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Abstract While heparin has been shown to eliminate cell
aggregation in suspension adaptations of insect and
HEK?293 cells for virus-based cell cultures, the role of
heparin in long period serum-free suspension adaptation of
the anchorage-dependent Chinese hamster ovary (CHO)
cell lines remains inconclusive. In this paper, we explore
the potential application of heparin in suspension adapta-
tion of CHO cell line which produces an anti-human chi-
meric antibody cHAb18. Heparin showed a concentration-
dependent inhibition of CHO-TS28 cell-to-cell adhesion,
with a significant inhibitory effect occurring when the
concentration exceeded 250 pg/ml (P < 0.001). Heparin
also exhibited a cell aggregation elimination role at all
concentrations (P < 0.001). Furthermore, heparin pro-
moted cell growth and antibody secretion, with the highest
cell density ((99.83 £ 12.21) x 10* cells/ml, P = 0.034)
and maximum antibody yield ((9.46 £ 0.94) mg/l,
P < 0.001) both occurring at 250 pg/ml heparin. When
agitated, cell aggregates were effectively dispersed by
250 pg/ml heparin and a single-cell suspension culture
process was promoted. In suspension adapted CHO-TS28
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cells, cell growth rates and specific antibody productivity
were maintained; while antigen-binding activity improved
slightly. Together, our results show that heparin may pro-
mote suspension adaptation of anchorage-depended CHO
cells by resisting cell aggregation without reducing cell
growth, antibody secretion, and antigen-binding activity.

Keywords Cell aggregation - Heparin -
Suspension adaptation

Introduction

HAD18 is an anti-human monoclonal antibody used against
HADb18G/CD147 for hepatocellular carcinoma (HCC)
treatment. Based on HAb18, our lab developed an Iodine
("*'T) Metuximab Injection (RS$20050039) for radioimmu-
notherapy [1, 2] and established large-scale antibody pro-
duction technology to support its clinical trial [3, 4]. To
further improve therapeutic efficacy and reduce human
antimouse antibody (HAMA) reaction, a chimeric antibody
cHAb18 was constructed and expressed in a Chinese
hamster ovary (CHO) cell line, namely CHO-TS28. Now,
the industrial production technology for cHAb18 targeting
HAb18G/CD147 is urgently needed.

In industrial production, a serum-free suspension pro-
cess is the preferred mode due to the well-understood
principles of scaling parameters and the ease of process
control [5]. Although commercially available media could
transit anchorage-dependent CHO cells into suspension
mode in a suspension adaptation process, it is still a time-
consuming and costly process [6] and, more importantly,
cells in suspension have a tendency to aggregate into large
and uncontrolled cell clumps, which may lead to cell death,
altered cell metabolism, and reduced product secretion [7].
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Several methods including combining media development
with gradual weaning, clonal selection, mechanical agita-
tion, trypsin, and calcium complex disodium salt (EDTA)
application have been used to address the problem of cell
aggregation, but these methods dislodge cells at the cost of
growth inhibition, productivity lost and product’s glyco-
sylation alteration [8, 9]. Thus, a dispersing agent that
competitively binds to the adhesion receptor to block
aggregation, while not impacting cell proliferation and
product secretion would be a more reasonable anti-aggre-
gation solution. Success of this process would speed up the
rate of adaptation and provide a valuable tool for industrial
and research applications.

Recently, anti-aggregation agents with high sulfate
group density including dextran sulfate, suramin, and
heparin were introduced into serum-free suspension cul-
ture, which resulted in reduced cell conglobation and
improved suspension adaptation. But the usage of dextran
was limited to the insect cell BTI-TN 5B-1-4 and inhibited
cell growth [10, 11]; and the exact effect of suramin on cell
growth was inconsistent [12, 13]. In contrast, heparin has
been successfully applied in suspension cultures of TN 5B-
1-4 insect cells [14] and HEK293 cell [15, 16] in virus-cell
culture systems that have culture phases short in duration
and on a small scale. Herein, heparin plays important roles
of anti-aggregation by inhibiting cell-to-cell adhesion [17,
18]. Until recently, there was limited data about its appli-
cation in CHO cell suspension adaptation. So, it would be
interesting to explore its role in CHO cell suspension
adaptation while avoiding its negative effect on protein
secretion.

In this study, we assessed and selected the optimal
heparin dosage to resist cell aggregation without affecting
cell growth and product secretion. Next, a suspended CHO
cell line for industrial production was obtained in an agi-
tation bioreactor by combining three parameters: serum-
free condition, heparin, and agitation. Finally, we evaluated
the product quality which produced from the suspended
CHO cell line and then explored the possible molecular
mechanism involved. Our results may provide a simple but
feasible model for suspension adaptation of anchorage-
dependent cells for a long-period cell culture process.

Materials and Methods

Cell Line and Medium

The engineered cell line CHO-TS28 producing anti-human
HCC chimeric antibody cHAb18 was used throughout this
study. CHO-TS28 cells were cultured in Dulbecco’s

Modified Eagle’s Medium/Ham’s Nutrient Mixture F-12
(DMEM/F12) (Hyclone, Logan, USA) supplemented with
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10% fetal bovine serum (FBS) (Hyclone, Logan, USA).
The SFM28 medium for suspension adaptation was serum-
free and based on DMEM/F12 (HyQ® Lot No.
RRC040057), which was supplemented with insulin,
transferrin, sodium selenite, ethanolamine, and 2-mercap-
toethanol (Sigma, St. Louis, USA).

Effect of Heparin on Cell-to-Cell Adhesion and Cell
Aggregation

To explore the potential role of heparin on inhibiting
cell-to-cell adhesion, the CHO-TS28 cell suspension
2 x 10* cells/well) in 10% FBS was distributed into a
2 g fibronectin-coated 24 well plate and cultured at 37°C,
5% CO, overnight to achieve adhesion. Next, the CHO-
TS28 cell suspension (5 x 10* cells/well) in 10% FBS/
DMEM containing different concentrations of heparin
(Sigma, St. Louis, USA), ranging from 0 to 2000 pg/ml,
were seeded and incubated for 6 h. Then, the adhered cells
were dissociated with 0.1 ml 0.4% EDTA/phosphate buf-
fered saline (PBS) (Sigma, St. Louis, USA) for 30 min and
then counted. The cell adhesion inhibition ratio of heparin
was determined by the follow relationship: (adhered cell
number onyor — adhered cell numberyeparin)/(adhered cell
number, o)) X 100%. The role of heparin in eliminating
cell aggregation was investigated by cultivating a CHO-
TS28 cell suspension (3 x 10° cells/ml) in SFM28 con-
taining heparin, as described above, in a 25 cm? T-flasks
for 48 h. The dissociated single cells were collected and
counted, and the dissociation ratio was determined as fol-
lows: (dissociated cell number/total cell number) x 100%.

Effect of Heparin on Cell Growth, Antibody Secretion,
and Antigen-Binding Activity

CHO-TS28 cells in the mid-exponential growth phase
were collected by centrifugation at 190 g for 5 min. The
cells were then transferred and cultured in a SFM28
medium containing seven different concentrations of hep-
arin, ranging from 0 to 2000 pg/ml, for 48 h at 37°C
in a 5% CO, atmosphere. Static cultures were set up in
duplicate in 75 cm® T-flasks with a cell density of
3 x 10’ cells/ml. Cells were washed with a warm PBS and
dissociated with the 10 ml nonenzymatic cell dissociation
solution. At 1 min intervals, samples were taken in tripli-
cate to determine cell growth, antibody production and
antigen-binding activity. All results were expressed as
mean and standard error.

Cell Growth Assay

The aggregated cells were dissociated using 0.1 ml 0.4%
EDTA/PBS at 37°C for 30 min, and were then counted.



Mol Biotechnol (2011) 47:9-17

11

Total cell number and viability were determined by trypan
blue (Invitrogen, Carlsbad, USA) exclusion and manual
cell counting using a haemocytometer. The specific growth
rate (1) was calculated using the equation p = %
(LN refers to natural logarithm which is the logarithm to
the base e, y, is viable cell density, ¢ is culture time).

Antibody Secretion Assay

The antibody yield assay was performed using a sandwich
enzyme-linked immunoassay (ELISA). The plate was
coated with a goat anti-human immunoglobulin G (IgG)
(Sigma, St. Louis, USA) at a concentration of 10 pg/ml and
then blocked with 5% non-fat milk (Bio-Rad, Hercules,
USA) in PBS. The primary antibody was a diluted super-
natant of CHO-TS28 cells, and horseradish peroxidase
(HRP) conjugated goat anti-human IgG (Thermo, Wal-
tham, USA) of 1:10000 was used as the detection antibody.
And, 3,3'5,5'-tetramethyl benzidine (TMB) (Sigma, St.
Louis, USA) was used as a substrate to develop color. A
standard curve was graphed using purified hHAb18 IgG as
a standard. And, the purity of hHAb18 IgG was above
95%, which was confirmed by high performance liquid
chromatography (HPLC) and sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). Specific
antibody productivity (gmap) Was calculated using an
expression level based on ELISA results and measured
viable cell densities using the equation gyap = %
(Ab is antibody yield). o

Antigen-Binding Activity Assay

ELISA and flow cytometry (FCM) were used to measure
the binding activity of cHAb18 IgG to the target antigen
HADb18G/CD147 in a molecular pattern of full length and
extracellular domain which were constructed and expres-
sed in CHO. Here, full length of antigen CD147 was fused
to human IgG-Fc fragment and purified by protein A
affinity column, while extracellular domain of antigen
CD147 was obtained by enzyme digestion and remove of
human IgG-Fc fragment from full length of antigen
CD147. In ELISA assay, HAb18G/CD147 with purity
above 95% was coated at 10 pg/ml. Then the plates were
incubated first with 1% bovine serum albumin (BSA)
(Sigma, St. Louis, USA) at room temperature for 2 h and
then with a diluted supernatant of CHO-TS28 cells at 4°C
overnight, followed by incubation with HRP-conjugated
goat anti-human IgG (Sigma, St. Louis, USA) at 37°C for
1 h. To complete the process, TMB was added to develop
color. As for FCM, HADb18G/CD147 highly expressed
target cells, FHCC98 (1 x 10° cells) [19], were blocked

with 1% BSA in PBS on ice for 30 min. The cells were
then incubated on ice with supernatant at a concentration of
5 pg/ml for 1 h. After washing twice with PBS, fluorescein
isothiocyanate (FITC)-conjugated goat anti-human IgG
(Thermo, Waltham, USA) at a dilution of 1:500 were
incubated for another 30 min. Finally, FHCC98 cells were
suspended in PBS containing 2% FBS, and analyzed by
FCM.

Suspension Adaptation Culture

The cell suspension prepared from the adhered cells whose
specific growth rate of 0.022-0.025/h was inoculated at
5 x 10° viable cells/ml in SFM28 medium, supplemented
with 0.1% PF-68 (Pluronic F-68) (Sigma, St. Louis, USA)
and 250 pg/ml heparin, and then transferred to a sterile
Superspinner and agitated at a speed of 75-95 rpm. When
viable cell density reached 1 x 10° cells/ml, the continu-
ously cultivated cells were remove and passaged again with
the inoculated density of 5 x 10’ cells/ml again. Once the
cell density reached 1 x 10° cells/ml with a viability of at
least 90% for three consecutive passages, we may assume
the cells have adapted to a suspension culture of a certain
serum level. At periodic points in the adaptation process,
samples were taken for comparison of cell growth, anti-
body production and antigen-binding activity.

Flow Cytometry Analysis of E-Cadherin Expression

CHO-TS28 cells were cultured in a 10% FBS/DMEM with
or without 250 pg/ml heparin addition. After 48 h,
5 x 10° cells were washed with a warm PBS and disso-
ciated with the 10 ml nonenzymatic cell dissociation
solution. Then cells were washed twice in staining buffer
(PBS, 2% FCS, pH 7.5) and blocked with 5% normal goat
serum (Invitrogen, Carlsbad, USA) on ice for 30 min. Cells
were incubated on ice for 1 h with 50 pl of staining buffer
containing a 5 pul mouse monoclonal antibody against
mouse E-cadherin (RD, Minneapolis, USA). Specificity of
staining was confirmed by incubation of cells with an
isotype-matched control. Cells were washed twice in
staining buffer and then incubated for 30 min in the dark
with 50 pl of staining buffer containing a 1/500 dilution of
FITC-conjugated goat anti-mouse IgG. Cells were washed
a further three times, resuspended in 0.5 ml of staining
buffer and stored on ice in the dark prior to analysis by flow
cytometry. Propidium iodide (PI; Sigma, St Louis, USA)
was added at a final concentration of 1 pg/ml to each tube
5 min prior to cell acquisition for the identification of live
cells and for analysis of cell viability. Values are given as
percentages of positive cells, which is an indication of the
level of expression.
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Statistics Analysis

All numerical data are presented as means + SD, figured
by Graphpad Prism, Version 4.01, and analyzed by
SPSS10.0 software. Significance was assigned at the
P < 0.05 level.

Results

Heparin Showed a Dose-Dependent Inhibition
of CHO-TS28 Cell Aggregation

To explore the potential anti-aggregation role of heparin in
serum-free suspension adaptation, the inhibitory effect of
heparin on cell-to-cell adhesion was first investigated in
serum-containing condition (Fig. 1a). Heparin showed a
concentration-dependent inhibition of cell-to-cell adhesion
with a significant inhibitory effect occurring when heparin
concentration exceeded 250 pg/ml. Compared with an
untreated control, the number of adhered cells in the
250 pg/ml heparin-treated group was significantly reduced
(50.00 & 2.50 x 10° vs. 35.03 £ 3.19 x 10> cells/ml, P <
0.001). The adhesion inhibitory ratio was 0.3 £ 0.050 in
the group treated with 250 pg/ml heparin and reached a
maximum of 0.49 £ 0.024 in the group treated with
2000 pg/ml heparin. For the CHO-TS28 serum-free cul-
ture, heparin effectively dissociated cell clumps into
single-cell suspensions (Fig. 1b). The percentage of dis-
sociated single cells was significantly higher in groups
treated with heparin, ranging from 26.25 4+ 1.64 to
52.96 + 1.08%, than in untreated control groups (10.37 +
0.82%) in a concentration-dependent manner. These results
indicate that heparin effectively dispersed cell aggregates
through inhibition of cell-to-cell adhesion.

Heparin Improved CHO-TS28 Cell Growth
and Antibody Secretion

As shown in Fig. 2a, heparin incubation resulted in a vis-
ible change in cell shape, from fibroblast-like into round. It

Fig. 1 Heparin showed a dose-
dependent inhibition of CHO-
TS28 cell-to-cell adhesion.

a The influence of heparin
concentration on CHO-TS28
cell-to-cell adhesion. b The
eliminating role of heparin on
cell aggregates at different
concentration (* indicated

P < 0.05; ** indicated

Adhesion cells (103cells/ml) Q

20 T T T T T

-6~ Adhesion cells
-+- Inhibition ratio

also significantly increased the viability of cells in the
groups treated with 125 pg/ml (figure not shown), 250 pg/
ml and 500 pg/ml heparin (P = 0.008, P = 0.004, and
P =0.016, respectively). Compared to control groups
without added heparin, a significantly higher cell density
was found in groups treated with 125 and 250 pg/ml
heparin (P = 0.047 and P = 0.034, respectively; Fig. 2b),
and a significantly higher p was found in groups treated
with 250 pg/ml heparin (P = 0.039; Fig. 2¢, d). The
maximal cell density of (99.83 & 12.21) x 10* cells/ml
and the maximal specific growth rate ({,.x) of (0.60 +
0.06)/day were both reached at 250 pg/ml heparin; there-
after cell density and u decreased with increased heparin
concentration from 250 to 2000 pg/ml. A similar trend also
presented for antibody secretion, with the maximal anti-
body yield of 9.46 £ 0.94 mg/l and the maximal antibody
productivity  (gmabmax) Oof  5.85 % 1.30 pg/cell/day
obtained at 250 and 500 pg/ml heparin, respectively
(Fig. 2c, d). Heparin concentrations of 250, 500, 1000, and
2000 pg/ml all significantly increased antibody yield
(P <0.001, P=0.001, P=0.038 and P =0.045
accordingly), but only 250 and 500 pg/ml heparin-treated
groups have a significant gyap (P = 0.029 and P = 0.006,
respectively). These results indicate that heparin promoted
cell growth and antibody secretion in a concentration-
dependent manner, and that 250 pg/ml was the optimal
concentration for enhancing both cell density and antibody
production simultaneously.

Heparin Promoted CHO-TS28 Cell Serum-Free
Suspension Adaptation Process

When CHO-TS28 cells were directly transferred from
serum-containing static culture conditions into a serum-
free superspinner agitated culture, large cell clumps formed
rapidly, and then many cells gradually died due to loss of
their natural anchorage-dependent growth characteristics.
To reduce the clumps under serum-free condition, we
combined the addition of 250 pg/ml heparin with agitation
during suspension process. And suspended single cells with
relatively high viability were obtained (Fig. 3a). During the
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02 s -5
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P < 0.01; *** indicated
P < 0.001)
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Fig. 2 Heparin improved a
CHO-TS28 cell growth and
antibody production. a The
comparison of cell growth
pattern and morphology at
different heparin concentration.
b The influence of heparin
concentration on cell growth
and antibody secretion. ¢, d The
curve of specific cell growth
rate (1) and specific antibody
productivity (gmap) at different
heparin concentration

(* indicated P < 0.05;
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suspension adaptation process, u first decreased to 0.408/
day with viability reducing to 65% at the eight passage, and
then u recovered to 0.511-1.248/day with viability around
90% after the cultivation of 11 passages; u maintained at
this level for 2 months (Fig. 3b).

After suspension adaptation (Sp), gmap increased
slightly compared to serum-containing cultures (10% FBS)
and serum-free cultures (SFM28), exhibiting a value of
17.76 £ 5.04 pg/cell/day compared to 15.65 + 2.88 and
15.84 + 8.81 pg/cell/day, respectively. Compared to
serum-containing culture conditions, p first decreased in
serum-free culture conditions (0.389 4 0.034/day vs.
0.758 &+ 0.265/day, P = 0.072), but then recovered grad-
ually after a 2-week suspension adaptation culture process
(0.715 £ 0.24/day vs. 0.758 £ 0.265/day, P = 0.807)

T T T T T T T T
0 250 500 750 1000 1250 1500 1750 2000

Heparin Concentration (p1g/ml)

T T T T T T T T
0 250 500 750 1000 1250 1500 1750 2000

Heparin Concentration (pg/ml)

(Fig. 3c). These results revealed that heparin promoted a
serum-free suspension adaptation process for CHO-TS28
cells without reducing cell growth rate and antibody
productivity.

In addition to antibody yield, we also monitored the
alteration of cHAb18 IgG binding activity to its target
antigen HAb18G/CD147 during suspension adaptation. As
shown in FCM (Fig. 4a), the fluorescence intensity of
cHAD18 IgG binding to the HADbI8G/CDI147 highly
expressed cell line FHCC98 increased in serum-free cul-
tures (SFM 28, #16: 722.62) while decreasing in serum-
free suspension conditions (Sp, #15: 487.54), as compared
to serum-containing conditions (10% FBS, #17: 509.08).
However, the percentage of positive cells remains
unchanged (97.77-99.77%) among three conditions.
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Fig. 3 Heparin promoted a [\
CHO-TS28 serum-free
suspension adaptation process.
a Cell growth pattern and
morphology under different
conditions including serum-
containing (10% FBS), serum-
free (SFM28), and serum-free
suspension (Sp). b Change of
cell density, ¢ and viability

during serum-free suspension Serum-containing

Serum-free condition Suspensnon adaptatlon

adaptation. ¢ Comparison of u (10%FBS) (SFM28) (Sp)
and gyap under culture Day 0 Day 5 Day 11
condition of 10% FBS, SFM28,
and Sp (* indicated P < 0.05; ~b s T S S T 2.5 C 28 1.2
** indicated P < 0.01; E 244 L 1o
*#%* indicated P < 0.001) = 124 20 = - qMAb :
. g 201 Los =
= 09 N P15 E T g6 =
2 [ o =
> .8 = @ Fro6 =
F > 0.6 1o & 2127 £
£= $ s 04
E 0.3 r 05 & 4] L 0.2
0.0 —— cell densnty -;— v1ab111ty ') 0.0 0 L 0.0
0 50 100 150 200 250 300 350 400 10%FBS SFM28
Times (h)
Furthermore, ELISA was used to detect antigen-binding  Discussion

activity in the molecular pattern of both extracellular
domain and full length (Fig. 4b). In detail, the A490nm
detected from the extracellular domain maintained among
0.33 + 0.21, 0.45 4+ 0.22, and 0.54 & 0.27 when culture
conditions changed from serum-containing, serum-free to
serum-free suspension (P = 0.555, P = 0.318 for SFM28
and Sp, respectively). A similar trend was also found in the
binding activity of cHAb18 IgG to full length target anti-
gen HAb18G/CD147 (P = 0.640, P = 0.236 for SFM28
and Sp, respectively). These results revealed that heparin
promoted a CHO-TS28 cell serum-free suspension adap-
tation process without influencing antigen-binding activity.

Heparin Repressed Cell-Cell Adhesion by Inhibiting
E-Cadherin Expression

E-cadherin is a well characterized adhesion molecule that
plays a major role in epithelial cell adhesion. Based our
findings that cell-cell adhesion was inhibited by heparin,
we assumed that heparin may exert its anti-adhesion role
by way of decreasing E-cadherin expression. To explore
the potential mechanism of heparin inhibiting cell—cell
adhesion, E-cadherin expression in CHO-TS28 cells with
or without heparin treatment for 48 h was detected by flow
cytometry. Our result showed that 250 pg/ml heparin
reduced the positive rate of E-cadherin from 51.5 to 26.4%.
Thus, it may indicted that heparin exert its role of anti-
aggregation by reducing E-cadherin expression. However,
more studies needed to be done to confirm this
presumption.

3¢ Humana Press

Heparin is a multifunctional, highly sulfated polysaccha-
ride consisting of alternating uronic acid and p-glucosa-
mine residues, and it carries a negative charge. Although
heparin is best known for its anticoagulant properties, it
could also mediate cell-to-matrix and cell-to-cell adhesion
in a variety of physiological processes such as endothelial
cell and smooth muscle cell growth, angiogenesis,
inflammation, and tumor metastasis [20]. Through increased
agitation and the addition of an optimal dosage of heparin,
we successfully adapted CHO-TS28 cells into single-cell
suspension, indicating heparin plays a significant role in
mammalian cell culture and adaptation. This single-cell
suspension can be maintained for 2 months and may the-
oretically facilitate nutrient and oxygen transport, improve
cell growth, recombinant protein production, and post-
translational processing, which still need to be validated
further. Also, the elimination of necrotic centers that form
in large aggregates enhanced cell viability. Now, we have
successfully scaled this process from flask, 100 ml/500 ml/
11 superspinner to 51/201 bioreactors. However, protein
modifications such as glycosylation and oxidation fre-
quently occur during up-scaling process which resulted
from varied process parameters including medium sup-
plements changing (such as heparin addition). So, the
detailed antibody structural analysis remains to be deter-
mined among suspension adaption process for product
equivalence.

Similar results have been reported using HEK293 cells
and TN 5B-1-4 insect cells in virus-cell culture systems for
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gene therapy. In the HEK293 cell serum-free suspension
culture, heparin (100 pg/ml) not only reduced the diameter
of cell clumping by 50% but also decreased u and maximal
cell density [15]. However, contrary results have also been
reported. For example, Zhang reported that 100 pg/ml
heparin increased p and cell density of single-suspended
HEK?293 cells, while decreasing virus yield by 46 times
[16]. Similarly, heparin significantly eliminated cell
aggregates of TN 5B-1-4 insect cell and greatly improved

cell growth from 0.5 x 10° to 3 x 10° cells/ml in 48 h,
but decreased the virus yield [14]. In order to mitigate the
negative effects of heparin on product secretion, we
selected the optimal dosage on the basis of balancing cell
growth and antibody secretion. For these reasons, we chose
the heparin concentration of 250 pg/ml as the optimal
level; cell concentration ((99.83 + 12.21) x 10* cells/ml)
and antibody yield (9.46 £ 0.94 mg/l) reached their high-
est levels while gyap maintained a relatively high level
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Fig. 5 Heparin inhibited cell-to-cell adhesion by reducing E-cad-
herin expression. a CHO-TS28 expressed E-cadherin with the
positive rate of 51.5%. b Heparin reduced the positive rate of
E-cadherin from 51.5 to 26.4%

(5.85 &+ 1.30 pg/cell/day). Overall, our studies exhibit
the role of heparin in CHO-TS28 serum-free suspension
adaptation as promoting cell growth and product secretion,
maintaining original u and gymap, and enhancing antigen-
binding activity.

Heparin inhibited cell-to-cell adhesion in a dose-
dependent manner, but its optimal dosage differed
according to different cell lines and products. For TN 5B-1-
4 insect cells and HEK293 cells, the most significant anti-
aggregation effect occurred at concentrations of 100 IU/ml
(667 pg/ml) and 100 pg/ml, respectively. But for CHO-
TS28 cells producing a chimeric antibody cHAbIS, the
optimal level of heparin for inhibiting cell-to-cell adhesion
is 250 pg/ml, which is between the optimal heparin
concentrations for TN 5B-1-4 and HEK293.

The ability of heparin to induce single-cell formations
may be a generic property of negatively charged polymers,
or it could arise from specific interactions between the cells
and the sulfate groups, the carboxylate groups, or the sugar
backbone itself; or it also probably arise from interfering
with the function of cell adhesion molecules. Here, our
result of FCM showed that 250 pg/ml of heparin reduced
the positive rate of E-cadherin expression from 51.5 to
26.4% (Fig. 5). This result indicates that heparin possibly
exerts its role in anti-aggregation by reducing E-cadherin
expression; however, further research is needed to confirm
this phenomenon. Additional research is also needed to
explore the optimal heparin concentration and its combi-
nation with other strategy in some other individual cell
lines. Nevertheless, this paper may offer an example for
optimization of large-scale cell culture technology for
recombinant protein production by way of culturing a
widely used host CHO cell line in a suspended mode.
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