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Abstract

Traditional metabolic engineering approaches, including homologous recombination, zinc finger 

nucleases, and short hairpin RNA (shRNA), have previously been employed to generate biologics 

with specific characteristics that improve efficacy, potency, and safety. An alternative approach is 

to exogenously add soluble small interfering RNA (siRNA) duplexes, formulated with a cationic 

lipid, directly to cells grown in shake flasks or bioreactors, This approach has the following 

potential advantages : no cell line development required, ability to tailor mRNA silencing by 

adjusting siRNA concentration, simultaneous silencing of multiple target genes, and potential 

temporal control of down regulation of target gene expression. In this study, we demonstrate proof 

of concept of the siRNA feeding approach as a metabolic engineering tool in the context of 

increasing monoclonal antibody afucosylation. First, potent siRNA duplexes targeting fut8 and 

gmds were dosed into shake flasks with cells that express an anti-CD20 monoclonal antibody. 

Dose response studies demonstrated the ability to titrate the silencing effect. Furthermore, siRNA 

addition resulted in no deleterious effects on cell growth, final protein titer, or specific 

productivity. In bioreactors, antibodies produced by cells following siRNA treatment exhibited 

improved functional characteristics compared to antibodies from untreated cells, including 

increased levels of afucosylation (63%), a 17-fold improvement in FCgRIIIa binding, and an 

increase in specific cell lysis by up to 30%, as determined in an ADCC assay. In addition, standard 

purification procedures effectively cleared the exogenously added siRNA and transfection agent. 

Moreover, no differences were observed when other key product quality structural attributes were 

compared to untreated controls. These results establish that exogenous addition of siRNA 

represents a potentially novel metabolic engineering tool to improve biopharmaceutical function 

and quality that can complement existing metabolic engineering methods.
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INTRODUCTION

With an ever increasing number of biologics in pharmaceutical company pipelines, 

researchers continue to explore novel technologies to modify host cell lines to improve 

productivity, safety, efficacy, and potency of biologics. An important area of study for host 

cell modification is gene inactivation 1, 2. Currently, gene inactivation tools such as 

homologous recombination 3–6, zinc-finger nucleases 7–9, and short hairpin RNA 

(shRNA) 10–12 are utilized to alter host cell gene expression. These gene inactivation 

strategies can be effective; however, they cannot tailor the degree of gene silencing which 

can be important 13. Moreover, these gene inactivation approaches can significantly increase 

the bioprocess development time, as cell line engineering requires significant time and 

resources,. The length of development time is further increased if several targets are to be 

simultaneously inactivated. In addition, non-specific effects can occur due to the somewhat 

random nature of genetic insertion within the host cell chromosome 14, 15.

An alternative approach for metabolic engineering of host cells is to add synthetic small 

interfering siRNA (siRNA) in a cationic lipid formulation directly to the manufacturing cell 

line in the bioreactor to initiate RNA interference (RNAi) 16. This strategy could, in 

principle, allow for rapid, transient, silencing of target genes, as no cell line engineering/

selection is required. Moreover, by choosing the siRNA concentration, titration of the level 

of gene silencing could be possible, in contrast to gene knockout strategies. Furthermore, 

combining siRNA duplexes to target multiple genes in several cellular pathways could 

enable simultaneous modulation of key effect(s) critical to cell growth, protein production, 

and product quality. Also, by feeding at critical time points, the siRNA approach could 

provide temporal control of gene expression, which is currently not available with existing 

metabolic engineering strategies. Finally, using genomic and transcriptomic data currently 

available, all expressed genes could, in principle, be targeted. Thus, exogenous siRNA 

addition directly to a bioprocess has the potential to accelerate biologics development and to 

generate products with very specific product profile(s) for enhanced biological activity, 

quality, and safety with improved productivity.

To demonstrate the potential of the exogenous siRNA addition approach, the fut8 and gmds 

genes 10, 17, well known components of the de novo fucosylation pathway, were targeted for 

down regulation using exogenously added siRNA fucosyltransferase (FUT8) and GDP-

man-4,6-dehydratase (GMDS) are important enzymes responsible for core fucose Fc 

carbohydrate on therapeutic monoclonal antibodies. Removal of the core fucose on 

glycosylation sites on monoclonal antibodies is known to enhance activity by improving 

FcγRIIIa binding, leading to increased antibody dependent cellular cytotoxicity 7, 18–20. For 

this study, potent siRNA duplexes targeting fut8 and gmds were dosed into shake flasks with 

cells that express an anti-CD20 monoclonal antibody. Using optimal conditions determined 

from shake flask studies, exogenous siRNA addition was applied to bioreactors. Antibody 

generated from siRNA treatment was then compared to untreated controls to determine the 

extent of afucosylation and modification of biological activity, as well as whether any other 

product or process related modifications occurred, due to siRNA treatment. Our data 

demonstrate that RNAi-mediated metabolic engineering can be a powerful new tool in the 

control of a bioreactor process.
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MATERIALS AND METHODS

Cell line development and anti-CD20 monoclonal antibody expression

Using previously published sequences 21, the heavy and light chains of an anti-CD20 

monoclonal antibody (MAb) were separately cloned into a eukaryotic expression vector 

containing the cytomegalovirus (CMV) intermediate early promoter (pGV90). Cloning was 

followed by a double transfection of both the heavy and light chain plasmids into 

dihydrofolate reductase (DHFR) deficient DG44 Chinese hamster ovary (CHO) host cells 

(Invitrogen, Carlsbad CA) using the FuGene 6 transfection reagent (Roche Applied 

Sciences, Indianapolis IN). An anti-CD20 MAb producing clonal cell line was identified by 

iterative screening of transfected cells for high specific productivity by flow-assisted cell 

sorting (FACS) using an anti-human IgG1 monoclonal antibody, as previously reported 22

Cell culture

For dose response studies, cultures were seeded at 1.0 × 106 cells/mL in 50 mL of CD DG44 

cell culture media (Invitrogen, Carlsbad, CA) in 125 mL shake flasks, supplemented with 

Pluronic F68 (Invitrogen, Carlsbad, CA) and Glutamax (Invitrogen, Carlsbad, CA) to final 

concentrations of 0.18% and 8 mM, respectively. Cultures were grown in Multitron II 

incubators (Appropriate Technical Resources, Laurel, MD) at 37°C, 5% CO2, 80% relative 

humidity, and 130 RPM (pitch = 25 mm) for 3 days. Cultures from seed flasks were then 

split back to 0.5 × 106 cells/mL in fresh media to initiate production stage cultures. Seed 

cultures were transfected on day 0, while production stage cultures were transfected every 3 

days starting on day 0. All transfections used a proprietary transfection reagent23 and a 

proprietary dosing strategy. For both seed and production stage cultures, the siRNA 

concentration for FUT8 and GMD varied for each culture from 0 – 50 picomoles/106 cells, 

based on the experimental condition. Production stage cultures were also fed 5% of both 

Efficient Feeds A and B (Invitrogen, Carlsbad, CA) on days 3 and 6 and 0.5% of 50× RPMI 

amino acids (Sigma-Aldrich, St. Louis, MO) daily from day 7 to harvest. 1M glucose and 

Glutamax were also supplemented after day 7 to maintain culture concentrations between 2 

– 6 g/L and > 0.5 mM, respectively. Cell culture supernatants were harvested on day 12 by 

centrifugation at 200 × g for 30 minutes. Measurements of cell density and viability were 

performed almost daily using a Vicell XR according to manufacturer protocols (Beckman 

Coulter, Brea, CA). Metabolite analysis was performed using a Bioprofile Flex, according to 

manufacturer recommendations (Nova Biomedical, Waltham, MA). Retain samples for fut8 

and gmd mRNA analyses were also taken daily. For these samples, 50 µL of each culture 

was added to 450 µL of 1X PBS (Invitrogen, Carlsbad, CA). The mixture was then 

centrifuged at 300 × g for 10 min at room temperature. Supernatants were discarded, and 

pellets stored at −80°C until mRNA analysis was initiated.

For bioreactor cultures, approximately 300 mL of culture were seeded in a 1L shake flask at 

an initial cell concentration of 1.0 × 106 cells/mL. The culture was grown for 3 days using 

the same cell line, media, and incubator conditions as in the dose response study. For the 

siRNA treated seed condition, cultures were transfected with a proprietary transfection 

reagent 23 using a proprietary dosing strategy with a siRNA concentration ranging from 4–

10 picomoles/106 cells for both FUT8 and GMD siRNA. Prior to day 3 of seed cultures, 
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bioreactors (either 3L working volume in glass bioreactors (Chemglass, Vineland, NJ; 

CLS-1406-03) or 1.5L working volume in Millipore (Billerica, MA) disposable bioreactors 

(CR0003L200)) were aseptically prepared with a sterilized pH probe, dissolved oxygen 

probe, and aseptically charged with 2.7 and 1.2L of CD DG44 cell culture media, 

respectively. Bioreactors were inoculated with the appropriately treated seed culture to 

achieve an initial cell concentration of 0.6 × 106 cells/mL and controlled as follows: 

temperature : 37°C, pH allowed to decrease from 7.4 to 6.8 with 1M sodium carbonate, and 

dissolved oxygen : 50% of air saturation using O2 sparging. All siRNA treated bioreactors 

were transfected every three days starting on Day 0 utilizing the same strategy as for the 

respective seed culture. The feed strategy and sample analysis for all bioreactors were 

identical to those utilized for shake flasks in the dose response study. For harvests, between 

0.2 - 1L of culture supernatant was collected on day 12 by filtering through a Millistak+ 

POD COHC clarifying filter (Millipore, Billerica, MA), followed by a SHC Opticap XL150 

PES 0.2µm sterilizing filter (Millipore, Billerica, MA), using manufacturer 

recommendations. Supernatants were stored at -- 20°C until needed.

Identification and synthesis of CHO cell-specific FUT8 and GMDS siRNA duplexes

Based on previously published CHO cell-specific transcript sequences for fut8 6 and gmds 

(Genbank, Accession# AF525364.1), 20 siRNA duplexes were designed targeting each gene 

using proprietary siRNA design algorithms. FUT8 and GMDS single-stranded RNAs were 

generated by small scale synthesis on a MerMade oligo synthesizer (BioAutomation, Plano 

TX), purified, and then annealed according to previously established protocols 24. All 20 

candidate siRNA duplexes for each gene were screened for highest target mRNA 

knockdown by quantitative PCR (qPCR) in CHO-S cells (Invitrogen, Carlsbad CA) using a 

single siRNA concentration of 10 nM. The initial screen was followed by further testing of 

the top 5 identified candidates using a range of 10-fold serial dilutions of siRNA ranging 

from 0.01 to 100 nM. The top candidate for each gene was then chosen based on the lowest 

siRNA concentration required to generate 50% target mRNA silencing compared to the cells 

only controls. For dose response and bioreactor cell culture experiments, synthesis of the top 

FUT8 and GMDS siRNA duplexes were scaled-up to produce approximately 200 mg of 

each duplex using previously described methods 24.

mRNA quantitation by qPCR

Total RNA isolation from mRNA retain cell pellets and subsequent cDNA synthesis were 

performed using commercial kits: MagMax Total RNA Isolation Kit and ABI High capacity 

cDNA reverse transcription kit (Life Technologies, Carlsbad, CA), respectively, according 

to manufacturer protocols. Probes and primers were designed using CLC Main Workbench 4 

for both genes as follows:

Target Forward Primer Reverse Primer Probe

FUT8 TGGGAGACTGTGTTTAGA AAGGGTAAGTAAGGAGGA CAGGTGAAGTGAAGGACAAAAA

GMDS GAG ACC GGC AAA ATT 
CAT GT

TTC TCA TGA GCT CCA 
CAT CG

ACC GAC CAA CTGAAG TGG AC

Tummala et al. Page 4

Biotechnol Prog. Author manuscript; available in PMC 2014 November 10.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Target probes were synthesized with a 5’FAM and 3’ Black Hole Quencher 1 (BHQ1).

For real time PCR, 2 µL of cDNA were added to a master mix containing 0.5 µL 18s 

TaqMan Probe (Life Technologies, Carlsbad, CA), 0.5 µL of gene specific probe, and 5 µL 

Lightcycler 480 probe master mix (Roche Applied Science, Indianapolis, IN) per well in a 

384 well plates (Roche Applied Science, Indianapolis, IN) and performed in a LC 480 Real 

Time PCR machine (Roche Applied Science, Indianapolis, IN). To calculate relative fold 

change, real time data were analyzed by calculating differences in cycle time between assays 

performed with test samples and their respective cell only controls. All samples were 

normalized to either 18S RNA or GAPDH to account for differences in cell numbers.

Anti-CD20 MAb Purification

Filtered shake flask or bioreactor cell culture supernatants were thawed at 37°C and 

supplemented with 1M sodium phosphate pH 7.4 to a final concentration of 20 mM. Anti-

CD20 MAb from siRNA-treated cell or control cultures were purified using a HiTrap 

MabSelect SuRe column (GE Healthcare, Piscataway, NJ) followed by HiTrap SP 

Sepharose chromatography (GE Healthcare, Piscataway, NJ) to remove remaining process-

related contaminants. Following the elution from SP Sepharose, the proteins were 

concentrated and diafiltered using phosphate-buffered saline (PBS; Invitrogen, Carlsbad, 

CA) with a 9 kDa Orbital Biosciences (Topsfield, MA) centrifugal concentrator. Protein 

quantitation was performed utilizing a Bradford assay kit (Bio-Rad Laboratories, Hercules, 

CA) with a previously purified and quantitated (ultraviolet absorbance at 280 nm) anti-

CD20 MAb as a standard.

Bioanalytical characterization

Anti-CD20 MAb glycan analysis was performed by capillary electrophoresis-laser induced 

fluorescence (CE-LIF) and LC/MS/MS as previously described 25, 26. Protein samples were 

reduced and alkylated prior to tryptic digestion 27 or Lys-C digestion, Achromobacter 

protease I (Roche, Nutley, NJ; 1:50, w/w) was added to the protein in place of trypsin for 4 

hr at 37°C. LC-MS analysis was performed using an Ultimate 3000 nano-LC pump (Dionex, 

Mountain View, CA) and a self-packed C18 column (Magic C8, 200 Å pore and 5 µm 

particle size, 75 µm i.d. × 15 cm) (Michrom Bioresources, Auburn, CA) coupled online to an 

LTQ-Orbitrap-ETD XL mass spectrometer (Thermo Fisher Scientific, San Jose, CA) 

through a nanospray ion source (New Objective, Woburn, MA), as previously described 27. 

Full experimental details including analytical data will be published on anti-CD20 MAb 

characterization in a separate paper (manuscript in preparation).

FcγRIIIa binding assay

Anti-CD20 MAb binding to FcγRIIIa was monitored using a previously described capture-

type ELISA 28. Briefly, NUNC 96-well flat-bottom Immuno MaxiSorp plates (Thermo 

Fisher Scientific, Fair Lawn, NJ) were coated with an anti-human IgG1 monoclonal 

antibody (10 µg/mL; R&D systems, Minneapolis, MN) and incubated at 37°C for 1 hour. 

Three consecutive washes were performed following each capture or blocking step with 

TBST (200 µL/well; 25mM Tris, 0.15 M NaCl, 0.05% Tween 20, pH 7.0). Plates were then 

blocked with 5% non-fat milk in TBST (200 µL/well), incubated for ½ hour at 37°C, and 
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washed. Afterwards, a fixed amount (100 µL/well) of anti-CD20 monoclonal antibody (1 

µg/mL) from each experimental condition was added to each well and incubated for 1 hour 

at 37°C. After washing the plate, human His-tagged FcγRIIIa (R&D Systems, Minneapolis, 

MN) was serially diluted to 5 µg/mL, 1.5 µg/mL, 0.5 µg/mL, 0.15 µg/mL, 0.05 µg/mL, 0.015 

µg/mL, and 0.005 µg/mL from stock (500 µg/mL). 100 µL of each dilution of FcγRIIIa was 

added into each well containing the different monoclonal antibody preparations and 

incubated at room temperature for 1 hour. The plates were washed again with TBST. His-

tagged FcγRIIIa was detected using an anti-His HRP-labeled antibody (R&D Systems, 

Minneapolis, MN) diluted 1/5000 (100 µL/well) and incubated at room temperature for 1 

hour. The plates were washed a final three times. TMB substrate (Thermo Fisher Scientific, 

Fair Lawn, NJ) was added to each well (100 µL/well) and allowed to develop for less than 

10 minutes at room temperature. The reaction was stopped by adding 100 µL/well stop 

buffer (1M H2SO4) and the optical density at 450 nm (OD450) measured using a Victor 4 

(Perkin Elmer, Waltham, MA).

ADCC assay

The ADCC assay was contracted out to Eureka Therapeutics (Emeryville, CA). Briefly, 

Jeko-1 cells (ATCC, Cat# CRL-3006,) were used as the assay target cell and maintained at 

37°C and 5% CO2 in F-12K media containing 10% fetal bovine serum. Fresh human normal 

PBMCs were purchased from AllCells (Emeryville, CA). Approximately 1 ×105 Jeko-1 

cells were pre-incubated with RNAi-treated or control antibodies at varying concentrations 

ranging from 0.01 to 10 µg/mL in 96-well flat bottom plates at 37°C with 5% CO2 for 30 

minutes. Following incubation, freshly isolated human PBMCs (2.5×106 cells) were added 

(50 µL) into each well at an effector/target ratio of 25:1. The plates were incubated for 16 hr 

at 37°C with 5% CO2. Next, the plates were centrifuged at approximately 300 × g for 15 

minutes to pellet cells and debris. 50 µL of supernatant was transferred from each well to a 

96-well round bottom assay plate. The amount of specific cell lysis was monitored by lactate 

dehydrogenase (LDH) release using a CytoTox 96® Non-Radio Cytotoxicity LDH Assay 

(Promega, Madison, WI) performed according to the manufacturer’s recommendation. 

Specific cell lysis was calculated as follows:

Sample Cell Lysis (%) = (Sample Reading – Spontaneous Release) ÷ (Maximal Release 

– Spontaneous Release) × 100.

RESULTS

No significant effects on growth/productivity due to siRNA addition

Based on a proprietary dosing strategy, CHO cells, expressing an anti-CD20 monoclonal 

antibody in shake flask cultures, were transfected directly with increasing concentrations of 

FUT8 and GMDS siRNA duplexes up to 50 picomoles/106 cells. Growth profiles, final titer, 

and final specific productivities (i.e., Final titer / Final IVCC) are summarized in Figure 1. 

After normalization of cell concentration to the initial culture volume in order to account for 

differences in feed and transfection volume (i.e., cell concentration × culture volume ÷ 

initial volume), growth profiles for all conditions were similar with maximum cell 

concentration occurring on day 9. Average maximum cell concentrations for all cultures 
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were also consistently between 18 – 19 × 106 cells/mL. Thus, time course profiles of viable 

cell concentration for the range of siRNA concentrations tested indicated no deleterious 

effects on growth due to increasing siRNA concentration. Final titer and specific 

productivities varied from 84 – 100 µg/mL and 0.94 – 1.11 picograms/cell days, 

respectively. T-tests of final titer and specific productivity, comparing each dose group to 

control, were not significant (p > 0.05), which suggests no significant effect of siRNA 

concentration on antibody titer or specific productivity. These results demonstrate that 

siRNA transfection into cells grown in shake flasks does not affect cell growth 

characteristics or protein productivity.

mRNA silencing is dose dependent and titratable

The effect of FUT8 and GMDS siRNA on silencing of fut8 and gmds expression was 

evaluated using qPCR on daily samples from shake flask cultures with increasing 

concentrations of siRNA. Time course profiles of both fut8 and gmds expression are 

outlined in Figures 2A and 2B, respectively. For both genes, initial expression levels for 

siRNA treated cultures were lower than for the cells only control condition due to the 

transfection of their respective seed cultures. For all siRNA concentrations tested, fut8 

expression, in general, decreased until day 2, increased on day 3, and then gradually 

decreased throughout the rest of the culture. Similarly, gmds expression decreased on day 1, 

increased until day 3 and then maintained this level until day 9. After day 9, gmds 

expression decreased and remained at low levels through day 12. These variations in 

expression profiles between fut8 and gmds are most likely due to differences in target 

message levels and turnover rates 29.

Despite the variability in qPCR data, a decrease in gene expression with increasing siRNA 

concentration can be observed throughout the cultures for both fut8 and gmds expression. To 

further elucidate the potential relationship between siRNA concentration and gene silencing, 

an integral analysis was performed for both fut8 and gmds mRNA expression profiles to 

determine the cumulative mRNA remaining for the various siRNA concentrations (Figure 

2C). The results indicate that silencing is dose dependent between 0 – 10 picomoles/106 

cells for both siRNA with saturation (~16% and ~25% of cells only for fut8 and gmds 

expression, respectively) occurring after siRNA concentrations greater than 10 

picomoles/106 cells. This result suggests that the desired level of mRNA knockdown can be 

achieved by choosing siRNA concentration appropriately and that the optimal siRNA 

concentration for silencing both fut8 and gmds expression is between 5–10 picomoles/106 

cells.

fut8 and gmds mRNA expression is reduced in bioreactors

To demonstrate the benefit of exogenous siRNA addition in bioreactors, CHO cells 

expressing anti-CD20 monoclonal antibody were grown in bench scale bioreactors and 

dosed based on conditions identified in shake flask cultures. Similar to shake flask cultures, 

siRNA addition and transfection do not affect growth, as shown by no significant difference 

in integral viable cell concentrations for both siRNA treated and control cultures throughout 

culture duration (Figure 3A). Furthermore, titer is also not affected [siRNA treated (n=3) − 

157 ± 4 mg/L and untreated controls (n=3) − 161 ± 1 mg/L]. Next, fut8 and gmds mRNA 
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expression were determined for each day of culture via qPCR (Figure 3B). The results 

demonstrate significant silencing of both genes throughout the bioreactor runs, with fut8 and 

gmds expression below 20 and 30%, respectively, of untreated cells only control levels for 

most of culture duration. Interestingly, the expression patterns for both genes are very 

similar until day 6. The increase in expression on days 3 and 6 is most likely due to the 

inability of a transfection frequency of 3 days to maintain silencing with the substantial cell 

growth occurring at this stage. Thus, there may be an opportunity for further improvement 

of silencing by increasing transfection frequency during this culture stage. After day 6, fut8 

expression continued to decrease with time to below 10% of control levels, while gmds 

expression remained relatively constant between 20–30% for the remainder of culture 

duration.

For comparison to expression patterns in shake flask cultures, cumulative mRNA 

knockdown was calculated for both genes in the bioreactor experiments (Figure 3C). 

Cumulative mRNA remaining for fut8 and gmds were 14 and 23%, respectively, of cell only 

controls which is very similar to averages for fut8 and gmds cumulative mRNA remaining in 

shake flasks (16 and 25%, respectively, of cell only controls). This result demonstrates 

reproducibility in silencing between shake flask and bioreactor conditions.

FUT8 and GMDS siRNA specifically increase levels of core afucosylation without affecting 
other product quality attributes

Antibody was purified from harvests of siRNA treated and control bioreactor runs and 

examined for glycosylation profile as shown in Figure 4A. Addition of FUT8 and GMDS 

siRNA dramatically increased total levels of core afucosylation of antibody to 63% 

compared to 0% for purified material from control bioreactor harvests. For the 

agalactosylated form (G0), 59% of purified antibody from siRNA treated cultures was found 

without core fucose, compared to 88% with core fucose for control cultures. For total G1 

forms, there was no afucosylated G1 form identified with control antibody, compared to 4% 

in siRNA treated material. For the completely galactosylated form (G2), roughly 50% of 

siRNA treated material was afucosylated. These data demonstrate that core afucosylation 

was dramatically enhanced with FUT8 and GMDS siRNA addition.

To determine if there were any other effects on product quality due to siRNA addition, 

product quality attributes including N-terminal and C-terminal modifications, oxidation, 

deamidation, and disulfide bond formation were examined. A summary of all the tested 

product quality attributes is shown in Figures 4B–D. Importantly, no significant differences 

were observed between purified material from siRNA treated and untreated control 

bioreactors for modifications to the N-terminal pyroglutamate, C-terminal lysine, and 

deamidation of asparagines. In addition, disulfide linkages were confirmed to occur at the 

appropriate sites and to be identical between conditions (data not shown). A slight increase 

in oxidation of methionine 34 and methionine 81 was observed from the antibody produced 

from siRNA treated cultures; however, this result is most likely due to sample handling as 

the buffer/conditions of these samples were not optimized for long term storage and 

manipulation. Furthermore, FUT8 and GMD siRNA and transfection lipid concentrations 

were determined for samples from various stages of the antibody purification procedure to 
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demonstrate efficient removal of potential process-related contaminants. No significant 

levels above the background levels observed in control cultures were detected for any of 

these components after SP Sepharose purification (Figure 5). These data strongly suggest 

that siRNA addition should have no effect on a biologics manufacturing process, other than 

the intended target(s) silencing effect(s).

siRNA treated bioreactors produce antibody with improved functional characteristics

A predominant effect of core afucosylation on an antibody is to improve binding with 

FcγRIIIa which then promotes increased ADCC 30. Thus, purified antibody from both 

siRNA treated and control bioreactor runs were further subjected to FcγRIIIa binding and 

ADCC assays to determine if there indeed was improved functionality with antibodies 

produced from siRNA treated bioreactors. As shown in Figure 6A, antibody purified from 

siRNA treated bioreactor runs exhibited significantly higher binding to FcγRIIIa compared 

to antibody produced from control bioreactors. Peak OD450 for antibody produced from 

siRNA treated runs were roughly 17-fold higher than material from control runs. Moreover, 

significantly less FcγRIIIa was required (~500-fold) for material generated from siRNA 

treated cultures to produce the same peak binding activity generated from material derived 

from control cultures.

The ADCC assay also demonstrated improved functionality with antibody generated from 

siRNA treated bioreactors (Figure 6B). Antibody from siRNA treated bioreactors exhibited 

roughly 10–30% higher specific cell lysis at any given antibody concentration. Additionally, 

peak specific cell lysis was also higher (66%) relative to antibody from control bioreactor 

runs (53%). Furthermore, to achieve a specific cell lysis of 50%, approximately 25-fold less 

antibody produced from siRNA treated cultures was required compared to control. In 

conjunction with FcγRIIIa binding assay data, these results demonstrate that addition of 

FUT8 and GMDS siRNA directly to bioreactor runs can significantly improve ADCC of a 

biologic without requiring any cell line engineering and thus, provides proof of concept that 

exogenous siRNA addition can modify a biopharmaceutical for enhanced functionality.

DISCUSSION

This study demonstrates that potent siRNA duplexes formulated with a lipid carrier) and 

dosed into shake flasks or bioreactors with cells can produce a modified biopharmaceutical 

with improved biological function without the need for cell line engineering. Furthermore, 

exogenous siRNA addition resulted in no deleterious effects on cell growth, final protein 

titer, or specific productivity. In addition, dose response studies demonstrated the ability to 

titrate the silencing effect, which is unique to this metabolic engineering approach. Concerns 

regarding process clearance of the siRNA and transfection agent should be alleviated as 

standard purification procedures effectively cleared the exogenously added siRNA and 

transfection agent to levels below the lower limit of detection. Moreover, no differences 

were observed when other key product quality structural attributes were compared to 

untreated controls. These data clearly demonstrate that RNAi-mediated metabolic 

engineering via exogenous siRNA feeding is a feasible approach l for modifying 

biopharmaceuticals.
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The exogenous addition of FUT8 and GMDS siRNA duplexes directly to anti-CD20 MAb 

expressing CHO cells specifically and potently decreased fut8 and gmds mRNA to produce 

an anti-CD20 monoclonal antibody with decreased Fc carbohydrate core fucose, enhanced 

FcγRIIIa binding, and improved ADCC activity. These results compare well with initial 

studies expressing shRNA in CHO cells against fut831 which exhibited similar amounts of 

afucosylated antibody (60%). However, more recent studies with shRNA17 and other 

metabolic strategies including homologous recombination6, zinc-finger nucleases7–9, and 

expression of fucose conversion enzymes32 yield complete antibody afucosylation. 

Nonetheless, complete afucosylation may not be required to maximize immune response, as 

suggested in a recent study33. These results demonstrate the potential of adding siRNA 

duplexes targeting fucose to existing biopharmaceutical manufacturing processes such as the 

cetuximab process34 to decrease Fc carbohydrate fucose and produce therapeutic antibodies 

with maximum ADCC activity in a relatively short time.

While RNAi-mediated metabolic engineering via exogenous addition of siRNA is novel, 

there are several areas in which the technology can be further improved. Since the largest 

scale used in this study was 3L (40 L bioreactor proof of concept target knockdown 

completed against lactate dehydrogenase; data not shown), a more thorough understanding 

of cost and scalability of transfection is important for implementation in large-scale 

manufacturing processes. Current cost estimates for an entire run suggest that the cost of 

materials is ~$5/L of initial working volume, which is on par with the cost of off the shelf 

media additions such as insulin that are readily available from commercial vendors. 

However, this cost needs to be further reduced to make the siRNA feeding approach 

commercially feasible. Scalability considerations for robust operation in commercial 

processes using this technology include: (1) siRNA and transfection reagent storage 

optimization to enhance reagent stability, (2) further understanding of compatibility and 

extractable/leachable profiles of siRNA and transfection reagent with process tubing/piping, 

filters, and containers (steel and disposable) typically used at commercial scale, and (3) 

mixing/shear effects on siRNA and transfection reagent individually, as well as on the 

siRNA/transfection reagent feed during bioreactor addition. Formulation optimization of the 

current transfection reagent23 and/or development of new transfection reagents, as well as 

chemical modifications to siRNA, may also lead to increased silencing stability, decreased 

dose levels, and improved silencing potency, which will further decrease costs and enhance 

process robustness. Furthermore, efforts for simplifying the entire transfection dose into a 

lyophilized form could also be useful and may provide a long-term storage alternative that 

leads to reproducible transfections over many runs. All of these modifications will better 

align this technology with large-scale manufacturing.

The ability to specifically target and down regulate multiple cellular pathways 

simultaneously by the addition of siRNA directly to cells growing in shake flasks or 

bioreactors has significant promise for the future of biologics development and 

manufacturing. This technology may enable pre-clinical efforts to rapidly identify cellular 

modifications that improve biologic structural characteristics that enhance biological activity 

without the time-consuming step of generating numerous cell lines. Titratable down-

regulation of potential genetic bottlenecks (e.g. secretory pathway genes) may significantly 
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increase expression levels for enzyme replacement therapies (e.g., α-anti trypsin) that are 

currently generated from alternative methods (e.g. purification from blood products) and 

lead to commercially viable bioprocesses. The use of siRNA duplexes to down-regulate 

genes responsible for immunogenic epitopes [e.g., Galα1-3Galβ1–4GlcNAc-R (α-Gal) 

linkage35, 36 and N-glycolylneuraminic acid (Neu5Gc; NGNA) sialic acid] observed on 

marketed products such as Orencia and Erbitux37 could provide a means to improve biologic 

product quality without re-engineering of the manufacturing cell line. Moreover, undesired 

host cell proteins that reduce product purity or result in unnecessary product modifications 

(e.g., endogenous proteases) can be targeted to further improve product quality and process 

consistency. In summary, targeting critical cellular pathway genes with soluble siRNA 

duplexes added directly to bioreactors has the potential to give highly specific control over 

cell growth, productivity, and product quality that is currently unavailable with existing 

technologies.
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Figure 1. 
siRNA treatment does not affect growth/productivity. A) Time course profiles of viable cell 

concentration for the range of siRNA concentrations. All cell concentrations were 

normalized based on initial working volume to adjust for differences in feed and transfection 

volumes between conditions. Error bars represent ± SEM (n=9 for control and 6 for other 

conditions). B) No significant effect of siRNA concentration on antibody production and 

specific productivity. Specific productivity was determined by dividing final titer by final 

integral viable cell concentration. To generate the final integral viable cell concentration, an 

integral analysis using a standard trapezoidal rule was performed on time course profiles of 

normalized cell concentrations. Error bars represent ± SEM (n=6 for control and 3 for other 

conditions).
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Figure 2. 
Fut8 and gmds silencing is dose dependent. A) Fut8 mRNA time course profile shows a 

decrease in fut8 expression with increasing siRNA concentration. mRNA concentrations 

were determined via quantitative PCR and normalized based on respective daily cells only 

mRNA concentration average. Error bars represent ± SEM (n=9 for control and 6 for other 

conditions). B) Gmds mRNA time course profile shows a decrease in gmds expression with 

increasing siRNA concentration. mRNA concentrations were determined via quantitative 

PCR and normalized based on daily cells only mRNA concentration average. Error bars 

represent ± SEM (n=9 for control and 6 for other conditions). C) Cumulative mRNA 

remaining over the entire time course of the culture for both fut8 and gmds demonstrate 

desired level of mRNA knockdown can be achieved by choosing siRNA concentration 

appropriately. To calculate cumulative mRNA remaining, an integral analysis using a 

standard trapezoidal rule was performed on time course mRNA profiles that were 

normalized based on non-treated cells only daily mRNA concentration averages. Error bars 

represent ± SEM (n=9 for control and 6 for other conditions).
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Figure 3. 
siRNA dosed in a bioreactor results in drastic fut8 and gmds mRNA knockdown with 

minimal effects on growth. A) Integral viable cell concentration profiles for control and 

transfected bioreactors show minimal effects of exogenously added siRNA on growth. Cell 

concentrations were normalized based on initial working volume to adjust for differences in 

feed and transfection volumes between conditions. To calculate integral viable cell 

concentration, an integral analysis using a standard trapezoidal rule was performed on time 

course cell concentration profiles. B) Fut8 and gmds mRNA time course profile show 

significant fut8 and gmds silencing in bioreactors. mRNA concentrations were determined 

via quantitative PCR and normalized based on daily cells only mRNA concentration 

average. Error bars represent ± SEM (n=3). C) Cumulative mRNA remaining over the entire 

time course of the culture demonstrates significant fut8 and gmds silencing occurs in 

bioreactors. mRNA concentrations were determined via quantitative PCR and normalized 

based on daily cells only mRNA concentration average. To calculate cumulative mRNA 

knockdown, an integral analysis using a standard trapezoidal rule was performed on time 

course mRNA profiles. Error bars represent ± SEM (n=3).
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Figure 4. 
siRNA treatment only modifies afucosylation of monoclonal antibody and does not alter 

other product quality attributes. A) Summary of glycosylation profile for both siRNA treated 

and control bioreactors. Error bars represent ± SEM (n=3). B) Summary of N and C terminal 

modifications. Values represent average of six measurements from the same sample ± SEM. 

C) Antibody oxidation summary. Values represent average of six measurements from the 

same sample ± SEM.. D) Antibody deamidation summary. Values represent average of six 

measurements from the same sample ± SEM.
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Figure 5. 
Lipid and siRNA added to the bioreactor are efficiently removed from the bioprocess using 

standard purification procedures. A) siRNA concentrations at different stages of 

purification. B) Lipid concentrations at different stages of purification (n=2); Error bars 

represent ± SEM).
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Figure 6. 
Purified antibody from siRNA-treated bioreactors have increased FcγRIIIa receptor binding 

and enhanced ADCC. A) FcγRIIIa receptor binding profiles exhibit improved binding 

characteristics with purified antibody from siRNA treated bioreactors than material from 

non-siRNA treated bioreactors. Average values of 3 independent assays for 3 bioreactor runs 

from each condition are shown. Error bars represent ± SEM (n=3). B) Improved ADCC 

kinetics observed with purified antibody generated from siRNA treated bioreactors than 

non-siRNA treated bioreactors. Error bars represent ± SEM (n=3).
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