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Abstract Human cell lines have attracted great interest
because they are capable of producing glycosylated pro-
teins that are more similar to native human proteins,
thereby reducing the potential for immune responses.
However, these cells have not been extensively character-
ized and cultured under serum-free suspension conditions.
In this work, we describe the adaptation, growth, and
cryopreservation of the human cell lines SK-Hep-1,
HepG2, and HKB-11 under serum-free suspension condi-
tions. The results showed that both HKB-11 and SK-Hep-1
adapted to serum-free suspension cultures in FreeStyle and
SFM 11, respectively. Kinetic characterization showed that
the HKB-11 and SK-Hep-1 cells reached cell densities as
high as 8.6 x 10° and 1.9 x 10° cells/mL, respectively.
The maximum specific growth rates (um,.x) were similar for
both cells (0.0159/h for HKB-11 and 0.0186/h for SK-Hep-
1). The growth limitation of adapted cells does not appear
to be associated with glucose or glutamine depletion, nor
with the formation of lactate in inhibitory concentrations.
However, in both cases, ammonia production reached
concentrations that are considered inhibitory to mammalian
cells (2-5 mM). The adapted cells were also successfully
cryopreserved under serum-free formulations. The SK-
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HEP-1 and HKB-11 cells that were adapted to serum-free
suspension conditions might be suitable for use in the
manufacturing of recombinant proteins, thereby eliminat-
ing the potential for the introduction of adventitious pro-
cess contamination and greatly simplifying downstream
protein purification.
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Introduction

Biopharmaceuticals are a class of therapeutic products that
are produced by biotechnology and are usually used to
compensate for the deficiency or absence of an enzyme that
is important for the functioning of the body to combat
diseases such as cancer and rheumatic and neglected dis-
eases [1-4]. In 2013, more than 425 biotechnology prod-
ucts were approved in the United States and the European
Union, of which 140 were recombinant proteins; 40 of
these are considered blockbuster drugs, i.e., providing
revenues of greater than $1 billion/year, and another 18
have sales between $500 million and $1 billion [4, 5].
Despite the growing commercial importance of these
products for the treatment of disease, there are two major
concerns related to the production process that may affect
safety, efficiency, and product half-life: glycosylation pat-
tern and the presence of adventitious agents [6, 7]. Studies
indicate that 43 % of all approved biopharmaceuticals are
commercially produced in mammalian cells, more
specifically, in murine cells, such as Chinese hamster ovary
cells (CHO) [3]. Although murine cell lines produce pro-
teins with similar human post-translational modifications
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and correct folding, non-human cell lines contain two
highly immunogenic epitopes, 5-glycolylneuraminic acid
and Gal1-3GalB1-(3)4GlcNAc termination (the o-galactose
epitope). The formation of immunogenic sialic acid occurs
because human cells have lost the ability to express the
enzyme CMP-N-acetylneuraminic acid hydroxylase
(Cmah), which is responsible for the conversion of N-
acetylneuraminic acid in N-glycolylneuraminic acid.
Therefore, these immunogenic epitopes can affect
therapeutic effectiveness because all humans have anti-
bodies against these terminations [7].

Human cell lines have emerged as a new and powerful
alternative for biopharmaceutical production because they
are capable of producing glycosylated proteins that are
more similar to native human proteins, reducing the po-
tential for immune responses against non-human epitopes.
The PER.C6 cell line (Crucell Holland BV and DSM
Biologics) is one of the most promising alternatives to
CHO cell-based recombinant protein production and most
likely will be the most used platform for the production of
vaccines, enzymes, and monoclonal antibodies [8—14].
PER.C6 is an extensively documented human embryonic
retina cell line that was immortalized with the adenovirus
El gene and is easily cultivated in serum-free suspension
cultures [9, 15-17]. Productivities of greater than 30 g/L
have been reported, and many companies have already li-
censed PER.C6 cells for large-scale production and for the
domestic production of therapeutic candidates [17, 18].
The HT-1080 cell line is a human fibrosarcoma-derived
cell line that has been used by Shire company to produce
four commercial therapeutic proteins: Dynepo (epoetin
delta), Elaprase (iduronate-2-sulfatase), Replagal (o-
galactosidase A), and VPRIV (glucocerebrosidase) [19].
The manufacturer uses gene activation technology, intro-
ducing a promoter upstream of the gene of interest [20].
Another promising human cell line, HKB-11, was devel-
oped by fusing 293S cells and 2B8 cells (derived from
Burkitt’s lymphoma) using polyethylene glycol [21]. This
hybrid cell has the characteristics of both HEK-293 cells
(easy transfection and high levels of protein expression)
and B cells (efficient secretion) and was developed to solve
aggregation problems that were experienced when using
293S in serum-free suspension cultures [21, 22]. Some
glycoproteins, such as recombinant coagulation factor VIII
(FVIII), are difficult to express due to their size and com-
plexity, resulting in a two to threefold lower expression
than other recombinant proteins produced in mammalian
cells. FVIII expression in HKB-11 cells was eightfold
higher than that in HEK-293 cells and 30-fold higher than
that in BHK-21 cells [22]. Another study showed higher
transfection efficiency and expression (approximately
twice) of interleukin and antibodies in HKB-11 cells than
in 293S cells [21]. Other proteins, such as IgG, kinase
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receptor, TGFp, IL-4, ICAM-1, and FVIII-BDD, have also
been expressed successfully [21, 23-25]. Despite its po-
tential for protein expression, no commercial products re-
lated to this cell type are yet available.

SK-Hep-1 is an immortal human cell line that was
derived from the fluid ascites of a patient with liver ade-
nocarcinoma; however, despite its location of origin, this
cell does not express liver-specific proteins such as albu-
min, o-fibrinogen, or y-fibrinogen [26]; instead, this cell is
endothelial. Herlitschka et al. [27] showed that the SK-
Hep-1 cell line is an excellent producer of recombinant
factor VIII that does not require gene amplification and that
expresses this protein at levels greater than those observed
in CHO cells. Picanco-Castro et al. [28] also expressed
FVIII in hepatic and nonhepatic cell lines using lentiviral
vectors with different promoters and concluded that the
highest levels of expression were obtained using the CMV
promoter in the SK-Hep-1 cell line.

The HepG?2 cell line is an immortalized lineage that was
obtained from hepatocellular carcinoma with epithelial
morphology. This cell is interesting mainly due to its po-
tential for expressing coagulation factors. The HepG2 cell
line, for example, naturally produces small amounts of
FVIII [27]. In 2008, researchers found that the expression
of factor VIII in HepG2 cells was 10 times higher than that
obtained in CHO cells [29]. Despite the potential for re-
combinant protein production, SK-Hep-1 and HepG2 cells
have not been properly characterized and cultivated under
culture conditions that are suitable for industrial-scale
production, that is, in serum-free suspension cultures.

In this paper, we describe the adaptation, growth, and
cryopreservation of the promising human cell lines SK-
Hep-1, HepG2, and HKB-11 under serum-free suspension
conditions. The goal of this study was to evaluate whether
these adapted cells possess good characteristics for use as
hosts for recombinant protein production. The evaluation
of new technologies for biopharmaceutical production is
important, and most companies are considering the clinical,
quality, and productivity implications of their expression
system selection. Biosimilar competitors might use alter-
native technologies that could undercut the prices of in-
novative products, thus driving the search for new and
improved expression systems [18].

Materials and methods
Human cell lines, culture media, and supplements

The human cell lines SK-Hep-1 (ATCC HTB-52), HKB-11
(ATCC CRL-12568), and HepG2 (ATCC HB-8065) were
purchased from the American Type Culture Collection
(ATCC) and were maintained under liquid nitrogen. Cells
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were initially cultured as monolayer in T-flasks (75 cm?,
tissue culture-treated flasks) (Greiner Bio-One, Fricken-
hauser, Germany) in Dulbecco’s modified Eagle’s Medium
(Invitrogen, Grand Island, NY) supplemented with 10 %
(v/v) characterized fetal bovine serum (Thermo Scientific,
US Origin, South Logan, UT) and 1 % penicillin—strepto-
mycin (10,000 U/mL) (Invitrogen, Grand Island, NY) and
were maintained under a humidified atmosphere of 5 %
CO, in air, at 37 °C (Form Steri-Cult CO, incubator,
Thermo Scientific). Cells were passaged by trypsinization
when 70-90 % confluency was reached at seeding densities
of 3-5 x 10° cells/mL. Four chemically defined animal-
free formulations were used for serum-free adaptation:
FreeStyle 293 Expression Medium (FS, Invitrogen, Grand
Island, NY), CD 293 AGT (CD 293, Invitrogen, Grand
Island, NY), 293 SFM II (SFM 11, Invitrogen, Grand Island,
NY), and CDM4-CHO (CDM4, Thermo Scientific, South
Logan, UT). All media were supplemented with 1 %
penicillin—streptomycin (10.000 U/mL) (Invitrogen, Grand
Island, NY). CD 293 and SFM II cells were also supple-
mented with 1 % GlutaMAX (100X) (Invitrogen, Grand
Island, NY). At the end of the adaptation period, serum-
free media were supplemented with 1 % Insulin-Trans-
ferrin—Selenium (ITS) (Invitrogen, Grand Island, NY), 1 %
Pluronic-F68 (Invitrogen, Grand Island, NY), and 10 %
Cell Boost 5 (Thermo Scientific, South Logan, UT).

Serum-free suspension adaptation

The FBS-supplemented cultures were adapted to serum-
free conditions through sequential adaptation: the cells
were passaged into mixtures of serum-containing media
(SCM) and serum-free media (SFM) until complete serum-
free conditions were reached (100 % SCM to the stages:
75 % SCM/25 % SFM; 50 % SCM/50 % SFM; 25 %
SCM/75 % SFM; and 100 % SFM), as shown in Fig. 1.
The adaptation process was initiated with cells in the ex-
ponential growth phase having a viability of greater than
90 % and at a cell density of 1.25 x 10° cells/mL (n=1).
Cells were passaged every 2-3 days and maintained for
2-3 passages in each proportion of SCM/SFM. The term
“passage” in the adaptation process refers to the moment
in which the cells have been replated and allowed to grow
for 2-3 days.

The cultures that had adapted to SFM were cultivated
for five passages and then evaluated regarding cell growth

Fig. 1 Schematic P 4 p

representation of the serum-free e P\ e

media adaptation process in

static T-flasks 100% SCM 75% SCM
25% SFM

2-3 passages

and viability. P1 was considered at the time the cells were
first plated in 100 % SFM. The doubling time (DT) was
estimated at each passage during this period according to
the following equation:

DT =t x log 2/[log(N/N,)],

where ¢ is the cultivation time, N is the final cell number,
and N, is the initial cell number.

Suspension adaptation was performed with the SFM that
showed the best results in the previous step. The cells were
initially cultivated at a cell density of 5 x 10’ cells/mL in
glass spinner flasks containing a magnetic shaped-blade
impeller (Wheaton Scientific, Millville, NJ); the cells were
stirred at 80 rpm (Cellgro Type 45600 agitator, Ther-
molyne) in a working volume of 20 L for 30-50 days until
consistent and reproducible growth was obtained. Subse-
quently, the suspension adaptation was evaluated in dis-
posable sterile 125-mL plastic Erlenmeyer flasks (Corning,
Corning, NY) with a working volume of 20 mL; the cells
were stirred at 80 rpm by placing the flasks on an orbital
shaker platform (Agitador Mod. 109, Nova Etica), and the
cellular growth profile was compared to that obtained in the
spinner flasks.

After suspension adaptation, the maximum specific
growth rate (in.) was estimated from the slope of the
best-fitting line of the logarithm of viable cell density
versus time during exponential growth phase using Origin®
software (OriginLab Corporation) (n = 3).

Cryopreservation of adapted cells under serum-free
conditions

Cultures containing FBS were cryopreserved in standard
freezing medium containing 10 % DMSO (Sigma-Aldrich,
St. Louis, MO) and 90 % FBS at a cell density of
3-5 x 10° cells/mL. For the cryopreservation of the SFM-
adapted cells, the following five serum-free freezing for-
mulations were tested and compared with the standard
freezing formulation: Synth-a-Freeze (Invitrogen, Grand
Island, NY); HyCryo (Thermo Scientific, South Logan,
UT); ProFreeze-CDM (Lonza Walkersville, Walkersville,
MD); Cell Freezing Medium-DMSO Serum-free (Sigma-
Aldrich, St. Louis, MO), and a freezing formulation con-
taining 45 % fresh medium, 45 % conditioned medium,
and 10 % DMSO. The adapted cells were trypsinized in
exponential growth phase and resuspended in the freezing
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50% SCM 25% SCM 100% SFM
50% SFM 75% SFM 10% Cell Boost

1% L.T.S.

2-3 passages
1% Pluronic-F68

2-3 passages
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formulations at a final cell density of 1.5 x 10° cells/mL;
the cells were maintained at 4 °C for 10-15 min and then
placed in a cryodevice (Mr. Frosty™ Freezing Container,
Thermo Scientific, South Logan, UT) which was main-
tained at —80 °C for 24 h for subsequent storage in liquid
nitrogen for 15, 30, and 60 days. After this period, the cells
were rapidly thawed in a water bath at 37 °C and then
resuspended and cultivated in 10 mL of fresh SFM medium
in T75 flasks. Survival rate (the ratio of viability before
freezing to viability after thawing) and cell viability during
the fifth passage after thawing were analyzed (n = 2) to
choose the appropriate formulation.

Analytical methods

Cell growth and viability were determined by counting the
total number of cells in the presence of 0.4 % Trypan Blue
solution (Invitrogen, Grand Island, NY) in a Neubauer
chamber (Boeco, Germany) under phase contrast mi-
croscopy. Glucose, lactate, and glutamine concentrations
were determined using a 2700 YSI Biochemical Analyzer
(Yellow Springs Instruments, Yellow Springs, OH). Am-
monia concentration was determined using an ion-selective
electrode (Orion 720A™, Thermo Scientific, South Logan,
UT) according to the manufacturer’s instructions.

Results and discussion
Adaptation to serum-free media in static flasks

Serum-free adaptation was realized in stationary T-flasks
through sequential adaptation. Gradual serum reduction
increases the chances of satisfactory cell adaptation to
serum-free culture [30]. The doubling time (DT) of the
HKB-11, SK-Hep-1, and HepG2 cell lines increased with
passage number during serum-free adaptation due to the
progressive withdrawal of FBS (data not shown). The DTs
of the adapting cells were higher than the corresponding
values of each control cell (cultivated in DMEM supple-
mented with 10 % FBS). HKB-11 cells were not able to
adapt to serum-free CD293 and SFM II media, and SK-
Hep-1 cells were not able to adapt to FreeStyle and
CD293 serum-free media. HepG2 cells grew only in the
CDM4 serum-free medium, although the DT increased
considerably compared to the control cells. Moreover,
even in DMEM 10 % FBS, the HepG2 cell line exhibited
a high DT (90.1 h, SD 15.4, n = 5), and large agglom-
erates were formed, preventing individual cell growth; this
made subculturing of the cells more difficult. These
characteristics are not suitable for industrial application.
Consequently, the adaptation process was continued only
for the HKB-11 and SK-Hep-1 cell lines. Although many
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protocols for cellular adaptation to FBS-free conditions
have been described in the literature [31-33], not all the
cell lines can be adapted using conventional methods,
which are generally based on the progressive withdrawal
of serum [34].

Cells that survived until the end of sequential adaptation
were then cultured for five passages in the appropriate
serum-free media. In an attempt to improve cell growth, the
serum-free media were supplemented with 10 % Cell
Boost 5 (Hyclone), 1 % Pluronic® F68 (Invitrogen), and
1 % ITS (Invitrogen). Cell Boost 5 is a chemically defined
animal-free supplement, which provides lipids, amino
acids, vitamins, trace elements, cholesterol, and growth
factors. ITS promotes glucose and amino acid uptake, li-
pogenesis, and iron transport; decreases the content of re-
active oxygen radicals; and provides cofactors for
glutathione peroxidase and other proteins, thus acting as an
antioxidant. Pluronic® F-68 is a nonionic surfactant that
protects cells from shear forces in suspension cultures, thus
alleviating stress and cell death. These supplements were
added to supply nutrients that were previously provided by
FBS [35-37]. Most mammalian cell lines need additional
supplements to satisfactorily survive and proliferate in
basal medium, mainly in serum-free formulations [33, 36—
38]. This need is exemplified by the significant increase in
doubling time of the HKB-11 and SK-Hep-1 cell lines
when cultivated in serum-free medium compared to FBS-
supplemented medium.

The doubling time for HKB-11 cells increased from
41.0 h (SD 15.9, n = 5) in serum-containing media (SCM)
to approximately 57.6 h and 48.1 h at passage 5 in Free-
style and CDM4 media, respectively. SK-Hep-1 cells pre-
sented an average DT of 46.7 h (SD 10.3, n = 5) in SCM
and of 94.2 and 289.8 h in CDM4-CHO and 293 SFM 1I
media, respectively (Fig. 2). For both cell lines, CDM4-
CHO culture was the most promising, presenting average
DTs of 56 and 94.2 h for the HKB-11 and SK-Hep-1 cells,
respectively. It is worth mentioning that DT values greater
than 100 h cannot be considered as truly proliferation. It
indicates that probably a portion of cells remained viable
and proliferates and a portion of them died, as can be also
noticed by the viability values.

Hernandez and Fischer [39] performed serum-free
adaptation of several mammalian cell lines (myeloma
BALB/c, NSO, hybridoma, Vero, COS-1, COS-7, BHK,
and HEK-293) through gradual serum withdrawal, the
same procedure as that used in this work. In general, it was
possible to adapt all cell lines, although COS-7 cells ex-
hibited an increase of 38 % in DT after 11 passages, and
VERO cells exhibited a 2.5-fold increase in DT.

To the best of our knowledge, no previous studies have
reported the adaptation of SK-Hep-1 and HKB-11 cells to
serum-free suspension conditions. Although some studies
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Fig. 2 Doubling time and viability of HKB-11 and SK-Hep-1 cells during passages in serum-free media after adaptation in static flask culture

(n=1)

reported the production of recombinant proteins using
adapted HKB-11 cells [21, 22, 24, 25], none described how
the adaptation was achieved and no results were presented
regarding this issue.

The morphology of HKB-11 and SK-Hep-1 cells is
shown in Fig. 3; after adaptation, both cell lines presented a
rounded shape in suspension culture and a tendency to form
aggregates of varying sizes. As expected, cells that were
cultivated in DMEM 10 % FBS adhered to the flask and
presented a more elongated shape. SK-Hep-1 cells are pre-
dominantly larger and more elongated than HKB-11 cells.

Adaptation to suspension culture

The HKB-11 and SK-Hep-1 cell lines that were adapted to
grow in serum-free media were cultivated initially in

spinner flasks to evaluate the potential for suspension
adaptation. In this condition, only cultures that were grown
in CDM4 showed satisfactory and consistent cell growth
(data not shown). Based on this result, the cells were also
cultured in Erlenmeyer flasks with orbital shaking, and the
results were compared. As shown in Fig. 4, HKB-11 cells
cultivated in Erlenmeyer flasks exhibited superior cell
growth, with maximum cell densities (X,.x) of 3.42 x 10°
and 8.01 x 10° cells/mL, and Umax values of 0.0185 and
0.0278/h when cultured in FreeStyle and CDM4 media,
respectively. HKB-11 cells cultured in spinner flasks did
not grow in either medium. SK-Hep-1 cells cultivated in
CDM4 exhibited an X, of 1.37 x 10° cells/mL and a
Umax Of 0.0101/h in Erlenmeyer flasks, but did not show
satisfactory growth in spinner flasks. In SFM II, SK-Hep-1
cells grew in both spinner and Erlenmeyer flasks, reaching

@ Springer



1500

Bioprocess Biosyst Eng (2015) 38:1495-1507

FreeStyle (10x) FreeStyle (20x)

CDM4 (10x)

SK-Hep-1
DMEM (10x)

Fig. 3 Morphology of HKB-11 and SK-Hep-1 cells before and after serum-free adaptation in static flask culture

2.24 x 10° cells/mL (pmay 0.0165/h) and 2.13 x 10° cells/
mL (Umax 0.0225/h), respectively.

Cells cultured in suspension under orbital shaking
showed good results for the serum-free media tested. In
comparison, poorer results were found using spinner flasks
equipped with a blade impeller (80 rpm) due to inefficient
oxygen transfer and high shear stress. Muller and col-
leagues [40] also demonstrated that HEK-293 EBNA and
CHO-DG44 cell lines that are adapted to serum-free sus-
pension cultures grow better under orbital shaking than in
spinner flask cultures.

After suspension adaptation, the cells cultured in Er-
lenmeyer flasks exhibited doubling times that were similar
to or smaller than those observed in serum-containing
medium in most serum-free media. DT values were esti-
mated for HKB-11 cells in FreeStyle and CDM4 media as
approximately 37.5 and 24.9 h, respectively (34.8 h in
SCM). SK-Hep-1 cells cultured in CDM4 and SFM II
media presented DTs of approximately 69.3 and 30.8 h,
respectively (44.2 h in SCM).

@ Springer

Kinetic and metabolic characterization of adapted
cell lines

Kinetic and metabolic characterization was performed only
in HKB-11 cells cultured in FreeStyle 293 medium and in
SK-Hep-1 cells in SFM II medium because both cells,
when cultured in CDM4 medium, did not survive the
freezing/thawing procedure. The HKB-11 growth profile
presented the absence of a lag phase and an extended
growth phase (18 days or 432 h), and cell densities reached
as high as 8.6 x 10° cells/mL (SD 0.6 x 10°) (432 h), and
a Umax value of 0.0159/h (SD 0.0014) was obtained
(Fig. 5). After 432 h, cell density decreased, accompanied
by a decrease in cell viability. The high cell density
reached here is well above the values commonly obtained
for other human cell lines, such as HEK 293 and PER.C6
cell lines under serum-free conditions: an X, of
2-3 x 10° cells/mL [10, 41-43]. Loignon et al. [43] cul-
tivated HEK293-6E cells for the production of IFNo2b
during suspension in serum-free F17 medium (Invitrogen)
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Fig. 4 Cell growth profile and viability of HKB-11 cells cultivated in FreeStyle 293 and CDM4-CHO media and SK-Hep-1 cells cultivated in
CDM4-CHO and 293 SFM II media in spinner and Erlenmeyer flasks (n = 1)

supplemented with 0.5 % peptone. During 9 days in fed
batch culture, the X, obtained was approximately
3 x 10° cells/mL and the Umax Was 0.0148/h.

The metabolism of HKB-11-adapted cells was also
characterized because the availability of nutrients and the
formation of toxic metabolites have been shown to inter-
fere with cell growth regulation and protein production [44,
45]. The initial concentration of glucose (7.6 g/L,
42.18 mM) progressively decreased with time due to cell
growth, until exhaustion was reached at 290 h (day 12).
Nevertheless, this exhaustion does not appear to be asso-
ciated with the limitation of cell growth. Due to glucose
consumption, lactate was produced at the beginning of the
culture period, reaching a plateau value of approximately
1.3 g/l (14.6 mM) at 96 h. This lactate, which is formed
by glucose degradation and the conversion of pyruvate by

lactate dehydrogenase, can reduce the pH and increase the
osmolarity of the medium. In general, lactate concentra-
tions of less than 20 mM (1.78 g/L) do not affect the cells,
whereas concentrations in the range 2040 mM
(1.78-3.56 g/L) interfere with productivity; at concentra-
tions above this value, lactate inhibits cell growth [44].
Therefore, lactate did not form at concentrations that are
considered inhibitory. After glucose depletion, lactate was
consumed until exhaustion at 336 h (day 14). When the
glucose was exhausted, lactate was converted to pyruvate
to provide a source of energy for the cell. Pyruvate can
enter the tricarboxylic acid cycle, releasing energy.

The glutamine provided in the culture media was used in
reactions of the tricarboxylic acid cycle; glutamine was
converted to its deaminated form glutamate by the loss of
ammonia, and glutamate can take part in the tricarboxylic
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Fig. 5 a Cell growth and viability profile; b glucose consumption
and lactate production; ¢ glutamine consumption and ammonia
production during the batch culture of HKB-11 cells in FreeStyle 293
medium (n = 3)

acid cycle, gluconeogenesis, and protein synthesis, among
other pathways. Glutamine probably was not consumed in
relevant quantities; instead, glutamine concentrations in-
creased initially due to the use of GlutaMAX™ (Invitro-
gen). GlutaMAX™ contains an L-alanine-L-glutamine
dipeptide that promotes greater stability in aqueous medi-
um; this complex does not degrade spontaneously, unlike
L-glutamine, which does. GlutaMAX™ is slowly degraded
by aminopeptidases released by the cell to form L-alanine
and L-glutamine in the culture medium. The result

@ Springer

resembles a fed batch operation because glutamine is
continuously released into the culture medium but is
maintained at low concentrations [46]. Depletion of glu-
tamine was observed only in the HKB-11 culture at the end
of the batch and did not interfere in cell growth. Ammonia
was produced, due to amino acid consumption (mainly
glutamine) throughout the entire culture period, reaching a
maximum value of 71.20 mg/L (4.18 mM) at the end of the
culture period. Ammonia production increases the pH of
the medium and can affect protein glycosylation by inter-
fering with glycan chain branching. The inhibitory con-
centration of ammonia in mammalian cells is
approximately 2-5 mM (34.06-85.15 mg/L) [44, 47]. In-
hibitory ammonia concentrations were observed after
200 h in HKB-11 cultures (34.06 mg/L), although cell
density decreased only after 432 h, by which time the
ammonia concentration had risen to 60.79 mg/L.

As shown in Fig. 6, SK-Hep-1 cells grew exponentially
from the beginning of the culture, and this exponential
growth phase lasted for 3 days; the cells entered the sta-
tionary phase at 96 h (day 4). During 13 days of cultiva-
tion, the cells presented an X,,,x of 1.93 x 10° cells/mL
(SD 0.1 x 10° at 192 h and a Umax Of 0.0186/h (SD
0.0027). After 192 h, the cell density decreased slightly
until the end of culture period, without any decrease in cell
viability. The cellular growth exhibited by SK-Hep-1 cells
can be compared to the murine cell line most commonly
used in industrial processes, CHO-K1. Usually, this cell
line, which is adapted for serum-free suspension growth,
can achieve cell densities of 1-2 x 10° cells/mL in spinner
flasks, with a doubling time of approximately 24-30 h [31,
48]. Glucose and glutamine were consumed without
reaching complete exhaustion. As expected, lactate was
formed as the consequence of glucose metabolism and
reached a maximum concentration of 1.4 g/L. (15.7 mM) in
96 h. The ammonia concentration in the supernatant in-
creased until 192 h (day 8), at which time it reached a
maximum value of 35.59 mg/L (2.09 mM), coinciding
with the beginning of the decline in cellular growth. Fur-
thermore, cell growth might have been inhibited when the
ammonia concentration reached approximately 30 mg/L
(1.8 mM) because the cells entered stationary phase at
96 h. After 192 h, the ammonia concentration started to
decrease, reaching 12.21 mg/L (0.72 mM) at 312 h, at
which time the cultivation was ended.

The morphology of HKB-11 and SK-Hep-1 cells
adapted to suspension culture is shown in Fig. 7. HKB-11
cells reached high cellular concentrations and formed ag-
gregates of various sizes. SK-Hep-1 cell culture reached
lower cell densities; however, unlike the HKB-11 cells, the
SK-Hep-1 cells grow individually, rarely forming cellular
aggregates. Both cell lines presented a rounded shape after
suspension adaptation.
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Fig. 6 a Cell growth and viability profile; b glucose consumption
and lactate production; ¢ glutamine consumption and ammonia
production during the batch culture of SK-Hep-1 cells cultured in
SFM 1II medium (n = 3)

For economic reasons and in order to reduce medium
complexity, we also evaluated the cell growth performance
in the absence of Cell Boost 5 and ITS supplementation.
Figure 8a shows that HKB-11 cell growth in FreeStyle
medium supplemented with Cell Boost 5 and ITS was four
times higher than that in unsupplemented medium. HKB-
11 cells cultivated in FreeStyle without supplementation
exhibited an X, of 2.12 x 10° (SD 0.2 x 10°) cells/mL
and a Umax of 0.0117/h (SD 0.0032); in the supplemented
medium, the cells exhibited an X,,,,, of 8.6 x 10° cells/mL

(SD 0.6 x 10° and a pmax of 0.0159/h (SD 0.0014).
Moreover, in non-supplemented FreeStyle medium, cell
growth decreased after 142 h (6 days) and exhibited de-
creased viability after 24 h; however, the supplemented
culture continued to grow up to 432 h (18 days), with a
viability of approximately 80 % until 384 h. These results
demonstrate the importance of these supplements to HKB-
11 cell line maintenance.

Figure 8b shows that SK-Hep-1 cells cultured in SFM 11
without supplementation achieved an X,.x of 2.45 x 10°
cellssmL (SD 0.5 x 106) and a Umax of 0.0144/h (SD
0.0014) in 121 h (5 days); a plateau was maintained until
193,5 h (8 days), after which time cellular growth de-
clined. Throughout the batch culture, viability remained
greater than 90 %. When SK-Hep-1 cells were cultured in
SFM 1II supplemented with Cell Boost 5 and ITS, the X,ax
obtained was 1.93 x 10° cells/mL (SD 0.1 x 10%)in 192 h
(13 days), and a p,ax of 0.0186/h (SD 0.0027) was ob-
served; viability was greater than 90 % throughout the
batch. After the maximum cell density was reached at
192 h, we observed a decline in cellular growth. Thus, the
SK-Hep-1 cell line can be cultivated in SFM II without
supplementation, thereby reducing the cost of culture ma-
terials and simplifying purification (due the low protein
content). In 2004, Wong and colleagues [49] attempted to
formulate an animal- and protein-free culture and were able
to replace insulin by trace elements that mimic insulin,
such as cadmium, nickel, lithium, vanadium, and zinc (the
latter was the best solution for hybridomas producing
monoclonal antibodies and for the CHO-K1 cell line). von
Fircks et al. [50] also succeeded in obtaining insulin-free
and serum-free CHO cell systems producing rFVIla,
thereby allowing protein-free cultivation.

Cryopreservation of adapted cells under serum-free
conditions

After kinetic and metabolic characterization, the adapted
cell lines were cryopreserved using several serum-free
formulations. Figure 9 shows the relative survival rates at
the time of thawing and the cell viabilities measured during
the 5th passage of cultivation after thawing. Synth-a-Freeze
and HyCryo presented the best results for HKB-11 cells;
the results for survival rate and viability during the fifth
passage (5th) (mean value) for Synth-a-Freeze were 83.7
and 82.7 %, respectively, and the corresponding values for
HyCryo were 84.4 and 82.9 %, respectively. The freezing
formulation containing 45 % MF/MC 45 %/10 % DMSO
also showed good results; the survival rate was 81.2 %, and
the viability during the fifth passage was 80.2 %.

As also shown in Fig. 9, the survival rates of the Ist
batch of SK-Hep-1 cells after thawing were lower than
50 %. In the 2nd batch, HyCryo medium presented SK-
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Fig. 9 Survival rate and viability of HKB-11 (a—¢) and SK-Hep-1 (d-f) cells cultivated in FreeStyle medium during the fifth passage after
thawing (n = 2): a, d 15 days; b, e 30 days; and ¢, f 60 days at —194 °C

value) for HyCryo were 63.2 and 59.6 %, and the corre-
sponding values for Cell Freezing Medium-DMSO Serum-
Free were 76.7 and 82.8 %, respectively.

Conclusions

It was possible to adapt two of the three human cell lines
tested, SK-Hep-1 and HKB-11, to serum-free suspension
conditions in Erlenmeyer flasks. The best results for the
HKB-11 and SK-Hep-1 cells were obtained in FreeStyle
293 Expression medium and in 293 SFM II medium sup-
plemented with Cell Boost 5 and ITS, respectively. It was
possible to cultivate SK-Hep-1 cells in non-supplemented
culture, which would simplify purification (due the low
protein content) and decrease costs. The adapted cell lines
were characterized, and a master cell bank was produced
under serum-free conditions for both cell lines. In general,
the bioprocess conditions achieved were suitable for
manufacturing recombinant proteins because the suspen-
sion cultures could be grown at high cell densities and the
potential of adventitious contaminations was significantly
reduced due to the absence of FBS, greatly simplifying
downstream protein purification.
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