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a b s t r a c t

Large-scale fed-batch cell culture processes of CHO cells are the standard platform for the clinical and
commercial production of monoclonal antibodies. Lactate is one of the major by-products of CHO fed-
batch culture. In pH-controlled bioreactors, accumulation of high levels of lactate is accompanied by high
osmolality due to the addition of base to control pH of the cell culture medium, potentially leading to
lower cell growth and lower therapeutic protein production during manufacturing. Lactate dehydroge-
nase (LDH) is an enzyme that catalyzes the conversion of the substrate, pyruvate, into lactate and many
factors including pyruvate concentration modulate LDH activity. Alternately, pyruvate can be converted
to acetyl-CoA by pyruvate dehydrogenases (PDHs), to be metabolized in the TCA cycle. PDH activity is
inhibited when phosphorylated by pyruvate dehydrogenase kinases (PDHKs). In this study, we knocked
down the gene expression of lactate dehydrogenase A (LDHa) and PDHKs to investigate the effect on
lactate metabolism and protein production. We found that LDHa and PDHKs can be successfully down-

regulated simultaneously using a single targeting vector carrying small inhibitory RNAs (siRNA) for LDHa
and PDHKs. Moreover, our fed-batch shake flask evaluation data using siRNA-mediated LDHa/PDHKs
knockdown clones showed that downregulating LDHa and PDHKs in CHO cells expressing a therapeutic
monoclonal antibody reduced lactate production, increased specific productivity and volumetric anti-
body production by approximately 90%, 75% and 68%, respectively, without appreciable impact on cell
growth. Similar trends of lower lactate level and higher antibody productivity on average in siRNA clones

evalu
were also observed from

. Introduction

The market for biopharmaceutical protein products is growing
apidly and the industry is projected to reach $70 billion dollars by
010 (Walsh, 2009). Due to the increase in demand for therapeutic
roteins, there is a need to develop technologies to achieve bet-
er productivity. Towards this goal, different approaches including
ost cell engineering have been explored in CHO cells (Kuystermans

t al., 2007; O’Callaghan and James, 2008). CHO cells are widely
sed to produce therapeutic proteins including recombinant mon-
clonal antibodies using fed-batch processes in bioreactors with
ontrolled pH (Langheinrich and Nienow, 1999). Lactate is one of

∗ Corresponding author. Tel.: +1 650 225 6446; fax: +1 650 225 2006.
∗∗ Corresponding author. Tel.: +1 650 225 1161; fax: +1 650 225 2006.

E-mail addresses: snedecor.brad@gene.com (B. Snedecor), shen.amy@gene.com
A. Shen).

168-1656/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jbiotec.2011.03.003
ations performed in bioreactors.
© 2011 Elsevier B.V. All rights reserved.

the main accumulated waste products during fed-batch culture and
it has been shown that high lactate levels can inhibit cell growth
and protein production (Glacken et al., 1988; Lao and Toth, 1997).
In addition, the accumulation of lactate at high levels requires
increased alkali addition to the culture medium to control the pH
(Dietl et al., 2010; Langheinrich and Nienow, 1999). Lactate secre-
tion and increased addition of alkali to the medium to maintain pH
result in increased osmolality which can inhibit cell growth and
lead to lower antibody productivity (Cruz et al., 2000; Irani et al.,
1999). Hence, reducing the lactate level is desirable for the devel-
opment of robust and productive antibody production processes.

There are many factors impacting lactate production in
mammalian cell culture including intracellular concentration of
pyruvate (Liu et al., 2009; Samuvel et al., 2009). Pyruvate is the

substrate for both LDH and PDH and is a key branch point that
determines whether the consumed carbon source is excreted as lac-
tate after oxidation through glycolysis or metabolized further in the
TCA cycle. LDH directly catalyzes the interconversion of pyruvate

dx.doi.org/10.1016/j.jbiotec.2011.03.003
http://www.sciencedirect.com/science/journal/01681656
http://www.elsevier.com/locate/jbiotec
mailto:snedecor.brad@gene.com
mailto:shen.amy@gene.com
dx.doi.org/10.1016/j.jbiotec.2011.03.003
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nd lactate with concurrent interconversion of NADH and NAD+. In
ammalian cells, LDHs exist as either homo- or heterotetramers

onsisting of mostly of A and B subunits encoded by the LDHa and
DHb genes (Baumgart et al., 1996; Li et al., 1983). In CHO cells,
he LDH isotype has been shown to be an intermediate of the A3B
nd A2B2 tetramer (Jeong et al., 2001). Previous studies showed
hat downregulating LDHa in CHO cells by disrupting the gene via
omologous recombination (Chen et al., 2001), antisense technol-
gy (Jeong et al., 2001) or siRNA (Kim and Lee, 2007) reduced lactate
evel, but did not achieve appreciable improvement in protein pro-
uctivity (Kim and Lee, 2007).

The PDH complex is a multienzyme unit consisting of three cat-
lytic enzymes, E1, E2, and E3 (Patel and Korotchkina, 2001). This
omplex catalyzes the rate-limiting reaction converting pyruvate
o acetyl-CoA which is the entry point of the tricarboxylic acid
TCA) cycle. The activity of PDH is regulated by PDHKs and pyruvate
ehydrogenase phosphatases (PDHPs). PDHKs phosphorylate PDH
o suppress its enzymatic activity whereas PDHPs dephosphory-
ate and thus activate PDH enzyme activity (Patel and Korotchkina,
001; Roche and Hiromasa, 2007; Holness and Sugden, 2003). There
re four isotypes of PDHK in mammalian cells: PDHK1, PDHK2,
DHK 3 and PDHK4 (Harris et al., 2002). Each of these isotypes has
different tissue-specific distribution (Bowker-Kinley et al., 1998).
ince the expression of both LDHa and PDHKs can affect the pyru-
ate level and it has been shown previously that knocking down
DHa expression can reduce lactate levels (Kim and Lee, 2007),
e hypothesize that if we simultaneously reduce the expression

f LDHa and PDHKs in CHO cells, more pyruvate may be converted
o acetyl-CoA, thereby increasing energy production from the TCA
ycle in these cells. Therefore, the downregulation of LDHa and
DHKs may lead not only to reduced lactate but also to increased
ntibody production in CHO cells.

In this study, we demonstrated that the expression of LDHa
nd PDHK1, 2, and 3 can be decreased simultaneously using a sin-
le siRNA targeting vector. We found that concurrent reduction
f LDHa and PDHK1, 2, and 3 gene expression can decrease lac-
ate level and increase antibody production without impacting cell
rowth or product quality attributes.

. Materials and methods

.1. Construction of the vector targeting LDHa and PDHK1, 2, 3

The targeting sequence for LDHa was selected according to the
aper by Kim and Lee (2007) and the LDHa siRNA sequence is CTC-
ATTCCGTTATCTGAT. To design the siRNA targeting sequences for
DHKs, partial cDNA sequences for CHO PDHK1, 2, and 3 were
loned by reverse transcription-polymerase chain reaction (RT-
CR) with primers located within the highly conserved regions of
DHKs. Partially cloned sequences were used for siRNA sequence
esign according to the method described by Elbashir et al. (2002).

PDHK1 siRNA sequence is GCAGTTCCTGGACTTCGGA.
PDHK2 siRNA sequence is CATTCAGTACTTCTTGGAC.
PDHK3 siRNA sequence is TGTAGCTGATGTCGTGAAA.

The single construct containing siRNA sequences targeting LDHa
nd PDHKs was constructed using the pSilencer 3.1-H1 hygro vec-
or (Cat# AM5766, Applied Biosystems/Ambion, Austin, TX). The
DHa siRNA sequence was inserted into the KasI site of pSilencer

.1, with an addition of an U6 promoter from pSilencer 2.1 at the

mmediate 5′ end. SiRNA sequences for PDHK1 and 2 were inserted
nto BamHI/HindIII and HindIII sites, respectively. A BglII site was
ntroduced to the 3′ side of PDHK2 siRNA sequence and used for
he insertion of PDHK3 siRNA.
nology 153 (2011) 27–34

2.2. Cell culture

CHO cells derived from DUXB11 and deficient in dihydrofolate
reductase (DHFR) were cultured in a proprietary DMEM/F12-based
medium in shake flask vessels at 37 ◦C and 5% CO2. Cells were pas-
saged every three to four days.

2.3. Stable siRNA cell line (siRNA clone) development

A CHO cell line resistant to 25 nM methotrexate (MTX) and
expressing a recombinant monoclonal antibody was transfected
using Lipofectamine 2000 CD (Cat# 12566-014, Invitrogen, Carls-
bad, CA) according to manufacturer’s recommendation (Invitrogen,
Carlsbad, CA). Transfected cells were centrifuged and seeded
into DMEM/F-12-based selective (glycine-, hypoxanthine- and
thymidine-free) medium containing 25 nM MTX and 400 �g/ml
hygromycin (Cat# 10687010, Invitrogen, Carlsbad, CA). Resus-
pended cells were plated into 96-well plates to generate individual
clones. SiRNA clones were derived from transfection with an siRNA
plasmid containing targeting sequences for LDHa and PDHKs genes,
while mock clones were derived from transfection with a mock
plasmid containing a scrambled sequence designed with no appre-
ciable homology to known genes.

2.4. Quantitative real time PCR (qRT-PCR or Taqman) analyses

Total RNA from each individual clone was isolated using the
RNeasy 96 kit (Cat# 74181, Qiagen) and was treated with DNase
digestion (Cat# 79254, RNase free DNase kit, Qiagen) to remove
residual DNA that may be present in the isolated RNA sam-
ple. Taqman was performed using a universal qRT-PCR master
mix according to the manufacturer’s instructions (Cat# 4309169,
Applied Biosystems) and expression levels of PDHKs and LDHa were
normalized expression to the housekeeping gene �-microglobulin.

Primer and probe sequences used for Taqman analysis were as
follows:

PDHK1 forward primer: GCCCATCTCATCGAAAACA
PDHK1 reverse primer: AGCCATCTTTAATGACTTCGACTAC
PDHK1 probe: TCGCAGTTTGGATTTATGCTTCCAATG
PDHK2 forward primer: GATCTGTCCATCAAAATGAGTGA
PDHK2 reverse primer: TGTGGAGTACATGTAGCTGAAGAG
PDHK2 probe: CTCTCAATCTTCCTCAAGGGGACACC
PDHK3 forward primer: CAGCCTGGAGCCTACAAGA
PDHK3 reverse primer: GGCATACAGTCGAGAAATTGG
PDHK3 probe: AAGCCATAACCAAATCCAGCCAAGG
LDHa forward primer: GCCGAGAGCATAATGAAGAA
LDHa reverse primer: CCATAGAGACCCTTAATCATGGTA
LDHa probe: CTTAGGCGGGTGCATCCCATTT
�-Microglobulin forward primer: TCCTCTCAGTGGTCT GCT TGG
�-Microglobulin reverse primer: TGGCGTGTGTAGACTTGCACTT
�-Microglobulin probe: TGCCATCCAGCGTCCCCCA

All primers and probes were synthesized and purified at Genen-
tech.

2.5. Fed-batch shake flask clone evaluation

Twelve siRNA clones and 12 mock clones were seeded into pro-
prietary production medium with a pH of 7.15. These were then
cultured employing a 14-day fed-batch culture process with one

bolus feed on day 3 and a temperature shift from 37 ◦C to 33 ◦C on
day 2. Cell viability and viable cell counts were monitored by Try-
pan blue dye exclusion using a Vi-Cell (Beckman Coulter). Lactate
concentrations were measured on day 3, 7, 10 and 14 using a Nova
Bioprofile analyzer (Nova biomedical).
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.6. Fed-batch bioreactor operations

Bioreactor experiments were performed in 2 l stirred tank biore-
ctors (Applikon, Foster City, CA) operated at a 1.5 l working
olume. After a concentrated nutrient feed at 72 h post-inoculation,
lucose was added as needed during the 14-day fed-batch culture.
issolved oxygen and agitation were maintained in the bioreactor
ultures at setpoints of 30% of air saturation and 275 rpm, respec-
ively. Culture pH was controlled at 7.0 by addition of CO2 gas or
M Na2CO3. Culture temperature was maintained at 37 ◦C for the
rst 48 h, and shifted to 33 ◦C thereafter. Process control in each
ioreactor was achieved using a Digital Control Unit (DCU) from B.
raun Biotech (Allentown, PA).

.7. Calculation of specific lactate production or glucose uptake
ates

The average cell specific metabolite (lactate, glucose) produc-
ion or uptake rate, qS, is calculated as the slope of the graph of
ntegrated total cell number, and the cumulative metabolite pro-
uced, [St − S0], based on the mass balance equation formulated
ver the whole culture volume:

t − S0 = qS

∫ t

0

X dt

here St is the total amount of the metabolite in the culture vol-
me (mg) at time t, S0 is the total amount of the metabolite in the
ulture volume (mg) at time t = 0, X is the total number of cells in
he culture volume at any given time t, and qS is the specific pro-
uction or uptake rate in mg/cell/day. These rates are calculated
t sampling time points by writing the above mass balance equa-
ion over the preceding (t = 0) and succeeding sampling time points
t = t). Average rates are calculated over an extended time interval,
, as follows:

qS]Average = 1
t

∫ t

0

qS dt

Per the convention used in this work, if more metabolite is pro-
uced than consumed by the cell, then the value of qS is positive.

.8. Intracellular ATP measurement

Intracellular ATP level was determined using a CellTiter-Glo
ssay kit from Promega (Cat# G7571), according to manufacturer’s
escription. Luminescence was recorded with Perkin Elmer EnVi-
ion 2104 Multilabel Reader. The luminescence from each sample
as measured in triplicate and the relative ATP level or lumines-

ence was plotted.

.9. Sample analyses

Antibody titer was determined using conventional protein A
ffinity chromatography with UV detection (Fahrner et al., 1999).
ulture samples were analyzed for viable cell concentration and
iability by Vi-Cell AS cell counter (Beckman Coulter, Fullerton,
A), pH and lactate by Bioprofile 400 bioanalyzer (Nova Biomed-

cal, Waltham, MA), and osmolality by a multi-sample osmometer
Advanced Instruments, Norwood, MA).
.10. Statistical analysis

Two tailed student t-tests were performed using JMP 8.0 soft-
are (SAS Institute, Cary, NC).
Fig. 1. The siRNA construct targeting LDHa/PDHK1, 2, 3. Small interfering RNAs
targeting LDHa, PDHK1, PDHK2 and PDHK3 were cloned into single pSilencer 3.1
hygromycin vector. The siRNA targeting sequence for LDHa was under U6 promoter
regulation whereas the siRNA targeting sequences for PDHK1, 2, and 3 were under
H1 promoter control.

3. Results

3.1. Construction of an siRNA vector targeting PDHKs and LDHa

There are four PDHK genes reported (Harris et al., 2002) in mam-
malian cells. To determine if all four PDHK genes are expressed in
CHO cells, four sets of RT-PCR primers were designed based on the
conserved regions between human and mouse PDHK sequences.
Our PCR results revealed that even though all four PDHK mRNAs
can be detected in CHO cells, the PDHK4 mRNA level is minimal and
much lower than other 3 PDHKs (data not shown) in DHFR-deficient
CHO cells. Therefore, we decided to knock down the expression
of PDHK1, 2, and 3 genes along with LDHa gene. For each PDHK
gene, three siRNA sequences were designed and tested to choose
the siRNA sequence exhibiting best reduction of the target gene
(data not shown). The best siRNA sequence for LDHa was selected
based on the findings by Kim and Lee (2007). The siRNA sequences
for LDHa and PDHKs were constructed in a single vector where
the siRNA for LDHa is under the control of U6 promoter, whereas
siRNAs for each PDHK are driven by H1 promoters (Fig. 1).

3.2. Generation of siRNA clones with reduced expression of
PDHK1, 2, 3 and LDHa

The siRNA construct targeting PDHKs and LDHa was transfected
into CHO cells expressing a monoclonal antibody. Individual clones
were assayed for the mRNA expression of four genes, PDHK1, 2,
3 and LDHa, using Taqman analysis. Twelve clones that exhib-
ited decreased expression of those four genes were identified
(Fig. 2) for further analysis. The mock vector containing a scrambled
sequence was also transfected into the same antibody expressing
cells. Twelve mock clones were chosen randomly to be used as
controls and their mRNA expression levels of LDHa and PDHK1,
2, and 3 genes were also analyzed by Taqman. On average, the
mRNA expression levels for LDHa, PDHK1, 2, and 3 in the 12 selected
siRNA clones were reduced by 90%, 32%, 83%, and 70%, respectively,
compared to the mock clones (Fig. 2).

3.3. Fed-batch shake flask evaluation of siRNA and mock clones
3.3.1. Reduced lactate levels and higher pH in culture media in
siRNA clones

To evaluate the effect of siRNA-mediated downregulation of
LDHa and PDHKs on lactate production, 12 siRNA and 12 mock
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Fig. 2. Relative LDHa, PDHK1, 2, and 3 mRNA expression levels in 12 selected siRNA clones. Expression levels of mRNAs for LDHa and PDHKs were normalized to that of the
housekeeping gene �-microglobulin. The average and relative mRNA expression level from 12 mock clones is shown in black. The relative mRNA expression levels from 12
individual siRNA clones are shown in grey.

Fig. 3. Lactate profiles, average lactate production rates, and day 14 pH values in fed-batch shake flask evaluation. Lactate concentrations were measured on day 3, 7, 10 and
14 during a 14-day shake flask evaluation. The fed-batch shake flask experiments were performed in triplicate and the data shown is from one experiment. Data from mock
clones is shown in black; data from siRNA clones is shown in grey; the parental clone is shown as indicated. (a) Lactate profile; (b) average lactate production rate between
day 3 and 14 (mmol/108 cells/day); (c) Day 14 pH values.
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lones were evaluated in shake flask vessels in our proprietary
edium employing a 14-day, fed-batch process. The experiment

as been repeated three times and similar results were observed.
ere we show the results from one set of experiments. Com-
ared to mock clones, the siRNA clones generally had lower lactate

evels (Fig. 3). By day 14, the siRNA clones produced approxi-
ately 90% less lactate on average than mock clones (p < 0.0001)

Fig. 3a). Consistent with the lower lactate levels in siRNA clones
ver the 14-day production period, for siRNA clones the aver-
ge lactate production rate between days 3 and 14 was negative
.02 mg/106 cells/day, indicating net lactate consumption. In con-
rast, for mock clones the average lactate production rate was
.01 mg/106 cells/day, indicating the overall lactate synthesis rate
as higher than the consumption rate for these clones. This dif-
erence in lactate production rate between siRNA and mock clones
as statistically significant (p < 0.002) (Fig. 3b). Since each clone
ad different expression levels of mRNA for LDHa and PDHKs, we
bserved variations in lactate production. Nevertheless, the aver-
ge lactate level in the siRNA group was lower than that in mock

ig. 4. Titer, Qp, and cell growth profiles in fed-batch shake flask evaluations. The fed-batc
ne experiment. Data from the mock clones is shown in black, data from the siRNA clones
pecific productivity or Qp in pg/cell/day; (c) cell growth measured by integrated viable c
nology 153 (2011) 27–34 31

group, leading to a lower average pH for mock clones than that of
siRNA clones in fed-batch shake flask cultures. By day 14, the aver-
age pH for mock clones dropped to 6.54, whereas the average pH
for siRNA clones was 7.04 (Fig. 3c). The observed lower average pH
is in agreement with the higher average lactate level for the mock
clones.

3.3.2. Increased antibody titer and specific productivity (Qp) in
siRNA clones

To investigate whether knocking down the gene expression of
PDHKs and LDHa affects antibody production, we collected sam-
ples from fed-batch shake flask experiments on days 3, 7, 10 and
14 to measure antibody titers by protein A chromatography. On
average, the siRNA clones produced around 68% more antibody

than the mock clones (Fig. 4a, p < 0.022), and the average Qp for the
siRNA clones was approximately 75% higher than the mock clones
(Fig. 4b, p < 0.006). To evaluate cell growth, shake flask samples
were collected on days 3, 7, 10, and 14 to measure viable cell counts
and viabilities to calculate integrated viable cell count (IVCC). In

h shake flask experiments were performed three times and the data shown is from
is shown in grey, and the parental clone is shown in white. (a) D14 titer in g/L; (b)

ell count (IVCC) in 100 millions of cells-day per liter.
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Fig. 5. Lactate profiles, specific lactate production rates (LPR), specific glucose
uptake rates (GUR), ratios of lactate produced to glucose consumed, and osmolal-
ity profiles in a bioreactor evaluation. Each clone was run as a duplicate except the
parental clone was run as a singlet. Data from the mock clones is shown in black,
data from the siRNA clones is shown in grey, and the parental clone is shown as indi-
2 M. Zhou et al. / Journal of B

ontrast to antibody titers and Qps, no appreciable cell growth dif-
erences were observed between the two groups (Fig. 4c). Antibody
roduct quality attributes including glycan profiles, charged vari-
nts and percentage of aggregates were comparable between the
iRNA and mock clones (data not shown).

.4. Bioreactor fed-batch culture evaluation of siRNA and mock
lones

Since small-scale fed-batch bioreactor cultures in which pH
nd dissolved oxygen are controlled are commonly used as scale-
own models for larger scale manufacturing bioreactors, we further

nvestigated the performance of some siRNA and mock clones in
ioreactors. We selected two siRNA clones and two mock clones
hich best represented the average productivity for each group in

he shake flask evaluation to minimize selection bias, along with
he parental line used for siRNA and mock plasmid transfections,
or bioreactor evaluation. Cell culture samples were collected daily
except on days 6 and 13) for lactate, glucose, osmolality, cell size,
nd titer analysis. The lactate levels for the siRNA clones generally
emained flat after day 4, whereas the lactate levels for mock and
arental clones continued to increase during the 14-day produc-
ion period. On day 14, the two siRNA clones had approximately
6% lower lactate levels on average than the mock clones or the
arental clone (Fig. 5a). On average, siRNA clones had a lower lac-
ate production rate (Fig. 5b), a lower glucose uptake rate (Fig. 5c),
nd a lower ratio of lactate produced to glucose consumed com-
ared to the mock and parental clones (Fig. 5d) indicating that less

actate was produced for each consumed glucose in siRNA clones
han those in mock and parental clones. These data suggest that

ore pyruvate enters the TCA cycle instead of converting to lactate
n siRNA clones for each consumed glucose.

The osmolalities for the siRNA clones remained around
00 mOsm whereas the osmolalities for mock clones or the parental
lone continued to increase due to more addition of alkali during
he 14-day production period. On day 14, the average osmolality
or the two siRNA clones was approximately 60% lower than those
f the mock and parent clones (Fig. 5e). Importantly, on day 14, the
verage antibody titer was increased by approximately 125% and
he average Qp was increased by approximately 59% in the siRNA
lones (Fig. 6). As was observed in the fed-batch shake flask evalu-
tion, the siRNA and mock clones have comparable viabilities, cell
izes, and cell growth in the bioreactors (data not shown).

.5. Intracellular ATP content analysis

To further understand the possible underlying mechanism for
he observed antibody productivity improvement in siRNA clones,
he intracellular ATP content was analyzed for five clones evaluated
n 2 l bioreactors. As shown in Fig. 7, the parental line and two mock
lones have comparable cellular ATP contents, whereas the siRNA
lones have significantly higher ATP levels (p < 0.001) suggesting
hat more pyruvate was channeled into TCA cycle generating more
TP.

. Discussion

It has been demonstrated previously that reducing LDHa gene
xpression alone was able to reduce lactate production (Kim and
ee, 2007). However, despite the 45–79% reduction in lactate level,
here was no appreciable improvement in Qp and product titer,

uggesting that knocking down LDHa alone in CHO cell is not suffi-
ient to improve Qp and product yield efficiently. We observed that
imultaneously decreasing PDHK1, 2, and 3 gene expression was
either sufficient to reduce lactate level nor to increase antibody
roductivity (our unpublished observation). The only way for cells

cated. (a) Lactate profiles; (b) specific lactate production rates; (c) specific glucose
update rate; (d) ratios of lactate produced to glucose consumed; and (e) osmolality
profiles.
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Fig. 6. Productivities in a bioreactor evaluation. Each clone was run as a duplicate
except the parental clone was run as a singlet. Data from the mock clones is shown
in black, data from the siRNA clones is shown in grey, and the parental clone is
indicated.

Fig. 7. Intracellular ATP measurement. Each clone was run as a triplicate and the
arrow bar is shown as one standard deviation. ATP content is normalized to the
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arental line. Data from the mock clones is shown in black, and data from the siRNA
lones is shown in grey, and the parental clone is shown as indicated.

o generate lactate is through pyruvate reduction and pyruvate can
ot only be converted to lactate by LDH but can also be converted to
cetyl-CoA by PDH to enter the TCA cycle to be oxidized. Therefore,
t is likely that reducing lactate production by knocking down LDHa
xpression as well as promoting pyruvate entry into the TCA cycle
y knocking down PDHKs may synergize to reduce lactate level and
o provide cells with more energy from the TCA cycle as fuel for
ells to use, leading to increased antibody production. More work
s underway to measure internal levels of acetyl-CoA and pyruvate
n order to further understand the underlying mechanism(s) of the
bserved improvement in antibody productivity.

We substantially reduced the expression of LDHa and PDHK2
nd 3 mRNA and moderately reduced the expression of PDHK1
RNA in all siRNA clones tested. The moderate reduction in PDHK1
RNA expression is likely due to a non-optimum siRNA targeting

equence since moderate mRNA reduction was observed with three
DHK1 siRNA sequences tested transiently (data not shown). The
bserved differences in titers and lactate levels among mock clones
ay indicate that the parental clone is heterogeneous in antibody

roductivity and cellular metabolism even though the parental cell
ine was derived from a single clone. We evaluated 12 mock clones
o take the clonal variation into consideration. Some mock clones (6,
, 10, and 11) have higher titers than the rest of the mock clones,
omparable to siRNA clones. One common feature of these mock
lones including clone 11 is that their average lactate production
ates are either 0 or negative indicating lactate consumption is nec-
ssary for good productivity for these clones. The expression levels

f PDHKs/LDHa mRNAs in these mock clones are higher than in
ost siRNA clones and also higher than the average level of the

2 mock clones (data not shown), suggesting that in addition to
DHKs/LDHa levels, other factors may have contributed to their
nology 153 (2011) 27–34 33

productivity leading to clonal variation. SiRNA clones were iden-
tified based on PDHKs/LDHa mRNA levels and as a group, siRNA
clones have lower levels of lactate and higher titers than the group
of mock clones. The average lactate production rates are negative
for all siRNA clones, whereas only 3 mock clones have negative
average lactate production rates and those 3 mock clones have
comparable titers as siRNA clones.

Not surprisingly, we noted that there was a good inverse rela-
tionship between day 14 titers and lactate levels among mock
clones, but not among siRNA clones (data not shown). Our data
indicate that knocking down LDHa and PDHKs simultaneously
decreases lactate level and increases antibody production in CHO
cells. Hence, simultaneous reduction of both LDHa and PDHKs may
provide an efficient approach for the development of robust and
productive antibody production processes.

We saw similar results when we further investigated the perfor-
mance of two mock and two siRNA clones in bioreactors. Given the
limitation in bioreactor availability as well as experimental com-
plexity, it was not practical to run 12 siRNA and 12 mock clones in
duplicate. Hence, four clones were selected to best represent the
average productivity in each group based on fed-batch shake flask
evaluations. Similar to the observations from shake flask experi-
ments, the siRNA clones had lower lactate levels and higher titers
than mock clones in bioreactor evaluation. SiRNA clones had lower
glucose uptake rate and lower ratio of lactate produced to glucose
consumed, supporting the hypothesis that more pyruvate is chan-
neled into the TCA cycle for each consumed glucose. Perhaps siRNA
clones have used TCA cycles more extensively than parental and
mock clones to provide energy cells need, hence less glucose is
needed for siRNA clones. Given that pH is controlled in fed-batch
bioreactors, it is not surprising to observe that mock cultures exhib-
ited increased osmolality compared to siRNA cultures since higher
lactate levels in the mock clones required more alkali to be added
to maintain the setpoint pH.

Intracellular ATP content analysis showed that siRNA clones
have higher intracellular ATP than the parental line or mock clones,
indicating that more pyruvate is channeled into the TCA cycle for
each consumed glucose to produce more ATP for cells to use in
siRNA clones. Increase in pyruvate dehydrogenase activity is likely
the cause for higher pyruvate channeling into mitochondria and
increased TCA activity in siRNA clones.

In summary, our data from fed-batch shake flask and bioreactor
evaluations demonstrated that simultaneous knockdown of LDHa
and PDHK1, 2, and 3 in CHO cells is effective in reducing lactate
levels and in increasing antibody titers without noticeable impact
on cell growth and product quality.
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