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1. Biological introduction 

1.1 Plasma-derived therapeutics 
Collected blood plasma is a unique source material for the manufacture of therapeutic products. Plasma 

is so much more than just the liquid part of blood that carries the red and white blood cells and the 

platelets. The clear, yellowish liquid which constitutes about 55% of the total blood volume serves critical 

functions: regulating the blood pressure and volume, transporting vital minerals, maintaining a proper pH 

balance in the body, and supplying crucial proteins for blood clotting and immunity. Plasma contains 

hundreds of proteins, ranging from abundant (> 10 mg/mL) and multifunctional albumin and 

immunoglobulin (Ig) to diverse less-abundant (down to pg/mL) proteins with specific physiologic activities 

including protease inhibitors (α1-antitrypsin, antithrombin …) and coagulation factors (factor VIII, 

fibrinogen, von Willebrand factor …). Plasma transfusion thus makes accessible a wide reservoir of 

components that demonstrate clear therapeutic interest. 

At the dawn of the 20th century, von Behring was awarded the first Nobel Prize in Medicine for his work 

on serum therapy against diphtheria [1]. Curative or preventive blood serum was obtained from 

immunized animals or convalescent human. In the 1930’s, better knowledge on the serum protein 

composition allowed to localize antibodies in the immunoglobulin (Ig) compartment [2]. Few years later, 

Cohn and Oncley developed separation techniques of plasma proteins into individual stable and 

concentrated fractions with improved therapeutic impact as compared to whole crude plasma [3,4]. At 

the same period, the Red Cross launched a national blood donations service to collect blood to treat 

injured soldiers during the World War II, mainly with albumin and dried plasma [5]. Before the late 1980’s, 

viral transmission was the major concern when using medicinal products derived from human plasma. 

Over the years, manufacturing processes were progressively refined with dedicated and validated 

inactivation or removal steps for possible infectious agents, in compliance with good manufacturing 

practices and quality assurance. This resulted in a sophisticated and global plasma fractionation industry. 

Nowadays, around 25 million litres of human plasma are fractionated each year in the world, in over 50 

factories [6].  

As reported in Table 1.1, around 20 plasma proteins are known for exhibiting therapeutic effect in 

different life-threatening conditions such as bleeding trauma, immunological disorders, congenital 

deficiencies and/or tissue degenerating diseases, or infections. These proteins mostly belong to four main 

groups: albumin, coagulation factors, protease inhibitors & immunoglobulin [6,7]. When specific 

concentrate is not available, whole-blood plasma is still used for direct infusion [8]. Normal 

immunoglobulin, specific immunoglobulin (anti-D, anti-rabies & anti-tetanus) and coagulation factors VIII 

& IX are listed in the 18th WHO Model List of Essential Medicines [9].  
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Table 1.1 Plasma proteins with therapeutic role. 

Proteins in italic present potential therapeutic indications but have no marketing authorization as therapeutic product yet.  
* means that recombinant protein production as alternative to purification from plasma is licensed or under advanced 
development. [10,11] Total protein concentration in plasma is 60-75 g/L. Plasma proteins concentration dynamic range is also 
illustrated in Figure 9.1 in the Addendum. 

Plasma protein Functional role in 
plasma 

Plasma 
concen-
tration 
(g/L) 

Plasma-derived 
product 

Therapeutic use  

Albumin Molecule transport 
& regulation of the 
oncotic pressure 

35 - 45 Concentrate * Blood volume 
replacement and oncotic 
pressure (Surgery, 
trauma, burns, sepsis, 
hypovolaemia) 

Immunoglobulin Circulating agents 
of the adaptive 
immune system 

7 - 15 Normal 
polyvalent 
immunoglobulin 
G (Intravenous, 
subcutaneous 
or 
intramuscular) 

Immune replacement 
therapies & 
immunomodulatory 
effects  

Hyperimmune 
specific 
immunoglobulin 
G * 

Passive immunisation 
towards infectious 
agents, foetal Rhesus 
compatibility 

Coagulation Factors Coagulation 
cascade 

      

Factor VIII Acceleration of 
Factor X activation 

< 0.001 Concentrate * Replacement 
(Haemophilia A, von 
Willebrand syndrome) 

Factor IX Factor X activation 0.005 - 
0.01 

Concentrate * Replacement 
(Haemophilia B) 

Prothrombin  
(Factor II) 

Once activated, 
transform 
fibrinogen into 
fibrin 

0.15 - 
0.2 

Prothrombin 
complex 
concentrate 
(factors II, VII, 
IX, X, proteins C, 
S & Z) 

Correction of the 
coagulation system, 
complex liver disease 
treatment 

Factor VII Factor IX and X 
activation 
(extrinsic pathway) 

< 0.001 Concentrate * Replacement (Bleeding 
control) 

von Willebrand 
factor 

Platelet adhesion 
& Factor VIII 
binding 

0.01 - 
0.02 

Concentrate (+ 
factor VIII) * 

von Willebrand disease 
treatment 

Factor XI Factor IX activation 
(intrinsic pathway) 

0.005 - 
0.01 

Concentrate  Replacement 
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Factor XIII Transglutaminase, 
fibrin crosslink 

0.03 Concentrate * Replacement 

Fibrinogen Blood clotting, 
once converted 
into fibrin 

2 - 4 Fibrin sealants 
(fibrinogen + 
thrombin) 

Surgical haemostasis , 
adhesion or suture 

Concentrate * (hypo)fibrinogenemia 
treatment 

Protein C  
(Factor XIV) 

Anticoagulation, 
inflammation, cell 
death 

0.005 - 
0.01 

Concentrate Replacement (Venous 
thrombosis and purpura 
fulminans) 

Protease inhibitors Regulation of the 
coagulation, 
platelet 
aggregation and 
complement 
system activation 

      

α1-antitrypsin Inhibitor of 
neutrophil 
protease-induced 
host tissue damage 

1.5 Concentrate * Replacement 
(Pulmonary emphysema) 

Antithrombin Thrombin inhibitor, 
clotting reduction 

0.3 Concentrate * Surgery, thrombosis 
treatment, replacement 

C1 esterase  
inhibitor 

Inhibitor of the 
complement 
system to prevent 
spontaneous 
activation 

0.2 Concentrate * Replacement 
(Hereditary/acquired 
angioedema) 

Activated protein C Anticoagulation, 
inflammation, cell 
death 

0.005 - 
0.01 

- * Sepsis treatment 

Inter-α-trypsin 
inhibitor 

role in 
inflammatory 
process 

0.15 - 
0.5 

Concentrate Sepsis treatment 

Other proteins         

Transferrin Iron binding 1.5-3.5 Concentrate Sepsis treatment 

Apolipoprotein A-I Lipase inhibitor 1 Concentrate Treatment of 
hypocholesterolaemia 
and atherosclerosis 

Mannan-binding 
lectin 

Innate (aspecific) 
immune system 
component 

< 0.001 Concentrate Replacement (infantile 
infections) 

Plasmin(ogen) Fibrinolytic enzyme < 0.001 Concentrate Peripheral arterial 
occlusion treatment, 
replacement 
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von Willebrand 
factor cleaving 
protease 

von Willebrand 
factor inactivation 

< 0.001 - Replacement 
(Thrombotic 
thrombocytopenic 
purpura) 

Butyrylcholinesterase serine hydrolase 
that cleaves esters 
of choline 

< 0.001 Concentrate Treatment of 
organophosphorous 
nerve agents poisoning 

 

From the 1980’s, recombinant DNA technology applied to cell culture expression systems has emerged as 

an alternative production platform for plasma proteins. If pathogen safety has been the original 

justification, an additional driving force for new developments is currently the need for adequate supply 

of the plasma proteins at affordable cost worldwide, which has not been reached yet. Compared to 

plasma-derived products, the main advantage of recombinant biotechnology is the unlimited and 

relatively low-cost source material. On the other hand, caution should be paid during product 

development to avoid immunogenicity when non-human/non-physiological expression systems are used 

[10].  

Contrary to most of the plasma proteins, recombinant antibodies cannot substitute for plasma-derived 

normal Ig [10,12]. Consequent to this particularity and because of an increasing demand due to various 

therapeutic uses, normal polyvalent Ig are today the leading product of the plasma-derived therapeutics’ 

market: the global demand is not satisfied and drives the needs of plasma for fractionation [13]. 

1.2 Immunoglobulin G therapeutic products 

1.2.1 Functions and structure of the immunoglobulin 
Immunoglobulin is a group of proteins that function as antibodies, namely the circulating “weapons” of 

the adaptive humoral immune system against pathogens. Genetic combinatorial multiplication leads to a 

highly diverse repertoire of antibodies capable of specifically binding theoretically all kind of exogenous 

structures. Once the antigen-antibody interaction is established at the level of the lymphocytes B 

membranes, lymphocytes B are differentiated into secretory cells (called plasmocytes) producing 

numerous circulating antibodies. Monoclonal antibodies (mAb) are produced by secretory cells arising 

from a same given lymphocyte and thus all recognize a single epitope on the antigen. Polyclonal antibodies 

are produced by secretory cells arising from many distinct lymphocytes and thus target numerous 

epitopes. Even when the antigen is no longer present, memory B cells archive all the antibodies generated 

in response to immunogenic insults so that each organism has its own exposures record reflected in a 

unique antibodies repertoire in the serum, at any given moment. 

Each immunoglobulin is composed of two heavy and two light chains linked by disulphide bonds. Each 

heavy and light chain is about 50 and 25 kDa respectively, resulting in a monomer molecular weight of 

approximately 150 kDa. One part of the heavy chains forms a constant region, named Fc domain, while 

the second part of the heavy chains and the light chains form a variable region, named Fab domain (Figure 

1.1).  
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Figure 1.1 Immunoglobulin structure [14] 

 

While there are only two types of light chains in mammals (kappa and lambda), the variability of the Fab 

domain comes from the so-called complementary determining regions, which result from gene 

rearrangements events and ensure specific binding to an antigen. Following aggregation of the Ig 

molecule on the surface of an antigen, the Fc domain mediates effector functions such as activating the 

complement system, inducing antibody-dependent cellular cytotoxicity via binding the Fc receptor on 

natural killer cells, macrophages or neutrophils, or inducing opsonisation by phagocytes [15,16].  

Five Ig isotypes - IgG, IgA, IgM, IgD and IgE - are distinguished based on the Fc domain sequence, as result 

of genetic recombination in the heavy chain locus of mature B cells, known as “class switch 

recombination”. IgG isotype is subdivided into four subclasses of decreasing abundance – IgG1, IgG2, IgG3 

and IgG4 – while IgA into two – IgA1 and IgA2 [17]. Each Ig isotype and subclass has different distribution, 

structure and specialized effector functions in the immune response, as summarized in Table 1.2. The IgG 

isotype is the main type in blood, representing about 75% of the circulating Ig, and has a much longer half-

life than IgA and IgM (23 days for IgG versus 7 and 5 days for IgA and IgM respectively) [18].  

The Fc domain also carries N-glycans that modulate the biological activity and vary depending on the age, 

the gender and the environment [19,20]. 

 

 

 



Biological Introduction 

 
 

14 

Table 1.2 Ig isotypes characteristics [17,21] 

Ig 
iso-
type 

Predo-
minant 
polyme-
risation 

Distribution Propor
-tion 
in 
blood 

Ig  
Sub- 
type 

Main functional activity 

IgG Monomer Main type in blood and extracellular 
fluid, transport across placenta (mainly 
IgG1&3)  

75% IgG1 
(60%) 

Response to soluble and membrane 
protein antigens 

IgG2 
(29%) 

Response to bacterial carbohydrate 
antigens 

IgG3 
(7%) 

Induction of effector functions, 
potent pro-inflammatory, viral 
infection 

IgG4 
(4%) 

Repeated or long term antigen 
exposure in non-infectious setting 

IgA Dimer Main Ig in mucosal secretions, 
eventually membrane-bound, transport 
across epithelium, lower level in blood. 
IgA1 predominates in blood, IgA2 in 
mucosal secretions.  

15% IgA1 Immune function of mucosal 
membrane and secretions (tears, 
sweat, milk, gastrointestinal tract, 
respiratory epithelium …).  IgA2 

IgM Pentamer Cell membrane of immature 
lymphocyte B and secreted form 

10% - First humoral response to initial 
antigen exposure, induction of 
effector functions 

IgD Monomer Cell membrane of immature 
lymphocyte B, low secretion level in 
blood 

0.25% - Antigen receptor of lymphocytes, 
mast cells activation for antimicrobial 
factors production 

IgE Monomer Very low levels in blood or extracellular 
fluids, but avidly bound by mast cells 
receptors beneath the skin and in 
mucosa and connective tissue 

0.05% - Response to parasites (such as 
helminths and protozoa) and 
allergens, potent pro-inflammatory 

 

1.2.2 The development of concentrated immunoglobulin as therapeutic 

products 
The unique and complex structural characteristics and biological functions of the immunoglobulin 

highlight both the interest and the difficulty to use them as therapeutic products. The Fab and Fc domains 

native structure should be preserved to ensure functional efficacy. 

In the early days of plasma fractionation, the large scale plasma fractionation process developed by Cohn 

and Oncley already allowed to obtain 70-80% concentrate of IgG, with also substantial amounts of IgA 

and IgM [3,4]. When administered subcutaneously or intramuscularly, such concentrates demonstrated 

to be beneficial for both pathogen infections treatment and prevention (measles, hepatitis A, pertussis …) 

and reduction of infections in patient with immune deficiency (agammaglobulinemia or 

hypogammaglobulinemia). Bruton was the first to treat agammaglobulinemia with subcutaneous Ig in 

1952 [22].  

However, these Ig preparations were not suited for severe cases as they could not be administered 

intravenously due to their poor purity. When entering the blood circulation upon intravenous injection, 

immunoglobulin aggregates were causing non-specific spontaneous complement activation and life-
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threatening anaphylactic reactions, while residual active proteases could cause side-effects such as 

hypotension [23]. Further process refinement had to be performed to allow alternative administration to 

the painful, irritating and slowly absorbing (4 to 6 days) repeated small doses of the intramuscular route 

[24]. Artificial aggregation was suspected to be caused by the exposition to hydrophobic surfaces or high 

temperatures during the manufacture. Enzymatic (pepsin, plasmin) or chemical (alkylation, acylation, 

sulfonation) modifications were considered to overcome aggregation but particular caution had to be 

taken to avoid IgG loss of integrity and subsequent shortened half-life and altered effector functions. By 

the end of the 1970s, the first Ig products suitable for intravenous administration, abbreviated as IVIg, 

resulted from improved fractionation processes that managed to significantly reduce aggregation and 

anticomplementary activity while increasing the purity and preserving the Ig intact. Modern IVIg 

preparations are more than 99% IgG, and more than 95% monomeric [2,16,25].  

Another key point in the development of IVIg manufacture was the pathogen safety and the incorporation 

of various dedicated virus elimination procedures. The efforts invested in the refinement and the 

standardisation of the Ig production were even more strenuously motivated by the discovery of new 

therapeutic indications since the 1980s. Beside replacement therapies and passive immunisation towards 

infectious agents, Ig demonstrated therapeutic immunomodulation and anti-inflammatory efficacy in 

various autoimmune and inflammatory diseases: idiopathic thrombocytopenic purpura (ITP), Guillain-

Barré syndrome, Kawasaki syndrome, dermatomyostosis, chronic inflammatory demyelinating 

polyneuropathy (CIDP) and multifocal neuropathy myasthenia gravis. Prevention of graft versus host 

disease in recipients of bone marrow transplants has also been reported. Moreover, numerous other off-

label indications were also reported through the years (e.g multiple sclerosis, graft-versus-host disease in 

transplant patients or HIV) [26–31]. Taken together, this makes Ig products the driving force of what can 

be now called the plasma fractionation industry.  

In the 1970s, Kohler and Milstein fused splenic cells from an immunized animal with an immortalized cell 

line derived from mouse plasmacytoma to produce a mAb secreting hybridoma [32]. In 1986, the first 

therapeutic mAb was approved and opened the path for a whole new range of specific antibody 

therapeutic products for targeted indications. Nowadays, plasma fractionation and biotechnology 

industry complement each other in supplying an extended range of therapeutic antibody products [10,33]. 

1.2.3 Plasma-derived hyperimmune specific immunoglobulin  
Specific hyperimmune Ig products are derived from plasma collected from selected immunized or 

convalescing individuals. They aim to contain a great number of polyclonal antibodies against a specific 

pathogen or toxic substance, e.g. cytomegalovirus, diphtheria toxin, snake poison or hepatitis B virus, in 

order to provide passive immunisation and eventually curative treatment of receivers towards that 

specific agent. High-tittered Ig products can be administered either by subcutaneous or intramuscular 

infusion or intravascular injection and are indicated when immunisation/vaccination is ineffective, 

unavailable, contraindicated or has not been given before the exposure [7,33].  

Anti-D (RhoD) immunoglobulin is a specific type of Ig products which are used to ensure immune 

compatibility between Rhesus D negative (RhD-) mothers and their Rhesus D positive (RhD+) foetus. 

Administered anti-D Ig is aiming to neutralize any RhD+ fetal red blood cell (RBC) penetrating the blood 
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stream of the mother, preventing any maternal immune reaction (“alloimmunisation”) that could cause 

anaemia and possibly the death for a RhD+ baby in a subsequent pregnancy (“haemolytic disease of the 

newborn”) [34]. 

Contrary to recombinant mAb, the development of resistance to hyperimmune Ig has never been 

reported. On the other hand, the efficacy of hyperimmune Ig could be suboptimal since only a fraction of 

the administered antibodies exerts the desired effect. Moreover, hyperimmune Ig production strongly 

relies on specific blood donors’ availability, both in terms of quantity and suitability, resulting in 

considerable variation between batches. The emergence of oligoclonal recombinant antibodies is 

expected to provide a convincing alternative [35].  

1.2.4 Plasma-derived normal polyvalent immunoglobulin 
Normal polyvalent immunoglobulin solutions consist in a broad polyclonal immune repertoire, deriving 

from the pool of numerous (typically 10000 to 40000) plasma donations from standard healthy donors, 

who have not been intentionally immunised with particular antigens. They offer an unrivalled way to 

restore the levels of IgG in the case of primary or secondary immunodeficiency. Different genetic disorders 

can result in a primary immune deficiency: X-linked agammaglobulinaemia, class-switch recombination 

defects, hypogammaglobulinaemia and selective immunoglobulin deficiencies [36]. Secondary immune 

deficiencies are acquired and disease-related. Cancers with certain B cell malignancies, mainly myeloma 

and chronic lymphocytic leukaemia, neonatal HIV infection or an hematopoietic stem cell (bone marrow) 

transplant can lead to such secondary deficiency [18]. 

Using pooled plasma from different donors ensures that the patient immunity against the most common 

pathogens is restored, since the entire antibodies diversity of the population is statistically represented 

in the final product. In addition to resolving the lack of antibodies, normal polyvalent Ig stimulate the 

adaptive immune response and favour the maturation of dendritic cells and the co-stimulation of T 

lymphocytes [37]. 

Beside replacement therapies, several mechanisms are suggested and still discussed to explain observed 

immunomodulatory and anti-inflammatory beneficial properties of normal polyvalent Ig, e.g. in the 

treatment of ITP, Guillain-Barré or Kawasaki syndromes. More commonly cited mechanisms are listed 

hereafter (for more details, see [26,27,36–38]): 

- Interactions with membranes molecules & receptors of the immune system cells (B and T 

lymphocytes, macrophages) 

- Modulation of the complement cascade: attenuation of complement mediated injury 

- Modulation of cytokine production: induction of anti-inflammatory cytokines 

- Neutralisation of autoimmune antibodies 

- Regulation of cell proliferation and apoptosis 

 

Polyvalent immunoglobulin products are usually infused intravenously (peripheral veins or central 

catheters). Alternatively, immunoglobulin can be administered subcutaneously (under the skin, into the 

abdomen or thighs). Intramuscular infusion is no longer preferred as it is painful and suboptimal. 
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Subcutaneous administration allows treatment at home and for patients with difficult venous access. Still, 

differences in bioavailability and pharmacokinetics properties might require higher doses (1:1 to 1:1.5 

IVIg:ScIg dose adjustment coefficients) [36,39,40]. Consequently, subcutaneous preparations are often 

more concentrated (10-20%) than the intravenous ones (5-10%). The average recommended dose for 

antibody replacement therapy is 0.4-0.8 g/kg body weight monthly. The exact replacement dose should 

be individualized for each patient, based on medical follow-ups [36,38,41]. For immunomodulatory/anti-

inflammatory indications, administered dose can be increased to about 2g/kg body weight every 3 to 4 

weeks, which is 3-5 times more than for replacement therapy [42,43].  

1.2.5 Recombinant antibodies 
Modern recombinant antibody engineering biotechnology is expected to provide around 70 approved 

monoclonal products on the market by 2020 and is already driving the overall sales of the 

biopharmaceutical market. mAb are indicated in the specific prophylaxis (treatment or prevention) of 

various diseases, ranging from orphan diseases to multiple sclerosis, asthma, rheumatoid arthritis and 

various cancers [10,44]. Recently, single-domain mAb fragments mimicking heavy chain only antibodies 

demonstrated interesting pharmacokinetics properties [45]. However, mAb are mostly administered as a 

single molecule to address a single disease. Escape variants to mAb are easily observed in lab settings and 

this hampers the efficacy for complex diseases. Nowadays, synergistic oligoclonal cocktails are 

increasingly produced to combine antibodies directed towards multiple epitopes of the target, in order to 

avoid these drawbacks. These products are expected to outmatch the efficacy of plasma-derived 

hyperimmune specific products, since here the whole antibody content is supposed to exert the desired 

effect [35]. On the other hand, they still fail to truly mimic the whole immune repertoire and are thus not 

expected to be substitutive for plasma-derived normal Ig. The general manufacture approach for 

recombinant antibodies – in vitro DNA modification followed by expression in controlled cells, animals or 

plants lines – moves a part of the plasma therapeutics products into a totally different field than the 

plasma fractionation. Nevertheless, while recombinant technology largely circumvents the pathogen 

transmission risks, its manufacture developments are driven by the two same key safety principles as the 

plasma fractionation: integrity and purity. Plasma proteins to be administered should be as close as 

possible to their native status in a healthy individual, and as free as possible from any undesired residual, 

be it from the plasma pool, the process or the production host cell. 

1.3 Modern manufacture and safety of human plasma-derived 

immunoglobulin 

1.3.1 The modern manufacture of immunoglobulin from plasma 

1.3.1.1 Plasma collection 

Plasma for fractionation is collected by licensed blood collection centres. Candidate donors undergo a 

medical interview to prove compliance for a donation. Eligibility criteria such as age, body weight, protein 

and ferrous levels ensure protection of donor’s health [46]. By definition, anticoagulant is used during 

plasma collection, so that coagulation factors are prevented from clotting and are preserved, in contrast 
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to serum collection, where blood is allowed to clot. Plasma more accurately reflects the actual circulating 

blood. 

Recovered plasma is obtained from whole blood donations (primarily done for red blood cell concentrates 

supply). Whole blood is centrifuged, so that plasma is separated from cellular components [16]. Good 

mixing with anticoagulant solution during the whole collection process and controlling blood temperature 

should preserve the integrity of the plasma. About 300mL plasma can be recovered from a single blood 

donation. Recovered plasma represents about 35% of the plasma fractionated in the world [6]. Source 

plasma is directly collected from the donors by plasmapheresis device where removed blood is 

anticoagulated (typically with sodium citrate solution), and immediately separated by physical means 

(centrifugation, filtration or combination of both) into components, some (e.g. red cells) being injected 

back to the donor [16]. A healthy adult can tolerate 600 to 800 mL plasma donation through 

plasmapheresis at a frequent base, with a maximum of 2L per month and 15L per year in Belgium [33,47]. 

Source plasma represents 65% of the plasma fractionated in the world [6]. 

Both recovered and source plasma is suitable for the production of all plasma-derived products. 

Recovered plasma contains less coagulation factors than source plasma possibly due to (i) longer 

processing time before freezing, (ii) higher relative dose of anticoagulant added and (iii) higher cellular 

contamination potentially releasing enzymes that could lyse coagulation factors. On the other hand, 

source plasma contains less IgG when collected from frequent donors. The use of filtration membrane 

(plasmapheresis) or leukoreduction on charged filters (recovered plasma) could lead to more activated 

complement component 3 and 5 [6].  

In some countries, like the US, China, Russia or Germany, blood donations are remunerated to ensure 

greater supply. Nevertheless, WHO recommends voluntary non-remunerated donors [48]. Turning blood 

into a commodity may incite some donors to hide risk factors or diseases to earn the remuneration [49]. 

Source plasma from frequent remunerated US donors also show reduced total protein and total Ig levels 

and somewhat altered protein composition, as compared to unpaid donors [50]. 

Specific hyperimmune immunoglobulin are produced from high-tittered plasmapheresis plasma collected 

from selected successfully immunized donors [7,33]. 

1.3.1.2 Plasma processing 

According to the European Pharmacopoeia, plasma should be frozen at a temperature of -25 °C or below 

within 24 hours of collection. Plasma can be kept frozen for several months or years but storage 

temperature should be as constant as possible, including for transportation to the fractionation plants 

[51]. 

Once delivered to the fractionation plants, plasma is quarantined for some quality control testing (see 

section 1.3.2 hereafter). Thousands of donations are pooled together to ensure homogeneity and 

representativeness of the normal polyclonal immune repertoire. The European Pharmacopoeia requires 

a minimum of thousand individual donations to be pooled [52]. For a same plasma pool volume, the 

number of pooled donations is greater for recovered plasma because the mean volume of a single 

donation is smaller. 
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1.3.1.3 Plasma fractionation 

Nowadays, plasma-derived products are manufactured in fractionation facilities that are designed, built, 

and operated in compliance with high level Good Manufacturing Practices (GMP) and Standard Operating 

Procedures (SOP) (see also section 1.3.2 on safety and quality control). Plasma fractionation historically 

relies on two core technologies: cryoprecipitation and cold ethanol precipitation. 

Slowly thawing frozen plasma leads to an insoluble precipitate called cryoprecipitate which is enriched in 

human coagulation factor VIII, fibrinogen and von Willebrand factor. In most processes, that 

cryoprecipitate is separated from the cryosupernatant by continuous refrigerated centrifugation and 

stored below -30 °C until further pooling and processing [6,7,16].  

The thawed plasma (the cryosupernatant if cryoprecipitation was performed) is fractionated by cold 

ethanol precipitation as developed by Cohn, Oncley and colleagues, so that plasma proteins are separated 

according to their solubility [3,4]. Ethanol concentration, pH, temperature, ionic strength and protein 

concentration are important parameters. The separation method is thus stepped into successive 

precipitations at defined ethanol concentrations (typically from 0% to 40%), with pH shifts from neutral 

to 4.8 at temperature from 0°C to -8°C [6,7]. At each step, precipitated proteins are removed by 

centrifugation or depth filtration. Figure 1.2 gives a general overview of the common plasma fractionation 

flow that leads to the main plasma-derived therapeutics. 

 

Figure 1.2 Typical plasma fractionation scheme leading to the main plasma-derived therapeutics (based on [6,7]). 
Chromatography methods are: Ion-exchange (IEC), size-exclusion (SEC), heparin affinity (hep). 
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In order to obtain products as pure and as stable as possible, additional isolation steps are implemented 

in the process, on the cryoprecipitate, the cryosupernatant (before ethanol precipitation) and the cold 

ethanol fractions. Chromatographic methods are mainly used, namely affinity chromatography, ion-

exchange chromatography (IEC) and size-exclusion chromatography (SEC). Commonly used affinity ligands 

are immobilized heparin and monoclonal antibodies [6,7]. For examples, the so-called “fraction II”, namely 

the IgG precipitate obtained by cold ethanol fraction in the Cohn-Oncley process, can be subjected to mild 

acid (pH 4) treatment in the presence of traces of pepsin (about 1:10000) and purified by 

diethylaminoethyl ion-exchange chromatography [16,25]. 

Finally, different virus inactivation methods are implemented, mainly solvent/detergent (S/D) treatment, 

nanofiltration, caprylic (octanoic) acid treatment and pasteurization. Quality control and microbiological 

safety are further discussed in the section 1.3.2.2. 

Taken together, all those process variants result in a large diversity of fine-tuned production methods that 

may result in a range of products from different manufacturers with slightly different composition and/or 

characteristics (see also section 1.4.2) [25].  

1.3.1.4 Immunoglobulin products formulations  

Highly concentrated liquid products at acid pH (around 4.5-5.5) show good stability and are well tolerated 

by patients [16]. Typical IgG concentration in commercial products is 50 or 100 mg/mL (corresponding to 

5 or 10% respectively) which allows reasonable time of infusion. Purity of IgG in the protein fraction has 

to be over 95% (See section 1.3.2 for quality control guidelines).  

Different possible stabilizers like polyols (sorbitol), sugars (maltose, glucose) or amino acid (glycine, 

proline, isoleucine) are usually added [16,53]. Sucrose was abandoned following observed negative effect 

on kidney function, including increased risks of fatal renal failure [16,53]. Variation in stabilizers and 

diluents contributes to relative uniqueness of each product, in terms of tolerability. For example, some 

people can be allergic to latex or intolerant to sorbitol, two possible additives [38].  

Some immunoglobulin products are lyophilized in powders, requiring careful reconstitution with water 

before use. Aqueous diluent is often saline (up to 0.9%) and/or supplemented with sugars (at 1-5%) to 

minimize aggregate formation. Lyophilisation increases the product stability and thereby extends its shelf 

life; it also increases temperature tolerance (see following subsection 1.3.1.5). Too vigorous shaking for 

reconstitution may denature the protein. Caution should be also paid to the sodium and sugars content 

resulting in the osmolality of the reconstituted product, according to the diluent used and the Ig 

concentration desired (generally ranging from 3 to 12%) [42,53]. Liquid formulations are generally more 

convenient for patient and practitioner, because of the easier preparation and administration [54]. 

Specific IgA-free products are reserved for patients with selective IgA deficiency which leads to possible 

anaphylactic shock in the presence of IgA [55]. 

1.3.1.5 Immunoglobulin products stability 

Contrary to packed red cells or platelets which are labile and perishable, plasma-derived proteins are 

stabile products with much longer shelf life. Liquid immunoglobulin product has a mean shelf life of 2-3 
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years when refrigerated (4-8 °C). Low pH favours product stability. Lyophilized product can be stored at 

room temperature (max. 25 °C) for up to five years [7,38]. 

Still, sugar excipients may induce undesired covalent attachment of sugars, the so-called “glycation”, 

during storage and affect protein structure and function [56,57]. 

1.3.2 Safety and quality control of human plasma-derived immunoglobulin 
Nowadays, Ig products released on the market have reached high level of overall safety. Given that the 

product is properly infused and the patient is well hydrated, most adverse reactions are mild and 

transient, including headaches, fever, chills, diarrhoea, flushing, nausea, fatigue, blood pressure changes 

and tachycardia. Severe adverse reactions are rare and are mainly related to risk factors, product selection 

and/or incorrect administration [55,58–60].  

This safety has to be associated with the implementation of a strict quality system within the modern 

plasma fractionation. Plasma collection centres are licensed and inspected by National Regulatory 

Authorities (NRA) and audited by plasma fractionators. Plasma fractionators, in turn, are also licensed and 

inspected by NRA. In Europe, information about collection procedure, testing, handling and transportation 

of the plasma for fractionation are assembled into a ‘Plasma Master File’ (PMF). Quality control (QC) tests 

to perform at the level of both the plasma pool and the final Ig products are defined and controlled by the 

Official Control Authority Batch Release (OCABR), in accordance with the guidelines and GMP referenced 

by international organizations, like the European Pharmacopoeia (Ph. Eur.) from the European Directorate 

for the Quality of Medicines & Healthcare (EDQM) of the Council of Europe or the World Health 

Organization. The applied norms and the techniques used to assess them are registered in a marketing 

authorization dossier for each product. Some of the QC tests are independently verified by an Official 

Medicines Control Laboratory (OMCL) that performs batch release and certification [16,51,52,61–64].  

Table 9.1 in the Addendum (Chapter 9) is listing the Ph. Eur. guidelines as well as the tests verified by the 

OMCL. The quality control aspects can be divided into four main categories: the microbiological safety, 

the immunoglobulin content and its integrity, the measurement of specific antibodies and the purity and 

residual composition. Additional aspects include physico-chemical properties, formulation & labelling, 

tolerance, traceability and stability. 

1.3.2.1 Highly concentrated preparations with intact Ig 

As introduced in section 1.2.2, early manufacturer’s target was to obtain high tittered Ig products that still 

preserve structural and functional integrity. Nitrogen determination with sulphuric acid digestion allows 

controlling the total protein level, while immunoelectrophoresis and zone electrophoresis are 

recommended to verify respectively the identity and the proportion of IgG in this total protein level. 

During the process development, manufacturers should also demonstrate that 1 viral and 1 bacterial 

reference antibodies (with International Standard or Reference Preparation available) were enriched in 

the final Ig, as compared to the starting plasma pool. Immunoglobulin G should represent more than 90% 

of the protein fraction, 95% in the case of intravenous administration. Polymers and aggregates are 

controlled using size exclusion chromatography, and the related anticomplementary activity is titrated. 

Preserved Fc function is assayed by incubating the sample with antigen-coated RBC in the presence of 
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complement and measuring the haemolysis reaction [52,62–68] (see also Table 9.1). Finally, subclass 

distribution should be defined and ideally not far from normal physiological balance (IgG1 60%; IgG2 30%; 

IgG3 and IgG4 5% each), as some fractionation steps can lead to alteration: affinity chromatography with 

protein A preferentially binds IgM and IgG isotypes but not the IgG3 subclass or ion-exchange 

chromatography and ethanol-based purification can decrease IgG4 level. Radial immune diffusion or 

immunoprecipitation techniques combined with infrared nephelometry and polyclonal monospecific 

antisera can be used to determine subclass distribution [16,52,62,63,69]. 

1.3.2.2 Microbiological safety 

Since plasma can be contaminated by various blood-borne pathogens, ensuring microbiological safety of 

plasma-derived therapeutics has always been of first concern. Susceptibility is increased by the pooling of 

thousands different plasma donations. Some historical examples evoke the dramatic possible 

consequences, such as the hepatitis infection of 23.000 soldiers during World War II due to contaminated 

human serum used as stabilizer for vaccines [70]. The deaths of haemophiliacs in the US consequent to 

HIV transmission through donated blood achieved to make microbiological safety the first driving force of 

the plasma-related therapeutics QC. It reached successful achievement: there has been no transmission 

of HIV, HCV and HBV by IVIg administration since 1994 [7]. 

Donor selection (medical history scrutiny and absence of infection symptoms or potential risks) and 

screening procedure (genomic viral markers or antibodies to HIV, HCV and HBV) at the levels of both 

individual donations and plasma pools already greatly reduce the infectious risk. Nevertheless, the 

infection zero risk cannot be achieved in transfusion, especially with the increasing population mobility 

and in the less developed countries. Of note, bacterial contamination is not a serious threat, because of 

the plasma freezing and cold chain that preclude bacteria of replicating and surviving and the easy 

implementation of a bacteria retentive filtration. To address viral contamination risks, dedicated 

inactivation/removal steps were implemented in the manufacture process, consisting of pasteurization 

(heat treatment), S/D treatment, acid-pH treatment or virus filtration. Those viral reduction steps do not 

exempt from prior plasma donations and pools testing, since their effectiveness is still conditioned by the 

initial viral load and to a lesser extent some manufacture parameters (pH, incubation time, protein and 

solute content…). Moreover, equipment failure or human error at some manufacturing stage can never 

be totally excluded. Anyway, combination of two or three of those specific viral reduction steps in each 

IgG product manufacturing process, added to a last final product verification (sterility, bacterial 

endotoxins and antibody to surface antigen of HBV - HBSAg) ensure unprecedented margin of 

microbiological safety [7,16,49,51,52,62,63,71]. 

1.3.2.3 Ensuring appropriated product administration 

Tests in animals and evaluation during clinical trials should ensure that the product is well tolerated when 

administered in the correct way. Reconstitution (if freeze-dried product) and administration instruction 

should be stated on the product label. Product stability within referred shelf-life is ensured by maintaining 

the cold chain through the whole process and respecting storage conditions, while the OMCL verifies the 

solubility (if freeze-dried product) and the appearance. The pH, the water content and the osmolality are 

other physico-chemical properties that are controlled by the manufacturers [52,62–64]. 
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Some contraindications can be also linked to additives in the final formulation, namely antimicrobial 

preservatives (only accepted for multidose intramuscular Ig) and stabilizing agents. For example, acute 

renal failure can be linked to osmotic injury with sucrose-stabilized products. The excipients should be 

specified on the marketing authorization and should not exhibit any deleterious effect in the amount 

present. The anticoagulant added during the plasma collection is specified in the Plasma Master File 

[51,52,61–63]. 

Still in the perspective of selecting the appropriated product, IgA maximal content should be specified, so 

that IgA-deficient patients can opt for low IgA or IgA-free products and avoid any risk of anaphylactic 

reaction [52,62,63,72].  

In the case of specific hyperimmune Ig products, each product should be demonstrated to contain a 

sufficient level of the particular antibody for which it is referred. Suitable immunoassay is used to 

determine the potency by comparing the antibody titre of the product to be controlled with that of a 

reference calibrated in International Units. The estimated potency should not be less than the stated 

potency, which is in turn higher than a fixed threshold [72–82]. 

Finally, any unexpected safety issue with given batches of Ig products could be rapidly contained thanks 

to an efficient traceability of both the plasma pools and the product released on the market. The OMCL 

collects and verifies information about production steps and controls respectively through the Plasma 

Master File and the protocol submission [61,64].  

1.3.2.4 Recent safety issues  

Over the last years, the focus for Ig products safety and QC has shifted from pathogen transmission risks, 

which are now greatly secured, to other problems, namely the increase in frequency of haemolytic and 

thrombotic events [25,83]. 

a) Haemolysis and anti-A, anti-B and anti-D antibodies 

Severe haemolytic reactions were reported with high dose administration of IVIg in patients with blood 

group A, B and AB, suggesting an association with the anti-A and anti-B antibodies present in the purified 

IgG mixture. Anti-A and anti-B antibodies are of the IgM and IgG types. The IgM ones appear in the early 

days of life and are called haemagglutinins because they agglutinate the RBC. The IgG ones are secreted 

in the case of a humoral immune response and activate the complement, inducing haemolysis. They are 

called haemolysins. There are indications that recent optimisations in the purification process may have 

increased the anti-A titre up to two fold [84–86].  

In the “direct method” recently prescribed by the Ph. Eur. for both IV and ScIg, test samples are incubated 

with papain-treated RBC with A or B antigen. The papain treatment allows the visual observation of the 

haemagglutination in case of positive result since it reduces the negative charges at the cell surface and 

thus diminishes the distance between RBC. A maximal titre of 64 is specified, meaning that the highest 

sample dilution that can give agglutination is 1:64 (initial concentration being set at 25mg/mL) 

[52,63,84,86,87]. 
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Anti-D antibodies present in normal immunoglobulin products could be related to some haemolytic 

reactions at high dose injection in Rhesus positive (RhD+) receivers. These antibodies, which are normally 

absent in their phenotype, will react to the Rhesus factor proteins present on the surface of the RBC. 

Many manufacturers have thus set a limit for the level of anti-D antibodies. Ph.Eur. recommends a 

titration of anti-D antibodies based on incubation with papain-treated RhD+ or RhD- RBC, observing the 

limit sample dilution for agglutination with RhD+ RBC. The titre of the preparation must not be greater 

than fixed positive control (starting from the same concentration) [84,88]. 

For the particular case of specific anti-D Ig products, high level of anti-D antibodies is precisely expected 

and anti-D potency is assessed with an ELISA [73,89]. 

b) Thromboembolism and coagulation factors 

Normally, thromboembolic complications are mainly of concern for patients of advanced age, with 

previous thrombosis history, hypertension, dyslipidemia, renal insufficiency or diabetes mellitus, and 

receiving high dose therapy at rapid infusion rate [55,83]. 

However, in 2010-2011, an unexpected increase of thromboembolic events (TEE) was reported with some 

Ig products administration, including stroke, myocardial infarction, pulmonary embolism and deep vein 

thrombosis. Detailed investigation in incriminated immunoglobulin batches identified increased 

concentrations of plasmatic procoagulant clotting factors as the main cause of increased TEE risks [90]. 

Previously, prekallikrein activator (PKA), being a proteolytic fragment of Coagulation Factor XII (FXII), had 

already demonstrated sufficient risk to justify a dedicated chromogenic assay in the case of IVIg. PKA 

activates prekallikrein to kallikrein which liberates the vasoactive peptide bradykinin from kininogen, 

possibly leading to hypotension when present in administered IVIg. In patients with compromised cardiac 

function, kallikrein could have adverse vasomotor effect [16,91]. 

This time, activated coagulation factor XI (FXIa) appeared as the predominant marker as there was clear 

correlation between trace level of FXIa, thrombin generation and TEE [90–92]. Apolipoprotein H (ApoH), 

also called beta-2-glycoprotein 1, from the clotting cascade appeared as a potential additional contributor 

to the procoagulant activity and TEE risks [93]. Finally, kallikrein could play a minor role as it is a common 

plasmatic residual contaminant in IVIg preparation. Of note, as kallikrein can cleave the FXII into PKA, it is 

also involved in hypotension events [91,94]. 

The TEE outbreak led to Ph.Eur. revision stating that IVIg and ScIg production method should yield to a 

product that “does not exhibit thrombogenic (procoagulant) activity”. No specific batch release testing 

was indicated but all Ig manufacturers now have to prove that their production process includes a step or 

steps “that have been shown to remove thrombosis-generating agents with emphasis to the identification 

of activated coagulation factors and their zymogens and process steps that may cause their activation” 

[52,63]. 
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1.4 The importance of residuals characterization 
Zone electrophoresis and immunoelectrophoresis as recommended by the Ph. Eur. only allow rapid 

verification and global view on the Ig products purity. The non-Ig plasma proteins are visualized as other-

than-the-principal bands on the zone gel electrophoresis and the immunoelectrophoresis but they are not 

identified and even less quantified. Moreover, some non-IgG proteins could be hidden in the principal 

band, due to co-migration. 

In all the cases, reaching an effective purity of more than 90-95 % in immunoglobulin, as recommended 

by the Ph.Eur., still means having potentially several percentages of non-immunoglobulin residuals. They 

are certainly not problematic per se but constitute a shadow zone that may in some cases impact the 

product’s safety as observed in the recent events. 

1.4.1 The 2010-2011 thromboembolic events outbreak 

1.4.1.1 Description 

The overall reported average incidence of IVIg-induced thrombosis ranges from 0.5 to 15%, with both 

venous and arterial ischemia events. Those adverse events are thus as severe as they are rare, considering 

that higher incidence is generally linked to patient-related risk factors. The way Ig administration induces 

TEE is still not completely elucidated but three main mechanisms have been evidenced: (i) an increased 

blood viscosity causing hypercoagulability, (ii) the passive transfer of anticardiolipin antibodies and (iii) 

the passive transfer of highly active factors [83,95].  

In 2010, the European Medicines Agency (EMA) has temporarily suspended the marketing authorisation 

for the IVIg product Octagam (Octapharma GmbH) and requested a recall of Octagam on the market at 

that time in Europe. Simultaneously, the withdrawal from the US market was notified by the Food and 

Drug Administration (FDA). This recommendation followed notification by the German and Swedish 

OMCLs of an unexpected increase in reports of TEE consequent to administration of this product. The 

presence of procoagulant activity was evidenced in various batches [91,96,97].  

In 2011, new TEEs were notified to the Paul-Ehrlich-Institut (PEI, the German OMCL), this time following 

treatment with a ScIg from another manufacturer, Vivaglobin (CSL Behring). The FDA subsequently 

emitted important safety information. This outbreak was even more unexpected since TEEs were not 

previously linked to subcutaneous administration of Ig due to the retarded absorption [90,98]. The same 

year, the IVIg product Omr-IgG-am (Omrix Biopharmaceuticals) was withdrawn from the Israeli market 

due to TEE reports again [99]. 

1.4.1.2 Retrospective analysis 

Both American laboratories and European OMCL collected pharmacovigilance and laboratory data to 

retrospectively analyse this outbreak and better characterize its incidence. The FDA reported 209 TEEs 

linked to Ig treatment via its Adverse Events Reporting System during the period 2006-2010. The PEI 

analysed 228 reports of TEEs associated with six different Ig products over the period 2006-2011, 198 with 

IVIg and 30 with ScIg. A total of 100 cases with IVIg and 10 cases with ScIg had an onset within maximum 

48 hours and were categorized by the PEI as drug related. Among these, 74 patients had been treated 
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with Octagam and 8 with Vivaglobin. This clearly evidences that the outbreak was specifically related to 

these Ig products. Moreover, the TEE-reporting rate for Octagam administration substantially increased 

in 2010, while it was not the case for the other IVIg. An increased pro-coagulant potential was 

demonstrated for the corresponding 2010 Octagam batches. More specifically, FXIa, which had been 

previously measured as potential IVIg products contaminant, was detected at an increased level that 

exceeded threshold concentration inducing thrombin formation. FXIa was most likely co-purified with Ig, 

consequent to process modifications intended to increase Ig recovery or improve viral safety 

[90,92,94,95]. 

Octapharma also immediately investigated the biochemical root cause of the incriminated Octagam 

batches, after having initiated a massive voluntary recall of these. Again, FXIa was unambiguously 

identified as the root cause of the increased thrombogenicity. At the same time, the other potential 

contributions, namely microvesicles/microparticles, other (activated) coagulation factors or cytokine and 

growth factors, were excluded. Kallikrein was detected, but at a level that is negligible for thrombin 

generation assay [100]. 

The situation appeared to be less clear for the TEE ScIg. First, the exact definition of drug related TEE onset 

is less straightforward, due to the time window of the slower absorption. Moreover, the PEI did not 

observe clear correlation between increased pro-coagulant activity and higher TEE-reporting rate, the 

FXIa resorption rate being also unknown. Nevertheless, manufacturing process revision as recommended 

by the Ph. Eur. ensured to have no more TEE reported as drug-related [90]. 

1.4.1.3 The thrombogenicity of FXIa 

FXIa is a serine protease that triggers the middle phase of the intrinsic pathway of blood coagulation by 

activating factor IX. An overview of the blood coagulation cascade with its most important components is 

given in Figure 9.2 of the Addendum. FXI is activated by FXIIa, thrombin and FXIa itself. FXI level in healthy 

individuals is about 5 µg/mL. FXI deficiency can cause mild bleeding tendency; however, FXI replacement 

should be used sparingly due to potential prothrombotic effects [101,102]. 

The Wessler stasis model in rabbits is the state-of-the-art in vivo assay to measure the procoagulant 

potential of a sample. The evaluation is based on the excision of the jugular vein, after a 10 min of stasis 

following sample administration. The thrombus is scored using a scale from 0 to 4 (with 0 meaning no 

clot, and 4 a complete clot in a vein segment formed by a single thrombus) [94,100]. 

The Wessler model indicated that the FXIa threshold level inducing thrombin formation is between two 

and seven mU FXIa per mL for a 5% IgG solution (thus equivalent to 0.04 to 0.14 mU per mg of Ig product). 

Using FXIa spiking experiments, this threshold level is approximately 3 ng of FXIa per mg of Ig product 

[100,103]. 

Since FXIa can activate the zymogen FXI, this zymogen FXI could be inadvertently activated due to a 

process modification or progressively during storage (“autoactivation”) [92,94]. 
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1.4.1.4 Resolution of the outbreak 

Following Ph. Eur. revision (see 1.3.2.4 b)), all Ig manufacturers evaluated both intermediate and final 

products to validate the ability of their process to remove both procoagulant activity and FXIa 

contamination, so that routine testing of products would not be required. Different (pre-existing or to-be-

implemented) production steps were identified to significantly reduce prothrombotic markers: immune-

adsorption, intermediate filtration steps, pasteurization, ion exchange chromatography or octanoic acid 

precipitation [94,100,103–105].  

Corrective and preventive measures to implement in the manufacture process were validated using both 

in-process and final product testing with sufficient sensitivity. The Wessler stasis model is useful for the 

validation and qualification of a manufacture process but is not suited for routine testing. Generic 

coagulation assays like Prothrombin Time (PT) and Activated Partial Thromboplastin Time (aPTT) did not 

show sufficient sensitivity. Adapted assays had to be designed or adjusted, like thrombin generation assay 

(TGA) and the Non-Activated Partial Thromboplastin Time (NAPTT) while targeted approaches including 

chromogenic assay and ELISA were used to quantify FXIa. Those tests demonstrate excellent sensitivity 

for FXIa : around 1 ng/mL for NAPTT and ELISA and around 0.1 ng/mL for TGA and chromogenic assay 

[94,100,103,106]. 

(i) Thrombin-generation assay (TGA) 

TGA is a global assay that measures the overall tendency of a sample to generate thrombin after initiation 

of coagulation. Thrombin formation is monitored through the fluorescence of a peptide substrate for 

thrombin, after the sample has been mixed with citrated or FXI-deficient plasma, phospholipids, tissue 

factor, the fluorogenic peptide substrate and calcium as initiator. The read-out parameters (peak height, 

time to the peak, and lag time) reflect the three phases of coagulation (initiation, propagation and 

termination) and also the amount of thrombin formed. On the other hand, caution should be paid to 

reduce tissue factor and lipid concentrations, since they could mask triggering effects in the test sample 

and modify assay results. Consequently, absolute TGA values comparison requires detailed description of 

the assay impact factors and reagents, along with an individual validation [94,107].  

TGA has been included in the routine batch release testing of Octagam for the absence of procoagulant 

activity [100]. 

(ii) Non-activated partial thromboplastin time (NAPTT) 

After having mixed the test sample with citrated or FXI-deficient plasma, phospholipids and calcium, the 

time for clotting to occur is measured (in seconds). NAPTT of regular Ig products is >200s. NAPTT and TGA 

strongly correlate in distinguishing TEE-positive batches. Nevertheless, there is no compendial NAPTT 

method for Ig testing. No threshold value has been validated to ensure compliance with the Ph.Eur 

[94,106]. 

(iii) Chromogenic assay 

Chromogenic substrates can be used for serine proteases determination since the latter cleave the 

substrate proportionally to their activity. Here, the product formation from FXa-specific chromogenic 
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substrate is measured by absorbance, since the activation of FX to FXa is directly related to the amount 

of FXIa [94]. 

(iv) ELISA 

FXI can be measured by a sandwich-type ELISA with affinity-purified antibodies specific to FXIa as capture 

antibody and horseradish peroxidase anti-human FXI polyclonal antibody as detection antibody. Optimal 

antigen binding for accurate quantification should be optimised with the capture antibody concentration 

and the sample dilution [94]. 

Consequent to the process revisions, both the manufacturers and the PEI demonstrated a normalization 

of the thombogenic activity as well as a reduction of the FXIa level below its thrombogenic threshold. At 

the same time, the TEE reporting rate of both Octagam and Vivaglobin decreased to reach standard values 

of other Ig products, with no TEE evidenced as drug-related. This confirmed that both the evidenced 

pathomechanism and the correction measures to resolve the outbreak were relevant [90,100]. In May 

2011, the EMA recommended the lifting of the suspension of Octagam [108]. In 2012, Omr-IgG-am was 

also cleared to return to the market [109].  

Still, in 2013, the FDA mandated that the label on the IVIg products includes a prominent warning box 

about the risk of TEE [95]. In 2017, FDA recalled that “based on the available data, the TEE risk with Ig 

products is small but not zero. Accordingly, continued vigilance on the part of the regulatory authorities, 

the manufacturers, the healthcare providers and the patients is still warranted” [110]. 

1.4.1.5 The need for more? 

The TEE outbreak thus revealed that the PKA assay, which only identifies a single component of the 

coagulation system, was not sufficient to properly characterize the thrombogenic activity in Ig products. 

The outbreak also highlighted that even plasma proteins not belonging to top abundant ones can end up 

in the final product, due to co-purification issues during the manufacturing. Moreover, these impurities 

can have significant health effects at trace levels. 

Among the OMCLs network, there was a debate whether testing for pro-coagulant impurities should be 

specified and detailed in the release specifications and in the Ph. Eur. Precise recommendations for batch 

testing rely on harmonized test methods and congruent results. TGA and NAPTT became the unofficially 

recommended tests but are still not explicitly mentioned in the Ph. Eur. today. Enquired process revision 

and verification demonstrated to be sufficient to avoid further drug-related TEE [90,94]. 

Still, in 2014, two studies identified respectively ApoH [93] and CD154-related proteins [111] as potential 

contributors to TEE risk in Ig products. While the first is directly implicated in the coagulation process, the 

latter could be involved in the mediation of monocyte-platelet aggregates and blood cell activation.  

Considering the nature of its biological origin, it would be utopic to obtain totally pure plasma-derived Ig. 

Nevertheless, since impurities can have significant impact at trace levels, this episode raises the question 

whether corrective and targeted resolution of impurity issues could be substituted by a preventive and 

generic QC approach. 
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1.4.2 Diversity of commercial Ig products  
Prior to the 2010-2011 TEE outbreak, few studies had already emphasized that residual proteins from the 

plasma source might lead to batch-to-batch variations [112]. Impurities might influence the anti-

complementary activity (ACA) outcome [113], IgG fragmentation could be caused by proteases such as 

plasmin and kallikrein [114], and FXIa had been already detected as contaminant [92].  

The TEE outbreak of 2010-2011 very clearly demonstrated that, even within an elaborated regulatory and 

QC framework, selecting one Ig batch instead of another can have dramatic consequences for the receiver. 

Ig products differ in source material origin and manufacturing process, and so the final composition can 

differ. 

Pooling a large number of donations and applying strict microbiological safety measures have largely 

contributed to significantly reduce the variability coming from the plasma pool material. Still, the 

collection method (source plasma or recovered plasma), the donor remuneration status and the donation 

frequency all can affect the protein composition of the pool (see section 1.3.1.1). 

Both the product demand and the QC requirements can continuously push manufactures into revising 

their processes and introducing modifications. Increased productivity, purity, absence of aggregation, viral 

safety, particular needs for particular receivers (e.g. IgA-deficient patients) or recently reduction of the 

procoagulant activity and the FXIa level: all these criteria have triggered further process and/or 

formulation modifications. Considering that each criterion can be reached through different means (see 

for example section 1.4.1.4), this inescapably results in a diversification of the Ig products on the market.  

As a result, some differences in the biological and biochemical properties can be evidenced among Ig 

products on the market. Of note, the effective impact on the treatment efficacy and safety is not always 

easy to decipher. Better understanding of the mechanisms of action could help providing objective criteria 

to compare different products. Nevertheless, careful product selection is recommended. This product 

selection should integrate information about receiver’s susceptibility and risk factors as well as the most 

detailed information possible that is available on the product. This information should be always reflected 

into innovative QC guidelines to ensure compliance with associated criteria [25,42,53,54,116,117].  

Table 1.3 is summarizing the main product features that can contribute to the diversity of Ig products in 

the current regulatory and QC framework. While IgA univocally refer to a single characteristic (the 

presence of an alpha type heavy chain) that is easily assayed, formulation features are intentionally 

implemented and can be thus easily measured and referenced on the product label. On the other hand, 

IgG content and plasma residuals can both intrinsically contribute to (slight) differences in Ig products, for 

which current QC guidelines only propose mitigation. 
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Table 1.3 Product features potentially contributing to biodiversity within the current regulatory & QC framework. The potency 
concerns the hyperimmune specific Ig. (Partially based on [42,115]) 

Product feature 
potentially 
contributing to 
diversity 

Patient risk factors Risk control or mitigation  
(see also Table 9.1) 

IgA content IgA deficiency (anti-IgA antibodies) Immunochemical method 

IgG content     

Potency  / Potency tests 

Anti-A, anti-B, anti-D 
antibodies 

A, B, AB and RhD+ blood groups Direct agglutination methods 

Other specific IgG? ? Diversity and representativeness (at 
least 1000 donors per plasma pool) 

Plasma residuals      

Procoagulant 
proteins 

thromboembolic history, diabetic, renal 
dysfunction, elderly 

Procoagulant activity and FXIa follow-
up + specific removal steps 

PKA cardiac impairment PKA chromogenic assay 

Other residuals? ? Zone electrophoresis and 
immunoelectrophoresis 

Formulation     

Sugar content renal dysfunction, (pre)diabetic, elderly, 
intolerance 

(measured and) stated on the 
product label 

Sodium content neonates, elderly, cardiac impairment, renal 
dysfunction, thromboembolic history 

Osmolality neonates, elderly, cardiac impairment, renal 
dysfunction, thromboembolic history 

pH neonates 

Concentration neonates, elderly, cardiac impairment, renal 
dysfunction, thromboembolic history 

Excipients allergies 

 

1.4.3 Towards a new QC paradigm? 
From its early days in the 1930’s until today, overall safety of plasma-derived products has undoubtedly 

made enormous progress to reach an unprecedented level. Still, unpredicted safety issues recently 

emerged from the relative products heterogeneity, at the levels of both IgG and non-IgG contents (see 

section 1.3.2.4). Current regulatory framework was unable to anticipate and prevent these adverse events 

prior to the introduction of the concerned batches on the market. So far, QC guidelines are mainly 

corrective and address already observed issues point-to-point. 

Over the last decade however, new technology fields emerged with new promises: this is what can be 

called the “omics” era. “Omics” technologies aim to provide universal and comprehensive approaches to 

detect genes (“genomics”), mRNA (“transcriptomics”), peptides and proteins (“proteomics”) and 

metabolites (“metabolomics”) and by this adopting a holistic view of a biological sample. Trying to apply 

this field to QC means a shift of paradigm: moving from traditional hypothesis-driven, corrective and 

targeted approaches towards non-biased, preventive and non-targeted approach.  
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Genomics approaches already entered the world of plasma-derived therapeutics QC through the use of 

nucleic acid-based amplification tests (NAT) to detect viral genomes [51,61]. Massive next-generation 

sequencing (NGS) could provide further insights in pathogen organisms’ detection and identification 

[118].  

Proteomics approaches by using mass spectrometry (MS) could provide benefits for better 

characterization of IgG but also non-IgG components, thus lifting the veil on these reservoirs of 

heterogenity and by this preventing QC issues like the ones recently observed [112,119]. 
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2. Technical background 

2.1 The era of MS-based proteomics 
Over the last 20 years, research and developments in biological sciences have undergone prodigious 

evolution. Technological advances have opened the path to diverse large-scale and high-throughput 

applications, while preserving or even increasing accuracy. Mass spectrometry (MS) is definitely one of 

the pillars of these advances. In the sequel of the precursor work of J.J. Thomson at the dawn of the 

twentieth century, MS first provided insights for the analysis of volatile compounds in the 1960s. In the 

1980s, the technique became available for non-volatile compounds, even with high (more than hundred 

thousands of Daltons) molecular masses, such as proteins. During the last two decades, progress in the 

field took off with entirely new instruments developed to meet the needs for proteomics [120]. 

Despite the current diversity of available technologies and devices, a mass spectrometer always contains 

the following elements [120] (Figure 2.1): 

1. Sample inlet: the compound to analyse is introduced, directly, or via a separation device. 

2. Ionization source: ions are produced from the sample. 

3. Mass analyser(s): the ions produced (called precursor or MS1 ions) are separated according to 

their mass-to-charge ratio. When performing tandem MS or MS/MS, the selected ions are 

fragmented and the resulting fragments, also called product or MS2 ions, are analysed in a second 

analyser. 

4. Detector: the ions emerging from the last analyser are detected and ‘counted’ in order to measure 

their abundance, by converting the ions into electrical signals. 

5. Data processing system: the electrical signals from the detector are processed into a suitable mass 

spectrum that can be either interpreted manually or searched against an annotated database. 

 

Of note, the sample inlet and the ionization source as well as the mass analyser and the detector are 

sometimes combined respectively. From the source to the detector, the mass spectrometer operates 

under vacuum.  

 

 

Figure 2.1 Components of a mass spectrometer [121] 
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Proteomics is the science of measuring proteomes, namely the complete protein profile of a biological 

sample, being a cell, an organism, blood, food, drugs or any other product or entity containing peptide 

and/or protein.  

MS-based proteomics has emerged as a broadly effective resource for identification, characterization and 

quantification of proteins, providing a wide range of both biological fundamental insights and clinical 

applications: system biology analysis, biomarker discovery, epigenetics & post-translational modifications 

study, microbiological identification, drug discovery or food control, to name a few. 

Still, successful application of MS-based proteomics asks to overcome challenges at different stages of the 

process, from sample preparation to data analysis. So far, MS strategies were mainly used for discovery-

based applications or targeted methods. 

One major bottleneck concerns the sensitivity. While typical dynamic range of MS detection is 4-6 orders 

of magnitude, the protein concentration in complex biological samples can span 12 orders of magnitude 

[122]. Unfortunately, unlike nucleic acids (with the polymerase chain reaction), there is no amplification 

technique for peptides and proteins. Targeted MS methods, the so-called selected/multiple reaction 

monitoring (S/MRM) acquisition, allow increasing sensitivity by focusing only on a defined subset of 

peptides. This however somewhat takes away from the “omics” perspective. As a consequence, sample 

fractionation prior to the MS injection is frequently mandatory to reach relevant sensitivity, especially 

with untargeted applications.  

Qualification into validated quantitative methods is even more challenging. The unique ionization 

properties of each peptide prevent direct absolute quantification. In S/MRM approach, stable isotope-

labelled peptides corresponding to the targets can be used for absolute quantification, but this again is 

not feasible in a truly comprehensive proteomics approach. 

2.2 Meeting the challenge: proteomics in quality control of plasma-

derived therapeutic proteins 
As introduced in Chapter 1, plasma is a complex biological fluid and the range of plasma protein 

concentrations represents at least 10 orders of magnitude. Consequently, it is one of the most challenging 

types of sample to analyse with MS [123]. Yet the potential of plasma proteomics largely justifies the 

challenge: biomonitoring and biomarker discovery both take advantage of the high reflectivity of each 

individual’s general health state - allele differences, metabolic risk and inflammatory status - into its 

plasma proteome [124]. The combination of various protein separation techniques with MS analysis, 

either gel-based or gel-free with chromatography, provided an unprecedented view on the human plasma 

complexity. The Human Plasma Proteome Project (HPPP) from the Human Proteome Organization (HUPO) 

allowed to build a Human Plasma Peptide Atlas with a set of 1929 protein sequences at a false discovery 

rate of 1% [125]. 

MS-based proteomics could equally play a role in plasma fractionation and quality control of plasma-

derived therapeutic proteins. As discussed in the previous chapter, plasma-derived therapeutics on the 
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market still contain impurities that are poorly characterized and can eventually cause QC issues. In 

addition, the diversification of manufacturing processes questions the exact equivalence between 

products. One could logically expect for MS-based proteomics to help in both process validation and final 

product quality control. This QC includes the detection of impurities as well as the determination of 

product-to-product or batch-to-batch variations but eventually also the characterization of the active 

component [112,119,126,127]. Table 2.1 is summarizing how MS-based proteomics has informed plasma 

fractionation so far.  

Table 2.1 How MS-based proteomics has informed plasma fractionation and plasma-derived products quality control so far 
(partly based on [112,128]) 

Plasma-derived 
product 

MS-based proteomics 
workflow 

Output Year Refe- 
rence 

Intermediate 
fractions 

Anion-exchange 
chromatography; in-gel 
& in solution digestion; 
LC-ESI-MS/MS; QTOF, 
DDA 

Fractionation process optimization 2008 [129] 
 

Anion-exchange 
chromatography; in-gel 
& in solution digestion; 
LC-ESI-MS/MS; QTOF & 
IT, DDA 

2009 [130] 
 

Human Serum 
albumin 

CPLL; in gel digestion; 
LC-ESI-MS/MS; IT, DDA 

Impurities profiling : haptoglobin, 

hemopexin, alpha2-HS glycoprotein, 
ferroxidase, afamin precursor, beta-2-
glycoprotein-I, peptidoglycan recognition 
protein, L precursor, C1 esterase inhibitor, 
alpha-1B-glycoprotein precursor, 
transthyretin, haemoglobin chain D, vitamin 
D-binding protein, immunoglobulin lambda 
chain 

2006 [131] 
 

Size-exclusion 
chromatography; in-gel 
digestion; MALDI-
MS/MS; TOF, DDA 

Active component characterization : 
lipid ligands 

2007 [132] 
 

Antithrombin Electrophoresis, in gel 
digestion; LC-ESI-
MS/MS; QIT, DDA 

Active component characterization : 
glycans pattern analysis 

2004 [133] 
 

in solution digestion; 
ESI-MS; QIT DDA or 
MALDI-MS; TOF DDA 

2005 [134] 
 

Electrophoresis, in gel 
digestion; LC-ESI-
MS/MS; QIT, DDA 

2005 [135] 
 

Factor VIII/von 
Willebrand 
factor 

Anion-exchange/size-
exclusion 
chromatography; in gel 
or in solution digestion; 
LC-ESI-MS/MS; QTOF, 

Impurities profiling for batch-to-
batch variations: inter-alpha inhibitor 

proteins, fibrinogen, fibronectin, coagulation 
factor II (prothrombin), hyaluronan binding 
protein 2, kininogen 1, alpha-1-microglobulin 

2009 [136] 
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DDA + iTRAQ 
quantification 

Electrophoresis; in-gel 
digestion; LC-ESI-
MS/MS; IT, DDA 

Impurities profiling: inter-alpha inhibitor 

proteins, alpha-1-microglobulin, fibrinogen, 
kininogen, galectin 3 binding protein, 
complement C3b, IgM 

2010 [137] 
 

In-solution digest; 2D LC-
ESI-MS/MS; IT, DDA 

Impurities profiling: fibronectin, inter-

alpha inhibitor proteins, fibrinogen, galectin 3 
binding protein, clusterin, apolipoprotein B-
100, platelet glycoprotein Ib, vitronectin, 
complement C3 & C4, albumin, vitamin D-
binding protein, Ig fragments, serpin 
peptidase inhibitor, serine proteinase 
inhibitor, kininogen 1, lumican, 
angiotensinogen preproprotein, alpha-2-
plasmin inhibitor, plexin-A4 

2010 [138] 
 

Electrophoresis; in-gel 
digestion; LC-ESI-
MS/MS; IT, DDA + 
Western Blot 

Active compound integrity 2011 [139] 
 

Factor IX in-gel digestion; MALDI-
MS; TOF 

Impurities profiling: vitronectin 2001 [140] 
 

in-gel or in solution 
digestion; LC-ESI-
MS/MS; IT, DDA + iTRAQ 
quantification 

Impurities profiling for process 
validation : mannan binding lectin serine 

protease, hyaluronan binding protein 2, inter-
alpha-inhibitor proteins, C1 inhibitor 

2010 [141] 
 

1) electrophoresis; in gel 
digestion; MALDI-MS, 
TOF 2) in solution digest; 
LC-ESI-MS/MS; Orbitrap, 
DDA 

Impurities profiling for process 
validation : complement C4, inter-alpha- 

trypsin inhibitors, kininogen-1, prothrombin, 
clusterin and vitronectin 

2018 [142] 
 

Prothrombin 
complex 
concentrate 

2D electrophoresis; in-
gel digestion; MALDI-
MS/MS; TOF, DDA 

Impurities profiling & products 
comparison: fibrinogen (alpha, beta, 

gamma chains), inhibitors (C1 inhibitor, inter-
alpha-trypsin inhibitor, antithrombin-III, 
vitronectin, vitamin K-dependent protein C, 
kininogen, protein Z-dependent protease 
inhibitor), complement factors (C1s, C3, C4, 
C9, clusterin, factor H-related proteins, factor 
B), alpha-2-HS-glycoprotein, albumin, AMBP 
protein, apolipoproteins (A-I, A-IV, E), C4b-
binding protein, carboxypeptidase N, CD5 
antigen-like, ceruloplasmin, haptoglobin, 
serum paraoxonase, plasma retinol-binding 
protein, serum amyloid P, serotransferrin, 
transthyretin, alpha-1-antitrypsin, Ig kappa-
chain C 

2006 [143] 
 

Alpha-1-
antitrypsin 

Isoelectric focusing, in 
gel digestion; LC-ESI-
MS/MS; QTOF, DDA 

Active component characterization : 
glycans pattern analysis 

2006 [144] 
 



Technical background 

 
 

39 

Inter-alpha 
inhibitor  
proteins 

electrophoresis; in gel 
digestion; MALDI-MS, 
TOF 

Active component characterization 
for process validation 

1997 [145] 
 

electrophoresis; in gel 
digestion; SELDI-MS, TOF 
or LC-ESI-MS/MS, QTOF, 
DDA 

Active component characterization & 
impurities profiling for process 
validation: prothrombin (Factor II), 

fibrinogen, von Willebrand factor, vitronectin, 
Factors IX & X, protein S, plasminogen 
activator inhibitor 

2006 [146] 
 

Immunoglobulin 2D electrophoresis; in-
gel digestion; MALDI-
MS/MS; TOF, DDA + 
immunoblotting 

Active component characterization : 
self-reactive repertoire + process 
optimization : impact of acidic pH 

2009 [147] 
 

in solution digestion, 
isolation, modification; 
LC-MALDI-TOF-MS 

Active component characterization : 
glycans pattern analysis 

2006 [148] 
 

in solution digestion, 
isolation, modification; 
LC-ESI-MS/MS, Orbitrap, 
DDA  

2013, 
2014 

[149,150] 
 

in solution digestion, LC-
ESI-MS/MS, QTOF, DDA 

2015 [151] 
 

in solution digestion; LC-
ESI-MS/MS, QTOF, DDA 

2014, 
2016 

[56,57] 
 

electrophoresis; in gel 
digestion; MALDI-
MS/MS, TOF or LC-ESI-
MS/MS, IT, DDA 

Impurities profiling: beta-2-glycoprotein-

I, transferrin, albumin 
2014 [93] 

 

C1 esterase  
inhibitor 

electrophoresis; in gel 
digestion; MALDI-
MS/MS, TOF, DDA 

Impurities profiling & products 
comparison: α1-antichymotrypsin, 

ceruloplasmin 

2014 [152] 
 

Factor X in solution digestion; LC-
ESI-MS/MS, Orbitrap, 
DDA or ESI-MS, QTOF 

Active component characterization : 
post-translational modifications 

2015 [153] 
 

Butyrylcholin-
esterase 

Electrophoresis, in gel 
digestion; LC-ESI-
MS/MS; QTOF, DDA 

Active component characterization : 
glycans pattern analysis 

2008 [154] 
 

Electrophoresis, in gel 
digestion; LC-ESI-
MS/MS; QTOF, DDA 

Active component integrity & 
impurities profiling for process 
validation: no detected impurities 

2011 [155] 
 

 

The oldest application of MS to the plasma fractionation may be dated back to 1997, when a possible 

isolation of inter-alpha inhibitor protein from a by-product of the plasma fractionation was evaluated 

[145]. Still, MS-based proteomics only really started to inform the plasma fractionation and the 

transfusion medicine from around 2005. Application of modern proteomic technologies led to uncover 

unexpectedly diverse impurity profiles in human serum albumin (HSA) preparations, prothrombin 

complex concentrate or Factor VIII/von Willebrand factor concentrates [131,136,137,143]. As example of 

potential QC concern, some contaminants like serum proteases could alter the very sensitive FVIII 

molecule by creating neoepitopes that could stimulate undesired immunological complication by the 
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receiver [112]. This MS-based profiling not only allowed to perform product-to-product and/or batch-to-

batch comparison, but also to help manufacturers to tune their purification processes and avoid 

potentially harmful contaminants, like hyaluronan binding protein 2 in the manufacture of concentrated 

Factor IX [129,130,141]. MS was also used for active component characterization, i.e. the investigation of 

the glycans pattern, for concentrated antithrombin-III and alpha-1-antitrypsin [134,135,144]. 

MS-based profiling of Ig glycosylation (enzyme-mediated post-translational modification) and/or 

glycation (often undesired random modification) was progressively investigated in circulating serum [156–

160], in monoclonal antibodies [161–165], and finally also in plasma-derived Ig, but to a lesser extent, due 

to the increased analytical complexity caused by the inherent heterogeneity of polyclonal Ig [56,57,148–

151]. This provided insights in sugar excipients effect on products comparison [151], Ig products stability 

[57] and inflammatory modulation mechanisms [148]. 

Strikingly, while Ig had become the leading product of the plasma fractionation, no proteomic impurities 

profiling and product-to-product or batch-to-batch comparison had been performed for commercial Ig in 

2010 [112]. Previously, only the self-reactive IgG repertoire (directed towards auto-antigens) had been 

investigated with MS in Ig products on the market [147]. In the aftermath of the 2010-2011 TEE outbreak, 

a study using MS approach for impurities profiling in Ig products was finally published in 2014. Using two-

dimensional gel electrophoresis and MS analysis of the spots of interest, trace amounts of beta-2-

glycoprotein I (also called apolipoprotein H or ApoH), transferrin and albumin were identified as 

contaminants. The potential involvement of ApoH in thrombogenicity was further questioned with 

parallel TGA tests. The TGA assay values appeared to increase with increased spiking of pure ApoH [93].  

The other mainstream production source for plasma therapeutic proteins, namely the recombinant 

engineering biotechnologies, had equally started to be informed by MS-based proteomics from the mid-

90s [166,167]. From around 2014, even more publications about MS application for plasma therapeutics 

involved recombinant preparations. As already mentioned previously in section 1.2.5, the potential 

impurities here are bioprocess-related host cell proteins (HCP) arising from cell death or secretion from 

cells used for recombinant production. While traditionally measured using ELISA based on polyclonal 

antibodies raised against the host cell, more comprehensive characterization of HCP was obtained using 

MS [168–173]. MS methods also demonstrated to be useful for in-depth characterization of the active 

component, namely the monoclonal antibodies or recombinant therapeutic proteins, e.g. to study post-

translational modifications or to evaluate biosimilar candidates [93,174–181]. Nowadays, proteomics 

methods appear to be more widely used for recombinant production than for plasma-derived production 

[128,182]. 

Nevertheless, in 2013, a review of proteomics application to transfusion plasma stated that it was only 

“the beginning of the story” [183]. And indeed, the past years, MS-based proteomics was e.g. used to 

compare C1 esterase inhibitor concentrates (angioedema treatment) [152], reveal novel post-

translational modifications on plasma-derived factor X [153], or investigate the effect of nanofiltration on 

plasma-derived factor IX clinical lots [142]. 
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Following all these insightful applications, MS-based proteomics is now slowly entering the official QC 

guidelines like the Ph. Eur. The oldest mention of MS for protein analysis dates back to 2008, for the 

composition determination of recombinant Human coagulation factor VIII [184]. In 2011, MS was referred 

for the glycan analysis of glycoproteins [185]. In 2014, it was mentioned as a tool for the active compound 

characterization of alpha-1-antitrypsin products [186]. In 2017, MS was cited in the recommended 

orthogonal analytical methods to characterize the various HCP in a recombinant product and by this 

supporting the development and selection of an ELISA assay [187]. As last addition to-date, in 2017-2018, 

MS was associated to genomics in the new molecular methods pipeline to substitute in vivo tests for the 

detection of viral agents [188]. Even if MS is increasingly cited, a reference method or protocol is not 

defined. The general description of MS as analytical tool dates back to 2008 but has not been updated 

since then [189]. It is only in 2016 that first basic guidelines for the “interpretation of screening results for 

unknown peptides and proteins by mass spectrometry based methods” are emitted by the EDQM [190]. 

The rise of MS-based proteomics in plasma-derived therapeutics QC, and more generally biological 

therapeutics QC, appears to be conditioned as follows: the technique should provide new insights as 

compared to QC tests already in place, while preserving the typical requirements for a QC method. 

Aforementioned applications clearly demonstrate the innovative potential of MS in the QC field: providing 

insightful and comprehensive characterization of the sample, being the active components or the low-

abundant impurities.  

2.3 MS-based proteomics strategies for untargeted profiling of low 

abundant proteins 
Reaching sufficient sensitivity and ensuring appropriate repeatability and quantitative accuracy still asks 

for careful MS strategy development. This is especially true because MS technologies are still in their 

growing phase, resulting in a diverse and constantly evolving supply of promising but very expensive 

devices. Below, the main strategies for untargeted profiling of low-abundant proteins (LAP) in samples 

with high dynamic range are reviewed, and more particularly source material impurities in plasma 

derivatives. 

2.3.1 Protein fractionation 
With more than 90% of the sample being the active component(s), plasma-derived therapeutics typically 

ask for sample prefractionation before MS analysis can be conducted. Otherwise, the most abundant 

proteins exert a suppressive effect by monopolizing the instrument signal and making the detection of 

lower abundant proteins difficult, if not impossible. MS acquisition is always coupled to a peptides 

separation technique (see section 2.3.3). However, this generally turns out not to be enough for samples 

with concentration dynamic ranges of above 6 orders [122]. To overcome this challenge, two main 

approaches can be considered: either the selective depletion of the highly abundant active component(s), 

or the non-specific enrichment of the impurities. 
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2.3.1.1 Specific depletion of high abundant components 

For years, high-abundance protein depletion has been the standard methodology for first line 

fractionation in plasma proteomics. Previously, albumin could be removed by using a high affinity dye but 

the method was lacking specificity. Nowadays, a wide range of commercial immunoaffinity ligands are 

available to perform antibody capture against targeted abundant plasma proteins. Current products 

enable single-stage separation that removes up to 20 high-abundance proteins. Further efforts have been 

invested in serial depletions or moderate abundance proteins depletion, e.g. for biomarker discovery 

[191–193]. 

When dealing with plasma-derived concentrates however, one must only focus to deplete the active 

component in the most selective way. Indeed, the other proteins are impurities that should be profiled 

and thus not depleted. With regard to Ig products, protein G and protein A are two recombinant proteins 

of microbiological origin with strong binding strength and high selectivity for mammalian IgG [194–196]. 

Affinity chromatography with protein G - protein A coating is one of the best-defined and most efficient 

processes to isolate antibodies [197–200].  

The main advantages of a depletion strategy are that the low number of generated fractions – flow 

through and eluate – enables to perform a wide range of downstream analysis and automated systems 

with higher reproducibility and throughput. On the other hand, the main drawback is that co-depletion of 

non-targeted proteins can often occur due to non-specific binding interactions [201–203]. Caution should 

also be paid to possible binding capacity reduction over time [204]. Still, the overall benefit of depletion 

on the analytical depth has maintained its popularity in MS-based plasma proteomics [192]. 

2.3.1.2 Non-specific enrichment of low abundant components  

Direct specific affinity-enrichment of low-abundant impurities cannot be considered since their exact 

nature is not known a priori. The use of a large, highly diverse combinatorial (hexa)peptide ligand library 

(CPLL) has been established as a strong alternative to immunoaffinity depletion to access LAP 

identifications.  

The CPLL methodology utilizes solid-phase library of millions of different hexapeptides which are 

generated by a modified Merrifield approach and used for affinity-based binding to proteins, mostly via 

ionic interactions but also hydrophobic associations, hydrogen bonding, and a number of other weak 

interactions [205,206]. The library diversity is so high that it should contain a ligand to almost all possible 

proteins. The binding capacity for a given protein is limited by the number of ligands available but largely 

sufficient to bring protein traces at the detectability level. Highly abundant proteins (HAP) will saturate 

their ligands quickly and the unbound excess will be washed away. On the other hand, depending on the 

amount of loading, LAP will be concentrated on their ligands, resulting in a decreased concentration 

dynamic range (Figure 2.2) [205–208]. CPLL enrichment has proven to be a versatile and powerful tool to 

access the low abundance proteome of various biological samples [209–212], including plasma impurities 

in plasma-derived [131] as well as host cell protein impurities in recombinant therapeutics [213]. 

Numerous protocol variants have been described to optimize the CPLL enrichment, as summarized by 

Boschetti and Righetti [214,215]. 
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Figure 2.2 Schematic representation of the CPLL enrichment process [216]  
 

2.3.1.3 Gel electrophoresis and other protein fractionation methods 

Further protein prefractionation can be performed but many techniques only enrich a specific subset of 

plasma proteins: glycosylated proteins (glycoenrichment using lectins or hydrophilic interaction 

chromatography), proteins subjected to proteolysis (N-terminal enrichment using N-terminal-specific 

enzyme or terminal amine isotopic labelling of substrates) or carbonylated proteins (biotinylation and 

affinity chromatography) [191,192]. Consequently, these techniques are not useful for untargeted 

screening. 

Protein electrophoretic separation according to physical characteristics such as charge, isoelectric point 

(pI) or size was one of the pioneer strategies to explore human plasma [217]. Two dimensional 

electrophoresis on polyacrylamide gel electrophoresis (2D PAGE) emerged as a well-established standard 

from the earliest proteomic investigations [218]. In the first dimension, proteins are separated according 

to their pI onto a pH gradient strip in an electric field (isoelectric focusing - IEF) or according to their size, 

once the native proteins have been negatively charged (blue native (BN) PAGE). In the second dimension, 

sodium dodecyl sulphate (SDS) surfactant addition leads to denatured and negatively charged proteins 

that migrate according to their molecular size. Migration profiles are then revealed using staining 

(coomassie blue, fluorophores ...) and/or antibody capture (Western Blot). Spots can be also excised to 

be further analysed by MS.  

Although gel electrophoresis has been used in countless studies, one must remember that proteins with 

extremes of size, hydrophobicity (such as membrane proteins) or charge fail to enter the gel and are thus 

missed. For example, low abundance proteins such as leptin and ghrelin and peptides such as bradykinin 

cannot be detected using two-dimensional gel technology [219]. Moreover, high throughput and 

automation are difficult when working with gels [192,220]. 
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Gel-free protein profiling strategies allow to circumvent these pitfalls by combining whole sample digest 

in solution, high-efficiency liquid chromatography separation and high resolution tandem MS. This is the 

so-called “shotgun” large-scale proteomics [220]. Liquid chromatography separation based on physico-

chemical properties could be performed at the protein level [183], but digestion into peptides is usually 

performed first.  

2.3.2 Enzymatic digest 
Recent advances in MS instrumentation now allow for the so-called “top-down” analysis of intact proteins, 

preserving some information such as the connectivity of post-translational modifications. Still, further 

developments are required to improve both the information content and analysis in top-down 

approaches. The more commonly applied “bottom-up” approach relies on the digestion of proteins into 

peptides. These peptides are more efficiently separated using liquid chromatography and their lower 

molecular mass, an average size of ~500-3000 Da, and lower charge states enable better sensitivity to 

detect them with MS [221]. 

Even chemical cleavage is feasible and different enzymes are known to digest proteins with high cleavage 

efficiency and specificity, yet almost all proteomics studies are conducted using trypsin digestion. Trypsin 

cleaves peptide bonds C-terminal to the basic amino acid residues Lysine (Lys) and Arginine (Arg), except 

when followed by Proline (Pro). Since Lys and Arg are relatively abundant and well-distributed throughout 

a protein, tryptic peptides have an average length of ~14 amino acids and carry multiple positive charges, 

which makes them ideally suited for MS analysis [221].  

Typical trypsin digest protocol includes a denaturation step using a chaotropic agent such as urea or 

guanidine, followed by reduction of disulphide bridges with dithiothreitol (DTT) and cysteines alkylation 

by iodoacetic acid or iodoacetamide. After buffer exchange, the trypsin digestion itself is conducted 

overnight at neutral pH in an ammonium bicarbonate buffer at 37°C [221]. Supplementing trypsin with 

Lys-C further enhances proteolysis by minimizing the risk of missed cleavages [222]. 

2.3.3 Peptide separation 
Tryptic digestion results in a complex mixture of peptides arising from the different proteins. Current MS 

devices do not have sufficient resolving power to handle such complexity. Some peptide-based 

prefractionation may be performed to target specific subproteomes [191]. However, for comprehensive 

investigation, liquid chromatography (LC) coupled to the MS device has become the golden standard. 

Chromatography as separation technique dates back to the early twentieth century, when it was first used 

to separate plant pigments (chroma graphein in Greek: “to write with colors”). Nowadays, 

chromatography refers to a large range of separation techniques, including thin layer chromatography, 

gas chromatography, high pressure liquid chromatography or capillary chromatography. In all cases, the 

sample is dissolved in a mobile phase which will be conducted through a stationary phase. Sample 

components will then separate according to their respective affinity for the mobile and the stationary 

phase: the lower the interaction with the stationary phase, the quicker the component flows out (Figure 

2.3). The retention time is the time required for a given compound to elute from the column (from the 

injection in the mobile phase to the elution peak maximum). A broad range of stationary and mobile 
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phases are available, using different properties to separate the components: the size, the charge, the 

hydrophobicity or specific affinity. 

 

Figure 2.3 Sample separation by column chromatography [223] 

The so-called “reversed-phase” LC (RP-LC), where peptides are separated according to their hydrophobic 

interactions with non-polar groups (typically C18 alkyl groups) bound on the stationary phase, is most 

commonly used on-line to MS [183]. The eluting peptides are directly sprayed into the MS ionization 

source. 

A second orthogonal LC separation like “strong cation exchange” (SCX) can be performed upfront to 

increase the resolution power. On the other hand, having a larger number of fractions decreases the 

throughput [192]. 

Nowadays, LC flow rate ranges from high flow (about 1 mL/min) to nanoflow (about 300 nL/min). Lower 

flow rates favour better ionisation and higher sensitivity but increase the run time and the risks of 

instability. Microflow (few µL/min) provides convenient compromise between sensitivity, stability and 

throughput for routine and reproducible quantitative experiments [224–227]. 

2.3.4 MS acquisition 

2.3.4.1 Ionization 

In 2002, Fenn and Tanaka shared a Nobel prize for the introduction of electrospray ionization (ESI) [228] 

and matrix-assisted laser desorption ionization (MALDI) [229] respectively. ESI and MALDI are still the two 

main “soft” ionization sources available to ionize high-molecular-weight molecules such as peptides, 

without fragmenting them.  

In MALDI, the sample is co-crystallized with an excess of matrix on a target and irradiated by a laser beam, 

which produces mainly monocharged ions. Combined to gel electrophoresis, MALDI has provided some 
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insights for impurities profiling in plasma derivatives (Table 2.1). Still, ESI is often preferred for complex 

peptides mixtures, since it can be easily coupled to LC, contrary to MALDI. 

In ESI, the sample is introduced in liquid phase and forced through a needle held at high voltage (1500-

3500 V), resulting in a fine spray of charged droplets that are directed into the vacuum chamber of the 

MS. The size of the droplets is reduced by solvent evaporation, helped by a drying gas, typically nitrogen. 

Finally, naked charged ions are generated in the gas phase due to Coulomb fission, consequent to surface 

tension and electrostatic repulsion (Figure 2.4).  

From a sample preparation point of view, it is important to note that MALDI and even more ESI are 

intolerant to salts, which form sodium and/or potassium adducts and by this decrease ionization 

efficiency. A desalting step consisting in low cut-off dialysis, precipitation or hydrophobic solid phase 

extraction is thus usually performed [183]. 

 

Figure 2.4 Schematic representation of the electrospray ionization process [230] 

2.3.4.2 Mass analysers 

Mass analysers are the central core of mass spectrometers, as they enable to discriminate the ions based 

on their mass-to-charge (m/z) ratio. They are directly linked to key parameters such as sensitivity, 

resolution, mass accuracy, scanning speed and dynamics [120,183]. 

Quadrupole (Q) analysers separate ions according to their m/z ratio by using the stability of the 

trajectories in oscillating electric fields, usually generated by four perfectly parallel cylindrical rods [120]. 

Quadrupoles are extensively used as triple quadrupole “QqQ” devices wherein the first isolates the 

precursor ions, the second acts as collision cell and the third separates the generated product ions. These 

devices offer high mass selectivity, very fast scan speed and 4 to 5 orders of linear dynamic range, which 

make them mainstay instruments for targeted quantification in S/MRM mode. 

For high-resolution non-targeted profiling and global expression studies, modern high performance 

tandem mass spectrometers rely on high resolving power and high mass accuracy analysers.  

TOF analysers are a golden standard for high-molecular-weight proteins, thus fitting the purpose of 

plasma proteomics [183]. Briefly, the ions are accelerated to known kinetics energies over a known fixed 

distance, so their time-of-flight can be measured. This time is a function of the mass, so the m/z can be 
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calculated. A reflectron (or ion mirror) retards and then reverses ion velocities so that ions having the 

same mass but slightly different kinetic energy spend the same flight time [120,183].  

Other high resolution mass analysers can be also used for non-targeted proteomics. Ion trap analysers (IT) 

capture ions in a radio frequency field delimited by hyperbolic shaped, flat rings or linear electrodes. The 

possibility to perform multiple stage fractionation makes them particularly powerful for structure 

elucidation. Fourier Transform ion cyclotron resonance (FT-ICR) measures mass by detecting the image 

current produced by ions cyclotroning in the presence of a magnetic field. Since the frequency of an ion's 

cycling is determined by its mass-to-charge ratio, this can be deconvoluted by performing a Fourier 

transform on the signal. FT-ICR has the advantage of high sensitivity (since each ion is "counted" more 

than once) and very high mass accuracy and thus precision. In Orbitrap analyser, ions are electrostatically 

trapped in an orbit around a central, spindle shaped electrode. The oscillation generates an image current 

in the detector plates which is recorded by the instrument. The frequencies of these image currents 

depend on the mass-to-charge ratios of the ions. Mass spectra are obtained by Fourier transformation of 

the recorded image currents. Orbitrap have high mass accuracy, good dynamic range and very high 

resolution [120,183].  

Importantly, most contemporary high resolution mass spectrometers are hybrid MS/MS instruments 

combining different mass analysers, such as quadrupole time-of-flights (Q-TOF) and linear ion 

trap/quadrupole Orbitraps (LTQ-Orbitrap/Q-exactive) [231]. Despite lower selectivity and scan speed 

compared to the triple quadrupoles devices, high resolution and high accuracy MS2 scan allows for non-

targeted relative quantification (the full precursor m/z range is scanned) but also targeted absolute 

quantification with isotope labelling (predefined list of precursor m/z is selected) [231]. 

In the present work, the ESI-Q-TOF device TripleTOF 5600 (Sciex) will be used (Figure 2.5). This system 

combines high sensitivity and high resolution, fast acquisition speeds, and stable mass accuracy [232]. 

 

Figure 2.5 Representation of the TripleTOF 5600 QTOF device [105, adapted by Paulien Meert] 
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2.3.4.3 Fragmentation  

Once they have been analysed, peptide-ions (precursor or MS1 ions) are generally further fragmented 

into product ions (or MS2 ions). Fragmentation patterns obtained by analysing these MS2 ions provide 

crucial information for peptide to spectrum matches by reaching a higher level of specificity. In most cases, 

fragmentation occurs by collision-induced dissociation (CID): MS1 ions are fragmented by colliding with 

neutral molecules of inert gas like Argon that is streamed into the collision cell. Kinetic energy from the 

collision is converted into internal energy which results in bond cleavage and fragmentation into smaller 

ions. Bond cleavage mainly occurs through the lowest energy pathways, namely the amide bonds. CID 

thus generates b-ions when the charge is retained by the amino-terminal fragment and y-ions when it is 

retained by the carboxy-terminal fragment [233]. Other ions (a, c, x, z) can also be generated when other 

bonds break in the peptide chain, but this mainly occurs with other fragmentation techniques that are 

mainly useful for post-translational modifications research and top-down proteomics (Electron Capture 

Dissociation-ECD, Electron Transfer Dissociation-ETD...) (Figure 2.6). 

The so-called MS/MS or tandem MS can be conceived and sequenced either in space or in time. Like QqQ, 

QTOF are space instruments that combine two mass analysers and one collision cell. During the full scan 

or MS1 scan, the Q1 is open for all the ions in the MS1 m/z range, the ions are not fragmented and the 

TOF detects all of them. During the product ion scans, the Q1 selects a defined MS1 m/z range; these ions 

are fragmented in the collision cell and the resulting MS2 ions are analysed in the TOF. 

The full MS1 scan and the consecutive MS2 scans result in a sequence that is repeated as long as peptides 

elute from the LC column. The cycle time, or the duration of one iteration of the scan sequence, is set to 

ensure that enough data points, typically 8 to 10, are acquired during the elution of one peak (LC peak 

width).  

 

 

Figure 2.6 MS/MS fragmentation : The Biemann nomenclature for MS2 ions [Adapted from 107,108] 

2.3.4.4 Detection 

The detector converts both MS1 and MS2 ions detected in the last mass analyser to provide an 

interpretable spectrum. Several types of detectors exist. Still, they all use the charge, the mass or the 

velocity of the ions to produce a signal related to the amount of ions detected. The detector in the TT5600 

is a multichannel time-to-digital converter (TDC) detector with 4-anode/channel detection that relies on 

kinetic energy transfer [232]. Briefly, incident ions collide with a surface that in turn generates secondary 

electrons, which are further amplified to give an electronic current [120]. 
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Each detector possesses an intrinsic dynamic range of linearity where the signal is correlated to the 

amount of ions, resulting in usable quantitative data. This linear dynamic range is delimited by upper and 

lower limits of quantification that correspond respectively to detector saturation and detector 

unresponsiveness (Figure 2.7). TT5600 is expected to provide at least four orders of dynamic range, in 

both MS1 and MS2 scanning modes [232]. 

Importantly, each ion has unique ionization properties, so the limit of quantification (LOQ) cannot be 

inferred from one peptide to another per se.  

 

Figure 2.7 Linear dynamic range and limits of quantification 

2.3.4.5 Untargeted acquisition strategies 

For the sake of sensitivity and repeatability, clinical and quality control (QC) applications of liquid 

chromatography-tandem mass spectrometry (LC-MS/MS) are often operated by selecting only a defined 

subset of MS1 and MS2 ions to be analysed (“Selected/Multiple Reactions Monitoring” or S/MRM). 

However, this requires a priori information on the targets of interest and restricts the gained information. 

For non-targeted and comprehensive screenings, shotgun data-dependent acquisition (DDA) has long 

been the golden standard approach in MS. In recent years however, data-independent acquisition (DIA) 

emerged as a strong alternative [236]. Main acquisition strategies on QTOF device are summarized in 

Figure 2.8. 

a) Data-dependent acquisition (DDA) 

In traditional data-dependent acquisition (DDA), the MS2 acquisition relies on the data coming from the 

MS1 scan of the ionized peptides. Only a limited number of ions surpassing a certain signal threshold are 

selected for fragmentation. This produces tandem MS data where precursor and product ion signals can 

be associated and quite easily annotated (see 2.3.4.6). Although extremely powerful, DDA presents 

inherent technical variability [237]. Small differences in sample loading and/or slight shifts in LC retention 

times alter the instant composition of the peptides mix eluting from the column. This results in a certain 

variation of the MS1 signal intensity between repeated runs. Therefore, each DDA run can sample slightly 

different peptides for MS/MS (i.e. stochastic sampling), leading to some variation in gained spectral data. 
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It is generally accepted that 5 to 10 repeated injections of one sample are needed to uncover almost all 

possibly identifiable peptides of a complex sample [238–240]. 

b) Data-independent acquisition (DIA)  

The development of faster and higher resolution MS instruments opened the path to new acquisition 

strategies that could overcome the main DDA limitations. Data-independent acquisition theoretically 

combines the advantages of DDA and S/MRM by offering non-targeted reproducible screening. In DIA, all 

peptides are subjected to fragmentation, irrespective of their MS1 signal. A single DIA run thus 

theoretically contains all the MS/MS spectral information that a sample can deliver at a given limit of 

detection. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

While the first DIA approaches were published about 15 years ago [241,242], effective DIA 

implementations have only been developed over the last five years [236]. Two main approaches are 

currently promoted by the QTOF instrument vendors, namely MSE and SWATH.  

Figure 2.8 Main acquisition strategies on QTOF MS device 
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In MSE, the CID cell rapidly alternates between low energy and high energy, to acquire respectively the 

MS1 and the MS2 ions [242]. Nowadays, MSE is most often implemented as HDMSE, where ultra-high 

pressure LC and ion mobility (mobility of the ions in a carrier buffer gas) are used as orthogonal 

separations of the ions [243].  

In SWATH (Sequential Windows Acquisition of All Theoretical Fragment Ion Mass Spectra), the MS1 m/z 

range is divided into adjacent m/z isolation windows (or “swaths”) which are independently and 

consecutively selected, fragmented and analysed [244]. Consequently, MS2 data is related to a given 

range of possible precursor m/z that was selected by the quadrupole, which provides increased specificity 

as compared to other DIA like MSE [244]. The acquisition cycle time results from the product of the number 

of windows multiplied by their accumulation time (with the addition of the initial MS1 scan) (Figure 2.9). 

For a fixed cycle time (set to ensure enough data points per LC peak), an increased number of shorter 

accumulation windows will increase the specificity, while reduced number of longer accumulation 

windows will favour the sensitivity. Variable window widths can now be scaled across the m/z range, 

depending on the number of precursors found: higher number of shorter windows will be allocated to the 

regions with higher density of measured precursors (sciex.com/support/knowledge-base-articles/how-to-

use-the-swath-variable-calculator-excel-sheet).  

The main challenge with DIA is the complexity of the obtained convoluted data that requires elaborate 

data analysis software tools. 

 

Figure 2.9 SWATH MS data-independent acquisition [244] 
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2.3.4.6 Data analysis 

MS acquisition results in a set of measured MS1 precursor ions m/z and MS2 fragment ions m/z, with 

associated intensities as produced by the detector: the MS/MS spectrum. Correct interpretation and 

annotation of this spectrum allows peptide identification, and even quantitative information. 

a) Identification 

Different identification strategies can be considered to annotate spectral data with corresponding 

peptides (Figure 2.10). 

Manual annotation of an MS/MS spectrum can be performed by considering the m/z distance between 

consecutive MS2 peaks (“de novo sequencing”). Still, this approach becomes quickly hard to handle when 

the complexity and the number of spectra increase.  

In most cases, raw data files are converted into peak list file format that can be compared to publicly 

available protein databases. Non-redundant databases like UniProtKB/Swiss-Prot contain only previously 

identified proteins (in contrast to redundant databases that also contain predicted proteins from 

sequenced genomes) [245]. Search engine software like Mascot (Matrix Science) match the experimental 

peak lists to in silico generated ions of the database, using both peptide mass fingerprint (very accurate 

molecular mass of the enzymatic peptides) and MS/MS ions search (fragment ion mass and relative 

intensity values) [246]. Following parameters are defined: the type of enzyme, the expected peptide 

charge, fixed or variable modifications, the number of tolerated missed cleavages, the MS instrument 

type, the MS1 and MS2 mass tolerance. 

Other search engines like Protein Pilot (Sciex) use so-called “sequence tag” approach, where small 

sequences of few amino acids (“tags”) are generated from the spectrum and the protein database is 

searched for entries where many tags match. The main advantage of this approach is that the MS1 

precursor mass is not used as a precursor filter and possible modifications do not have to be specified 

[247]. 

A false discovery rate (FDR) is most often calculated to validate the annotation by matching with the 

protein database. FDR estimates the rate (%) of matches that are actually false positives by dividing the 

number of matches in a decoy database by the number of matches in the real database. A decoy database 

contains randomized or reverse sequences, so that any match to this database is expected to be a false 

positive. 

A minimum of two significant unique peptide matches is generally required to consider confident protein 

identification. A peptide match is unique if it contains sequences that unambiguously belong to only one 

protein in the database. In Mascot, the significance is defined by a probability-based score that is 

calculated to reflect the quality of the data [190]. 

A fourth identification strategy consists in matching the obtained spectrum directly with previously 

acquired spectrum on same (or very similar) device that was already annotated. This is the main approach 

adopted to overcome DIA data complexity in SWATH-MS. 
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Figure 2.10 Peptide identification strategies using MS-based proteomics [248]  

In SWATH-MS, spectral assay libraries generated on a high resolution MS instrument with DDA (either in-

house or by a reference lab which made them publicly available) are generally used to perform data 

extraction by matching SWATH spectral data with annotated spectra from the library. Both 

chromatographic and spectral components of the peptides indexed in the spectral library, including the 

retention time, the peak width and area, the mono-isotopic mass accuracy or the presence of contiguous 

ion series, are used to mine the MS2 maps for signals that correlate with these coordinates. The overall 

quality of this correlation (“match”) is reflected into a score that is compared to the score obtained by 

matching a library of false decoy sequences, leading to a second FDR calculation (the first being the FDR 

of the annotation of the DDA library runs with a database search). Adopting a stringent control of this 

second FDR has been an important pillar of recent SWATH data analysis optimization [249–252]. Retention 

time alignment to overcome potential LC variation has also become widespread practice. Retention times 

are indexed as dimensionless values that refer to the elution of spiked reference peptides spaced over the 

LC gradient [249,253]. Recently, a multicentre benchmark study of the main SWATH data analysis 

pipelines available demonstrated a very high consistency in MS2 peak picking and resulting peptide 

identification across all software tools, exceeding the overlap between different DDA search engines. 

Recommended default settings for each of these tools were also published [254]. 

Importantly, extended spectral libraries can be built to query the SWATH data over a large amount of 

features, which largely exceeds what was identified in the sample with DDA [250,251]. For the sake of 

impurities screening, the library can be built directly on the (fractionated) source material to index the 

largest possible amount of potential residuals, that could be then screened in SWATH runs of final 

products, over and over. 

Of note, SWATH data analysis without spectral library has been also developed. The principle is to 

assemble precursor and fragment co-eluting features into pseudo-tandem MS data that can be identified 

with conventional database searching (‘data-centric approach’) [255]. While presenting overall good 
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performance, this approach results in somewhat different reported peptides, as compared to the library-

based tools (‘peptide-centric approach’) [254]. 

b) Quantification 

For some harmful and/or undesired contaminants, confident detection already provides important 

information. Still, in most cases, quantitative information will be required to properly consider the impact 

of a contamination. An overview of possible quantification strategies with MS-based proteomics is given 

in Figure 2.11. 

The detector measures peak intensities, but MS does not allow for direct absolute quantification, since 

individual peptides differ in ionization susceptibilities and in isolation and detection efficiencies, being 

also dependent on the MS equipment. S/MRM, most often with synthetic isotope-labelled peptides or 

proteins spiked as internal standards, is still the only convincing way to perform absolute quantification 

with MS, at least for LAP [183,256–258]. Nevertheless, this approach asks for a priori information and 

dedicated development: it is thus not suitable for non-targeted profiling.  

 

Figure 2.11 Main peptide quantification strategies using MS-based proteomics (adapted from Paulien Meert). Green boxes 
highlight the strategies considered in the present work. 

Most large-scale non-targeted proteomics studies thus perform relative quantification. Stable isotope 

labels were often considered to perform multiplex runs where samples to compare are pooled together 

to account for technical variability during the analytical process, while the unique label of each sample 

allows accurate comparisons. Isotope labels can be incorporated (i) during cell culture (“stable isotope 

labelling of amino acids in cell culture - SILAC” using 13C/15N arginine and lysine residues or 15N culture 

media), (ii) using enzymatic labelling (digest in 18O water) or (iii) with chemical covalent labeling of 

exogenous reagents (“isotope-coded affinity tags - ICAT” using derivative reduced cysteine residues, 

“tandem mass tags – TMT” and “isobaric tag for relative and absolute quantification – iTRAQ” using N-

termini and lysine side chains labels which are isobaric and chromatographically indistinguishable but 

generates different reporter ions after fragmentation). However, these standards are sometimes not easy 

to obtain, often expensive, increase the sample complexity and always require time-consuming additional 

steps. Moreover, multiplexing tends to decrease the dynamic range of measured protein abundances 

[231]. Opposed to absolute quantification, isotope-labelled standards can be avoided. Label-free methods 

are simpler, applicable to any sample and any protein/peptide, higher throughput and more economical 

approaches.  
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Importantly, a label-free approach requires LC retention times alignment to account for run-to-run and or 

device-to-device chromatographic variability. Using adequate computational resources, ion abundances 

can be evaluated through spectral counting (the total number of spectra identified for a protein) or peak 

measurements (intensity and peak area, also called area under the curve-AUC). The latter is generally 

preferred since the first might be biased towards more abundant proteins [259,260]. MS signal stability 

should be also carefully monitored and run-to-run signal normalization might be asked.  

Using DDA, label-free quantitation can only occur at the MS1 level, since the MS2 acquisition is inherently 

stochastic. On the other hand, DIA benefits from full MS/MS datasets and thus opens the path for MS2 

quantitation with greater specificity. DIA is expected to provide comprehensive large scale profiling with 

quantitative characteristics which were hitherto S/MRM privilege [261].  

In SWATH, the ion chromatograms associated to the peptides passing the FDR of the spectral library 

matching are extracted at the MS2 level. This results in MS2 peak area values that are simply summed up 

to give peptide- and protein level relative abundances. Recent inter-laboratory study evidenced that 

proteins can be reliably quantified across 4 orders of dynamic range using SWATH on Triple TOF5600 

[261]. 
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3. Outline and aims of this thesis 
 

Plasma-derived therapeutics constitute a unique class of medicinal products due to the nature of their 

source material. In particular, normal polyvalent Ig succeeds to provide administrable immune cocktails 

that can reconstitute deficient immune repertoire as well as demonstrate beneficial immunomodulatory 

effects in ever-growing indications (ITP, Guillain-Barré syndrome, Kawasaki syndrome, ...). Being 

irreplaceable by recombinant products, normal Ig drives the plasma fractionation market. 

From the early cold ethanol precipitation of Cohn and Oncley in the 1940s, plasma fractionation 

progressively evolved in a refined and structured large-scale industry. With the help of a strict regulatory 

framework, manufacturers achieved to provide high integrity and high purity products with 

unprecedented microbiological safety. Still, the complexity of the plasma pool source material makes 

absolute purity challenging, if not impossible. Variation in the source material origin as well as the 

diversification of production processes raises the question of Ig products interchangeability. In 2010-2011, 

a TEE outbreak with administered Ig was associated with trace levels (ng/mg) of plasma residual FXI in the 

incriminated batches. A posteriori corrective and preventive actions including process revision and 

additional testing solved the issue but remained specific and dedicated.  

Since co-purification during the manufacture can theoretically lead to the residual presence of any of the 

plasma proteins from the plasma pool, non-targeted generic screening could detect such safety issues due 

to source material impurities. This thesis aims to consider the use of MS-based proteomics to provide 

relevant profiling of plasma impurities in polyvalent Ig.  

While a more detailed biological background was introduced in Chapter 1, Chapter 2 presented the main 

MS strategies that can be developed to achieve such non-targeted screening of LAP. This work will be 

centred on the use of a high resolution ESI-Q(q)TOF, the TripleTOF5600 (Sciex), preceded by reversed-

phase LC separation of the tryptic peptides obtained by in solution enzymatic digest. 

In Chapter 4, the two main prefractionation strategies – namely highly abundant component specific 

depletion vs. non-targeted enrichment of LAP – will be compared. The classical shotgun DDA approach 

will also be discussed and label-free MS1 relative quantification will be performed. Due to inherent issues 

in repeatability and coverage with the DDA, SWATH-MS will be further considered in Chapter 5. As DIA 

method, SWATH-MS enables label-free MS2 relative quantification. An innovative use of the variability to 

signal dependence will be proposed to decipher the confidence of the complex data generated. Both in 

Chapters 4 and 5, the QC relevance will be challenged by the detection of FXI spiked at the ng/mg as well 

as the comparison of five different Ig products from three different manufacturers, including two batches 

of a same product and one TEE-positive batch. 

Overall conclusion and final back-to-back comparison of the two acquisition methods will be wrapped up 

in Chapter 6. Finally, Chapter 7 will question the broader relevance of MS-based proteomics in the QC of 

biological therapeutics. The future perspectives that this work suggests will be considered. 
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4. Mass spectrometry-based sensitive 

screening of plasma residuals in human 

plasma-derived immunoglobulin (part I): 

sample fractionation and data-dependent 

acquisition 

4.1 Abstract 
Thromboembolic events (TEE) associated to trace amounts of plasmatic activated coagulation factor XI 

(FXIa) in administrated immunoglobulin (Ig) have recently raised concerns and hence there is a need for 

highly sensitive profiling of residual plasma source proteins. This study aims to consider LC-ESI-QTOF data-

dependent acquisition in combination with sample fractionation for this purpose. Sample fractionation 

proved mandatory to enable identification of plasma residuals. Two approaches were compared: Ig 

depletion with protein G - protein A affinity chromatography and low-abundant protein enrichment with 

a combinatorial peptide ligand library (ProteoMinerTM, Bio-Rad). The latter allowed a higher number of 

identifications. Highly sensitive detection of prothrombotic FXIa was assessed with confident 

identification of a 1 ng/mg spike. Moreover, different residuals compositions were profiled for various 

commercial Ig products. Using a MS1-level quantitative label free analysis, a TEE-positive Ig batch was 

distinguished from other regular Ig products, with increased levels of FXIa but also other unique proteins. 

This could have prevented the recently observed TEE problems with Ig. The method is a convenient tool 

to better characterize Ig products after any plasma pool or manufacture process change, gaining insights 

in the product quality profile without any prior information required. Still, the inherent stochastic nature 

of data-dependent acquisition asks for repeated injections and extended acquisition time. 

4.2 Introduction 
As explained in Chapter 1, the 2010-2011 TEE outbreak highlighted the importance of the residual co-

purified fraction in immunoglobulin (Ig) products, even at trace levels. The in vivo Wessler thrombosis 

rabbit model indicated that the minimal dose of FXIa spike in intravenously administrated products 

causing a prothrombotic effect is as low as 300 ng FXIa/mL product. As it was a 100 mg Ig/mL product, it 

corresponds to 3 ng FXIa/mg Ig [103]. With a sensitivity as high as 0.2 ng FXIa/mL product, the thrombin 

generation assay (TGA) is increasingly recommended by several papers and promoted by the US Food and 

Drug Administration [94]. However, this targeted test is dedicated to FXI level and procoagulant activity 

measurements. Given that relevant sensitivity could be achieved, non-targeted screening of plasma 

residuals in final Ig product after each process or plasma pool source modification may warn against any 
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composition change. In this Chapter, an application of bottom-up mass spectrometry (MS) is developed 

to provide such convenient screening. 

As introduced in Chapter 2, MS-based techniques have already been applied to characterize residuals in 

plasma-derived products, such as HSA preparations, clotting factor VIII or IX and prothrombin complex 

concentrates, allowing the identification of numerous impurities (Table 2.1). In 2013, Lackner et al. used 

gel-based MS to identify beta-2-glycoprotein 1 or apolipoprotein-H (ApoH), serotransferrin (TRFE) and 

HSA as contaminants of Ig preparations [93]. Nevertheless, no consensus has emerged so far concerning 

the adopted method and neither sensitivity nor reproducibility was discussed. Despite continuous 

developments in the MS technologies, sample pre-fractionation techniques remain paramount to access 

the low abundant contaminant fraction [192].  

Depletion of high abundant proteins – here the Ig – is a common strategy to access identification of lower 

abundant proteins (LAP) but can be somewhat hindered by issues of co-depletion due to non-specific 

binding interactions [201–203,262]. The use of a large, highly diverse combinatorial (hexa)peptide ligand 

library (CPLL) has been established as a strong alternative to reduce the samples protein concentration 

dynamic range and access LAP identifications [131,206,209,210,213,263–265]. Here, both specific 

depletion of Ig – by means of protein G - protein A affinity chromatography – and CPLL enrichment 

strategies were evaluated. Impurities coverage was also optimised considering inherent variability of the 

classical shotgun MS acquisition mode, the so-called data-dependent acquisition (DDA) mode [237]. 

QC relevance was put to the test by the identification of spiked FXIa at 1 ng/mg and comparison of 

different Ig products, including a TEE-positive Ig batch, and two batches from a same product. MS 

precursor normalized abundance levels were also reported to obtain relative quantification of impurities. 

4.3 Material & methods 

4.3.1 Samples 
Intravenous Ig (IVIg) products were provided by two manufacturers. Products from the first manufacturer 

will be referred as A and B while product from the second as C. Samples from different batches of product 

A will be referred as A1 and A2. A 2011 TEE-positive subcutaneous Ig (ScIg) product batch from a third 

manufacturer (referred as D) was also obtained. Protein concentrations are 50 mg/mL (A and B), 100 

mg/mL (C) and 160 mg/mL (D) respectively.  

Native coagulation factor XIa from human plasma (Calbiochem, Merck Millipore, Darmstadt, Germany) 

was used to spike the samples at 1 and 0.2 ng/mg total protein.  
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4.3.2 Sample fractionation 

4.3.2.1 Ig depletion by protein G - protein A affinity columns 

Sepharose 4 Fast Flow gel filtration medium was coated with either protein A or G and served to pack two 

XK 26 columns (GE Healthcare, Chalfont St. Giles, UK). Gel medium height was 10 cm in each column. The 

two columns were put in series on a ÄKTA purifier 10 system (GE Healthcare), giving a total column volume 

(ColV) of approximately 100 mL. All the buffers were filtered with 0.22 µm vacuum filters and the flow 

was set at 5 mL/min. The columns were washed with 3 ColV of milliQ water and then equilibrated with 3 

ColV of starting buffer (20 mM sodium phosphate solution, pH 7). Eight different sample loads of Ig 

product were tested: 0.2-0.4-0.8-2-5-10-15-20 mL. Non-Ig impurities were measured at 280 nm and 

collected.  

Bound Ig fraction was eluted with 0.1M glycine buffer (adjusted to pH 2.7 with HClcc). Prior to a new 

sample injection, columns were washed with 3 ColV of milliQ water and reequilibrated with 3 ColV of 

starting buffer. If stored before next use, columns were equilibrated with 3 ColV of ethanol 20% in milli-

Q water and stored at 4°C. Collected flowthroughs were desalted and concentrated with Centricon Plus-

70 10 kDa (Merck Millipore, Darmstadt, Germany) and dried under vacuum. 

4.3.2.2 Low-abundant protein (LAP) enrichment with combinatorial peptide ligand 

library (CPLL) 

The bead-based CPLL was obtained from ProteoMinerTM protein enrichment kits (Bio-Rad, Hercules, CA, 

USA). Instructions from the Bio-Rad kits were first followed [266]. In short, proteins were captured in 

physiological conditions with phosphate buffered saline (Na2HPO4 10mM pH 7.4, NaCl 150 mM). “Small-

capacity” (20 µL settled bead volume) and “large capacity” (100 µL settled bead volume) kits, requiring 

respectively 200 µL and 1 mL of ≥50mg/mL sample load, were compared. Bound proteins were desorbed 

using either single-elution (urea 8M, CHAPS 2% and acetic acid 5%) or sequential elution protocol (reagent 

1 is NaCl 1M, HEPES 20mM (pH 7.4), reagent 2 is Glycine 200 mM (pH 2.4), reagent 3 is ethylene glycol 

60% in water and reagent 4 is 2-propanol 33.3%, ACN 16.7%, TFA 0.1%).  

Eluted fractions were desalted using either protein precipitation (ReadyPrep 2-D Cleanup kit, Bio-Rad, 

Hercules, CA, USA) or filtration with 10 or 3 kDa cut-off (Amicon Ultra 0.5 mL 10 or 3 kDa, Merck Millipore, 

Darmstadt, Germany).  

Secondly, protein capturing in a low ionic strength environment (Phosphate buffer 25mM pH7, NaCl 50 

mM), followed by sequential recapturing of the excess at pH 9.3 (Tris-HCl 25 mM) and then pH 4 (acetate 

buffer 25 mM) and coupled to on-bead digestion was performed according to the optimized protocols 

published by Boschetti and Righetti [214,215]. 

To study the technical repeatability of the fractionation, five replicate enrichments were performed for 

one given sample. 
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4.3.2.3 Total protein assay 

The sample recovery after each fractionation (except CPLL with on-bead digestion) was assayed using the 

Micro BCA Protein Assay kit (Thermo Scientific, Waltham, MA, USA) according to the manufacturer’s 

instructions.  

4.3.3 Tryptic digest 
Depleted or CPLL-eluted samples were digested in solution as following. Dried protein pellets were 

suspended in triethylammonium bicarbonate (TEABC) 0.5 M. DTT was added at 1mM as reducing agent 

and samples were incubated 1 hour at 60°C. S-methyl methanethiosulfonate (MMTS) in isopropanol was 

added at 10 mM and incubated for 10 minutes at room temperature to alkylate the proteins. Finally, 

Trypsin/lysC (Promega Corp., Madison, WI, USA) in TEABC 0.5M was added at a mass ratio enzyme/protein 

of 1:100 and complemented with calcium dichloride (CaCl2) 1mM and acetonitrile (ACN) 5%. Complete 

tryptic digestion was achieved by overnight incubation at 37°C. Samples treated with CPPL performed 

according to optimized methods from Boschetti and Righetti were digested “on-bead”, following 

published protocol [214,215]. Digested samples were vacuum dried and stored at – 20°C until injection. 

4.3.4 LC-MS/MS analysis 
 

4.3.4.1 Sample injection and LC separation 

Dried peptides were dissolved to 1µg/µL in 0.1% formic acid (FA) in water. An extra desalting step was 

also tested by means of 10 µL pipette tips with a bed of C18 reversed-phase chromatography media fixed 

at its end (ZipTip C18 Pipette Tips, Merck Millipore, Darmstadt, Germany). Peptides were separated on an 

Eksigent nanoLC 425 (Eksigent, Sciex, Framingham, MA, USA). Two micrograms of each sample was first 

trapped on a pre-column (YMC-Triart C18, pore size 12nm, particle size 3µm, 0.5 mm internal diameter 

by 5 mm; YMC, Dinslaken, Germany), and separated on reversed-phase (C18) microflow (5µL/min) LC 

column (YMC-Triart C18 15 cm, particle size 3 µm, 0.3 mm internal diameter by 150 mm; YMC, Dinslaken, 

Germany) using a linear gradient of 95:5 buffer A (95% H2O; 5% DMSO; 0.1% FA) /buffer B (95% ACN; 5% 

DMSO; 0.1% FA) to 20:80 buffer A/buffer B at 5 µL/min over 1 hour. With the on-bead digested sample, 

dried peptides were dissolved in 500 µL FA 0.1%, assuming a total binding capacity of 1000 µg per large 

capacity spin column. Total ion count (TIC) was checked to be between 5E6 and 5E7 in intensity; injecting 

2µL per run appeared to be adequate.  

4.3.4.2 MS data acquisition 

A TripleTOF 5600 (Sciex, Framingham, MA, USA) was used in a data dependent mode to analyse peptides. 

Dynamic accumulation allowed to switch automatically from MS (400-1250 m/z; accumulation time 0.25 

s) to MS/MS (65-2000 m/z; accumulation time 0.025 s) when a threshold of 50cps was exceeded. 

Surpassing ions were excluded from further analysis for 30 seconds. For quantification purposes, the 

sample list was scrambled. 
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4.3.4.3 Data analysis  

 

a) Protein identification 

For method optimisation, raw spectra data (Wiff) files were converted to Mascot Generic Format (MGF) 

with Protein Pilot Software 4.5 (Sciex, Framingham, MA, USA) and data were searched against the 

Swissprot Mammalia database (66,431 sequences) using Mascot Daemon version 2.5 (Matrix Science, 

Boston, MA, USA) with methylthio on cysteine as fixed modification, and oxidation on methionine and 

deamidation on glutamine and asparagine as variable modifications. Peptide mass tolerance was set at 

10 ppm and fragment mass tolerance at 0.1 Da, and peptide charge was set at +2, +3 and +4. Two missed 

cleavages were allowed and identity threshold for peptides was set at p-value <0.01. False discovery rates 

for peptide identification of all searches were less than 0.2% with automatic decoy database search. 

Minimum 2 unique peptides-sequences per protein and a Mascot score above 50 or only 1 unique 

peptide-sequence and a Mascot score above 80 were requested as protein identity threshold. Expression 

in blood was verified using NexProt repository (available at http://www.nextprot.org/db). Fragments of 

G class Ig (IgG), the main type of antibodies constituting the Ig products, and epidermal and hair proteins 

(keratin variants, dermcidin and hornerin), if identified, were never reported. 

To overcome DDA variability, up to 16 LC-MS injections were performed for one given sample. 8 repeated 

LC-MS injections were performed for each tested condition/technical replicate to calculate the mean (± 

standard deviation (SD)) number of detected proteins that satisfy the identity threshold. Normal 

distribution assumption was tested with the Shapiro-Wilk test. As data were not normally distributed, the 

non-parametric Mann-Whitney U test for two independent samples was used. All statistics were 

performed in Microsoft Excel, using Analysis ToolPak and Real Statistics add-ins. 

b) Protein relative quantification 

For Ig products comparison, raw spectra profile data were analysed with Progenesis QI for Proteomics 

(Nonlinear Dynamics, Waters, Durham, NC, USA) to obtain relative quantification based on MS precursors 

intensity. After alignment and normalization, a multivariate statistical analysis was performed on all MS 

precursors, without any prior peptide identification. The MS/MS spectra of the differential MS precursors 

were exported as a MGF peak list for database searching against the Swissprot Mammalia database using 

Mascot, as described above. Results were filtered for confident hits using a 0.01 expectancy cut-off. 

Protein-level abundances are weighted sums of normalized abundances from non-conflicting peptides 

matched to a given protein. Such abundances were reported for every (non-IgG) plasma residual protein 

with a confidence score above 50 and at least 1 unique peptide. Considering all the reported protein 

abundances, a median coefficient of variation (CV) between all the MS injections of one sample 

preparation and another between the different technical replicates (considering all the repeated 

injections) were calculated and reported as percentages. Fold changes in average protein abundances 

compared to the median abundance in every tested Ig samples were reported. Finally, a heatmap with 

hierarchical clustering and data normalization (mean=0, variance=1) was generated in Qlucore Omics 

Explorer (Qlucore AB, Lund, Sweden). 

http://www.nextprot.org/db
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4.4 Results 

4.4.1 Method development 

4.4.1.1 Sample fractionation 

Injection of commercial IVIg product (product A1) spiked with FXIa 1 ng/mg without any sample 

fractionation did not return any confident identification except IgG fragments, trypsin and sample 

handling-associated epidermal proteins (keratin, dermcidin and hornerin), which are never reported 

hereafter. Therefore, sample fractionation was mandatory to identify residual (non-IgG) plasma proteins 

(at least 2 identified peptides, Mascot score ≥ 50 or only 1 peptide, Mascot score ≥ 80). Two strategies 

were compared:  

(1) Ig depletion by protein G - protein A affinity chromatography 

(2) LAP enrichment with CPLL  

 

Correct sample load was assessed for both strategies: at least 2 mL had to be loaded on the protein G - 

protein A columns, while for CPLL, the “large capacity” kit (1mL load) gave better results than the “small 

capacity” (200 µL load) (Figure 9.3 in the Addendum). 

Optional “sequential elution” from ProteoMinerTM kits, which uses 4 elution reagents instead of 1 

(“normal elution”), allowed additional identifications but at the same time few proteins identified with 

normal elution were also lost, resulting in a borderline significant increase of identifications (Figure 9.4 

and Table 9.2 in the Addendum).  

Desalting method refinement was conducted, in order to minimize possible protein loss at this level. 

Different methods were compared, namely 10 or 3 kDa cut-off filtration, protein precipitation (ReadyPrep 

2-D Cleanup kit, Bio-Rad), with or without additional C18 ZipTip peptides treatment, but no clearly 

significant impact on the results was outlined (data not shown). 

With sequential elution and precipitation desalting, CPLL fractionation allowed identifying up to 31 plasma 

proteins in product A1, which is the double of identifications made with Ig depletion (Figure 4.1 and Table 

9.2). 
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Alternative CPLL protocol, namely protein capturing in a low ionic strength environment, coupled to on-

bead digestion, led to decreased number of identifications. Further addition of subsequent recapturing of 

the flow through excess, first at pH 9.3 and finally at pH 4 did not improve the residuals coverage (Figure 

9.4 and Table 9.2). 

Combination of both fractionation techniques (protein G/A depletion followed by CPLL enrichment) 

allowed deeper coverage of the residuals compared to single step fractionation (Figure 9.4 and Table 9.2). 

Nevertheless, sample preparation becomes burdensome (Ig depletion process takes one day per sample).  

Considering increased coverage of plasma residuals within convenient execution time, CPLL enrichment – 

ProteoMinerTM large capacity with protein capture in physiological conditions and sequential elution 

(combined to protein precipitation desalting) – was used as the preferred sample fractionation method. 

4.4.1.2 Variability and sample coverage 

Two sources of variability may affect the samples’ residuals coverage, namely the list of reported proteins 

which satisfy identification threshold: 

(1) Inherent variability coming from MS run in DDA mode  

(2) Technical variability linked to quite extensive sample preparation (fractionation/desalting)  

 

Figure 4.1 Non-IgG plasma protein identifications found in product A1, either depleted with protein G – protein A affinity 
chromatography or (optimised) CPLL enrichment. Optimised CPLL enrichment protocol consisted in using large capacity – 
sequential elution kit of ProteoMiner™, followed by precipitation desalting. Each fractionation was tested twice and each time 
injected 8 times on LC-MS/MS. This gives a total of 16 runs per condition. (A) Mean number ± SD (n = 16) of identifications. ** 
indicates Mann-Whitney U test p-value <0.01. (B) Venn diagram of identifications overlap (with all 16 runs for each technique 
merged for database search). 
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Up to 16 repeated MS injections were performed to gain the highest possible number of peptide 

identifications in a given sample. Maximal protein sequence coverage was generally reached after 8 

repeated runs (Figure 4.2).  

 

Figure 4.2 Sequence coverage (%) for four identified proteins in product A1, depending on the number of replicated injections 
merged for data analysis. Sample was enriched with CPLL – ProteoMiner™ large capacity - normal or sequential elution. 

Median CV in normalized abundances of (non-IgG) plasma proteins identified was 10.7% between the 8 

injections for each of five replicates. 88.6% of data had a CV below 30%.  

Technical repeatability of the sample treatment was controlled by performing five CPLL fractionations in 

parallel (“technical replicates (T)”) for one given sample. Every T was injected 8 times. 75% of total plasma 

LAP identifications (15 to 20) were reported in every T. 94% (17 to 18) with at least two peptides were 

made in at least four on five replicates, meaning that all the identifications reported in less than three to 

five replicates were single-peptide identifications. Concerning quantitative repeatability, median CV in 

normalized abundances of (non-IgG) plasma proteins identified was 20.2% between the five replicates. 

81% of data had a CV below 30%. For given plasma protein identified, the highest observed fold change 

was 4 between two technical replicates and 2 when compared to the median of abundances in all five 

replicates. 

In order to find a compromise between residuals coverage and time spent on MS acquisition, two 

technical replicates were performed, each injected 8 times, giving a total of 16 DDA runs per sample. 
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4.4.2 Method application and QC relevance 
The developed method with sample CPLL enrichment (ProteoMinerTM large capacity, sequential elution 

and protein precipitation desalting) was put to the test to identify a sensitivity marker (spiked FXIa) and 

to profile plasma residual proteins of different Ig products, including a TEE-positive batch. For each 

application, sample preparation was performed twice and each T was injected 8 times on MS, giving a 

total of 16 DDA runs per sample. 

4.4.2.1 Identification of sensitivity marker: spiked FXIa 

Spiking of FXIa was used as a sensitivity marker. Cross-testing with manufacturer’s TGA confirmed that 

spiking error was below 0.05 ng/mg (confidential data not shown). FXIa spiked at 1 ng/mg Ig in product 

A1 was confidently identified. Single CPLL fractionation (sequential elution and precipitation desalting) 

surpassed combined depletion and CPLL, with up to 20 identified peptides versus 12 peptides. Depletion 

alone led to only 2 peptides identification. 

Using the same sample preparation, number of replicates and data analysis, FXIa spiked at 0.2 ng/mg Ig 

was only identified in one of two spiking experiments. This indicates that the method limit of detection 

for FXIa is situated between 0.2 and 1 ng/mg Ig. 

4.4.2.2 Residuals characterization in different Ig products 

The developed method led to the identification of about 70 different plasma residual proteins among the 

five different tested Ig products. Data analysis with Progenesis software (Nonlinear Dynamics, Waters) 

allowed relative quantification of these proteins by calculating normalized abundances of each of them in 

every tested sample (Table 9.3 in the Addendum). A satisfying automatic alignment (>80%) was obtained 

among the different CPLL-enriched Ig samples. A heatmap with hierarchical clustering of identified 

proteins in each tested sample according to their normalized abundances was generated to easily reveal 

residuals profiles (Figure 4.3).  

Additionally, only fold changes exceeding a factor of 10 were further considered because this variation is 

more than 2 times the maximum fold change observed between two technical replicates for a given 

protein. Comparison of two batches from given IVIg product (A1 and A2) revealed only 3 proteins with 

more than 10-fold variation in abundance, further with CV above 30% (data not shown). On the other 

hand, more than twenty proteins were reported when comparing two different products, even from the 

same manufacturer (A and B). Table 4.1 highlights proteins which have at least 10-fold greater abundance 

in given product (with CV<30% among the 16 injections) compared to the median of their abundances in 

every tested product. This gives clear indication that each Ig product has its own plasma residual profile. 

In the TEE-positive batch, FXIa was found to be 66-fold more abundant. TEE batch was also distinguished 

from other regular products by several other proteins with higher abundance, such as fibrinogen, 

angiotensinogen, antithrombin-III, complement factor I, complement component C8, ficolin-3 or 

ectonucleotide pyrophosphatase/ phosphodiesterase family member 2 (See Table 4.1, Figure 4.3 and also 

Table 9.3 in the Addendum). 
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Figure 4.3 Heatmap of normalized abundances of (non-IgG) plasma proteins in two batches from IVIg product A (A1 and A2), 
two other IVIg products, one from the same manufacturer (B), one from another (C) and a TEE-positive ScIg batch (D). A1 and 
A2 are spiked with FXIa 0.2 ng/mg Ig. Each sample was enriched with ProteoMiner™ large capacity – sequential elution and 
desalted with protein precipitation (two technical replicates, T1 and T2). Each technical replicate was injected 8 times, giving 
a total of 16 runs per sample. Progenesis was used to calculate MS precursors normalized abundances and MS/MS spectra of 
those precursors were exported as MGF file to be searched in Mascot. Confidence score above 50 and at least 1 unique peptide 
were requested as identity threshold. * denotes single unique peptide matches. Heatmap is generated in Qlucore Omics 
Explorer, with data normalization for each protein across the five tested samples (mean= 0, variance= 1) and hierarchical 
clustering option. 
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Table 4.1 Comparison of plasma residual protein profile in five different Ig products. Those include: two IVIg products from a 
first manufacturer, including two different batches from one of the two products (A1, A2 and B), one IVIg product from another 
manufacturer (C) and one TEE-positive batch from ScIg product (D). Each sample was enriched with ProteoMinerTM large 
capacity – sequential elution and desalted with protein precipitation (two technical replicates, 8 injections of each). This table 
reports identified (non-IgG) plasma proteins with confidence score above 50 and at least 1 unique peptide and with normalized 
abundance exceeding more than 10-fold the median of their abundances in every tested sample. CVs in normalized abundance 
(among the 16 injections) are below 30% (except for ectonucleotide pyrophosphatase/phosphodiesterase family member 2: 
33%). The proteins are listed in alphabetical order. * denotes single unique peptide matches. 

Regular commercial IVIg TEE-positive ScIg (2011) 

Manufacturer 1 Manufacturer 2 Manufacturer 3 

A1 A2 B C D 

Neurolysin, 
mitochondrial
* 

 CD5 antigen-like Afamin Alpha-1-antitrypsin 

  Ig alpha-1 chain 
C region 

Alpha-1-acid 
glycoprotein 1 

Alpha-2-macroglobulin 

  Ig alpha-2 chain 
C region 

Alpha-1-
antichymotrypsin 

Angiotensinogen 

  Ig mu chain C 
region 

Alpha-2-HS-
glycoprotein 

Antithrombin-III 

  Immunoglobulin 
J chain 

Apolipoprotein A-II CD5 antigen-like 

   
Apolipoprotein C-I, 
basic form 
(Fragment)* 

Coagulation factor XI 

   Haptoglobin 
Complement component 
C8 alpha chain 

   Hemoglobin 
subunit beta 

Complement component 
C8 beta chain 

   Hemopexin 
Complement component 
C8 gamma chain 

   N-acetylmuramoyl-
L-alanine amidase 

Complement factor I 

   Plasma protease C1 
inhibitor 

Ectonucleotide 
pyrophosphatase/ 
phosphodiesterase  
family member 2* 

   Serum albumin Fibrinogen alpha chain 
   Transthyretin Fibrinogen beta chain 
    Fibrinogen gamma chain 
    Ficolin-3 
    Gelsolin 
    Ig alpha-1 chain C region 
    Ig alpha-2 chain C region 
    Ig mu chain C region 
    Immunoglobulin J chain 
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4.5 Discussion  
TEE outcome with Ig linked to co-purified plasma FXIa pointed out the need for additional control of trace 

amounts of plasma residuals. Each Ig product is expected to have its own profile of trace-level residual 

plasma proteins since both the origin and composition of the plasma pool source and the production 

process differ among manufacturers, products and even batches. MS-based shotgun proteomics is the 

ideal approach for the screening of complex biological samples and is gradually penetrating the world of 

plasma-derived therapeutics QC [112,119,267]. A key advantage of this approach over common QC assays 

(ELISA, Western blot, activity assays …), is that it does not require any prior information or dedicated 

development for each target. Despite continuous developments in MS technologies and the use of a high 

performance QTOF MS devices (TripleTOF 5600, Sciex), the extreme difference (about 6 orders of 

magnitude) between protein abundances of source material residuals and purified component in 

biologicals remains highly challenging: abundant peptides, here the Ig fragments, monopolize the total 

ion current in the MS [268]. The dynamic range of protein concentration should be reduced by means of 

protein-level fractionation, in addition to peptide-level LC separation [269]. In this work, two commonly 

utilized sample fractionation strategies were compared, either abundant component (Ig) selective 

depletion – with protein G - protein A affinity chromatography – or LAP non-targeted enrichment – with 

CPLL technology.  

Protein G - protein A affinity chromatography is a well-known and effective process to specifically isolate 

antibodies, minimizing, by this, the risks of co-depletion [198–200,270]. Still, for our purpose, a major 

drawback of this depletion procedure is that the LAP of interest are found in the highly diluted flow 

through, which requires a concentration step, possibly causing protein trace losses [271]. Direct specific 

affinity-enrichment of the LAP cannot be considered here since their exact nature is not known a priori. 

One might think to use anion exchange chromatography to selectively elute the Ig fragments in the flow 

through, based on their pI, but LAP with similar pI could be lost [272]. Actually, anion exchange 

chromatography is already used by various Ig manufacturers during the purification process. Since 

impurities are still found in the purified Ig end-product, this demonstrates that, although efficient, the 

technique has insufficient specificity for the purpose here. 

A way to circumvent this dilemma is to consider non-specific enrichment of LAP, with concomitant dilution 

of abundant Ig fragments. CPLL enrichment can be easily performed by using the ready-to-use 

ProteoMinerTM kits from Bio-Rad. “Large capacity” kit (100 µL settled bead volume) gave better results 

than the “small capacity” (20 µL settled bead volume): a larger volume of beads enlarges the ligand 

diversity and by this, the chance to fish more proteins. In all the cases, at least 5 to 50 mg of proteins per 

100 µL of beads have to be loaded, in order to reach saturation of the high abundant proteins [215,266]. 

Generally, protein capture is performed under physiological conditions, using phosphate buffered saline 

(PBS) [214,266,273]. Since biological therapeutics are made with physiological buffers, this is the simplest 

option as no sample conditioning is required. Reducing the ionic strength of PBS – just by decreasing the 

NaCl concentration in PBS from 150 mM to 50 or 25 mM – enhances the CPLL beads binding capacity, and 

by this the potential harvest of rare proteins [207,214,274]. Nevertheless, this was found to be 

detrimental in our application: the increased binding capacity results in a lower discrimination for protein 
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capture and a less effective reduction of the Ig fragments concentration [214]. Subsequent recapture of 

the flow through at different pHs (to play on the influence of ionic interactions on binding capacity) was 

also not fruitful here. This comes most probably from the restricted diversity of residual proteins in Ig, 

compared to the more complex samples which were used by almost all publications (namely whole 

plasma, cell lysate, urine or plant extracts) [209,274–278]. To our knowledge, such application of CPLL to 

the characterization of extremely low-abundant residuals dates back to 2006-2007 [131,213]. In the two 

studies, CPLL was conducted with protein capture in PBS and elution reagent really close to the one of the 

Bio-Rad kit (9M urea-citric acid, pH 3.3-3.5, 2% CHAPS versus 8M urea-acetic acid 5%, 2% CHAPS) 

[131,213,266]. The more stringent “sequential elution” was found to be slightly beneficial. On-bead 

digestion is an interesting way to circumvent any risk of partial elution of captured proteins from the 

beads. Nevertheless, the absence of protein assay implies approximation in the enzyme to protein ratio 

during the digest. Moreover, applying a drastic harvest from the beads also means collecting more IgG 

peptides, which will be monopolizing a part of the MS ion current.  

Both depletion and CPLL revealed (non-IgG) plasma proteins but CPLL enrichment allowed a higher 

number of identifications over depletion, even though one identification was lost. Complementarity of 

the two approaches was described previously using whole plasma samples [273,279,280]. Combining CPLL 

enrichment to prior Ig depletion chromatography process allowed an increase in the number of 

identifications but required about six more hours, plus an additional concentration/desalting step. Each 

fractionation step added means increasing the resolution of trace components but also the costs, the time 

spent on sample preparation and the risks of unspecific sample loss or artefacts. Single CPLL enrichment 

with capture under physiological conditions and sequential elution was further applied as sample 

fractionation method because it showed the best LAP coverage with convenient execution.  

Downstream shotgun MS analysis was conducted in DDA, which remains the most conventional non-

targeted acquisition mode, available on all MS devices. Nevertheless, DDA has an inherent variability 

[237]. In this study, considering a given trypsinized sample, maximum number of identified peptides (and 

thus proteins sequence coverage) was mostly reached after 8 merged runs, even if further improvement 

with more injections was also reported for a few proteins (including spiked FXIa). “Data-independent 

acquisition” (DIA) modes, where all the MS ions are further fragmented in MS/MS during one run (and 

not only the most abundant ones like in DDA), are expected to solve this repeatability issue. However, 

recent studies emphasize that, even with DIA, sample fractionation is still required to access LAP 

identifications [273,280]. The use of such a DIA mode in the context of sensitive residuals profiling will be 

discussed in the next chapter.  

Since no information about given residuals concentrations in Ig is available, pure plasma-native FXIa 

(Calbiochem) was spiked in as a sensitivity marker, at QC-relevant ratios of 1 and 0.2 ng per mg of total 

protein. This spiking approach is limited by inherent variability (because of micropipetting small volumes 

and/or highly diluting the spike) but cross-testing with manufacturer’s TGA (confidential data) revealed 

that the spiking error was below 0.05 ng/mg. The 1 ng/mg spike was identified with up to 20 peptides, 

which reflects the high method sensitivity. The 0.2 ng/mg spike was only identified in one of the two 

spiking experiments, indicating that the sensitivity limit was achieved. Due to unique MS ionization 

properties of each peptide, this sensitivity for FXIa cannot be extrapolated to other proteins. For relevant 
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QC proteins, sensitivity should always be checked by spiking experiments and parallel testing with a 

quantitative method.  

Intensity-based label-free relative quantification on CPLL-enriched Ig samples allowed calculating fold 

changes in plasma LAP normalized abundances between different samples. The median CV in normalized 

abundances was 20% between five technical replicates and maximal fold change observed between two 

replicates was 4. The technical repeatability of CPLL technology with ProteoMinerTM spin columns was 

previously discussed elsewhere [273,279–283]. Consequent to this method variability, at least 10-fold 

changes in protein abundance were considered as significant biological variation. While a very similar 

pattern was found between two batches from a given IVIg product, each different Ig product revealed its 

own plasma residual proteins profile. About 15 to 40 residual proteins were identified in a regular IVIg 

product. This is a significant larger number of proteins than identified by Lackner et al. with a gel-based 

approach (ApoH, TRFE and HSA, the three proteins they identified, were also found)[93]. Nevertheless, 

this remains a quite low number of identifications compared to other proteomics applications, especially 

with high-end MS instrument and repeated runs. This corroborates the extremely low initial levels of 

residuals and the major contribution of IgG peptides to the total ion current in the MS, even after 

fractionation. 

A TEE-positive batch was distinguished from regular Ig products with unique higher abundance 

identifications, including (non-spiked) FXIa but also various blood stream-regulator proteins (fibrinogen, 

angiotensinogen, antithrombin-III, complement component C8…). Interestingly, those more abundant 

proteins did not include ApoH and plasma kallikrein, which were previously reported as possible pro-TEE 

factors [91,93]. This profiling was possible without any initial information on residual fraction composition 

of the tested samples and without any target-specific development, which is a huge advantage. The TEE 

outbreak reported in 2010-2011 would most likely have been prevented if such a method had been 

applied. MS-based profiling could be applied every time the purification process (or the plasma pool 

source) is modified; to be sure no unwanted plasma residual is concentrated. This should not be seen as 

a substitute but rather as a complement to the routine specific quantitative testing for proteins of QC 

interest (like FXIa). For such specific quantitative purpose, MS also offers to build dedicated multiple 

reaction monitoring assays with (synthetic labelled) peptides spiking and standard curves. 
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4.6   Conclusion 
In summary, this study highlights the use of MS non-targeted screening of source material residuals in 

biologicals. Sample pre-fractionation remains the mandatory first step to reach relevant sensitivity and 

bring residual plasma traces to the detectability level. Every technique will have slightly different LAP 

coverage and each added step should be discussed regarding the balance between relevant new 

identifications and the time spent on sample preparation (with associated risks of sample loss and/or 

artefacts). In a second step, conventional shotgun LC-MS/MS workflow provides spectral data which can 

be used for robust non-targeted identification, given the use of a database and selected quality criteria 

(search engine score, unique peptide-sequences). DIA mode is expected to solve the issue of conventional 

DDA inherent variability which asks for repeated injections and extended acquisition time. Finally, for the 

proteins with known critical impact on product safety and/or quality, sensitivity should be validated with 

spiking and ideally parallel testing with other specific assays. 
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5. Mass spectrometry-based sensitive 

screening of plasma residuals in human 

plasma-derived immunoglobulin (part II):  

data-independent acquisition 

5.1    Abstract 
SWATH-MS provides large-scale protein quantification with high accuracy and selectivity. As data-

independent acquisition (DIA), SWATH is comprehensive in nature, as a single DIA run theoretically 

contains all the spectral information that a sample can deliver at a given limit of detection. Spectral assay 

libraries generated on a high resolution MS instrument are generally used to perform data extraction by 

matching SWATH spectral data with annotated spectra from the library. For sake of Ig profiling, an 

extended spectral library could be built directly from the plasma source material. Hereby, MS2 relative 

quantification data could be extracted over a larger number of potential contaminants during a single MS 

run. Nevertheless, reliable quantification of low-abundant signals in complex samples remains 

challenging, as recently illustrated in a multicentre benchmark study of different label free software tools. 

Here, the SWATH Replicates Analysis 2.0 template from Sciex is used to highlight that the relationship 

between the MS2 peak area and the variability can be described by a function. This functional relationship 

appears to be largely insensitive to variation in samples or acquisition conditions, suggesting a device-

intrinsic property. By using a power regression, we show that the MS2 peak area can be used to predict 

the quantification repeatability without relying on replicate injections, thus contributing to high-

throughput confident quantification of low-abundant signals with SWATH-MS. As proof of applicability for 

LAP quantification, in-house Python tool was built to flag the proteins that integrate a minimal number of 

transitions in the peak area range of desired repeatability. By doing so, a set of highly robust 

quantifications of plasma residual proteins in fractionated Ig samples is secured from large spectrum 

SWATH screening using extended spectral library. 

5.2    Introduction 
In search of a comprehensive and non-targeted characterization of complex proteomes by mass 

spectrometry, data-independent acquisition (DIA) has emerged as a very promising strategy [236]. Where 

traditional data-dependent acquisition (DDA) produces only partial tandem spectral information by 

fragmenting only a certain number of the most abundant precursor ions (MS1 ions), DIA systematically 

fragments all the MS1 ions, providing a full tandem spectral record of the sample. This minimizes the risk 

of stochastic under-sampling, especially for low-abundant proteins (LAP). At the same time, contrary to 

selected/multiple reaction monitoring (S/MRM), DIA does not require any target-specific information 

prior to analysis and is suitable for non-targeted applications. ‘Sequential Windows Acquisition of All 

Theoretical Fragment Ion Mass Spectra’ (SWATH) performs DIA by dividing the MS1 m/z range into 

adjacent m/z isolation windows which are independently and consecutively analysed [244]. Spectral assay 

libraries generated on a high resolution MS instrument (either in-house or by a reference lab which made 
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them publicly available) are generally used to perform data extraction by matching SWATH spectral data 

with annotated spectra from the library [249]. Since only transitions that are indexed in the library can be 

extracted, spectral assay libraries are often extended by fractionation and repeated DDA injections. 

Notably, prudence is called for to control false discovery rate (FDR), retention time alignment, and 

handling of modified and shared peptides [249–251,284]. With these quality measures in place, numerous 

successful discovery-based applications using SWATH-MS have been described so far, demonstrating 

SWATH’s capability to provide high throughput relative quantification of up to thousands of proteins in 

complex samples [285–292]. 

SWATH-MS has an outstanding potential to go beyond discovery-based applications and could be used in 

clinical and quality control (QC) applications as well [261]. Indeed, DIA is comprehensive in nature, as a 

single DIA run theoretically contains all the spectral information that a sample can deliver at a given limit 

of detection. As any of the hundreds of different proteins present in the plasma pool source material could 

theoretically be unintentionally co-purified during the Ig manufacture process, rendering S/MRM less 

practical, an extended spectral library could be built directly from the plasma source material. Hereby, 

MS2 relative quantification data could be extracted over a larger number of potential contaminants during 

a single MS run. In the previous chapter, it was evidenced that up to 8 repeated injections per sample are 

recommended when performing DDA based MS1 relative quantification. A spectral library was built by 

using samples of plasma pool source material obtained from the Ig manufacturers. The SWATH 2.0 in 

Peakview data analysis pipeline was then applied as validated in a recent multicentre study benchmarking 

software tools for label-free SWATH quantification [254]. Important repeatability issues were observed.  

Indeed, reliable SWATH quantification of lower abundant signals in complex samples remains challenging. 

Numerous studies, including a recent inter-laboratory study, report that proteins can be reliably 

quantified across four orders of dynamic range in complex samples using SWATH-MS on a TripleTOF 5600 

system [244,261,291,293].  

In common practice, multiple injections are performed and peptide or protein level CVs are reported to 

assess SWATH quantification repeatability. Importantly, these CVs are inferred by summing the MS2 ion 

intensities, the root level of SWATH quantification. While summing peak areas is indeed the most robust 

metric available today, proteins with CV below 20% can actually rely on a majority of ion quantifications 

with very poor repeatability. The MS2 ions level is the root level of SWATH quantification, so the 

repeatability criterion should thus be assessed there. An intrinsic property of analytical instruments is that 

their variability in measurement within a certain signal range can be predefined. In other domains, such a 

specification is depicted in the instrument specifications, as it is the case for e.g. a balance. In mass 

spectrometry however, this property is less well defined. In their multicentre study benchmarking 

software tools for label-free SWATH quantification, Navarro and colleagues evidenced marked differences 

in the lower abundance range between the software tools and found that selection of the most intense 

peptides generally resulted in lower variance [254]. “Intensity score” is incorporated in the mProphet data 

processing algorithm (now pyProphet) that is used by all these software tools for separating targets from 

decoys, i.e. “identification” by peptide-centric scoring [252,294]. Its weight in the confidence measure is 

calculated by semi-supervised learning. Quantification of peptides on the other hand is always done by 

summing the intensities of the transitions, wherein their weight is given by their peak areas.  

For SWATH data, the SWATH Replicates Analysis 2.0 Excel template (Sciex, 2016) allows to plot average 

peak area against corresponding CV for up to forty thousand extracted MS2 ions drawn uniformly across 
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the data. Remarkably, this evidenced a functional relationship between variability (as estimated through 

the CV), and the root measurement signal (here the MS2 peak area) that appeared to be greatly conserved 

across all tested samples, conditions, and devices. To explore the generalization of this relationship, 

publicly available reference data from Navarro and colleagues was also analysed: equivalent relationship 

between CV and MS2 peak area was observed. Using a simple power regression to model what appears 

to be a device-intrinsic property, we were able to perform accurate predictions on quantification 

repeatability based only on the MS2 measurement signal and without relying on replicates and CV 

calculation.  

Consequently, the applicability of the functional relationship in the context of LAP profiling in Ig samples 

was explored. We built a Python tool that enables to automatically flag transitions falling in a user-defined 

peak area range corresponding to desired repeatability (as calculated through the power regression), 

while the peptides and proteins that integrate at least a certain number of such transitions are evidenced. 

This enabled to secure highly repeatable quantifications of plasma residual proteins in the Ig samples. As 

these samples were the same as the ones profiled in the previous chapter, DDA-based MS1-level and 

SWATH-based MS2-level relative quantifications could be finally compared. 

5.3 Material & methods 

5.3.1   Samples 
Fractionated Ig samples were the same as the ones used for DDA MS1 relative quantification in the 

previous chapter. Aliquots of plasma pools used as source material for products A, B and C respectively 

were also obtained from manufacturers to build an in-house plasma library. MS compatible human 

protein extract digest (Promega, Madison, USA) was used to confirm MS2 area to CV relationship with 

another sample type. Plasma pools were fractionated using optimized incubation at 3 different pH (pH7, 

pH9.3 & pH4) in parallel and on-bead digestion, as recommended by Boschetti, Righetti and colleagues 

[214,215]. Samples were tryptic digested in solution or on-bead as referred in [295]. 

5.3.2   Liquid chromatography 
Dried peptides were dissolved in 0.1% formic acid (FA) in water. Every sample to be injected was spiked 

with iRT peptides (iRT Kit, Biognosys, Zurich, CH) at 0.1 µL of 10x iRT Standard (see manufacturer user 

guide) per injection for retention time (RT) calibration. Peptides were separated on an Eksigent nanoLC 

425 (Eksigent, Sciex, Framingham, MA, USA). Two, four or eight micrograms of sample was first trapped 

on a pre-column (YMC-Triart C18, pore size 12nm, particle size 3µm, 0.5 mm internal diameter by 5 mm; 

YMC, Dinslaken, Germany), and separated on reversed-phase (C18) microflow (5µL/min) LC column (YMC-

Triart C18 15 cm, particle size 3 µm, 0.3 mm internal diameter by 150 mm; YMC, Dinslaken, Germany) 

using a linear gradient of 95:5 buffer A (95% H2O; 5% DMSO; 0.1% FA) /buffer B (95% ACN; 5% DMSO; 

0.1% FA) to 20:80 buffer A/buffer B at 5 µL/min over 1 or 2 hour(s). LC peak width was around 30s. 

5.3.3   Mass spectrometry 
MS analysis was performed using a TripleTOF 5600 mass spectrometer (Sciex, Framingham, MA, USA) 

operated in positive ionization mode with a Duospray Ion Source. All MS parameters were controlled by 

AnalystTF software 1.7 (Sciex). The source conditions were as follows: temperature: 80°C; curtain gas 

(CUR): 30 psi; ion source gas (GS) 1 and 2: 13 and 0 psi respectively; and ion-spray voltage floating (IVSF): 

5.5 kV. MS1 and MS2 declustering potential was set at 100V. MS2 Ion release delay and ion release width 

were 67 and 25 respectively.  
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5.3.3.1 DDA runs for library generation 

Fractionated Ig sample library was run (8 times) with the same DDA method as used in previous DDA work 

[295]. Extended spectral library in-house generation by using fractionated plasma samples (8 injections 

for each pH of fractionation) and the pure spikes (FXI, FXII & PK, 3 injections each) was performed in 

accordance to recent published guidelines [249,250,284]. Briefly, each cycle consisted of one full MS1 

scan (m/z 400-1250) of 250 ms followed by MS2 data-dependent trigger events (m/z 65-2000, high 

sensitivity mode). A maximum of 20 candidate ions (charge state +2 to +4) exceeding 150 cps were 

monitored per cycle, with an accumulation time of 150 ms and using a rolling collision energy (CE) with a 

spread of 15V. Cycle time was 3.3 s, in order to have 8 to 10 data points per LC peak. Dynamic 

accumulation and dynamic background subtraction were switched on. Surpassing ions were excluded 

from further analysis for 20s. 

5.3.3.2 SWATH runs 

SWATH runs consisted in successive cycles of one full MS1 scan followed by consecutive Q1 isolation 

windows for MS2 fragmentation, covering a precursor mass range of m/z 400-1250. Optimized isolation 

window widths across the m/z range were calculated using the Variable Window Calculator Excel tool 

from Sciex (download from http://www.absciex.com/software-downloads). Cycle time was fixed at 2.8 s, 

in order to have 8 to 10 data points per LC peak. The MS1 full scan had an accumulation time of 250 ms, 

with collision energy (CE) of 10 eV. Each isolation window had an accumulation time of 25, 50 or 100 ms, 

depending on the number (respectively 100, 50 or 25) of windows (with 1 m/z overlap on the lower side 

of the window). Rolling CE (charge state: +2) with a CE spread of 15 eV was used, and MS2 was conducted 

either in high sensitivity (HS) or high resolution (HR) mode. 

5.3.3.3 Spectral libraries generation 

Raw spectra data (wiff) files from library DDA runs were converted into peak list format and searched 

against human reviewed protein database (downloaded from UniProtKB /Swiss-Prot in June 2016 and 

complemented with internal standards, iRT and crap peptides [296]) using Protein Pilot (V 4.5, Sciex) with 

the Paragon algorithm. The search parameters were set as follows: sample type: identification; Cys 

alkylation: MMTS; digestion: trypsin; special factors: none; ID focus: allow biological modifications; search 

effort: thorough ID; results quality: detected protein threshold > 0.05; false discovery rate option ticked. 

The .group files resulting from the database search were directly imported into Peakview (V2.2 with 

SWATH Acquisition MicroApp 2.0, Sciex) with exclusion of shared peptides. Protein FDR threshold was set 

at 1% by limiting the maximal number of proteins to import, according to the ProteinPilot FDR analysis. 

Libraries were saved as text files. Full lists of indexed proteins (FDR <1%, shared peptides excluded) in the 

different libraries can be found in Table 9.4 of the Addendum. Of note, individual DDA fraction RT 

alignment as suggested by Zi et al. was found to have almost no impact (linear regression 𝑦 = 𝑎. 𝑥 + 𝑏 

with 0.98 < 𝑎 < 1.02 and |𝑏| < 0.25, R2 > 0.99) [284]. An external fractionated plasma library was also 

provided by Sciex as .txt file. Library generation details as referenced by Sciex are to be found in Note 9.1 

of the Addendum. 
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5.3.3.4 SWATH-MS data processing 

Peakview V2.2 with SWATH Acquisition MicroApp 2.0 (Sciex) was used to perform peak extraction with 

maximum 6 transitions per peptide, XIC extraction window of 10 min and XIC width (mass tolerance) of 

50 ppm (Table 5.1). Peptide filter settings included a peptide confidence threshold being the ProteinPilot 

reported confidence corresponding to 1% FDR during the database search of the library files. Shared and 

modified peptides were both excluded. The SWATH 2.0 integrated FDR threshold was set at 1%. RT 

calibration was performed using reference peptides from the iRT-kit (Biognosys) spiked into each sample, 

so that every extracted peptide was aligned to this LC device-independent RT unit system. After the peak 

extraction, the software automatically sums up extracted MS2 ion areas to give peptide areas which in 

turn are summed up to give protein areas. The ion, peptide and protein level peak areas were exported 

in Excel format.  

Table 5.1 SWATH data processing parameters. * Protein level FDR analysis in Protein Pilot: Number of proteins detected at 
critical FDR of 1%. ** ProteinPilot reported confidence (%) corresponding to critical FDR (1%) at peptide level during the 
database search for the library building. For external libraries and merged libraries, default value of 99% is applied. 

Data analysis step Parameter Value 

Import library (Peakview) Maximum number of proteins to import See Protein Pilot protein 
FDR* 

Do not import shared peptides ticked 

Select sample type unlabelled 

Convert sample type to unticked 

Processing 
settings 
(Peakview) 

Peptide 
filter 

Number of peptides per protein 2000 

Number of transitions per peptide 6 

Peptide confidence threshold % (0-99) See Protein Pilot peptide 
FDR** 

False discovery rate threshold % (0-100) 1.0 

Exclude modified peptides ticked 

Exclude shared peptides ticked 

Fix Rank unticked 

XIC options XIC extraction window (min) 10.0 

XIC width (ppm) 50 

MS2 repeatability 
flagging (Python script) 

CV threshold % (if CV based criterion) 20 

Lower bound area range (l) (if area 
based criterion) 

20000 

Upper bound area range (u) (if area 
based criterion) 

1000000 

Minimal number of replicates passing 
the criterion (r) 

1 

Analysis depth (d) 3 (to protein level) 

Minimal number of flagged ions 
required per flagged peptide (n) 

1 to 6 

Minimal number of flagged peptides 
required per flagged protein (m) 

1 to 6 
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Graphs of the relationship between MS2 area and CV were generated with the SWATH Replicates Analysis 

2.0 Excel sheet from Sciex (download from http://www.absciex.com/software-downloads). This 

relationship was also evidenced in publicly available reference data (ProteomeXchange identifier 

PXD002952) [254]. 

 A Python script was developed to automatically flag the extracted ions that have their peak area in a 

defined range and/or their replicate injections CV below a certain threshold. Peptides having at least a 

minimal number of flagged ions were flagged accordingly. Finally, proteins had to have at least a minimal 

number of flagged peptides to be flagged. The Python script is available on Dropbox 1 and its parameters 

are detailed in the Table 5.1. 

5.4 Results & discussion 

5.4.1   Automatic results and repeatability issues 
Automatic results were generated using Peakview SWATH 2.0 with processing settings following 

recommendations of the benchmark study and summarized in Table 5.1 [254]. As expected, extended 

libraries built from plasma allow extracting more ions and thus quantify more proteins as compared to 

the homologous library built from the Ig sample itself. At the same time, less than 50% of the quantified 

proteins using such extended library had a CV below 20% (Table 5.2). Normalization to total extracted 

areas in each run did not improve repeatability (Table 5.2). Two main reasons for this technical variability 

are that extended libraries are expected to (i) extract lower abundant ion signals with intrinsically higher 

CV that were missed during the DDA analysis of the sample, and (ii) index proteins that are in fact not 

present in the sample at all, increasing the number of false signals disproportionally to the amount of 

added true signals. 

Table 5.2 Automatic results with Peakview SWATH 2.0 processing. Sample is fractionated Ig (A1) spiked with FXIa 1ng/mg. 
Three different libraries were tested: (i) homologous fractionated Ig (ii) in-house fractionated plasma source material and (iii) 
external fractionated plasma. Total counts of quantifications and percentage with CV < 20% at MS2 ion, peptide and protein 
levels. 

Library SWATH quantifications in fractionated Ig (A1) spiked with FXIa 1ng/mg 

  MS2 ions level Peptide level Protein level 

  
 

Total area 
normalized 

    

Fractionated 
Ig library 

Total count 1802 1802 327 91 

Percentage 
with CV < 20% 

68.48 65.32 84.40 85.71 

Fractionated 
Plasma library 
(in-house) 

Total count 1925 1925 348 124 

Percentage 
with CV < 20% 

32.88 32.10 49.43 47.58 

Fractionated 
Plasma library 
(external) 

Total count 2597 2597 461 167 

Percentage 
with CV < 20% 

29.73 29.77 44.69 46.71 

 

 

                                                           
1 https://www.dropbox.com/sh/yvmdgjxe9ck5jrv/AACgSqm00rfmUnF5tDRFEH1ca?dl=0 

http://www.absciex.com/software-downloads
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Moreover, some proteins with CV below 20% demonstrated to mainly integrate ion quantifications with 

very poor repeatability (see examples in Table 9.5 in the Addendum). Two main phenomena contribute 

to this inference bias: (i) A “weight effect”: the elements with the highest peak area skew the error of the 

combined output because of their larger relative weight on the final summed peak area. (ii) The reduction 

in CV from ion to peptide and peptide to protein in part results from the fact that by summing the 

individual ion or peptide areas, upwards and downwards deviations in the measurements can average out 

and reduce CV of the higher level. Together, while summing peak areas is indeed the most robust metric 

available today, it is at least misleading to only report the summed CV. The repeatability was thus next 

investigated at the root level of SWATH quantification, namely the MS2 ions level. 

5.4.2   MS2 peak area to CV functional relationship 
5.4.2.1 A device intrinsic property 

As already introduced, the variability in measurement and the measurement signal on an analytical 

instrument are expected to be linked. To our knowledge, this relationship is less well-defined in mass 

spectrometry. We used the SWATH Replicates Analysis 2.0 Excel template (Sciex, 2016) to investigate both 

in-house and reference public data generated using SWATH 2.0 in Peakview. 

Publicly available data consisted in the high-complexity benchmarking datasets of Navarro and colleagues. 

Briefly, they measured two human-yeast-E.coli (HYE) hybrid proteome sample sets, providing several 

thousand proteins present at defined relative ratios, enabling in-depth statistical evaluation of 

quantification across a dynamic range of several orders of magnitude. A first sample set (“HYE124”) was 

tested on two TripleTOF systems, respectively 5600+ and 6600, with either 32 fixed or 64 variable 

windows, and a second (“HYE110”) exclusively on TripleTOF 6600, with 32 or 64, fixed or variable, 

windows [254]. The Peakview SWATH 2.0 results from this study (samples A of each sample set - 

ProteomeXchange identifier PXD002952) were imported into the Replicates Analysis tool. Figure 5.1 

shows how the relationship between variability (as estimated through the CV), and the root measurement 

signal (here the MS2 peak area) can be visualized by using the template.  

 

Figure 5.1 Transition peak area to CV relationship generated with the SWATH Replicates Analysis 2.0 Excel sheet (HYE124 
sample A on TT6600, 64 variable windows). 
(A) Dot plot representing the %CV measurements over triplicate injections. Transitions are defined by the software as 
"good" or "bad" based on whether the %CV is more or less than 3 times the median CV for area. Nevertheless, all the ions 
are included for the calculation of the median and 80th percentile lines. The percentile value is user-defined. 
(B)  How transition variation changes with signal (transitions are clustered into signal intensity groups) 
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Equivalent relationship between CV and MS2 peak area was observed in all the investigated samples. It 

has long been understood that CV increases with decreasing signal. Here, it was further evidenced that a 

functional dependence between the 80th percentile CV and the log-transformed peak area can be 

modelled by a power regression (𝑦 = 𝑎 ∙ 𝑥𝑏) (R2 > 0.9, see Figure 5.2). Additionally, the overall power 

regression is greatly conserved (correlation coefficient (r) > 0.99) across all tested samples (HYE124 and 

HYE110 from Navarro or in-house Ig and human protein extract samples), conditions (sample load, LC 

gradient length, number of windows, MS2 acquisition mode and spectral library) and devices (TripleTOF 

5600, 5600+ or 6600) (Figure 5.3). This supports the hypothesis that the functional relation between 

repeatability and signal intensity is an intrinsic property related to the instrument, such as detector 

capabilities. 

This in turn implies that power can be borrowed from this function. Indeed, the depicted functional 

relationship integrates around 40K data points, where usual CV approach only considers the number of 

replicates for each point individually. Note that it was not possible to model the instrument performance 

in the lowest peak area range (log10 peak area < 3), and the sometimes observed re-decrease in variability 

was neglected as well (orange dots in Figure 5.2), because there is a lack of data points in this region (as 

seen in Figure 5.1). On the other extremity of the peak area scale, the sometimes observed re-increase in 

variability might be linked to detector saturation, but there are too few data points in the region to 

confirm this hypothesis (Figures 5.1 & 5.2). When considering the Ig samples, the peak area range above 

100 000 (log10 peak area > 5, orange dots in Figure 5.2) was neglected because this lack of data points 

hampers the regression. 
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Figure 5.2 MS2 peak area (log10) to 80th percentile CV functional relationship modelling with power regression - Power 
regression from Replicates Analysis 2.0 graphs for different samples and conditions: 

(A) Publicly available data [254]: HYE124 and HYE110 samples using different number of windows (32 or 64, fixed or variable) 
and devices (TripleTOF 5600+ or 6600).  

(B) In-House generated data: Ig and human protein extract samples on TripleTOF5600, using different sample loads (in µg), LC 
gradient length (1 or 2 hours), MS2 acquisition mode (High Sensitivity-HS by default or High Resolution-HR), number of 
windows (25, 50 or 100 variable windows) and spectral library (homologous or extended heterogeneous) 

(B) 
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Figure 5.3 MS2 peak area (log10) to 80th percentile CV (%) functional relationship modelling with power regression - 
Correlation of the power regression across the different conditions tested: different samples (HYE 124 or HYE110, Ig or human 
protein extract), sample load (in µg), LC gradient length, MS2 acquisition mode (High Sensitivity by default or High Resolution-
HR), number of windows (w), spectral library (homologous by default or extended heterogeneous) and devices (TripleTOF 
5600, 5600+ or 6600). Correlation coefficient (r) is above 0.99. 

5.4.2.2 An actionable point for repeatability assessment 

Once the user has outlined the functional dependence of the employed device in his/her own lab, he/she 

can now estimate the probability that a given measurement will meet given repeatability requirements, 

e.g. 80% chance that the data has a CV below 20%. This can be illustrated by a concrete example. In the 

data of Navarro and colleagues, the estimate function between the 80th percentile CV (𝑦) and MS2 peak 

area (𝑥 in log10 scale) for the TripleTOF6600 is 𝑦 = 2530.2 × 𝑥−3,18 using the triplicate injection of the 

sample HYE124. This means that an ion with a peak area of 1000 has 80% chance that the CV is below 

𝑦 = 2530.2 × 3−3,18 = 76.90%. On the other hand, an ion with a peak area of 100 000 has 80% chance 

that the CV is below 𝑦 = 2530.2 × 5−3,18 = 15.15%. In other words, one would consider an ion with a 

peak area of 100 000 as more reliable for quantification than an ion with a peak area of 1000.  

 

Public reference data 

In-house generated data 
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Obviously, the function also enables to estimate the peak area value from which a certain level of 

repeatability is reached. Here, it can be predicted that the MS2 ions with a peak area equal to or greater 

than 𝑥 = √𝑦/𝑎𝑏 = √20/2530.2−3.18  = 4.58 i.e. around 38 000, have at least 80% chance to have a CV<20%. 

This gives the user a better idea on how low-abundant signals can be quantified without compromising 

the repeatability and quantification confidence. To verify these predictions, the power regression function 

was applied to the other sample HYE110 that was independently acquired on the same device. For this, 

we picked the transitions with an area between 950 and 1050 as well as the transitions with a peak area 

between 95000 and 105 000 and compared their CV on triplicate injections (Table 9.6). 79% of the first 

group had a CV below 77%, while 95% of the second group had a CV below 15%. Then, all the transitions 

with a peak area above 38000 were selected. The increased reliability of this subset of transitions was 

clear-cut: 96% of these transitions had a CV<20%, while only 55% of all the extracted transitions passed 

the same CV (Table 9.7). 

To further explore the potential benefits of the functional relationship in the context of LAP profiling, we 

built a Python tool that enables to automatically flag transitions falling in a user-defined peak area range 

corresponding to desired repeatability (as calculated through the power regression), while the peptides 

and proteins that integrate at least a certain number of such transitions are evidenced. Using the power 

regression of the 80th percentile CV to MS2 peak area relationship of our in-house TT5600, it can be 

calculated that at least 80% of the data with a peak area above 20000 has a CV below 20%. (With 𝑥 = MS2 

peak area in log10 scale and 𝑦 = 80th percentile CV, and given the power regression 𝑦 = 𝑎 ∙ 𝑥𝑏 , then 𝑥 =

√20/𝑎𝑏  .) Given the lack of data points and the eventual detector saturation, an upper limit of 1.0E+06 

was also set. Consequently, the Python tool was used to flag MS2 ions in the 2.0E+04 – 1.0E+06 peak area 

range. Distinction of different subgroups among the obtained quantifications based on the MS2 peak area 

through this Python script should never be seen as a hard cut-off criterion. Still, it will be demonstrated 

below that the use of this script gives an extra evidence that the highlighted relationship can serve as an 

actionable point for increased confidence in LAP quantification with SWATH, without relying on the 

number of replicates. 

5.4.3 Optimizing confident quantification of LAP in an abundant 

background matrix 
In general, acquisition parameters are adjusted in discovery proteomics in a way that yields more protein 

quantifications. However, the present work requires surfacing low abundant contaminants, namely the 

non G class Ig (IgG) plasma proteins, from an abundant background matrix, namely the IgG fragments. 

Therefore, the impact of different acquisition parameters was compared regarding not only the total 

number of transitions, but also the number of transitions in the peak area range of high repeatability (here 

2.0E+04 – 1.0E+06), as flagged with the Python tool (Figure 5.4). The sample coverage (total number of 

quantifications) was increased by increasing specificity with a higher number of windows (with shorter 

accumulation times) and an increased LC gradient length, while the sample load and the mass resolution 

mode have only minor impact. On the other hand, more repeatable quantifications were evidenced with 

the proposed peak area-based flagging approach when sensitivity is preferred: increased sample load, 

fewer windows with longer accumulation time, shorter LC gradients and high sensitivity mass resolution 

mode (Figure 5.4). Thus, flagged quantifications appeared to be remarkably robust and largely insensitive 

to interferences.  
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Here, the method application for the Ig products profiling was performed by injecting 8µg, using a 1-hour 

gradient and performing the SWATH acquisition with 50 windows operated in HS mode. 

 

Figure 5.4 Impact of different conditions on the MS2 peak area distribution: the MS sample load (2,4 or 8µg), the LC gradient 
length (1 or 2h), the MS2 acquisition mode (High Resolution-HR or High Sensitivity-HS) and the number of variable windows 
(25, 50 or 100). Cycle time is 2.8s. Sample is in-house fractionated Ig, default parameters are: 4µg injection, 1h LC gradient, 
MS2 in HS and 50 variable windows. 

5.4.4 Method application and relevance for Ig profiling 
5.4.4.1 Choice of the spectral library 

Extended heterogeneous spectral libraries were built with fractionated plasma coming from the Ig 

manufacture source material, in order to index a large number of possible residuals in the Ig samples 

under investigation. Full lists of indexed proteins (FDR <1%, shared peptides excluded) in the different 

libraries can be found in Table 9.4 (in the Addendum). External library downloaded as .txt file as provided 

by Sciex was found to index the greatest number of proteins, even if each library exhibited its own profile 

(Figure 5.5 A). When using three different plasma pools (each related to the manufacture of product A, B 

and C, respectively) to build corresponding libraries in-house, around 80% of their content at the protein 

level was found to be common. 

Of note, a single library had to be chosen to compare quantification values across different samples. In 

first instance, an externally available plasma library appeared as the most convenient option. Still, we 

have shown that automatic results should be taken cautiously (Tables 5.2 & 9.5). With the Python tool to 

flag transitions in the area range of high repeatability at hands, no increase in the total number of flagged 

quantifications was reported using one of the plasma libraries compared to the Ig library (Figure 5.5 B). 

Obviously, some Ig fragments were better quantified with the fractionated Ig library. At the same time, 

few non-IgG proteins were flagged with the Ig library and not the plasma libraries. This can be explained 

by one of the three following cases: (i) the protein is not indexed in one of the libraries, (ii) the protein is 

always indexed and extracted but not always flagged or (iii) the protein is always indexed but not always 

extracted. The two first cases could be solved by respectively complementing the library or tolerating a 

less strict flagging criterion. 
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Figure 5.5 Spectral libraries comparison. Considering a given Ig sample (A1 spiked with FXIa 1 ng/mg), the three compared 
libraries are (i) in-house homologous library built with DDA runs of the fractionated Ig sample itself ("Ig") (ii) in-house 
heterogeneous plasma library built with DDA runs of fractionated plasma pool sample of the corresponding source material 
for manufacture ("in pp") and (iii) external heterogeneous plasma library downloaded as txt file ("ext pp"). 
 
(A) Indexed proteins overlap in the three libraries.  

(B) Protein quantifications overlap in the considered (fractionated) Ig sample, depending on the chosen library. SWATH 2.0 
automatic results and flagged results using peak area criterion (at least 2 peptides which have at least two ions passing the 
criterion) are successively considered. 

Concerning the indexed proteins which were not extracted, this scenario was only observed when 

comparing the results with an in-house library to those with the external library. By investigating this issue, 

it was found that the external library sometimes indexes different peptides for a given protein, as 

compared to the ones reported in the in-house runs. This emphasizes that increased quality control 

becomes increasingly important as the library becomes more distant from the actual sample, being in-

house fractionated or from an external deep-mining origin. To find a compromise between library 

completeness and indexed spectral information homology, the in-house plasma library was preferred. 

Moreover, this is the only one which can capture plasma pool source material variability, as still 20% of 

the indexed spectral information was found to differ at the protein level. In order to compare products 

manufactured from different plasma pools, all the three generated in-house plasma libraries (coming from 

the manufacture of products A, B and C respectively) were here merged together. 

5.4.4.2 Sensitivity markers 

Three different plasma proteins, namely FXI, coagulation factor XII (FXII) and prekallikrein (PK), were 

spiked at different mass ratios in a non-fractionated Ig sample to outline the link between the proposed 

flagging approach and the sensitivity and dynamic range. To ensure library adequacy, DDA runs of these 

pure spikes were included into the spectral assay library. Mean extracted area for these three spikes in 

the different experiments are reported in Figure 5.6. The spike was considered as quantified above the 

LOQ if both the preceding and following dilution steps gave significantly different areas (Mann-Whitney 

test, p-value < 0.05). It is to be noted that 8µg injections were performed to maximize sensitivity (cf section 

5.4.3) but quantification of the spikes at 1:100 ratio apparently suffered from detector saturation at that 

sample load, as higher than expected CV were observed. Each spike was quantified within three to four 

orders of magnitude in the concentration dynamic range. Note that with each peptide having its own 

ionization properties, the sensitivity of a label-free MS assay cannot be extrapolated as is to other 

proteins. Still, other publications report comparable sensitivity using SWATH on a TripleTOF5600 

[244,261,291,293]. 
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The Python script allowed to count for each spike the number of transitions falling in the high repeatability 

peak area range (here 2.0E+04 – 1.0E+06). Singularly, all the proteins with at least 4 flagged transitions 

were above the LOQ while the number of flagged transitions tends to zero when the spike is below the 

estimated LOQ (Figure 5.6). The Pearson’s correlation coefficient r between the mean extracted area (log 

scale) and the number of flagged transitions is always above 0.9. This is not the case when CV criterion is 

used: there, r fluctuates between 0.49 and 0.95 (Figure 5.6). Even this is not a strict sensitivity assessment 

per se, this is again an indication that the CV approach is less robust than the peak area approach. 

 

 

Figure 5.6 Sensitivity markers. Three plasma proteins, namely coagulation factor XI (FXI), coagulation factor XII (FXII) and 
prekallikrein (PK), were spiked at different mass ratios in non-fractionated Ig sample (A1). Each sample was injected in 
triplicates and mean area was reported in log scale. The spike is considered as quantified above the LOQ if both the preceding 
and following dilution steps gave significantly different areas with Mann-Whitney test (* denotes p-value < 0.05). In-house 
Python tool allowed to count for each spike the number of transitions: (A) falling in the high repeatability peak area range 
(2.0E+04 – 1.0E+06) (B) having a CV below 20%. The Pearson’s correlation coefficient r between the mean peak area and the 
number of flagged transitions was also calculated. 

Those results also emphasize that in our application, sample prefractionation is still required to reach 

relevant sensitivity. By means of CPLL enrichment, FXI spiked at 1ng/mg, the level from which 

thrombogenic effects can be observed in vivo, was confidently quantified with three flagged peptides (at 

least two ions with a peak area in the range 2.0E+04 – 1.0E+06) among the 18 peptides indexed in the 

library. 

5.4.4.3 Residuals characterization in different Ig products 

As final proof of applicability, we used our MS2 repeatability flagging approach for the impurity profiling 

in our batch of five different Ig products, including a TEE-positive one. Each product was fractionated twice 

to take fractionation variability into account (CPLL technical variability for this application was previously 

discussed in chapter 4). Each fractionated sample was injected in triplicate for back-to-back comparison 

with our MS2 peak area criterion. Spectral library resulted from merging together all the three plasma 
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libraries generated in-house. We also complemented the library with the DDA runs of three proteins of 

interest, FXI, FXII and PK. 

Table 5.3 Comparison of plasma residual protein profile in five different Ig products. Those include: two IVIg products from a 
first manufacturer, including two different batches from one of the two products (A1, A2 and B), one IVIg product from another 
manufacturer (C) and one TEE-positive batch from ScIg product (D). Each sample was enriched using CPLL strategy (two 
technical replicates, three injections of each). Table reports every non-IgG protein for which peptide(s) that infer a minimum 
of two flagged ions (peak area between 2.0E+04 and 1.0E+06) were reported and for which the abundance in the considered 
sample equals or exceeds ten times the median value of its reported quantifications in all the tested samples. The proteins are 
listed in alphabetical order. 

Regular commercial IVIg TEE-positive SCIg 
(2011) 

Manufacturer 1 Manufacturer 2 Manufacturer 3 

A1 A2 B C D  
  Ig alpha-1 chain C region Afamin Alpha-1-antitrypsin 

 
  Ig alpha-2 chain C region Alpha-1-acid 

glycoprotein 2 
Alpha-2-macroglobulin 

    Ig mu chain C region Alpha-1-
antichymotrypsin 

Angiotensinogen 

    Immunoglobulin J chain Alpha-1B-glycoprotein Antithrombin-III 

      Alpha-2-HS-glycoprotein Coagulation factor XI 

      Apolipoprotein A-II Complement component 
C8 beta chain 

      Cartilage acidic protein 1 Complement component 
C8 gamma chain 

      Haptoglobin Complement factor I 

      Hemoglobin subunit 
beta 

Fibrinogen alpha chain
  

      Hemopexin Fibrinogen beta chain 

      Plasma protease C1 
inhibitor  

Fibrinogen gamma chain 

    
 

Serum albumin Ficolin-3 

   Transthyretin Gelsolin 

    Hemopexin 

    Ig alpha-1 chain C region 

    Ig mu chain C region 

    Ig delta heavy constant 
region 

    Immunoglobulin J chain 

    Pregnancy zone protein 

 

Among the 217 non-IgG proteins for which spectral information was indexed in the library, data was 

extracted for 165 of them (Figure 9.5 in the Addendum). By using the Python tool, 45 different non-IgG 

plasma proteins were flagged for having peptide(s) with at least two ions in the high repeatability peak 

area range, in at least one sample (Table 9.8 in the Addendum). As expected, these flagged proteins 

exhibited a very high repeatability with triplicates measurements. 84% of all flagged non-IgG plasma 
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proteins quantifications had a CV below 20%, while this proportion even rose up to 94% for those having 

at least two flagged peptides (Table 9.8). Across the different Ig samples tested, 82 to 100% of the proteins 

having at least two peptides with at least two ions in the area range where 80% of data with CV<20% (here 

the 2.0E+04 – 1.0E+06 area range) demonstrated a CV below 20%, while at the same time, only 32 to 49% 

of the other proteins passed the same CV threshold. Table 5.3 further reports every flagged protein for 

which the abundance in the considered sample equals or exceeds ten times the median value of its 

reported quantifications in all the tested samples. The differences between samples tends to increase 

when comparing a given product (A1) respectively to another batch of the same product (A2), another 

product of the same manufacturer (B), another product from another manufacturer (C) and finally a TEE-

positive batch from 2010 (D). The last one was clearly distinguished from all the four regular products by 

increased levels of coagulation factor XIa but also, alpha-1-antitrypsin, angiotensinogen, antithrombin-III, 

fibrinogen, ficolin-3, gelsolin or complement component C8. 

Importantly, those results are exceedingly consistent with previously obtained results using DDA approach 

on the same samples (see Table 4.1 in chapter 4 and Table 6.2 in Chapter 6). Nevertheless, where DDA 

provided stochastic MS1 level quantifications that require repeated injections, SWATH now provides 

comprehensive MS2 level quantifications that can be trusted with single injections and can be 

interrogated in the future with an extended DDA library. 

5.5 Conclusion 
In conclusion, we here refer to a well-known concept in analytical chemistry to bring it to a new level of 

applicability. More specifically, it is well established that the repeatability is linked to the measurement 

intensity. It was evidenced by Navarro and colleagues that this equally holds for SWATH-MS. Transition 

intensity by means of the MS2 peak area is already included in data processing pipelines by selecting the 

top n (usually top 3 to top 6) most abundant transitions. As observed in the Navarro manuscript however, 

this is not sufficient to guarantee a reliable quantification of low-abundant signals. To our knowledge, this 

is the first time that the functional relationship between CV and MS2 peak area is described (by using the 

relatively under-exploited Replicates Analysis 2.0 template from Sciex). With only a simple power 

regression to model the relation, it was demonstrated that the MS2 peak area can confidently contribute 

to predict the reliability of MS2 quantification. Importantly, this metric does not rely on the number of 

replicates and can even be considered for single injections, contributing to increased high-throughput. 

The robustness of the observed relationship across all the investigated conditions suggests that it is 

intrinsic to the instrument. Assuming that its stability would be regularly verified, this functional 

relationship could thus further refine the scoring algorithm of SWATH-MS and other DIA software tools. 

As proof of applicability for LAP quantification, in-house Python tool was built to flag the proteins that 

integrate a minimal number of transitions in the peak area range of desired repeatability. By doing so, a 

set of highly robust quantifications of plasma residual proteins in fractionated Ig samples was secured 

from large spectrum SWATH screening using extended spectral library.  
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6. Final discussion and general 

conclusion 
 

This thesis aimed at considering MS to profile undesired residual proteins in Ig, the leading product of the 

plasma fractionation market. By offering non-targeted and comprehensive screening, MS method 

development can be expected to prevent issues related to undesired low-abundant residuals in Ig, like 

the 2010-2011 TEE outbreak related to co-purified plasma coagulation factor XI.  

A reference in solution digest protocol using trypsin and reverse phase C18 microflow LC - YMC-Triart C18 

column connected to an Eksigent nanoLC 425 - coupled to high resolution QTOF MS - TripleTOF 5600, 

Sciex - operating in non-targeted acquisition (Q1 open for all the peptide-ions in the 400-1250 m/z range, 

resulting in a full MS1 scan) were used as the fixed framework for our investigations. 

In the first part, golden standard bottom-up MS was investigated through data-dependent acquisition and 

MS1 relative quantification. To reach relevant sensitivity, sample fractionation strategy was also 

optimized. In the second part, data-independent acquisition SWATH-MS with MS2 quantification was 

challenged to provide an even more exhaustive and repeatable profiling. 

Thanks to a collaboration with two different Ig manufacturers, we obtained a set of five different samples: 

two products, referred as A and B, including two different batches of A (referred as A1 and A2) from the 

first manufacturer and one product, referred as C, from the second manufacturer. To compare these 

regular batches released on the market with a batch presenting a quality issue, the first manufacturer also 

provided us with an aliquot of TEE-positive ScIg from 2011, further referred as D. With this set of samples 

at hand, it was possible to challenge an MS method for relevant QC application, namely the distinction of 

a TEE-positive batch and the biodiversity assessment of different Ig products in terms of plasma residuals.  

6.1 Two challenges named sensitivity and repeatability 
Only the levels of PKA, FXI and IgA in regular products are ensured to be below 0.1-1 ng/mL, 35 IU/mL (at 

3% protein content) and the stated label respectively, thanks to dedicated testing (chromogenic assay for 

PKA; NAPTT, ELISA, TGA or chromogenic assay for FXI; immunochemical method for IgA) (Table 9.1). For 

this reason, highly pure native FXI, PK and FXII (Calbiochem) were spiked at different mass ratios ranging 

from 10 µg/mg (1:100) to 0.2 ng/mg (1:5000000) to estimate if relevant sensitivity, namely the range of 

the ng/mg, could be achieved. Of note, a global sensitivity cannot be specified as such in a label-free MS 

assay, since each peptide will have its own ionization properties and the link between signal intensity and 

the concentration in the sample will vary accordingly. However, each MS device will exhibit an intrinsic 

capability to distinguish and quantify different signals across a certain linear dynamic range, related to the 

detection system. For a TT5600 device preceded by a single LC column, peptides are expected to be 

quantified through a dynamic range of around 4 orders of magnitude when quantified at the MS2 level 

[244,261,291,293]. Early results thus confirmed what could be expected: direct injection of digested Ig 
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sample on the TT5600 preceded by C18 LC separation did not return any confident identification of plasma 

residuals and FXI spiked at 1 ng/mg. The total ion current is monopolized by the Ig fragments. Mining the 

samples with additional fractionation appeared as mandatory to obtain relevant profiling. The application 

of an adequate sample treatment strategy was thus the first milestone of this thesis. Next to this challenge 

of dynamic range, a second challenge quickly appeared. When trying to quantify LAP in the lower signal 

range that the instrument can handle, particular attention should be paid to the reliability of the 

quantification. Especially when the method development aims at orientating manufacturers (and possibly 

regulators) in qualifying the status of a batch: conform or not. Concretely, this called for cautious and 

elaborated data acquisition and interpretation. 

6.1.1 The need for sample pre-fractionation 
Thanks to years of studies mainly for biomarkers discovery, sample fractionation in plasma proteomics 

has been already thoroughly investigated [269,280,297,298]. Because non-biased comprehensive 

profiling was desired, fractionation techniques that isolate proteins with specific properties (e.g. 

glycoproteins) were not suitable. Biophysical fractionation methods based on generic physico-chemical 

properties (pI, size, ...) were also not favoured because of the large number of fractions generated. 

Moreover, LAP with properties similar to the main component might be lost; anion exchange 

chromatography is e.g. already used by various manufacturers and does not prevent impurities ending up 

in the final product. Two main strategies thus remained to be considered for uncovering the largest 

possible amount of LAP: the ‘as specific as possible’ depletion of the high abundant components and the 

‘as generic as possible’ enrichment of low abundant components. In each case, downstream desalting and 

protein assay were conducted to prevent ionization-inhibitory salts and calculate the exact MS sample 

load, respectively. LAP enrichment trough CPLL technology uncovered more plasma proteins in the 

samples than the specific Ig depletion through the use of protein G-protein A affinity column (Figure 4.1). 

Moreover, FXIa 1ng/mg spike was identified with up to 20 peptides with single CPLL, while only 2 were 

reported after depletion. While sometimes controversial due to the diversity of protocols, superiority of 

CPLL over depletion for plasma proteomics had already been observed previously [274,298,299]. Despite 

being efficient, depletion strategies require specific ligand/stationary phase and particular caution should 

always be paid to the risk of undesired co-depletion [201–203,262]. Here, protein G-protein A affinity 

chromatography apparently suffered from the high dilution of the residuals in the flow through, since co-

depletion was known to be minimal with these ligands [198–200,270]. The associated extra concentration 

step increases the risk of trace losses [271].  

On the other hand, CPLL technology is readily available through commercial kits and does not require 

application-specific ligands. Except when the sample amount is limiting, a “large capacity” kit should be 

preferred to a “small capacity” kit: a larger volume of beads enlarges the ligand library diversity and by 

this, the chance to fish more proteins. Then, the benefits of the extra “sequential elution” should be 

weighed against the extra manipulation cost. Surprisingly, the kits’ vendor did not include the most recent 

optimization work, considering fine-tuning of the binding buffer (ionic strength), further recapture of the 

flow through at different pHs and on-bead digest [214]. Still, these refinements did not demonstrate to 

be beneficial for our application (Figure 9.4 and Table 9.2). Contrary to the more complex samples used 

in the optimization studies (whole plasma, cell lysate, plant extracts ...), samples with only very few LAP 
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among a vast majority of given active compound(s) behave differently: drastic harvest from the beads also 

means collecting more peptides from the abundant compound(s) and thus reducing their concentration 

to a lesser extent. In other studies dealing with the same type of sample, CPLL was indeed conducted with 

a protocol really close to the commercial kits [131,213,266]. On the other hand, when we built a spectral 

library for SWATH starting from plasma pool samples, we used the optimized protocol with incubation at 

3 pH (pH7, pH9.3 & pH4) in parallel and on-bead digestion, as its benefits had been demonstrated with 

this matrix [214,215,300]. 

Despite overall better performance of CPLL enrichment over Ig depletion, one identification (plasma 

serine protease inhibitor) was only made with protein G-protein A, recalling that different fractionation 

techniques can yield somewhat different results and can be thus complementary [280,297,298]. Coupling 

CPLL enrichment to prior Ig depletion with protein A-protein G chromatography led to an increase in the 

number of identifications (Figure 9.4 and Table 9.2). Still, this extended sample treatment required about 

six more hours per sample, plus an additional concentration/desalting step. On the other hand, only a 

minor benefit of two extra identifications and no increase in the number of reported peptides for the FXI 

1 ng/mg spike were reported as compared to the optimized single CPLL. This is inducing a rule of thumb: 

the increased coverage in LAP gained with each extra fractionation step must be worth the time and cost 

invested. Moreover, each extra step increases the risks of unspecific sample loss or artefacts and higher 

technical variability. Therefore, each fractionation protocol should be assessed in terms of technical 

repeatability.  

Previously, CPLL enrichment demonstrated suitable repeatability for both qualitative and quantitative 

profiling [273,279,280,283]. Despite the modification of the concentration dynamic range in the sample, 

the CPLL technology can be used for differential studies as long as the proteins under investigation do not 

reach saturation on the beads, i.e. the proteins of low to medium abundance in the original sample [301]. 

Here, five technical replicates of the sample treatment were performed. 94% (17 to 18) of plasma LAP 

identifications with at least two peptides were made in at least four out of five replicates. The median CV 

of MS1 quantification was 20.2% and 81% of the data had a CV below 30%. Nevertheless, a maximum of 

4-fold change in normalized protein abundance was reported (Chapter 4, section 4.4.1.2). Obviously, 

variation in protein abundance can be only considered as biologically relevant if this variation is 

unequivocally above the technical variability of the protocol. Here, it was decided to consider at least 10-

fold changes in protein normalized abundance as significant biological variation (more than 2 times the 

maximum fold change observed between two technical replicates for any protein). Of note, the choice of 

the minimal margin between the technical variability and the biological significance is user-defined, 

depending on the susceptibility of the investigated samples.  

In conclusion, the sample fractionation approach should provide the best compromise between relevant 

LAP mining and gain in sensitivity on one hand and adapted throughput and secured technical 

repeatability on the other hand. In this thesis, single CPLL enrichment with capture under physiological 

conditions and sequential elution (performed with two technical replicates) was further applied as sample 

fractionation method because it showed the best LAP coverage and FXI spike identification within 

convenient execution. 
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6.1.2 The importance of the data: from acquisition to interpretation 
Non-targeted acquisition on TripleTOF devices can be performed in two different ways, as summarized in 

Table 6.1: the golden standard DDA or the more recent DIA-SWATH strategy. 

Table 6.1 Overview of the two acquisition workflows considered with the TripleTOF5600  

 DDA acquisition SWATH acquisition 

MS run   

MS1 scan (400-1250 m/z) Full scan 

MS2 scans (65-2000 m/z) MS1-triggered, stochastic Full scan (adjacent m/z 
windows), comprehensive 

Output Linked tandem data Complex convoluted data 

Identification   

Software Protein Pilot (Sciex), Mascot (Matrix 
Science) 

SWATH 2.0 in Peakview (Sciex) 

Database General protein sequence database 
(Swissprot db) 

Dedicated spectral library  

Process Peak picking, annotation with db 
searching engine, scoring and FDR 
calculation 

Library filtering, RT alignment, 
peak extraction, spectral 
matching with the library 

Relative quantification   

Level of quantification MS1-level MS2-level 

Software Progenesis QI (Waters) SWATH 2.0 in Peakview (Sciex) 

Process Runs alignment and abundance 
normalization, differential statistical 
analysis, identification, scoring, 
reporting 

Peak area of the extracted MS2 
ions are reported and summed 
to give corresponding peptide 
and protein abundances 

6.1.2.1 Operating in DDA 

Thanks to years of practice, DDA or “shotgun” MS runs are easy to implement. MS2 ions result from 

selected MS1 ions that surpassed a defined signal threshold and are thus linked to their precursor 

(“tandem data”). A well-established search engine, like the probability-based Mascot, is used for 

identification by matching public reference database through peptide mass fingerprint, sequence query 

and MS2 ions search [302]. Of note, as for every probability-based approach, a carefully selected threshold 

of significance has to be defined. Mascot includes several quality control measures. First, the quality of 

the peptide match is reflected into a score (the higher the better) linked to a p-value (the lower the better) 

for which a cut-off can be defined (usually 0.05 or 0.01). Then, it can be ensured that (i) sequence matching 

is the best hit in the database (rank=1) (ii) a peptide univocally corresponds to a single protein in the 

database and (iii) a maximal number (usually 1 or 2) of enzymatic miscleavages is tolerated. False 

discovery rate calculation using automatic decoy database search is also a key indicator and should always 

be less than 1%. 

Once peptide-level criteria are defined, the peptide to protein is per se a matter of inference, as tryptic 

peptides are the real analytes for bottom-up MS. Usually, it is recommended to have at least two unique 

peptide-sequences identified to confirm the presence of a protein [190]. The definition of an identification 

cut-off for the protein score given by the software algorithm is more empirical and its value is software-
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dependent. However, biological context can help. Here, as plasma-derived samples were profiled, protein 

expression in blood was verified through the NextProt repository (except for reported adjuvants in the 

formulation) and a score threshold below which a large majority of the reported proteins were not 

expressed in blood was set. 

For our purpose of LAP screening, we favoured stringent peptide criteria to ensure quality data and 

relatively loose protein criteria to avoid missing some contaminants. At peptide level, p-value was below 

0.01, FDR below 0.2% and best ranking was required. At protein level, the number of unique peptides 

were reported and the minimal Mascot score was set to 50 when at least two unique peptides were 

reported and 80 when only one unique peptide was reported.  

One major drawback of DDA is that the acquisition is inherently stochastic, inducing repeatability issues 

[237]. It is well-known that repeated injections have to be performed to reach maximal coverage [238–

240]. Indeed, it was observed that about 8 replicate runs per sample were needed to reach maximal 

protein sequence coverage (Figure 4.2). Together with the two technical replicates of the CPLL 

fractionation, a set of 16 runs were thus acquired for each Ig sample to profile. When considering MS1 

relative quantification, run alignment and signal normalization are also an essential concern. Fortunately, 

software pipelines are devoted to such differential analysis. We used Progenesis QI for Proteomics (for 

details, see section 4.3.4.3 b). Once the quality of the automatic alignment has been controlled (here 

>80%), quantification CVs are reported to reflect the level of repeatability, between replicate injections 

and between replicate fractionation. As presented in Chapter 4 and summed up in the next section 6.4, 

insightful LAP profiling based on MS1-level quantification was obtained. Relevant sensitivity was also 

achieved, as the FXIa spike at 1ng/mg was confidently identified. Nevertheless, it was emphasized that 

this comes with an extended acquisition time (more than 16h per sample, as LC gradient for each run is 

lasting 1h) and careful data interpretation. 

6.1.2.2 Operating in DIA-SWATH 

When introducing SWATH, Gillet and colleagues evidenced that fragment ion signal extraction from MS2 

scans using a spectral library is more reliable than precursor ion detection/picking in the MS1 scan in DDA 

[244]. Indeed, MS2 signals are even more component-specific and the dynamic range could be modified, 

as the signal of each MS1 ion is split into multiple MS2 ions. Finally, SWATH is DIA and thus comprehensive 

by nature: all the detected MS1 ions are fragmented, producing an exhaustive MS/MS map at a given limit 

of detection during a single run. Altogether, using SWATH for our profiling was thus definitely worth an 

investigation, especially since it is readily available on the TripleTOF devices. 

Compared to a DDA run, a SWATH run requires more complex elaboration. First, a spectral library has to 

be available. For the purpose of extracting data about the largest possible amount of potential plasma 

residuals, in-house spectral libraries were here built with DDA runs of plasma pools collected from 

manufacturers and fractionated using optimized CPLL (see sections 5.3.1 & 5.3.3.1). When importing the 

spectral library, shared and modified peptides were excluded and only the proteins corresponding to <1% 

FDR identification during the database search of the DDA runs library were retained. Then, the sequence 

of consecutive m/z windows has to be specified. The number of windows has to be specified within the 

fixed cycle time (to preserve enough data points per LC peak): a higher number of windows favours 
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specificity, while a smaller number favours sensitivity. The Variable Window Calculator Excel tool from 

Sciex allows defining windows of variable m/z width by considering the signal distribution of the sample 

under investigation: more (shorter) windows will be allocated to the m/z regions of more intense signal, 

which improves the balance between specificity and sensitivity [303]. Finally, exogenous reference 

peptides have to be spiked in fixed amount in each injection vial for further RT calibration. 

The output of a SWATH run is intricately convoluted data that has to be deciphered by matching to a 

spectral library. To do so, different software pipelines exist and demonstrate comparable performance, 

as assessed by a recent multicentre study [254]. Still, this study also highlighted that low abundant signals 

quantification remains challenging irrespective of the software tested. While applying one of these 

software pipelines - SWATH 2.0 in Peakview - with processing settings as recommended in the multicentre 

study (see 5.3.3.4 and Table 5.1), this pitfall was quickly verified in our own data: only about 30% of the 

extracted transitions had a CV below 20%. Even more problematic, proteins with good quantitative CV 

could in fact rely on a vast majority of poorly quantified ions (as illustrated in Table 9.5 of the Addendum). 

Protein and peptide-level quantifications are simply inferred by summing the peak area of corresponding 

extracted MS2 ions that passed the library matching processing settings. An additional MS2-level data 

quality criterion was thus desired.  

CV calculation relies on a certain number of replicates and the benefit of single run injections is thus lost. 

The “SWATH Replicates Analysis 2.0” Excel sheet allowed to plot average peak area against corresponding 

CV for up to forty thousand extracted MS2 ions drawn uniformly across the data. By doing so, it was 

outlined that the well-known signal-intensity-to-repeatability relationship also holds for label-free 

quantitative MS. Moreover, it can be modelled by a power regression that is greatly conserved across all 

samples and acquisition parameters, both in in-house data and in reference data from the multicentre 

study (Figure 5.2). Once the inherent MS2 peak area to CV relationship of an MS device has been 

modelled, and assuming that its stability is verified, the user can make repeatability predictions from a 

single run, only based on the MS2 extracted signals (see section 5.4.2.2) Moreover, the functional 

relationship can serve as an actionable point for optimizing acquisition parameters (section 5.4.3) and 

ensuring more reliable LAP profiling (section 5.4.4). To illustrate this, we built a Python script that enables 

to flag automatically the MS2 ions falling in a user-defined peak area range corresponding to the desired 

level of repeatability. This allows defining the peptides and the proteins that integrate a minimal number 

of such ions, i.e. quantified with higher confidence. As presented in Chapter 5 and summed up in the next 

section, this approach led to secure highly confident LAP profiling in the Ig products. Still, distinction of 

different subgroups among the obtained quantifications based on the MS2 peak area through this script 

should never be seen as a hard cut-off criterion. Consequently, we do not present it as a ready-made tool 

for users to implement in their workflow. This is because there are currently five main software tools that 

are being used for SWATH data analysis, each one with its own specifications. The developers of these 

tools already are in close contact and inspire one another to implement new functionalities. The findings 

of the current work are actually an open invitation to the existing software developers to incorporate this 

intrinsic instrumental feature into their pipelines in any way they see fit.  
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6.2 The reward: a better characterization of important biological 

therapeutics 
Throughout this thesis, sample fractionation and two MS data generation and interpretation pipelines 

were thus carefully optimized to provide relevant residual plasma LAP profiling in Ig products, being both 

sensitive and repeatable. Without fractionation, spiking experiments did tend to confirm that 

TripleTOF5600 allows quantifying components across up to four orders of dynamic range, when using 

MS2-level quantification (Figure 5.6). Optimized CPLL fractionation allowed to confidently reveal FXI 

spiked at the ng/mg with both DDA (20 identified peptides) and SWATH (three peptides flagged as 

repeatable with the Python tool), thus confirming that LAP could be surfaced at relevant sensitivity with 

the two pipelines.  

With 16 DDA runs per sample at hands (8 injections for each of the two replicated CPLL fractionations), 

about 70 different plasma residual proteins were confidently identified among our set of five Ig products. 

The Progenesis pipeline allowed attributing MS1-level normalized abundances for these plasma LAP. With 

only 1 SWATH run per CPLL fractionation and a spectral library built from fractionated plasma pools 

samples (spectral index of 217 proteins), MS2-level quantification was obtained for 165 proteins. In 

comparison, the only previous study profiling impurities in Ig products with MS identified three proteins 

[93]. Both approaches clearly revealed that each Ig product exhibits its own impurity profile, as 

summarized in the form of two heatmaps with data normalization and hierarchical clustering (Figures 4.3 

& 9.3).  

Still, strongly reliable and significant variations had to be outlined, in order to evidence potential QC 

impact. The MS2 peak area to repeatability relationship allowed developing strict repeatability guarantee 

for single injection SWATH data. Flagging proteins with peptide(s) having at least two MS2 ions in the peak 

area range of desired repeatability (here 80% data with CV < 20%) secured a set of 45 non-IgG plasma 

proteins, with 84% of them having a CV below 20% (Table 9.8). 

Subsequently, a minimum of 10-fold change in the protein normalized abundance was required to 

consider this change as a significant biological variation. Indeed, this is more than 2 times the maximum 

fold change observed between two technical replicates for any protein, i.e. the highest observed noise 

due to extensive sample preparation and which has no biological significance. As a batch of five Ig products 

was considered, fold changes were referred to the median of the abundances in every tested sample. This 

led to extract a short list of residual plasma proteins that significantly vary among the tested products. 

While initially presented in Tables 4.1 & 5.3, the Table 6.2 hereunder is summarizing these findings.  

While being obtained from two totally different data acquisition and processing pipelines, the plasma 

residuals profiles with both SWATH MS2-based and DDA MS1-based quantifications were found to be very 

consistent, which confirms the reliability of these results. 
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Table 6.2 Final comparison of plasma residual protein profile in five different Ig products. Those include: two IVIg products 
from a first manufacturer (A and B), including two different batches from one of the two products (A1, A2), one IVIg product 
from another manufacturer (C) and one TEE-positive batch from 2011 ScIg product (D). Each sample was enriched using CPLL 
strategy (two technical replicates). Listed proteins (alphabetical order) demonstrate an abundance in the considered sample 
which equals or exceeds ten times the median value of its reported quantifications in all the tested samples. Considered 
abundances are normalized MS1 abundances using DDA strategy and extracted MS2-based abundances using SWATH-MS 
strategy. Proteins in bold are reported with the two types of abundance/strategy, while proteins in italic are reported with 
only one strategy (specified in the superscript). 

Regular commercial IVIg 
TEE-positive ScIg 

(2011) 

Manufacturer 1 Manufacturer 2 Manufacturer 3 

A1 A2 B C D 

Neurolysin, 
mitochondrialDDA 

 CD5 antigen-likeDDA Afamin Alpha-1-antitrypsin 

  Ig alpha-1 chain C 
region 

Alpha-1-acid 
glycoprotein 1DDA 

Alpha-2-macroglobulin 

  Ig alpha-2 chain C 
region 

Alpha-1-acid 
glycoprotein 2SWATH Angiotensinogen 

  Ig mu chain C 
region 

Alpha-1-
antichymotrypsin Antithrombin-III 

  Immunoglobulin J 
chain 

Alpha-1B-
glycoproteinSWATH 

CD5 antigen-likeDDA 

   Alpha-2-HS-
glycoprotein 

Coagulation factor XI 

   Apolipoprotein A-II 
Complement 
component C8 alpha 
chainDDA 

   
Apolipoprotein C-I, 
basic form 
(Fragment)DDA 

Complement 
component C8 beta 
chain 

   Cartilage acidic 
protein 1SWATH 

Complement 
component C8 gamma 
chain 

   Haptoglobin Complement factor I 

   Hemoglobin subunit 
beta 

Ectonucleotide 
pyrophosphatase/ 
phosphodiesterase  
family member 2DDA 

   Hemopexin Fibrinogen alpha chain 

   
N-acetylmuramoyl-
L-alanine 
amidaseDDA 

Fibrinogen beta chain 

   Plasma protease C1 
inhibitor 

Fibrinogen gamma 
chain 

   Serum albumin Ficolin-3 
   Transthyretin Gelsolin 
    HemopexinSWATH 
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    Ig alpha-1 chain C 
region 

    
Ig alpha-2 chain C 
regionDDA 

    Ig delta heavy constant 
regionSWATH 

    Ig mu chain C region 

    
Immunoglobulin J 
chain 

    
Pregnancy zone 
proteinSWATH 

 

The few observed divergences in part resulted from homologous peptides (Ig alpha-1 and alpha-2 chains, 

alpha-1-acid glycoproteins and the different chains of Complement component C8). Concerning the 

remaining proteins quantified with DDA and not SWATH, Neurolysin mitochondrial, Apolipoprotein C-I 

basic form (Fragment), CD5 antigen-like and Ectonucleotide pyrophosphatase/phosphodiesterase family 

member 2 were not indexed in the in-house plasma spectral library. N-acetylmuramoyl-L-alanine amidase 

was just outside the flagging criterion (only 1 transition in the peak area range of desired repeatability). 

This again recalls the crucial importance of both library completeness and data interpretation when using 

SWATH-MS. Finally, while it was expected to gain additional quantifications with SWATH in comparison 

to DDA, it was observed that this gain is very modest when strict data quality criteria have been applied. 

These final results succeed in achieving one of the main goals of this thesis: confirming the diversity of Ig 

products in terms of the low-abundant residual fraction. While the two batches of the same product were 

found to be very similar, two products from a same manufacturer can exhibit different properties, thanks 

to modulated processing or plasma selection. For example, the lower reported level of IgA in the product 

A as compared to the product B confirms that product A will most likely be preferred for IgA-deficient 

patients, since very low level of IgA will minimize the risk of anaphylactic shock. Next, the heterogeneity 

in terms of both plasma pool composition and fractionation process among different manufacturers is 

strongly reflected in the distinct impurities profile of product C (second manufacturer) as compared to 

products A and B (first manufacturer). Finally, the TEE-positive batch (product D) is clearly distinguished 

from all the other regular batches. The role of FXI in the thrombogenicity is confirmed since its level is 

more than 10 times higher in this product as compared to the others. Other proteins also appear to be at 

markedly higher level only in the TEE-positive batch. Some of these proteins, like fibrinogen, 

angiotensinogen or antithrombin-III, are involved in blood-stream regulation and might be pro-TEE 

candidates. Nevertheless, this hypothesis should be confirmed by activity assays and/or a larger batch of 

products. Notably, previously hypothesized implication of plasma kallikrein [91], CD154 protein [94] and 

apolipoprotein H [93] in TEE events cannot be confirmed here. 

In conclusion, this work is demonstrating that adequate sample fractionation followed by label-free 

quantitative MS strategy with careful data interpretation does provide a relevant opportunity for large-

scale and non-targeted profiling of impurities that could advantageously complement dedicated testing 

and prevent any unexpected issue at clinical level associated with undesired residuals. 
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7. Broader international context, relevance 

and future perspectives 
 

“With the plasma market, we’ve traditionally seen some type of supply disruption every three to five 

years. Due to the small number of manufacturers and the long lead time between plasma collection and 

getting product on the market, any manufacturing issue or recall hits the marketplace hard.” said in 2016 

a general manager of specialty distributor in a bio/pharma business magazine [304]. Nowadays, the 

adequate supply of blood-sourced therapeutics derived from the process of blood and plasma collected 

from voluntary donors still remains challenging.  

Despite the development of engineering techniques enabling to synthetize proteins from genetic material, 

the so-called “recombinant” technology, the demand for plasma-derived protein therapeutics remains 

high. In particular, normal polyvalent Ig products, namely the isolated antibodies repertoire from the 

donors, are almost impossible to substitute with recombinant equivalents due to the extensive diversity 

of proteins contained in such products. Moreover, the demand for these Ig products is maintained high 

through their use in replacement therapies for immune deficiencies (both native or disease-related) but 

also increasing indications for immunomodulation in various autoimmune and inflammatory diseases. 

Therefore, Ig products are the leading product of the current plasma market. Nowadays, this market is 

representing more than 14 billion dollars of annual sales, and several projections foresee a 10% annual 

growth. Nevertheless, the annual cost of a plasma-derived therapy can still exceed 200 000 dollars [304]. 

A first reason is that the global blood supply can be stressed by endemic or epidemic viruses (e.g. Ebola, 

dengue or Zika). Then, both collection and manufacturing process of the plasma are highly elaborated and 

regulated. On the other hand, plasma-derived products are mainly intended to treat relatively rare 

disorders. Patient populations range from hundreds to hundreds of thousands and do not allow high 

economies of scale in the production facilities. Consequent to both the increasing specific demand and 

the overall high cost of supply, preventing any quality issue and/or market withdrawal is of prime 

importance in the plasma-derived therapeutics market. 

Initiated at the dawn of the 20th century with the launch of the Red Cross to treat injured soldiers during 

the WWII and the early development of plasma proteins separation techniques, the blood and plasma 

therapeutics supply evolved into an elaborate large-scale process. Now starting from thousands of 

donations in licensed collection centres, it ends with complex manufacturing in industrial facilities under 

GMP and SOP. On top of this, a strict quality system has been implemented, including licensing, inspection 

and quality control by independent regulatory authorities. Thanks to this evolution, unprecedented safety 

has been achieved for the first main risk associated with blood-derived products: the transmission of 

microbiological and viral agents. Not any transmission of HIV, HCV and HBV with Ig administration has 

been reported since 1994 [7]. Moreover, most eventual adverse reactions are mild and transient, given 

that the product is correctly infused [55,58–60]. 
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Still, over the last years, safety concerns other than pathogen transmission emerged. These were related 

to the fine-tune composition of the products and demonstrated to potentially cause severe issues with 

both public health and economic impact. An increase in frequency of haemolytic and thrombotic events 

(TEE) was associated with the presence of anti-blood group determinants antibodies (anti-A, anti-B and 

anti-D antibodies) and unintended residues of plasma coagulation factor XI respectively [84–86] [90–92]. 

With high dose indications increasing their susceptibility, receivers suffered from both severe haemolysis 

and TEE including stroke, myocardial infarction, pulmonary embolism and deep vein thrombosis.  

In 2010-2011, the outbreak of TEE following Ig administration led to a temporary market withdrawal of 

three Ig products by the regulatory authorities [96,97,99]. In addition to these events, an increasing 

demand for products’ bio-diversity assessment and personalized product selection emerged. For example, 

patients with a given blood group or deficiency in one of the classes of antibodies (most often the IgA 

class) may require Ig products with certified low amounts/absence of the reacting type of antibodies. 

Altogether, this clearly called for an even more detailed characterization of the products, namely the 

composition of the antibodies (IgG) repertoire on one hand and the low-abundant undesired residual 

(non-IgG) plasma proteins on the other hand.  

Current regulatory requirements include overall purity assessment (less than 10 % of non G-class Ig in the 

final protein content, 5 % in the case of intravenous administration) and maximal authorized levels for 

some particular compounds known to cause potential adverse effects (Table 9.1). While IVIg preparations 

on the market effectively contain at least 99% IgG, reaching 100% purity is impossible when starting from 

such complex biological material as a pool of human plasma [2,16,25]. A Wessler in vivo model revealed 

that only a few ng of coagulation factor XI per mg of Ig product can induce thrombin formation [100,103]. 

Importantly, FXI does not belong to the top abundant plasma proteins, but manufacturing process 

modifications led to unintentional co-purification. This means potentially every of the hundreds of 

proteins from the plasma source material can end up as traces in the final product and strongly affect its 

quality.  

Dedicated testing (TGA, NAPTT or ELISA) to control FXI level and procoagulant activity enabled a posteriori 

resolution of the TEE outbreak. At the same time, only non-targeted comprehensive profiling might have 

prevented it. Since 2010-2011, manufacturers most probably performed this kind of assessment on their 

own but did not necessarily publish the results. Altogether, targeted methods can only bring dedicated 

solutions to particular problems and comprehensive fine-tuned composition is not provided to both the 

practitioner and the patient.  

From 2005 onwards, mass spectrometry-based proteomics demonstrated its relevance for plasma-

derived therapeutics characterization, being impurities profiling, products comparison or active 

component characterization (Table 2.1). Surprisingly, we had to wait until 2014 to see a first publication 

on impurities profiling in Ig using MS [93]. Actually, MS was quite extensively used for plasma-derived 

products characterization between 2006 and 2013, consequent to both improved technological maturity 

and also above-mentioned increased concern for better characterization of these therapeutics. From 

2014, the point of attention shifted towards the recombinant engineered proteins, including the 

monoclonal antibodies, thanks to the new promises of this alternative production approach (faster, 
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cheaper and more controlled). There too, MS provided interesting insights and MS instruments vendors 

even developed dedicated software packages and analysis workflows. Characterization of the Ig 

component, including glycan analysis, is even more critical for recombinant proteins, especially if they 

have been expressed in non-human cell lines [162,165,181,305,306]. Impurities, here the residual host 

cell proteins (HCP), should be best screened too [168–173,307]. Anyhow, this extension of MS applicability 

to the recombinant production should not stop the investigations in plasma-derived therapeutics. As 

explained, this is particularly true for normal polyvalent Ig, which are not likely to be substituted by 

recombinant equivalents.  

Throughout this thesis, we dedicated our work to provide MS-based comprehensive and quantitative 

profiling of impurities in Ig products. While targeted S/MRM approaches require a priori knowledge on 

the compounds to watch for, an entire pan of MS-based proteomics is dedicated to non-targeted 

acquisition providing large-scale screening capabilities. Moreover, label-free relative quantification can 

be obtained without requiring time-consuming and/or expensive specific development with labelled 

standards. Given adequate sample pre-fractionation and cautious data acquisition and interpretation 

were conducted, insightful results were obtained. Relevant sensitivity was achieved: FXI spiked at the 

ng/mg, the prothrombotic (thrombin formation) onset level in reference in vivo model, was confidently 

detected. Repeatable results (CV<20%) were ensured. Distinct impurities profile, including label-free 

relative quantification, was revealed in each of the five tested Ig products, with increasing distinction 

between batches from a given product, products from the same manufacturer and products from 

different manufacturers. A TEE-positive batch exhibited a unique profile with higher level impurities, as 

compared to all the regular products. Finally, very consistent results were obtained between the two data 

acquisition strategies. Proposed methods thus do fill the gap of having generic and preventive screening 

possibilities for impurities, each time a modification in the source material composition or fractionation 

process occurs. Having confirmed its relevance and valorisation potential, MS-based non-targeted 

screening is still suffering from several pitfalls that, in part, call for further developments. 

First, label-free non-targeted MS is only providing relative quantification and accurate sensitivity cannot 

be extrapolated as such from one protein to another. Peak intensities measured by the detector rely on 

ionization susceptibilities and isolation/detection efficiencies, being dependent on both the peptide and 

the MS device. For this reason, blanco/reference material for comparison is needed to perform the 

analysis and a standard has to be available to further validate the sensitivity for a given compound. 

Consequently, label-free MS screening of impurities is complementary and not substitutive to targeted 

testing with accurate absolute quantification for components of well-known adverse effect. One might 

consider building targeted multiple reaction monitoring (MRM) assays using transitions detected during 

the screening and spiking labelled standards to obtain absolute quantification. Still, these assays would 

have to compete with the extreme sensitivity of the targeted tests in place. For example, dedicated testing 

of FXI level implemented after the TEE outbreak (NAPTT, ELISA, TGA or chromogenic assay) is reaching the 

10 to 1 ppb (ng/g) sensitivity [94,100,103,106]. Of note, strict sensitivity comparison is often challenging, 

since MS quantification results always refer to mass units, while activity units are often preferred for 

biologically relevant threshold level values. International reference standards are thus needed to establish 

an official equivalence between mass and activity units. Such biological reference material should be 
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released from widely recognized institutes like the National Institute for Biological Standards and Control 

of the UK (NIBSC - http://www.nibsc.org/standardisation/international_standards.aspx). 

Second, MS technologies are still in their growing phase, resulting in a diverse technical offer to consider 

for each potential application. Each user should define which MS device should be selected, and which 

sample preparation and (chromatographic) separation should be performed upfront. 

What the sample preparation and fractionation concerns, it should provide sufficient isolation of the 

components of interest so that remaining interfering compounds can be resolved by the MS instrument 

used downstream. Obviously, active compound characterization, e.g. post-translational modifications or 

oxidation, will call for a very different strategy than low-abundant impurities screening. The first requires 

the specific enrichment of selected proteins/peptides, e.g. glycosylated proteins (glycoenrichment using 

lectins or hydrophilic interaction chromatography), proteins subjected to proteolysis (N-terminal 

enrichment using N-terminal-specific enzyme or terminal amine isotopic labelling of substrates) or 

carbonylated proteins (biotinylation and affinity chromatography) [191,192]. The second, on the other 

hand, is asking for non-biased enrichment of all the impurities. This can be performed with either gel 

electrophoresis, selective depletion of the abundant component or low-abundant component non-

specific enrichment. Gel-based techniques suffer from several drawbacks. First, some proteins are missed 

because of their physico-chemical properties (size or charge) that prevent them from entering the gel, 

due to low solubility or tendency to aggregate [143,219]. Secondly, gel-based techniques do not easily 

suit for high throughput and automation [192,220]. At the same time, the development of high-efficiency 

liquid chromatography separation and high resolution tandem MS allowed to consider direct injection 

after whole sample digest in solution, which is circumventing these drawbacks. Having compared selective 

depletion of Ig through protein A – protein G affinity chromatography and generic enrichment of residuals 

through the so-called combinatorial peptide ligand library (CPLL), this work confirmed the benefits of the 

latter approach. Coupled with downstream standard tryptic digest and C18 chromatography, it revealed 

relevant impurity profiles. Notably, CPLL demonstrated to be a highly versatile tool to access low-

abundant proteins (LAP), so the exposed approach might be worth the transfer to other applications [209–

213,308]. Nevertheless, more elaborate sample fractionation could be performed, like the combination 

of both depletion and enrichment. Two-dimension chromatography or multi-proteases digestion might 

also be considered to increase sample separation and sequence coverage respectively [192,309]. As we 

emphasized, the user should define his needs in sensitivity / LAP mining depending on the desired 

application, while keeping satisfactory throughput and repeatability. For these two last aspects, the 

possibility to (semi-)automate the sample preparation is obviously of great added value. Except for the 

coupled chromatographic separation of the peptides, this is still not common practice in mass 

spectrometry, and only few initiatives have been published [310,311]. 

Concerning the MS devices themselves, a very wide range of instruments, acquisition strategies and data 

analysis softwares are coexisting and can be thus considered for a single given application. Currently, 

different MS devices relying on different mass analysers are generally used for non-targeted screening 

and targeted MRM. Triple quadrupole and quadrupole-ion trap are mostly used for MRM targeted 

quantitation and provide over 105 wide dynamic range of protein quantification [312]. High resolution 

mass analysers for non-targeted proteomics on the other hand include TOF analyser, linear ion trap 
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analyser, Fourier Transform ion cyclotron resonance (FT-ICR) and Orbitrap analyser [120,183]. Of note, 

targeted experiments on these devices are increasingly proposed, even it remains challenging to maintain 

good sensitivity when the list of compounds to watch for increases (sensitivity inversely proportional to 

the degree of multiplexing) [313,314]. Still, other (new) MS devices might always demonstrate increased 

resolution and sensitivity, due to alternative mass analyser, ion separation or detector technology, e.g. 

Orbitrap or ion mobility [122,243]. At the same time, high price of MS devices (and as such lower 

accessibility for laboratories) may hinder or inhibit fast implementation of new MS technology. On top of 

this, each MS device can often be operated in different acquisition modes and multiple data processing 

software pipelines.  

So-called data-independent acquisition (DIA) strategies are very promising to the field. Contrary to the 

classical data-dependent acquisition, DIA provides full MS/MS fragmentation map at a given limit of 

detection. Instead of the repeated injections needed to overcome the inherent stochastic nature of DDA, 

single injection per sample could here provide high-throughput characterization of a large amount of 

samples, given that appropriate interpretation of the complex data output is conducted. DIA data mining 

is a very active field with high impact emphasizing its growth potential [255,315–319]. In this thesis, DIA 

application for LAP profiling was investigated through the SWATH-MS mode available on the high 

resolution QTOF TripleTOF series [244]. Recent multicentre studies provided an important step forward 

in the harmonization and maturity of this technique [254,261]. Still, it was here confirmed that reliable 

quantification of low abundant signals remains challenging. The use of the MS2 peak area was evidenced 

as an actionable point for data quality assessment applicable for single injections. The findings of the 

current work are an open invitation to the existing software developers to incorporate this intrinsic 

instrumental feature into their pipelines in any way they see fit, just like other studies promoted more 

stringent control of the false discovery rate (FDR) [249–252]. In the future, the limiting requirement of 

having all the quantifiable components indexed in a spectral library might also disappear, as library-free 

SWATH data analysis pipeline is developing [255,318,320]. Notably, DIA can be also performed with other 

strategies, like SWATH on Orbitrap, or (HD)MSE on QTOF from other vendor (often including ion mobility) 

[243,321–323]. This thus calls for critical and independent comparison of these different approaches.  

Altogether, harmonization in data presentation and annotation is badly needed to enable correct data 

dissemination and interpretation across different labs. For this, initiatives like the ProteomeXchange 

Consortium for the submission and dissemination of globally coordinated standard data 

(www.proteomexchange.org/) are helpful. Moreover, collaborative and multicentre studies to compare 

the performance of different set-ups on a same set of samples are also of prime importance to see MS 

screening becoming an official part of the biological therapeutics quality control. In doing so, consensus 

protocols should emerge from the technical diversity and progressively integrate the official QC 

guidelines, like recently started in the Ph.Eur [190]. Similarly, the large consortium European Horizon2020 

project VAC2VAC, which aims at providing detailed consistency approach for vaccine batch release with 

non-animal tests, has included MS-based proteomics in its physicochemical methods work package 

(http://www.vac2vac.eu/). 

 

http://www.proteomexchange.org/
http://www.vac2vac.eu/
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Importantly, the rise of such MS-based screening methods contributes to bring the quality control of 

therapeutics into a new era, the “omics era” [324]. Quality testing is not only hypothesis-driven, targeted 

and dedicated to well-known issues anymore. It is also comprehensive, non-targeted and anticipative. 

While proteomics provides the detailed protein composition, genomics can reveal the gene sequence of 

any microorganism present and metabolomics detects small molecules and metabolites. In this era, it is 

not the procurement of data which is limiting, but the correct interpretation of the abundantly generated 

information. Manufacturers and regulators can now access an unprecedented view on the inherent 

complexity of the biological products, be it the active product characterization or the presence of 

impurities. Collateral undesired issues due to process modification might be rapidly evidenced, so 

production losses and market withdrawal risks can be minimized. However, one should avoid to over-

interpret non-significant variation and to apply too stringent criteria that would lead to unnecessary batch 

rejection. As we emphasized in this thesis, the repeatability of the whole sample treatment procedure 

should be evaluated and the cut-off of biological relevance should clearly exceed the technical variability. 

Then, selected consensus data quality indicators, being a signal intensity, an algorithm matching score or 

a number of congruent signals, should be reported to further define its reliability. Finally, an experience-

based auto-refining approach should incorporate all available clinical data. Given that the manufacturing 

process and plasma sourcing remains largely unchanged at a manufacturer’s level, routine QC testing by 

MS may not be necessary for Ig products. However, MS should be considered at least for the initial 

characterization of the Ig product, and is also strongly recommended as characterization assay in case of 

important changes, e.g. changes in the manufacturing process or in the plasma donor population (to 

demonstrate that the safety profile of the Ig product is still within acceptable limits). Over time, recording 

the comprehensive composition along with the corresponding manufacturing process and the observed 

clinical tolerance and safety for each released product/batch might constitute an unparalleled data 

resource for imaging bio-therapeutics diversity, contributing to fine-tuned risk assessment and 

personalized treatments. 
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8. Summary / samenvatting 
 

With increasing indications in both immune deficiencies and autoimmune/inflammatory diseases, human 

polyvalent immunoglobulin (Ig) is the current leading product of the plasma fractionation market. 

Resulting from the refined processing of thousands of plasma donations, Ig offer a unique substitutive 

antibodies repertoire that is not expected to be recreated with recombinant engineering. Thanks to Good 

Manufacturing Practices and Standard Operating Procedures in the manufacturing facilities as well as 

licensing, inspection and quality control testing by independent regulatory authorities, unprecedented 

overall safety has been achieved with Ig treatments. Microbiological safety is highly secured and most 

reported reactions are mild and transient. Still, over the last years, new safety concerns related to the 

fine-tune composition of the products emerged. In particular, an outbreak of severe thromboembolism 

events (TEE) with Ig in 2010-2011 was found to be caused by trace amounts – about the ng/mg of Ig – of 

unintentionally co-purified plasma residual. Importantly, this residue, the coagulation factor XI, does not 

belong to top abundant plasma proteins, meaning that every of the hundreds to thousands of different 

proteins in the plasma pool source material could potentially end up in the Ig products following the 

fractionation process. While dedicated implementation of specific testing for both thrombogenicity and 

FXI level resolved the outbreak, this episode raised the interest in a preventive and non-targeted screening 

of plasma residuals in Ig products. In doing so, high-cost market withdrawal of products might be 

prevented and practitioners might gain a better view on the exact biodiversity in the available 

therapeutics. This thesis dedicates to considering mass spectrometry (MS)-based proteomics to enable 

such non-targeted screening of plasma protein impurities in Ig products.  

Chapter 1 provides a detailed view on the modern manufacturing of plasma-derived Ig, including historic 

perspective, current formulations, safety guidelines and quality control testing. The 2010-2011 TEE 

outbreak is described to emphasize the importance of non-targeted and sensitive residuals 

characterization. Chapter 2 is summarizing the current state-of-art in what MS-based proteomics has to 

offer for both quality control of plasma-derived therapeutics and non-targeted quantitative screening. 

The main protein fractionation techniques to increase sensitivity are presented and untargeted MS data 

acquisition strategies with label-free relative quantification are introduced. In this thesis, in solution 

trypsin digest and reverse phase C18 microflow liquid chromatography (LC) coupled to high resolution 

QTOF MS – TripleTOF 5600, Sciex – operating in non-targeted acquisition, form the fixed framework of 

the investigations. To test the applicability of the developed methods, we obtained a set of five different 

Ig batches, including two products (A, B) from a first manufacturer, with two different batches (A1, A2) 

from one of the two, one product (C) from a second manufacturer, and finally a TEE-positive batch from 

2010-2011 (D). 

Chapter 3 is summarizing the objectives of this thesis. In the first part of Chapter 4, upstream sample 

fractionation proves to be mandatory to uncover plasma residuals in the Ig products. Consequently, non-

biased enrichment of the plasma impurities is conducted through either highly selective depletion of the 

Ig component with protein A – protein G affinity chromatography or the non-specific enrichment of low-

abundant residues with combinatorial peptide ligand library (CPLL). The latter demonstrates better 

results, uncovering more impurities and a more reliable identification of FXI spiked at 1 ng/mg. The 

depletion technique might suffer from the high dilution of the residuals in the flow through, with 

increased risk of losses during the extra concentration step. Still, the two fractionation methods do not 
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yield to exactly the same coverage of the impurities, and more extensive fractionation, e.g. depletion 

followed by CPLL, can be considered. This leads to the following rule of thumb: for each extra fractionation 

step, the gain in resolution and sensitivity should be worth the extra costs and time spent. Moreover, the 

repeatability of the overall sample treatment has to be assessed. Threshold of biologically relevant 

variation has to be above the maximal technical variability observed. Here, optimized CPLL enrichment 

demonstrates satisfactory performance for our application. 10-fold change variation was chosen as a 

robust threshold of biological significance, as it is more than two times the highest variation observed 

between two technical replicates. 

In the second part of Chapter 4, the golden standard data-dependent acquisition (DDA) was challenged 

to provide MS1-level relative quantification. In this mode, only a selected number of MS1 ions that surpass 

a given intensity threshold are further fragmented in MS2 ions. Since the MS1 intensity can fluctuate due 

to e.g. small differences in sample loading and/or slight shifts in LC retention times, each DDA run can 

sample somewhat different peptides for MS2. Therefore, repeated injections – here about eight – have 

to be performed to overcome this inherent technical variability and gain maximal coverage. With a set of 

16 runs per sample (8 repeated injections for two CPLL technical replicates), we used data alignment and 

normalization software Progenesis (Waters) to perform differential analysis, resulting in a heatmap of 

about 70 plasma residuals identified in the tested Ig products. By evidencing 10-fold variations in the 

reported abundances, distinct profiles were obtained, with increasing difference when comparing two 

batches from a given product, two products from a given manufacturer and two products from two 

different manufacturers. Finally, a TEE-positive batch is distinguished from regular batches by a unique 

set of proteins with higher abundance, including FXI but also other blood stream-regulator proteins 

(fibrinogen, angiotensinogen, antithrombin-III, complement component C8…). 

In Chapter 5, the same Ig samples are reanalysed on the QTOF using a data-independent acquisition (DIA) 

mode called SWATH-MS. In this mode, the MS1 m/z range is divided into adjacent m/z isolation windows 

which are independently and consecutively fragmented and analysed, producing an exhaustive MS2 ions 

map at a given limit of detection, during a single run. In contrast to DDA, quantification with DIA is 

performed with MS2 signals, which are expected to be even more component-specific and provide a 

reliable quantification across a modified dynamic range. Signal extraction from the complex output data 

is usually performed by matching against a spectral library generated with high resolution DDA. Here, an 

in-house library is built using plasma source material fractionated with optimized CPLL, in order to index 

the largest possible amount of potential residuals. One of the reference data analysis software pipelines 

– SWATH 2.0 in Peakview (Sciex) – is used with processing settings as recommended in a recent 

multicentre benchmark study [254]. Just as observed in this study, reliable quantification of low-abundant 

signals in complex samples proves challenging. In particular, proteins with good quantitative CV can in 

fact rely on a vast majority of poorly quantified ions. Here, the SWATH Replicates Analysis 2.0 template 

from Sciex was used to highlight that the relationship between the MS2 peak area and the variability can 

be described by a function. This functional relationship appears to be largely insensitive to variation in 

samples or acquisition conditions, suggesting a device-intrinsic property. By using a power regression, it 

was shown that the MS2 peak area can be used to predict the quantification repeatability without relying 

on replicate injections, thus contributing to high-throughput confident quantification of low-abundant 

signals with SWATH-MS. As proof of applicability for low-abundant proteins quantification, a Python tool 

is further built to evidence transitions with peak area falling in the area range of desired repeatability, and 

then flag peptides and proteins that integrate a certain number of such transitions. By doing so, a set of 
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highly robust quantifications with more than 10-fold variations in abundance was secured and revealed 

distinct impurity profiles in the different Ig products.  

In conclusion, developing relevant non-targeted quantitative MS screening with both relevant sensitivity, 

namely 6 orders of concentration dynamic range, and satisfactory repeatability (CV<20%) requires both 

adapted upstream sample fractionation and careful data acquisition and interpretation. Importantly, the 

two developed data acquisition and processing pipelines provide very consistent profiling of the plasma 

impurities (Chapter 6). MS thus succeeds in filling in the gap of generic and preventive quantitative 

screening of impurities, which could be performed each time a modification in the source material 

composition or fractionation process occurs. By applying MS, unexpected clinical safety and market recall 

issues linked to residuals like the 2010-2011 TEE outbreak can be thus prevented in the future.  

As outlined in Chapter 7 however, some pitfalls still remain. Label-free non-targeted MS only provides 

relative quantification and accurate sensitivity cannot be extrapolated as such from one protein to 

another. Consequently, downstream testing with absolute quantification remains necessary for proteins 

known for causing quality issues and for which a defined maximal level is allowed. MS provides the 

opportunity to perform such absolute quantification by building targeted selected reactions monitoring 

(SRM/MRM) lists and spiking labelled standards. Still, these MRM are currently conducted on MS devices 

with other specifications. Moreover, official reference standards should be available to define an 

unequivocal correspondence between activity and mass units. In the future, the release of such references 

associated to the ever-improving offer of MS devices in terms of both sensitivity and resolution might 

achieve making MS an essential and flexible tool for fine-tune characterization of biological therapeutics, 

given that consensus on harmonized protocols and data sharing and interpretation can emerge from 

collective and multi-centre efforts. 
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Door het toenemende aantal patiënten met immuniteitsaandoeningen of met auto-immuunziekten 

vormen polyvalente immunoglobulines (Ig) momenteel het belangrijkste product van de plasma-

fractionatie-industrie. De Ig-productie gebeurt door afzondering en opzuivering uit een ‘pool’ van 

meerdere duizenden plasma-donaties. Hierdoor bevatten Ig een uniek repertoire aan antilichamen tegen 

een zeer groot aantal verschillende antigenen, hetgeen bijna onmogelijk kan bekomen worden via 

recombinante moleculaire biologie-technieken. Doordat farmaceutische firma’s verplicht zijn om ‘Good 

Manufacturing Practices’ (GMP, goede praktijken van produceren) en standaardprocedures in acht te 

nemen, en doordat er tevens een strikte controle gebeurd van geneesmiddelen door de bevoegde 

autoriteiten onder de vorm van evaluatie van het registratiedossier, inspecties en 

kwaliteitscontroletesten, hebben Ig net zoals andere geneesmiddelen een zeer goed veiligheidsprofiel. 

Het Ig-productieproces is strikt gecontroleerd en de eindproducten zijn steriel. Nevenwerkingen komen 

niet veel voor en zijn eerder licht of mild en van voorbijgaande aard. Niettemin zijn vrij recent (enkele 

jaren geleden) toch meerdere problemen opgedoken met Ig. In het bijzonder waren er in 2010-2011 

meerdere gevallen van trombo-embolie (TEE) bij patiënten die met Ig behandeld werden. Onderzoek 

heeft uitgewezen dat deze TEEs veroorzaakt werden door restanten van bepaalde plasma-eiwitten die 

tijdens de Ig-productie niet of onvoldoende verwijderd waren. De Ig loten die TEEs veroorzaakten, 

bevatten een lage hoeveelheid van de coagulatiefactor FXI die niet voldoende verwijderd was tijdens de 

opzuivering. FXI is in vergelijking met andere plasma-eiwitten in zeer lage hoeveelheden aanwezig in 

humaan plasma. Aangezien plasma meerdere duizenden plasma-eiwitten bevat, betekent dit dat elk van 

deze eiwitten theoretisch gezien als restant kan aanwezig zijn in plasma-afgeleide geneesmiddelen zoals 

Ig. Sinds de toename van het aantal gevallen van TEE in 2010-2011, zijn producenten van Ig verplicht om 

bijkomende specifieke testen uit te voeren op Ig voor thrombogeniciteit en voor de hoeveelheid residuele 

FXI. Sinds deze voorvallen wordt ook steeds meer geopperd om preventieve, niet-specifieke ‘screenings’ 

uit te voeren voor de mogelijke aanwezigheid van plasma-restanten in plasma-afgeleide geneesmiddelen 

zoals Ig. Deze niet-specifieke ‘screening’ zou bijkomende veiligheid garanderen en voorkomen dat 

mogelijke ‘probleemloten’ (na waarneming van ernstige neveneffecten) van de markt moeten 

teruggeroepen worden (hetgeen steeds een moeilijk en dure onderneming is). Bovendien kunnen de 

gegevens van zulke testen mogelijks bijkomende informatie geven over eventuele ‘diversiteit’ van Ig-

producten die op de markt beschikbaar zijn. Deze thesis bestudeert de mogelijkheid om ‘proteomics’ door 

middel van massaspectrometrie (MS) te gebruiken voor de niet-specifieke ‘screening’ van plasma-

restanten in Ig. 

Hoofdstuk 1 geeft een overzicht van de hedendaagse productiemethodes van plasma-afgeleide Ig, alsook 

van de geldende richtlijnen en kwaliteitscontroletesten voor Ig. Dit deel beschrijft ook de TEE-

problematiek van 2010-2011 en benadrukt het belang van een voldoende gevoelige, niet-specifieke 

screening voor eventuele restanten of onzuiverheden in plasma-producten. 

Hoofdstuk 2 beschrijft meer in detail de huidige ‘state-of-the-art’ methodes voor MS-gebaseerde 

proteomics voor controle van plasma-afgeleide geneesmiddelen en voor niet-specifieke (kwantitatieve) 

screening. Er wordt uitgelegd welke de belangrijkste eiwit-fractionatie-technieken zijn die nodig zijn om 

de gevoeligheid van MS-methodes te verhogen. Tevens wordt een introductie gegeven over ‘untargeted’ 

MS-strategieën met ‘label-free’ relatieve kwantificatie. Voor het onderzoek van deze thesis werd gebruik 

gemaakt van ‘in solutie’ digestie met trypsine en ‘omgekeerde fase C18 microflow liquid chromatography’ 

(LC) gekoppeld met hoge resolutie QTOF-MS (TripleTOF 5600, Sciex) in ‘non-targeted’ data acquisitie 

modus. Om de toepasbaarheid na te gaan van de ontwikkelde methoden, werden stalen van 5 
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verschillende Ig loten getest: twee Ig-producten (A, B) van een eerste producent, waarvan twee 

verschillende loten (A1, A2) van product A en één lot (B) van product B; een Ig-product (C) van een tweede 

producent; en een Ig lot (D) waarvoor in 2010-2011 meerdere TEE-gevallen werden vastgesteld. 

Hoofdstuk 3 vat de doelstellingen van deze scriptie samen. Deel 1 van hoofdstuk 4 toont aan dat een 

voorbehandeling door middel van fractionatie noodzakelijk is om resterende plasma-eiwitten te kunnen 

detecteren en meten in Ig-producten. Aanrijking van plasma-onzuiverheden werd uitgevoerd ofwel door 

verwijdering van immunoglobulines (Ig) met behulp van proteïne A-proteïne G affiniteitschromatografie, 

ofwel door niet-selectieve aanrijking van lage-concentratie-restanten met behulp van een ‘combinatorial 

peptide ligand library’ (CPLL). Deze laatste methode gaf de beste resultaten: er werden meer 

onzuiverheden waargenomen en tevens kon extra toegevoegd FXI (aan 1 ng/mg) op een meer 

betrouwbare manier gedetecteerd worden. De eerste methode (Ig-depletie) heeft het nadeel dat de 

plasma-restanten veel verdund worden in de elutievloeistof van de chromatografie-stap, met als gevolg 

een hoger risico voor verlies bij de concentratiestap. Er werd echter waargenomen dat de twee 

verschillende fractionatiemethoden niet tot exact dezelfde onzuiverheden leidden. Bijkomende 

fractionatie, bijvoorbeeld Ig-depletie gevolgd door CPLL, kan daarom ook overwogen worden. Hierbij 

moet wel rekening gehouden worden met het volgende: de winst in resolutie en gevoeligheid bekomen 

door een bijkomende fractionatiestap moet in verhouding staan tot de extra kosten en tijd. Bovendien 

moet ook de herhaalbaarheid van een fractionatie-voorbehandeling goed geëvalueerd worden. De 

drempelwaarde van de biologisch relevante variatie moet hoger zijn dan de maximale technische variatie. 

Geoptimaliseerde CPLL-aanrijking gaf in deze studie goede resultaten voor het beoogde doel. Een 10-

voudige verandering werd gekozen als drempelwaarde voor de biologisch relevante variatie, aangezien 

dit meer dan 2 keer hoger was dan de hoogste variatie waargenomen voor 2 technische replica’s. 

In deel 2 van hoofdstuk 4 werd MS met data-afhankelijke acquisitiemethode (‘data-dependent 

acquisition’, DDA) toegepast voor MS1 relatieve kwantificatie. In deze modus worden enkel die MS1 ionen 

verder gefragmenteerd in MS2 ionen die een bepaalde minimale intensiteit hebben. Aangezien de MS1 

intensiteit kan schommelen ten gevolge van bijvoorbeeld kleine verschillen in hoeveelheid geladen staal 

of kleine veranderingen van de LC-retentietijd, kan elke DDA-analyse resulteren in een lichtjes 

verschillende set van peptiden voor MS2. Daarom is het noodzakelijk om meerdere injecties (hier: 

ongeveer 8) uit te voeren om de impact van deze inherente technische variabiliteit te minimaliseren en 

een maximale ‘coverage’ te verkrijgen. Een set van 16 analyses per staal (8 herhaalde injecties voor 2 CPLL 

technische replica’s) werd geëvalueerd met behulp van de ‘data alignment’ en normalisatie-software 

“Progenesis” (Waters), hetgeen resulteerde in een ‘heat map’ van ongeveer 70 residuele plasma-eiwitten 

die werden geïdentificeerd in de geteste Ig-producten. Analyse van de verschillende profielen van deze 

plasma-eiwitten toonde een toenemende graad van verscheidenheid wanneer 2 loten van hetzelfde 

product werden vergeleken, wanneer 2 verschillende producten van dezelfde producent werden 

vergeleken, en wanneer 2 producten van verschillende producenten werden vergeleken. Bovendien 

toonde het ‘TEE-positieve’ lot een duidelijk verschillend patroon in vergelijking met de andere, ‘normale’ 

loten. Dit lot vertoonde een specifiek set van bepaalde eiwitten met hogere concentratie, waaronder FXI 

maar ook enkele bloeddruk-controlerende eiwitten (fibrinogeen, angiotensinogeen, antithrombine-III, 

complement component C8…). 
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Hoofdstuk 5 beschrijft de analyse van dezelfde Ig-stalen maar nu geanalyseerd in een data-onafhankelijke 

acquisitiemethode (‘data-independent acquisition’, DIA), genaamd ‘SWATH-MS’. In deze modus wordt de 

MS1 m/z output verdeeld in opeenvolgende zogenaamde ‘m/z isolation windows’, die onafhankelijk en 

opeenvolgend gefragmenteerd en geanalyseerd worden. Dit geeft per analyse een uitgebreide set van 

MS2 ionen voor een bepaalde detectielimiet. In tegenstelling tot DDA wordt de kwantificatie bij DIA 

uitgevoerd op MS2 signalen, die normaal gezien nog meer component-specifiek zijn en die een 

betrouwbare kwantificatie toelaten over een aangepast dynamisch bereik. Signaal-extractie uit de 

complexe ‘output data’ gebeurt door vergelijking met een MS-spectra ‘bibliotheek’ die gegenereerd werd 

met hoge resolutie DDA. Voor deze studie werd een ‘in-house’ bibliotheek ontwikkeld op basis van plasma 

gefractioneerd met geoptimaliseerde CPLL, met als doel een zo groot mogelijke set van eventuele 

residuele plasma-eiwitten te bekomen. “SWATH 2.0” in “Peakview” software (Sciex) werd gebruikt voor 

analyse van referentiedata met verwerkingsinstellingen zoals aanbevolen in een recente multicenter 

studie [285]. Zoals ook in deze studie werd waargenomen, blijkt een betrouwbare kwantificatie van lage 

signalen in complexe stalen moeilijk te zijn. Eiwitten die in het eindrapport werden gekwantificeerd met 

een goede kwantitatieve variatiecoëfficiënt (CV) zijn soms gemeten aan de hand van een grote 

meerderheid aan slecht gekwantificeerde ionen. In deze studie werd de “SWATH Replicates Analysis 2.0 

template” van Sciex gebruikt om aan te tonen dat er een verband bestaat tussen de MS2 piek-oppervlakte 

en de variabiliteit. Dit verband kan in een functie beschreven worden, die relatief ongevoelig is voor 

variatie in stalen of verwerkings-condities, hetgeen suggereert dat dit een instrument-intrinsieke 

eigenschap is. Met behulp van regressieanalyse werd aangetoond dat de MS2 piek-oppervlakte gebruikt 

kan worden om de herhaalbaarheid van de kwantificatie te voorspellen zonder dat er meerdere injecties 

nodig zijn. Dit draagt bij aan de betrouwbare ‘high throughput’ kwantificatie van laagfrequente signalen 

met behulp van SWATH-MS. Als bewijs van toepasbaarheid voor kwantificatie van eiwitten die in lage 

concentratie aanwezig zijn, werd een “Python”-programma ontwikkeld om transities te analyseren met 

een piek-oppervlakte binnen het gebied van de gewenste herhaalbaarheid, en om vervolgens peptiden 

en proteïnen te identificeren die een bepaald aantal dergelijke transities integreren. Door dit uit te 

voeren, werd een set van zeer robuuste kwantificaties vastgelegd met meer dan 10-voudige variaties in 

hoeveelheid, en werden verschillende onzuiverheidsprofielen geïdentificeerd in de verschillende Ig-

producten. 

Er kan besloten worden dat voor de ontwikkeling van ‘non-targeted’ MS-screeningsmethodes met 

voldoende hoge gevoeligheid en herhaalbaarheid, zowel een aangepaste fractionatie-voorbehandeling 

van de stalen vereist is als een zorgvuldige data-acquisitie en -interpretatie. Belangrijk om te vermelden 

is dat de twee verschillende manieren van data-acquisitie (DDA en DIA) redelijk gelijklopende en 

consistente profielen van residuele plasma-eiwitten geven (hoofdstuk 6). Dit toont aan dat MS-analyse 

nuttig kan zijn voor preventieve screening van residuele plasma-eiwitten, bijvoorbeeld wanneer er 

veranderingen zijn in de oorsprong van het plasma of wanneer er aanpassingen aangebracht worden in 

het productieproces van de Ig-producten. Door toepassing van MS kunnen eventuele onverwachte 

klinische problemen en terugroeping van vrijgegeven Ig-producten, zoals bij de TEE-problematiek in 2010-

2011, mogelijks voorkomen worden in de toekomst. 
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Zoals beschreven in hoofdstuk 7, blijven er echter nog een aantal problemen en tekortkomingen. ‘Label-

free untargeted’ MS geeft enkel een relatieve kwantificatie. De gevoeligheid bekomen voor een bepaald 

eiwit kan dus ook niet zomaar geëxtrapoleerd worden naar andere eiwitten. Bijgevolg blijft het 

noodzakelijk om na de hoger beschreven MS-analyse bijkomende absolute kwantificatie uit te voeren 

voor residuele eiwitten die mogelijks een veiligheidsrisico inhouden voor patiënten en/of waarvoor per 

dosis een maximaal toegelaten limiet bestaat. MS biedt de mogelijkheid om zulke absolute kwantificatie 

uit te voeren met behulp van datasets van doelgerichte geselecteerde reactie-monitoring (SRM/MRM) en 

extra toevoeging van gemerkte standaarden. Deze MRM-analyses worden momenteel echter meestal 

uitgevoerd met andere MS-instrumenten die andere specificaties hebben. Bovendien moeten er ook 

officiële referentiestandaarden beschikbaar zijn om een eenduidige relatie te kunnen definiëren tussen 

activiteit en massa. In de toekomst kan de beschikbaarheid van zulke referentiestandaarden en van steeds 

betere en performantere MS-instrumenten op vlak van gevoeligheid en resolutie, in combinatie met 

geharmoniseerde protocollen voor data-verwerking en -interpretatie, verder bijdragen tot het gebruik 

van MS als een essentieel en flexibel hupmiddel voor een betere karakterisering van biologische 

geneesmiddelen, en in het bijzonder voor plasma-afgeleide geneesmiddelen. 
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9. Addendum 

9.1 Supporting Information Chapter 1 
Table 9.1 Ph. Eur. guidelines and tests verified by the OMCL for the batch release of Ig products. Specific guidelines for hyperimmune Ig products are in italic. Tests performed 
by the OMCL (OCABR guidelines) are in bold. 

Quality Criterion Process step Regulatory 

status 

Performed by Reference method(s) Expected value or result 

Microbiological safety 

Donors selection Plasma donation Ph. Eur. (0853) Blood establishment Epidemiological surveillance, 

donor identification, 

questionnaire, medical 

examination, laboratory blood test 

and study of medical history 

Free from detectable agents of 

infection transmissible by 

plasma-derived products 

Viral markers: 

anti-HIV-1 and 2, 

anti-HCV antibodies, 

HBsAg  

Plasma donation Ph. Eur. (0853) Blood establishment Antibodies or antigen test 

methods 

No repeat-reactive result 

Viral markers:  

anti-HIV-1 and 2 

antibodies, HBsAg, 

HCV RNA 

Plasma pool Ph. Eur. (0853), 

OCABR 

Plasma fractionator, 

OMCL 

Antibodies or antigen test 

methods, NAT testing for HCV 

(Ph.Eur. 2.6.21) 

Negative/non-reactive results 

Viral marker:  

B19 virus DNA 

Plasma pool (for 

human anti-D) 

Ph.Eur. 

(0557,1527), 

OCABR 

Plasma fractionator, 

OMCL 

NAT testing  Negative/non-reactive results  

(<10 IU/µL) 
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Infectious agents 

specific removal or 

inactivation 

Fractionation 

method 

development 

Ph. Eur. (0338, 

0918, 2788) 

Plasma fractionator heat, S/D or acid treatment, 

nanofiltration 

Implementation of at least 1 

dedicated and validated process 

step for this purpose 

Bacteria filtration Fractionation 

method 

development 

Ph. Eur. (0338, 

0918, 2788) 

Plasma fractionator Bacteria retentive sterile filter / 

Sterility Final product Ph. Eur. (0338, 

0918, 2788) 

Plasma fractionator In vitro safety test (Ph. Eur. 2.6.1) Sterile 

Antibody to HBSAg Final product Ph. Eur. (0338, 

0918, 2788) 

Plasma fractionator Immunochemical method (Ph. Eur. 

2.7.1) 

≥ 0.5 IU/g immunoglobulin  

Pyrogens or 

bacterial endotoxins 

Final product Ph. Eur. (0338, 

0918, 2788) 

Plasma fractionator In vivo test for pyrogens (Ph. Eur. 

2.6.8) or preferably validated in 

vitro endotoxin test (Ph. Eur. 

2.6.14) 

Bacterial endotoxin test: IV: < 

0.5 IU/mL (if protein content ≤ 

5%); < 1.0 IU/mL (if 5% < protein 

content ≤ 10%) IM, SC: < 5 

IU/mL 

Integrity: Immunoglobulin content and function 

Total protein Individual 

plasma units 

Ph. Eur. (0853) Blood establishment Determination of nitrogen by 

sulphuric acid digestion (Ph. Eur. 

2.5.9) 

≥ 50 g/L 

Total protein 

content 

Final product 

(except 

hyperimmune Ig) 

Ph. Eur. (0338, 

0918, 2788), 

OCABR  

Plasma fractionator, 

OMCL 

Determination of nitrogen by 

sulphuric acid digestion (Ph. Eur. 

2.5.9) 

Between 90 and 110% of the 

label-stated quantity (protein 

content in the range : ≥ 3% (IV), 

10-22% (SC) , 10-18 % (IM)) 

Diversity and 

representativeness 

Fractionation 

method 

development 

Ph. Eur. (0338, 

0918, 2788) 

Plasma fractionator / At least 1000 donors 
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(except for 

hyperimmune Ig) 

Enrichment of 1 

viral and 1 bacterial 

reference 

antibodies  

Fractionation 

method 

development 

Ph. Eur. (0338, 

0918, 2788) 

Plasma fractionator / ≥ 3x enrichment compared to 

starting plasma pool (at 5% 

protein content) 

Molecular size 

distribution 

Final product Ph. Eur. (0338, 

0918, 2788), 

OCABR  

Plasma fractionator, 

OMCL 

Size exclusion chromatography  

(Ph. Eur. 2.2.30) 

Monomer and dimer peak 

areas ≥ 85% (SC,IM) or 90% (IV) 

; Polymer and aggregates peak 

areas ≤ 10% (SC,IM) or 3% (IV) 

Anticomplementary 

activity 

Final product (IV) Ph. Eur. (0918) Plasma fractionator Complement consumption 

titration  

(Ph. Eur. 2.6.17) 

≤ 50% (1 CH50 / mg Ig) 

IgG subclasses 

distribution 

Fractionation 

method 

development 

Ph. Eur. (0338, 

0918, 2788) 

Plasma fractionator Radial immune diffusion or 

immunoprecipitation techniques 

Defined and comparable to 

physiological balance: IgG1 = 60 

%; IgG2 = 29.4 %; IgG3 = 6.6 % ; 

IgG4 = 4.2 % 

Fc function Fractionation 

method 

development (IV, 

SC) 

Ph. Eur. (0918, 

2788) 

Plasma fractionator Haemolysis reaction  

(Ph. Eur. 2.7.9) 

Not less than for reference 

preparation 

Specific antibodies level 

Immunoglobulin A 

content 

Final product Ph. Eur. (0338, 

0918, 2788) 

Plasma fractionator Immunochemical method  

(Ph. Eur. 2.7.1) 

Not greater than stated on the 

label 

Anti-A and anti-B 

hemagglutinins 

Final product 

(IV, SC) (except 

human anti-D Ig IV 

Ph. Eur. (0918, 

2788), OCABR 

Plasma fractionator, 

OMCL 

Direct agglutination method  

(Ph. Eur. 2.6.20, method B) 

Titer < 64 (at 2.5% protein 

content) 
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with content < 25 

g/L) 

Anti-D antibodies Final product 

(IV, SC) (except 

anti-D Ig 

preparations) 

Ph. Eur. (0918, 

2788), OCABR 

Plasma fractionator, 

OMCL (only IV) 

Direct agglutination method  

(Ph. Eur. 2.6.26) 

ratio to reference preparation 

(nominal titre of 8) ≤ 1 

Antibody to HAV  Final product     

(IM : if intended 

for prophylaxis of 

hepatitis A) 

Ph. Eur. (0338), 

OCABR 

Plasma fractionator, 

OMCL 

Immunoassay (Ph. Eur. 2.7.1)  ≥ stated potency ≥ 100 IU/mL 

Potency  Final product  Ph. Eur. (0557, 

1527,0769, 

1016, 0722, 

0397,0723, 

0617, 0398, 

0724), OCABR 

Plasma fractionator, 

OMCL 

Immunoassay (Ph. Eur. 2.7.1), 

haemagglutination(-inhibition) 

test (Ph. Eur. 2.7.13), and/or in 

vivo/in vitro neutralising capacity 

Anti-D: ≥ 0.9 x stated potency       

Measles, hepatitis B (IV): ≥ 

stated potency≥ 50 IU/mL         

Varicella, tetanus, hepatitis B 

(IM, SC): ≥ stated potency ≥ 100 

IU/mL                                

Hepatitis A: ≥ stated potency ≥ 

600 IU/mL                           

Rabies: 1-2 x stated potency (≥ 

150 IU/mL)       

Rubella: ≥ 4500 IU/mL 

Purity: residual composition 

Plasma cells and 

cells debris removal 

Individual 

plasma units 

Ph. Eur. (0853) Plasma units Sterile separation method  

(without adding antimicrobial agent) 

/ 

Protein 

composition: IgG 

proportion 

Final product Ph. Eur. (0338, 

0918, 2788), 

OCABR  

Plasma fractionator, 

OMCL 

Zone electrophoresis  

(Ph. Eur. 2.2.31) 

≤ 10% (SC, IM) or 5% (IV) of 

protein with mobility different 

from that of the principal band 
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Protein 

composition: IgG 

identification 

Final product Ph. Eur. (0338, 

0918, 2788) 

Plasma fractionator Immunoelectrophoresis with 

antiserum to normal human 

serum 

/ 

Virus inactivation 

substances (if used) 

residues 

Final product Ph. Eur. (0338, 

0918, 2788) 

Plasma fractionator / To be specified on the 

marketing authorization (No 

adverse effects on the patients) 

Prekallikrein 

activator 

Final product (IV) 

(except for anti-D 

Ig) 

Ph. Eur. (0918) Plasma fractionator Chromogenic assay  

(Ph. Eur. 2.6.15) 

≤ 35 IU/mL (at 3% protein 

content) 

Thrombosis-

generating agents 

removal 

Fractionation 

method 

development (IV, 

SC) 

Ph. Eur. (0918, 

2788) 

Plasma fractionator / Implementation of at least 1 

dedicated and validated process 

step for this purpose 

Coagulation factors 

and other 

procoagulant agents 

follow-up 

Fractionation 

method 

development (IV, 

SC) 

Ph. Eur. (0918, 

2788) 

Plasma fractionator / / 

Thrombogenic 

(procoagulant) 

activity 

Final product (IV, 

SC) 

Ph. Eur. (0918, 

2788) 

Plasma fractionator / No activity 

Physico-chemical properties 

Solubility  Final product (if 

freeze-dried) 

Ph. Eur. (0338, 

0918, 2788), 

OCABR 

Plasma fractionator, 

OMCL 

Reconstitution (Ph. Eur. 0918) Complete dissolution within 20 

(IM, SC) to 30 (IV) min at 20-

25°C (with stated diluent 

volume) 

pH Final product Ph. Eur. (0338, 

0918, 2788) 

Plasma fractionator pH meter (Ph. Eur. 2.2.3) 4.0 - 7.4 (IV) 
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4.6 - 7.2 (SC)                  5.0 - 7.2 

(IM) 

Water content Final product Ph. Eur. (0338, 

0918, 2788) 

Plasma fractionator Semi-micro determination (Ph. 

Eur. 2.5.12), loss on drying (Ph. 

Eur. 2.2.32) or near-infrared 

spectroscopy (Ph. Eur. 2.2.40) 

Within stated limits 

Osmolality  Final product (IV) 

(except for 

hyperimmune Ig) 

Ph. Eur. (0918) Plasma fractionator Osmometer (Ph. Eur. 2.2.35) ≥ 240 mosmol/kg 

Formulation & labelling 

Anticoagulant Plasma donation Ph. Eur. (0853) Blood establishment / To be specified on the PMF 

(appropriated mixing) 

Stabilizing agent Fractionation 

method 

development 

Ph. Eur. (0338, 

0918, 2788) 

Plasma fractionator / To be specified on the 

marketing authorization (no 

deleterious effect) 

Antimicrobial 

preservative 

Final product 

(multi-dose IM) 

Ph. Eur. (0338) Plasma fractionator / To be specified on the 

marketing authorization (no 

deleterious effect) 

Product Labelling Final product Ph. Eur. (0338, 

0918, 2788) 

Plasma fractionator / protein content, amount of Ig, 

administration route, IgG 

subclasses distribution, the max 

IgA content. If applicable: 

reconstitution instructions, 

amount of albumin as stabilizer, 

name and amount of 

antimicrobial preservative, anti-

HAV activity if intended for 

hepatitis A prophylaxis, number 

of IU per container if specific Ig  
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Tolerance 

In vivo tolerance Fractionation 

method 

development 

Ph. Eur. (0338, 

0918, 2788) 

Plasma fractionator Tests in animals and clinical trials 

evaluation 

Tolerance with the labelled 

administration route 

Traceability 

Records of donors 

and donations 

traceability 

Plasma donation Ph. Eur. (0853) Blood establishment 

& plasma 

fractionator 

Labelling The origin and acceptance 

procedure of each donation in a 

plasma pool is known 

Plasma pool 

traceability 

Plasma pool OCABR OMCL Plasma master file & protocol 

submission 

Information about collection 

procedure, testing, handling 

and transportation of the 

plasma for fractionation 

Ig product 

traceability 

Final product OCABR OMCL Protocol submission Information about production 

steps and controls as outlined 

in the Marketing Authorisation 

and the relevant Ph. Eur. 

Monographs 

Stability 

Cold chain Plasma donation Ph. Eur. (0853) Blood establishment Freezing apparatus For the recovery of labile 

compounds: <-25°C at the core 

of each plasma within 12h. For 

the recovery of stable 

compounds: <-20°C within 24 

(source plasma) or 72 

(recovered plasma) hours 

Labile proteins 

conservation 

Plasma donation Ph. Eur. (0853) Blood establishment Coagulation factor VIII Activity 

assay (Ph. Eur. 2.7.4) 

≥ 0.7 IU/mL 
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Cold chain Plasma storage 

and transport 

Ph. Eur. (0853), 

OCABR 

Blood establishment, 

OMCL 

Freezing apparatus <-20°C 

Plasma appearance Plasma pool Ph. Eur. (0853) Blood establishment Visual inspection Clear or slightly turbid liquid, 

from light yellow to green 

Appearance  Final product Ph. Eur. (0338, 

0918, 2788), 

OCABR 

Plasma fractionator, 

OMCL 

Visual inspection liquid: clear and colourless; 

freeze-dried: white hygroscopic 

powder 

Final product 

stability 

Fractionation 

method 

development 

Ph. Eur. (0338, 

0918, 2788) 

Plasma fractionator / Stable within the specified shelf 

life 

Product storage Final product Ph. Eur. (0338, 

0918, 2788) 

Plasma fractionator, 

practitioner 

/ Liquid : colourless glass 

container, protected from light, 

at labelled temperature  Freeze-

dried : airtight colourless glass 

container, protected from light, 

at temperature ≤ 25°C 
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Figure 9.2 Overview of the blood coagulation cascade and its main components (adapted from [327]) 

Figure 9.1 Protein concentration dynamic range and percentage in plasma.  
22 most abundant proteins represent about 99% of the total protein content, while remaining 1% represent thousands of 
proteins (pie charts are reproduced from [325] and graph from [326]) 
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9.2 Supporting Information Chapter 4 

 

Figure 9.3 Number (mean ± SD, n=8) of (non-IgG) plasma proteins identified in Ig sample (product A1) depending on sample 
amount fractionated, either with protein G – protein A affinity depletion or CPLL enrichment. (Each sample was injected eight 
times on LC-MS/MS.) Mann-Whitney U test was used to compare the different loads for each technique (for depletion, the 
load of 2mL is taken as reference). ** indicates p-value < 0.01, * indicates p-value between 0.01 and 0.05. 

 

Figure 9.4 Optimization of CPLL enrichment, considering mean number ± SD (n=16) of non-IgG plasma protein identifications 
found for each protocol variant in Ig product (A1) spiked with FXIa 1ng/mg. Each protocol variant was tested twice and each 
time injected 8 times on LC-MS/MS, giving a total of 16 runs per condition. ** indicates Mann-Whitney U test p-value < 0.01, 
* indicates p-value between 0.01 and 0.05. (The capture at pH7 – NaCl 150 mM / normal elution is taken as reference.) 

Remarks: 
- Large capacity (1mL load) ProteoMinerTM spin columns were always used, except when CPLL was preceded by depletion. In 
this case, small capacity (200µL load) spin columns were used, in order to maintain required concentration (≥ 50 mg/mL) 
- In case of multistep (“sequential”) elution, eluted fractions can be injected either apart or pooled (maintaining always 2 µg 
per injection). Those two ways of injecting did not exhibit significantly different results (p-value>0.05, m=4, where m is a series 
of 4 injections, either 1 injection of each fraction, either 4 injections of pooled fractions). Here, fractions obtained with 
sequential elution were always pooled before injection. 
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Table 9.2 List of identified (non-IgG) plasma proteins in product A1, depending on the sample fractionation technique. Each 
fractionation was tested twice and each time injected 8 times on LC-MS/MS, giving a total of 16 runs per condition. X denotes 
identification with at least 2 unique peptides and Mascot score ≥ 50 while (X) denotes identification with only 1 unique peptide 
but with Mascot score ≥ 80. 

Protein 

Ig 
depletion 

CPLL enrichment 

Protein G – 
Protein A 

affinity 
chromatog

raphy 

Capture at 
pH7 – NaCl 
150 mM / 

single 
elution 

Capture at 
pH7 – NaCl 
150 mM / 
sequential 

elution 

Capture at 
pH7 – NaCl 

50 mM / 
On-bead 
digestion 

Capture at 
3 pH 

(7,4,9.3) –/ 
On-bead 
digestion 

Capture at 
pH7 – NaCl 
150 mM / 

Single 
elution. 

PRECEDED 
by Ig 

DEPLETION 

Adenosine deaminase X X X (X)  X 

Albumin X X X X  X 

Alpha-2-HS-glycoprotein    (X)   

Antileukoproteinase   (X)    

Antithrombin-III  X    X 

Apolipoprotein H X X X   X 

ATP-dependent RNA 
helicase DHX29 

 (X)     

Catalase X X X X  X 

CD5 antigen-like      X 

Complement C1q subunit A  X X   (X) 

Complement C1q subunit B  X X   X 

Complement C1q subunit C  X X   X 

Complement C2 X X X   (X) 

Complement C3  X X    

Complement C4-A(B)   X (X) (X) X 

Complement component C6 X X X   X 

Complement component C7  (X) (X)   (X) 

Complement component C8 
gamma chain 

 (X) (X)   X 

Complement factor B X X X   X 

Complement factor I X (X) (X)   X 

Fibrinogen alpha-chain   X   X 

Gelsolin X X X X  X 

Hemopexin      X 

Hepatocyte growth factor-
like protein 

 X X (X)  X 

Ig alpha-1 chain C region X X X X X X 

Ig alpha-2 chain C region      X 

Ig delta chain C region  X X   X 
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Ig mu chain C region (X) X X   X 

Lysozyme C  X X X X X 

Methionine 
adenosyltransferase 2 
subunit beta 

    (X)  

Macrophage receptor 
MARCO 

     X 

Pepsin A  (X) (X)    

Peroxiredoxin-1      X 

Plasma kallikrein X X X (X) (X) X 

Plasma serine protease 
inhibitor 

(X)     X 

Properdin X X X   X 

Proteoglycan 4  X X X   

Ribonuclease pancreatic    (X)    

Serotransferrin X X X X X X 

SH3 domain-containing 
protein 21 

   (X)   

Synaptogamin-like protein 4  (X) (X) (X)  X 

Thrombospondin-4  (X) (X)   X 

Total 15 29 31 14 6 33 
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Table 9.3 MS precursors normalized abundances calculated with Progenesis of (non-IgG) plasma proteins in two batches from IVIg product A [A1 and A2], two other IVIg 
products, one from the same manufacturer [B], one from another [C] and a TEE-positive ScIg batch [D]. A1 and A2 are spiked with FXIa 0.2 ng/mg Ig. Each sample was enriched 
with Proteominer large capacity – sequential elution and desalted with protein precipitation (two technical replicates, T1 and T2). Each technical replicate was injected 8 times, 
giving a total of 16 runs per sample. Progenesis was used to calculate MS precursors normalized abundances. MS/MS spectra of those precursors were exported as MGF file 
to be searched in Mascot. Confidence score above 50 and at least 1 unique peptide were requested as identity threshold. * denotes single unique peptide matches. 

Sample  

Product A - 
batch 1 - FA11 
0.2ng/mg 
spiked 

Product A - 
batch 2 - FA11 
0.2ng/mg 
spiked 

Product B Product C 
Product D – 
TEE-positive 
batch 

Uniprot 
entry 

Protein name T1 T2 T1 T2 T1 T2 T1 T2 T1 T2 

CECR1 Adenosine deaminase CECR1 1099 385 338 370 35 29 28 23 102 80 

AFAM Afamin 666 502 510 653 587 501 59812 38382 667 692 

A1AG1 Alpha-1-acid glycoprotein 1 184 163 160 277 145 173 2640 1878 356 321 

A1AG2 Alpha-1-acid glycoprotein 2 * 0 1 0 53 0 0 300 250 0 2 

AACT Alpha-1-antichymotrypsin 54 21 24 38 10 20 971 685 29 12 

A1AT Alpha-1-antitrypsin 19 9 20 27 42 46 139 93 1961 1940 

A1BG Alpha-1B-glycoprotein 8420 4979 2138 2047 5266 5618 15348 10673 2410 4741 

FETUA Alpha-2-HS-glycoprotein 73 56 141 159 374 149 39851 28053 120 110 

A2MG Alpha-2-macroglobulin 2186 1267 946 865 1539 1846 1208 803 32140 30400 

APC5 Anaphase-promoting complex subunit 5 * 98 86 55 55 75 97 83 59 41 49 

ANGT Angiotensinogen * 0 0 1 1 2 0 0 0 136 152 

SLPI Antileukoproteinase 190 100 10 64 6 7 16 19 4 4 

ANT3 Antithrombin-III 755 328 166 271 731 803 462 334 6151 6199 

APOA2 Apolipoprotein A-II 52 20 118 73 1 1 15482 10208 94 109 

APO1B Apolipoprotein C-I, basic form (Fragment) * 1 1 2 0 0 1 536 254 0 1 

APOH Beta-2-glycoprotein 1 5050 7023 2931 4316 112 153 10689 6538 3958 4881 

CATA Catalase 1427 1749 2219 2301 78 26 55 35 666 505 

CD5L CD5 antigen-like 1148 576 435 503 27803 30276 341 298 29847 29680 

FA11 Coagulation factor XI 821 1482 17 37 21 15 30 19 2152 1742 

CC148 Coiled-coil domain-containing protein 148 1673 1520 1428 1547 2009 2013 1531 1059 1531 1463 

C1QB Complement C1q subcomponent subunit B 736 1095 1254 1205 135 70 442 242 619 687 



Addendum 

 
 

144 

C1QC Complement C1q subcomponent subunit C 661 903 1010 1006 78 67 769 525 611 542 

CO2 Complement C2 550 515 334 599 144 150 289 180 416 333 

CO3 Complement C3 4029 3812 2852 7756 1871 907 12632 7454 1879 967 

CO4A Complement C4-A 4151 1728 3643 11507 319 202 2629 1519 158 143 

CO8A Complement component C8 alpha chain 167 156 48 68 46 51 646 252 1965 1874 

CO8B Complement component C8 beta chain 87 101 72 80 699 630 87 64 2274 2180 

CO8G Complement component C8 gamma chain 563 555 179 181 88 135 123 111 9611 9214 

CFAB Complement factor B 895 711 1779 3305 303 298 5250 3751 3356 3144 

CFAI Complement factor I 87 75 30 53 43 31 7 10 4015 2791 

ENPP2 Ectonucleotide 
pyrophosphatase/phosphodiesterase 
family member 2 * 

1 2 6 5 5 4 2 0 172 184 

HMCES Embryonic stem cell-specific 5-
hydroxymethylcytosine-binding protein * 

116 118 112 117 99 96 92 58 68 85 

FETUB Fetuin-B * 3 4 2 1 7 4 48 25 51 41 

FIBA Fibrinogen alpha chain 406 236 207 85 86 167 596 378 8641 6755 

FIBB Fibrinogen beta chain 129 85 153 78 123 121 178 147 6498 4078 

FIBG Fibrinogen gamma chain 326 298 195 131 409 308 405 308 14330 9800 

FCN3 Ficolin-3 823 671 1124 2652 820 1033 1091 588 20368 18749 

FLNC Filamin-C * 214 205 156 179 141 160 178 106 179 176 

GELS Gelsolin * 14 18 21 5 15 21 48 28 327 362 

GOGA7 Golgin subfamily A member 7 608 535 539 404 1185 1183 419 300 809 898 

HPT Haptoglobin 3 2 103 70 3 8 33225 21491 70 63 

HBB Hemoglobin subunit beta 12 3 70 83 1 1 5024 3247 94 91 

HEMO Hemopexin 1308 1329 2718 3165 4918 4271 285233 191641 40356 39255 

HGFL Hepatocyte growth factor-like protein 966 1317 91 184 109 112 820 579 2695 2969 

IGHA1 Ig alpha-1 chain C region 27290 18681 9723 13094 367159 397029 4203 957 232117 256744 

IGHA2 Ig alpha-2 chain C region 516 101 67 73 22090 30458 343 181 12173 13508 

IGHD Ig delta chain C region 181 176 88 185 1280 1299 57 37 1651 1468 

IGHM Ig mu chain C region  23510 10122 3602 2857 525279 528370 4957 3556 507065 516447 

MUCB Ig mu heavy chain disease protein * 2344 644 5176 7719 37030 45610 5984 551 31432 27676 
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IGJ Immunoglobulin J chain 2363 796 371 466 43372 52536 275 198 41598 47292 

IGLL5 Immunoglobulin lambda-like polypeptide 5 386344 344550 345564 345333 336746 339915 340526 217619 324876 313261 

ITIH4 Inter-alpha-trypsin inhibitor heavy chain H4 
* 

0 0 0 0 0 0 0 0 228 296 

FCG3A Low affinity immunoglobulin gamma Fc 
region receptor III-A 

434 499 287 384 3748 3055 840 580 389 400 

LYSC Lysozyme C 50995 25888 21126 43848 157 196 10126 5815 261 199 

PGRP2 N-acetylmuramoyl-L-alanine amidase 22 33 83 28 2 3 1862 1064 6 12 

NEUL Neurolysin, mitochondrial * 171 121 156 381 0 3 3 5 0 0 

PEPA_
PIG 

Pepsin A * 264 389 228 318 2 1 181 104 5 5 

KLKB1 Plasma kallikrein 29060 57379 14738 20369 4315 2556 2568 1619 14863 14449 

IC1 Plasma protease C1 inhibitor 1415 1535 2936 4577 1708 1697 209990 133559 2257 1696 

PROP Properdin 9951 3103 635 1880 162 74 73 46 222 248 

BROMI Protein broad-minded 1408 1186 754 717 1640 1403 228 301 1191 1105 

TRFE Serotransferrin 8843 12891 11996 12441 1894 1156 1293 884 8189 7144 

ALBU Serum albumin 73674 75462 155190 251367 57731 33141 7563012 4966755 185631 236394 

TTHY Transthyretin 603 784 1329 2392 461 361 76552 44583 375 791 

CS068 Uncharacterized protein C19orf68 4030 3532 2983 3168 5001 4961 3477 2261 4512 4695 

UACA Uveal autoantigen with coiled-coil domains 
and ankyrin repeats protein * 

185 235 287 218 244 232 420 272 390 538 

 

  



Addendum 

 
 

146 

9.3 Supporting Information Chapter 5 
  

Figure 9.5 Heatmap of mean SWATH abundances of (non-IgG) plasma proteins in five different Ig products, as reported in 

Peakview automatic results. Tested products include two batches from IVIg product A (A1 and A2) and two other IVIg products, 

one from the same manufacturer (B), one from another (C) and finally a TEE-positive ScIg batch (D). A1 and A2 are spiked with 

FXIa 0.2 ng/mg Ig. Each sample was enriched using CPLL strategy (two technical replicates, T1 and T2) and each fractionated 

sample was injected three times. Heatmap was generated in Qlucore Omics Explorer, with data normalization for each protein 

across the five tested samples (mean=0, variance=1) and hierarchical clustering option. 
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Table 9.4 List of the proteins (alphabetical order) for which spectral information is indexed in each of the used libraries (FDR 
<1%, shared peptides excluded). Refer to the Material & method section of Chapter 5 for libraries generation details. 

The Excel file is downloadable using the following Dropbox link:  

https://www.dropbox.com/sh/yvmdgjxe9ck5jrv/AACgSqm00rfmUnF5tDRFEH1ca?dl=0 

 

Table 9.5 Automatic results with Peakview SWATH 2.0 processing. Sample is fractionated Ig (A1) spiked with FXIa 1ng/mg. 
Three different libraries were tested: (i) homologous fractionated Ig (ii) in-house fractionated plasma source material and (iii) 
external fractionated plasma. Two examples of proteins quantified with CV<20% in spite of poorly reproducible peptides and 
ions integration. 

Two examples of proteins quantified with CV<20% 
in spite of poorly reproducible peptides and ions integration 

Protein Peptide Ions 

Name CV Peak 
Area 

Name CV Peak 
Area 

Name CV Peak 
Area 

FIBG 0.09 5620 IHLISTQSAIPY 0.80 2018 b10 0.78 535 

b9 0.84 1209 

b7 1.20 163 

b8 1.73 75 

b4 1.73 18 

b6 1.73 17 

LTIGEGQQHHLGGAK 0.39 1036 y12 0.91 46 

y10 1.73 167 

y8 0.00 110 

b10 1.33 483 

b11 1.00 0 

y11 0.72 231 

HAGHLNGVYYQGGTYSK 0.10 484 y9 1.00 55 

b8 0.43 179 

y8 0.35 92 

y7 1,00 0 

b7 0.49 126 

b9 0.88 33 

TVQIHDITGK 1.00 2082 y8 0.87 458 

y7 1.27 97 

y6 1.14 412 

b5 0.97 57 

b8 0.73 254 

b6 1.55 805 

ITIH4 0.12 44194 ANTVQEATFQMELPK 0.29 3838 y10 1.05 290 

y9 0.87 597 

y8 0.62 600 

y7 0.86 218 

https://www.dropbox.com/sh/yvmdgjxe9ck5jrv/AACgSqm00rfmUnF5tDRFEH1ca?dl=0
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y6 0.81 1536 

y5 0.68 597 

AGFSWIEVTFK 1.03 2308 y6 0.97 1047 

y8 1.62 382 

y7 1.61 604 

b9 1.73 45 

y9 0.44 73 

y10 1.56 157 

ETLFSVMPGLK 0.13 16479 y8 0.21 4418 

y7 0.03 4149 

y9 0.24 1122 

y6 0.36 1747 

y10 0.20 1047 

y4 0.22 3996 

TGLLLLSDPDK 0.76 2751 y7 0.84 697 

y6 0.98 633 

y8 0.80 575 

y9 0.99 206 

y10 0.93 119 

y5 0.69 521 

ITFELVYEELLKR 0.63 1444 y7 0.87 37 

y8 1.00 55 

y6 0.83 962 

y11 0.65 128 

y9 0.87 110 

y5 0.63 153 

GIDIYSLTVDSR 1.18 3550 y8 0.87 373 

y7 1.42 2245 

y10 1.73 4 

y6 0.74 260 

y9 1.03 366 

y5 1.32 302 

TSMVVTKPDDQEQSQVAEKPME
GESR 

0.78 1372 y10 0.90 281 

y19 1.17 333 

y9 1.73 151 

y11 1.00 0 

y21 1.00 0 

y22 0.93 608 

FKPTLSQQQK 0.22 570 y8 0.43 73 

b8 1.03 58 

y7 0.92 46 

y6 0.47 225 

y5 1.15 149 
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b9 1.73 18   
 YFAPEGLTTMPK 

 
0.82 4640 y9 1.63 2411 

y10 0.87 358 

y7 1.71 1117 

y8 1.73 333 

y6 1.18 173 

y11 0.69 249 

DQFNLIVFSTEATQWR 1.55 4403 y9 1.46 902 

y10 1.35 479 

b5 1.61 808 

y4 1.51 761 

b4 1.56 266 

b8 1.70 1187 

SIQNNVR 0.12 2836 y5 0.16 2544 

y4 0.87 37 

y6 0.87 37 

b6 0.91 31 

b5 1.73 37 

b4 0.61 151 

 

Table 9.6 Example of CV predictability using the MS2 peak area: predicted 80th percentile CV 

The Excel file is downloadable using the following Dropbox link:  

https://www.dropbox.com/sh/yvmdgjxe9ck5jrv/AACgSqm00rfmUnF5tDRFEH1ca?dl=0 
 

Table 9.7 Example of CV predictability using the MS2 peak area: Predicted peak area from which at least 80% of the data has 
a CV<20% 

The Excel file is downloadable using the following Dropbox link:  

https://www.dropbox.com/sh/yvmdgjxe9ck5jrv/AACgSqm00rfmUnF5tDRFEH1ca?dl=0 

Table 9.8. Flagged (non-IgG) protein quantifications (number of flagged peptides, mean, CV) in the five tested Ig products. 
Those include: two IVIg products from a first manufacturer, including two different batches from one of the two products 
(A1, A2 and B), one IVIg product from another manufacturer (C) and one TEE-positive batch from ScIg product (D). Flagged 
peptides include at least two ions with a peak area in the high reproducibility range (here 2e4-1e6). 

Product Flagged (non-IgG) protein Number of 
flagged 
peptides 

Mean 
abundance 

CV 

A1 (T1) sp|P01871|IGHM_HUMAN 7 1.65E+06 0.07 

sp|P03952|KLKB1_HUMAN 4 1.36E+06 0.07 

sp|P01876|IGHA1_HUMAN 3 1.25E+06 0.09 

sp|P61626|LYSC_HUMAN 2 4.88E+05 0.07 

sp|P02787|TRFE_HUMAN 1 3.95E+05 0.06 

sp|P02749|APOH_HUMAN 1 2.10E+05 0.09 

https://www.dropbox.com/sh/yvmdgjxe9ck5jrv/AACgSqm00rfmUnF5tDRFEH1ca?dl=0
https://www.dropbox.com/sh/yvmdgjxe9ck5jrv/AACgSqm00rfmUnF5tDRFEH1ca?dl=0
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sp|P02768|ALBU_HUMAN 1 8.31E+05 0.21 

A1 (T2) sp|P02768|ALBU_HUMAN 31 7.60E+05 0.16 

sp|P03952|KLKB1_HUMAN 18 2.12E+06 0.03 

sp|P01871|IGHM_HUMAN 11 8.39E+05 0.08 

sp|P01876|IGHA1_HUMAN 3 9.32E+05 0.13 

sp|P61626|LYSC_HUMAN 2 5.69E+05 0.05 

sp|P02647|APOA1_HUMAN 1 8.79E+04 0.52 

sp|P02787|TRFE_HUMAN 1 4.73E+05 0.1 

sp|P01877|IGHA2_HUMAN 1 1.32E+05 1.47 

sp|P02749|APOH_HUMAN 1 2.76E+05 0.05 

A2 (T1) sp|P02768|ALBU_HUMAN 40 3.36E+06 0.02 

sp|P03952|KLKB1_HUMAN 16 4.96E+05 0.01 

sp|P01876|IGHA1_HUMAN 3 2.82E+05 0.34 

sp|P61626|LYSC_HUMAN 2 5.03E+05 0.06 

sp|P04114|APOB_HUMAN 1 1.12E+05 0.57 

sp|P02749|APOH_HUMAN 1 1.11E+05 0.04 

sp|P01011|AACT_HUMAN 1 7.01E+04 1.15 

sp|B9A064|IGLL5_HUMAN 1 3.54E+06 0.02 

A2 (T2) sp|P02768|ALBU_HUMAN 15 3.43E+06 0.06 

sp|P03952|KLKB1_HUMAN 3 8.12E+05 0.11 

sp|P01876|IGHA1_HUMAN 3 4.70E+05 0.21 

sp|P61626|LYSC_HUMAN 2 5.18E+05 0.11 

sp|P02749|APOH_HUMAN 1 1.65E+05 0.09 

sp|P01871|IGHM_HUMAN 1 1.02E+05 0.4 

B (T1) sp|P02768|ALBU_HUMAN 35 1.83E+06 0.40 

sp|P01871|IGHM_HUMAN 16 3.09E+07 0.04 

sp|P01876|IGHA1_HUMAN 6 1.50E+07 0.05 

sp|P02790|HEMO_HUMAN 1 1.24E+05 0.04 

sp|P08571|CD14_HUMAN 1 2.42E+04 1.03 

sp|P02760|AMBP_HUMAN 1 9.15E+04 0.02 

sp|P01591|IGJ_HUMAN 1 1.19E+06 0.03 

sp|P01877|IGHA2_HUMAN 1 7.91E+05 0.05 

sp|P01009|A1AT_HUMAN 1 1.12E+05 0.23 

sp|B9A064|IGLL5_HUMAN 1 1.90E+06 0.88 

B (T2) sp|P01871|IGHM_HUMAN 11 2.47E+07 0.07 

sp|P02768|ALBU_HUMAN 9 1.81E+06 0.45 

sp|P01876|IGHA1_HUMAN 3 1.38E+07 0.06 

sp|P02760|AMBP_HUMAN 1 7.05E+04 0.81 

sp|P01591|IGJ_HUMAN 1 9.23E+05 0.04 

sp|P01877|IGHA2_HUMAN 1 4.99E+05 0.05 

C (T1) sp|P02768|ALBU_HUMAN 43 8.71E+07 0.04 

sp|P02790|HEMO_HUMAN 13 5.90E+06 0.06 

sp|P00738|HPT_HUMAN 10 7.72E+06 0.06 
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sp|P05155|IC1_HUMAN 8 4.04E+06 0.08 

sp|P04217|A1BG_HUMAN 5 6.79E+05 0.1 

sp|P02766|TTHY_HUMAN 4 1.62E+06 0.07 

sp|P43652|AFAM_HUMAN 4 9.51E+05 0.08 

sp|P02652|APOA2_HUMAN 2 5.08E+05 0.06 

sp|P02765|FETUA_HUMAN 2 4.74E+05 0.06 

sp|P68871|HBB_HUMAN 2 2.95E+05 0.07 

sp|P19652|A1AG2_HUMAN 1 9.62E+04 0.08 

sp|P00751|CFAB_HUMAN 1 4.18E+05 0.08 

sp|P01876|IGHA1_HUMAN 1 8.93E+04 1.21 

sp|P04114|APOB_HUMAN 1 1.18E+05 0.5 

sp|P02749|APOH_HUMAN 1 3.52E+05 0.04 

sp|Q9NQ79|CRAC1_HUMAN 1 7.70E+04 0.73 

sp|B9A064|IGLL5_HUMAN 1 3.95E+06 0.04 

sp|P61626|LYSC_HUMAN 1 2.35E+05 0.1 

sp|P01024|CO3_HUMAN 1 2.17E+05 0.09 

C (T2) sp|P02768|ALBU_HUMAN 43 8.53E+07 0.03 

sp|P00738|HPT_HUMAN 11 7.94E+06 0.04 

sp|P02790|HEMO_HUMAN 11 5.97E+06 0.1 

sp|P05155|IC1_HUMAN 9 5.16E+06 0.03 

sp|P04217|A1BG_HUMAN 5 6.76E+05 0.07 

sp|P02766|TTHY_HUMAN 4 1.42E+06 0.02 

sp|P43652|AFAM_HUMAN 4 9.70E+05 0.04 

sp|P02652|APOA2_HUMAN 2 5.18E+05 0.06 

sp|P02765|FETUA_HUMAN 2 4.62E+05 0.05 

sp|P68871|HBB_HUMAN 2 3.05E+05 0.05 

sp|P19652|A1AG2_HUMAN 1 1.34E+05 0.07 

sp|P00751|CFAB_HUMAN 1 4.43E+05 0.09 

sp|P02760|AMBP_HUMAN 1 7.22E+04 0.04 

sp|P01876|IGHA1_HUMAN 1 7.95E+04 1.28 

sp|P02749|APOH_HUMAN 1 3.47E+05 0.07 

sp|Q9NQ79|CRAC1_HUMAN 1 1.77E+05 0.84 

sp|B9A064|IGLL5_HUMAN 1 4.10E+06 0.05 

sp|P61626|LYSC_HUMAN 1 2.20E+05 0.05 

sp|Q12805|FBLN3_HUMAN 1 5.57E+04 0.77 

sp|P01024|CO3_HUMAN 1 1.56E+05 0.12 

D (T1) sp|P01023|A2MG_HUMAN 28 1.13E+07 0.03 

sp|P02768|ALBU_HUMAN 21 8.96E+06 0.01 

sp|P02790|HEMO_HUMAN 12 2.32E+06 0.02 

sp|P01871|IGHM_HUMAN 11 3.05E+07 0.03 

sp|P03952|KLKB1_HUMAN 5 1.28E+06 0.06 

sp|P01008|ANT3_HUMAN 4 4.50E+05 0.03 

sp|O75636|FCN3_HUMAN 3 8.19E+05 0.02 
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sp|P01876|IGHA1_HUMAN 3 1.00E+07 0.04 

sp|P02679|FIBG_HUMAN 3 7.31E+05 0.03 

sp|P01009|A1AT_HUMAN 2 6.67E+05 0.03 

sp|P01019|ANGT_HUMAN 2 3.36E+05 0.09 

sp|P03951|FA11_HUMAN 2 5.14E+05 0.07 

sp|P06396|GELS_HUMAN 2 5.77E+05 0.07 

sp|P07360|CO8G_HUMAN 2 4.64E+05 0.1 

sp|P07358|CO8B_HUMAN 1 2.58E+05 0.03 

sp|P02675|FIBB_HUMAN 1 7.06E+05 0.04 

sp|Q14624|ITIH4_HUMAN 1 1.20E+05 0.01 

sp|P05156|CFAI_HUMAN 1 2.25E+05 0.03 

sp|P02671|FIBA_HUMAN 1 4.10E+05 0.17 

sp|P00751|CFAB_HUMAN 1 3.88E+05 0.07 

sp|P20742|PZP_HUMAN 1 2.16E+05 0.03 

sp|P01591|IGJ_HUMAN 1 1.15E+06 0.07 

sp|P01880|IGHD_HUMAN 1 8.30E+04 0.03 

sp|P02749|APOH_HUMAN 1 2.74E+05 0.05 

sp|P01877|IGHA2_HUMAN 1 5.22E+05 0.05 

sp|B9A064|IGLL5_HUMAN 1 4.93E+06 0.1 

D (T2) sp|P01023|A2MG_HUMAN 28 1.09E+07 0.02 

sp|P02768|ALBU_HUMAN 21 8.16E+06 0.03 

sp|P02790|HEMO_HUMAN 12 1.85E+06 0.11 

sp|P01871|IGHM_HUMAN 10 2.72E+07 0.03 

sp|P03952|KLKB1_HUMAN 5 1.04E+06 0.03 

sp|P01008|ANT3_HUMAN 3 3.12E+05 0.15 

sp|P01876|IGHA1_HUMAN 3 9.01E+06 0.02 

sp|P07360|CO8G_HUMAN 3 4.85E+05 0.02 

sp|O75636|FCN3_HUMAN 2 6.71E+05 0.03 

sp|P01009|A1AT_HUMAN 2 5.65E+05 0.06 

sp|P03951|FA11_HUMAN 2 4.19E+05 0.08 

sp|P01591|IGJ_HUMAN 1 1.12E+06 0.01 

sp|P01877|IGHA2_HUMAN 1 4.09E+05 0.03 

sp|P02671|FIBA_HUMAN 1 3.15E+05 0.11 

sp|P02749|APOH_HUMAN 1 2.44E+05 0.04 

sp|P06396|GELS_HUMAN 1 5.07E+05 0.05 

sp|P20742|PZP_HUMAN 1 2.01E+05 0.03 

 

 

 

 



Addendum 

 
 

153 

Note 9.1 External fractionated plasma library generation details. 

Sample. 1mg human serum (estimate 80mg/ml; Seralabs Human serum) was denatured with 6.4M Urea/10mM DTT/50mM Tris 
(pH 8) at 56°C for 45min and then alkylated with 25mM IAA for 30min in the dark at RT. Sample was diluted to 1ml with 20mM 
Tris (pH 8) and digested at 1:20 with trypsin (Promega sequencing grade) overnight at 30°C.  

2D LC Fractionation. 100µg of total digest was fractionated using high pH reverse phase chromatography using a Shimadzu 
Nexera system (UV detection at 214nm). A Durashell RP column (250 x 4.6mm, 5µm, Agela Technologies) operating at 1 mL/min 
was used, running a gradient of 2 – 90% acetonitrile in 2mM ammonium hydroxide. 15 fractions were collected every 2 min and 
dried down.  

1D LC-MS/MS Chromatography. Prior to the LC-MS injection, fractions were reconstituted into 40 µl 5% acetonitrile/0.1% FA 
with HRM peptides (Biognosys). 8 µl of each fraction (5% of digested fraction, ~3-5 µg on column) was then separated using low 
pH reverse phase gradient on the NanoLC™ 425 system operating in microflow mode. A Triart C18 150 x 0.3mm column (YMC) 
was used at 5 µL/min flow rate with a 45 min gradient from 2-40% acetonitrile in 0.1% formic acid for a total run time of 1 hour 
per fraction. The eluent was analysed using the TripleTOF® 6600 system equipped with a DuoSpray™ Source and a 25 µm ID 
hybrid electrode. Data dependent acquisition was performed with 30 MS/MS per cycle, each with 40 msec accumulation.  

Data Processing. All DDA data was processed using ProteinPilot™ Software 5.0, all in one large search. Identification results were 
visualized from the full ProteinPilot reports that were automatically created. 

Library generation. Library was generated with PeakView® 2.2 Software /SWATH® acquisition micro app 2.0 by importing the 
previously created ProteinPilot group file. All peptide and protein information at 1% global FDR level were imported and saved 
as text file. 
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Activities 

Writer for independent music webzine La Vague Parallèle 

Organiser of live music events 
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committee at the University Students Orchestra OSEL. 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

 


