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Abstract

Monocyte-colony inhibition factor (M-CIF) was produced in microcarrier perfusion cultures from engineered
Chinese hamster ovary (CHO) cells. Three and fifteen liter microcarrier perfusion bioreactors equipped with internal
spin filters were operated for over two months. Approximately 60 L and 300 L of culture filtrate were harvested from
the 3L and 15L microcarrier perfusion bioreactors respectively. During the perfusion operation, cell density reached
2–6�106 cells/ml. Importantly, stable expression of M-CIF from the CHO cells under non-selection condition
was maintained at a level of 4–10 mg/L. Specific productivity was maintained at 1.8–3.4 mg/billion cells/day. The
ability of the recombinant CHO cells to migrate from microcarrier to microcarrier under our proprietary HGS-
CHO-3 medium greatly facilitated microcarrier culture scale-up and microcarrier replenishment. Future directions
for microcarrier perfusion system scale-up and process development are highlighted.

Introduction

An increasing number of proteins with therapeutic
potentials have been produced in eukaryotic expres-
sion systems due to high fidelity of correct post-
translational modifications (Cartwright, 1994). Slow
growth and low volumetric productivityhave promoted
the use of internal and external cell retention devices
to achieve high cell density and volumetric produc-
tivity. Various cell retention devices have been used,
such as spin filters (Himmelfarbet al., 1969; Griffiths,
1988; Avgerinoset al., 1990; Emeryet al., 1995),
hollow fibers (Omasaet al., 1995), gravity settlers
(Hansenet al., 1993; Searleset al., 1994), centrifuga-
tion devices (Tokashikiet al., 1990), flat membranes
(Banik and Heath, 1995), porous matrix and encapsu-
lation. Among these devices, spin filter stands out as
the most common and simplistic implementation.

A large number of cells have been successfully
grown on microcarriers (Nilsson, 1989). Because of
the size difference between cell attached microcarriers
and floating cells, microcarrier culture greatly eases

viable cell retention and selective removal of detached
non-viable cells in a perfusion culture, such as a spin
filter perfusion bioreactor.Several therapeutic proteins,
such as tissue plasminogen activator, human� interfer-
on and Erythropoeitin, have been produced at around
20 L scale from microcarrier processes, and Aujeszky
vaccine, foot-and-mouth vaccine, and Polyomyelitis
vaccine have been made in 150–1000 L microcarrier
cultures (Miller, 1989). However, few of the process-
es have yet been transposed to commercial production
due to the difficulties encountered in scale-up and the
implementation of process control.

We demonstrate microcarrier perfusion cultures of
an anchorage-dependent CHO cell have been success-
fully carried out in 3L and 15L scale to produce thera-
peutic proteins in quantity. By proper medium formu-
lation, autonomous microcarrier-to-microcarrier cell
transfer facilitated microcarrier culture scale-up, and
made microcarrier addition and replenishment possi-
ble. Improvements to current process control have been
revealed. The microcarrier CHO cell perfusion process
was shown feasible to produce therapeutic protein in
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large scale. Specific productivity was stable during a
total of more than two month operation to meet regula-
tory requirements. Guidelines for future process scale-
up and optimization were established.

Materials and Methods

M-CIF, cell line, media and cell cultures

Monocyte-colony inhibition factor (M-CIF) has been
identified and characterized at Human Genome Sci-
ences, Inc. (Kreideret al., 1996), which is iden-
tical in sequence to recently published HCC-1. M-
CIF consists of 74 amino acids and has a molecu-
lar weight of 8.673 kD. M-CIF is a new member of
the �-chemokine family with no chemotactic activ-
ity to monocytes/macrophages and some degree of
chemotactic activity to T lymphocytes. It is inac-
tive on most leukocytes except that it induces mono-
cytes/macrophages for intracellular Ca++ change via
receptors shared with MIP-1� and RANTES. Thein
vivo results show that M-CIF has a significant pro-
tective effect on LPS-induced macrophage-mediated
lethal sepsis (Zhanget al., 1996), which is at least in
part due to its down-regulation with TNF-� and up-
regulation with IL-10 in vivo. In addition, the protein
may have potential medical application in areas such
as arthritis.

A CHO clone, CHO.M-CIF.46, was developed at
Human Genome Sciences, Inc. (HGS) by transfect-
ing CHO-DG44 host (Urlaubet al., 1983; Urlaubet
al., 1986) with our expression vector containing the
gene of M-CIF. The CHO.M-CIF.46 clone was partial-
ly amplified to 20�M methotrexate (MTX).

Routine T-flask cell passage was carried out upon
80–90% confluence every 3–5 days at 1:3–1:4 split
ratio in MEM alpha� medium supplemented with 5%
dialyzed fetal bovine serum (DiFBS). Seed microcarri-
er cultures were prepared and maintained under MTX
selection in an in-house made completely modified
MEM (CM-MEM) medium containing 5% DiFBS.
Expansion of seed microcarrier culture and bioreac-
tor culture were made in another in-house made HGS-
CHO-3 medium, containing 1% regular fetal bovine
serum (FBS) and boosted with glucose and glutamine.
No methotrexate was present in the HGS-CHO-3 medi-
um.

Cytodex I microcarriers (Pharmacia, Uppsala,
Sweden) were hydrated in calcium and magnesium-
free phosphate-buffered saline (PBS) overnight and

autoclaved (121�C, 60 min). Before use, PBS was
decanted and the microcarriers were washed and
conditioned in a fresh serum-containing medium.
2.5 g/L microcarrier load was used for all spinner cul-
tures. Inoculation density was maintained at 1–2�105

cells/ml.

Perfusion bioreactors

One 3L Applikon bioreactor (Applikon Inc., Foster
City, CA) and one 15L BIOSTATr MD10 bioreactor
(B. Braun Biotech Inc., Allentown, PA) equipped with
a conical bottom stainless steel spin filter mounted on
their agitation shafts were used to set up two microcar-
rier perfusion systems. Fresh medium was dispensed
into extra-spin filter space and microcarrier-free spent
medium was withdrawn from within the spin filter.
After comparison of different pore sizes, spin filters
with 75�m pore size were chosen for the microcarrier
perfusion cultures.

The 3L perfusion bioreactor was operated at a
working volume of 2 L. A 500 ml spinner microcar-
rier culture was used to inoculate the bioreactor. The
microcarrier perfusion culture was controlled at pH
between 7.0–7.2, dissolved oxygen (DO) of 30% air
saturation and temperature of 37�C by Applikon ADI
1030 BioController, and agitation of 50 rpm by App-
likon ADI 1012 motor controller. Process data were
logged to a computer every 10 min. Glucose and lactate
concentrations were monitored on-line hourly by YSI
2700 Select Biochemistry Analyzer (YSI Inc., Yellow
Springs, Ohio). Cell density and ammonia concentra-
tion were analyzed daily. Samples were centrifuged
and stored in a –20�C freezer for product concentra-
tion analysis.

The 15L perfusion bioreactor was operated at a
working volume of 8 L. A digital control unit (DCU)
was used to control pH, agitation, DO and tempera-
ture at 7.0–7.2, 45 rpm, 30% air saturation and 37�C,
respectively. Samples were taken daily for the mea-
surement of glucose, lactate, ammonia and cell densi-
ty.

Assays

Cell density was determined by spinning down cells
and microcarriers followed by crystal violet stain and
haemocytometercount for total cell density in numbers
of cell per ml. Previous results and occasional viability
measurements showed culture viability of over 95% at
all time. Glucose and lactate were analyzed by YSI
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2700 Select Biochemistry Analyzer (YSI Inc., Yellow
Springs, OH). Ammonia was measured by Kodak IBI
Biolyzer (New Haven, CT). M-CIF concentration was
analyzed by reverse phase HPLC (Waters, Milford,
MA).

Productivity calculation and statistical analysis

Assuming a product is stable, a material balance on the
product in a perfusion bioreactor can be described as

[P (ti+1)� P (ti)] + [PH(ti+1)� PH(ti)] =

Z
ti+1

ti

C(t)�q(t)�dt (1)

where

P (ti) = the total amount of the product in the
bioreactor at timeti, g or mg;

PH (ti) = the total amount of the product in the
harvest at timeti, g or mg;

C(t) = the total number of cells in the bioreac-
tor at timet, billion cells;

q(t) = the specific productivity of cells at
time t, g/billion cells/day or mg/billion
cells/day;

t = time, day.

Further assuming the specific productivity changes lit-
tle within a small time interval and can be represented
by an average specific productivity (q(ti; ti+1)), and
assuming the total number of cells is close to a linear
profile within the time interval, the following equation
can then be derived from the Equation (1) to estimate
average specific productivity

q(ti; ti+1) =

[P (ti+1)� P (ti)] + [PH (ti+1)� PH(ti)]
C(ti+1)+C(ti)]

2 �(ti+1 � ti)
(2)

In a batch culture, the product in the harvest (i.e.
PH(t)) is zero.

Glucose uptake and lactate generation data were
analyzed for statistical significance. P value answers
whether null hypotheses are true and what is the prob-
ability that two random samples would have means far
apart. A P value less than 0.001 was rendered ‘extreme-
ly significant’, indicating either a difference exists in
the overall population, or a very rare chance event or a
coincidence has occurred (Ross, 1987).

Results and Discussion

Cell growth, metabolism and protein expression in 3L
microcarrier perfusion culture

The CHO host (DG44) has been used for the devel-
opment of many recombinant CHO lines at HGS.
Unlike other novel proteins, M-CIF gene was difficult
to amplify in CHO cells under methotrexate selection.
A partially amplified clone was used in this study. In
a typical batch culture, cell density reached 6�105

cells/ml in 4 days from initial 2� 105 cells/ml with a
final M-CIF titer of 5 mg/L. Biological activity assay
of M-CIF purified from small batches of microcarri-
er cultures was positive (data not shown). Microcarrier
cultures were suitable to produce M-CIF. The ability of
the CHO cells to transfer directly from microcarriers to
microcarriers in the formulated CM-MEM and HGS-
CHO-3 media eliminated the step to remove cells from
microcarriers and facilitated seed culture preparation,
maintenance and scale-up.

To produce M-CIF in quantity, a large volume of
microcarrier batch culture would be required. An alter-
native was to use a cell retention device to achieve a
high cell density and long-term on-going production
of M-CIF. Spin filters, commonly made of stainless
steel mesh, have a solid track of record of good bio-
compatibility, ease of sterilization, reusability, easy
cleaning, and long process duration (Avgerinoset al.,
1990; Fengeet al., 1993; Emeryet al., 1995). Also
the implementation of a spin filter requires a minimal
modification to an existing stirred tank bioreactor.

After the inoculation with a 500 ml spinner, the 3L
bioreactor was operated for 4 days in a batch mode.
Perfusion started on the fourth day of the batch cul-
ture. Fig. 1 shows the results from the 3L microcarrier
perfusion run. Cell density kept increasing as perfu-
sion brought in fresh medium and carried away spent
medium. The CHO.M-CIF.46 cells were able to reach
a final cell density of more than 6�106 cells/ml, a
10-fold increase compared to batch cultures.

Two subsequent microcarrier additions were made
from initial 2.5 g/L to 5 g/L at 235 h and from 5 g/L
to 10 g/L at 282 h in order to provide surface for cells
to grow. As cell density kept increasing, the surface
area at 10 g/L microcarrier load was still limiting.
Some floating cells formed cell aggregates. The result-
ing high cell density increased oxygen demand. Fre-
quent direct sparging with pure oxygen induced the
formation of microcarrier clumps. A further increase
in microcarrier load beyond 10 g/L is not recommend-
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Figure 1. Cell growth, metabolism and protein expression in a 3L microcarrier perfusion bioreactor, (�) cell density (cells/ml), (N) glucose
concentration (g/L), ( ) lactate concentration (g/L), (—) perfusion rate (L/day), (+) ammonia concentration (mM), and (�) M-CIF concentration
(mg/L). Microcarrier load was changed from 2.5 g/L to 5 g/L at 235 h and to 10 g/L at 282 h. Perfusion started 1 L/day at 109 h and increased
to 2 L/day at 235 h and 4 L/day at 288 h.

ed. Two possible solutions are the use of macroporous
microcarriers for more surface area and bubble-free
aeration (Fengeet al., 1993). The replenishment with
fresh microcarriers could be another alternative.

Glucose, lactate and ammonia were monitored
throughout the run as indicators for perfusion rate
adjustment. As shown in Fig. 1, glucose concentration
increased and lactate decreased with every perfusion
rate increase at 109 h, 228 h, 235 h and 288 h. Soon
after each perfusion rate increase, the glucose dropped
and the lactate rose in response to increasing glucose
consumption and lactate generation. Ammonia main-
tained around 2 mM throughout the perfusion culture.

Changes in cell physiology may be reflected in
specific nutrient uptake and/or by-product generation
rates. Specific glucose uptake and lactate generation
rates were calculated as described in Materials and
Methods section and are shown in Fig. 2. Within the
first two days of the perfusion culture, specific glucose
uptake rate was high (2.137�0.889 g/billion cells/day)
(mean� standard deviation). Then, glucose uptake
rate kept relatively constant at 0.918�0.383 g/billion
cells/day. At the end of the perfusion run, glucose
uptake rate slightly increased to 1.299�0.728 g/billion

cells/day, corresponding to the formation of microcar-
rier clumps and cell aggregates. With these mean val-
ues, standard deviations and sample sizes, both stan-
dard T test and Welch T test rendered extremely signif-
icant differences among the means of any two groups
of the three glucose uptake stages, using unpaired
and two-tailed P models. These results suggest that
when a stable perfusion environment was established
and maintained, glucose was utilized more efficiently.
The specific lactate production rate remained relative-
ly constant at 0.645�0.339 g/billion cells/day, despite
of varying cell density, perfusion rate and microcar-
rier load. High initial glucose consumption was also
documented in the cultures of CHO-K1 (Hayteret al.,
1991; Ogataet al., 1993). Further, high product forma-
tion rates occurred at a small ratio of lactate production
rate to glucose consumption rate (Ogataet al., 1993).
Specific glucose uptake and lactate generation rates
could be used as a monitoring system during long-term
perfusion operation.

During the perfusion operation, M-CIF concentra-
tion was in a range from 4 to 10 mg/L as shown in Fig. 1.
The expression level of M-CIF was low due to the fact
that the CHO.M-CIF.46 clone had not been fully ampli-
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Figure 2. Specific glucose uptake and lactate generation rates in the 3L microcarrier perfusion culture.

fied. Other fully amplified recombinant CHO clones
such as the one producing stanniocalcin had an expres-
sion level up to 300 mg/L (Zhang, unpubl.). However,
the specific M-CIF productivity was maintained at a
relatively constant level around 2.69�0.53 mg/billion
cells/day (see data in Fig. 4B). A total volume of 60
liter was harvested and 259 mg of M-CIF was purified.

Scale-up of microcarrier perfusion culture

The whole 2 liter microcarrier culture was subsequent-
ly used to seed a 15L perfusion bioreactor with a work-
ing volume of 8 L. The spin filter in the 3L bioreactor
was partially clogged at around 422 h of the run. The
3L bioreactor was then run in a repeated batch mode
for 10 days with three quarters of medium replacement
daily. The 15L perfusion bioreactor was initiated in a
batch mode at a microcarrier load of 5 g/L. Perfusion
started on the fifth day at 4 L/day.

Several efforts were made during the microcarri-
er perfusion operation based on the results of the 3L
run. It was speculated that spin filter clogging was
attributed to the floating cells more close in size to spin
filter openings. Approaches, like providing enough
microcarriers, removing floating cells and microcar-
rier replenishment, would then extend the duration of
microcarrier perfusion culture.

To provide more microcarrier surface area, the
microcarrier load was increased from 5 to 10 g/L
on day 8, when considerable amount of floating cells
appeared. At the 10 g/L microcarrier load, formation of
microcarrier clumps posed a problem, similar to the 3L
perfusion run. In addition, the impeller used in the 15L
bioreactor was not optimized for a microcarrier culture
at high microcarrier load. Normally, two large pitch-
blade impellers were installed in MD10 bioreactors for
mammalian suspension cultures. The top impeller was
removed to accommodate the spin filter and only the
bottom impeller was left for agitation. A 3-blade seg-
ment impeller should be tested and might be suitable
for a microcarrier culture (Fengeet al., 1993).

Another effort was made to extend perfusion oper-
ation by replenishing microcarriers. On day 20, the
microcarrier load was reduced to 5 g/L with 50%
microcarrier replenishment. Additional 50% microcar-
rier replenishment was made on day 27. The 15L biore-
actor was operated for 35 days without further micro-
carrier replenishment. Microcarrier replenishment can
be an effective way to extend spin filter perfusion cul-
ture.

Fig. 3 shows the results of cell growth, metabolism
and M-CIF expression from the 15L microcarrier per-
fusion run. Perfusion started at 4 L/day on day 5 and
its rate was changed to 8 L/day on day 10, 12 L/day
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Figure 3. Cell growth, metabolism and protein expression in a 15L microcarrier perfusion bioreactor. Symbols: (�) cell density (cells/ml),
(N) glucose concentration (g/L), ( ) lactate concentration (g/L), (�) ammonia concentration (mM), and (�) M-CIF concentration (mg/L).
Microcarrier replenishment was made on day 20 and 27 to extend the perfusion operation.

Table 1. Scalability of microcarrier perfusion bioreactors

Perfusion Working Harvest Ratio qM�CIF

bioreactor volume (VW ) volume (VH ) VH /VW
(L) (L) (mg/109 cells/day)

3L 2 60 30 2.69�0.53

15L 8 300 37.5 2.61�0.61

60L 50 1500� 30� 2.65�0.60�

� Predicted values.

on day 12, 16 L/day on day 17, 12 L/day on day 18,
and 8 L/day on day 22. Cell density was maintained
between 1.5�106 and 3.0� 106 cells/ml except on
day 20 and 27 when microcarrier replenishment was
made. By controlling a glucose level between 0.5 and
2.0 g/L, lactate and ammonia levels were maintained
within the desired ranges during the run. M-CIF was
produced at a level between 4 and 9 mg/L, similar to
the 3L perfusion run. A total volume of 300 L was
harvested from the 15L microcarrier perfusion system
and 1.57 g of M-CIF was purified for animal studies.

The scalability of a microcarrier perfusion system
could be characterized by the ratio of total volume
harvested from the system (VH) to the working volume
of the system (VW ) as well as the specific protein
productivity (q). Table 1 summarizes the scalability of

the microcarrier perfusion system developed at 3L and
15L scales. Based on a VH /VW ratio of 30 and a (q) of
2.65�0.60, a 60L perfusion bioreactor would yield a
total volume of 1500 liter. Compared to a batch culture
process, a perfusion system represents a significant
reduction in the capital investment on bioreactors and
in the building space. A 1:4 cell split ratio of from
500 ml to 2 L working volume, and from 2 L to 8 L
was shown working in the successive scale-up. The
split ratio will be tested in the scale-up to the 60L
perfusion culture.

Long-term stable production of M-CIF

Fig. 4A shows the cumulative production of M-CIF.
The calculation of cumulative production was based
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Figure 4. (A) Cumulative production of M-CIF in a spinner culture, 3L and 15L cultures. (B) Stable long-term production of M-CIF from
microcarrier CHO cultures. Specific M-CIF production rate in (�) the spinner culture (mg/billion cells/day) ( ) 3L perfusion culture (mg/billion
cells/day) and (N) 15L perfusion culture (mg/billion cells/day).

on the harvest pool volume and product concentrations.
Over a period of more than two months, a total of 2.4 g
of M-CIF was produced, among which 259 mg and
1.57 g were purified from the 3L and 15L harvest,
respectively.

Average specific productivity was calculated by
Equation (2) and is shown in Fig. 4B. Given the
assumptions made in average specific productivity esti-
mation, perfusion data available on any two consec-
utive days without large variations in process para-
meters, such as the changes in microcarrier load and
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cell density, were chosen for the calculation. All data
scattered between 1.8 and 3.4 mg/billion cells/day.
Over the two month period where average specif-
ic productivity data were available, no significant
productivity loss was noticed and M-CIF production
was stable. The specific productivity from the 3L
and 15L runs was averaged to be 2.69�0.53 and
2.61�0.61 mg/billion cells/day respectively. If cell
density was taken into account, volumetric produc-
tivity would be much higher from a perfusion culture
than from a batch culture. The specific productivity
was similar to that from other CHO cell lines and
products (Avgerinoset al., 1990; Ogataet al., 1993).
Recombinant human soluble thrombomodulin (rsTM)
was produced at 2–4 mg/billion cells/day by a repeated
batch culture of engineered CHO-K1 cells on macrop-
orous beads (Ogataet al., 1993). Recombinant single
chain urokinase-type plasminogen activator (rscuPA)
was produced at 3.5–7.0 mg/billion cells/day from an
aggregated perfusion culture of CHO CGM-113 cells
(Avgerinoset al., 1990). More importantly, all three
batches of M-CIF purified separately from the micro-
carrier spinner batch culture, 3L and 15L microcarrier
perfusion runs showed the same biological activities
in animal studies (data not shown). The microcarrier
perfusion culture was feasible to produce M-CIF from
the engineered CHO cells.
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