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Abstract

Objectives: Multiple myeloma (MM) is a plasma cell ma-
lignancy characterized by a monoclonal expansion of
plasma cells that secrete a characteristic M-protein. This
M-protein is crucial for diagnosis and monitoring of MM in
the blood of patients. Recent evidence has emerged sug-
gesting that N-glycosylation of the M-protein variable (Fab)
region contributes toM-protein pathogenicity, and that it is a

risk factor for disease progression of plasma cell disorders.
Current methodologies lack the specificity to provide a site-
specific glycoprofile of the Fab regions of M-proteins. Here,
we introduce a novel glycoproteogenomics method that al-
lows detailedM-protein glycoprofiling by integrating patient
specific Fab region sequences (genomics) with glycoprofiling
by glycoproteomics.
Methods: Glycoproteogenomics was used for the detailed
analysis of de novo N-glycosylation sites of M-proteins. First,
Genomic analysis of the M-protein variable region was used
to identify de novo N-glycosylation sites. Subsequently
glycopeptide analysis with LC-MS/MS was used for detailed
analysis of the M-protein glycan sites.
Results: Genomic analysis uncovered a more than two-fold
increase in the Fab Light ChainN-glycosylation ofM-proteins
of patients with Multiple Myeloma compared to Fab Light
Chain N-glycosylation of polyclonal antibodies from healthy
individuals. Subsequent glycoproteogenomics analysis of 41
patients enrolled in the IFM 2009 clinical trial revealed that
the majority of the Fab N-glycosylation sites were fully
occupiedwith complex type glycans, distinguishable from Fc
region glycans due to high levels of sialylation, fucosylation
and bisecting structures.
Conclusions: Together, glycoproteogenomics is a powerful
tool to study de novo Fab N-glycosylation in plasma cell
dyscrasias.
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Introduction

Multiple myeloma (MM) is a plasma cell malignancy charac-
terized by amonoclonal expansion of plasma cells in the bone
marrow. These malignant plasma cells produce and secrete a
characteristic monoclonal immunoglobulin (M-protein) [1].
M-protein diagnostics is imperative for diagnosis and moni-
toring of patients with MM [2]. Similar to other antibodies,
both the heavy and the light chain ofM-proteins consists each
of a constant (Fc) and a variable (Fab) region. The Fc region is
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immunoglobulin (Ig) isotype specific and harbors the effector
functions of the antibody, and the Fab region defines the
binding specificity of the antibody and is both patient- and
myeloma specific [3]. The variable Fab domain arises through
unique rearrangements of germline V(D)J genes and subse-
quent somatic hypermutations [4]. These unique regions and
their derived clonotypic peptides can be used for blood-based
monitoring of MM minimal residual disease activity [5–8].

ProteinN-glycosylation is an important post-translational
modification (PTM), where oligosaccharides are enzymati-
cally attached to asparagine residues in proteins [9–11]. Im-
munoglobulins are the most abundant glycoproteins in the
blood. All immunoglobulins (Ig) contain glycans that are
linked to conserved motifs in the Fc-region. This Ig glycosyl-
ation is known to affect Ig function in Fc Receptor and com-
plement component 1q binding [12, 13]. In addition, the Fab
region may also acquire N-linked glycans. This, however, re-
quires the introduction of amino acid consensus motifs for
N-glycosylation during somatic hypermutation [12]. The esti-
mated incidence rate of Fab N-glycosylation is ∼15 %, yet the
exact role of Fab N-glycans is not yet established [13]. Recent
studies suggest that Fab glycans are involved in immune
regulation, thereby playing a role in autoimmunity and also in
the clinical effect of intravenous Ig products [12–15].

Recently, evidence has emerged that the presence of
M-protein light chain (LC) Fab N-glycosylation contributes to
the M-protein pathogenicity in amyloid light chain (AL)-
amyloidosis [16]. Additionally, M-protein Fab-glycosylation of
the LC is reported as a risk factor forMonoclonal Gammopathy
of Undetermined Significance (MGUS) disease progression to
AL-amyloidosis, MM and other plasma cell dyscrasias [17].

Methods to study Fab N-glycosylation have classically
been based on glycan binding lectins or released glycan
analysis by mass spectrometry (MS) of enriched Fab regions
of IgGs [12–14, 18–20]. Recently, direct analysis of intact
M-protein light chains byMALDI-TOFMS has been proposed
to detect mass shifts corresponding with glycan mass dis-
tances [16]. However, all of thesemethods cannot resolve the
M-protein glycosylation status at the level of individual
N-glycosylation sites required to gain novel insights into
M-protein glycobiology. Since N-glycosylation is a highly
heterogenous PTM with variable glycan structures and oc-
cupancy rates, we believe that site-specific glycosylation
data is key to discern the biological or clinical consequences
of Fab N-glycosylation [21]. We hypothesize that the unique
M-protein Fab N-glycosylation status can be characterized
by personalized genomic analysis of the myeloma plasma
cells to derive reference M-protein sequences to enable
subsequent glycoproteomics for detailed site-specific glyco-
sylation analysis [22]. This may expand our knowledge on
M-protein pathogenicity.

Here, we introduce a novel glycoproteogenomics method,
through integration of genomics and glycoproteomics, to pre-
dict and confirm de novo Fab N-glycosylation profiles of
M-proteins from patients with MM in a site-specific manner.
Based on genomic data, we showed that M-proteins from pa-
tients with MM more often have a Fab N-glycosylation site
compared to Ig from healthy individuals. Furthermore, we
revealed that the M-protein Fab glycoprofiles are mainly
complex type glycans that structurally differ significantly from
Fc-glycans. Together, glycoproteogenomics opens new oppor-
tunities to study the clinical relevance of de novoM-protein Fab
N-glycosylation.

Materials and methods

Sequence analysis from public databased to determine
M-protein Fab N-glycosylation site

The construction of M-protein Fab region sequences has been described
elsewhere [3, 6]. In short, RNA-seq datasets from myeloma plasma cells
were processed by MiXCR to construct the CDR3 sequences [23]. In case
of incomplete sequences, Targeted Assembly of Short Sequence Reads
was used [24]. Nucleotide sequences were translated into (poly)peptide
sequences and germline amino acid alterations were determined by
HIGH-VQUEST on the IMGT platform.

The Multiple Myeloma Research Foundation (https://themmrf.org/
finding-a-cure) provided access to the data from the CoMMpass study on
the NIH dbGAP platform (Accession: phs000748.v6.p4). At the time of
analysis, 107 full length Fab region sequences were available for analysis.

The cAb-Rep is a database of curated immunoglobulin repertoires
from both healthy and diseased donors [25]. The cAb-Rep database was
accessed through the web browser interface, where FASTA files con-
taining nucleotide sequences of the Fab region of immune repertoires of
all healthy donors were retrieved. Sequences from either IgG heavy
chain (HC) or kappa or lambda LCs were used for sequence analysis.

The Fab region sequences were analyzed by an in-house made R
script (Version 3.5.3) that determines whether an N-glycosylation motif
is present in the sequence. The assignment of an N-glycosylation motif
was solely based on the sequences and defined as a asparagine residue
followed by any amino acid besides proline followed by a serine, thre-
onine or cysteine (non-canonical) residue (Asn-X-Ser/Thr/Cys) [26].

Samples from patients with multiple myeloma

Genomic data and serum samples were collected from the IFM 2009
clinical study (ClinicalTrials.gov identifier NCT01191060 trial) after writ-
ten informed consent, and clinical and genomic datawere de-identified in
accordance with the Declaration of Helsinki and approval for this study
was provided by our Institutional Review Board (2018-4140) [27]. The
construction of Fab M-protein sequences has been described extensively
elsewhere [6]. In short, Fab sequences were determined by analysis of a
100,000 read sample extracted from RNA sequencing data. Full length
sequences were obtained by targeted assembly of reads from highly
expressed mRNA based on MiXCR obtained seeding sequences. All serum
samples were stored at −80 °C upon arrival.

Langerhorst et al.: M-protein glycosylation in multiple myeloma 1627

https://themmrf.org/finding-a-cure
https://themmrf.org/finding-a-cure
http://ClinicalTrials.gov


M-protein purification, digestion and LC-MS/MS analysis

The purification and digestion of M-proteins is described in the Sup-
plementary Materials & Methods. In short, M-proteins are purified by
light chain specific affinity matrix. Subsequently, the M-proteins were
reduced and alkylated followed by enzymatic digestion with Trypsin
(Promega, Madison, Wisconsin, USA) and LysC (FUJiFILM Wako, Aka-
saka, Minato, Tokyo, Japan). The (glyco)peptide mixtures were
measured by LC-MS/MS on the timsToF PRO 2 Mass Spectrometer
(Bruker Daltonics, Billerica, Massachusetts, USA).

Data analysis

The data analysis of glycoproteomic LC-MS/MS datasets and their inte-
gration with genomic data is described in the supplementary informa-
tion (Supplementary Materials & Methods). In short, LC-MS/MS datasets
were analyzed to identify glycopeptide fragmentation spectra, where
the glycan moiety and peptide were identified based on database
searches. For the peptide database search, a custom database was
created containing the M-protein Fab region sequences. The Mass
spectrometry proteomics data have been deposited to the Proteo-
meXchange Consortium via the PRIDE [28] partner repository with the
dataset identifier PXD040718.

3Dmodeling of the Fab regions and their N-glycosylation
sites

The 3D structures of the M-protein Fab regions were modeled by close
homology crystal structures in AbyMod [29]. To acquire themodel both a
HC and LC Fab sequence has to be known. Since theM-protein of patient
7 consists of a LC only (Table 1) this patient was excluded from analysis.
Sequences were entered and the known crystal structures with the
highest sequences homology and resolutionwere selected. 3D structures
of the Fab regions were exported and analyzed in pymol (version 2.4.0).
The solvent-accessible surface area (SASA) was calculated with the
function “get.area”.

Results

Increased de novoM-protein N-glycosylation
sites in patients with multiple myeloma

The presence of Fab N-glycosylation on the M-protein LC has
provenprognostic value for plasma cell dyscrasia,mainly inAL
amyloidosis [16, 17]. Here, we investigated whether Fab
N-glycosylation sites are more commonly observed in the
M-proteins of patients with Multiple Myeloma compared to
immunoglobulins in healthy individuals. To determine the
occurrence of an N-glycosylation sites in the M-proteins of
patients with MM, we reconstructed the M-protein Fab se-
quences based on RNA-seq data present in the CoMMpass
database. We could reconstruct the full-length sequence of 104
HCs and 93 LCs. An N-glycosylation site was observed in 11.5 %
of the HCs and in 11.8 % of the LCs (Figure 1A). This implies that
Fab-glycosylation siteswereobserved in 22%of theM-proteins.
The NxS motif was most dominantly observed in HCs (9 out of
11) and the NxT motif (7 out of 11) was most often seen in LCs.
The non-canonical N-glycosylation motif NxC was observed in
one LC sequence (Figure 1B). The location of the glycosylation
sites was predominantly confined to the region between
Framework 1 (FR1) andFR2 in theLC sequences (Figure 1C, red).
N-glycosylation sites of the HC were observed over the entire
Fab region, with a hot spot at complementary determining
region (CDR) 2 and FR3 (Figure 1C, blue).

Next, we determined the occurrence of Fab regions
containing a de novo N-glycosylation site in the polyclonal
immunoglobulin population of healthy donors available in
the cAb-Rep database [25]. This database provided access to
sequences of polyclonal HC of 19 healthy individuals
(average sequences per donor=4,645) and sequences of

Table : Overview of Fab N-glycosylation motifs.

Patient ID M-protein type Glycosylated Fab Glycosylation site Glycosylation location Glycopeptide

 IgG-kappa Kappa N FR ANQTIFSTYLAWYQQK
Kappa N CDR LEPEDFAVYFCQHYNTSPLFTFGPGTK

 IgG-kappa IgG N FR DSDPNYSPSFQGLVTMSSDK
IgG N FR SNNTAFLEWSSLK

 IgG-kappa Kappa N FR/CDR SNQSLLHDDGK
 IgG-lambda Lambda N FR/CDR VAISCSGNNSNIGFSSVSWYQQLPGTAPK
 IgA-kappa IgA N CDR LTCAGSGFNFSTYWMHWVR
 IgA-kappa Kappa N CDR ASQSINSSFLVWYQQK

IgA N FR PSETLSLTCNVSGGSLISNSYYWGWIR
 FLC kappa Kappa N CDR ASQNISFYLTWYQQNPGK

Amino acid alterations compared to germline are underlined and N-glycosylation motifs are indicated in bold. FR, framework; CDR, complementary
determining region.

1628 Langerhorst et al.: M-protein glycosylation in multiple myeloma



polyclonal kappa + lambda LCs of 31 healthy individuals
(average sequences per donor=4,809). On average, 13.7 % of
the HC Fab regions harbored a Fab N-glycosylation site
(SD=3.6 %, range = 4.9–21.10 %). On average, 4.8 % (SD=1.3 %,
range = 2.2–7.4 %) of the LCs harbored a Fab N-glycosylation
site (Figure 1A), which is significantly lower compared to the
HC (p<0.0001).

In conclusion, the occurrence of Fab N-glycosylation
sites in the HC s of M-proteins in patients with MM was
similar in healthy donors (11.5 vs. 13.7 %, Figure 1A). For the
LC a more than 2-fold increase in the occurrence of Fab
glycosylation sites in M-proteins compared to healthy do-
nors was observed (11.8 vs. 4.8 %).

Studying M-protein de novo glycosylation
using glycoproteogenomics

Protein N-glycosylation is a non-template driven process
capable of generating thousands of unique N-glycan struc-
tures for several hundred unique sugar compositions. As
such, the collection of N-glycan structures and their stoi-
chiometry that decorate a single N-glycosylation site cannot
be derived in silico from sequence information. Moreover,
the mere presence of an N-glycosylation sequon does not
guarantee any glycan occupancy. Therefore, we established
a glycoproteogenomics workflow to characterize the glyco-
sylation status of de novo N-glycosylations sites of patient-
specific genomic alterations.

Firstly, based onRNA-seqdatasets frommalignant plasma
cells in the bonemarrow of patients withMM, the sequence of
the Fab region of the M-proteins was predicted (Figure 2, ge-
nomics). These Fab protein sequences were used to identify
the presence of N-glycosylation sites and in silico digestions
were performed to predict the theoretical glycopeptides. Sec-
ondly, glycoproteomic analysis of the M-proteins was per-
formed (Figure 2, glycoproteomics). Thirdly, glycoproteomics
data were mapped on the RNA-seq derived Fab sequences of
the M-proteins to annotate the clonotypic glycopeptides and
determine their glycoprofiles (Figure 2, integration of geno-
mics and glycoproteomics). Furthermore, the Fc region
N-glycosylation was also monitored. An example of the
generated data is shown for patient 1 (Figure 2B), in whomwe
identified two N-glycosylation sites in the Fab sequence (N15
and N128). We were able to identify site specific N-glycan
profiles and differentiate them fromFc regionN-glycosylation.
Next, we applied this workflow to a cohort of 41 patients with
MM.

Profiling de novo N-glycosylation sites in the
Fab regions of M-proteins

Based on the RNA-seq derived Fab region sequences, we
identified 10 N-glycosylation sites in 7 out of 41 patients with
MM (Table 1). 9 out of 10 sites were the result of amino acid
alterations and were thus de novo introduced into the Fab
region. Only the IgG N59 site in patient 2 was already present
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Figure 1: An increase in the occurrence of light chain N-glycosylation sites of the M-protein Fab region is associated with multiple myeloma. (A) A
comparison of the occurrence of Fab N-glycosylation sites (%) on the heavy and light chain of M-protein in patients with multiple myeloma and healthy
individuals (n=19 for the heavy chains and n=31 for the light chains), reveals that light chain N-glycosylation is more than 2 fold more common in
M-proteins than expected from the polyclonal background. Error bars represent the standard deviation. (B) NxTN-glycosylationmotifs aremore common
in light chains (red bars) and NxS motifs are more common in heavy chains (blue bars) of M-proteins in patients with MM. (C) Glycosylation sites in light
chains (red bars) are confined to the Fr1/CDR1 in the V(D)J gene, while in heavy chains (blue bars) the glycosylation sites can be identified across the entire
gene. The y-axis represents the frequence of occurrence of the site in a glycopeptide. CDR, complementary determining region; FR, framework; MM,
multiple myeloma.
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in the germline sequence (IGHV5-10-1*04). Fab glycosylation
sites were present on both the LC (n=6) and HC (n=4) of the
M-protein. For patient 1 and 2, two Fab glycosylation sites
were identified in a single chain, while for patient 6 a
glycosylation site in both the LC and HC was present. In
Table 1 each patient- and myeloma specific glycopeptide
(clonotypic glycopeptide) is shown.

For the 7 out of 10 of the Fab glycosylation sites we
obtained glycan signals for all matching clonotypic glyco-
peptides, indicating that these sites were 100 % occupied by

glycans or near 100 % due to peptide specific sensitivities
(Figure 3A). For two sites, we observed partial glycan occu-
pancy (51 % for the Fab site Kappa N128 from patient 1 and
94 % for Kappa N30 from patient 6), while the IgG N59 Fab
site from patient 2, present in the germline sequence, was
completely unoccupied.

The amino acid sequence context of the N-glycosylation
site can influence the glycan occupancy [26]. Classically, a
proline between the asparagine and serine/threonine res-
idue prevents N-glycosylation. Similarly, a proline residue
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succeeding the serine or threonine residue (NxS/TP) can also
hamper N-glycosylation [26]. The succeeding proline in the
glycosites of patient 1 (NTSP) and the pre- and succeeding
proline in patient 2 (PNYSP) may thus explain the (partial)
N-glycosylation observed in these M-proteins (Table 1). The
loss of glycosylation observed at the Fab glycosylation site in
patient 6 cannot be explained by the presence of a proline in
the sequence. Surface accessibility of the asparagine residue
for N-glycosylation enzymes might be of importance. To
study this, we determined the surface accessibility (SASA)
for the corresponding asparagine residues within the
M-proteins. 3D modeling of the Fab region of each M-protein
showed that the SASA of 24.004 Å2 in Pt1-K-N128 (51 % gly-
cosylated clonotypic glycopeptide signal) was significantly
lower compared to the average SASAs present on the other
N-glycosylation sites (Figure 3B). In the 3D model it is
apparent that the asparagine is hidden in between the LC
and HC (Figure 3C). The low SASA indicates a decreased
accessibility for protein glycosylation enzymes and could
explain the low site occupancy observed on Pt1-K-N128.

Together, these data highlight that the genomics and
glycoproteomics ought to be combined in order to decipher
de novo N-glycosylation status on M-proteins.

Comparison of M-protein Fab and Fc region
N-glycosylation

We further characterized the glycoprofiles of M-proteins
from patients with MM. The Heavy Chain Fab region and
Light Chain Fab region are decorated with fairly similar
glycans (Figure 4A, yellow and pink shade). These aremainly

complex type, highly sialylated and fully fucosylated glycans
with various degrees of bisecting structures, such as
H5N5S1F1 and H5N4S2F1. Next, we compared the glycans
observed on the Fab region with the ones on the Fc regions.
We confirmed that N-glycosylation occurred on the Fc region
of both IgA (N459 and N263, Figure 4A, green shades) and IgG
(N297, Figure 4A blue shades) M-proteins. Similar to the Fab
region, the Fc regions are also mainly decorated with com-
plex type glycans. High mannose glycans were exclusively
observed on the Fc region of IgA. Even though the major
structural class is similar between Fab and Fc region glycans,
within this class a clear distinction between the glycans
observed on the two regions can be made. The Fc region
glycans are for the majority simpler glycans containing
either only fucose (H3N4F1 IgG Fc region) or sialic acid
(H5N4S1 on IgA) compared to the fully decorated glycans
observed on the Fab of M-proteins.

Next, we grouped and quantified the observed glycans
based on structural elements; sialylation, fucosylation and
bisecting GlcNaC containing structures. The level of sialy-
lated glycans was comparable between the Fab and IgA Fc
region (Figure 4B). The sialylation of glycans in the IgG
constant region was significantly lower (p<0.0001). The
fucosylation levelswere comparable between Fab and IgG Fc
regions, but were significantly lower for Fc IgA, with an
almost complete absence of fucosylation on site N263
(Figure 4C). Finally, a striking difference was observed
regarding the abundancy of bisecting structures in the Fab
glycans compared to an almost complete absence of bisect-
ing Fc glycans (Figure 4D). These data indicate site-specific
glycoform structures with significant differences between
M-protein Fc and Fab N-glycosylation.

N128 – 51% glycosylated
SASA: 24.004 Å2

N15 – 100% glycosylated
SASA: 82.791 Å2

S

S

Heavy Chain

Light Chain

A) B) C)

Figure 3: Occupancy of de novo Fab N-glycosylation sites on the Fab region of M-proteins. (A) The relative signal of the measured glycosylated peptide
signal per Fab N-glycosylation reveals three sites with a less than 100 % glycan occupancy. Note that Pt2_G-N59 is an N-glycosylation site encoded in the
germline. (B) The surface accessibility (SASA) was calculated based on 3Dmodeling of the Fab regions. For the three siteswith a less than 100 %occupancy
the SASA is depicted, as well as the average of the SASA of the fully occupied sites (n=7). Only for site N128 from patient 1 a decrease in SASAwas observed.
(C) 3D structures of the glycosylation sites on the M-protein of patient 1 unravels the buried position of N128. In green the heavy chain, and in purple the
light chain is depicted.
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Discussion

Malignant plasma cells in MM produce and secrete a charac-
teristic monoclonal immunoglobulin (M-protein) that contains
a unique Fab region. The uniqueness of the Fab region arises
due toV(D)J rearrangements and somatic hypermutations. This
can lead to the introductionofmyeloma- andpatient-specificde
novo N-glycosylation sites. Recently, evidence for the prog-
nostic value of Fab N-glycosylation of the M-protein in certain
monoclonal gammopathies was provided [16, 17]. However,
methods to characterize these N-glycosylation sites thus far
lacked specificity to determine the occupancy and glycoforms
of both theHC andLC in a site-specificmanner [13, 14, 16]. Here,
we present a glycoproteogenomics approach that integrates
genomics with glycoproteomics, which we applied to charac-
terizede novoFabN-glycosylation on theM-proteins of patients
with MM in unprecedented detail. Acquiring in-depth infor-
mation on the exact M-protein glycoprofiles might provide a
biomarker to predict disease progression or contribute to our
understanding of M-protein pathogenicity.

The strength of the combination of –omics technologies
became apparent when we applied the glycoproteogenomics
approach to a cohort of 41 patients with MM. Ten Fab
N-glycosylation sites on the M-protein of seven patients were

predicted based on genomic data. Subsequent glycoproteomic
analysis confirmed glycan occupancy in nine of these sites,
for the first time we were able to characterize multiple
N-glycosylation sites on the sameFab and study their glycoform
profiles separately. Two Fab glycosylation sites were partially
occupied (51 and 94% for patient 1 N128 and patient 6 N30,
respectively). One site, already present in germline, appeared
to be fully unoccupied. Based on the amino acid sequence
information of the Fab regions, we could not predict the degree
of glycan-occupancy of a specific site. The fully unoccupied site
was the only Fab N-glycosylation site present in the germline
sequence (IGHV5-10-1). Relatively few immunoglobulin Fab
alleles contain such a conserved N-glycosylation site (IGHV1-8,
IGHV4-34, IGHV5-10-1, IGLV3-12, and IGLV5-37) [30]; due to
somatic hypermutations a proline residue is present in the
N-glycosylation sequon preceding the asparagine residue.
We hypothesize that during antigen binding affinity selec-
tion there was an advantage for this non-glycosylated
version of the B cell receptor.

The glycans observed on the Fabs of the M-proteins of
patients with MMwere almost all of the complex type with a
high degree of sialylation, fucosylation and bisecting GlcNAc
containing structures. Heterogeneity of glycans structures
were observed between patients, chains and between the
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Figure 4: Glycan types and structures differ between Fab and Fc N-glycosylation. (A) Cord plot connecting the N-glycosylation sites on the bottom with
observed N-glycans on the top (>1 % abundance) reveals unique profiles that distinguish Fc glycans and Fab glycans. The cord size represents relative
abundances and the colors are grouped based on the chain of the N-glycosylation site. (B) The sialylation levels of Fab glycans were higher compared to
IgG Fc glycans, while (C) fucosylation levels were lower in IgA Fc region glycans. (D) Bisecting structures were more abundant in Fab region glycans
compared to Fc regions.
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same Fab chain of one M-protein. The M-protein Fab glycan
structures were distinguishable from the glycans on the Fc
region of the M-protein in terms of sialylation (low degree of
sialylation in Fc IgG), fucosylation (low degree of fucosyla-
tion in Fc IgA), and both the Fc IgG and Fc IgA had a lower
degree of bisecting glycans. It is hypothesized that the
limited Fc sialylation in IgG antibodies is due to the partially
shielded inner facing position of the glycans [12].

Therewas amore than two-fold increase in the occurrence
of Fab N-glycosylation sites in the M-protein LCs of patients
withMM (11.8%) compared to polyclonal antibodies in healthy
individuals (4.8 %), indicating an association between MM and
an increase in M-protein LC Fab N-glycosylation. Polyclonal
antibodies in healthy individuals were determined in IgG+

B-cells and excludes sequences coming fromB-cells that didnot
undergo the process of affinity maturation. By selecting these
mature IgG+ B-cells we ensured that the M-protein sequences
derived fromplasma cell RNA-seqdatasets from the CoMMpass
database are not compared to sequences of naive B-cells that
are still in their germline configuration.

In this study we observed a similar level of Fab
N-glycosylation sites in the M-protein HCs of patients with
MM (11.5 %) compared to polyclonal antibodies in healthy
individuals (13.7 %), as in agreement with earlier studies [31].
To further increase the number full-length V(D)J sequences
fromRNA-seqdatasets, future studies could employ a recently
improved version of the MiXCR bioinformatics tool [32]. For
M-proteins from patients with monoclonal gammopathy of
undetermined significance, a benign monoclonal gammop-
athy, it was shown that the LC Fab N-glycosylation occupancy
is 6 % [17]. This is similar to the occupancy we observed in
healthy controls. In AL-amyloidosis, a LC plasma cell malig-
nancy, the occurrence of monoclonal LC N-glycosylation was
also increased (16–36%) [16]. In AL amyloidosis the Fab LC
glycans contribute to the pathogenicity of theM-proteins [33].
Our glycoproteogenomics workflow described here can pre-
cisely locate the N-glycosylation site within the Fab of the
M-protein. This might help identifying light chain sequences
more likely to be pathogenic. M-protein pathogenicity in MM
is poorly understood [34, 35]. Based on both mice-models and
human data,Westhrin et al. showed that abnormalM-protein
Fc glycosylation may promote bone loss in MM and altering
IgG glycosylation may be a therapeutic strategy to reduce
bone loss [36]. Thus far, no causal relationship between Fab
N-glycosylation and M-protein pathogenicity has been
described in MM, however it is speculated that Fab
N-glycosylation might contribute to M-protein pathogenicity
[35]. Recent data strongly suggests that the presence of
M-protein Fab N-glycosylation is a risk factor for progression
fromMGUS toAL-amyloidosis and other plasma cell disorders
[17]. Methods to study this have relied on the discrimination

between glycosylated and non-glycosylated M-protein LCs.
Even though there are ongoing efforts to optimize these
techniques to also elucidate glycan classes and profiles, the
level of insight glycoproteogenomics offers is unprecedented,
with unparalleled site specificity [37].Wehypothesize that the
additional information about glycosylation of the Fab region
of the HC, the specific glycan profiles and the exact site on the
M-protein Fab, obtained by the unprecedented detail of gly-
coproteogenomics, will aid in unraveling the clinical role of
M-protein Fab glycosylation. Further studies in larger, inde-
pendent cohorts are warranted to study this, not only in MM
but in other plasma cell dyscrasias as well.

Proteogenomics, the integration of genomics and prote-
omics, is an emerging technological development in themulti-
omics field and has the potential to improve cancer charac-
terization, diagnosis, and even advance cancer therapy
[38–40]. Furthermore, such integration efforts are also being
used to sequence antibody repertoires by MS [41]. With gly-
coproteogenomics, we can now relate genomic alterations to
detailed glycosylation phenotypes in a clinical setting. In the
current study, glycoproteogenomics is applied to study de
novo Fab N-glycosylation, but we believe that this can also
contribute to other fields. Acquisition of holistic genomic data
of patients is becoming more custom in clinical practice. In
such genomic data the deletion or acquisition of glycosylation
sites throughmutations/truncations can be distilled, followed
by subsequent glycoproteomics analysis to dissect the glyco-
sylation phenotype and whether this has clinical conse-
quences for the patients. The glycoproteogenomics workflow
introduces a novel level of personalized diagnostics and can
aid in improving patient care.
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