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CHAPTER 6

Abstract

Currently, animal tests are being used to confirm the potency and lack of toxicity of toxoid
vaccines. In a consistency approach, animal tests could be replaced if production consistency
(compared to known good products) can be proven in a panel of in vitro assays. By mimicking
the in vivo antigen processing in a simplified in vitro approach, it may be possible to distinguish
aberrant products from good products. To demonstrate this, heat-exposed diphtheria toxoid
was subjected to partial digestion by cathepsin S (an endoprotease involved in antigen
processing) and the peptide formation/degradation kinetics were mapped for various heated
toxoids. To overcome the limitations associated with the very large number of samples, we
used common reference-based tandem mass tag (TMT) labeling. Instead of using one label
per condition with direct comparison between the set of labels, we compared multiple
labeled samples to a common reference (a pooled sample containing an aliquot of each
condition). In this method, the number of samples is not limited by the number of unique
TMT labels. This TMT multiplexing strategy allows for a 15-fold reduction of analysis time,
while retaining the reliability advantage of TMT labeling over label-free quantification.
The formation of the most important peptides could be followed over time and compared
among several conditions. The changes in enzymatic degradation kinetics of diphtheria
toxoid revealed several suitable candidate peptides for use in a quality control assay that can

distinguish structurally aberrant diphtheria toxoid from compliant toxoids.
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Introduction

Degradomics analysis of antigens and allergens has been successfully used for predicting
T-cell epitopes® and for studying allergens and antigens®. Usually, an antigen of interest is
subjected to limited proteolysis in an in vitro setting which mimics antigen processing of the
immune system. /n vitro proteolysis can be done in isolated antigen-presenting cells (APCs) 1°,
or with endolysosomal extracts of APCs 112, a mixture of APC-derived enzymes and proteins
! or recombinant enzymes °. In most applications the formed peptides are identified after a
set time point by using liquid chromatography-tandem mass spectrometry (LC-MS/MS) for

protein identification.

We have previously developed a degradomics-based analysis that can be used as a quality
control (QC) assay for tetanus toxoids as an alternative for the animal tests that are currently
being used to confirm potency and lack of toxicity of these vaccines 2. The rationale for this
type of assay is that if the assay (or a panel of assays) can confirm batch-to-batch consistency,
the potency and safety profile of the batches are also consistent. Toxoids are prepared by
formaldehyde-inactivation of toxins, which results in very heterogeneous mixtures due to a
myriad of chemical modifications of the antigen *. These modifications are most common
in arginine, tyrosine and lysine residues, but are certainly not limited to these amino acid
residues. This heterogeneity is further exacerbated by adsorption to colloidal aluminum
salts. These salts enhance immunogenicity, but lead to challenging characterization of the
final vaccine. In the previously described assay, tetanus toxoids were exposed to elevated
temperatures to simulate aberrant batches. Subsequently, the samples were subjected to
digestion with recombinant cathepsin S. By using label-free quantification of the peptides
formed at various time points, the kinetics of the individual peptides were mapped. In
subsequent analyses, selected peptides that showed temperature-induced differences in
their formation/degradation kinetics were quantified by addition of synthetic isotopically
labeled standards, which could reliably distinguish denatured products from unaltered
products. We intend to apply similar degradomics analysis to other antigens where animal
tests are still being used for QC, starting with diphtheria toxoid (DTd). The diphtheria toxin
is a 58 kDa protein consisting of an A and a B fragment, which are connected by a disulfide
bridge. In this study, the purified bulk was analyzed. Digestion of DTd with chymotrypsin

(comparable to cathepsin S: a clear preference for cleavage sites but not completely specific)
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CHAPTER 6

results in the identification of approximately 150 to 300 peptides with modern equipment
1 but the number of very abundant peptides is more limited **, which is comparable to
digestions of other purified proteins of a similar size. The first step in the development of a
degradomics assay involves mapping the kinetics of as many of the peptides that are formed
by cathepsin S digestion as possible. Once the degradation process has been mapped, the
assay can be simplified for use in QC by quantification of specific stability-indicating peptides.
Despite its simple sample preparation, the previously used unbiased label-free quantification
for mapping the enzymatic degradation of tetanus toxoid has several disadvantages. In
particular, the analysis time of approximately a week to analyze all samples is long, with the
available instrument time usually being a limiting factor. Further disadvantages inherent to
label-free quantification are inter-run variability (worsened by the long overall analysis time)

and susceptibility to ion suppression or enhancement *°.

To overcome these issues, we looked into isobaric labeling-based relative quantification
(reviewed by Rauniyar et al. and Arul et al. Y8), and specifically the use of tandem mass
tag (TMT) labeling *°. The main drawback of standard isobaric labeling is the limited number
of available labels/channels. Efforts are being made to increase the number of channels by
designing new labels, such as TMTpro 16-plex %°, but this approach will eventually be limited
by the size of the molecules, the limits of isotope incorporation and the mass spectrometric
specifications (in particular its resolving power). Instead of using more channels to cover both
of our variables (temperature exposure and enzymatic digestion time of the protein), we
used a strategy in which different channels are used for one variable (temperature exposure)
and in which one or more dedicated channels are used for a pooled sample (referred to
as the common reference (CR), containing an aliquot of each of the samples). This results
in a control that can be used for relative quantification between all samples, because the
common reference content is identical in each sample (Figure 1). Similar pooling strategies
are common in quantitative DNA or RNA studies %!, and are used in the field of proteomics in
conjunction with dimethyl labeling 22 and TMT labeling 2. In this study we report the use
of the TMT-CR multiplexing strategy for mapping the enzymatic degradation kinetics of DTd

solutions that were exposed to elevated temperatures to simulate faulty batches.
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Figure 1. Schematic overview of the common reference-based tandem mass tag labeling strategy. Diphtheria toxoid
was exposed to various temperatures and subsequently digested by cathepsin S at 37 °C. The enzymatic reaction
was stopped at various digestion time points. Aliquots of each sample were pooled to form a common reference
sample. Subsequently, each sample was labeled with a unique TMT label for every temperature (the same TMT-
channels were used for the same exposure temperature), and a unique label for the pooled common reference
sample (TMT-131C). Since each digestion sample (time point and temperature) was prepared in triplicate, there
was an opportunity for extra pooled control samples, made by labeling a pooled sample containing just one
triplicate. These additional controls were labeled with TMT*-130N, TMT*-130C and TMT*-131N, one for each
triplicate. For simplicity these are not depicted in the schematic overview (except for the MS3 spectrum). After
labeling, the various heat-exposed samples were mixed with the other heat-exposed samples of the same time point
and with the common reference. The mixed samples were then measured by nanoscale LC-MS, identified by MS1
and MS2, and quantified by the reporter ions generated in MS3. The reporter ions can be compared to the common
reference reporter ion (TMT*-131C) for every separate analysis, allowing for comparison between different runs
(i.e., different time points and replicates). The peptide used for the MS3 spectra in this example is YPGLT.
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Materials & Methods

Preparation of aberrant diphtheria toxoids

Diphtheria toxoid was obtained from a manufacturer within the IMI-funded VAC2VAC
consortium 2. The protein concentration (determined by BCA (Thermo Fisher)) was adjusted
to 100 pg/mL. The toxoid was then thoroughly dialyzed (Slide-A-Lyzer Dialysis cassettes
10000 MWCO, Thermo Scientific) against a phosphate buffer (10 mM, pH 7.2, prepared
from a 1-M solution from Sigma Aldrich). The protein concentration was confirmed to still
be approximately 100 pg/mL by BCA. Subsequently, aliquots of the toxoid were incubated
at different temperatures. Three samples were prepared per incubation temperature. The

samples were incubated at 4 °C, 37 °C, 45 °C, 50 °C, 55 °C, 60 °C and 65 °C for 2 days.

Digestion conditions

Five pug heated DTd was digested with cathepsin S (0.1 pg) in 100 pL sodium citrate buffer
(100 mM, pH 5.0) containing 2 mM dithiothreitol and 2 mM ethylenediaminetetraacetic
acid. For each temperature (in triplicate) and time point, a separate reaction was carried out.
The digestion took place at 37 °C and was stopped by addition of 50 pL 0.1 mM E-64 solution

(a cysteine protease inhibitor, Sigma Aldrich).

Labeling

Prior to labeling, Solid Phase Extraction (SPE) was performed by using 50-mg Sep-Pak C18
cartridges (Waters) in conjunction with a Gilson GX-271 ASPEC robot. The digestion solution
was loaded and washed with ammonium carbonate solution (10 mM, pH 10). The high pH is
critical to remove DTT, which interferes with TMT labeling. Subsequently, the peptides were
eluted with 60 vol% acetonitrile, collected and dried in a vacuum centrifuge. After drying,
the samples were re-dissolved in 100 plL phosphate buffer (100 mM, pH 7.4) and a 10-pL
aliquot was taken of each sample. These samples were used to prepare the pooled common
reference samples: the main common reference consisted of an aliquot from every sample,
three additional common references consisted of the pooled aliquots of the individual
triplicates (CR1, CR2 and CR3). To 45 L of the remaining digests, 5 uL of a solution of the
synthetic peptide Ac-GDVEAGKK (20 fmol/uL, purchased from Pepscan, the Netherlands)
was added as an internal standard to correct for any labeling or measurement bias. Every

sample was labeled by addition of 4.5 pL of a TMT label dissolved in acetonitrile (7.3 pg/uL)

140



Common Reference-Based Tandem Mass Tag Multiplexing for the Relative Quantification of Peptides:
Design and Application to Degradome Analysis of Diphtheria Toxoid

as depicted in Figure 1, and then incubated for 1 hour at room temperature. Then, 8 uL 5
vol% hydroxylamine was added and the resulting mixture was incubated for 1 hour at room
temperature. Subsequently, the samples were mixed as depicted in Figure 1. Samples of the
various temperature treatments with the same digestion time were pooled along with the
common references. CR1, CR2 and CR3 were labeled with labels TMT*-130N, TMT*-130C
and TMT*-131N. These three channels could be used for potential troubleshooting. The
common reference of every sample (so, a mixture of every sample of all replicates) was
labeled with label TMT*!-131C. This common reference was used for relative quantification
of every sample. After mixing, the samples were again subjected to SPE, but at low pH with
0.1 vol% formic acid for the initial washing and 60% acetonitrile with 0.1 vol% formic acid for
the peptide collection. After drying, the peptides were dissolved in 550 uL 0.1 vol% formic
acid containing 1 fmol/uL angiotensin-I, angiotensin-lll and oxytocin as system suitability

controls.

LC-MS

The TMT'-labeled peptides were analyzed by reversed phase nanoscale LC-MS using a
vented column system as described by Meiring et al 7. A 100-um I.D. x 20-mm L trapping
column packed with 5 um Reprosil-Pur C18-AQ particles, followed by a 50-um 1.D. x 32.4-cm
L analytical column packed with 3 um Reprosil-Pur C18-AQ particles were connected to an
Agilent 1290 Infinity HPLC system. The samples were injected onto the trapping column and
washed for 10 minutes with 0.1 vol% formic acid in water at a column flow rate of 5 plL/min.
Subsequently, the peptides were separated on the analytical column by a 30-minute gradient
from 6 vol% to 56 vol% acetonitrile containing 0.1 vol% formic acid at a column flow rate of
125 nL/min. The analytical column was coupled to a Fusion Lumos Tribrid mass spectrometer
(Thermo Fisher) by electrospray ionization (spray tip prepared in-house). A targeted inclusion
list was used to ensure quantification of the internal standard peptide, as well as some of
the most abundant digestion products (DSIIR, GTNPVF, DGASRVV, DGASRVVL, HPELS, YPGLT,
ESPNKTVS, VDENPLS). Detailed instrumental settings can be found in the Supplemental

Information.
Data processing

The data was analyzed by Proteome Discoverer 2.4 SP1 (Thermo Fisher) to obtain the relative

intensities of the internal standard peptide. Proteome Discoverer allows the user to set the
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TMT label modification to dynamic, which was required as the peptide Ac-GDVEAGKK was
predominantly labeled on one lysine residue. The quan spectra were exported and filtered
for the correct retention time and correction factors for every condition were determined.
Subsequently, the data was processed by PEAKS X (Bioinformatics Inc.) to quantify the DTd-
derived peptides. The parent mass error tolerance was set to 5.0 ppm, the fragment mass
error to 0.6 Da, and methionine oxidation and deamidation of asparagine and glutamine
residues were considered as dynamic modifications. The quantitation module used 20 ppm
mass tolerance for the reporter ions and a peptide confidence cut-off of-10logP > 15.0. The
peptide list was exported to Excel (Table S1) and after correction for the intensity of the Ac-
GDVEAGKK reporter ions, the relative intensity of each reporter compared to the common
reference was determined. To estimate the quantification quality (Figure 2), points that were
either 0 or missing were counted as missing. For the plots in Figure 3, any point where no CR
channel was available (most likely no MS3 spectrum acquired), no point is plotted and the
line representing the average was automatically calculated with the remainder of the points.

Final graphs were prepared by using GraphPad Prism 8.1.2.

Results & Discussion

Diphtheria toxoid solutions were heated (37, 45, 50, 55, 60, 65 °C) for two days to obtain
aberrant samples. The kinetics of the subsequent partial digestion of heated and 4 °C-stored
DTd solutions by cathepsin S was evaluated at seven time points. A total of 232 peptides were
identified (confidence cut-off-10logP > 15.0) and quantified, resulting in 70% coverage of the
DTd sequence. However, most of these peptides were not measured at all of the 462 data
points. To produce a meaningful kinetic plot for a specific peptide, its presence should be
detectable at a sufficient number of data points. To visualize for which peptides a meaningful
kinetic plot may be obtainable, the percentage of quantifiable TMT signals, i.e., the reporter
jon coverage, was calculated for each of the 232 peptides (Figure 2A). For example, if at t
= Oh the intensity threshold for a single MS3 scan is not met because not enough peptide
is present and no MS3 scan is obtained, this will decrease the reporter ion coverage by 2.3

percentage point (11/462 data points missing).

In total, 118 peptides had a reporter ion coverage of more than 50% of the data points. For

these peptides, good kinetic profiles could be obtained, as shown in Figure 2B for peptide
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ILPG. Even peptides with a reporter ion coverage as low as 19% vyielded useful kinetic
information, as illustrated by peptide VAQVIDSETADNLE (Figure 2C). So, most of the peptides
that were identified and quantified yielded useful information, emphasizing the robustness
of the method. It may be beneficial to make an inclusion list to ensure that all peptides
of interest are quantified in each sample. For instance, a screening run of the common
reference sample could be analyzed first. However, this does remove some of the unbiased
nature of the assay. To avoid missing unexpected peptides this screening would have to
be done for every batch that is being analyzed. Furthermore, a low average intensity may
result in excluding a peptide because peptides with a low MS1 intensity will require very
long injection times to reach a sufficient ion count for MS3. However, low average intensity
is commonly seen for intermediate cleavage products (e.g., LTEPLME in Figure 3), which
are abundant only in a limited time frame but still provide useful insights in the enzymatic
degradation process. Care should be taken to ensure that the use of an inclusion list fits the

purpose of the experiment.

Prior to analyzing diphtheria toxoid samples, optimization experiments were performed to
ensure maximum reproducibility, in particular with respect to differences in relative reporter
ion intensity between MS3 scans. By direct infusion of TMT® labeled synthetic peptide Ac-
GDVEAGKK various settings were screened and low amounts of ions in the Orbitrap were
found to be detrimental to the inter-scan reproducibility. Relatively high automatic gain
control (AGC) settings combined with both sufficiently long injection times and MS1 intensity
thresholds were required to reach these targets (Figure S1). To correct for any labeling
efficiency, mixing variation or channel response differences, a fixed amount of internal
standard peptide was added to each sample. This resulted in good reproducibility between

injections of the same sample (Figure S2 and Figure S3).
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Figure 2. Peptide quantification quality. A) The identified and quantified peptides sorted by TMT reporter ion
coverage, expressed as the percentage of the total number of data points (462) where the reporter was detected.
The selected peptides shown in Figure 3 are marked green. B) Example of a kinetic plot of a peptide with 50%
reporter ion coverage (ILPG). C) Example of a kinetic plot of a peptide with only 19% reporter ion coverage
(VAQVIDSETADNLE). For panels B and C, up to 6 data points per timepoint at a given temperature are expected
(triplicates measured twice). The relative abundance compared to the average intensity of a particular peptide over
all points (the common reference) is plotted over time for panels B and C.

A representative selection of peptides indicative of the formation of aberrant DTd upon
temperature exposure is depicted in Figure 3. Peptides originating from different parts of
the toxoid were all formed faster when exposed to higher temperatures. During the studied
degradation timespan, this resulted in higher areas under the abundance-time curve. Three
types of kinetics could be observed. In the first type, peptides such as VTYPGLT and LTEPLME
are formed rapidly, but are also degraded further into smaller peptides at the later time
points. The peptide LTEPLM is of the same type, but the second phase, where degradation
is faster than formation, is slower than for LTEPLME. Although we cannot determine with
absolute certainty if a peptide is formed from the intact DTd or from an intermediate peptide,
it is likely that the rapid formation and decrease of VTYPGLT is at least in part responsible for
the formation of YPGLT. YPGLT, DSIIR and GTNPVF are part of the second type of kinetic
profiles, where rapid formation in the first hours of digestion is followed by a slower second
formation phase or steady state. These peptides are usually short and lack the hydrophobic
branched amino acids in the middle or N terminal side of the peptide. Although cathepsin
S should not be considered a completely selective endoprotease like trypsin, it has a strong
preference for valine and leucine residues in the P2 position (and P1’ and P3’ or aromatic
amino acids at P3’) of the substrate 8. Peptides lacking this cleavage preference, or those
that are too short, are often not cleaved further. This results in most peptides having a valine
or leucine as the penultimate amino acid. Peptides with valine and leucine are rarer in the

middle and further towards the N terminal side of the peptide, because such peptides are
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prone to cathepsin S digestion at this location. The last type of kinetic profile involves a
steadier increase of the peptide over time, such as observed with peptides DGASRVV, HPELS
or VDNENPLS. Because TMT quantification only gives relative intensities of the same peptide,
a representative chromatogram of the TMT labeled and mixed sample after 32 hours of
digestion is depicted in Figure 4, to put the abundance of the peptides into perspective. A
selection of the peptides shown in Figure 3 is highlighted in Figure 4, and these are among

the most abundant peptides in the chromatogram.

Although it is not possible to directly correlate the formation kinetics of a single peptide
or a group of peptides to in vivo efficacy or toxicity, these kinetics could be used for the
development of an assay that measures consistency between batches without the use of
animal studies. The current animal tests have notoriously high variability and insensitivity
which makes direct comparison between new assays and animal tests difficult 2. Historic
data has shown that toxoid vaccines are very stable when stored correctly, but exposure
to elevated temperatures — similar to those used in the current study — can decrease the
potency *°. Depending on how sensitive the chosen peptides are, the differences in kinetics
can distinguish even changes in the toxoid induced by exposure to 37 °C compared to the
controls. The formaldehyde-inactivation process also causes changes in structural stability
3132 and changes the susceptibility to enzymatic degradation by cathepsin S °. It is therefore

likely that a variety of batch-to-batch differences can also be detected in this type of assay.

From our current data, it is clear that peptides can be selected that could be used in a
potential degradomics-based QC assay, similar to the assay described for tetanus toxoids 3.
The selected peptides can be quantified, and deviation from the control value is indicative
of denaturation of the toxoid. Important peptide selection criteria would be: (i) based on
quantification of the peptide it should be possible to distinguish heated samples from native
samples, (i) the concentration of the peptide candidate should increase over time, (iii) the
peptide should be sufficiently abundant in the sample, (iv) peptides containing unstable
amino acid residues (e.g., asparagine) should be avoided, if possible. Based on these criteria,
peptides YPGLT, DSIIR and DGASRVV would be our suggested candidates for a degradomics-
based QC assay for DTd. We recommend the use of our TMT-CR multiplexing strategy to
identify peptides that fulfill the previously mentioned criteria. To subsequently develop

a routine assay for batch-to-batch comparison and/or product stability testing, stable
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Figure 3. Kinetic profiles of a selection of representative peptides annotated to the diphtheria toxin crystal structure
(PDB: 1DDT). The following color codes have been used: tan regions are part of the A fragment, grey regions are
part of the B fragment and red is used to highlight the peptides. The relative abundance compared to the average
intensity of a particular peptide over all points (the common reference) is plotted over time. Error bars represent
the SD of the digestions of a diphtheria toxoid sample incubated and digested in triplicate that was measured in
duplicate (i.e., 6 data points).

146



Common Reference-Based Tandem Mass Tag Multiplexing for the Relative Quantification of Peptides:
Design and Application to Degradome Analysis of Diphtheria Toxoid

isotopically labeled internal (SIL) standard peptides can be used. Quantifying these three
peptides after 20 hours of exposure to cathepsin S instead of measuring several time points is
sufficient if the kinetic profiles have been mapped before. Acceptable quantification criteria
should be set by the manufacturer for their specific products in subsequent studies and
should, for instance, take into account their batch-to-batch variation. After confirming that
peptides YPGLT, DSIIR and DGASRVV can be used to pick up aberrant batches of a particular
manufacturer’s product, a full validation in accordance with the International Council
for Harmonisation of Technical Requirements for Pharmaceuticals for Human Use (ICH)
guidelines should be carried out 3. The use of SIL standards is more common in QC than
using TMT labels, because it is easy to monitor and it is transferable to more accessible Triple
Stage Quadrupole mass spectrometers coupled to conventional liquid chromatography ¢,

and will make the assay easier to validate.

4187585
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Figure 4. Base peak chromatogram of a pooled and TMT-labeled diphtheria toxoid after 32 h of cathepsin S digestion.
The N-termini of the annotated peptides are TMT-labeled. The annotated peptides are those depicted in Figure 3
with increasing intensities over time.
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Overall, the TMT-CR labeling strategy presented in this study allowed us to map the
degradation kinetics of DTd when exposed to the cysteine protease cathepsin S. In order to
distinguish mass spectrometer-errors from labeling or sample pretreatment errors, our 147
conditions were measured twice in a total of 42 runs for the sake of this study. However,
measuring the triplicates only once would have been sufficient to map the degradation
kinetics. In our case the common reference-based labeling strategy reduced the theoretical
analysis time from almost a week to an overnight analysis. When employing all labels in the
TMT 11-plex kit, a theoretical time reduction of 10x over label-free quantification is possible,
and a 15x reduction with TMTpro 16-plex, without being limited to one condition per channel.
This dramatically reduces the analysis time and allows for a direct, relative comparison of
different samples. The use of isobaric mass tagging in conjunction with the use of a common
reference, as shown in this study, has a lot of potential and should be considered when

reliable relative quantification of many parameters is required.
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Figure 3 shows the MS3 scan’s precision with various scan parameters.
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