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Most of the proteins in the circulation are N-
glycosylated, shaping together the total blood N-glycome (TBNG). Multiple myeloma
Glycosylation is known to affect protein function, stability, and
clearance. The TBNG is influenced by genetic, environmental, and
metabolic factors, in part epigenetically imprinted, and responds to a
variety of bioactive signals including cytokines and hormones.
Accordingly, physiological and pathological events are reflected in
distinct TBNG signatures. Here, we assess the specificity of the
emerging disease-associated TBNG signatures with respect to a
number of key glycosylation motifs including antennarity, linkage-
specific sialylation, fucosylation, as well as expression of complex, Adtommene hepatits 2
hybrid-type and oligomannosidic N-glycans, and show perplexing
complexity of the glycomic dimension of the studied diseases.
Perspectives are given regarding the protein- and site-specific analysis of N-glycosylation, and the dissection of underlying regulatory
layers and functional roles of blood protein N-glycosylation.
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Glycoproteins are arguably the most studied type of
glycoconjugates. Protein glycosylation is one of the most
prevalent post-translational modification adding a layer of
complexity that goes beyond genetic coding, allowing for subtle
alterations in protein activity, stability, and interactions.'*"*> N-
and O-glycosylation are the most frequent types, distinguished
by the specific site on the protein backbone they extend from—
asparagine residues at Asn-X-Ser/Thr motifs and serine or
threonine residues, respectively.” Changes in protein glyco-
sylation have been described for many cell- and tissue
(de)differentiation processes and appear to coincide with
normal physiological processes as well as pathologies.'”"”
Numerous well-established examples highlight the role of
glycosylation in inherited and acquired human diseases.'®"®"”
However, for many examples, the causative or contributory role
of altered protein glycosylation remains elusive and is therefore
an ongoing area of investigation.”’ Such gaps arise due to a lack
of mature tools to study and manipulate glycosylation, the
utilization of diverse and low-throughput analytical methods on
small sample sizes, unsuitable cohorts, flawed or inconsistent

Glycoconjugates are glycan-modified proteins and lipids that
coat the surface of all human cells but also of most
microorganisms, impacting a myriad of biological processes
across all life domains.' They play pivotal roles in shaping cell—
cell interactions, are entry points for pathogens, influence
protein secretion, function, stability and half-life, and build up
the extracellular matrix.” Glycoconjugates are overall less
abundant at the intracellular space, yet are important mediators
of cellular homeostasis.” Next to being ubiquitous, glycans
exhibit remarkable structural diversity.” Complex networks of
enzymes tailor the repertoire of glycans in a nontemplate driven,
co- and post-translational biosynthetic process called glyco-
sylation. During this process, serial action of glycosidases and
glycosyltransferases gives rise to glycosylated proteins, lipids,
and even ribonucleic acids.**

The majority of secreted proteins in the human body are
glycosylated, and glycans on secretory proteins gradually mature
as they transit the compartments of the endoplasmic reticulum
and the Golgi apparatus, under the regulation of genetic, cellular,
metabolic, and environmental influences.”"*> The resulting
diversity brings about an estimated >7000 glycan structures a January 10, 2024
selection of which will be found attached to any specific March 28, 2024
glycosylation sites (microheterogeneity) with varying degree of April 1, 2024
site-occupancy (macroheterogeneity), collectively defining the May 8, 2024
protein glycoform profile and forming the human glycome and
glycoproteome.
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data analysis workflows, lack of replication, a restricted set of
glycan features analyzed, or a combination thereof.”' Con-
sequently, crucial information regarding key glycan structural
features, and the role of glycosylation on many proteins (e.g., of
major blood proteins) and in disease development is frequently
missing or poorly understood.

Complementary techniques for analyzing protein glycosyla-
tion include lectin binding assays as well as hydrophilic
interaction liquid chromatography (HILIC) and capillary
electrophoresis with fluorescence detection of reducing end-
tagged glycans.””*> Mass spectrometry (MS) has become the
key technology for assessing glycans from body fluids, cells and
tissues of interest.”**° MS allows for the concomitant detection
and relative quantification of a large number of glycoforms at
high sensitivity. Some of these approaches offer the possibility to
discern changes in key structural features (glycosylation traits),
including antennary and core fucosylation, bisection, galactosy-
lation and (linkage-specific) sialylation, as well as antennarity
and glycan type in a rapid single measurement™” (Figure 1).
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Figure 1. Monosaccharide diversity and glycan types characterizing
human N-glycans with illustrative examples of glycosylation traits
calculated therefrom. (A) Common monosaccharide constituents of
human blood protein-associated N-glycans and their monoisotopic
residue mass. (B) General types of N-glycans in humans. Optional
modifications are indicated by + in the symbols. Neuraminic (sialic)
acids can be either a2,3- or a2,6-linked. Other potential modifications
include phosphorylation, sulfation, sialic acid acetylation, or LacdiNAc
repeats. (C) Glycosylation traits used to describe N-glycans in this
study. Sialic acids with undefined linkages are denoted with the
abbreviation S throughout.

Deriving information on the relative contribution of the above-
mentioned glycosylation traits can be particularly valuable in
case-control settings, because they may be indicative of altered
biosggghetic pathways in a compressed, easily interpretable
way.”’

Of all human tissues and body fluids, blood and its
components are the most extensively studied regarding their
glycosylation. The total blood N-glycome (TBNG) appears to
be dominated by circulating proteins, i.e. serum and plasma that
are devoid of cellular components, with the whole blood N-
glycome, including cellular components, hardly differing from
total plasma N-glycome (TPNG).”” Serum and plasma N-
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glycomes do show some minor, albeit consistent, differences,
reflecting their slightly different glycoproteomic composition
caused in part by fibrinogen consumption with blood clotting.’
In the context of this paper, TBNG will be used as an umbrella
term capturing TPNG and the total serum N-glycome (TSNG).

Blood proteins undergo substantial glycosylation in hep-
atocytes and plasma cells, making blood, serum and plasma
readily accessible sources for glycan biomarker discovery.'” Like
any phenotypic trait, the TBNG reflects interindividual
differences. These variations are influenced by factors such as
age and sex, as well as by environmental and dietary
conditions.?* In diseases, TBNG demonstrates distinct
glycosylation patterns that are associated with a wide range of
pathologies: this includes everything from congenital disorders
of glycosylation (CDG) to cancer, neurological disorders, as well
as systemic inflammation, infectious diseases, and metabolic
conditions.™ ™!

In this Perspective, the spotlight will be on the TBNG,
exploring an area of the human glycome which is relatively well
mapped due to unified analytical approaches such as matrix-
assisted laser desorption/ionization—mass spectrometry
(MALDI-MS)-based workflows with sufficient throughput for
the measurement of hundreds-to-thousands of samples in
clinical cohorts and the ability to resolve functionally important
sialic acid linkage isomers.””**** The TBNG glycomic workflow
established in our laboratory builds on the initial enzymatic
release of N-glycans from circulatory proteins, linkage-specific
sialic acid derivatization, cotton HILIC-based enrichment,
MALDI-MS measurement, followed by a largely automated
data extraction and analysis workflow.””?%*>**

After providing brief historical context on protein N-
glycosylation in genetic diseases and polymorphisms, we re-
explore the blood N-glycomic signatures of major diseases
obtained in our laboratory over the past decade and the
influence of key demographic confounders thereon. TBNGs of
different disease types and diseases, including 4 oncologi-
cal,>>**5% 1 metabolic,”’ 1 infectious®> and 2 inflammatory
gastrointestinal diseases,*®*” will be integrated, compared and
discussed. We conclude by contextualizing the acquired
findings, delve into current and future challenges, and highlight
translational examples within the field of glyco(proteo)mics.

A classic example of the use of glycan biomarkers is in the
detection of rare monogenic diseases called congenital disorders
of glycosylation (CDG), causing developmental and/or neuro-
logical symptoms. These diseases arise due to the defect of
glycan biosynthetic or metabolic pathways, commonly em-
bodied in systemic alterations in the glycoproteome.**™>°
Historically, transferrin isoelectric focusing has served as a
benchmark method for indicating the presence of CDGs, but
MS-based techniques have additionally been implemented in
both the clinical and research laboratories, allowing for the
targeted investigation of glycoproteins such as transferrin or
immunoglobulin G, but also the global analysis of the TBNG
and the site- and 5protein-speciﬁc glycoproteome within the
CDG spectrum.”*~>*

Beyond CDGs, aspects of normal genetic diversity, partic-
ularly polymorphisms, have been shown to impact glycosylation,
with the ABO blood group system serving as a prime example of
such polymorphism.”> As for the TBNG, an extensive
population study described specific TBNG glycosylation

https://doi.org/10.1021/jacsau.4c00043
JACS Au 2024, 4, 1696—1708


https://pubs.acs.org/doi/10.1021/jacsau.4c00043?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00043?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00043?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00043?fig=fig1&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00043?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

50 -

40

30 -

Intersections

20 -

10

Disease type

CRC
PC
BC

T2D
LM
IBD

AIH

o

T
100 75

Glycan compositions

o
o
N
(5]

phenotypes displaying high heritability, contributing to both
interindividual variation within populations and variations
between populations.®® Furthermore, genome-wide association
studies (GWAS) revealed potential regulators of glycosylation
events.”” A remarkable example is a GWAS study identifying
transcription factor hepatocyte nuclear factor alpha (HNF1q) as
a master regulator of antennary fucosylation. Next to loss-of-
function mutations in this gene upon normal genetic diversity,
also its epigenetic silencing resulted in the disappearance of the
corresponding glycans of plasma protein origin in HILIC-
ultrahi’fgh-performance liquid chromatography measure-
ments.””* HNFIa is a risk factor of monogenic diabetes (type
3 maturity-onset diabetes of the young (MODY)), and such
patients’ circulatory glycoproteins are characterized by a
lowered ratio of antennary fucosylated tri-antennary to non-
fucosylated tri-antennary glycans, which turns out to be of
differential diagnostic value when discriminating MODY from
other types of diabetic conditions.”” Another gene that was
found to associate with variation within the blood N-glycome is
SLC9A9, which codes for an endosomal proton pump.’’
Polymorphisms in this gene have been proposed to be
implicated in attention-deficit hyperactive disorder (ADHD),

12
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Figure 2. UpSet plot displaying the overlaps and unique elements among the measured glycan compositions across eight studies included in the report.
The size of each intersection is indicated at the top of the corresponding vertical bar, while the number of measured glycan compositions per data set is
shown on the horizontal bars. Disease types are categorized as follows: C — cancer, Al — autoimmune and inflammatory conditions, INF — infectious-,
and M — metabolic disease. Abbreviations of diseases (studies): MM — multiple myeloma,*' CRC — colorectal cancer,” PC — pancreatic cancer,>® BC
— breast cancer,*® T2D — type 2 diabetes,®” LM — leishmaniasis,>* IBD — inflammatory bowel disease (composed of ulcerative colitis and Crohn’s
disease),38 AIH — autoimmune hepatitis.47

albeit further evidence and validation cohorts are necessary in
order to establish a causative link.°”®" Intriguingly, the genetic
associations of the glycome of immunoglobulin G and
transferrin appeared to be divergent, reflecting the fact that
those proteins are mainly B cell (plasma cell) and hepatocyte-
derived, respectively.'” This study exemplifies the power of
large-scale, protein specific insights. It also shows the power and
relevance of studying protein glycosylation in tissue- and cell-
type-resolved contexts, revealing the existence of cell-type-
specific regulatory programs. Additional genetic variants directly
or indirectly involved in glycosylation biosynthetic pathways are
discussed elsewhere.' >’

To showcase the commonalities and differences of TPNG
signatures of prevalent human diseases, we undertook a cross-
disease study meta-analysis approach (Supplementary Figures
and Methods). To begin, we initiated a preliminary, integrated
analysis of the TPNGs from eight studies,”*>**%*/*~* each
concentrating on distinct diseases or disease groups, yet unified

https://doi.org/10.1021/jacsau.4c00043
JACS Au 2024, 4, 1696—1708


https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00043/suppl_file/au4c00043_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00043/suppl_file/au4c00043_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00043?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00043?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00043?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00043?fig=fig2&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00043?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

through the use of a standardized methodology.?‘7’3’6’43”44 The

human blood N-glycome, characterized by its diversity and
phenotypic variability, presents numerous challenges. While
immunoglobulins and certain low-abundance regulatory pro-
teins have extrahepatic origin, a significant portion of blood
proteins, including albumin, clotting factors, acute phase
proteins like al-acid-glycoprotein, and transport proteins, are
synthesized in the liver. The clinical conditions examined in this
report, while distinct, each have the potential to trigger
remodeling of liver protein production. This, in turn, suggests
a significant hepatic influence on the blood N-glycome. Despite
the use of standardized methods across the studies, questions
remain about the consistency of glycans measured in various
studies under differing clinical conditions. This aspect has not
been systematically explored to date.

Figure 2 shows an UpSet plot, a tool for visualizing overlaps
and unique elements across multiple sets. This figure reveals
that, while the number of measured glycan compositions per
data set varies, ranging from 63 to 101 features, nonetheless, a
core set of 44 glycan compositions is consistently measured
across all data sets (Table S1). Similarly to blood proteins,
glycans linked to them likewise show large interindividual
comparability, resulting in a large overlap of the glycome
constituents between individuals and cohorts. Furthermore,
given the outlined sources of variability, these findings
underscore a significant degree of analytical consistency. It is
also important to mention the presence of unique single-set
intersections. For example, these intersections are evident in
almost every oncological condition examined in the overview
(Figure 2). While one might be inclined to interpret them as
“disease-specific compositions”, the commonalities and differ-
ences in glycome coverage may rather reflect technical
differences of those studies with regard to sensitivity, resolution,
and data curation settings.

The consistent exploration of the association between blood
protein glycosylation and major demographic factors such as age
and sex began in the last decades of the previous century.
Boosted by the technological advances of recent years, this has
led to the description of age- and sex-related differences in the
human blood N-glycome.®”*>3%62~64

In the past few decades, various groups of investigators
consistently revealed that glycosylation of the single blood
protein, immunoglobulin G (IgG), characteristically changes
upon aging. The observation was the accumulation of
undergalactosylated IgG with progressing age, a phenomenon
that is proposed to particularly well reflect chronic systemic
inflammation (inflammaging) in both health and disease.’>**~%
Inspired by these findings, later large-scale studies additionally
extended their investigation to the TBNG, characterized by
more diversity in their N-glycosylation, confirming and finding
new associations of the N-glycome with age, sex, their
inteéra;cgtzi(é)?, body mass index, metabolic health or smok-
ing.

We previously explored the associations of N-glycome with
major demographic factors, specifically age and sex.’® This
exploration was conducted by using individual linear regression
models for assessing age-related variations and logistic
regression models for sex-related differences in each measured
trait. Here, we decided to introduce an additional exploration
layer by employing linear models that include interaction terms
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(Supplementary Figures and Methods). This way, sex-specific
and age-associated glycosylation differences become apparent
together with insights into the intricate differences of age-
associations between the sexes.

For our analysis, we followed the approach outlined in this
previous report,”® pooling all control samples from the
referenced studies. To ensure comparability across cohorts, we
recalculated the glycosylation traits uniformly (Table S2). The
total pool of control samples comprised 1776 observations.
Figure S1 illustrates a density plot of the age distribution across
each sex stratum. Notably, while the median age skews toward
the higher end (62 years), the distribution across sex strata is
well-balanced. Here we constructed two linear models for each
glycosylation trait. The first linear model examined simple
associations with age, while the second incorporated sex as an
interaction term (Figure 3A and C). Standardized coefficients in
linear regression (also known as beta coefficients or standardized
regression coefficients) shown on the x-axis are used to compare
the relative strength and direction of relationships between
variables on a uniform scale, indicating the average change in
standard deviations of the dependent variable (age) for each one
standard deviation increase in a predictor variable (glycosylation
trait). We also incorporated logistic regression models using sex
as an outcome (Figure 3B). Figure 3 presents a summary of the
most significant glyco-traits identified in each type of model.
Table S3 summarizes the outcomes of all of the models.

The trait A2B (level of bisection within di-antennary glycans)
may serve as an example of the information conveyed by Figure
3. Figure 3A shows a significant relationship between age and
this glyco-trait: as age increases, as do A2B levels, in a predictable
manner. Figure 3B shows that the odds ratio of the trait is around
zero; this indicates that variations in this trait do not significantly
affect whether someone is likely to be male or female, meaning
that A2B are overall similar for males and females. For example,
an odds ratio above 1 would indicate that this glycosylation trait
is more likely associated with female sex. However, Figure 3C,
showing the models with an interaction term, indicates that the
relationship between age and the A2B glyco-trait differs across
sexes. In other words, sex influences the relationship between
age and this glyco-trait. Specifically, the negative std estimates of
A2B suggest that the increase in A2B is more explicit in males.
For a visual representation of this interaction, Figure S2 displays
a plot of the predicted values. This plot clearly illustrates that the
increase in A2B with age is less pronounced in females than in
males.

The major sex associations are represented in Figure 3B, with
the most significant ones suggesting sex-dependent changes in
fucosylation and N-glycan antennarity. The odds ratios
significantly lower than 1 for both core- and antennary
fucosylation (CF, A3Fa, A3F) suggest that fucosylation is
lower in females compared to males. This pattern is also
observed for di-antennary glycans (CA2). Conversely, the
presence of multiantennary structures (CA3, CA4) is associated
with odds ratios higher than 1, indicating a relatively higher
likelihood of these structures being more abundant in females.

In accordance with literature reports and expectations,
galactosylation of fucosylated, nonsialylated di-antennary
glycans, hallmarking IgG Fc galactosylation, (A2FS0G)
displayed the most remarkable negative association with age
(std estimate: —4.28; p-value = 3 X 1072%) (Figure 3A).%°%~"!
Additionally, we confirm previous observations on significant
intersex differences in this glyco-trait, showing a stronger effect
for males than females (Figure 3C).>* On the other hand,
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Figure 3. Summary of the most significant associations between glycosylation traits and demographic factors in the pooled control group across eight
studies. (A) Linear models for age ~ glycosylation trait, where the standardized estimates on the x-axis indicate the change in age (in standard
deviations) for a one standard deviation increase/decrease in the glycosylation trait. (B) Logistic regression models for sex ~ glycosylation trait, with
odds ratios above 1 suggesting the trait is more prevalent in females than in males. (C) Linear models with interaction terms (age ~ glycosylation trait X
sex) demonstrate how the effect of glycosylation traits on age varies by sex; a positive coefficient suggests a stronger association in females, while a
negative one indicates a stronger association in males. An example glycosylation trait, A2B, represents the proportion of glycan species with a bisecting
GlcNAc (B) among all di-antennary glycans (A2). A2FSOG denotes the levels of galactosylated species (G) within nonsialylated (S0) and fucosylated
(F) di-antennary species (A2). Other glycosylation traits follow similar analogies (see Figure 1C, Table S2 for details).

galactosylation of fucosylated di-antennary glycans (A2FG)
showed an opposite trend, presumably due to the contribution
of high abundant blood proteins enriched in sialylation in this
glyco-trait, unlike IgG.

Indeed, di-antennary sialylation (A2S) exhibited a positive
age association, whereas tri- (A3S) and tetra-antennary
sialylation (A4S) displayed no or weak age associations (Table
S3). Our methodological approach additionally allowed the
dissection of changes related to sialylation in a linkage-specific
fashion. Interestingly, directionally uniform alterations were
observed for di-antennary sialyl-linkage variants (A2E, A2L),
opposing linkage-specific effects were observed in case of tri-
(A3E, A3L) and tetra-antennary (A4E, A4L) structures (Table
$3), as described before.*® The strongest and most significant
positive association with age was attributed to a2,6-sialylation of
tetra-antennary glycans (A4E, std estimate: 6.5, p-value = 6.1 X
107%), accompanied by a substantial decrease in its a2,3-
sialylated counterpart (A4L; std estimate: —3.0, p-value = 6.7 X
107*) (Figure 3A, Table S3). Based on the findings on decreased
tetra-antennary structures (CA4) which are known carriers of
highly sialylated glycans, one may speculate a parallel, substantial
remodeling of the linkage-specific sialylation status upon aging,
with potential implications on glycoprotein clearance and/or
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function. No sizable sex-specific associations were found for
these glycosylation traits.

The change in di-antennary structures (CA2) was direction-
ally opposing but in magnitude similar to tri- antennary
structures. On the other hand, CA4, as aforementioned,
decreased more pronouncedly over the lifespan of healthy
individuals (Figure 3A). We therefore suggest that the observed
phenomenon may be a trade-off, resulting in a shift toward di-
antennary (CA2) glycans, due to either the relative decrease of
tri- and tetra-antennary counterparts, the relative increase of di-
antennary ones, or the combination thereof. Another related
observation was the increase in sialylation of A2S, which largely
outweighed the increase in associated di-antennary structures
(CA2) (Figure 3A). Also, overall sialylation within complex-
type glycans (CS), regardless of antenna number, profoundly
increased with age (Figure 3A). This raises the challenging
question of what are the key drivers of these changes, which may
include differences in glycoprotein abundance as well as
differences in site-specific glycosylation. The compiled data
reveal an abundance increase in di-antennary structures (CA2),
but an even more pronounced increase in sialylation levels on
these (A2S, A2E, A2L), reflecting an alteration in protein
makeup and/or glycosylation status (Figure 3A, Table S3). All
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this at the expense of decreasing abundance of proteins carrying
tri- and tetra-antennary glycans (CA3, CA4), of which overall
sialylation hardly changes, as afore described. The additive
nature of this effect may be additionally conveyed by an
increased overall sialylation (CS). When we studied the
influence of sex on age for these effects, we found the observed
phenomena to be less pronounced in females than in males for
tri- and tetra-antennary sialylation and structures (CA3, CA4),
while the reverse effect was seen for di-antennary ones (CA2)
(Figure 3C).

Tri-antennary fucosylated ones (A3F) exhibited an increase as
age progressed, in line with previous findings (Figure 3A).*
Antennary fucosylated tri-antennary structures (A3Fa; doubly
fucosylated tri-antennary glycans) showed a rising pattern
similar to their singly fucosylated counterpart (A3F), and are
commonly associated with the acute phase proteins al-
antitrypsin and al-acidic glycoprotein.'” Antennary fucosyla-
tion is an important modification that gives rise to (sialyl)
Lewis™* determinants. These motifs mediate glycan-lectin
interactions in homeostasis, but also occur as glyco-neoantigens
in cancerous cells with implications in their metastatic
potential.'®”*

Another related finding involves the increasing prevalence of
bisected structures within di-antennary glycans (A2B) with
progressing age (Figure 2A), which may be largely attributable
to circulatory IgA and IgG, being known carriers of such
glycoforms.” 9873 It is noteworthy that bisection, at least in the
case of IgG, reaches plateau around the age of 60 years, after
which notable intersex differences can no longer be observed.”*

Of note, genetic, epigenetic, phenotypic, and environmental
influences jointly shape the variability of the N-glycome, albeit
the highest variability in healthy individuals appear to be
brought about by simple demographic descriptors such as age
and sex. This highlights the necessity of proper experimental
design and large, preferably longitudinal sample sets with well-
matched cases and controls in order to find robust disease-
associated glycomic signatures.

In our 2019 investigation, we stated the growing acknowledg-
ment of glycans in the realm of personalized medicine by the
identification of approximately 10,000 publications retrieved
through the PubMed search term “glycan AND biomarkers”.*®
Upon conducting an analogous subsequent search, we observed
a surge in publications, exceeding 5,000 within the past S years.
This trend signifies sustained interest and progressive expansion
despite the roadblocks holding the field back from clinical
translation.”>~”’

In this section, we expand on our previous report’® that
included colorectal cancer (CRC),* type 2 diabetes (T2D)?’
and inflammatory bowel disease (IBD)*® to 5 more diseases
including pancreatic’® and breast cancer’® (PC and BC),
multiple myeloma (MM),*' the parasitic infectious disease
leishmaniasis (LH),** and finally an autoimmune liver disease
(autoimmune hepatitis; ATH).*” We explored differences in N-
glycosylation traits across these diseases obtained with our
unified methodological approach (Supplementary Figure and
Methods), with the aim to elucidate potential links between the
various pathological conditions and glycosylation patterns, that
in turn may show promise as clinically translatable diagnostic
leads either as standalone biomarkers or by pointing toward
protein-specificity (Figure 4, Table S4). To quantify the extent
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of these changes across the studies we explored effect sizes as a
uniform measure. Specifically, we used Cohen’s d as the metric
for effect size. Cohen’s d is a statistical measure widely used to
quantify the effect size, or the magnitude of difference, between
two groups. It calculates the difference between two means
(such as in treatment vs control groups) and expresses this
difference in standard deviation units. This standardized
approach is what makes Cohen’s d exceptionally valuable for
comparing effects across different studies or experiments, even
when these studies vary in their size, scale or measurement units.
Please note that confidence intervals of the estimates offer
insight into statistical significance: if the CI does not encompass
zero, the effect can be considered statistically significant at the
chosen confidence level (95%). Nonetheless, we added p-values
for the effect sizes in Table S4.

5.1.1. Multiple Myeloma. A notable distinction in glycan
abundance is evident in the cancer types. Multiple myeloma
(MM) is a cancer of plasma cells. It displays a TBNG signature
that is markedly different from solid tumors (colorectal cancer
(CRC), pancreatic cancer (PC) and breast cancer (BC)), which
may reflect the fact of MM being a hematological cancer. Of
note, high levels of the M protein, which are immunoglobulins
secreted by the malignant plasma cells will make a major
contribution to the MM TBNG." These M proteins, being
immunoglobulins, mainly display di-antennary complex-type
glycans.”® Accordingly, a number of di-antennary glycosylation
traits including A2S, A2G and A2F are largely skewed in MM
(Figure 4), which is in agreement with previous studies utilizing
capillary electrophoresis and HILIC ultrahigh performance
liquid chromatography.””*’ The observed increase in bisection
(CB) may be caused by elevated activity of the enzyme
responsible for the addition of bisecting GIcNAc reported in
MM before.*" Surprisingly, also tetra-antennary glycosylation
traits of MM are affected, with elevated levels of both a2,6-
(A4E) and a2,3-sialylation (A3L), indicating that TBNG
changes in MM exceed the myeloid cell-derived M protein
and involve other likely liver-derived glycoproteins.

5.1.2. Pancreatic Cancer. Regarding the three cancers with
solid tumors, in contrast to MM, the TBNG for these cancers is
predominantly made up of liver-derived proteins and
immunoglobulins, with tumor-derived leakage proteins only
making a minor direct contribution to the TBNG. PC shows the
strongest cancer TBNG signature, with a clear shift of complex-
type glycans from di-antennary (CA2) to tri- and tetra-
antennary (CA3 and CA4), alongside notable changes in
sialylation and fucosylation patterns (Figure 4),*° that follow
those previously observed after glycan enrichment from patient
sera using a “glycoblotting” approach followed by nonlinkage-
specific sialic acid derivatization and MALDI-MS analysis.*”
Glycans with any antennarity show a shift in sialic acid linkage
usage as evidenced by elevated levels of a2,6-sialylation (A2E,
A3E and A4E) and decreased levels of a2,3-sialylation (A2L,
A3L and A4L). Various fucosylation traits are elevated, in line
with literature data from a single pancreatic cancer patient,*’
while the di-antennary, fucosylated, nonsialylated N-glycans
show a decreased level of galactosylation (A2FSOG trait). This
latter trait can be largely related to IgG glycosylation'” which is
known to exhibit decreased galactosylation in various types of
solid tumors including PC."** Interestingly, the PC TBNG
signatures appear to be largely conserved between non-
hereditary and hereditary variants of the disease, and has
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Figure 4. Forest plots visually illustrating the effect sizes of glycosylation traits observed in the presented studies. The glycosylation traits are grouped
based on their structural characteristics. Each horizontal line in the plot represents a different study. Point estimates along these lines show Cohen’s d
values—representing the effect size or the magnitude of the differences in glycosylation traits between the case and control groups. Lines extending from
these points denote the 95% confidence intervals (CI). Cohen’s d was specifically selected for its capacity to standardize effect sizes across studies,
effectively neutralizing the impact of sample size variations. To ensure consistency and comparability across different cohorts, a standardized
methodology was applied to recalculate the glycosylation traits. Further details about the specific glycosylation traits and their compositions are
available on Figure 1C and in Table S2. Abbreviations in the figure: MM — multiple myeloma,*' CRC — colorectal cancer,** PC — pancreatic cancer,*
BC — breast cancer,*® T2D — type 2 diabetes,”” LM — leishmaniasis,”> CD — Crohn’s disease,”® UC — ulcerative colitis,>® AIH — autoimmune
hepatitis.*” Colors indicate disease categories (orange-red: cancer; blue: metabolic disease; purple: infectious disease; green: autoimmune or
inflammatory disease). Shapes were intended to aid visual interpretability. Note that IBD presented on Figure 2 as one category, is divided into the two
subcategories CD and UC here.

potential for surveillance of risk populations for early detection its own (Figure 4).*° Maybe BC is too heterogeneous for a
of PC.* strong, relatively homogeneous TBNG signature, and patients
5.1.3. Colorectal Cancer. Similar to PC, CRC shows would have to be stratified according to clinical and cellular
elevated levels of tri- and tetra-antennary glycans on the expense subtypes of BC for obtaining a more distinctive signature.
of di-antennaries. Likewise, the CRC shares elevated sialylation However, the observed TBNG signatures were largely
with PC, consistent with a previous study,’” but we found this consistent with prior research, with particular notion on
increase to be particularly mediated by A2E, A3E and A4E. increased (a2,6-)sialylation as well as the elevation of most
Likewise, some of the fucosylation features were in line with PC fucosylation features including those forming the sialyl Lewis™
(F igure 4)~45'87 There are, however, some clear TBNG epitope at antennae, and increase—albeit minor—of oligoman-
differences between PC and the CRC: CRC shows decreased nosidic structures, altogether described as hallmarks of BC
levels of oligomannosidic N-glycans (TM), in contrast to PC progression.”” ™" In contrast, another study reported a decrease
where TMs tend to be elevated. Likewise, CRC shows decreased of oligomannosidic structures in BC.”” The glycobiology of
levels of fucosylation of di-antennary glycans (A2F), comparably cancers as manifested in TBNG appears to be rather diverse.
to a CE-based TBNG report also laying a link between decreased Mechanistic studies would be needed to understand how the
core fucosylation and fucosyltransferase activity,™ something TBNG is shaped in cancer, elucidating the role of tumor
that is not observed for PC. Interestingly, the CRC TBNG secretions and leakage factors in inducing acute phase responses
signature shows partial reversion to normal upon surgical of the liver with accompanying glycosylation changes.

removal of the tumor, indicating the potential of TBNG in CRC

disease and treatment monitoring."**
5.1.4. Breast Cancer. BC shows the weakest TBNG For a long time, TBNG studies largely focused on cancer,
signature of the four cancers which is a remarkable finding on autoimmune, inflammatory, and infectious diseases. Only
1702 https://doi.org/10.1021/jacsau.4c00043
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recently, the rather strong glycomic signatures of cardiovascular
conditions and metabolic disorders received more atten-
tion.”””*” Obviously, there are pathological commonalities
between different disease groups, with inflammatory responses
being associated with various types of autoimmune and
infectious diseases and cancers, but also metabolic and
cardiovascular diseases.

Interestingly, in terms of the TBNG signature, T2D sides with
PC and to a lesser extent with CRC regarding sialylation
features. Without distinguishing linkage-isomers, these results
are in part consistent with previous reports,”*’” but upon the
resolution of linkage isomers, linkage-specific sialylation effects
are observed, with increased a2,6-sialylation of tri- and tetra-
antennary glycans (A3E and A4E) and a concomitant decrease
of A3L and A4L (Figure 4).***” Interestingly, a genome-wide
association study in T2D reported the increased expression of
the transcript corresponding to the enzyme responsible for the
addition of sialic acids to N-glycans in a2,6-linkage, which is in
line with the increase in the relative levels of the corresponding
glyco-phenotype.” Research is needed to define the carriers of
these differentially sialylated N-glycans, most likely including
major acute-phase proteins derived from the liver. In a next step,
regulators of liver glycosylation need to be identified to develop
an understanding of the causes of common disease-associated
glycosylation changes.

5.3.1. Inflammatory Bowel Disease. Little is known about
blood protein glycosylation in IBD. Crohn’s disease (CD) and
ulcerative colitis (UC), which are two IBDs affecting the
gastrointestinal tract, show rather similar TBNG signatures as
evidenced by their tight clustering in most of the glycomic
comparisons displayed in Figure 4. However, this similarity
translates to limited effectiveness in using TBNG for distinguish-
ing between CD and UC.”® IgG and IgA glycomes showed a
similar, limited performance in discriminating between CD and
UC.””'% The most promising lead for clinical translation of
TBNG in IBD is its use for predicting treatment escalations,'*!
which may already at baseline allow to stratify CD patients
according to expected disease course with the promise of a more
tailored disease monitoring and treatment.

Of note, in stark contrast to the TBNG similarities shown by
UC and CD, they only showed modest resemblance with the
CRC signature, indicating distinct systemic glycosylation effects
and no clear common TBNG manifestation between these
groups of gastrointestinal tract diseases.

5.3.2. Autoimmune Hepatitis. Autoimmune hepatitis
(AIH) is a chronic liver autoimmune disorder marked by
autoantibodies and elevated total IgG. The disease shows a
rather distinct TBNG signature, with high levels of hybrid-type
glycans and high levels of bisection of di-antennaries, together
with low levels of di-antennary sialylation and a markedly
decreased number of mannoses on oligomannosidic structures
(glycosylation trait MM). The AIH TBNG signature showed
some resemblance with the MM disease signature regarding
high levels of di-antennaries (CA2) and low levels of tri-
antennaries (CA3) within complex-type glycans, high levels of
fucosylation (A2F) and bisection (A2B) together with low levels
of a2,3-sialylation (A2L) and @2,6-sialylation (A2E) of di-
antennary glycans, and low levels of galactosylation of di-
antennary, fucosylated glycans (A2FG). While most of these
traits may be attributed to elevated IgG levels with a
concomitant skewing of the IgG glycosylation profile, AIH
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and MM also showed resemblance in displaying high levels of
sialylation (A4S), in particular a2,6-sialylation (A4E) of tetra-
antennaries.

Currently, diagnosis of AIH relies on a scoring system
involving autoantibodies, IgG levels, and liver biopsy results.
The invasive nature of liver biopsy, coupled with bleeding risks,
underscores the need for noninvasive diagnostic biomarkers in
ATH to enhance accuracy and potentially reduce reliance on liver
biopsy in the future. Studies on the glycomic dimensions of ATH
are lacking, thus further research and replication studies are
needed to assess the usefulness of TBNG in the diagnosis of
AIH, as well as for the noninvasive diagnosis and staging of AIH-
associated liver conditions such as fibrosis and cirrhosis.'®

Visceral leishmaniasis (LM) is a devastating disease caused by a
bloodborne protozoic parasite. It often requires bone marrow
puncture for diagnosis, and commonly applied antimonial drugs
are potentially toxic. The TBNG signature appears to be very
strong and further research is needed to assess its potential in the
diagnosis of LM. The LM TBNG displays particularly low
A2FS0G levels (Figure 4),> reflecting very low galactosylation
of IgG.'”> However, it is not unexpected since IgG
agalactosylation is typically observed across diseases with an
inflammatory component.'”* Other prominent features are high
levels of a2,3-sialylation of tri- and particularly tetra-antennary
glycans (A3L and A4L). Additionally, tetra-antennaries show
elevated levels of fucosylation (A4F), and overall antennary
fucosylation appears to be elevated (CFa), pointing toward
increased levels of sialyl-Lewis structures on corresponding
circulatory glycoproteins.

In summary, the study of glycan abundance under different
pathological conditions reveals distinct and sometimes over-
lapping TBNG signatures, providing valuable insights into the
molecular underpinnings of these diseases. A common
physiological trend across various diseases, including cancers,
autoimmune disorders, and metabolic disorders (like T2D), is
the presence of an inflammatory response, which is reflected in
the alterations of glycosylation patterns. For instance, cancer and
metabolic diseases exhibit similarities in their TBNG signatures,
such as increased a2,6-sialylation of tri- and tetra-antennary
glycans. This overarching theme of inflammation-induced
glycosylation changes offers a unifying perspective for under-
standing the systemic effects of these diseases.

Here, we want to bring into consideration that incongruent or
divergent findings among studies may stem from factors
including disparities in methodology (low-throughput, low
resolution, not well-established workflows), a limited range of
analyzed glycan features (attributable to, e.g., desialylation or
lectin-based enrichment), cohorts with low sample numbers
and/or not well-defined clinical characteristics, absence of
replication, inconsistent data analysis workflows, or confluence
of these elements.

As a certain role of glycosylation has been observed in every
major disease, glycans are considered to be inherently involved
in multiple disease pathophysiologies. The breadth of
physiological functions driven by glycosylation makes it a
promising diagnostic marker and therapeutic target candidate.
Hence, development of analytical tools for assessing the
glycomic dimension of human diseases becomes more and
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more widespread, with the aim of obtaining therapeutic and
diagnostic leads.'”> While there is a lack of standalone
technology for fully defining glycans, using a unified analytical
approach with sufficient throughput and largely consistent data
analysis workflows enables study comparability. Fulfilling these
criteria allowed us to explore blood glycomic features in 9 major
diseases.

All the studies compiled in the disease TBNG alignment
attempt presented in Figure 4 are cohort studies, most of them
with a baseline disease (case)-control design, while some of
them included patients receiving treatment, including medi-
cation. Proper design of case-control studies has to take
potential confounders into account including age, sex, their
interaction, but also BMI, genetics and life circumstances such as
socio-economic status. Clearly, more research is needed to
dissect factors influencing glycosylation including TBNG.
Regarding the effect of medication, differentiating direct effects
of drugs on the TBNG from disease-modifying effect and
resulting indirect changes of TBNG proves to be challenging.'*®
Accordingly, baseline studies with pretreatment sampling are
particularly valuable for assessing disease TBNG signatures.

The TBNG signatures of the varied range of diseases, which
we intended to compare, turned out to be rather diverse, with
the exception of UC and CD that displayed largely converging
glycomic signatures. We observed that different cancer types had
disparate TBNG signatures. Also, a majority of the diseases had a
strong inflammatory component, which, however, did not
translate into an apparent, common glycomic signature. On the
other hand, some surprising commonalities were observed, with
MM and AIH showing a range of very similar, highly skewed
glycomic features.

The TBNG studies have to be complemented with
glycoproteomic analyses at the glycopeptide level—which may
be performed on the same serum and plasma samples. This will
shed light on the glycoprotein(s) and glycosylation site(s) that
contribute to the observed TBNG signatures. The disease
glycoproteomics studies of InterVenn Biosciences have already
demonstrated that such glycoproteomic studies can match or
outperform released glycan (glycomic studies with respect to
clinical biomarker potential."®’

While current glycoproteomic workflows do provide site- and
protein-specific information on glycosylation, they fail to reveal
key glycosylation features such as sialic acid linkages and often
ambiguous features such as core fucosylation and bisection.
Future development of glycoproteomics workflows with
inclusion of ion mobility spectroscopy and improvements in
MS/MS data interpretation are warranted to enhance the
definition of glycan structures from bottom-up glycopeptide-
based analyses. *® Additionally, intact protein analysis by MS
can provide a valuable contribution to glycoprotein profiling
providing an integrated mapping of proteoforms. ’

Regarding the relative composition of the glycoproteome,
there is a dearth of studies, and information on changes to the
glycoproteome in health and disease is still largely lacking. While
there is a considerable number of studies using high-end
bottom-up glycoproteomics to measure blood protein glyco-
sylation, most of the studies do not achieve an integration of the
information to conclude the overall glycosylation of the major
blood proteins. Therefore, our knowledge of blood protein
glycosylation is still very fragmented, and the changes of the
blood glycoproteome with disease are poorly defined. Addi-
tionally, limited access to data is hampering attempts to link
glycomic and glycoproteomic data for specific diseases.
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The TBNG studies show the disease-associated glycosylation
changes of plasma cells (specialized B cell progenies) and liver
cells, including hepatocytes. To provide further insights into the
regulation and functional effects of glycosylation changes of
circulatory proteins, clinical glycomics and glycoproteomics
studies will have to be complemented by transcriptomics of, and
in vitro studies using, e.g., plasma cells retrieved from the
circulation, (hepatocyte) cell lines and organoids.

While glycans are implicated in virtually all human diseases,
our knowledge of disease-associated glycomic changes and
corresponding functional implications is still very restricted. We
here explored and compared the TBNG glycomic dimensions of
several major human diseases obtained by a standardized
MALDI-MS-based methodology, showing a taunting complex-
ity despite the technical limitations of the applied approach with
regard to the lack of depth, structural definition, and protein
specificity.

It is clear that our exploration of the glycobiology and
glyco(proteo)mics layer of human diseases has only started,
several successful examples (HelenaBioSciences, GlycanAge)
already hallmark the utility of easily and noninvasively accessible
blood-derived glycomic biomarkers in precision medicine and
personal health and biological age assessment, benefiting from
enabling, instrumentally simplistic high-throughput technolo-
gies with streamlined sample preparation and data analysis
workflows, with likely more examples to follow in the future.
Clinical translation of promising glycan-based diagnostic
approaches is hypothesized to mitigate the necessity of invasive
or other labor- and cost-intensive procedures without sufficient
availability and accuracy, thereby facilitating timely interven-
tions and enhancing lifestyle and disease management strategies
in the future.
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