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Abstract Controlling cell proliferation during

cell culturing is an effective way to improve the

production yield in mammalian cell culture. We

examined the effect of temperature shifts (TS)

under pH control conditions in Chinese hamster

ovary cells. When we shifted the culture temper-

ature from 37 �C to 31 �C before a stationary

phase at pH 6.8 (TS/pH 6.8), cell viability

remained high, and the final human monoclonal

antibody (hMab) concentration increased to 2.3

times that in the culture remaining at 37 �C.

However, there were no significant effects on the

cell viability or production yield with the same TS

at pH 7.0 (TS/pH 7.0). The average specific hMab

productivity and mRNA level of TS/pH 7.0 were

the same as that of TS/pH 6.8. The control of cell

growth by the TS or the addition of rapamycin

was effective in the maintenance of cell viability,

but there was no significant increase of the

average specific hMab productivity in the culture

where cell proliferation was controlled with

rapamycin. The hMab mRNA concentration

decreased to 55%–65% at a 37 �C culture with

the addition of actinomycin D. In contrast,

actinomycin D did not affect the mRNA level in

the TS culture. This result suggested that the

increase in the mRNA level in the TS condition

was caused by an increase in mRNA stability. In

this study, we show that TS can produce two

unrelated effects: a prolongation of cell longevity

and an improvement in mRNA stability.
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Abbreviations
CHO cell Chinese hamster ovary cell

HC Heavy chain

hMab Human monoclonal antibody

IVCD Integral of viable cell density

LC Light chain

TS Temperature shift

TS/pH 6.8 Temperature shift cultivation, pH

6.8

TS/pH 7.0 Temperature shift cultivation, pH

7.0

VCD Viable cell density

37 �C/pH 6.8 Culture at 37 �C, pH 6.8

37 �C/pH 7.0 Culture at 37 �C, pH 7.0

Introduction

Recent studies suggest that controlling the pro-

liferation of cells and maintaining high cell
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viability during cell culturing can lead to en-

hanced productivity and higher product yields,

thereby improving process performance. Strate-

gies for controlling cell growth include the

expression or addition of cell cycle inhibitors like

p27 (Kaufmann et al. 2001), p21cip1 (Watanabe

et al. 2002), and rapamycin (Balcarcel and Steph-

anopoulos 2001); or exposure to hyperosmotic

pressure (Ryu et al. 2000) or low culture temper-

ature. Low temperature cultivation is a simple

and very effective method of controlling cell

proliferation (Reuveny et al. 1993). It has been

known for many years that the growth rate of

mammalian cells decreases if the cultivation

temperature is lower than 37 �C. Mammalian

cells show a remarkably high viability and a

decreased proliferation rate at temperatures

between 27 �C and 32 �C (Kaufmann et al.

1999; Giard et al. 1982). To maximize the bene-

ficial effect of lowering the culture temperature,

in order to control cell proliferation, the temper-

ature was reduced after cell growth reached a

suitable cell density under the condition of 37 �C

(Hendrick et al. 2001; Schatz et al. 2003).

Although many researchers have attempted to

increase product yields by low temperature cul-

tivation, their results have varied (Sureshkumar

and Mutharasan 1991; Bloemkolk et al. 1992;

Weidemann et al. 1994), mainly because of dif-

ferences in specific productivity as a result of

controlling cell growth in low temperature culti-

vation conditions. The relationship between pro-

longing cell longevity and increasing specific

productivity is unclear. To aid in clarifying this

phenomena, we investigate the relationship be-

tween a temperature shift (TS) and other culture

conditions in Chinese hamster ovary (CHO) cells.

Some culture conditions, such a low pH, some-

times gives rise to negative effects on cell growth

and production yield because it halts cell growth

and changes cell metabolism (Varley and Birch

1999; Sauer et al. 2000). Here, we show that the

optimization of the pH condition in the TS

culture is important for maintaining high viability

and increasing specific human monoclonal anti-

body (hMab) productivity. To clarify the rela-

tionship between prolonging cell longevity and

increasing specific hMab productivity, we treated

our cell line with rapamycin in order to control

the cell cycle progression without shifting the

temperature. Rapamycin prevents the progres-

sion of cell division from the G1 to the S phase of

the cell cycle. To determine whether the mech-

anism of mRNA changes is caused by an increase

in the rate of synthesis of the mRNA or by a

decrease in its degradation rate, we studied

mRNA stability using actinomycin D as an

inhibitor of RNA synthesis in a TS culture.

Materials and methods

Cell culture

The parental cell line was a protein-free medium

adapted CHO DHFR– cell line derived from

CHO DG44. The hMab production cell line was

constructed by introducing a vector DNA con-

taining a human CMV promoter provided by

Biogen-IDEC Inc. (Reff 1997) into the parent

cell, selecting transfectants and then amplifying

the gene copy number. EX-CELL 302 (SAFC

BIOSCIENCES) supplemented with 4 mM glu-

tamine was used in this study for the initial

medium. To provide nutrients, 10· modified

DMEM/F12 medium supplemented with

100 g L–1 glucose and 100 mM glutamine solution

were used as feeding mediums. The culture

vessels used were 2-L scale stirred bioreactors

or shake flasks (working volume: 40 mL). The

initial temperature of the culture was maintained

at 37 �C, which was lowered to 31 �C by the

temperature control units after several days of

cultivation. The pH of the culture was kept not

lower than 7.0 or 6.8 by the addition of 0.5 M

NaOH. To maintain cell growth, feeding media

were added to the vessels to prevent glucose or

glutamine depletion.

Analysis

The viable cell density (VCD) and viability were

determined using the cell count in the trypan blue

dye exclusion method. The antibody titer was

quantified with HPLC. The average specific hMab

productivity was determined by the slope of the

hMab concentration versus the integral of the

viable cell density (IVCD) (Fox et al. 2004).
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Isolation of total RNA

To obtain total RNA, a culture sample containing

1 · 107 cells was harvested from each culture

vessel. After centrifugation for 5 min at 300 · g

and washing with PBS, the total RNA was

isolated using the RNeasy Mini Kit (QIAGEN)

according to the manufacturer’s protocol. The

RNA concentration and purity were determined

photometrically at 260/280 nm.

Northern Blot analysis

Twenty lg of RNA were subjected to 1%

formaldehyde agarose-gel electropheresis in a

MOPS running buffer (20 mM MOPS, 5 mM

Na-acetate, 1 mM EDTA). The gels were blotted

onto positively charged nylon membranes (MIL-

LIPORE) by capillary transfer using 20· SSC

(3 M NaCl, 0.3 M Na3-citrate). After blotting, the

membranes were rinsed and baked dry in an oven

for 2 h at 80 �C. As a probe, DIG-labeled heavy

chain (HC) and light chain (LC) homologous

region fragments using a DIG Labeling Kit

(Roche) and DIG-labeled b-Actin RNA probe

(Roche) were used. The membrane was prehy-

bridized at 55 �C for 30 min in Easy Hyb

(Roche), and the denatured probe was added

and allowed to hybridize at 55 �C for 16 h. The

membrane was then washed for 2 · 5 min in 2·
SSC/0.1% SDS and for 2 · 15 min in 0.1· SSC/

0.1% SDS at 65 �C. To detect the RNA-RNA

hybrid, the membrane was preincubated for

30 min in blocking solution and then incubated

for 30 min with anti-DIG-AP conjugate (diluted

1:10000). A 2 · 15 min washing step was followed

by equilibration in a detection buffer for 5 min.

Detection was performed with the chemilumines-

cence substrate CSPD (Roche).

Quantitative RT-PCR (Q-PCR) analysis

For the RT-PCR reaction, the TaqMan One-step

RT-PCR Master Mix Reagents Kit (Applied

Biosystems) containing 900 nM forward primer,

900 nM reverse primer and a 250 nM TaqMan

probe was used at 50 lL tube–1. Amplification

and detection were performed using the ABI

PRISM 7900HT Sequence Detector System

(Applied Biosystems) with the following profile:

1 cycle at 48 �C, 1 cycle at 95 �C for 10 min, and

40 cycles each at 95 �C for 15 s and 60 �C for

1 min. Samples were deemed positive in any

given cycle when the value of the emitted

fluorescence was greater than the threshold value

calculated by the instrument’s software (Se-

quence Detector System 2.0).

mRNA stability analysis

In experiments to determine hMab mRNA sta-

bility, the cells were maintained for 24 h at a

culture temperature of 37 �C or were reduced to

31 �C after 3 days cultivation. These cells were

chased for 0, 12 or 24 h in the presence of

5.0 lg mL–1 of actinomycin D using shake flasks.

The pH of the culture was kept not lower than 6.8

by the addition of 0.5 M NaOH. At the end of

each chase period, the culture samples containing

1 · 107 cells were washed with PBS, total RNAs

were collected, and hMab transcripts were quan-

tified by Q-PCR as described above.

Results

Effect of the pH condition in temperature shift

cultivation

It is necessary to clarify the relationship between

the TS and culture parameters such as pH

because the effect of TS is influenced by the

culture conditions. The pH condition sometime

gives rise to negative effect on cell growth and

production yield. We examined the effect of TS

and the pH condition using 2-L bioreactors. The

initial temperature of the culture was maintained

at 37 �C. After 4 days of cultivation, it was

lowered to 31 �C. The pH of the culture was

kept not lower than 7.0 or 6.8 by the automatic

addition of 0.5 M NaOH. Figure 1 shows the

effect of TS at a pH of 6.8 (TS/pH 6.8) and a pH

of 7.0 (TS/pH 7.0). In the culture remaining at

37 �C, the maximum viable cell density (Fig. 1a)

was reduced by the pH of 6.8 (37 �C/pH 6.8), but

the pH level did not have an effect on cell
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viability (Fig. 1b), the final hMab concentration

(Fig. 1c) or the average specific hMab productiv-

ity determined by the slope of the hMab concen-

tration versus IVCD (Fig. 1d) compared to the

culture at pH 7.0 (37 �C/pH 7.0). Independent of

the pH, the cell growth rate decreased when the

temperature was lowered to 31 �C (Fig. 1a),

where the maximum viable cell density was 30%

lower than that of the culture at 37 �C/pH 7.0. In

the TS/pH 6.8 condition, the cell viability after

11 days of cultivation was twice as high as that in

the culture under the other conditions (Fig. 1b).

The cell viability of TS/pH 6.8 remained high

during culturing. The final antibody concentration

was 460 mg L–1, which is 2.3 times as high as

200 mg L–1 for the 37 �C/pH 7.0 culture (Fig. 1c).

The average specific hMab productivity of TS/pH

6.8 increased to 2.3 times that of the culture at

37 �C/pH 7.0 (Fig. 1d). However, there was no

significant effect on keeping the cell viability or

increasing production yield under the TS/pH 7.0

condition, despite control of the cell growth.

Interestingly, the average specific hMab produc-

tivity of TS/pH 7.0 was 2.4 lg 105 cell–1 day–1

(Fig. 1d). It was the same as that of TS/pH 6.8 and

increased to 2.2 times that of the culture at 37 �C/

pH 7.0. This result indicates that the specific

hMab productivity did not correlate with pro-

longing cell longevity.

Northern Blot and Q-PCR analysis to

determine the antibody mRNA level of

temperature shift cultivation

Northern blot analysis was performed to deter-

mine whether antibody upregulation upon expo-

sure of the cells to 31 �C occurred at the mRNA

level (Fig. 2). These cells were collected just

before shifting the temperature (day 4) and 4 days

after TS cultivation (day 8) from the same culture

described in Fig. 1. Figure 2 shows the mRNA

levels after 4 days cultivation at 37 �C/pH 7.0

(Lane 1) and 37 �C/pH 6.8 (Lane 2) conditions

and after 8 days cultivation at 37 �C/pH 7.0 (Lane

3), TS/pH 7.0 (Lane 4) and TS/pH 6.8 (Lane 5).

These results indicate that higher antibody expres-

sion level resulted from the increasing of mRNA

level. The mRNA levels of antibody in these TS

cultures clearly increased compared to the culture

at 37 �C during the same culture period regardless

of the pH levels. To quantify the result of

Northern blot analysis, we also determined the

mRNA level of the same samples described above

by Q-PCR. The mRNA of the HC and LC were
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Fig. 1 The profiles of
temperature shift cultures
in pH 7.0 or 6.8 conditions
using 2-L bioreactors.
(a) VCD, (b) Viability,
(c) hMab concentration,
(d) hMab concentration
as a function of IVCD.
The average specific
hMab productivity was
determined by the slope
of the hMab
concentration versus
IVCD. Results are mean
of multiple experiments.
(* n = 3, ** n = 4)
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normalized to b-actin. The percentage under the

bands were the relative mRNA values against

37 �C/pH 7.0 on day 8 quantified by Q-PCR.

These relative values for the HC and LC mRNAs

under the TS culture increased to 1.9–2.9 times

that of the 37 �C culture during the same culture

period regardless of the pH levels. This result is

clearly reflected in Fig. 1d.

Relationship between prolonging cell

longevity and increasing specific hMab

productivity

To clarify the relationship between prolonging

cell longevity and increasing specific hMab pro-

ductivity, we used rapamycin to control the cell

cycle progression without shifting the tempera-

ture and compared the effect of the rapamycin

addition to that of shifting the temperature.

Shake flasks (working volume: 40 mL) were used

as culture vessels. The initial temperature of the

culture was maintained at 37 �C. Before a sta-

tionary growth phase, either the culture temper-

ature was lowered to 31 �C or 100 ng mL–1

rapamycin was added to the culture. The pH of

the culture was kept not lower zthan 6.8 by the

addition of 0.5 M NaOH. The culture profiles for

the two conditions are shown in Table 1. In the

cultures under the cell growth controlling condi-

tions, the cell growth rate decreased, and the day

to achieve the maximum VCD delayed 2 days

that of the 37 �C culture. But the cell viabilities at

11 days of cultivation were 2.4 and 2.9 times as

high as that of the culture that remained at 37 �C.

The cell viabilities of the cell growth controlling

conditions remained high during culturing. The

final hMab concentrations in the TS culture and

rapamycin-added cultures increased to 1.6 and 1.3
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Fig. 2 Northern blot and Q-PCR analysis of HC and LC
mRNA levels in various culture conditions. RNAs were
sampled 4 days after inoculation at pH 7.0 (Lane 1) or 6.8
(Lane 2) conditions and 8 days after inoculation at 37 �C/
pH 7.0 (Lane 3), TS/pH 7.0 (Lane 4) and TS/pH 6.8

(Lane 5). The percentage under the bands were the
relative mRNA values against 37 �C/pH 7.0 on day 8
quantified by Q-PCR. The mRNA value of the HC and LC
was normalized to b-actin

Table 1 The culture profiles of samples where cell growth was controlled either by temperature shifts or rapamycin

Culture condition 37 �C Temperature shifta Rapamycin additionb

Maximum VCD (105 cells mL–1) 19 18 18
Day to achieve maximum VCD (day) 6 8 8
Viability at day 11 (%) 29 70 85
Final hMab concentration (lg mL–1) 216 352 279
IVCD (105 cells mL–1 day–1) 122 147 158
Average specific hMab productivityb (lg 105 cells–1 day–1) 1.7 2.3 1.6

a Before the stationary growth phase, the cell proliferation was controlled by a temperature shift down to 31 �C or by a
rapamycin addition
b The average specific hMab productivity was calculated by the slope of the hMab concentration versus IVCD. Results are
mean of 3 experiments
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times, respectively, that of the 37 �C culture. The

rapamycin treatment condition was effective in

prolonging the cell viability and increasing hMab

yields, but there was a difference of the average

specific hMab productivity between these two cell

growth controlling conditions. The average spe-

cific hMab productivity after the TS was 2.3 lg

105 cell–1 day–1, which is clearly higher than 1.7 lg

105 cell–1 day–1 for the culture at 37 �C. In

contrast, the average specific hMab productivity

of culture with the cell growth controlled by

rapamycin was only 1.6 lg 105 cell–1 day–1, a

result which shows no significant difference com-

pared to the 37 �C culture. This result suggests

that the control of cell growth is effective for cell

longevity but does not correlate with increase of

specific hMab productivity. We also confirmed

these results by Northern blot analysis of the HC

and LC expressions under the addition of rapa-

mycin (Fig. 3). There were no differences be-

tween the HC and LC mRNA levels either

without (Lane 1) or with (Lane 2) the addition

of rapamycin.

mRNA stability analysis in the TS culture

To determine whether the mechanism of the

mRNA changes is caused by an increase in its rate

of synthesis or by a decrease in its degradation rate,

we studied mRNA stability using actinomycin D in

the TS culture. After 3 days cultivation at 37 �C,

the cells were maintained at 37 �C or reduced to

31 �C for 24 h. These cells were then chased for 0,

12 or 24 h in the presence of 5.0 lg mL–1 of

actinomycin D using shake flasks. The pH of the

culture was kept not lower than 6.8 by the addition

of 0.5 M NaOH. At the end of each chase period,

the cells were collected and hMab transcripts were

quantified by Q-PCR. In the culture remaining at

37 �C, the mRNA of the HC decreased after 24 h

incubation with actinomycin D to 55% at 0 h

(Fig. 4a), while that of the LC decreased to 65% at

0 h (Fig. 4b). In contrast, actinomycin D did not

affect the mRNA level in the TS culture after 24 h

incubation. The result suggests that the increase of

the mRNA level in the TS condition was caused by

an increase in mRNA stability.

Discussion

A temperature shift cultivation is an effective way

to improve the production yield in a mammalian

cell culture. Some groups have said that the low

temperature effects on specific productivity ap-

pear to be cell-line dependent (Ducommun et al.

2002; Yoon et al. 2003). We examined the com-

bination of shifting the temperature and shifting

the timing using shake flasks to determine the

most effective condition for production yield in

our cell line. The shift in temperature and in

timing significantly influenced the cell prolifera-

tion rate and antibody productivity (data not

shown). The most effective condition for our cell

line was a culture temperature shift from 37 �C to

31 �C before a stationary growth phase (3–4 days

after inoculation). The suppressive effect on cell

growth by a TS was minimized, but the cell

viability remained high. The final hMab concen-

tration increased to 3 times that of the culture

remaining at 37 �C. The pH of the culture was

kept not lower than 6.8 by the addition of 0.5 M

NaOH. We selected this condition for our cell

line and attempted to optimize other culture

conditions for scaling up.

To establish a process for commercial produc-

tion, it is very important to clarify the relation-

ships among culture conditions. We examined the

effect of a TS on the pH condition using 2-L

+-nicymapaR

CH

CL

nitca-β

enaL 1 2

Fig. 3 Northern blot of HC and LC mRNA levels in the
culture with or without rapamycin. After 4 days of
cultivation, 100 ng mL–1 rapamycin was added to the
culture. RNAs were sampled 7 days after inoculation.
Lane 1 is the culture without rapamycin, Lane 2 is the
culture with rapamycin
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bioreactors (Fig. 1). In the TS/pH 6.8 condition,

cell viability was maintained at a high level, and

the final hMab concentration increased to 2.3

times that of 37 �C culture. Interestingly, there

was no effect on cell viability or production yield

in 37 �C/pH 6.8 or TS/pH 7.0, which suggests that

there is a positive effect of the interaction

between the TS and pH conditions. On the other

hand, the average specific hMab productivity of

TS/pH 7.0 was the same as that of TS/pH 6.8 and

increased up to 2.2 times that of the culture at

37 �C. This result indicates that the TS condition

affects both the longevity of cell viability and

specific hMab productivity but that the pH in the

TS condition influences only the longevity of cell

viability. It suggests that there is an unknown

effect that increases the specific hMab productiv-

ity in the TS condition.

Northern blot and Q-PCR analyses were per-

formed to determine whether antibody upregula-

tion upon the exposure of the cells to 31 �C

occurred at the mRNA level (Fig. 2). The mRNA

levels of the antibody in the TS cultures increased

to 1.9–2.9 times that in the culture remaining at

37 �C in the same culture period regardless of

these pH levels. This result also indicates that the

only effect of the pH is on maintaining cell

viability and that the pH does not affect the

mRNA level.

Many investigators have demonstrated that

rapamycin produces cell cycle arrest, preventing

the progression of cells division from the G1 to

the S phase in the cell cycle (Hung et al. 1996).

The control of cell growth by the addition of

rapamycin was effective in prolonging cell via-

bility for CRL 1606 hybridoma (Balcarcel and

Stephanopoulos 2001). To clarify the relation-

ship between prolonging cell longevity and

increasing specific hMab productivity, we se-

lected rapamycin to control the cell cycle

progression without shifting the temperature

and compared the effect of the rapamycin

addition with that of the temperature shift.

Controlling cell proliferation by a TS or rapa-

mycin were both effective in the maintenance of

cell viability (Table 1), but there was no signif-

icant increase in the average specific hMab

productivity in the culture with rapamycin. We

also confirmed these results by Northern blot

analysis of the HC and LC expressions under the

addition of rapamycin (Fig. 3). There were no

differences between the HC and LC mRNA

levels either with or without rapamycin. These

data suggest that only controlling cell prolifera-

tion does not induce an increase in specific

hMab productivity. In other words, there re-

mains an unknown factor that influences an

increase in specific hMab productivity.
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Fig. 4 A TS affects the stability of hMab mRNA. The
cells maintained 24 h at 37 �C or at 31 �C after 3 days
cultivation at 37 �C were chased for 0, 12 or 24 h in the
presence of 5.0 lg mL–1 of actinomycin D. At the end of

each chase period, the cells were counted and hMab
transcripts were quantified by Q-PCR. (a) Percentage of
HC against 37 �C at 0 h, (b) Percentage of LC against
37 �C at 0 h. Error bars indicate SD (n = 3)
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Actinomycin D is an inhibitor of RNA synthe-

sis by binding to DNA at dG residues. To

determine whether the mechanism of mRNA

changes is caused by an increase in its synthesis

rate or a decrease in its degradation rate, we

studied mRNA stability using actinomycin D in a

TS culture. The reagent decreased the mRNA

level in the culture remaining at 37 �C, but this

decrease did not occur in 24 h in the TS condition

(Fig. 4). The increase of the mRNA level in the

TS culture may be caused by the residual effect of

the shifting temperature. This result indicates that

the increase in the mRNA level in the TS

condition is caused by an increase in mRNA

stability. Only the TS/pH 6.8 condition may

induce the expression of CIRP (cold inducible

RNA-binding protein) working as an RNA chap-

erone (Nishiyama et al. 1997). Actinomycin D

induces apoptosis caused by the inhibition of

RNA synthesis, and the cell viability of the 37 �C

culture decreased to 40%. Despite the same

treatment, the cell viability did not decrease in

the TS condition. Actinomycin D retains the

activity at 31 �C according to the report of the

actinomycin D treatment at ambient temperature

(Paul and Brune 2002). The result also indicates

that the mRNA level was maintained in the TS

culture.

In this study, we show that a TS can produce

two independent effects: the prolongation of cell

longevity caused by controlling cell growth and

the improvement in mRNA stability. The pro-

longation of cell longevity is affected by the pH

condition, but this has no influence on mRNA

stability. Only the exposure to a low pH and low

temperature induces longevity and an improved

mRNA stability. We also suggest that an un-

known effect exists that increases specific hMab

productivity in the TS condition. To improve the

production yield, it is important that we get a

better understanding that will allow control of

these effects in a TS culture. It is very interesting

to note that a slight pH difference induces an

antiapoptotic condition, although the explanation

for this is not clear at this time. We believe that

this study is useful for not only improving the

process performance but also for being able to

scale up bioreactors and increase the robustness

of the process.
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