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Chapter 4

CHAPTER 4. RESULTS (I1): PRODUCTION OF CapPCV2 USING AdV-HEK293
EXPRESSION SYSTEM

4.1. INTRODUCTION

Up to date there are three different generations of adenoviral vectors based on the modifications
performed on the genome of the natural adenovirus. These modifications have been addressed in
pursuit two major objectives: (1) obtaining space within the adenoviral genome in order to insert the
gene of interest and (2) avoiding virus replication inside the organism body that might cause any
disease. The strategies to obtain the vectors have been directed to eliminate regions of the
adenoviral genome and replace them by the desired gene. There are three types of adenoviral
vectors depending on the adenoviral genome regions that have been modified (Figure 4.1). The
genes in the wild-type adenovirus can be divided in early genes (designated by E) and late genes
(designated by L). The latter, encode mostly for proteins that make up components of the viral
capsid or are involved in the assembly of the capsid. In the first generation adenovirus vectors, the
transgene is inserted in place of E1 and/or E3 regions. E1 genes have regulatory functions that allow
for transcription and translation of the late genes, so they are indispensable for viral replication.
Consequently, E1 region must be provided in trans in the producer cell lines. The E3 region encodes
products that counteract host defence mechanisms; these products are not essential for viral
replication in vitro, and therefore no complementing cell line is necessary. First-generation

adenovirus vectors elicit a significant immune response in vivo, mainly due to the de novo synthesis
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of viral proteins. To avoid this problem, second-generation adenoviral vectors combining deletion
of different early regions (E1/E3 and E2/E4) were generated, increasing the vector cloning capacity
up to 14kb*. E2 and E4 regions are also necessary for viral replication and they must be also provided
in trans by the producer cell line. Nevertheless, trans-complementation during amplification of these
vectors could be less efficient in comparison to first generation vectors due to the fact that some E2-
and E4-encoded proteins are toxic’. A third class of adenovirus vectors is represented by the so-
called ‘gutted’ or ‘helper-dependent’ adenoviruses. These vectors are deleted for all viral genes,
keeping only the 5’ and 3’ inverted terminal repeats (ITRs) and the packaging signal (W) from the
wild-type adenovirus®™®. Such viruses can in theory accommodate multiple transgenes, totalling
about 37 kb. In contrast to first- and second-generation adenoviral vectors, viral proteins are not
provided in trans by producer cells but instead a adenoviral helper-virus is used for vector
amplification. The helper-virus is a first-generation adenoviral vector with a packaging signal flanked
by recombinase recognition sites’. Complementary cell lines for the production of third generation
AdV vectors have been derived from those producing first- and second-generation vectors.

Additionally, they constitutively express the recombinase Cre or/and FLP or ®C31°.

0 10000 20000 30000 360 Transgene
capacity
. g B "'g L, L2, L3, L4 B3, L5
Wild-type M -
adenovirus TR « . * E28 * g MR
First-generation y AE1 AE3
g F— q 8.2 kb
Adv vector Transgene
Second-generation _— AE2 AE3 AE4 +14 kb
Adv vector E Transgena .
Third-generation ¥ 3
k +37 kb
Adv vector Transgene

Figure 4.1. Different generations of adenoviral vectors. Early transcripts are represented by E1-E4
regions and late transcripts are represented by L1-L5 regions.

In the present work, adenoviruses will be used as an expression system for the production of the
protein CapPCV2 (r-CapPCV2), which will be used as vaccine candidate against PCV2 diseases. The
recombinant adenovirus vector has been obtained using AdEasy XL Adenoviral vector system
(Agillent Technologies). This system is based on the principle of homologous recombination in
bacteria and the generated adenoviral vectors are E1/E3 deleted (i.e. first-generation vectors). As
CapPCV2 gene is short (less than 1kb), the capacity of a fist-generation vector will be enough to

accommodate the foreign DNA. In Figure 4.2, the scheme of the process for the generation of
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recombinant vectors is depicted. Briefly, the gene of interest (GOI) is cloned in a shuttle vector
(pShuttleCMV), which will be transformed to an E.coli strain pre-transformed with a vector backbone
containing the adenoviral genome (pAdEasy-1). This feature avoids co-transfection of two plasmids
and dramatically decreases background caused by the non-recombinant shuttle plasmid, making it
easier to obtain colonies that contain the recombinant adenoviral vector. The plasmid encoding the
adenovirus genome and GOl will be transfected to E.coli ultracompetent cells (Materials and
Methods section 8.1.2.3) in order to replicate the plasmid. Finally, the plasmid will be linearized and
transformed to AD-293 cells, which are HEK293-derived cells with improved cell adherence

properties.

PCV2 from E.coli E.coli
field BJ5183- XLGOLD

Figure 4.2. Process diagram for the obtaining of recombinant adenovirus expressing
the protein of interest.
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4.2. GENERATION OF THE RECOMBINANT AdV ENCODING CapPCV2

4.2.1. CapPCV2 OBTENTION AND CHARACTERISATION

The first step for the generation of the recombinant adenovirus in this research project was
obtaining the gene encoding for the protein of the capsid of Porcine circovirus serotype 2 (CapPCV2).
The initial material was the serum from a pig infected by PCV2 virus from field, which its specific
strain was unknown. As stated in the Introduction chapter, there are genomic differences among all
the range of PCV2 strains and at least 5 different genomes have been identified. Also, due to its high
evolutionary rate, PCV2 can adapt quickly to environmental pressures resulting into thousands of
PCV2 strains. Therefore, it was mandatory to sequence the viral genome in order to precisely
characterise 5’- and 3’-end of CapPCV2 gene, which was highly important because the cloning of the
gene into pShuttle required to add enzymatic restriction sites at the extremes of the gene. Also, it
must be assessed the absence of Pmel, Pacl, EcoRl and Hindlll enzymatic restriction sites within
CapPCV2 sequence because these enzymes will be used during the generation of the recombinant
adenoviral vector.

First of all, DNA isolation from sera was performed followed by a PCR amplification of CapPCV2. The
primers used for the amplification (as well as all the primers that will be cited in this chapter) are
listed in Materials and Methods chapter (Section 8.6.2). The primer alignment is schematically
represented in Figure 4.3 (also, depicted in more detail in Figure 10.2.1 in Appendix 10.2). The
expected size of the amplified fragment was 760bp and after agarose gel electrophoresis of the PCR

product, this fragment was correctly identified (Figure 4.4) and purified from gel.

CapFw CapRev
|
Rep (ORF1) Capsid (ORF2)
ORF3
500 1000 1500

PCV2 genome (1768 bps)

Figure 4.3. PCV2 genome scheme. ORFs are depicted as arrows and position of primers used for sera
extracted-DNA amplification are indicated
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designed and used for finely sequence 5’- and 3’-end od
CapPCV2, the obtained sequences were bioinformatically analysed and a final consensus sequence
was obtained (Figure 10.2.4 in Appendix 10.2). The absence of Pmel, Pacl, EcoRl and Hindlll
restriction sites was also confirmed, so the isolated sequence could be directly used for the
generation of the recombinant adenovirus without additional modifications. Upon the sequentation

of CapPCV2, the correct design of the primers that were used to insert the enzymatic sites could be

done.

4.2.2. CapPCV2 CLONATION INTO ADV GENOME BY ADEASY XL TECHNOLOGY.

PCR using ATG and STOP primers (Materials and Methods section 8.6.2) was performed in order to
add Kpnl and Hindlll restriction sites at 5’and 3’ of the gene, respectively. Thereafter, CapPCV2 was
cloned into pShuttleCMV by cohesive-end cloning strategy and transformed into E.coli competent
cells. The plasmid generated after CapPCV2 insertion will be referred to as pShuttleCMV_CapPCV2
(Figure 4.5B). After each transformation presented in this chapter, a minimum of 20 clones were
selected to make a master plate and colony PCR characterisation. From the positive clones,
enzymatic restriction pattern characterisation of a minimum of 5 clones was performed. Finally, the
gene integrated into the final plasmid to be transfected to mammalian cells was sequenced in order
to confirm absence of mutations. In this section, only the results showing the characterisation of the

selected clones carrying the recombinant vector of interest are presented.
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Figure 4.5. pShuttleCMV vector map before (A) and after (B) GOI’s insertion.

Specifically, the characterisation of the clones obtained after pShuttleCMV_CapPCV2 transfection
was performed by two different PCR using distinct pair of primers (PCR1 and PCR2). Besides, EcoRl
was selected for restriction pattern identification. The results obtained corresponding to the final
seleceted clone (onwards Clone6) are shown in Figure 4.6. The fragment expected after PCR1 was
about of 700bp whereas a longer fragment of 824 was expected after PCR2. These two bands were
clearly observed after colony-PCR (Lane 2 and Lane 3 on gel A depicted on Figure 4.6) while they
were absent on the amplification of pShuttleCMV before GOI cloning (Lane 4 on the same gel).
Regarding EcoRIl digestion, two fragments of 5209 and 2940bp were expected when all the
recombinant vector is digested which were clearly observed after restriction (Lane 3 on gel B of
Figure 4.6). Digestion of pShuttleCMV without CapPCV2 was also included as negative control and
the linearisation of the vector was observed (Lane 2 on the same gel). CapPCV2 in
pShuttleCMV_CapPCV2 vector of the selected clone was sequenced in order to ensure that any
mutation had occurred. The obtained sequence was 100% homologous expected one (Figure 10.2.4

in Appendix 10.2).
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Figure 4.6. Characterisation of Clone 6 by colony-PCR (gel A) and enzymatic restriction pattern (gel B). DNA
Ladder: GeneRuler™ 1kb DNA Ladder (Fermentas #SM0313).

Table 4.1. Identification of samples loaded on the agarose gel presented in Figure 4.6.

GELA GELB
Lane ID Sample Expected size (bp) | Lane ID Sample Expected size (bp)
1,5 DNA Ladder -- 1 DNA Ladder -
2 Clone6_PCR1 722 2 pShuttleCMV_EcoRlI digested 7469
3 Clone6_PCR2 824 3 Clone6_EcoR! digested 5209, 2940
4  pShuttleCMV_PCR2 No band 4 DNA Ladder -

After its characterisation, pShuttleCMV-CapPCV2 was Pmel-linearized and transformed into E.coli
BJ5183-AD-1 electrocompetent cells, which already harbour the vector encoding the adenovirus
genome (pAdEasy-1). Within these cells, homologous recombination between the two vectors takes
place. As indicated in Figure 4.7, there is a unique recombination zone on the right side of the AdV
genome encoded in pAdEasy-1 vector (Ad5 RAH), but there are two possible recombination events
on the left side of AdV genome (Ad5 LAH and pBR322ori). It is important to highlight this feature as
it will result in two different enzymatic restriction patterns of the recombinant vector, both of them
indicating correct homologous recombination. The vector generated after homologous

recombination in BJ5183-AD-1 cells will be referred to as pAD1-pSCMV-CapPCV2.
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Figure 4.7. Scheme representing homologous recombination that takes place in E.coli BJ5183-
AD-1 after transformation. In green is underlined the unique recombination zone on the
right site of both vectors (pShuttleCMV and pAdEasy-1) and in blue are highlighted the
two recombination zones on their left side.
After the overnight incubation under selective pressure (kanamycin presence in the culture plates),

three populations could be observed on the transformation plates: very large colonies,
intermediate-sized and small-sized colonies. The vector after homologous recombination is relatively
large (=40kb) and low copy number, so the positive clones after electroporation will slowly grow
under the selective pressure of the antibiotic. Consequently, the small and intermediate colonies are
the potential recombinants while the large colonies represent background from the shuttle vector.
Hence, only the smallest colonies were picked for E.coli transformants screening. The results of the
characterisation of the new selected clone (Clone EQ) are presented in Figure 4.8, Table 4.4 and
Table 4.5. As in previous section, after PCR amplificationa a band of 722bp (PCR1) and a band of
824bp (PCR2) were expected. These bands were correctly detected, indicating the presence of
CapPCV2 within the vector (Gel A on Figure 4.8). For the enzymatic restriction pattern
characterisation, Pacl restriction was carried out. Two different outcomes were expected depending
on the homologous recombination site between the two vectors. Two fragments of =30kb and 3.0kb
should be detected if the recombination took place between the left arm homology sites (LAHSs)
whereas the fragments will be =30kb and 4.5kb in size if recombination occurred between the two
replication origin (pBR322 Ori). As shown in gel B of Figure 4.8, the recombination took place

between pBR3220ris, as indicated by the presence of the band of approximately 4.5kb.
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1 2 3 4 5

GELA GELB
Figure 4.8. Results of the characterisation of clone EQ. Gel A: colony-PCR characterisation; Gel B:
enzymatic restriction pattern characterisation. DNA Ladder on gel A: GeneRuler™ DNA Ladder Mix

(Fermentas #5SM0333). DNA Ladder on gel B: Lambda DNA/Hindlll Marker (Fermentas #SM0103).

Table 4.4. Identification of the samples on gel A in Figure 4.8.

Lane ID Sample Expected size (bp)

1 DNA Ladder -
2 CloneEQ_PCR2 722
3 CloneEQ_PCR1 824
4 DNA Ladder -

Table 4.5. Identification of the samples on GelB in Figure 4.8.

Lane ID Sample Expected size (kB)
1 DNA Ladder -
2 pShuttleCMVundigested Undefined (relaxed, coiled, supercoiled)
3 pShuttleCMV_Pacl digested 4.5,2.94
4 pAdEasy-1 undigested Undefined (relaxed, coiled, supercoiled)
5 pAdEasy-1 Pacl digested 33,5
6 Clone EQ undigested Undefined (relaxed, coiled, supercoiled)
7 Clone EQ Pacl digested 30,4.5
8 DNA Ladder -
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BJ5183-AD-1 E.coli strain is proficient in gene recA which encodes for RecA protein. This protein
plays a central role in homologous recombination and therefore, it was necessary for the generation
of the recombinant pAdEasyl-pSCMV-CapPCV2 vector. Nevertheless, it is not recommended to
perform plasmid amplification in recA+ strains, as the stability of extrachromosal segments of DNA
(i.e. plasmids) is not ensured. For this reason, pAdEasyl-pSCMV-CapPCV2 was transformed by heat-
shock transformation method (Materials and Methods section 8.7.1) into XLGOLD E.coli cells order
to obtain clones recA- in which the amplification of the vector can be stably performed. The selected
clone after this transformation was named clone 2.9. The sequentation of CapPCV2 gene within this

clone was carried out and the absence of mutations was confirmed.

4.2.3. TRANSFECTION INTO AD293 CELLS FOR PRIMARY VIRAL STOCK GENERATION AND rAdV-
CapPCV2 DETECTION.

After ensuring that CapPCV2 has not undergo any mutation that could affect to the correct
expression of the protein, pAD1-pSCMV_CapPCV2 vector was Pacl linearized and purified in order to
transfect AD293 cells for obtaining the primary viral stock. The transfection method used was based
on a modified CaPO4 method and is explained in detail in Material and Methods Section 8.9.4. Five
days post transfection cytopathic effect (CPE) was clearly detected and cells were harvested in order
to recover intracellular rAdV-CapPCV2. The cells that were still attached to the plate at the time of
harvest were recovered in cell media by softly detaching them using a cell scrapper. Cells were
centrifuged and media was replaced either by viral storage buffer or PBS. Thereafter, cells lysis was
carried out by thaw/freeze protocol. This primary virus stock was qualitative analysed for cytopathic
effect, CapPCV2 detection by PCR amplification and r-CapPCV2 detection by ELISA on a first round
infection for virus amplification. 24hours post infection (hpi) of this first viral production round, cells
were harvested and separated from media by centrifugation. Extracellular viral fraction (cell media)
and intracellular viral fraction (lysed AD-293) were separately analysed. The band expected after
PCR2 amplification (=800bp) was clearly detected in both fractions in all the infected cultures, and it
was absent in the uninfected cell culture (negative control) (Figure 4.9). Hence, although any
cytopathic effect (CPE) could be detected at that time after infection, we could ensure that the
recombinant adenovirus was infective. Besides, CapPCV2 gene has not been lost during transfection

or virus amplification.
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Figure 4.9. PCR characterisation of rADV-CapPCV2.

Table 4.6. Identification of samples in Figure 2.9.

Lane ID Sample Lane ID Sample
1 DNA Ladder 5 I.F. rAdV-CapPCV2 (PBS)
2 E.F. rAdV-CapPCV2 (St.B.)* 6 E.F. uninfected
3 I.F. rAdV-CapPCV2 (St. B.)* 7 I.F. uninfected
4 E.F. rAdV-CapPCV2 (PBS) 8 DNA Ladder

" E.F.: extracellular fraction (cell media); I.F.: intracellular fraction (AD293 lysate); St.B.: storage buffer.

72hpi, cells started to detach from tissue plate resulting in the formation of plaques in the
monolayer. Hence, the generated recombinant adenovirus could correctly replicate and propagate
in AD293 cells. The observed CPE was more severe in cells infected with rAdV-CapPCV2 stored in
viral storage buffer in comparison with the recombinant adenovirus stored in PBS (Figure 4.10),
meaning that the first buffer was more suitable for virus preservation. Composition of this buffer is
detailed in Materials and Methods chapter (section 8.10.1.2). Finally, CapPCV2 protein could be
successfully detected by Elisa test (INgezim PCV DAS, Ingenasa) indicating the suitability of the
adenovirus vectors constructed. The absorbance detected in the samples infected with rAdV-
CapPCV2 storage buffer doubled the absorbance of samples infected with rAdV-CapPCV2 PBS (data
not shown), which was in good correlation with the observed CPE.

After the successful obtention of rAdV-CapPCV2, the study of the infection process in order to obtain
the vaccine candidate was addressed and the results are presented in the next sections of this

Chapter.

76



Chapter 4

4.3. SELECTION OF THE BEST CONDITIONS FOR ADENOVIRUS INFECTION

There are several key parameters that affect the viral infection process and its optimisation is crucial
for the bioprocess development. These parameters are related to the environmental conditions, to
the ratio between virus and host cells and to temporary actions such as the time of infection and the

time of harvesting. These factors are briefly described below.

Environmental conditions

The environmental conditions are mainly related to the cell culture media used. Cell media will not
only affect to the physiological state of the cell but also can disturb the viral infection process. In
Chapter 1 of this doctoral thesis it has been shown that depending on the media and the
supplements used, cells can grow better and achieve higher cell densities. This would be directly
related to a better physiological cellular state and it would result in cells more suitable to be infected.
Nevertheless, media appropriated for cell growth can be not recommended for infection. Some
factors such as osmolarity or pH can affect the capacity of the virus to infect the cells. Consequently,
cell media and supplements tested in the first chapter will be evaluated for viral infection and

production.

Multiplicity of Infection

The multiplicity of infection (MOI) is the ratio between the number of infective particle units and the
number of cells to be infected. This parameter has a major influence during the initial stages of the
infection when cells and virus must get in contact and the virus must be adsorbed. As a general rule,
the greater the MOl is, more cells will be infected. Nevertheless, it has been reported that there are
no significant differences on infecting cell cultures at 1x10° cell/mL with MOI=1 or MOI=25". The
determination of the optimal MOI value ensures an adequate infection while maximising the

production yield.

Time of infection

The time of infection (TOI) is a key factor on the specific viral production of the process. Once the
viruses have entered the cell, they need to replicate their genome and produce the proteins for the

new viral particles at the expense of the host cell’s energy. Consequently, it is mandatory to define a
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moment in which there is a relative high cell density presenting a good metabolic and physiologic
state. Also, at TOI the environmental conditions should be adequate in order to avoid any nutritional
limitation or by-product inhibition that can affect the biocatalyzer during the infective cycle.
Typically, cells are infected in the middle of the exponential growth phase, in order to ensure correct
culture conditions. Nevertheless, the time frame to select optimal TOI could be extended until a
point close to the end of cell growth, at which the virus of interest would have enough time to
perform a complete viral cycle. In a cell culture, the time of infection is directly related to a specific
viable cell concentration. This last parameter is much more used when referring to TOI than the
hours of cell culture’™. Therefore, along this chapter TOI will be expressed as cell density at TOI

(cell/mL) instead of hours of cell culture.

Time of harvest

The time of harvest (TOH) is defined as the post infection time in which the product of interest is
withdrawn. In the bioprocess addressed in this Chapter, the products of interest are two: the
recombinant adenoviral vector itself (rAdV-CapPCV2) and the recombinant protein encoded in that
vector (CapPCV2). The optimal TOH is when the maximal concentration of product is achieved
without affecting its quality.

TOH can be decided depending on if the product of interest is recovered from the intracellular or the
extracellular fraction. It is reported that 48hpi the volumetric adenovirus productivity is typically at
its maximum, but at that time a small percentage of the virus (usually less than 50% and as low as
10%) has been released from cells’. In case that it is desired to recover adenovirus on the
extracellular space, it must be taken in mind that the stability of the adenovirus in the media should
be assessed. Besides, when the product of interest is the recombinant protein, it must be considered
if the protein will be secreted to extracellular space or if it will remain in the cytosol. In the first case,
protein stability in cell broth must be considered, as in the case of AdV recovery. In the second case,
it must be taken into account that 24hpi, cell viability starts to drop and the intracellular processes
related to cell death might affect protein quality. Also, other factors such as catalytic activity, protein

10,11

aggregation or glycosilation pattern should be considered when evaluating the quality of the

produced recombinant protein.

The optimum of each of the stated parameters will depend on AdV serotype, transgene, and also the

input MOI. Therefore, the optimal values must be studied for each particular bioprocess.

In the current research project, the optimisation of the explained parameters will be studied with
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two objective functions: maximisation of adenoviral vector productivity and maximisation of protein
productivity. In order to study the infection parameters it is highly valuable to establish a fast,
precise, reproducible, low time consuming and cost effective method of titration and protein
qguantification. The titration of the recombinant adenovirus generated in this project (rAdV-
CapPCV2) is performed with an immunochemical assay. This type of assays typically present high
variability and are time-consuming. Besides, CapPCV2 quantification is carried out by ELISA
technique, which present two major drawbacks: high variability and high cost. For these reasons, the
research of the best infection parameters was addressed with a recombinant adenovirus expressing
the Green Fluorescence Protein instead of with the generated rAdV-CapPCV2. The use of fluorescent
proteins improves the detection of infected cells and reduces both the viral titre variability and the
titration time*%. Moreover, GFP quantification techniques such as fluorimetry or flux cytometry are
more reproducible and cost-effective in comparison to ELISA test. The set-up of the protocols for

rAdV-GFP and rAdV-CapPCV2 are detailed in Appendix 10.3.

In the following sections, the study of the best infection conditions are presented. It should be
mentioned that as small differences on the experiments onset would led to significant differences on
their outcome, a simple diagram of the experimental design with a brief description of it will be

done along the next sections of this chapter.

4.3.1. EVALUATION OF CELL MEDIA AND SUPPLEMENTS EFFECT ON ADV INFECTION AND ADV
PRODUCTION.

Cell media evaluated in Chapter 1 for cell growth were evaluated again but in terms of their
suitability for adenovirus production. Two parameters were studied: the influence of media on the
efficacy of infection and the effect on adenovirus production. On one hand, we wanted to evaluate
whether the physicochemical media conditions and cell state at the selected TOIl were suitable to
enable a good entrance of the virus to the cell. On the other hand, we wanted to asses whether cell
media could supply the necessary resources during the whole infective cycle in order to get a good
viral production. The evaluation of the infection parameters will be performed based on the
infective viral progenie measurements. In these preliminary experiments, TOl was established at the
middle of the growth phase in order to ensure an appropriate cell state for AdV infection. MOI was
set at 1, a middle value to avoid massive cell damage in a single-round infection process. Finally, TOH
was selected on basis to the most reported in literature and it was set at 48hpi. In Figure 4.11, an
scheme of the experimental approach for cell media evaluation is presented. Cells were adapted to

grow in the corresponding media before the experiment onset. At least three passages checking
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correct duplication time and viability were performed. At the beginning of the experiment, complete
media replacement was performed for results reproducibility concerns. As the studied variables
were efficiency of infection and AdV production, a unique cell culture for each media was carried out
in order to avoid cell growth differences before infection. At TOI, the mother cell culture was split
into three cultures to be infected and one uninfected culture for correct cell growth assessment.
20hpi a sterile sample was taken to determine the percentage of infected cells by flow cytometry (i.e.
percentage of positive GFP cells) and GFP intensity. At TOH (48hpi) cells were harvested and
supernatant was separated from cells in order to quantify extracellular viral fraction separately from

intracellular viral fraction.

Cell Experiment TOI Efficiency of infection TOH
adaptation ONSET evaluation
1 1 X3 1
CDM4HEK293
e 20hpi
I3 | ¢ % of fluorescent cells
> y > > by flow cytometry >
SFM4HEK293
1 '1 X3 Il
SFMTransFx293

¢ Cell broth centrifugation.

Complete

Minimum of 3 - MOl 1 * Supernatant separation
passages in media and direct titration (if
. replacement. TOI (x108 cell/mL) 1 .
corresponding possible).
media Xv,=0.25x10° : 48  Resuspend péllet in Viral
' cell/mL. TOH (hpi) P P

storage buffer.

e Cell lysis by heat shock
protocol

¢ Intracellular AdV fraction
titration.

e Unique cell
culture per
media.

Figure 4.11. Scheme of the experiment for cell media selection for AdV infection and production.

The results of the infection of HEK293 cultures in each media are presented in Figure 4.12. In regard
the efficiency of infection (Figure 4.12A), it can be noticed that there were not significant differences
among the three media. Moreover, the percentages of infection for all media were in good
correlation with the percentage predicted by Poisson distribution for an effective infection (Eq.4.1)"
which at MOI=1 is 63%, indicating that there was no negative effect of the media on infection

efficiency.
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Figure 4.12. A) Efficiency of infection of the three commercial media tested. Percentages of cells
expressing the gene reporter (GFP) are given as the average of three replicates (n=3). Error bars
represent standard deviation of one measure of each replicate. B) Viral titer obtained from the
infection of HEK293 cultured in the three commercial media tested. Grey dashed part of the bar
represents the inoculated virus (IFUg) and total height of the bar represents the final titer
calculated at TOH ([IFU]). Hence, black part corresponds to the net adenovirus production. [IFU]¢
is calculated as the sum from extracellular and intracellular fraction. Error bars indicate the
standard deviation of the titers obtained. Specific values of averages and standard deviation are
specified on the top of each bar.
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Figure 4.13. Cell growth and viability profiles of infected and unifected cell cultures in each
media. A) HyQ CDM4HEK293 B) HyQ SFM4HEK293 C) HyQ SFMTransFx-293

Pk = Lmd)

o (Eq. 4.1)

Where:

P(k) = probability than any cell is infected with K particles
m=MOI

k=number of viral particles in a given cell

Viability (%)
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between HyQ SFM4HEK293 and HyQ SFMTransFx-293 cell media ((9.230+1.27)x10’ and
(7.58+2.49)x10’ Infective particle units/mL (IPU/mL) respectively), whereas the use of HyQ
CDMA4HEK293 resulted in one log-unit decrease of the final titre ((9.70+0.78)x10°). These results can
be explained through the analysis of cell growth evolution depicted in Figure 4.13. After infection,
cell culture grew for 24h although the growth rate decreased in comparison to uninfected cell
culture, regardless the cell media used. Thereafter, viability dropped continuously until TOH. This is
in good correlation with virus cell cycle: DNA replication occurs approximately between 10-24hpi
and virus assembly and DNA packaging happens around 20-48hpi’. The energy spent for viral DNA
replication is the cause of growth rate decrease after infection, while no CPE is observed until the
onset of virus maturation. In case of HyQ SFM4HEK293 and HyQ SFMTransFx-293 cell media, the
uninfected cultures grew 72 additional hours from TOI in infected cultures, indicating that media
could still provide enough energy to cells and this energy would be redirected from cell growth
duplication to adenovirus production in infected cell cultures. In contrast, a drastic drop on growth
rate was estimated in the uninfected culture in HyQ CDM4 media, although viability drop was softer
in comparison to the infected cultures in this media. This observation made us conclude that the
lower specific production in HyQ CDM4 media was due to some nutritional limitation that was also

affecting the cell growth in the uninfected culture.

As AdV specific production was not significantly different between HyQ SFM4HEK293 and HyQ
SFMTransFx-293 and cell media and culture strategies study (Chapter 1) were mainly performed in
HyQ SFMTransFx-293, it was decided to study the effect of nutritional supplements on AdV infection
and production using that media as basal media. The experimental design was the same as
described in Figure 4.11 but instead of different cell media, different nutritional supplementations
were studied. Specifically, the conditions tested were: 5%FBS, 10% CB5 (80g/L) and 5%FBS +10%CB5
(80g/L) addition.

In Figure 4.14A it can be observed that the expected percentage of infection (around 63%) was
reached in all conditions, although the addition of FBS slightly increased this percentage up to
68.00£0.4% in comparison to the 58.25+0.07% obtained when FBS was deprived. The positive effect
of FBS became more evident when focusing on the viral titre obtained. As presented on the right bar
chart of the same figure, the maximal viral production was achieved when FBS was added solely to
HyQ SFMTransFx-293 (4.12-10% IPU/mL). This viral titre represents an increment of 5.5 times the viral
titre obtained in cell cultures without supplementation. Differently, the addition of CB5 had no
significant effect in comparison to cell medium without supplementations. Contrarily to the

evaluation of the causes of low AdV production on the prior presented culture media study, the
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reduction of AdV volumetric production when CB5 was added could not be related to a possible
nutrient limitation of media. As shown in Figure 4.15, uninfected cell cultures progressed as
expected. This is, that in the worst AdV production scenario (HyQ SFMTransFx-293 10%CB5
supplemented) cells grew exponentially until 114h of cell culture, which represents 72 additional
hours of exponential growth upon TOI in the infected cell cultures. The fact that uninfected cells

could grow exponentially for this additional time, rule out the possibility of nutrient limitation.
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Figure 4.14. A) Efficiency of infection of HyQ SFMTransFx-293 without supplementation and
supplemented with one or both supplements (FBS and CB5). B) Viral titer obtained from the infection of
HEK293 cultured in the same conditions as panel A. Grey dashed part of the bar represents the
inoculated virus (IFUg) and total height of the bar represents the final titer calculated at TOH ([IFU];).
Hence, black part corresponds to the net adenovirus production. Specific values of averages for each
parameter and condition are presented on the top of each bar.
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Figure 4.15. Cell growth of infected cultures in contrast to uninfected cultures in HyQ SFMTransFx-293
with different supplementation. A) 0%FBS 0% CB5 B) 5%FBS 0% CB5 C) 0%FBS 10% CB5 D) 5%FBS 10%
CBS5.

Besides, the reduction on final AdV production under this condition could not be only related to the
depletion of FBS. When FBS was added in combination with CB5, viral production was almost
doubled with respect the basal medium, but the viral titre did not reach the value obtained on FBS
sole supplementation condition. Therefore, it can be assessed that although CB5 does not interfere
on the infection process it does negatively affect to the production of adenovirus. Nevertheless, the
beneficial effect of this nutritional supplement on cell growth has widely been shown in Chapter 1.

Therefore, since further cell culture strategies development using CB5 would be studied in order to
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increase even more the cell densities already achieved, it was decided to study infection parameters
with the addition of this supplement to media. Increasing the biocatalyzer concentration (i.e.
HEK293) would compensate the decrease on process productivity that CB5 would cause due to the

slight reduction on AdV production.

4.3.2. MOI, TOI AND TOH SELECTION.

The infection parameters MOI, TOIl and TOH previously described are closely related one to each
other. For instance, the highest the MOI would be, the lowest the TOH, as the infection would
develop faster and also no reinfection would occur. In order to study the interrelated effect of the
three parameters, a fractional factorial experiment with three variables studied at different levels
was carried out. The experiment was design in order to accomplish a double final objective: (1)
maximise protein production and (2) maximise adenovirus production. The selected experimental

space was decided on basis the following premises:

TOI
This parameter directly depends on cell growth of the cell strain to be infected in the selected cell
media using a determined cell culture strategy. Based on the studies presented in Chapter 1,
working in batch mode with HyQ SFMTransFx media 5%FBS and 10%CB5 (80g/L) supplemented, the
maximal cell density for infection could be extended until approximately 13x10°ell/mL (i.e.
approximately 48 hours before reaching Xvn.,) (Fig.4.16). Nevertheless, in order to ensure proper
cell condition, it was decided to reduce the experimental TOI range to the half of the maximal cell
density that can be achieved. Hence, two TOIs were selected in this first optimisation approach:
1x10%cell/mL as it is the most reported value in literature and 5x10°cell/mL as a value close to the

end of Ymax phase.
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Figure 4.16. Reference cell culture of HEK293 growing in SFMTransFx-293 media 5%FBS and
10%CB5 (80g/L) supplemented. The time frame where TOI could be studied is light-grey
shadowed and the final selected TOI range is dark-grey shadowed.. Arrows indicate the final
selected TOls.

MOl
Based on previous studies performed within our research group an intermediate MOI=5 was
selected. From this value, equidistant values (+1 and -1) were determined at MOI=7.25 and
MOI=2.75. A value of MOI<1 was also included in the study in order to get information about how a
non-single round infection performs. Consequently, the equidistant point from 2.75 (MOI=0.5) was

selected.

TOH

Due to the limitation of GFP detection in cell media (see Appendix 10.3) and also because Cap-PCV2
cloned into the adenoviral vector does not have any tag for purification purposes, it was decided to
recover the protein of interest in the intracellular fraction.

After the preliminary studies presented in Appendix 10.3, the range within 32-48hpi was studied for
protein production. In regards AdV production, it must be pointed out that only the infective
fraction of AdV production will be considered for production and productivity evaluation. Therefore,
the experimental TOH range was delayed in comparison to the one studied for protein production to
ensure proper virus maturation. Two TOHs were selected for AdV production optimisation: 48hpi

and 56hpi.
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Table 4.7. Factorial design for GFP production maximisation. Each condition is performed in triplicate.

Parameter Level ID Real Value

TOI (X10° cell/mL) i
+ 7.25

0 5
MOl - 2.75

- 0.5

++ 48

+ 45

. 0 41

TOH (hpi) 33
-- 35

32

The study of best infection parameters will be presented in two separated sections. First,
maximisation of protein production will be discussed and secondly, AdV production maximisation

will be exposed.

4.3.2.1. SELECTION OF BEST INFECTION PARAMETERS FOR PROTEIN PRODUCTION MAXIMISATION.

The response variable measured in order to evaluate protein production was intracellular
fluorescence intensity and cell density. The evaluation of the results will be done on basis of specific
production (Ygrex), specific production rate (qgpger), volumetric production (Vpger) and volumetric

productivity (Qpgre). The calculation of these parameters is specified and argued below:

[GFP]

=l Eq. 4.2
— (Eq. 4.2)

Specific production (Ygrp/x) =
Where:
[GFP] is the GFP concentration of the sample

TCD is total cell density

Total cell density was considered to be more appropriate than viable cell density due to the fact that
dead cell population could be as fluorescent as living cell population (see Appendix 10.3).
Nevertheless, it must be pointed out that that the sample preparation process could cause cell lysis
to membrane-damaged cells (i.e. cells considered dead by the Trypan-blue viability assessment

methodology used) resulting in GFP release to media. This fraction of GFP would not be considered
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as only the intracellular fluorescence is measured and this would result in some underestimation of

GFP production.

A[GFP] (Eq. 4.3)

Specific production rate (qpere): ~or

Only data from the period in which GFP could be expressed was considered for calculation of
Integral total cell concentration (i.e. 32hpi onwards). This was decided in order to avoid guarr
underestimation due to the early period of viral cycle (=12h) when virus entrance, uncoating and

DNA replication take place but there is not GFP protein production.

Volumetric production (Pgrp) = [GFP]pax (Eq. 4.4)
Where:

[GFP]max is the maximal GFP concentration measured

[GFP]max (Eq. 4.5)

Volumetric productivity (Qpgrp) = -
[GFP]max

Where:

Tiarpimax IS the time to [GFP]max

Two different Qpesre (Qpicrr and Qpyger) are evaluated. For Qp; calculation, only the time from the
infection until [GFP] . is considered, whereas for Qp, the time from the beginning of the bioprocess

until infection is also taken into account.

The experiment was performed as depicted in Figure 4.17. All the cultures to be infected derived
from a unique cell culture in order to avoid variability on cell growth before infection. A unique viral
dilution was performed and different volumes from this dilution were inoculated to cell culture in
order to obtain the desired MOI. This strategy was decided to avoid dilution errors and hence,
reduce intra-experimental variability. At the selected TOH, an aliquot from cell broth was sterile

removed and fluorescence quantification was performed by fluorimetry.
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Figure 4.17. Scheme of the experiment for the selection of the best infection parameters for protein
production maximisation.

The first important point to be addressed on the discussion of the experiment’s outcome is the
noteworthy decrement on specific production (Yse) observed when cells were infected at the
higher TOIl. In Figure 4.18B and Figure 4.18C the surface response curve of Ysep/ as function of MOI
and TOH at the two evaluated TOls are presented. The maximal value for specific production was
encountered at intermediate MOIs and at the highest harvesting time evaluated when cells were
infected at TOI=1x10° cell/mL. Under that conditions, Yerri Was reduced almost three times at
TOI=5x10° cell/mL in comparison to TOI=1x10° cell/mL. This fact indicates that although cells were
still exponentially growing (control cell culture, Figure 4.18A), the environmental conditions or the
physiological cell state were not appropriate for adenovirus infection and replication, thus reducing

final protein concentration.
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If we focus on maximal Ygrps at TOI=1x10° cell/mL, no significant differences could be detected
among MOIs 7.25, 5 and 2.75. Hence, the latter should be the preferred one for GFP production in
order to increase process profitability. Infecting cells at MOI>5 would increase the requirements for

a virus seed inventory (hence, process cost) without increasing protein production.

Figure 4.18. (A) Control of cell growth culture (B) Evaluation of Ygp/x at different MOI and TOH when infection
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of HEK293 was performed at TOI=1x10° cell/mL or at (C) TOI=5x10° cell/mL

Concerning specific production it is also worth to mention the prompter achievement of maximal
Yerrx at MOI=7.25 when cells were infected at the higher TOl in regard infection at the same MOI
but at the lower TOI. This could be explained on basis to the sudden drop on viability and aberrant
cell morphology (although not complete cell lysis) that was observed at MOI=7.25 and
TOI=5x10°cell/mL from early stages after infection, which was not detected when cells were infected
at the same MOI but TOI=1x10° cell/mL. The highest the CPE is, the more GFP will be released to the
extracellular space, resulting in a drop of GFP concentration as only the intracellular fraction is
measured. Also, inadequate physiological cell state might lead to intracellular protein instability and
consequently, drop on fluorescence emission. The greater drop on GFP quantification in comparison

to the drop on total cell count will result in a reduction of the ratio [GFP]/TCD, hence specific

production.
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In regards gpcee evaluation at TOI=1x10° cell/mL, no significant differences can be detected between
MOI 7.25 and MOI 5 but a substantial increment was estimated for infection at MOI 2.75 (Table 4.9,
red square), confirming the suitability of HEK293 infection at this MOI.

Table 4.9. Comparison of GFP production parameters at different infection conditions. Maximal

values for each parameter are underlined. Groups of data are highlighted in coloured squares to

better follow the discussion. Arrows indicated the direction at which values should be compared
for better understanding of the text.

MO! QpGrp Pgep Qpicee Qpcee
(pgero/cell-d?)  (ugere/mL)  (Mger/mL-d™)  (pgere/mL-d™)

7.25 l 16.22+1.19\ 25.38%0.96  14.9210.56 6.70£0.25
m% 5 17.44+1.19 | 29.79+0.07  16.210.10 7.58+0.03
g 275 | 27.79%2.52 | 39.67+4.72  20.32+2.41 9.81+1.17
T 05 628120 | 10.72:063 548032 2.65£0.16

7.25 ND T 46.42£0.82 /. 34.8120.61 7.13£0.13
mg 5 ND 46.45¢3.22 | '27.19+1.88 6.7410.47
g 275  1.99+0.90 | 40.76+1.68 | 23.86:0.99 5.92+0.24
T 05 0.72¢0.08 | 13.61:0.82 ) 6.95:0.42 1.91+0.11

\.

"It could only been calculated until T=41hpi. Afterwards, a significative productivity drop was detected.

With respect to volumetric production (Pgrp), the greatest GFP concentrations were achieved when
infections were performed at the highest TOIl and high MOls (Table 4.9, blue square). Nevertheless,
the increment on maximal [GFP] was not proportional to the increment of cell density. In the case of
a direct relation between cells to be infected and GFP production, a five-fold increment on
volumetric production should be expected when infecting at TOI=5x10° cell/mL instead of TOI=1x10°
cell/mL. However, only 1.5 to 2-fold-increment was achieved. Once again, the increment on MOI
was not related to a higher Pgrp, neither at TOI=1x10° cell/mL nor at TOI=5x10° cell/mL. In fact, at the
lower TOI tested, the infection MOI=2.75 resulted in higher volumetric production which is
consistent with the higher specific production calculated at that MOI. Finally, focusing on Qpgs,
higher values were achieved at TOI=5x10%cell/mL when only the time from infection is considered
(Qpigre, Table 4.9, orange square). Among the MOIs tested at this cell density of infection, 7.25
resulted in the highest estimated Qpgrp. However, the Qpgrr increment was not proportional to the
increase of MOI. Besides, if the time needed to reach cell density of infection is considered (Qpsrr
Table 2.9, green square), TOI=1x10° cell/mL, MOI= 2.75 and TOH = 48hpi should the conditions

selected based on the volumetric productivity of the process. Nevertheless, it is important to bear in
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mind that this decision would directly depend on the design of the process. On the one here
presented, infected cells derived from the same inoculum. Hence, three additional days were
needed to reach cell density for the higher TOIl. This could be avoided by implementing an inoculum
train where cells would be maintained at 5x10° cell/mL. Consequently, only time after infection
would affect to Qpgrr and thus, the highest cell density for infection should be considered, as it

would result in higher volumetric productivity of the process.

Taking into account all these data, two different scenarios can be distinguished. When the infection
is performed at low TOI, the best results for protein production are achieved working at
intermediate MOlIs (i.e. MOI=2.75). This would be related to an optimal condition of cell culture,
enabling a good entrance of the virus to the cell and the cell efficiently producing the recombinant
protein at the maximum rate. Infection at TOI=1x10° cell/mL and MOI>2.75 may result in a massive
block of intracellular mechanisms and hence, reduction of specific protein productivity (gpgre). On
the other hand, at TOI=5x10° cell/mL the infection seems to be more inefficient, as in this scenario
the greater values for volumetric productivity are achieved at higher MOls (i.e. MOI=5 or MOI=7.25).
The more viruses, the more chances that the event virus-attach-cell occurs. If this first step of the
infection is inefficient, more events are needed to result in the same number of final viruses
entering the cell. Moreover, intracellular cell condition at high TOl might be worst for protein
production, as g, is reduced for all the MOls tested in comparison to these parameter at low TOI. It
is interesting to point out that between TOI=1x10° cell/mL and TOI=5x10° cell/mL a lactate shift from
production and secretion to consumption is noticed (Figure 4.18A). This metabolic change of the
cells coincides with the end of the exponential growth rate and might also be related to the lower
protein production when infecting at the higher TOIl. Nevertheless, further studies of the relation

between metabolic shift and protein production should be carried out to validate this hypothesis.

4.3.2.2. SELECTION OF BEST INFECTION PARAMETERS FOR rAdV PRODUCTION.

As previously stated, the response variable measured for the evaluation of the AdV production was
the infective particles produced by HEK293 and harvested at the end of the bioprocess. The
evaluation of the results will be done on basis the specific production (Yaqx), the infective particle
ratio (IPUg), the volumetric production (Pss) and volumetric productivity (Qpags). Some
modifications on the calculation of Yy, Pagv and Qpaqgv had to be done in order to determine their

value more accurately and reduce variability on the results.
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[AdV]Ton (Eq. 4.6)
VCDTo1

Specific production (Y gqy/x) =
Where:

[AdV]1oy is the Adenovirus concentration at the time of harvest (TOH) calculated after
sample titration.

VCDrq, is viable cell density calculated at the time of infection (TOI).

In some of the studied conditions, cells were severely damaged at TOH and the vast majority of cells
presented aberrant morphology that hindered cell count and viability determination. This mostly
happened at the latest TOH (56hpi) and at higher MOls. The possible error on cell count could
significantly affect the results and consequently, the obtained conclusions. Besides, at the highest
TOH and MOI>1 cell lysis due to adenovirus infection has already started. Differently to GFP
guantification, extracellular fraction of adenovirus was also considered. Hence, if cell density at TOH
is used for Yaqyx determination, an overestimation of this value would be made. To avoid both cases,

it was decided to use viable cell density at time of infection to work out Yaq/x.

Infective particle ratio (IPUg) = [IIEU]f (Ea.4.7)

[1PU]o

Where:
[IFU]; is the concentration of infective particle units at TOH.

[IFU]o is the concentration of infective particle units at TOI.
Volumetric production (Vpgay) = [AdV]Ton (Eq.4.8)

Where:
[AdV]1o4 is Infective particle units concentration at the indicated time of harvest (i.e.

48 or 56hpi).

For AdV production evaluation, only two TOH were selected instead of performing a complete
kinetic study of AdV production. Therefore, it was decided to analise the results at both TOH instead

of selecting the one at which [AdV] was maximal.

[AdV]ToH (Eq. 4.9)

Volumetric productivity (Qpav) = oM
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The experiment was carried out as depicted in Figure 4.19. As it was performed in the experiments
for GFP production maximisation previously presented, all cultures of this experimental set derived
from a single cell culture in order to avoid variability on cell growth before infection. Also, a single
viral dilution was performed and different volumes from this dilution were inoculated to cell culture
depending on the MOI desired. At the selected TOH, an aliquot from cell broth was sterile removed
and cell lysis was performed by heat shock protocol. In order to avoid intra-assay variability, the
sample removed at TOH=48hpi was stored at -802C until the sample of TOH=56hpi was taken. The

titration of both samples was then performed in a single assay.

1/x dil

1/ Y\

. Unique viral
Desired TOI dilution bank per
— TOI
Viral Stock
x2 x2 x2 X2
1 ]
Unique cell growth culture l
TOH 48hpi TOH 56hpi
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Store -802C 12h

|

20’ -809C + 5'372C (x3)
Centrifugation 10’ 12000rpm RT?
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Figure 4.19. Scheme of the experiment for the selection of the best infection parameters for AdV production
maximisation.

As it can be observed in the charts of Figure 4.20, the infection at TOI=5x10° cell/mL resulted in a
significant drop of Yaayx in comparison to infection at TOI=1x10° cell/mL, which correlates well with

the results presented in the prior section. However, the influence of TOI on the reduction of specific
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production was greater in Adenovirus than in GFP production. The most important fall occurred at
MOI 2.75 TOH=56hpi when Yas,x was reduced more than 20 times at TOI=5x10° cell/mL in
comparison to TOI=1x10° cell/mL. The lowest drop on specific AdV production was observed at
MOI=0.5 TOH=56hpi and it was approximately 5-fold reduction which was still higher than the
highest drop calculated for GFP production (i.e. 3-fold drop at high TOl in regard low TOIl). It can be
hypothesise that he production of a monomeric protein would require less energy and would occur
before in viral cycle than the production of all the capsid proteins and their assembly for the
production of new viral particles. Even if the AdV could be produced, the final assembly might be
incomplete resulting in non-infective AdVs. Consequently, if the environmental conditions or the
physiological cell state at TOI=5x10° cell/mL have a detrimental effect on GFP production, this effect
will be far more evident for a more complex process in terms of time and energy (i.e. Adenovirus
production).

The parabolic shape of the tridimensional representation of specific production as function of MOI
and TOH when infection was performed at TOI=1x10° cell/mL (Figure 4.20A) indicates that the best
condition for AdV production is an intermediate MOI (3<MOI>5) and a TOH=58hpi. Although the
results suggest that longer times of harvest should be tested in order to clearly define a Yaax
maximal point, this was not performed on basis of the constraints of the studied bioprocess (i.e.
recombinant protein must be recovered in the intracellular fraction for easier downstream process).
Besides, the flat shape of the TOI=5x10° cell/mL implies that any significant differences are found in

Yaqvx among the selected infection conditions.

Y pavix (1PUIcel))
R Y pavix (1PUIcell) N

Figure 4.20. Evaluation of Y4« at different MOl and TOH when infection of HEK293 was performed at (A)

TOI=1x10° cell/mL or (B) TOI=5x10° cell/mL. y-axis had to be re-scaled (x10 in chart A) for correct visualization
purposes
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The second parameter evaluated was the infective particle unit ratio (IPUg). The results offer
additional data to determine the already discussed drop on adenovirus production when increasing
TOIl. IPUg values for all the MOls tested at different TOls and TOHs are compiled in the Table 4.10
and the representation of the results for each TOI tested is presented in Figure 4.21. The first point
to be addressed is that at TOI=1x10° cell/mL there is a direct relation between IPUz and TOH
regardless the MOI (black arrows, Figure 4.21, left panel). On the contrary, at TOI=5x10° cell/mL an
inverse relation between IPUi and TOH was noticed (black arrows, Figure 4.21, right panel). This
could indicate that media conditions at upper TOI affect virus stability, so the longer the virus
remains in the extracellular space would lower the infective capacity of the virus. It is also
interesting to comment that at low TOI and MOI>1, IPUz and MOI are inversely related. This is, that
despite the TOH, IPUg increased as MOI decreased until MOI<1 (blue arrows in Figure 4.21, left
panel). In contrast, at TOI=5x10° cell/mL the inverse relation between MOI and IPUz was maintained
even for MOI<1. This fact indicates that the viral load does also affect viral cycle progression at
higher TOL. Increasing MOI resulted in a higher probability that more than one virus enter the cell
leading to a more aggressive infection. This means that more virus trying to replicate within the
same cell might cause more severe CPE and eventually cell machinery may be blocked resulting in
less viral production. The hypothesis is, that the better the physiological state of the cell is, the
better the cells progress after infection at higher MOI. This would fit with the obtained results: at
low TOI, the physiological cell state would enable the correct infection cycle progress at MOI 2.75
resulting in a more effective adenovirus production and IPUgoi 2.75) > IPUgmor 0.5 Conversely, at
TOI=5x10° cell/mL the cell state wouldn’t somehow resist to an infection at the same MOI leading to

an inversion of IPUg relation (IPUgmoi2.75) < IPUgpvior 0.5))-

150 TOI 1 150 TOI 5
125 125
100 100
o o« = TOH=48hpi
E 75 g 75 \ —= TOH=56hpi
50 / 50
25 25 N N
0 0 a- B
7,25 5 2,75 0,5 7,25 5 2,75 0,5
MOI MOl

Figure 4.22. IPUg calculated for eah MOI and TOI at the two different TOHs evaluated. Left panel:
TOI=1x10° cell/mL; Right panel: TOI=5x10° cell/mL.
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Table 4.10. IPU; at the different evaluated conditions.

TOI= 1x10° cell/mL TOI= 5x10° cell/mL
48hpi 56hpi 48hpi 56hpi
7.25 26.73t1.46 46.86:2.39 nd nd

5 57.6243.42 118.26%2.07 7.63:2.43 5.19£155
2.75 71.15#3.23 126.57+3.17 14.80£2.30 8.07+0.62
0.5 27.80£1.78 97.96+6.35 53.78+5.94 39.19+7.75

MOl

Finally, focusing on the effect of TOH on IPUg, different tendencies depending on TOIl can be
observed. At low TOlI, IPUg increases along with TOH, whereas at TOI=5x10° cell/mL a decrement of

IPUg was detected at higher TOH.

Regarding volumetric production evaluation, completely different outcomes were obtained
depending on the TOI. In Figure 4.22 and Table 4.11 AdV volumetric productions of the different
conditions tested are presented. On one hand, at TOI=1x10° cell/mL the AdV final titre lowered
along with the decrement on MOI as it was expected, but with the exception of MOI=7.25. The
lower P,gy at MOI=7.25 in comparison to MOI=5 or 2.75, might be related to the sharper drop on
viability of cell culture. The mechanisms triggered inside of dying cells can affect the replication
capacity of the adenovirus. Besides, AdV release to media might occur earlier in infected cultures at
higher MOls. If this was the case for MOI=7.25, the environmental conditions of the extracellular
space might also affect adenovirus stability and infective capacity resulting in the observed drop of
the final titre. On the other hand, at TOI=5x10° cell/mL P4, did not significantly differ regardless the
studied MOI. This means, that at this cell density, efficiency of adenovirus production is much lower

and the final titre will be the same in cultures infected with different viral inoculum.

TOI=1x10° cell/mL) TOI=5x10° cell/mL)

~ le+10 1e+9
—

% 1le+9 - \ £
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> N

725 5 275 05 5
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Figure 4.22. Volumetric production of rAdV at diferent MOI, TOI and TOH. Left Panel: TOI 1x106cell/mL. Right
panel: TOI=5X106ceII/mL. Plain black bars: TOH=48hpi; Plain grey bars: TOH=56hpi; Patterned grey bars: [IFU],.
The overall height of the bar represents [IFU];, meaning that the plain part of the bar represents the net
adenovirus production. White arrows indicate the tendency on adenovirus production depending on TOH for a
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given MOI. Black arrows indicate the tendency on Adenovirus production depending on MOI regardless the
TOH.

The second important observation on the evaluation of P,y is that at TOI=1x10° cell/mL the final
AdV titer increased along with TOH despite the studied MOI (Table 4.11, blue square). Nevertheless,
the magnitude of the increment was higher as MOI was reduced. As previously discussed, these
differences on the magnitude of increment could be related either to a faster viral infection process
at higher MOI (resulting into prompter viral release and possible adenovirus inactivation in cell
broth) or to a more aggressive infection as MOI increases (resulting in massive cell damage and
impossibility of finishing cell cycle). Conversely, final AdV titre decreased along with TOH at
TOI=5x10° cell/mL, even at the lowest MOI studied. This probably means that although cells can still
grow exponentially, the environmental conditions at this cell density are not suitable for finishing
the whole viral cycle and produce infective adenovirus. Finally, it is worth to mention, that
differently to what has been encountered for GFP volumetric production, P4,y is lower at TOI=5x10°

cell/mL than at TOI=1x10° cell/mL (Table 4.11, orange square) which supports the idea that infecting

at higher TOI was less efficient for AdV production than in recombinant protein production.

Table 4.11. Comparison of AdV production parameters at different infection conditions. Maximal
values for each parameter are underlined.

Paav (ashpi) Paav (s6hpi) Qpiaqy Qpoagy

(x107 IFU/mL) (x107 IFU/mL) (x10” IFU/mL-d™}) (x10” IFU/mL-d™)

7.25 /[ 17.44+2.71 30.5849.34 l/13.10¢0.67 6.4410.3N

MOl

% 5 32.69+1.32 67.0917.75 28.7510.50 14.1310.25
—
CI_I) 2.75 15.10+2.40 39.54+4.04 16.95+4.25 8.32+2.09
= 0.5 1.58+0.22 8.11+1.26 3.47+1.55 1.71+0.76
R
7.25 nd nd nd nd
g 5 18.05%3.16 12.28+1.24 9.03+2.87 2.58+0.82
n
u 2.75 19.29+2.07 10.52+0.73 9.64+1.50 2.76+0.43
(@]
'_

0.5 12.73+1.92 9.28+1.64 w37¢0.70 1.821-0.2y

*Qp, and Qp, here presented have been calculated at TOH=56hpi for TOI=1x10° cell/mL and at TOH=48hpi for
TOI=5x10° cell/mL

Finally, the evaluation of the calculated volumetric productivities led us to conclude that for
production of adenovirus the infection at TOI=1x10° cell/mL is preferred. Contrarily to what was
observed for GFP production, Qp was higher at low TOI, whether considering time after infection

(Qp;) or time from cell culture seeding (Qp;) (Table 4.11, green square). This is also in good
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correlation with the higher drop on ADV volumetric production at TOI=5x106 cell/mL in comparison

to the drop on GFP volumetric production.

Taking into account all the data presented so far and the analysis performed, it was determined that
regardless the product to recover (i.e. recombinant adenovirus or recombinant protein) the time of
infection should be set at 1x10° cell/mL and the selected MOI should be 2.75 on basis to Gparpand
IPUg. On the contrary, different TOH should be selected depending on the product to recover. For
protein production maximisation, the best TOH at the stated TOIl and MOI, was 48hpi as the vaccine
candidate (i.e. r-CappCV2) must be intracellular recovered. Focusing on adenovirus vector
maximisation, TOH=56hpi should be selected for TOI = 1x10° cell/mL and MOI=2.75. Nevertheless,
since r-CapPCV2 is actually the vaccine candidate, TOH was finally selected as the preferred one for

the studied bioprocess.
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4.3.3. EFFECT OF MEDIA REPLACEMENT ON PROTEIN AND ADENOVIRUS PRODUCTION

The evaluation and discussion of the drop on g,and Qp when increasing TOI regardless the product
of interest (GFP or AdV) led to the idea that environmental conditions could be affecting cell
productivity. In Chapter 1 it has already been discussed that in between the two TOls tested on the
evaluation of infection parameters (1x10° and 5x10° cell/mL), a drop on specific growth rate was
noticed, together with a shift on lactate metabolism. Besides, when studying the effect of cell media
replacement on cell growth (Chapter 3, Section 3.3.2) it was assessed how the media replacement
resulted in an elongation of exponential growth phase. Taking all this into account, it was decided to
perform media replacement at the time of infection, and evaluate the effect of the replacement on
the efficiency of infection, GFP production and AdV production. Two different TOIls were selected,
one as pre-shift TOI (TOI=1x10° cell/mL) and the other as post-shift TOI (TOI=8x10° cell/mL). Based
on the results obtained in section 4.3.2.2, the infections were performed only at MOI=2.75. The time
of harvest for protein production evaluation was set between 36 and 48hpi and a unique TOH

(48hpi) was selected for adenovirus production evaluation.

The first studied parameter was the influence of media replacement (onwards MR) on the efficiency
of infection. In order to do so, the fluorescence of the infected cultures was analysed by flow
cytometry at 24hpi. At that point, almost 100% of cells were infected (i.e. were fluorescent).
Interestingly, two populations could be distinguished regardless the TOl and MR performance: a
high-fluorescent population and a low-fluorescent population (Figure 4.23). Even more interesting
was the fact that the percentage of cells within the “high-fluorescent” population and the
fluorescence mean of this population were higher in cell cultures in which MR was performed in
comparison to the cultures where MR was not carried out. This could be related to a better
physiological cell state and more energy available for adenovirus replication and GFP production. So,

it can be concluded that MR improves infection efficiency.
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Figure 4.23. Flow cytometer histograms of infected HEK293 cell cultures with rAdV-GFP at 24hpi. (A) Infection
at TOI=1x10° cell/mL without media replacement; (B) Infection at TOI=1x10¢ cell/mL with media replacement
(C) Infection at TOI=8x10° cell/mL without media replacement; (D) Infection at TOI=1x106 cell/mL with media
replacement (D).

GFP production and kinetics are in good correlation with the results of infection efficiency. In Figure
4.24 progression of intra- and extracellular fluorescence for cultures infected at low TOI with and
without MR (Figure 4.24B and Figure 4.243A respectively) and high TOI with and without MR (Figure
4.24D and Figure 4.24C respectively) are depicted. At TOI=1x10° cell/mL MR slightly increased total
GFP produced whereas the positive effect of MR was much more remarkable at TOI=8x10° cell/mL
resulting in a three-fold increment on intracellular fluorescence in regard infection without MR. It is
also noteworthy to mention the differences on GFP kinetics depending on the replacement of media.
At TOI=1x10° cell/mL with MR, a pronounced exponential profile of the extracellular GFP was
detected in comparison to a lower protein release to media at the same TOI but without MR. This
fact, together with the sharper drop on viability of infected cultures when MR was carried out, might
indicate a faster progression of viral cycle, and prompter release of the produced protein to media.
When cells were infected at TOI=8x10° cell/mL and MR was performed, again a steep exponential
profile of GFP release to the extracellular space was observed. This release might also be related to a
proper physiological state of the cells, resulting in a more efficient viral replication. At the same TOI

but without MR, a sudden release to intracellular GFP to media was also noticed from t=41hpi.
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Nevertheless, the low overall GFP production might indicate a bad cell condition for adenovirus
replication resulting in severe cell damage after infection and consequent GFP release to the media.
This is totally different to the proposed hypothesis for fluorescence kinetics at low TOl with MR,

which might be related to an efficient and fast adenovirus replication.

Production and productivity values are compiled in Table 4.12. Due to the quicker GFP release to
media than it was expected, Ysepx values have only been calculated for TOH in which intracellular
GFP was maximal, which for almost all the cultures correspond to the first sample (i.e. TOH=38hpi).

Vpere and Qpgrp have been calculated as detailed in section 4.3.2.1.

Table 4.12. Comparison of GFP production parameters in cell cultures infected at MOI 2.75, at low TOI (1x106
cell/mL) or high TOI (8x106 cell/mL) with or without media replacement at TOI. Groups of data are highlighted

in coloured squares to better follow the discussion.

Yere/x Vpgre Qp;crp Qpaerp
(pgGFP/cell) (ugGFP/mL)  (ugGFP/(mL-d)) (ugGFP/(mL -d))
_ e w/o MR 20.42+4.21 51.66+1.05 30.43+0.62 15.41+0.31
O «
F X wMR 21.92+3.54 62.16%8.80 39.61+5.61 20.50£2.90
""""""" - w/oMR 20.45+0.71 50.05+0.87  31.89+0.54 7.68+0.13
b o
O
& wMR 52.56+1.52 149.23+1.34 95.09+0.85 | 24.61+0.22 I
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Figure 4.24. Evaluation of the effect of media replacement at TOI on GFP production. (A) TOI=1x10° cell/mL
without media replacement (B) TOI=1x10° cell/mL with media replacement (C) TOI=8x10° cell/mL without
media replacement (D) TOI=8x10° cell/mL with media replacement. Vertical bars height represent the sum J1
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Concerning specific production, the positive effect on MR was much more remarkable at TOI=8x10°
cell/mL as it could be inferred from the results presented in Figure 4.24. Y/ Was comparable at
TOI=1x10° cell/mL regardless media replacement performance. In contrast, Ysrx was 2-fold
incremented at TOI=8x10° cell/mL when MR was carried out (Table 4.12, blue square). In terms of
volumetric productivity of the process, maximal values were obtained at TOI=8x10° cell/mL when
MR was carried out (Qp;6=95.09+0.85 ugGFP/(mL -d); Table 4.12). Nevertheless, we encountered
once again that the increment on Qp was not proportional to the increment of TOI (Table 4.12,
orange square). Consequently, if both the time pre and post infection are considered for volumetric
productivity estimation (Qp;), values became comparable between the TOls tested when MR was
performed (20.50+2.90 and 24.61+0.22 pgGFP/(mL -d) at low and high TOI, respectively) (Table 4.12,
green squares).

The effect of media replacement on AdV production was also assessed and the results are presented
in Figure 4.25. As it was expected after the evaluation of GFP evolution, the majority of the
adenovirus (>70%) were in the supernatant at TOH=48hpi, except for the infections performed at
TOI=1x10° cell/mL without media replacement, in which cell damage due to adenoviral lysis was not
significantly noticed at that TOH. The positive effect of MR was clearly evident at TOI=8x10° cell/mL
where a 2-fold increment on final titre (and hence, on IFUg and Yaay/x (Table 4.13)) was achieved in
comparison to the situation in which no MR was performed. On the contrary, MR at TOI=1x10°
cell/mL had not a significant effect on adenovirus production. The slight reduction on volumetric
production (Paqy, Table 4.11) is more related to experimental approach variability rather than a real
drop on AdV production. Focusing on volumetric productivities, a positive effect was also
encountered for media replacement at TOI=8x10° cell/mL. Nevertheless, the positive effect of MR
on Qp was not proportional to cell density at TOI, resulting in a reduction of Yaayxand Qp at high TOI

in comparison to low TOl.
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Figure 4.25. Effect of media replacement on adenovirus production. (A) TOI=1x10° cell/mL without media
replacement (B) TOI=1x10° cell/mL with media replacement (C) TOI=8x10° cell/mL without media replacement
(D) TOI=8x10° cell/mL with media replacement. Numbers represent viral titre for the corresponding fraction
and which percentage from the total produced virus does it represent. Black part of the bar represents the
viral inoculum and it is overlapped to the viral production after infection. Total bar height represents the sum
of intracellular and extracellular virus at TOH=48hpi. Hence, red part of the bar represents IFU in the
intracellular space and grey part of the bar represent IFU in the supernatant. Net viral production (i.e. IFU¢
IFUy) should be calculated from the end of black part of the bar till the top of the bar.

Table 4.13. Comparison of rAdV-GFP production parameters in cell cultures infected at MOI 2.75, with or
without media replacement at TOL.

Paav Yaav/x U Qpiaav Qpoaav
R
(x10°AdV/mL)  (AdV/cell) (x10°AdV /(mL -d))  (x10°AdV /(mL -d))

o w/o MR 39.90£1.96 2771 1006 19.95+0.98 10.92+0.53
'9 3 w MR 27.892+5.77 1923 700 13.95+2.98 8.05+1.67
N w/o MR 22.41+1.03 256 93 11.21+0.52 3.23+0.15
'C_) % w MR 48.84+0.53 628 228 24.42+0.26 7.53+0.08

In order to evaluate if the metabolic shift from lactate production to lactate consumption could be
the cause behind the lower productivity when infecting at high TOI, the concentration of this
metabolite was measured along cell culture. As it is depicted in Figure 4.26A and 2.26C, in cell
cultures where media replacement was not performed, lactate was produced and secreted to media
until reaching a concentration around 12-13mM at around 96h of cell culture. At that point, the
concomitant consumption of glucose and lactate was triggered until the end of cell culture, as it has

been previously mentioned in this work. When media replacement was made at TOI=1x10° cell/mL
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(Figure 4.26B), the metabolic shift had not been triggered yet. After the replacement of media,
lactate was fast produced until reaching a concentration of approximately 13mM at 24hpi. At that
point, the lactate switch from production to consumption occurred, coinciding with the metabolic
shift on cell cultures where MR was not performed. Conversely, at TOl= 8x10° cell/mL the metabolic
shift happened approximately 36 hours before infection. While in cell cultures without media
replacement lactate continued to be consumed until the end of cell culture, media exchange could
revert the metabolic change and lactate started to be produced once again after media replacement
for 24 hours. These observations led us to hypothesise that the drop on recombinant protein or
adenovirus is related to this metabolic shift and/or to the conditions triggering the shift. When cells
are infected before the shift has occurred, cells are equally productive regardless media
replacement. On the contrary, once cells have changed their metabolism, they cannot longer
maintain the specific productivity. By reverting the metabolic shift cells return to the initial
metabolic state and this might be related to the a partial recovery of q,. However, further research

should be carried out in order to evaluate this hypothesis.
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Figure 4.26. Extracellular lactate evolution along cell culture. (A) TOI=1x10° cell/mL w/o MR (B)
TOI=1x10° cell/mL with MR (C) TOI=8x10° cell/mL w/o MR (D) TOI=1x10° cell/mL with MR. Arrows
indicate the time of infection.
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4.4. EVALUATION OF r-CapPCV2 AND rAdV-CapPCV2 PRODUCTION.

After the complete analysis of infection parameters presented in previous sections, the infection
parameters selected for obtaining the vaccine candidate were: MOI=2.75, TOI=1x10° cell/mL,
TOH=48hpi without media replacement at TOl. We then performed the infection of HEK293
suspension cells with rAdV-CapPCV2 in these conditions. The infection of the cells with rAdV-GFP

was carried out in parallel in order to compare the results avoiding possible interassay variability.

The efficiency of infection could not be assessed as it has been done in previous sections due to the
lack of a reporter gene within rAdV-CapPCV2. However, the viability progression of all cell cultures
was similar and therefore, a similar efficiency of infection was assumed regardless the strain of the
adenovirus used. Surprisingly, it was found out that CapPCV2 specific production (Ycaprcvz/x)
drastically dropped in comparison to GFP. Whereas Ypx =11.9610.87 pg/cell was estimated for GFP,
this value was reduced to 2.57+0.25 fg/cell for CapPCV2.

This unexpected result led us to evaluate protein production upon AdV infection in a different
HEK293 cell line. The selected one was AD-293 cell line, which is the one used for the
complementation of the recombinant adenovirus generated in this project (rAdV-CapPCV2). It was
known in advance that the infection of adherent cells and suspension cells might perform differently.
Therefore, we cannot compare the results of suspension cell line infection (HEK293) with the
obtained after adherent cell line infection (AD-293). Instead, we will compare the outcomes of
infection with the two AdV vectors (rAdV-CapPCV2 and rAdV-GFP) of AD-293. The most important
difference between infection of HEK293 cells and AD-293 cells would probably be the increment on
probability that a particular viral particle would attach to a cell in suspension cell culture (i.e.
HEK293) due to the continuous shaking of media. Hence, the infection parameters previously
selected, could not be the best for infection of adherent cells. However, as a starting point for
protein production evaluation, MOI TOIl and TOH parameters were kept at the same values than in
infection of suspension cells. Besides, to ensure a good infection of adherent cells an additional MOI
as high as 27.5 was tested (10-fold increment of the reference value). The results are evaluated on
basis of protein and adenovirus specific production (Ycapecvzxand Yaayx, respectively) and volumetric
productivity of the process (Qp). It must be clarified that as AD293 cells are adherent, the
experiments regarding their infection had to be designed quite different from those in suspension

cultures. The major implication of these differences is that Ycgpecvzx, Yaayx and Qp had to be
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calculated differently than specified in previous sections of this chapter. Below is briefly specified

how these parameters were calculated:

Pron (Eq. 4.10)
CellsTOI

Specific production (Yp/x) =
Where:
P is the product of interest (i.e. GFP, CapPCV2, rAdV-GFP, rAdV-CapPCV2)

Pronis the product quantity at TOH

Cellsto is the total number of viable cells at the time of infection

[Plrou/FC (Eqg. 4.11)
Tseeding toTOI +TOH

Volumetric productivity (Qpp) =

Where:
P is the product of interest (i.e. GFP, CapPCV2, rAdV- GFP, rAdV-CapPCV2)
FCis the concentration factor of the sample*

Tseeding to To1 IS the time needed for the cells to adhere to plate after t-flask inoculation

*For FC in Qp, calculation, the cell media volume that was needed for cell inoculation was taken into
account. It is important to highlight that this volume can be modified and consequently, FC and Qp,
values would differ from the ones here calculated. In the bioprocess studied in this section, cell
media volume was 2mL/well in a 6 well-plate. This was made on basis of (1) covering all well surface
(2) preventing massive evaporation of media during the infection process (3) provide cells with

enough nutrients.

In Table 4.14 and 4.15 the values of the calculated production parameters are presented. The most
important fact is the great difference on specific production (103-fold difference) depending on the
protein expressed (Table 4.14). This drop on specific protein production is comparable to the one
found out when infecting suspension cells. We then wanted to assess whether the drop on Y, was
related to a lower capacity of infection or replication of the viral vector itself. However, cytopathic
effect was similar for all infected cell cultures. Therefore, although it was not quantitatively assessed,
it can be assumed a similar capacity for infection of both adenoviruses (rAdV-GFP and rAdV-
CapPCV2). Moreover, based on Y and infective particle ratio (IFUg) values (Table 4.15) it can be
said that rAdV-GFP could complete more efficiently the viral cycle, resulting in higher AdV specific

production, IFUg and recombinant protein production in comparison to rAdV-CapPCV2. Nevertheless,

106



Chapter 4

differences on adenovirus production between the two viral vectors studied were not as severe as
those encountered for protein production. Altogether led us to think that the low CapPCV2
production was more related to the viral protein itself rather than to an inefficient viral vector or
bioprocess conditions. In other words, the expression system based on HEK293 and adenovirus was

encountered to be not suitable for r-CapPCV2 production.

Table 4.14. Comparison of protein (GFP and CapPCV2) production parameters in adherent cell
cultures infected at low MOI (2.75) and high MOI (27.5)

Mol Yo (pg/cell) Qp (ug/(mL-d))
2.75 44.421+0.786 9.95+0.08
GFP
27.5 52.073+1.283 11.6610.21
2.75 (41.291+0.002)e-3  (9.25%0.60)e-3
CapPCVv2

27.5 (53.031:0.005)e-3 (11.88+1.97)e-3

Table 4.15. Comparison of viral vector (rAdV-GFP and rAdV-CapPCV2) production parameters in
adherent cell cultures.

MOl Y, (x10°AdV/cell)  IFUi/IFU,  Qp (X10°/mL-d))

rAdV-GFP 2.75 5.90+1.63 350+1.00 13.2+3.79

rAdV-CapPCV2 2.75 1.41+0.82 128+0.75 3.15+0.23

*Only intracellular viral fraction has been considered which at TOH was around 98% of the total virus (i.e.

intracellular and extracellular viral fraction)
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4.5. CONCLUSIONS

In this chapter a bioprocess for the production of r-CapPCV2 has been studied. This bioproces is
based on the infection of HEK293 cells with a recombinant adenovirus encoding CapPCV2 (rAdV-
CapPCV2). First of all, the generation of rAdV-CapPCV2 was addressed and it was successfully
achieved. Thereafter the study of the infection parameters was carried out in order to maximise the
production of the two different products of interest: the recombinant protein which will be used as
the vaccine candidate and the adenoviral vector itself, as it will be needed in each batch of the
production process in order to obtain CapPCV2 protein. The infection parameters studied were cell
media, multiplicity of infection (MOI), time of infection (TOI) and time of harvest (TOH). After the
thorough analysis of the results, the selected parameters for increasing protein and AdV production

were the ones presented in Table 4.16.

4.16. Selected parameters for infection

Cell media TOI MOl TOH

HyQ SFMTransFx-293+4mM glutaMAX+
1x10° cell/mL  2.75 48 hpi
5%FBS+10%CB5 (80g/L)

Besides, two main conclusions should be pointed out. On one hand, the infection at MOI higher than
2.75 would not result in a proportional increment on process productivity neither for recombinant
protein nor for adenovirus vector. Hence, this MOI (or similar) should be selected in order to
increase process profitability. On the other hand, infecting at TOI>1x10° cell/mL dramatically affects
specific production and therefore, productivity of the process. After some preliminary observations
on HEK293 metabolism, we have hypothesised that the metabolic shift from lactate production to
lactate and glucose concomitant consumption, could be somehow related to this drop on
recombinant protein and AdV production. In the experiments presented so far, the lactate metabolic
shift was always observed shortly after cell density reaches 1x10° cell/mL. This shift can be reverted
after media exchange and specific production of the process is partially recovered, enabling the
infection at higher cell densities and incrementing volumetric productivity of the process. This fact
would open the door to study different infection strategies to take profit of the potential of the

biocatalyzer (i.e. HEK293), which can grow until cell densities as high as 26x10° cell/mL. Nevertheless,
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this study has not been faced in this work due to the low specific production obtained for the
protein of interest (r-CapPCV2). The low production was related to the protein itself rather than to
the bioprocess definition or the viral vector, and hence, it would be unfeasible to design a cost-
effective bioprocess. Therefore, in pursuit of outperforming CapPCV2 productivity, two approaches
will be addressed on the next chapter of this research work. On one hand, the possibility of
improving protein production by codon optimization of the sequence will be studied. On the other,

the obtaining of stable cell lines expressing the protein of interest will be tackled.
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CHAPTER 5. RESULTS (111): GENERATION OF STABLE CELL LINES CapPCV2
PRODUCERS

5.1. INTRODUCTION

During the past two decades, big efforts have been directed to the development of stable cell lines
for recombinant protein production. The improvements on the technologies for the obtention of
stable cell lines have highly reduced the time required for of cell line development and have
increased the yield of manufacturing processes. There is a huge number of methods for the
generation of cell lines stably expressing the protein of interest, although they can be divided into

three main groups:

1. Random integration of the gene of interest within the genome of the host using integrative
plasmids.

2. Semi-directed integration of the gene of interest within the genome of the host using
retroviral or lentiviral vectors. These viruses naturally remain integrated in host’s genome
(latent viral cycle phase) and this feature is used to introduce the gene of interest.

3. Site-directed integration of the gene of interest by means of different tools and
technologies that rely on the recognition of specific genetic sequences within the genome

host (homologous recombination).

As stated in the introduction, two different approaches will be explored for the generation of stable

cell lines in this work based on two different strategies. On one hand, the illegitimate (or random)
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integration has been selected because its advantages in front of the other two approaches. First of
all, the illegitimate integration does nor require the generation of recombinant retroviral and
lentiviral vectors, neither the study of the parameters for optimal infection in order to get the
desired results, which can be quite tedious and time consuming. Moreover, illegitimate integration
event occurs more often in comparison to site-directed integration and also multiple copies of the
gene can be integrated in the genome of the host cell?, resulting into relative high producer cell lines.
However, this strategy has three major drawbacks for the development of a bioprocess. First,
random integration and amplification creates heterogeneous pools, making the selection of high
producers a time-consuming and laborious process’. Second, the long-term expression stability of
the foreign DNA cannot be assured and it has been an extensive issue of study®. Third, due to the
randomly integration of DNA, the outcome of the initial transfection might not be reproducible and
hence, the bioprocess characterisation must be assessed for each cell line to be established. In order
to avoid these downsides of the strategy, the site-directed integration of our gene of interest has
also been addressed for stable cell line generation. There are different natural proteins that have
been engineered in order to enhance the effectiveness of site-directed insertion. Among them, site
specific recombinases (SSRs)>®, zinc finger nucleases (ZFNs), Transcription activator-like effector

nucleases (TALENs), the CRISPR/Cas System and engineered meganucleases® !

, are the most
commonly used. As stated in the Introduction, the insertion using SSRs by Recombinase mediated
cassette exchange (RMCE) technology has been selected. This technology has been applied to cell
lines that have already been characterised as unique-site for RMCE master cell lines. Therefore, the
derived positive clones should have only one copy of the gene of interest, which might result in less
productive cell lines in comparison to the illegitimate integration. Nevertheless, this second strategy
would result in a more consistent and stable expression of the protein, which is highly important for
the implementation of a bioprocess. Moreover, this strategy allows to significantly reduce the time
for stable cell line obtaining (from 2 to 4 weeks)™. This is remarkably important if we focus on the
economic perspective of the process development and optimization. Once the cell culture process
has been optimized for a given cell line, the gene can be rapidly changed in the master cell line,

resulting in a new cell line expressing a different product of interest. Hence, the established

bioprocess is more flexible in regards the final product.
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5.2. GENERATION OF STABLE CELL CapPCV2 PRODUCERS LINES BY ILLIGITIMATE DNA
INTEGRATION

5.2.1. OBTENTION AND CHARACTERISATION OF PLASMIDS FOR TRANSFECTION

The correct expression of a given protein upon illegitimate DNA integration depends on a myriad of
factors™. These factors might be related to (a) the features of the vector (e.g. vector size, promoter,
gene sequence) (b) the integration into host’s genome (e.g. site of integration, modifications after
integration, number of integrated copies) (c) the posttranslational processing (e.g. correct folding,
protein aggregation and solubility) and even related to (d) cell culture (e.g. temperature, nutrient
availability, cell culture mode). Hence, it is highly recommended to perform transient transfections
previous to the final transfection for stable cell line generation in order to select some features
directly related to the plasmid vector which might influence protein expression. Among these

features we wanted to characterise the influence on the level of protein expression of the following:

- The genetic sequence of the gene to be expressed.
- The promoter of the gene of interest.
- The addition of a secretion signal in order to ease downstream processes.

- The addition of a “tag” sequence for purification purposes.

In order to evaluate these vector features, four plasmids were generated and transiently transfected
to HEK293-3F6 cell line for the assessment of CapPCV2 protein production levels. In Table 5.1 the
main features of the vectors obtained are compiled. First of all, codon optimisation for the
expression in mammalian cell lines of CapPCV2 sequence was performed This was mainly decided on
basis to the results presented and discussed in Chapter 4, which shown very low r-CapPCV2
production although the viral vector encoding the gene was properly produced. The effectiveness of
codon optimisation has already been reported for other proteins and therefore we wanted to study

14,15 . .
=, Besides, in order to ease downstream of

this approach for r-CapPCV2 production improvement
the bioprocess, it was decided to change from the intracellular expression of the protein (as it was
evaluated on Chapter 4) to its extracellular expression. In this direction, the secretion signal
sequence from Interleukyn-2 (SSIL-2) was added o the optimised sequence of CapPCV2 (onwards
CapPCV2o0p). The whole SSIL2-CapPCV2op was chemically synthesised and cloned into the
pIRESpuro3 plasmid vector. The generated vector will be named plIRESpuro3-SSIL2-CapPCV2op

(Table 5.1). As a control of codon optimisation strategy, the native sequence of the protein was also
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cloned into the same backbone vector (i.e. pIRESpuro3) and the generated plasmid will be named
pIRESpuro3-CapPCV2 (Table 5.1).

For the evaluation of promoters influence on protein expression, two different ones were selected.
On one hand, we chose the Citomegalovirus promoter (CMV) as it is a strong promoter widely used
on the expression of recombinant proteins in mammalian cell lines. This promoter was present in
the pIRESpuro3 vector. On the other hand, we chose the B-actin chicken promoter as it has been
reported to perform better than CMV in some mammalian cell lines'®. This promoter was present in
the pOPING backbone vector, which also encoded for the secretion signal of the receptor protein-
tyrosine phosphatase (RPTPmu) (Table 5.1). This feature, along with the SSIL2 cloned upstream of
CapPCV2op int pIRESpuro3 vector, made possible the comparison of two different secretion signals
in terms of protein secretion.

Finally, the suitability of cloning a “tag” sequence was evaluated using the pOPING vector. This
vector encodes for a 6-histidine tag downstream of the gene of interest. By deleting the STOP codon
on CapPCV2 and with the correct cloning strategy explained later in this chapter, the sequence of
the gene was fused in frame with the 6-His tag. The vector encoding for this construct will be named
pPOPING-CapPCV2HisTag (Table 5.1). The expression of CapPCV2 linked to the tag will be compared
to the expression of the same protein in the same vector but with any tag for purification (i.e.
pPOPING-CapPCV2).

The procedure for obtaining the plasmids for preliminary transient expression of CapPCV2 protein as

well as the characterization of the final plasmid vectors is explained below.

Table 5.1. Main features of the plasmid vectors generated for transient transfection.

. pIRESpuro3-SSIL2- pIRESpuro3- pOPING-
Id PI d OPING-CapPCV2
asmi CapPCV20p CapPCV2 P ap CapPCV2HisTag
Plasmid Backbone pIRESpuro3 pIRESpuro3 pOPING pOPING
* SS-IL2 - CapPCV2 STOP
GOl | ted CapPCV2 CapPCV2
nserte CapPCV2op ap ap codon deleted
Promoter CMV cmV B-actin chicken B-actin chicken
Expected Extracellular Extracellular Extracellular
. Intracellular
expression (SS-IL2) (RPTPmu) (RPTPmu)
Purificati ?
urification tag N N v N
(y/n)
GOl size (bp) 790 702 702 702
Insertion site Nhel-BamHI Nhel-Agel Age-1-Pmel Agel-Pmel

"GOl: gene of interest
CapPCV2op: genetic sequence optimised for mammalian cell expression
CapPCV2: natural sequence of the gene (i.e. non optimised for mammalian cell expression)
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5.2.1.1. pIRESpuro3-SSiL2-CapPCV2 AND pIRESpuro3-SSIL2-CapPCV2op

The generation of p/RESpuro3_CapPCV2 vector was carried out through a site-directed ligation
strategy of the CapPCV2. The details of the methodology concerning each step of the clonation
process are specified in Materials and Methods chapter (section 8.10.2). Briefly, the plasmid vector
pShuttle-CMV-CapPCV2 (clone6. See chapter 4 section 4.2.2) was Kpnl-Hindlll digested in order to
obtain CapPCV2 gene. The insertion of the new restriction sites in 5’- and 3’-endings of CapPCV2
(Nhel and Agel, respectively) was performed by PCR with the corresponding primers. Finally,
pIRESpuro3 and PCR product (i.e. Nhel-CapPCV2-Agel) were Nhel+Agel restricted, followed by t4-

ligation and heat-shock transformation into E.coli Dh5a.
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Figure 5.1. pIRESpuro3 with GOI cloned into it. (A) GOl is CapPCV2 (B) GOl is SSIL2-CapPCV20p. Main features
and identification of primers for PCR characterisation of E.coli transformants are depicted. The enzymes used
for GOI insertion are also represented. The backbone plasmid map (pIRESpuro3) with MCS completely
specified can be found in Materials and Methods (section 8.5.1.3.)

SSIL2-CapPCV2o0p construct was chemically de novo and the codon optimisation of the gene was
performed for the improvement of protein expression in mammalian cells using OptimumGene™
algorithm (Genescript, proprietary gene optimization technology). Two Kpnl restriction sites flanking
the secretion signal were added on the design of the gene synthesis in order to easily replace the
secretion signal, if desired. Also, Pmel was added downstream of CapPCV2op in order to be able to
conveniently excise the optimised sequence in case that it is desired to clone it in another
expression vector. Pmel restriction will result in a blunt-end gene and hence, compatible with any
expression vector despite their restriction site availability. The whole sequence Kpnl-SS//12-Kpnl-
CapPCV2o0p-Pmel was cloned into pIRESpuro3 through a site-directed strategy within Nhel-BamHI

enzymatic restriction sites.

As in Chapter 4, the characterisation of the vector was carried out by colony PCR (20 clones),

enzymatic restriction pattern (10 clones) and gene sequencing (2 clones). The results of colony PCR
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for the final selected clones are presented in Figure 5.2A and Table 5.2 and enzymatic restriction
pattern is shown in Figure 5.2B and table 5.3. E.coli clone containing pIRESpuro3-CapPCV2 will be

named clone Al and the E.coli clone holding pIRESpuro3-SSIL2-CapPCV2o0p will be referred to as

clone F5.
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Figure 5.2. (A) PCR characterisation of selected E.coli Clone Al (B) Enzymatic digestion pattern
characterisation of selected E.coli clone Al and of selected E.coli Clone F5. Digestion with Nhel and Agel
was performed. DNA Ladder: GeneRuler™ DNA Ladder Mix (Fermentas 0333).

Table 5.2. Identifcation of samples
Gel A of Figure 5.2. Table 5.3. Identifcation of samples on

Gel B of Figure 5.2.

Expected
Lane ID sample ) Expected
Size(bp) Lane ID sample
Size (bp)
1 DNA Ladder --
1 DNA Ladder --
2 pIRESpuro3 --
2 pIRESpuro3 Nhel Agel rest.  5121;50
3 Clone A1 722
3 DNA Ladder --
4 Clone Al Nhel Agel rest. 5121;709

DNA Ladder --
6 Clone F5 Nhel Agel rest. 5121;782
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5.2.1.2. pOPING-CapPCV2 AND pOPING-CapPCV2HisTag

Both plasmids were obtained through a site-directed ligation strategy of CapPCV2. Agel and Pmel
enzymatic restriction sites were added 3’ and 5’ of GOI (respectively) in order to clone it into the
backbone vector (Figure 5.3) and guarantee the proper cleavage of the secretion signal peptide. The
unique difference between the generated plasmids derived from pOPING, is that in pOPING-
CapPCV2HisTag the STOP codon of CapPCV2 has been deleted by PCR amplification in order to

maintain de His-Tag present in the backbone vector, and obtain the His-tag fused to r-CapPCV2.
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Figure 5.3. pOPING vector with GOI cloned into it. Main features and identification of primers used for
PCR characterisation of E.coli transformants are depicted. Agel and Pmel sites —the enzymes used for
GOl insertion- are also represented. pOPING-CapPCV2HisTag vector has the same sequence except that
the STOP codon from CapPCV2 has been deleted.

The characterisation by colony PCR and enzymatic restriction pattern of the selected clone
harbouring each expression vector is presented (Figure 5.4 and Table 5.4). The selected E.coli clone
harbouring pOPING-CapPCV2 will be named Clone D1 and the clone containing pOPING-
CapPCV2HisTag will be referred to as Clone E9. Also, the obtained vectors were sequenced in order
to confirm that any mutation was introduced into CapPCV2, that the deletion of STOP codon was
correctly performed and that CapPCV2 was in frame with His-tag sequence. All the sequences

presented 100% homology with the theoretical sequence.
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Table 5.4. Identification of the samples loaded in
agarose gels presented in Figure 5.4.

ot -
. -
Expected
Lane ID sample
Size (bp)
- : Al DNA Ladder --
- - A2 PCR1 Clone D1 722
- B1 DNA Ladder -
B2 Clone D1 EcoRI Pmel rest. 5554;393
Figure 5.4. PCR characterization and Enzymatic Cc1 DNA Ladder --
digestion pattern characterisation of selected 2 PCR1 Cl E9 799
E.coli Clone D1 and of selected E.coli Clone E9. one
Plasmid digestion with EcoRl and Pmel was D1 DNA Ladder --
performed. DNA Ladder: GeneRuler™ DNA Ladder
D2 Clone E1 EcoRI Pmel rest. 5554;389

Mix (Fermentas 0333).

5.2.2. TRANSIENT TRANSFECTION FOR BEST EXPRESSION VECTOR SELECTION.

Once the expression vectors were generated and characterised, transient expression of these
plasmids in HEK293-F6 cell line was performed in order to evaluate the influence on protein
expression or secretion of the selected parameters previously stated (i.e. gene sequence
optimisation, promoter, secretion signal sequence and His-tag addition C-term of the protein). PEI-
DNA transfection was carried out in shake flask cultures with complete complete media replacement
at the time of transfection. The complete transfection protocol is detailed at Material and Methods
chapter (section 8.9.1). A positive control for transfection (a plasmid encoding for GFP protein) was
included.

Good efficiency of transfection (>60%) was assessed for all cases. Also, in all transfected cultures cell
growth stopped after transfection and viability droped from 90% at time of transfection until
approximately 50% after 72hours post transfection (hpt) (data not shown). At that point, cells were
harvested and separated from media by centrifugation. Extracellular and intracellular CapPCV2 was

quantified (results are presented in Figure 5.5).
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Figure 5.5. CapPCV2 production after transient transfection of HEK293 cells with the expression vectors
presented in Section 5.2.1. Intracellular and extracelular [CapPCV2 were determined and are depicted as
stacked bars. Hence, the total height of the bar represents total protein concentration.

The transfection that resulted in the poorest CapPCV2 production was the one performed with
pIRESpuro3-CapPCV2 for which only 57.69+2.17 pg/mL were obtained after cell lysis. Noteworthy,
after codon optimisation the production of the protein of interest was increased almost 5 times.
Nevertheless, the secretion of the protein was not successful and only 4% of the total protein
detected was found in the supernatant. In regards the effect of the promoter on the expression of
the protein of interest, it was found out that the B-actin chicken promoter with the enhancer from
CMV (promoter within pOPING vectors) improved protein expression. Specifically, total protein after
transfection with pOPING-CapPCV2 was 1.5-fold higher than the concentration measured after
transfection with pIRESpuro3_SSIL2-CapPCV2op (Figure 5.5) Interestingly, the secretion of the
protein did neither succeed with pOPING-derived expression vectors, although the secretion signal
was different from the one in pIRESpuro3- SSIL2-CapPCV2o0p. In particular, for the transfection with
pOPING-CapPCV2 the extracellular fraction was only 5% of the total protein whereas for transfection
with pOPING-CapPCV2HisTag the percentage of extracellular protein was only about 2%. This could
be related to an incorrect folding of the secretion signal peptide due to the CapPCV2 sequence
cloning. Nevertheless, instability or degradation of CapPCV2 protein on the supernatant cannot be
ruled out and further experiments should be performed in order to unravel the reasons of the lack
of extracellular protein. Finally, the addition of the His-tag to the protein drastically reduced the
protein detected at the time of harvest. Total protein concentration detected after pOPING-

CapPCV2HisTag transfection was less than the half of the concentration detected with transfection
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with pOPING-CapPCV2, indicating that the “tag” addition negatively affected some step from gene
transcription to protein translation. Hence, this expression vector was discarded for further
experiments. The impossibility of cloning a His-tag to the protein, along with the unsuccessful
secretion of the protein to the media will directly affect the downstream procedure.

On basis to these results, the best option for protein production maximisation would be the
expression of the codon optimised sequence of CapPCV2 under the control of the B-actin chicken
promoter. Also, in order to be able to select the positive clones for the generation of a stable cell
line, a selectable marker should be present in the final expression vector. Hence, the optimal
strategy defined was the replacement of CMV promoter of pIRESpuro3_SS/IL2-CapPCV2op by the B-
actin chicken promoter+CMV enhancer of pOPING vector. Nevertheless, due to timing concerns this
could not be accomplished and the expression vector pIRESpuro3_SS/IL2-CapPCV2op was used for
stable cell line generation as also good results were obtained after the transient expression of this

vector.

5.2.3. PUROMYCIN KILL CURVE EVALUATION.

The selected plasmid for the generation of CapPCV2 producer cell line, pIRESpuro3_SS/L2-
CapPCV2op, encodes for the puromycin resistance gene. Hence, the selection of the positive clones
after transfectionwas performed by the addition of puromycin to cell culture media. One of the most
critical steps for stable cell line generation is the determination of the minimum amount of antibiotic
required to completely eliminate non-transduced cells. This is accomplished by performing a kill
curve to determine the optimal antibiotic concentration needed to select the transduced cells. A kill
curve is a dose-response experiment where the cells are subjected to increasing amounts of
antibiotic to determine the minimum antibiotic concentration needed to kill all the cells over the
course of 2 to 7 days.

Based on the literature, a broad range of puromycin concentration (i.e. 5-1 pg/mL, 0.5 stepwise) was
selected at first, but any difference could be detected among cell cultures with [puromycin]>2.0
ug/mL. At those concentrations, no cell growth was detected and viability drastically dropped after
24h of cell culture. Hence, a narrower range was tested within the range 0-1.5 pg/mL in order to
tune the final puromycin concentration for HEK293-CapPCV2 positive clones selection. Also, two
initial cell densities (“low” and “high”) were evaluated in order to assess if puromycin concentration
should be different depending on the cell density of the experiment. “Low” cell density was set at

Xv=0.3x10°cell/mL, as this is the one at which all cell cultures for cell growth characterisation are
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performed. “High” cell density was fixed at Xv=1x10°cell/mL because this is the cell density at which

transfection is performed.

As depicted in Figure 5.6, cells could not grow at antibiotic concentrations higher than 1 pg/mL,
regardless the inocula cell density. When puromycin was added at 0.75ug/mL, cell growth was also
completely inhibited at the lower cell density tested, whereas cell growth was impaired but not
totally supressed on cell cultures seeded at Xvo=1x10°cell/mL. The obtained kill curves (Figure 5.6B
and Figure 5.6D) showed that a suitable protocol for selection of transfected cells would be working
at [puromycin]= 1.0 pg/mL and perform cell passage (1:10 dilution) 96h post transfection. At that
time, the population of transfected cells should be ten times higher than the untransfected cells and
viability of untransfected population would have dropped to 50%. After two-three cell passages
almost all cells present in cell culture might carry the plasmid encoding for puromycine resistance

gene and hence, CapPCV2.
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Figure 5.6. Cell growth profiles of HEK293 cell cultures with different [puromycn], at (A)
Xv0=0.3x106cell/mL and (C) Xvo=1x106cell/mL. Kill curves at 96h of cell culture of HEK293 cultures at (B)
Xvo=0.3x10°cell/mL and (D) Xvo=1x10°cell/mL
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5.2.4. STABLE TRANSFECTION INTO HEK293. CHARACTERISATION OF HEK293-CapPCV2 CELL LINE.

After the evaluation of transient transfection results, pIRESpuro3-SS/L2-CapPCV2op expression
vector was transfected into HEK293-3F6 cells for the generation of CapPCV2-HEK293 cell line. PEI-
DNA transfection with pIRESpuro3-SS/L2-CapPCV2op was performed in shake flask. Media containing
the plasmid DNA was completely replaced 24hpt and puromycin was then added to cell culture
media in order to select the positive cell population. After three cell passages, the surviving clones
were diluted to lower cell densities in media containing increasing puromuycin concentrations (up to
3 pug/mL) in order to select the subpopulation with higher number of integrated plasmids. After two
weeks, a pool of cells at the highest concentration was selected (onwards HEK293-F5) and cell
growth and CapPCV2 protein production was assessed. Cell growth profile of cultures with selective
pressure by means of puromycin addition was comparable to the one observed when puromycin

was absent (Figure 5.7) and cell growth rate values were also similar (Table 5.5).

Table 5.5. Specic growth rates of HEK293-F5 clones

® @ <

¢ “ o in presence and absence of puromycin.
< 6 0 =
% a g =
3 3 . X "
) ! Hmax (Xlo-zh-l)
0 - 44 e 96 ( 144
Time (h) HEK293-F5 [puro]=1pg/mL  2.84%0.01
Figure 5.7. Cell growth and viability profiles of HEK293-F5 [puro]=Oug/mL  2.84:0.07
HEK293-F5 in presence or absence of puromicyn. Parental cell (ref. culture)  2.72+0.07
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Regarding CapPCV2 production, a specific production (Yp/) of 0.107+0.018 pg/cell was calculated,
which corresponds to a specific productivity (g,) of 0.081£0.002pcd. Ysx and g, are calculated as

specified in Eq.5.1 and Eq.5.2., respectively.

Y _ [CapPCVZ]TOH Eq51
P/X T " TCDron

Where:
[CapPCV2]toy is the intracellular protein measured at TOH

TCDroH is the total cell density at TOH

Total cell density was considered for the calculation of Yp/x on basis that the CapPCV2 produced by
cells conisdered as dead at time of harvest, would be released to media when cell lysis was
performed. Hence, if we just consider the viable population, Yp/x could be overestimated.
Nevertheless, it must be kept in mind that once the mechanisms controlling cell death have been
triggered, the integrity of the protein of interest cannot be assured and this might result in an

underestimation of Ycappcva/x Value.

[CapPCVZ]TOH
= Eq.5.2.
p ICT a

5.3. GENERATION OF STABLE CELL LINES EXPRESSING CapPCV2 BY RMCE.

Four different master cell lines pre-characterised as single integration site were used for the
generation of CapPCV2 stable cell lines by site-directed integration. For a better comprehension of
the experimental work, the results will be presented in two subsections (5.3.1 and 5.3.2). The first
section comprises the results concerning 293 derived cell lines and the second will be focused on the
results obtained with 293T derived cell lines. The differential characteristics between the two cell

lines are specified in Materials and Methods (section 8.1.1.2).
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5.3.1. GENERATION OF 293 CELL LINE-DERIVED CapPCV2 PRODUCERS.

5.3.1.1. PARENTAL CELL LINE DESCRIPTION

ptagSVHTGdneodC

1470 bp

FRTMS

ANTISENSE FF \:&/1
V40 pa

/ 4 i,

VP oy

SVA0 late polyA

eGFF

Figure 5.8 Tagging vector used for the generation of 293 master cell lines.

Three master cells derived from 293 cell line were selected to undergo RMCE (onwards MZ3, MZ9
and MZ10, named genericallyMZs). These cell lines were kindly provided by Dr R. Schucht (Helmholtz
Zentrum fir Infektionforschung —HZI- Braunschweig, Germany) and they were already tagged with
ptagSVHTGdneodC (Figure 5.8) by electroporation, characterised as single integration site-cells and
selected for protein expression above a certain threshold. The reason to perform RMCE in more than
one master cell is that they probably differ on the site of integration of the tagging vector in the
genome. Hence, the expression of the gene of interest (GOI) may be different depending on
epigenetic mechanisms of the integration site region and the possible modification of these

mechanisms upon the integration of the foreign gene.

Table 5.6. Main features of the tagging vector presented in Figure 5.8

Promoter Gene exchanged after RCME Antibiotic for selection

Neomicyn
SV40 HTG in frame with eGFP
Ganciclovir
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Although the bases of RMCE technology were explained in the Introduction chapter, it is important
to mention some characteristics of the tagging vector in order to properly understand the obtention
and characterisation of 293 MZs derived clones (section 5.3.1.3). The genetic sequence between
FRTwt and FRTMS5 (features red underlined in Figure 5.8) will be exchanged by the GOI after
homologous recombination has occured. As specified in Table 5.6, three genes are encoded within
this sequence: (1) the enhanced green fluorescence protein reporter gene, (2) the hygromycin
phosphotransferase gene fused in-frame with (3) the herpes simplex virus type 1 thymidine kinase
gene. The resulting fusion gene (HTG in Figure 5.8) confers hygromycin B resistance for dominant
positive selection and ganciclovir sensitivity for negative selection®’. In this work, the negative
selection will be used for the screening of positive clones. The principle of ganciclovir selection is
depicted in Figure 5.9. Unlike human thymidine kinase, HSV-thymidine kinase is able to
phosphorylate ganciclovir to form ganciclovir-monophosphate, which is then phosphorylated to
ganciclovir-diphosphate followed by ganciclovir-triphosphate. Ganciclovir-triphosphate is then
incorporated into the DNA, which causes inhibition of DNA synthesis and subsequently leads to
apoptosis™®. Hence, those cells that undergo RMCE will survive if ganciclovir is added to cell media,

as they will lack HTG gene.

I Cetulis binates harther pheriptarylate
peruiciavir-monophouptaie irvio the sctive
drag.

Figure 5.9. The HSV-Thymidine Kinase/Ganciclovir principle.
Moreover, in order to assess correct cassette exchange, a second selection method for positive

clones was used. The selection method consists on a truncated antibiotic resistance marker present
in the tagging vector (and hence, in the genome of the cell) that becomes complemented by the
recombination event. Specifically, the neomycin resistance gene (neo) from Tn5 with the start codon
deleted (dneo or Aneo) is encoded in the tagging vector (Figure 5.8). This gene encodes for an

aminoglycoside 3'-phosphotransferase that confers resistance to geneticin. Only those cells in which
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the exact homologous recombination between FRT regions has taken place can restore the deleted
ATG codon which is present in the targeting vector. Therefore, in this work a positive-negative

selection method is applied in order to select positive clones after RMCE.

5.3.1.2. OBTENTION AND CHARACTERISATION OF THE TARGETING VECTORS.

Three vectors (Figure 5.10) were selected to generate the final targeting vector set with the gene of
CapPCV2, which were used to generate the stable cell lines. The original vectors were also kindly
provided by Dr R. Schucht and the most important difference among them is that they differ on the
promoter controlling the expression of the gene of interest (main features of the vectors are

specified in Table 5.7).

Table 5.7. Characteristics of interest of original targeting vectors.

ID Vector Promoter Promoter origin GOl Inserted

Simian Vacuolating
virus 40 (SV40)
Human elongation

pTAR-SBC Viral None

Glucagon receptor

TAR-EF1 a-GCGR H
P @ factor-1-alpha (EF1 a) uman (GCGR)
Gl t
pTAR-CMV-GCGRnewl Cytomegalovirus (CMV) Viral tcagon receptor
(GCGR)
A B C
-\
pTAR-SBC pTAR-EF1alfa-GCGR T TTESS pTARCMV-GCGRnsw-1

4TI bps ' 5953 bps

Figure 5.10. Original targeting vectors (A) pTAR-SBC (B) pTAR-EF1a-GCGR (C) pTAR-CMV-GCGRnew1.

Main features of the vectors, EcoRl sites (the enzyme used for GOI insertion) and primers used for
sequentiation are depicted.

According to the results of the preliminary transient transfection experiments previously presented,
it was decided to clone the optimised sequence of the gene encoding for CapPCV2 (CapPCV2o0p)
instead of the original sequence obtained from viral DNA extraction. Besides, the inclusion of the

secretion signal sequence of Interleukin-2 (SSIL2) was considered for the evaluation of the secretion

of the protein in these new cell lines.
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The construct SSIL2-CapPCV2o0p was excised from pIRESpuro3-SSIL2-CapPCV2op (Figure 5.1B) by the
digestion of the vector with Pmel and EcoRV, resulting in a 5’ and 3’ blunt-end cassette. Besides, the
three original targeting vectors were restricted with EcoRl, filled-in with Klenow fragment and
dephosphorilated with Calf Intestine Phosphorilase (CIP) to obtain blunt end-vectors ready to ligate
with blunt-end SSIL2-CapPCV2op. The expected vectors after the ligation of SS/IL2-CapPCV20p with
the original target vectors are specified in the Table 5.8 and the characterisation of the obtained
vectors is presented below. As in previous sections, a minimum of 20 colonies was picked for
characterization by colony PCR. From the positive ones, a minimum of 10 clones were analysed by
enzymatic restriction pattern to ensure correct direction of SS/IL2-CapPCV2o0p. Finally, two clones
were sequenced to guarantee that any mutation within the GOI has occurred. Only the results of the

final selected clones are presented.

Table 5.8. Identification of new Targeting vectors after GOl insertion

ID Vector Original targeting vector Promoter

pTAR-1 pTAR-SBC Sv40
pTAR-2 pTAR-EF10-GCGR EFla
pTAR-3 pTAR-CMV-GCGRnewl CMV
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5.3.1.2.1. pTAR-1

In the Figure 5.11 an scheme of pTAR-1 is presented with the primers used for colony PCR annotated.
The restriction sites of Nhel (which was used for enzymatic pattern chracterisation) are also depicted.
A band of 963bp was expected after PCR amplification, and it was correctly obtained in the clone
selected, as it is shown in Figure 5.12a. The expected restriction pattern after incorrect and correct
SSIL2-CapPCV2op insertion is presented in Figure 5.12b and the correct outcome of the restriction of
the selected clone is presented in Figure 5.12c.

Nhel

Svaofor_3978
FRTw
pSV40 Nhel
‘MCSs"

ss(IL2)

pUCori

pTAR-SBC-SS(IL2)_opCapPCV

CapPCV20PT

4267 bps

PolRevl_3976

polio\IRES

F5-RT
Amp\pro

Figure 5.11. Scheme of pTAR-1. Main features, primers for PCR-characterisation and sequencing and
restriction sites of the enzyme used for enzimatic restriction pattern (Nhel) are depicted.

Expected Restriction Pattern

. INCORRECT CORRECT
direct. ins. direc. ins.
-
0
X (17 — [T p—
L L1 e— | J—
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e — = [z
“ [3067] e 13827)
1 A —
—
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B — [ e—
{440}
B — M —
\ J \ J
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Figure 5.12. pTAR-1 characterization (A) Colony PCR results. First lane: DNA Ladder, HyperLadderTNI 1kb
(Bioline); Second Lane: negative ctrl (H,0); third lane: E.coli selected clone. (B)Expected restriction pattern. (C)
Enzymatic restriction pattern results. First Lane: E.coli selected clone; Second Lane: DNA Ladder,
HyperLadderTNI 1kb (Bioline).
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5.3.1.2.2. pTAR-2

The scheme of pTAR-2 is depicted in Figure 5.13. The primers used for colony PCR, Hindlll and Nhel
restriction sites (which were used for enzymatic pattern chracterisation) are shown. A band of 992bp
was expected after PCR amplification, and it was correctly obtained in the clone selected, as it is
shown in Figure 5.14a. The expected restriction pattern after incorrect and correct SSIL2-CapPCV20p
insertion is presented in Figure 5.14b and the correct outcome of the restriction of the selected

clone is presented in Figure 5.14c.

EFl-alfa

pTAR-EFlalfa-SS(l12)-opCapPCV2

5224 bps

mMCS"
SS(IL2) Nhel

opCapPCV2

amp\pro
F5-RT
POlioIRES

Hindill

Figure 5.13. Scheme of pTAR-1. Main features, primers for PCR-characterisation and sequencing and
restriction sites of the enzymes used for enzimatic restriction pattern (Nhel and Hindlll) are depicted.

Expected Restriction Pattern
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e 10017 o 10037
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Figure 5.14. pTAR-2 characterisation (A) Colony PCR results. First lane: DNA Ladder, HyperLadderWI
1kb (Bioline); Second Lane: E.coli selected clone; third lane: negative ctrl (H,0). (B)Expected restriction
pattern. (C) Enzymatic restriction pattern results. First Lane: E.coli selected clone; Second Lane: DNA
Ladder, HyperLadderWI 1kb (Bioline).
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5.3.1.2.3. pTAR-3

In Figure5.15 the scheme of pTAR-3 with the primers used for colony PCR and Nhel restriction sites
are depicted. A band of 1450bp was expected after PCR amplification, and it was correctly obtained
in the clone selected, as it is shown in Figure 5.16a. The expected restriction pattern after incorrect
and correct SS/IL2-CapPCV2op insertion is presented in Figure 5.16b and the correct outcome of the

restriction of the selected clone is presented in Figure 5.16c.

~
; .
A et "
/f W,
|| pTAR-CMV-S5(l12)-0pCapPCV2 ”
P _STN ATES bps
.'l.l
Pty R ._.-"
&
5012}
M aria P
.

Figure 5.15. Scheme of pTAR-1. Main features, primers for PCR-characterisation and sequencing and
restriction sites of the enzyme used for enzimatic restriction pattern (Nhel) are depicted.

Expected Restriction Pattern

INCORRECT CPRR?CT ﬁ
direct. ins. direc. ins. //X ;
o, = 10007 e
00— L1 p— i
P — et
00— e 27
4000 — et =
IR T T(3064) 10 mm ggn 1
PR — oo =
LE! 10— — b
(1L000) '™ m— \
B — [ \
0 T (691) e — A}
y 00— 0 e 1691) R
e T
00— —
g T a0)
J 1 '
A B c

Figure 5.16. pTAR-3 characterization (A) Colony PCR results. First lane: DNA Ladder, HyperLadderWI 1kb
(Bioline); Second Lane: E.coli selected clone; third lane: negative ctrl (H,0). (B)Expected restriction
pattern. (C) Enzymatic restriction pattern results. First Lane: DNA Ladder, HyperLadderWI 1kb (Bioline);
Second Lane: E.coli selected clone.
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5.3.1.3. GENERATION AND CHARACTERISATION OF CapPCV2-293MZ3, CapPCV2-293MZ9
AND CapPCV2-293MZ10

5.3.1.3.1. Generation

The three targeting vectors were transfected into the three HEK293 master cell lines. Hence, nine
different cell lines should be obtained each one differing on the promoter controlling the expression
of CapPCV2 and the site of integration of the gene within the cell’s genome.

In Figure 5.17 a scheme of the procedure for the generation of CapPCV2-stable cell lines is presented.
Briefly, cells were harvested at 70-80% of confluence and they were set in the electroporation
cuvette at a cell density of 10 cell/pL. The vector encoding for the Flipase (pFLip) and the targeting
vector encoding for GOI (in this case, pTAR1, pTAR2 or pTAR3) were also added into the cuvette.
Then, the cotransfection of the two plasmids was performed by electroporation (methodology
described at Materials & Methods, section 8.9.2). Immediately after the electroporation, cells were
plated in a cell culture dish in fresh media without selective pressure. Two days post transfection
(dpt), geneticin was added to cell media in order to select those cells in which correct RMCE had
taken place. On the next day (i.e. 3dpt) ganciclovir was also added in order to incresase selective
pressure for the positive RMCE clones. Colonies were identified under microscope observation and

they were manually picked up and seeded into 96 well plate for further scaling up.

@ [

Harvest of cells at Clones detection by gptical
70-80% Amaxa™ Nucleofector™ Media Neomycin Gancyclovir  myeraspe observation and

confluence Transfection exchange addition addition pick up

Day 0 1dpt 2dpt ddpt 18-21 dpt

Scale up & clone freezing
_________ o
Initial selection of 12¢lones Final selection of 4
per transfection per transfection
20 days

Figure 5.17. Scheme of the protocol for obtaining CapPCV2 producer clones derived from 293 cel line after
RCME. Upper panel: transfection and selection of clones. Lower panel: scaling up and cell bank obtention.
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5.3.1.3.2. Characterisation

Before the results presentation of the clones characterisation and in order to easily go through the
next sections, the identification of the 293-MZs derived selected clones is summarized in the Table
5.9.

Table 5.9. Identification of 293-MZs derived clones

pTAR-1 pTAR-2 pTAR-3
(pSV40) (pEFla) (pCMV)
Id clone Id clone Id clone
MZ3
1,2,3,4b 56,7,7b,8 9
Id clone Id clone Id clone
MZ9
13b, 14,15 17,17b,18,19,20 21, 22b, 23b, 24
Id clone Id clone Id clone
MZ10
25, 26, 27 29, 30, 31, 32 33,34

5.3.1.3.2.1. Characterisation of 293 clones by GFP expression profile

The GFP reporter gene is present on the tagging vectors used for 293 master cells generation (Figure
5.8). Hence, the lost of GFP expression is expected after RCME for the clones derived from 293
master cells. The fluorescence profiles of the parental cell lines and the lack of GFP expression of the
clones derived from MZ3, MZ9 and MZ10 are presented on Appendix 10.4. The obtained results
indicate that all the selected clones have reverted their positive GFP phenotype, indicating the lost
of the gene after RMCE. The residual fluorescence detected (less than 5% of the living cells
population for the majority of the clones and at a very low intensity) is more related to be
background signal due to the low value of fluorescence intensity set for GFP-negative population

selection.

5.3.1.3.2.2. Characterisation of 293 clones by PCR

PCR characterization of the selected clones was done using the primers indicated in Table 3.10. The
primer Poliolfor hybridises with the Internal Ribosome Entry Site (IRES) present on the targeting
vectors (Figure 5.11, 5.13 and 5.15) whereas NeoRev hybridises with the 3’ region of Aneo gene (ATG
deleted) present on the tagging vector (Figure 5.8). After correct RMCE, neo gene remains in the cell
genome and the IRES element of the targeting vector is inserted 5’ of this gene to restore the

deleted ATG. Hence, the use of this pair of primers enables to characterie positive clones regardless
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the gene of interest cloned. Before PCR, the genome of each selected clone was isolated (Materials
and Methods section 8.10.2.5) and the concentration of DNA was adjusted to 100ng/uL. After PCR, a
fragment of 1000bp is expected on those clones that have undergone RMCE.

Table 5.10. Primers used for RCME characterization

Expected PCR Fragment size
(bp)

ID Primer Primer Sequence (5’-3’)

Poliolfor CGTCAAGAAGGCGATAGAAGGC
1000
NeoRev CCATGGGACGCTAGTTGTGAA

The results of PCR characterisation of the clones derived from each cell line are presented in Figure
5.18, Figure 5.19 and Figure 5.20 (clones derived from MZ3, MZ9 and MZ10, respectively). The
identification of the samples is specified in Table 5.11, table 5.12 and table 5.13. It can be noticed
that for the majority of the clones RMCE was confirmed, but for the 7b, 21, 24, 27, 33 and 34 clones
any band amplification could be detected after PCR (i.e. they were false-positive clones). Other
authors have reported the growth of false-positive clones under negative selection and it has been

19,20

related to the inactivation of HSV-tk by events like partial deletions™“". Rise of false-positive clones

under positive G418 selection has also been reported although the causes behind the cell’s

2122 The main implication of the fact that the specified

insensitiveness to the antibiotic are not clear
selected clones were false positive was that any positive clone derived from the master cell MZ10
with CapPCV2 expression under CMV promoter control could be selected. Hence, the evaluation of
the influence of integration site under CMV promoter could only be done by comparison of MZ3-

and MZ9-derived clones.
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Figure 5.18. MZ3 derived clones characterisation by PCR. DNA Ladder used: HyperLadderWI 1kb

(Bioline).

Table 5.11. Identification of the samples loaded on the agarose gels presented in Figure 5.18

GELA GELB

Lane ID sample Lane IDsample | Lane ID Sample
1,13 DNA Ladder 7 Clone 4b 1 DNA Ladder

2 H,0 (Neg Ctrl) 8 Clone 5 2 H,0 (Neg Ctrl)

3 293MZ3 (Neg Ctrl) 9 Clone 6 3 293MZ3 (Neg Ctrl)

4 Clone 1 10 Clone 7 4 Clone 9

5 Clone 2 11 Clone 7b

6 Clone 3 12 Clone 8

Figure 5.19. MZ9 derived clones characterization by PCR. DNA Ladder used: HyperLadderWI 1kb (Bioline).

Table 5.12. Identification of the samples loaded on the agarose gels presented in Figure 5.19

GELA GEL B GELC
Lane ID sample Lane IDsample i Lane ID Sample Lane ID Sample
1 DNA Ladder 7 Clone 19 1,7 DNA Ladder 1 DNA Ladder
2 293MZ3(Neg Ctrl) 8 Clone 20 2 H,0 (Neg Ctrl) 2 293MZ9 (Neg Ctrl)
3 Clone 13b 9 Clone 21 3 293MZ9 (Neg Ctrl) 3 Clone 23b
4 Clone 14 10 Clone 24 4 Clone 17 4 H,0 (Neg Ctrl)
5 Clone 15 11 DNA Ladder 5 Clone 17b
6 Clone 18 6 Clone 22b
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Figure 5.20. MZ10 derived clones characterization by PCR. DNA Ladder used: HyperLadderT'vI 1kb (Bioline).

Table 5.13. Identification of the samples loaded on the agarose gels presented in Figure 5.20.

GELA GEL B
Lane ID sample Lane IDsample i Lane ID Sample
1,7,14 DNA Ladder 8 Clone 29 1 293MZ10 (Neg Ctrl)
2 H,0 (Neg Ctrl) 9 Clone 30 2 Clone 26
293MZ10 (Neg Ctrl) 10 Clone 31 3 H,0 (Neg Ctrl)
4 DNA Ladder

Clone 25 12 Clone 33

3
4 293MZ10 (Neg Ctrl) 11 Clone 32
5
6 Clone 27 13 Clone 34

5.3.1.4. SCREENING OF CLONES FOR SELECTION OF THE BEST CapPCV2 PRODUCER.

293 clones characterised as positive for RMCE were selected to evaluate the production and
secretion of the protein of interest (CapPCV2). Cells were plated at 0.2x10° cell/cm? and cultured
under selective pressure (i.e. geneticin and ganciclovir) for four days. Extracellular protein was
quantified 24h and 96h post-seeding in order to evaluate protein secretion. Intracellular protein was
quantified 96h post seeding. The results of this initial screening are presented in Figure 5.21. First of
all, it must be mentioned that the problems on protein secretion previously detected in the clones
obtained by illegitimate DNA integration were also encountered for the clones obtained after RMCE.
Protein could not be detected in the supernatant samples of any of the clones evaluated, regardless
the time of harvest (24h or 96h post seeding). Concerning intracellular production, the clone 22b
was selected as the best producer among the 23 clones tested. This clone presented a specific
production of 0.178 pg/cell which was around 10 times higher in comparison to the rest of the

clones.
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MZ3 derived clones MZ9 derived clones MZ10 derived clones
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Figure 5.21. CapPCV2 specific production (intracellular fraction). The number on the top of each bar refers to
the number of the clone. Upper chart: all clones included. Lower chart: All clones except 22b are depicted in
order to easily compare specific production depending on promoter and cell line.

The results also indicate that CMV promoter performed better than SV40 and EFla promoters.
Nevertheless, this cannot be undoubtedly stated because (1) any clone in which GOI expression was
driven by CMV promoter could be analyzed for 293MZ10 and (2) only one clone for the other two
master cell lines could be analyzed. Hence, the heterogeneicity of protein expression that was found
for the SV40 and EFla cannot be determined for CMV promoter. Concerning the site of GOI
integration, it could not be established any relation between the master cell line and a higher level
of protein production. This fact indicates that in our case, the expression of the gene was equally

affected by the transcription signals emanating from its surrounding genetic environment.
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5.3.1.5.CHARACTERISATION OF CapPCV2-293MZ9 CELL LINE

The clone 22b was selected for cell expansion due to its higher protein specific production. The cell
line established from this clone will be referred to as CapPCV20p-293MZ9 cell line. After the
preliminary results prior presented, a more accurate characterisation of cell growth and protein
productivity was assessed. In order to do so, triplicates of cell growth in presence and absence of the
selective pressure (i.e. geneticin and ganciclovir) were carried out and the titration of six
independent cell cultures was performed. In Figure 5.22 cell growth and viability profiles are
presented. It can be noticed that cells grew equally under antibiotic selection pressure and without
the selective pressure, indicating a good homogeneity of the cell line concerning the correct
substitution of the cassette expression after RMCE and subsequent restoration of neomycin
resistance. Maximal specific growth rates (Umnax) were within the same range and all cell cultures
reached confluence 96h post seeding. It should be mentioned that cells cultures in absence of
antibiotic reached overconfluence 120h post seeding, whereas cells cultured in the presence of

antibiotic detached from cell plate after reaching confluence.
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Figure 5.22. Cell growth and viability profiles of
CapPCV20p-293MZ9 cell line in presence and absence
of antibiotic selective pressure. The antibiotics used
were geneticin and ganciclovir.

After the titration of intracellular protein, the specific production (Yp/x) was determined to be of
0.190+0.077 pg/cell, which is in good concordance with the calculated value on the clone screening

evaluation. Specific production was calculated as described in Eq. 5.1.
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5.3.2. OBTENTION OF 293T CELL LINE-DERIVED CapPCV2 PRODUCERS.

5.3.2.1. PARENTAL CELL LINE DESCRIPTION

Fifty putative 293T master cell lines were kindly provided by Dr S. Spencer (Helmholtz Zentrum fir
Infektionforschung —HZI- Braunschweig, Germany). All them were tagged by lentiviral infection
encoding pLV sspwv vector (Figure 5.23). The infection was performed at very low MOI in order to
increase the probability of obtaining single integration site cells. These putative master cells showed
a higher intensity GFP-profile than 293 cell lines previously tested (i.e. MZ3, MZ9 and MZ10). Also,
the GFP profile was more homogeneous in 293T cells than in 293 master cell lines. These two
observations indicated that the sites of integration in 293T cell lines could be better hot-spots for
protein expression than the ones in 293 cell lines already explored. Hence, it became interesting to
obtain a CapPCV2 stable cell line from a 293T master cell line, as a higher protein production would
be expected. In this direction, the characterisation of the cells for single site integration assessment
was performed by Southern Blot (the protocol is detailed in Materials and Methods section 8.10.2.8).
From the obtained results, one cell line (onwards 293T-17+) was selected to undergo RMCE in order
to establish a new CapPCV2 producer cell line.

As in the case of the tagging vector used for 293 cell line (section 5.3.1, Figure 5.8), the exchanged
sequence after RMCE of the pLV sspwv vector encodes for the green fluorescence protein reporter

gene. Hence, after correct RMCE the lost of fluorescence should be observed.

cPPt FRT-wt
RRE\ 0 K CMV
)
-y N
7 N GFP
5LTR 4 S loxL3inv
RSV__&/ € FRT-F5
w
| Dneo
pLV sspwv \\
9188 bp A4

Figure 5.23. Tagging vectors used for the generation 293T cell lines.
Differently from the 293 cell lines, the tagging vector pLV sspwv vector did not encode for HTG gene,
so the negative selection of positive clones by the adition of ganciclovir to cell media could not be
applied. Besides, although Aneo is present in the tagging vector (Dneo in Figure 5.23), the addition of

geneticin for positive selection of clones after RMCE could neither be used, as 293T are intrinsically
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resistant to this antibiotic. Although the lost of GFP expression would indicate the replacement of
the reporter gen by the gene of interest after RMCE, it is always recommended to have a
reporter/selection gene linked to the GOI in order to avoid lost of the expression of gene of interest
without noticing. Therefore, a new strategy for selection of positive clones had to be implemented

and is described in the following sections.

5.3.2.2. OBTENTION AND CHARACTERISATION OF THE TARGETING VECTOR

According to the study of the effect of the promoter on the expression of CapPCV2op (results
presented in section 5.3.1.4), only the original vector encoding for CMV promoter (i.e. pTAR-CMV-
GCGRnewl, Figure 5.10) was selected for the obtention of the final targeting vector encoding for the
SSIL2-CapPCV2op. In this case, the sequence finally cloned into the targeting vector was slightly
different from the one considered for the construction of the targeting vectors for 293-MZs derived
cell lines. Specifically, the cassette exchanged after RMCE will not only encode for the signal
secretion peptide of IL-2 and the optimised sequence of CapPCV2 (i.e. SSIL2-CapPCV2o0p) but also for
the puromycin resistance gene. This modification will allow selecting positive clones that have
undergone RMCE by the addition of puromycin to cell media.

The cassette SS(IL2)-CapPCV20p-IRES-Puro® (onwards GOI) was obtained from the pIRESpuro3-SSIL2-
CapPCV2op vector (Figure 5.24) after EcoRV+Xbal digestion of the vector. These sites were selected

because they were the closest to 5’-SSIL2 and 3’-Puro” respectively.
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Figure 5.24. (A) pIRESpuro3-SSiL2-CapPCV2op vector. The enzymes used for the excision of the construct of
interest (SSIL-2-CapPCV20p-IRES-PuroR) are red underlined’(B) vector obtained after cloning the genetic
construct SSILZ-CapPCVZOp-IRES-puroR into pTAR-CMV EcoRl linearised. This vector was named as pTAR-4.

The cloning strategy was as similar as possible to the one followed for the generation of previous
targeting vectors. Hence, after vector digestion GOl was isolated from agarose gel and the Xbal
cohesive ends were filled in with Klenow fragment in order to get a 5’ and 3’ blunt end genetic
construct. The targeting vector was restricted with EcoRl, filled-in with Klenow fragment and
dephosphorylated with Calf Intestine Phosphorylase (CIP) to obtain blunt end-vectors ready to ligate
with blunt-end GOI. The vector obtained was referred to pTAR-4 and it is depicted on Figure 5.24B.
The characterisation by enzymatic restriction pattern of the selected E.coli clones is presented in the
Figure 3.25. After Pmel digestion, three bands were expected. The size of the bands depending on
the correct or incorrect direction of the GOI after cloning is depicted in Figure 5.25b. Also, the

absence of mutations within the GOI due to the cloning process was assessed by sequentitation.
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Figure 5.25. pTAR-4 characterisation (A) Expected restriction pattern. (B) Enzymatic restriction
pattern results. First Lane: E.coli selected clone; Second Lane: DNA Ladder, 1kb DNA Ladder
(Fermentas(.
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5.3.2.3.293T PUROMYCIN KILL CURVE DETERMINATION.

As it was performed for HEK293-3F6 cell line, the puromycin kill curve was assessed for 293T cell line
after the adaptation of the protocol to adherence-dependent cells. Based on the results obtained for
the former cell line, a range from [puro]=0ug/mL to [puro]=3ug/mL was studied, but narrowing
concentration stepwise for puromycin concentrations below 1.5 pg/mL. Cells were seeded
approximately 12h prior to the experiment onset in order to allow them to attach to the culture
plate. At t=0h of the experiment, complete media replacement was carried out in order to change
media and the addition of media with the desired puromycin concentration was performed.

The detrimental effect of puromycin on cell growth was already noticed at 48h post antibiotic
addition (left chart of Figure 5.26) even at the minimum concentration tested (i.e. [puromycin]=0.5
ug/mL). As the concentration of puromycin increased, an exponential decay on cell growth was
observed and a higher percentage of cells were detached from cell plates. At the highest
concentration tested (i.e. [puromycin]=3 pg/mL), cell growth was not completely inhibited as it
shown by the fact that 48h post addition total viable cell density (i.e. adhered and deadhered living
cells) was higher than the inoculum cell density.

96h post antibiotic addition, a clear toxic effect was detected for [puromiycin] >1.25ug/mL. At these
conditions, almost 100% of cells were detached from cell plate and those that were still adhered to
cell plate showed very low viability (<15%). Cell cultures under a selective pressure of
[puromycin]=0.5ug/mL and [puromycin]=0.75pg/mL did not significatively change from 48h post
addition to 96h post addition. Cell growth was completely inhibited but cells continued attached to
cell plate. Also, the drop on viability observed at [puromicyn]<0.5ug/mL was more related to
acidification of media due to cell growth.

The evaluation of these results led us to set puromycin concentration for positive clone selection at

1.25 pug/mL, performing the first media replacement 96h post antibiotic addition.
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Figure 5.26. Puromycin kill curve of 293T cell line. Attached and detached viable cells are depicted as
stacked bars. Hence, the total height of the curve respresents total viable cell density. The dashed blue
line indcates the viable cell density at seeding.

5.3.2.4. GENERATION AND CHARACTERISATION CapPCV2-293T(17+).

5.3.2.4.1.Generation

In Figure 5.27 a scheme of the procedure for the obtention of CapPCV2 producers derived from
293T-17+ master cell line is depicted. The main differences between this procedure and the protocol
applied for the obtention of CapPCV2 producers derived from 293MZs (Figure 5.17) are underlined.
In first place, electroporation transfection was changed by Ca,PO, transfection as the latter was
recommended for 293T cell line. The complete Ca,P0O, transfection protocol is detailed in Materials
and Methods section 8.9.3. Secondly,it has already been mentioned that the selective pressure
applied to 293T derived clones had to be done by the addition of puromycin at 2dpt. Finally, the
selection of clones was carried out under fluorescence microscope instead of optical microscope in
order to select colonies that have completely lost GFP expression. This way, the selection step and
the lost of fluorescence characterisation step were combined in the same step, reducing the time for
clone obtention.Doing it so, we would increase the probability of selecting pure clones which have

correctly undergo RMCE before scaling them up
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Figure 5.27. (A) Scheme of the process for the obtention of stable cell lines CapPCV2 producers
derived from 293T-17+ master cell line after RMCE. (B) Example of selection of clones under
fluorescence microscope: Overlapped fluorescence histograms obtained by flow cytometry of clone
11A (grey histogram) and 293T-17+ master cell line (green histogram).

3.3.2.4.2. Characterisation

The characterization of the clones was directly focused on the obtention of the protein of interest.
Therefore, duplicates of the four clones selected were scaled up and r-CapPCV2 expression
guantification was evaluated. 96h post seeding, cell confluence of approximately 75-80% was
assessed for all cell cultures. The confluence was assessed in order to avoid slowing down of cell
growth caused by “contact inhibition” mechanisml that would result in a possible underestimation
of specific productivity. Then, cells were harvested and intracellular protein was quantified.
Volumetric production (Q,) and specific production (Y,,) values are compiled in Table 5.15. Except
for clone 11B, which present a slightly lower Yp/, no significant differences were detected on this
parameter among the other three clones evaluated. Besides, clone 11A and clone 11D grew slightly
faster than the other clones, resulting in a higher [CapPCV2] due to higher cell density at time of

harvest.
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Table 5.15.Volumetric and specific productions of selected clones

Id clone [CapPCV2] (ug/mL) Ypx (pg/cell)

1F 5.20+0.49 0.273+0.026
11A 6.66+0.49 0.249+0.018
11B 2.94+0.33 0.188+0.021
11D 6.43+0.81 0.248+0.031

In comparison with the clone 22b derived from 293MZs (characterised in section 5.3.1.4), Y, was
slightly higher in the new clones obtained, derived from 293T-17+ master cell line. As it has beeen
stated, an increment on protein production was already expected, as the mean of fluorescence
intensity of the parental cell line 293T-17+ was 2-log units higher than the mean of fluorescence
intensity of the 293MZs. Nevertheless, the great difference on GFP expression was not proportional
to the small increase on CapPCV2 production. This is in good correlation with the results obtained in
Chapter 4, where it was noticed and commented that a sharp drop on protein productivity occurred
when changing from the infection with rAdV-GFP to the infection with rAdV-CapPCV2 (i.e.
recombinant adenovirus encoding for GFP or CapPCV2, respectively). The drop on protein
production was not related to low efficient viral infection nor to virus replication, as the adenovirus
titres obtained were similar after infection of cells with the two adenoviral vectors at the same
conditions. All these results may indicate that the protein of interest selected in this work (CapPCV2)
might be more difficult to express than other proteins such as GFP.

Regarding the stable cell line obtained after illegitimate integration (i.e. HEK293-F5), the specific
production of clone 11A (onwards 293T-17+_11Aad) doubled Y,/ of the former one (0.107+0.088
pg/cell). However, HEK293-F5 presented a huge advantage over 293T-17+_11Aad. While the latter is
an adherent cell line, HEK293-F5 is grown in suspension and cell densities over 16x10° cell/mL can be
reached. Taking into account that 293T-17+_11Aad cells reach confluence at =0.5x10° cell/cm?, it is

possible to compare the two bioprocesses based on both cell lines (Figure 5.28).
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Figure 5.28. Comparison of media volumes of two bioprocesses for r-CapPCV2 production based either in
HEK293-F5 expression or in 293T-17+_11Aad expression.
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In order to obtain the same quantity of protein, five-fold increment on cell media volume would be
necessary if cultivating the adherent cell line (293T-17+_11Aad) in comparison to the cultivation of
suspension cell line (HEK293-F5). In others words, although 293T-17+ 11Aad specific production is
higher, volumetric production of the process would be more advantageous in a CapPCV2 production
using HEK293-F5 cell line. For that reason, it was decided to adapt 293T-17+_11ad to grow in

suspension and evaluate the effect of the adaptation to protein production and productivity.

5.3.2.5. 293T-17+_11AAD CLONE ADAPTATION TO SUSPENSION. CELL GROWTH AND
CapPCV2 PRODUCTION CHARACTERISATION OF 293T-17+_11AAD AND 293T-17+_11AS
CLONES.

293T-17+ cell line and the derivate clones were cultured in DMEM cell media FBS supplemented
(10% v/v). However, preliminary studies already mentioned in Chapterl showed how, in our hands,
cells cultured in suspension using DMEM supplemented with FBS aggregated to a high extend,
resulting into poor cell growth and drop on cell culture viability. Consequently, it was decided to
adapt 293T-17+_11Aad to suspension cell culture in a different cell culture media.

293T-17+ cell line and HEK293-3F6 cell line differ in some specific features but they both derive from
the same parental cell line. Therefore, it was initially hypothesized that the best cell media
encountered for HEK293-3F6 would also be suitable for the culture of 293T-17+. Consequently, we
firstly cultured 293T-17+_11ad cell line in HyQ SFMTransFx-293 4mM GlutaMAX, FBS and CB5
supplemented. The percentage of supplementation was initially set at 10% for both supplements,
but concentration of FBS was gradually lowered until reaching a final concentration of 5% (v/v). By
lowering the concentration on FBS, cells showed less aggregation but after some passages, a
continuous drop on specific growth rate was detected, although viability remained over 85%. Then,
It was decided to evaluate different concentrations of CB5 in order to assess if this supplement could
be causing the cell growth impairment. After some passages for adaption to media, cell growth
curves were assessed and the main kinetic parameters were evaluated, which are summarised in
Table 5.16. Cell line referred to as 293T-17+ 11As, is the suspension cell line obtained after

adaptation of 293T-17+_11Aad.
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Table 5.16. Main kinetic parameters of suspension cell cultures of 293T-17+_11As growing in cell media with
different CB5 percentage.

[CB5] (v/v)

0% 3.3% 10%

XVimax (x106 cell/mL) 7.54+0.94  7.32+1.25 3.70+0.47

T XVimax () 168 180 180
Himax (x207°h™) 2.44+0.22  2.14+0.07  1.80+0.32
T Hmax (D) 90 90 90

Viab to pmax (%) 89.54+0.72 93.48+0.91 95.39+0.39

The results showed that CB5 supplementation affected negatively to cell growth, as pmax was
reduced when increasing CB5 concentration. Moreover, Xvn.x at the higher CB5 concentration was
about the half than the one achieved on cell cultures without this supplement. Besides, although
there were no significant differences on Xv,,., between the lower CB5 addition and the absence of
this supplement, the time needed to achieve this cell density was higher when CB5 was present in
cell media, due to the reduction on specific growth rate. Accordingly to these results, it was decided
to establish HyQ SFMTransFx 4mM glutaMAX 5%FBS but without CB5 supplementation as the cell

culture media for 293T-17+_11As cell line.

Once the cell media was selected, triplicates of cell culture with 293T-17+_11As were performed in
order to evaluate protein production. Also, to avoid possible inter-assay variability, triplicates of cell
cultures with the parental adherent cell line (293T-17+_11Aad) were carried out in parallel. Time of
harvest (TOH) for protein evaluation was selected on basis to previous characterisation of the cell
lines cell growth and inocula’s cell density. Hence, for both cell lines TOH was set at approximately
100h, when adherent cells where 80% confluence and suspension cells still had 48h to reach
maximal viable cell. (Figure 5.29).

Significative drop on Y,, of the cell line adapted to suspension was assessed after protein
guantification. For the adherent cell line, the calculated specific production was 0.221+0.036 pg/cell,
which is in the range with the previous presented values for this parameter. In the case of the cell
line adapted to suspension, specific production was 0.075+0.035 pg/cell, which represents a three-

fold reduction of this value in comparison to the adherent cell line.
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5.5. CONCLUSIONS

The generation of stable cell lines enabled to overcome the low specific production of CapPCV2
encountered with the bioprocess based on adenovirus infection (Chapter 2). Specifically, a 5-fold
increment on Y,, was achieved if we compare the most productive stable cell line with the
bioprocess based on AdV_CapPCV2 infection. Between the two cell strategies explored for stable cell
generation (illegitimate DNA integration and site-directed integration by RMCE), the latter was the
one that performed better. With RMCE a stable cell line was generated (293T-17+_11Aad), which
doubled the specific production of the one calculated for the cell line obtained after illegitimate DNA
integration (HEK293-F5) (Table 3.20). This could be initially unexpected. As site directed integration
events occur in much lower rates than randomly integration, and also because with the second
strategy more than one copy of GOI can be inserted into the genome of the host, illegitimate
integration normally results in higher protein productivities. Nevertheless, this statement strongly
depends on the protein to be expressed and the final sites of integration, so the results cannot be
predicted in advance. Our results indicate that the identified “hot-spot” in 293T_17+ parental cell

line is transcriptionally active enough to overcome the production obtained with HEK293F6.

Table 5.20. Summary of the main parameters of each clone obtained for stable cell line generation.

Clone Gene integration  Ypix (pg/cell)  Hmax (x10'2 h_l) Xvmax (xlO6 cell/mL)
HEK293-F5 Random 0.107+0.018  2.84+0.09 18.73+0.36
CapPCV20p-293MZ9 Site-directed 0.190+0.077 2.13+0.16 1.88+0.04
293T-17+_11Aad Site-directed 0.221+0.036  2.38+0.02 1.63+0.30
293T-17+_11As Site-directed 0.075+0.035  2.44+0.21 7.5410.94

Finally, despite the higher specific production of 293T-17+_11Aad in comparison to HEK293-F5, the
fact that the latter could be grown in suspension resulted in higher volumetric production and more
feasible bioprocess. Therefore, the adaptation of 293T-17+_11Aad to grow in suspension was
performed. This adaptation resulted in a significant drop on r-CapPCV2 specific production. Precisely,
Y,/ of the cell line adapted to suspension culture (293T-17+_11As) was 0.075+0.035 pg/cell, which is
almost three times lower than Y, of the adherent cell line. Besides, the specific production of 293T-
17+ _11As was in the range of the one calculated for the other stable suspension cell line generated
in this work (HEK293-F5). However, higher cell densities were achieved with the latter clone and
consequently, higher volumetric productivities would be achieved. Therefore, in terms of the

production of this specific protein, HEK293-F5 would be the clone selected for bioprocess

149



Chapter 5

development. An attractive alternative could be obtaining a stable cell line by site-directed
integration of the gene into hot-spots of the genome of a cell line which already grows in
suspension. These alternatives will also be discussed in the final conclusions of this thesis.

Finally, it must be mentioned the impossibility of secreting rCapPCV2 regardless the secretion signal
peptide used. Regarding the use of SS-IL2, it must be mentioned that although interleukin-derived
signal sequence are in common use both in commercial protein and production and in gene
therapy®, recent studies demonstrate that the performance of II-2 signal peptide can be improved
substantially*®, suggesting that the native sequence does not operate optimally. In the final
conclusions of the thesis, further discussion will be addressed to this topic and alternatives for signal

peptide selection will be discussed.
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CHAPTER 6: HEK293 CELLS PHYSIOLOGY STUDY AND METABOLISM
UNRAVELLING BY pFBA APPLICATION

6.1. INTRODUCTION

Physiology can be defined as the branch of science that studies the interaction between cells and
their environment. It must be distinguished from metabolism in the sense that while the basic
metabolic currencies remain the same across cells (e.g., ATP, acetyl coenzyme A [AcCoA], NADH,
NADPH), the metabolic requirements of each cell type are determined by their tissue function and
environment, and consequently, metabolic resources will be differently used". For example, immune
cells remain quiescent for extended periods but then rapidly proliferate upon stimulation. To
accomplish this, cells shift from a state of low nutrient uptake to a state of increased nutrient uptake
by the activation of anabolic pathways that facilitates rapid growth and division®. Differently, cardiac
myocytes do not proliferate but have a high demand for ATP, so these cells strongly rely on oxidative
phosphorylation to efficiently generate ATP®. Another interesting example are the hepatocytes,
which are in charge of controlling blood chemistry and thus need flexibility to perform energy-

intensive processes (i.e. synthesis of glucose, amino acids, and macromolecules), to recycle by-
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products of metabolism from other tissues into useful metabolites while also excreting unneeded or
toxic material as waste®. Each of these tissue physiologies requires different ratios of the metabolic

currencies and employs unique regulatory circuits.

As stated in the introduction, metabolic engineering is one of the main branches in bioprocess
optimisation, and particularly, flux balance analysis (FBA) is an important tool in order to better
understand the physiology of cells and identify critical components in metabolic pathways. The
advantage of FBA in comparison to other methodologies of flux analysis is that they are based on in
silico genome-scale metabolic models which have been completed with databases, literature and
experiments®, and they follow optimisation-based simulation techniques to analyse cellular
metabolism. Hence, they usually don’t need labelled isotopomers (which are quite expensive and
the detection techniques are not easy to implement) and they can explore different cell
physiological behaviours in silico or also predict metabolic capability when changing the pre-defined
conditions. Nevertheless, it must be stated that FBA can result in mathematically feasible but
biologically unfesasible solutions, so the study of the predictions must be performed and the outputs
of metabolic and physiologic studies must be included in the models as an iterative optimization.

This chapter is focused on the study of the metabolic and physiologic behaviour of mammalian cells
in batch culture has extensively been reported as the consumption of large amounts of glucose
during exponential cell growth resulting in the secretion of lactate. The extracellular accumulation of
lactate is one of the most important limitations of mammalian cell based bioprocesses. Some effects
on the physiology of mammalian cell due to lactate accumulation are the inhibition of cell growth
and protein expression®’ and alteration of protein glycosylation patterns®’. In the following sections,
the physiology of the HEK293 cells under certain environmental conditions is presented and studied.
Moreover, flux balance analyses are presented in order to support the hypothesis proposed for

unravelling the observed physiology.

6.2. STUDY OF DIFFERENTIAL LACTATE METABOLISM DEPENDING ON pH CONTROL

As it has been pointed out in Chapter 3 of this work, substantial differences on lactate metabolism of
HEK293 cells depending on the culture platform have been observed. One platform was a fully
controlled stirred bioreactor while the other was a shake flask platform without pH and pO, control
or monitoring.

When cells grew in bioreactor lactate was produced and secreted to media until the complete

depletion of glucose (Figure 6.1). Thereafter, lactate consumption was observed together with a
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decrease on the specific growth rate, concurringly with the end of the exponential growth phase.
This cell metabolism has been extensively studied and accepted for animal cells by the scientific
community. However, this metabolic behavior differed from the one routinely observed in shake
flask cultures. When cultured in this platform, an initial phase of glucose consumption and lactate
production was observed, followed by a shift towards lactate and glucose concomitant
consumption. At the shift point, lactate concentration was always around of 11mM (which is far
lower the lactate concentration reached in bioreactor) and glucose was not at limiting

concentrations (approx. [gluc]=30mM) (Figure 6.2).
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Figure 6.1. Batch cell culture of HEK293 suspension cells in a 2L bioreactor under controlled temperature,

dissolved oxygen and pH conditions. Upper panel: cell growth, viability, glucose concentration, lactate
concentration and OUR. Lower panel: pH evolution, accumulated NaOH and HCl and lactate concentration.
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Figure 6.2. Batch cell culture in 1L-shake flask. Viable cell density, viability, glucose concentration and lactate
concentration profiles are depicted.

The differences from one culture platform to the other were only pO, and pH evolution (i.e. free in
shake flask and controlled in bioreactor) as cell media, inoculum, and temperature were the same.
Since cell density increased 9-fold in shake flasks after the metabolic shift from glucose consumption
and lactate production to concomitant glucose and lactate consumption, we hypothesized that the
triggering factor of the metabolic shift was more related to pH control than to O, limitation. To
evaluate this hypothesis, HEK293 cells were cultured and monitored in 2 litres bioreactor
reproducing the conditions of shake flask regarding pH control: alkali buffer addition was avoided
and pH was only controlled by means of CO, addition to keep its value below 7.2. As depicted in
Figure 6.3, under these conditions the metabolic behaviour observed in shake flasks was
reproduced: in the initial stages of the cell culture glucose consumption and lactate production was
also observed, but this stage was followed by a shift towards lactate and glucose concomitant
consumption in the middle of the growth phase. At the metabolic shift point (t=96h), lactate
concentration was around of 11-13mM and the remaining glucose was not at limiting concentrations
(approximately 30mM).

As shown in Figure 6.1 (lower chart), the pH value was maintained around 7.1 (set point) by the
addition of NaOH or HCl. When buffer addition was suppressed (Figure 6.3, lower chart),
acidification of media was observed and pH dropped to values around 6.75. At that point (around
96h after inoculation), lactate secretion was stopped and net consumption of extracellular lactate

was observed from t=120h onwards (Figure 6.3).
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Figure 4.3. Batch cell culture of HEK293 suspension cells in a 2L bioreactor under controlled temperature and
dissolved oxygen conditions. pH was kept controlled for basification of media by CO, addition (set point:6.95)
Upper panel: cell growth, viability, glucose concentration, lactate concentration and OUR. Lower panel: pH
evolution and lactate concentration.

Consumption and production rates for both culture strategies with different metabolic behaviour
were assessed and are summarized in Table 6.1. Specific glucose uptake rate (gg,) and lactate
production rate (qi..) were similar for both cultures during Phase 1 (i.e. lactate production; onwards
P1). On the contrary, significant differences were observed on those parameters when lactate was
consumed (i.e. Phase 2 or P2). Whereas in pH-controlled batch the drop in qg. is related to the
depletion of glucose in media, in pH-free batch the reduction of this parameter occurred despite the
presence of this metabolite in non-limiting concentration. Finally, lactate uptake rate during P2
(a1acp2) Was increased more than twice in cultures with controlled pH compared to cultures without
pH control (36.45 and 14.01 nmol/(10°cell-h), respectively). This is probably due to the fact that,
whereas in pH-controlled batch lactate was the sole substrate consumed during P2, in the cultures
without pH control lactate was co-consumed together with glucose (although glucose was consumed
at lower rates). The specific consumption and production rates of batch without pH control were in

the range of those calculated for shake flask cultures (data not shown).
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Interestingly, the cell density reached when pH was not controlled was slightly higher (Table 6.1),
indicating that the different metabolic behaviour could be, somehow, beneficial for cell culture
expansion. This is related to the dramatic drop on specific growth rate after the metabolic shift
observed in pH-controlled bioreactor (three-fold decrement, Table 6.1) whereas only a slight
reduction of this parameter was observed for cells in pH-free bioreactor. These results were in good
agreement with those obtained in shake flask cultures. Additionally, cell viability was kept about
90% during the growth phase in both bioreactor fermentations, and Oxygen Uptake Rate (OUR)
profile, which is an accurate on-line measurement of metabolic cell activity, also supported the idea

of a more sustained cell growth when pH was not controlled.

Table 4.1. Cell growth, glucose and lactate related parameters of pH-controlled batch cell culture (NaOH/HCI
control; depicted in Figure 4.1) and pH-free batch cell culture (CO, control; depicted in Figure 4.3).

pH-controlled pH-free
XVimax (x10°cell/mL) 11.1 14.0
Hinax (x107°/) 2.94 2.35
thmax (H) 115 117
Mpost-shire (x10/h) 1.09 1.82
[lactate] max (MM) 40.21 13.2
[glucose] actate_max (MM) 1.78 32.4
tIac swicht (h) 92 68
Qeiucp1 (NMol/(10°cell-h)) 220.02 193.64
Qiacer (nMol/(10°cell-h)) 245.64 221.65
Qglucp2 (nmol/(10%cell-h)) na. 32.03
Qiacp2 (NnMol/(10°%cell-h)) -36.45 -14.01

n.a. (not applicable): glucose was depleted so no rate consumption could be calculated

Taking into account all those previous results, we hypothesized that the acidification of media due to

lactate secretion might be the triggering factor of the HEK293 cells metabolism shift.

6.3. MODIFICATIONS OF CELL MEDIA FOR TRIGGERING THE METABOLIC SHIFT AT WILL

With the aim of evaluating the proposed hypothesis together with studying the possibility of
triggering the concomitant glucose and lactate consumption when desired, we modified the initial
conditions of the media reproducing the conditions in which the metabolic shift took place in
previous experiments. We also aimed to find out whether cells are capable of switching metabolism
due to environmental conditions or if the metabolism change was related to cell state after some
hours of culture under certain conditions.

Three different conditions were tested in shake flask and are described below. Triplicates of cell

culture in unmodified fresh media were included as controls.
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Partially consumed media (PCM): A culture with the same characteristics of the one presented
in Figure 6.2 was set. At the time that metabolic shift was detected (t=100h), cells were
harvested and media was recovered and kept at 42C until the experiment onset. Besides, cells
were scaled up in order to obtain an inoculum of 2.5x10°cell /mL of fresh cells and maintaining
cell culture within a concentration of 1-1.5x10° cell/mL (as described for cell passaging in

Materials and Methods (section 8.3.1.3.1).

Sodium lactate-modified media: The necessary volume of a 1M-sterile stock solution of sodium
lactate (NaC3HsO3) was added to cell culture at the experiment onset. The initial lactate
concentration was set at 12mM, which corresponds to the average lactic acid concentration at

the time when the metabolic shift was observed in prior cultures without pH control.

Lactic acid/pH-modified media: A 1M-sterile stock solution of lactic acid (C3HgO3) was prepared
and the necessary volume was added to cell media at the beginning of the experiment. As in the

case of sodium lactate, the initial lactate concentration was set at 12mM.

As a consequence of the different lactate form used (i.e. endogenous lactate, exogenous sodium
lactate or exogenous lactic acid) the initial pH was different for each condition tested. Experimental

conditions and results are shown in Figure 6.4 and Table 6.2.

First of all, no significant differences in terms of specific growth rate among all the conditions tested
were detected, being pmax Within the range reported for HEK293 cells™. As shown in Figure 6.4A and
compiled in Table 6.2, cells in fresh media performed identically as it was previously observed: cells
grew to a final concentration of 21.4+2.7 x10°%cell/mL. Also, there was an initial phase of lactate
production until a concentration of 10.41+0.44 mM was reached (P1). At that point, lactate started
to be consumed simultaneously to glucose assimilation resulting in a 4-fold drop on glucose

consumption rate (g P2).
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Figure 6.4. HEK293 suspension cell cultures in 125mL shake flask in different media conditions (A) When
unmodified cell culture media (control cell culture) (B) partially-consumed cell culture media (C)
NaC;HsO5 modified media (D) CsH¢Os-modified media. cells

were cultured in PCM (Figure 6.4B) Xv,., was 1.3 fold lower with respect to unmodified media,
which was already expected since initial nutrients concentrations were lower. Interestingly,
consumption of lactate was detected from the very beginning of the culture, indicating that the
metabolic shift was more related to environmental conditions rather to the internal cell’s conditions.
Moreover, cells were able to perform a fast adaptation to these environmental circumstances,
resulting in a single growth phase with a metabolism identical to the one previously described in
Phase 2 when glucose and lactate were simultaneously consumed.

Regarding cells cultured in presence of sodium lactate (Figure 6.4C) both metabolic profile and cell
growth evolution were quite similar to the fresh media cultures (control). Although the lactate
concentration accumulated along the culture was higher, the increment in lactate concentration was
almost the same than in control cultures (approximately 9mM) (Table 6.2). Therefore, the pH drop
before the metabolic shift due to the lactate accumulation should be the same in both cases.
Glucose and lactate uptake/production rates (Qgucr1 and Qiacp1) Were similar to those calculated for
control cell cultures. Altogether, confirmed that the addition of sodium lactate to the media had no

influence on the metabolic behavior of cells.
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Finally, when lactic acid was added to cell media (Figure 6.4D), pH dropped to 6.82, which was
similar to the initial pH of PCM. Cell growth when lactic acid was added was like to the growth
observed in fresh media, reaching Xv,. valuesas high as 20.243.1-x10°ell/mL. Remarkably, lactate
metabolism was comparable to the one observed in the PCM condition: lactate consumption was
triggered from the very beginning of the culture, therefore again only Phase 2 (P2) was observed.
This fact indicates that the metabolic pattern of concomitant consumption of glucose and lactate
had no negative effect on cell growth, confirming that the decrement on cell density in PCM was
related to nutrient depletion rather than to the altered metabolic behaviour.

Besides the significant differences observed in the metabolic behaviour, it is worth to mention that
glucose and lactate uptake rate were similar during P2 in all conditions tested (around 40 and 11

nmol/(10°cell-h) respectively).

Table 6.2. Summary of the different initial media conditions and values of main cell growth and metabolic
culture parameters obtained from the profiles shown in Figure 6.4. P1 and P2 are defined on basis of the
switch from lactate consumption to lactate production. Metabolite rates of both phases P1 and P2 were
calculated taking only into account the measurements within the exponential cell growth phase.

A B C D
Culture condition Unmodified media PCM NaC3;HsO; added  C3HgO; added
[Lac], (mM) 1.3 13.2 12.0 12.0
pHo 7.19 6.77 7.18 6.82
XVimax (x10°cell/mL) 21.4+27 16.5+1.4 214+1.38 20.2+3.1
tXVynax () 139 94 120 120
Hmax (x107/h) 2.17 +0.06 2.26 +0.01 2.67+0.13 2.54+0.15
thmax (D) 70 71 70 70
Ggiuep1 (NMol/(10°cell-h)) 117.09 + 20.46 “n.a. 92.76 + 10.05 “n.a.
Qiocp1 (NMol/(10°cell-h)) 130.42 + 13.27 “n.a. 110.05 + 15.23 “n.a.
Qgiuep2 (NMol/(10°cell-h)) 30.18 £0.24 39.45 +1.22 42.48+2.26 41.02+2.18
Qiacp2 (NMol/(10°cell-h)) -12.14 +0.44 -8.50 + 2.00 -12.63+1.26 -10.99 + 0.49
Alac (mM) 8.51£0.17 No 8.61+0.41 1.24+0.16

accumulation

na.: (not applicable): lactate production (i.e. P1) was not observed. Hence, metabolite rates could not
be calculated.

Comparing the lactate evolution of all the conditions, it can be concluded that pH plays a more
important role on metabolic shift rather than the presence of lactate itself. When pH value was
dropped around 6.8 co-consumption of glucose and lactate was noticed from the very beginning of
the experiment, while for higher pH experiments (sodium lactate; pHy=7.18) the metabolic shift was
delayed until 24-36h of cell culture. This delay might correspond to the time needed to decrease the
pH until values close to 6.8 by means of lactic acid secretion as a result of the glucose metabolism

during P1.
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6.4. INFLUENCE OF pH ON TIME TO TRIGGERING THE METABOLIC SHIFT

In order to confirm previous observations of how pH influenced the triggering of lactate shift (i.e. the
lowest the pH, the prompter the shift would occur), cell cultures at different initial pH were
performed. All the cultures were performed in presence of sodium lactate in media at a
concentration of 12mM. It became interesting to follow pH evolution in order to correlate it with
metabolism of lactate. In order to do so, cell cultures were performed in the SFR-RAMOS (Kiihner
AG) cell culture system (Materials and Methods, section 8.4.1.2.). This system enables to follow
online important parameters such as pH and OTR of cell cultures performed in shake flask. Three
intitial values for pH were selected: 7.4, 7.0 and 6.6 and the results were evaluated in terms of

influence of intial pH on triggering the lactate shift and on growth rate.

[gluc)/[lac] (mM)

Time (h) Time (h) Time (h)

= A = Glucose concentration (mM) = Y= Lactate concentration (mM) —— pH

Figure 8.5. Evolution of glucose concentration, lactate concentration and pH of HEK293 cell cultures at
different initial pH (pHo): (A) pHe=7.4; (B) pHo=7; (C) pHy=6.7

Table 6.3. Values f the main important parameters for cell growth and metabolite evolution of cells cultures
depicted in Figure 6.5.

» ” Mmax Ggluc Psl Qiac P1 Qgiuc P2 Qiac P2 Alac
(x102h?)  ((nmol/(10°cell:h))  ((nmol/(10°cell-h))  ((nmol/(10%ell-h))  ((nmol/10%ell-h))  (mM)
A 7.4 1.94+0.17 99+20.3 54.74+17.6 37.13+2.7 -37.04+2.0 13.37+1.3
B 7 221:0.35 103.80+8.6 106.5+27.96 45.5142.9 -20.42+2.8 6.80+2.4
C 6.6 1.97+0.07 “n.a. “n.a. 37.9242.27 -10.02+0.95 0.530.2

n.a. (not applicable): lactate production (i.e. P1) was not observed. Hence, metabolite rates could not be calculated.

The first remarkable observation was that for all cell cultures, pH tended to drop until a value
around 6.6 (Figure 6.5). After this soft acidification of media, the change from lactate production to

lactate consumption occurred and consequently, pH of media increased. Therefore, it seemed that
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there is a critical pH at which the metabolic shift is triggered. The higher the value of initial pH, the
longer time that was required to achieve this critical point and to detect the lactate shift. The
acidification of media would be related to the secreted lactate, as it indicates the values for the
accumulated lactate (Alac, Table 4.3): at initial pH of 6.6, almost no accumulation of lactate was
detected, whereas this value increased with the increment of initial pH. It was also interesting that
after the metabolic shift (Phase 2 or P2), a significant drop on glucose consumption rate was
detected, and that the value was similar for all the conditions tested. On the contrary, lactate
consumption rate during P2 was different depending on the initial pH. As the initial pH was higher,
lactate consumption rate during P2 was also higher. This observation led us to hypothesize that
aside from pH, there was also some relation between the concentration of lactate in media and the
consumption of this metabolite. Specifically, we thought that cells could somehow detect the
extracellular concentration of protons (i.e. the pH) and when this concentration could be
detrimental for cell growth, cells would start to transport protons to the intracellular space as a
strategy of pH detoxification. This import of protons would be made as a co-transport of lactate and
protons. As initial pH increased, it also did the concentration of extracellular lactate reached in cell
culture. Hence, there would be more available lactate to perform this co-transport and this might be
related to the higher lactate consumption rates. Finally, it is worth to mention that the initial pH did
not affect the specific growth rate of the cells. Although some detrimental effect could be expected

due to the acidification of media, it was not noticed and cells grew equally regardless the initial pH.

6.5. CO-METABOLISM OF GLUCOSE AND LACTATE IN HEK293 AS A pH DETOXIFICATION
MECHANISM.

In order to evaluate the effect of lowering pH on the lactate metabolism and cell growth, cell
cultures at pH=6.62 in presence or absence of sodium lactate along with cell cultures in unmodified
media were performed in parallel. Also, it became interesting to study the influence of the
modification of pH on protein production. Therefore, cell cultures presented in this sections were
carried out with a HEK293 cell line expressing GFP (HEK293-eGFP). This cell line is described in
Material and Methods (section 8.1.1.1.2) and its growth and physiological characteristics were
comparable to HEK293 cell line (data not shown). The results obtained after the modification of
initial pH and lactate concentration, were completely different in terms of cell growth profiles and
metabolic behaviour (Figure 6.6).

When sodium lactate was not added to media at low pH (Figure 6.6B), cell growth inhibition was

detected resulting in a decrement of L., in comparison to cell cultures in which sodium lactate was
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added (Figure 6.6C) and also to control cultures (Figure 6.6A). Therefore, a significant decrease on
cell expansion was observed reaching values about 9-10°cell/mL, or in other words, a 50% drop on
XVmax. Moreover, aberrant cell morphology and high cell aggregation was noticed from the very
beginning of cell culture, as well as a significant drop on viability beyond 120h. Interestingly, with the
simple addition of sodium lactate the expected cell growth inhibition due to low pH was completely
avoided. Exponential growth was extended for 114h, which was 24h longer than control cell cultures

reaching similar final cell densities although the slight differences in Y. (Table 6.4).
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Figure 6.6. Cell growth, viability, glucose concentration and lactate concentration profiles of HEK293
suspension cell cultures in three different scenarios: (A) [lacl)= OmM pHy=7.02 (B) [laclo= 0OmM pHy=6.62 (C)
[laclo= 12mM pHy=6.62. Cultures were performed by triplicate in shake flask .

Focusing on the impact of low pH on GFP production, no negative effect was detected at low pH
culture conditions. Intracellular fluorescence increased according to cell growth as expected for a
constitutive expression of a recombinant protein, resulting in comparable protein production rates
(gfuo) for all conditions.

Concerning the metabolic behaviour, not only lactate secretion was completely suppressed when
lactate was added to cell media at pH 6.62, but also lactic uptake started from the very beginning,
supporting the results presented in the previous section. As a result of the extracellular lactic acid
uptake, media pH might increase and consequently, the culture conditions changed from inhibitory
to a suitable environment for cell growth. In contrast, when lactate was not added at low pH media
an initial secretion of lactate was detected during the lag phase (ALac = 4mM). Then, co-metabolism
of lactate and glucose was triggered but at lower rates than for cultures were lactate was present
from t=0h. The faster and prompter consumption of extracellular lactate when lactate was present
from the very beginning could be related to a more effective H" uptake to the intracellular space and
consequently, a faster pH increment of media changing the conditions from inhibitory to a suitable
environment for cell growth. The ultimate consequence of the faster lactate consumption would be
a better environment for cell growth, which is reflected on the longer exponential phase and on the
higher cell density reached (more than doubled when lactate was present in media). These results

are also in good agreement with the results presented in prior section, in which a direct relation
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between a higher lactate consumption rate and extracellular lactate concentration was noticed.
Regarding to unmodified media, glucose and lactate consumption rates were clearly in the same

range of those measured in cell cultures at low pH and initial lactate concentration about 12mM.

Table 6.4. Summary of the different initial media conditions and values of main cell growth and metabolic
culture parameters obtained from the profiles shown in Figure 7.6. P1 and P2 are defined on basis of the
switch from lactate consumption to lactate production. Cultures were performed in triplicates and the
standard deviation is indicated.

A B C
Culture condition Control Low pH Low pH + NaC3;Hs03
[Lac]p (mM) 0 0 12
pHo 7 6.6 6.6
XVimax (x10%cell/mL) 20.00 +2.94 9.68 + 0.46 20.85 +2.34
Himax (x107%/h) 2.20+0.38 1.40 +0.16 1.77 + 0.09
Tlmax (h) 90 67 114
6 123.56 +
Jgluce1 (NMol/(10°cell-h)) 18.30 99.66 + 20.36 n.d
128.30 =
Qiacp1 (NMol/(10°cell-h)) 10.01 33.07 £4.25 n.d
Jglucp2 (nmol/(10°cell-h)) 32.76 £ 4.47 44.52 +2.86 32.29+1.01
Qiacpz (NMol/(10°cell-h)) -12.60£0.78 -3.78 £0.08 -11.33+0.73
6 487.97 £ 483.29 =
. +
dnuo (FAU/(10%cell-h)) o642 10.05 475.61 +1.31

It must be pointed out that lactate consumption has been previously reported in literature.
However, the metabolic behaviour presented in so far, differs from other published studies, which

can be grouped in 4 different scenarios:

1) Reduction of lactate production rate or complete lacking of lactate secretion. A significant number

of investigations have been directed to reduce the accumulation of lactate in extracellular media by

1714 'On these studies, the reduction or

means of limiting the carbon source in fed-batch strategies
even the lack of lactate secretion to media has been effectively accomplished, but no net uptake

lactate from cell media was observed.

2) Lactate consumption after complete glucose depletion was reported recently in an unmodified

HEK293 cell line®™. This metabolic profile coincides with the results of the batch with pH control at
6.1 presented before. In other previous studies with CHO cells, lactate was clearly uptaken from
media when glucose was also depleted™®. This behaviour allowed to develop a successful fed-batch
control loop in which glucose concentration was maintained at values close to zero'. In the latter

case, cell growth continued after the metabolic shift from lactate secretion to consumption, but
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glucose was always in limiting conditions. The outcomes concerning P2 of our cell cultures when pH
was not controlled completely differ from this behaviour since lactic and glucose co-consumption is
clearly observed when glucose was far from its limiting concentration.

3) Lactate consumption in presence of glucose after glutamine depletion from medium has also

been described in CHO cells®®. In order to assess if this was the factor behind the lactate metabolic
shift in HEK293 cultures here reported, the concentration of amino acids was analyzed for the batch
cultures with and without pH control at initial growth stages and also at the time of the metabolic
shift (Figure 6.7). When co-metabolism of lactic acid and glucose was triggered, no limitation in any
amino acid was detected. Glutamic acid and L-alanyl-L-glutamine dipeptide (glutaMAX®)
concentration were around 2 mM and glutamine around 0.75 mM at the moment of the metabolic
shift. Interestingly, when pH was set at 7.1 amino acids consumption were higher compared to the
ones measured in cultures without pH control, which might indicate a more efficient metabolism in

the latter conditions when concomitant glucose and lactate consumption was observed.
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Figure 6.7. Concentration of principal amino acids in cell media at early stages of cell culture
(Panel A) and at time of lactate metabolism switch (Panel B). Black bars correspond to batch cell
culture of Figure 6.1 and grey bars refer to batch cell culture of Figure 6.3.
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4) Concomitant glucose and lactate uptake at late culture stages or at the stationary phase. The

simultaneous consumption of glucose and lactate has also been reported but mainly in CHO cell

cultures®%2°

or in NSO cell cultures2i-23, Nevertheless, this shift occurred at late stages of cell
culture, when cell growth was halted or only residual growth was observed. Recently, extracellular
lactate uptake in the presence of glucose by means of media acidification has been reported in NSO
cell cultures®. However, the lactate consumption was quite low and was accompanied with a
dramatic reduction on glucose uptake and cell growth, resulting in a drop of about 30% of the cell
growth rate after the pH shift in comparison to the control cell cultures. In the results presented

above, glucose and lactate were significantly consumed from media without any detrimental effect

on cell growth when cells were cultured at the same pH as used in the mentioned paper.

In a nutshell, the flexibility of lactate metabolism of animal cells to adapt to different environmental
conditions has been well reported in the literature. Nonetheless, from the different culture
conditions, none of them fits with the results reported in this work, where co-metabolism of lactate
and glucose was observed during exponential growth phase. Furthermore, the co-consumption of
both metabolites has been triggered at will from the beginning of the cultures when initial pH (pHo)
was set therein the range about 6.6—6.8 and the addition of exogenous lactate was performed.
Interestingly, no negative effect on cell growth was detected under this culture conditions.
Contrarily, at low pH values, cell growth was drastically inhibited when lactate was not added in the

media.

The hypothesis arisen after the analysis of the results and the reviewed literature consists in that
HEK293 cells metabolize extracellular lactate as a strategy for pH (H") detoxification. Our hypothesis
is in concordance with other studies reported in the literature, where authors show how the lactate
is actively co-transported with H into the cytosolic space and this is governed by MCT
transporterszs’zs, which have also been found in HEK293 cells”’.

Interestingly, glucose and lactate co-metabolization switch resulted in a better-balanced cell

metabolism (reduction of glucose and amino acids uptake rate without affecting cell growth).

167



Chapter 6

6.6. STUDY OF THE OPTIMAL INITIAL pH AND LACTATE CONCENTRATION FOR TRIGGERING
LACTATE AND GLUCOSE CONCOMITANT CONSUMPTION FROM EARLY STAGES OF CELL CULTURE.

6.6.1. Experimental design
The data presented in prior section indicated that the co-consumption of glucose and lactate results
in a more efficient metabolism based on the observation of a lower glucose consumption without
affecting cell growth or protein production. In this direction, it was desired to further study the
combined effect of initial lactate concentration an initial pH value in order to trigger the co-
metabolism at will and obtain specific outcomes concerning cell growth, glucose consumption rate
and lactate production rate. For this study, design of experiments was applied. Design of
experiments (DoE) can be defined as “an approach that involves systematic and efficient
examination of multiple variables simultaneously to create an empirical model that correlates the
process responses to the various factors” (process variables and material attributes)®. In its basic
outline, the DoE methodology investigates defined input factors to a converting biosystem from
which mostly common and well-defined output factors or responses are generated (e.g. product
yield and productivity). The strength of DoE is that, differently from mass balancing, it also reveals
how interactions between the input factors influence the output responses®. The choice of an
experimental design depends on the objectives of the experiments and the number of factors to be

investigated. In Table 6.5, a summary table for choosing an experimental design is presented.

Table 6.5. Summary table for the selection of the most appropiate experimental design depending on the
objective and the number of factors of the study. Adapted from™.

Objective

Comparative Screening Response Surface

1-factor completely

(%] . .
§ randomized design
(8]
£ Central composite or Box-
G Randomized block design Full or fractional factorial
5 Behnken
o]
§ Fractional factorial or Screen first to reduce
=z 5 or more Randomized block design
Plackett-Burman number of factors
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In our case, a Box-Wilson (or Central composite) design of experiment was selected as we wanted to
study the interaction between 2 factors (pHy and [lactate],) and we wanted to improve the settings

of these to factors in order to fulfill the following objectives (i.e. outputs):

1. The minimization of accumulated lactate in media (Alac).
2. The maximization of specific growth rate (Umax)-

3. The minimization of lactate production rate (q;,c) and glucose consumption rate (Qgyc)-

A central composite design (CCD) supports the building of a polynomial equation as follows:
_ 2
Y =Po+ Xj=1 B %+ Xjoq Xk=jer Bj " % X + Xj=1 Bjj * % (Ea.6.1)
Where:

?:1 [)’j * X; is the individual effect of each studied factor
;-1=1 Z;(L]-H Bjk * Xj * X indicate the interaction among the variables

;-1=1 ,B’jj . sz takes into account a possible non-linear/quadratic effect of some factors.

The studied factors are explored at five levels, which are defined by the “central point”, the
“factorial points” and the “star points” (Figure 6.8). The factorial point is +1 from central point for
each factor. Star point is +a from central point for each factor and a is calculated as indicated in Eq.

4.2.

]1/4

a = |2k Eq. 6.2.

Where k is the number of studied factors.

(0,1.414)

Factorial and Star and (0,-1.414)
central point central point

Figure 6.8. Design scheme of central composite design (CCD) with two variables

Then, it is possible to design an experimental matrix where the conditions for studying the selected

experimental space are defined. The experimental matrix applied to this study is shown in Table 6.6.
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Table 6.6. Experimental matrix for the determination of initial lactate concentration and initial pH depending
on the evaluated response.

Code levels Real values
Pattern
Variable 1 Variable 2 [lactate], pHg
-- -1 -1 3.51 6.72
-+ -1 -1 3.51 7.28
+- +1 -1 20.48 6.72
++ +1 +1 20.48 7.28
00 0 0 12 7
00 0 0 12 7
00 0 0 12 7
00 0 0 12 7
-0 -1.414 0 0 7
+0 +1.414 0 24 7
0- 0 -1.414 12 6.6
0+ 0 +1.414 12 7.4

6.6.2. Results analysis and discussion
The first point to mention from the results obtained, is that regardless [lactate], and pHO, all cultures
tend to reach the same pH (around 6.6) (Figure 6.9). pH never got lower than this value for any
culture and the time to reach this pH was never longer than 72h of cell culture. Once this pH was
reached, lactate stopped to be secreted, regardless the remaining glucose concentration in the
media or cell density. Consequently, the lower the initial pH was, the prompter pH=6.6 was reached

and lactate shift occurred. On those cultures were pH, was set at 6.6, lactate consumption was

noticed from the very beginning of cell culture.

74
pH 6.72 pH6.6 7.2
7,0

pH

6,8
WMM 6,6

6,4

0 24 48 72 24 48 72 24 48 72 24 48 72 24 48 72
Time(h) Time(h) Time(h) Time(h) Time(h)

—— [lactate],=12mM
lactate]p=3.51mM - lactate]p=3.51mM
[ lo —— [lactate];=0mM { To — [lactate],=12mM

—— [lactate];=12mM
—— [lactate]g=20.48mM llactate] =24mM —— [lactate]p=20.48mM

Figure 6.9. pH evolution during the first 72h of cell culture. The initial conditions for pH and [lactate]
are indicated.

When pH, was set at 6.6, lactate secretion and consequently, accumulation in media was not

observed (Figure 6.10a). Hence, although this value is one of the limits of the selected experimental
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data, further minimization of the output variable (accumulated lactate) cannot be achieved. Besides,
when incrementing the value of pHy, the accumulation of lactate to media increases until a
maximum of 17-18mM. The increment on the accumulated lactate due to the initial pH of the media
is a little softer as the initial lactate in media increases. This might be related to a slight toxic effect
on cells due to the total extracellular lactate concentration ([lactate]...,=[lactate],+Alactate). This is
in good correlation with the slight decrement on . at high pHy and [lactate], predicted by the
model (Figure 6.10b). Regarding this parameter, different combination of the factors reached the
maximum value encountered for this cell line. This result must be interpreted as that different
combinations of pH, and [lactate], have no detrimental effect on cell growth. Nevertheless, when
pHo is low together with low [lactate],, the predicted specific growth rate is lower than the generally
reported for this cell line™®, hence, those conditions have a negative effect on cell growth. This is in
good correlation with the results previously presented, where lowering pH to 6.6 without the
addition of extracellular lactate resulted in an initial impairment of cell growth and a 50% drop on

XVmax (Section 6.5).

Concerning glucose specific consumption rate (Figure 6.10c), the minimum is achieved at the lowest
pHo level tested (pHy=6.6). The results show that glucose consumption rate is on function of pH and
it does not generally depend on [lactate]y within the studied range. Nevertheless, it is interesting to
mention that when lactate is totally lacking from media ([lactate],=0) a slight increment on glucose
uptake rate is predicted. This is in good concordance with the hypothesis that when cells uptake
lactate from media they use the metabolite as carbon source, hence, reducing glucose consumption.
If there is no availability of this alternative carbon source, cells will consume glucose faster than in
presence of lactate. Finally, negative lactate production rate (i.e. lactate consumption) is triggered
from the very beginning of the cell culture at pHy=6.6 and [lactate], at concentrations higher than
4mM. On Figure 6.10d, a plane at glac=0 nmol/(x10° cell*h) has been overlapped to the surface
response curve in order to easily notice at which conditions lactate starts to be consumed.
Interestingly, at pHy=6.6 lactate consumption rate increases at higher initial lactate concentration in
the media. This is also in good concordance with results previous presented (section 6.4) where it
was hypothesized that the highest availability of extracellular lactate when pH was low (i.e. more
protons in the extracellular media), the greatest the consumption of this metabolite will be. This
resulted in a faster “detoxification” of the media and, eventually, in a consumption of lactate as

carbon source, enabling cell to grow without consuming other metabolites such as glucose.
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Figure 6.10. Surface respond curves obtained after the fitting of experimental data to central
composite design equation for each studied parameter.

From the experimental space studied, the selected conditions would be pHy=6.6 and [lactate], in
between 4 and 12mM. At these conditions, lactate consumption (and hence, avoidance of its
accumulation in media) is achieved from the very beginning of cell culture and glucose uptake rate is
at the minimum value encountered. Also, the maintenance of the expected W. for this cell line is

accomplished at the selected conditions. Further studies towards the optimization of these
conditions might be addressed in future research.

6.7. FLUX BALANCE ANLYSIS APPLIED TO HEK293 CELLS.

The metabolic changes observed under different conditions were studied so far only from a

physiological extracellular perspective. Changing this perspective towards a metabolic intracellular
one would provide highly valuable information in order to better understand the differential

physiologic behaviours. In this line of thinking, it was decided to perform flux balance analysis (FBA)
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to HEK293 cells. As stated in the introduction of the present chapter, FBA is a mathematical method
for simulating metabolism in genome-scale reconstructions of metabolic networks. With the
increasing number of available genome-scale metabolic network reconstruction, FBA is a powerful
tool to further comprehend the different phenotypes of cultured cells to optimize current
bioprocesses or develop new ones. In our particular case, FBA was used for the study of the
differential behaviours encountered in batch fermentations with and without pH control presented
in section 2 of this chapter. Three different phases were defined and separately analysed by FBA
(Figure 6.11). The methodology applied for the calculation of metabolic fluxes here presented is
detailed in Materials and Methods (section 8.11) and in Appendix 10.5. Briefly, the HEK293
metabolic model was adapted from a previous HEK293 model*! derived from the Homo sapiens
community driven genome-scale reconstruction RECON-2°. Calculations for each phase were done
using exometabolite experimental data from each culture phase as constrains. Metabolic flux
distribution was obtained by pFBA (Parsimonious Flux Balance or Parsimonious Enzyme Usage®

using maximization of consumed ATP objective function . Flux calculations were performed with

OptFlux software.

pH controlled pH free
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Phase 1: Glucose consumption and lactate production.
Phase 2: Glucose depleted and lactate consumption.
Phase 2’: Glucose and lactate co-consumption.

Figure 6.11. Batch cell culture under pH controlled condition and pH free condition.
The different phases analyzed by FBA are indicated.
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6.7.1. PFBA APPLIED TO pH CONTROLLED CELL CULTURES.

During Phase 1 of pH controlled condition, glucose was rapidly consumed and the flux through
glycolysis was around 1350 nmol/(mgDW:-h) (Figure 6.12). Nevertheless, only 20% of this glucose
finally entered to the mitochondria via pyruvate and was completely metabolized in the tricarboxylic
acid cycle (TCA), hence, obtaining the maximal energy (NADH+H") from the carbon source.

In animal cell lines, pyruvate obtained from glucose is predominantly converted into acetyl CoA,
however, in continuous mammalian cell lines, pyruvate is primarily converted into lactate
(particularly in the case here studied, 80% of glucose is converted to lactate). It has already been
reported that in HEK293, hybridoma and CHO cells, this conversion takes place at high rates
regardless of the level of oxygen in the culture® and for the HEK293 cells here studied, O, is not
limiting at any phase of the cell culture (Figure 6.11). The conversion of pyruvate to lactate seems to
be the only means in continuous mammalian cells of complete cytoplasmic NADH regeneration,
which has been generated in the degradation of a glucose molecule to two pyruvate molecules
(Glyceraldehid 3-phosphate + NAD® + H" = 1,3-biphosphoglycerate + NADH). Since the
mitochondrion is not permeable to NADH + H*, an indirect transport system, the malate-aspartate
shuttle, is needed. As it is shown in Figure 6.12, the flux of redox equivalents inside the mitochondria
via malate-aspartate shuttle is limited to 197, meaning that the hat the remaining 1104 should be
regenerated in the cytoplasm via lactate deshidrogenase. Hence, it can be said that the cell
metabolism in Phase 1 is highly unefficient as the majority of the carbon source is not used for the
generation of energy and biomass. Also, this metabolism should be understood as an “unbalanced”
metabolism which causes lactate formation and secretion.

The calculated TCA fluxes were around 230nmol/(mgDW-h). This could be the cause behind the
limitation of pyruvate entrance to the mitochondria. Inside this organelle acetyl CoA is obtained
from pyruvate (97,8%) or from the degradation of the amino acids (2,2%). The acetyl CoA is
combined with oxalacetate to form citrate. The amount of citrate obtained is split between the
formation of a-ketoglutarate and the lipids synthesis outside the mitochondrion. Finally, the
intracellular flux in the tricarboxylic acid cycle is balanced by the incorporation of a-ketoglutarate

produced from glutamate.

When glucose is depleted from media (Phase 2), lactate is used as carbon source: 10% of the influx is
directed to gluconeogenesis and the remaining 90% enters the mitochondria (Figure 6.13). But the
calculated influx to the cell (68 nmol/(gDW-h)) was much lower tan the influx calculated for glucose
in the prior phase. Also, in Phase 2, the fluxes in malate-aspartate shunt are almost neglictible and as

it is shown in Figure 6.13, the TCA fluxes in Phase 2 are 4-fold reduced in comparison to Phase 1.
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Consequently, cell growth was drastically reduced and specific growth rate dropped more tan 2.5-
fold (Table embedded in Figure 6.12). At this lower growth rate, cells continued growing for 60 hours

and thereafter cells entered to death phase of the culture.
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Flux rates are expressed as nmol/(mgDW:-h)

Figure 6.12. (A) cell growth, viability, glucose and lactate profiles of culture under pH
controlled conditions. The table embedded in the Figure summarizes the main kinetic
parameters. (B) Main fluxes around TCA during Phase 1 of cell culture
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Figure 6.13. (A) cell growth, viability, glucose and lactate profiles of culture under pH
controlled conditions. The table embedded in the Figure summarizes the main kinetic
parameters. (B) Main fluxes around TCA during Phase 2 of cell culture.
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6.7.2. PFBA APPLIED TO pH NON-CONTROLLED CELL CULTURES.

Similarly to what was observed for pH controlled cell cultures, during P1 the fluxes through glycolysis
were higher than the fluxes entering the mitochondria, resulting in only approximately 20% of the
initial glucose reaching TCA cycle (Figure 6.14). It must be pointed out that although the percentages
of totally-oxidized glucose are similar for pH controlled and pH non-controlled cultures, the
glycolytic fluxes were almost 2-fold reduced in the latter situation.

On the contrary, Phase 2 of the pH non-controlled cell cultures (onwards Phase 2’) was completely
different than Phase 2 previously described. In Phase 2’, TCA fluxes could be maintained as in Phase
1 or in other words, at the maximal rate encountered (=230nmol/(mgDW:-h)). Hence, the energy
available for cells to grow was similar than to Phase 1 and specific cell growth was only slightly
reduced (1.3-fold reduction, Table embedded in Figure 6.15) resulting in the achievement of higher
cell densities in comparison to Phase 2. It must be said than differently from Phase 1, the influx to
the TCA came from two different sources: 80% of the influx was from glycolysis and 20% came from
lactate influx from the extracelular media to the mitochondria. Interstingly, lactate influx was in the
same range regardless it was used as sole carbon source (Phase 2) or in combination with glucose
(Phase 2’). However, the most interesting fact of the fluxes obtained for Phase 2’, was the drastic
reduction on glycolysis fluxes. As shown in Figure 6.12, when glucose was the unique carbon influx
to the cell (Phase 1), fluxes through glycolysis pathway were around 1350 nmol/(mgDW-h) whereas
when glucose and lactate were consumed concomitantly (Phase 2’), the fluxes through this pathway
were of 182 nmol/(mgDW-h), which represents approximately only a 13.5% of the initial rates.
Besides, malate-aspartate shunt is working at 80% of the observed in Phase 1 and fluxes in TCA cycle
are only 9% reduced. That means that the energy obtained is almost the same even when glucose
uptake rate has diminished at 86,5 % of the original rate, and the growth rate in this phase of co-
metabolism is similar to the obtained or observed in the phase 1.

The sum of the fluxes coming from glycolysis and from lactate influx results in the maximal flux at
which TCA can operate. In other words, entering to Phase 2’ results in a change from an unbalanced
metabolism during Phase 1 (glycolysis >>> TCA) to a balanced metabolism (glycolysis=TCA) on Phase
2’, avoiding lactate generation and secretion, which is the major drawback of the metabolism during
Phase 1. This unbalanced/balanced metabolism should be understood under the perspective of that
eukaryotic cells are the symbiosis of two organisms, one anaerobic (pre-eukaryotic cell) and the

%739 The anaerobic organism must be able to uptake

other aerobic (bacteria) (Endosymbiotic Theory
and process carbon source at a high rate, as only 2 ATPs (i.e. low energy amount) will be obtained
from each glucose molecule. On the contrary, the aerobic bacteria would generate much more

energy (34 ATPs) from each initial carbon source. Hence, the metabolism of the aerobic organism
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can “work” slower than the anaerobic-organism metabolism, as it is far more efficient. When the
aerobic bacteria entered to the anaerobic organism, these two metabolisms must be somehow
coupled to each other. The logical solution would be reducing the glycolysis fluxes to the values
capable to support by the mitochondria (i.e. the aerobic bacteria). Nevertheless, eukaryotic
mammalian cells are naturally forming part of higher organisms, hence the carbon source influx is

IM

not controlled by the cell itself but by a “external” control system (i.e. nervous system).
Consequently, cells might have not evolved to the reduction of glycolysis pathway as they naturally
do not encounter an unbalanced carbon source condition. When cells are extracted from the higher

I”

organism and cultured as “individual” cells, they do not have the regulation of the external system,
resulting in the unbalanced and unefficient metabolism. The study of the use of lactate as a pH-
detoxification strategy, has lead to generate extracellular conditions that resulted in changes
through the metabolic pathway around the TCA cycle. These metabolic changes can be the
consequence of the upregulation or downregulation of different genes. The metabolic model
generated in this work opens the possibility to study target genes in order to generate engineered
cell lines that present a balanced metabolism throughout all cell culture, avoiding lactate secretion

to media. This optimized metabolism would result in bioprocess optimization and development of

new culture strategies towards higher cell densities and recombinant protein titers.
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Figure 6.14. (A) cell growth, viability, glucose and lactate profiles of culture under pH
free condition (only addition of CO, was performed). The table embedded in the Figure
summarizes the main kinetic parameters. (B) Main fluxes around TCA during Phase 1 of
cell culture.
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Figure 6.15. (A) cell growth, viability, glucose and lactate profiles of culture under pH
free condition (only addition of CO, was performed). The table embedded in the Figure
summarizes the main kinetic parameters. (B) Main fluxes around TCA during Phase 2’
of cell culture.
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6.8. EVALUATION OF THE MECHANISM FOR LACTATE ENTRANCE TO THE MITOCHONDRIA.

As stated in section 6.5, several authors have reported the consumption of lactate by mammalian
cells. Among these studies, there is a considerable controversy about how lactate reaches the
mitochondrial matrix. While some authors report the possibility of direct entrance of lactate through
the mitochondrial transporters, much other state that lactate is converted to pyruvate at the cytosol
and thereafter, pyruvate is transported inside the mitochondria. For the calculation of fluxes
presented in previous section, the direct lactate entrance to the mitochondria was considered.
Although entrance via pyruvate conversion cannot be ruled out, we obtained date (presented
below) that supports the hypothesis that lactate can directly enter to mitochondria. These results
represent quite valuable data towards unravelling the scientific community discussion about lactate

entrance mechanisms.

For the study of lactate entrance to the mitochondria, respirometries with isolated mitochondria
from HEK293 cell culture were performed. The main function of mitochondria is to produce ATP,
hence, energy for the cell. For the production of ATP, mitochondria need the consumption of
oxygen. Respirometry is a technique that enables to measure respiration activity of a living organism
by measuring changes on O, and/or CO,. Hence, this methodology can be used for the assessment of
mitochondrial activity, as the highest 02 consumption is related to a higher mitochondrial activity.
The protocol used for mitochondrial isolation and the methodology used for O, measurement is
detailed in material and methods chapter (section 8.10.5). In preliminary studies, it was found out
that when mitochondria were cultivated in the presence of lactate, the oxygen consumption was
higher than when the organelles were cultured in presence of pyruvate (Figure 6.16). If the
transformation of lactate to pyruvate in the cytosolic space were mandatory, then the activity of
mitochondria would be the same regardless the metabolite (pyruvate or lactate) present in media.
The fact that mitochondria were more active when cultured in lactate indicated that this metabolite
could enter the mitochondria through an alternative route to pyruvate transformation. The
alternative mechanism could be the direct entrance through mitochondrial lactate transporters

(MCT).
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Figure 6.16. Oxygen consumption of mitochondria (185ug/mL) in respiration buffer (negative
controls, open circles), respiration buffer + pyruvate (10mM) (green circles) or respiration buffer +
lactate (10mM).

In order to further evaluate this hypothesis, mitochondria were cultivated under the presence of
lactate in the buffer and in parallel with the addition of lactate and a-cyano-4-hydroxycinnamic acid
(CINN). CINN is an inhibitor of various subtypes of MCTs “**'. Hence, if lactate directly enters
mitochondria through these transporters, the respiratory activity should be reduced when the

addition of this molecule is performed.

In Figure 6.17, the results of the experiment are presented. When only lactate was present in the
respiratory buffer, a oxygen consumption profile similar to the previously presented was obtained.
Moreover, the measurement of extracellular lactate was carried out and it was confirmed that the
respiratory activity detected was related to the consumption of this metabolite. When MCTs were
blocked as a consequence of CINN addition, the respiratory activity of the mitochondria was
completely stopped and the oxygen consumption profile was similar to the negative control. The
reduction of mitochondrial activity after blocking MCTs has been previously reported in other cell
type, but never for HEK293 cells. This data confirms that lactate can enter the mitochondria of
HEK293 using mitochondrial lactate transporters instead than being transformed into pyruvate at
the cytosolic space. Although this data is not sufficient to completely rule out the entrance of lactate
to mitochondria via pyruvate, the thermodynamics of the LDH reaction might provide some
additional data to this discussion. The thermodynamics of the conversion from pyruvate to lactate is
energetically favourable, being the AG of this reaction of -25.1. Hence, the reverse reaction
(conversion of L-lactate to pyruvate in the cytosol) would be thermodynamically unfeasible. In fact,

42-44

this has already been pointed out by other scientists™ . Nevertheless, further research is currently
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being addressed in order to experimentally demonstrate the mechanism of lactate entrance to the

mitochondria.

Figure 6.17. Oxygen consumption of mitochondria (205ug/mL) in respiration buffer (negative
controls, open circles), respiration buffer + pyruvate (10mM)+CINN (blue circles) and respiration
buffer + lactate (10mM) (black circles). The consumption of lactate for the condition of presence of
lactate (without any blocking agent) is also depicted (black triangles).
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6.9. CONCLUSIONS

The study of lactate and glucose co-consumption has been addressed along this chapter. Lactate
consumption in presence of glucose has been reported previously but only on late stages of cell
culture, at which stationary cell growth was noticed. Differently, the co-metabolisation of both
metabolites here presented has been observed in exponentially growing cell cultures. It was found
out that pH is the key factor to trigger the lactate shift from production to consumption and this
shift could be triggered at will by means of lowering extracellular pH to pH=6.6 together with the
addition of lactate to media. At this pH, the proper concentration of extracellular lactate would be in
between 4-8mM, in order to trigger lactate consumption (hence, avoiding lactate accumulation),
minimize glucose uptake rate and maximizing specific growth rate.

The co-metabolsation of glucose and lactate might be a mechanism for pH detoxification. HEK293
cells could somehow detect the acidification of extracellular environment and trigger the co-
transport of lactate and H' to the intracellular space, resulting in an increment of extracellular pH
towards more physiological values. Lactate might be used as carbon source for the cell, resulting in a
more balanced metabolism. Flux balance analysis supported this hypothesis and revealed that when
lactate and glucose are consumed together, metabolic fluxes through the glycolysis pathway
become equilibrated (this is, in the same range) with the TCA fluxes, avoiding pyruvate accumulation
in the cytosol.

The novel hypothesis proposed of the ability of the cells to detoxify extracellular media, together
with the implementation of a HEK293 metabolic network model, opens the study of target genes
that can be modified in order to generated metabolic optimized HEK293 cell lines. These engineered
cell lines would result in bioprocess optimization and development of new culture strategies

towards higher cell densities and recombinant protein titres.
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