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Introduction

Chapter 1



 

TThhee  pprrootteeoommee  iinn  nnuummbbeerrss  
DNA is often referred to as the blueprint of life. This DNA blueprint determines how the 
building blocks of the proteins, i.e. the amino acids, are chained together to form large 
molecules. The reason that DNA got the nickname “blueprint of life” is because proteins 
facilitate all important processes in life, including catalysis of metabolic reactions, 
transporting molecules, giving structure to the cell and its organelles, and recognition of 
foreign cells and/or molecules. 

While ‘the blueprint of life’ is a catchy title, it wrongly implies a rather simple and 
straightforward process going from DNA to proteins. As is often the case in life reality is far 
more complex and nuanced. First, genes, the stretches of DNA that encode RNA and 
proteins, are not always expressed and different types of cells express different genes. 
Second, the RNA of eukaryotic cells may be spliced in alternative ways resulting in different 
isoforms of the same protein. Next, the RNA is translated to a protein, however, that is not 
the final stage of the protein building process. Proteins need to be properly folded and can 
be post-translationally modified (PTM), which may be the addition of a molecule or the 
removal of some amino acids. These PTMs can alter the structure and function of the 
protein and (de)activate its enzymatic activity. Additionally, multiple proteins may also 
come together to form a physical or transient protein complex. Furthermore, proteins are 
not static they may undergo post-translational changes throughout their lifetime such as 
being switched on or off by a phosphorylation event depending on the state of the cell. 

When putting these steps into numbers in the context of the human proteome (Figure 1), 
we start with roughly 20,000 genes 1–3. These genes already lead to ~70,000 protein 
isoforms from splicing. The contribution of post-translations modifications results in 
astronomical numbers considering that over 50,000 PTMs have been reported. Although 
the theoretically possible number of proteins from such a calculation seem inconceivable, 
estimates based on trends in databases indicate that there may be roughly different 
6,000,000 proteins 4. Due to this large number of possible structurally and functionally 
distinctive proteins, researchers have introduced a new term for different proteins arising 
from the same gene, namely proteoforms. 
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FFiigguurree  11  TThhee  pprrootteeoommee  iinn  nnuummbbeerrss.. The complexity of the proteome put into context. The complexity 
increases from genes, proteins, proteoforms (proteins combined with post-translational modifications) 
and finally two groups of highly polymorphous proteins, antibodies and HLA. * Over 30,000 HLA alleles 
have been described making it the most polymorphous genes. Protein structure (pdb:7ac0). 

These six million proteoforms are already an enormous amount, however, these estimates 
don’t account for one more aspect of protein variety. If each unique sequence of amino 
acids and PTMs is a unique proteoform, then sequence polymorphisms account for an even 
greater variety of possible proteoforms. For proteomics, these polymorphisms are often 
viewed as single amino acid polymorphisms (SAP) or coding single nucleotide 
polymorphisms (cSNP), which can also lead to small amino acid sequence changes in the 
proteoforms. From the perspective of genomics, protein polymorphisms are the result of 
different alleles, which may manifest as different phenotypes like blood group or eye color. 
Moreover, in the field of immunology, protein polymorphisms appear in the adaptive 
immune system as different specialized antibodies, T-cell receptors, and human leukocyte 
antigens (HLA), whose diversity generates the ability to recognize all kinds of antigens. The 
possible depth of diversity introduced by these proteins dwarfs the estimated number of 
proposed proteoforms. The exact diversity of the proteins of our adaptive immune system 
remains fairly unexplored because it has proven highly challenging to study these very much 
alike albeit unique proteins. 

The work described in my thesis focuses to a large extent on two highly polymorphous 
groups of proteins, antibodies and HLA molecules. The chapters presented provide insight 
into the complexity and diversity of these polymorphic proteins and examples of how the 
study of these proteins can be approached with mass spectrometry. 
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HHuummaann  aannttiibbooddiieess  
Around the time of their initial discovery, antibodies were termed by various illustrious 
names, such as ‘Immunkörper’, ‘Amboceptor’, and ‘Zwischenkörper’, among many others. 
These terms were used more than a century ago to describe substances with antitoxin, lysin, 
agglutinin, and precipitin activities 5,6. Nowadays, the accepted term antibody refers to 
secreted Immunoglobulins (Igs), whose sequence variety is several orders more diverse 
than the assortment of historical names. Antibodies represent some of the most important 
molecules in the humane immune system. Over the last century, Igs have been intensively 
studies because of their role in combatting infectious diseases and have taken center stage 
for development of therapeutics in the last decade 7–9. Beyond infectious diseases, 
recombinant antibodies are now also developed for cancer, rheumatoid arthritis, and 
various other pathological conditions 10. As key entities in the body’s defense mechanism, 
circulating antibodies are found in various bodily fluids, such as serum, saliva, milk, the 
lumen of the gut, and cerebrospinal fluid 11. New leads for biotherapeutic development of 
recombinant antibodies come either from immunizing animals with specific antigens, or by 
discovering pathogen-neutralizing antibodies from recovered patients 12–15. 

The reason that antibodies are of such critical importance in the human immune system 
and that recombinant antibodies are such a promising therapy for various pathological 
conditions is due their incredible specificity. Each unique antibody can only bind to a very 
limited number of antigens, as a result the body can very precisely recognize pathogens and 
respond specifically to these pathogens. Similarly, recombinant antibodies can be designed 
to specifically recognize proteins that cause a pathological condition, activating the immune 
system to act against the condition. 

Humoral human antibodies are complex proteins produced by B cells 11,16. Most antibody 
molecules (e.g., IgGs) are made up of four protein chains: two identical light chains and two 
identical heavy chains, which are interconnected by disulfide bridges (Figure 2). The light 
and heavy chains form two heterodimers, which are connected via more disulfide bridges 
in the hinge region of the molecule to form the intact antibody. Functionally, an intact 
antibody can be divided into two antigen-binding domains (also known as the fragment 
antigen-binding Fab) and a constant domain (also known as fragment crystallizable Fc 17) 
(Figure 2A). The Fc is the effector portion of the antibody and can bind to Fc-receptors on 
immune cells 11 and mediate immune effector responses such as phagocytosis, antibody-
dependent cell-mediated cytotoxicity, respiratory burst, and cytokine release 18. In contrast 
to the fully conserved sequence and structure of the Fc, the Fab is responsible for the vast 
diversity in recognized antigens and is consequently hypervariable.  
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FFiigguurree  22  NNoommeennccllaattuurree,,  ssttrruuccttuurree,,  aanndd  ddiivveerrssiittyy  ooff  hhuummaann  IIggGG11  aannttiibbooddiieess.. A) Nomenclature and protein 
fragments of an IgG1 molecule. The antigen-binding domain, containing light and heavy chain (LC and 
HC respectively) variable regions, is termed Fab (or (Fab)2 when dimerized). The constant part of the 
heavy chain carrying an N-glycosylation site is called Fc. Other IgG subclasses vary in their heavy chain 
constant region (Fc) and disulfide patterns. B) The diversity in antibodies originates primarily from the 
V, D, J, and C-allele (each annotated with a distinct color) recombination process. In this process, each 
of many individual V, D, J, and C-alleles can recombine with any of the other gene segments, yielding 
thousands of possible combinations, in particular for the heavy chain, which incorporates the most 
diverse D region. C) Sequence logo created by the alignment of in silico generated sequences of Ig 
kappa (IGK) and lambda (IGL) light chains and Ig heavy chain (IGH) from the international 
ImMunoGeneTics (IMGT) information system database 37,38. Even though the displayed sequences 
are part of the variable domain, large stretches of these sequences, also known as the framework 
regions (FRs), are relatively conserved, compared to the hypervariable complementarity determining 
regions (CDRs), colored in accordance with (A). 
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Because there is an endless and constantly evolving pool of pathogens, the antibody 
repertoire needs to be incredibly diverse and versatile to counteract these challenges 19,20. 
In humans, this enormous diversity in the potential antibody repertoire is achieved through 
several mechanisms. Starting at the genomic level, the light and heavy chains are encoded 
by multiple genes: Variable (V), Diversity (D), Joining (J) and Constant (C), with the light chain 
containing only V, J, and C. These genes are encoded by multiple alleles, which can 
recombine to a staggering number of combinations (Figure 2B) 21. The recombination 
process is also error-prone, leading to insertions and deletions at the junctions between the 
regions, referred to as junctional diversity. By recombination alone, the number of possible 
variable domain sequences already exceeds the tens of thousands. However, the eventual 
antibody diversity is expanded further by natural polymorphisms, mutations, and class 
switching. Additionally, the major contributor to antibody hypervariability, somatic 
hypermutations, can occur during B-cell affinity maturation and do so at a million-fold 
increased rate compared to the usual rates of genomic mutations 22. These mutations are 
largely concentrated in the complementarity-determining regions (CDRs) of which there are 
three, whose segments are separated by four framework regions (FR1-4), which form the 
conserved backbone of the Fab structure (Figure 2C). Located at the tips of the Y-shaped 
antibody structure, the CDRs are primarily responsible for antigen binding, and therefore 
harbor the greatest variety in their sequence. 

The Fc part of Igs is used to classify antibodies into one of 5 classes: IgA, IgD, IgE, IgG, and 
IgM. Since the heavy chain C gene forms the Fc portion of the antibody, it encodes the 
antibody class. On the other hand, the C gene of the light chain is part of the Fab and does 
not determine the class. Still, two different light chain C genes exist, named Kappa and 
Lambda. In humans, some of these classes are divided further into subclasses denoted by 
numbers, e.g., IgG1-4 or IgA1 and IgA2. Although the function of the classes and subclasses 
is slightly different, their variable regions stem from a shared pool of genes. 

Additionally, antibodies of certain classes may form larger complexes. For example, as 
discussed in chapter 4 of this thesis, IgA in serum mostly appears as antibody monomer 
(which is assembled from the four chains, two light and two heavy chains, interconnected 
by disulfide bridges), yet it is also present as ‘IgA dimer’ which consists of two IgA molecules 
connected by the joining chain (J chain) protein. The structure of IgA in milk is different than 
the structure in serum. Here the secretory IgA does not appear as monomer but is only 
present as a secretory IgA (sIgA) dimer, trimer, and tetramer. In addition to two, three or 
four IgA molecules, these complexes also contain the J chain and the secretory component 
of pIgR (SC). 
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Another aspect of Ig diversity, as well as many other proteins, is its glycosylation. Depending 
on its class an antibody may have one (e.g. IgG1) or several N- and/or O- glycosylation sites 
(e.g. IgA1). Furthermore, these carbohydrates may entail many different structures. So even 
a single glycosylation site may harbor different glycan structures, which will be discussed in 
greater detail when also discussing HLA glycosylation. The estimated diversity of Ig 
molecules a human body can generate extends beyond 1015 sequences 22–24, indicating that 
each antigen may lead to a unique antibody response. These 1015 possible antibody 
sequences are all unique in their amino acid sequence yet highly alike, posing a serious 
challenge for their characterization and sequencing, which has remained, to this day, a 
tremendously challenging task. 

Being a mass spectrometrist this plethora of sequence should be also regarded as leading 
to a plethora of different masses for the Abs. As illustration of this highly alike complexity, 
a histogram of the Fab masses, linked to IgG1 molecules, of just the in silico recombined 
germline V, D, J and C segments from the IMGT database was simulated (Figure 3A). Even 
with the step somatic hypermutation omitted, the recombination of gene segments results 
in nearly 132 million antibody Fab sequences. Yet, when plotting the masses of all these 
sequences it becomes evident that they form a rather tight distribution between 40,000 
and 49,500 Da. While the Fab mostly consists of the variable domain of the antibody, the 
constant region of the light chain is also contained in the Fab. In Figure 3B, the same 
distribution is plotted, now separated into two distributions for the Kappa and Lambda light 
chain constant regions, respectively. These distributions now illustrate the distribution of 
variable domain genes found in the IMGT database. On average Lambda light chains are of 
higher mass than kappa light chains, and the kappa light chain appears nearly normally 
distributed around 47,900 – 48,000 Da. 

Ideally, one would like to sequence antibodies at the protein level. However, so far B-cell 
receptor (BCR) sequencing 25 has been the norm, to probe circulating antibody repertoires 
and their relative abundances in specific environments. Due to the structural complexity 
and immense sequence diversity of antibodies, the development of therapeutic antibodies 
has been a very challenging and labor-intensive task, especially compared to small-molecule 
drug development. For example, the discovery of Trastuzumab (an anti-human epidermal 
growth factor receptor 2 protein antibody) was achieved by using mice immunized with 
antigen-expressing cells. Following the generation and selection of hybridomas that showed 
specific activity 26, the sequence of the selected antibody was determined after cloning and 
expression. A humanized antibody could only be produced thereafter by adapting and 
modifying the sequence accordingly 27. Apart from being expensive and laborious, these 
early strategies required knowledge and availability of purified antigens and animal models 
that can produce specific antibodies in response to these antigens 28–31. 
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FFiigguurree  33  TThheeoorreettiiccaall  FFaabb  mmaassss  ddiissttrriibbuuttiioonnss  ooff  hhuummaann  IIggGG11  mmoolleeccuulleess..  A) Histogram and kernel density 
estimation of in silico generated IgG1-Fabs from the IMGT database. Fab masses were generated by 
combination of V, D, J, and C gene segments found in the database, and the total number of sequences 
is shown in the legend. The distribution starts at 46 kDa and ends at 49.5 kDa. B) Histograms and kernel 
density estimations of in silico generated IgG1 Fabs from the IMGT database 37,38, separated by Kappa 
and Lambda light chain constant genes. The Fab masses of (A) were separated by their light chain C 
gene (kappa or lambda), the number of sequences is once again shown in the legend. A bin width of 
100 Da was used for the histograms.  
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More recently, alternative strategies for antibody discovery have been explored starting 
with the screening of B cells from individuals who successfully overcame an infection. In this 
approach, peripheral blood mononuclear cells (PBMCs) are isolated, immortalized, and 
screened for antigen reactivity. The reactive clones are further expanded and characterized. 
This method has proven effective in finding new neutralizing antibodies that can be used to 
combat certain infectious diseases, e.g., Ebola 14,15 or severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) 13. These recent advances show that the discovery of antibodies 
from human subjects, in addition to animal models, represents a viable method for 
developing new avenues for therapies. However, it may be even more advantageous to 
discover and characterize mature antibody clones directly from clinical samples at the 
protein level in their functionally matured and active form. 

In recent years, MS-based proteomics has advanced tremendously in sample preparation, 
MS and liquid chromatography instrumentation, and data analysis 32,33. Using all these 
advances, mass spectrometry (MS) is expected to be the method of choice to potentially 
achieve characterization and sequencing of antibodies at the protein level. However, 
antibodies represent a very special and rather challenging class of proteins. Consequently, 
while MS has been already used to characterize and sequence highly purified monoclonal 
antibodies (mAbs) 34–36, further technical developments in sample preparation and data 
analysis are needed to incorporate MS fully and efficiently into an endogenous humoral 
antibody discovery and characterization pipeline. 

HHLLAA  aanndd  GGllyyccoossyyllaattiioonn  
The major histocompatibility complex (MHC) region of the genome contains the genes 
encoding the human leukocyte antigen (HLA) proteins. This region is possibly the most 
polymorphic region of the genome, making HLAs like antibodies highly polymorphic. 
Currently, over 33,000 different HLA alleles have been reported, which has led HLA to be 
sometimes termed as hyper-polymorphic 39. While this number might seem small in 
comparison to the variety of antibodies, all these different variants are encoded by the 
genome and not the cause of post-translational processes such as somatic hypermutation. 
The function of HLA complexes in the immune system is to present peptide antigens to T 
cells. Put simply, this allows the T cells to assess the state of the cell. When non-self peptides 
such as pathogenic peptides are presented by the cell, the immune system will be activated 
to eliminate the infected cells. 
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The HLA alleles are divided over two classes. Class I presents cytosolic endogenous peptides 
to CD8+ T cells, and Class II presents exogenous peptides to CD4+ T cells. Each class is further 
comprised of several genes. HLA Class I contains three classical genes A, B, and C, and three 
non-classical genes E, F, and G. In addition to these genes, a mature HLA Class I protein is a 
complex of an HLA protein and beta-2 microglobulin (β2m). Contrary to the HLA proteins, 
β2m is not polymorphic. HLA Class II on the other hand contains several more genes (namely 
DRA, DRB1-9, DQA1-2, DQB1, DPA1-2, DPB1-1, DMA, DMB, DOA and DOB), and the mature 
protein complex is formed by two HLA Class II proteins by combining the corresponding xxA 
and xxB genes, such as DRA and DRB etc. 

Even though there are thousands of reported different HLA alleles, the sequences still form 
limited clusters according to their genes as illustrated in Figure 4. Here the allotypes, alleles 
that lead to a different protein product, of HLA class I were phylogenetically aligned and 
visualized as a tree. The three classical genes make up the majority of the tree and form 
three distinct groups. The non-classical genes form separate groups that are genetically 
quite far from the other genes as indicated by the distance between the branches. As with 
antibodies most of the sequences of HLA molecules are shared and thus hard to distinguish. 
The majority of sequence variety is found in a small part of the protein sequences that 
constitute the peptide-binding groove. As the name suggests this part of the protein forms 
a groove that fits the peptide that is presented on the cell surface. Polymorphisms in this 
region slightly alter the binding characteristics of peptides allowing for a large variety of 
peptides to be presented. 

HLA N-glycosylation 
Another source of variation found on many proteins are caused by post-translation 
modifications (PTMs). These modifications come in many forms, such as the removal of a 
signal peptide upon maturation of the protein. Although when discussing additional protein 
variation, the modifications are often small molecular entities that are attached to an amino 
acid. The most well-known PTM: protein phosphorylation is an example of this, whereby a 
phosphate group is attached to the sidechain of a serine, threonine, or tyrosine residue 42,43. 
Although this results in additional proteoforms especially when combinations of PTMs occur 
on a single protein, these small molecule PTMs are not polymorphic themselves. 
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FFiigguurree  44  PPhhyyllooggeenneettiicc  ttrreeee  vviissuuaalliizzaattiioonn  ooff  tthhee  mmoosstt  ccoommmmoonn  HHLLAA  ccllaassss  II  hheeaavvyy  cchhaaiinn  aalllloottyyppeess  iinn  tthhee  
EEuurrooppeeaann  ppooppuullaattiioonn.. The allotypes were selected in order of abundance from 
http://allelefrequencies.net/, the phylogenetic tree was constructed using IQ-TREE 40 and visualized 
with iTOL 41. For multiple sequence alignment of the HLA Class I heavy chain molecules, only the α1 
and α2 domains were used, because for many allotypes the α3 domain was not sequenced. 
Additionally, the α3 domain does not contribute to the peptide-binding groove, thus sequence variation 
in this region is less relevant. 
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A very common PTM is protein glycosylation, which is already highly diverse by itself, 
occurring as many glycoforms on a modified residue. In humans, glycosylation can occur on 
three types of residues. N-glycans are attached to asparagine (N) residues, O-glycans are 
attached to serine and threonine residues, and rarer tryptophane residues can be 
mannosylated (ref). Here I will focus on human N-glycosylation since in the work for this 
thesis I investigated the N-glycans of HLA Class I molecules. N-glycosylation cannot occur on 
all N residues, but only on those that follow a rather strict sequence motif. The subsequent 
residue cannot be a proline and the residue thereafter must be a serine or threonine or 
more rarely a cysteine, which is often shortened as the NxST motif. While highly diverse, all 
N-glycans are synthesized from the same precursor and share the same core structure of 2 
N-acetylglucosamine (GlcNAc) and 3 mannose (Man) residues. The Man residues of the core 
structure can be further extended with other sugar moieties. There are three major types 
of extensions. Extensions of only Man residues are named high mannose glycans, glycans 
with exclusively extensions starting with a GlcNAc (often followed by galactose and 
neuraminic acid) are complex glycans, and glycans that have both mannose and complex 
extension are hybrid glycans 44. In chapter 5 of this thesis the complex glycans are further 
subdivided into additional categories depending on the number of antennae and whether 
a bisecting GlcNAc was attached to the core β-mannose. 

SSttuuddyyiinngg  pprrootteeiinnss  wwiitthh  mmaassss  ssppeeccttrroommeettrryy  
In principle mass spectrometry (MS) is the measurement of the mass-to-charge ratio (m/z) 
of ions, and in the context of proteomics the measurement of m/z of ions generated from 
proteins, peptides, and fragment thereof. To achieve this, several steps must be 
undertaken. Gas-phase ions need to be produced from the sample and these ions need to 
be brought into a high vacuum. The ions need to be separated according to their m/z and 
the separated ions need to be detected by the mass analyzer and converted into an 
electronic signal that is proportional to the abundance of the ions. The electronic signal 
should be recorded and converted to a mass spectrum. Optionally, following separation of 
the ions, a single population of ions can be selected and fragmented. These fragments can 
then again be separated and detected 45. 

When working with complex protein and peptide samples it has become standard practice 
to separate the analytes by liquid chromatography prior to MS analysis. The basic principle 
of HPLC is to introduce the analytes (peptides and/or proteins) into a mobile phase. The 
mobile phase is moved through a column containing a stationary phase. Through 
interactions with the stationary phase analytes are slowed down to varying degrees 
resulting in the separation of the different analytes. 
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The most commonly used LC separation technique used for proteomics is reversed-phase 
LC. It is called that because contrary to normal-phase LC, the stationary phase is non-polar 
and the mobile phase is polar. For peptide-centric analyses C18 is still the stationary phase 
of choice. The accompanying mobile phase consists of a mixture of water and acetonitrile, 
with increasing percentage of acetonitrile across the elution gradient. This results in a 
separation of peptides based on hydrophobicity, with the most hydrophilic peptides eluting 
first and the most hydrophobic eluting last. 

For protein-centric proteomics such as for the immunoglobulin protein profiling method 
presented in this thesis, reversed-phase chromatography was also employed to separate 
antibody fragments. Compared to peptide-centric approaches a C18 stationary phase has 
too strong interaction with the proteins. Instead, less hydrophobic stationary phases are 
used such as for instance C4. For the separation of antibody fragments in this thesis we 
instead opted to use columns with a phenyl stationary phase which showed better 
separation for the antibody fragments. However, the LC separation of proteins is still not as 
matured and selective as the separation of peptides. This originates from the fact that 
proteins are much larger and especially for mixtures of antibodies the difference in 
sequence and structure is very small compared to their overall size. 

After HPLC separation of the analytes the MS analysis begins. To transfer the analytes to 
the MS as they are leaving the LC, electrospray ionization (ESI) has become the ionization 
technique of choice 46,47. In this technique, the ions are produced by passing the liquid from 
the chromatography through a capillary on which an electric field is applied. This generates 
a jet of highly charged droplets. The droplets enter a heated capillary at the entrance of the 
MS and desolvate eventually turning into charged gas-phase ions. To this day, multiple 
theories exist that attempt to explain the process from droplet to ion 48 and it seems that 
depending on the size of the analytes different theories fit best with the observations. Once 
the ions exit the capillary, they enter the first vacuum stage of the instrument. Here the ions 
are focused and separated from neutral molecules which may have also entered the 
instrument. Then they can either be guided directly to the mass analyzer or separated and 
selected according to their m/z. Selection of ions is typically performed with a quadrupole. 
In short, a quadrupole consists of four rods on which a radio frequency (RF) voltage and 
direct current (DC) offset are applied. The oscillating electric fields can be tuned in such a 
way that it results in unstable trajectories for most m/z ions passing through it, effectively 
filtering out a small range of m/z of ions, which enables selection of specific ions for further 
study 45. There are also instruments that allow for filtering based on cross-sectional area of 
the ions. While the exact method can vary, ions are separated according to their mobility in 
a drift gas, which leads to separation based on size of the ions. This technique was not used 
in any of the chapters in this thesis. 
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After transferring and selecting of the ions they can be separated according to their m/z and 
detected in the mass analyzer. Currently, five types of mass analyzers are commonly used 
for proteomics (Figure 5). Besides selection of specific ions, a quadrupole can also be used 
as an analyzer. Specifically, because of its ability to filter ions, the quadrupole can be 
configured to scan over a range of different m/z values. By detecting the abundance of ions 
in each bin of the scan range a m/z spectrum can be obtained. Ion trap mass analyzers work 
in a similar manner to quadrupole mass analyzers. Ions of a wide range of m/z values are 
trapped in the ion trap. By adjusting the electric fields certain m/z ions start to oscillate and 
become unstable upon exiting the ion trap due to this oscillation they are detected. By 
scanning over the entire m/z range by creating unstable oscillations for all m/z values a m/z 
spectrum can be obtained 45. 

Of all mass analyzers, Time-of-Flight mass analyzers 45,49 perhaps speak the most to the 
imagination. Upon entering the analyzer, the ions are accelerated and because the ions are 
under vacuum their velocity is proportional to the kinetic energy they received from the 
push and their mass. Ions that are lighter reach a higher velocity compared to heavier ions 
so by measuring the time of their flight over a fixed distance the mass can be derived. It is 
also important to note that ions of higher charge receive more kinetic energy from the push, 
so the separation of ions still depends on their m/z and not their absolute mass. 

The other two mass analyzers are Fourier-transform ion cyclotron resonance (FTICR) 50 and 
Orbitrap 51 analyzers. The idea of these analyzers is to bring the ions to a stable trajectory 
either in a magnetic field (FTICR) or around a central electrode (Orbitrap). Once the ions 
follow this trajectory their oscillations can be recorded, and some of the oscillations, in the 
case of the Orbitrap the oscillations along the z-axis (from left to right along the length of 
the electrode), are directly proportional to the m/z of the ions. The waveform recorded 
from these oscillations can be converted to a frequency using Fourier-transform, which is 
then converted to m/z. Interestingly the resolution depends on how long the signal was 
recorded, so by recording the oscillations for a longer time a higher resolution is achieved. 
Due to this, FTICR and Orbitrap mass analyzer provide the highest resolution of all mass 
analyzers used for proteomics.  

Over the last decade, many different peptide- and protein-centric mass spectrometry-based 
approaches have been developed especially for proteomics 52–54. An overview of these 
developments is provided in several recent extensive reviews 55–59. Here, I aim to concisely 
highlight some of these advances and in particular those relevant to the work described in 
this thesis. 
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FFiigguurree  55  SScchheemmaattiicc  rreepprreesseennttaattiioonn  ooff  iinnssttrruummeennttaattiioonn  ttoo  ssttuuddyy  pprrootteeiinnss.. Complex mixtures of analytes 
as separated by HPLC. For peptides C18 is a commonly used separation method, for proteins less 
hydrophobic stationary phase is used such as C4 of phenyl. For mass spectrometric detection of the 
analytes there are five commonly used detectors: ion-trap, quadrupole, time-of-flight (ToF), Fourier-
transform ion cyclotron resonance (FTICR), and Orbitrap. In each of the schematics the trajectory of 
ions is shown in green. 

FFrraaggmmeennttaattiioonn  tteecchhnniiqquueess  
In MS experiments, extensive fragmentation of peptide ions is essential to generate arrays 
of adjacent fragments that reveal the amino acid sequence, often referred to as ion ladders 
or sequence tags (Figure 6A). For de novo sequencing, the amino acid sequence of a 
fragmented peptide is determined by comparing the mass difference between two adjacent 
fragment ion peaks, to the known masses of amino acids. It is of vital importance that the 
produced peptide ion fragments contain very few gaps larger than a single residue, because 
these gaps exponentially increase the amino acid combinations that fit the mass difference, 
particularly for spectra of lower resolution. Database-identification of peptide 
fragmentation spectra also improves when more fragment ions are present in the spectra, 
and gaps are not as detrimental as for de novo sequencing because the spectra are 
compared to a database. Since there is no universal fragmentation that can produce 
uninterrupted fragment ion ladders for all possible peptides, it can be highly advantageous 
to use various different fragmentation methods, each with distinct mechanisms and 
specificities to generate complementary fragmentation spectra (Figure 6B).  
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Collisional dissociation techniques (collisional induced dissociated (CID), collisional 
activated dissociation (CAD) or higher-energy collisional induced dissociation (HCD)) are the 
most used techniques in tryptic peptide-centric proteomics experiments, but multiple 
alternative fragmentation techniques have been introduced and have proven to be 
complementary. These specificities stem from the unique ion activation mechanisms 
employed by each method. In collision-based techniques, energy is deposited to the 
multiply protonated peptide ions through low-energetic collisions with inert neutral atoms 
or gas molecules. This energy is redistributed vibrationally through the peptide backbone, 
fragmenting the most labile bonds and yielding so-called b/y-type fragment ions, as defined 
by the Roepstorff-Fohlmann-Biemann ion nomenclature (Figure 6C) 60. Although the 
protonated amide bond is usually the most susceptible to fragmentation, collisional 
dissociation often also leads to the loss of labile PTMs, such as phosphorylation and 
sialyation. 

In electron-based techniques (electron capture dissociation (ECD) and electron transfer 
dissociation (ETD)), positively charged peptide ions capture electrons, leading to the 
generation of odd-electron species that dissociate promptly without signification 
vibrational redistribution of energy 61–63. In contrast to collisional dissociation, this process 
is not directed towards the most labile bonds and produces distinctively c and z type 
fragment ions through the dissociation of N-Cα bonds (Figure 6C). Similarly, high-energy 
photon-based activation techniques (such as ultraviolet photon-based dissociation UVPD) 
also cause bond dissociation without substantial energy redistributions. This is enabled by 
a number of chromophores along the peptide backbone and result in a wide array of co-
occurring fragment ion types (a/x, b/y, c/z), depending on the wavelength used 64,65. Highly 
energetic fragmentation methods can also lead to w-type ions, which involve an amino acid 
side chain dissociation 66. In de novo sequencing, this may be advantageous since it allows 
to distinguish between leucine and isoleucine, which are commonly misassigned because 
they have an identical mass. 

While having multiple fragment ion types in a single spectrum can complicate ion ladder 
detection (Figure 6A), it can also provide insight into the direction of fragment ion series, 
revealing to which terminus (N or C) peptide fragment belong. This is possible due to the 
characteristic mass shift patterns of consecutive a, b, and c fragments and consecutive x, y, 
and z fragments originating from the same peptide bond. Horn et al. 67 pioneered this 
approach for de novo protein sequencing by combining CID and ECD to discern between the 
N- and C-terminal fragment ions, which simplified the detection of consecutive fragment 
ions. Subsequently, many others have use similar strategies 68–72. 
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FFiigguurree  66  PPeeppttiiddee  ffrraaggmmeennttaattiioonn  mmeetthhooddss  iinn  MMSS--bbaasseedd  ddee  nnoovvoo  sseeqquueenncciinngg.. A) An illustrative 
fragmentation spectrum. In the spectrum, fragment ion peaks are color annotated according to the 
type of fragment ion (a: purple, b: blue, c: light blue, x: pink, y: red, and z: brown) the unfragmented 
peptide (precursor ion) is shown in green as well as the precursor ion with neutral loss of CO. Adjacent 
fragment ions of the same type have a mass difference corresponding to a single amino acid, which is 
used to determine the sequence as is illustrated for b-ions above spectrum. Below the spectrum the 
amino acid sequence is shown together with the fragment ion annotation, n-terminal fragments  
(a-, b-, c-) are below the sequence and c-terminal fragments (x-, y-, z-) are shown above the sequence. 
B) Three predominant gas phase fragmentation techniques with their predominantly produced 
fragment ion types. Collisional dissociation (CID/CAD/HCD) predominantly yield b/y ions. Electron 
based dissociation (ECD/ETD) yields c/z ions. Contrary the other techniques, high energy photon-based 
dissociation (UVPD) results in all fragment ion types. C) The Roepstorff-Fohlmann-Biemann 
nomenclature used for peptide fragment ions denotes different fragment ion types by italic letters a-c 
and x-z. The numbering indicates the position of the bond in the amino acid sequence with respect to 
the N- and C-termini. 
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PPeeppttiiddee--cceennttrriicc  mmaassss  ssppeeccttrroommeettrryy  
Bottom-up (BU) or shotgun proteomics, is by far the most widespread approach in 
proteomics. In this peptide-centric approach, protein samples are digested by one or more 
proteases, and the resulting peptides are subsequently separated by liquid chromatography 
(usually reversed-phase (RP) high-performance liquid chromatography (HPLC)). The liquid 
chromatography is directly coupled to the mass spectrometer (LC-MS) which allows for the 
detection of the analytes as they elute from the chromatographic column. For identification 
of the peptides, first their peptide masses are recorded (MS1). Then the peptide ions are 
subsequently selected for fragmentation, and the masses of their fragment ions are 
recorded (MS2).  

There are different strategies for selection of peptides. Data-dependent acquisition (DDA) 
selects the peptides in order of their detected abundance in the MS1 spectra. The benefit 
of this strategy is that only a single peptide is selected for fragmentation at a time, and since 
highly abundant peptides are selected first, the MS2 spectra mostly have good signal-to-
noise. Contrary, data-independent acquisition (DIA) divides the entire mass-range up into 
sections and each section is selected and fragmented. This way it is ensured that all peptides 
in the sample are fragmented, but there can be fragment ions of multiple peptides in each 
MS2 spectrum making data analysis more challenging. Alternatively, it is also possible to 
define a specific set of candidate peptides for fragmentation before the experiment. These 
targeted methods offer accurate quantification and high reproducibility, but do not allow 
for discovery of hitherto unknown analytes in the sample. 

There are myriad more advanced and complex acquisition strategies, which can involve 
additional MS steps (like MS3) or re-selection of already analyzed peptides to perform MS2 
analysis with different fragmentation techniques. Such a technique is described in Chapter 
5 of this thesis where DDA MS2 was performed on peptides and peptides that showed 
fragment ions specific for N-linked glycosylation were selected for MS2 again to gather 
more data on these glycosylated peptides. 

Once the peptide data has been collected it is analyzed by post-processing software. The 
peptide spectra can be identified because the protease digestions and MS-based 
fragmentation adhere to highly specific rules. With these rules peptides and their gas-phase 
fragment ions can to a large extent be predicted. Consequently, peptides and their 
originating proteins are identified by comparing the experimentally recorded spectra to 
spectra simulated from protein or DNA databases 73. 
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PPrrootteeiinn--cceennttrriicc  mmaassss  ssppeeccttrroommeettrryy  
As an alternative to peptide-centric approaches, protein-centric mass spectrometry such as 
intact mass analysis is a useful tool for protein analysis. Unlike peptide-centric approaches 
no proteases are used to cleave the proteins. The proteins can still be separated by LC as is 
shown in this thesis, but it is also common to start from relatively pure protein samples and 
directly infuse them into the MS. The measured intact masses detected in these 
experiments can be considered fingerprints of the proteoforms present in the sample. 
Comparing different masses can lead to conclusions about relations between multiple 
species, for instance, if they differ by the mass of a known mutation, PTM, or signal  
peptide 74. For instance, intact mass analysis of antibodies can be performed with the 
protein in its native and possibly complexed state or unfolded and separated into the 
comprising chains. Such approaches can provide valuable insight in the context of the 
antibodies, e.g. by assessing the complexity of the antibody repertoire or following changes 
in abundance of specific clones 75, as is highlighted in several chapters of this thesis. When 
combined with de novo sequencing, the intact mass information can help to determine the 
light and heavy chain pairing or improve sequence prediction accuracy in BU sequencing 76. 

In addition, both denatured and native proteins can also be fragmented to yield sequence 
information, this approach is called top-down (TD) MS. Because the much larger size and 
higher charge of the analyzed species, such intact-protein fragmentation spectra are often 
more complex and harder to interpret than peptide spectra 77,78. To mitigate this, specific 
proteases can be used to cleave proteins into smaller subunits, still considerably larger than 
peptides. This intermediate is called middle-down (MD) MS, and in the context of antibodies 
it is often performed by cleaving the hinge region of the heavy chain prior to MS analysis 79. 
Fragmentation spectra of entire proteins or protein chains can provide valuable tools for 
both sequence determination and validation of de novo sequence predictions, as 
fragmentation is highly specific for the precursor protein, which is often untrue for BU 
analysis 80. 

Compared to peptides, ESI ionization of intact proteins results in many different charge 
states of the protein each detected at a different m/z. This not only makes the spectrum 
much more crowded making it more difficult to interpret, but also dilutes the signal over 
many peaks making it harder to detect low abundant species. As mentioned previously, LC 
separation of proteins is also more difficult than with peptides. In MS analysis, mass 
accuracy and resolution typically diminish with increasing molecular weight, even when 
using the latest high-resolution mass spectrometers 74,81,82. In addition, full sequence 
coverage is generally unattainable for intact proteins with masses above 20 kDA. All these 
factors make protein-centric MS less attractive compared to peptide-centric approaches. 
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Nevertheless, several recent advances in the field resulted in relative high sequence 
coverages reported for recombinant mAbs 80,83–85 and protein-centric approaches can still 
provide valuable information. These protein-centric methods, termed top-down (TD) MS 78, 
can for example obtain the mass of intact proteins 74, identification of proteoforms and 
proteoform abundances, and some predictable fragment ions, which can aid with 
identification. 

Similar to peptide-centric strategies, there is the potential to combine multiple 
fragmentation techniques to boost sequence coverage. In addition, proteins such as intact 
antibodies can be simplified by reducing the complexity and the size of the antibody through 
disulfide reduction or by digestion of the antibodies using specific proteases such as IgdE, 
which cleaves above the hinge region of specifically IgG1, producing 50 kDa Fab fragments 
86, or IdeS, a cysteine protease that digests antibodies at a specific site below the hinge 
region generating F(ab’)2 fragments of all IgG subclasses 79. Such strategies deviate from 
strict intact-protein top-down MS, which resulted in the introduction of the term middle-
down MS 87. However, these strategies still adhere to the core principles of protein-centric 
MS, whereby large (50-100 kDa) fragments of protein are analyzed. 

In a large body of works, Fornelli et al. 80,88–90 have shown how various factors, including 
sample preparation strategies, fragmentation conditions, and other improvements in 
instrumentation and experimental design, influence performance of protein-centric 
analyses of recombinant mAbs. These studies culminated in a large join effort by the 
Consortium of Top-Down proteomics, wherein they comprehensively describe available 
approaches, techniques, and instrumentation for the analysis of recombinant mAbs 34. 

PPrrootteeiinn--cceennttrriicc  aannttiibbooddyy  aannaallyyssiiss  
Prior to the antibody research presented in this thesis some other attempts have been 
reported aiming to discover antibodies by MS-based approaches, sampling directly from 
serum samples or other liquid biopsies, circumventing the need for genomics or 
transcriptomics data (multi-omics approaches). For many pathologies, it is common to 
screen patient’s serum for antibodies that exhibit activity against antigens originating from 
the expected pathogen, for example by ELISA. Using pathogen-based antigens, it is also 
possible to capture specific antibody clones from serum that exhibit high affinity against the 
antigen. This typically reduces the complexity of the antibody mixture substantially. 
Nevertheless, it is still nearly impossible to reduce the complexity down to single clones, as 
often multiple antibodies with varying affinities for any given antigen co-occur. An example 
of a capturing method whereby additional intact mass data was used to derive de novo 
sequences was described by Guthals et al. 76. Following affinity purification of antibodies 
from the serum of a cytomegalovirus-exposed individual, using the glycoprotein B antigen, 
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both intact mass and bottom-up proteomics measurements were performed. Their semi-
automated software PolyExtend was used to retrieve the average of the most abundant 
antibody species in the intact mass measurement. This in-turn was used as a mass 
constraint for a sequence derived from the bottom-up proteomics data, which was a clear 
proof of concept of the advantages from combining multiple MS-based approaches. 

While it was still not possible to de novo sequence entire serum antibody repertoires, recent 
advances in LC-MS of intact proteins enabled detecting and resolving single clones from 
complex antibody mixtures. For instance, developments have been made that specifically 
profile intact light chains from serum, even providing partial sequence information by using 
middle-down proteomics. Impressively these studies successfully demonstrate the analysis 
in serum without requiring antigen-specific capture, although they used either a spiked-in 
mAb as a model or worked with disease models that cause monoclonal Ig overexpression in 
serum (mono-gammopathy) such as multiple myeloma. Nonetheless, these studies 
demonstrated that detection and characterization of individual endogenous light chains is 
possible 91–95. Taking this one step further, Wang et al. 96 developed a method to detect 
individual Fab fragments in serum. They were able to identify tens of heavy and light chains 
of serum autoantibodies. Although attempts were made to de novo sequence these 
antibodies at the intact protein level, the obtained results were limited to a few sequence 
tags. Published around the same time as the chapters in this thesis, during the SARS-CoV2 
pandemic, Melani et al. 97 focused their profiling efforts on the vaccine-targeted Spiked 
protein receptor-binding domain. The approach is named Ig-MS and features two novel 
metrics for capturing the intensity and complexity of the antibody response. In short, the 
method uses affinity purification to capture antigen-specific clones. A mAb-containing 
standard is spiked-in for quantitation, and the sample is disulfide-reduced. After reduction, 
individual ion MS 98 is used to measure a mass fingerprint of the sample. The ratio between 
the intensity of clonal peaks and the standard is used to estimate the response (“Ion Titer”), 
and the complexity of the response (“Degree of Clonality”) is assessed by the ratio of the 
most intense LC peak to that of the summed intensity of all LC peaks. Finally, these metrics 
are correlated to the ELISA-based antibody titer and neutralization efficiency to verify their 
accuracy. 

Using a somewhat comparable approach, Dupré et al. 91 analyzed isolated light chains from 
the urine of a patient affected by multiple myeloma. They assembled de novo data from 
peptides into a full-length sequence, using the intact mass data as a scaffold. Subsequently, 
they used TD MS to validate their finding and further characterize the proteoforms of the 
light chains, including PTMs. The bottom-up MS data further supported the resulting 
proteoforms, showing a similar added benefit from iteratively combining BU and TD MS 
data. 
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AAnnaallyyssiiss  ooff  ggllyyccooppeeppttiiddeess  
Analysis of modified peptides raises a different set of challenges compared to standard non-
modified peptide identification. For identification of peptides CID/HCD is commonly used 
because of its simplicity and speed. A downside, however, is that it leads to fragmentation 
of the most labile bonds and the strength of the bonds between peptide and modification 
usually differ from the strength of bonds between amino acids. For example, disulfide bonds 
are stronger than amino acid bonds and are often not broken by CID/HCD. On the other 
hand, phosphorylation and glycosylation have more labile bonds, resulting in that these 
modifications are easily lost by using CID/HCD. Unfortunately, this often leads to 
fragmentation spectra where just the PTM has been fragmented and not the peptide 
backbone. For analysis of these labile PTMs other fragmentation strategies such as ETD offer 
much better fragmentation because they are not directed towards the most labile bonds, 
however, ETD is slower than CID/HCD resulting in lower protein and proteoform depth. For 
instance, different glycoforms of the same N-glycopeptide are hardly separated by 
reversed-phase chromatography so low abundant glycoforms are often skipped in DDA 
acquisition if many peptides elute at a similar retention time. 

To get around this limitation more advanced acquisition strategies have been developed. 
For glycopeptides hybrid fragmentation strategies aim to combine the benefits of HCD and 
ETD 99. Initially a normal DDA acquisition is performed. This results in fragmentation of the 
glycans and not the peptide backbones. Yet, fragmentation of the glycans leads to the 
formation of distinct oxonium ions 100–102. Upon detection of these oxonium ions in a 
fragmentation spectrum the precursor is selected for fragmentation again, but now using a 
different fragmentation method such as ETD or stepped-HCD (ref). Although the ETD scan 
is slower it usually provides better, and more fragment ions needed to identify the peptide 
sequence. By triggering the ETD fragmentation solely on peptides with oxonium ion 
fragments the number of slow ETD scans is limited to only the peptides of interest 102–104. 

  

26 CHAPTER 1



 

TThheessiiss  oovveerrvviieeww  
Chapters 2, 3, and 4 describe and demonstrate the intact immunoglobulin protein profiling 
technique, which was employed to assess the serum of milk antibody repertoire in 
individual donors. 

Chapter 2 introduces the method for analysis of the serum IgG1 clonal repertoires of a 
cohort of sepsis patients. Herein we made the striking discoveries that a person’s IgG1 
clonal repertoire is rather simple; being dominated by only a few hundreds of clones. The 
repertoire is unique for each individual and is dynamic in the abundance and presence of 
detectable clones. Furthermore, Chapter 2 provides proof of concept for the complete  
de novo sequencing of an abundant endogenous IgG1 clone using a hybrid mass 
spectrometry approach combining top/middle-down and bottom-up proteomics. 

Chapter 3 expands the intact antibody profiling method to allow for profiling of IgA1 
antibody repertoires by utilization of a protease that specifically cleaves N-terminally of O-
glycans, which are specifically found in the hinge regions of IgA1 molecules. We observed 
that human IgA1 repertoires are relatively simple, unique, and dynamic.  Chapter 3 shows 
that the profiling technique can also be used for the analysis of IgA1 repertoires. 

Chapter 4 explores the clonal and structural commonalities of IgA1 molecules within 
individual donors’ serum and milk. It provides proof of shared antibody clones present in 
both serum and milk of individual donors, even though serum and milk antibodies appear 
in different oligomeric structures. These oligomeric structures are quantified with mass 
photometry and after separation of these different oligomeric structures, the data suggests 
that predominantly the repertoire of dimeric J-coupled IgA in serum harbors clones that are 
shared with the secretory IgA repertoire in milk. 

Chapter 5 describes the investigation of the glycosylation of different HLA class I molecules. 
Glycopeptides originating from the three classical HLA genes A, B, C and the less common 
HLA F gene were studied. Our data revealed differences in the structure and abundance of 
the different glycoforms they each harbor. Further investigations suggested that the specific 
structures and abundances of the glycoforms are likely linked to the subcellular localization 
of the HLA molecules. In addition, for certain HLA allotypes significant fractions of the 
molecules may reside intracellularly, whereas for others they are primarily located at the 
plasma membrane. 

Finally, Chapter 6 provides a summary and a perspective on how advancements in mass 
spectrometry instrumentation and methodology have made it possible to perform studies 
into these earlier considered to be challenging areas of the proteome, and I provide a 
forward-looking view on where the field may go in the coming years.  
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SSuummmmaarryy  
Although humans can produce billions of IgG1 variants through recombination and 
hypermutation, the diversity of IgG1 clones circulating in human blood plasma has largely 
eluded direct characterization. Here, we combined several mass-spectrometry-based 
approaches to reveal that the circulating IgG1 repertoire in human plasma is dominated by 
a limited number of clones in healthy donors and septic patients. We observe that each 
individual donor exhibits a unique serological IgG1 repertoire, which remains stable over 
time but can adapt rapidly to changes in physiology. We introduce an integrative protein- 
and peptide-centric approach to obtain and validate a full sequence of an individual plasma 
IgG1 clone de novo. This IgG1 clone emerged at the onset of a septic episode and exhibited 
a high mutation rate (13%) compared with the closest matching germline DNA sequence, 
highlighting the importance of de novo sequencing at the protein level. 

IInnttrroodduuccttiioonn  
The human immune system protects us not only from threats posed by pathogens but also 
cancer and various other diseases. The immune response in health and disease is crucially 
dependent on each person’s repertoire of immune cells, antibodies, and other circulating 
plasma proteins. A detailed molecular view of these plasma components is crucial to 
understanding how they affect each individual’s immune response. Immunoglobulins (Igs) 
represent some of the most important molecules in the human immune system. Ig 
molecules consist of two identical heavy chains and two identical light chains, held together 
by a network of disulfide bridges. The heavy chains possess three (IgG, IgA, and IgD) to four 
(IgM and IgE) immunoglobulin domains with large, conserved regions, which play a role in 
receptor binding and complement activation. Similar to the heavy chain, the C-terminal 
domain of the light chain is constant. On the other hand, for both heavy and light chain, the 
sequence of the N-terminal Ig domains is hypervariable and contains the recognition-
determining parts, better known as complementarity-determining regions (CDRs), of the 
molecule. They are enclosed in the two, fragment antigen-binding (Fab) arms of the 
antibody, consisting of the light chain and the N-terminal parts of the heavy chain (Fd). 

The variable regions of the antibody, in particular the CDRs, are optimized to recognize 
antigens by a process known as affinity maturation. The best antigen binders, modified 
through somatic recombination and hypermutation of numerous coding gene segment 
variants, give rise to the mature IgG secreting plasma B cells that produce the antibodies 
that end up in our circulation. The circulating antibodies, thus, consist of the fully matured 
heavy- and light-chain variable domain sequences that harbor the CDRs, joined by generally 
less sequence-variable framework regions (FR). Each unique combination of mature chains 
is called an Ig clone. 
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Considering the genes encoding the variable domain sections and the known genomic 
rearrangements, somatic hypermutations, and post-transcriptional processes that join 
these sections, resulting into the ultimate protein products, it has been estimated that in 
humans the theoretical molecular Ig diversity may extend beyond 1015 1. Not all 
theoretically possible Ig clones will be expressed in the human body, since the number of B 
cells in a human body is several orders of magnitude lower (1-2 x 1011)2. Nevertheless, it has 
been assumed that the actual repertoire of circulating Igs is extremely large and diverse 3,4. 

Recombinantly expressed clones (mainly IgG) have become a major class of therapeutics, 
used to fight multiple types of pathologies such as cancers and various infectious diseases. 
Recent developments have moved the field toward using therapeutic monoclonal antibody 
(mAb) sequences derived from human subjects instead of laboratory animals; this trend is 
exemplified by successful new treatments for Ebola 5–7 and COVID-19 8. These therapeutic 
antibody sequences are inferred from genetic material recovered from patients that 
successfully overcame the disease. The ability to detect and identify individual mature IgG 
protein sequences directly from donor specimens would aid such efforts. 

To experimentally determine the Ig repertoire, attempts have been made to sequence Ig 
nucleic acids from bulk B cell populations or B cell subsets from single donors. These Igs are 
analyzed with high-throughput sequencing (Ig-seq or Repseq) at the DNA or RNA level 9, 
resulting in datasets of tens to hundreds of thousands of unique reads of variable 
abundance 10. Unfortunately, these analyses at the level of DNA and RNA do not measure 
the actual antibodies of interest, and the presence of a cognate BCR sequence in the B cell 
population provides no information regarding abundance levels of the antibodies that end 
up in circulation. 

Alternatively, the challenge could be approached from the protein level, analyzing the Ig 
repertoire present in circulation. The most abundant Ig in human plasma is IgG, at a 
concentration of approximately 10 mg/mL during health 11,12. Of the four IgG subclasses, 
IgG1 is the most abundant, accounting for more than 50% of all IgGs 13 in most people. Given 
the extremely high theoretical limits on Ig diversity and the large number of experimentally 
determined variants, most researchers have refrained from analyzing plasma antibodies 
directly at the protein level. It has been mostly assumed that it is impossible to detect any 
single Ig clone against the expected background of thousands to millions of other clones. 
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However, in recent years, several attempts have been made to identify plasma Igs directly. 
G. Georgiou and colleagues should be considered pioneers. In their method (also referred 
to as Igseq, but protein-based instead of solely gene-based), IgGs are purified from plasma, 
and tryptic Ig peptides are characterized using liquid chromatography coupled online to 
tandem mass spectrometry (LC-MS/MS), focusing on the detection of IgG heavy-chain CDR3 
peptides 14–18. Another recently developed proteomics approach uses LC-MS to profile 
intact light chains purified from plasma 19–24. In another report, profiling and sequencing of 
intact Fabs was attempted, but the sensitivity was too low, and only a few sequence tags 
could be derived from separated light chains 25. 

In these approaches, information about the heavy- and light-chain pairing is often lost, 
which is unfortunate as only the combined CDRs from both heavy and light chain provide 
the full complementarity against an antigen. Of note, in nearly all these studies, only a 
subset of plasma immunoglobulins recognizing and binding a specific antigen was targeted, 
or a mAb spiked into plasma was used as a model. Nevertheless, the remarkable 
observation was made that a person’s plasma Ig repertoire could be several orders less 
variable than assumed based on the available B cell repertoire and likely dominated by only 
a limited number of clones. Whether this observed number of IgGs is a consequence of the 
targeted analysis of antigen-specific IgGs or diseases with monoclonal IgG overexpression 
(gammopathy) remained unclear. 

Here, we introduce a sensitive and efficient approach for quantitative plasma IgG1 clone 
profiling. The method was applied to a sample set of two healthy control donors, as well as 
eight critically ill patients, from which sequential plasma samples were retrieved while 
developing nosocomial sepsis, experiencing a dramatic immunological change in a relatively 
short time span (Figure 1A). The application of our method revealed several important 
properties of the human plasma IgG1 repertoire: (1) the total IgG1 repertoire is dominated 
by a few dozen clones, but (2) is unique for each individual, and (3) single clones are 
differentially affected by physiological changes. Next, as proof of concept, we de novo 
sequenced a single plasma clone—that appeared at sepsis onset—directly from human 
plasma, only made possible by using iteratively a combination of protein-centric and 
peptide-centric proteomics. To validate the correctness of the derived de novo IgG1 
sequence, we produced its recombinant mAb equivalent and compared its key structural 
features with the plasma clone. We foresee that this approach will unlock the potential of 
mass spectrometric analysis and identification of disease-responsive IgGs that may be 
directly evaluated and used as therapeutic agents, as they do already represent fully 
matured, fully human Abs. 
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FFiigguurree  11..  MMoonniittoorriinngg  iinnddiivviidduuaall  ppllaassmmaa  IIggGG11  pprrooffiilleess.. A) Longitudinal analysis of the IgG1 repertoire from 
sepsis patient plasma obtained at four time points, reveals its simplicity and clonal dynamics: some 
clones are fairly constant (green), some disappear (blue), whereas others appear over time (red). B) 
The experimental approach taken involves IgG capturing from 10–100 µL of serum, followed by the 
specific enzymatic digestion of the IgG1 molecules in their hinge region, generating two identical Fab 
portions. All generated Fabs are collected and subsequently subjected to LC-MS analysis. The clonal 
repertoire is profiled, whereby each identified clone is characterized by its unique mass and retention 
time. A single post-sepsis clone from one of the patients (F59) was selected for de novo sequencing, 
combining protein- and peptide-centric mass-spectrometry-based sequencing. The extracted full 
sequence of the plasma IgG1 was validated by analyzing, in a similar manner, a recombinant IgG1 
analog of the plasma clone. 
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RReessuullttss  
Mass-spectrometry-based Fab profiling of the human plasma 
repertoire 
To chart and monitor the nature of the plasma IgG1 repertoire, we started our analysis with 
10 mL of plasma, derived from a single donor. From such a sample, we first captured all 
intact IgGs using affinity beads. Subsequently, the captured IgG molecules were digested 
using the highly specific Ig degrading enzyme (IgdE), cleaving specifically IgG1’s at a defined 
site in the upper hinge region, resulting in the segregated Fc (that remains bound to the 
affinity beads) and two identical Fabs (Figure 1B) 26. We focused on the Fab fragments 
derived from the intact IgGs because this (1) concentrates the clonal signal since each IgG1 
provides two identical Fab molecules, (2) results in more homogeneous mass profiles by 
removing the Fc portions that harbor two heterogeneous N-glycosylation sites, and (3) 
retains all hypervariable CDRs, which define the unique identity and antigen recognition of 
each clone. 

Following elution of the IgG1 Fabs, all these intact 45–53-kDa Fab molecules were subjected 
to reversed-phase LC-MS. All individual Fab fragments were subsequently characterized by 
their distinctive mass and chromatography retention time. In our analyses, we spiked-in two 
monoclonal IgG1 antibodies (Table S1, mAbs #1 and #2) of known sequence at a defined 
concentration. These mAbs were used as internal standards for mass and retention time 
calibration and quantification of all the other distinctive plasma IgG1 clones. This also 
allowed us to calculate the precision and accuracy of retention time, mass, and 
quantification in our measurements as illustrated in Figure S1A. 

Using a mixture of six monoclonal antibodies (Table S1) spiked into a single-donor plasma 
background, we furthermore observed linear relationship between (1) the quantity of mAbs 
that were spiked into the plasma sample, and (2) the quantity that is observed (R2 = 0.99, 
Figure S1B), using a dilution/titration with 4,000, 800, 200, and 20 ng per mAb. Of note, no 
discrepancy was observed for the Fab glycosylated mAb as compared to the other mAbs. To 
evaluate the repeatability (technical replicate and sample preparation replicate), the 100 
most abundant plasma-derived clones in this sample were quantified in multiple replicates 
(Figure S1C). Finally, one of the samples was injected three times to serve as injection 
replicates (Figure S1C, #1). From all these validation experiments, we concluded that, by 
using the approach depicted here (Figure 1), the repertoire of Fab clones could be 
accurately and reproducibly determined from as little as 10 mL of plasma obtained from a 
single donor at a single time point. 
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Plasma IgG1 repertoires are dominated by a few clones 
Next, we analyzed in parallel a set of 32 plasma samples obtained from eight patients of the 
Dutch molecular diagnosis and risk stratification of sepsis (MARS) cohort (Figure 1A; Table 
S2). All these patients underwent major gastrointestinal surgery and subsequently 
developed an infectious complication (i.e., anastomotic leakage or pneumonia) resulting in 
sepsis. Plasma samples were obtained from the patients at four different stages: within 24 
h of surgery when no signs of sepsis were present (sample T1; between t = -19 and t = -2 
days), on two consecutive days after onset of sepsis (samples T2 and T3; t = 0 and t = 1 day), 
and upon intensive care unit (ICU) discharge, when the sepsis had been resolved (sample 
T4; between t = 3 and t = 61 days) (Figure 1A). In addition, to monitor the nature of the 
plasma IgG1 repertoire in healthy donors, we performed an identical analysis on two sets 
of three sequential healthy donor plasma samples, each collected roughly 1 month apart.  

In marked contrast to expectations of extensive IgG1 diversity, we observed that all the LC-
MS profiles of IgG1 Fab molecules were dominated by just a few dozen peaks, both in the 
32 sepsis plasma samples as well as in the six plasma samples of the healthy donors (Data 
S1 and S2). In each of the LC-MS runs, we could pick up distinctive IgG1 signals of between 
35 and 543 in abundance dominant clones (median 196; Data S1) that we distinguished by 
their masses in Dalton and retention times (RT) in minutes. Each detected clone was given 
a unique identifier: RT # mass. 

We found that the summed concentrations of the 30 most abundant IgG1 clones account 
for more than two-thirds of all IgG1 molecules detected from plasma (median 71.8%, range 
47.3%–98.3%, Data S1). The full lists of detected clones are provided in Data S1. In addition, 
the deconvoluted mass plots (similar to Figure 2C) and the raw chromatograms supported 
by extracted chromatograms for all identified Fabs obtained in the LC-MS measurements 
are provided in Data S2, and one example of the actual raw mass spectrometry data of Fabs 
that we have analyzed is provided in Data S3. Next, we looked at the cumulative mass 
distribution of all detected IgG1 Fabs in the plasma samples from all donors and at all time 
points. This cumulative mass distribution—representing more than 5,500 clones 
experimentally identified—resembled the expected mass distribution of over 130 million 
IgG1 Fabs constructed from the sequences in the ImMunoGeneTics information system 
(IMGT) 27,28 database (Figure S1D), revealing that we profiled a representative IgG1 
repertoire. 
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FFiigguurree  22..  MMoonniittoorriinngg  ppeerrssoonnaalliizzeedd  ppllaassmmaa  FFaabb  rreeppeerrttooiirreess  rreevveeaallss  nnoott  oonnllyy  tthheeiirr  ssiimmpplliicciittyy  aanndd  eexxttrreemmee  
ddoonnoorr  uunniiqquueenneessss  bbuutt  aallssoo  lloonnggiittuuddiinnaall  cclloonnaall  vvaarriiaattiioonnss  wwiitthhiinn  aa  ssiinnggllee  ddoonnoorr.. A) Heatmap illustrating 
the degree of overlap between the detected IgG1 repertoires in all analyzed sepsis patient plasma 
samples. For each of the eight donors, four sampling times were available, and Fab profiles were 
measured by LC-MS analysis. Each LC-MS peak, exhibiting a unique mass and retention time pair, was 
considered a unique clone and annotated as RT # mass. The amount of Fab molecules, based on intensity 
that is persistent, is quantified and shown as a percentage as indicated by the color bar. In between 
donors, the overlap is found to be on average 3%, whereas within a single donor at different time points 
the overlap was found to be in between 26% and 98%. B) Hierarchical clustering of the Fab clonal 
repertoires based on correlation distance. The branch lengths depict the distance between the 
repertoires. Donors are colored as in Figure 1A. C) Longitudinal deconvoluted Fab mass profiles of 
donor F76 at each of the four time points. Each peak represents a unique Fab at its detected mass and 
plasma concentration. The top 30 most intense Fab clones in each sample are colored reflecting the 
time points, the other clones are colored gray. Five peaks are highlighted with a box that is colored 
based on the longitudinal behavior of the Fab concentration in plasma (blue, diminishing clone; green, 
persistent clone; and red, post-sepsis clone), a magnified version of each of these Fab signals is shown 
in (E). D) Pie charts portraying the total number and distribution of clones in donor F76 for each time 
point. The value within the chart displays the number of identified unique Fab molecules. The five most 
intense Fabs are colored based on longitudinal behavior, and their mass and retention time are 
depicted in the legend in order of abundance. E) Magnified mass plots for each of the highlighted 
clones. The peaks are colored according to the time points, the surrounding border and sign indicate 
the longitudinal behavior and the top right shows the annotated clone ID. 

 

As can be seen in Figure S1D, most Fab fragments exhibit masses between 46 and 49.5 kDa. 
However, we also did detect some higher Fab masses, which may be indicative of Fab 
glycosylation. The average mass of Fab glycans is estimated to be around 2,300 Da 29,30. In 
two of our donors, annotated M66 and M77, we did detect relatively high levels of Fab 
glycosylation as shown for M66, time point 3, in Figure S2A, with the annotation of the 
putative Fab glycosylation annotated in Figure S2B. Still the Fab glycosylated clones 
represented just a few percent of the total abundance (2%–6% for donor M66 and M77). 
The fractional abundance of glycosylated Fabs in the other patients was between 0% and 
1.86% (with a median of 0.295%) (Figure S2C). Also, in the two healthy donors, one 
displayed a fractional abundance of glycosylated Fabs of about 3% (F66H), whereas in the 
other donor this remained around 0.5% at all sampling time points. This fractional 
abundance is substantially lower than would be predicted based on the IMGT database 
(~11% of these 130 million sequences carry at least one consensus N-glycosylation site) and 
lower than the ~17% described in literature 29,30. However, our data reveal that the 
fractional abundance of glycosylated Fabs is also donor-dependent. 
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Plasma IgG1 repertoires are unique for each donor 
Next, we compared the IgG1 Fab profiles between time points not only within a single donor 
but also between different donors. Interindividual analyses showed that virtually none of 
the Fab IDs overlapped between individuals (Figures 2A, S3, S4A, and S4B). Also, hierarchical 
clustering based on clone IDs clusters each donor distinctively (Figure 2B). Thus, each donor 
has its own simple albeit unique IgG1 repertoire. However, within each individual, overlap 
between the measured IgG1 repertoires measured across time was found to be very high, 
even when the time span largely exceeded the average half-life of IgG1s (Figures 2A–2D and 
S4). A large portion of the most abundant IgG1s remains present throughout the sampling 
window of up to 2 months, although we also observe a response in the IgG1 profile due to 
changes in the patient’s physiology (discussed below). To exclude whether these findings 
were due to the severe physiological state of the eight septic patient donors, we performed 
a similar analysis on plasma of two healthy donors. In the absence of a dramatic 
immunological challenge, the IgG1 profiles, as obtained from the two healthy donors, show 
(1) a very high stability over time within individuals and (2) an interindividual overlap in 
uniquely RT- and mass-identified IgG1 clones near to zero (Figures S4A and S4B). 

Longitudinal quantitative monitoring of single IgG1 clones 
By spiking in two recombinant IgG1 mAbs at a known concentration to the plasma samples 
prior to sample preparation, we could provide additional absolute quantification for the 
abundance of the detected IgG1s. The concentrations of the LC-MS-detected endogenous 
IgG1 clones present in plasma ranged from less than 0.05 up to >400 mg/mL (<300 pM up 
to >2.5 µM, median ~6.25 nM; Data S1). Monitoring serological IgG1 repertoires over time 
in patients who had undergone a septic episode, we observed several distinct quantitative 
patterns. The most recognizable patterns are highlighted in Figures 2C–2E. There are IgG1 
clones that become lower in concentration over time (Figures 2C–2E, blue boxes). Another 
category of IgG1 clones was undetectable in the plasma until post-sepsis but became 
abundantly present at T4 (Figures 2C–2E, red boxes). Yet, another group of IgG1 clones was 
found to be rather persistent in concentration over all sampling moments (Figures 2C–2E, 
green boxes). In healthy donors, the majority of clones were more persistent in 
concentration, although some subtle changes could be observed for some clones. 
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Full de novo sequencing of an individual plasma IgG1 clone 
From the data presented earlier, we can conclude that the plasma IgG1 repertoire of 
individual healthy and diseased donors is unique and dominated by a few dozen abundant 
clones. Next, we sought to identify the exact sequences of these clones to obtain further 
insight into their function and origin. Complete de novo sequencing of serological IgGs is 
notably difficult for several reasons. First, the inherent sequence hypervariability has so far 
proven to be highly challenging even when (personalized) genome-based sequence 
templates are available. Second, de novo sequencing of antibodies at the protein level by 
MS is hampered by the complex nature of IgG molecules, stemming from their multichain 
structure and the intricate network of disulfide bridges. Finally, although shotgun 
proteomics can be used to obtain (partial) sequences of purified mAbs 31–33, this becomes 
several orders of magnitude more difficult in a plasma background containing many IgG 
molecules of closely homologous sequences. To tackle this challenge, we explored a hybrid 
and iterative approach combining state-of-the-art peptide-centric (i.e., bottom- up) and 
protein-centric (i.e., middle-down) mass-spectrometric sequencing methods, using 
dedicated algorithms to mix-and-match the extracted proteomics-based sequencing data. 
As proof of concept, we attempted to fully sequence the light and heavy chain of a Fab 
derived from a single highly abundant IgG1 clone observed in donor F59. This donor showed 
a plasma IgG1 repertoire dominated by two clones in particular: 24.4 1 47,359.4 (average mass 
47,359.4 Da, retention time 24.4 min) and 20.6 2 47,025.7 (Figure 3A). We focused on the 24.4 1 
47,359.4 clone, as this clone appeared exclusively after the onset of sepsis. 

Following fractionation and selection of the 24.4 1 47,359.4 clone, we subjected this Fab to 
mass-spectrometry-based de novo sequencing, combining data from middle-down and 
bottom-up proteomics (Figure 1B). The de novo sequence information from both 
approaches was used to first select several closely matching light- and heavy-chain 
templates from the publicly available IMGT database of IgG germline sequences (Figure S5; 
Tables S3 and S4). Subsequently, the bottom-up and middle-down sequencing data and the 
measured intact accurate masses of the Fab, light chain, and Fd were used to refine the 
selected template sequences and ultimately determine the mature sequence present in the 
donor, revealing discrepancies between the germline and mature sequences. 
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FFiigguurree  33..  MMiiddddllee--ddoowwnn  sseeqquueennccee  cchhaarraacctteerriizzaattiioonn  ooff  tthhee  FFaabb  cclloonnee  2244..44  11  4477,,335599..44  tthhaatt  bbeeccoommeess  ddoommiinnaanntt  
iinn  tthhee  rreeppeerrttooiirree  aafftteerr  tthhee  oonnsseett  ooff  sseeppssiiss——uunnddeerr  rreedduucciinngg  aanndd  nnoonn--rreedduucciinngg  ccoonnddiittiioonnss.. A) Reversed-
phase LC-MS base peak profiles of the Fab repertoire detected in samples T1-4 from donor F59 (top 4 
profiles) reveal the dominance of a small number of clones, whereby especially clone 24.4 1 47,359.4 
becomes dominant in abundance after the onset of sepsis. The LC-MS chromatogram of the reduced 
and denatured Fab repertoire from donor F59 at T3 is depicted in the bottom panel. The light chains 
(LCs) and the N-terminal portions of the heavy chains (Fd) of the two dominant clones are annotated 
with corresponding colors and chain names. All species highlighted in red were subjected to middle-
down LC-MS/MS using ETD. B) Data processing workflow to prepare middle-down ETD-MS/MS spectra 
for fragment matching and sequence-tag detection (see Methods section for details). C) Deconvoluted 
ETD-MS/MS spectra of the intact Fab (top spectra) and reduced LC and Fd fragments thereof (mirrored 
spectra) with the c/z-fragment ions annotated for the LC (left) and Fd (right). The isotopic envelopes of 
the most abundant charge states of the LC and Fd fragments released from the Fab upon ETD are 
depicted in the insets with theoretical isotope distributions of the corresponding chain sequences 
overlaid as black circles. Masses of the LC and Fd fragments and the cumulative mass of the Fab are 
indicated above the spectra. See also Figure S6 for more detail on the fragment ions identified in these 
middle-down MS spectra. 
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In the protein-centric approach, we performed electron transfer dissociation (ETD) on the 
intact Fab, as well as the light chain and Fd separately, obtained by reduction of the Fab 
molecule (Figure 3A, bottom trace). Several fragmentation scans obtained for the intact 
Fab, the separated light chain, and Fd were grouped and combined based on their unique 
precursor mass and retention time (Figure 3B). The ETD mass spectra of the intact Fab 
yielded accurate masses of the light chain and Fd by cleavage of the interchain disulfide 
bond, thus providing direct information about the light-chain-heavy-chain pairing (Figure 
3C, top spectra). In addition, these ETD spectra yielded extended sequence tags, covering 
informative parts of the CDR3 and framework (FR) 4 regions of both Fab chains, in a similar 
manner as previously reported by performing ETD or ECD of intact IgG molecules 34–36. 
Complementary, ETD spectra of the separated Fab chains yielded partial sequence 
information for the FR1, CDR1, FR2, CDR2, and the constant region of the selected clone 
(Figure 3C, bottom spectra and Figure S6). Although our middle-down MS data provided 
valuable information about the clone of interest, they did not fully cover the sequence, 
primarily due to incomplete fragment formation and ambiguous sequence information 
obtained from the larger fragments. 

To further extend our sequencing attempt, we subjected the fraction containing the 
targeted IgG1 clone to enzymatic digestion, using in parallel four proteases: trypsin, 
chymotrypsin, thermolysin, and pepsin. The resulting peptides were analyzed by a bottom-
up approach, using de novo sequencing algorithms for sequence annotation 37. Although 
fractionated and enriched for the desired 24.4 1 47,359.4 clone, the bottom-up MS data 
also contained numerous peptides originating from co-isolated plasma clones (Figure S7), 
which made it impossible to determine the correct sequence by solely using the bottom-up 
MS data. Nevertheless, by iteratively extending the sequence information from the middle-
down MS approach with the de novo peptides from the bottom-up MS approach, we 
ultimately were able to extract the most likely germline precursor of the targeted clone and, 
notably, its mature sequence by implementing various single-amino-acid mutations is not 
present in the IMGT database (Figure 4).  
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FFiigguurree  44..  IInntteeggrraattiivvee  ddee  nnoovvoo  sseeqquueenncciinngg  ooff  tthhee  FFaabb  cclloonnee  2244..44  11  4477,,335599..44  ffrroomm  ddoonnoorr  FF5599  ccoommbbiinniinngg  mmiiddddllee--
ddoowwnn  aanndd  bboottttoomm--uupp  MMSS  ddaattaa..  A) Data analysis pipeline displaying the key steps in the de novo 
sequencing, namely, filtering of the germline database of light- and heavy-chain sequences, assembling 
of selected allelic variants with mass constraints, scoring of the assembled sequences by using middle-
down MS data, iterative refining of the best scoring templates by using peptides in bottom-up MS, and 
benchmarking of the optimized mature sequences using data from both middle-down and bottom-up 
MS analysis. B) Alignment of the best matching germline IGLV amino acid sequence from the IMGT 
database (IGLV2-14*01) with the mature sequence that was determined for the light chain of the 
dominant clone (top box), the fragments from middle-down MS (middle box), and the peptides from 
bottom-up MS. C) Alignment of the best matching germline IGHV amino acid sequence from the IMGT 
database (IGHV3-9*01) with the mature sequence that was determined for the Fd of donor F59’s clone 
24.4 1 47,359.4 (top box), the fragments from middle-down MS (middle box), and the peptides from 
bottom-up MS. CDR regions in top panels of (B) and (C) were annotated with reference to the closest 
matching IMGT sequence. Amino acids that were determined to be different in the mature 24.4 1 47,359.4 
sequence are highlighted in red. 
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In more detail, by using the IMGT database of germline sequences as input, the cumulative 
MS evidence revealed that the analyzed IgG1 Fab carried a lambda light chain. This light 
chain originated from a combination of the immunoglobulin lambda (IGL) variable (V) 2-
14*01 (IMGT/LIGM-DB: Z73664), IGL joining (J) 2*01 (IMGT/LIGM-DB: M15641), and IGL 
constant (C) 2*01 (IMGT/LIGM-DB: J00253) alleles. For the heavy-chain Fd portion, we 
determined that it was constructed from the immunoglobulin heavy (IGH) V3-9*01 
(IMGT/LIGM-DB: M99651), IGHJ5*01 (IMGT/LIGM-DB: J00256), and IGHG1*03 
(IMGT/LIGM-DB: Y14737) alleles and a diversity (D)-region, which substantially deviated 
from any reported germline D-region. Although initial identification resulted in just a partial 
sequence coverage, we could fill the gaps in the germline sequences using sequence tags 
from the middle-down MS and the de novo peptides from the bottom-up MS (Figures S8 
and S9). Eventually, our approach resulted in a complete and exact precursor mass match 
for the light and heavy chains, 100% sequence coverage in bottom-up MS, and near-
complete annotation of all available fragments in the middle-down MS data. In this process, 
numerous mutations had to be incorporated when comparing our data with the germline 
template sequences (Figures 4B and 4C, in red letters), revealing somatic hypermutation 
(SHM) of around 13% and 16% for the V gene of the light chain and the heavy chain, 
respectively. The level of confidence in each identified mutation site is based on several 
criteria, including support of a mutation by consecutive mass peaks in the middle-down MS 
retrieved sequence tags, the peptide scores and coverage depth in the bottom-up MS data 
as well as the frequency of amino acid occurrence at a given position in a pool of 
experimental and the germline IgG1 sequences (Table S5; Figure S10). Together this 
provides proof of concept that it is possible to de novo sequence IgG1s present in plasma. 

The definitive sequence assignment benefited largely from gathering multiple pieces of 
experimental evidence, notably (1) the accurate mass of the Fab, (2) the highly accurate 
masses of the two individual chains comprising the Fab, (3) the de novo identified amino 
acid sequence reads, retrieved from the middle-down fragmentation of intact chains and 
intact Fab molecule, and (4) the de novo identified amino acid reads from the—multiple 
proteases-based—peptide-centric bottom-up approach. 

Validation of the de novo sequencing-derived sequence 
To validate the accuracy of the full de novo sequence of the 24.4 1 47,359.4 clone from donor 
F59, we generated a synthetic recombinant IgG1 clone based on the experimentally 
determined sequence. We used exactly the same procedures to sequence the recombinant 
mAb as applied to the plasma-obtained clone, including all the peptide- and protein-centric 
approaches. Since CDRs are the most critical and hypervariable regions of the antibody, we 
set out to find peptides in the two datasets covering these regions, so that we could directly 
compare their fragmentation spectra. A direct comparison of tandem MS spectra of the 
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CDR-spanning peptides from the donor clone and the recombinant mAb are presented in 
Figures 5A and 5B, covering parts of the light chain and Fd portion, respectively. Above the 
graphs, the de-novo-obtained sequence is shown with the annotated CDRs, whereby the 
purple lines indicate the selected peptides. In each panel, the MS/MS spectra obtained from 
peptides derived from the plasma clone of donor F59 and the recombinant mAb are shown, 
with the donor spectrum on top and the recombinant mAb spectrum mirrored below. 
Through visual comparison and as evidenced by the high correlation scores ranging 
between 0.91 and 0.98, the spectra obtained for peptides originating from the recombinant 
clone were highly similar to the MS/MS spectra from the peptides derived from the plasma 
clone 24.4 1 47,359.4. The observed high similarity was not restricted to the m/z positions but 
was found to be also reflected into fragment ion intensities, which are quite sequence 
specific, thus presenting an additional layer of confidence. 

Such a direct comparison of spectral features was extended to the middle-down analysis, 
used for obtaining sequence tags of the intact Fab (Figure 5C). The intact recombinant Fab 
displayed a nearly identical retention time profile when compared with the plasma clone 
24.4 1 47,359.4 Fab (Figure 5C, left panel). Furthermore, both clone 24.4 1 47,359.4 and the 
recombinant mAb emerged with nearly identical charge distributions (Figure 5C, middle 
panel), whereby the slight differences in the distribution are likely due to the underlying 
background of co-eluting Fabs in the plasma-derived sample. Nevertheless, the masses 
detected for the two Fabs were identical, i.e., within a 20-ppm mass error. Moreover, when 
the intact Fabs were subjected to ETD, alike fragment masses and retention times for both 
the light chain and Fd were observed, comparing the recombinant mAb with the plasma 
derived clone. Finally, the generated lower mass fragment ions used for sequence-tag 
generation were also very similar (Figure 5C, right panel). Likewise, the in-solution reduction 
of the Fabs revealed that there were no mass differences between the donor clone and 
recombinant mAb (light chain and Fd mass within 10 ppm). 

Based on all these data, we can conclusively state that the sequence of the plasma-derived 
clone 24.4 1 47,359.4 is identical to that of the recombinant mAb, with practically identical data 
observed at every step of our integrative de novo sequencing approach. This not only 
validates the accuracy of the IgG1 sequence that we obtained for clone 24.4 1 47,359.4 but also 
reinforces that the methodology presented here can be used to derive the correct full 
sequences from individual clones even when they are in a background of other plasma 
(highly sequence-homologous) IgG1 clones. Although this whole analysis pipeline is still 
quite arduous, requiring manual validation throughout the process, we consider this proof 
of concept a major step forward and expect that further fine-tuning of the algorithms will 
enhance the throughput in the future. 

  

52 CHAPTER 2



 

 

 

FFiigguurree  55..  CCoommppaarriissoonn  ooff  sseeqquueenncciinngg  ddaattaa  ffoorr  cclloonnee  2244..44  11  4477,,335599..44  ooff  tthhee  ddoonnoorr  FF5599,,  aanndd  tthhee  ccoorrrreessppoonnddiinngg  
rreeccoommbbiinnaanntt  mmAAbb  vvaalliiddaatteess  tthhee  ccoorrrreeccttnneessss  ooff  tthhee  ddee  nnoovvoo  sseeqquueenncciinngg  aapppprrooaacchh.. A) Peptide 
fragmentation spectra of CDR-spanning peptides from the HC of the dominant 24.4 1 47,359.4 clone with, 
mirrored to each other, annotated spectra from the donor (top) and the recombinant IgG1 (bottom). 
B) Peptide fragmentation spectra of CDR-spanning peptides from the LC of the dominant 24.4 1 47,359.4 
clone with, mirrored to each other, annotated spectra from the donor (top) and the recombinant IgG1 
(bottom). Spectra in (A) and (B) are annotated with a-ions in purple, b-ions in blue, y-ions in red, c-ions 
in orange, and z-ions in dark blue. Corresponding fragmentation maps are displayed above each 
spectral pair. C) Comparison of the middle-down LC-MS/MS analysis of the 24.4 1 47,359.4 clone and the 
recombinant IgG1. Shown are the base peak chromatograms (left panel), the charge-state distributions 
detected in MS1 of the Fab (middle panel), and the deconvoluted ETD fragmentation spectra for the 
donor (top) and recombinant (bottom) IgG (right panel). The Pearson correlation coefficients (r) 
calculated for all demonstrated spectral pairs in (A), (B), and (C) are indicated at the bottom of each 
spectrum. 
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DDiissccuussssiioonn  
The human body can make billions of different antibodies, stemming from the versatile and 
complex recombination process, accompanied by additional somatic hypermutations, 
helping us to adapt to a life-long exposure to various pathogens. Here, we demonstrate that 
it is feasible to profile the IgG1 repertoire of individual donors qualitatively and 
quantitatively by LC-MS, following the capturing of IgGs from plasma and analyzing the 
generated IgG1 Fab fragments. From this technical advance, one of the key observations we 
make is that in all studied donors at all time points, only a limited number of IgG1 clones 
dominate an individual’s repertoire. In all donors, the 30 most abundant clones make up 
two-thirds of all detected circulating IgG1 molecules; in one donor just two clones 
contributed ~50% to the detected serum population of IgG1 molecules. The IgG1 clonal 
profiles are found to be unique for each donor. Within a donor, the profiles are highly similar 
across time, but they also adapt to physiological changes (e.g., sepsis). The mass-
spectrometry-based approach requires only minute amounts of plasma (~10 mL) and does 
not involve labor-intensive enrichment protocols. We further show that specific IgG clones 
can be extracted from the plasma and analyzed in depth, ultimately leading to the mass-
spectrometry-based de novo sequencing of the whole Fab molecule. Therefore, one of the 
holy grails in proteomics, de novo sequencing of antibodies directly extracted from plasma, 
seems to be within reach. 

The ultimate mature sequence of 24.4 1 47,359.4 clone we sequenced here revealed that around 
13% and 16% of the amino acids of the V-regions of light and heavy chains were different 
when compared with the closest germline sequence match within the IMGT database. This 
number of mutations is higher than the reported average (7%) for IgG1 heavy-chain variable 
regions, as determined from RNA sequences 38. This suggests that DNA/RNA templates of 
the IgG sequences can be helpful, but for obtaining the correct sequence of the circulating 
clone, analyzing sequences at the level of the proteins will be essential. 

The ability to de novo sequence the whole Fab molecule is the result of combining, 
iteratively, middle-down and bottom-up proteomics data. An alternative strategy employed 
is to combine bottom-up proteomics data with BCR sequences using RNA sequencing of one 
donor to generate a database to match this donor’s Ig bottom-up proteomics data against 
16. Although also very powerful, a recent application of this approach highlighted further 
the relevance of antibody sequencing at the level of proteins, when it was shown that for 
the six potent anti-HIV1 antibodies found by antigen-specific single-B-cell sequencing, only 
three could also be detected in circulation as IgG protein products 39. All these issues 
highlight the necessity of direct analysis of the serum Ig repertoire at the protein level, as 
we now demonstrated here to be feasible. 
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Longitudinal quantitative clonal profiling, as presented here, opens a myriad of future 
prospects, both fundamental and applied. It allows to advance our understanding of B cell 
biology and antibody dynamics. Historically, general observations have been made about 
antibody half-lives using a single dose of labeled antibodies 40 or by determining the 
restoration of normal IgG levels following high-dose administrations of intravenous IgG 41 . 
Through the method presented here, we can monitor the longitudinal abundance of each 
single clone in the circulation and monitor how it responds to changes in the donor’s 
physiology. Given the approximately 20-day IgG antibody half-life, it is expected that in the 
time span studied here (10–63 days), a decay in the concentration of clones would be 
detected. Indeed, we do observe several diminishing clones as depicted in Figures 2 and S4. 
However, other patterns are also observed, indicative of continuous production of the 
clone, even over a time window of two months. This is in line with previous reports on the 
presence of and production of antibodies by long-lived plasma cells, both in mice and 
humans 42–44 . In addition, persistence of autoreactivity has been reported before 45, as well 
as persistence of antibody clonotypes detected by CDR-H3 proteomics 17. From our data, 
we cannot derive information regarding (auto)reactivity, but the data do suggest that long-
term stability is not exclusive to autoantibodies and is instead a common phenomenon. 

In summary, the de novo sequencing at the protein level of IgG clones circulating in plasma 
is shown here to be feasible. We demonstrate the synergistic power of combining iteratively 
peptide- and protein-centric-based sequencing, which is capable of not only identifying the 
distinct alleles from which a clone originates but also its entire mature sequence. The work 
presented here is still quite a laborious proof of concept. Our aim for the future is 
quantitative monitoring and mass-spectrometry-based sequencing of multiple serum 
immunoglobulins directly at the protein level, i.e., as they appear in circulation and function 
in the human immune response. 

EExxppeerriimmeennttaall  mmooddeell  aanndd  ssuubbjjeecctt  ddeettaaiillss  
We obtained longitudinal plasma samples from the Molecular Diagnosis and Risk 
Stratification of Sepsis (MARS) biorepository (ClinicalTrials.gov identifier NCT01905033), for 
which subjects had been included in the mixed ICU of a tertiary teaching hospital in the 
Netherlands (University Medical Centre Utrecht, Utrecht) since January 2011. Donors were 
enrolled via an opt-out consent method approved by the institutional review board of the 
UMC Utrecht (IRB no. 10-1056C). Daily leftover EDTA plasma (obtained from blood drawn 
during routine care) was stored at -80 °C until use. 

For the current study, we included eight patients with esophageal or gastroesophageal 
junction cancer who underwent an elective esophagectomy and gastric pull-through 
procedure and had subsequently developed an infectious complication (i.e., anastomotic 
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leakage or pneumonia). These patients were all admitted to the Intensive Care Unit on two 
occasions. The first admission concerned routine observation after elective resection 
followed by an uncomplicated ICU stay of fewer than 2 days. All patients were subsequently 
readmitted to the ICU due to sepsis. For all episodes of sepsis, microbiological cultures were 
obtained either before or during ICU readmission, and clinical infection was adjudicated 
highly plausible according to pre-defined criteria 46. Furthermore, all infectious episodes 
met SIRS criteria and had a Sequential Organ Failure Assessment (SOFA) scoreR2, thus 
fulfilling current Sepsis-3 definitions 47. All patients were ultimately discharged from ICU in 
a clinically stable condition. We analyzed plasma samples obtained at four well-defined time 
points: within 24 hours of surgery when no signs of sepsis were present (sample T1), on two 
consecutive days after onset of sepsis (samples T2 and T3), and upon ICU discharge 
following resolution of sepsis (sample T4). Patient characteristics are summarized in Table 
S2. All patients had been treated with neoadjuvant chemoradiotherapy prior to surgery. 
None of the patients received treatment with immunoglobulins or monoclonal antibodies 
either prior to or during ICU admission. 

In addition, longitudinal EDTA plasma samples from two healthy Caucasian donors were 
purchased from Precision Med (Solana Beach, CA, US). The samples were part of the 
‘Normal Control Collections’, protocol number 7005-8200. These donors were selected 
having similar characteristics as the sepsis donors regarding age and gender. 

MMeetthhoodd  ddeettaaiillss  
Plasma IgG purification and Fab generation 
The IgG purification and generation of Fabs was adapted from an earlier published protocol 
48. The FcXL affinity matrix used in the workflow, which binds to the CH3 domain of the IgG 
constant region, has recently been shown not to provide a bias regarding analysis of the Fc 
glycosylation residing in the CH2 domain 49. Mobicol spin filters were assembled according 
to the manufacturer’s instructions and placed in 2 mL Eppendorf tubes. Then 20 µL FcXL 
affinity matrix slurry was added to the spin filter, followed by three washing steps with 150 
µL PBS, in which the liquid was removed by centrifugation for 1 min at 1000 x g. Two 
additional washing steps with 150 µL were performed. After washing, the 2mL tube was 
replaced by a 1.5 mL tube. The affinity matrix was resuspended in 150 µL PBS, and 10 mL 
plasma was added. Furthermore, 1 mL of a solution containing two known mAbs at 200 
µg/mL each was added, corresponding to 20 µg/mL when calculated to the plasma 
concentration. The samples were then incubated, under shaking conditions for one hour at 
room temperature. After the incubation, the flow-through was collected, and the affinity 
matrix with bound IgGs was washed four times with 150 µL PBS. Finally, 50 µL PBS 
containing 100 U of the IgdE (FabALACTICA; Genovis AB, Lund, Sweden) protease was added 
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before incubating on a thermal shaker at 37 °C for >16 hours. After the incubation, 10 µL of 
Ni-NTA beads were added to bind and remove the His-tagged protease, whereafter the 
samples were incubated for an additional 30 minutes. The flow through after centrifugation 
contained the Fab fragments generated from IgG1. 

Method optimization and validation using a mixture of 
recombinant mAbs 
In an array of experiments, we optimized and validated the robustness and accuracy of our 
IgG1 capturing approach, the generation of the Fab fragments and the analysis of the Fab 
LC-MS profiles. Therefore, we prepared a mixture of six IgG1 monoclonal antibodies, 
including the two spiked into every plasma sample subsequently analyzed. For the method 
optimization the 6 recombinant mAbs were added to the plasma of a single donor in 
different quantities: 4,000, 800, 200, 20, 2, or 0.5 ng per mAb. The mAbs used were 
trastuzumab (Roche, Penzberg, Germany), alemtuzumab (Genmab, Utrecht, The 
Netherlands), the Fab glycosylated cetuximab, rituximab, bevacizumab, and infliximab 
(Evidentic, Berlin, Germany). Fab sequences and theoretical masses of these mAbs, 
including the most abundant cetuximab glycoforms, are shown in Table S1. All these 
samples were injected once, except for the 200 ng sample which was injected three times 
to provide additional injection replicates. 

LC-MS(/MS) 
Reversed-phase liquid chromatography was performed by using a Thermo Scientific 
Vanquish Flex UHPLC instrument, equipped with a 1 mm x 150 mm MAbPac RP analytical 
column, directly coupled to an Orbitrap Fusion Lumos Tribrid (Thermo Scientific, San Jose, 
CA, USA) or Q Exactive HF-X mass spectrometer (Thermo Fisher Scientific, Bremen, 
Germany). The column preheater, as well as the analytical column chamber, were heated 
to 80 °C during chromatographic separation. Both samples, either containing intact Fabs or 
separate Fab chains, were separated over 62 min at a 150 µL/min flow rate. Gradient elution 
was achieved by using two mobile phases A (0.1% HCOOH in Milli-Q) and B (0.1% HCOOH in 
CH3CN) and ramping up B from 10 to 25% over one minute, from 25 to 40% over 55 min, 
and from 40 to 95% over one minute. MS data were collected with the instrument operating 
in Intact Protein and Low Pressure mode. Spray voltage was set at 3.3 kV, capillary 
temperature 350 °C, probe heater temperature 100 °C, sheath gas flow 35, auxiliary gas 
flow 10, and source-induced dissociation was set at 15 V. The electrospray voltage was 
applied after 2 min to prevent the salts in the sample from entering the MS. Intact Fabs 
were recorded with a resolution setting of 7,500 (@ m/z 200) in MS1, which allows for 
better detection of charge distributions of the large proteins (> 30 kDa) 50. Separate Fab 
chains were analyzed with a resolution setting of 120,000 (@ m/z 200) in MS1, which allows 

 57

2

HUMAN PLASMA IGG1 REPERTOIRES ARE SIMPLE, UNIQUE, AND DYNAMIC



 

for more accurate mass detection of smaller proteins (< 30 kDa). MS1 scans were acquired 
in a range of 500-3,000 Th with the 250% AGC target and a maximum injection time set to 
either 50 ms for the 7,500 resolution or 250 ms for the 120,000 resolution. In MS1, 2 µscans 
were recorded for the 7,500 resolution and 5 µscans for the 120,000 resolution per scan. 
Data-dependent mode was defined by the number of scans: single scan for intact Fabs and 
two scans for separate Fab chains. In both cases, MS/MS scans were acquired with a 
resolution of 120,000, a maximum injection time of 500 ms, a 1,000% AGC target, and 5 
µscans averaged and recorded per scan. The ions of interest were mass-selected by 
quadrupole in a 4 Th isolation window and accumulated to the AGC target prior to 
fragmentation. The electron transfer dissociation (ETD) was performed using the following 
settings: 16 ms reaction time, a maximum injection time of 200 ms, and the AGC target of 
1e6 for the ETD reagent. For the data-dependent MS/MS acquisition strategy, the intensity 
threshold was set to 2e5 of minimum precursor intensity. MS/MS scans were recorded in 
the range of m/z = 350-5,000 Th using high mass range quadrupole isolation. 

Clonal profiling data analysis 
Masses were retrieved from the generated RAW files using BioPharmaFinder 3.2 (Thermo 
Scientific). Deconvolution was performed using the ReSpect algorithm between 5 and 57 
min using 0.1 min sliding window with 50% offset and a merge tolerance of 50 ppm, with 
noise rejection set at 95%. The output mass range was set at 10,000 to 100,000 with a target 
mass of 48,000 and mass tolerance of 30 ppm. Charge states between 10 and 60 were 
included, and the Intact Protein peak model was selected. Further data analysis was 
performed using Python 3.8.10 (with libraries: Pandas 1.2.4 51, Numpy 1.20.2 52, Scipy 1.6.2 
53, Matplotlib 3.3.4 54 and Seaborn 0.11.1). Masses of the BioPharmaFinder identifications 
(components) were recalculated using an intensity weighted mean considering only the 
most intense peaks comprising 90% of the total intensity. Furthermore, using the data of 
two spiked-in mAbs (trastuzumab and alemtuzumab) a mass correction was applied based 
on the difference between the calculated and observed mAb masses, and similarly, a 
retention time alignment was applied to minimize deviation between runs. 

Components between 45,000 and 53,000 kDa with the most intense charge state above m/z 
1,000 and score ≥40 were considered Fab portions of IgG clones. The clones were matched 
between runs using average linkage (unweighted pair group method with arithmetic mean 
UPGMA) L∞ distance hierarchical clustering. Flat clusters were formed based on a 
cophenetic distance constraint derived from the mass and retention time tolerance. These 
tolerances were defined as three times the standard deviation of the mAb standards, which 
were 1.4 Da and 0.8 min, respectively. Clones within a flat cluster were considered identical 
between runs. 
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Peptide-centric (bottom-up) de novo sequencing 
Clones of interest were captured through fraction collection using the same 
chromatography setup used for LC-MS profiling. Samples were dried under vacuum and 
resuspended in a 50 mM ammonium bicarbonate buffer. To boost signal intensity, the 
fractions were pooled across the time points. Samples were equally split for digestion with 
four proteases. For digestion with trypsin, chymotrypsin and thermolysin, a sodium 
deoxycholate (SDC) buffer was added to a total volume of 80 µL, 200 mM Tris pH 8.5, 10 
mM tris(2-carboxyethyl)phosphine (TCEP), 2% (w/v) SDC final concentration. For pepsin 
digestion, a urea buffer was added to a total volume of 80 µL, 2M Urea, 10 mM TCEP. 
Samples were denatured for 10 min at 95 °C followed by reduction for 20 min at 37 °C. Next, 
iodoacetic acid was added to a final concentration of 40 mM and incubated in the dark for 
45 min at room temperature for alkylation of free cysteines. Then for trypsin, chymotrypsin 
and thermolysin 50 mM ammonium bicarbonate buffer was added to a total volume of 100 
mL. For pepsin 1 M HCl was added to a final concentration of 0.04 M. 0.1 mg of each 
protease was added and incubated for 4 hours at 37 °C. After digestion 2 mL HCOOH was 
added to precipitate the SDC. SDC was removed by centrifugation for 20 min at max speed 
(20,817 x g) after which the supernatant was moved to a new tube. 

Samples were desalted by Oasis HLB (Waters Corporation, Millford, MA, USA) following a 5-
step protocol. 1) Sorbent was wetted using 2x 200 mL CH3CN, 2) followed by equilibration 
with 2x 200 µL water/10% HCOOH. 3) The sample was loaded and 4) washed with 2x 200 µL 
water/10% HCOOH. 5) Finally, the sample was eluted using 2x 50 µL water/50% CH3CN /10% 
HCOOH and dried down by vacuum centrifuge. Prior to MS analysis samples were 
reconstituted in 2% HCOOH. 

LC-MS/MS 
Data acquisition was performed on the Orbitrap Fusion Tribrid Mass Spectrometer (Thermo 
Scientific, San Jose, CA, USA) coupled to UHPLC 1290 system (Agilent Technologies, Santa 
Clara, CA, USA). Peptides were trapped (Dr. Maisch Reprosil C18, 3 µm, 2 cm x 100 µm) prior 
to separation (Agilent Poroshell EC-C18, 2.7 µm, 500 mm x 75 µm). Trapping was performed 
for 10 min in solvent A (0.1% HCOOH in Milli-Q), and the gradient was as follows: 0 – 13% 
solvent B (0.1% HCOOH in 80% CH3CN) over 5 min, 13 – 44% solvent B over 65 min, 44 – 
100% solvent B over 4 min, and 100% B for 4 min (flow was split to achieve the final flowrate 
of approximately 200 nL/min). Mass spectrometry data was collected in a data-dependent 
fashion with survey scans ranging from 350-2,000 Th (resolution of 60,000 @ m/z 200), and 
up to 3 sec for precursor selection and fragmentation with either stepped higher-energy 
collisional dissociation (HCD) set to [25%, 35%, 50%] or electron transfer dissociation (ETD), 
used with charge-normalized settings and supplemental activation of 27%. The MS2 spectra 
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were recorded at a resolution of 30,000 (@ m/z 200). The AGC targets for both MS and MS2 
scans were set to standard within a maximum injection time of 50 and 250 ms, respectively. 

Data analysis 
Raw LC-MS/MS data were processed using PEAKS X software (Bioinformatics Solutions Inc., 
Waterloo, ON, Canada) for de novo sequencing of peptides. The following parameters were 
used for de novo sequencing: parent mass error tolerance – 12 ppm, fragment mass error 
tolerance – 0.02 Da, max number of variable PTMs per peptide – 3. Fixed modifications: 
Carboxymethyl; variable modifications: Oxidation (HW), Oxidation (M), Pyro-glu from E, 
Pyro-glu from Q, Carboxymethyl (KW, X@N-term), and Carbamylation. Resulting de novo 
peptide tables were exported as.csv files and used for filtering of the IMGT database and 
determination of the mature 24.4 1 47359.4 clone sequences. 

Protein-centric (middle-down) de novo sequencing 
Fab samples were prepared without treatment as well as under denaturing and reducing 
conditions for analysis of intact Fab and separate Fab chains, respectively. The latter were 
denatured and reduced in 10 mM TCEP at 60 °C for 30 min prior to LC-MS/MS analysis. 
Approximately 2-5 mg of each sample was injected for a single middle-down LC-MS(/MS) 
experiment using the parameters described above. 

Data analysis 
Full middle-down MS spectra were deconvoluted with either Xtract 55 or ReSpect (Thermo 
Fisher Scientific, Bremen, Germany) for isotopically-resolved (separate Fab chains) or 
unresolved (intact Fabs) data, respectively. Middle-down LCMS/MS data were charge-
deconvoluted and deisotoped into singly-charged mass spectra using the ‘Parallel Xtract’ 
node and converted to mascot generic format (mgf) files in Thermo Proteome Discoverer 
(version 2.3.0.523; Thermo Fisher Scientific, Bremen, Germany). Deconvolution parameters 
were set as follows: ReSpect: precursor m/z tolerance – 0.2 Th; relative abundance 
threshold – 0 %; precursor mass range from 3 to 100 kDa; precursor mass tolerance of 30 
ppm; charge states between 3 and 100. Xtract: signal/noise threshold of 3; m/z range – 500-
3,000 Th. 

For the analysis of the final mature Fab chains of the most abundant clone in the plasma of 
patient F59, we used an integrative approach that utilizes bottom-up and middle-down data 
and the international ImMunoGeneTics information system (IMGT) database (Figure 3B). 
First, the replicate middle-down MS/MS spectra were grouped per deconvoluted mass 
feature in the LC-MS-only runs by using a 3 Da mass window and a 3 min retention time 
window. The resulting grouped spectra were merged into a single spectrum, whereby 
peaks’ intensities were combined when they coincided within a 2 ppm window. The identity 
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of the constant domain (C-) gene was determined by matching the fragments in these 
combined spectra to a database of all functional, open reading frame, and in-frame 
pseudogene alleles for C-genes retrieved from IMGT/Gene-DB 28. Next, bottom-up LC-
MS/MS spectra of the fractionated 24.4 1 47359.4 clone were screened against a database of all 
functional, open reading frame, and in-frame pseudogene alleles for the variable domain 
(V-) genes retrieved from the IMGT/Gene-DB 28, using local Smith-Waterman alignment 
with the BLOSUM62 matrix in which the common de novo sequencing errors I/L, Q/E and 
N/D were modified to neutral substitutions 56. From any gene regions with confident 
peptide matches (FDR < 1%), we then took the FR1, 2 and 3 regions and subjected them to 
an in-house scoring algorithm to score their agreement with our middle-down data (Figure 
S5). In short: the algorithm searches for peak patterns that would occur as a result of 
fragmentation of the provided sequence regions, disregarding preceding and succeeding 
parts of the initial sequence. Ranking the gene regions by a resulting composite score 
enabled us to select top-scoring templates as a starting point for our sequencing efforts as 
well as discard low-scoring regions from further analyses. The remaining gene regions were 
then used to in silico generate a database of germline light and heavy chains. 

Then, using a custom implementation of the DirecTag algorithm 57, all possible sequence 
tags were detected and annotated in the combined middle-down spectra. These sequence 
tags were used to search the filtered germline light and heavy IgG chains. For the best 
scoring germline sequences, consistent sequence tags with a length of more than 4 amino 
acids were searched against de novo predicted peptides originating from the bottom-up 
peptide-centric MS data. In an iterative manner, the matching peptides were used to modify 
the best scoring selected germline sequences until the mass of the final sequence matched 
the precursor masses determined by middle-down MS (Figures S8 and S9). In more detail, 
the gaps between the consecutive sequence tags extracted from the middle-down MS data 
were first filled with amino acids from the best matching germline sequence. Then, the filled 
gaps were compared to the highest scoring peptides retrieved from the bottom-up MS data, 
aligned to the region of interest using Clustal Omega algorithm. When aligned peptides 
showed discrepancies from the germline sequence the amino acid residues in the gaps were 
altered and the theoretical mass of the gap was compared to the experimental mass, 
defined by the mass difference between consecutive sequence tags. Finally, the modified 
sequences were rescored by spectral alignment, sequence-tag detection, and a bottom-up 
database search, providing the final mature Fab sequences. The final predicted sequences 
– and more specifically the identified mutations when compared to the most closely related 
gene regions – were additionally compared to the frequency of amino acid occurrence at 
their specific positions (as numbered by IMGT) in both the AbYsis database 58 and the 
recombined full IMGT database 28. This screening yielded an estimate of how likely the 
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mutations were to occur. While some of the predictions are rather rare, none of them are 
impossible as reported by AbYsis (Table S5). 

Quantification and statistical analysis 
For quantification of LC-MS profiling data, the intensity values of the two mAb standards 
(trastuzumab and alemtuzumab) were averaged in each run and set to 20 µg/mL. The 
intensity values of all other detected Fabs were normalized to these values in order to 
determine the concentration of each individual clone. For the quantification of mAbs in the 
validation experiment, a slightly different normalization was used. The intensity values of 
the detected mAbs in all runs were normalized to the intensity values of trastuzumab and 
alemtuzumab as measured in the first 200 ng replicate.Statistical values in figures depicted 
as lower-case letter r indicate Pearson correlation coefficients. Distances between samples 
as shown in Figure 2B were determined by distance correlation. Linear regression for 
validation of quantification Figure S1B was determined by ordinary least squares regression 
with the coefficient of determination given as uncentered R2. The error-bars in the figure 
represent the standard error of the mean (SEM). 
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FFiigguurree  SS11  ||  PPeerrffoorrmmaannccee  eevvaalluuaattiioonn  ooff  ppllaassmmaa  FFaabb  pprrooffiilliinngg  aapppprrooaacchh  uussiinngg  vvaarriioouuss  eexxppeerriimmeennttaall  ccoonnttrroollss..  
A) Accuracy and precision in mass, retention time and abundance of spiked-in monoclonal antibody 
controls. The boxplots show aggregated data from the mAb controls over all plasma measurements. 
The box indicates median and inter quartile ranges (IQRs), and the whiskers span 1.5 times the IQR. 
Values outside this range (fliers) are marked with diamonds. From left to right, the panels show 
observed mass error of these mAbs, observed retention time, and detected intensity. B) Linearity of 
detection. For these experiments six monoclonal antibodies (Trastuzumab, Cetuximab, Rituximab, 
Campath, Bevacizumab and Infliximab) were added at 20, 200, 800 and 4000 ng in a plasma 
background. The detected response of all of these mAbs was compared to the expected response 
visualized as scatterplot. The error bars depict the standard error of the mean (SEM), and the dotted 
line shows an ordinary least squares (OLS) linear regression accompanied by a R2. C) Reproducibility of 
quantitation. The reproducibility of the top 100 most intense clones in a plasma were measured over 
several replicates and visualized as boxplots. The values are shown as fold change of the concentration 
compared to the first replicate measurement. The first two boxplots depict injection replicates, i.e. 
replicates from multiple injections of the same sample. The other boxplots show technical replicates, 
which constitute the entire sample preparation procedure starting from the plasma. The boxes are 
constructed using the same method as the boxplots in panel (A). D) Distributions of detected Fab 
masses compared to the expected mass distribution. Kernel density estimation of all Fabs detected in 
all sepsis donors, at all analyzed time points, compared against an in silico generated distribution of 
Fabs from the IMGT database. The number of Fabs used to generate each distribution is shown in the 
figure legend. Both distribution histograms use a bin size of 100 Da. The Pearson correlation coefficient 
(r) was calculated between both kernel density estimations. 
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FFiigguurree  SS22  ||  EExxtteenntt  ooff  FFaabb  ggllyyccoossyyllaattiioonn  iinn  tthhee  ppllaassmmaa  rreeppeerrttooiirree..  A) Fab mass profile of donor M66, taken 
from the plasma sample at time point 3. The mass range between 50,400 Da and 52,000 Da is boxed in 
red and shown magnified in panel (B). B) Zoomed-in mass profile with annotation of glycan-related 
masses. Monosaccharides mass differences between peaks are annotated as follows: blue square = 
GlcNAc (203 Da), magenta diamond = sialic acid (291 Da). For annotation of the glycosylation a mass 
tolerance of 1 Da and a retention time tolerance of 0.6 min was used. C) Estimated percentages of 
plasma Fab molecules being glycosylated in all samples measured. For this, Fab clones with a mass 
>49,500 Da were assumed to carry one or more Fab glycans. This value was chosen because the in silico 
Fab distribution generated from the IMGT database (shown in Figure S1D) extends up to 49,500 Da, 
the majority of Fabs has a mass between 47,000 and 48,000, and the average literature described Fab 
glycan has a mass of approximately 2,300 Da. The validity of this assumption is illustrated for M66 – T3 
in panels (A) with the glycosylated Fabs being in mass quite separated from the other clones. The 
percentage of plasma Fab molecules being glycosylated was calculated by taking the sum of Fab 
concentrations above 49,500 Da and dividing these by the total detected concentration in each sample. 
On the left in C) are shown the % Fab glycosylation in the plasmas of the septic patients, on the right 
the % observed in two healthy donors. In general, we observe that the % Fab glycosylation is < 1%, 
although in some donors it is substantially higher, i.e. M66. M77 and F66H. 
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FFiigguurree  SS33  ||  FFaabb  mmaassss  pprrooffiilleess  aarree  ssiimmppllee  aanndd  uunniiqquueellyy  iinnddiivviidduuaall.. The by LC-MS obtained Fab mass 
profiles are shown for plasma taken from each patient at time point 1 (post-operative). The Fab mass 
profiles are plotted along the full mass range. In each profile the top 30 most intense clones are colored, 
with a separate color for each donor. The remaining clones are shown in grey. The concentrations were 
determined from the LC-MS intensities, normalized against two spiked-in recombinant mAbs. 
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FFiigguurree  SS44  ||  LLoonnggiittuuddiinnaall  ppllaassmmaa  FFaabb  pprrooffiilleess  oobbttaaiinneedd  ffoorr  ttwwoo  hheeaalltthhyy  ddoonnoorrss.. A) Heatmap of healthy 
donors F66H and M57H constructed using the same method as used in Figure 2A. Time points are 
marked M0, 1, and 2, representing month 0, month 1 and month 2, to clearly distinguish these from 
the sepsis donor time points. Inside each cell of the heatmap a percentage value shows the degree of 
overlap between samples, which is also represented by the color bar. B) Heatmap showing the Fab 
overlap in consecutive time points of all healthy and sepsis affected donors, showing only the degree 
of overlap for consecutive time points within each donor. The colors match those of the color bar from 
panel A. C) Mass profiles of healthy donors with donut charts. For each mass profile the top 30 most 
intense clones are colored, and the remaining clones are colored grey. In the donut charts the colored 
slice displays the distribution of the top 30 most intense clones compared to the other clones. The 
value inside the donut shows the total number of detected clones.  
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FFiigguurree  SS55  ||  TTeemmppllaattee  mmaattcchhiinngg  ooff  tthhee  oobbttaaiinneedd  sseeqquueenncciinngg  ddaattaa  ffoorr  tthhee  FFaabb  cclloonnee  2244..44  11  4477335599..44  vveerrssuuss  tthhee  
IIMMGGTT  ddaattaabbaassee..  The filtering of IMGT database and scoring of the germline IGXV and IGXC-alleles was 
performed by using iteratively bottom-up (BU) and middle-down (MD) proteomics data. A) Filtering of 
germline IGL and IGK alleles with BU and MD mass spectrometry (MS) reduces the number of possible 
germline light chain sequences from 3,577 to 6 candidate sequences (~600-fold reduction). B) Filtering 
of germline IGH alleles with BU MS and MD MS reduces the number of possible germline heavy chain 
sequences from 42,840 to 8 candidate sequences (~5,000-fold reduction). C) Fragment matching 
scores for the germline C-gene alleles of the light (left) and heavy (right) chain of the Fab clone 24.4 1 

47359.4 using the middle-down MS data. D) Fragment matching scores for the Framework Regions 1, 2, 
and 3 of the germline V-gene alleles of light (left) and heavy (right) chains of IgG1 determined by using 
the middle-down MS data. 
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FFiigguurree  SS66  ||  MMiiddddllee--ddoowwnn  EETTDD  aannaallyyssiiss  aanndd  sseeqquueennccee  aannnnoottaattiioonn  ooff  tthhee  lliigghhtt  cchhaaiinn  aanndd  tthhee  NN--tteerrmmiinnaall  
ppoorrttiioonn  ooff  tthhee  hheeaavvyy  cchhaaiinn  ffrroomm  cclloonnee  2244..44  11  4477335599..44  ffrroomm  ddoonnoorr  FF5599.. A) Fragmentation maps of the light 
chain (left) and Fd (right) when subjected to ETD within the intact Fab molecule. B) Fragmentation maps 
of the light chain (left) and Fd (right) when subjected to ETD after reduction and denaturation of the 
precursor Fab. C) Mass errors and their distribution of the light chain fragments observed in ETD of Fab 
and the light chain alone, and mass errors and distribution thereof for Fd fragments detected in ETD of 
Fab and Fd alone. 
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FFiigguurree  SS77  ||  LLaarrggee  hhoommoollooggoouuss  ffaammiilliieess  ooff  IIgg  VV--ggeennee  aalllleelleess  ((ee..gg..  IIGGHHVV33))  aarree  oobbsseerrvveedd  aammoonngg  tthhee  ttoopp--
ssccoorriinngg  iiddeennttiiffiiccaattiioonnss  aass  eexxttrraacctteedd  ffrroomm  tthhee  bboottttoomm--uupp  pprrootteeoommiiccss  ddaattaa.. A) Cumulative PSM scores 
determined for the germline V-gene alleles of the Fab heavy (left) and light chains (right). On the left, 
alleles from the largest IGHV3 family are displayed as filled circles; alleles of other IGHV families are 
shown as empty squares. On the right, alleles from larger and more homologous IGKV families are 
shown as empty squares, while filled circles display alleles of IGLV families. Germline V-gene sequences 
were downloaded from IMGT. B) Correlation matrix displaying sequence similarity among all germline 
V-gene sequences of the Fab heavy (left) and light (right) chain. Normalized cumulative PSM scores are 
shown below the correlation maps. Some of the top-scoring V-gene sequences are indicated with black 
arrows. The V-genes ultimately determined for clone 24.4 1 47359.4 by the integrative de novo bottom-up 
and middle-down sequencing are highlighted in green. 
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FFiigguurree  SS88  ||  RReeffiinniinngg  ooff  tthhee  sseeqquueennccee  ooff  cclloonnee  2244..44  11  4477335599..44  lliigghhtt  cchhaaiinn  ggeerrmmlliinnee  IIGGLLVV22--1144**0011--IIGGLLJJ22**0011,,  
bbaasseedd  oonn  tthhee  iitteerraattiivvee  iinntteeggrraattiioonn  ooff  mmiiddddllee--ddoowwnn  aanndd  bboottttoomm--uupp  pprrootteeoommiiccss  ddaattaa.. First, the sequence 
tags detected in the middle-down MS data were used as arrays of consecutive fragment peaks, which 
directly hinted at the presence of 11 mutations (M49L, Y51S, Y51S, N55D, N62S, A85S, D86M, Y88F, 
S95D, S96L, S97T, T98S, and L99F). Next, these tags were aligned to the de novo sequenced peptide 
sequences obtained by bottom-up MS, revealing 2 additional mutations. The highest scoring aligned 
peptides were used to extend the initial sequence tags, and then these steps were iteratively repeated. 
At each step of tag extension, the mass offsets were calculated by comparing a mass gap between two 
consecutive tags to the mass of amino acid residues in the corresponding gap in the germline sequence. 
Iteratively, middle-down tags were extended with aligning peptides until all (if possible) mass offsets 
become equal to 0 Da. Eventually, 13 mutations and one modified residue (Pyro-Q) were determined 
for the 24.4 1 47359.4 light chain sequence. De-charged isotopic distributions of the fragments involved in 
each sequence tag are displayed as red peaks in the corresponding insets with the theoretical isotopic 
distributions for these fragments displayed underneath each fragment. Fragmentation spectra of the 
peptides used in this refining process for the CDRs are shown in Figure 5. See also Supplemental Table 
5 for an overview of the evidence supporting each detected amino acid mutation. 
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FFiigguurree  SS99  ||  RReeffiinniinngg  ooff  tthhee  sseeqquueennccee  ooff  cclloonnee  2244..44  11  4477335599..44  hheeaavvyy  cchhaaiinn  ggeerrmmlliinnee  IIGGHHVV33--99**0011--IIGGHHJJ55**0011,,  
bbaasseedd  oonn  tthhee  iitteerraattiivvee  iinntteeggrraattiioonn  ooff  mmiiddddllee--ddoowwnn  aanndd  bboottttoomm--uupp  pprrootteeoommiiccss  ddaattaa.. First, sequence tags 
were detected in the middle-down MS data as arrays of consecutive fragment peaks similar to refining 
of the light chain sequence. Next, these tags were aligned to the de novo sequenced peptides from 
bottom-up MS. The highest scoring aligned peptides were used to extend the initial tags, and then this 
step was repeated. At each step of tag extension, the mass offsets were calculated by comparing a 
mass gap between two consecutive tags to the mass of amino acid residues in the corresponding gap 
in the germline sequence. Iteratively, tags were extended with aligning peptides until all (if possible) 
mass offsets become equal to 0 Da. Eventually, more than 20 mutations were determined for the N-
terminal portion of the heavy chain for clone 24.4 1 47359.4. De-charged isotopic distributions of the 
fragments involved in each sequence tag are displayed as red peaks in the corresponding insets with 
the theoretical isotopic distributions for these fragments displayed underneath each fragment. 
Fragmentation spectra of the peptides used in this refining process for the CDRs are shown in Figure 5. 
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FFiigguurree  SS1100  ||  CCoovveerraaggee  ddeepptthhss  ffoorr  ddee  nnoovvoo  sseeqquueenncceedd  lliigghhtt  aanndd  hheeaavvyy  cchhaaiinnss  ooff  tthhee  cclloonnee  2244..44  11  4477335599..44  ffrroomm  
ddoonnoorr  FF5599.. Values at each position represent the number of unique peptides identified in the bottom-
up LC-MS/MS data. The determined mutation sites are depicted in red. Only the first 110 and 120 amino 
acids are shown for the light and heavy chain, respectively. 
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SSuummmmaarryy  
Recently, a mass spectrometry-based approach was introduced to directly assess the IgG1 
immunoglobulin clonal repertoires in plasma. Here we expanded upon this approach by 
describing a mass spectrometry-based technique to assess specifically the clonal repertoire 
of another important class of immunoglobulin molecules, IgA1, and show it is efficiently and 
robustly applicable to either milk or plasma samples. Focusing on two individual healthy 
donors, whose milk was sampled longitudinally during the first 16 weeks of lactation, we 
demonstrate that the total repertoire of milk sIgA1 is dominated by only 50-500 clones, 
even though the human body theoretically can generate several orders of magnitude more 
clones. We show that in each donor the sIgA1 repertoire only changes marginally and quite 
gradually over the monitored 16-week period of lactation. Furthermore, the observed 
overlap in clonal repertoires between the two individual donors is close to non-existent. 
Mothers provide protection to their newborn infants directly by the transfer of antibodies 
via breastfeeding. The approach introduced here, can be used to visualize the clonal 
repertoire transferred from mother to infant and to detect changes in-time in that 
repertoire adapting to changes in maternal physiology. 

IInnttrroodduuccttiioonn  
A large part (~35%) of the proteins in our blood are immunoglobulins (Ig). These 
immunoglobulins, or antibodies, are used by our immune system to identify and neutralize 
pathogenic bacteria and viruses among others 1. A specific antibody recognizes a unique 
foreign epitope and can lead to an antigenic response resulting in either the recruitment of 
other (cellular) parts of our immune system or direct neutralization. Besides being present 
in blood, immunoglobulins are also present in other body fluids such as saliva and milk. 

In human plasma (i.e., blood from which cells have been depleted) three dominant classes 
of immunoglobulins are present, namely IgG, IgA and IgM. Their concentration levels differ 
per individual but are generally highest for IgG 8.3-11.2 g/L, and somewhat lower for IgA 
1.6-2.8 g/L and IgM 0.6-1.2 g/L 2. For human IgG, four sub-classes can be distinguished, IgG1, 
IgG2, IgG3 and IgG4, and for human IgA two sub-classes co-exist: IgA1 and IgA2. 

In human milk the concentration levels of IgG, IgA and IgM are substantially lower, but also 
the order of abundance is different. In human milk, IgA is predominant by far at 1.0-2.6 g/L, 
with much lower abundances of IgG 9.6-20.4 mg/L and IgM 1.9-2.9 mg/L 3,4. Moreover, the 
dominant IgA in milk is IgA1, and it appears largely as secretory IgA (sIgA), which is generally 
called a dimer, but is actually consisting of a J-chain connecting two or more IgA1 monomers 
bound to the secreted form of the polymeric immunoglobulin receptor (pIgR) protein, 
referred to as the secretory component (SC) 5. This complex will here be further called the 
IgA1 hetero-oligomer. 
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Very little is known on the origin of IgA clones in human milk. It has been shown in lab animal 
studies that B cells migrate from the gut-associated lymphoid tissue (GALT) to the mammary 
gland 6,7. However, whether these B cells stay in the mammary tissue producing IgAs for 
longer periods of time is not known, given that a significant number of antibody producing 
cells are secreted in human milk 8. 

Total plasma Ig levels are determined routinely in clinical practice because they provide key 
information on the humoral immune status. Low Ig levels define some humoral 
immunodeficiencies 9, whereas high levels are sometimes linked to liver diseases, chronic 
inflammatory diseases, hematological disorders, infections, and malignancies 10–12. Such 
immunofluorescence-based analyses primarily focus on total IgG or IgA levels and lack 
information about the concentrations of individual clones. Using dedicated assays, it is 
possible to focus on Ig sub-populations in the blood that bind a specific antigen, but these 
assays also target the likely polyclonal response against such a foreign element 13. 

Recently, we introduced a novel LC-MS based approach to directly monitor the levels of 
IgG1 in plasma, whereby we could not only monitor the total plasma levels of IgG1 in 
donors, but were also able to distinguish and quantify the abundance of the 50-500 most 
abundant individual IgG1 clones present in plasma 14. Strikingly, we observed that the IgG1 
repertoires were unique for each donor and remained quite stable over time in each healthy 
individual donor when monitored longitudinally. In that work we used affinity beads to 
capture all IgG molecules from plasma, and subsequently used the enzyme IgdE which 
cleaves off the Fab parts solely of IgG1 molecules. By collecting these Fab molecules and 
analyzing them by intact LC-MS we were able to distinguish and quantify distinct IgG1 
clones. We demonstrated that this method can be used to monitor the changes in 
abundance of individual clones in the plasma IgG1 repertoire over time, for instance caused 
by an infection 14. 

Here we describe how we extended this method to target another important class of 
immunoglobulins, namely IgA1. Because of the different nature of these IgA1 molecules, we 
needed to adopt the reported approach for IgG1 substantially. We again used affinity resins, 
albeit now to capture specifically IgA molecules from human milk, and subsequently used 
the O-glycopeptidase from Akkermansia muciniphila (OgpA, commercially available as 
OpeRATOR®) that cleaves IgA1 molecules in their O-glycosylated hinge region, releasing the 
Fab fragments. These Fab fragments, of around 48 kDa, are subsequently analyzed by intact 
protein LC-MS enabling us to distinguish and quantify distinct IgA1 clones. The method was 
first optimized using a recombinant monomeric IgA1 (mIgA1), and subsequently we show 
that the method works equally well on repertoires of sIgA1 from human milk and IgA1 
repertoires purified from plasma. 
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Having established the qualitative and quantitative reproducibility of the method, we next 
used it to longitudinally monitor the IgA1 repertoires in human milk of two individual donors 
over a period of several weeks. We observed that the sIgA1 clonal repertoires in human 
milk are dominated by a limited number of clones. Furthermore, monitoring the 
longitudinal samples from two healthy donors allowed us to reveal that the donors are both 
unique in their human milk sIgA1 clonal repertoire. Within a single healthy donor these IgA1 
profiles are highly stable over time. 

The method introduced here will be useful to monitor the humoral immune status both in 
human milk and plasma. Additionally, it may provide information on the personalized 
response towards an infection and/or therapeutic treatment through changes in the IgA1 
clones being presented in plasma and human milk, and likely in other biofluids as well. As 
sIgA1 immunoglobulins are the main antibodies transferred to the newborns via 
breastfeeding, we feel that monitoring these sIgA1 repertoires may furthermore be used to 
monitor the immune status of the donor’s milk. 
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FFiigguurree  11  ||  PPeerrssoonnaalliizzeedd  hhuummaann  mmiillkk  ssIIggAA11  FFaabb  cclloonnaall  pprrooffiilliinngg.. Longitudinal human milk samples were 
obtained, with consent, from two healthy donors across weeks 1-16 of lactation (left panel). Following 
efficient capture of sIgA1, using CaptureSelect IgA affinity matrix beads, we relied on the O-
glycopeptidase from Akkermansia muciniphila (OgpA), cleaving N-terminally of the O-glycans that are 
exclusively present in the IgA1’s hinge region (top panel), to dissect and collect their Fab fragments. 
The protocol works equally well, for capture and digestion, for human milk sIgA1 and plasma-derived 
or recombinant monomeric IgA1 (middle panel). The eluted Fab molecules were subsequently mass 
analyzed by reversed phase LC-MS, and masses were retrieved from the generated RAW files using 
BioPharmaFinder with additional data analysis performed using Python (bottom panel). 
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RReessuullttss  
Optimization of the protocol for enrichment and Fab cleavage of 
a recombinant monomeric IgA1 and milk sIgA1 
Human IgA1 (UniProt IGHA1_HUMAN, P01876) contains up to six O-glycans in the hinge 
region (Figure 1). Supposedly three of these are always occupied, residing on Threonine 
(Thr)106, Thr109 and Serine (Ser)113, whereas Ser111, Thr114 and Thr117 are not always O-
glycosylated 15,16. Considering the specificity of OgpA, which cleaves exclusively N-terminally 
of (core 1) O-glycosylated residues, our rationale was that, when incubating for sufficient 
time, all heterogeneity introduced by the O-glycans could be removed and all IgA1 Fabs 
would share the same C-terminus due to cleavage N-terminal of Thr106 (Figure 2A). 

MS-Based Assessment of the OgpA cleavage specificity 
First, we used a recombinant monomeric anti-CD20 IgA1 antibody (7D8; a gift from 
Genmab, Utrecht, NL). The theoretical average mass of this Fab, 47957.4 Da, could be 
calculated based on its known sequence (Supplemental Table S1). Following the approach 
as depicted in Figure 1 we enriched this IgA1 antibody and subjected it to overnight cleavage 
by OgpA. Subsequently, we analyzed the released Fab fragments by LC-MS. Mass analysis 
indeed indicated that the main observed Fab fragment exhibited the expected mass when 
cleaved at N-terminal of Thr106 (Figure 2A). Additionally, lower abundant masses could be 
assigned to a ‘missed cleavage’ at Thr109. The observed mass increment was +295.3 Da (in 
agreement with the mass of the additional ThrProPro amino acid sequence (Figure 2C), 
decorated with either one N-acetylhexosamine (HexNAc, +203.2 Da), one HexNAc and one 
hexose (Hex, +162.1; HexNAcHex = +365.3) or a mass that fits with a potential core 2 O-
glycan consisting of two HexNAcs and two hexoses (+730.7 Da). These masses were 
detected at 5.8%, 6.8%, and 1.5% intensity relative to the dominantly abundant base-peak 
Fab species, respectively. 

Next, we applied the same approach on sIgA from human milk and found that both 
capturing, and digestion were equally successful for sIgA1. Of note, IgA2 will also be 
captured by the affinity resin, but not cleaved by OgpA as it does not contain any O-glycans 
in the hinge region. Figure 2D shows the extracted ion chromatograms of 3 illustrative Fab 
clones detected for sIgA, enriched from a human colostrum sample (donor 1 week 1). Also, 
for these three sIgA Fab clones, the cleavage is observed mainly at Thr106. Considering all 
clones present at a concentration > 0.5 μg/mL roughly 10-30% of the clones showed the 
additional Thr109 ‘missed-cleavage’, typically with an intensity below one-fifth of the main 
peak (Figure 2B). Unlike the monoclonal mIgA1, no Thr109 cleavage variants carrying O-
glycans on Thr106 were observed in the human milk sIgA1 Fabs.  
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FFIIGGUURREE  22  ||  DDiiggeessttiioonn  bbyy  OOggppAA  ooff  rreeccoommbbiinnaanntt  mmIIggAA11  aanndd  hhuummaann  mmiillkk  ssIIggAA11  rreessuullttss  iinn  hhiigghhllyy  ssppeecciiffiicc  
cclleeaavvaaggee  aanndd  ffoorrmmaattiioonn  ooff  FFaabb  ffrraaggmmeennttss..  A) Cartoon of an IgA1 molecule highlighting the preferred 
cleavage site of O-glycopeptidase from Akkermansia muciniphila (OgpA). The large yellow scalpel 
indicates the preferred Thr106 site, the smaller black scalpel shows the observed missed cleavage site 
(digestion at Thr109) adding Thr106Pro107Pro108 to the Fab sequence. B) The boxplots show the fractional 
abundance of the Fab fragments resulting from the Thr109 missed cleavage as compared to the 
corresponding Thr106 base peak. When observed, the Thr109 missed cleavage is generally lower than 
20% in abundance compared to the Thr106 peak, and almost exclusively non-glycosylated at Thr106. C) 
Overnight incubation of monoclonal mIgA1 with OgpA resulted in highly selective digestion at the O-
glycosylation site Thr106, as determined by the detection of the calculated mass of the Fab. Minor 
satellite signals were detected, originating from the missed cleavage at Thr109, carrying one HexNAc, 
HexNAc+Hex, or 2 (HexNAc+Hex). D) Extracted ion chromatograms of three selected Fab clones in 
Donor 1 week 1 that display highly selective digestion at O-glycosylation site Thr106, only one additional 
signal can be observed, digestion at Thr109 carrying no O-glycan at Thr106 position. 
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Gel-based assessment of the OgpA cleavage efficiency 
To further assess the capturing and digestion efficiency of the approach, we further tested 
our procedure by using a commercial human colostrum sIgA standard (containing both 
sIgA1 and sIgA2) and a recombinant mIgA1. Both standards were prepared at equivalent 
concentrations. For both the sIgA and mIgA1 standards, a milk-based blocking buffer was 
added to reduce sample loss during the preparation. The starting material, flowthrough (FT) 
and eluate of the capture, and flowthrough and eluate after digestion were analyzed by 
SDS-PAGE gel electrophoresis. In Supplemental Figure S1 we see that the starting material 
(lanes A1 and B1) appeared as expected at >250 kDa for the sIgA, and at ~160 kDa for 
themIgA1. For both the sIgA and mIgA1 the flowthrough after capture were found to be 
devoid of IgA (lanes A2, A4, B2, and B4), indicating that all initial IgA was efficiently captured 
by the beads regardless of the IgA oligomeric state or sub-class. The eluate from the beads 
(lanes A3 and B3) contained the same IgA bands as the starting material, and strongly 
reduced background bands. The digested standards showed Fab bands in the flowthrough 
at ~50 kDa for both samples (lanes A5 and B5). The sIgA digestion eluate (lane A6) showed 
a band that was shifted to a lower mass due to the loss of four Fab portions, and a smear at 
higher molecular weight which is assumed to be sIgA2, as it would have been captured but 
not digested by OgpA. The band in lane B6 at ~160 kDa appears to be slight under-digestion, 
whereas the area at around ~60 kDa contains the highly glycosylated Fc. Altogether, this 
shows that our approach is able to capture and digest with equivalent efficiency 
recombinant mIgA1 as well as polyclonal hetero-oligomeric sIgA1. 

Quantification of human milk sIgA1 clonal repertoires 
To determine the concentration of individual sIgA1 clones in human milk, a known quantity 
of the monoclonal mIgA1 was spiked-in at the start of the sample preparation. Since we 
demonstrated above that the mIgA1 undergoes a similar capturing, digestion, and MS-
analysis, it is possible to normalize the intensity of the individual sIgA1 clones to the 
measured intensity of the recombinant mIgA1 clone, and subsequently convert the MS 
intensity values to a concentration in μg/mL. To test the accuracy and reproducibility of this 
quantification, the standard quantity of the mIgA1 was added to different quantities of the 
human colostrum sIgA standard, see Supplemental Table S2. For the most intense clones 
detected in the human colostrum sIgA standard, the intensity values of each replicate were 
compared to one of the 40 μg sIgA standards, and the intensity fold-change of each 
individual clone was determined (Figure 3; Supplemental Figure S2). Replicates that also 
contained 40 μg sIgA show on average no change in the detected clone intensity, while 
clones of 20 μg replicates are detected at half the intensity (-1 log2 fold change) and clones 
of 80 μg replicates are detected at double the intensity (+1 log2 fold change). Within 
replicates of the same amount of sIgA, clones are reliably detected at similar intensity 
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values. From these data we conclude that we can reproducibly detect the same clones 
across multiple technical replicates, and that the spiked-in mIgA1 allows for robust and 
reproducible quantification of individual sIgA1 clones. Of note, the quantification of low 
abundant clones from20 μg sIgA was less robust than for 40 μg (Supplemental Figure S3). 

 

 

FFiigguurree  33  ||  AAccccuurraaccyy  aanndd  rreepprroodduucciibbiilliittyy  ooff  qquuaannttiiffiiccaattiioonn  ooff  iinnddiivviidduuaall  ssIIggAA  cclloonneess.. The top 50 most 
intense clones from a human milk colostrum sIgA standard were quantified relative to a monoclonal 
mIgA1 of known quantity. The detected quantities of each clone in all samples were compared to the 
levels in one sample with 40 μg sIgA, and the fold-change was plotted. Replicates of the same injection 
amount (40 μg) showed no significant fold-change. Clone intensities in the 20 μg replicates are detected 
at half the abundance (-1 log2 fold change), and clone intensity in the 80 μg replicates were detected 
at double the abundance. Boxplots indicate the median, 25th and 75th percentile, whiskers range to 1.5 
times IQR. Values inside this range are depicted as black dots. Outliers (> 1.5 times IQR) are indicated 
as black diamonds. Supplemental Figure S2 depicts similar boxplots, considering all clones detected in 
all replicates (n=128) instead of the top50 most intense clones shown here. 
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FFiigguurree  44  ||  HHuummaann  mmiillkk  ssIIggAA11  cclloonnaall  pprrooffiilleess  aarree  ssttaabbllee  oovveerr  ttiimmee,,  aanndd  hhiigghhllyy  uunniiqquuee  ffoorr  eevveerryy  ddoonnoorr..  A) 
Illustrative deconvoluted Fab mass profiles with the top two originating from donor 1 with milk 
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obtained at weeks 1 and 2, and the bottom two originating from donor 2 with milk obtained at weeks 
1 and 2. Each peak represents a unique Fab (based on unique RT/mass pair) and the peak height 
represents the concentration of that clone in the milk. The sIgA1 profiles obtained at all other time 
points are provided in Supplemental Figure S5. Clearly, just a limited number of distinct clones 
dominate the sIgA1 repertoire in each of the two donors. B) Observed overlap in clonal sIgA1 
repertoires within and in between donors. The persistence of repertoires is given as a percentage of 
the total sIgA1 clone abundance. Each small square depicts a percentage, as indicated by the color bar, 
of overlap between the samples. The inset depicts a zoom-in of the data for the profiles shown in (A), 
annotated with the overlap values. The overlap in the sIgA1 repertoire is ~80% when comparing 
samples of the same donor, even when samples were collected as much as 16 weeks apart. Between 
donors hardly any overlap in the repertoires is observed (below ~10%), whereby even each clone seems 
to be uniquely detected in just one of the donors. 

The human milk sIgA1 repertoire is dominated by a limited 
number of stable clones, being unique for each healthy donor 
Having established that the capturing, digestion, and quantitation of individual clones of 
sIgA1 could be performed efficiently and reproducibly, we next applied the protocol to 
human milk obtained, with consent, from two healthy individuals. Samples were collected 
longitudinally over a span of 16 weeks, in total nine different time points per individual. We 
investigated these human milk samples to gain insight into a) the potential sIgA1 clonal 
diversity between individuals and b) the potential (dis)similarity in the sIgA1 repertoires 
within an individual over time. Using the approach described above we were able to detect 
for donor 1 a median of 537 (range 437 to 653) different pairs of mass and retention time 
that fitted the criteria to originate from distinct sIgA1 Fab clones, and for donor 2 we were 
able to detect around 460 clones per time point. Stringent analysis revealed that about 7-
10% of these distinct ion signals matched to a Thr109 ‘missed cleavage’, thus leaving still 
~400 unique clones. Thus, as earlier observed for IgG1 in plasma 14, we found that in human 
milk a limited number of clones dominate the sIgA1 repertoire. 

Comparison of the sIgA1 Fab clonal profiles, obtained from all our eighteen analyzed milk 
samples, showed a very high degree of overlap between the different time points when 
solely focusing on one, or the other, individual donor (Figure 4 and Supplemental Figure S4). 
Although a gradual decrease in overlap was observed over time, even at 16 weeks still 80% 
of the total detected sIgA1 Fab molecules originated from clones already detected at week 
1. From this we conclude that the sIgA1 Fab repertoires of individual donors are relatively 
simple, dominated by just a few hundred sIgA1 clones, and that in healthy donors this 
repertoire changes only marginally over the first 16 weeks of lactation. In contrast, when 
comparing the repertoires of the individual donors with each other, we detect no overlap. 
From this we conclude that, just as observed earlier for serum IgG1 repertoires 14, the clonal 
repertoires of human milk sIgA1 are highly unique for each individual. 
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The majority of sIgA1 clones show a gradual similar decreasing 
trend from colostrum to mature milk 
Colostrum is the milk that is produced within the first few days postpartum. It is known to 
have a much higher concentration of sIgA compared to mature milk, whereby this 
concentration gradually declines throughout the first six months of lactation 17. For the 
sample set studied in the current manuscript we have reported the total sIgA levels 
determined by ELISA 18. Now, we compared the readout from this ELISA to the MS-based 
quantification of the profiling method described here (Figure 5). When comparing the total 
sIgA ELISA data (grey dashed line) to the sum of concentrations of all individual sIgA1 clones 
detected here (black dotted line), the longitudinal profiles are highly correlated (Pearson 
correlation coefficient rdonor1 = 0.89, rdonor2 = 0.89), for each of the two donors. The 
uniqueness of the present method is that individual clones can be monitored longitudinally, 
and thus the longitudinal profiles of the top 30 most intense clones in each of the donors 
are depicted as pink and blue lines in Figure 5 as well. Additionally, the contribution of these 
clones to the total repertoire is shown in the pie chart. The total number of clones is given 
inside the pie chart and the concentration of the remainder of clones that are lower in 
abundance than the top 30 clones are depicted as the black pie slices. Monitoring the 
longitudinal clonal behavior showed that the majority of sIgA1 clones decreased in 
concentration proportionally to the overall decrease in total sIgA. Nonetheless, also some 
clones could be observed that revealed a longitudinal pattern deviating from the total sIgA. 

Application of the protocol on a plasma IgA1 repertoire 
Although here optimized and used for analysis sIgA1 repertoires in human milk, we wanted 
to further explore the general usability of the approach introduced here and applied, as 
proof-of-concept, the method on a plasma sample from a single healthy donor. We 
reiterate, as described in the introduction, distinctively from milk, in plasma most IgA1 is 
thought to be present in a monomeric form 5. Supplemental Figure S6 shows the obtained 
IgA1 mass profile for this sample. The pie inset shows that 184 unique Fab clones could be 
detected. The top 30 most abundant clones were colored in both the mass profile and the 
pie inset, and these top 30 most abundant clones contribute roughly 50% of the total 
abundance of identified Fab molecules in this plasma sample. This shows, as a proof-of-
concept, that our approach works equally well for plasma, and that the IgA1 repertoire from 
plasma is also dominated by a limited number of clones, just as the IgG1 repertoire 14. 
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FFiigguurree  55  ||  CCoonncceennttrraattiioonn  pprrooffiilleess  ooff  iinnddiivviidduuaall  ssIIggAA11  cclloonneess  ccoommppaarreedd  ttoo  tthhee  ttoottaall  ssIIggAA  ccoonncceennttrraattiioonn  
pprrooffiillee.. A) Longitudinal individual sIgA1 concentration profiles observed for donor 1. Each pink line 
represents a unique sIgA1 clone. The dotted black line represents the summed concentrations over all 
detected sIgA1 clones, whereas the dashed black line represents the total sIgA concentration as 
evaluated by an independent sandwich ELISA. The relative abundance of the top 30 clones at week 1 
are shown in the pie charts, where the number in the center indicates the total number of clones that 
could be monitored longitudinally. For these analyses clones were included when present in at least 7 
of the 9 time points. The top 30 clones each have a slice in the pie chart and the remainder of the clones 
are depicted as black pie slice. B) As in (A) individual sIgA1 concentration profiles observed for donor 2. 
Each blue line represents a unique sIgA1 clone.  
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DDiissccuussssiioonn  
Here we introduce a fast and sensitive approach for analyzing and monitoring IgA1 clonal 
repertoires from complex biofluids, such as human milk and plasma, revealing that the 
method is unbiased towards mIgA1s or hetero-oligomeric sIgA1s. Applying our approach to 
analyze human milk samples from two individual donors longitudinally over a 16-week 
period of lactation, we found that the human milk sIgA1 clonal repertoires are dominated 
by a limited number of around 50 - 500 stable and unique clones. This observation is quite 
striking as in theory the human body can make millions or more different antibodies. 
However, this observation is fully in line with our recent reporting on the IgG1 repertoires 
in human plasma, which were also found to be dominated by 50 - 500 stable and unique 
clones 14. In part, it can be explained by the limited number of B cells present locally in the 
mammary glands, although this number likely still exceeds the number of detected clones 
by several orders of magnitude. 

So far, the accessibility of individual Igs clones has been deemed too difficult due to their 
complex structural aspects, heterogeneity, and immense sequence variability, which 
hampers most analytical approaches. A rather successful alternative, that is regularly 
applied, involves sequencing the Ig-genes from B cells 19–23. This approach indeed provides 
antibody sequences, but these are likely not identical to the fully matured protein sequence 
of the Igs that are finally produced and secreted 24 . We largely overcome these limitations 
by analyzing the Ig profiles of human biofluids directly, which we demonstrate here for 
sIgA1 from human milk and plasma, and have previously shown for IgG1 from human 
plasma 14. 

In this approach each clone is defined by having a unique set of identifiers, namely its 
retention time in liquid chromatography and its Fab mass in the mass analysis. The 
limitation of this approach is that the real structural and functional uniqueness of each 
clone, originating from an individual sequence for specific antigen binding, is not resolved. 
Similarly, related clones originating from the same ancestor would not be recognized as 
such, since we detect what is different and not what is the same. Ideally, we would also use 
mass spectrometry for the direct analysis of the full sequence of each clone detected in our 
LC-MS approach, even while present in the background of hundreds of other Ig clones. We 
feel that with further advances in top-, middle- and bottom-up proteomics this may become 
feasible soon 25–27. As proof-of-concept, we already demonstrated that a highly abundant 
IgG1 clone present in plasma could be fully sequenced, although this was still quite an 
arduous task 14. Improvements in middle- and top-down proteomics that specifically 
provide sequence information on the highly variable CDRs of the Fab fragments would be 
highly beneficial, as shown by others and us 28–30. 
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As little is known regarding the origin of human milk antibody repertoires, we can learn 
from other similar biological systems. For instance, by using both proteomics and genomics 
tools gut-derived repertoires have recently been shown to be related to blood Ig repertoires 
22,31–33. A similar approach could be used to help understand how human milk and blood 
repertoires are related, and further how all three systems, the gut, blood and human milk 
are interrelated. However, for this approach local plasma cells are used. The local 
population of the mammary gland is likely difficult to recognize, since there are also many 
antibody producing cells secreted into human milk 8. It is expected, though, that also several 
plasma cells are residing in the tissue, as we show that the human milk sIgA1 repertoire is 
highly stable for at least 16 weeks within an individual donor. Future efforts could therefore 
include direct clonal profiling of antibody repertoires as described here, hopefully soon 
supported by de novo sequencing by mass spectrometry, to further dissect clonal 
relatedness between tissues and body fluids. 

In conclusion, the approach presented here can quantify the total IgA1 content in human 
milk. A unique advantage of this approach compared to for instance quantitative ELISA 
assays is that it allows for the monitoring of individual IgA1 clones, enabling us to observe 
how clonal profiles change over time, and to monitor at any given time which clones are 
contributing most to the total IgA1 concentration. In the future, the approach introduced 
here can be employed to monitor the humoral immune status in both human milk and 
plasma. Furthermore, it can be used to provide information on the personalized response 
towards an infection and/or therapeutic treatment through changes in the IgA1 clones 
being presented in a respective biofluid. 
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MMaatteerriiaall  aanndd  mmeetthhooddss  
Human subjects and samples 
Details of the two donors have been described before 34. Longitudinal human milk samples 
were collected from two healthy donors at weeks 1, 2, 3, 4, 6, 8, 10, 12 and 16 postpartum 
(Figure 1). Samples were collected according to standardized human milk handling 
conditions 35. All samples were collected into 2 mL Eppendorf tubes containing protease 
and phosphatase inhibitors as 1/9 of the collection volume, Complete Mini EDTA-free 
(Roche) and PhosSTOP (Roche), respectively. Samples were transferred to the lab on dry ice 
and stored at -80°C until analysis. Written informed consent was obtained prior to sample 
collection. All samples used were donated to Danone Nutricia Research in accordance with 
the Helsinki Declaration II. Monoclonal anti-CD20 mIgA1 (7D8-IgA1) was a gift from Genmab 
(Utrecht, NL). SIgA from human colostrum was obtained from Merck (Darmstadt, Germany). 
Normal human recovered plasma was purchased from ZenBio (Durham, NC, US). 

IgA enrichment 
All IgA was captured using CaptureSelect IgA affinity matrix (ThermoFisher Scientific). 40 μL 
bead slurry was added directly to Pierce spin columns with screw cap (ThermoFisher 
Scientific). The beads were then repeatedly washed with 150 μL PBS by centrifugation at 
500 × g, room temperature (RT). After the third wash, a plug was inserted to the bottom of 
the individual spin columns and 100 μL PBS was added to the beads. Subsequently 50 μL of 
human milk and 1 μL IgA solution containing 200 ng of 7D8-mIgA1 were added. Samples 
were then incubated for 1h while shaking at 750 rpm at RT in and Eppendorf thermal shaker 
(Eppendorf, The Netherlands). Following the incubation, the plugs were removed from the 
spin columns, the human milk/PBS dilution was collected by centrifugation for 1 min at 500 
× g, RT. Then the beads were washed four times by addition of 200 μL PBS and subsequent 
centrifugation for 1 min at 500 × g, RT. After the fourth wash the plugs were reinserted into 
the bottom of the spin columns. 

IgA1 hinge region digestion and collection of Fabs 
For the hinge region digestion of IgA1 we relied on the Oglycopeptidase from Akkermansia 
muciniphila, OgpA; OpeRATOR®, Genovis, Llund, Sweden). The enzyme docks at O-glycans, 
by preference non-sialylated core 1 (thus GalNAc-Gal), and then cleaves the protein N-
terminally of the glycan. As these O-glycans are unique for IgA1 (and not present in IgA2) 
exclusively the Fab molecules of IgA1 are cleaved off. Based on previous analysis of these 
human milk samples, by MS-based proteomics and ELISA, the expected IgA1 concentrations 
in the human milk samples were assumed to be 0.2 - 1.4 mg/mL 18, and therefore contain 
at least 10 μg in 50 μL. Based on these concentrations we added to each spin column 50 μL 
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PBS containing 40 U SialEXO (a sialidase cocktail to remove sialic acids fromthe O-glycans) 
and incubated for 1 h at 37°C with continuous shaking at 750 rpm. Then 1 μL (40 U) of OgpA 
enzyme was added, and incubation was continued overnight, in and Eppendorf thermal 
shaker (Eppendorf, The Netherlands). Following overnight digestion with OgpA, 20 μL of 
pre-washed Ni-NTA agarose slurry (1:1 in PBS) was added to the spin columns in order to 
capture the His-tagged enzymes. The incubation was continued for 30 more minutes. Then 
the plug was removed from the column, and the flowthrough, containing the IgA1 Fabs, was 
collected by centrifugation for 1 min at 500 × g, RT. 

SDS-PAGE gel electrophoresis 
The capturing and digesting efficiency of IgA1 Fabs were assessed by SDS-PAGE gel. Two 
standards were used, a commercially available human colostrum sIgA sample (Merck, 
Darmstadt Germany) and the recombinant monoclonal 7D8-mIgA1. They were captured 
and digested as stated above. The human colostrum sIgA and 7D8-mIgA1 were made as 
concentrations of 40 μg of protein in a 1% milk powder background (Bio-Rad, The 
Netherlands) in PBS. Starting material from both the human colostrum sIgA and 7D8-mIgA1 
were collected, as were the flow through from capturing, the capture eluate, Fab and Fc. 
The samples were transferred onto the gel as 8 μg of protein per sample and diluted with 
the XT sample buffer to reach the desired concentration (Bio-Rad, The Netherlands). All 
samples were analyzed under non-reducing conditions. A volume of 45 μL of each sample 
was loaded onto a 12-well 4-12% CiterionTX MT Bis-Tris Prease Gel (Bio-Rad, The 
Netherlands). Precision Plus Protein Dual Color Standards (Bio-Rad, The Netherlands) were 
ran on the gel in parallel with the samples for protein size reference. The chamber was filled 
with 500 mL of XT MOPS running buffer (Bio-Rad, The Netherlands) pre-diluted 20 times 
with MilliQ water (Merck Millipore, Germany). Electrophoresis was carried out for 2 h and 
30 min at 200 V until the dye front ran down to the bottom of the gel. The gel was then 
washed with MilliQ three times followed by staining for 1 h in Imperial Protein Stain 
(Thermo Scientific, Rockford, IL USA). The stained gel was then rinsed overnight in MilliQ 
followed by scanning using an Amersham Imager 600 (GE Healthcare, USA). 

Fab profiling by LC-MS 
The same LC-MS and data processing approaches as described by Bondt et al. were applied 
14 . In short, the collected Fab samples were separated on a Thermo Scientific Vanquish Flex 
UHPLC instrument, equipped with a 1 mm x 150 mm MAbPac Reversed Phase HPLC Column. 
The LC was directly coupled to an Orbitrap Fusion Lumos Tribrid mass spectrometer 
(Thermo Fisher Scientific, San Jose, California, USA). The column preheater and the 
analytical column chamber were heated to 80°C during chromatographic separation. 10 μL 
of the prepared Fab samples were injected and subsequently separated over a 62 min 
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gradient at a flow rate of 150 μL/min. Gradient elution was achieved by using two mobile 
phases A (0.1% HCOOH in Milli-Q HOH) and B (0.1% HCOOH in CH3CN) at a starting mixture 
of 90% A and 10% B, and ramping up from 10% to 25% B over 1 min, from 25% to 40% over 
54 min, and from 40% to 95% over 1 min. MS data were collected with the instrument 
operating in Intact Protein and Low Pressure mode. Spray voltage was set at 3.5 kV from 
minute 2 to minute 50 to prevent the salts in the sample from entering the MS, ion transfer 
tube temperature was set at 350°C, vaporizer temperature at 100 °C, sheath gas flow at 15, 
auxiliary gas flow at 5, and source-induced dissociation (SID) was set at 15 V. Spectra were 
recorded with a resolution setting of 7,500 (@ 200 m/z) in MS1, recording at low resolution 
allows for better detection of charge distributions of large proteins (> 30 kDa) 36. Scans were 
acquired in the range of 500-4,000 m/z with an AGC target of 250% and a maximum 
injection time set to 50 ms. For each scan 5 μscans were recorded. 

IgA1 clonal profiling data analysis 
Intact masses were retrieved from the generated RAW files using BioPharmaFinder 3.2 
(Thermo Scientific). Deconvolution was performed using the ReSpect algorithm between 5 
and 57 min using 0.1 min sliding windows with a 25% offset and a merge tolerance of 50 
ppm, and noise rejection set at 95%. The output mass range was set from 10,000 to 100,000 
with a target mass of 48,000 and mass tolerance 30 ppm. Charge states between 10 and 60 
were included, and the Intact Protein peak model was selected. 

Further data analysis was performed using Python 3.8.10 (with libraries: Pandas 1.2.3 37 , 
Numpy 1.20.3 38, Scipy 1.6.2 39, Matplotlib 3.3.4 40 and Seaborn 0.11.1). Masses of the 
BioPharmaFinder identifications (components) were recalculated using an intensity 
weighted mean considering only the most intense peaks comprising 90% of the total 
intensity. Using the 7D8-mIgA1 standard, the intensity was normalized, a relative mass shift 
was applied to minimize the mass error and a retention time shift was applied to minimize 
deviation between runs. 

Components between 45,000 and 53,000 kDa with the most intense charge state above m/z 
1000 and score of at least 40 were considered Fab portions of IgA1 clones. The clones were 
matched between runs using average linkage (unweighted pair group method with 
arithmetic mean UPGMA) L∞ distance hierarchical clustering. Flat clusters were formed 
based on a cophenetic distance constraint derived from a mass and retention time 
tolerance which were 2 Da and 1 min respectively. Clones within a flat cluster were 
considered identical between runs. To determine the range of quantification of IgA1 Fab 
clonal profiling, the human colostrum sIgA and 7D8-mIgA1 standards were made in various 
concentration ranges, captured, digested, and analyzed by MS in triplicate. See 
Supplemental Table S2 for details. 

98 CHAPTER 3



 

DDaattaa  aavvaaiillaabbiilliittyy  ssttaatteemmeenntt  
The mass spectrometry data have been deposited to the MassIVE repository 
(https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp) with the dataset identifier 
SV000088188. 

EEtthhiiccss  ssttaatteemmeenntt  
Written informed consent was obtained prior to sample collection. All samples used were 
anonymized and donated to Danone Nutricia Research in accordance with the Helsinki 
Declaration II. 

AAuutthhoorr  ccoonnttrriibbuuttiioonnss  
AB, KD and AH conceived the ideas and designed jointly the experiments. AB, KD, MH, and 
DR performed all experiments. MH performed a major part of the data analysis. All authors 
did write the manuscript together. AH provided resources and funding for the project. All 
authors contributed to the article and approved the submitted version. 

FFuunnddiinngg  
We acknowledge support from the Netherlands Organization for Scientific Research (NWO) 
funding the large-scale proteomics facility Proteins@Work (project 184.032.201) 
embedded in the Netherlands Proteomics Centre, Gravitation Subgrant 00022 from the 
Institute for Chemical Immunology (AB, DR, and AH), and the Spinoza award SPI.2017.028 
to AH. Additional support for this research was provided by Danone Nutricia Research. 

AAcckknnoowwlleeddggeemmeennttss  
We would like to acknowledge the donors for their support in providing the milk samples 
and to Harm Post (Hecklab, Utrecht University) for help with sample collection and 
transportation. We are very grateful for the support of our work by Arjan Barendregt, 
Mirjam Damen, and Sem Tamara. We kindly acknowledge the teams of Janine Schuurman, 
Frank Beurskens, and Boris Bleijlevens (Genmab, Utrecht, NL) for continuous support over 
the years, stimulating discussions, and financial support. 

   

 99

3

A DIRECT MS-BASED APPROACH TO PROFILE HUMAN MILK SIGA1



 

RReeffeerreenncceess  
(1)  Kumar, N.; Arthur, C. P.; Ciferri, C.; Matsumoto, M. L. Structure of the Secretory Immunoglobulin A Core. 

Science (1979) 2020, 367 (6481), 1008–1014. https://doi.org/10.1126/SCIENCE.AAZ5807. 
(2)  Khan, S. R.; Chaker, L.; Ikram, M. A.; Peeters, R. P.; van Hagen, P. M.; Dalm, V. A. S. H. Determinants and 

Reference Ranges of Serum Immunoglobulins in Middle-Aged and Elderly Individuals: A Population-Based 
Study. Journal of Clinical Immunology 2021, 41 (8), 1902–1914. https://doi.org/10.1007/S10875-021-
01120-5. 

(3)  Lönnerdal, B.; Erdmann, P.; Thakkar, S. K.; Sauser, J.; Destaillats, F. Longitudinal Evolution of True Protein, 
Amino Acids and Bioactive Proteins in Breast Milk: A Developmental Perspective. Journal of Nutritional 
Biochemistry 2017, 41, 1–11. https://doi.org/10.1016/J.JNUTBIO.2016.06.001. 

(4)  Czosnykowska-Łukacka, M.; Lis-Kuberka, J.; Królak-Olejnik, B.; Orczyk-Pawiłowicz, M. Changes in Human 
Milk Immunoglobulin Profile During Prolonged Lactation. Frontiers in Pediatrics 2020, 8. 
https://doi.org/10.3389/FPED.2020.00428. 

(5)  de Sousa-Pereira, P.; Woof, J. M. IgA: Structure, Function, and Developability. Antibodies 2019, 8 (4), 57. 
https://doi.org/10.3390/ANTIB8040057. 

(6)  Roux, M. E.; McWilliams, M.; Phillips-Quagliata, J. M.; Weisz-Carrington, P.; Lamm, M. E. Origin of IgA-
Secreting Plasma Cells in the Mammary Gland*. Journal of Experimental Medicine 1977, 146 (5), 1311–
1322. https://doi.org/10.1084/JEM.146.5.1311. 

(7)  Lindner, C.; Thomsen, I.; Wahl, B.; Ugur, M.; Sethi, M. K.; Friedrichsen, M.; Smoczek, A.; Ott, S.; Baumann, 
U.; Suerbaum, S.; Schreiber, S.; Bleich, A.; Gaboriau-Routhiau, V.; Cerf-Bensussan, N.; Hazanov, H.; Mehr, 
R.; Boysen, P.; Rosenstiel, P.; Pabst, O. Diversification of Memory B Cells Drives the Continuous Adaptation 
of Secretory Antibodies to Gut Microbiota. Nature Immunology 2015, 16 (8), 880–888. 
https://doi.org/10.1038/NI.3213. 

(8)  Tuaillon, E.; Valea, D.; Becquart, P.; al Tabaa, Y.; Meda, N.; Bollore, K.; van de Perre, P.; Vendrell, J.-P. 
Human Milk-Derived B Cells: A Highly Activated Switched Memory Cell Population Primed to Secrete 
Antibodies. The Journal of Immunology 2009, 182 (11), 7155–7162. 
https://doi.org/10.4049/JIMMUNOL.0803107. 

(9)  Bonilla, F. A.; Barlan, I.; Chapel, H.; Costa-Carvalho, B. T.; Cunningham-Rundles, C.; de la Morena, M. T.; 
Espinosa-Rosales, F. J.; Hammarström, L.; Nonoyama, S.; Quinti, I.; Routes, J. M.; Tang, M. L. K.; Warnatz, 
K. International Consensus Document (ICON): Common Variable Immunodeficiency Disorders. Journal of 
Allergy and Clinical Immunology: In Practice 2016, 4 (1), 38–59. 
https://doi.org/10.1016/J.JAIP.2015.07.025. 

(10)  Delacroix, D. L.; Elkon, K. B.; Geubel, A. P. Changes in Size, Subclass, and Metabolic Properties of Serum 
Immunoglobulin A in Liver Diseases and in Other Diseases with High Serum Immunoglobulin A. Journal of 
Clinical Investigation 1983, 71 (2), 358–367. https://doi.org/10.1172/JCI110777. 

(11)  Heneghan, M. A.; Yeoman, A. D.; Verma, S.; Smith, A. D.; Longhi, M. S. Autoimmune Hepatitis. The Lancet 
2013, 382 (9902), 1433–1444. https://doi.org/10.1016/S0140-6736(12)62163-1. 

(12)  Inamine, T.; Schnabl, B. Immunoglobulin A and Liver Diseases. Journal of Gastroenterology 2018, 53 (6), 
691–700. https://doi.org/10.1007/S00535-017-1400-8. 

(13)  Ejemel, M.; Li, Q.; Hou, S.; Schiller, Z. A.; Tree, J. A.; Wallace, A.; Amcheslavsky, A.; Kurt Yilmaz, N.; 
Buttigieg, K. R.; Elmore, M. J.; Godwin, K.; Coombes, N.; Toomey, J. R.; Schneider, R.; Ramchetty, A. S.; 
Close, B. J.; Chen, D. Y.; Conway, H. L.; Saeed, M.; Ganesa, C.; Carroll, M. W.; Cavacini, L. A.; Klempner, M. 
S.; Schiffer, C. A.; Wang, Y. A Cross-Reactive Human IgA Monoclonal Antibody Blocks SARS-CoV-2 Spike-
ACE2 Interaction. Nature Communications 2020, 11 (1). https://doi.org/10.1038/S41467-020-18058-8. 

  

100 CHAPTER 3



 

 
(14)  Bondt, A.; Hoek, M.; Tamara, S.; de Graaf, B.; Peng, W.; Schulte, D.; van Rijswijck, D. M. H.; den Boer, M. 

A.; Greisch, J. F.; Varkila, M. R. J.; Snijder, J.; Cremer, O. L.; Bonten, M. J. M.; Heck, A. J. R. Human Plasma 
IgG1 Repertoires Are Simple, Unique, and Dynamic. Cell Systems 2021, 12 (12), 1131-1143.e5. 
https://doi.org/10.1016/J.CELS.2021.08.008. 

(15)  Tarelli, E.; Smith, A. C.; Hendry, B. M.; Challacombe, S. J.; Pouria, S. Human Serum IgA1 Is Substituted with 
up to Six O-Glycans as Shown by Matrix Assisted Laser Desorption Ionisation Time-of-Flight Mass 
Spectrometry. Carbohydrate Research 2004, 339 (13), 2329–2335. 
https://doi.org/10.1016/J.CARRES.2004.07.011. 

(16)  Takahashi, K.; Smith, A. D.; Poulsen, K.; Kilian, M.; Julian, B. A.; Mestecky, J.; Novak, J.; Renfrow, M. B. 
Naturally Occurring Structural Isomers in Serum IgA1 O -Glycosylation. Journal of Proteome Research 2012, 
11 (2), 692–702. https://doi.org/10.1021/PR200608Q. 

(17)  Donovan, S. M. Human Milk Proteins: Composition and Physiological Significance. Nestle Nutrition Institute 
Workshop Series 2019, 90, 93–101. https://doi.org/10.1159/000490298. 

(18)  Dingess, K. A.; van Dam, P.; Zhu, J.; Mank, M.; Knipping, K.; Heck, A. J. R.; Stahl, B. Optimization of a Human 
Milk–Directed Quantitative SIgA ELISA Method Substantiated by Mass Spectrometry. Analytical and 
Bioanalytical Chemistry 2021, 413 (20), 5037–5049. https://doi.org/10.1007/S00216-021-03468-4. 

(19)  Bergqvist, P.; Gärdby, E.; Stensson, A.; Bemark, M.; Lycke, N. Y. Gut IgA Class Switch Recombination in the 
Absence of CD40 Does Not Occur in the Lamina Propria and Is Independent of Germinal Centers. The 
Journal of Immunology 2006, 177 (11), 7772–7783. https://doi.org/10.4049/JIMMUNOL.177.11.7772. 

(20)  Benckert, J.; Schmolka, N.; Kreschel, C.; Zoller, M. J.; Sturm, A.; Wiedenmann, B.; Wardemann, H. The 
Majority of Intestinal IgA+ and IgG+ Plasmablasts in the Human Gut Are Antigen-Specific. Journal of Clinical 
Investigation 2011, 121 (5), 1946–1955. https://doi.org/10.1172/JCI44447. 

(21)  Bemark, M.; Hazanov, H.; Strömberg, A.; Komban, R.; Holmqvist, J.; Köster, S.; Mattsson, J.; Sikora, P.; 
Mehr, R.; Lycke, N. Y. Limited Clonal Relatedness between Gut IgA Plasma Cells and Memory B Cells after 
Oral Immunization. Nature Communications 2016, 7. https://doi.org/10.1038/NCOMMS12698. 

(22)  Iversen, R.; Snir, O.; Stensland, M.; Kroll, J. E.; Steinsbø, Ø.; Korponay-Szabó, I. R.; Lundin, K. E. A.; de 
Souza, G. A.; Sollid, L. M. Strong Clonal Relatedness between Serum and Gut IgA despite Different Plasma 
Cell Origins. Cell Reports 2017, 20 (10), 2357–2367. https://doi.org/10.1016/J.CELREP.2017.08.036. 

(23)  Wang, Z.; Lorenzi, J. C. C.; Muecksch, F.; Finkin, S.; Viant, C.; Gaebler, C.; Cipolla, M.; Hoffmann, H. H.; 
Oliveira, T. Y.; Oren, D. A.; Ramos, V.; Nogueira, L.; Michailidis, E.; Robbiani, D. F.; Gazumyan, A.; Rice, C. 
M.; Hatziioannou, T.; Bieniasz, P. D.; Caskey, M.; Nussenzweig, M. C. Enhanced SARS-CoV-2 Neutralization 
by Dimeric IgA. Science Translational Medicine 2021, 13 (577). 
https://doi.org/10.1126/SCITRANSLMED.ABF1555. 

(24)  Williams, L. T. D.; Ofek, G.; Schätzle, S.; McDaniel, J. R.; Lu, X.; Nicely, N. I.; Wu, L.; Lougheed, C. S.; Bradley, 
T.; Louder, M. K.; McKee, K.; Bailer, R. T.; O’Dell, S.; Georgiev, I. S.; Seaman, M. S.; Parks, R. J.; Marshall, D. 
J.; Anasti, K.; Yang, G.; Nie, X.; Tumba, N. L.; Wiehe, K.; Wagh, K.; Korber, B.; Kepler, T. B.; Munir Alam, S.; 
Morris, L.; Kamanga, G.; Cohen, M. S.; Bonsignori, M.; Xia, S. M.; Montefiori, D. C.; Kelsoe, G.; Gao, F.; 
Mascola, J. R.; Anthony Moody, M.; Saunders, K. O.; Liao, H. X.; Tomaras, G. D.; Georgiou, G.; Haynes, B. F. 
Potent and Broad HIV-Neutralizing Antibodies in Memory B Cells and Plasma. Science Immunology 2017, 2 
(7). https://doi.org/10.1126/SCIIMMUNOL.AAL2200. 

(25)  Donnelly, D. P.; Rawlins, C. M.; DeHart, C. J.; Fornelli, L.; Schachner, L. F.; Lin, Z.; Lippens, J. L.; Aluri, K. C.; 
Sarin, R.; Chen, B.; Lantz, C.; Jung, W.; Johnson, K. R.; Koller, A.; Wolff, J. J.; Campuzano, I. D. G.; Auclair, J. 
R.; Ivanov, A. R.; Whitelegge, J. P.; Paša-Tolić, L.; Chamot-Rooke, J.; Danis, P. O.; Smith, L. M.; Tsybin, Y. O.; 
Loo, J. A.; Ge, Y.; Kelleher, N. L.; Agar, J. N. Best Practices and Benchmarks for Intact Protein Analysis for 
Top-down Mass Spectrometry. Nature Methods 2019, 16 (7), 587–594. https://doi.org/10.1038/S41592-
019-0457-0. 

 101

3

A DIRECT MS-BASED APPROACH TO PROFILE HUMAN MILK SIGA1



 

(26)  Brown, K. A.; Melby, J. A.; Roberts, D. S.; Ge, Y. Top-down Proteomics: Challenges, Innovations, and 
Applications in Basic and Clinical Research. Expert Review of Proteomics 2020, 17 (10), 719–733. 
https://doi.org/10.1080/14789450.2020.1855982. 

(27)  Srzentić, K.; Fornelli, L.; Tsybin, Y. O.; Loo, J. A.; Seckler, H.; Agar, J. N.; Anderson, L. C.; Bai, D. L.; Beck, A.; 
Brodbelt, J. S.; van der Burgt, Y. E. M.; Chamot-Rooke, J.; Chatterjee, S.; Chen, Y.; Clarke, D. J.; Danis, P. O.; 
Diedrich, J. K.; D’Ippolito, R. A.; Dupré, M.; Gasilova, N.; Ge, Y.; Goo, Y. A.; Goodlett, D. R.; Greer, S.; 
Haselmann, K. F.; He, L.; Hendrickson, C. L.; Hinkle, J. D.; Holt, M. v.; Hughes, S.; Hunt, D. F.; Kelleher, N. L.; 
Kozhinov, A. N.; Lin, Z.; Malosse, C.; Marshall, A. G.; Menin, L.; Millikin, R. J.; Nagornov, K. O.; Nicolardi, S.; 
Paša-Tolić, L.; Pengelley, S.; Quebbemann, N. R.; Resemann, A.; Sandoval, W.; Sarin, R.; Schmitt, N. D.; 
Shabanowitz, J.; Shaw, J. B.; Shortreed, M. R.; Smith, L. M.; Sobott, F.; Suckau, D.; Toby, T.; Weisbrod, C. R.; 
Wildburger, N. C.; Yates, J. R.; Yoon, S. H.; Young, N. L.; Zhou, M. Interlaboratory Study for Characterizing 
Monoclonal Antibodies by Top-Down and Middle-Down Mass Spectrometry. J Am Soc Mass Spectrom 
2020, 31 (9), 1783–1802. https://doi.org/10.1021/JASMS.0C00036. 

(28)  den Boer, M. A.; Greisch, J. F.; Tamara, S.; Bondt, A.; Heck, A. J. R. Selectivity over Coverage in: De Novo 
Sequencing of IgGs. Chemical Science 2020, 11 (43), 11886–11896. https://doi.org/10.1039/D0SC03438J. 

(29)  Shaw, J. B.; Liu, W.; Vasil′ev, Y. v.; Bracken, C. C.; Malhan, N.; Guthals, A.; Beckman, J. S.; Voinov, V. G. 
Direct Determination of Antibody Chain Pairing by Top-down and Middle-down Mass Spectrometry Using 
Electron Capture Dissociation and Ultraviolet Photodissociation. Analytical Chemistry 2020, 92 (1), 766–
773. https://doi.org/10.1021/ACS.ANALCHEM.9B03129. 

(30)  Greisch, J. F.; den Boer, M. A.; Beurskens, F.; Schuurman, J.; Tamara, S.; Bondt, A.; Heck, A. J. R. Generating 
Informative Sequence Tags from Antigen-Binding Regions of Heavily Glycosylated IgA1 Antibodies by 
Native Top-Down Electron Capture Dissociation. J Am Soc Mass Spectrom 2021, 32 (6), 1326–1335. 
https://doi.org/10.1021/JASMS.0C00461. 

(31)  Wine, Y.; Horton, A. P.; Ippolito, G. C.; Georgiou, G. Serology in the 21st Century: The Molecular-Level 
Analysis of the Serum Antibody Repertoire. Current Opinion in Immunology 2015, 35, 89–97. 
https://doi.org/10.1016/J.COI.2015.06.009. 

(32)  Lindeman, I.; Zhou, C.; Eggesbø, L. M.; Miao, Z.; Polak, J.; Lundin, K. E. A.; Jahnsen, J.; Qiao, S. W.; Iversen, 
R.; Sollid, L. M. Longevity, Clonal Relationship, and Transcriptional Program of Celiac Disease-Specific 
Plasma Cells. J Exp Med 2021, 218 (2). https://doi.org/10.1084/JEM.20200852. 

(33)  Snapkov, I.; Chernigovskaya, M.; Sinitcyn, P.; Lê Quý, K.; Nyman, T. A.; Greiff, V. Progress and Challenges in 
Mass Spectrometry-Based Analysis of Antibody Repertoires. Trends in Biotechnology 2022, 40 (4), 463–
481. https://doi.org/10.1016/J.TIBTECH.2021.08.006. 

(34)  Zhu, J.; Dingess, K. A.; Mank, M.; Stahl, B.; Heck, A. J. R. Personalized Profiling Reveals Donor- And 
Lactation-Specific Trends in the Human Milk Proteome and Peptidome. Journal of Nutrition 2021, 151 (4), 
826–839. https://doi.org/10.1093/JN/NXAA445. 

(35)  Geraghty, S. R.; Davidson, B. S.; Warner, B. B.; Sapsford, A. L.; Ballard, J. L.; List, B. A.; Akers, R.; Morrow, A. 
L. The Development of a Research Human Milk Bank. Journal of Human Lactation 2005, 21 (1), 59–66. 
https://doi.org/10.1177/0890334404273162. 

(36)  van de Waterbeemd, M.; Tamara, S.; Fort, K. L.; Damoc, E.; Franc, V.; Bieri, P.; Itten, M.; Makarov, A.; Ban, 
N.; Heck, A. J. R. Dissecting Ribosomal Particles throughout the Kingdoms of Life Using Advanced Hybrid 
Mass Spectrometry Methods. Nature Communications 2018, 9 (1). https://doi.org/10.1038/S41467-018-
04853-X. 

(37)  McKinney, W. Data Structures for Statistical Computing in Python. Proceedings of the 9th Python in Science 
Conference 2010, 56–61. https://doi.org/10.25080/MAJORA-92BF1922-00A. 

(38)  van der Walt, S.; Colbert, S. C.; Varoquaux, G. The NumPy Array: A Structure for Efficient Numerical 
Computation. Computing in Science and Engineering 2011, 13 (2), 22–30. 
https://doi.org/10.1109/MCSE.2011.37. 

102 CHAPTER 3



 

(39)  Virtanen, P.; Gommers, R.; Oliphant, T. E.; Haberland, M.; Reddy, T.; Cournapeau, D.; Burovski, E.; 
Peterson, P.; Weckesser, W.; Bright, J.; van der Walt, S. J.; Brett, M.; Wilson, J.; Millman, K. J.; Mayorov, N.; 
Nelson, A. R. J.; Jones, E.; Kern, R.; Larson, E.; Carey, C. J.; Polat, İ.; Feng, Y.; Moore, E. W.; VanderPlas, J.; 
Laxalde, D.; Perktold, J.; Cimrman, R.; Henriksen, I.; Quintero, E. A.; Harris, C. R.; Archibald, A. M.; Ribeiro, 
A. H.; Pedregosa, F.; van Mulbregt, P.; Vijaykumar, A.; Bardelli, A. pietro; Rothberg, A.; Hilboll, A.; 
Kloeckner, A.; Scopatz, A.; Lee, A.; Rokem, A.; Woods, C. N.; Fulton, C.; Masson, C.; Häggström, C.; 
Fitzgerald, C.; Nicholson, D. A.; Hagen, D. R.; Pasechnik, D. v.; Olivetti, E.; Martin, E.; Wieser, E.; Silva, F.; 
Lenders, F.; Wilhelm, F.; Young, G.; Price, G. A.; Ingold, G. L.; Allen, G. E.; Lee, G. R.; Audren, H.; Probst, I.; 
Dietrich, J. P.; Silterra, J.; Webber, J. T.; Slavič, J.; Nothman, J.; Buchner, J.; Kulick, J.; Schönberger, J. L.; de 
Miranda Cardoso, J. V.; Reimer, J.; Harrington, J.; Rodríguez, J. L. C.; Nunez-Iglesias, J.; Kuczynski, J.; Tritz, 
K.; Thoma, M.; Newville, M.; Kümmerer, M.; Bolingbroke, M.; Tartre, M.; Pak, M.; Smith, N. J.; Nowaczyk, 
N.; Shebanov, N.; Pavlyk, O.; Brodtkorb, P. A.; Lee, P.; McGibbon, R. T.; Feldbauer, R.; Lewis, S.; Tygier, S.; 
Sievert, S.; Vigna, S.; Peterson, S.; More, S.; Pudlik, T.; Oshima, T.; Pingel, T. J.; Robitaille, T. P.; Spura, T.; 
Jones, T. R.; Cera, T.; Leslie, T.; Zito, T.; Krauss, T.; Upadhyay, U.; Halchenko, Y. O.; Vázquez-Baeza, Y. 
Author Correction: SciPy 1.0: Fundamental Algorithms for Scientific Computing in Python (Nature 
Methods, (2020), 17, 3, (261-272), 10.1038/S41592-019-0686-2). Nature Methods 2020, 17 (3), 352. 
https://doi.org/10.1038/S41592-020-0772-5. 

(40)  Hunter, J. D. Matplotlib: A 2D Graphics Environment. Computing in Science and Engineering 2007, 9 (3), 
90–95. https://doi.org/10.1109/MCSE.2007.55. 

  

  

 103

3

A DIRECT MS-BASED APPROACH TO PROFILE HUMAN MILK SIGA1



 

  

  

SSuupppplleemmeennttaall  TTaabbllee  SS11  MMoonnoocclloonnaall  IIggAA11  ((77DD88))  FFaabb  sseeqquueennccee  

Fd LC Fab mass (avg) 
EVQLVESGGGLVQPDRSLRLSCAASGFTFHDY
AMHWVRQAPGKGLEWVSTISWNSGTIGYA
DSVKGRFTISRDNAKNSLYLQMNSLRAEDTAL
YYCAKDIQYGNYYYGMDVWGQGTTVTVSSA
SPTSPKVFPLSLCSTQPDGNVVIACLVQGFFP
QEPLSVTWSESGQGVTARNFPPSQDASGDLY
TTSSQLTLPATQCLAGKSVTCHVKHYTNPSQD
VTVPCPVPS 

EIVLTQSPATLSLSPGERATLSCRASQSVSSY
LAWYQQKPGQAPRLLIYDASNRATGIPARF
SGSGSGTDFTLTISSLEPEDFAVYYCQQRSN
WPITFGQGTRLEIKRTVAAPSVFIFPPSDEQ
LKSGTASVVCLLNNFYPREAKVQWKVDNA
LQSGNSQESVTEQDSKDSTYSLSSTLTLSKA
DYEKHKVYACEVTHQGLSSPVTKSFNRGEC 

47957.41 

 

 

SSuupppplleemmeennttaall  TTaabbllee  SS22  SSeerriiaall  ddiilluuttiioonn  ffoorr  qquuaannttiiffiiccaattiioonn  ooff  ssIIggAA  aanndd  mmIIggAA  ssttaannddaarrddss**  

mAb Human colostrum sIgA 
200 ng 20 µg 
200 ng 40 µg 
200 ng 80 µg 

*All samples were made in a 1% milk powder background in PBS. 
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FFiigguurree  SS11  ||  GGeell--bbaasseedd  aasssseessssmmeenntt  ooff  tthhee  IIggAA  ccaappttuurriinngg  aanndd  OOggppAA  cclleeaavvaaggee  eeffffiicciieennccyy.. SDS-PAGE gel of 
two different IgA standards A) human colostrum sIgA standard and B) monoclonal mIgA1. Both these 
standards were made at equivalent starting concentrations of 40 ug in 1% milk powder background. 
Subsequently IgA was captured and digested by OgpA. On gel, samples were ran as 8 ug of protein 
each. From left to right: molecular weight ladder, 1) starting material, 2) flowthrough from the 
capturing, 3) eluant of the capture, 4) digested Fab and 6) digested Fc. The expected starting material 
mass of IgA is indicated by the yellow boxes. The expected digested masses of the Fab and Fc are 
indicated in the green and blue boxes, respectively. Above the blue box in lane A6, the smear most 
likely indicates undigested sIgA2, only present in the human colostrum sIgA standard. The IgA masses 
of the two standards (lanes A1, A3, B1 and B3) are different as to the human colostrum sIgA is heavier 
due to additional J-chain and SC, which are not present in the mIgA1 standard. This also results in a 
heavier Fc for the human colostrum sIgA1 in lane A6. Both standards have Fab masses (lanes A5 and 
B5) at the expected 50 kDa mark. Additional bands on the gel are indicative of the milk proteins in the 
milk powder, namely: BSA at 60 kDa, casein fraction at 30 and 25 kDa, β-lactoglobulin at 16 kDa and α-
lactoglobulin at 12 kDa, as confirmed by LC-MS based identification. In lanes A6 and B6 two bands are 
present at masses of ~40 kDa, these are the enzymes used for digestion of the Fab. 
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FFiigguurree  SS22  ||  AAccccuurraaccyy  aanndd  rreepprroodduucciibbiilliittyy  ooff  qquuaannttiiffiiccaattiioonn  ooff  iinnddiivviidduuaall  ssIIggAA  cclloonneess. All 128 clones that 
were detected in all replicates from a human milk colostrum sIgA standard were quantified relative to 
a monoclonal mIgA1 of known quantity. The detected quantities of each clone in all samples were 
compared to the levels in one sample with 40 µg sIgA, and the fold-change was plotted. Replicates of 
the same injection amount (40 µg) showed no significant fold-change. Clone intensities in the 20 µg 
replicates are detected at half the abundance (-1 log2 fold change), and clone intensity in the 80 µg 
replicates were detected at double the abundance. Boxplots indicate the median, and 25th and 75th 
percentile, whiskers range to 1.5 times IQR. All values inside this range are shown as black dots. Outliers 
(> 1.5 times IQR) are indicated as black diamonds. 

 

FFiigguurree  SS33  ||  RReellaattiivvee  ssttaannddaarrdd  ddeevviiaattiioonn  ooff  cclloonnee  qquuaannttiiffiiccaattiioonn..  Relative standard deviation (RSD) 
observed in the sIgA1 repertoire replicate analyses of a human milk colostrum sIgA standard. Boxplots 
indicate the median, 25th and 75th percentile, the whiskers range 1.5 times the inter-quartile range 
(IQR). Values outside this range are outliers, marked as black diamonds.  
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FFiigguurree  SS44  ||  OObbsseerrvveedd  oovveerrllaapp  iinn  cclloonnaall  ssIIggAA11  rreeppeerrttooiirreess..  Observed overlap within and in between 
donors. The persistence of repertoires is given as a percentage of the total sIgA1 clone abundance. 
Each small square depicts a percentage, as indicated by the color bar and the value inside the square, 
of overlap between the samples. This figure represents a value annotated copy of Figure 4B. 

 107

3

A DIRECT MS-BASED APPROACH TO PROFILE HUMAN MILK SIGA1



 

 

FFiigguurree  SS55  ||  MMaassss  pprrooffiilleess  ooff  FFaabb  rreeppeerrttooiirreess  ddeerriivveedd  ffrroomm  hhuummaann  mmiillkk  ssIIggAA11  iinn  ssaammpplleess  ffrroomm  bbootthh  ddoonnoorrss  
aatt  aallll  ssaammpplleedd  ttiimmeeppooiinnttss.. Each peak represents a unique Fab at its detected mass and concentration in 
human milk. Clearly within a donor these sIgA1 Fab profiles look very much alike, but between donors 
they are strikingly dissimilar. All profiles were compared with each other and used to prepare the 
correlation matrix shown in Figure 4. 
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FFiigguurree  SS66  ||  TThhee  IIggAA11  rreeppeerrttooiirree  pprrooffiilliinngg  aapppprrooaacchh  ppeerrffoorrmmss  eeqquuaallllyy  wweellll  iinn  sseerruumm..  Proof-of-concept data, 
showing the mass profile of Fabs derived from human plasma IgA1 from a single healthy donor. Each 
peak represents a unique Fab at its detected mass and concentration in human serum. The top 30 most 
abundant clones are colored purple, while the remainder are colored grey. The number in the pie inset 
shows the total number of identified Fab clones. The contribution to the total concentration of the top 
30 most abundant clones is depicted in order of abundance by the pie slices, the remainder of the 
clones are depicted as the black pie slice. This reveals that of the total concentration of identified IgA1 
Fab clones, the top 30 most abundant contribute about 50% to the total repertoire present in the 
plasma. 
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SSuummmmaarryy  
The most abundant immunoglobulin present in the human body is IgA. It has the highest 
concentrations at the mucosal lining and in biofluids such as milk and is the second most 
abundant class of antibodies in serum. We assessed the structural diversity and clonal 
repertoire of IgA1-containing molecular assemblies longitudinally in human serum and milk 
from three donors using a mass spectrometry-based approach. IgA-containing molecules 
purified from serum or milk were assessed by the release and subsequent analysis of Fabs. 
Our data revealed that serum IgA1 consists of two distinct structural populations, namely 
monomeric IgA1 (∼ 80%) and dimeric joining (J-) chain coupled IgA1 (∼ 20%). Also, we 
confirmed that IgA1 in milk is present solely as secretory (S)IgA, consisting of two (∼ 50%), 
three (∼ 33%) or four (∼ 17%) IgA1 molecules assembled with a J-chain and secretory 
component (SC). Interestingly, the serum and milk IgA1-Fab repertoires were distinct 
between monomeric, and J-chain coupled dimeric IgA1. The serum dimeric J-chain coupled 
IgA1 repertoire contained several abundant clones also observed in the milk IgA1 
repertoire. The latter had little to no overlap with the serum monomeric IgA1 repertoire. 
This suggests that human IgA1s have two distinct origins; one of these produces dimeric J-
chain coupled IgA1 molecules, shared in human serum and milk, and another produces 
monomeric IgA1 ending up exclusively in serum. 

IInnttrroodduuccttiioonn  
The antibody humoral immune response is part of the adaptive immune system and 
responds to foreign antigen exposure, including naturally acquired infections and 
vaccinations, driven by B cells that produce immunoglobulins (Igs). When a new antigen is 
encountered, B cells respond by proliferating daughter B cells, forming antibody secreting 
plasma cells (ASPC) or memory B cells 1,2. The antigen specific ASPCs are capable of 
producing high numbers of the same Ig molecule, which can effectively bind, neutralize, and 
mark potentially harmful foreign antigens for destruction by other immune components 3. 
Antibodies make up a large part of all proteins in the serum proteome (roughly 15-25%) 4–

6, but they are also highly abundant in other biofluids such as human milk 7–10. Although the 
humoral immune response has been intensively studied for decades, we still lack a full 
understanding regarding where all Ig molecules originate, from which specific lymph nodes 
and/or secondary lymphatic organs, and how they get to the sites and biofluids where they 
are active 11. 

Regardless of their origin, all antibody classes are produced by B cells and are composed of 
two light chains (LC) and two heavy chains (HC). The intact antibody can be functionally 
divided into three fragments: two antigen-binding fragments (Fabs) at the N-terminal side, 
and the so-called fragment crystallizable (Fc) at the C-terminal side. The Fc can bind to Fc-
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receptors on immune cells and mediate immune effector responses such as phagocytosis, 
antibody-dependent cell-mediated cytotoxicity, respiratory burst, and cytokine release 12,13. 
While the Fc has a conserved sequence and structure, in contrast the Fab contains the 
variable (V) regions which are responsible for specific recognition of vastly diverse antigens 
and is hypervariable in sequence. A major cause of this hypervariability is that the antigen-
binding domains of the LC and HC are encoded through a random assembly of one of 
multiple V(-D)-J gene segments that recombine to a staggering number of combinations, 
together encoding a variable region that is unique for each naïve B cell 14. Natural 
polymorphisms, somatic hypermutation (SHM), and class switching further expand the 
eventual diversity in antibody repertoires 15. 

Each Ig derived from a different B cell is unique, resulting in a theoretical estimate of 1016-
1018 unique Ig sequences that can be made throughout the human body 16 . However, we 
recently showed that at the protein level in human serum and milk both IgG1 and IgA1 
clonal repertoires are much simpler, dominated by only tens to hundreds of clones at a 
given time, albeit unique for each donor 17,18. In other words, a few hundred clones of 
IgG1/IgA1 constitute between 50-90% of all IgG1/IgA1 molecules at a given time and this is 
true both in human serum and milk. In the current study, we focus on IgA1 and aim to 
address whether there are differences or similarities between human serum and milk IgA, 
from both a structural point of view as well as in their IgA1 clonal repertoires. 

Humans have two subclasses of IgA, IgA1 and IgA2. The IgA subclass structures are highly 
homologous, with the exception of the hinge region, which is elongated for IgA1 and shorter 
in IgA2, resembling more the hinge found in IgG1. Serum IgA is thought to be predominantly 
monomeric and present at concentrations ranging from 1-3 mg/mL 19,20, while at mucosal 
epithelial cell surfaces IgA is mostly found in a dimeric form 21. Dimeric IgA has been 
reported to be produced specifically by plasma cells in the lamina propria of mucosal 
epithelial cells, and these dimers consist of two monomeric IgA molecules joined together 
at the Fc region by the joining (J-) chain 22. Recently, Kumar et al. resolved cryo-electron 
microscopy structures of dimeric, tetrameric, and pentameric secretory (S)IgA-Fcs 
interacting with the J-chain 23. These structures support a mechanism wherein the J-chain 
serves as a template for Ig oligomerization in a similar fashion as seen for IgM 24. These J-
chain coupled immunoglobulins can bind to the polymeric immunoglobulin receptor (pIgR) 
and be transported across the epithelium into the lumen of mucosal surfaces. The pIgR is 
then enzymatically cleaved to form the secretory component (SC). Together, J-chain 
coupled IgA and SC are called SIgA 25. In human milk the concentration of SIgA has been 
reported to range from 0.2 to 80 mg/mL 7–10. 
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FFiigguurree  11||  EExxppeerriimmeennttaall  ddeessiiggnn.. A) Three individual donors with matching serum and milk samples were 
selected for longitudinal IgA1 Fab clonal profiling. Samples were collected at three time points spaced 
approximately one month apart (see Supplemental Table S1 for further details). The predominant IgA1 
structures in human serum (monomer, with indicated Fab and Fc) and milk (secretory dimer, with J-
chain and SC), with their expected concentration ranges, are indicated in the key at the bottom. B) 
Human serum and milk were subjected to selective IgA capture, followed by IgA1 digestion (by OgpA), 
and LC-MS analysis of the released intact IgA1 Fab molecules to provide clonal repertoires. Each LC-MS 
peak with a unique mass and retention time was annotated as a unique clone. C) From these 18 
samples, we compared the IgA1 Fab clonal profiles over time within and between donors and sample 
types. Human serum and milk IgA1 repertoires were compared for unique and shared clones between 
donors and biofluids. 
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The different (hetero) oligomeric forms of IgA throughout the body perform a plethora of 
functions, most of which aim to balance pro- and anti-inflammatory events, maintaining 
homeostatic conditions 20,22,26–30. Generally, mucosal IgA is considered to be anti-
inflammatory, well situated with higher avidities due to its oligomeric nature, to neutralize 
pathogens before they have a chance to invade or cause harm. If the perimeters are 
breached, serum IgA and IgG with their much stronger proinflammatory properties serve as 
the next line of defense. The question remains whether all forms of IgA originate from the 
same pool of B cells. 

Here, we aimed to explore and compare the clonal repertoire of serum and milk IgA to 
elucidate whether they originate from the same B cells. To achieve this, we analyzed IgA1 
in matched serum and milk samples from several individuals and looked at both the 
oligomeric state and the clonal variable regions, Fab, profiles. We monitored these 
repertoires over time to determine the overlap (or lack thereof) within each donor and 
between donors and biofluids. This approach revealed clonal overlap between the dimeric 
J-chain coupled IgA present in both serum and milk, whereas the monomeric serum IgA1 
clonal repertoire was clearly distinct. 

RReessuullttss  
Experimental design 
Using a recently introduced mass spectrometry-based approach allowing for IgA1 clonal 
profiling from human serum and milk (18), we aimed to explore the differences and 
similarities between inter- and intra-donor serum IgA1 and milk SIgA1 clonal repertoires. To 
achieve this, serum and milk samples were analyzed from three donors that participated in 
a previously described cohort 31,32. The three donors ranged in age from 27 to 35 years at 
delivery (see Supplemental Table S1 for details). We selected donors for which paired serum 
and milk samples had been donated at three time points, each approximately one month 
apart (Figure 1A). Human serum and milk were spiked with two monoclonal antibodies 
(mAbs) of the IgA1 isotype, and then all IgA was purified using affinity enrichment and 
subsequently subjected to overnight cleavage by the O-glycan targeting protease OgpA. This 
enzyme cleaves the protein backbone N-terminally of O-glycan bearing amino acids, 
allowing for the selective cleavage of IgA1 in its hinge region, regardless of the oligomeric 
state 18. This releases specifically the IgA1 Fab fragments covering the entire variable 
domain, removing the IgA1 Fc portion containing the O- and N-glycans and furthermore, 
leaving the bound IgA2 unaffected. Subsequently, these released IgA1 Fab molecules were 
subjected to liquid chromatography coupled mass spectrometry (LC-MS) for separation, 
mass analysis, annotation, and quantification of the individual intact Fab clones, allowing us 
to monitor the repertoires of IgA1 both qualitatively and quantitatively (Figure 1B). 
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FFiigguurree  22||  IIggAA11  FFaabb  pprrooffiilliinngg  rreevveeaallss  hhiigghhllyy  uunniiqquuee  aanndd  ssttaabbllee  hhuummaann  sseerruumm  aanndd  mmiillkk  iinnttrraa--ddoonnoorr  IIggAA11  
cclloonnaall  rreeppeerrttooiirreess,,  wwiitthh  sseevveerraall  cclloonneess  sshhaarreedd  bbeettwweeeenn  sseerruumm  aanndd  mmiillkk.. A) The overlap between the full 
clonal IgA1 repertoires is given as a color-coded percentage of the total IgA1 clone abundances. Donors 
are annotated as colored silhouettes following Figure 1. Data for serum and milk are annotated as red 
and blue droplets, respectively, with three rows/columns per donor group, one for each sample 
collection. B) Hierarchical clustering dendrogram reveals the tight connection between IgA1 clonal 
repertoires from the same donor. Within a single donor the samples from either serum or milk cluster 
most tightly with each other. Additionally, there is close clustering between the IgA1 repertoires from 
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serum and milk within a given donor. Samples taken from different donors are completely dissimilar. 
C) Illustrative deconvoluted IgA1 Fab mass profiles, all obtained from Donor 1. Sample collections are 
annotated as C1-3, and serum and milk are indicated by red and blue droplets, respectively. Each peak 
represents a unique Fab (based on unique retention time and mass combination) and the peak height 
depicts the abundance of that clone. Red and blue peaks represent clones uniquely identified in either 
serum or milk, respectively. The purple peaks represent clones detected in both serum and milk. On 
the right of the mass profiles, the pie charts depict the percentage (in concentration) of shared clones 
in each measured repertoire. The red and blue pie slice represents the combined relative 
concentrations of clones uniquely identified in either serum or milk, respectively. The purple pie slice 
represents the combined relative concentration of shared clones, with the number inside the chart 
depicting the percentage of shared clones. 

Longitudinal clonal profiles of human serum and milk IgA1 
To investigate the clonal diversity and possible similarity of IgA1 clones in serum and milk, 
we incubated purified serum and milk IgA samples with OgpA and subjected the released 
Fab fragments to intact LC-MS analysis. We found that the longitudinal clonal profiles had 
a high percent overlap within one donor, particularly within the same biofluid (Figure 2A). 
The overlap between IgA1 repertoires of different donors was close to zero. Notably, the 
comparison of matched serum and milk samples revealed substantial intra-donor clonal 
overlap between the IgA1 repertoires in serum and milk. These data stand out in the 
heatmap as they form a second colored diagonal throughout (Figure 2A). High correlation 
between serum and milk of the same donor was confirmed by using hierarchical clustering 
of the clonal repertoires (Figure 2B). This analysis showed that different collections from 
the same donor and same biofluid cluster most tightly together, but different biofluids 
within a donor also cluster together. Again, nearly no correlation was observed between 
different donors. 

To visualize the overlap between biofluids, the complete Fab mass profiles of Donor 1 are 
depicted in Figure 2C for the three serum samples and the three milk samples. In these mass 
profiles, each peak is colored according to the sample in which it was detected; red and blue 
peaks are exclusively detected in serum or milk, respectively. The purple peaks depict clones 
that are detected in both serum and milk. In total, 379 – 397 IgA1 clones were identified in 
these serum samples, while slightly more SIgA1 clones (585 – 607) were identified in human 
milk. Of all these clones, roughly 100 were abundant in both serum and milk. Comparing 
the repertoires based on abundance shows that ∼ 45% of the total IgA1 concentration 
detected in serum was also detected in milk, whereas the shared clones represent ∼ 27% 
of the milk IgA1 repertoire. This data reveals that a sizable part of the IgA1 clonal repertoires 
of human serum and milk are shared between these two biofluids. 
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FFiigguurree  33  ||  SShhaarreedd  cclloonnee  iiddeennttiittyy  iinn  sseerruumm  aanndd  mmiillkk  ccoonnffiirrmmeedd  bbyy  ttoopp--ddoowwnn  EETTDD--bbaasseedd  MMSS//MMSS  aannaallyysseess.. 
A) clones m1 and m2 refer to the spiked-in mAb standards, and clones A, B, and C (annotated as [RT] 
[clone] [mass]) were identified as shared clones between serum and milk of Donor 1. Data for serum and 
milk are shown as red and blue droplets, respectively. Each square in the heatmap represents a Pearson 
correlation value between 0 and 1 of the raw top-down MS/MS spectra of two Fab clones. B) Mirrored 
top-down ETD MS/MS spectra of clones A-C in serum (red) and milk (blue). For each of the selected 
clones the fragmentation spectra in serum and milk are compared, resulting in the Pearson correlation 
value (r) given. 

Validation of shared clonality by top-down fragmentation 
Our approach allows for the assignment of shared clones in different samples based on their 
unique mass and retention time (RT), annotated as [RT] [clone] [mass]. Nevertheless, we 
aimed for additional evidence to confirm that the shared Fabs between serum and milk are 
indeed identical. To this end, top-down MS/MS analysis using ETD fragmentation was 
performed on several abundant shared Fab molecules. As a control, first, the raw top-down 
data for the two spiked-in mAbs (20.4 m1 47958.1 and 23.3 m2 48496.7) were compared and showed 
Pearson correlation (r) values of 0.69 and 0.63 in their ETD MS/MS spectra, respectively 
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(Figure 3A), confirming that we identify the same antibody in different samples. Similarly, 
the correlation between the top-down data of overlapping serum and milk clones was also 
found to be high, albeit slightly lower at 0.54, 0.51, and 0.40, respectively. This reduced 
correlation can likely be attributed to the fact that the recombinant mAbs were present in 
equal abundance in serum and milk, while the concentration of the endogenous clones 
varied substantially between serum and milk. Correlation between MS/MS spectra of 
different clones, on the other hand, was less than 0.05 (Supplemental Figure 1). 

The molecular composition of IgA assemblies in serum and milk 
Shared clones in serum and milk should originate from the same B cell. The presence of a 
clone in milk requires the co-production of a J-chain for binding to pIgR and further 
transportation into milk. Therefore, we hypothesized that the same clone detected in 
human serum and milk should be present as dimeric J-chain coupled IgA. Therefore, we next 
set out to explore the composition of total IgA in human serum and milk, as current 
literature is not entirely consistent in this respect. IgA1 and IgA2 were captured from serum 
or milk, Donor 1 at collection 1 (C1), and subjected to mass analysis by mass photometry 
(MP) to assess the oligomeric state. MP is a label-free light scattering-based mass analysis 
technique, which allows for the determination of the mass of individual particles using their 
scattering intensity 33–35. The resulting mass distribution histograms of purified serum and 
milk IgA are depicted in Figure 4A and 4B, respectively. Both mass histograms show a variety 
of co-occurring assemblies with masses roughly between 150 and 800 kDa. In the IgA 
purified from serum (Figure 4A), the mass distribution histogram showed a dominant peak 
at ∼ 157 kDa, which is the molecular mass of monomeric IgA. The highest molecular weight 
(MW) ∼ 338 kDa peak can be assigned to dimeric J-chain coupled IgA (expected mass 341 - 
351 kDa). The other non-annotated peaks are likely related to co-purified albumin (grey 
distributions). When quantifying the two peaks containing IgA molecules, J-chain coupled 
IgA contains two IgA molecules, we find that 83% of all IgA in serum is present in a 
monomeric form, with ∼ 17% present as dimeric J-chain coupled IgA. The mass photometry 
of IgA purified from human milk (Figure 4B) is quite different and reveals a major peak at ∼ 
418 kDa, indicative of a SIgA dimer, which includes the J-chain and SC (expected mass 414 - 
425 kDa). This contributes nearly 50% of the IgA in milk. The other peaks in the human milk 
sample apporoach the masses of probable secretory IgA trimer at 590 kDa (∼ 33% of IgA 
Fab molecules) and secretory IgA tetramer at 770 kDa (∼ 17% of IgA Fab molecules). The 
grey distribution lower masses in Figure 4B are possibly due to partial acid-induced 
dissociation of the secretory complex. Of note, SIgA from more native preparations did not 
show the lower mass peaks (data not shown), supporting our annotations. Of note, in 
contrast to the clonal profiling data, these mass photometry analyses were performed on 
total IgA (sum of IgA1 and IgA2). However, bottom-up proteomics data revealed that the 

 119

4

COMMON AND DISTINCT ORIGINS OF HUMAN SERUM AND MILK IGA1



 

total amount of IgA2 was between 10 – 50 times less than IgA1 in the blood and milk of all 
donors (Table S4) and therefore IgA2 can only contribute for a minor amount to the higher 
order tri- and tetrameric assemblies we observe by mass photometry (Table S4). 

Serum contains two distinct repertoires of IgA1 
In the previous sections we showed substantial overlap between human serum and milk 
IgA1 repertoires (Figure 2 and Figure 3), suggesting that this would require dimeric J-chain 
coupled IgA in serum. Above we showed the presence of this molecular structure in serum 
accounting for approximately 20% of the IgA concentration (Figure 4A). To assess whether 
the dimeric IgA in serum is directly related to the SIgA in milk, and likewise whether the 
monomeric IgA is not related, we next performed size exclusion chromatography (SEC) 
fractionation for Donor 1 (C1) serum and milk and in parallel on an independent control 
serum and milk samples. The control serum sample was from a pool of 10 healthy donors 
and the control milk sample was from one individual donor over 5 time points. For both the 
control serum and milk samples, shot-gun proteomics was performed on the SEC fractions. 
From Donor 1 (C1) Fab profiling experiments on the SEC fractions were performed and 
compared to the control experiments (Figure 5 and Supplemental Figure S2). 

The control serum sample, pooled from several donors, was fractionated by SEC into 30 
fractions, and the protein content of each fraction was analyzed by shot-gun proteomics. 
Proteins were quantified by label-free quantification (LFQ) to obtain a relative abundance 
in each fraction. Through this analysis we found that serum IgA1 displayed two distinct 
peaks in SEC and as expected the higher MW peak overlaps with the elution profile of the 
J-chain (Figure 5A). Thus, it is possible to distinguish and fractionate two distinct pools of 
serum IgA1, the monomeric IgA1 pool and the dimeric J-chain coupled IgA1 pool. 
Furthermore, the control pooled serum sample also shows a ∼ 80:20 ratio of monomeric 
and dimeric IgA1, in agreement with the MP data for Donor 1 (C1). Notably, a second higher 
MW peak is observed in the elution profile of the J-chain, which coincides with the elution 
profile of IgM, the other Ig complex in serum that incorporates a J-chain. 

Subsequently, we used this SEC fractionation approach to fractionate and analyze the 
purified serum IgA from Donor 1 (C1) (Figure 5B). As expected, two distinctive maxima were 
observed. From Donor (C1) just four fractions (F1 – F4) were collected covering the full SEC 
elution profile of IgA. From these four fractions, in parallel, IgA was extracted and digested 
to release the IgA1 Fab fragments. The resulting IgA1 repertoires of these four fractions 
were profiled separately by LC-MS. 
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FFiigguurree  44||  SSeevveerraall  ddiissttiinncctt  IIggAA  aasssseemmbblliieess  ccoo--ooccccuurr  iinn  hhuummaann  sseerruumm  aanndd  mmiillkk  aass  ddeetteerrmmiinneedd  bbyy  mmaassss  
pphhoottoommeettrryy.. Mass distribution histograms of IgA assemblies purified from serum (A) or milk (B). Normal 
distributions were fitted to the histograms depicting counts per mass bin (grey bars with a bin size of 
15 kDa). From the fitted normal distributions an average mass was determined for each peak as shown 
in the legend. For each of the colored peaks a mass and probable composition could be assigned. A 
table comparing the measured masses with theoretical masses of the different IgA complexes is 
provided in Supplemental Tables S2 and S3. On the right adjoining the mass histograms are stacked bar 
charts depicting the relative contribution of distinct IgA assemblies to the total IgA concentration 
derived from the mass histograms, considering that dimeric J-chain coupled IgA contains twice as many 
Fab molecules compared to monomeric IgA, etc. C) Depiction and description of all probable co-
occurring IgA assemblies in human serum (first two structures) and milk (last three structures). 
Distinctively in serum, about 83% of IgA is present as a monomer, whereas 17% is present as a dimeric 
J-chain coupled IgA. In milk a distribution of SIgA assemblies is detected, all containing one J-chain, one 
SC, and two to four IgA molecules. The grey peaks are likely co-purified albumin and unknown (in A, 65 
and 227 kDa, respectively), and possibly free SC partially degraded by the acid treatment in purification 
(in B). 
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In the resulting IgA1 Fab mass profiles across the four serum fractions, a difference in total 
concentration and the concentration of individual clones was clearly observed (Figure 5C). 
In the higher-MW IgA1-containing fractions (F1 and F2) the percentage of identified clones 
shared with milk is substantially higher (∼ 63%) than the percentage of shared clones in the 
later fractions (∼ 39%). In the mass profiles, two individual clones are highlighted and 
numbered. The first peak highlights a clone (1) that is present predominantly in the later 
fractions (F3 - F4) and is therefore considered to be originating from monomeric IgA1. As 
the coloring of this peak indicates, it is uniquely detected in serum. Conversely, the second 
highlighted clone (2) is shared between serum and milk and is the most dominant peak in 
the earliest fraction (F1). It is far less dominant in the last fraction, and it is therefore 
assumed that this clone originates from serum dimeric J-chain coupled IgA1. The data 
substantiate our hypothesis that serum clones of the dimeric J-chain coupled pool of IgA1 
are preferably shared with milk while monomeric IgA1 serum clones are less likely to be 
shared with milk. SEC experiments with a milk sample from Donor 1 (C1) and in parallel a 
control milk sample from one donor across several time points were also performed. With 
the LFQ abundances from shot-gun proteomics we can distinguish between IgA1, IgA2, IgM, 
J-chain and SC in the SEC fractions of the control sample (Supplemental Figure 2). Although 
we showed in Figure 4 that several IgA assemblies co-exist, they cannot be clearly 
distinguished from SEC date (from Donor (C1) data not shown). However, the data from the 
control milk samples does confirm that there is little to no monomeric IgA present in milk 
since all IgA signal correlates with J-chain, which indicates that the low MW species 
observed in Figure 4 are not from monomeric IgA. The high abundance of free SC in the 
control milk sample is not surprising as this is commonly reported in human milk literature 
36–38. 
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FFiigguurree  55||  SSEECC  ffrraaccttiioonnaattiioonn  ccoonnffiirrmmss  tthhee  pprreesseennccee  ooff  ttwwoo  ddiissttiinncctt  ppoooollss  ooff  sseerruumm  IIggAA11  cclloonneess.. A) SEC 
fractionation of pooled serum from healthy donors, where each fraction was analyzed for its protein 
content by bottom-up proteomics. The horizontal axis depicts each analyzed fraction, and the y-axis 
depicts the normalized abundance of the proteins. IgA1 (red trace) has two peaks in the SEC 
chromatogram. The first, higher MW, peak coincides with the elution profile of J-chain, indicating that 
the first peak contains dimeric J-chain coupled IgA1. The second IgA1 peak does not contain J-chain, is 
of lower MW, and contains monomeric IgA1, as indicated by the cartoons. The J-chain SEC profile also 
has an additional peak. The higher MW peak corresponds with the elution of IgM, the other serum Ig 
complex that contains J-chain. B) SEC fractionation of IgA captured from the serum of Donor 1 (C1). 
Fractions F1 – F4 were collected across the chromatogram, indicated by the grey dashed lines. As 
observed in panel A, the serum profile contains two peaks corresponding to dimeric J-chain coupled 
IgA1 and monomeric IgA1, in similar ratios as observed in (A). These ratios are similar to the ratios 
measured by MP (Figure 4). C) Deconvoluted IgA1 Fab mass profiles of the four serum fractions from 
(B). Each peak represents a unique Fab (based on unique RT/mass pair) and the height of each peak 
represents the concentration of that clone. Red peaks represent clones unique to serum, while purple 
peaks indicate clones shared between serum and milk. On the right of the mass profiles, pie charts are 
shown depicting the percentage of unique shared clones in each repertoire. In the mass profile, two 
peaks are highlighted by red and purple numbers. 
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DDiissccuussssiioonn  
The human body produces a vast amount of IgA molecules, reaching up to 60 mg per kg of 
body mass per day 21,39,40. Produced by dedicated B cells, these molecules end up in the 
circulation and form an important part of the human immune response. While IgA is 
distributed throughout the body, it is predominantly found at mucosal surfaces and in 
biofluids like blood, saliva, and milk. Here we observed and evaluated (dis)similarities 
between human serum and milk IgA, both from a structural point of view as well as in their 
clonal repertoires. We discovered exciting new features regarding the immune biology of 
IgA1. A considerable part of the IgA1 clonal repertoire is shared between serum and milk 
within a donor. This shared pool of IgA1 is structurally specific, containing a J-chain in their 
assembly and consisting of dimeric molecular assemblies. 

The personalized longitudinal IgA1 Fab clonal profiling of human serum and milk from 
individual donors revealed that the intra-donor IgA1 clonal profiles are considerably stable, 
with a high degree of correlation, over time within a single biofluid. However, no 
measurable inter-donor correlations were observed. The fact that individuals develop 
unique acquired immunity throughout their lifetimes due to different genetics and 
environmental exposures, it may come as no surprise that IgA1 clonal repertories are 
distinct between individual donors. This is also in line with our previous findings for human 
serum IgG1 and milk IgA1, wherein no overlap between clonal repertories was observed 
between individuals 17,18. Also not unexpectedly, we found that both biofluids harbored a 
substantial fraction of unique clonal repertoires for either serum or milk. Surprisingly, given 
these fractions of unique repertoires within a donor there was considerable overlap for the 
clonal repertoires of IgA1 found in serum and milk. Furthermore, we show that the overlap 
between the clonal repertoires of IgA1 in serum and milk arises chiefly from the dimeric J-
chain coupled IgA1, and not from other molecular forms of IgA1 present in either biofluid. 

Understanding the structural assemblies of IgA1 may provide insights into the B cell origins 
of these antibodies and even their function. It is often assumed that human milk IgA1 is 
mostly dimeric, albeit that trimeric and tetrameric forms of J-chain coupled IgA1 have been 
reported already 25 years ago 40. By utilizing multiple mass-based analyses, MP and SEC-LC-
MS, we revealed that in our human milk samples, IgA1 is present solely as SIgA1, in a 
molecular composition of (IgA1)n J-chain1SC1, with 2 < n < 4, with ∼ 50% being dimeric, 33% 
trimeric and 17% tetrameric. Finally, we show that in human serum IgA1 is present in the 
form of “bare” monomers as well as J-chain coupled dimers in a ratio of approximately 
80:20. The presence of IgA1 dimers in serum has been reported but is here solidly confirmed 
with modern techniques. In particular the clear presence of the J-chain and the relatively 
high abundance of the dimer complex are convincingly demonstrated by our SEC-LC-MS 
data. These results should increase the awareness that higher-order molecular assemblies 
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of IgA exist as dimers in blood. Likewise, a considerable fraction of secretory IgA exists as 
trimers and tetramers. Although we here focus on IgA1, being by far the more abundant IgA 
class in the samples we analyzer (see Table S4) we expect that also IgA2 will contribute to 
these multimeric molecules in serum and milk. Their presence is interesting as multimeric 
forms of IgA may affect both protective capacity in infectious diseases and also pathogenic 
potential in autoimmune diseases. 

To better understand where the structural and clonal similarity and diversity between 
human serum and milk IgA1 originate from, it is important to address how and where these 
molecules are formed, and how they end up ultimately in serum and/or milk of an 
individual. Like all human antibodies, IgA1 is produced by B cells. A review by Castro and 
Flajnik provides a historical overview of the literature regarding IgA producing B cells 41 . 
The accumulated data from several experiments performed in different species (e.g., 
humans, mice, sharks) results in a complicated, sometimes contradicting, picture. The 
general view is that all B cells derive from either B1 or B2 lineages to form a rearranged B-
cell receptor. These eventually give rise to their secretion as soluble and class switch Ig-
molecules (including IgA1) after recognition of their cognate antigen, proliferation and 
differentiation into plasma cells, which can co-express J-chain or not, termed J+ or J- B cells. 
The J- B cells (the B1b or B2 cell lineages), would then be responsible for producing 
monomeric “bare” IgA1, whereas those that express the J-chain (B1a lineage) would lead to 
dimeric IgA secreting cells. It has also been stated that B2 cell-derived monomeric IgA is 
dominant in serum and has a different V gene repertoire than those originating from the B1 
lineage 41,42 . In Figure 6 we incorporated how our data relates to this model, where there 
are J+ or J- B cells, which express either dimeric J-chain coupled IgA1 or monomeric IgA1 
respectively, and only the J+ B cells expressing dimeric J-chain coupled IgA1 are shared 
between human serum and milk. Although the picture is far from well-defined, there are 
also multiple B cell lineages producing IgA1 molecules of different composition and 
structures in humans. Moreover, these distinct B lineages also likely lead to IgA1 molecules 
with different functional properties, that can balance pro- and anti-inflammatory events 
maintaining homeostatic conditions 22,26. For instance, studies suggest that serum IgA 
lacking SC is a highly pro-inflammatory molecule, 27–30. This is due to the SC blocking the 
binding of IgA to the Fcα receptor I (FcαRI) expressed by myeloid cells 20,22,26,28. Potentially 
then homeostatic pro- and anti-inflammatory conditions could be therapeutically 
stimulated by increasing the production of either B1 or B2 lineages. However, more needs 
to be known to fully understand the mechanisms of IgA1 mediated effector functions. 
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FFiigguurree  66  ||  MMooddeell  bbaasseedd  oonn  tthhee  ccoo--ooccccuurrrreennccee  ooff  JJ++  oorr  JJ--  BB  cceellllss  lleeaaddiinngg  ttoo  ssttrruuccttuurraallllyy  ddiiffffeerreenntt  IIggAA11  
aasssseemmbblliieess  iinn  sseerruumm  aanndd  mmiillkk.. A blood vessel is depicted with antibodies originating from either J+ or J- 
B cells, which expressing either dimeric J-chain coupled IgA1 or monomeric IgA1, respectively. The 
representation of each J+ or J- B cell is depicted in the dashed box in the top left corner. Only the J+ B 
cells expressing dimeric J-chain coupled IgA1s are shared between human serum and milk. These 
shared IgA1s can enter the serum or mammary epithelial cells by axillary lymph nodes and be picked 
up by pIgR to be transported from the lamina propria to the lumen where it is expressed as SIgA1. 

The data we present here of the structural and clonal properties of IgA1 provide more clarity 
to these previous reports. They confirm quite a few of the older findings and partially 
explain why we find both unique as well as overlapping IgA1 clones in serum and milk from 
a single donor. From this we conclude that the unique clones observed only in the serum, 
and not in milk, originate from monomeric “bare” IgA1. Clones found in both serum and 
milk from a single donor, originate from J-chain containing IgA1 complexes and are SIgA1 in 
milk and dimeric J-chain coupled IgA1 in serum. Together indicating that the shared dimeric 
J-chain coupled IgA1s in human serum and milk likely originate from the same J-chain 
producing B cell. This reasoning is supported by a recent publication wherein Iversen et al. 
showed clonal relatedness between blood and gut biopsies of celiac disease patients 43. 
They suggested that an antigen response at the intestinal epithelium was responsible for 
the shared IgA clones between the gut and serum. Based on our findings it is likely that 
indeed a tissue-specific J+ B cell produces dimeric J-chain coupled IgA that ends up as both 
SIgA and circulating dimeric IgA. It will be interesting to see whether clonal relatedness 
extends beyond a single secretory production site like the gut or if indeed terminal 
differentiation occurs locally in some form of secondary lymphoid tissue, as for example 
suggested by Brandtzaeg et al. 44. 
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Now that we have shown that serum contains two very distinct repertoires of IgA1 clones, 
the obvious next question that needs to be addressed is whether these two repertoires are 
functionally distinct. Here, we may ask questions such as whether reported IgA responses 
to pathogens and or vaccinations are due to either monomeric or J-chain coupled IgA1. A 
relevant example is the reported IgA response to SARS-CoV-2 infection or vaccination. We 
mention this example as recently it has been proposed that IgA may dominate the early 
neutralizing antibody response to SARS-CoV-2 45, and that dimeric IgA may result in better 
SARS-CoV-2 neutralization 46. In principle, with the right samples being available the 
presented MS-based approach could address such important immunological questions for 
SARS-CoV-2, but also for many other infections or diseases involving an IgA immune 
response. 

MMaatteerriiaallss  aanndd  mmeetthhooddss  
Donor and study population 
All samples used in this study are a subset from a larger longitudinal follow-up study of the 
COVID MILK study (31, 32). The Medical Ethics Committee of Amsterdam UMC approved 
the study. Written informed consent was obtained from all participants before 
participation. Data was collected one and two months after the initial sample collection. 
From these 24 women we selected 3 donors here for longitudinal IgA Fab clonal profiling, 
all serum and milk samples were collected over three sampling points over an extended 
period. For all three time points, participants were requested to collect 100 mL of human 
milk in specially provided bottles and instructed to store the bottle in their home freezer 
until collected by study staff during a home visit. Subsequently, the samples were 
transported back to the lab where they were stored at -80 °C until analysis. During the home 
visits, maternal serum was collected by a trained phlebotomist. 

The pooled human serum, used as a control sample, was obtained from healthy volunteers 
as previously described 47,48. The control human milk samples, collected from one donor 
across 5 time points have been previously described 49. Recombinant monomeric IgA1 
targeting CD20 (7D8-IgA1) or MET (5D5v2-IgA1), used as internal standard, allowing 
quantification, was an in-kind gift from Genmab (Utrecht, NL). 
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IgA enrichment, capture, and digestion 
The methods for IgA Fab profiling have previously been extensively described 18. Briefly, all 
IgA was captured using CaptureSelect IgA affinity matrix (ThermoFisher Scientific). The bead 
slurry was added to Pierce spin columns with screw cap (ThermoFisher Scientific) and 
repeatedly washed with PBS. Following the washing steps, samples were added to the spin 
columns with a plug inserted into the bottom of each spin column. For either human milk 
or serum samples, an expected IgA quantity of 40 µg was added to equivalent bead slurry. 
PBS and 200 ng of both IgA1 mAbs (7D8-IgA1, 5D5v2-IgA1), as spike-in standard, were added 
to the samples. Samples were then incubated for 1h while shaking at 750 rpm at room 
temperature in and Eppendorf thermal shaker (Eppendorf, The Netherlands). Following the 
incubation, the plugs were removed from the spin columns and the flowthrough was 
collected by centrifugation. Then the beads with captured IgA were washed four times with 
PBS. 

For the hinge region digestion of IgA1 we relied on the O-glycopeptidase from Akkermansia 
muciniphila, OgpA (OpeRATOR®, Genovis, Llund, Sweden). Digestion was performed by 
adding 50 µL PBS containing 40 U SialEXO (a sialidase cocktail to remove sialic acids from 
the O-glycans) and incubating for 1 h at 37 °C with continuous shaking at 750 rpm. Then 1 
µL (40 U) of OgpA enzyme was added, and incubation was continued overnight, in an 
Eppendorf thermal shaker (Eppendorf, The Netherlands). Following overnight digestion 
with OgpA, 20 µL of pre-washed Ni-NTA agarose slurry (1:1 in PBS) was added to the spin 
columns and incubated for an additional 30 min. Then the plug was removed from the 
column, and the flowthrough, containing the IgA1 Fabs, was collected by centrifugation. 

Fab profiling by LC-MS and LC-MS/MS 
The LC-MS and data processing approaches as previously described by Bondt et al. were 
applied 17,18. In short, the collected Fab samples were separated by reversed phase liquid 
chromatography on a Thermo Scientific Vanquish Flex UHPLC instrument, equipped with a 
1 mm x 150 mm MAbPac reversed phase analytical column, maintained at 80 °C during 
chromatographic separation. The LC was directly coupled to an Orbitrap Fusion Lumos 
Tribrid mass spectrometer (Thermo Fisher Scientific, San Jose, California, USA). Fab samples 
were injected as 10 µL and subsequently separated over a 62 min gradient at a flow rate of 
150 µL/min. Gradient elution was achieved using mobile phases A (0.1% HCOOH in Milli-Q 
HOH) and B (0.1% HCOOH in CH3CN), see previous publications for gradient details 17,18 . The 
instrument was operating in Intact Protein and Low-Pressure mode for the acquisition of 
MS data. Spectra were recorded with a resolution setting of 7,500 (@ 200 m/z) in MS1. 
Scans were acquired in the range of 500-4,000 m/z with an AGC target of 250% and a 
maximum injection time set to 50 ms. For each scan 5 µscans were recorded. 
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For LC-MS/MS acquisition the same LC setup and gradient were employed. MS/MS data 
were only collected for Donor 1. MS1 scans were acquired from 500-3500 m/z at a 
resolution of 7,500 (at 200 m/z) with an AGC target of 250% and a maximum injection time 
of 50 ms. For each scan 2 µscans were recorded. MS/MS scans were acquired using a data-
dependent acquisition (DDA) using top 1 selection. Peaks were selected with a 4 m/z 
isolation window, electron transfer induced dissociation (ETD) was achieved with a 16 ms 
reaction time with a 1e6 ETD reagent target. Scans were recorded with a 350-5000 m/z 
mass range, at a resolution of 120,000 (at 200 m/z) with an AGC target of 10,000 % and a 
maximum injection time set to 500 ms. For each scan 5 µscans were recorded. 

Mass photometry 
Mass photometry experiments were performed to determine the co-occurrence of (hetero) 
oligomeric IgA structures in human milk and serum. Approximately 40 µg of IgAs were 
captured from either human milk or serum using CaptureSelect IgA affinity matrix. After 
capturing, IgAs were washed three times with PBS followed by elution with 0.1M glycine-
HCl (pH 2.7) and neutralized with 1 M Tris (pH 8.0). The respective human milk and serum 
IgAs were then diluted with PBS (between 5 and 15 times until sufficient signal was 
obtained) and measured using a mass photometer (Refeyn, Oxford UK). Prior to the 
measurement, the borosilicate microscope coverslips (24 x 50 mm 1.5 H, Marienfeld) were 
cleaned in four sequential sonication rounds of 5 min using isopropanol and Milli-Q (2x). 
Silicone cell culture gaskets (50 wells, 3 mm diameter x 1 mm depth, Grace Bio-Labs) were 
cut into sets of four wells and placed onto a clean coverslip. Then 12 µL PBS was added to 
the coverslip wells to focus the instrument on the glass-liquid interface. For data acquisition, 
all samples were measured in triplicate by adding 3 µL of diluted sample directly into the 
PBS-loaded well to a final concentration of 1-30 nM, followed by recording for 150 s (12,000 
frames). Recordings were processed in DiscoverMP (Refeyn, Oxford UK) and calibrated 
using an in-house calibration mix consisting of proteins with previously determined 
accurate masses by MS (73 kDa IgG4Δhinge-L368A, 149 kDa IgG1-Campath, 483 kDa 
apoferritin, and 800 kDa E. Coli GroEL). 

IgA Fab preparation from size exclusion chromatography (SEC) 
To investigate whether human milk and serum had distinct and/or overlapping IgA Fab 
clones SEC was performed to fractionate the different IgA1 containing complexes. From 
Donor 1, 400 µg IgA from time-matched human milk and serum samples (from collection 1) 
were affinity captured. Samples were mixed with CaptureSelect IgA affinity matrix and 
mixed head over head at RT for 2 hours on an Eppendorf ThermoMixer C equipped with 
SmartBlock 1.5 mL tabletop rotator. The total volume of the sample mixture was brought 
up to 3 mL in PBS for mixing. After mixing, samples were passed over spin columns in 500 
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µL increments and then washed two times with PBS (500 µL) and two times with Milli-Q 
water (500 µL). After washing, IgAs were eluted with two times 300 µL 0.1 M glycine-HCl 
(pH 2.7). The collection tube contained 120 µL of 1 M Tris (pH 8.0) to neutralize the eluted 
sample. After each addition of glycine, the samples were mixed at 750 rpm at RT for 10 min 
followed by centrifugation at 500 × g for 1 min RT. 

The captured IgAs (~600 µL) were concentrated by passing the samples over 30kDa filters 
(Vivaspin, Sartorius Stedim Biotech). Approximately 100 µL of sample was passed through 
the filter by centrifugation at 10,000 × g, for 3.5 min at 4 °C until a final volume of 120 µL 
remained. The concentrated IgAs were then fractionated on SEC, as described below. 

The collected fractions were then pooled by the expected oligomeric state for both human 
milk and serum and again IgAs were captured on beads with a 1% blocking buffer 
background (Bio-Rad, Netherlands) and addition of the 7D8-IgA1 and 5D5v2-IgA1 at 0.2 
µg/mL. The samples were then mixed head over head for two hours at RT. After mixing, the 
samples were passed over spin columns in 500 µL increments to collect all captured IgAs for 
overnight digestion. From this point forward, the standard protocol as described above was 
followed, including LC-MS analysis of the released IgA1 Fabs. 

SEC separation of human serum and milk samples 
For SEC experiments either purified IgAs from human serum and milk, pooled human serum 
or longitudinal human milk samples were analyzed with the same method. An Agilent 1290 
Infinity HPLC system (Agilent Technologies, Waldbronn. Germany) consisting of a vacuum 
degasser, refrigerated autosampler with a 100 µL injector loop, binary pump, thermostated 
two-column compartment, auto collection fraction module, and multi-wavelength 
detector, was used in this study. The dual-column set-up, comprising a tandem YarraTM 
4000-YarraTM 3000 (SEC-4000, 300 x 7.8 mm i.d., 3 µm, 500 Å; SEC-3000, 300 x 7.8 mm i.d., 
3 µm, 290 Å, Phenomenex, Netherlands) two-stage set-up was used. The columns were 
cooled to 17 °C while the other bays were chilled to 4 °C to minimize sample degradation. 
The mobile phase buffer consisted of 150 mM ammonium acetate in water and 50 mM 
Arginine. For purified IgAs, 40 µL were injected per sample three times. For the fresh control 
serum, approximately 1.25 mg of protein was injected per run. The proteins were eluted 
using isocratic flow within 60 min, and the flow rate was set to 500 µL/min. In total, 74 
fractions were collected within a 20-42 min time window using an automated fraction 
collector. For purified IgAs, multiple injections were collected into the same consecutive 
wells of the fraction collector. The chromatograms were monitored at 280 nm. 
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LC-MS/MS analysis of SEC fractions of control serum and milk 
samples 
Bottom-up LC-MS/MS analysis was used to determine the SEC elution profile of all proteins 
in a control pooled human serum sample and five control human milk samples from a single 
donor. Both serum and milk samples were treated under the same conditions. The 74 
collected SEC fractions were digested by trypsin, and analyzed by a bottom-up proteomics, 
as described previously 50. Briefly, the separation of digested protein samples was 
performed on an Agilent 1290 Infinity HPLC system (Agilent Technologies, Waldbronn, 
Germany) coupled to a Q Exactive™ HF (Thermo Scientific, Bremen, Germany). Samples 
were loaded on a 100 µm × 20 mm trap column (in-house packed with ReproSil-Pur C18-
AQ, 3 µm) (Dr. Maisch GmbH, Ammerbuch-Entringen, Germany) coupled to a 50 µm × 500 
mm analytical column (in-house packed with Poroshell 120 EC-C18, 2.7 µm) (Agilent 
Technologies, Amstelveen, The Netherlands). From each SEC fraction, 10 µL of digest was 
injected, with a run time of 60 min and flow rate of 300 nL/min. The mass spectrometer was 
operated in positive ion and data-dependent acquisition mode. Full MS scans were acquired 
with 60,000 resolution (@ 200 m/z), a scan mass range of 375 to 1600 m/z and automatic 
Gain Control (AGC) target of 3e6 with a maximum injection time of 20 ms. Full scan MS/MS 
was acquired at 30,000 resolution (@ 200 m/z), with a mass range of 200 to 2000 m/z and 
an AGC target of 1e5 with a maximum injection time defined at 50 ms. 1 µscan was acquired 
in both full MS and MS/MS scans. The LC-MS/MS data were searched against 
UniProtKB/Swiss-Prot human proteome sequence database with MaxQuant software. The 
intensity of each detected protein in each of the 74 subsequent SEC fraction was 
determined by using iBAQ values, to obtain detailed SEC elution profiles of each protein. 
We used the obtained data for IgA1, IgA2, IgM pIgR and the J-chain protein for comparative 
analysis to samples in the current study. 
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IgA1 clonal profiling data analysis 
Intact masses of the eluted IgA1 Fabs were retrieved from the generated RAW files using 
BioPharmaFinder 3.2 (Thermo Scientific). Deconvolution was performed using the ReSpect 
algorithm between 5 and 57 min using 0.1 min sliding windows with a 25% offset and a 
merge tolerance of 30 ppm, and noise rejection set at 95%. The output mass range was set 
from 10,000 to 100,000 with a target mass of 48,000 and mass tolerance 30 ppm. Charge 
states between 10 and 60 were included, and the Intact Protein peak model was selected. 
Further data analysis was performed using Python 3.8.10 (with libraries: Pandas 1.2.3 51, 
Numpy 1.20.3 52, Scipy 1.6.2 53, Matplotlib 3.3.4 54 and Seaborn 0.11.1). Masses of the 
BioPharmaFinder identifications (components) were recalculated using an intensity 
weighted mean considering only the most intense peaks comprising 90% of the total 
intensity. Using the 7D8-IgA1 and 5D5v2 standards, the intensity was normalized, a relative 
mass shift was applied to minimize the mass error and a retention time shift was applied to 
minimize deviation between runs. 

Components between 45,000 and 53,000 kDa with the most intense charge state above m/z 
1000 and score of at least 40 were considered Fab portions of IgA1 clones. The clones were 
matched between runs using average linkage (unweighted pair group method with 
arithmetic mean UPGMA) L∞ distance hierarchical clustering. Flat clusters were formed 
based on a cophenetic distance constraint derived from a mass and retention time 
tolerance which were 2 Da and 1 min respectively. Clones within a flat cluster were 
considered identical between runs. Hierarchical clustering of samples was performed using 
correlation distance and UPGMA average linkage, visualization of the tree was made using 
iTOL. 

Analysis of IgA1 clones shared between milk and serum using 
ETD fragmentation 
Raw ETD spectra were used for in-depth comparison of abundant clones possibly shared 
between human milk and serum shown in Figure 3. Replicate scans containing ETD spectra 
were grouped and summed per patient and per clone. First, precursor charge states were 
determined by matching precursor m/z to m/z’s of clone components detected with 
BioPharmaFinder. Scan grouping was done then based on the average mass and retention 
time, with absolute mass tolerance of up to 5 Da and retention time tolerance of up to 2 
min. Summed raw profiles were saved as .mgf and analyzed further in Python. To determine 
the Pearson correlation, peaks in the mass-range of 1000 to 5000 m/z were selected and 
binned to 0.1 m/z bins. To reduce the influence of noise when calculating this correlation, 
each spectrum was split into 100 m/z slices and only the top 20 most abundant peaks in 
each slice were used to determine the Pearson correlation coefficients. 
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SSuupppplleemmeennttaall  TTaabbllee  11  ||  MMaatteerrnnaall  ddoonnoorr  ddeemmooggrraapphhiiccss  aanndd  ssaammppllee  iinnffoorrmmaattiioonn..  

Donor 
ID 

Age 
(year

s) 

Delivery 
(week) 

First sample 
collection 

postpartum 
(days) 

∆∆Collection 1 
(days) 

∆∆Collection 2 
(days) 

∆∆Collection 3 
(days) 

D1 30 38 229 1 1 16 

D2 35 38 30 5 3 10 

D3 27 32* 24 0 1 0 

Notes: ∆Collection days indicate the time difference between collecting milk and serum samples. 
*Donor D3 was considered to have a preterm delivery (< 36 weeks gestation). 

 

Protein Protein Backbone Mass 
(kDa) 

Average Glycosylation Mass 
(kDa)  

Approximate Theoretical 
Mass (kDa)  
 

Monomeric 
IgA1 

148.6 12.9 161.5  

Monomeric 
IgA2 

149.3 17.6 166.9 

J-chain 15.6 2.0 17.6 
SC 65.3 8.5 73.8 

SSuupppplleemmeennttaall  TTaabbllee  22  ||  TThheeoorreettiiccaall  mmaasssseess  ooff  IIggAA  ccoonnttaaiinniinngg  aasssseemmbblliieess..  

Protein masses of monomeric IgA1 and IgA2 were determined by in-silico recombination of IMGT gene 
segments (1, 2). J-chain and SC/pIgR masses were derived from their UniProt sequences (3). 
Average glycosylation masses in serum were estimated from serum glycomics data of Plomp et al (4). 
Average glycosylation masses in milk of J-chain and SC PIgR were estimated from Zhu et al (5). 

 

SSuupppplleemmeennttaall  TTaabbllee  33  ||  CCoommppaarriissoonn  ooff  tthheeoorreettiiccaall  eessttiimmaatteedd  mmaassss  aanndd  eexxppeerriimmeennttaall  mmaassss  ddeetteerrmmiinneedd  
bbyy  mmaassss  pphhoottoommeettrryy  ffoorr  oobbsseerrvveedd  IIggAA11  ccoonnttaaiinniinngg  iimmmmuunnooccoommpplleexxeess..  

Name IgA1 J-chain SC PIgR Source Theoretical (kDa) Measured (kDa) 
Monomeric IgA1 1 0 0 Serum 161.5 156.9 ± 17.8 

Dimeric J-chain coupled IgA1 2 1 0 Serum 340.6 338.3 ± 29.2 
Dimeric SIgA1 2 1 1 Milk 414.4 417.5 ± 39.1 
Trimeric SIgA1 3 1 1 Milk 575.9 589.9 ± 49.5 

Tetrameric SIgA1 4 1 1 Milk 737.4 770.2 ± 48.6 
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SSuupppplleemmeennttaall  TTaabbllee  SS44  ||  IIggAA11  aanndd  IIggAA22  pprrootteeiinn  qquuaannttiiffiiccaattiioonn  bbaasseedd  ddeetteerrmmiinneedd  bbyy  bboottttoomm--uupp  
pprrootteeoommiiccss  ((uussiinngg  DDIIAA))  iinn  tthhee  mmiillkk  aanndd  sseerruumm  ooff  tthhee  tthhrreeee  ddoonnoorrss 

    Protein quantification by label free quantification (LFQ)  

% IgA2 of total IgA      IgA1  IgA2  

Milk  

D1  8.91E+08  1.66E+08  16  
D2  1.16E+09  8.71E+07  7  
D3  6.55E+08  2.54E+07  4  

Serum  

D1  7.15E+08  8.80E+07  11  
D2  5.53E+08  1.17E+07  2  
D3  7.23E+08  1.30E+07  2  
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SSuupppplleemmeennttaall  FFiigguurree  11  ||  MMiirrrroorreedd  ttoopp--ddoowwnn  EETTDD  MMSS//MMSS  ssppeeccttrraa  ooff  nnoonn--mmaattcchhiinngg  cclloonneess.. For clones A, 
B and C fragmentation spectra in serum (red) and milk (blue) are compared. The Pearson correlation 
value (r) is given for each comparison. For spectra on the right side a zoom-in is depicted to illustrate 
that peak patterns do not align between the scans resulting in low correlation values. 
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SSuupppplleemmeennttaall  FFiigguurree  22  ||  SSEECC  ffrraaccttiioonnaattiioonn  ccoonnffiirrmmss  llaacckk  ooff  mmoonnoommeerriicc  IIggAA11  cclloonneess  iinn  hhuummaann  mmiillkk.. SEC 
fractionation of one donor across 5 time points, where each fraction was analyzed for its protein 
content by shot-gun proteomics. The horizontal axis depicts each analyzed fraction, and the y-axes 
depict the normalized abundance of the proteins, where the IgA1, IgM, IgA2 and J-chain abundances 
are depicted by the left y-axis and the pIgR abundance is shown by the right y-axis. Two elution peaks 
are observed for IgA1 and both correlate with elution of J-chain, indicating that all IgA1 assemblies 
observed in milk are J-chain coupled and thus that no IgA1 monomers are present in human milk. 
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Allotype-specific glycosylation and 
cellular localization of HLA class I 
proteins

Chapter 5



 

SSuummmmaarryy  
Presentation of antigens by human leukocyte antigen (HLA) complexes at the cell surface is 
a key process in the immune response. The α-chain, containing the peptide-binding groove, 
is one of the most polymorphic proteins in the proteome. All HLA class I α-chains carry a 
conserved N-glycosylation site, but little is known about its nature and function. Here, we 
report an in-depth characterization of N-glycosylation features of HLA class I molecules. We 
observe that different HLA-A α-chains carry similar glycosylation, distinctly different from 
the HLA-B, HLA-C, and HLA-F α-chains. Although HLA-A displays the broadest variety of 
glycan characteristics, HLA-B α-chains carry mostly mature glycans, and HLA-C and HLA-F α-
chains carry predominantly high-mannose glycans. We expected these glycosylation 
features to be directly linked to cellular localization of the HLA complexes. Indeed, analyzing 
HLA class I complexes from crude plasma and inner membrane-enriched fractions 
confirmed that most HLA-B complexes can be found at the plasma membrane, while most 
HLA-C and HLA-F molecules reside in the endoplasmic reticulum and Golgi membrane, and 
HLA-A molecules are more equally distributed over these cellular compartments. This 
allotype-specific cellular distribution of HLA molecules should be taken into account when 
analyzing peptide antigen presentation by immunopeptidomics. 

IInnttrroodduuccttiioonn  
Major histocompatibility complex class I molecules, in humans termed human leukocyte 
antigen (HLA) complexes, play a key role in our immune system, as they provide a means to 
present foreign peptide antigens at the cellular surface, providing a signal to our T-cells to 
eliminate them. Following their initial discovery as the main factor in defining successful 
organ transplants, HLA complexes and peptide presentation processes have been studied 
extensively over the last few decades 1–3. As a result of this large body of research, we have 
quite a coherent picture of how HLA class I molecules function, from which we can largely 
understand their critical role in transplantation 4,5, autoimmunity 6–9, bacterial and viral 
infections 10–13, and more recently tumor immunotherapy 14,15.  
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The cellular processes underlying HLA class I antigen presentation are well understood 16. 
Briefly, the endogenously synthesized class I peptide ligands of antigens are generated 
primarily by cytosolic and nuclear proteasomes. These peptides are translocated to the 
endoplasmic reticulum (ER), where they are loaded into the peptide-binding groove of HLA 
class I molecules by means of the peptide-loading complex (PLC). After an antigen has been 
loaded, the stable and functional HLA class I complex comprises a heavy α-chain, a β2-
microglobulin (β2m) chain, and the loaded peptide. These complexes traverse out of the 
ER, into the Golgi, en route to the cell surface. Upon incorporation into the plasma 
membrane (PM), the peptide can be presented to CD8+ T cells, thereby allowing the T cells 
to identify and eliminate pathogen-infected cells or cancer cells 17,18. 

Beyond this generic description, HLA class I complexes are actually extremely diverse. This 
diversity starts at the DNA level, as in the human genome, six genes encode for six different 
HLA class I heavy chains; the more abundantly expressed classical genes A, B, and C and the 
non-classical genes E, F, and G. The classical HLA-A, B, and C genes are highly polymorphic, 
where several thousands of alleles have been identified across the population 19. The most 
frequent polymorphisms are found in the sequence regions that encode the peptide-
binding groove, highlighted by green boxes 20,21 (see Figure 1A). These polymorphisms allow 
for a wide range of specificities for peptide binding, which consequently allows a diverse set 
of peptides to be presented at the cell surface. Figure 1A summarizes sequence 
polymorphisms that are observed in some of the most common HLA A, B, and C allotypes 
22. The sequence homology of these proteins is also visualized through the phylogenetic tree 
(depicted in Figure 1B), from which it is clear that allotypes belonging to separate classical 
genes do cluster more together. A much more extensive phylogenetic tree analysis of HLA 
allotypes is provided in Figure S1. 

Notwithstanding these widespread and frequently occurring polymorphisms, a particular 
region in the sequence, conserved over all reported alleles 19, is highlighted in purple in 
Figure 1A. This highlighted NxS/T motif is a well-known motif for N-linked glycosylation. It 
has been established that the asparagine 86 site is indeed glycosylated 23; however, the 
nature of the glycans attached and their functional role have not been extensively studied. 
In Figure 1C, a structural model of the HLA class I complex is depicted, with attached to it, 
modeled to scale, a commonly observed mature glycan structure. It is apparent from this 
structural model that the N-glycan is localized in the proximity of the peptide-binding 
groove, and likely when the molecule is at the PM, the glycan can be exposed to the outside 
of the cell, and interact with external factors, including factors of T cell origin. 
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Cellular protein N-glycosylation is a complex multistep process in which many enzymes in 
the ER and Golgi are involved. Therefore, HLA complexes will undergo their glycosylation 
while traversing through the ER and Golgi compartments. The rate of this traversal has been 
studied by pulse-chase assays, which use endoglycosidase H (Endo H), an enzyme that 
digests specifically high-mannose and hybrid/ asymmetric glycans (on HLA) to assess the 
rate through the ER and early Golgi 24–27. To describe the N-glycosylation pathway in short, 
during this process a Glc3Man9GlcNAc2 glycan is first transferred to the target protein, 
during or shortly after protein synthesis and translocation into the ER 28. Subsequently, this 
structure is trimmed, losing two Glc residues to form Glc1Man9GlcNAc2. Next, if the protein 
is folded correctly, the last Glc residue is removed, and the protein can continue to the Golgi. 
In the ER or early cis-Golgi, additional Man residues can be removed. This leaves only the 
Man3GlcNAc2 core that is found in nearly all N-linked glycans. Subsequently in the medial- 
and trans-Golgi, processing occurs to form complex type glycans with antennae that can 
include several GlcNAc, Fuc, Gal, and SA residues 29–31. It is expected that a protein is 
transported to the cell surface only after full glycan maturation has occurred. 

Here, we monitored in detail the HLA gene-specific glycosylation patterns of HLA class I 
molecules of three different cell lines, all homozygous for the classical HLA genes A, B, and 
C. The cell lines and the allotypes they harbor are shown in Figure 1C. Using a glycopeptide-
centric proteomics approach for each distinct HLA heavy-chain, unique glycopeptides could 
be identified harboring distinct glycoforms. Quantifying these different glycoforms revealed 
that each of the HLA allotypes was modified with a distinct glycoform profile, which we 
expected to be directly linked to their differential cellular distribution. When further 
dissected with subcellular fractionation, we could indeed observe distinctive glycosylations 
that correlate with differential PM presentation. In the studied JY cells for instance, our data 
indicate that HLA-B complexes reside nearly exclusively at the PM, whereas a large part of 
the HLA-A complexes are also observed in inner membrane (IM) compartments. This 
correlates with our findings that HLA-B has exclusively mature bisected and extended 
glycans, while HLA-A has a considerable fraction of immature high-mannose glycans. As far 
as we know, this is the first time that HLA class I glycoform profiling is taken as an indicator 
to assess HLA cellular localization. Although the correlation between glycosylation and 
localization was expected, our approach allows us to directly sample subcellular localization 
of each HLA allotype considering glycosylation as a localization marker and shows that each 
HLA allotype can have a unique subcellular distribution despite their very high molecular 
and structural similarities. 
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FFiigguurree  11..  SSeeqquueennccee  aanndd  ssttrruuccttuurraall  cchhaarraacctteerriissttiiccss  ooff  HHLLAA  ccllaassss  II  mmoolleeccuulleess.. A) Multiple sequence 
alignment of the mature form of several common classical HLA A, B, and C genes and HLA F*01:01. The 
α1 and α2 domains of the sequences are shown starting at position 1 of the mature sequence and 
ending at position 182. Above the amino acid sequence, the α1 and α2 domains are highlighted in blue 
and orange. Positions that display amino acid variation between allotypes are highlighted in red with 
darker tints indicating a higher degree of sequence variation. The conserved N-linked glycosylation site 
motif is highlighted in purple. Amino acids involved in forming the peptide-binding groove are boxed in 
green, (B) phylogenetic tree visualization of the multiple sequence alignment depicted in 1A. Although 
all HLA class I genes display high homology, the allotypes still cluster per distinct classical gene type. 
See Figure S1 for a much more extensive phylogenetic analysis of HLA class I heavy-chain allotypes. C) 
Structural model of the HLA-A*02:01 molecule (pdb: 1I4F). Chains within the HLA molecule are colored: 
α1-blue, α2-orange, α3-green, β2m-gray, and binding peptide-red. Attached to Asn86 is modeled on scale 
a reported detected bisected glycan structure. 
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RReessuullttss  
Abundances of HLA Class I proteins and their glycosylation 
profiles in whole cell lysates 
To investigate the glycosylation of HLA class I heavy-chain molecules in detail, we selected 
a panel of three human cell lines namely DBB, DEM, and JY. These cell lines are all 
Epstein−Barr virus-transformed immortalized B lymphoblastoid cells of the ECACC HLA-
typed collection and were selected as they all express HLA class I at a reasonably high level. 
All three cell lines are homozygous for HLA class I, meaning that each only expresses a single 
A, B, and C allotype. DBB and DEM both express HLA-A*02:01, B*57:01, and C*06:02. JY and 
HLA-A*02:01, B*07:02, and C*07:02 (Figure 1C). These allotypes are among some of the 
most common allotypes found in the Caucasian population and these cell lines are routinely 
used as model systems for studying HLA molecules and their peptide ligandomes 32–34. 

The analysis was started by enriching all HLA class I molecules from WC lysates by immuno-
affinity purification using the pan-HLA class I W6/32 antibody 35. The purified HLA complexes 
were digested by trypsin, and all resulting peptides were subjected to LC−MS/MS. In a first 
set of shotgun proteomics analyses, the relative abundance of the different HLA molecules 
was assessed in the three studied cell lines, using only the unique non-glycosylated HLA 
peptides. To achieve relative quantification, the IBAQ intensities of the HLA proteins in a 
sample were summed and the intensity of each HLA protein in that sample was normalized 
to this summed intensity. Clearly, these data revealed that in all cell lines, the order of 
abundance in the WC lysates was HLA-A > HLA-B > HLA-C > HLA-F (see Figure 2A and the 
Tables S1−S3, unique peptides used for quantification are listed in the Tables S6−S8). In 
contrast to the typical data-dependent shotgun proteomics approaches, a glycopeptide-
targeted product-ion-triggered fragmentation strategy was next employed. Precursor ions 
were selected and fragmented using HCD as is also the case in standard shotgun methods. 
However, if the resulting MS/MS scan contained glycan-specific oxonium ions, an additional 
EThcD or stepping-energy HCD scan was triggered on the same, likely glycopeptide, 
precursor ion 36. In this targeted approach and enabled by the high sequence coverage, we 
could confidently assign a variety of glycopeptides for each HLA allotype, based on the small 
but unique protein sequence features. Because the HLA class I molecules were among the 
most abundant proteins in the sample, as a result of the immuno-affinity enrichment, no 
further enrichment of glycopeptides was needed to analyze the glycopeptides. 

Based on the mass shift induced by the glycans to the peptide backbone, combined with 
the known biosynthetic knowledge about human protein glycosylation, we next annotated 
glycan compositions to all identified HLA glycopeptides, which were assigned to a smaller 
number of categories as depicted and color-coded, schematically in Figure 2B. Among these 
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six categories, high-mannose glycans (green) are characterized by having only Man residues 
extending the Man3GlcNAc2 core shared by all N-glycans. Complex type glycans instead have 
branches extending the core that are initiated by GlcNAc, which can still be further 
elongated. Additionally, complex type glycans often contain one or more Fuc and SA 
residues. Hybrid/asymmetric glycans (purple) display one Man-extended branch and one 
complex type branch. Diantennary glycans (light blue) instead have two complex type 
branches. Extended glycans (red) have more than two complex type branches. Bisected 
glycans (orange) are complex type glycans carrying a bisecting GlcNAc residue attached to 
the β-Man of the core. Finally, paucimannose and truncated glycans (dark blue) are small 
mannose glycans or truncated glycans that do not have the complete N glycan core. 

 

FFiigguurree  22..  HHLLAA  aabbuunnddaanncceess  aanndd  ggllyyccoossyyllaattiioonn  iinn  tthhee  cceellll  lliinneess  DDBBBB,,  DDEEMM,,  aanndd  JJYY..  A) Normalized protein 
abundances of different HLA class I molecules immunopurified from WC lysates determined by 
proteomics, using solely unique non-glycopeptides for quantification. Within the bars, the non-
normalized values are depicted. B) Categorization and color-coding of glycan classes. The six glycan 
categories are paucimannose (dark blue), high-mannose (green), hybrid/asymmetric (purple), 
diantennary (light blue), bisected (orange), and extended (red). C) Stacked bar plots depicting the 
distribution of glycans for each HLA class I gene in each cell line. Within the bars, the horizontal white 
depicts the standard deviation averaged over nine injection replicates. On the right of each bar, values 
indicate the cumulative number of glycopeptides detected across all injection replicates. 
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Next, we assessed the relative abundance of these different categories per individual HLA 
glycopeptide based on the number of spectral counts (PSMs) we observed in our LC MS/MS 
analysis 27, the detected glycopeptides and glycans are listed in Tables S11−S13 and 
S16−S18, respectively. These results are depicted in Figure 2C using the color codes for the 
different glycan categories, with errors bars obtained from replicate measurements. A more 
detailed overview of the observed glycan compositions is provided in Figure S2. At first 
glance, although there is some similarity, this analysis revealed that glycoprofiles of 
allotypes can be quite distinct, even when they are expressed in the same cell. It should be 
noted that the site occupancy of the glycan is 100%, a fact we could also reproduce by 
measuring the intact mass of HLA-A by LC−MS. Consequently, non-glycosylated versions of 
the glycopeptides were not detected in any experiments. 

HLA-A*02:01 is abundantly expressed by all three cell lines we investigated. Our data reveal 
that the glycosylation profile on HLA-A*02:01 is nearly identical in all three cell lines and 
dominated by bisected (orange) and extended (red) glycans. However, a considerable 
fraction (25−30% based on the spectral counts) of the HLA-A molecules carry smaller and/or 
simpler glycans, mostly high-mannose (green) but also some paucimannose (dark-blue) 
glycans. The DBB and DEM cell lines express B*57:01, the glycosylation of which in these 
two cell lines is nearly identical and resembles closely that of HLA-A*02:01. In sharp 
contrast, HLA-B*07:02 in JY cells did harbor a distinct glycosylation pattern, which features 
almost exclusively bisected (orange) and extended (red) glycans. Distinctively, many more 
HLA-C molecules, that is, HLAC*07:02 in JY cells, and HLA-C*06:02 in both DBB and DEM 
cells (estimated to be around 50% based on spectral counts), are detected with high-
mannose glycans (green). The HLA-C glycosylation patterns are quite similar in all three 
studied cell lines, but different from the other HLA genes. Finally, we also detected, while 
substantially less-abundant, unique glycopeptides originating from HLA-F in all three cell 
lines. However, we were not able to annotate the exact HLA-F allele. HLA-F, being one of 
the non-classical HLA genes, is much less polymorphic (only six different forms have been 
reported), and all these variants share the same sequence for the part covering the tryptic 
glycopeptides studied here. In addition, according to our proteomics data, HLA-F expression 
is quite low, with the DBB cell line forming a noticeable exception (Figure 1A). HLA-F 
independent from the source cell of origin, was found to be nearly exclusively harboring 
high-mannose type glycans (green). We did not consider the two other non-classical HLA 
genes; HLA-E and HLA-G. Sporadically a few unique peptides of HLA-E were detected in our 
analyses, although their abundances were substantially lower compared to the other HLAs. 
No unique glycopeptides were detected for HLA-E. No unique peptides for HLA-G were 
detected in any of our analyses. 
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Annotation of glycan structures on HLA glycopeptides 
LC−MS/MS on glycopeptides is well suited to determine the most likely glycan composition. 
How these carbohydrate moieties are linked together in the glycan structure, however, is 
much harder to reveal by mass spectrometric means. Nonetheless, in exceptional cases, 
LC−MS/MS can also shed light on how a glycan is structured, as nicely described for bisecting 
glycans by Dang et al. 37, using diagnostic fragment ions. Following a similar strategy, we 
depict in Figure 3A, an EThcD fragmentation spectrum for a glycopeptide derived from the 
heavy chain of HLA B*57:01, observing diagnostic fragment ions indicating glycan bisection. 
In detail, in Figure 3A at m/z 1168.7 (z = 5+), the intact precursor is shown, annotated with 
“M”. From these data, we determined the intact glycan to have the 
SA2Gal2Man3GlcNAc5Fuc1 composition. In the EThcD spectrum, a fragment at m/z 1051.5 (z 
= 4+) is detected, assigned to the peptide plus the glycan lacking 4 hexoses, 2 HexNAcs, and 
2 NeuAcs. The mass loss observed for this fragment ion indicates the loss of both antennae 
on the glycan. After cleaving off both antennae, only a peptide + GlcNAc3Man1Fuc1 
fragment remains. This fragment is unique to bisecting glycans, suggesting the bisecting 
structure of the glycan we observed on HLAs. 

In Figure 3B, the EThcD spectrum of an HLA-A*02:01-derived glycopeptide harboring the 
high-mannose glycan Glc1Man9GlcNAc2 is shown. High-mannose glycans can have up to 9 
Man residues, thus the 10th hexose is accredited to a Glc. The high-mannose glycan 
Glc1Man9GlcNAc2 is thought to be important for binding of the HLA heavy chain to the 
folding chaperone calreticulin in the ER. Calreticulin interacts optimally with 
monoglucosylated HLA class I heavy chains, whatever their state of assembly with light 
chains and peptide, and inhibits their aggregation 38,39. It is expected that proteins harboring 
these glycans are localized in the ER. As our experiments were carried out on WC lysates, 
these data hint at that we analyze both internal as well as cell surface-expressed HLA 
molecules. In Figure S3, several more MS/MS spectra are provided highlighting different 
glycopeptides detected in our measurements. 

 151

5

ALLOTYPE-SPECIFIC GLYCOSYLATION AND CELLULAR LOCALIZATION OF HLA CLASS I PROTEINS



 

 

FFiigguurree  33..  EExxaammpplleess  ooff  aannnnoottaatteedd  HHLLAA  hheeaavvyy--cchhaaiinn  ggllyyccooppeeppttiiddeess.. A) EThcD MS/MS spectrum of an HLA-
B*57:01-derived bisected glycopeptide (DBB cell line). A) Precursor glycopeptide (M), m/z 1168.7 (z = 
5+), together with its annotated glycan structure are indicated. The fragment ion at m/z 1051.5 (z = 
4+), with its annotated glycan structure, verifies the proposed bisected structure. Several additional 
peptide backbone and glycan fragment ions used for the identification of the glycopeptide are 
annotated. B) EThcD MS2 spectrum of an HLA-A*02:01-derived high-mannose glycopeptide (DBB cell 
line). The annotated glycan structure is indicated. Several additional peptide backbone and glycan 
fragment ions used for the identification of the glycopeptide are annotated. See Figure S3 for additional 
MS/MS spectra of different HLA glycopeptides. 

Relative abundances of HLA Class I proteins and 
their glycosylation profiles in the plasma membrane 
versus the inner membrane 
Following their initial synthesis by the ribosome, HLA molecules reside in and traverse 
through the various inner-membrane compartments (ER and Golgi) of the cell, where they 
are properly folded and loaded with peptide on their way to the PM. During this process, 
maturation of the HLA heavy-chain glycan occurs by the various glyco-enzymes present in 
these compartments 29–31. The data presented above were all resulting from HLA affinity 
enrichments performed on WC lysates. However, our data did indicate that HLA molecules 
within a single cell may be differentially glycosylated, which we expect to be linked to the 
compartmental localization of the HLA molecules in and on the cell. In essence, we utilize 
the glycosylation characteristic as a proxy for the subcellular distribution of the HLA 

152 CHAPTER 5



 

molecules. Therefore, we extended our analysis performing the HLA affinity enrichment 
separately on (crude) PM and IM (mostly ER and Golgi) fractions of the cells. This 
prefractionation comes at the expense of sensitivity, as the pull-downs generally require 
quite some starting material. Consequently, in the fractionated samples, we were able to 
detect only the highest abundant glycopeptides, yielding a less-accurate representation of 
the glycan repertoire. Although some sensitivity is lost, it should still show whether the 
glycosylation accurately represents the distributions of HLA molecules. We performed this 
analysis on the JY cells, as in the WC lysates of these cells we observed the most striking 
differences in glycosylation patterns between HLA-A, B, C, and F (Figure 2). A proteomics-
based evaluation of the subcellular fractionation, as described previously 40, assessing the 
enrichment of protein UniProt keywords in the inner and PM fractions (Figure S4) revealed 
successful fractionation. 

 

 

FFiigguurree  44..  HHLLAA  aabbuunnddaanncceess  aanndd  ggllyyccoossyyllaattiioonn  iinn  ddiiffffeerreenntt  ccoommppaarrttmmeennttss  ooff  tthhee  JJYY  cceellllss.. A) Normalized 
protein abundances of different HLA class I genes in WC lysates, and the IM (ER and Golgi) and PM 
fractions determined by proteomics, using solely unique non-glycopeptides for quantification. Within 
the bars, the non-normalized values are depicted. B) Stacked bar plots depicting the distribution of 
glycans for each HLA class I gene in each of the three analyzed fractions. Abbreviations WC, IM, and PM 
are used to specify the compartments. Within the bars, the horizontal white lines depict the standard 
deviation averaged over nine injection replicates for the WC and three injection replicates for IM and 
PM preparations. On the right of each bar, values indicate the cumulative number of glycopeptides 
detected across all injection replicates. Due to the low abundance of HLA-B in the IM fraction, and for 
HLA-F, no glycopeptides could be detected following the cellular fractionation. The WC data presented 
in this figure are identical to the JY cell data presented in Figure 2. 
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Again, as described above, we assessed by standard shotgun proteomics, quantifying by 
solely using unique peptides, the relative abundance of the different HLA molecules in the 
plasma and inner-membrane fraction and compared that to that observed in the WC lysates 
(see Figure 4A, and Tables S3−S5. The unique peptides used for quantification are listed in 
Tables S8−S10). A list of other abundantly detected proteins is provided as Supporting 
Information table. These data clearly revealed that while HLA-A is quite abundant in both 
the plasma and IM fractions, HLA-B is nearly uniquely enriched in the PM. In contrast, HLA-
C was found to be enriched in the IM fraction. Moreover, while HLA-F could not be detected 
in the WC and PM, it was reasonably abundant in the IM fraction. 

Next, we focused on potential compartment-specific HLA heavy-chain glycosylation (Figure 
4B), and for the glycopeptide analysis, we again performed immuno-affinity purification on 
the HLA molecules. We were only able to make that comparison for the classical HLA class 
I genes A, B, and C, as the abundance of HLA-F was too low for detection of sufficient 
glycopeptides. Additionally, although we detected a few HLA-B unique peptides in the 
shotgun experiments for the inner-membrane fraction, we did not detect glycopeptides of 
these molecules in the IM fraction, likely due to the low abundance of these molecules in 
that fraction (Figure 4A). In Figure 4B, the same glycan categorization and color-coding is 
used as in Figure 2B, and additionally the data for the WC lysate shown in Figure 2B are 
replicated in Figure 4B for comparison with the data obtained for the IM and PM fractions. 
The data presented in Figure 4B clearly show that complex glycans represented by the 
bisected (orange) and extended (red) categories are enriched in the PM fraction, especially 
for HLA-A and HLA-B. Conversely, high-mannose glycans are found to be enriched in the IM 
fraction, especially for HLA-A and HLA-C. The fact that we do not detect paucimannose and 
diantennary glycosylated glycopeptides in the IM and PM fractions may likely be attributed 
to our lower sensitivity in these experiments due to the lower amount of starting material 
prior to the affinity purification. The detected glycopeptides and glycans are given in Tables 
S13−S15 and S18−S20. Notwithstanding these sensitivity issues, the data presented in 
Figure 4 clearly reveal that the pool of HLA molecules is indeed distributed over the different 
compartments, and these HLA molecules carry compartment “specific” glycans. 
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DDiissccuussssiioonn  
Here, we report an in-depth characterization of the N-glycosylation features of HLA class I 
molecules, affinity purified from WC lysates and enriched PM and IM fractions. We make 
the striking observation that different allotypes also display different glycosylation patterns, 
which is noteworthy considering that HLA molecules of different allotypes are nearly 
identical in sequence and structure, except for a few key residues in the peptide-binding 
groove. Cumulatively, the data presented here hint at a substantial diversity in the 
distribution of HLA class I complexes over the different membrane compartments of the 
cell. By using glycosylation as a proxy for subcellular localization, we are able to show that 
different allotypes are distinctly distributed over the compartments and that a considerable 
amount of HLA molecules may reside intracellularly. 

Based on the observed glycosylation patterns, it appears that HLA-B complexes, especially 
in JY cells, are mostly rather mature in their glycosylation and reside largely on the PM of 
the cell. In sharp contrast, the population of HLA-C molecules are largely enriched in less-
mature high-mannose glycans, and mostly residing in the inner-membrane ER/cis-Golgi 
compartments. Even more so, HLA-F is exclusively modified with high-mannose glycans and 
seems largely retained in the IM compartments of the cell, as proposed previously 41. The 
population of HLA-A complexes in the cell display a glycan distribution ranging from 
paucimannose, high-mannose, diantennary, to fully matured bisected and extended 
glycans, and seems also to be more widely distributed over the PM and the IM 
compartments. The distinctive glycosylation and cellular localization of HLA class I proteins 
as observed in this study is schematically summarized in Figure 5. These observations are 
made in our model JY cells but are also conserved to some extent in the DBB and DEM cells 
that we analyzed in parallel. 

Previous reports have also looked at the functional role for the N-linked glycosylation on 
HLA heavy chains. It has been reported that the glycan Glc1Man9GlcNAc2 is the specific 
structure that is recognized by the folding chaperones calnexin and calreticulin 42, which 
form a part of the PLC 43. Consequently, the absence of the HLA glycan, accomplished by 
mutating the asparagine 86, has been shown to completely eliminate PLC activity in vitro 44 
. A specific functional role of the glycan when the HLA molecule is at the cell surface has not 
been reported. Except for the discovery that sialylation modulates cell surface stability 45. 
This observation is not surprising considering the generalized role of sialic acid for 
extracellular proteins 46,47. 
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FFiigguurree  55..  DDiissttiinnccttiivvee  ggllyyccoossyyllaattiioonn  aanndd  cceelllluullaarr  llooccaalliizzaattiioonn  ooff  HHLLAA  ccllaassss  II  pprrootteeiinnss..  Starting as nascent 
chains synthesized by cellular ribosomes, HLA heavy chains traverse through specific IM compartments 
to get properly folded, trimmed, associated with the β2m chain, loaded with the peptide antigens, and 
glycosylated. These processes occur largely sequential and require chaperones, the PLC and a variety 
of glycoenzymes, residing in the different sub-compartments of the ER and Golgi. Fully assembled, 
peptide-loaded, and maturely glycosylated HLA complexes make it to the cell surface becoming 
embedded in the PM, where they present the peptides to the T-cell receptors of CD8+ T-cells. The 
arrows on either side of the schematic indicate the stages of HLA antigen expression (left) and 
glycosylation maturation (right). The HLA complexes of different class I genes are color coded 
corresponding to the colors used in Figures 2A and 4A. The number of copies presented illustrates 
roughly their relative distribution over the IM compartments and PM in JY cells. Moreover, prototypical 
HLA glycans observed uniquely in the IM fraction and PM fractions are depicted as well. 

While it is well known that HLA complexes can reside either at the PM or at the IMs of the 
ER and Golgi compartments, the exact distribution of different class I allotypes over these 
compartments has not been investigated in detail. Evidently, this distribution is determined 
by a variety of factors. Formation of sub-optimally loaded HLA molecules can be retained 
intracellularly or exhibit a shorter half-life. For example, when HLA is loaded with a low 
affinity peptide 48. Furthermore, certain sequences exhibit a preference for TAP, which 
consequently promotes PLC formation, ultimately leading to increased cell surface 
expression 49. There is also the TAP-independent route for peptide loading utilizing the 
protein TAPBPR that has different affinities for certain HLA allotypes 50. An extreme case 
has been identified, where a single natural polymorphism between two allotypes B*44:02 
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and B*44:05 has strong implications for peptide loading, where the presence of tapasin 
even lowers the affinity of peptides that can be loaded on B*44:05 25,26. However, whether 
such factors could contribute to the substantial observed differences in subcellular 
localization between allotypes as shown here is unclear. 

In support of our observations, Ryan and Cobb summarized that there are noticeable 
differences in glycosylation between HLA-A/HLA-B and HLA-C 51. They argue that the distinct 
N-glycans found on HLA-C may correlate with a functional role separate from those of HLA-
A and HLA-B. They argued that, in line with our data, HLA-C is less abundant at the cell 
surface, but also binds a more restricted repertoire of peptide antigens, suggesting a 
reduced role in antigen presentation to CD8+ T cells. Indeed, HLA-C may play a more 
prominent role in interaction with NK-cell receptors 52. However, they did not report a 
difference between HLA-A and HLA-B glycosylation. It has been mostly assumed that HLA-A 
and HLA-B are functionally very alike. Therefore, we assume that the observed differences 
are caused by a variance in efficiency at which these allotypes traverse through the 
secretory pathway.  

A well-defined functional role for HLA-F has yet to be established. The few reports available 
hint at its predominant cellular presence in the IM compartments and being dominantly 
decorated with high-mannose/hybrid N-glycans 42. However, it has also been reported that 
HLA-F is a high-affinity ligand for NK-cell receptor KIR3DS1, which suggests that HLA-F could 
play a role similar to HLA-C 53, although we did not detect it at the cell surface. 

Although we describe primarily the differences in glycosylation of HLA molecules originating 
from different class I genes, there may also be differences within allotypes of a specific class 
I gene. For instance, our data show a substantial difference in glycosylation between the 
allotypes of HLA-B (Figure 2). Although B*07:02 in the JY cell harbors exclusively mature 
bisected (orange) and extended (red) glycans, the HLA-B*57:01 heavy-chain molecules in 
both the DBB and DEM cells show a broader distribution. Next to harboring these bisected 
and extended mature glycans, a substantial proportion of (up to 25% by spectral count) 
diantennary (light blue) and high-mannose (green) glycans. Evidently, this could additionally 
be a result of the different cell lines used in this study, with their different compartmental 
organization and glycoenzymes they may harbor. In that sense, it may be interesting to 
extend our glycoprofiling analysis to a well-defined cell line expressing just a single HLA 
allele as reported by Abelin et al. 54. Nevertheless, it is also tempting to speculate about the 
observed differences with respect to HLA-B*57:01 and B*07:02, which differ in the Bw 
motifs they contain. The Bw motif is a public epitope (an epitope shared by multiple 
allotypes), for HLA molecules that play a major role in transplant rejection 55. Two motifs 
are recognized, Bw4 and Bw6 56, which are found on all HLA-B and some HLA-A heavy chains 
and are determined by the amino acid sequence surrounding the N-linked glycosylation site. 
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HLA-B*57:01 of the DBB and DEM cells displays a Bw4 motif, while B*07:02 of JY cells 
displays a Bw6 motif. HLA molecules harboring the Bw4 motif have been shown to elicit a 
stronger NK-cell response 57 and the glycan attached to the HLA heavy chain is required for 
the NK-cell interaction 58. There may thus be a link between this Bw motif, the HLA 
glycosylation pattern, and the interaction with NK-cell KIR cells. 

Our findings should impact the important field of HLA peptide ligandome analyses. In these 
analyses, the focus lies on pathogen-derived or cancer-related neo-antigens, presented by 
HLA molecules. These antigens are of great importance in the development of pathogen- 
and antitumor-targeting vaccines 14. The two main experimental approaches to retrieve 
peptide-antigens from HLA molecules are immunoprecipitation from WC extracts or mild 
acid elution on intact cells 59. In the latter approach, only the ligandome present at the cell 
surface should be sampled, whereas with the former approach, the intercellular HLA 
complexes are probed as well. Based on our observations, the two approaches could chart 
distinctive ligandomes particularly for HLA allotypes, which can have a considerable part of 
their molecules residing intracellularly. Each approach is clearly associated with different 
strengths and potential bias 60; also, a definitive consensus is still elusive and may be 
context-dependent. 

In conclusion, through an in-depth analysis of the glycosylation profiles on HLA class I 
molecules, originating from three different cell lines, covering four different class I genes 
and six different allotypes, we observed that they all exhibit different glycosylation profiles. 
It would be interesting to expand such analysis to more cell lines covering a broader range 
of allotypes, and/or even primary cells, to probe whether such observations are general or 
very much cell type specific. We show that the HLA glycan-signature reflects the cellular 
organization and is distinct for the same HLA molecules residing at the PM or the IMs (ER 
and Golgi). Although this is fully in line with what would be expected based on our 
knowledge of protein cellular glycosylation, analyzing glycoform profiles may thus provide 
a direct quantitative assessment of the cellular distribution of specific HLA class I molecules. 
As the peptide repertoire presented at the cell surface is sampled by T-cells, our 
observations are significant for the analysis and interpretation of HLA peptide ligandomes. 
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EExxppeerriimmeennttaall  pprroocceedduurreess  
Cell culture 
The B-lymphoblastoid cell line JY (containing HLA-A*02:01, HLA-B*07:02, HLA-C*07:02) was 
cultured in RPMI 1640 medium (+glutamine, Gibco) supplemented with 10% fetal bovine 
serum, 50 U/mL penicillin (Gibco), and 50 μg/mL streptomycin (Gibco) in a humidified 
atmosphere at 37 °C with 5% CO2. The B-lymphoblastoid cell lines DEM (containing HLA-
A*02:01, HLA-B*57:01, and HLAC* 06:02) and DBB (containing HLA-A*02:01, HLA-B* 57:01, 
HLA-C*06:02) were cultured in RPMI 1640 medium (+glutamine) supplemented with 15% 
fetal bovine serum, 1 mM sodium pyruvate (Gibco), 50 U/mL penicillin, and 50 μg/mL 
streptomycin in a humidified atmosphere at 37 °C with 5% CO2. 

HLA Class I immuno-affinity purification and protein digestion 
Per cell line, 5 × 108 cells were harvested by centrifugation and washed three times with 
phosphate-buffered saline (PBS). The cells were lysed in 10 mL Pierce IP lysis buffer (Thermo 
Scientific) supplemented with 1× complete protease inhibitor cocktail (Roche Diagnostics), 
50 μg/mL DNAse I (Sigma- Aldrich) and 50 μg/mL RNAse A (Sigma-Aldrich) per gram cell 
pellet for 1.5 h at 4 °C. The lysate was cleared by centrifugation for 1 h at 18,000 x g at 4 °C. 
The protein concentration was determined using the BCA assay (Pierce). HLA class I 
immuno-affinity purification was performed as described by Demmers et al. 61. In short, HLA 
class I complexes were immunopurified using 0.5 mg W6/32 antibody 35 coupled to 125 μL 
protein A/G beads (Santa Cruz) from 25 mg whole cell (WC) lysate. For the PM and IM 
fractions, 0.16 mg W6/32 antibody coupled to 40 μL protein A/G beads was used for ∼160 
and ∼60 μg input, respectively. To prevent coelution, the antibodies were cross-linked to 
protein A/G beads. Incubation took place at 4 °C for approximately 16 h. After immuno-
affinity purification, the beads were washed with 40 mL of cold PBS. HLA class I complexes 
and peptide ligands were eluted with 10% acetic acid. The peptide ligands were separated 
from the HLA molecules using 10 kDa molecular weight cutoff filters (Millipore). The HLA 
molecules were denatured in 8 M urea in 500 mM ammonium bicarbonate with 1× 
complete ethylenediaminetetraacetic acid -free protease inhibitor cocktail (Roche 
Diagnostics). The HLA proteins were reduced, alkylated, and digested with 50 ng trypsin. 
The digested peptides were loaded onto C18 SEPPAK columns (Supelco) in 0.1% formic acid 
and eluted after cleanup with 80% acetonitrile (ACN) in 0.1% formic acid. The samples were 
dried by vacuum centrifugation and reconstituted in 2% formic acid prior to LC−MS/MS 
analysis. 
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Cellular fractionation 
PM fractionation was performed by gentle homogenization in an isotonic environment, in 
the absence of detergents. Homogenized JY cells were applied to a dextran gradient for 
phase separation (by differential partitioning) into the PM fraction (low-density top 
fraction) or IM fraction (high-density bottom layer). Intermediate fractions where 
liquid−liquid mixing could occur were carefully and generously discarded. A similar 
approach has been published previously 62. 

Mass spectrometry analysis 
Glycoproteomics data were acquired using an Agilent 1290 UHPLC (Agilent) coupled to an 
Orbitrap Fusion Lumos Tribrid mass spectrometer (Thermo Scientific). Proteomics data 
were acquired using an equivalent UHPLC setup on a Q-Exactive HF (Thermo Scientific). 
Peptides were first trapped on a 2 cm × 100 μm Reprosil C18 trap column (3 μm particle 
size), followed by separation on a 50 cm × 75 μm Poroshell EC-C18 analytical column (2.7 
μm). Trapping was performed for 5 min 0.1% formic acid (solvent A) and eluted with a 
gradient using 80% ACN with 0.1% formic acid (solvent B). Gradient: 13% B to 40% B over 
48 min and 40% B to 100% over 1 min holding at 100% B for 4 min. 

For proteomics, the mass spectrometer was operated in data-dependent mode using a top 
15 method. Full MS scans were captured using 60,000 resolution at 200 m/z, mass range 
310−1600 m/z, with an AGC target of 3 × 106, and a max injection time of 20 ms. MS/MS 
scans were triggered on charge states 2−5 and excluded for 12 s after selection. A selection 
window of 1.4 m/z was used, followed by higher-energy collisional dissociation (HCD) 
fragmentation at 27 normalized collisional energy. Fragmentation scans were captured at 
30,000 resolution, with a fixed first mass of 120 m/z, with an AGC target of 1 × 105 and a 50 
ms max injection time. 

For glycoproteomics, the mass spectrometer was operated in a product ion-triggered data-
dependent mode using a 3 s cycle type. Full MS scans were captured on the Orbitrap at 
60,000 resolution at 200 m/z, mass range 350−2000 m/z, with an AGC target of 4 × 105, and 
a max injection time of 50 ms. MS/MS scans were triggered on charge states 2−8 and 
excluded for 30 s after selection. A selection window of 1.6 m/z was used, followed by 
fragmentation using HCD at 30% collisional energy. Fragmentation scans were captured on 
the Orbitrap at 30,000 resolution, mass range 120−4000 m/z. For stepping HCD and EThcD-
triggering methods, a targeted mass trigger was configured with a mass list of common 
glycan oxonium ion fragments as reported by Reiding, et al. 36. When at least three ions 
were detected, another MS/MS scan was triggered on the same precursor. These scans used 
the same isolation and resolution parameters. For EThcD, calibrated charge-dependent ETD 
parameters were used and 25% supplemental activation, stepping HCD used collisional 
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energies of 10, 25, and 40%. EThcD and stepping HCD scans used an AGC target of 400% 
and a 250 ms max injection time. 

Data analysis 
Data analysis of proteomics data was performed using MaxQuant (v.1.6.17.0) and the 
Andromeda search engine. Data were searched against a SwissProt human database 
(20,431 entries, downloaded on Sept 18, 2019) appended with the specific HLA allotypes 
found in each cell line. Enzyme specificity was set to trypsin and up to two missed cleavages 
were allowed. Fixed modification of carbamidomethyl at C and variable modification 
oxidation at M and N-terminal acetylation were used. An FDR rate of 0.01 was set for both 
protein and peptide identification. Label-free quantification was performed using IBAQ 63,64. 

Data analysis of the glycoproteomics data was performed using PMi-Byonic (Protein 
Metrics) (v3.6). Byonic settings were as follows, cleavage site: fully specific, C-terminal of 
RK, with up to two missed cleavages. 10 ppm precursor mass tolerance for both HCD and 
EThcD was applied with a fragment mass tolerance of 20 ppm. Selected modifications: 
oxidation, variable at M and carbamidomethyl, fixed at C. The Byonic N-glycan 132 human 
database was used for identification of glycosylation. Precursor isotope off by x was set to 
“too high or low (narrow)” with a maximum precursor mass of 10,000 Da. Precursor 
assignment was computed from MS with a maximum of 2 precursors per MS/MS. A 1% FDR 
(or 20 reverse count) cutoff was used with decoys added in the database. For the protein 
database, a fasta file was created containing all HLA class I and class II allotypes for the 
specific cell lines. Subsequent analysis was performed with Python 3.8 using Pandas 1.1.3 
65, Numpy 1.19.2 66, and Matplotlib 3.3.2 67, and Seaborn 0.11. Glycopeptides were selected 
with a minimum Byonic score of 150 and absolute log probability higher than 1. In addition, 
a glycan needed to be detected at least six times per HLA protein per cell line. Glycans were 
assigned categories based on compositional requirements. Paucimannose: HexNAc ≤ 2, Hex 
≤ 3. High mannose: HexNAc = 2, Hex > 3, hybrid/asymmetric: HexNAc = 3, diantennary: 
HexNAc = 4, bisected: HexNAc ≥ 5, Hex ≤ 5, and extended: HexNAc ≥ 5, Hex > 5. Distributions 
of glycan categories were calculated based on glycan peptide spectral match (PSM) counts. 
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FFiigguurree  SS11  PPhhyyllooggeenneettiicc  ttrreeee  vviissuuaalliizzaattiioonn  ooff  tthhee  mmoosstt  oobbsseerrvveedd  HHLLAA  ccllaassss  II  hheeaavvyy  cchhaaiinn  aalllloottyyppeess  iinn  tthhee  
EEuurrooppeeaann  ppooppuullaattiioonn.. The allotypes were selected in order of abundance from 
http://allelefrequencies.net/ . For multiple sequence alignment of the HLA Class I heavy chain 
molecules, only the α1 and α2 domains were used, because many allotypes are missing sequence 
information on the α3 domain. Additionally, the α3 domain does not contribute to the peptide-binding 
groove, thus sequence variation in this region is less relevant. As also shown in Figure 1B for a smaller 
number of sequences, the HLA subtypes cluster together even when including a large number of 
sequences. 
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FFiigguurree  SS22  AAbbuunnddaannccee  ddiissttrriibbuuttiioonn  ooff  ggllyyccaannss  ffoorr  eeaacchh  HHLLAA  ccllaassss  II  ggeennee  iinn  eeaacchh  iinnvveessttiiggaatteedd  cceellll  lliinnee.. Each 
cell shows a percentage value of the relative abundance for a glycan in a particular class I gene and cell 
line (across each row). The horizontal axis shows several observed glycan compositions. Only 
compositions with at least >2% relative abundance are shown, consequently each horizontal row does 
not add up to 100% exactly. The cells are colored according to the color bar on the right to visually 
distinguish higher abundant glycans. This figure shows in greater detail that the bisected glycan 
N5H5F1S(0-2) is the most abundant glycan on HLA-A and B for all cell lines, while on HLA-C and F the 
high-mannose glycans are more abundant. It also reveals in greater detail than Figure 2 that HLA-A has 
a more diverse glycosylation pattern than the other genes. 
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FFiigguurree  SS33  AAddddiittiioonnaall  eexxaammpplleess  ooff  aannnnoottaatteedd  MMSS//MMSS  ssppeeccttrraa  ooff  HHLLAA  hheeaavvyy  cchhaaiinn  ggllyyccooppeeppttiiddeess.. All spectra 
display peptide backbone and glycan fragments used for identification and annotation of the 
glycopeptides. A) EThcD MS/MS spectrum of an HLA-A*02:01 glycopeptide, expressing a paucimannose 
type glycan (JY cell line). B) EThcD MS/MS spectrum of an HLA-A*02:01 glycopeptide, expressing a 
complex type extended glycan (JY cell line). C) Stepping energy HCD MS/MS spectrum of a HLAB*57:01 
derived diantennary glycopeptide (DEM cell line). Unlike the EThcD MS/MS spectra, in HCD and 
stepping HCD MS/MS spectra the intact precursor ion (annotated as “M”) is usually not observed. 
However, the accompanying MS1 scan (not shown here) still provides the intact glycopeptide mass to 
support the identification. D) EThcD MS/MS spectrum of an HLA-B*57:01 glycopeptide expressing a 
bisected glycan (DBB cell line). The diagnostic fragment ion for bisection is not observed, but due to 
the confirmation of other bisecting glycans as shown in figure 3A, a bisecting structure is assumed. E) 
HCD MS/MS spectrum of an HLA-C*07:02 derived high mannose glycopeptide (JY cell line). F) Stepping 
HCD MS/MS spectrum of an HLA-F glycopeptide, expressing a high mannose glycan (DEM cell line). 
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FFiigguurree  SS44  PPrrootteeoommiiccss  aannaallyyssiiss  rreevveeaallss  tthhee  ddiissttiinncctt  pprrootteeiinn  kkeeyywwoorrddss  eennrriicchheedd  iinn  tthhee  IInnnneerr  mmeemmbbrraannee  aanndd  
PPllaassmmaa  mmeemmbbrraannee  ffrraaccttiioonnss.. For both the inner and plasma membrane fractions UniProt keywords for 
the top 100 most abundant proteins as determined by IBAQ were assessed. The occurrence of 
keywords related to the inner and plasma membrane compartments are shown as a percentage where 
a value of 100% would indicate that all top 100 proteins are assigned with the keyword. 
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Paragraphs on IgG are adapted from:

de Graaf, S. C.*, Hoek, M.*, Tamara, S., & Heck, A. J. 
A perspective toward mass spectrometry-based de novo sequencing of 
endogenous antibodies. 

In Mabs (Vol. 14, No. 1, p. 2079449). Taylor & Francis.

* These authors contributed equally

Summary and outlook

Chapter 6



 

SSuummmmaarryy  
The key proteins involved in the adaptive immune system are amongst the most 
polymorphous proteins found in humans. These polymorphisms make them an incredibly 
challenging group of proteins to investigate. Throughout the chapters of this thesis, I have 
presented several strategies to study two groups of these highly polymorphic proteins with 
the aid of mass spectrometry: antibodies and HLA molecules. 

As demonstrated in chapter 2, protein mass spectrometry has advanced to a stage where it 
is now possible to detect single IgG1 clones in human serum. This was achieved even though 
the enormous number of theoretically possible clones made it seemingly impossible to 
achieve at the protein level. The detection of single clones at the protein level made it 
possible to construct personalized IgG1 clonal repertoires. Such profiles revealed that each 
donor exhibits a simple, yet unique serological IgG1 repertoire that adapts to changes in 
physiology. Furthermore, we showed that the combinations of synergistic peptide- and 
protein-centric mass spectrometry approaches make it feasible to de novo sequence highly 
abundant circulating IgG1 clones. 

The data presented in chapter 3 reveals that the antibody clonal repertoire profiling 
technique is not exclusive to IgG1 and can be adapted to profile both serum and milk human 
IgA1. Since no IgA1 hinge specific enzyme has been discovered yet, a different strategy was 
required to generate the Fab fragments used for clonal profiling. Instead, a protease was 
used that is specific to O-glycans, which are found frequently and abundantly in the hinge 
region of IgA1. Unlike IgG1 in human serum, secretory IgA1 in human milk does not occur 
as monomer, but instead appears as complex oligomer of several IgA1 monomers combined 
with J-chain and the secretory component of pIgR. Like with IgG1 monomers, the clonal 
profiling approach delivers single clone detection for secretory IgA1. Accordingly, IgA1 
clonal profiles are simple, yet unique per donor. 

Equipped with a technique that could be used for profiling both milk and serum IgA1, we 
set out to investigate the differences and similarities of milk and serum IgA1 clonal profiles 
in the same donor in chapter 4. Interestingly, significant overlap was found between milk 
and serum IgA1 clonal repertoires within individuals even though structural analysis of the 
IgA1 showed that serum IgA1 is mainly monomeric, while in milk IgA1 is solely present as 
secretory IgA1 oligomers coupled with J-chain and secretory component. Further analysis 
of these the different pools of IgA1 structures revealed that several of the abundant clones 
found in milk matched to dimeric J-chain coupled IgA1 clones in serum. This suggests that 
human IgA1 has at least two distinct, independent, origins. 
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In chapter 5 we focused on a quite different highly polymorphic human protein: HLA class 
I. Here, I demonstrate the allotype specific glycosylation of HLA class I proteins. While they 
are all similar, specific polymorphisms in the amino acid sequence of HLA class I molecules 
allows for distinction between the different HLA allotypes by peptide-centric mass 
spectrometry. By targeting specifically the glycopeptides using targeted mass triggering 
methods, the composition and relative abundances of HLA class I glycans could be 
identified. Furthermore, the differences in glycosylation profiles were found to be linked to 
differences in the subcellular localization of the different allotypes and revealed that a 
substantial fraction of some HLA class I allotypes may reside intracellularly.
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SSaammeennvvaattttiinngg  
De belangrijkste eiwitten betrokken bij het adaptieve immuunsysteem behoren tot de 
meest polymorfe eiwitten in mensen. Deze polymorfismen maken deze eiwitten tot een 
ongelooflijk uitdagende groep om te onderzoeken. In dit proefschrift heb ik verschillende 
strategieën gepresenteerd om twee groepen van deze zeer polymorfe eiwitten te 
bestuderen met behulp van massaspectrometrie: antilichamen en HLA-moleculen. 

Zoals aangetoond in hoofdstuk 2, is eiwitmassaspectrometrie nu gevorderd tot een stadium 
waarin het mogelijk is om individuele IgG1-klonen in menselijk serum te detecteren. Dit was 
mogelijk, ondanks het enorme aantal theoretisch mogelijke klonen die de detectie op eiwit 
niveau een schijnbaar onmogelijke taak maakte. De detectie van individuele klonen op 
eiwitniveau maakte het mogelijk om gepersonaliseerde IgG1-klonale repertoires samen te 
stellen. Dergelijke profielen lieten zien dat elke donor een eenvoudig, maar uniek 
serologisch IgG1-repertoire vertoont dat zich aanpast aan veranderingen in de fysiologie. 
Verder toonden we aan dat de combinatie van synergetische peptide- en eiwit-centrische 
massaspectrometrie methoden het mogelijk maakt om de novo de sequentie van zeer 
abundante circulerende IgG1 klonen te bepalen. 

De data in hoofdstuk 3 laat zien dat de antilichaam-klonale repertoire-profileringstechniek 
niet exclusief is voor IgG1 en kan worden aangepast om zowel serum- als melk-humaan IgA1 
te profileren. In tegenstelling tot IgG1 dat in zijn scharniergebied werd geknipt, is er nog 
geen IgA1-scharnierspecifiek enzym ontdekt. Er was dus een andere strategie nodig om de 
Fab-fragmenten te genereren die worden gebruikt voor klonale profilering. Voor IgA1 werd 
daarom gebruik gemaakt van een protease dat specifiek is voor O-glycanen, omdat O-
glycanen veelvoudig worden gevonden in het scharniergebied van IgA1. In tegenstelling tot 
IgG1 in menselijk serum, komt secretoir-IgA1 in moedermelk niet voor als monomeer. In 
plaats daarvan verschijnt IgA1 als een complex oligomeer van verschillende IgA1-
monomeren gecombineerd met J-keten en de secretoire component van pIgR. Ondanks 
deze verschillen levert de klonale profilering een eveneens individuele kloondetectie op. 
Net zoals bij IgG1 zijn IgA1-klonale profielen dus eenvoudig, maar toch uniek per donor. 
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Uitgerust met een techniek die kan worden gebruikt voor het profileren van zowel melk- als 
serum-IgA1, onderzoeken we in hoofdstuk 4 de verschillen en overeenkomsten van melk- 
en serum-IgA1-klonale profielen in dezelfde donor. Interessant is dat er significante overlap 
werd gevonden tussen melk- en serum-IgA1-klonale repertoires binnen individuen. Dit 
ondanks dat structurele analyse van het IgA1 aantoonde dat serum-IgA1 voornamelijk 
monomeer is, terwijl IgA1 in melk alleen aanwezig is als secretoire IgA1-oligomeren 
gekoppeld aan J-keten en secretoire component. Verdere analyse van deze verschillende 
groepen van de IgA1-structuren onthulde dat verschillende van de abundante klonen die in 
melk werden gevonden, overeenkwamen met aan dimeren J-keten gekoppelde IgA1-klonen 
in serum. Dit suggereert dat humaan IgA1 ten minste twee verschillende, onafhankelijke, 
oorsprongen heeft. 

In hoofdstuk 5 ligt de focus op heel andere, zeer polymorfe humane eiwitten, HLA klasse I. 
Hier demonstreer ik de allotype-specifieke glycosylering van HLA klasse I-eiwitten. Hoewel 
alle HLA klasse I eiwitten vergelijkbaar zijn, maken specifieke polymorfismen in de 
aminozuursequentie van HLA klasse I-moleculen het mogelijk om onderscheid te maken 
tussen de verschillende HLA-allotypes met peptide-centrische massaspectrometrie. Door 
specifiek op de glycopeptiden te richten met behulp van gerichte massa-triggerende 
methoden, konden de samenstelling en relatieve hoeveelheden van HLA klasse I-glycanen 
worden geïdentificeerd. Verder werd gevonden dat de verschillen in glycosyleringsprofielen 
verband houden met verschillen in de subcellulaire lokalisatie van de verschillende 
allotypes. Dit onthulde dat een aanzienlijk deel van sommige HLA klasse I allotypes zich 
intracellulair kunnen bevinden. 
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OOuuttllooookk  
The research presented in this thesis primarily focused on the development of new mass-
spectrometry based techniques to study polymorphous human proteins such as IgG1, IgA1 
and HLA class I. With the proof of concept that antibody repertoire profiling could be used 
to monitor immune responses during infection and that selected antibodies of interest 
could be de novo sequenced, an exciting goal for future development of this technique 
would be to integrate it into an antibody discovery pipeline. 

Over the last decades many advancements were made in the field of MS-based antibody 
sequencing. Combined these advancements provide an optimistic outlook for the future. I 
expect that therapeutic antibodies principally discovered by MS could be right around the 
corner. Looking back at the timeline of key developments in the field of antibody 
sequencing, we can notice several clear trends (Figure 1). Since the 1960s, rudimentary 
sample preparation for antibodies has been available, but practical methods of obtaining 
sequence information appeared only in 1993, when Sanger sequencing was first applied to 
B-cells. The first therapeutic antibody was registered in 1986 and this started the large-scale 
development of mAbs, with a hundred mAbs registered by 2008 1. At that point, next-
generation sequencing led to high-throughput sequencing workflows and further facilitated 
the development of therapeutic antibodies. Wide adoption of these techniques followed 
shortly, and the number of deposited antibody sequences and registered antibody 
therapeutics has been growing ever since, with the 100th therapeutic mAb being approved 
by the United Stated Food and Drug Administration (FDA-approved) in 2021 2. Observing 
this trend, the popularization of MS-based proteomics has now spurred the development 
of platforms for de novo sequencing of antibodies heavily supported by MS. Over the last 
20 years, the rapid expansion of genome-based sequencing techniques kick-started 
antibody discovery, facilitated by large-scale BCR sequencing. 

Similarly, I envision that the ongoing advancements of MS de novo sequencing will 
complement available strategies by protein-level analysis or even provide a stand-alone 
solution for future therapeutic developments. More specifically, the continued 
development of techniques such as antibody repertoire analysis coupled with de novo 
sequencing approaches could bring several exciting prospects. Monitoring of antibody 
repertoires could be used to identify and select a small number of potentially reactive 
antibodies during the onset of an infection. These clones could then be characterized, 
sequenced, recombinantly produced, and tested for antigen neutralization. Once routine 
such an approach at the protein level would be much more straightforward than screening 
of B cells at the DNA/RNA level. 
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To get there, several challenges still must be overcome. Currently, we do not yet have 
enough knowledge about antibody repertoires and their dynamics during disease 
development. Although we observe many and drastic changes in abundance of clones and 
observe the appearance of new clones in donors, it is not yet obvious if those clones directly 
relate to binding and neutralization of the antigens of interest. Since each donor’s antibody 
repertoire is unique it is not possible to compare donors to find antibodies of interest, and 
we observe that each individual may react differently to a given infection and/or 
vaccination.  

 

 

 

 

FFiigguurree  11  TTiimmeelliinnee  ooff  kkeeyy  ddeevveellooppmmeennttss  ppaavviinngg  tthhee  wwaayy  ttoowwaarrddss  MMSS--bbaasseedd  ddee  nnoovvoo  sseeqquueenncciinngg  ooff  sseerruumm  
aannttiibbooddiieess.. Blue: Key developments in the field of DNA genomic sequencing. Green: Key advances in 
the field of antibody research. Orange: Selected hallmark papers in the field of MS-based antibody 
sequencing. To visualize the impact of therapeutic antibody development, the bar graph indicates the 
cumulative number of registered antibody-based drugs, and the line shows the number of registrations 
for a given year 1. 
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Moreover, de novo sequencing of antibody clones directly from serum proved a highly 
challenging task, requiring manual curation by experts to derive the mature sequence. This 
not only makes it difficult and time consuming to retrieve the sequences, but it could also 
be more prone to errors in interpretation compared to other sequencing techniques such 
as next-generation DNA/RNA sequencing which typically has a depth of coverage in the 
hundreds for each nucleotide. Although this may seem like a negative outlook, upon starting 
this research just a few years ago it seemed practically impossible to detect single antibody 
clones in serum and just as impossible to de novo sequence a clone in such a complex 
background. Compared to these challenges which have been overcome, the challenges 
ahead seem difficult but surmountable.  

By studying larger cohorts of donors and correlating their longitudinal Ig repertoires to 
binding assays it could be possible to distil a certain set of features shared by binding 
reactive antibodies. Since we only observe 50 to 500 Ig clones at a time within a single 
donor, selecting the 10% most likely reactive antibody candidates would already result in 
numbers that could become feasible for sequencing efforts. Of course, this would also 
require improvements to the de novo sequencing approach. We would require an improved 
and mostly automated software pipeline. Eliminating the manual efforts in the sequencing 
process would make it possible to start sequencing a larger number of clones. At that point, 
the limiting factor would become sample availability. The most logical way to overcome this 
would be improvements in liquid chromatography and mass spectrometry instrumentation. 
Currently, the intact LC-MS and especially the top-down analysis of the antibodies require 
quite substantial amounts of sample, because our intact LC-MS approach uses a high-flow 
HPLC configuration. This configuration is very robust but requires a hundred-fold more 
sample than nano-flow configurations 3,4. Nano-flow LC-MS for intact proteins has been 
quite challenging and special care would need to be taken to maintain robustness. This is 
especially important since we identify individual clones by mass and retention time, 
therefore shifts in retention time from an unstable system or new column during 
longitudinal measurements would be detrimental to our analysis.  

Another reason why intact protein LC-MS requires more sample than peptide-centric 
proteomics is because proteins ionize to many different charge state species, using 
electrospray ionization. A peptide usually results in one or sometimes two charged ions 
while for proteins it is more common to see 20 to 30 different charged species, when the 
protein is in a denatured state. By spreading the protein signal over many more different 
ions, the signal-to-noise is significantly reduced. Even more challenging, in top-down 
measurements only a single charge state of the charge envelope can be selected for 
fragmentation, to avoid co-isolation of different antibodies, which reduces the ion flux even 
more. These problems could be alleviated by measuring the antibodies under native or 
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charge reduced conditions, although they are no longer in their native state after their Fc 
has been enzymatically cleaved. Under native or charge reduced MS conditions ions not 
only get fewer charges, but also the number of differently charged species is reduced 5,6. 
This would act as a concentration of the signal which would improve signal-to-noise. This 
concentration of signal by charge reduction is illustrated in Figure 2. Under LC-MS 
conditions the protein is denatured which allows it to carry many charges (Figure 2A). In 
turn the protein signal is spread over many different peaks whereby even the most intense 
charge states contribute less than 10% of the total signal. On the other hand, under native 
conditions the protein carries less charges spreading the signal over fewer peaks, compared 
to the denatured spectrum the most intense peaks may be 5-fold higher in intensity. Besides 
a benefit to intensity, charge reduction would also make the spectra less dense and easier 
to interpret. Improvements to the sensitivity of the MS could also reduce the sample 
requirement greatly, which in turn allows for characterization of mode clones.  

In the current mass spectrometry approach, during selection of a single precursor ion for 
top-down fragmentation, most of the ions are lost in the quadrupole even though other 
charge states of the same antibody could also be used for characterization. Developments 
or incorporation of existing techniques could make better use of available ions which could 
provide a significant boost in signal. For example, it is theoretically possible to select ions in 
parallel using a linear ion trap 7, but to my knowledge no application has been developed to 
apply this to multiple charge states of the same protein. In order to be effective, such a 
technique would require fast deconvolution and charge assignment of the Full MS spectrum 
in order to only select peaks belonging to the same protein precursor 8. Another strategy 
could be to store all ions at the front end of the instrument and then selectively release the 
ions, which would circumvent signal loss by the filtering stage of the quadrupole. A linear 
ion trap could again be used here for the same reason as mentioned previously, but such 
an ion-accumulation device at the front of the instrument is not commercially available. 
However, several 2D-MS techniques provide a feature that can accomplish such a thing. 
Trapped ion mobility devices 9, for example, accumulate and release ions based on their 
collisional cross sections, and could be adapted for boosting the signal of top-down MS. 
With a boost to sensitivity spectral density and complexity might become a larger problem. 
To this end, it would also be interesting to look at approaches that provide additional 
resolving power. Although still very challenging, super resolution methods for Fourier 
transform MS, such as ΦSDM 10, could provide greater resolving power to disentangle more 
protein species or antibody clones from a single spectrum. Unfortunately, exactly those 
complex and highly dense spectra are proving the most challenging to deconvolute.  
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Other recently introduced techniques such as charge detection (CD) MS, could also provide 
improved resolving power without requiring instrumentational improvements 11. Although 
current implementations require a long acquisition time which is not compatible with LC 
separation where proteins only elute for a period of 10 seconds at maximum. 
Notwithstanding, there are a myriad of opportunities to improve instrumentation, so I 
envision that the coming years will provide multiple instrumental improvements that 
improve the detection of complex protein mixtures such as antibody repertoires. 

In summary, because of their enormous complexity the proteins that make up our 
proteomes are highly personalized. Notably, the highly polymorphic immunoglobulin and 
HLA molecules have so far been largely disregarded in cellular and plasma proteomics 
studies of larger cohorts, as they harbor information that is less uniform for a cohort and 
highly specific for each individual. Consequently, these molecules have hardly been 
considered as biomarkers. Through the work described in this thesis I hope to open new 
avenues in proteomics, turning this polymorphic complexity into an interesting and 
personalized biomarker profile. The multiple corona lockdowns over the last years, which 
also affected my time as a PhD, have certainly reinforced the importance of our immune 
system and the understanding thereof, and further revealed that our responses to 
infections are highly personalized. I foresee that mass spectrometry will become an 
important tool to study all polymorphous proteins of our immune system and may also soon 
be used as a tool for the discovery of new therapeutics. 

 

FFiigguurree  22  IIlllluussttrraattiivvee  cchhaarrggee  ddiissttrriibbuuttiioonnss  ooff  iinnttaacctt  pprrootteeiinnss..  A) Charge distribution of a denatured intact 
protein as observed by LC-MS. The cartoon depicts an unfolded protein carrying a high number of 
positive charges. The number of charges can vary per protein leading to many differently charged peaks 
of the same protein. Charge state envelopes like this are typically observed in Fab repertoire profiling 
experiments. B) Charge distribution of protein under native MS conditions. Because the protein is still 
in a folded state it gets much less charged. This results in a lower total charge state, but also much less 
different charge states. As a result, the signal gets spread over fewer peaks leading to a more 
concentrated signal. 
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