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Abstract

Polysorbate is widely used to maintain stability of biotherapeutic proteins in formulation
development. Degradation of polysorbate can lead to particle formation in drug products, which
IS a major quality concern and potential patient risk factor. Enzymatic activity from residual
enzymes such as lipases and esterases can cause polysorbate degradation. Their high activity,
even at low concentration, constitutes a major analytical challenge. In this study, we evaluated
and optimized the activity-based protein profiling (ABPP) approach to identify active enzymes
responsible for polysorbate degradation. Using chemical probes to enrich active serine
hydrolases, more than 80 proteins were identified in harvested cell culture fluid (HCCF) from
monoclonal antibodies (mADb) production. A total of 8 known lipases were identified by ABPP,
while only 5 lipases were identified by a traditional abundance-based proteomics (TABP)
approach. Interestingly, phospholipase B-like 2 (PLBL2), a well-known problematic HCP was
not found to be active in process-intermediates from two different mAbs. In a proof-of-concept
study, phospholipase A2 group VII (PLA2G7) and sialic acid acetylesterase (SIAE) were
identified by ABPP as possible root causes of polysorbate-80 degradation. The established
ABBP approach can fill the gap between lipase abundance and activity, which enables more

meaningful polysorbate degradation investigations for biotherapeutic development.

Keywords: Activity-Based Protein Profiling (ABPP), Biotherapeutics, Lipase, Polysorbate

Degradation, Residual Host Cell Protein
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I ntroduction

Non-ionic surfactant polysorbate (PS) is an excipient in formulation solutions serving as a shear
protectant to stabilize biotherapeutics, prevent agitation-induced aggregation, and minimize
surface adsorption. Polysorbate-80 (PS-80) and polysorbate-20 (PS-20) are the most widely
used PSs in the biopharma industry.”® The degradation of PS can result in turbidity and
formation of sub-visible particles, impacting product quality.*?> PS degradation can bring
bioproduct critical quality attributes (CQA) out-of-specification by a few different mechanisms.
PS degradation is an industry-wide challenge for process and formulation development in
biotherapeutics.” *® The challenge increases with higher cell density and titer in bioprocess as
well as higher drug concentrations in formulation development.**® There are multiple
mechanisms for PS degradation which can be grouped into two main categories: oxidation and
hydrolysis." * Enzymatic hydrolysis results in cleavage of an ester bond in PS by lipases,
esterases or possibly other host cell proteins (HCPs) without known lipase activity. HCPs can co-
purify with the therapeutic protein via specific or non-specific interactions.* Several lipases,
such as PLBL2, LPL and LPLAZ2, have been reported to degrade PS-80 or PS-20 in

biotherapeutics.*"*

Multiple analytical tools have been developed as part of an overall HCP control strategy.'* Total
HCP testing via traditional enzyme-linked immunosorbent assay (ELISA) is currently considered
the “gold standard”. ELISA provides one summed value for total HCP content. In some cases,
specific antibodies were developed to known HCPs present in a sample.*** Alternatively, liquid
chromatography-mass spectrometry (LC-MS) based proteomics approaches are evolving rapidly
as an orthogonal assay for HCP characterization, since proteomics can identify and quantify

practically any individual HCP with certain abundance levels.***® Absolute quantification of
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individual HCPs can be achieved by multiple reaction monitoring (MRM) or parallel reaction
monitoring (PRM) targeted approaches with suitable internal standards.® ** However, current
proteomics approaches have two main analytical challenges to overcome when investigating the

cause of PS-80 degradation.

First, the detection limit of current proteomics strategies is limited by HCP abundance. Most
proteomics-based approaches have detection limits at the sub-ppm level (HCP compared to drug
substance, i.e. 6 orders of magnitude difference), which is limited by the dynamic range of the
mass spectrometer.'” Some lipases, such as LPLA2, can significantly degrade PS while being
present below sub-ppm concentration levels,® thus going undetected by most proteomics
platforms. To this end, research efforts have been focused on reducing the dynamic range of the

samples to improve assay sensitivity, including limited native digestion,**™*’

molecular weight
cut-off® or 2D-LC.™ ' Second, enzyme abundance cannot tell the whole story of PS
degradation. Different lipases/esterases may have different enzymatic activity and thus different

impact on PS degradation. Determining enzyme activity is the key in understanding the root

cause of the degradation since it does not always correlate with enzyme abundance.

Activity-based protein profiling (ABPP) is a chemical proteomic strategy for the characterization
of functional states of enzymes in complex biological systems.?>?> ABPP offers an advantage
over traditional abundance-based proteomics (TABP) techniques that rely on measuring
abundance rather than the functional activity of target proteins. Synthetic chemical probes,
consisting of a reactive group, a linker, and an enrichment tag are used to capture targeted active
enzymes.? The reactive group labels the active site of mechanistically related enzymes to form a
covalent linkage. The covalently modified proteins can be detected or purified by the enrichment

tag (e.g. biotin-avidin or alkyne-azide reaction) and identified by LC-MS. ABPP was first
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developed to investigate enzymatic activity of serine hydrolases,?* and cysteine proteases and
has since been adapted for activity detection of more than a dozen enzyme classes, including
proteases, kinases, phosphatases, glycosidases, and oxidoreductases.”®*® ABPP has enabled the
study of enzyme activity in specific physiological and pathological processes on a proteome-
wide scale. This approach was recently used for investigation of polysorbate degradation.”® By
studying enzymes with probes that specifically label certain enzyme classes, previously

uncharacterized enzymes have been assigned to a functional class.

Serine hydrolases are one of the largest known enzyme classes, comprising greater than 200
enzymes in humans.? ¥ It includes multiple lipases, esterases, thioesterases, amidases and
peptidases,®® which are potentially harmful to biotherapeutics drug substances and formulation
excipients. The defining characteristic of serine hydrolase superfamily members is the presence
of a nucleophilic serine in the active site. This site can be covalently labelled with chemical
probes for enrichment and subsequently identified by mass spectrometry.?>?** In this study, we

evaluated ABPP to identify active enzymes causing PS degradation in biologics.

Materialsand Methods
Materials

Dithiothreitol (DTT) and high capacity streptavidin agarose were purchased from Pierce

(Rockford, IL). Tris-HCI buffer and high-performance liquid chromatography (HPLC) grade
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solvents, DMSO, 10% SDS solution, acetonitrile (ACN) and Formic acid (FA) were purchased
from Thermo Fisher Scientific (Waltham, MA). Monoclonal antibodies (mAbs) were obtained
from the pipeline of Merck & Co., Inc., Kenilworth, NJ, USA under preclinical or clinical
development. Universal Proteomics Standard 2 (UPS2) and Urea were purchased from Sigma
(St. Louis, MO). Trypsin was purchased from Promega (Madison, WI). ActivX® Desthiobiotin-
Fluorophosphonate (FP) was purchased from Thermo Fisher Scientific (Waltham, MA). FP-
Biotin and thiazole urea probe were synthesized according to published reports.?*

Recombinant PLBL2, LPLA2, PLA2G7 and SIAE from Chinese hamster ovary (CHO) cells

were expressed in CHO-3E7 cells and purified (>90% purity) by GenScript (Piscataway, NJ).
Sample preparation for ABPP approach

Harvest cell culture fluid (HCCF) and products from the first ion-exchange column (IEXP) in
downstream purification were used for ABPP testing. HCCF from CHO cells from fed-batch
production of mAbs was diluted with 50 mM Tris (pH 8) to 2 mg/mL. IEXP samples were
diluted to 10 mg/mL. Chemical probes were dissolved in dimethyl sulfoxide (DMSQO) to make
0.1 mM stock solution. For each HCCF or IEXP sample (500 uL), 20 uL of chemical probe
solution or control DMSO was added to make a final mixture concentration of 2 uM. All
samples were incubated at room temperature for 2 hours with constant mixing on a rotator. After
reaction, each sample was added 1 mL of ice-cold methanol/acetone (50:50) on ice for 30
minutes to remove unreacted probes. The precipitated proteins were collected via centrifugation
at 20,000 x g for 15 minutes at 4 °C. The pellet was washed with 1 mL of ice-cold
methanol/acetone solution once and dried under N, gas. The remaining pellet was re-dissolved in
1 ml of sample suspension buffer (2M Urea, 1% SDS, 50 mM Tris, pH 8). For each sample, 60

uL of Pierce™ agarose beads were added before incubation at room temperature for 1 hours
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while constantly mixing on a rotator. The agarose beads were pelleted by centrifugation at 1000
x g for 1 minute at room temperature and washed with 500 uL of 2 M Urea/50 mM Tris 3 times
and 50 mM Tris 2 times. The washed agarose beads were resuspended in 50 uL of 50 mM Tris-
HCI. Trypsin (2 pg) was added and digested at 37 °C on a thermomixer at 500 rpm overnight.
The supernatant was collected after centrifugation at 10,000 x g for 5 min at room temperature.
The collected samples were reduced at 80 °C for 10 mins with 1 pl of 1 M DTT, and

subsequently had 2 uL of 20% formic acid added before LC-MS analysis.
LC-MSfor ABPP analysis

The LC-MS was operated in nanoflow mode on an EASY-nLC 1200 System (Thermo, Bremen,
Germany), coupled to a Q Exactive™ HF-X Hybrid Quadrupole-Orbitrap™ mass spectrometer
(Thermo, Bremen, Germany). EASY-Spray C18 column was used (PepMap RSLC, ES803, 2
um, 100 A, 75 um x 50 cm) with flow rate at 250 nL/min and column temperature at 40 °C.
Mobile phase A was made of MS grade water with 0.1% FA, and Mobile phase B was made of
MS grade 80% ACN with 0.1% FA. The gradient started with 2% B for 3 mins, and changed to
45% at 83 min, and increased to 70% at 98 mins. The column was washed with 100% B from
100 min to 110 min, followed by 2 cycles of zig-zag washing step from 2% B to 100% B to
reduce carry-over peptides. The MS was run with data dependent analysis (DDA) with MS1 scan
range from 350 to 2000 m/z and the top 10 most abundant ions for MS/MS fragmentation. The
MS1 resolution was 60,000, AGC target 1e® and maximum IT for 60 ms. The MS2 resolution
was 15,000, AGC target 1e® and maximum IT for 100 ms, isolation window at 1.4 m/z and NCE
at 28. The dynamic exclusion was set for 10 s. The ESI source was run with sheath gas flow rate
at 8, aux gas flow rate at 0, spray voltage at 3.8 kV, capillary temp at 320 °C, and Funnel RF

level at 50.
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Sample preparation for TABP approach

For TABP approach, the sample preparation followed the native digestion method."” Briefly, 1
mg of mAb process-intermediate samples from purification steps were incubated with trypsin
(400:1, weight to weight) after pH adjust with 1M Tris-HCL for overnight digestion at 37 °C. To
determine the limit of identification of the traditional proteomics workflow, UPS2, was spiked in
a mAb drug substance before sample preparation. UPS2 is composed of 48 human proteins
(6,000 to 83,000 Da) within a concentration range from 250 amol to 25 pmol. There are 8
proteins in each concentration group with 6 groups in total. After digestion, samples were
denatured and reduced at 80 °C for 10 min with 2 pL of 50 mg/mL DTT. A large portion of
undigested mAb was removed by centrifugation at 11,000 x g for 10 min. The supernatant was

added 3 pL of 20% FA before LC-MS analysis.
LC-MSfor TABP analysis

LC-MS was performed on an ACQUITY UPLC H-Class system (Waters, Milford, MA) coupled
with a Q Exactive™ HF-X Hybrid Quadrupole-Orbitrap™ mass spectrometer (Thermo, Bremen,
Germany). The column was ACQUITY UPLC Peptide CSH C18 column (130 A, 1.7 um, 1 x
150 mm, Waters, Milford, MA) with flow rate at 50 pl/min and column temperature at 50 °C.
Mobile phase A was MS grade water with 0.1% FA, and Mobile phase B was MS grade ACN
with 0.1% FA. The gradient started with 1% B for 5 min, and changed to 5% at 6 min, and
increased to 26% at 85 min. The column was washed with 90% B from 90 mins to 105 mins,
followed by 2 cycles of zig-zag washing step from 5% B to 90% B to reduce carry-over peptides.
The MS was run with DDA with MS1 scan range from 300 to 1800 m/z and top 20 for MS/MS
fragmentation. The MS1 resolution was 60,000, AGC target 1e® and maximum IT for 60 ms.

The MS?2 resolution was 15,000, AGC target 1e” and maximum IT for 100 ms, isolation window
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at 1.4 m/z and NCE at 27. The dynamic exclusion was set for 20 s. The ESI source was run with
sheath gas flow rate at 35, aux gas flow rate at 10, spray voltage at 3.8 kV, capillary temp at 275

°C, Funnel RF level at 35 and aux gas heater temp at 100 °C.
Proteomics I dentification and Data Analysis

MS raw data was searched against the internal CHO K1 fasta database from Merck & Co., Inc.,
Kenilworth, NJ, USA customized with mAb and spiked-in recombinant protein sequences using
Proteome Discoverer 2.2. The precursor mass tolerance was set at 15 ppm and fragment mass
tolerance at 0.02 Da. The dynamic modification was set for Met oxidation and maximum 3
modifications. The target FDR for peptide identification was 0.01 and protein identification filter
required at least 2 unique peptides. The summed MS1 peak area from all identified peptides were
used for estimation of protein relative abundance. In the ABPP approach, proteins with at least 4-
fold enrichment compared to those from samples incubated with only DMSO were considered
potential active serine hydrolases. The enriched proteins were searched again Ingenuity pathway
analysis (QIAGEN, Redwood City, CA, USA) for their primary subcellular location and

enriched molecular functions. Heatmap visualization was generated with R scripts.
Lipase Activity Deter mination by PS-80 For ce Degradation

The impact of lipase/esterase activity on PS-80 degradation was determined via an accelerated
PS-80 incubation study. Briefly, PS-80 (at a concentration of 0.025%, w/v) was spiked into
process intermediates (IEXP samples) or recombinant enzyme samples. The samples were then
incubated at 37 °C and 70% humidity for up to 14 days. Two hundreds microliter aliquots of
samples were taken at different time points and frozen at -80C. PS-80 concentration was

determined by HPLC-CAD (Corona Charged Aerosol Detector, Thermo, Bremen, Germany)
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with Oasis Max column (2.1x20 mm, 30 um, Waters, Milford, MA). Mobile phase A was 0.5%
(v/v) acetic acid in water. Mobile phase B was 0.5% acetic acid in isopropyl alcohol. PS-80 was
eluted with 20% to 70% mobile phase B from 3 to 11 mins. Standard curves with 25% to 150%
of target concentration was run before and after testing samples to make standard curves for PS-

80 concentration determination.
Characterization of PS-80 Degradation by RP-UHPLC-ESI-HRM S

PS-80 purity was assessed with a Waters Acquity UPLC Classic coupled to a timellofl flight
(TOF) mass spectrometer (Xevo G2-XS, Waters, UK) that was equipped with an ESI source. An
Acquity UPLC Protein BEH C4 column (2.1 x 100 mm, 300 A, 1.7 um, Waters, Milford, MA,
U.S.A.) was used for reversed-phase chromatography. Initial conditions were set at 98% solvent
A (0.1% formic acid in water) and 2% solvent B (0.1% formic acid in acetonitrile). Solvent B
was increased to 25% at 1.0 min, to 35% at 6.0 min, to 75% at 8.0 min, to 80% at 12.0 min, and
t0 99% at 17 min and held for 2 min, followed by equilibration step of 2% B for 4 min. The flow
rate was 0.3 mL/min and column temperature was set at 50°C. One microliter of sample was

loaded.

For the mass spectrometer, the following parameters were set for the ion source: capillary
voltage 3.0 kV, sampling cone voltage 10 V, extraction cone voltage 3 V, source temperature
130°C, desolvation temperature 450°C, and cone gas flow rate at 30 L/h, desolvation gas flow
rate at 850 L/h. Two MS functions with collision energy of 10 V and 20 V were used for
promoting “in-source” fragmentation. ESI fullCJscan mass spectra were recorded over the m/z

range of 100—-4000 in resolution mode.
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Results

ABPP Method Development for Profiling Serine Hydrolase Activity in Cell Culturefrom

Biologics Production

Serine hydrolases, including lipases and esterases, can hydrolyze esters bonds in natural
substrates, such as phospholipids or triglycerides, and release free fatty acids. These enzymes
have been reported to have activity against PS-80 or PS-20 because they contain the same
carboxylic ester bonds as their natural substrates (Figure 1A-B).” The active site serine can be
regenerated for the next reaction cycle through water-induced saponification of the acyl-enzyme
intermediate (Figure 1A).*® The nucleophilic serine can be labelled and enriched using active
site affinity probes containing an electrophilic group such as a fluorophosphonate (FP) or a

triazole urea that covalently modifies the nucleophilic serine (Figure 1C-D).%

To establish the ABPP approach, two chemical probes (FP-Biotin and FP-Desthiobiotin) were
evaluated using an HCCF sample of a mAb produced in CHO cells, referred to as mAbl (Figure
2). The enrichment of serine hydrolases was compared to two controls: DMSO and an
orthogonal triazole urea probe, used in this context as a broad-spectrum serine hydrolase
inhibitor * (Figure 1D). As shown in Figure 2, the FP-Biotin probe shows stronger enrichment
of serine hydrolases compared to the FP-Desthiobiotin probe. The enrichment capability of the
two probes is most likely due to the higher affinity of biotin for streptavidin than desthiobiotin.
The commercial FP-Desthiobiotin probe was used in a recent application of ABPP for PS-80
degradation.?® More active enzymes could probably have been identified if a more sensitive

probe was used. More than 10 known lipases and esterases, were highly enriched with the FP-
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biotin probe. Some of those lipases have been reported to impact PS degradation, such as LPLA2
(PIA2G15, phospholipase A2, group XV)°, LPL (lipoprotein lipase)® and the recently reported
liver carboxylesterase?. Interestingly, another well reported and problematic lipase, PLBL2
(PLBD2, phospholipase B domain containing 2) °, showed limited enrichment. Based on the
enrichment performance of known serine hydrolases, FP-Biotin was selected for the rest of the

ABPP studies.

To evaluate inter-day precision of the ABPP approach, HCCF samples from mAbl were tested
in two replicate experiments. As shown in Figure 3, comparison of the peak areas for commonly

enriched proteins between the two preparations demonstrates assay reproducibility (R>>0.99).
Advantages of ABPP Compared to TABP for Lipase Analysis

Keeping in mind the strengths of the ELISA for total HCP quantitation, we positioned the LC-
MS based proteomics approach as an orthogonal assay for specific HCP characterization during
process development. HCP identification for the shotgun-based TABP approach is biased on
HCP abundance. To evaluate the identification limit of the established TABP approach, a UPS2
standard was spiked into a mAb drug substance before sample preparation and LC-MS analysis.
All HCPs at more than 0.6 ppm were confidently identified with at least 2 unique peptides (Table
1 and Figure 4A). The average MS peak area from proteins of the same concentration group
extracted by Proteome Discoverer 2.2 software correlates with the abundance of the spike-in

protein in general (Table 1 and Figure 4B).

To assess the advantage of ABPP compared to TABP for identification of low abundance HCP
enzymes involved in PS degradation, the MS peak area of all the identified lipases from the two

proteomic approaches in HCCF samples from two mAbs (mAb1 and mAb2) were compared. As
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shown in Table 2, ABPP resulted in better enrichment for most lipases compared to TABP. For
example, the MS signal of LPLA2 (PLA2G15) from the ABPP was increased more than 150-
fold compared with that from TABP. Studies have demonstrated that concentrations of LPLA2
below 1 ppm may have a significant impact on PS-80 degradation.® ** PLA2G7, a lipase from
the same family as LPLA2, demonstrate the greatest enrichment (>350 fold) between the two
methods. Several lipases were only identified utilizing ABPP including PLA1A (phospholipase
Al member A), LYPLAZ2 (lysophospholipase 2) and LYPLAL1 (lysophospholipase-like 1). The
increase in MS signal may result from reduced complexity of the sample matrix as well as
reduced ion suppression from the drug substance. Interestingly, some lipases were found to have
a similar or even higher MS signal from TABP compared to ABPP, such as LIPA (lysosomal
acid lipase A), LPL (lipoprotein lipase) and PLBL2 (phospholipase B domain containing 2). The
similar MS signal intensity between the two approaches for LIPA and LPL may be due to their
relative higher abundance levels in HCCF samples, and thus less ion suppression in MS. PLBL2
is the only lipase which has limited enrichment compared to DMSO control from both mAb
HCCF samples. As a higher abundance protein in the sample, the presence of PLBL2 in the
ABPP experiments at a lower concentration than in the TABP approach may be due to non-
specific binding and interactions. This also suggests PLBL2 may not belong to the serine
hydrolase family, or is not reactive with the probe molecule, or is present in the sample in an

inactive form.
Profiling Serine Hydr olases from two mADbs Biopr ocesses

To understand the overall protein composition of proteins enriched by ABPP, HCCF samples
from two different mADbs and different CHO cells were tested. Of all the 82 proteins enriched

more than 4-fold compared to DMSO control by the FP probe from at least one of the mAb
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HCCF samples, 55 proteins (>67%) are annotated as hydrolases, and 27 of 82 proteins have
unannotated functions as hydrolases. Most of the enriched proteins were annotated as
cytoplasmic molecules for their primary subcellular locations from Ingenuity Pathway Analysis,
a few proteins were annotated as extracellular and membrane proteins (Figure 5). The biological
function annotations for the identified proteins were highly enriched for proteolysis (p value =

8.69E-10) and lipolysis (p value = 1.19E-8).

In order to compare the serine hydrolase profile between different CHO cell lines, the enriched
proteins from the ABPP assay were compared between mAbl and mAb2. More than 36% of the
enriched hydrolases are only identified from mAbl or mAb2, or have a greater than 4-fold
difference in enrichment in one or the other cell line. The remaining HCPs are within 4-fold in

the HCCF samples of the two mAbs (Figure 6).
ABPP for Root Cause Investigation of PS-80 Degradation

To demonstrate the application of ABPP for process characterization and root cause
investigations during bioprocess development, the IEXP samples from mAbl and mAb2 were
analyzed by both TABP and ABPP approaches. IEXP samples are obtained after purification of
HCCF via Protein A chromatography followed by an ion exchange chromatography polishing
step. Thus, IEXP samples are enriched for the desired mAb and contain much less HCPs than
HCCF samples, both in HCP numbers and in abundance. PS-80 incubation studies indicated
there was significant degradation for mAb2 and minimal degradation for mAbl compared to the
placebo control that doesn’t contain drug substance (Table 3). The TABP method failed to
identify any lipase contaminants in mAb2, but PLBL2 was identified in mAbl. The PLBL2 level
in mAbl was determined to be 64 ppm by an in-house PLBL2 ELISA assay.*? By contrast,

ABPP did not identify any enriched enzymes from mAb1. This corroborates our previous results
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showing that PLBL2 is not enriched by the activity-based probe. Interestingly, two serine
hydrolases, PLA2G7 (phospholipase A2, group VII) and SIAE (sialic acid acetylesterase), were

identified in IEXP of mAb2 by ABPP.
Confirmation of PS-80 Degradation by Recombinant enzymes

To determine that the active lipases and esterase identified by ABPP may be involved in PS-80
degradation, four recombinant enzymes PLBL2, LPLA2, PLA2G7 and SIAE purified from CHO
cells were spiked into mAb2 samples at 15 g/L. Herein, the mAb2 samples selected for the study
were purified via an improved downstream purification process and thus expected to have even
lesser HCPs than the mADb-2 IEXP samples where PLA2G7 and SIAE were identified via ABPP
as described above. The rationale behind spiking in recombinant enzymes into a mAb sample,
was to mimic the typical matrix obtained after downstream purification. As shown in Figure 7,
LPLA2 with known activity against PS-80 shows time- and concentration-dependent PS-80
degradation. The newly identified lipase PLA2G7 had similar impact on PS-80 degradation as
LPLA2. As consistent with the data from ABPP profiling as shown in Figure 2, PLBL2 had no
activity on PS-80 degradation. Recombinant SIAE also had no impact on PS-80 degradation.
This could be possibly due to low quality of recombinant SIAE with limited overall activity. PS-
80 characterized by LC-MS (Figure 8) in the samples spiked with recombinant enzyme
confirmed PS-80 degradation, which was consistent with results from analysis with HPLC-CAD.
Mono-esters from PS-80 were the major species degraded by LPLA2 and PLA2G7 (Figure 8D

and 8E).

Discussion
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Serine hydrolases are a large functionally diverse group of enzymes with great biological and
pharmaceutical importance.? ** By using an activated serine as a nucleophile, these enzymes
hydrolyze ester, thioester and amide bonds in a variety of substrates including metabolites, lipids,
peptides and proteins. For this reason, they play important roles in physiological and
pathological systems.”> 3 The serine hydrolase superfamily is subdivided among lipases,
esterases, thioesterases, amidases and peptidases.? ** In pharmaceutical bioprocess, serine
hydrolases secreted from host cell lines or released from broken cells during cell culture have
been reported to significantly impact the biological drug substance and its corresponding
formulation excipients. For example, complement component 1's (C1s), a serine protease from
the complement cascade, was shown to proteolyze HIV surface protein gp120 in CHO cells,*®
which have hindered the development of biologics including HIV vaccines.®*®* Several serine
hydrolases, including LPLA2, LPL, have been reported to degrade the formulation excipient
PS.>" Problematic residual proteases and lipases are usually identified by TABP, the sensitivity
of which is limited by the high abundance of the drug substance in a sample after extensive
purification. However, even low concentrations of the HCP contaminants can be problematic.
The effect of contaminant proteins was demonstrated by spiking partially purified recombinant
proteins at higher concentrations than typically detected in endogenous samples. Moreover, not
all proteases and lipases have the same activity at the same concentration. It is possible that the
most active hydrolases can cause noticeable damage while being below the detection limit of the
TABP assay. Hence, it is critical to develop a method that can enrich problematic classes of

proteins for process characterization and root cause investigation.

Based on the mechanism of action of serine hydrolases (Figure 1), ABPP has been developed to

specifically enrich and identify proteins from this superfamily.?" ** Covalent protein modifiers
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play a key role as starting points for designing irreversible enzyme inhibitors and developing
chemical probes for ABPP.® To optimize ABPP for serine hydrolases profiling in HCCF from
biologics cell culture, two previously reported FP probes were evaluated using the same
workflow. As shown in Figure 2, FP-Biotin probe has better enrichment for most serine
hydrolases compared with FP-Desthiobiotin probe. The commercial FP-Desthiobiotin probe was
used in the recent application of ABPP for PS-80 degradation.” It is possible that different
chemical probes have different affinity for various serine hydrolyses. There has been significant
research focused on chemical probe development for selected groups of serine hydrolyses or for
different applications.**** Theoretically, various chemical probes with different reactive groups
but the same purification group may be used to widen the detection range of serine hydrolases.?
In this study the variation in enrichment is most likely due to the differential affinity of biotin
and desthiobiotin for streptavidin. Not limited to serine hydrolases, ABPP assays can be used to
identify active enzymes from other classes including cysteine-,threonine-, aspartyl- or
metalloproteases and glycosidases using similar workflow but using different chemical probes.*
% Those enzymes may have similar physicochemical properties as some biotherapeutic proteins,
or bind to biotherapeutics for co-purification. For example, cathepsin D, a member of the
aspartyl protease family, caused antibody fragment or particle formation in monoclonal antibody
products.**® In another example, cathepsin L, a cysteine protease, caused proteolytic cleavage
of CHO expressed proteins during processing and storage.®® In those studies, extensive
enrichment was performed in order to identify those low abundance HCP enzymes.* There is
opportunity to develop a universal ABPP approach to identify a dozen members of the cathepsin

family using a pool of chemical probes for active serine, cysteine and aspartyl proteases.
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To the best of our knowledge, this study demonstrated the first application of an optimized
ABPP approach for serine hydrolase profiling in cell culture fluid from cells used to produce
therapeutic proteins. The composition and activity of serine hydrolases will help understand the
source of those HCPs and their impact on the stability of the biologics drug substance and its
formulation excipients. ABPP could also help identify and annotate proteins with potential new
functions depending on the specific chemical probes used. The understanding of serine
hydrolases, especially those known to have adverse impacts, such as proteases and lipases
(Figure 5), will provide useful information for cell line development, clone selection, as well as
upstream and downstream development. In our study, the serine hydrolase HCPs from two mAbs
showed distinct profiles (Figure 6). The difference may result from different strains of CHO cell
lines, from differences in the cell culture conditions, or from downstream purification steps. This
may provide a rationale to evaluate serine hydrolase and lipase composition for each therapeutic

protein.

In this study, ABPP is also used to investigate PS degradation observed in biologics formulation.
There is an industry-wide challenge to identify trace levels of lipases/esterase causing PS-80
degradation. Those active enzymes usually fall below the limits of detection of TABP assay in a
drug substance.® Also, assessment of protein abundance may not correlate with the amount of
active enzyme present in a sample showing PS degradation. Currently, there is no direct, high-
throughput assay to assess lipase activity in biotherapeutics. For example, our current assay for
measuring PS-80 degradation requires 1-3 weeks, includes incubating samples at 37 °C and
monitoring degradation by HPLC or LC-MS. ABPP potentially addresses both abundance and
activity challenges by identifying those low abundant enzymes based on their activity rather than

abundance.
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As a proof-of-concept study, process intermediates from two mAbs were tested by both TABP
and ABPP analysis. PLBL2 was the only lipase identified by TABP in mAb1 as shown in Table
3, but it did not appear to cause PS-80 degradation. PLBL2 was also not identified as an active
lipase in HCCF samples from mAbl or mAb2 (Figure 2). Recombinant CHO PLBL2 at
concentrations up to 10 ppm was confirmed to have no activity on PS-80 degradation as shown
in Figure 7. Early study has suggested PLBL2 to be the root cause of PS-20 degradation in a
sulfatase drug product;* however, the amount of PLBL2 (90% pure from a non-CHO species)
used for functional confirmation was much higher than the concentration observed in the drug
product sample.* The lack of degradation seen in our study in the presence of PLBL2
contaminants is consistent with early reports that purified recombinant CHO PLBL2 or mAb
biotherapeutic in-process samples showed no in vitro phospholipase activity against synthetic
substrates.*® Actually, bovine phospholipase B Tlike protein was proposed to be an amidase or
peptidase rather than a lipase. No natural substrate for the members of the PLBD family has been
yet reported.*® Our data suggests that CHO PLBL2 is neither an amidase nor a peptidase in the
serine hydrolase family due to the lack of evidence of this activity in our data. There are still
possibilities that PLBL2 present in the sample in an inactive or inhibited conformation that is not
enriched by the fluorophosphate chemical probe. Overall, the impact of PLBL2 on PS
degradation at concentrations detected in biotherapeutics is questionable according to our data,
although the level of PLBL2 must be controlled due to an immunogenicity risk.”* This
observation is consistent with recent report that PLBL2 is not responsible for PS degradation in
mAb drug products.** We have observed protein formulations containing over 500 ppm of

PLBL2 without any PS-80 degradation (unpublished results). The role of different pH, buffer
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conditions, post-transitional modifications and association with drug substance for PLBL2 on PS

degradation may need further study.

In contrast, there was significant PS-80 degradation observed in mAb2, but no lipase or esterase
were identified by TABP while ABPP identified two lipases/esterases. The first lipase/esterase
detected, PLA2G7, a member of the phospholipase A2 family also known as platelet-activating
factor (PAF) acetylhydrolase, modulates the action of PAF by hydrolyzing the sn-2 ester bond to
yield the biologically inactive lyso-PAF.* Another member of the phospholipase A2 family,
LPLA2 (PLA2G15), has been reported to degrade both PS-80 and PS-20 at concentrations as
low as 0.3 ppm.® Both lipases have been confirmed to be able to degrade PS-80 in mAb2 (Figure
7). The second esterase identified by ABPP from mAb2, SIAE (sialic acid acetylesterase)
belongs to the family of hydrolases, specifically acting on carboxylic ester bonds, which is the
same ester bond as in PS-80.* The in vitro incubation study demonstrated limited activity for
recombinant SIAE against PS-80 degradation (Figure 7). The lack of activity may due to the
quality or selectivity of the recombinant enzyme, which needs to be further investigated using
high-quality recombinant active CHO enzymes, specific inhibitors or genetic knockout cell lines.
The successful identification of novel lipases for PS-80 degradation by ABPP demonstrates the

potential of ABPP for root cause investigation of PS degradation in bioprocess samples.

The ability of ABPP to identify low-abundance problematic enzymes responsible for PS
degradation may lead to the development of specific enzymatic and/or ELISA assays to measure
and control the enzyme levels. It may also help develop novel processes, formulations, or genetic
strategies to remove or de-activate those enzymes in final drug product to ensure a sufficiently
safe final drug product. The ability to confirm if certain lipases, such as PLBL2, are active may

lead to modification of the acceptable levels of some problematic HCPs for product
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development, which may significantly reduce the associated cost of manufacturing and place a

decreased burden on process validation.

Conclusions

In summary, there is significant analytical challenge to identify low abundant active enzymes
responsible for PS degradation in biotherapeutics formulations. Based on the mechanism of
action of serine hydrolases, we have established an optimized ABPP approach for profiling
active serine hydrolases from bioprocess samples using active chemical probes. ABPP benefits
from monitoring and enriching the active forms of enzymes and providing greater sensitivity
over TABP for identifying active residual host cell enzymes of lower abundance. Our ABPP
assay did not enrich PLBL2, suggesting that it might not be a serine hydrolase or may not be
active, and thus not contributing to PS-80 degradation. From the proof-of-concept study for PS-
80 degradation, PLA2G7 was identified and confirmed as a novel lipase for PS 80 degradation
by ABPP. Taken together, ABPP expands the existing analytical toolbox for HCP
characterization, and demonstrates its unique potential to advance biologics process and product

development.
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Tablesand L egends

Table 1. Evaluation the detection limit of TABP approach usng UPS2

UPS2 Range (ppm) ID (2 2 unique Average MS1
(fmol) peptides) * peak area
25,000 213-1659 8/8 6.82E+09

2500 16-149 8/8 7.98E+08

250 2-15 8/8 6.36E+07
25 0.2-1.2 5/8 1.29E+07

*A total of 48 proteins in UPS2 was spiked in the testing. The remaining proteins

were not identified or only identified by single unique peptides.

Table2. Thelist of lipasesidentified from ABPP and TABP and their detected M S1 peak

areafrom mAbl and mAb2

_ . . mAbl mAbl mAb2 mADb2
Gene | D: Protein Description (ABPP) (TABP) (ABPP)  (TABP)
PL A2G15:phospholipase A2, group 551E+09  3.65E407  4.73E+09 ND
XV : : :
\F;%IAZGTphOSphO"pase A2,00UP  g57E109  257E+07  8.91E+09 1.83E+07
ZLALA:phosphoIipase Al member ND ND 3.26E+08 ND
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L YPL A2:lysophospholipase 2 1.45E+09 ND 6.58E+08 ND
LYPLAL 1:lysophospholipase-like 1~ 1.32E+08 ND 1.49E+08 ND
LPL: lipoprotein lipase 3.57E+09  3.54E+09  3.83E+08 8.74E+08
L 1PA:lysosomal acid lipase A ND 154E+08  2.19E+08 4.45E+08
PLBL 2:phospholipase B domain g o607 216E+09  2.27E+07 1.54E+08

containing 2
ND: not detected

Table 3. Comparison of identified lipase/ester ase by ABPP and TABP from the PS-80

degradation study

(0) A
LC-MSbased Proteomics  70P>80 degradation

IEXP TABP ABPP 37°Clday 14
PLBL2 No lipase

mADb1 (64 ppm) identified 6.67
No lipase PLA2G7,

mADb2 identified SIAE 20.21
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Figure 1. Mechanism of Actions of substrates and chemical probes reactions with serine
hydrolases. (a) The generic mechanism of action for serine hydrolases. Taking note that the
active-site serine can be regenerated by water induced saponification. (b) Structures of a generic
phospholipid (a natural substrate), polysorbate-20 (PS-20) and polysorbate-80 (PS-80). All 3
compounds are hydrolyzed by serine hydrolases, with PS-20 and PS-80 being key excipients
used in biotherapeutic formulations. (c) The generic mechanism of action for a chemical probe
selective for serine hydrolases. (d) Structures of the probes used in this study. FP-Biotin, FP-
Desthiobiotin and Triazole Urea are all active against serine hydrolases, whereas Triazole Urea is
orthogonal and used as a control for non-specific binding in this study as it does not have the
biotion group for subsequent enrichment with streptavidin agarose.
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Uchl5:ubiquitin carboxyl-terminal esterase L5~ B
Siaesialic acid acetylesterase -
Ppt2:palmitoyl-protein thioesterase 2 -
Ppme1:protein phosphatase methylesterase 1 -
lah1:isoamyl acetate-hydrolyzing esterase 1-
Ces1gn:carboxylesterase 1G -
Ces1g:carboxylesterase 1G -
acyl-coenzyme A thioesterase 1-

aselalsy

Plbd2:phospholipase B domain containing 2 - e -

Pla2g7:phospholipase A2, group Vil -
Pla2g15:phospholipase A2, group XV -

Log Intensity

ased)]

Lyplal1 description:lysophospholipase-like 1+ 1e+10
E Lypla2:lysophospholipase 2 -
= Lpliipoprotein lipase - Te+09
l.ll:..l ; - : : 1e+08
Rbbp9:retinoblastoma binding protein 9, serine hydrolase -
1e+07

Ptgr2:prostaglandin reductase 2 -
Psmb5:proteasome subunit, beta type 5-
Prep:prolyl endopeptidase -
Prcp:prolylcarboxypeptidase -
Pafah2:platelet-activating factor acetylhydrolase 2 -
Pafah1b3:platelet-activating factor acetylhydrolase, isoform 1b, subunit 3-
liver carboxylesterase 1-like protein -

Htra1:HtrA serine peptidase 1-

Ctsa:cathepsin A=

C1rl:complement component 1=

Apeh:acylpeptide hydrolase -

Abhd4:abhydrolase domain containing 4 -

asejolphH 1810

DMSO -

Triazole Urea-Alkyne -
FP-Desthiobiotin -
FP-Biotin -

Probe

Figure 2. Evaluation of chemical probes using ABPP approach. Two positive probes (FP-
Biotin and FP-Desthiobiotin) were evaluated using another probe (Triazole Urea) with different
enrichment group and DMSO as controls. Several enriched hydrolases with functions as lipase
and esterase were listed. The MS1 peak area was used for se-quantification comparison.
Additionally, all enzymes are listed gene name followed by protein description.
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Figure 3. Interday precison of ABPP assay. HCCF sample from mAb1 was run with ABPP in
two replicates. The peak area of those enriched proteins identified from the two experiments
were compared to determine reproducibility of the technique.
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Figure 4. Spike-in UPS-2 to deter mine the sensitivity and semi-quantification of the TABP
approach. (a) Spike-in proteins above 1 ppm were consistently identified with > 2 unique
peptides. (b) The average MS signal from MS1 peak area correlated very well with the spiked
UPS2 protein concentration in general. The MS response varies among proteins from the same
concentration range. Please note in (a) and (b) proteins are listed by UniProt ID.
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Figure5. The subcellular locations and enriched functions of theidentified proteinsfrom
ABPP by Ingenuity pathway analysis. Proteins are displayed by their gene ID.
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Figure 6. The comparison of serine hydrolases profilein HCCF from two mAbs by the
ABPP. The MS1 peak area was used for semi-quantification comparison.
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Figure 7. Theimpact of recombinant lipase or esterase on PS 80 degradation. Various
concentrations (0.1 to 10 ppm) of recombinant enzyme was added in purififed mAb2 from an
improved process and incubated with 0.02% PS 80. PS-80 levels measured by HPLC-CAD from
day 4 (D4) and day 7 (D7) were compared to samples without spike-in enzymes.
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Figure 8. Characterization of PS-80 degradation by L C-M S. Various recombinant enzymes
(10 ppm) were added in mAb2 DS from an improved process and incubated with 0.02% PS-80.

PS-80 purity were measured by RP-UHPLC-ESI(+)-HRMS on day 7 from samples with or

without spike-in enzyme. Mono-esters from PS-80 were the major species degraded by LPLA2
and PLA2G7. A. Without recombinant enzyme, B. PLBL2, C. SIAE, D. PLA2G7, E. LPLA2.
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