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Abstract

Polysorbate is widely used to maintain stability mbtherapeutic proteins iformulation
development. Degradation of polysorbate can leguhtticle formation in drug produgtahich
is a major quality concern and potential patiesk riactor. Enzymatic activity from residu
enzymes such as lipases and esterases can cayseripaie degradation. Their high acti,
even at low concentration, constitutes a majorydical challenge. In this study, weauate:
and optimized the activity-based protein profili®BPP) approach to identify active enzyrs
responsible for polysorbate degradation. Using ¢b@mprobes to enrich aeg serire
hydrolases, more than 80 proteins were identifiethiarvested cell culture fluid (HCCHR)m
monoclonal antibodies (mAb) production. A total®known lipases were identified by ABPP
while only 5 lipases were identified by a tradirabundance-based proteomi@sABP)
approach. Interestingly, phospholipase B-like 2BPB2), a wellknown problematic HCP ws
not found to be active in process-intermediatesftavo different mAbs. In a proof-afenceft
study, phospholipase A2 group VII (PLA2G7) and isiadcid acetylesterase (SIAE)ew
identified by ABPP as possible root causes of molyate-80 degradation. Thestablishe
ABBP approach catffill the gap between lipase abundance and activityich enables me

meaningful polysorbate degradation investigatiamdfotherapeutic development.

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

Degradation, Residual Host Cell Protein
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I ntroduction

Non-ionic surfactant polysorbate (PS) is an excipie formulation solutions servirgs a sher
protectant to stabilize biotherapeutics, preventatigninduced aggregation, and mininz
surface adsorptioh® Polysorbate-80 (PS-80) and polysorbate-20 (PSag0the most wide
used PSs in the biopharma industfyThe degradation of PS caesult in turbidity ad
formation of sub-visible particles, impacting pretuguality’? PS degradation can b
bioproduct critical quality attributes (CQA) out-gipecification by a few different mechanisms
PS degradation is an industry-wide challenge faycgess and formulation development
biotherapeutics. *® The challenge increases with higher cell dengity titerin bioprocess s
well as higher drug concentrations in formulatioevelopment:’® There are multip
mechanisms for PS degradation which can be groumiedwo main categories: oxidatiand
hydrolysis® ® Enzymatic hydrolysis results in cleavage of arerstond in PS byipases,
esterases or possibly other host cell proteins @@Rhout known lipase activity. HCPs can co
purify with the therapeutic protein via specific mon-specific interaction’s.Several lipass,
such as PLBL2, LPL and LPLA2, have been reporteddégrade PS-80 or PX in

biotherapeutic§.” °

Multiple analytical tools have been developed a$ gian overall HCP control stratedyTotal
HCP testing via traditional enzyme-linked immundent assay (ELISA) is currentpnsidere
the “gold standard”. ELISA provides one summed gdior total HCP content. Isome cass,
specific antibodies were developed to known HCRsgmt in a samplé:*® Alternatively, liquid
chromatography-mass spectrometry (LC-MS) basedpnuics approaches aggolving rapidl
as an orthogonal assay for HCP characterizatiortesproteomics cardentify and quantr

practically any individual HCP with certain abundanlevels"**® Absolute quantification f
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individual HCPs can be achieved by multiple reactionitoring (MRM) or parallel reactn
monitoring (PRM) targeted approaches with suitdhternal standardy.*? However, curret
proteomics approaches have two main analyticalaiggs to overcome when investigatineg

cause of PS-80 degradation.

First, the detection limit of current proteomics strategedimited by HCP abundance. Mt
proteomics-based approaches have detection limiteeasubppm level (HCP compared to dj
substance, i.e. 6 orders of magnitude differeneb)ch is limited by the dyamic range of te
mass spectrometét.Some lipases, such as LPLA2an significantly degrade PS while by
present below sub-ppm concentration leYethus going undetected by most proteos
platforms. To this end, research efforts have Beensed on reducing the dynamic range &
samples to improve assay sensitivity, includingitih native digestior®*’ molecular weigt
cut-off'® or 2D-LC!® *® Second, enzyme abundance cannot tell the whole stb PS
degradation. Different lipases/esterases may hdfereht enzymatic activity and thus diffett

impact on PS degradation. Determining enzyme dgtigi thekey in understanding the rt

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

Activity-based protein profiling (ABPP) is a cherai@roteomic strategy for the charactation
of functional states of enzymes in complex biolagisystem$®? ABPP offers aradvantae
over traditional abundandmsed proteomics (TABP) techniques that rely on sonday
abundance rather than the functional activity ofea proteins. Synthetic chemical pro,
consisting of a reactivgroup, a linker, and an enrichment tag are useapture targeted act
enzymes? The reactive group labels the active site of meistiaally related enzymes to fora
covalent linkage. The covalently modified protetas be detected or purified byetlkenrichmet

tag (e.g. biotin-avidin or alkyne-azide reactiomdaidentified by LCMS. ABPP was firt
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developed to investigate enzymatic activity of sermydrolase$’ and cysteine proteagesnd
has since been adapted for activity detectiomofe than a dozen enzyme classes, incly
proteases, kinases, phosphatases, glycosidasesxiaiodeductases.?®> ABPP has enabled 2
study of enzyme activity in specific physiologiaad pathological processes on a proteome
wide scale. This approach was recently used foestigation of polysorbate degradatfSrBy
studying enzymes withprobes that specifically label certain enzyme @assprevious/

uncharacterized enzymes have been assigned tetzohal class.

Serine hydrolases are one of the largest knownmeezglasses, comprising greater tH00
enzymes in humarfs. * It includes multiple lipases, esterases, thioases amidases ai
peptidased’ which are potentially harmful to biotherapeuticsiglisubstances and formula
excipientsThe defining characteristic of serine hydrolaseestgmily members is thpresene
of a nucleophilic serine in the active site. Thite £an be covalentabelled with chemicl
probes for enrichment and subsequently identifigdhlaiss spectrometfy:?% *°In this study, ve

evaluated ABPP to identify active enzymes causi@gl€gradation in biologics.

Materialsand Methods
Materials

Dithiothreitol (DTT) and high capacity streptavidiagarose weregurchased from Piee

(Rockford, IL). Tris-HCI buffer and higperformance liquid chromatography (HPLC) g2
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solvents, DMSO, 10% SDS solution, acetonitrile (AG¥dFormic acid (FA) were purchad
from Thermo Fisher Scientific (Waltham, MA). Monookl antibodies (mAQswere obtaine
from the pipeline of Merck & Co., Inc., KenilwortiNJ, USA under preclinical or clira¢
developmentUniversal Proteomics Standard 2 (UPS2) and Wveee purchased from Sig
(St. Louis, MO) Trypsin was purchased from Promega (Madison, YAd)ivX® Desthiobiotin
Fluorophosphonate (FRyas purchased from Thermo Fisher Scient{iidaltham, MA) FFP
Biotin and thiazole urea probe were synthesizedordity to published reporfs. *
Recombinant PLBL2, LPLA2, PLA2G7 and SIAE from Cése hamster ovary (CHQ@Ells

were expressed in CHO-3E7 cells and purified (>®04tty) by GenScript (Piscataway, NJ).
Sample preparation for ABPP approach

Harvest cell culture fluid (HCCF) and products frdine first ionexchange column (IEXP)
downstream purification were used for ABPP testiHG.CF from CHO cells from fefatc)
production of mAbs was diluted with 50 mM Tris (@) to 2 mg/mL. IEXP samples e&e
diluted to 10 mg/mL. Chemical probes were dissolvedimethyl sulfoxide(DMSO) to make
0.1 mM stock solution. For each HCCF or IEXP san{pl@0 uL), 20 uL of chemicalprob:
solution or control DMSO was added to make a fimakture concentration of 2M. All
samples were incubated at room temperature folugshaith constant mixing on a rotatéfter
reaction, each sample was added 1 mL of ice-colthanel/acetone (50:50)n ice for 3
minutes to remove unreacted probes. The precififateteins were collected via centrifugpn
at 20,000x g for 15 minutes at £C. The pellet was washed with 1 mL of icel
methanol/acetone solution once and dried undeagdd. The remaining pellet was re-dissolired
1 ml of sample suspension buffer (2M Urea, 1% SDS, 50 mM Tris, pH 8). For each €&imple,

uL of Pierce™ agarose beads were added before itionkst room temperature for 1 hc
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while constantly mixing on a rotator. The agarosads were pelleted by centrifugatianl00)
x g for 1 minute at room temperature and washed wWith & of 2 M Urea/50 mM Tris3 times
and 50 mM Tris 2 times. The washed agarose beagsnesuspended in 50 of 50 mM Tris
HCI. Trypsin (2pg) was added and digested at°87on a thermomixer at 500 rpm overnight
The supernatant was collected after centrifugaditoh0,000x g for 5 minat room temperatu.
The collected samples were reduced at°80for 10 mins with 1ul of 1 M DTT, ani

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

The LC-MS was operated in nanoflow mode on an EARY-1200 SystenfThermo, Breme,
Germany), coupled to a Q Exactive™ HF-X Hybrid Qugle-Orbitrap™ masspectrometr
(Thermo, Bremen, Germany). EASY-Spray C18 columis weed (PepMap RSLC, ES8(3,
um, 100 A, 75 um x 50 cm) with flow rate at 250 mid and column temperature at 20.
Mobile phase A was made of MS grade water with OE&pand Mobile phase Bas made f
MS grade 80% ACN with 0.1% FAhe gradient started with 2% for 3 mins, and changeo
45% at 83 min, and increased to 70% at 98 mins.cbhenn was washed with 1008 from
100 min to 110 min, followed by 2 cycles of zgg washing step from 2% B to 100% )5
reduce carry-over peptideBhe MS was run withata dependent analysis (DDA) with MS1 a
range from 350 to 2000 m/z and the top 10 most @miionsfor MS/MS fragmentation. Tz
MS1 resolution was 60,000, AGC targef aad maximum IT for 60 ms. The MS2 resolt
was 15,000, AGC target 1and maxinum IT for 100 ms, isolation window at 1.4 m/z an6E
at 28. The dynamic exclusion was set forsl0he ESI source was run with sheath gas floe
at 8, aux gas flow rate at 0, spray voltage atk¥.8capillary temp at 326C, andFunnel R-

level at 50.
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Sample preparation for TABP approach

For TABP approach, the sample preparation followesnative digestion methdd Briefly, 1
mg of mAb processtermediate samples from purification steps wea@ibated with tryps
(400:1, weight to weight) after pH adjust with 1MsFHCL for overnight digestion at 3T. To
determine the limit of identification of the traidial proteomics workflow, UPS2, was spike
a mADb drug substance before sample preparation2UPSomposed ofi8 human proteis
(6,000 to 83,000 Da) within a concentration rangemf 250 amol to 25 pmol. There a8e
proteins in each concentration group wihgroups in total. After digestion, samples ®
denatured and reduced at 8D for 10 min with 2 puL of 50 mg/mL DT.TA large portion §
undigested mAb was removed by centrifugation a@ddx g for 10 min. The supernatantas

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

LC-MS was performed on an ACQUITY UPLC H-Class syst(Waters, Milford, MA couplel
with a Q Exactive™ HF-X Hybrid Quadrupole-Orbitrapitass spectrometer (Therngremer,
Germany). The column was ACQUITY UPLC Peptide CSE8@olumn (1304, 1.7 um, 1«
150 mm, Waters, Milford, MA) with flow rate at 50/pin and column temperature at %0.
Mobile phase A was MS grade water with 0.1% FA, &abile phase Bvas MS grade Ad
with 0.1% FA. The gradient started with 1% B fomBn, and changed to 5% at 6 min,1
increased to 26% at 85 min. The column was wash#d30% B from 90 mins to 105 mi,
followed by 2 cycles of zig-zag washing step fro¥a B to 90% B to reduce carower peptide.
The MS was run with DDA with MS1 scan range fron©30 1800 m/z and top 20 for MS/5
fragmentation. The MS1 resolution was 60,000, A@@eét 1& and maximum IT for 60 m.

The MS2 resolution was 15,000, AGC targetdred naximum IT for 100 ms, isolation wind/
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at 1.4 m/z and NCE at 27. The dynamic exclusion segor 20 s. The ESI source was rum
sheath gas flow rate at 35, aux gas flow rate asfifay voltage at 3.8 kV, capillary temp at>

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

MS raw data was searched against the internal CHH®@a&ta database fromMerck & Co., Inc,
Kenilworth, NJ, USAcustomized with mAb and spiked-recombinant protein sequences y
Proteome Discoverer 2.2. The precursor massaonce was set at 15 ppm and fragments
tolerance at 0.02 Da. The dynamic modification wast for Met oxidation and maximur3
modificaions. The target FDR for peptide identification v@a@1 and protein identification filr
required at least 2 unique peptides. The summed pé3k area from all identified peptides »
used for estimation of protein relative abundahtéhe ABPP approach, proteins with at least 4
fold enrichment compared to those from sampleshatd with only DMSO were considel
potential active serine hydrolases. The enricheteprs were searched again Ingenugyhpvay
analysis (QIAGEN, Redwood City, CA, USA) rfadheir primary subcellular location d

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

The impact of lipase/esterase activity on §85degradation was determined via an acceld
PS-80 incubation study. Briefly, PS-&at a concentration of 0.025%, w/v) was spiked
process intermediates (IEXP samples) or regoartt enzyme samples. The samples were
incubated at 37 °C and 70% humidity fgy to 14 days. Two hundreds microliter aliquof
samples were taken at different time points andeinoat -80C. P80 concentration ws

determined by HPLC-CAD (Corona Charged Aerosol Btete Thermo,Bremen, Germary
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with Oasis Max column (2.1x20 mm, 3@n, Waters, Milford, MA. Mobile phase A wa8.5%
(v/v) acetic acid in water. Mobile phase B was 0.&8étic acid in isopropyl alcohol. FE®-was
eluted with 20% to 70% mobile phase B fromo3l1l mins. Standard curves with 25% to b
of target concentration was run before and aftgirtg 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@elassic coupled to a timefl Iflight
(TOF) mass spectrometer (Xevo &%, Waters, UK) that was equipped with an ESI seufn
Acquity UPLC Protein BEH C4 column (2.1 x 100 mr034, 1.7um, Waters, Milford, MA,
U.S.A.) was used for reversed-phase chromatogrdpitial conditions were set at 98% solvent
A (0.1% formic acid in water) and 2% solvent B @&.1ormic acid in acetonitrile). Solvent B
was increased to 25% at 1.0 min, to 35% at 6.0 miA5% at 8.0 min, to 80% at 12.0 min, and
to 99% at 17 min and held for 2 min, followed byigigration step of 2% B for 4 min. The flc
rate was 0.3 mL/min and column temperature waatss®°C. One microliter of sample was

loaded.

For the mass spectrometer, the following parameters set for the ion source: capillary
voltage 3.0 kV, sampling cone voltage 10 V, eximactone voltage 3 V, source temperature
130°C, desolvation temperature 450°C, and condlgagate at 30 L/h, desolvation gas flow
rate at 850 L/h. Two MS functions with collisionezgy of 10 V and 20 V were used for
promoting “in-source” fragmentation. ESI fulkcan 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 esterasas, hydrolyze esters bonds in nal
substrates, such as phospholipids or triglycsridad release free fatty acids. These ens
have been reported to have activity against PS#88320 because they contain the <
carboxylic ester bonds as their natural substréiegire 1A-B)! The active site serinean ke
regenerated for the next reaction cycle througremwiaduced saponification of the a@zym?
intermediate (Figure 1Af. The nucleophilic serine can be labelled and &edcusig activ:
site affinity probescontaining an electrophilic group such as a flubagphonate (FP) 03

triazole urea that covalently modifies the nuchgbp serine (Figure 1C-D3°

To establish the ABPP approach, two chemical prgb€sBiotin and FP-Desthiobiodirwerz
evaluated using an HCCF sample of a mAb produc&H® cells, referred to as mAbl (Fie
2). The enrichment of serine hydrolases was condpaoe two controls:DMSO and a
orthogonal triazole urea probe, used in this cdntex a broadpectrum serine hydrole
inhibitor *! (Figure 1D). As shown in Figure 2, the FP-Bigtirobe shows stronger enrichnt
of serine hydrolases compared to the FP-Desthiobmbbe. The enrichment capability of2
two probes is most likely due to the higher affirof biotin for streptavidin than desthiobic.
The commercial FP-Desthiobiotin probe was used recgnt application of ABPP for F®
degradatiorf? More active enzymes could probably have been ifiedtif a more sensiti

probe was used. More than 10 known lipases andasste were highly enriched with the-FP
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biotin probe. Some of those lipases have been teghtw impact PS degradation, such as LP.
(PIA2G15, phospholipase A2, group XV)PL (lipoprotein lipas€)and the recently repord
liver carboxylesterae Interestingly, another well reported and probléméipase, PLBL
(PLBD2, phospholipase B domain containing*2)showed limited enrichment. Based or
enrichment performance of known serine hydrolaB&sBiotin was selected for the rest of2

ABPP studies.

To evaluate inter-day precisiari the ABPP approach, HCCF samples from mAbl weséel
in two replicateexperiments. As shown in Figure 3, comparison efgbak areas for commc

enriched proteins between the two preparations dstrates assay reproducibility%R.99).
Advantages of ABPP Compared to TABP for Lipase Analysis

Keeping in mind the strengths of the ELISA for td##CP quantitation, we positioned the 1C
MS based proteomics approach as an orthogonal &msagecific HCP characterization duy
process development. HCP identification for thetgtw-based TABP appach is biased 1
HCP abundance. To evaluate the identification lwhithe established TABP approach, a L2
standard was spiked into a mAb drug substance dstomple preparation and IMS analysi.
All HCPs at more than 0.6 ppm were confidently itfeed with at least 2 unique peptides (T2
1 and Figure 4A). The average MS peak area fronejm® of the same concentration g
extracted byProteome Discoverer 2.goftware correlates with the abundance of the sipike

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

To assess the advantage of ABPP compared to TABI@datification of low abundance H
enzymes involved in PS degradation, the MS peak afrall the identified lipases from the )

proteomic approaches in HCCF samples from two mAbsbl and mAb2) were compared.s
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shown in Table 2, ABPP resulted in better enrichini@nmost lipases compared to TABP.r
example, the MS signal of LPLA2 (PLA2G15) from tABPP was increased more than 150
fold compared with that from TABP. Studies have destrated that concentrations of LPPR
below 1 ppm may have a significant impact on PS#8@radatiorf: *> PLA2G7, a lipase fra
the same family as LPLA2, demonstrate the greaiesthment (>350 fold) between the)
methods. Several lipases were only identifiedzaitig ABPP including PLA1A (pospholipag
Al member A), LYPLAZ2 (lysophospholipase 2) and LYRI1 (lysophospholipase-like)1The
increase in MS signal may result from reduced cemipl of the sample matrix as wells
reduced ion suppression from the drug substanteebtingly, some lipases were found to 2
a similar or even higher MS signal from TABP comguhto ABPP, such as LIPAy§osomd
acid lipase A), LPL (lipoprotein lipase) and PLB{thospholipase B domain containing Zhe
similar MS signal intensity between the two apphescfor LIPA and LPL may be due to tr
relative higher abundance levels in HC&#mples, and thus less ion suppression in MS. P
is the only lipase which has limited enrichment paned to DMSO control from both nm
HCCF samples. As a higher abundance protein insétmeple, the presence of PLBL2 in2
ABPP experiments at a lower concentration tharhaa TABP approach may be due to non
specific binding and interactions. This also suggd3LBL2 may not belong to the se2
hydrolase family, or is not reactive with the prabelecule, or is present in the sample n

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

To understand the overall protein composition ajt@ins enriched by ABPP, HCCF sans
from two different mAbs and different CHO cells wetested. Of all the 82 proteins enrid

more than 4-foldcompared to DMSO control by the FP probe from astieone of the ma
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HCCF samples, 55 proteins (>67%) are annotatedydsolases, and 27 of 82 proteins k
unannotated functions as hydrolaségost of the enriched proteins were annotates
cytoplasmicmolecules for their primary subcellular locationsnfi Ingenuity Pathway Analys,
a few proteins were annotated as extracellularra@chbrane proteins (Figure 5). The biolod
function annotations for the identified proteinsravéighly enriched for mteolysis (p value:

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

In order to comparéhe serine hydrolase profile between different Ce#D lines, the enrichi
proteins from the ABPP assay were compared betwedrl and mAb2. More than 36% of2
enriched hydrolases are only identified from mAblnoAb2, or have a greater thanfald
difference in enrichment in one or the other dekl The remaining HCPs are withinf@ld in

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

To demonstratethe application of ABPP for process characterizatiand root cawe
investigations during bioprocess development, #P samples from mAbl and mAb2
analyzed by both TABP and ABPP approaches. IEXPpkesrare otained after purification f
HCCF via Protein A chromatography followed by an Exchange chromatography polisj
step. Thus, IEXP samples are enriched for the etsimAb and contain much less HCPs»
HCCF samples, both in HCP numbers and in abundd®8&0 incubation studies indical
there was significant degradation for mAb2 and malidegradation for mAb1l compared te
placebo control that doesn’t contain drug substafiedle 3). The TABP method failed
identify any lipase contaminants in 2, but PLBL2 was identified in mAbl. The PLBL2 &l
in mAb1 was determined to be 64 ppm by an in-hdesBL2 ELISA assay’ By contras,

ABPP did not identify any enriched enzymes from rhAbhis corroborates our previous res
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showing that PLBL2 is not enriched by the actiiysed probe. Interestingly, two se
hydrolases, PLA2G7 (phospholipase A2, group VI &1AE (sialic acid acetylestergsaver?

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

To determine that the active lipases and estedasdified by ABPP may be involved in PS-80
degradation, fourecombinant enzymes PLBL2, LPLA2, PLA2G7 and SIAHifped from CHC
cells were spiked into mAb2 samples at 15 g/L. khertae mAb2 sampleselected for the stut
were purified via an improved downstream purifiocatprocess and thus expected to have even
lesser HCPs than the mAb-2 IEXP samples where PLZA&Gl SIAE were identified via ABPP
as described above. The rationale behind spikimgdambinant enzymes into a mAb sample,
was to mimic the typical matrix obtained after detvaam purification. As shown in Figure 7,
LPLA2 with known activity against PS-80 shows tinagd concentration-dependent PS-80
degradation. The newly identified lipase PLA2G7 bkadilar impact on PS-80 degradation as
LPLA2. As consistent with the data from ABPP piafj as shown in Figure 2, PLBL2 had no
activity on PS-80 degradation. Recombinant SIAB alsd no impact on PS-80 degradation.
This could be possibly due to low quality of reconamt SIAE with limited overall activity. PS-
80 characterized by LC-MS (Figure 8) in the sampfaked with recombinant enzyme
confirmed PS-80 degradation, which was consistdiit iesults from analysis with HPLC-CAD
Mono-esters from PS-80 were the major species dedray LPLA2 and PLA2G7 (Figure 8D

and 8E).

Discussion
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Serine hydrolases are a large functionally divensmip of enzymes with great biological d
pharmaceutical importané&.® By using an activatederine as a nucleophile, these enzs
hydrolyze ester, thioester and amide bonds in i@tyaof substrates includingetabolites, lipid,
peptides and proteins. For this reason, they plaportant roles in physiologicaand
pathological systents: *° The serine hydrolase superfamily is subdivided ragnlipases,
esterases, thioesterases, amidases and pepfila¥etn pharmaceutical biopoess, serie
hydrolases secreted from host cell lines or retbdisman broken cells during cell culture ke
been reported to significantly impact the biologjickug substance and its correspory
formulation excipients. For example, complement ponentl's (C1s), a serine protease h
the complement cascade, was shown to proteolyzeddiace protein gp120 in CHO celfs,
which have hindered the development of biologiosuiding HIV vaccines® Several serie
hydrolases, including LPLA2, LPL, have been repbrte degrade the formulation excipt
PS>’ Problematic residual proteasand lipases are usually identified by TABP, tesitivity
of which is limited by the high abundance of theglisubstance in a sample after extez2
purification. However, even low concentrations loé tHCP contaminants can be peshhtic.
The effect of contaminant proteins was demonstratedpiking partially purified recombint
proteins at higher concentrations than typicalliedied in endogenous samples. Moreovet
all proteases and lipases have the same activityeasane concentration. It is possible that
most active hydrolases can cause noticeable damiaiteebeing below the detection limit of 2
TABP assay. Hence, it is critical to develop a mdtlthat can enrich problematic classé

proteins for process characterization and rooteausestigation.

Based on the mechanism of action of serine hydesléBigure 1), ABPP has been develop

specifically enrich and identify proteins from thliaperfamily?’ *° Covalent protein modifie
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play a key role as starting points for designinmgversible enzyme inhibitors and develoy
chemical probes for ABP®.To optimize ABPP for serine hydrolases profilimyHCCFfrom
biologics cell culture, two previously reported FPobeswere evaluated using the se
workflow. As shown in Figure 2, FP-Biotiprobe has better enrichment for most s2
hydrolases compared with FP-Desthiobiotin probea Gdmmercial FP-Desthiobiotprobe wes
used in the recent application of ABPP for PS-8@raeatior?’ It is possible that differet
chemical probes have different affinity for varicaexinehydrolyses. There has been signifit
research focused on chemical probe developmersefected groups of serine hydrolyses ¢
different application?>® Theoretically, various chemical probes with differeeactive grous
but the same purification group may be used to mwitie detection range of serine hydroleges.
In this study the variation in enrichment is mokely due to the differential affinity of bio
and desthiobiotin for streptavidin. Not limitedgerine hydrolase®\BPP assays can be use
identify active enzymes from other classes inclgdinysteine-,threonine-, aspartybr
metalloproteases and glycosidases using similakfleor but using different chemical prob&s.
% Those enzymes may have similar physicochenpiaperties as some biotherapeutic pro,
or bind to biotherapeutics for co-purification. Fexample, cathepsin Da member of tkb
aspartyl protease family, caused antibody fragreparticle formation in monoclonal antiby
products’’® In another example, cathepsin L, a cysteine pseteeaused proteolytideavage
of CHO expressed proteins during processing andaged’ In those studies, extene
enrichment was performed in order to identify thiuse abundance HCP enzym€s® There &
opportunity to develop a universal ABPP approachi¢ntify a dozen members thfe catheps

family using a pool of chemical probes for actieeiise, cysteine and aspartyl proteases.
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To the best of our knowledge, this study demoretirahe first application of an optimii
ABPP approach for serine hydrolase profiling inl cellture fluid from cells used to prodz
therapeutic proteinsThe composition and activity of serine hydrolasdé$ help understand t2
source of those HCPs and their impact on the dkaloil the biologics drug substance ans
formulation excipients. ABPP could also help idBn&ind annotate proteins with gottial nev
functions depending on the specific chemical probesd. The understanding of se
hydrolases, especially those known to have advengacts, such as proteases and lis
(Figure 5), will provide useful information for ¢tdihe developmentclone selection, as wells
upstream and downstream development. In our sthdyserine hydrolase HCPs from two s
showed distinct profiles (Figure 6). The differemoay result from different strains of CHO |
lines, from differences in the celliiture conditions, or from downstream purificatisteps. Ths
may provide a rationale to evaluate serine hydeodasd lipase composition for eattierapeut

protein.

In this study, ABPP is also used to investigatedlP&adation observed in biologicgrhulatior.
There is an industry-wide challenge to identifycadevels of lipases/esterase causing8BS-
degradation. Those active enzymes usually fallveele limits of detection of TABP assay a
drug substanc®Also, assessment of protein abundance may notlatereith the amountf
active enzyme present in a sample showing PS deafyoad Currently, there is no direct, high
throughput assay to assess lipase activity in brageutics. For example, our current ass¢
measuring PS-80 degradation requires 1-3 weekgjdes incubating samples at 3¢ ani
monitoring degradation by HPLC or LKAS. ABPP potentially addresses both abundancl
activity challenges by identifying those low abundanzymes based on their activity rathen

abundance.
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As a proof-of-concept study, process intermediftm® two mAbs wee tested by both TAP
and ABPP analysis. PLBL2 was the only lipase identiby TABP in mAbl as shown in Te
3, but it did not appear to cause &bdegradation. PLBL2 was also not identified asetive
lipase in HCCF samples from mAbl or mAb2 (Fgu2). Recombinant CHO PLBL2t
concentrations up to 10 ppm was confirmed to havaativity on P30 degradation as sha
in Figure 7. Early study has suggested PLBL2 tdhgeroot cause of PS-20 degradatiorain
sulfatase drug produéthowever, the amount of PLBL2 (90% pure from a @O specie)
used for functional confirmation was much higheartithe concentration observed in treg
product samplé. The lack of degradation seen in our study in thes@mce of PLBE
contaminants is consistent with early reports thaified recombinant CHO PLBL2 or m)
biotherapeutic in-process samples showedmuatro phospholipase activity againsynthett
substrate$® Actually, bovine phospholipase Bike protein was proposed to la@ amidase r
peptidase rather than a lipase. No natural subdivathe members of the PLBD famhgas bea
yet reported? Our data suggests that OHPLBL2 is neither an amidase nor a peptidasee
serine hydrolase family due to the lack of evidenté¢his activity in our data. There are
possibilities that PLBL2 present in the samplennraactive or inhibited conformation that ist
enriched by the fluorophosphate chemical probe. r&lvethe impact of PLBL2on P:
degradation at concentrations detected in biotleer#qs is questionable according to our
although the level of PLBL2 must be controlled dice an immunogenicity risk® This
observation is consistent with recent report tHa8IE2 is not responsible for PSedradation
mAb drug product8’ We have observed protein formulations containingros00 ppm f

PLBL2 without any PS-80 degradation (unpublishesuitd. The role of different pH, bufr
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conditions, postransitional modifications and association withglaubstance for PLBL2 on:

degradation may need further study.

In contrast, there was significant B8-degradation observed in mAb2, but no lipasestarae
were identified by TABP while ABPP identified twipases/esterases. The first lipase/ese
detected, PLA2G7, a member of the phospholipaséaigly also known as plateletetivating
factor (PAF) acetylhydrolase, modulates the actibRAF by hydrolyzing the s@-ester bond)
yield the biologically inactive lyso-PAE. Another member of the phospholipase famnily,
LPLA2 (PLA2G15), has been reported to degrade 8180 and P30 at concentrationss
low as 0.3 ppni.Both lipases have been confirmed to be able toadiegPS30 in mAb2 (Figue
7). The second esterase identified by ABPP from BABIAE (sialic acid acetylesterase
belongs to the family of hydrolases, specificaléfig on carboxylic ester bond&hich is tre
same ester bond as in PS*®80hein vitro incubation study demonstrated limited activity
recombinant SIAE against F&® degradation (Figure 7). The lack of activity ndye to th
quality or selectivity of the recombinant enzymdyieth needs to be further investigated y
high-quality recombinant active CHO enzymes, sjeaihibitors or geneti&knockout cell line.
The successful identification of novel lipases R880 degradation by ABPP demonstrate2

potential of ABPP for root cause investigation &f Regradation in bioprocess samples.

The ability of ABPP to identify low-abundance preivlatic enzymes responsibfer PS
degradation may lead to the development of speeifaymatic and/or ELISA assays to mea
and control the enzyme levels. It may also helpebtgwvnovel processes, formulations.genet:
strategies to remove or de-activate those enzymésal drug product to ensure a sufficies
safe final drug product. The ability to confirmcértain lipases, such as PLBL2, are activey

lead to modification of the acceptable levels ssme problematic HCPs for prod
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development, which may significantheduce the associated cost of manufacturing arcep

decreased burden on process validation.

Conclusions

In summary, there is significant analytical chadjerto identify low abutant active enzymns
responsible for PSlegradation in biotherapeutics formulations. Basadthe mechanismf
action of serine hydrolases, we hasstablished an optimized ABPP approach for pra
active serine hydrolases from bioprocess samplieg astive chemical probes. ABPP bens
from monitoring and enriching the active forms oizgmes and providing greater sensit
over TABP for identifying active residual host celhzymes of lower abundance. QMBPF
assay did not enrich PLBL2, suggesting that it might be a serine hydrolase may not k2
active, and thus not contributing to PS-80 degiadatrom the proof-of-concept study forPS
80 degradation, PLA2G7 was identified and confirmasda novel lipase for PS 80 degradi
by ABPP. Taken togetherABPP expands the existing analytical toolbox fBICP
characterization, and demonstrates its unique patéo advance biologics process and pra

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 testing. The remaining proteins

were not identified or only identified by singleigne peptides.

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

areafrom mAbl and mAb2

mAb1 mADb1 mAb2 mADb2
(ABPP) (TABP) (ABPP) (TABP)
PL A2G15:phospholipase A2, group 551E+09 3.65E+07

GeneID: Protein Description

iy 473E+09  ND
%AZG?:phOSpho"paSGAZ’ 9'0UP 957409 2.57E+07  8.91E+09 1.83E+07

ZLALA:phosphollpase Al member ND ND 3 96E+08 ND
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L YPLAZ2:lysophospholipase 2 1.45E+09 ND 6.58E+08 ND
LYPLAL L: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
LIPA:lysosomal acid lipase A ND 1.54E+08  2.19E+08 4.45E+08
PLBL 2:phospholipase B domain

T 5.26E+07 2.16E+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, .
LC-MSbased Proteomics 0S80 degradation
I[EXP TABP ABPP 37Cl/day 14
PLBL2 No lipase
mADL (64 ppm) identified 6.67
mAb2 No lipase PLA2G?, 07 27

identified SIAE
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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 dlgdes. Taking note th#he
active-site serine can be regenerated by watecadlgaponification. (dptructures of a gene
phospholipid (a natural substrate), polysorbatg28-20) and polysorbate-80 (BS8}. All 3
compounds are hydrolyzed by serine hydrolases, R&R20 and P80 being key excipies
used in biotherapeutic formulations. (c) The generechanism of action for a chemical p2
selective for serine hydrolases. (d) Structureshefprobes used in this study. FP-Biotin FP
Desthiobiotin and Triazole Urea are all active agaserine hydrolases, whereas Triazole Us
orthogonal and used as a control for specific binding in this study as it does not héve
biotion group for subsequent enrichment with starejolin agarose.
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Uchl5:ubiquitin carboxyl-terminal esterase L5~ |
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 -
Pla2g7:phospholipase A2, group Vil -

Pla2g15:phospholipase A2, group XV - Log Intensity

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 usingther probe (Triazole Ure&ith differert

enrichment group and DMSO as controls. Severackad hydrolases with functions as lig

and esterase were listed. The MS1 peak area wab foseseguantification comparisc.

Additionally, all enzymes are listed gene nameofoéd by protein description.
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Figure 3. Interday precision of ABPP assay. HCCF sample from mAb1 was run with ABP
two replicates. The peak area of those enrichetkipso identified from the two experimisn
were compared to determine reproducibility of #aehnique.
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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 consistadentified with > 2 uniqu2
peptides. (b)The average MS signal from MS1 peak area corretateg well with the spikd
UPS2 protein concentratidn general The MS response varies among proteins from the
concentration range. Please note in (a) and (i¢ipoare 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-quantificattonparison.
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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 ereeyvas added in purififed mAb2 from an
improved process and incubated with 0.02% PS 8@MP8vels measured by HPLCAD from
day 4 (D4) and day 7 (D7) were compared to sampib®ut spike-in enzymes.
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Figure 8. Characterization of PS-80 degradation by L C-MS. Various recombinant enzymes
(10 ppm) were added in mAb2 DS from an improvedaess and incubated with 0.02% PS-80.
PS-80 purity were measured by RP-UHPLC-ESI(+)-HRdSlay 7 from samples with or
without spike-in enzymeéviono-esters from PS-80 were the major species dedray LPLA2
and PLA2G7A. Without recombinant enzyme, B. PLBL2, C. SIAE,BLA2G7, E. LPLAZ2.
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