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Abstract Improving the productivity of a biopharmaceu-

tical Chinese hamster ovary (CHO) fed-batch cell culture can

enable cost savings and more efficient manufacturing

capacity utilization. One method for increasing CHO cell

productivity is the addition of histone deacetylase (HDAC)

inhibitors to the cell culture process. In this study, we

examined the effect of valproic acid (VPA, 2-propylpenta-

noic acid), a branched-chain carboxylic acid HDAC inhibi-

tor, on the productivity of three of our CHO cell lines that

stably express monoclonal antibodies. Fed-batch shake flask

VPA titrations on the three different CHO cell lines yielded

cell line-specific results. Cell line A responded highly posi-

tively, cell line B responded mildly positively, and cell line C

did not respond. We then performed factorial experiments to

identify the optimal VPA concentration and day of addition

for cell line A. After identifying the optimal conditions for

cell line A, we performed verification experiments in fed-

batch bioreactors for cell lines A and B. These experiments

confirmed that a high dose of VPA late in the culture can

increase harvest titer[20 % without greatly changing anti-

body aggregation, charge heterogeneity, and N-linked gly-

cosylation profiles. Our results suggest that VPA is an

attractive and viable small molecule enhancer of protein

production for biopharmaceutical CHO cell culture

processes.
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Introduction

The majority of today’s biopharmaceutical products are

made using Chinese hamster ovary (CHO) cell culture with

host cells that stably express a recombinant therapeutic

protein-of-interest. Since cell culture is the first step in any

biologic manufacturing process, improving the productiv-

ity of the upstream process plays a key role in reducing the

cost of and increasing the manufacturing capacity for

bringing biologic drugs to market.

In addition to cell line engineering [1, 2] and media and

process optimization [3] approaches for increasing produc-

tivity, small molecule enhancers can also be used. One small

molecule approach for rapidly increasing CHO cell pro-

ductivity is the administration of carboxylic acid histone

deacetylase (HDAC) inhibitors such as hydroxamic acids [4]

and alkanoic acids [5] to CHO cell cultures, the most widely

used of which is sodium butyrate [6–10]. Mammalian cells

use epigenetic modifications such as histone deacetylation

and DNA methylation as defense mechanisms for prevent-

ing the expression of undesired or foreign genes, such as

those involved in cancer or viral integration [11]. When

expressing heterologous proteins such as antibodies in CHO

cells, these defense mechanisms can act as a hindrance to

obtaining high producers; methylation is one of many rea-

sons why cell line selection must be performed. HDAC

inhibitors can interfere with these defense mechanisms; not

only do they inhibit the HDACs that compact chromatin to

transcription [12], but they also reverse DNA methylation by

downregulating methyltransferase expression [13]. Indeed,

the administration of HDAC inhibitors like butyrate to CHO
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cell cultures has resulted in higher levels of recombinant

mRNA and protein production [7, 8].

In this study, we focused on the effects of valproic acid

(VPA, 2-propylpentanoic acid) on the productivity of sta-

bly transfected CHO cells. VPA is a branched-chain car-

boxylic acid and, like butyrate, a HDAC inhibitor. VPA has

been shown to improve recombinant protein expression in

transiently transfected CHO [14] and HEK293 [15] cells.

The hypothesized mechanism of action is similar to that of

butyrate; it increases synthesis of the mRNA of the

recombinant protein-of-interest [16]. Since the majority of

VPA usage has been confined to transient gene expression

applications, we sought to evaluate and characterize the

effect of VPA on biopharmaceutical CHO cell culture

processes that use stable gene expression. Furthermore, we

wanted to examine its effects on antibody product quality

features such as aggregation, charge heterogeneity, and

N-linked glycosylation. While all drug manufacturers seek

to increase product yields and reduce production costs, they

must at the same time deliver consistent product quality to

ensure safe and reproducible clinical performance [17].

Thus, we used sodium valproate, the salt form of VPA,

to increase the antibody harvest titers in our CHO cell

lines. We first screened for cell-specific effects of VPA in a

fed-batch shake flask model using three CHO cell lines,

identifying two out of the three as responsive to VPA. We

then used the shake flask model in a factorial experiment to

determine the optimal concentration and timing of VPA

administration for the most responsive cell line. Finally, we

verified the optimal VPA concentration and day of addition

in a fed-batch bioreactor model and showed that VPA can

increase antibody harvest titers over 20 % in bioreactors

without compromising product quality.

Materials and Methods

Cell Lines and Media

Three different CHO cell lines producing three different

monoclonal antibodies were used in this study. The stable

expression system used by cell lines A, B, and C was based

on dihydrofolate reductase (DHFR) amplification [18, 19].

Cells in this study were all grown using proprietary chem-

ically defined basal and feed media [20, 21]. Dextran sulfate

(DS) with an average molecular weight of 5,000 Da and

sodium valproate (Sigma-Aldrich, St. Louis, MO, USA)

were used as cell culture media supplements in this study.

Seed Cultures

All three cell lines were thawed and grown as previously

described [20, 21]. Cells were passaged in 1- or 3-L shake

flasks (Corning, NY, USA) every 3–4 days using chemi-

cally defined basal media with incubator settings of 36 �C

and 5 % CO2.

Fed-Batch Shake Flask Cultures

The fed-batch shake flask cultures for cell lines A, B, and C

were performed in 500-mL shake flasks (Corning, NY, USA)

with 75-mL working volumes in a humidified INFORS

incubator (INFORS AG, Bottmingen, Switzerland) at 35 �C

and 5 % CO2. Agitation was set at 150 rpm. All cells were

seeded at 4 9 105 vc/mL in chemically defined basal media

containing 1 g/L DS. Feed media were administered on day 3

and day 5 onwards daily until the day before harvest and

culture termination. The feed amount was calculated as a pre-

determined fixed percentage based on current culture vol-

ume. Glucose stock solution was added as necessary. 1, 2, or

3 mM VPA was added on day 8 of the culture.

A rotatable central composite design fed-batch shake

flask experiment to optimize VPA concentration and tim-

ing of addition for cell line A was designed using Design-

Expert 8 statistical software (Stat-Ease, Minneapolis, MN,

USA). The concentration of VPA ranged from 0 to 4 mM,

and the timing of VPA addition ranged from day 4 to day

10. Since the VPA concentration and timing affected cell

growth, growth-based feeding was implemented for this

particular experiment. Feeding was proportional to the

integral of viable cells (IVC), which was determined from

the area under the viable cell density (VCD) curve and is

estimated using a sum of trapezoids approximation across

the desired time interval.

Fed-Batch Bioreactor Cultures

The fed-batch production bioreactors for cell lines A and B

were performed in 5-L Applikon bioreactors with 2.5-L initial

working volumes. Like the fed-batch shake flask experiments,

all cells were seeded at 4 9 105 vc/mL in chemically defined

basal media with or without 1 g/L DS. For cell line A, 1 g/L

DS was present on day 0 for conditions containing DS. For

cell line B, 1 g/L DS was added on day 9 for conditions

containing DS. Feed media with or without 1 g/L DS were

administered on day 3 and day 5 onwards daily until the day

before harvest and culture termination for conditions con-

taining DS. The feed amount was calculated as a pre-deter-

mined fixed percentage based on culture volume. Glucose

stock solution was added as necessary. Bioreactor tempera-

ture was controlled at 35 �C, pH was controlled between 6.9

and 7.3 using 1 M sodium carbonate and CO2 sparging, and

agitation varied between 200 and 400 rpm. 3.5 mM VPA was

added to the appropriate bioreactors on day 9 (cell line A) and

day 12 (cell line B).
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Offline Analytical Methods

Daily bioreactor sampling was performed to monitor met-

abolic parameters including glucose, glutamine, glutamate,

lactate, ammonium, sodium, potassium, and calcium using

the NOVA Flex (NOVA Biomedical, Waltham, MA,

USA). VCD and viability were measured using Trypan

blue exclusion via an automatic Cedex Cell Counter

(Roche, Penzberg, Germany). For bioreactor experiments,

pH and pCO2 were measured using a NOVA pHOX

Analyzer (NOVA Biomedical, Waltham, MA, USA).

Supernatant samples were sterile filtered and stored at

2–8 �C for further titer and product quality analyses.

Analysis of Protein Concentration and Product Quality

Protein concentrations for fed-batch shake flask experi-

ments involving cell lines A, B, and C were measured

using the IgG module of a Cedex Bio HT Analyzer (Roche,

Penzberg, Germany). Protein concentrations of the cell

lines A and B fed-batch bioreactor experiments were

measured using an HPLC system (Waters, MA, USA) with

a UV detector and a Protein G affinity column (Applied

Biosystems, CA, USA).

The effect of VPA on antibody product quality was

examined for cell lines A and B. Small scale purification of

the harvest supernatant was performed using Protein A

affinity chromatography. The percentage aggregation (purity)

of the Protein A eluate was measured using the LabChip

GXIIs protein profiling assay under non-reducing conditions.

Imaging capillary isoelectric focusing (ICIEF) was used to

measure the charge heterogeneity. Hydrophilic interaction

chromatography using ultra performance liquid chromatog-

raphy (HILIC-UPLC) was used to measure the N-linked

glycosylation profile. N-glycans were enzymatically liberated

using peptidase N-glycosidase F, and the released glycan

structures were labeled with 2-aminobenzamide (2-AB).

Labeled glycans were then analyzed using HILIC-UPLC.

Results and Discussion

Enhancement of CHO Cell Productivity by VPA Varies

From Cell Line to Cell Line

VPA titrations were performed on cell lines A, B, and C. 1,

2, or 3 mM VPA was added to fed-batch shake flask cul-

tures on day 8. A slightly toxic effect of VPA on cell

growth was observed on all cell lines; VCD and cell via-

bility declined in the days following VPA addition

(Figs. 1a, b, 2a, b). VPA increased the titer and specific

productivity of our stably transfected CHO cells, confirm-

ing the results observed in transiently transfected CHO

cells [14]. However, the effect of VPA on productivity

varied from cell line A to C. VPA improved the harvest

titer of cell line A by 15 % (Fig. 1c) and harvest titer of

cell line B by 10 % (Fig. 2c). There was also an increase in

specific productivity due to the depressed growth (Figs. 1d,

2d). However, VPA did not universally increase harvest

titer as it had no effect on the harvest titer of cell line C

(data not shown).

The cell-specific effect of VPA could be a manifestation

of its mechanism of action as a HDAC inhibitor. Since

different antibody sequences insert in different regions of

the CHO cell genome, it is possible that the regions of the

chromosomes surrounding the coding sequence in one cell

line (i.e., cell line A) are more methylated and compacted

than those in other cell lines (i.e., cell line C). Thus, VPA

would not have an effect on cells that do not have high

levels of epigenetic modifications. The ideal application for

VPA and other epigenetic modifiers such as butyrate and

5-azacytidine would be their use on cell lines that experi-

ence an epigenetic-induced decline in specific productivity

as the culture duration progresses [22]. If VPA can reverse

a drop in specific productivity or prevent cell line insta-

bility, it would not only make the process for that particular

product more efficient, but it would also greatly increase

the value and utility of VPA as a titer enhancer.

We observed cell-specific results of VPA using three of

our DHFR-knockout cell lines from the DG44 lineage.

The wider biopharmaceutical industry employs a variety

of CHO cell lines ranging from DHFR-knockout to glu-

tamine synthetase (GS) knockout cells made from CHO-

K1 and CHO-S cells [23]. The cytotoxic and titer-

enhancing effects of VPA should not be confined to

DHFR-knockout cells, because HDAC inhibitors do not

specifically target the DHFR pathway. The genomes of

the cell lines from the various CHO expression systems

and lineages have been shown to contain numerous single

nucleotide polymorphisms (SNPs), deletions, insertions,

and copy number variations (CNVs) [24]. With such a

large degree of variation in the global genome landscape,

we would expect to correspondingly observe a greater

degree of variation in the response if cell lines from the

different CHO lineages and expression systems were

surveyed for VPA effects, as VPA affects global meth-

ylation and, therefore, protein expression. Thus, the cell-

specific increases in titer that we see in our DHFR-

knockout cells would likely be mirrored by those of CHO

cells from other backgrounds.

Enhancement of CHO Cell Productivity by VPA is

a Function of Concentration and Timing

Since we observed that VPA was a cytotoxic compound in

the titration experiments for cell lines A, B, and C, we
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sought to determine the optimum concentration and timing

of VPA administration. We chose cell line A as the model

cell line since it had the largest response in magnitude to

VPA.

We used a 2-factor central composite design examining

the interaction of VPA concentration (0–4 mM) and addi-

tion timing (day 4 to day 10). We evaluated the response of

VCD, viability, IVC, harvest titer, and specific productivity

Fig. 1 Effect of VPA on cell

line A growth (a), viability (b),

harvest titer (c), and titer v. IVC

(d). 1 g/L DS was added on day

0, and varying concentrations of

VPA were added on day 8.

Addition of VPA increases cell

line A harvest titer [15 % over

the control condition.

Experiments were performed

using fed-batch shake flasks

containing 1 g/L DS. d control,

j 1 mM VPA, m 2 mM VPA,

. 3 mM VPA

Fig. 2 Effect of VPA on cell

line B growth (a), viability (b),

harvest titer (c), and titer v. IVC

(d). 1 g/L DS was added on day

0, and varying concentrations of

VPA were added on day 8.

Addition of VPA increases cell

line B harvest titer [10 % over

the control condition and has a

dose-dependent effect on

specific productivity.

Experiments were performed

using fed-batch shake flasks

containing 1 g/L DS. d control,

j 1 mM VPA, m 2 mM VPA,

. 3 mM VPA
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as a function of VPA concentration and day of addition. In

agreement with the titration experiments, we observed

toxicity with increased concentrations of VPA. Though

adding low concentrations of VPA early in the culture

increased specific productivity, it also led to growth inhi-

bition. This growth inhibition reduced the cell mass

available to make protein. Thus, the harvest titer on day 15

for the early VPA addition condition was similar to that of

the control. The best time to minimize the effects of a

growth-inhibiting, cytotoxic compound would be later in

the culture. Indeed, this was observed in the factorial

experiment as there is a reduction in toxicity if VPA is

added later in the culture duration (Fig. 3). The majority of

the models are one-factor effects, except that of harvest

titer. VPA concentration and day of addition were insig-

nificant as single factors in determining harvest titer, but

their two-factor interaction was statistically significant. The

results suggested that the maximal harvest titer could be

obtained by adding a high dose of VPA later in the culture.

VPA Addition in Bioreactors Increases Antibody Titers

Without Changing Product Quality

Based on the results of the fed-batch shake flask design-of-

experiment study, we performed confirmatory fed-batch

bioreactor experiments where we examined the effect of

VPA on the growth, viability, and productivity of cell line

A. Addition of VPA was again slightly cytotoxic, reducing

growth and viability (Fig. 4a, b). The bioreactor experi-

ments confirmed the results of the shake flask experiments,

showing that VPA increases the harvest titer compared to

the control (Fig. 4c). VPA also improved the specific

productivity of cell line A in bioreactors (Fig. 4).

Interestingly, the VPA effect in bioreactors was com-

pletely dependent on the presence of DS. VPA alone has

little effect on harvest titer, but when combined with DS, it

increases harvest titer by [20 % (Fig. 4c). We tested the

effect of VPA on bioreactors with or without DS, because

DS is present by default in our shake flask model as a

means to reduce cell aggregation. DS is not present in our

bioreactor model, because automated cell counting data

show that the agitation supplied by the impeller is sufficient

to break apart cell aggregates. Perhaps, the DS is inter-

acting with the VPA and the cells in such a way that it

enhances VPA uptake or dislodges a pool of protein that is

adsorbed on the surface of the cell.

We also performed confirmatory bioreactor experi-

ments with cell line B. In these experiments, we delayed

the addition of VPA from day 9 to day 12 in cultures

containing DS. The DOE experiment suggested that

higher titer could be obtained with a later VPA addition

as the shorter exposure time may minimize cytotoxic

effects. Thus, we hoped that the later VPA addition

would yield higher titer. Addition of VPA and DS again

reduced growth and viability (Fig. 5a, b). However, the

delayed addition strategy yielded a 20 % increase in cell

line B’s harvest titer with little difference in the inte-

grated cell mass (Fig. 5c, d). The titer increase was

higher than that observed in cell line B shake flasks,

which suggests that delaying the time of VPA addition

can generate higher titers.

The most encouraging result from the bioreactor

experiments was discovering that the increase in titer

obtained through VPA addition did not come at the

expense of antibody product quality for cell lines A and B

(Table 1). The ability to generate a product quality profile

that is comparable to an existing process greatly increases

the commercial attractiveness of VPA. Process changes

that increase the productivity of clinical or commercial

program must result in critical quality attribute profiles that

ultimately do not change the protein-of-interest’s efficacy

and safety, such as antibody aggregation, charge hetero-

geneity, and glycosylation. VPA did not change the

aggregation, charge heterogeneity, or the glycosylation

profile of the antibodies produced by cell line A or B.

However, this effect may be cell- or product-specific, as

butyrate has been shown to both change [25–27] and

maintain [6] recombinant protein product quality.

Thus, sodium butyrate may not be suitable for applica-

tions where product quality comparability is desired, as

there are more reported instances of butyrate changing

product quality than instances of butyrate maintaining it. In

our hands, VPA maintained product quality for two cell

lines. However, this could also be a cell-specific effect. An

additional benefit of VPA is that it may be more cost

Fig. 3 Synergism between VPA concentration and day of addition for

cell line A. Concentration and day of addition were not statistically

significant individually accordingly to the factorial experiment, but the

two-factor interaction was significant (p \ 0.03). The model shows

that higher concentrations of VPA added later in the culture duration

yield higher titers (Color figure online)
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effective than butyrate [14]. The combination of VPA’s

cost and its ability to maintain key product quality attri-

butes of the corresponding control process makes it an

attractive and flexible cell culture lever for not only

improving the titer of new products in early stage devel-

opment, but also that of legacy products and products in

late stage development where product quality compara-

bility is important.

Fig. 4 VPA increases harvest

titer in cell line A fed-batch

bioreactors. Effect of VPA on

cell line A growth (a), viability

(b), harvest titer (c), and titer v.

IVC (d). 1 g/L DS was added on

day 0, and 3.5 mM VPA was

added on day 9. Addition of

VPA increases cell line A

harvest titer [20 % over the

control condition, but the

increase is only observed in the

presence of 1 g/L DS. d

control, j DS, m VPA, .

VPA ? DS

Fig. 5 VPA increases harvest

titer in cell line B fed-batch

bioreactors. Effect of VPA on

cell line B growth (a), viability

(b), harvest titer (c), and titer v.

IVC (d). 1 g/L DS was added on

day 9, and 3.5 mM VPA was

added on day 12. d control, .

VPA ? DS
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Conclusion

We have demonstrated that addition of VPA and DS to

CHO cells stably expressing monoclonal antibodies can

increase harvest titers by up to 20 % without compromis-

ing antibody product quality, though the magnitude of the

increase is dependent on the cell line. We performed fac-

torial experiments to identify the optimal concentration and

timing of VPA addition for one CHO cell line in a shake

flask model and then verified the results in a bioreactor

model. In doing this, we also discovered that the addition

of DS may further improve overall cell culture perfor-

mance in our bioreactor model. These results suggest that

VPA is a straightforward and attractive method for rapidly

improving the productivity of biopharmaceutical cell cul-

ture processes.
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