.

10.2.6. The effect of shear forces on the glycosylation 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 infegration of the area under the péaks from the cultures agitated at 100 rpm.
The integration shows that 50 % of the glycans arevof the A2G2FS2 moiety, 18 % of the
glycgns are -of the A2G2FS]} mqiety, IQ % are Qf the A2G2FS0 moiety, and th¢ majority

of the remaining glycans are triantennary or tetrantennary glycans.

Figure 10.12 shows the integrafed areas from IFN-beta glycans isolated from all four
culture conditions. The increased speed of rotation at‘lOO rpm appears to decrease the
monosialylated biantennary structure (7.9 GU) of IFN-beta by 8 %, where the 45 pm
cultures had a monosialylated peak with over 25 % éonformity 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 offset by an increase in the bisialylated biantennary and

trisialylated triantennary glycans structures.

The glycan sialylation can also be detected by WAX (Weak Anion Exchange) as the
sialic acids give the glycah an overall negative charge, thus can be separated out by
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~ Figure 10.10: Glycan analys1s profiles from PF68-free (A) and PF68 containing (B) IFN-
beta glycans grown in 100 pm spinners.. -
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| Figufe 10.11: Intégratidn énélysis from Glycan énaiysis pfoﬁleé (as shown in Figure
10.10) from PF68-free and PF68 containing IFN-beta glycans. The integrated values are

expressed as a mean (SEM) where (n=2).
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Figure 10.12: The effect of PF68 and stir speeds on the glycosylation.of IFN-beta. The
cells were inoculated into 100 mL spinner flasks with PF68-free or PF68 contamlng
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 (+SEM) 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 glyéans are minimal, and the majority of the glycans are of the A2G2FS1
and A2G2FS?2 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 rpmv(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 IEN-beta and not

tPA. Thus the effect of PF68 additidn on protein production appears to be cell line
dependent. The addition of PF68 at low concentrations (between 0 % and 0.1 %)
increased production of IFijeta 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 df PF68 does not affect cell growth at
these concentrations; however PF68 addition at thes.e concentrations decreased cell to
surface adhesion in stationary T-flasks, where the adherence of the cells decréased from

60 % in the absence of PF68 to 5 % in the presence of 0.1 % PF68 (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 spinner 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 (zSEM) where

(n=2). '
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Figure 10.14: Sialylation index of glycans isolated from spinner flasks containing 0 %
PF68 and 0.1 % PE68 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 (£SEM)

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 aCaMKII (Ca** / calmodulin —
dependent protein kinase) to increase cell to surface adhesi(;n caused transfected cells

grew 50 % 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 volﬁmetm’c protein formation was enhanced from the
tPA producing cell line in the presence of PF68. The specific product formation was not
impacted greatly whére -the preéénce 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
sfmilar effect was seen in the 2L bioreactor culture, where the cell yield of CHO 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 prptein 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 ieading 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 was 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 al., 2001).

The addition of different media components in cell cultures has often been found to
affect th.e recombinant protein production from these cells. The effect of PFéS 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 culturing of other cell
lines such as insect and plant cells. The addition of PF68 has been reported to increase
the production of rﬁGM—CSF from Nicoti.czna'tabacu;n.cells (Lee and Kim, 2002). PF68
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 from4
Morinda éitrifotia cells (Bassetti et al., 1995). The use of PF68 for the growth and
production of recombinant proteins inf Sf-9 insect cells, where the presence of PF68
increased the maximum recombinant protein concentration, yield, productivity and
specific production rate by 10-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 e 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 +/- 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 spinner 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 vof 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.

Thefe appeared to be no differenéeé in the macroheterogeﬁeity when .cc.)rnpari.ng the
IFN-beta prodﬁced in PF68-free or PF68;cbntaiﬁing culture media }(p=0.18).' As Wéll,
there was no significant -difference ‘when comparing -the -glycosylated and non- -
~ glycosylated protein yields at a higher spinner rotation siaeed compared to the control 45
~rpm (p=0.90). This finding was different than that bvaeane et al. (2003) where the
~ production of type I1 tPA (with 2 N-glycosylation sites) was 74 % 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



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 sialylbation (9 %) of recombinant secreted alkaline
phosphatase (SEAP) from the Trichoplusia ni insect cell 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.

The comparison of glycans from IFN-beta produced in CHO cells-in the presence and
absence of PF68 showed that this surfactant had no effect on the glycosylation of the
protein. However, a difference was seen when comparing the glycans isolatéd from
proteins produced at a higher shear rate than the control cultures. There was a decrease in
the monosialylated glycan compared to the con‘;rol spinner cultures with rotation speed of

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
éttachment, 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 spinner speeds of 500 rpm, as well as sh‘aker flask with high rotation speeds of 300
rpm, bbth of which allow for bubb1¢ 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 protecgion 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 cell$ to shear forces induce minimal disruption on the
cells. However, ;[he .protecti.ve effect of PF68 éan be iﬁfenéd to bé al’so vdue to a biological
effect. The removal of PF68 from statlonary 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 varled, 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
9.2.5). 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 growthvand recombinant protein production from larger scale bioreactor

cultures.
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Chapter 11

11. General Discussion

In this study, I evaluated the effects of using PF6.8 and microcarriers on the growth of
cells, as well as their effects on productivity and glycosylation of the recombinant
proteins produced. Mammalian cells afe 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 stafcic cultures (Tharmalingam et al.,
2008a). The analysis of glycosylation profiles of protein produced in the presence or
-;dbsenc.e of fF68 .sl.lowe.d thaf theré is vno effect on. glycosyiafion. -Howe\-/er, the
introduction of shear stresses caused the decrease of sial?lation giving a higher

percentage of the A2G2FS1 compared to the A2G2FS2 (See Section 7.2.2).

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-suspensiori stirred culture. In this study we determined the relationship
between the cell 'density» and the épeciﬁc productivity of Chinese hamster ovary (CHO)
cells in both Cytopore 1 and 2 inicroc'arriers. Cells producing recofnbinant IFN-beta

within a Cytopore 2 microcarrier culture showed a 5-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
2x10® cells/cm®, which is comparable to the cell density in typical animal tissué (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 4.2-fold compared to a
single temperature suspension culture in a controlled bench-top bioreactor. Furfhermore
the degree of molecular aggregation was reduced significantly, largely due to the lower
temperature but also partially due to the presence of microcarriers.  These results
indicate that the hypothermic conditions in a Cytopore 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
‘pro'duction 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 al., 2008b). Furthermore, there was a 5-fold enhancement when combined with
hypothermic  culture conditions compared to a suspension bioreactor culture
(Tharmalingam et al, 20080). The approach that we undertook to increase overall
product titres was by obtaining high specific productivitigs 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 éultures
(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 and A2G2FS1) 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 analyzed thoroughly.

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, 1 did show that the glycosylation is altered
when spinner rotatioﬁ speeds are increased. Thus further work is required fo 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 identify 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
enhancement. In my study I reported an increase in product formation from th¢ 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 interesting to analyze the differences in the proteomes

that would léead to increased adhesion to T-flask surfaces in the absence of PF68.

11.1.2. Microcarriers

For further work to be don_e 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 cultﬁre in 2L bioreactors for human IFN-beta
production (Rodrigpez et al, 2008). We have reported that IFN-beta aggregation could be
decreased tb less than 10% 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 geneticaﬂy 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

A.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.

A.2. IFN-beta aggregation

The primary structure of IFN-beta reveals a high number of surface-exposed
; hydrophobié residues (such as Phe-70, Phe-154, Trp-79, and Trp-143) in the vicinity of
the glycosylation site (Karpusas et al. 1997). In the absence of the glycan, the protein is -
more prone to aggregation, due to the poésibility‘ 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.A.l shows the typical cell growth and protein production from the IFN-beta
producing CHO cellg 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
day 3. At days 4 and 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 A.1: The growth and productivity of CHO cells producing recombinant IFN-beta.
The protein titres detected after day 5 decrease, as aggregatlon increases. The values
represent means of duplicate samples + SEM.

292



protein titres drop about 20 % at day 6. When the denatured protein is measured, the yield
is found to increase further to just under 4x10° units/mL from 3.2x10° 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 appenéix. 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 (2007) reported that within a cultere, 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 er al. 2005). The temperature for storage of the IFN-beta samples as well as
rebeated freeée;thawiﬁg were important factors fer fhe aggregation of sarﬁplee, where

protein aggregation was increased with higher storage temperatures (Figure A.2.) and

- . repeated freeze-thawing (Rodriguez 2007).

A.3. tPA degradation

Figure A.3 shows the degradation of tPA. The tPA concentration measured by ELISA
shows an increase in tPA to day 6 of the culture. However af day 7 we see a decrease of
about 20 % in the protein titre compared to day 6. A western blot was done to confirm
that the decrease in pretein 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 apbeared to intensify, until day 5, after which the band was less

intense. The band at 70 kDa appeared to decrease in intensity after day 5, and there was
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Figure A.3. A representative growth and productivity profile of CHO cells producing
recombinant 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 % decrease in tPA specific activity due to extensive
"tPA degradation. Dutton ef al. (2006) alluded to a relationship between the expression of
recombinant protein and the cell cycle phases, where tPA productiori 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 Aspergillus
niger producing cell cultures, whereby maximum volumetric t-PA activity was observed
at appr_oximatély 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.v 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 Chromozyme 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 similar 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 A.4). Samples of tPA were stored at
20°C, 4°C, 20°C and 37 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 % compéred to the
original sample. However, samples stored at 37°C overnight assayed at 83 % 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.
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Figure A.4: Effect of storage conditions of tPA supernatant 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 = SEM.

297



Appendix B
Microcarrier Counting Technique

B.1 Introduction

‘Microcarriers such as Cytopore are composed of a dextran mesh which 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 virtually 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 Qf a 0.1M citric acid sol_utiqn with Triton detergent (2 % v/v) With crysta] yi_olet
solution (Spearman et al., 2005; Yokomizo et al., 2004). However, when looking at high
cell densitiés, it is qﬁestionable as to whether thve nuclei are Being completely remox)ed

" 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.

B.2 Results

A reliable method of cell counting was required to allow growth in the Cytopore
cultures to be monitored. Brightfield photomicrography of cells stained with crystal

violet indicates the level of cell colonization within the microcarriers. Figure B.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 ;[reatment of cells
in the Cytopore microcarriers to 0.1M citric acid, 2 % ({//v) Triton, and 0.1 % crystal
violet. The method involves shaking a 1 to 1 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 fém'oval'of CHO cells from the Cytopore pores (Spearman et

al., 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 25-guage needle and
counted nuclei releése 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 B.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 B.1: Brightfield photo micrograph of CHO cells grown in 1.0 mg/mL Cytopore 1.
The left micrograph indicates a microcarrier with approximately 50 cells (day 2) and the
right image represents a microcarrier with approximately 400 cells (day 4). Microcarriers
were stained with crystal violet. Each bar indicates 50 um.
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Figure B.2: The cell recovery from microcarriers when aspirating through a 25- -guage
needle varying times. The cells were treated with a citric acid solution then enumerated

by crystal violet nuclei stalnlng The number of nuclei released at n=30 was considered to
be 100 %.
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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 refeased into the supernatant we were able to validate the maximum aspirations

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 to
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 buffgr'of the same quantity. The dilution of the buffer allowed us to cl¢ar1y :
see the crystal violet taken up by the nuclei, and allowed for the visualization of residual

nuclet left behind by the aspiration technique.

The removal of nuclei from the microcarriers was also visualized fluorescently. Thé
cell removal was similarly done, where'O.l M citric acid and 2 % Triton was added to
microcarriers and they were aspirated up to 30 times. TO-PRO-3 was’then added to the
microcarriers in a 5 uM concentration and visualized (Excitation 640 nm / Emission 690
nm). Tﬁe nuclei images obtained from the TO-PRO-3 fluorescence were overlayed with
Cytopore (Excitation 470 nm/ Emission 525 nm) and shown in Figure B.3 (A-E). This

enabled us to completely visualize the remaining nuclei retained on the bead.
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Figure B.3: The visualization of nuclei on Cytopore microcarriers. The nuclei were stained with TO-PRO-3 then overlayed with
autofluorescence from Cytopore microcarriers. The integration of the area taken up by nuclei was plotted in the graph (A). Images B
through F show aspirations at n=0, n=10, n=20, n=25, and n=30, respectively. The residual nuclei remaining at n=30 was considered
to be about 5 % of the initial full microcarrier.
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- Figure B.3 (B-F) clearly shows the residual nuclei left behind by the counting
technique aforementioned. The nuclei left behind on the microcarrier are represented by
the darkly stained areas of the microcarrier. In Figure B.3B, we see a microcarrier that
has solely been treated to the crystal violet solution with no aspirations. We could see that
the nuclei remaining on the microcarrier is high, thus indicating that agitating the
microcarriers in the citric acid solution for 30 minutes allows for the removal of just 5 %
‘ of nuclei. In Figure B.3F, we have a microcarrier that has been agitated in the crystal
violet solution for 30 minutes and aspirated through a 25-guage needle for 30 times. The
image clearly shows that there was the removal of 95 % of nuclei by following thisv
method. Figures B.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, -sho'w that n=20 aspirations are
- sufficient for nuclei rémoval from the microcarriers. Subsequently, we adopted a step of
25 aspiration cyéle_s in our standard operating protocol in order to ensure thé_ 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 binucleéted and
multinucleated cells and the presence of micrpnuclei 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 B.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 couhts 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 éfe known
to be inconsistent with the Iiye cell counts. However, we must remain consistent when
comparing Cytopore and suspension 'cu_ltures. to allow for'compari.son between the two
different typeé of cultures. Although there are inconsistencies between the ratio of cells
and .nuclei throughout the lifev 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 B.4: Comparison of nuclei.and cell counts in suspension cultures. The cell density
was estimated using the trypan blue exclusion method and the nuclei density by crystal
violet staining. The single points are represented an average of n=2.
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Appendix C
Growth and Productivity of IFN-beta in biphasic cultures’

C.1 Introduction

Exposure of cultures to low temperafure 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 bi'phasi'c‘ culture involving a shift to the lower
temperature after a period of cell growth at 37 C (Figure C.1). A temperature shift was -
jnducéd_ at days 1, 2, and 3 i_n.an‘ attempt_ to deterrnine'the. optima_l 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™ during the
exponential growth phase and reached a maximum density of 2.5x10° 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 terhperature the population increased to just

over 1.3x10° cells/mL. Reducing the culture temperature to 32°C after 1, 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, 24(4):832-838.
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37°C resulted in intermediate cell yields. Analysis of IFN-beta showed a significantly
higher production at 32°C from the day 2 temperature culture with a yield of 14.4 x10°

units/mL (Table C.1).
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Figure C.1: Growth profile of temperature-shifted cultures (o ;o; A ), 37°C (®) and 32°C
(m) cultures. The temperature-shifted cultures were allowed to grow at 37°C until the
temperature was shifted to 32°C. The arrows represent the day of shift for each
corresponding plot: day 1 (o), day 2 (D), and day 3 (A).
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Table C.1 Volumetric production of IFN-beta from CHO cells grown at 37 C and in
biphasic (37 C to 32 C) cultures.

. T fu ) Native Denatured -
Culture emperature | Shifted Protein Protein Aggregation
Condition e Day o (%)
(units/mL) (units/mL)
37 N/A 1.81 x10° 4.64x10° 61
Monophasic
32 N/A | 1.39x10° 1.98x10° 30
3732 | Dayl 7.08x10° | 8.14x10° 13
Biphasic 37-32 Day2 | 11.38x10%° | 14.4x10° 21
37-32 Day3 | 12.8x10° |  12.8x10° *

~ * Refers to negligible aggregation

309




