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Part IV — Discussion

Chapter 9

General discussion






General discussion

While glycosylation is an important co- and post-translational modification exhibited by
more than 50% of proteins®?, the analysis thereof is a remarkably complex affair. Underlying
challenges include the non-linear arrangement of a varying number of monosaccharides, an
absence of fluorescence response of native glycans, as well as heterogeneity in glycoprotein
characteristics such as solubility, charge and stability3.

This thesis mainly focuses on the method development and application within one
particular branch of glycosylation analysis methodologies, namely matrix-assisted laser
desorption/ionization mass spectrometry (MALDI) mass spectrometry (MS). For analysis of
the ions we have made use of either time-of-flight (TOF) or Fourier-transform ion-cyclotron
resonance (FTICR). The major advantage of MALDI over other ionization methods like ESl is
the speed by which samples can be measured — the acquisition time for an individual sample
is typically only a few seconds — making it particularly suitable for the mass spectrometric
analysis of large cohorts*®. What remained, and was explored in the work covered in this
thesis, was to improve information content and quality, to decrease wet-lab hands-on time,
to handle glycomics data integration, to streamline normalization, derived trait calculation
and statistical analysis, and to apply the methodologies to challenging and informative
clinical cohorts.

9.1 Developments in linkage-specific sialic acid esterification

In this thesis, two overall derivatization strategies are described for released N-glycans,
namely the esterification of the acidic residues present on sialylated species (Chapter 3),
and reductive amination of all N-glycans at their reducing ends (Chapter 6). The first led to
the stabilization and linkage-discretization of sialic acids (both of the N-acetylneuraminic
acid and N-glycolylneuraminic acid variety; Chapter 3 and Chapter 5), while the second
allowed high-resolution MALDI-FTICR-MS in negative mode (Chapter 6).

9.1.1 Application of linkage-specific sialic acid derivatization

The esterification protocol proved beneficial for the analysis of released N-glycans from
human serum and plasma, and has contributed to a variety of case-control and longitudinal
studies including on Down Syndrome” and pregnhancy®°. Furthermore, the reaction could
be applied to the study of antibody glycosylation, examples including the released N-glycans
of IgG-Fc and IgG-Fab?®, and those from engineered Her2-1gAs''2. Direct comparison studies
revealed that MALDI-TOF-MS with relatively simple mixtures of esterified N-glycans showed
largely similar profiles and performances as liquid chromatography with fluorescence
detection (Chapter 2 and Chapter 3)'3®, Furthermore, our method comparison on the
analysis of total serum N-glycosylation (TSNG) (Chapter 8) showed a generally higher
information content (more individually detected signals) with MALDI-TOF-MS than with
HILIC-UHPLC-FLD and xCGE-LIF. When applying the workflow to the analysis of murine
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plasma, known to contain various glycan structures different from those found in
humans'”*8, we could also establish the similarity of the reaction on a2,3- and a2,6-linked
N-glycolylneuraminic acids, the esterification of sialic acids linked to N-
acetylgalactosamines instead of galactoses, as well as the qualitative preservation of sialic
acid O-acetylation due to the mild reaction conditions (Chapter 5)'°%,

A downside of the ethyl esterification turned out to be the long-term stability of the esters,
particularly the lactone?!, and while full reaction selectivity of the carboxylic acid
modification was achieved for sialic acids, experiments on IgG glycopeptides revealed a
variety of reaction products on the peptide portion?%23, To suit specific purposes, alternative
reaction variants were designed, such as dimethylamidation / lactonization for 1gG
glycopeptides (showing full reaction specificity on the tryptic IgG peptide portion)??2*, and
dimethylamidation / amidation for increased long-term stability required for tissue imaging
(Table 1)%.

Table 1. Sialic acid masses before and after linkage-specific derivatization.

Modification Nucleophile Solvent Amass NeuSAc NeuSGe Refs
Amass Amass

a2,3-linkage-specific

Lactonization . Etgﬁfﬂfgﬂ’s o 180106  273.0849  283.0798 162

Amidation Ammonium DMSO -0.9840  290.1114  306.1063 .
hydroxide
Methylamidation Methylamine DMSO 13.0316 304.1271 320.1220 27,28
a2,6-linkage-specific

est!—:\-/rliiit::tlion Methanol Methanol 14.0157 305.1111 321.1060 16,26
Ethyl esterification Ethanol Ethanol 28.0313 319.1267 335.1216 16

Dimethylamidation Dimethylamine DMSO 27.0473 318.1427 334.1376 22,25

Non-derivatized

Native - - - 291.0954  307.0903 -
SOdLa:;:][M' - - 219819  313.0774  329.0723 -
Pmasﬂifgd (M- - - 37.9559  329.0513  345.0462 -

The ethyl esterification protocol, encompassing the chemical derivatization of glycans, HILIC
enrichment and MALDI-TOF-MS measurement, proved automatable, but required
modifications in the reaction temperature, the HILIC stationary phase, and the matrix
solvents (Chapter 4)?°. The resulting shift of the analytical bottleneck to data analysis was
addressed by the development of software packages for integration and quality control,
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such as the recently-published MassyTools3C. Notably, the data analysis tools could make
use of the enhanced resolution of the now-attained reflectron-mode MALDI-TOF-MS
measurements. This includes quality control like high-precision ppm error determination on
the now well-isolated monoisotopic signals, and comparison of theoretical with observed
isotopic envelopes. The resulting high-throughput N-glycomics workflows were applied to
several of the larger mass spectrometric total serum N-glycomics studies to date (Chapter
6 and Chapter 7)3'.

9.2 Persistent challenges in mass spectrometric N-glycomics
While this thesis describes advances in MALDI-MS N-glycomics throughput and structural
information (sialic acid linkage), the methodology is at current not capable of unravelling
the full complexity of glycosylation in biological systems. Taking human glycosylation as an
example, several layered challenges still need to be addressed. These include a larger
control of technical variability, an increase in structural information, a traceability of glycans
to specific glycosylation sites, as well as a coupling of glycomics with the analysis of other
post-translational modifications (ideally in a protein-specific manner).

9.2.1 Controlling technical variability

So far, identification of glycomics biomarkers has been made difficult by relatively low
correlation coefficients, indicating a lot of uncontrolled variability in the data. While part of
this may arise from biological sources (which need to be understood), a large contribution
may come from measurement errors as well. Most chapters in this thesis describe
coefficients of variation based on positive controls in the experimental run (Chapter 3-
8)16:19.2931 typical values ranging from 1% to 6% for the highest signal but increasing with
decreasing signal intensity. While quite decent from an analytical perspective, this
nonetheless means that additional effort may be useful to reduce this component of the
cumulative error.

One complicating factor in N-glycan analysis is the variable abundance of the reducing-end
glycosylamine which is present for glycans upon PNGase F release and converts over time
to a regular aldose in aqueous conditions32. Performing the ethyl esterification protocol in
the presence of these glycosylamines can lead to the unwanted reducing-end labeling with
EDC or a fragment thereof, which in turn diminishes the signal intensity of the desired
product. Fortunately, variability in PNGase F digestion and glycosylamine decay may be
reduced, for example by increasing protocol incubation times, as reactions will principally
be most robust when performed to completion. However, elongating incubation steps also
leads to a conflict with method throughput. Recent reports describe attractive reducing-
end labeling methods that make use of rapid PNGase F digestion and subsequent
glycosylamine labeling, with complete deglycosylation of samples (IgG) reported within 10
minutes3?33, However, uniform glycosylamine production will presumably be hard to

181



achieve for all glycan species in a complex mixture — the most stable end-product being the
aldose — making the strategy particularly risky when following up with ethyl esterification.

Another source of analytical variability lies in the sample purification step. Sample purity is
often a requirement for mass spectrometric glycomics, as glycans (and glycopeptides) show
a large ionization disadvantage over non-glycosylated peptides, and may be ion-suppressed
in case of mixtures®*. In addition, many release and derivatization protocols introduce high
concentrations of reagents and detergents, preventing MS analysis of the crude reaction
mixture!®3>3% One way to ensure the necessary sample purity is by performing a step of
solid-phase extraction (SPE). In glycan analysis this typically involves making use of
stationary phases (e.g., C18-functionalized beads, PGC, a sugar polymer), and a mobile
phase comprising water, an organic solvent, or a mixture thereof33”:38_ However, using SPE
comes with several challenges as well. It is very difficult to keep the mobile phase or elution
buffer concentrations constant during a multiple-sample SPE-session, as selective
evaporation of volatile organics will inevitably occur. Unfortunately, even small changes in
the organic solvent concentration of a mobile phase or elution buffer will influence glycan
recovery in a species-dependent manner. Also challenging for this reason is elution, as
residual washing buffer present on a stationary phase will be variable and cause differences
in analyte recovery from one sample to the next.

With manual preparation it is possible to make small adjustments to a protocol to
compensate, e.g., keeping solvents at cold temperature and in closed bottles to limit
selective evaporation or applying a slightly longer vacuum step when residual solvent is
visibly present, but for an automated protocol (Chapter 4) every step needs to be
predefined (and is immutable). As such, to allow sufficient repeatability for an automated
variant of the ethyl esterification protocol (Chapter 4), the established workflow (Chapter
3) had to be adjusted in several ways. Evaporation was limited by covering the fluid
containers with plastic foil (to be pierced at the first pipetting step) and by placing two
covers on each reaction plate when incubating. Vacuum washes at concentration-sensitive
steps were elongated to limit solvent residuals, and elution after SPE was performed with
an automated centrifuge. One particular head-ache of protocol automation, namely the
formation of bubbles in mixing steps, was prevented by increasing organic solvent
concentrations, most notably of the MALDI matrix solution.

A profoundly different method of clean-up may lie in the covalent immobilization of glycans
or glycoproteins to a stationary phase, of which applications have already been presented3*
41 An advantage of this is the less strict requirement of washing solution organics
concentrations, and the protocols can be directly combined with reducing-end labeling of
the glycans*!. Having said this, covalent methods of purification have not yet been reported
to have lower variability than SPE methods of purification, indicating that further
optimization might still be necessary3®4L,
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An interesting observation throughout our MALDI-MS studies is that derived glycosylation
traits, biology-inspired mathematical expressions encompassing chemically similar glycan
species, show a lower technical variation than the single glycan traits (Chapter 4 and
Chapter 8)%°. Next to grouping by chemical similarity, derived traits cluster N-glycan species
that are found in a similar m/z range, e.g., triantennary species (+ m/z 2700 — 3200 when
esterified [M + Nal]*) and tetraantennary species (+ m/z 3200 — 3800). In addition, the
derived traits cluster species with similar intensity, for example the di-, tri, and
tetraantennary species which differ in intensity by approximately an order of magnitude
[Chapters 3, 4, 6, and 8]'%2%3, Part of the uncontrolled variation may thus be caused by
sample preparation aspects that differentially affect the chemically divert (and massed)
glycan structures, or by the limited dynamic range of the MS instrumentation (i.e., the range
in which analyte concentrations show a linear relationship with signal intensity)®. For the
derived traits, compared to the native glycans, the influence of both sources of variation
would then be limited.

One interesting solution to limit variation on the experimental side of MALDI-MS could be
the inclusion of internal standards to a sample, for instance by heavy-isotope reducing-end

42-44 nermethylation'>*, or sialic acid derivatization®®. In addition to decreasing the

labeling
dependence on mathematical adjustments such as the commonly employed total area
normalization and derived trait calculation (Chapter 5), this internal standardization would

provide a (semi-)absolute measure of analyte quantity.

9.2.2 Stereoisomerism

As exemplified by Chapter 8, MALDI-MS principally does not discriminate between glycan
compositional and constitutional isomers. The differences in monosaccharide enantiomers
(D and L), diastereomers (mannose and galactose), anomers (o and B), and linkages (usually
1,3, 1,4 or 1,6, with 2,8 and 2,9 possible for sialic acids) therefore stay invisible. For
screening experiments, MALDI-MS is limited to providing the monosaccharide composition
in a number of hexoses, N-acetylhexosamines, deoxyhexoses, and sialic acids (e.g.,
H5N4F1S2). Nonetheless, several chapters have made assumptions on N-glycan structural
features (Chapters 5, 6, and 7), primarily based on literature knowledge gathered with, e.g.,
nuclear magnetic resonance spectroscopy, lectin interaction assays, and a variety of
glycoanalytical methods combined with exoglycosidase digestion®’52. For example,
throughout this thesis the composition H5N4 has been interpreted as a structure with all
HexNAcs being GIcNAcs and the five hexoses comprising three mannoses and two
galactoses, i.e., a diantennary glycan with two galactoses. However, for this composition a
biologically valid alternative is a hybrid structure without galactoses and two antennary
GIcNAcs. In addition, one of these HexNAcs might be a bisected GIcNAc, or instead be a
GalNAc in a LacdiNAc motif (GalNAcB1,4-GIcNAc). Because of this, a derived trait describing
the “galactosylation of diantennary species” may be confounded by bisection, hybrid-type
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glycosylation, and any other type of structure with the same monosaccharide composition.
Part of the scientific process is to build on previously established knowledge, and structural
presumptions are necessary to efficiently produce the link between profiling experiments
and functional studies. However, for any given experiment, particularly when performed on
samples for which limited prior knowledge is available, these presumptions may turn out to
be false.

Mass spectrometry does provide several opportunities to characterize glycans on a
structural level. Reports have been made on diagnostic ions found in negative mode MS/MS
(e.g., the D-ion)®, MS/MS of sodium adducts of permethylated glycans®*®, and
differentiation between GlcNAc and GalNAc in high-energy fragmentation®®. In addition, MS
can be hyphenated to various forms of chromatography, CE, and ion mobility for an extra
experimental dimension that can benefit structural interpretation®’>°. However, while
hyphenation and orthogonal analysis can usually pinpoint the major structures for a given
signal, in complex mixtures the ratios may be hard to relatively quantify, and for large
sample sets the workload may be too much to handle. Typically, thorough analysis is
performed on a limited set of samples from a cohort (or a pool thereof), which then provides
a possibility-space for annotation.

9.2.3 Site-specific glycosylation analysis

The associations between total plasma (or serum) N-glycosylation and other clinical
variables reported throughout this thesis (Chapters 6 and 7) can often be explained by a
change in plasma glycoprotein levels rather than glycosylation changes within a specific
glycoprotein, but very little objective discrimination can be made between the two3!. The
analysis of glycopeptides rather than released glycans would provide protein- and site-
specificity, but while mass spectrometry is a technique that is principally capable of doing
this, there is still a lot of ground to cover. Current glycopeptidomics approaches can be
grouped into two overall strategies, namely a glycomics-based variant that attempts
optimal recognition of distinct glycoforms for a small set of peptides, or a proteomics-based
variant that attempts optimal identification of the peptides but usually provides low
information on the glycan portion.

For the first approach, glycomics-based, a protein of interest is typically isolated from a
complex mixture, digested with trypsin, LysC or another protease to yield distinct peptides,
some of which are glycopeptides®®®3. These glycopeptides can then be analyzed by MALDI-
MS, LC-MS or other methodologies. This approach has for example been extensively used
for the analysis of tryptic 1gG-Fc glycopeptides, making distinction between different
subclasses of the antibody (IgG1-4)%% Tandem MS has shown effective in obtaining
additional structural information in these situations. lon trap instruments may, for example,
make use of collision-induced dissociation (CID) and electron-capture dissociation (ECD) to
fragment the peptide portion of glycopeptides, or of electron-transfer dissociation (ETD) to
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preferentially fragment the glycan portion®>®. Comprehensive glycopeptide information
may be obtained, among other methods, by a combination of the above®, by the
application of multiple collisional energy levels®®, by the higher-energy collisional
dissociation (HCD) methodology that is available for C-trap-equipped Orbitrap
instruments®, or by negative mode MSn approaches®®. Next to this, a variety of
derivatization strategies have been proposed to enhance separation of the glycopeptides,
for example by derivatization to allow linkage-specific sialic acid analysis, to enhance
ionization efficiency, or to allow isobaric labeling?%7%7%,

The second overall strategy, proteomics-based, attempts to broaden the scope of peptides
that can be detected, but for the glycan part usually ends at binary recognition of site-
occupancy’?74, Reported approaches include proteolytic digestion of the complex mixtures
of proteins (e.g., blood plasma, spinal fluid) and subsequent endoglycosidase treatment
(PNGase F, PNGase A, Endo H)7>74, Readout of the location of glycosylation is provided by
the asparagine deamidation as produced by PNGase F or PNGase A after glycolysis, or the
detectable presence of a single (fucosylated) N-acetylglucosamine as provided by
endoglycosidases H or F’>74. As is clear, this strategy may lead to the identification of
glycosylation sites, and in some instances may be indicative of the core-fucosylation of
these sites, but no further information on microheterogeneity is provided”.

9.3 Developments human plasma N-glycosylation analysis
However limited our understanding of human N-glycosylation may seem to be, we have also
made several advances in the processing and interpretation of complex mixtures like the N-
glycosylation of blood plasma and serum.

9.3.1 Mathematical developments

For the serum/plasma N-glycosylation we have analyzed throughout the thesis (Chapters 3-
8), we always represent each signal as a fraction of the total analyte area (total area
normalization). This form of normalization, also used for UHPLC-FLD and CGE-LIF glycomics,
is highly beneficial for the repeatability and data quality of a run’>7%. However, the downside
of such an approach is the introduction of potentially spurious correlation, as the relative
increase in one peak will mathematically lead to a decrease in all the others. This conversion
works remarkably well for samples with a defined number of glycosylation sites, e.g., IgG-
Fc with one N-glycan site per C12 domain at Asn2977778, as the negative correlation between
glycoforms will approach reality; for a single glycosylation site the higher abundance of one
species necessitates the lower abundance of the others. However, in case of multiple
proteins, such as found in plasma, the number of glycosylation sites will differ by the
abundance of those glycoproteins. This means that for total plasma N-glycome (TPNG)
analysis changes in glycosylation values are representative of both changes in protein
glycosylation and glycoprotein abundance.
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With a reasonable understanding of glycan processing®’®®, it is possible to create
mathematical constructs to express this in TPNG data, as explored in Chapter 4 and used
within each subsequent chapter. For example, one can relate a nongalactosylated glycan
species to a galactosylated species, and thereby obtain a ratio of galactosylation for that
species. However, the situation is complicated by the fact that glycans are not independent,
but related to many other glycans. For instance, while a nongalactosylated glycan may be
processed into a monogalactosylated variant, the latter might be further processed into a
digalactosylated galactose thereby hiding the change in the monogalactosylated one3747>,
This means that single enzymatic events may not always be reflected in the direct ratios of
product and educt, and the need arises to see glycan processing in a wider framework. An
example of a derived trait taking this into account is the calculation of the “degree of
galactosylation within all diantennary glycans”, yielding a higher number for each additional
galactose.

Furthermore, each monosaccharide addition (or removal, but let us regard addition) is
dependent on the presence of an appropriate substrate, e.g., galactosylation on the
availability of an appropriately linked N-acetylglucosamine, and sialylation on the presence
of a galactose®>’8% This dependency may also influence biological insight into disease
mechanisms. For example, sialylation associates with RA disease activity while sialylation-
per-galactose does not, implying that galactosylation and not sialylation might be the
important factor to consider in terms of dysregulation®. For the derived traits it then is
logical to consider these dependencies as well.

In addition, with an estimate of the contribution of plasma proteins to the observed total
plasma N-glycome*”#8, theoretical protein groupings of glycosylation can be designed. The
most prominent example of this is the glycosylation of the Fc portion of 1gG, which, to our
knowledge, is by far the main contributor to the nonsialylated complex glycans*. Looking
within plasma at a derived trait describing the galactosylation of nonsialylated glycans
(supposed to be mainly IgG-Fc), we see a remarkable congruency with the effects described
for 1gG itself(Chapter 6 and 7)%.%2,

The concept of derived traits has been prior explored in literature, mostly for the HPLC
analysis of IgG®®*, This protein contains an envelope of glycosylation consisting of glycan
species that are largely well-separated by chromatography, which allows for the
construction of reasonably well-defined traits®>%4. However, as demonstrated in Chapter 8
of this thesis, the chromatographic separation of the N-glycosylation from plasma is more
structurally ambiguous, particularly in the high antennarity regions of a profile, and poses
some challenges for the construction of derived traits. MALDI-MS, while lacking in structural
information (e.g., core- vs. antennary-fucosylation, al,3- vs. al,6-branch galactosylation),
does show for plasma N-glycans an excellent separation on a compositional level and can
therefore benefit from derived traits based on these compositions. Chapters 5 through 8
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describe a large number of compositionally derived traits for serum/plasma N-glycosylation
analysis, in some cases outnumbering the single observed species. Favorably, these derived
traits performed very well for the analysis of plasma N-glycosylation, displaying lower
methodological variability, yielding stronger statistical associations, and overall providing
information that is better clinically interpretable than single N-glycan compositions.

9.3.2 Serum and plasma protein grouping

As it is, several broad protein categories were suggested throughout this thesis to influence
the serum/plasma N-glycome (Chapter 6 and 7)3%. Most clearly we can discriminate a set of
glycans also observed on the Fc portion of IgG, secondly we can detect the glycans
commonly found on other plasma-cell-produced immunoglobulins together with IgG-Fab,
thirdly we can identify the glycosylation also detected on the plasma-abundant acute-phase
proteins, and finally we seem to isolate the glycosylation of lipoproteins reflecting lipid
transport3147:48,

When compared to the overall N-glycan structures found in human plasma, the Fc-portion
of 1gG shows complex-type species with a rather low state of post-translational processing.
Whereas most complex N-glycans have a near-complete (sub-)terminal galactosylation and
sialylation34748 the N-glycans on IgG-Fc typically shows incomplete galactosylation and
around 20% of structures carrying sialic acids®’’. Plasma cells, the cells that produce a major
part of the 1gG found in plasma’’#%, are fully capable of high degrees of galactosylation and
sialylation. This is apparent from the larger diantennary N-glycans observable on IgM, IgA
and other plasma-cell derived immunoglobulins®’488687 from the glycans expressed on the
Fab portion of IgG%, and also from reports on in vitro stimulation of B cells to achieve altered
Fc-glycosylation®. In all, the evidence indicates a protein- and site-specific regulation of the
glycosylation of 1gG-Fc, which is of biological relevance due to the large influence of the
carbohydrate on Fc-gamma receptor (FcyR) binding””8°. Molecular modelling of IgG reveals
that the Fc-glycans of IgG are inwards oriented, meaning that the low complexity may arise
from steric hindrance, i.e., a decreased accessibility of the glycan for
glycosyltransferases®®!. Another interesting hypothesis is that the glycan may interact with
the peptide backbone at specific stages of processing®. For example, as soon as the al,6-
branch N-acetylglucosamine is galactosylated this residue may form hydrogen bonds with
a nearby lysine (Lys246) and threonine (Thr260), thereby limiting further sialylation®24. By
whichever means the glycosylation of IgG-Fc is generated, it is sufficiently different from
the glycosylation of other abundant plasma proteins that its influence can be seen when
looking at glycosylation subgroups in the total plasma/serum N-glycome*”*8. For example,
the decrease of IgG-Fc galactosylation with age is a repeated observation with a variety of
analytical platforms®3%>%, Using the IgG-Fc-specific derived trait in our healthy human
plasma study (Chapter 6), we could detect the strong association with age as well.
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The other main contributors to the plasma/serum N-glycome are the acute-phase proteins,
coagulation factors (in which lies the difference between plasma and serum), and lipid
transport proteins®”#8%7  Fibrinogen, transferrin, haptoglobin, alpha-1-antitrypsin and
alpha-1-acid glycoprotein, all involved in coagulation and the acute-phase response, display
typically di- to tetraantennary glycan structures with near-complete galactosylation and
sialylation (both a2,3- and a2,6-linked), and show a preference of antennary- over core-
fucosylation (in case of a2,3-linked sialylation, thereby forming the glycan epitopes sialyl-
Lewis X or A)16484998-101 A common observation in our plasma/serum N-glycome studies
(Chapters 6, 7 and 8) is that injury and inflammation lead to an altogether upregulation of
tri- and tetraantennary glycan species, a phenomenon that would be most easily explained
by an upregulation of the abundance of the aforementioned acute-phase proteins, but
regulation of glycan microheterogeneity will likely also play a role.

The last plasma protein grouping observed in our studies involved lipid transport (Chapter
6)%78, Of interest is that the larger high-mannose glycan structures (e.g., Man8 and Man9)
are not commonly found on glycoproteins that contribute to the total plasma N-
glycome*”*8, In fact, the only protein we have identified to have sufficient influence on the
Man9 content in the TPNG is apolipoprotein B-100, a structural protein in the formation of
(V)LDL particles!®>194 |n g fascinating parallel, our study regarding metabolic markers in
healthy individuals (Chapter 6) shows one of the strongest associations between
glycosylation and lipid metabolism to be with the size of high-mannose glycans, notably by
the upregulation of Man8 and Man9. The simplest biological explanation of this association
would be the increased abundance of LDL particles and accompanying high-mannose-
glycosylated apolipoprotein B-100, but also here specific regulation may play a role.

In all, it has to be noted that many of the prior statements have been logically induced from
joining the known protein concentrations in human fluids with the overall understanding of
the glycosylation thereof**8, but this may of course be untrue in any particular case. An
important step for future research would be the actual quantification of the proteins from
plasma, combined with the glycosylation thereof. This may also provide information on
whether our repeated observations come from the change in glycoprotein quantity or from
an altered expression of protein glycoforms. Furthermore, not all high-abundant plasma
protein could be included in the theoretical calculation. For instance, there are several acute
phase proteins that are, by the discrepancy between their conceptual protein mass and
actual observed mass, likely carriers of high degrees of tri- and tetraantennary types of
glycosylation. Examples of this are histidine-rich glycoprotein and kininogen-11°51% but so
far these have not been characterized with respect to glycan macro- and
microheterogeneity*®,
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9.3.3 Cellular origin of plasma N-glycosylation

Altogether, it appears highly likely that the total plasma N-glycome represents the
glycosylation characteristics of a limited set of cell populations, the main contributors being
plasma cells and hepatocytes. These populations appear to have discrete glycosylation-type
outputs on their secreted glycoproteins®. For instance, plasma cells are rather unique in
their abundance of core-fucosylated N-glycans, their processing of glycans to at best
diantennary complex-type, the near-exclusivity of a2,6-linked sialylation, and the
occurrence of bisection*®. Hepatocytes, on the other hand, readily show the capability to
generate tri- and tetraantennary N-glycans, LacNAc repeats, antennary fucosylation, both
02,6- and a2,3-linked sialylation, and so far no bisected structures have been identified. For
cell-line engineering it was previously shown that the cell type has a large influence on the
glycosylation type that can be expected. Examples of this are CHO cells and HEK cells, each
providing their unique glycosylation characteristics'®”1%, Protein-specific attributes such as
steric hindrance and glycan-protein interaction can then fine-tune the glycosylation per site,
but the overall regime appears defined by the cell type.

Nonetheless, plasma will also contain glycoproteins originating from other cell populations,
such as kidney cells and thyroid cells'®!1° Of most clinical interest would be the plasma
glycoproteins that originate from aberrant cell populations, such as tumor tissue. With
sufficient analytical sensitivity, it may be possible to see the minor amounts of uncommon
glycan structures that originate from these pathological tissues, potentially providing the
simple biomarker with high sensitivity and specificity that is coveted by clinical practice. The
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most promising biomarkers are commonly of low abundance'!!, signifying the need for

analytical tools of high sensitivity.

9.3.4 Clinical associations within the plasma/serum N-glycome

Chapters 6 and 7 have explored the relationship between plasma as well as serum N-
glycosylation and physiological and clinical parameters like age, sex, lipid levels, markers of
inflammation, and a variety of others. These studies are not the first ones to associate
glycosylation with clinical variables, but are exceptional by the large-scale use of mass
spectrometry, which provides information orthogonal to that of other glycoanalytical
methods (Chapter 8).

Several total plasma N-glycosylation traits show to differ between the sexes. One prominent
example of this is tri- and tetraantennary fucosylation (presumable antennary-bound in the
form of sialyl-Lewis X), which show on average to be higher in males than in females3%112113,
While it is difficult to attribute these glycosylation differences to one cause or another, one
attractive direction of future research may be hormonal regulation, e.g., by estrogen as
indicated in the literature*15, Association with hormone levels may also be the driving
force behind several of the pregnancy-associated glycosylation changes we observed in the
total serum N-glycome throughout pregnancy (Chapter 7).
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Other clear associations seen within the total plasma N-glycome appear to largely stem
from various aspects of inflammation. Chapter 6 confirmed with mass spectrometry the
strong negative association between calendar age and galactosylation of IgG-Fc-type N-
glycans313, a widely-reported phenomenon thought to be related to the build-up of chronic
inflammation with age®. Furthermore, as prior mentioned, a large part of the tri- and
tetraantennary structures within plasma stem from acute-phase proteins that differ in level

116 and may alter their glycosylation to affect their function and

upon inflammation
recognition!'®’. However, when assessing the biomarker potential of glycosylation for the
diagnosis of specific diseases, it has to be kept in mind that these markers of general
inflammation will likely be picked up as well and will have limited specificity in clinical

screening.

Furthermore, lipid metabolism, marked in its simplest form by BMI, but also by measures
of, e.g., cholesterol, leptin, adiponectin, and triglycerides, show in part the same
glycosylation associations as inflammation, but show in addition also several unique effects
(Chapter 6). One particular glycosylation characteristic, highlighted in the metabolic study
of Chapter 6, is the glycan composition H4N4S1 which provides discrimination between
healthy and unhealthy metabolic profiles, and is an interesting target for future research.

9.4 Future prospects of plasma N-glycosylation analysis by
MALDI-MS

9.4.1 Study design for plasma/serum N-glycome analysis

This thesis reports on the glycomics measurement of several large cohorts (Chapters 6, 7,
and 8), which, together with the literature, provides the opportunity to make some
overarching statements. As it seems, findings that are presented in glycomics studies are
typically small in effect size, and associate, next to the outcome of interest, as well with a
broad range of other phenomena. For instance, a multitude of (inflammatory) disorders is
marked by the galactosylation behavior of 1gG-Fc?118120 and many of the acute phase
protein glycosylation behaviors are expected to be representative of overall mechanisms of
acute inflammation rather than something that is disease-specific!6121:122,

To find disease-specific biomarkers (and markers for stratification of patients) within the
total plasma N-glycome, it makes sense to always include in the study the clinical
information on age, sex, BMI and a marker for inflammation such as the level of C-reactive
protein (CRP; or interleukin-6, but in our study CRP showed to be the better predictor)
(Chapter 6). Without these measures it will be very hard to provide sensible interpretation
of new clinical associations, and the specificity of new biomarkers would be limited as a
consequence. Interestingly, while we have performed the largest mass spectrometric
inquiry between clinical health markers and plasma N-glycosylation to date (Chapter 6), the
majority of the glycomics variance is still not explained by clinical factors. This suggests
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plenty of room still for future research into the cause and effect of glycan profiles, for
example into the direction of genetic and epigenetic regulation'?312°, One potential aspect
of (epi)genetic regulation is the repeated observation that glycosylation is more variable
between individuals than within individuals (in homeostasis) (Chapter 7 and 8)°%'%¢, For the
clinical exploitation of glycomics this means that a disease biomarker could preferentially
lie in the repeat measurement of the glycans of an individual throughout their lifetime. A
deviation from a standard profile of a person will then provide the warning call to proceed
to more specific modes of diagnosis. In this possible future, MALDI-MS will have the benefit
of throughput (Chapter 8)° — a useful feature for the analytical workload of population
screening — but it remains to be seen if the relevant glycosylation characteristics can be
detected by MS.

One example of the benefit of longitudinal analysis can already be found in this thesis,
where we demonstrate the rather drastic upregulation of a2,3-linked sialylation with
pregnancy on an individual level (Chapter 7). However, in general still the most basic of
longitudinal analyses need to be performed with regard to glycomics, encompassing
intraday variation (e.g., dietary intake, tissue damage, acute inflammation, physical or
mental activity), short-term interday variation (e.g., menstrual cycle, virus infection), and
the longer time-frames which have the most clinical relevance.

9.4.2 Functional studies

The analysis of plasma or serum N-glycosylation (Chapters 5, 6, 7 and 8) is a fundamentally
phenotypical study. Whereas genetics can be presumed to be upstream to many diseases
(a clear genetic defect leaves little speculation on causality), glycans observed in plasma or
even single proteins are the end product of a large series of biological processes, making it
challenging to determine cause and consequence. Factors influencing glycosylation are
incredibly encompassing, from the abundance of glycosyltransferases and nucleotide
sugars, via the time spent in the ER and Golgi, to the activity of intra- and extracellular
recycling mechanisms127:128,

Much of the functional research in glycomics, the targeted manipulation of glycosylation
properties and observing their effects, has been performed on 1gG'?*31, It is an attractive
object of study, because the protein is involved in several immunological processes
(adaptive immune response and complement activation), and has altered function
depending on its glycosylation’”'?>131  |n addition, pharmaceutical companies are
interested in the modulation of IgG glycosylation to, e.g., decrease toxicity, increase half-
life, and increase ADCC®12%132 However, functional studies outside of IgG have been
relatively scarce.

One factor that is complicating functional studies is the translation from cell lines and animal
models to the human situation, as glycosylation appears to be species-specific and differs
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from one cell line to the next>18107.108133 \gyse N-glycosylation, for which we have studied
total plasma and IgG-Fc in healthy individuals (Chapter 5)*°, differs in sever ways from that
of humans. For one, the mouse expresses predominantly N-glycolylneuraminic acid (as
opposed to N-acetylneuraminic acid in humans)®*®, and its N-glycans may carry a-linked
galactoses (which are normally absent in humans)?>134, Further differences include a partial
acetylation of sialic acids, the presence of GIcNAc-linked sialic acids for the triantennary
species (possibly at the expense of the antennary fucosylation commonly found in humans)
, and a relatively low level of IgG-Fc type glycans in plasma (Chapter 5)'*%°. Next to this,
mouse strains show to differ in glycosylation properties, which is most prominently visible
by the degree of fucosylation in female individuals (ranging from 10% to 50% depending on
the strain) (Chapter 5)*°.

For cell line work there are similar concerns, as cell lines such as CHO, HEK, and others differ
in their respective glycosylationl97:108133135 Egortunately, several strategies have been
published that can provide control over protein glycoforms by in vitro or in vivo
manipulation’311%,  |solated proteins can be modified by glycosidases and

glycosyltransferases in presence of the appropriate nucleotide sugar®3?

, and cell systems
have been described that make use of genetic knock-outs and knock-ins, and transient

expression of the appropriate genest3+135°137,

9.5 Concluding remarks

To summarize, this thesis describes several contributions to the high-throughput analysis of
complex glycan samples by MALDI-MS, covering strategies of chemical derivatization
(Chapter 3), automation (Chapter 4), and computational solutions for data preprocessing
and statistical analysis (Chapter 4 and 6). The functionality of the developed platforms was
demonstrated by several applications, including the characterization of mouse-strain
plasma N-glycosylation (Chapter 5), the profiling of principally healthy human donors
(Chapter 6), and an assessment of the intraindividual changes in RA patients throughout
pregnancy (Chapter 7 and 8). Lastly, the workflow developed in this thesis for MALDI-TOF-
MS with derivatized sialic acid residues was compared with other contemporary methods
for high-throughput glycan analysis (Chapter 8).

A next large step for MALDI-MS method development would lie in the inclusion of internal
standardization methods, both to decrease analytical variability and to limit the
mathematical co-dependence of glycan signals. Analytical method hyphenation, parallel
running of orthogonal methods for the same samples, and/or further advances in glycan
characterization by MS(/MS) are still required to obtain the remaining relevant structural
information of glycans in high-throughput fashion. Clinical glycomics would benefit from the
translation of plasma-wide observations to particular proteins or groups of proteins, which
can then subsequently be isolated for in-depth analysis. Lastly, the advent of longitudinal
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glycomics studies is expected to be of considerable benefit to the translation of analytical

methodology to clinical diagnostics and to facilitate patient stratification.
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