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T
he K562 cell line is a 
human myelogenous 
leukemic cell which has 
been used by several 
groups, including ours, 

as a vehicle for cell-based vaccines and 
immuno-gene therapies.1,2  The attrac-
tiveness of K562 cells is the ease with 
which they can be cultured, plus the fact 
that they express very low levels of 
MHC proteins.  Low MHC expression 
facilitates the use of these cells in 
patients with different MHC back-
grounds, and it may improve the in vivo 
survival of the cells by delaying immune 
rejection.  Based largely on these prop-
erties, we have been developing the 
K562 cell line as a universal platform for 
expressing cytokines, tumor antigens, 
and other immuno-modulating proteins.  

Introduction

The use of human tumor cell lines as 
a therapeutic vehicle presents a number 
of unique problems from a drug manu-
facturing standpoint.  As with any bio-
logic, cell-based products can be highly 
variable from lot to lot, and both their 
potency and purity can be influenced by 
a large number of factors.  During the 
development of a manufacturing strat-
egy to improve the quality of the final 

product, we attempted to identify the 
primary variables that impact potency 
and purity.  Some of the more signifi-
cant issues in manufacturing a K562-
based product included how the cells 
are cultured and cryopreserved, the dos-
ages of irradiation used, and whether 
selective agents are used.  Outlined 
below is the rationale for examining 
some of these parameters and their 
impact on drug function, safety, and 
purity.  

All mammalian cell lines are greatly 
influenced by how the cells are cultured.  
Important variables include the type of 
basal media, the media supplements, 
and both the maximum and minimum 
cell densities used.  Animal sera should 
be avoided in the preparation of clinical 
lots since they can be immunogenic and 
introduce adventitious agents. Therefore, 
we investigated a variety of different 
media and growth conditions that would 
give equivalent results to those obtained 
with serum containing medium.  

For safety reasons, tumor cells must 
be lethally irradiated if they will be 
infused into patients.  The large doses of 
irradiation required for this procedure 
produce multiple effects on cells includ-
ing decreased cell viability and gene 
expression, plus increased levels of 
impurities due to cell disintegration.  
Cryogenic preservation of the cells is 
also an important manufacturing 
requirement.  Clinical cell lots almost 
always need to be cryogenically pre-
served to allow time to test the final 
product and facilitate its delivery to the 
clinic.  The methods used to freeze cells 
can have a significant effect on cell via-

bility and vitality, and by extension, on 
functional activity. 

The use of drug selection agents has 
both negative and positive implications 
for manufacturing clinical lots.  To pre-
vent masking low-level bacterial con-
taminates, it is desirable to avoid the use 
of selection drugs since most act as pro-
karyotic antibiotics. However, transgene 
expression is often down-regulated when 
the selective pressure of the drug is 
removed.  If the expression of the trans-
gene decreases significantly, much of the 
therapeutic potential of the final product 
is lost.  Since all of these factors can sig-
nificantly affect the quality of the final 
product, it is important to evaluate the 
relative importance of each variable in 
designing the manufacturing  processes.  

We used K562 cells with a human 
GM-CSF transgene (granulocyte-mac-
rophage colony stimulating factor) as a 
model for examining the impact of dif-
ferent manufacturing procedures on the 
quality of the final product.  The exper-
iments were designed to determine the 
best production methods, plus an opti-
mal final formulation in which to deliv-
er the cells to the clinic.   The assays used 
in these experiments primarily focused 
on functional tests -- usually GM-CSF 
secretion and cell viability.  In this 
report, we have summarized the most 
salient results of these studies.

Materials and Methods

Cell Culture:  The K562GM cell line 
was derived by transfecting K562 cells 
with plasmid DNA containing the 
hGMCSF gene and a puro selection 
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marker.  Following transfection, cells 
were selected with 2 µg/mL puromycin.  
ELISA was used to analyze several hun-
dred individual clones for hGMCSF 
secretion, and the top hGMCSF-secret-
ing clone was selected and re-cloned. 
These studies used both the primary 
and secondary clones.  During pre-
clinical development, the cells were 
maintained in RPMI 1640 +10% FBS.  
They were also kept continuously under 
selection, with 2 µg/mL puromycin, 
until a final isolate was obtained for 
clinical production.

Several serum-free media were eval-
uated for optimal cell growth and via-
bility including: X-VIVO10, X-VIVO15, 
X-VIVO20, Cellgro® Complete, 
Cellgro® SFM, and AIMV.  To evaluate 
cell growth, GM-CSF secretion, and cell 
viability, the cells were harvested from 
healthy cultures and replated under the 
conditions being examined for a specific 
experiment.  After treatment, cells were 
harvested at specific time points and 
then assayed. 

Cell Counting:  Cells were harvested 
from plates and then counted with a 
hemocytometer.  Viability was deter-
mined by trypan blue exclusion.3  At 
least 100 cells were counted for each 
data point, and these counts were per-
formed in duplicate, or triplicate, within 
each replicate experiment.  

Irradiation:  Cells were gamma irra-
diated at a density ranging from 5x105 to 
1x107 cells/mL.  Cells were irradiated in 
a MDS Nordion Gammacell® 1000 at 
doses of 1, 10, 20, 50, and 100 Gray.   

Then the cells were pelleted by centrifu-
gation and put back in culture, either 
after a freeze/thaw cycle or directly 
without freezing.  Finally, cells were har-
vested at specific time points and 
assayed.   

Cryopreservation:  Cells were har-
vested from healthy cultures, counted, 
treated (as necessary), and resuspended 
in the applicable freezing medium.  The 
cells were then frozen at a density rang-
ing from 1x106 to 1x107 cells/mL with a 
Forma Cryomed programmable freez-
ing system (Model 1010).  Upon com-
pletion of the freeze cycle, vials were 
stored in the vapor phase of a liquid 
nitrogen freezer for at least 24 hours.  
For the experiments, cells were thawed, 
replated at specified cell densities, and 
then cultured under various conditions.  
Finally, the cells were harvested at spe-
cific time points and assayed. 

ELISA:  Cells were harvested from 
healthy cultures, counted, treated (as 
necessary), and replated at 1x105 cells/
mL.  Media was collected after 24 hours 
and frozen at -80 0C.  For multiple time 
points within a specific treatment 
group, cells were replated at 1x105 cells/
mL (as necessary) 24 hours prior to 
harvesting supernatant.  GM-CSF was 
quantified using an hGMCSF 
Quantikine® kit (R&D Systems, 
Minneapolis, MN), and the units estab-
lished were GM-CSF/1x106 cells/24 
hours.  All samples were tested in dupli-
cate at dilutions of 1:1,000, 1:5,000, and 
1:10,000.  The assay was performed 
according to instructions provided with 

the ELISA kit, and the plates were read 
using a Bio-Rad Benchmark™ plate 
reader at 450 nm with a correction 
wavelength of 540 nm.    Finally, the data 
was analyzed using Bio-Rad Microplate 
Manager PC version 4.0.

 

Results and Discussion

The various manufacturing parame-
ters listed in Table 1 were examined for 
their effects on cell growth, viability, 
and GM-CSF secretion.  Each is dis-
cussed in detail below.

Growth Conditions: We compared the 
growth kinetics of K562GM cells in a 
standard serum-containing media 
(RPMI 1640 with 10% serum) to what 
could be obtained with five different, 
commercially available serum-free 
media (SFM).  K562GM cells consis-
tently grew better, and had higher via-
bility, in serum-containing media than 
in any of the SFM that we tested.  The 
best performing SFM was X-VIVO10, 
which resulted in cell growth approach-
ing that obtained in serum-containing 
media, but only as long as the cell den-
sity was not allowed to exceed 5-7x105 
cells/mL.  When cells were cultured 
above this density, viability declined 
significantly (data not shown).  In sev-
eral other SFM products, K562GM cells 
grew poorly or not at all.  Other factors 
including the culture vessel type and 
media supplements, such as l-gluta-
mine, had no significant effects (data 
not shown).  While these studies indi-
cated that serum-containing media pro-
vided better results, we elected to manu-
facture clinical lots at low cell densities 
in X-VIVO10 medium.  This medium 
was almost as effective in promoting cell 
growth and viability as serum-contain-
ing media, and it allowed us to avoid the 
use of bovine products in production.    

Impact of Irradiation: When used in 
patients, tumor cell products must be 
lethally irradiated, usually with a dose 
exceeding 100 Gray.  This amount is 
well above the dose required to kill 
mammalian cells, and is intended to 
provide a high level of assurance that no 
tumor cells will survive long term in 
vivo.  However, lethal irradiation also 
limits the amount of time that the prod-
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table 1: Production parameters analyzed

 Production Parameters   Variables
 growth conditions - Serum-containing vs. Serum-free media
  - type of culture vessel

  -effect of viability and gM secretion
 impact of irradiation  - irradiation Dose: 0, 1, 10, 20, 50, 100 gray
   - timing: before freeze, frozen, after freeze/thaw

 impact of cryopreservation - Preservative used and concentration
 conditions - type of freeze media (conditioned vs. fresh)
  - Amount of protein in freeze media

  -effect on cell viability 
 impact of holding time in  - Prior to freezing
 Freeze Media  - After irradiation and thawing
   - temperature conditions (4

0 
c, 25

0 
c, 37

0 
c)

 effect of culturing cells in - gM secretion and viability with and without Puro
 Antibiotic Selection Media  



33 BioProcessing  •  Summer 2002

uct remains functional, and it may 
introduce other undesirable effects such 
as decreased gene expression and 
increased impurities.  We examined the 
survival of K562GM cells after irradia-
tion at 0, 1, 10, 20, 50 and 100 Gray (Fig. 
1).  All experiments shown in Figure 1 
were performed on cells that were not 
subjected to a freeze/thaw cycle after 
irradiation.

Irradiation at 10 Gray was the most 
effective in that it was low enough to 
allow the cells to survive for a significant 
period of time, but still high enough to 
induce complete lethality (Fig. 1).  Cells 
irradiated with 10 Gray survived for 
approximately two weeks at levels close 
to 100%.  Long-term cultures of these 
cells (greater than two months) indi-
cated that no cells survive this dose or 
go on to resume normal cell prolifera-
tion (data not shown).  As shown in 
Figure 1, irradiation at 10 Gray actually 
results in an increase in cell number 
over the first few days, but this initial 
period is then followed by slow decline 
and complete death of the culture.  This 
slight increase in cell number after irra-
diation was not unexpected, since lethal 
irradiation does not immediately halt 
all cell processes.  Much of the lethal 
effect of radiation is induced after the 
cells have progressed through S-phase 
and mitosis, and the lesions introduced 
in the DNA have become fixed as point 
mutations, chromosome breaks, or 
other permanent types of chromosomal 
damage.  While not all cells will com-
plete their passage through mitosis and 
cell division, a significant proportion 
will successfully complete one round of 
cell division after irradiation, particu-
larly at lower doses. 

K562GM cells irradiated at doses of 
20-100 Gray survive at levels close to 
100% for four to five days (Fig. 1), after 
which the cells enter a period of sharp 
decline.  Interestingly, the effects on cell 
viability did not show any apparent 
dose-dependency above 20 Gray.  It is 
possible that above a certain level of 
irradiation, so many lesions are intro-
duced into the cells' DNA, and metabo-
lism is so disrupted, that the cells enter 
a process of cell death that is not further 
influenced by additional lesions.    

Irradiation did not appear to have-

marked effects on GM-CSF secretion in 
the first three days following irradiation, 
and in general, GM-CSF secretion 
appeared to closely follow cell viability.  
In cases where the cells proliferated (0 
and 1 Gray), GM-CSF levels cumula-
tively increased with the increase in cell 
numbers.  In cells irradiated at higher 
doses (10 to 100 Gray), we found no 
significant differences in the amount of 
GM-CSF secreted within the first three 
days (data not shown), but over longer 
periods (days five to ten), we did observe 
that GM-CSF accumulated to higher 
levels in cells irradiated with 10 Gray 
than in those that received 100 Gray.  In 
two separate experiments, there were 
consistent dose-dependent differences 
in GM-CSF levels (approximately two-
fold) at day five (data not shown).  
While this result may reflect the higher 
number of viable cells at 10 Gray versus 
100 Gray, it was not possible within the 
number of experiments we performed 
to determine if this difference is statisti-
cally significant.  From a therapeutic 
standpoint, the overall importance of 
GM-CSF secretion duration is difficult 
to assess, since the cells will be subjected 
to immune effects once they are infused 
into patients.  In most cases, the cells 
will be eliminated fairly quickly, and the 
duration of expression may be less 
important than high levels of secretion.  
We currently use a dose of 100 Gray 
when manufacturing clinical lots.  While 
this amount may not result in longer 

expression, it does ensure that no cells 
will survive for longer than a few days in 
vivo.  

Impact of Cryopreservation Conditions: 
As shown in Table 1 (page 32), we tested 
several parameters relating to how the 
cells were cryogenically preserved.  We 
also compared the effects of freezing 
irradiated and un-irradiated cells to 
determine the individual, and com-
bined, effects of each process.

The effects on K562GM cells of dif-
ferent types and concentrations of 
freezing preservatives are shown in 
Figure 2 (page 34).  K562GM cells were 
frozen in DMSO, glycerol, and sucrose 
at various concentrations; and then 
thawed, cultured for 24 hours, and 
assayed.  The best freezing media for-
mulations were 5% DMSO, 3% DMSO, 
and 10% glycerol.  Ten percent DMSO, 
and PBS with either 5% or 10% DMSO, 
also worked well but were not as consis-
tently effective as 5% DMSO.  Lower 
concentrations of glycerol, and all of the 
sucrose concentrations tested, were 
ineffective.  The cells used in these spe-
cific experiments were not irradiated, 
and the cell survival values above 100% 
(Fig. 2) represent proliferation that took 
place over the 24 hours prior to the 
assay.

Adding various amounts of serum 
protein to the freezing medium had lit-
tle or no effect on cell viability after 
thawing (data not shown).  In contrast, 
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Figure 1



adding cell culture conditioned media to 
the freezing media did have a positive 
effect (data not shown).  The best results 
were obtained by using conditioned media 
from the cell harvest, plus 5% DMSO.
Combined impact of irradiation and 
freezing: Cell-based products for clini-
cal use are especially challenging when 
they must be heavily irradiated and 
cryogenically preserved.  Each of these 
individual steps has the potential to 
harm the cells, and the combined effect 

can damage the cells to where they lose 
their functional usefulness.  We con-
ducted a number of experiments to 
determine the effects on cell viability of 
the individual, and combined, steps at 
different doses of irradiation.  

Figure 3 shows the number of viable 
cells after individual, and combined, 
treatments.  Control cells (closed cir-
cles), which were not treated with either 
irradiation or a freeze/thaw cycle, prolif-
erated at a normal rate.  Cells that were 

frozen but not irradiated (open circles), 
remained near the starting number of 
cells for the first 24 hours.  As the cells 
recovered from the freeze, they resumed 
a normal rate of proliferation.  The rate 
at which the cells recover from the 
freeze/thaw process is one of the vari-
ables that we have not yet been able to 
rigorously control.  In some prepara-
tions, the cells do not proliferate very 
much for the first 24 hours (Fig. 3), 
while in other preparations, the cells 
proliferate quite extensively (Fig. 2).  We 
are still working to determine what fac-
tors control this variable, since it is 
important to improve the viability of 
clinical lots that have been irradiated 
and frozen.

When the cells are irradiated with 
100 Gray, but are not frozen (closed 
triangles), they remain fairly static for 
the first few days near the starting num-
ber of cells.  These cells then go into a 
gradual decline during which they will 
continue to synthesize protein until 
they progressively die off.  Although 100 
Gray is a lethal dose, there are slight 
increases in the overall number of cells.  
Cells will enter S-phase after irradiation, 
and some of these cells will undergo one 
round of cell division before the exten-
sive damage to their DNA permanently 
halts further DNA replication.  In the 
cells that were irradiated with 100 Gray 
and subjected to a freeze/thaw cycle 
(open triangles), a large proportion 
died at the time they were thawed.  This 
immediate reduction in viability can 
range from 30% to 50% of the cells.  
Cells that are still viable remain at about 
the same number for one to two days, 
and then begin to die off in significant 
numbers.  

These results show that both the irra-
diation and the freeze/thaw cycle have a 
significant impact on the cells.  When 
they are combined, the impact is addi-
tive.  Combined treatment, even at a 
dose of 10 Gray, reduces viability sig-
nificantly compared to either treatment 
alone (data not shown).  The use of 
higher irradiation doses with cryo-pres-
ervation (Fig. 3) makes it very difficult 
to achieve a viability of 70%, which is 
the minimum that is normally accept-
able for cellular products.  We per-
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formed a number of experiments in an 
attempt to control this problem.  For 
example, we irradiated the cells while 
frozen, or we incubated the cells at 37 ºC 
so that the DNA repair mechanisms 
could have time to repair some of the 
damage prior to freezing (data not 
shown).  These steps offered minor 
improvements, but they did not lead to 
marked increases in viability.  We have 
concluded that there are still unknown 
variables that influence cell viability 
after combined treatments with irradia-
tion and cryopreservation, and we are 
continuing our efforts to determine 
what these variables are, since it would 
be advantageous to use irradiation doses 
that are even higher than 100 Gray.  
Irradiation is one of the most com-
monly used sterilization techniques, 
and it is capable of killing virtually any 
adventitious agent.  The ability to use 
sterilizing doses of irradiation in cell-
based therapeutic manufacturing would 
add a large degree of safety to the pro-
cess.

Impact of holding time in freezing 
media: Our studies also examined some 
parameters relating to how the cell 
product should be handled just prior to 
freezing, and after being thawed in the 
clinic.  Since it is commonly believed 
that DMSO is toxic to cells, most freez-
ing protocols seek to minimize the time 
that the cells are exposed to DMSO, and 
to keep the cells at 4 º

C during their 
exposure. We performed several experi-
ments to evaluate both of these issues.  
Our results indicated that a DMSO 
exposure time of up to two hours did 
not significantly affect cell viability, and 
it also did not matter whether the cells 
were held at 4 °C or at room tempera-
ture (data not shown). 

Benefits of maintaining drug selection 
for gene expression during manufac-
turing: To avoid the risk of masking 
low-level bacterial contamination, anti-
biotic drugs are not recommended for 
use in the production of clinical lots. 
However, these drugs are often similar 
to those used to select for transgene 
expression.  Over the course of prepar-
ing numerous clinical lots of K562GM 
cells, we compared GM-CSF secretion 

in banks of cells that were manufac-
tured with and without drug selection.  
Cell banks manufactured with drug 
selection generally had five to ten-fold 
higher levels of GM-CSF secretion than 
those manufactured without selection 
(data not shown).  The K562GM cells 
used in these banks were stable clones, 
which had been maintained under 
selection until just prior to the start of 
manufacturing.  Despite this stability, 
the four to six week period required to 
produce the Master Cell Banks, and 
their associated clinical lots, was suffi-
cient time for GM-CSF levels to decline 
significantly.  This result indicates that 
even with stable clones, drug selection is 
important in maintaining high levels of 
transgene expression.  

In summary, we found several factors 
that are important to consider when 
manufacturing clinical lots of K562 
cells.  Removing drug selection during 
manufacturing had the largest impact 
on product quality, where it reduced the 
levels of GM-CSF secretion by up to 
ten-fold.  To counter this problem, we 
now use a production process that 
includes drug selection throughout 
manufacturing.  

The second most important factor is 
the level of irradiation used.  When 
combined with cryopreservation, high 
irradiation dose levels significantly 
reduce the functional properties of the 
final product.  Lower doses can amelio-
rate this problem significantly, but can 
reduce the level of assurance that all of 
the cells are terminal.  While we are cur-
rently using 100 Gray for all clinical lots, 
we are continuing our efforts to deter-
mine if there are dose levels that will do 
a better job of balancing product safety 
and potency. 
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