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Abstract

Host-cell proteins (HCPs) and high molecular weight (HMW) species have historically been
treated as independent classes of impurities in the downstream processing of monoclonal
antibodies (mAbs), but recent indications suggest that they may be partially linked. We have
explored this connection with a shotgun proteomic analysis of HMW impurities that were
isolated from harvest cell culture fluid (HCCF) and protein A eluate using size-exclusion
chromatography (SEC). As part of the proteomic analysis, a cross-digest study was
performed in which samples were analyzed using both the standard and native digest
techniques to enable a fair comparison between bioprocess pools. This comparison reveals
that the HCP profiles of HCCF and protein A eluate overlap substantially more than previous
work has suggested, because hundreds of HCPs are conserved in aggregates that may be up
to ~50 nm in hydrodynamic radius and that persist through the protein A capture step.
Quantitative SWATH proteomics suggests that the majority of the protein A eluate's HCP
mass is found in such aggregates, and this is corroborated by ELISA measurements on SEC
fractions. The SWATH data also show that intra-aggregate concentrations of individual
HCPs are positively correlated between aggregates that were isolated from HCCF and
protein A eluate, and species that have generally been considered difficult to remove tend to
be more concentrated than their counterparts. These observations support prior hypotheses
regarding aggregate-mediated HCP persistence through protein A chromatography and

highlight the importance of this persistence mechanism.
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1. Introduction

The purification of monoclonal antibody (mAb) therapeutics produced in Chinese hamster ovary
(CHO) cells typically relies on platform processes that are designed to deliver a consistent product
composition, which is characterized by critical quality attributes (CQAs) under the quality by
design (QbD) guidance.' The QbD rationale has led bioprocessing research to focus on
developing a more fundamental understanding of the relationship between process parameters and
CQAs, one of which is the host-cell protein (HCP) content of drug substance. CHO cells secrete
native proteins along with the recombinant product, and intracellular HCPs may also be liberated
into harvest cell culture fluid (HCCF) via necrosis and apoptosis.*

There are thousands of species in the CHO proteome and those in HCCF often possess
diverse biophysical properties.™® Protein A chromatography usually provides substantial HCP
clearance but some species manage to persist. This is an incompletely understood phenomenon
that may be due in part to product association or co-elution, and the former has been suggested as
the primary contributor in the capture step.” While product association may be mAb-specific, there
is a set of HCPs that have been commonly encountered in mAb downstream processing studies
and are generally considered difficult to remove.®%'* Additionally, a subset of the CHO proteome
is known to constitute a high therapeutic risk due to deleterious impacts on product safety or
stability.® Some HCPs, such as cathepsins and PLBL2, fall into both the high-risk and difficult-to-
remove categories and they may require targeted removal strategies.®!>1®

The HCP concentration of mAb solutions is usually measured using an enzyme-linked
immunosorbent assay (ELISA); values are typically 10°~10° ppm in HCCF and < 100 ppm in drug
substance.!”!® Although ELISA has served as a de facto standard analytical technique, it suffers

from inaccuracies that arise from coverage mismatches between the sample’s HCPs and the assay’s
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polyclonal antibody probes.!*! The ELISA measurements used for overall HCP assays also do
not identify individual HCP species, which is clearly relevant to monitoring the clearance of high-
risk impurities. Shotgun proteomic techniques using liquid chromatography-tandem mass
spectrometry (LC-MS/MS) provide an alternative for HCP profiling that is finding increasing use,
with both instrumentation and methodological advances contributing to improvements in HCP
coverage. These methods are implemented by enzymatically digesting the proteins in a sample and
identifying peptides that are detected by MS/MS, which are then queried against sequence
databases to identify the original proteins.

The standard digest technique of shotgun proteomic analysis uses trypsin for the
simultaneous proteolysis of HCP and mAb molecules, but the LC co-elution of mAb and HCP
peptides can obscure HCP signals in MS/MS data. The native digest method was developed to
circumvent this problem by leaving the mAb largely intact, thus decreasing the required dynamic
range for the MS/MS detection of HCPs.?? This is accomplished by omitting the standard digest’s
reduction and denaturation steps prior to digestion and then precipitating the mAb after digestion.
Several mAb depletion (HCP enrichment) strategies have been derived from the native digest
method to enhance coverage of HCPs in purified mAb solutions.?**?” However, a concern with all
these techniques is that HCP peptides may be lost during the mAb removal step, leading to
uncertainty as to which digest method is better suited for the analysis of incompletely purified
mAD solutions, such as HCCF.

Another CQA of mAb products is the high molecular weight (HMW) content in the drug
substance.”® HMW species have historically been conceptualized primarily as mAb oligomers and
treated independently from HCPs?® but there are indications that the two impurity classes may be

related. Gagnon et al.>** have shown populations of mAb aggregates to be relatively rich in DNA
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and histone HCPs, which they attributed to nucleosomal arrays acting as nucleation centers for
aggregation, where the proximity of positively-charged histones to negatively-charged DNA may
create an environment that attracts mAb molecules as well as non-histone HCPs. They noted that
cell viabilities at harvest were relatively low in their studies, which is known to worsen the HCCF’s
HCP profile due to the release of intracellular proteins.’>*° The observation of HCPs in mAb
aggregates nonetheless warrants deeper investigation, as improvements in aggregate clearance
have appeared to reduce HCP levels generally. 243

HCP persistence in protein A chromatography was also recently correlated with the self-
association propensity of mAbs and was attributed to the transient formation of positively-charged
mAD clusters that attract HCPs.** It seems reasonable that HCPs may likewise associate with more
permanent mAb aggregates and their survival through protein A chromatography could be
construed as an extension of the product association mechanism. Separate work recently confirmed
this idea, showing that hundreds of HCPs may be present in aggregates in mAb solutions.***® The
biophysical basis of this phenomenon was attributed at least in part to the association between
mAbs and HCPs involved in the unfolded protein response. Oh et al.*® suggested that the resulting
aggregates may directly mediate the persistence of many HCPs through protein A chromatography,
but analysis of the extent of this phenomenon was limited by the different digest methods that were
used to analyze HCCF and protein A eluate samples.

To better understand the persistence of HCP and HMW impurities and their possible
relationship, we analyzed the HCP composition of HCCF and protein A eluate from a commercial
mADb manufacturing campaign as well as subsequent processing of these streams. An enabling step
in all these studies was the use of size-exclusion chromatography (SEC) to isolate HMW

impurities, allowing characterization of different components of the process streams involved and
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deeper profiling of HCP compositions. A key element is a cross-digest proteomics study that
compares the relative merits of the standard and native digest methods for detecting HCPs in these
samples, which may inform the construction of spectral libraries prior to quantitative proteomic
analysis. Complementary ELISA and dynamic light scattering (DLS) analyses were also
performed to provide additional context within which to interpret the findings. Although this
observational study is limited in scope to one mAb product, we expect the trends to be transferrable
to other mAb solutions that contain HMW impurities given similar observations that were made

in a recent study of several mAb products.*¢

2. Materials and Methods

2.1. Materials

Arginine and ethylenediaminetetraacetic acid (EDTA) were purchased from Acros Organics, and
triethylamine hydrochloride was purchased from Alfa Aesar. Tris-HCI, iodoacetamide, bovine
gamma globulin, bovine ribonuclease A, and hen ovalbumin were purchased from Sigma-Aldrich.
Sodium bicarbonate, 50% w/w NaOH, 12.1 N HCI, and acetonitrile (ACN) were purchased from
Fisher  Scientific.  2-(N-morpholino)ethanesulfonic ~ acid  hydrate = (MES),  tris(2-
carboxyethyl)phosphine (TCEP), and formic acid (FA) were purchased from Thermo Scientific.
Dithiothreitol (DTT) was purchased from Bio-Rad and sodium azide was purchased from Fluka.
Sequencing-grade trypsin was purchased from Promega and pre-digested yeast alcohol
dehydrogenase (ADH) was purchased from Waters. Buffer solutions were prepared using
deionized water from an EMD Millipore Milli-Q system (> 18.2 MQ c¢m), and pH and conductivity

measurements were made using a Cole-Parmer PC200 meter.
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Bristol Myers Squibb (BMS, Devens, MA) supplied HCCF (5.4 mg/ml) from an [gG1 mAb
(145 kDa, pI 8.9) manufacturing process that used CHO cells as the host. As part of its preparation,
the HCCF had been clarified using an Emphaze AEX Hybrid Purifier (3M) that terminates in 0.2
um sterile filtration. BMS also supplied protein A eluate that was purified from the HCCF using
MabSelect SuRe LX (Cytiva). Viral inactivation was performed by titrating the eluate to pH 3.5
with 0.1 N HCI and incubating quiescently for 60 min. The pool was neutralized to pH 5.4 with 2
M tris and filtered through an Emphaze AEX Hybrid Purifier before custody transfer (PAVIN,

26.9 mg/ml).

2.2. SEC fractionation

Prior to SEC fractionation the HCCF feedstock was concentrated approximately four-fold using
Amicon 100 kDa MWCO centrifugal ultrafiltration units (EMD Millipore) at 7500 g. The
concentrated HCCF and the unconcentrated PAVIN were fractionated using a TSKgel
G3000SWxI SEC column (Tosoh Bioscience) on an Akta Explorer (Amersham Biosciences)
equipped with a 10 mm UV flow cell and a fraction collector. Nominal injections of 150 ul were
made cyclically using a 50 ml Superloop assembly (GE Healthcare) at a flow rate of 0.6 ml/min
in a pH 6.5 running buffer of 50 mM MES, 200 mM arginine, 5 mM EDTA, and 0.05% sodium
azide. A mAb fraction and two HMW impurity fractions, which are referred to as large and small
aggregates, were collected from both the HCCF and PAVIN; two small-protein fractions (SPFs)
were also collected from the HCCF. The column was washed according to the manufacturer's
recommendations after every ~100 HCCF injections and ~150 PAVIN injections. The approximate

molecular masses of the SEC fractions were estimated using a standard curve provided by the
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column manufacturer. Gamma globulin, ribonuclease A, and ovalbumin calibrants were used to
validate the standard curve and adjust for the Akta Explorer’s extra-column volume.

All SEC fractions and unprocessed feedstocks were subjected to centrifugal ultrafiltration
for concentration and buffer exchange. Filters with a 10 kDa MWCO were used for the aggregate
and mAb fractions whereas 3 kDa MWCO filters were used for the SPFs and unprocessed
feedstocks. Samples for the standard digest were exchanged into 100 mM triethylammonium
bicarbonate at pH 8.0 and concentrated to > 0.5 mg/ml and those for the native digest were
exchanged into 25 mM tris-HCI at pH 8.0 and concentrated to > 5.0 mg/ml. Total protein
concentrations were estimated in triplicate using the Bradford assay (Thermo Scientific) with
bovine serum albumin as the calibrant, and the concentrations of HCPs in the SEC fractions were
estimated using an F550-1 3G CHO HCP ELISA kit (Cygnus), where duplicate measurements

were taken from different concentrations in a single 10-fold serial dilution for each sample.

2.3. Dynamic light scattering

DLS was performed on a 3D LS Spectrometer (LS Instruments) equipped with a 660 nm laser, a
motor-driven goniometer, two avalanche photodiode detectors, and a two-channel digital
correlator. All measurements were made in aqueous solution (refractive index n = 1.330, viscosity
1n = 0.891 mPa - s) at an angle of 104°, corresponding to a reciprocal scattering vector magnitude
of 50 nm. The buffer-exchanged SEC fractions were diluted to < 1 mg/ml, filtered through 0.8 pm
low protein binding Acrodisc syringe filters (Pall), and analyzed in auto- and pseudo-cross
correlation modes; unprocessed HCCF and PAVIN feedstocks were analyzed in the instrument’s
modulated 3D cross-correlation mode to suppress the effects of multiple scattering. Data collection

proceeded until the product of count rate and sampling time exceeded 1.0 X 108 for SEC fractions
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and 4.5 X 107 for unprocessed feedstocks. The data were interpreted using the CONTIN algorithm
with a curvature minimization constraint to impose smoothness; hydrodynamic radius bounds of
[0.5 nm, 1 um] were specified and the L-curve method was used to select the optimal value of the

regularization parameter independently for each data set.*’*3

2.4. Proteomic analysis

2.4.1. Native digest

Native digestion was performed under non-reducing conditions as described previously.?? Samples
of volume 100 pl containing 500 pg of total protein were digested with trypsin at an enzyme to
substrate mass ratio of 1:400 for 16 hr at 37 °C. Undigested mAb was reduced and precipitated by
adding 1 pl of 50 mg/ml DTT and incubating for 10 min at 90 °C. Samples were centrifuged at
13,000 g for 2 min and the supernatants were filtered through 10 kDa MWCO centrifugal
ultrafiltration units (VWR) at 5000 g for 3.5 min. The filtration units were rinsed with 100 pl of
25 mM tris-HCI and centrifuged for an additional 4 min. The filtrates were acidified with 3 pl of
20% FA and samples were desalted using OMIX C18 pipette tips (Agilent). The C18 tips were
conditioned with 50% ACN, equilibrated with 1% FA, loaded with sample, washed with 0.1% FA,
and eluted with 0.1% FA in 50% ACN. Three bind-and-elute cycles were completed on the same
tip for each sample. Desalted samples were dried using a SpeedVac vacuum concentrator (Thermo
Scientific) and redissolved in 49.5 pl of 2% ACN with 0.1% FA. Samples were spiked with pre-
digested ADH to a concentration of 6.675 fmol/ul and retention time calibrants (iRT, Biognosys,
Schlieren, Switzerland), and the volume equivalents of 90.91 pug of digested proteins were

analyzed in technical triplicate in LC-MS/MS.
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2.4.2. Standard digest

Trypsin digestion was performed under standard conditions as described previously.*>*° Samples
of volume 100 pl containing 50 pg of protein were reduced by adding 2.5 pl of 100 mM TCEP
and incubated at 60 °C for 1 hr. Samples were alkylated by adding 5 ul of 150 mM iodoacetamide
and incubating in the dark at room temperature for 30 min. Trypsin was added at an enzyme to
substrate mass ratio of 1:50 and digestion proceeded at 37 °C for 16 hr. Samples were acidified
with 4 pl of 20% FA, desalted and dried as described above, and redissolved in 45 pl of 2% ACN
with 0.1% FA. Samples were spiked with pre-digested ADH to a concentration of 5 fmol/ul and
with retention time calibrants, and the volume equivalents of 5 pg of digested proteins were

analyzed in technical triplicate in LC-MS/MS.

2.4.3. LC-MS/MS

LC-MS/MS analysis was performed as described previously.’! A TripleTOF 6600 Sciex
instrument equipped with an Eksigent Nano 425 LC was operated in microflow mode with a
ChromXP C18CL Sciex column (3 pum, 120 A, 150 mm x 0.3 mm). Mobile phases A and B
consisted of 0.1% FA in water and 0.1% FA in ACN, respectively, and a flow rate of 5 pl/min was
used. Elution was performed via gradients from 3 to 25% B over 68 min, 25 to 35% B over 5 min,
and then 35 to 80% B over 2 min. Data-dependent acquisition (DDA) was performed in positive
ion mode with a 250 ms MS1 scan over a mass range of 400-1250 m/z, and the top 30 precursor
ions were selected for fragmentation and MS/MS detection with a 50 ms scan over a mass range
of 100-1500 m/z. Data-independent acquisition (DIA) was performed using sequential windowed

acquisition of all theoretical fragment ion spectra (SWATH) with a full MS1 scan and 64 variable

10
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MS/MS windows for standard digestions and 32 variable MS/MS windows for native digestions.*

54

Database searches were performed using the Paragon algorithm in the Sciex ProteinPilot

5135 ysing a local copy of the CH RefSeq 2019 database

software (v5.1) as described previously,
supplemented with ADH, retention time calibrants, and common contaminants. Search parameters
were set to specify trypsin as the enzyme, iodoacetamide for cysteine alkylation of standard digest
samples, and a 10% detected protein threshold. HCP identifications with at least two peptides at
95% confidence in all three technical triplicates were accepted at a local false discovery rate of
1%.

DDA data from all native digest samples and the standard digest of SPF 2 were used to
construct a consolidated spectral library in Skyline as described previously (v20.2.0.343; MacCoss
Lab, University of Washington).’**7 Triplicate SWATH data for each sample were processed
together using the Skyline command-line interface, and peaks were selected and integrated
automatically using the mProphet algorithm based on a target decoy approach.® The consolidated
spectral library was used in the analysis of all samples except the PAVIN mAb SEC fraction,
which contained too few HCP peptides for mProphet automatic peak picking. A spectral library
based only on the PAVIN mAb DDA data was therefore used in the analysis of that sample. A
detection g value was assigned to each peak and peptides with g > 0.01 in any of the triplicate
measurements were removed from the analysis. Following summarization by Tukey's median
polish, protein peak areas were calculated from peptide peak areas using MSstats (v3.18.5; Olga

Vitek Lab, Northeastern University) and normalized against the ADH peak area.>® The spiked

mass of ADH was used to estimate HCP masses from normalized peak areas, based on the

11



Accepted Manuscript
Version of Record at: https://doi.org/10.1002/btpr.3343

assumption that all proteins of a given concentration generate the same response, and these were

divided by the total injected sample mass to estimate fractional HCP mass concentrations.

2.4.4. Data analysis
It is often possible for multiple HCP candidates to explain the spectral data that identify a single
protein, so a candidate selection algorithm was developed with the objective of minimizing the
total number of HCPs in the set union of all DDA results. Only candidates with the most peptide
identifications were considered and those found in other samples as the only possible option for
any protein identification were given selection preference. Selection preference was then given to
candidates occurring with the highest frequency in the sample set union and previously selected
HCPs were always given preference in new selections.

The Statsmodels Python package was used to perform one-way and two-way ANOVA tests
as well as post-hoc pairwise comparisons using Tukey’s HSD test, with a threshold of p < 0.01
considered significant. The Seaborn Python module was used to interface with SciPy for
hierarchical clustering analysis, which was performed using Ward's minimum variance method
based on the Euclidean distances between binary identification vectors (DDA data) or species-
normalized concentration vectors (DIA SWATH data), where unidentified HCPs were assigned a

concentration of zero.

3. Results
3.1. SEC analysis
To enable investigation of how HMW impurities may contribute to HCP persistence, mAb HCCF

and protein A eluate that had been viral-inactivated and neutralized (PAVIN) were fractionated

12
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using SEC via serial injections (Figure 1). In the course of the injection sequence there was a lower
apparent injection mass during the first few cycles, which was attributed to pressure increases in
the Superloop assembly in later cycles, leading to higher injection masses. The column
performance appeared to be stable otherwise and peaks containing large and small aggregates were
collected from both feedstocks along with the mAb fraction. Two small-protein fractions (SPFs)
were also collected from the HCCF. A subtle but nonetheless observable shoulder was present in
the PAVIN chromatograms at the location of the first SPF peak (Supplementary Figure S1) but
material requirements precluded its characterization. The presence of this shoulder suggests that
mADb fragments and some HCPs in free solution likely survived the protein A capture step but this
peak is appreciably smaller than its aggregate counterparts. The logarithmic mass scale in Figure
1 should be interpreted with caution, as the excluded hydrodynamic radii of non-spherical
structures may not correlate well with molecular mass. Given this uncertainty, as well as column
dispersion, the small aggregate peak is expected to contain primarily mAb dimers and small
oligomers. The large aggregate peak is expected to contain molecular structures that are on the
order of hundreds of kDa as well as materials that exceeded the column’s exclusion limit of ~1.2

MDa.

13
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Figure 1. Overlay of SEC chromatograms from the fractionation of HCCF (top row) and PAVIN
(bottom row). Full chromatograms are shown on the right and the aggregate portions are magnified
on the left. Vertical red bars indicate fraction bounds and the series color corresponds to the cycle
number. The molecular mass abscissa was obtained by transforming the volume abscissa by the
column’s standard calibration curve. A280, absorbance at 280 nm; agg., aggregate; mAb,
monoclonal antibody; SPF, small-protein fraction; HCCF, harvest cell culture fluid; PAVIN,
protein A eluate that had been viral-inactivated, neutralized, and filtered.
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3.2. Size analysis by DLS
Previous estimates have suggested that the hydrodynamic diameters of HMW impurities may be

as much as several hundred nm,?%#!:60

which would not be expected to survive 0.2 um sterile
filtration. However, the HCCF and PAVIN aggregates observed here had already been subjected
to depth filtration through an assembly that terminated in a 0.2 um membrane. To provide a broader
context for understanding their process behavior, therefore, the hydrodynamic radius (Rj)
distributions of aggregate fractions were estimated using DLS and are shown in Figure 2. As with
all DLS measurements, an inverse Laplace transform is required to interpret the measured time
correlation function, which can be solved analytically for strictly monodisperse systems but is ill-
posed otherwise.*” This necessitates a regularization constraint, which is usually chosen to impose
smoothness on the result, as well as the a priori selection of a regularization parameter «.
Unfortunately the spread of the final R;, distribution can be sensitive to a, with values that are too
low leading to disproportionate sensitivity and excessively narrow R peaks and values that are
too high leading to inaccurately broad R, peaks. The L-curve method was used to select the
optimal value of a for the CONTIN analysis of each data set independently; these values are given
in Supplementary Table S1 and are generally on the order of 0.1.47:61

The maximum R}, in all of the measured distributions appears to be appropriately < 100
nm and the mAb fractions appear to have monomodal distributions located at the correct Ry, of ~5
nm. The main peaks in unfractionated feedstock distributions are also located at this size, although
they are broader due to their inclusion of aggregates. The scattering intensity scales with RS, so it
is generally expected that even trace amounts of aggregates should be perceptible in the DLS

analysis of bioprocess samples. This was the case for the HCCF feedstock, which has a subtle R,

peak around 50 nm, but no such peak was observed in the PAVIN, perhaps due to its relatively

15
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lower aggregate concentration. Analysis of the small-aggregate SEC fractions reveals bimodal
distributions with both a free mAb peak and an aggregate peak, the latter of which was estimated
to be ~15 nm in the HCCF and ~25 nm in the PAVIN. The presence of the free mAb peak may be
due to the incomplete SEC chromatographic resolution between the mAb and small-aggregate
fractions. The aggregate subpopulation that was observed in the DLS analysis of the small-
aggregate SEC fraction would be large enough to encompass several mAb molecules that are
packed tightly or a few mAb molecules that are packed loosely, which seems generally consistent
with size indications from the SEC chromatograms (Figure 1). The size distributions of the large-
aggregate fractions appear to be broader than those of the small-aggregate fractions and shifted to
slightly higher R;. These were estimated for the HCCF and PAVIN to be unimodal and bimodal,
respectively, but the apparent difference may be an artifact of the measurement noise and the
smoothing, as they both span comparable R; domains. Although the precise value depends on «,

the largest aggregates have R, values on the order of 50 nm.

16



Accepted Manuscript
Version of Record at: https://doi.org/10.1002/btpr.3343

0.35
HCCF
0.301
_0.25
T _
£ 0.20 Feed
< Large agg.
—~0.151 — Small agg.
g — mADb
% 0.101
0.051
0.00 > —
0.35
PAVIN
0.301
. 0.257
"
€ 0.201
£
—0.15/
x
% 0.10-
LA
0.00 \ : E—
100 102

Rh [nm]

Figure 2. Normalized distributions of hydrodynamic radii (Rj) of unprocessed feedstocks and
derivative SEC fractions from harvest cell culture fluid (HCCF, top) and protein A eluate that had
been viral-inactivated, neutralized, and filtered (PAVIN, bottom).
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3.3. Cross-digest proteomic analysis of SEC fractions

It was unclear which digest method would be better suited for the proteomic analysis of each of
the different SEC fractions. Compared with the standard digest, the native digest can offer superior
coverage by theoretically removing spectral interference between co-eluting mAb and HCP
peptides. However, the lack of reduction and denaturation steps prior to digestion could hinder the
identification of HCPs that are part of mAb solution aggregates. To resolve this uncertainty a cross-
digest study was performed in which all SEC fractions and the unfractionated feedstocks were
analyzed using both techniques in data-dependent acquisition (DDA) mode, which accomplishes
HCP identification but not quantification. The HCCF SPF 2 fraction was the only exception, for
which there was insufficient material to perform the native digest. Interference from mAb peptides
is expected to influence the analysis of this fraction the least, as it should contain primarily HCPs
that are < 15 kDa, protein fragments, and other low molecular weight absorbing impurities from
the cell culture media.

After acquisition of the DDA data, alternative HCP candidates that could explain single-
protein identifications were selected so as to minimize the total number of HCPs in the sample set
union irrespective of biological function, biophysical properties, etc. This objective was chosen to
avoid artificial inflation of the total number of HCPs identified, which may be trivial in the union
of only a few samples that have little HCP overlap but more appreciable when comparing many
samples. Relative to arbitrarily selecting the first HCP candidate in each protein identification, the
selection algorithm reduced the total number of species in the sample set union by 15% (3118 vs.
2662).

An overview of all data from the cross-digest study is provided in Figure 3, which permits

comparisons between the: digest methods, HCCF and PAVIN, feedstocks and derivative SEC

18
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fractions, and the individual fractions. In the analysis of unfractionated HCCF only ~40% of the
HCPs in the aggregates could be identified, whereas ~70% of HCPs in the mAb and SPF fractions
were found. Although this would appear to suggest an identification bias toward free-solution
HCPs, it may be simply a consequence of the larger number of species present in the aggregates
and the apparent relative concentrations of the fractions (cf. the aggregate and SPF 1 peak sizes in
Figure 1). The ~70% of HCPs that could be identified from the mAb and SPF fractions were mostly
present in aggregate fractions as well.

Some of the multiple comparisons that Figure 3 enables are unpacked in Figure 4, including
a comparison of the total coverage of the two digest methods that reveals the extent to which the
standard digest is limited by the co-elution of mAb and HCP peptides. The native digest identified
roughly twice as many HCPs as the standard digest in all HCCF samples (Figure 4A), and the
difference was unexpectedly more pronounced in the PAVIN, for which the standard digest co-
elution problem is greater due to the higher sample purity. However, there were 81 species in the
sample set union that were able to be identified only using the standard digest (Figure 3 and 4B).
The mean cysteine content of these species is significantly higher than that of the HCPs identified
by only the native digest or those that were identified by both digest methods (based on one-way
ANOVA and post-hoc pairwise comparisons), and the cysteine content is expected to correlate
with disulfide bond content. The higher mean in the group that was uniquely identified by the
standard digest is consistent with the difference in reduction between the two methods but the

effect size 1s small.
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Figure 3. Clustered heat map of all binary HCP identifications from the data-dependent acquisition
(DDA) cross-digest study. Blue and orange indicate positive identifications using the native and
standard digest methods, respectively, whereas white represents no identification. HCPs (rows)
are clustered, whereas samples (columns) are not, and boxes around the feedstock columns are
intended only to facilitate comparison with the derivative SEC fractions. Each row is annotated
with the calculated isoelectric point (pl) and cysteine content of the HCP, and the color bar for
cysteine content is on a linear scale from 0% to 3% but logarithmic thereafter. The HCCF SPF 2
fraction was analyzed using only the standard digest due to material constraints.
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Figure 4. (A) Stacked bar chart of the number of HCPs that were uniquely identified by each
digest method and those that were identified by both digest methods (intersection), where values
above bars represent the total. HCCF U PAVIN refers to the combination of all samples, HCCF
union refers to the combination of all HCCF samples, and PAVIN union is analogous. The HCCF
SPF 2 fraction was analyzed only using the standard digest due to material constraints. (B)
Distribution of the cysteine content of HCPs in the digest comparison groups within HCCF U
PAVIN. Data points are superimposed on the density distributions and box plots are superimposed
to show distribution quartiles, where the white point represents the median. (C) Overlap of HCPs
in HCCF and PAVIN aggregate fractions after HCP identifications by the native and standard
digest methods are united for each sample. Values in parentheses denote the total number of
species that were identified in each fraction. (D) Stacked bar chart of the number of HCPs that
were uniquely identified in each process pool and those that were identified in both pools
(intersection) after HCP identifications by the native and standard digest methods are united for
each of the common samples analyzed. Union represents the combination of all data.
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The cross-digest study shows that roughly 80% of the identifiable HCPs were found in
aggregate fractions and that there were hundreds of common HCPs among those fractions (Figure
3 and 4C). The majority of aggregate HCPs were shared by three or more fractions, as shown by
the extensive overlap and comparably large numbers of HCPs in both HCCF large and small
aggregates as well as the PAVIN large aggregates. The large aggregates appear to have been
implicated in the persistence of more than a thousand HCPs through protein A chromatography,
as hypothesized in prior work.*® This is more clearly shown in Figure 4D, which compares the
HCP overlap between the common samples derived from HCCF and PAVIN. Roughly 80% of
HCPs in PAVIN aggregates were also identified in the corresponding HCCF aggregates, which is
about double what was observed previously.*®

Comparisons of HCP biophysical properties across SEC fractions reveal significant but
relatively small effect sizes. About 10% of the HCPs identified in the SPFs have unphysically large
molecular masses of > 100 kDa, which is presumably due to protein fragmentation (Supplementary
Figure S2). This may be the result of CHO lysosomal protein degradation as well as protease
activity in free solution.*®%> The mean HCP mass in the SPF fractions is significantly lower than
that in the HCCF aggregates, but the effect size is small. Similarly, a comparison of isoelectric
point distributions does not reveal significant differences aside from a slightly higher mean pl in
the HCCF SPF 2 fraction than in the other HCCF samples (Supplementary Figure S3).

Prior work has identified numerous HCPs that are difficult to remove in downstream
bioprocessing.®%!* About 200 of those species were identified in this study, the majority of which
were present in both the HCCF and PAVIN (Supplementary Figures S4 and S5). Consistent with
the trends observed in the full data set, the native digest offered superior coverage for the difficult-

to-remove species, but the difference between the two digest methods was less pronounced than
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for the full set of HCPs. Additionally, 56 HCPs that are considered to represent a high therapeutic
risk were observed (Figure 5 and Supplementary Figure S6),® most of which appear to have
persisted through protein A chromatography via aggregate association. Some of the high-risk
species were not identifiable in the PAVIN without SEC fraction enrichment, including protein
S100, which is suspected to elicit an immunogenic response.®> Matrix metalloproteinases,
peptidyl-prolyl cis-trans isomerase A, and protein disulfide-isomerase were also undetected in the
PAVIN feed without SEC fractionation, and these can affect the drug quality deleteriously by
promoting degradation and aggregation.®

As previous knowledge of HCP persistence is preconditioned by detectability, it may be
useful to consider broader classes of HCPs that are generally of interest to downstream bioprocess
development, such as those included in Supplementary Figure S7. The aggregates contain a
heterogeneous mixture of HCPs with diverse biological functions, including heat shock proteins
and other chaperones that may enable the CHO host to cope with the stress of high mAb
production.*®%* The association of these species with incorrectly-folded mAb molecules has been
suggested as one possible nucleation mechanism for HCP-rich aggregates.*® Nucleosomal arrays
represent another putative nucleation center,?’ and this is supported by the presence of histones

H2A and H2B in the large aggregates.
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Figure 5. Sorted binary heat map of high-risk HCPs.® Blue and orange indicate positive
identifications with the native and standard digest methods, respectively, whereas white represents
no identification. Each HCP (row) is annotated with the type of its known or expected deleterious
impact on the therapeutic quality.
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3.4. Quantitative SWATH proteomics

Given its general superiority, the native digest was used for the quantitative SWATH proteomic
analysis of all SEC fractions except HCCF SPF 2, which was analyzed using the standard digest.
SWATH identified slightly more species than the DDA analysis of each sample using the same
digest method (Supplementary Figure S8), despite identifying slightly fewer species overall (2514
vs. 2581), which suggests that the SWATH spectral library constructed from the DDA results was
appropriately comprehensive. The measured HCP masses are expressed as a fraction of the total
analyzed mass of each sample, rather than the mAb mass, because some SEC fractions are
expected to contain relatively little mAb. All SWATH data are depicted in Figure 6, which shows
sample-specific HCP concentrations that have been normalized across the SEC fractions for each
HCP individually. The normalized concentrations are generally highest in the large aggregates,
although there are appreciable clusters where the highest concentration is observed in the HCCF
small aggregates and SPF fractions.

Figure 6 suggests that HCP concentrations may be correlated between certain fractions,
and this is investigated for all sample pairs in Figure 7, where the fraction-specific HCP
concentrations have been logarithmically transformed because they span several orders of
magnitude. The histograms show that HCP concentrations are approximately log-normally
distributed within each SEC fraction, and the scatter plots reveal that HCP concentrations are
positively correlated between all sample pairs. The strongest correlations are those among the
aggregates as well as those between the PAVIN feed and its derivative aggregate fractions. HCP
concentrations in the HCCF feed are also correlated relatively strongly with those in the HCCF

mADb and HCCF SPF 1 samples.
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Figure 6. Clustered heat map of row-normalized HCP concentrations in the SEC fractions. HCPs
(rows) are clustered, whereas samples (columns) are not. Negative identifications were assigned a
concentration of zero and HCP concentrations were computed in units of ppm on a total mass basis
(i.e. ng HCP / mg total for each SEC fraction) and row-normalized using the minimum and

maximum concentrations observed across all samples.
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Figure 7. Pair-correlation plots of logarithmically transformed HCP concentrations in the SEC
fractions. The abscissas of all plots and the ordinates of off-diagonal plots represent log, ¢, where
the concentration ¢ of each HCP has units of ppm on a total mass basis (i.e., ng HCP / mg total for
each SEC fraction). Histograms of logarithmically transformed HCP concentrations in each
sample are shown on the diagonal. Dashed lines represent linear regressions and the Pearson
correlation coefficient p is shown for each sample pair. The PAVIN mAb sample is not included
because it contained only four identifiable HCPs.
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It is also informative to compare the abundances of difficult-to-remove HCPs with those
of their counterparts (Figure 8). Within each fraction, the mean of the logarithmically transformed
concentration distribution of difficult-to-remove species is higher than that of the other HCPs by
about one log, a difference that was found to be statistically significant (based on two-way
ANOVA). In general, the highest fraction-specific concentrations of difficult-to-remove species
were observed in the large aggregates and the HCCF SPF fractions (Supplementary Figure S9), as
was also the case for the subset of high-risk species (Figure 9). The high-risk species in HCCF
SPF 1, which are primarily glutathione S-transferase isoforms, were mostly cleared by the protein
A capture step. Many of the high-risk species in HCCF SPF 2 were detected in the HCCF feed but
also cleared by the protein A step. Aggregate association appears to be responsible for the
persistence of most high-risk HCPs into the PAVIN (Figures 5 and 9) and this is also the case for
the broader classes of HCPs that may be of general interest to downstream bioprocessing

(Supplementary Figure S10).

28



Accepted Manuscript
Version of Record at: https://doi.org/10.1002/btpr.3343

B DTR HCPs
W Other HCPs

ng / mg total])

l0g10 (Chep [PPM =
b b N
am O

3 . © N 1 N 0
e SRR UL R S R o R\
<€ CEAN ¢ S S N e oo N W
o< o« B o« RS NS S SR \N\\,’b‘g V\sﬁ‘a \*‘\
o e s a

Figure 8. Split histogram plots comparing the logarithmically transformed HCP concentrations of
species that have been generally considered difficult to remove (DTR) with their non-DTR
counterparts in each SEC fraction.53 121465 Black lines represent the distribution means. The
PAVIN mAb sample contained only four identifiable HCPs, all of which are considered DTR and
are shown as individual points.
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Figure 9. Clustered heat map of row-normalized HCP concentrations for species that are
considered to represent a high therapeutic risk.® HCPs (rows) are clustered, whereas samples
(columns) are not, and each HCP is annotated with the type of its known or expected deleterious
impact on the therapeutic quality. Row-normalized HCP concentrations were computed as

described in Figure 6.
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3.5. SWATH vs. ELISA
To assess the distribution of HCP mass among the SEC fractions, the HCP concentrations that
were measured by SWATH were added for each sample (Figure 10A). These were compared to
ELISA measurements of the total HCP content of each fraction and were found to agree generally
for the aggregates and the PAVIN feed. ELISA appeared to overestimate the HCP content of the
HCCF feed, mAb and SPF fractions, which SWATH measured to have HCP concentrations
comparable to or lower than those of the HCCF aggregates. The HCP content of the PAVIN large
aggregates was comparable to that of the HCCF aggregates but the HCP concentration in the
PAVIN small aggregates was noticeably lower. SDS-PAGE gels (not shown) suggest that mAbs
or mAb fragments are the principal constituent of the aggregates and the HCCF SPF 1 fraction,
consistent with the SWATH HCP concentrations that sum to < 5 X 10° ppm (on a total mass
basis).

An approximate mass balance was performed using the fractional SEC peak areas (Figure
1) and assuming equivalent extinction coefficients; the relative standard deviation was 11.6%,
which includes propagated error estimates from Bradford, SWATH and SEC analyses.
Comparison with SWATH-determined HCP concentrations (Figure 10A) would suggest that the
PAVIN aggregates and mAb fraction contain 5.1% more HCP mass than was measured in the
PAVIN feed, which is unphysically high but within experimental error. When normalized by the
sum of HCP masses in the PAVIN SEC fractions rather than the HCP mass in the PAVIN feed,
the aggregates are shown to contain 99.9% of the HCP mass. However, this value may be
overestimated because HCP mass contributions from the shoulder in the SPF 1 peak location
(Figure S1) were not included; material requirements precluded the proteomic analysis of that

sample. A lower-bound value of 87.9% may be obtained by assuming the shoulder in the PAVIN
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chromatogram has the same fraction-specific HCP concentration as the SPF 1 peak in the HCCF,
although the substantial convolution of the SEC peak areas of the PAVIN mAb fraction and SPF
1 (Figure S1) likely causes an appreciable underestimation of the aggregate contributions to the
total PAVIN HCP mass, which inflates the relative importance of SPF 1. Alternatively, if the ratio
of HCP mass in SPF 1 to that in the mAb fraction is assumed to be the same in the HCCF and
PAVIN, the aggregates are again estimated to contain 99.9% of the PAVIN HCP mass. The
contributions of SPF 1 are negligible under this assumption largely as a result of the much lower
HCP concentration in the PAVIN than in the HCCF mAb fraction (Figure 10A).

The assumption of equivalent extinction coefficients is not tenable for the HCCF because
the SPF 2 fraction contains low molecular weight absorbing impurities, which precludes a
comparable assessment of the HCP mass distribution within the HCCF. However, it is possible to
compare the relative HCP content of the two aggregate fractions within each process stream, which
shows that large aggregates harbor 1.9 and 3.9-fold more HCP mass than small aggregates in the
HCCF and PAVIN, respectively. A comparison between the number of protein species detected in
each sample and the total HCP concentration measured by the SWATH analysis (Figure 10B)
shows that these metrics appear to correlate positively for all but one of the SEC fractions. The
outlier is HCCF SPF 2, which has a higher SWATH HCP concentration than the other samples
with similar numbers of HCPs. However, this point may be overestimated because full protein
molecular masses were used in the computation of the HCP mass content, but the SPF 2 fraction

is expected to contain primarily protein fragments.
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Figure 10. (A) Comparison of ELISA and SWATH quantifications of the total HCP content in
feedstocks and derivative SEC fractions. Total protein masses (i.e., the denominators) were
estimated using the Bradford assay and error bars represent 1X sample standard deviations, which
were computed using standard error propagation rules to combine the uncertainties from Bradford
and ELISA / SWATH measurements. No error is shown for the ELISA PAVIN small-aggregate
sample because only one serial dilution point fell on the ELISA calibration curve. The HCP content
of the PAVIN mAb fraction also did not fall on the ELISA calibration curve but contained < 125
ppm HCP based on the assay’s limit of detection and the sample dilution. (B) Scatter plot of the
total HCP concentration that was determined using ELISA or SWATH vs. the total number of
HCPs that were identified in the SWATH analysis of each SEC fraction.
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4. Discussion

The mechanisms of HCP persistence through protein A chromatography remain incompletely
understood but aggregate association appears to mediate the survival of thousands of HCPs.
Although it is unknown to what extent mAb properties influence this phenomenon, similar
observations in a study of several mAb products suggest that this is not product-specific.*
Aggregate-associated HCPs comprise the majority of the PAVIN HCP mass because the protein
A step appears to clear SPF impurities much more effectively than aggregates (Figure 1). Such
aggregates must bind to the protein A resin and partially co-elute with the product to persist into
the PAVIN. The HCCEF large- and small-aggregate fractions contained comparably large numbers
of HCPs but the PAVIN small aggregates contained only about half as many (Figure 4A). It is
possible that the protein A step may have cleared an HCP-rich subpopulation of the small
aggregates while enriching mAb oligomers that are unassociated with HCPs, thus leading to the
observed reduction in the number of identified species and the total HCP concentration (Figure
10A). This may also explain the increase in the ratio of total HCP mass in the large aggregates
relative to that in the small aggregates (1.9-fold in HCCF vs. 3.9-fold in PAVIN).

Although the SPF 1 fraction from the PAVIN could not be analyzed, it seems reasonable
to expect that its HCP content may decrease similarly because the protein A step should increase
the mADb Fc fragment content of SPF 1 while clearing some HCPs. A subpopulation of the SPF 1
HCPs may nonetheless survive via nonspecific adsorption and co-elution. This subpopulation may
contain species that are more basic than the quadrivalent Z-domain ligand in the MAbSelect SuRe
LX resin, which has a pI ~5.1 and therefore presents a cation-exchange-like surface for nonspecific
adsorption at neutral pH.%¢-%® Bracketing the mass contribution of these HCPs to the total PAVIN

HCP content requires alternative assumptions, which introduces ambiguity in the assessment of
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the HCP mass distribution among the aggregates and other SEC fractions. The value of 87.9% is
considered to represent an underestimate of the PAVIN aggregate contributions to the total PAVIN
HCP mass, not only because the SPF 1 peak area is substantially convoluted with the tail of the
mADb peak (Figure S1) but also because the protein A step is expected to increase the relative mAb
Fc fragment content of SPF 1. The estimates that are closer to 99% are expected to be more
accurate, although the accumulated error in the mass balance (relative standard deviation of 11.6%)
makes all of these values comparably large.

Many of the HCPs present in aggregates were not necessarily identified in the parent
unfractionated feedstocks. This illustrates one of the salient challenges of shotgun proteomic
analysis:  the well-known and unavoidable problem of false negatives. Positive HCP
identifications may be asserted with statistical confidence but the absence of an HCP cannot be
confidently concluded from a negative result. In principle, a negative result would suggest that an
HCP of interest is not present above its limit of detection but this interpretation is obfuscated by
co-elution of mAb peptides in the standard digest and sample loss during undigested mAb
precipitation in the native digest. This complication could hypothetically be avoided using positive
controls that are spiked with HCPs of interest to determine species-specific limits of detection in
the experimental sample but doing so is generally infeasible for the thousands of HCPs that may
be present and also requires prior knowledge of which HCPs are of interest. This constitutes a
nontrivial problem for mAb downstream processing studies that seek to demonstrate the clearance
of dilute but high-risk HCPs based on negative identification results.

SEC fractionation may be construed as an HCP enrichment technique, albeit a laborious
one, that reduces the extent of the false negatives problem. Removal of the mAb peak enables a

deeper analysis of aggregate fractions and the SPFs that contain many HCP species. Comparison
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of feedstocks with the respective sample unions (Figure 4A) shows that SEC fractionation led to
more than 2-fold and 16-fold increases in the HCP coverage for the analysis of HCCF and PAVIN,
respectively. The more substantial benefit for the PAVIN is due to its higher relative mAb content,
because far fewer HCPs could be detected in the PAVIN feed than in the HCCF feed, but
comparable numbers were present in the PAVIN and HCCF large aggregates. In general, SEC
fractionation coupled with the native digest substantially improves HCP coverage and may be
useful for constructing relatively comprehensive spectral libraries to support quantitative SWATH
proteomics. Unfortunately, these techniques do not eliminate the false negatives problem entirely,
as evidenced by the identification of some species in the PAVIN that were not identified in the
HCCEF (Figure 4D). The false negatives problem may also partially explain the apparent positive
correlation between the total HCP concentration and the number of species that were identified in
SWATH proteomics (Figure 10B), as has also been reported previously for protein A eluate pools
and in spiking studies.!®??

The SWATH analysis reveals that HCP concentrations in downstream bioprocess pools are
log-normally distributed, and the abundance of individual HCPs is positively correlated across
HCCF and PAVIN SEC fractions (Figure 7). Species that have previously been recognized as
difficult to remove are about one order of magnitude more concentrated than their counterparts on
average (Figure 8), which may make them easier to detect and may partially explain why they have
been found to persist in prior studies. HCPs that have higher starting concentrations in the HCCF
are also expected to be more challenging for downstream separations generally, which seems
consistent with their difficult-to-remove designation. The aggregates contain both difficult-to-
remove and high-risk HCPs as well as several other proteases and lipases. It is unclear whether the

enzymatic activity of these species is mitigated by their association with the HMW structures, as
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would be suggested by the apparent stability of the aggregates. It is also unknown whether HCP
dissociation from the aggregates proceeds to any appreciable extent, which could make the
aggregates function like HCP reservoirs in purified mAb solutions. Regardless, the adsorption of
HMW impurities on protein A chromatography resins could contribute to column fouling and
capacity loss by hindering the diffusional transport of mAbs into resin particles.?’ This possibility
is supported by the observation that the largest aggregates in this study have hydrodynamic radii
that are comparable to the apparent pore radii of several commercial protein A chromatography

resins.®’

5. Conclusions

The complexity of bioprocess samples and the inherent ambiguities of shotgun proteomic
techniques lead to inevitable false negatives in the observed HCP composition of mAb solution
impurities. This problem becomes more pronounced as the mAb purity increases and it constitutes
a nontrivial challenge for confidently demonstrating HCP clearance through downstream
operations. Given these limitations, it is essential to incorporate coverage enhancement techniques
like the native digest, which appears to offer greater HCP coverage than the standard digest, not
only in purified mAb solutions but also in HCCF. Coupled with SEC fractionation, this technique
reveals broader overlap among the HCP profiles of HCCF and PAVIN than has been observed
previously, because the majority of identifiable HCPs are conserved in HMW impurities that are
concentrated through the capture step (Figure 1), whereas the concentration of SPF impurities is
substantially reduced. This is reflected in SWATH and ELISA measurements that indicate that

most of the PAVIN HCP mass is present in aggregate structures. Although the SEC fractionation
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represents an additional analytical step, it has the added benefit of explaining differences in

persistence behavior of the constituent HCCF fractions through protein A chromatography.
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