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Abstract

While the majority of host cell protein (HCP) impurities are effectively removed in typical 

downstream purification processes, a small population of HCPs are particularly challenging. 

Previous studies have identified HCPs that are challenging for a variety of reasons. Lipoprotein 

lipase (LPL) – a Chinese hamster ovary (CHO) HCP that functions to hydrolyze esters in 

triglycerides – was one of ten HCPs identified in previous studies as being susceptible to retention 

in downstream processing. LPL may degrade polysorbate 80 (PS-80) and polysorbate 20 (PS-20) 

in final product formulations due to the structural similarity between polysorbates and 

triglycerides. In this work, recombinant LPL was found to have enzymatic activity against PS-80 

and PS-20 in a range of solution conditions that are typical of mAb formulations. LPL knockout 

CHO cells were created with CRISPR and TALEN technologies and resulting cell culture harvest 

fluid demonstrated a significantly reduced polysorbate degradation without significant impact on 

cell viability when compared to wild type samples.
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Introduction

Host cell proteins (HCPs) are a class of impurities that must be removed from all cell-

derived protein therapeutics. The FDA does not specify a maximum acceptable level of HCP, 

but HCP concentrations in final drug product must be controlled and reproducible from 

batch to batch (FDA, 1999). CHO cell culture supernatant contains a complex population of 

HCPs, the majority of which are slightly acidic (Jin et al., 2010). This complex mixture of 

HCP impurities enters the downstream purification process and must be reduced to low 
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levels. Typically HCP concentrations are reduced to 1-100 ppm for final mAb formulations 

(Champion et al., 2005). All products are expected to have trace HCP levels, although the 

levels may be below the limit of detection.

A primary safety concern relates to the possibility that HCP impurities cause antigenic 

effects in human patients (Singh et al., 2012). It is impossible to predict the human response 

to trace HCP impurities, but it is hypothesized that the more dissimilar an impurity is to 

human proteins, the more likely the impurity is to elicit an immune response in humans 

(Wang et al., 2009). While it is uncommon, two clinical trials were recently withdrawn due 

to anti-CHO responses in human patients (Gutierrez et al., 2012; Hanania et al., 2015). In 

addition to adverse health consequences for the patient, enzymatically-active HCP impurities 

can potentially impact product quality during processing or long-term storage (Gao et al., 

2011; Robert et al., 2009).

Prior works explored three routes by which HCP impurities can challenge downstream 

purification: product-association through strong attractive interactions with mAb products 

under protein A loading conditions (Levy et al., 2014), variable expression during extended 

cell culture (Valente et al., 2015), or co-elution with mAbs on polishing chromatographic 

media (Levy et al., 2015). Of the hundreds of extracellular HCPs expressed by CHO cells, 

116 HCPs were identified as difficult to remove by at least one mechanism, with 10 HCPs 

evading clearance by all three methods (Figure 1). Such HCPs may present the greatest risk 

for persisting through purification operations into the final drug product and consequently 

warrant further investigation to facilitate their clearance during biopharmaceutical 

manufacturing. We focus this work on lipoprotein lipase.

During long-term storage, the critical quality attributes of the product molecule must be 

maintained and degradation of excipients in the final product formulation must be 

minimized. Polysorbates are nonionic surfactants that are common additives in drug 

products. The majority of FDA-approved mAbs contain either polysorbate 80 (PS-80) or 

polysorbate 20 (PS-20, Marichal-Gallardo and Alvarez, 2012). Polysorbates protect mAbs 

from degradation during purification, filtration, freeze-drying, storage and final delivery 

(Kerwin, 2008). They are thought to stabilize high-concentration mAb solutions by 

competing with mAbs for surface adsorption (Mahler et al., 2009) or binding to the product 

molecules (Lee et al., 2011). Several different routes of polysorbate degradation in 

formulations have previously been identified (Dixit et al., 2016; Ha et al., 2002; Khossravi et 

al., 2002; Kishore et al., 2011; Hall et al., 2016), with degradation leading to accelerated 

product degradation due to increased aggregation (Khossravi et al., 2002) or oxidation due to 

peroxide formation (Ha et al., 2002).

We hypothesize that a specific difficult-to-remove CHO HCP impurity may contribute to 

polysorbate degradation and contribute to reduced mAb stability. Specifically, one of the 

difficult-to-remove HCPs noted above, lipoprotein lipase (LPL), which was also identified in 

other studies of HCP persistence (Aboulaich et al., 2014; Doneanu et al., 2012), hydrolyzes 

ester bonds within triglycerides to form alcohol and fatty acid molecules (Nilsson-Ehle et 

al., 1980). Given the structural similarities between polysorbates and triglycerides, it is 

hypothesized that LPL may enzymatically degrade polysorbates and consequently negatively 
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impact mAb stability. A similar mechanism has recently been proposed to be associated with 

the degradation of PS-20 in a non-mAb product formulation by putative phospholipase B-

like 2 (PLBL2) (Dixit et al., 2016). PLBL2 is an HCP impurity that was previously 

identified to have variable expression during extended culture (Valente at al., 2015).

Targeted gene disruption or knockout can be achieved using zinc finger nucleases (ZFNs), 

transcription activator-like effector nucleases (TALENs), and clustered regularly interspaced 

short palindromic repeats (CRISPRs) technologies. Several groups have demonstrated the 

application of gene disruption technologies in CHO cells (Grav et al., 2015; Ronda et al., 

2014; Sun et al., 2015) for targeted gene deletion. Functional knockouts of FUT8 yield CHO 

cell lines that produce defucosylated antibodies (Grav et al., 2015; Ronda et al., 2014; Sun et 

al., 2015), while BAX and BAK knockouts yield CHO cell lines with high viability under 

long culture times (Grav et al., 2015). Recent advances in the sequencing of the CHO-K1 

and the Chinese hamster genome (Brinkrolf et al., 2013; Xu et al., 2011) have aided the 

rational design of engineered CHO cell lines with desired properties.

In this study, we applied targeted gene disruption technologies to reduce expression of 

lipoprotein lipase and test if the enzyme is associated with the degradation of polysorbates 

including through the use of a mass spectrometry-based assay. We also explored the 

quantification of LPL expression also using a multiple selected ion reaction monitoring 

(MRM) assay.

Methods

E. coli expression of CHO LPL

The Chinese hamster LPL gene sequence (UniProKB entry G3H6V7) was synthesized by 

Life Technologies (Carlsbad, CA, USA). The synthesized sequence included NdeI and 

BamHI restriction enzyme sites at the 5′ and 3′ ends respectively and a six-His tag 

sequence was also added between the last codon of lpl and the BamHI site. The lpl sequence 

was amplified, purified and ligated into the pET11a vector; the lpl-containing pET11a vector 

was transformed into NEB5α competent cells (New England BioLabs, Ipswich, MA, USA) 

and plated on Amp-LB agar plates. Twelve positive colonies were selected and cultured 

overnight. The pET11a vector was then purified and digested and positive clones were 

confirmed via sequencing.

The lpl-containing pET11a plasmid was then transformed into BL21 competent cells in SOC 

broth (New England BioLabs) and plated on ampicillin. Colonies were selected and cultures 

were grown overnight to seed a 750 mL production culture. Induction was commenced at 

0.4 OD with the addition of 400 μM IPTG (Sigma-Aldrich Chemical Co., St. Louis, MO, 

USA), followed by LPL expression for 3 hours.

LPL purification and refolding

The E. coli inoculum was harvested and centrifuged at 1000 g for 10 minutes to pellet the 

cells using an Eppendorf 5810R centrifuge (Hamburg, Germany). The supernatant was 

discarded and the cell pellets were frozen for future use. Cell pellets were thawed in lysis 

buffer – 75 mM tris, 120 mM NaCl, 5 mM EDTA, pH 7.7 – and cells were lysed in an 
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M-110L Pneumatic Microfluidizer from Microfluidics (Westwood, MA, USA) at 9000 psi 

for at least 6 full cycles at 5 °C. Cell lysate, containing LPL inclusion bodies, was then 

ultracentrifuged in a Beckman Coulter Optima™ L-100 XP Ultracentrifuge (Brea, CA, 

USA) at 40,000 g for 1 hour to pellet the inclusion bodies. The inclusion bodies were 

solubilized in 6 M guanidine HCl, 300 mM NaCl, 10 mM imidazole, 20 mM sodium 

phosphate at pH 7.4. The solubilized LPL was loaded onto a HisPur™ Ni-NTA column from 

Thermo Scientific (Waltham, MA, USA), washed with 10 CV of 6 M guanidine HCl and 

eluted with 16 CVs of 20 mM sodium phosphate, 300 mM NaCl, 6 M guanidine HCl, 250 

mM imidazole at pH 7.4. The elution pool was diluted in 6 M guanidine HCl to a final OD 

of 0.4. The solubilized protein was then reduced with the addition of dithiothreitol (DTT) at 

a final concentration of 15 mM.

A solution of refolding buffer was prepared containing 50 mM tris, 600 mM L-arginine, 2.5 

mM calcium chloride and 5 mM cysteine at pH 8.5. The arginine is intended to prevent 

aggregation and there is evidence from previous work that calcium chloride can assist in 

proper folding of LPL into active dimers (Zhang et al., 2005). A volume of refolding buffer 

50 times the volume of solubilized inclusion bodies was stirred gently at 5 °C while the LPL 

inclusion body solution was added at ∼0.2 mL/min using a peristaltic pump. After the 

addition of LPL was complete, gentle stirring was continued for 12 hours at constant 

temperature.

To confirm folding, reverse phase-HPLC was run with unfolded LPL (LPL solubilized in 6 

M guanidine) and refolded LPL. The LPL was injected into a C18 column at 1 mL/min with 

a linear gradient from 0-100% acetonitrile in water over 45 minutes. The unfolded LPL 

eluted after 7 minutes and the majority of refolded LPL eluted after 4 minutes (data not 

shown).

CHO cell culture

A null CHO-K1 cell line (ATCC, Manassas, VA, USA) was adapted to serum-free, 

suspension culture in 125 mL shake flasks containing 20–30 mL SFM4CHO medium (GE 

Healthcare Life Sciences, Little Chalfont, UK). Following adaptation, the cells were 

subjected to extended culture with routine passaging at 3–5 day intervals in a 37 °C cell 

culture incubator at 5% CO2 and 80% relative humidity.

Single guide RNA (sgRNA) target design and plasmid construction for CRISPR and TALEN

The Cas9 expression vector was obtained from Addgene (Addgene #41815) and selected on 

100 μg/mL ampicillin LB plates. The sgRNA target selections (Supplementary Table I) for 

lpl were filtered using a bioinformatics tool, CRISPy (Ronda et al., 2014). The target sgRNA 

expression vectors were constructed by cloning 455 bp gBlocks (Supplementary Table II) 

synthesized by Integrated DNA Technologies (Coralville, IA, USA) into pCR-Blunt-II 

TOPO vector (Life Technologies) according to the manufacturer's recommendations. The 

sgRNA expression vectors were transformed into E. coli One Shot TOP10 competent cells 

(Life Technologies) according to the manufacturer's recommendations and selected on 50 

μg/mL kanamycin LB plates. Cas9 and sgRNA plasmids were purified using the QIAprep 

Spin Miniprep Kit (Qiagen, Hilden, Germany) and the construct sequences were verified by 
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Sanger sequencing (DBI sequencing center, Newark, DE, USA). The TALENs were 

designed against lpl exon 4 (Supplementary Figure 1) and provided by the Gene Editing 

Institute at Christiana Care Hospital.

CRISPR- and TALEN-mediated DNA modification and subclone selection

1×106 cells were simultaneously transfected with Cas9 and sgRNA targeting lpl expression 

vectors, for CRISPR-mediated DNA modification, and TAL1 and TAL2 expression vectors, 

for TALEN-mediated DNA modification, using Amaza Cell Line Nucleofector Kit V for 

CHO-K1 cells (Lonza, Basel, Switzerland) according to the manufacturer's protocol. A 

transfection with pmaxGFP vector (Lonza) was applied to evaluate the transfection 

efficiency. Transfected cells were cultured for 48 hours to allow gene knockout. Single cell 

clones from cells treated with CRISPR or TALEN plasmids were generated by limiting 

dilution into a 96-well plate with a target density of 0.5 cells/well. Single clones were grown 

at 37 °C in a cell culture incubator at 5% CO2 and 80% relative humidity for three weeks 

and then further expanded in 6-well plates before testing for mutations. Genomic DNA was 

extracted from the CRISPR-treated cell population using the QIAamp DNA Mini Kit 

(Qiagen) for a T7 endonuclease I (T7EI) assay. The cells were counted using either a Fuchs-

Rosenthal hemocytometer or Countess II cell counter (Life Technologies). Cell viability was 

determined by the Trypan blue exclusion method. CHO harvested cell culture fluid (HCCF) 

from wild-type and lpl knockout cell lines was separated from the cells by centrifugation 

(180 g, 10 min) and stored at -20 °C.

The genomic regions covering the lpl sgRNA target sites were PCR-amplified from genomic 

extracts. PCR products were purified using the QIAquick PCR Purification Kit (Qiagen) and 

then TOPO-cloned into the pCR-Blunt II-TOPO vector using the Zero Blunt TOPO PCR 

Cloning Kit (Life Technologies). The constructed plasmids were transformed into E. coli 
One Shot TOP10 competent cells (Life Technologies) according to the manufacturer's 

recommendations and selected on 50 μg/mL kanamycin LB plates. Single colonies were 

picked and grown in LB medium with 50 ug/mL kanamycin. Plasmids from single colonies 

were extracted using QIAprep Spin Miniprep Kit (Qiagen). Sequences of the plasmids were 

verified by Sanger sequencing (DBI sequencing center, Newark, DE, USA) using an M13 

reverse primer.

T7 Endonuclease (T7EI) assay for targeting efficiency of CRISPR

The overall targeting efficiency of CRISPR can be assessed using a T7EI assay, which 

measures insertions and deletions (indels) derived from CRISPR activity. Genomic regions 

around the CRISPR target site were amplified from the genomic DNA extracts using 

Phusion high-fidelity polymerase (New England Biolabs, Ipswich, MA, USA) by touchdown 

PCR (Supplementary Table III). The PCR products were subjected to a reannealing process 

to enable heteroduplex formation (95 °C for 5 min; 95-85 °C ramped at -2 °C/s; 85-25 °C 

ramped at -0.1 °C/s; and held at 4 °C). Annealed PCR products were subsequently digested 

with T7EI (New England Biolabs) at 37 °C for 20 minutes and analyzed on a 2% TAE gel. 

The percentage of indels was quantified from band intensity analysis of the cut and uncut gel 

bands using ImageJ.
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LPL expression analysis by LC-Multiple Reaction Monitoring (MRM) assay

Extracellular CHO HCPs were precipitated from HCCF with methanol as described 

previously (Valente et al., 2014) and residual detergent was removed by DetergentOUT™ 

GBS10–800 detergent removal kit (G-Biosciences, St. Louis, MO, USA) according to the 

manufacturer's protocol. Trypsin digestion was performed as described previously (Valente 

et al., 2014). Peptide pellets were resolubilized in 0.1% trifluoroacetic acid (TFA, Fisher 

Scientific), loaded onto C18 ZipTips (EMD Millipore, Billerica, MA, USA) and eluted in 

50% acetonitrile with 0.1% TFA (Fisher Scientific).

MRM is a mass spectrometry-based technique that can precisely quantify small molecules, 

peptides, and proteins within complex matrices with high sensitivity, specificity and a wide 

dynamic range (Picotti et al., 2010). MRM is typically performed with triple quadrupole 

mass spectrometers wherein a precursor ion corresponding to the selected small molecules/

peptides is selected in the first quadrupole and a fragment ion of the precursor ion was 

selected for monitoring in the third quadrupole (Choi et al., 2013). The LPL LC-MRM assay 

was performed on a QTrap 4000 (AB Sciex, Foster City, CA, USA) equipped with an 

UltiMate 3000 nLC system (Dionex, Sunnyvale, CA, USA). Digested CHO HCPs were 

injected onto a C18 trap column (Dionex), and washed with 2% acetonitrile with 0.1% 

formic acid (Mallinckrodt Chemicals, Phillipsburg, NJ, USA) for 5 min with a flow rate of 

30 μl/min, then eluted onto a C18 column (Acclaim PepMap100, 75 μm × 150 mm, 3 μm, 

100 Å, Dionex) by a program of 2–49% acetonitrile with 0.1% formic acid in 50 min, 

followed by 49% acetonitrile with 0.1% formic acid for 20 min. Column eluate was directly 

injected into a QTrap 4000 through a nanoSpray II source (AB Sciex) with an uncoated 

fused-silica Pico tip (New Objective, Woburn, MA, USA). The instrument was operated in 

positive ESI ion mode, with spray voltage at 2400 V and source temperature of 150 °C, with 

MRM triggered enhanced resolution scan and enhanced product ion scans. MRM transitions 

were generated with Skyline v2.5 (MacLean et al., 2010) and monitored through Analyst 

1.6.2 (AB Sciex) with parameters specified in Table I. All raw MRM data were integrated 

for peak area with Skyline. Skyline is an open source software for method development and 

data analysis in target proteomics, and freely available (MacLean et al., 2010). Raw data 

from CRISPR and TALEN knockout cell lines were normalized to peptide NVLVTLYER, 

and raw data for the final selected five clones were normalized to 

ITGLDPAGPNFEYAEAPSR with C-terminal 13C15N-labeled R. The analysis was 

performed with three technical replicates.

CHO LPL protein expression analysis by western analysis

Extracellular CHO HCPs were precipitated with methanol as described previously (Valente 

et al., 2014) and resolubilized in phosphate buffered saline. Concentrations of resolubilized 

HCPs were measured using a Bradford assay. Two sets of 30 μg CHO HCPs were reduced 

by sodium dodecyl sulfate (SDS) and DTT before being separated on 4-20% Mini-

PROTEAN TGX precast gel (Biorad Laboratories, Hercules, CA, USA). Proteins were then 

transferred to a 0.45 μm polyvinylidene difluoride membrane (Life Technologies). 

Membranes were blocked in 3% non-fat dry milk in Tris-buffered saline with TWEEN 20 

(TBST, Sigma-Aldrich Chemical Co.) for 1 hour and probed overnight at 4 °C with LPL N-

terminus primary antibody (1:500 dilution in 3% milk block), which recognizes LPL 
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residues 27-79 (Santa Cruz Biotechnology, Dallas, TX, USA). A second membrane was 

probed overnight at 4 °C with LPL C-terminus primary antibody (1:250 dilution in 3% milk 

block), which recognizes LPL residues 297-326 (Abcam, Cambridge, UK). The membranes 

were then probed with alkaline phosphatase-conjugated mouse anti-rabbit IgG (1:5,000 

dilution, Sigma-Aldrich Chemical Co.) for 45 minutes, detected using enhanced 

chemifluorescence (ECF, GE Healthcare Life Sciences) substrate following the 

manufacturer's instructions and imaged using a Typhoon FLA-7000 scanner (GE Healthcare 

Life Sciences).

LPL activity assay

Polysorbate degradation is measured indirectly by measuring the free fatty acid 

concentration because enzymatic hydrolysis of PS-80 yields oleic acid and an alcohol 

component and enzymatic hydrolysis of PS-20 yields lauric acid and an alcohol component. 

Measurements of LPL activity against PS-80 were carried out under various solution 

conditions. Refolded recombinant LPL was buffer-exchanged into the appropriate buffer 

prior to the activity assay. The conditions investigated were 10 mM sodium acetate at pH 

5.0, 10 mM L-histidine at pH 6.0, and 50 mM bis-tris at pH 6.8. PS-80 was added to the 

buffer-exchanged LPL to a final concentration of 0.23 mM. Some samples also included 

either 10 mM calcium chloride or 10 mM sodium chloride. The polysorbate and LPL 

solutions were then incubated at 37 °C with constant mixing for 24 hours.

The polysorbate degradation assay was adapted from previous work (Khossravi et al., 2002) 

that was designed to measure degraded PS-20 from pancreatic lipase. 270 μM 9-

(diazomethyl)anthracene (ADAM) (Sigma-Aldrich Chemical Co.) in methanol was added to 

each sample in a 3:1 volumetric ratio of ADAM solution to sample. The ADAM conjugation 

was carried out at room temperature using opaque 1.6 mL Eppendorf tubes with constant 

mixing for at least 6 hours. Following conjugation the samples were centrifuged at 13,000 g 

for 6 minutes (Eppendorf miniSpin centrifuge, Hamburg, Germany) and the supernatant was 

added to HPLC sample vials. A Viva C18 150 × 4.6 mm column from Restek (Bellefonte, 

PA) was used with a Shimadzu Prominence UFLC (Kyoto, Japan). The mobile phase was 

97% acetonitrile and 3% methanol. Samples were all run in triplicate on the HPLC with 

injection volumes of 10 μL and a flow rate of 1 mL/min for 13 minutes per sample. The 

absorbance at 254 nm was analyzed for the characteristic peaks of degraded PS-80. A 

sample chromatogram comparing degraded and non-degraded PS-80 is shown in 

Supplementary Figure 2. The ADAM-labeled polysorbate degradation product has a 

characteristic peak at 7 minutes. The EnzyChrom™ Free Fatty Acid Kit (Fisher Scientific, 

Fair Lawn, NJ, USA) was used as a secondary method to confirm the results of the HPLC 

assay described by directly measuring the release of fatty acid by lipase.

CHO HCCF prepared from CRISPR transfected cells, TALEN transfected cells, and control 

cultures were independently buffer-exchanged into pH 6.8 buffer containing 10 mM CaCl2 

(Sigma-Aldrich Chemical Co). PS-80 and PS-20 were then added to the buffer-exchanged 

HCPs to final concentrations of 0.23 mM (0.03% w/w) and 0.27 mM (0.03% w/w), 

respectively. The mixture was incubated at 37 °C for 12 hours with mixing. Enzymatic 

degradation of PS-80 and PS-20 were measured using the EnzyChrom™ Free Fatty Acid Kit 
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to measure the concentration of fatty acid released during polysorbate hydrolysis. The LPL 

inhibitor study also included 2 μM apolipoprotein C-III (apoC-III, Sigma-Aldrich Chemical 

Co.) in the reaction mixture.

Quantification of oleic acid by LC-Multiple Reaction Monitoring (MRM) assay

LC-MRM analysis was performed on a QTrap 2000 (AB Sciex, Foster City, CA) equipped 

with an Agilent 1100 HPLC (Agilent, Wilmington, DE). The reaction product was diluted 

50 times with 90% methanol (Avantor Performance Materials, Center Valley, PA), 0.1% 

acetic acid (Avantor Performance Materials). For normalization, U-13C oleic acid was spiked 

in as an internal standard at a concentration of 0.5 μM. Five μL of the diluted reaction 

mixture was injected onto a C18 reverse phase column (3 μm, 100 Å, 100 mm × 2 mm, 

Phenomenex, Torrance, CA), and isocratically eluted with 90% methanol, 0.1% acetic acid 

for 25 min at a flow rate of 200 μL/min. The eluate was introduced to the QTrap 2000 

through a Turbo V source from 6 min to 15 min. The data were acquired in negative ion 

mode with pseudo MRM with the following settings: 20 psi curtain gas, -4500 V ion spray 

voltage, 450 °C temperature, 45 psi ion source gas 1, 50 psi ion source gas 2, and -16 V 

collision energy. Oleic acid and the internal standard were monitored at 281.2/281.2 and 

299.2/299.2 respectively. Peak integration was performed with Analyst 1.6.2 (AB Sciex) in 

quantitation mode. Oleic acid concentrations were calculated based on a calibration curve. 

All samples were measured using biological triplicates in technical duplicates.

Results and discussion

E. coli-expressed CHO LPL impacts PS degradation

The experimentally measured degradation rates of PS-80 by CHO LPL produced in E. coli 
are shown in Figure 2. Activity was measured at 37 °C at pH 5.0, 6.0 and 6.8 in the presence 

of either NaCl, CaCl2 or no additional salt. These conditions were chosen to mimic FDA-

approved mAb formulation conditions (Daugherty and Mrsny, 2006; Wang et al., 2009) and 

Ca2+ was previously found to promote the formation of active LPL dimers (Kobayashi et al., 

2002). Overall, there is measurable PS-80 degradation in almost all of the conditions tested 

(and more than in a buffer-only control). Degradation rates were found to increase from 

0.2±0.08 to 3.9±0.7 μmol PS-80/μmol LPL/hour in no salt and from 0.3±0.08 to 10.1±0.8 

μmol PS-80/μmol LPL/hour in 10 mM CaCl2 with increasing pH (pH 5.0-6.8 in no salt and 

pH 6.0-6.8 in 10 mM CaCl2), consistent with prior work on lipase catalysis that showed 

maximum rates at higher pH (Pereira et al., 2003; Shirai et al., 1983). The addition of the 

two salts had only a small effect, contrary to previous findings (Kobayashi et al., 2002). The 

highest rate of degradation, at 10 μmol PS-80/μmol LPL/hour, was found at pH 6.8 with 10 

mM CaCl2, but similar rates were found with NaCl and no additional salt; neither salt 

appears necessary for active LPL degradation of PS-80. The PS-80 degradation rates 

measured here were similar to those in previous findings with pancreatin, which contains 

lipases (Christiansen et al., 2010), and are consistent with the possibility that CHO LPL may 

influence PS stability under certain conditions. At the same time, E. coli is unable to 

perform N-linked and so the E. coli-expressed LPL may not have the same, full activity as a 

natively processed LPL (Semb and Olivecrona, 1989) thus underscoring the need to test the 

impact of CHO LPL.
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Design of sgRNA target site for CRISPR knockout of LPL

A rational design of the sgRNA target site is necessary to knock out LPL function while 

minimizing off-target genome-editing on other CHO genes (Fu et al., 2014; Kuscu et al., 

2014; Ran et al., 2013). The exon and its corresponding function were taken into 

consideration when selecting target sequences. The lpl gene is composed of 10 exons and 9 

introns (Braun & Severson, 1992), with six exons encoding functional sites. Exons 5, 6, and 

8 of lpl were the three target domains chosen for CRISPR genome editing. The Gly-Xaa-

Ser-Xaa-Gly active site of LPL, encoded by exon 5, is essential for the hydrolysis of lipids. 

The heparin-binding site, encoded by exon 6, serves as a bridge between the protein and 

lipoprotein. A study has shown that an inactive heparin-binding site diminishes LPL activity 

(Lutz et al., 2001). N-linked glycosylation, with sites encoded by exons 2 and 8, are required 

for LPL to be catalytically active. The selected target sequences for functional lpl knockout 

(Supplementary Table I) are present only in the lpl gene in the CHO-K1 genome, contain the 

lowest number of off-target mismatches, and are predicted to disrupt at least one important 

functional site.

Three sgRNA expression vectors, each specific for their respective lpl exon target, were 

constructed and individually co-transfected with a Cas9 expression vector in CHO-K1 cells. 

The efficacy of CRISPR-mediated genome-editing was determined three days post-

transfection, with transfection efficiency of 91% and cells at 63% viability (Supplementary 

Figure 3). The indel percentages observed in CRISPR-treated cell populations were 7%, 1%, 

and 0% for cells transfected with sg1, sg2, and sg3, respectively (Supplementary Figure 4). 

Indels not observed in cells treated with sg3 may be contributed by the instability of sgRNA 

formation, which depends on folding energy and G-quadruplex formation (Moreno-Mateos 

et al., 2015).

Characterization of CHO-K1 lpl knockout cell lines by sequencing, western analysis and 
LPL-specific MRM assay

In an initial experiment, 96 wells of TALEN and 96 wells of CRISPR clones were expanded 

by dilution cloning. 26 TALEN and 15 CRISPR clones (41 total) were subsequently 

expanded into 6 well plates. The LPL expression levels of the 41 isolated populations and a 

wild-type control in CHO HCCF were analyzed by an MRM assay, which measures protein 

expression at the peptide level. Treatment of CHO-K1 cells with TALEN and CRISPR 

reduced LPL expression by 80-99% (Figure 3). Here, we also highlight the establishment of 

an MRM assay that is specific to LPL to detect LPL peptides in CHO HCCF, a mixture with 

hundreds of HCPs.

In an additional experiment, five separate CRISPR-based cell lines (42, 43, 44, 45, 46), were 

isolated and selected for further characterization, with three cell lines (42, 43, 44) targeting 

exon 5 and two cell lines (45, 46) targeting exon 6 showed indels in lpl (Supplementary 

Figure 5A). Sequencing results confirmed that there are two different mutations in cell lines 

42, 43, and 44, and one mutation in cell lines 45 and 46, where cell lines 42, 43, and 44 each 

may contain two subpopulations with changes in lpl, while cell lines 45 and 46 each contain 

one subpopulation. Four of the five cell lines (43, 44, 45, and 46) contains subpopulations 

with frameshift mutations, which would result to the expression of a truncated LPL protein, 
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if expressed (Supplementary Figure 5B). Cell line 42 contains one subpopulation with a 

frameshift mutation and another subpopulation that leads to a 6-amino acid deletion that 

occurs at the active site, which would result to the expression of a catalytically inactive LPL.

The five CHO-K1 lpl knockout cell lines, for which lpl knockout was confirmed by 

sequencing, were subjected to western analysis for their relative expression of LPL. Two 

LPL antibodies were selected to probe for the expression of N-terminal and C-terminal 

regions of the LPL protein. Western analysis shows reduced expression of LPL near the 

expected molecular weight of 53 kDa in the lpl knockout cell lines (Figure 4A and 

Supplementary Information Figure 6). Cell line 42 exhibited reduced expression of the 

modified 52.2 kDa LPL, but not the modified 24.7 kDa LPL protein. Cell lines 43, 44, and 

46 did not exhibit expression of either native LPL or modified LPL. Native LPL expression 

was not detected in cell line 45. However, cell line 45 exhibited expression of a truncated 

LPL protein was detected by the N-terminus LPL antibody, as predicted by the change made 

in the lpl gene. The faint band in each lane below the molecular weight of LPL is a non-

specific binding of the antibody and is seen in the western images provided by the 

manufacturer.

LPL expression from lpl knockout cells and wild-type cells were analyzed by an MRM 

assay. The peptide fragments used for the detection of LPL expression are 

ITGLDPAGPNFEYAEAPSR (ITG) and GLGDVDQLVKC (GLG). The positions of the 

peptide fragments and the starting regions affected by CRISPR in LPL are shown in 

Supplementary Figure 7. Lpl knockout by CRISPR reduced LPL expression by 95-99% in 

cell lines 42, 43, 44 and 46 (Figure 4B, C). CHO HCP from cell line 45 contains amounts of 

ITG and GLG peptides similar to those of the wild-type control, which may be 

representative of degraded LPL not detected previously by western rather than the presence 

of native LPL. Western and MRM results both support the reduction of native LPL 

expression in all five CHO-K1 lpl knockout cell lines. The successful knockout of LPL at 

the protein level occurred through frameshift mutations in the exons (cell lines 43, 44, 45, 

46) that yielded either no expression or truncated expression of LPL proteins.

Culture performance of LPL knockout CHO-K1 cell lines

The five CHO-K1 lpl knockout cell lines (42, 43, 44, 45, 46) were cultivated in parallel to 

the wild-type CHO-K1 control to evaluate the effect of a functional lpl knockout on culture 

performance. All five lpl knockout cell lines showed similar integrated viable cell density 

(IVCD) to that of the wild-type control during the first six days of cultivation and by day 10 

the IVCD of lpl knockouts differs from that of the wild-type control by -16% to +5% (Figure 

5A). High levels of cell viability were maintained for 8 days across all cultures, with three 

lpl knockout cell lines (A, C, D) able to maintain longer cell culture durations with over 50% 

viability (Figure 5B). Changes to total extracellular protein in the HCCF on day 4 of 

cultivation were not statistically significant (p > 0.05), with the exception of cell lines 43 (p 

= 0.013) and 46 (p = 0.046), which produced 29% and 17% more protein than the wild-type 

control, respectively (Figure 5C).

Reduction of IVCD in lpl knockout cell lines suggests that LPL activity, or free fatty acid 

production from LPL activity, affects cell growth. Previous studies have shown that the 
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addition of free fatty acids and phospholipids in mammalian cell culture promotes cell 

growth (Wicha et al, 1979; Prasad, 1980; Schmid et al., 1991). Minimal changes to IVCD 

across the cell lines indicate that the absence of LPL does not appreciably impair cell growth 

while variable total protein production between the cell lines does not give a clear indication 

of LPL's role in HCP productivity. These observations demonstrate that LPL does not have a 

significant negative impact on cell performance.

Polysorbate degradation is reduced in lpl knockout cell lines

PS-80 or PS-20 with a final concentration of 0.03% w/w was incubated with concentrated 

CHO HCCF obtained from wild-type CHO-K1 cells or CHO-K1 lpl knockout cells. Samples 

used in an LPL inhibitor study were incubated with either PS-80 or PS-20 and 2 μM apoC-

III, which has been shown to specifically inhibit LPL activity (Bobik, 2008; Larsson et al., 

2013; McConathy et al., 1992). Wild-type CHO HCCF degraded 34% (85 μM) of the total 

PS-80 after 12 hours. Incubation of CHO wild-type HCCF with apoC-III reduced PS-80 

degradation by 28% (Figure 6A) as measured by an MRM assay, which is consistent with 

prior observations regarding a CHO HCP impact on PS-80 stability. HCCF from the various 

lpl knockout lines degrade anywhere from 18% (45 μM) to 20% (50 μM) of total PS-80, 

representing a 41% to 47% improvement in PS-80 stability compared to the CHO-K1 wild-

type control (Figure 6A). Moreover, addition of apoC-III did not alter the ability of lpl 
knockout HCCF to degrade PS-80.

A similar set of experiments was carried out to study the effects of LPL on PS-20 

degradation. HCCF from CHO wild-type control degraded 38% (102 μM) of total PS-20. 

Incubation of CHO wild-type HCCF with apoC-III reduced PS-20 degradation by 20% 

(Figure 6B). HCCF from CHO-K1 lpl knockouts degrade 16% (44 μM) to 21% (58 μM) of 

total PS-20, representing a 44% to 57% improvement in PS-20 stability, compared to the 

CHO-K1 wild-type control (Figure 6B) measured using the fatty acid assay. The addition of 

apoC-III did not alter the ability of lpl knockout HCCF to degrade PS-20, which suggests 

that LPL is not catalytically active in knockout cell lines, if present at all.

Joucla et al. identified LPL as composing 0.1% of the total CHO HCCF concentration 

(2013). Although the exact protein composition of HCCF used in each polysorbate 

degradation assay is unknown, the reduction in polysorbate degradation (41% to 57%) by 

CHO-K1 lpl knockouts HCCF suggests that LPL, though not abundantly present in CHO 

HCCF, plays an outsized role in polysorbate hydrolysis.

Conclusions

LPL is an HCP impurity that is expressed and secreted by CHO cells and is difficult to 

remove during downstream purification because it exhibits product association and similar 

retention characteristics to mAbs on polishing chromatographic resins. This study shows that 

persistence of LPL through downstream purification operations and into the final drug 

product can degrade polysorbates. CHO-K1 lpl knockout cell lines (generated using 

CRISPR) reduced LPL expression by greater than 95% while maintaining properties 

important for biopharmaceutical processing and reducing polysorbate degradation by 41% to 

57%.
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The gene-silencing and gene-disruption techniques used in this work can be applied to study 

LPL during biopharmaceutical process development or to reduce LPL expression during 

therapeutic protein manufacturing. Additionally, the techniques shown here are not specific 

to LPL and can be applied to study the impact of reduced expression of other difficult-to-

remove HCP impurity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Venn diagram of difficult-to-remove HCP impurities and the mechanism by which they 

challenge clearance in biopharmaceutical manufacturing. Diagram not drawn to scale.
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Figure 2. 
Average degradation rate of PS-80 in solutions containing recombinant CHO LPL (produced 

in E. coli) in different solution conditions at 37 °C for 24 hours.
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Figure 3. 
Relative LPL protein expression measured with a LPL-specific MRM assay for initial 26 

TALEN-treated and 15 CRISPR-treated CHO-K1 cells. LPL expressions are normalized to 

the wildtype control, n = 1. Wildtype is shown in blue, TALEN in red, and CRISPR in green.
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Figure 4. 
Characterization of LPL protein expression from CHO lpl knockout cell lines by western 

analysis and MRM. (A) Expression of LPL protein probed by the N-terminus LPL antibody 

(Anti-LPL(N)) and C-terminus LPL antibody (Anti-LPL (C)). The predicted molecular 

weight of LPL is 53 kDa. The red arrow indicates the native LPL band. The yellow arrow 

indicates the altered LPL protein expressed by cell line 42, with predicted molecular weight 

of 52.2 kDa. The white arrow indicates the altered LPL protein expressed by cell line 45, 

with predicted molecular weight of 29.9 kDa. (B) Relative expression of LPL ITG peptide 

by MRM. (C) Relative expression of LPL GLG peptide by MRM. LPL expressions are 

normalized to the wildtype control. Error bars represent the standard error of the mean from 

three technical replicates.
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Figure 5. 
Cell culture performance of CHO-K1 lpl knockout cell lines. (A) Integrated viable cell 

density (IVCD), relative to the wild-type control, (B) viability cell culture profile of CHO-

K1 wild-type, and cell lines 42, 43, 44, 45, and 46. Error bars represent the standard error of 

the mean from two biological replicates. (C) Total extracellular protein expression at day 4 

of cell culture. Error bars represent the standard error of the mean from three biological 

replicates.
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Figure 6. 
Effect of LPL on the degradation of (A) PS-80 and (B) PS-20 by CHO HCCF from CHO-K1 

wild-type control (WT), CHO-K1 lpl knockout cell lines (42, 43, 44, 45, and 46), and apoC-

III (I). Error bars represent the standard error of the mean from three biological replicates.
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