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ABTRACT 

The presence of thousands of autoantibodies (aABs) in the human sera is 

typical, and therefore it is possible to identify an aAB profile for each individual.  In 

the first part of this thesis, we will show the cerebrospinal fluid also exhibits an 

extraordinarily complex immunoglobulin G aAB profile that is composed of thousands 

of aABs.  We show that the pattern of expression of individual aABs in CSF closely 

mimics that in the blood, indicative of a blood-based origin for CSF aABs.  In addition, 

using longitudinal serum samples obtained over a span of nine years, we show 

remarkable stability in aAB profiles over time, establishing that in the absence of 

stressors, individual aAB profiles show fidelity over time.  We next explore the effect 

of one specific physiological stressor, pregnancy, on an aAB profile, using longitudinal 

samples taken before, during and after pregnancy.  We are able to show a global 

reduction in aAB titers, followed by almost a full recovery, indicating that aAB profiles 

have a set-point that they try to re-establish.  Lastly, though the presence of 

glycosylated antibodies in serum has already been established, there are no studies that 

have looked at the prevalence and distribution of glycosylated aABs.  Glycosylation of 

antibodies infers different consequences based on the location of the glycosylation on 

the antibody molecule.  During pregnancy, there is shift in the distribution of aAB 

glycosylation, from the majority of aAB initially glycosylated at 10-39% in early 

pregnancy to 30-69% in late pregnancy.  This number then shifts dramatically post-

pregnancy with the majority of aABs glycosylated at 10-19%.  The increase in 

glycosylation during pregnancy is speculated to play an immunomodulatory role to 

foster immune tolerance of the fetus.  
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CHAPTER I 

INTRODUCTION TO AUTOANTIBODIES AND 

ANTIBODY GLYCOSYLATION 

 

Fundamentals of Immunology  

 

The immune system functions as a collection of cells and chemical process that 

work together to protect us from foreign agents such as bacteria, fungi, parasites, 

viruses, cancer cells and toxins.  Two main principals have governed the field of 

immunology since its conception.  Firstly, that immune defense is mediated by specific 

receptors against pathogenic agents, and secondly that the immune system does not 

react with self-antigens, the concept of self-tolerance [1].  The immune system is 

divided into two lines of immunity: innate immunity and adaptive immunity [2, 3].   

 

The innate immune system is the antigen-independent arm of the immune 

system and therefore provides a non-specific defense mechanism.  It depends on a 

limited group of receptors known as pattern recognition receptors (PRRs) to recognize 

microbial components that are highly conserved among a large groups of pathogens.  

These components are known as pathogen-associated molecular patterns (PAMPs).  

These PAMPs are usually components that are essential for survival or virulence of a 

particular microbe and therefore are less prone to evolve, mutate or be modified.  
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Examples of PAMPs include lipopolysaccharides (LPS) which is a component of the 

bacterial cell wall and double-stranded ribonucleic acid (RNA) which is produced 

during viral infections. The innate immune system is known for the speed by which it 

responds.  It can mount an inflammatory response within minutes after exposure to a 

pathogen.  Lastly, the innate immune response does not remember the antigenic 

components it has been exposed to, and therefore subsequent exposure to the same 

pathogen is met with a similar response as the first.  By contrast, the adaptive immune 

system is antigen-dependent and therefore provides a specific or more directed defense 

mechanism.  In contrast to the limited number of pathogen receptors of the innate 

immune response, the adaptive immune response is able to create a randomly generated 

diverse repertoire of receptors that can response to specific antigenic components.  The 

cost of this specificity is the lapse in time between pathogen exposure and full immune 

response.  Adaptive immunity provides a key advantage that is missing from innate 

immunity: memory.  The adaptive immune response is able to “remember” the antigens 

it has been exposed to, and therefore, subsequent exposure by the same antigen is met 

with a more rapid and rampant immune response [2, 3]. 

  

Innate Immunity – the body’s fast but non-specific immune response 

Innate immunity is composed of four types of defensive barriers: anatomic 

barriers, physiologic barriers, endocytic and phagocytic barriers, and inflammatory 

barriers.  The anatomic barrier includes the epithelial cells lining of the skin and the 

mucous membranes. The skin provides a mechanical barrier that prevents entry of 

microbes.  The mucous membranes are covered with normal flora that compete with 
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pathogenic microbes for attachment sites and resources.  Furthermore, the mucous 

secreted by the cells can trap microbes and the epithelia that are lined with cilia will 

propel microbes out of the body.  Physiologic barriers refer to body temperatures, acidic 

pH and chemical mediators that prevent growth of pathogens.  Chemical mediators 

include the bacteriolytic lysozymes present in tears, saliva and other secretions, 

interferon molecules and components of the complement system.  The importance of 

these anatomic and chemical barriers is observed by taking note of the severity of 

infections that can happen in people with primary ciliary dyskinesia or burn patients 

[2, 3].  Many cells can internalize (endocytosis) and then break down foreign 

macromolecules, and specialized cells of the immune system are able to internalize 

(phagocytose) and kill whole organisms.  These specialized cells include monocytes, 

neutrophils, and tissue macrophages.  The inflammatory barrier refers to leakage of 

inflammatory components from the blood into the interstitial space in order to eliminate 

a pathogen or clear necrotic debris [2, 4].   

 

Adaptive Immunity – some good things take time 

The adaptive immune system evolved to contend with the incredible amount of 

antigenic variability, and the ability of pathogens to mutate in order to evade detection.  

The adaptive immune response relies on its diverse array of receptors recognizing 

specific antigens.  The adaptive immune system receptors are made through a long 

process involving somatic recombination of a large number of gene segments in order 

to create many receptors with unique antigen specificity.  During primary exposure to 

a pathogen, the cells that recognize the antigenic surfaces and respond, will then persist 
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and create an immunologic memory.  This memory allows a more rapid and rampant 

response upon secondary exposure to the same pathogen [4, 5].  

 

The adaptive immune system is composed of T lymphocytes and B 

lymphocytes.  Lymphocytes develop in primary lymphoid organs; T lymphocytes 

develop in the thymus while B lymphocytes develop in the bone marrow.  Following 

their development in the thymus and bone marrow, they migrate to the secondary 

lymphoid organs which include lymph nodes and the spleen and serve to capture 

antigens that are presented to them.  Lymph nodes respond to antigens returning in the 

lymph, while the spleen responds to antigens circulating in the blood.  Once activated, 

lymphocytes can then travel to different sites in the body to exert their effector 

functions.  Signals from T-cells induce the development of plasma cells from B-cells.  

Plasma cells are the cells that produce circulating antibodies [5].  

 

Antibodies, also known as immunoglobulins, are a class of proteins that defend 

our body against pathogens.  When antibodies bind to pathogenic targets, they recruit 

a diverse array of downstream effector cells and molecules.  Some examples of 

downstream antibody effector functions include phagocytosis, antibody-dependent 

cellular toxicity (ADCC), complement-mediated lysis or just neutralization of the 

antigen via binding [6, 7]. 
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Generation of antibody diversity 

 Two main mechanisms are responsible for generating the diverse array of 

antibody receptors: V(D)J recombination and somatic hypermutation. Somatic 

hypermutation is a process that occurs after antigenic stimulation.  When an antibody 

recognizes an antigen, at first it may have low affinity and show reactivity with more 

than just that one antigen.  In somatic hypermutation, point mutations are induced in 

the binding region, generating antibodies that have higher or lower affinity, after which 

antibodies with higher affinity are preferentially selected.  This process occurs in the 

germinal centers of lymphoid tissues [8, 9].   

 

V(D)J rearrangement occurs long before this process.  The light and heavy 

chains of the immunoglobulin molecule are encoded by random combinatorial joining 

of independent variable (V), diversity (D), and joining (J) gene elements.  The random 

assembly of these three gene segments by a process known as V(D)J recombination is 

one of the key steps responsible for generating diversity in antigen receptors. In the 

development of lymphocytes, multiple V(D)J recombination steps occur.  Each V(D)J 

recombination step introduces breaks in the double stranded DNA and is then repaired 

by the non-homologous end joining repair pathway. V(D)J recombination is initiated 

by recombination activating gene 1 (RAG-1) and recombinant activating gene 2 (RAG-

2).  RAG-1 and RAG-2 are almost exclusive to lymphocytes. These two genes encode 

for the RAG recombinase protein complex – the protein complex responsible for 

binding at specific recombination signal sequences that flank the V, D, and J gene 

segments and cleaves the DNA [8, 9].   
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 V(D)J rearrangement occurs in a specific sequence that follows B-cell 

maturation.  DH  JH joining takes place in the early stage pro-B cell, followed by VH 

 DJH rearrangement in the late pro-B cell.  This completes V(D)J rearrangement on 

the heavy chain and is followed by VL  JL joining in the pre-B cell.  Successful VDJ 

rearrangement leads to production of a surrogate heavy chain that binds to a light chain 

and form IgM on the surface of the B-cell.  The expression of IgM identifies an 

immature B cell.  Alternative splicing of the constant region leads to co-production of 

an IgD on the cell surface, and the new IgM+IgD+ B cells are referred to as mature B 

cells.  These mature B cells are released into the blood and migrate to the secondary 

lymphoid organs [5, 8, 9]. 

 

Immunological Tolerance 

The elaborate gene rearrangement that allows for the creation of receptors that 

recognize a broad diverse array of antigenic components are bound to produce 

receptors that recognize self-components as well.  Multiple mechanisms have evolved 

to achieve a state of self-tolerance [4, 10].  

 

Newly generated B and T cells test their receptors for recognition of self-

antigens in their immediate environments.  The cells that recognize self-antigens 

undergo a process known as “negative selection” in which the cells are either destroyed 

or undergo receptor editing.  The process of negative selection occurs in the thymus for 

T cells and in the bone marrow for B cells.  The cells that survive negative selection 
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are released into the circulation.  At this point, they may encounter new self-antigens 

in the secondary lymphoid organs such as the lymph nodes and the spleen [4, 10].   
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Immunoglobulin Structural Elements 

 

Variable and constant domains are the building blocks of immunoglobulins 

Immunoglobulins, also known as antibodies, are a class of proteins that defend 

our body against pathogens.  Immunoglobulin structure consists of two heavy (H) and 

two light (L) chains bound together by disulfide bonds.   The light chain can be 

composed of either a kappa (κ) or lambda (λ) chain.  The heavy and light chains are 

composed of both variable (V) and constant (C) domains.  The light chain is composed 

of one variable and one constant domain.  The heavy chain is composed of one variable 

domain and three or four constant domains.  Each variable and constant domain has a 

molecular weight of 12,000 – 13,000 Dalton on average, and is composed of roughly 

110-130 amino acids.  Therefore, each light chain is approximately 25 kDa and a heavy 

chain with one variable region and three constant regions is approximately 55 kDa.  

Enzymatic digestion of immunoglobulins can break them down into distinct fragments 

known as Fab (Fragment, antigen binding) and Fc (Fragment, crystalizable).  The Fab 

fragment includes the complete light chain and the variable and first constant domain 

of the heavy chain.  The Fc fragment is composed of the constant domains that represent 

a portion of the two heavy chains [8].  The Fab fragment, containing the variable region, 

is responsible for antigen binding, while the Fc tail is responsible for activating 

downstream effector functions [11, 12]. 
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“Immunoglobulin Structure and Classes.” Immunoglobulin Structure and Classes, ThermoFisher Scientific, https://www.thermofisher.com/us/en/home/life-

science/antibodies/antibodies-learning-center/antibodies-resource-library/antibody-methods/immunoglobulin-structure-classes.html. 

  

Immunoglobulin subclasses have different effector functions 

 The constant domain of immunoglobulins defines their effector functions.  

Antigenic stimulation and cytokine regulation allow variable domains to undergo class-

switching and associate with different immunoglobulin isotypes.  There are five major 

subclasses/isotypes of immunoglobulins: IgG (includes IgG1, IgG2, IgG3, and IgG4), 

IgM, IgD, IgA and IgE.  The different isotypes are defined by the H chain constant 

domains as CH1-CH2-CH3 (IgG, IgA, IgD) and an additional CH4 domain for IgM 

and IgE [8]. 
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 IgM is the first isotype that is expressed on B cell surface.  Upon antigenic 

stimulation, pentameric IgM is formed by individual IgMs linked together via disulfide 

bonds on their CH4 domain.  IgM antibodies are associated with primary immune 

response.  IgM antibodies have not undergone antigen-dependent somatic mutation.  

This allows them to be reactive to many different antigens (poly-reactive), allowing 

them to mount a low-affinity but quick response to a variety of antigens.  They are also 

sometimes referred to as natural antibodies, and therefore in addition to participating 

in the primary immune response, they have an additional role in immune-regulation by 

recognizing self-antigens [8].  

 

 IgG is the predominant isotype of immunoglobulins.   The four different 

subclasses of IgG differ in the structural and functional variation of their constant 

region in the heavy chain, particularly CH1 and CH3.   These differences change the 

affinity and flexibility and response to different antigens.  For example, IgG1 and IgG3 

are induced in response to protein antigens and IgG2 and IgG4 are induced in response 

to polysaccharide antigens.  However, all four IgG subclasses can cross the placenta 

and transfer to the fetus, and all of them participate in the secondary immune response 

[8]. 

 

 IgA antibodies are secreted to protect mainly the mucosal surfaces from toxins, 

bacteria and viruses.  Their levels are high in secretions, including saliva and colostrum.  

IgA is present as a monomer in serum and as a dimer when bound to mucosal surfaces.  

IgE is mainly associated with hypersensitivity and allergic reactions, as well as 
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responding to parasitic infections.  IgE recruits mast cells, basophils, eosinophils and 

Langerhans cells by binding to the FcεRI receptor expressed on the cell surfaces.  By 

recruiting these additional immune cells, IgE is able to mount a strong immune 

response. The role of the surface bound and circulating IgD isotype is poorly 

understood [8].  

 

  

  



19 

 

Presence of abundant natural IgG autoantibodies in human sera 

 

Autoantibodies are present and have unique polyreactive profiles 

Recent studies have shown the presence of antibodies in the serum that react 

with cell surface and intracellular antigens, along with antibodies that react with 

pathogenic and environmental antigens.  These antibodies have been referred to as 

“natural antibodies” and can be of multiple immunoglobulin subtypes: IgM, IgG and 

IgA.  These natural antibodies, from here on referred to as autoantibodies, have been 

identified in biological fluids other than serum, such as saliva, cerebrospinal fluid and 

colostrum [1, 13].  They are also known to bind to multiple proteins from different 

organs.  Their reactivity has been tested to proteins derived from human liver, kidney, 

lung, and brain lysates [14].  

 

Not all B-cells that produce self-reactive autoantibodies are deleted via negative 

selection in the bone marrow.  These B-cells circulate in the blood and are selected for 

by the auto-antigens to which they bind to [15].  Evidence shows that these natural 

antibodies can be mono-reactive, however, the majority of them are polyreactive [1].   

Polyreactive antibodies are capable of binding different antigens.  This is explained by 

interactions of epitopes and paratopes.  A paratope is part of the antibody that is capable 

of recognizing an antigen.  An epitope is the part of the antigen that is recognized by 

the immune system.  It is possible for an antibody to engage all of its potential binding 

sites when it is interacting with an antigen, and by engaging its full binding potential, 

it could theoretically be incredibly specific in recognizing precise antigens.  However, 



20 

 

in most cases, the binding between epitopes and paratopes is more promiscuous, mainly 

due to a paratope’s ability to recognize multiple antigens by simply binding at slightly 

different epitopes. This brings us to the conclusion that autoantibodies are able to bind 

to multiple antigenic epitopes; thus each of them has a unique “polyreactivity profile” 

[1].  

 

Functions of autoantibodies as a separate component of the immune system 

 The network of autoantibodies is maintained by weak internal and external 

stimuli.  Once a pathogenic insult in initiated, a higher than normal external stimulus 

pushes the production of more specific antibodies that act to clear the pathogen, and 

thus we see a burst in production of pathogen-specific antibodies. These antibodies 

bind to the pathogenic antigens, and recruit other components of the immune system in 

order to clear the foreign insult.  Strong internal stimuli such as inflammation and 

apoptosis can stimulate a similar response, this time with antibodies that are 

recognizing self-antigens [1].  Some examples of internal stimulation of autoantibodies 

is removal of apoptotic cells, tumor cells and senescent cells,  regulation of B and T 

cells, regulation of cytokines, inflammation,  [16-19].  Other studies have shown that 

mature autoantibodies can even penetrate into cells, play a physiological role in 

regulation of the immune system, have catalytic activity on certain naturally occurring 

peptides, or promote re-myelination [20-22]. 
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The development of human protein microarray technology has opened a big window 

into appreciating the complex nature and prevalence of autoantibodies 

Human protein microarray technology has allowed us to look at the complexity 

of autoantibody profiles in human serum.  For example, the human protein microarrays 

manufactured by ThermoFisher (Protoarrays) contain 9,486 full-length human protein 

antigens.  Probing these arrays with human serum means that the any of the antibodies 

present in the serum that can react with a self-antigen (i.e., autoantibodies) will bind to 

the protein targets on the array.  This study was performed for the first time in 2011 

using a total of 166 human serum samples collected from individuals of different ages, 

genders and pathological states.  The data from this study was analyzed using extremely 

stringent criteria, namely: (1) Z factor > 0.4; (2) Relative Fluorescence Unit > 5000.  

None of the individuals that had been tested had less than 301 distinct serum 

autoantibodies, but more importantly, most of the 166 samples had thousands of 

autoantibodies [14].  

 

To look at the effect of age on the average number of serum autoantibodies, the 

samples were stratified into three age groups: (1) <45 years, 45-65 years, and >65 years. 

It was found that increasing age is accompanied by an increase in the number of 

detectable autoantibodies.  “The >65 year old group had the highest number of 

detectable autoantibodies (2647.8 + 1139.2, n = 15); the 45-65 years group had the next 

highest number of serum autoantibodies (2335.6 + 1009.5, n = 32); and the youngest 

age group, <45 years, had the fewest autoantibodies (1498.2 + 545.7, n = 10).”  

Comparing the average number of autoantibodies between the youngest age group to 
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the 45-65 age group and the 65>years age group was found to be statistically 

significantly (p = 0.0021, p = 0.0028 respectively).  This indicates a linear progression 

in the average number of detectable serum autoantibodies with increasing age [14].  In 

addition to establishing the abundant and ubiquitous presence of aABs in different age 

groups, other studies have shown that the presence of aABs remains stable with aging 

in otherwise healthy individuals [1]. 

 

Examining the average number of autoantibodies based on gender also showed 

statistically significant (p = 0.004) results, with females having a greater number of 

autoantibodies (2772.5 + 714.8, n = 18) than males (2039.3 + 1092.7, n = 39) detected 

on Protoarrays.  When the study compared the average number of detectable 

autoantibodies in each disease to the age- and gender-matched controls, it was shown 

that in Alzheimer’s, Parkinson’s and Multiple sclerosis patients all showed significant 

reduction in the number of detectable autoantibodies compared to the controls (p = 6.0 

x 10-5, p = 0.023, and p = 0.044, respectively).  Breast cancer patients also showed a 

decrease in their detectable autoantibodies but the difference was not significant [14].  
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Immunoglobulin Glycosylation 

 

Immunoglobulins can be glycosylated at both their Fab and Fc regions, 

however, for the purposes of this study the focus of this background will be specifically 

Fab glycosylation of Immunoglobulin G.  In IgG, Fab glycosylation is restricted to the 

variable domain, and can appear in both the heavy and light chains [11, 23].  N-linked 

glycosylation of Fab is contingent on presence of a consensus amino acid motif.  This 

motif is Asn-X-Ser/Thr, where X can be any amino acid except Proline, Aspartic acid 

or Glutamic acid [24].  The presence of this glycosylation site alone is not sufficient 

for addition of a glycan however.  In fact, IgG glycosylation is only present on 

approximately 10 – 25% of IgG in healthy individuals [11, 25-27].  

 

Glycosylation at the Fab region is usually restricted to only one of the two Fab 

moieties, primarily affects antibody affinity for its target(s) [11, 28].  The presence of 

the glycan on one of the two Fabs creates steric hindrance that interferes with the 

binding of the glycosylated arm to antigens, rendering glycosylated antibodies to act as 

univalent antibodies [23].  The steric hindrance reduces the affinity of the glycosylated 

arm by almost 100 fold compared to the affinity of a non-glycosylated Fab site [27, 

29]. A key feature of univalent glycosylated antibodies, also known as asymmetric 

antibodies, is that they fail to trigger an immune response such as activating the 

complement system or recruiting components of higher level immune effector 

functions [11, 25, 30].  This is one reason why it is suspected that Fab glycosylation 
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plays a role in regulating immunity, depending on if the antibodies that are glycosylated 

are those that recognize self or non-self antigens [11].   

 

Glycosylated and non-glycosylated antibodies are produced from the same 

cellular clone [25].  Many factors can affect both the degree and the structure of Fab 

glycosylation.  The position of the glycosylation site can influence the structural 

composition of the glycan.  For example, introduction of glycosylation sites in the same 

region of identical antibodies resulted in the presence of complex-type biantennary 

glycans at asparagine 54 and asparagine 58, but a high-mannose glycan at asparagine-

60 [31]. Furthermore, hormones and cytokines also play a role in regulating 

glycosylation, for example, progesterone and IL-6 can increase the production of 

glycosylated antibodies [32-34]. 

 

Pregnancy and Fab Glycosylation 

During pregnancy, the mother’s immune system must undergo changes in order 

to foster immune tolerance of the semi-allogenic fetus.  Even though the fetus itself is 

never in contact with the maternal circulation, the placenta is derived from fetal 

trophoblasts and will contain both maternal and paternal antigens.  One strategy for 

immune tolerance is mediated through the Progesterone-Induced Blocking Factor 

(PIBF) protein [25, 26].  PIBF is produced by Progesterone Receptor-positive 

pregnancy lymphocytes and mediates the immunological effects of progesterone [[23, 

25, 35].  PIBF directly blocks degranulation of Natural Killer (NK) cells, thus inhibiting 

NK-mediated cytotoxicity.  It also alters the Th1- Th2 lymphocyte balance by 
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promoting production of Th2 lymphocyte-favoring cytokines.  Lastly, it acts as a 

transcription factor to induce production of asymmetrically glycosylated antibodies 

[23, 36-38].  Some reports state that the percentage of Fab glycosylated, asymmetric 

antibodies, can go as high as 50% during pregnancy [39].  Other studies have shown 

that, of the IgG molecules that had bound to the placenta, 60% of them were 

glycosylated and 80% had anti-paternal activity.  To further support the hypothesis that 

PIBF plays an important role in maintaining a healthy pregnancy, it has been shown 

that the concentration of PIBF and the percentage of asymmetric, glycosylated 

antibodies are lower in women who show symptoms of threatened preterm pregnancy 

termination, such as spontaneous abortion, preterm labor and preeclampsia than in 

healthy pregnant women [26, 35, 38, 40].   
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CHAPTER II 

RATIONALE 

 

 More recent research has made the presence of aABs not a question of if but 

rather a question of why.  Having already established that thousands of aABs are 

present in serum, the main focus of this thesis was to expand on and establish some of 

the fundamental concepts regarding aABs.  We first look at the presence of aABs in a 

different biological fluid: cerebrospinal fluid, and provide evidence for why we believe 

that the source of CSF aABs is blood-based.    

 

In previous work, we proposed that every cell derived debris generation creates 

thousands of antigenic products that need to be cleared from our system, and that these 

thousands of aABs serve that role.  With this in mind, we propose that people have 

baseline aAB profiles and that, in the absence of pathology, these baseline profiles will 

remain stable over time.  We hypothesized that the baseline profile would be composed 

of two components: (1) aABs that are common to most people and (2) aABs that are 

specific to each individual.   

 

Stressors can include pathological events or physiological events such as major 

weight loss, pregnancy, minor inflammation or external influence such as major 

surgery.  Previous work in our lab has exploited pathology-based changes in aAB 
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expression to look for blood-based biomarkers to utilize in early disease detection. In 

this thesis, we will look at how a physiological stressor (pregnancy) can impact baseline 

aAB profiles, and if after the removal of the stressor, aAB profiles return to their 

original state.  

 

Lastly, the presence of glycosylated antibodies has long been established, 

however, no studies have looked at glycosylation in autoantibodies specifically.  By 

utilizing human protein microarrays, we will try to answer two main questions 

regarding aAB glycosylation: (1) do autoantibodies also get glycosylated, and (2) if 

they are glycosylated, are they all glycosylated to the same extent.  

 

The field of immunology has only recently started to make room for the 

presence of autoantibodies as a normal state.  The hope of this thesis is to establish 

some fundamental concepts that will lay the groundwork for further work in the field 

of autoantibodies. 
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CHAPTER III 

THE ORIGIN AND NATURE OF THE  

COMPLEX AUTOANTIBODY PROFILE IN 

CEREBROSPINAL FLUID 

 

INTRODUCTION 

 

The immune system is the body’s primary defense system against pathological 

invasion.  More recent research has expanded this role to include maintenance of a 

microenvironment within the body [1-3].  Over a century ago, Ehrlich introduced the 

dogma of “horror autotoxicus,” stating that the immune system is designed to be unable 

to recognize self-antigens.  Burnet built upon this observation and introduced the clonal 

selection theory, stating that B lymphocytes that recognize self-antigens are selectively 

deleted during their development, implying that if such lymphocytes are present in the 

peripheral immune system, it would indicate the presence of pathology or other 

abnormal situations [4, 5].   

 

Autoantibodies are antibodies with specificity to self-antigens.  In the past, the 

general consensus was that the appearance of autoantibodies in the blood was a 

relatively rare event linked to some type of pathology, as was most clearly shown in 

various autoimmune diseases [6-9].  More current research, however, now challenges 



33 

 

the idea of central tolerance, with evidence supporting the ubiquitous presence of 

thousands of self-reacting autoantibodies in the blood, even in the absence of pathology 

[10, 11].  The idea of production of self-recognizing autoantibodies in the absence of 

pathology supports a homeostatic role for this part of the immune system, including the 

response to sterile injury, immunosurveillance of cancer, facilitating wound resolution 

and tissue regrowth, and cell and tissue debris clearance.  The specific nature of the 

response to pathology has led to exploration into the potential utility of autoantibodies 

as biomarkers for a number of diseases [1, 12-16].  In addition, the ubiquitous presence 

of such complex autoantibody profiles in the blood is likely to trigger a whole new field 

of endeavor, with the goal of elucidating details of its role in the maintenance of body-

wide homeostasis as well as in the body response to the presence of disease.   

 

Immune privilege is an active mechanism that allows immune tolerance of 

certain tissues such as the brain, via the presence of a physical barrier that restricts 

leukocyte and often antibody access [17]. It is generally believed that the purpose of 

immune privilege in the central nervous system is to minimize neural damage and cell 

death that might otherwise be caused by such access.  This is likely to be particularly 

true in light of the fact that the blood-borne autoantibody profile includes a large 

number of brain-reactive autoantibodies, some of which appear to be reactive to the 

surfaces of certain types of neurons [18].  There are three main barriers that separate 

the brain from the products of the peripheral immune system: the Blood-Brain Barrier 

(BBB), the Blood-CSF Barrier (BCSFB) and the arachnoid epithelium forming the 

middle layer of the meninges covering the brain [17, 19]. The BBB is an endothelial 
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barrier of microvessels located in the deep brain parenchyma, whereas the BCSFB is 

the epithelium lining the choroid plexus – the CSF-producing cells located within brain 

ventricles [17, 20].  At all three barrier sites, tight junctions limit the para-cellular 

permeability of constituents of plasma, such as albumin and immunoglobulin [19].  

Under conditions of pathology, any and all of these barriers can be disrupted.  In the 

case of BBB disruption, such as that which occurs in stroke, traumatic brain injury, 

Alzheimer’s disease, among others, the binding of brain-reactive autoantibodies may 

contribute to escalation of local pathology, with the nature and extent of the pathology 

dependent on the site and extent of the BBB breach.  In line with this concept, increased 

BBB permeability in mouse models and in diabetic and hypercholesterolemic pigs has 

been shown to increase the rate and extent of internalization of Abeta1-42 peptide in 

neurons, a key and early feature of Alzheimer’s disease [21-26]. 

 

The CSF has long been known to also contain immunoglobulins, although little 

is known about the number and type of immunoglobulins, their origin, and whether or 

not autoantibodies are also present in CSF as in blood [20, 27].  In view of this, in the 

present study, we have used highly sensitive human protein microarrays to detect 

autoantibodies in CSF, to shed light on their prevalence within the population and to 

get a better understanding of the complexity of individual CSF autoantibody profiles 

and their relationship to blood autoantibody profiles within the same individual.    
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MATERIALS AND METHODS 

 

Blood collection and processing: 

Plasma samples studied were collected from a total of 46 STRIDE participants 

and one serum sample was obtained from the New Jersey Institute for Successful Aging 

at Rowan University as described below. All samples were collected using standard 

procedures and stored at −80°C until use.  

 

CSF collection and processing: 

CSF samples were collected simultaneously with blood from the 46 STRIDE 

participants at the procedure for routine spinal anesthesia, before the injection of the 

anesthetics, aliquoted and stored at −80°C.   

 

STRIDE participants (n=46) (Table 1):  

Hip fracture patients enrolled in the randomized clinical trial “A Strategy to 

Reduce the Incidence of Postoperative Delirium in Elderly Patients” (STRIDE) [28] 

were analyzed. A detailed description of the STRIDE study has been published 

previously [28, 29]. Briefly, inclusion criteria were age ≥65, preoperative MMSE score 

≥15, and eligible for spinal anesthesia. Main exclusion criteria were preoperative 

delirium, stage IV congestive heart failure, or severe chronic obstructive pulmonary 

disease. Informed consent was obtained from patients or appropriate legal 

representatives for patients unable to give informed consent due to cognitive 

impairment. STRIDE HFR subjects were cognitively assessed [28] prior to surgery 
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using both a mini-mental status exam (MMSE) [30] and a modified CDR as described 

previously [31]. Blood was taken pre-surgically and CSF was obtained during 

administration of spinal anesthesia. 

 

Longitudinal control sample (n=5) (Table 1):  

Serum was obtained from a healthy individual from the New Jersey Institute for 

Successful Aging at Rowan University. Serum samples were taken from the same 

individual over the course of 9 years: 2006, 2007, 2010, 2013, and 2015.  
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Table 1. Patient demographics information 

 

 STRIDE Subjects 
Healthy 

Control 

 Total 

(n=46) 

Non-Delirium 

Control 

(n=24) 

Delirium 

Patients 

(n=22) 

Longitudinal 

Samples 

(n=5) 

Age, years     

Mean(SD) 81.6(8.1) 77.1(7.5) 86.6(5.5) n/a 

Range 65 – 96 65 – 91 76 – 96 53 – 62 

Sex, n(%)     

Male, n(%) 12(26) 6(25) 6(27) 1(100) 

Female, n(%) 34(74) 18(75) 16(73) n/a 

 

Table 1: The number of individuals (n), age and gender are listed for each group, as 

well as the 5 longitudinal samples from a single healthy control individual. 
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Human protein microarrays for detection of autoantibodies (aABs):  

Invitrogen's ProtoArray v5.1 Human Protein Microarrays (Cat. No. 

PAH0525020, Invitrogen, Carlsbad, CA, USA), each containing 9,486 unique human 

protein antigens (www.invitrogen.com/protoarray), were used for aAB detection. All 

proteins were expressed as glutathione s-transferase (GST) fusion proteins in insect 

cells, purified under native conditions, and spotted in duplicate onto nitrocellulose-

coated glass slides. Arrays were probed with serum/plasma/CSF, processed and 

scanned according to the manufacturer's instructions. Briefly, microarrays were 

blocked using Blocking Buffer (Cat. No. PA055, Invitrogen) and each was incubated 

with either serum/plasma diluted to 1:500 in washing buffer, or CSF diluted 1:10 in 

washing buffer. After washing, arrays were probed with anti-human IgG (H + L) 

conjugated to AlexaFluor 647 (Cat. No. A-21445, Invitrogen) diluted 1:2000 in 

washing buffer. Arrays were then washed, dried, and immediately scanned with a 

GenePix 4000B Fluorescence Scanner (Molecular Devices, Sunnyvale, CA, USA). 

 

Fluorescence data were acquired by aligning the Genepix Array List onto the 

microarray using the Genepix Pro analysis software. The resulting Genepix results files 

were imported into Invitrogen's Prospector 5.2.3 microarray analysis software for 

analysis. The “group characterization” and “two-group comparison” features in the 

Immune Response Biomarker Profiling (IRBP) toolbox within Prospector enabled M-

statistical analysis of aAB expression among plasma and CSF in the 46 STRIDE 

subjects. The “group characterization” feature was used to examine serum samples 

from the same subject. Prospector was used to compare blood and CSF autoantibody 
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profiles in all subjects. Out of 9,486 potential protein target antigens, 676 antigens with 

negative and/or zero aAB RFU values were excluded from analysis, resulting in a total 

of 8,810 usable protein targets for analysis. All data are MIAME compliant and raw 

data from the microarrays have been deposited in a MIAME compliant database (GEO) 

under accession number GSE. 

 

CSF/plasma autoantibody index to detect increased blood-brain barrier permeability 

STRIDE participants were organized into two groups: 22 subjects that 

experienced post-operative delirium following surgery, and 24 subjects who did not 

experience delirium following surgery. CSF/plasma ratios were calculated for each 

individual by dividing each CSF RFU value for a specific autoantibody biomarker by 

the plasma RFU value for the same biomarker to obtain a CSF/plasma ratio for each 

autoantibody biomarker on the array. All biomarker CSF/plasma ratios was averaged 

in order to calculate a CSF/plasma ratio for each individual.  The non-delirium control 

group and delirium patient group CSF/plasma ratios were calculated by averaging the 

individual CSF/plasma ratios in that group. A two-tailed, unequal variance t-test was 

used to determine if the difference between the two CSF/plasma ratio means was 

significant.  
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RESULTS 

 

Human blood and cerebrospinal fluid have complex aAB profiles that include 

thousands of natural IgG autoantibodies 

 

Pre-surgical plasma and cerebrospinal fluid (CSF) were obtained 

simultaneously from individual elderly hip fracture repair (HFR) patients and used to 

probe human protein microarrays.  These microarray contains 9,486 native human 

proteins representing roughly one-third of the total human proteome.  Each protein on 

the array serves as a potential protein target for aABs present in plasma or CSF. Plasma 

was diluted 500X with buffer, whereas CSF was diluted only 10X with the same buffer 

to compensate for the much lower levels of IgG in CSF and to bring aAB concentrations 

in CSF to levels that fall within the dynamic range of sensitivity of the microarrays.  

This facilitated direct comparison of plasma and CSF aAB profiles obtained from the 

same, as well as different subjects.   

 

The relative abundance of aABs directed against each protein target was 

measured using Relative Fluorescence Units (RFUs). For this calculation, aAB hits 

were defined by a Z-Factor > 0.4 and a minimum signal intensity of 1500 RFU. Using 

this approach, autoantibodies in plasma and CSF were found to be immunoreactive to 

thousands of protein targets. An Outlier test was performed on the percent overlap data, 

leading to exclusion of two samples from the total. On average, there are more aABs 

detected in plasma (3149) than in cerebrospinal fluid (1025). Thus, aABs are 
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immunoreactive with a substantial fraction (33.2% for plasma and 10.8% for CSF) of 

the total number (9,486) of potential protein targets represented on the array (Table 2).   

 

Essentially all aABs detected in CSF are also present in the blood  

 

We next sought to determine if the expression patterns of aABs in CSF correlate 

with that in plasma in the same individual.  To test this, we compared the identity of 

the immunoreactive protein targets in CSF and plasma to determine the degree of 

overlap (Table 2).  On average, an exceptionally high percentage (94.5 + 2.8%, n=44) 

of aABs detected in CSF were also detected in plasma  This high percentage of overlap 

between highly expressed autoantibodies provides further evidence that the source of 

the vast majority of autoantibodies in CSF is likely to be plasma. 
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Table 2.  Average number and overlap of aABs in plasma and CSF 

 

 Number of 

aABs in 

CSF 

Number of 

aABs in 

plasma 

CSF to 

plasma 

overlap 

CSF to plasma 

overlap 

percentage 

HFR Patients 

(n=44) 

1025 + 346 3149 + 1251 971 + 347 94.52 + 2.80 

 

Table 2: The average number of aABs detected in the specified dilutions of CSF and 

plasma obtained from STRIDE hip fracture repair patients (n = 44) using human protein 

microarrays was determined using a Z-factor > 0.4 and a minimum signal intensity of 

1500 RFU. An outlier test was performed that resulted in the exclusion of 2 patient 

samples. Many more aABs were detected in plasma than in CSF and a very high 

percentage of aABs detected in CSF were also found in plasma. 
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aAB profiles in CSF mirror that in the blood within the same individual  

 

We next used human protein microarrays to compare autoantibody profiles in 

plasma and CSF obtained simultaneously from individual subjects.  To accomplish this, 

blocks of 75 potential protein targets were randomly selected, and RFU values 

reflecting the extent of aAB binding at each protein spot are shown in Figure 1.  The 

left and right panels compare aAB profiles of plasma and CSF obtained from an 84 

year-old female non-delirium control subject and an 84 year-old male non-delirium 

control subject, respectively.  RFU values are considered to be proportional to the 

relative number of aABs from plasma or CSF that are bound to each protein spot on 

the array, with higher RFUs in most cases linked to higher levels of expression (or titer) 

of that particular aAB in the blood or CSF.  Since the dilution of the plasma working 

solution is 50-fold higher than CSF, it is clear that the expression of aABs in blood far 

exceeds that in CSF. When histograms representing the RFUs from each of the 75 

protein targets in plasma and CSF are aligned, the observed pattern of RFUs is closely 

matched.  This data also suggests that neither advanced age nor gender has an influence 

on this relationship, since the closely similar pattern of aAB expression between plasma 

and CSF is demonstrated in 8 randomly selected blocks of 75 proteins (4 from a female 

subject, and 4 from a male subject).  
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Figure 1. Comparison of aAB reactivity in plasma and CSF obtained from female 

and male non-delirium control subjects 

 

Figure 1: Blocks of 75 proteins on human protein microarrays that were probed with 

diluted plasma and CSF were randomly selected to generate plasma (red line) and CSF 

(blue line) aAB profiles derived from an 84 y/o female non-delirium control subject 

(A) and an 84 y/o male non-delirium control subject (B). When the histograms 

representing the RFUs from each of the 75 protein targets in plasma and CSF are 

aligned, the observed pattern of RFUs in plasma and CSF is closely matched, and 

neither advanced age nor gender was found to influence this relationship.   
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Autoantibody profiles of plasma and CSF are unique to each individual 

 

Closer examination of aAB profiles described above suggests that each 

individual possesses a unique autoantibody profile.  To further examine this possibility, 

RFUs from the same randomly selected block of 75 protein targets were plotted for 

each of the four subjects.  In Figure 2, each of the four plots demonstrates the same 

closely matched autoantibody expression pattern between CSF and plasma in a single 

individual.  However, the pattern clearly differs from person to person, with no two 

people sharing an identical pattern. Although individuals may share common peaks 

corresponding to specific protein targets, the amplitude of the RFU peaks display a 

wide range of variability, presumably reflecting variations in autoantibody titers 

between different individuals (e.g., see protein target 25).  
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Figure 2. Comparison of aAB reactivity in plasma and CSF among four different 

individuals 

Figure 2: RFUs from an identical block of 75 randomly selected proteins were plotted 

for four individual subjects to demonstrate the close matching of plasma (red line) and 
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CSF (blue line) aAB profiles. Dashed lines indicate peaks representing aABs that are 

common among the four individuals.  
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Blood autoantibody profiles show a remarkable degree of fidelity over time 

 

To examine how and to what extent aAB profiles vary over time, five 

longitudinal blood samples were obtained from a single healthy individual spanning a 

period of 9 years, and used to probe human protein microarrays.  The autoantibody 

profiles for four randomly selected groups of 50 protein targets are shown in Figure 3.  

Remarkably, the aAB profiles essentially remained unchanged over the 9 year period, 

suggesting that the relative titers as reflected by the measured RFUs can remain 

constant in a healthy individual over time.  This provides evidence that, in the absence 

of pathology, each individual has a unique and stable baseline autoantibody profile in 

the blood that demonstrates fidelity over time.  
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Figure 3. Fidelity of aAB profiles in a single individual over a period of 9 years 

 

Figure 3: Four different blocks of 50 randomly selected proteins on human protein 

microarrays that were probed with serum from a single healthy individual spanning a 

period of 9 years. aAB profiles remained essentially unchanged over the 9 year period, 
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providing strong evidence that, in the absence of pathology, each individual has a 

unique and stable baseline aAB profile in the blood that demonstrates a high degree of 

fidelity over time.   
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A CSF/plasma aAB ratio suggests increased blood-brain barrier (BBB) 

permeability in elderly hip fracture repair patients experiencing post-operative 

delirium (POD) 

 

A number of studies in humans and animal models have suggested that 

increased BBB permeability may be linked to an increased risk of POD in the elderly 

[32].  Here, we tested this possibility using pre-surgical, simultaneously drawn 

plasma/CSF paired samples from the same individuals. With the RFUs for aABs 

binding to each protein target corresponding to the relative abundance of the aABs 

binding to it, we calculated the CSF/Plasma (CP) aAB Ratio for each protein on the 

array. As the relative titer of CSF autoantibodies increases as indicated by elevated CSF 

RFU values, the CP aAB ratio also increases, presumably reflecting the severity of a 

BBB breach.  An Outlier test was performed on the CP aAB Ratio data, excluding 3 

non-delirium control samples and 1 delirium patient sample from the total.   As shown 

in Table 3, the mean CP aAB ratio for the non-delirium controls was 0.57 + 0.2, 

whereas that for the delirium patients was 0.96 + 0.63.  Using a two-tailed, unequal 

variance t-test, the difference between the mean CP aAB ratio of delirium vs non-

delirium subjects was shown to be significant (p < 0.013), thus supporting a link 

between increased BBB permeability, higher CSF aAB titers and risk for POD.  

 

𝑅𝑎𝑡𝑖𝑜 =
𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝐴 𝐶𝑆𝐹 𝑅𝐹𝑈

𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝐴 𝑃𝑙𝑎𝑠𝑚𝑎 𝑅𝐹𝑈
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Table 3. Comparison of CSF/Plasma (CP) aAB ratios in hip fracture repair 

patients with and without post-operative delirium 

 

 Non-Delirium 

Control Patients 

Delirium 

Patients 

N 21 21 

Mean (SD) 0.57 (0.2)* 0.96 (0.63)* 

 

Table 3: The CP ratio was calculated for delirium vs. non-delirium patient groups, with 

delirium patients showing higher CP ratios than non-delirium subjects (unpaired t-test, 

p = 0.013). *Significant at p < 0.05. 
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Figure 4. Comparison of CSF/Plasma (CP) aAB ratios in hip fracture repair 

patients with and without post-operative delirium 

 

Figure 4: Comparison of individual CP aAB ratios of delirium patients (n=21, red 

triangle) and non-delirium controls (n=21, blue square).  An outlier test was performed 

excluding a total of 4 patient samples.  Note that the highest CP aAB ratios are among 

hip fracture patients who experienced post-operative delirium 
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DISCUSSION 

 

In the present study, we have used human protein microarrays to determine if 

CSF, like blood, exhibits a similarly complex IgG aAB profile and, if so, examine its 

characteristics and investigate the possible origin of these aABs.  The subjects for this 

study were elderly hip fracture repair patients, and the blood and CSF used were 

obtained pre-surgically and simultaneously.  This study has six major findings.  First, 

we show that CSF, like blood, has an extremely complex aAB profile composed of 

thousands of different aABs, although the levels of their expression in CSF are far 

lower than that in blood.  Second, essentially all aABs detected in CSF are also present 

in the blood, suggesting the likely possibility that aABs in the CSF originate from 

blood, presumably through the blood-brain and blood-CSF barriers.  Third, in strong 

support for a blood-based origin for CSF aABs, we found that levels of expression of 

individual aABs in the CSF mimic expression levels of the same aABs in the blood, 

regardless of age, gender or the presence or absence of disease.  Fourth, aAB profiles 

in both blood and CSF have some features that are unique to each individual, 

collectively contributing to an individual’s “aAB fingerprint”.  Fifth, we show that 

individual blood aAB profiles are remarkably consistent over long periods of time in 

overall healthy individuals, raising the possibility that each aAB has its own “set point” 

of constitutive expression in the absence of disease and other body stressors.  Lastly, 

in elderly individuals undergoing hip fracture repair surgery, an elevated CSF/plasma 

aAB ratio, suggestive of increased blood-brain and/or blood-CSF barrier permeability, 
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is more common in patients that experience post-operative delirium (POD), suggesting 

that barrier compromise is an important risk factor for POD. 

 

Relationship between expression of autoantibodies, autoimmune disorders and 

cancer  

 

Historically, the appearance and detection of aABs in the blood has been 

attributed to immune dysregulation that facilitated their production [33].  The most 

well-known instances of this are the autoimmune diseases, hallmarked by the presence 

and often overexpression of specific aABs that are somehow linked to the pathology 

driving the phenotype. For example, Rheumatoid Arthritis (RA) is associated with 

Rheumatoid Factor and anti-citrullinated peptide antibodies (ACPA), Systemic Lupus 

Erythematosis (SLE) with abundant antinuclear aABs (ANA), and Systemic Sclerosis 

with antitopoisomerase 1 (anti-topo 1) and anticentromere antibody (ACA) [9, 34, 35].  

The expression of these aABs is not exclusive to one disorder, and each disorder usually 

has more than just one aAB associated with it. The expression of such aABs has been 

used as biochemical confirmation of the presence of these diseases, in essence making 

them biomarkers for their associated disorders [33].  These aABs have not only been 

used to screen for pathology, but fluctuations in their titers often correlate with the 

course and severity of disease.  An increasing number of aABs are showing promise 

for use as biomarkers for various cancers, including lung, colon, breast, prostate, 

ovarian and head and neck [36-41].  aABs are also hypothesized to be involved in 
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cancer immunosurveillance, responding to insults such as mutation, degradation, 

overexpression of proteins and misfolded proteins [33].  

 

Blood and CSF typically contain thousands of aABs – proposed role in cell/tissue 

debris removal from body fluids and utility for disease diagnostics 

 

Our previous studies using highly sensitive human protein microarrays have 

shown that, contrary to the well-established principle of self-tolerance, a central tenet 

of immunology, thousands of different aABs typically populate the blood.  These aABs 

comprise an extremely complex profile in the blood, the nature of which is strongly 

influenced by age, gender and presence of disease [10, 14, 33].  Self-reactive 

immunoglobulins have been detected in a variety of biological fluids, including blood, 

colostrum, saliva and CSF [33].   In the present study, we have shown that like blood, 

CSF typically contains thousands of aABs.  With only roughly one-third of the human 

proteome represented on the protein microarrays used in the present study, it is 

necessary to multiply the number of aABs detected on these microarrays by a factor of 

three to estimate the actual number of aABs present in blood and CSF.  In the 

population of elderly hip fracture repair patients who were the subjects of this study, 

the mean number of aABs detected in CSF and blood using approach was 1025 and 

3149, respectively, which translates to a total number of 3075 for CSF and 9447 for 

blood.  It is also important to note that this study has focused only on the IgG subtype 

of immunoglobulins, and that we recognize that other immunoglobulin subtypes may 

also be involved, which will likely increase the total number of aABs in both CSF and 
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blood.  Further studies will be needed to investigate potential aAB profiles involving 

other Ig subtypes.  

 

We have proposed that one function of this extraordinarily complex aAB 

system is the maintenance of body-wide homeostasis via cell/tissue debris clearance 

[10, 33].  As a result of normal “wear and tear” in otherwise healthy individuals, it is 

expected that the body generates a certain amount of soluble debris every day that 

eventually makes its way into the various body fluids, especially the blood.  Since this 

cell-derived debris would include the potential release of many thousands of different 

proteins, there would be a constant need for an extremely complex aAB profile to 

facilitate their daily removal.  In the case of disease, the increased amount of debris 

released from the site of pathology would be expected to be at least somewhat disease-

specific, since its composition would depend on the tissues/organs affected. If aAB 

profiles are truly involved in debris clearance and adaptive, one would expect a shift in 

aAB profiles reflecting the increased production of those aAB working to clear this 

debris.  This concept has been the basis for our biomarker discovery strategy. We have 

already demonstrated the utility of using human protein microarrays to identify panels 

of aAB that are differentially expressed during disease that can be used as diagnostic 

indicators or biomarkers of several neurodegenerative disorders, such as Alzheimer’s 

disease, Parkinson’s disease and multiple sclerosis [12-16]. 
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 aAB profiles in CSF closely match that in blood in the same individual 

 

We demonstrate here that essentially all aABs detected in CSF are also present 

in the blood (94.5 + 2.8% overlap).  Furthermore, the aAB profiles of CSF, which 

include the expression levels of individual aABs as relative RFUs, mirror that in the 

blood.  Together, this provides strong evidence that the source of the vast majority of 

aABs in CSF is the blood. There are several potential avenues of entry for aABs into 

CSF from the blood, the most important being through the blood-brain and blood-CSF 

barriers.  Although we recognize blood as the main source of CSF aABs, there are also 

a very few aABs that appear in CSF that are not detected in blood using the cutoff of 

RFUs mentioned above, e.g., antibodies directed against ROBO3 and KCNAB3 

proteins.  The identity of these few aABs present exclusively in CSF seem to vary from 

one individual to the next, although it is possible that their low expression in CSF in 

combination with our RFU>1500 cutoff contributes to this variability.  Nevertheless, 

their presence supports the possibility that this small subset of CSF-specific aABs may 

originate from an intrathecal immune system present in the brain of these individuals, 

which has been reported in previous studies [42-44].  

 

Individual blood aAB profiles show both common and unique features and a 

remarkable degree of fidelity over time 

 

Comparison of aAB profiles among different individuals has revealed that 

many aABs show common patterns of expression in blood and CSF across the 
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population.  This was determined by comparing the aAB RFU profiles of randomly 

selected blocks of protein targets on the microarrays. We also found that, in addition to 

many aABs with common levels of expression, many aABs also show individual-

specific alterations in aAB expression profiles, providing what amounts to an “aAB 

fingerprint” that is unique to each individual.  Importantly, we also show here that, in 

otherwise healthy individuals, aAB profiles remain remarkably stable over long periods 

of time, as demonstrated in figure 3, with samples spanning nearly a decade.  We 

hypothesize that, in the absence of pathology, significant body growth and renovation 

or physical decline associated with advanced age, aAB profiles of healthy individuals 

remain stable. We refer to this stable profile as the “baseline aAB profile” which, in 

the absence of stressors to the body, is maintained in each individual. This baseline 

aAB profile in each subject is composed of two conceptual subsets of aABs: a larger 

subset with levels that are comparable among multiple individuals and a much smaller 

subset with levels significantly higher or lower than the norm, thus making these aAB 

“stand out” as peculiar to this individual (i.e., contributing to an individual 

“autoantibody fingerprint”).  Taken together, this suggests the presence of an “aAB 

setpoint” for each individual that is linked to the current status of the body.  Deviation 

from this baseline or set point could be triggered by a number of events and body 

stressors, such as surgery, infections, menstruation, pregnancy, sudden weight loss and 

other short- and long-term pathologies. 
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Detection of increased blood-brain and blood-CSF barrier permeability in elderly 

hip fracture repair patients by calculating a CSF/plasma (CP) aAB ratio 

 

We also investigated whether or not elevated risk for post-surgical delirium is 

associated with increased barrier permeability in elderly hip fracture repair patients 

from the STRIDE study. In an effort to test this, we calculated the pre-surgical CSF-

Plasma (CP) Ratio for each aAB detected and then the average CP ratio representing 

all aABs detected for each individual, where a higher CP aAB ratio would imply an 

increased barrier permeability.  Using this approach, the mean CP aAB ratio for patients 

experiencing delirium was significantly higher than that for non-delirium controls, 

suggesting that increased barrier permeability increases risk for POD.  In previous in 

vitro and in vivo studies in mice, we provided evidence that, under conditions of blood-

brain barrier compromise, aABs gain access to the brain interstitium and can bind to 

exposed cognate targets on the surfaces of neurons and glia [18, 21, 45]. Indeed, in the 

brains of patients with Alzheimer's disease, the same neurons showing particular 

vulnerability to AD pathological changes, including intraneuronal beta-amyloid 

deposition, are also the cells that are the most IgG-positive [21]. This raises the 

possibility that the chronic binding of IgG to neuronal surfaces under conditions of 

blood-brain barrier breach may play a key role in POD following surgery in the short-

term, as well as the pathogenesis of neurodegenerative diseases, such as AD, PD, and 

MS, among others, in the long-term.  
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Strengths and weakness of the study 

 

This study has several strengths. The first is the availability of simultaneous 

pre-surgical blood and CSF samples from a cohort of elderly hip fracture repair 

patients.  This enabled us to determine that each individual possesses their own unique 

CSF and blood autoantibody profiles. Another is the availability of multiple 

longitudinal serum samples from the same healthy individual over a 9 year period, 

which allowed us to demonstrate the remarkable stability of aAB profiles over time. 

Finally, a significant strength of this study was the use of Invitrogen’s Protoarray 

human protein microarray as a platform. Encompassing roughly one-third of the human 

proteome, these microarrays allowed us to survey nearly 10,000 full-length native-

folded protein targets using both a high-throughput, sensitive, and unbiased protocol.  

This study also has several weaknesses, the most significant being the small sample 

size. Another limitation is the demographic homogeneity of the patient group, which 

limits the data to this small cohort of elderly individuals receiving hip fracture repair 

surgery. Although intended as a “proof of concept” study, we acknowledge the need 

for additional studies in larger community-based populations to further expand the 

scope of this work. An additional limitation of this study is the absence of matching 

CSF samples to accompany the longitudinal serum samples from the single healthy 

individual over the span of 9 years. Due to the invasive nature and risk of infection, 

obtaining serial lumbar punctures from this individual was not possible.  As a result, 

although we expect to see maintenance of the same closely matching pattern of CSF 
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and blood aAB profiles, we have not confirmed the fidelity of CSF aABs longitudinally 

over this time period.    

 

Conclusions and perspectives 

 

We demonstrate, for the first time, evidence for the ubiquitous presence of 

thousands of individual aABs in human CSF, and also show that their profile closely 

mirrors that in the blood. Furthermore, we have found that while individuals may share 

common features, each person possesses their own unique CSF/blood aAB profile, akin 

to an “aAB fingerprint”. Due to the striking similarity in pattern between the CSF and 

blood of every individual studied, we speculate the origin of these aABs in the CSF to 

be a result of blood-CSF and blood-brain barrier penetration, the latter allowing the 

infiltration of aABs into the brain parenchyma as a possible driver of subsequent 

neuropathology.  However, the contribution of an intrathecal immune system in the 

brain cannot be ruled out, although it only accounts for a small fraction of total CSF 

aABs. We also demonstrated that in otherwise healthy individuals, aAB profiles remain 

remarkably stable over long periods of time, suggesting a production “set point” for 

each aAB that is linked to the “current status” of the body. Lastly, data in this study 

suggests that an increased CSF/plasma aAB ratio is indicative of increased blood-brain 

barrier (BBB) permeability in elderly hip fracture repair patients experiencing post-

operative delirium (POD). Based on our previous studies, we have demonstrated that 

both age and the presence of disease cause specific alterations in aAB profiles that have 

utility in the diagnosis and staging of various neurodegenerative diseases, with the 
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potential for early or preclinical disease detection and disease monitoring during 

pharmacological treatment. Taken together, our data lead us to suggest that the 

observed extensive production of aABs for the purpose of soluble debris removal from 

the various body fluids involves a separate component of the adaptive immune system. 

Much additional work is needed to determine its origin, features and the detailed 

mechanisms associated with its function.   
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CHAPTER IV 

THE EFFECT OF STRESSORS ON BASELINE 

AUTOANTIBODY PROFILES 

 

INTRODUCTION 

 

Two main principals have governed immunology since it emerged as a 

scientific discipline.  The first is that the role of the immune system is to protect the 

organism from pathogenic antigens through defense mediated through recognition of 

specific receptors.  The second was the establishment of the principle of self-tolerance, 

which states that antibodies produced by the adaptive immune system are selected in 

such a way that eliminates those that recognize self-antigens [1]. A recent deluge of 

studies have challenged the latter principal, creating space for a new component of the 

immune system composed mainly of self-reactive antibodies (autoantibodies) [1-5].  

Studies have shown that autoreactive B-cells and autoantibodies are abundant and must 

play a role in physiological immunity.  This physiologic role is thought to encompass 

maintenance of homeostasis, resolution of infection, immune-surveillance of cancer, 

assisting in wound resolution and tissue regrowth, contributing to removal of apoptotic 

and senescent cells, regulation of B cells, T cells and cytokine action [1, 3-5].   
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Studies done in the previous years by our lab were the first to show that the 

number of autoantibodies is in the many thousands, and that it is influenced by age, 

gender and the presence of disease [3, 6, 7].  Our lab has also shown that disease-

specific changes in autoantibody profiles can be used to identify blood-borne 

autoantibody biomarkers for early disease detection [8, 9].  This method has been used 

to develop biomarkers for Alzheimer’s disease, Parkinson’s disease, Mild Cognitive 

Impairment, and Multiple Sclerosis [8-11].  The presence of autoantibodies is not 

limited to the blood; they have also been detected in other biological fluids such as 

colostrum, saliva and cerebrospinal fluid (CSF).  Recently, we have shown that the 

CSF exhibits a complex IgG autoantibody profile that closely mimics that in the blood, 

indicating a blood-based origin for the CSF autoantibodies [1, 12].   

 

In healthy individuals, cell and tissue debris is generated through every day 

“wear and tear”, and we have proposed that one potential function of the autoantibody 

system is maintenance of body-wide homeostasis through clearance of this debris from 

the blood and other body fluids [12, 13].  Not surprisingly, the generation of cell-

derived debris releases thousands of antigenic products, thus creating a constant need 

for a complex autoantibody profile to facilitate their removal.  We have shown that this 

profile, referred to by us as the “baseline aAB profile” is not only present, but also 

incredibly stable over long periods of time.  We further show that individual 

autoantibody profiles possess features that are individual-specific as well as features 

that are common to among different individuals [12].  In this study, we aimed to 

investigate the effect of “stressors” to this baseline aAB profile.  Stressors can include 
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pathologic incidents such as disease-associated changes that lead to disease-associated 

shifts in autoantibody profiles; but can also include other common events such as 

surgeries and major weight loss or, as in the case of this study, a normal healthy 

physiologic event such as a pregnancy.  
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MATERIALS AND METHODS 

 

Blood collection and processing: 

Longitudinal Pregnant Patient Sample (n=6): 

Serum samples were obtained from a healthy individual from the New Jersey 

Institute for Successful Aging at Rowan University.  Serum samples were taken from 

the same individual over the course of six years: one sample in 2013, four samples in 

2018, and one sample in 2019.  Samples were stored at room temperature for 45 

minutes (to allow for clotting), and then centrifuged at 3000 rpm for 10 minutes to 

separate serum from the clotted portion of blood.  Serum was collected, aliquotted, and 

stored at -80oC. 

 

Human protein microarrays for detection of autoantibodies (aABs):  

Invitrogen's ProtoArray v5.1 Human Protein Microarrays (Cat. No. 

PAH0525020, Invitrogen, Carlsbad, CA, USA), each containing 9,486 unique human 

protein antigens (www.invitrogen.com/protoarray), were used for aAB detection. All 

proteins were expressed as glutathione s-transferase (GST) fusion proteins in insect 

cells, purified under native conditions, and spotted in duplicate onto nitrocellulose-

coated glass slides. Arrays were probed with serum/plasma/CSF, processed and 

scanned according to the manufacturer's instructions. Briefly, microarrays were 

blocked using Blocking Buffer (Cat. No. PA055, Invitrogen) and each was incubated 

with either serum diluted 1:500 in washing buffer. After washing, arrays were probed 

with anti-human IgG (H + L) conjugated to AlexaFluor 647 (Cat. No. A-21445, 
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Invitrogen) diluted 1:2000 in washing buffer. Arrays were then washed, dried, and 

immediately scanned with a GenePix 4000B Fluorescence Scanner (Molecular 

Devices, Sunnyvale, CA, USA). 

 

Fluorescence data were acquired by aligning the Genepix Array List onto the 

microarray using the Genepix Pro analysis software. The resulting Genepix results files 

were imported into Invitrogen's Prospector 5.2.3 microarray analysis software for 

analysis.  
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RESULTS 

 

The number of aABs detected in maternal serum using human protein 

microarrays globally drops during pregnancy, but is later restored to pre-

pregnancy levels 

 

Six longitudinal serum samples obtained from a healthy woman (gravida 1, para 

1) who experienced an uncomplicated pregnancy were used to probe human protein 

microarrays.  Serum was diluted 500X with wash buffer before being used to probe the 

arrays.  Each microarray contained 9486 native human proteins printed in duplicate, 

representing roughly one-third of the total human proteome.  These proteins provide 

potential targets to which aABs can bind.  The relative abundance of aABs bound to 

each cognate protein target is detected using fluorescent-labeled anti-human IgG 

antibodies and measured as Relative Fluorescence Units (RFUs).  Most aABs show 

some degree of reactivity with almost all available protein targets, providing evidence 

that autoantibodies are produced against all proteins.  However, in the present study, 

we have elected to maintain stringent criteria in our analysis where only aABs with a 

Z-factor > 0.4 and a minimum RFU signal intensity of 1500 were recognized as bona 

fide autoantibody-antigen reactions on the microarrays.  aABs that met these criteria 

are referred to here as “aAB hits.” Using this approach, we evaluated the longitudinal 

effects of pregnancy on the number of aABs detected on microarrays using these 

criteria.   
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Table 1 shows the number of aABs detected in the serum approximately 5 years 

before the first pregnancy, throughout pregnancy, and up to 7 months post-pregnancy. 

The number of aAB hits detected 5 years before the pregnancy (P1) (6749) closely 

resembles the number of aAB hits detected 7 months after pregnancy (P6) (6549).  

Since it is possible to have a similar number of hits but have different aAB targets 

represented, we next examined how similar the identities of these aAB hits were in the 

two samples.  Of 6549 aAB hits detected in P6 (7 months post-pregnancy), 6167 of 

these same aABs were also seen in P1 (5 years pre-pregnancy), indicating a 94.23% 

overlap in aAB profiles in pre- vs. post-pregnancy serum samples spanning a period of 

nearly six years.  This provides additional supportive evidence that aAB profiles show 

an exceptional level of fidelity after experiencing a stressor, in this case pregnancy.   

 

Examination of longitudinal serum samples at different stages of pregnancy 

revealed an initial reduction in the number of aAB hits during the second trimester 

[4590 aAB hits at 15 weeks gestation (P2) and 3226 aAB hits at 20 weeks gestation 

(P3)] followed by a recovery in the number of hits after the second trimester [4240 aAB 

hits at 28 weeks gestation (P4) and 5594 aAB hits at 37 weeks gestation (P5)].  We 

next looked at the identity overlap in each of the samples mentioned above taken during 

pregnancy with those identified five years prior to pregnancy (P1).  In all four samples, 

we saw remarkable overlap in the identity of the aABs (Table 1), having the lowest 

percent overlap being 96.25% at 37 weeks gestation (P5).  Of the 5594 total aAB hits 

in the 37 weeks gestation sample (P5), 5384 of them overlapped with sample P1 taken 

more than five years earlier, leaving only 210 (3.75%) new aAB hits that were not 
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detected in the earlier non-pregnancy sample.  Likewise, in the 7 month post-pregnancy 

sample (P6), there were 378 (5.77%) aAB hits that were not detected in P1.  We next 

compared the 210 new aAB hits from P5 to the 378 new aAB hits from P6 and found 

that 206 of them were common to both sample.  To state this differently, of the 210 

new aAB hits that appeared at 37 weeks gestation, 206 of them were retained at least 

up to 7 months post-pregnancy and were present in the P6 but not the P1 serum sample.  
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Table 1. Number of aAB hits in longitudinal serum samples taken from a healthy 

pregnant female 

Healthy Pregnant Control 

Sample 

ID 
Date Timeline 

Number 

of aAB 

hits 

Number of aAB hits 

shared with P1 (%) 

P1 8/15/2013 5 years Pre-pregnancy 6749 - 

P2 3/14/2018 16 weeks 4590 4562 (99.39%) 

P3 4/12/2018 20 weeks  3226 3210 (99.50%) 

P4 6/7/2018 28 weeks 4240 4214 (99.39%) 

P5 8/9/2018 37 weeks 5594 5384 (96.25%) 

P6 3/19/2019 7 months post-pregnancy 6549 6171 (94.23%) 

 

Table 1: The number of aAB hits detected in serum samples taken longitudinally over 

a period of almost 6 years.  The samples include one taken before pregnancy (P1), one 

taken 7 months post-pregnancy (P6) and four samples taken during the course of the 

pregnancy (P2-P5).  aAB hits were detected using human protein microarrays using a 

Z-factor > 0.4 and a minimum signal intensity of 1500 RFU. The identity of each group 

was compared to the identity of the aAB hits in P1 and the percent identity was 

calculated.   
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Pregnancy causes an initial global reduction in the titers of individual aABs in the 

blood, but the overall pattern of aAB expression is well-preserved and titer almost 

completely restored by the end of pregnancy 

 

We next looked at the effect of pregnancy as a stressor on the aAB profile.  The 

pre-pregnant profile in this case was taken 5 years before this person experienced their 

first pregnancy.  Even though multiple pre-pregnant longitudinal samples were not 

available from this individual, we previously showed great fidelity in aAB profiles over 

a long period of time in the absence of pathology [12].  Therefore, the pre-pregnant 

(P1) profile was used as the baseline aAB profile for this individual.  To look at the 

initial effect of pregnancy on the baseline profile, we plotted the baseline P1 profile 

against the earliest available pregnancy sample (P2 – 16 weeks gestation) for four 

different and randomly selected blocks of 50 proteins (Figure 1).  Results revealed that 

there is a global reduction in the titers of almost all of the individual aABs, with the 

exception of a very small subset of aABs whose titers did not increase (black arrows, 

to be discussed in the next section). Despite this global reduction in titer, we also found 

that the shape the aAB profile closely mimics that of the baseline profile.  This is in 

line with our previous findings showing that the identity of the aAB hits remained very 

similar while the number of hits was reduced in the second trimester of pregnancy.  

 

Figure 2 shows sequential changes in the aAB profile directed against a single 

block of randomly selected protein targets on the microarray during progression 

through pregnancy.  We see that the observed global reduction in titer continues to 
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progress from 15-20 weeks gestation.  However, it is evident that titers have again 

started to increase by 28 weeks gestation, and continue to do so through 37 weeks 

gestation.  By 7 months post-pregnancy, the relative titers of aABs appear to be restored 

to the original baseline aAB levels determined at five years prior to pregnancy. 

 

The return of relative aAB titers (or profiles) to the original pre-pregnant 

baseline levels in post-pregnant sample further strengthens our hypothesis that each 

individual has their own unique pattern of aAB titers that represents a “set point” for 

that individual.  We have previously shown that in the absence of a stressor, baseline 

aAB profiles show remarkable fidelity [12].  Here, we see that baseline aAB profiles 

return to their original baseline levels after the removal of a stressor.  To show this 

phenomenon another way, Figure 3 shows the same plots as Figure 1, however plotting 

only the pre- and post-pregnant sera shows the remarkable fidelity between these two 

samples.  In this study, we see the return of the aAB profile to the baseline profile by 7 

months post-pregnancy.  However, since we did not have access to samples taken at 

earlier time points after pregnancy, we cannot rule out the possibility that this re-

stabilization could have been achieved at an earlier time point.   

 

Since we have shown that post-stress (post-pregnancy) profiles return to the 

baseline (pre-pregnancy) profile, we next sought to determine if these profiles are 

unique to each individual.  We did this by comparing the pre-pregnant (baseline) RFU 

values from the same block of 50 randomly selected proteins (Fig. 4) to that of 5 other 

non-pregnant women.    We have previously discussed that aAB profiles are composed 
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of two conceptual subsets: a much larger subset with aAB levels comparable among 

multiple individuals and a much smaller subset with aAB levels that are significantly 

higher or lower than the baseline, thus making these few aABs and their divergent titers 

“stand out” as peculiar to this individual (i.e., contributing to the subtle differences that 

define an individual “autoantibody fingerprint”).  Figure 4 provides further evidence 

for this hypothesis by showing the unique profiles of six different women of similar 

age. 

 

In summary, so far we have shown that (1) in the absence of a stressor, aAB 

profiles remain remarkably stable over time, (2) aAB profiles undergo changes in 

response to a stressor (such as pregnancy), (3) following removal of the stressor, aAB 

profiles can recover and return to their baseline, and (4) aAB profiles are unique to each 

individual, making it possible to say that each individual has their own unique 

“autoantibody fingerprint”.  We will next dive into a fifth principle: stressors that can 

leave a permanent imprint on the baseline aAB profile. 
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Figure 1.  The effect of pregnancy on the baseline aAB profile (pre-pregnancy) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Four different blocks of 50 randomly selected protein targets on human 

protein microarrays that were probed with diluted serum (1:500) taken 5 years pre-

pregnancy (red line) and at 15 weeks gestation (orange line).  The plots show overall 
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fidelity in the shape of the profile despite a global reduction in the titers of the aABs 

(reflected by decreased RFUs), with the exception of a small subset of aABs (indicated 

by black arrows) whose titers increased during pregnancy. 
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Figure 2.  Step-wise progression of the aAB profile throughout pregnancy and 

post-pregnancy as compared to the pre-pregnant baseline aAB profile 

BLOCK 1 
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Figure 2 Continued: 

BLOCK 2 
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Figure 2 Continued:  

BLOCK 3 
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Figure 2 Continued:  

BLOCK 4 

 

Figure 2: Longitudinal plots of four different blocks of 50 randomly selected proteins 

(same blocks as Fig. 1) on human protein microarrays that were probed with diluted 
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serum taken at 5 years pre-pregnancy (red line) as well as at the following gestational 

ages: 16 weeks (orange line), 20 weeks (light blue line), 28 weeks (green line), and 37 

weeks (dark blue line). The graphs show the progression of changes in the aAB profile 

throughout pregnancy to post-pregnancy as compared to the original baseline (pre-

pregnant) aAB profile established 5 years before. 
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Figure 3. Fidelity of aAB profiles of pre- and post-pregnancy samples – the return 

to the baseline profile after introduction and removal of a physiological stressor 

 

Figure 3: Comparison of the pre- and post-pregnancy profiles of four randomly 

selected blocks of 50 protein targets shows remarkable fidelity in aAB profiles in pre- 
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and post-pregnancy serum samples from the same individual.  These data indicate that, 

when a stressor to the system is removed, the aAB profile returns to its original baseline 

levels, further indicating that each aAB in the profile has unique individual set-point. 
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Figure 4: aAB profiles are unique to each individual, as shown by comparing the 

same block of proteins in 6 different women 

 

Figure 4: aAB profiles of six different women from the same randomly selected block 

of 50 proteins shows that aAB profiles are unique to each individual.  Though there are 

certain commonalities between them, most individuals differ in their RFU expression 
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in a way that allows us to identify individual aAB fingerprints based on the unique 

features of individual profiles.  
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A small subset of aABs increased during pregnancy and remained high after 

removal of the stressor 

 

We next more closely examined the aABs whose titers increased with 

pregnancy in the subject describe above.  There were 369 aABs with titers that were 

increased from pre-pregnancy (P1) to 15 weeks pregnant (P2).  The percent increase 

was calculated, and we saw that 61 of the 369 aABs had RFU values that increased by 

greater than 100%.  52 aAB were increased by 50-100%, and the remaining 250 aABs 

were increased by less than 50%.   Focusing on the 61 aABs that had greater than 100% 

increase (Table 2), we divided them into two categories: (1) those with P1 RFU > 1500 

(hits) and (2) those with P1 RFU < 1500 (non-hits). This allowed us to divide the list 

into aABs that were (27 aABs) and were not (34 aABs) considered hits in the baseline 

profile.  Next, we looked at the RFU values in P2 and further subdivided the aABs into 

hits and non-hits.  All 27 aABs that were considered hits in P1 were also considered 

hits in P2.  Of the 24 aABs that were not hits in P1, only 9 showed enough of an increase 

to meet the threshold for being considered a hit in P2.   
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Table 2. Flowchart following steps of categorization of aABs that showed an 

increase in titer between pre-pregnant sample (P1) and 15 weeks pregnant sample 

(P2). 

Increase in RFU from P1  P2 

369 aABs 

Greater than 100% Increase 

61 aABs 

Between 

50-100% 

increase 

52 aABs 

Less than 

50% 

Increase 

250 aABs 

P1 RFU > 1500 

27 aABs 
P1 RFU < 1500 

34 aABs 

 
P2 RFU > 1500 

27 aABs 
P2 RFU < 1500 

0 aABs 
P2 RFU > 1500 

9 aABs 
P2 RFU < 1500 

25 aABs 

 

Table 2: Despite the global reduction of aAB RFUs from pre-pregnancy to pregnancy, 

a small subset (369 aABs) showed an increase in aAB RFUs.  This table summarizes 

how these aABs are categorized.  Percent difference is calculated for each aAB.  aABs 

with RFU > 1500 and a Z-factor > 0.4 are considered hits.  P1 refers to the pre-pregnant 

sample and P2 refers to pregnant sample taken at 15 weeks.  
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We first focused on the longitudinal progression of the 27 aABs that showed an 

increase in titer between pre-pregnancy and first pregnant sample at 15 weeks gestation 

and were also considered “hits” in both P1 and P2.  The first question that we wanted 

to answer was if the increase in RFU titers would be consistent throughout pregnancy 

and into post-pregnancy.  Table 4 summarizes the percentage data while Figure 4 shows 

the stepwise progression of the increase in profile.   The first key take away point when 

comparing the pre-pregnancy (P1, 5 years pre-pregnancy) to post-pregnancy sample 

(P6, 7 months post-pregnancy) is that all of the aABs show an increased titer.  Secondly, 

we still see a global reduction in aAB titers between P2 (16 weeks gestation) and P3 

(20 weeks gestation).  This is in agreement with the known IgG transfer that occurs, 

starting the second trimester of pregnancy [14].  However, in this small subset of aABs, 

unlike the other aABs, there was an initial increase followed by a decrease.  

 

In Figure 4A, we show the initial increase from the baseline profile to the profile 

established during pregnancy.  It is important to note the change in scale of the y-axis 

in Figure 4 from 20,000 RFU to 75,000 RFU in order to include most of the data points.   

This new stressor-induced profile is established by 16 weeks gestation. However, since 

samples from earlier in the pregnancy period were not available, we cannot rule out 

that this stress-induced profile is established even earlier in pregnancy.  In Figure 4C, 

we added the remaining pregnancy sample profiles in a sequential manner.  This 

revealed that this stress-induced profile is maintained throughout the period when the 

stressor (i.e. pregnancy) is present.   Furthermore, by comparing Figure 4A and 4B, we 

see that, unlike the vast majority of aABs, the post-pregnancy profile of this smaller 
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group of aABs resembles the stress-induced profile more closely than it resembles the 

original baseline profile, thus providing preliminary evidence that stressors to the 

system may leave a permanent imprint on the baseline profile.  
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Table 3. The longitudinal progression of a small subset of aABs showing both an 

initial pregnancy-associated and sustained post-pregnant increase in RFU 

Protein 

Target 

% 

change 

from P1 

to P2 

% 

change 

from P2 

to P3 

% 

change 

from P3 

to P4 

% 

change 

from P4 

to P5 

% 

change 

from P5 

to P6 

 % change 

from P1 to 

P6 

NP_003833.3 280% 0% 0% 0% 0% 280% 

BC002769.1 420% -35% 8% 64% -6% 458% 

NM_016485.3 294% -27% 9% 70% -15% 351% 

NM_145021.1 284% -45% 13% -19% 17% 125% 

BC059174.1 101% -44% -26% 232% 11% 206% 

BC020885.1 240% -40% 37% 43% 49% 493% 

NM_003177.3 198% -13% -13% 27% 5% 203% 

BC032347.1 252% -49% 5% 133% 24% 445% 

NM_003403.3 304% -20% -2% 33% 6% 346% 

NM_181707.1 291% -23% 22% 6% 22% 373% 

NM_032345.1 289% -71% 37% 337% -17% 451% 

BC098302.1 127% -41% -35% 135% 25% 157% 

BC006104.1 105% -26% 12% 36% 45% 235% 

BC024746.1 145% -25% 11% 35% 78% 393% 

NM_001790.2 156% -16% -8% 31% 21% 213% 

NM_015000.1 482% -32% 6% -16% -10% 216% 

BC039832.1 223% -39% 1% 56% 84% 478% 

BC039306.1 146% -29% 18% 41% 11% 221% 

BC059386.1 141% -41% 2% -17% 23% 51% 

NM_032472.3 178% -32% 17% 144% 27% 580% 

NM_016487.1 126% -24% 10% 45% -17% 127% 

NM_018393.2 101% -55% -11% 153% 0% 104% 

BC039306.1 146% -29% 18% 41% 11% 221% 

NM_006370.1 258% -46% 78% 45% 18% 493% 

PV3857 107% -49% 18% 14% 44% 104% 

NM_006948.1 102% -60% 155% 192% 20% 618% 

NM_000327.2 110% -47% 44% -11% 580% 879% 

 

Table 3: This table includes the 27 aABs whose RFUs increased with pregnancy and 

remained increased after pregnancy (i.e., failed to return to pre-pregnancy baseline 

levels.  The green text annotates percent increase in RFU titer between the two time-

points while the red text annotates a percent decrease between the two titers.  We see 
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that even though there is a uniform drop between P2 (16 weeks gestation) and P3 (20 

weeks gestation), there is an overall trend of increasing aAB titers in the indicated small 

subset of aABs, with a uniform increase sustained 7 months post-pregnancy (P1  P6 

column).   
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Figure 5. The progression of a selected group of 27 aABs showing persistently 

increased titers during and post-pregnancy 

 

Figure 5: Of the 369 aABs that showed an increase in RFU between P1 and P2, 27 

aABs had a percent increase greater than 100% and RFU > 1500 in both P1 and P2.  In 

A B 

C 
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A, we see the establishment of the stress-induced profile by 16 weeks gestation.  In B, 

the post-pregnant profile is significantly different from the baseline profile, and in fact 

by comparing it to A, we see that it more closely resembles the stress-induced profile.  

In C, we see the step-wise addition of the gestational samples taken at 20 weeks, 28 

weeks and 37 weeks. 
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DISCUSSION 

 

 In this study, we have investigated the question of whether a “normal” or non-

disease-related physiologic event (i.e., pregnancy) can trigger changes in individual 

aAB profiles and, if so, if these changes are transient.  We sought to determine whether 

or not a specific set of pregnancy-associated aAB profile changes are maintained over 

the course of pregnancy as well as whether aAB profiles return to baseline (non-

pregnancy) after the birth of the child.  To address these and other questions, a 

longitudinal series of serum samples from a single individual was taken before, during 

and after pregnancy, and each sample was used to probe human protein microarrays in 

an effort to establish the aAB profile for each time-point.  This approach facilitated 

comparison of the pregnancy and non-pregnancy profiles in the same individual and 

allowed us to potentially identify any changes in aAB profiles associated with a 

particular stage of pregnancy.   

 

 In previous studies, we introduced the concept of a baseline aAB profile.  We 

have shown that in the absence of pathology or major stressors to the body, each 

individual has a baseline (or “set point”) aAB profile that can remain stable over many 

years, and that the baseline profile for each individual has a unique features.  Thus, 

each individual has a unique “aAB fingerprint”.  We have also previously shown that 

common, disease-specific changes from the baseline aAB profile can be identified and 

used as biomarkers.  Exploring the effects of non-disease body associated stressors 

such as illness, major weight loss, surgeries has not yet been attempted before this 
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study.  The question remaining to be answered is two-fold: does a physiological stressor 

affect the baseline aAB profile, and if so, does the aAB profile recover once this 

physiological stressor is removed.  

 

To address these questions, we began by determining how the onset of 

pregnancy as a stressor changes the overall aAB profile.  Our results revealed a global 

drop in the number of aAB hits as we progressed into the pregnancy up to week 20.  

Our pre-pregnant sample had 6749 aAB hits detected, and this number steadily declined 

until we reach 20 weeks, with the number of detectable aAB hits at slightly less than 

half the original level (i.e., 3226).  This reduction in the number of detectable aAB hits 

is expected, since any global reduction in RFUs will drive a large number of aABs 

below our detection threshold (i.e., 1500 RFUs).  The number of aAB hits then steadily 

increases up to the end of pregnancy, with 37 week sample and our post-pregnancy 

sample having almost the same number of aABs hits (6549) as our pre-pregnant sample 

taken nearly 6 years earlier.  This restoration of the aAB profile toward the original 

baseline level is further supported by the fact that 94.23% of the 6549 aAB hits was 

identical to those in our pre-pregnant sample.  This high percentage of overlap in 

identity of aAB hits is maintained throughout pregnancy, and comparing the identity 

of each sample to the pre-pregnant aABs, we saw 99.39% overlap at 16 weeks, 99.50% 

at 20 weeks, 99.39% at 28 weeks and lastly, 96.25% at 37 weeks.   Thus, if one assumes 

that aABs have a debris-clearing function, these results may have a straightforward 

explanation.  It is not so much that new aABs are required to clear “new” debris, but 

rather that there is an increased production of the same type of debris, leading to a 
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general reduction across-the-board in aAB titers due to the demand for increasing 

debris clearance.  During the first half of pregnancy, organ morphogenesis and 

remodeling to a final form might be expected to produce a high level of cell and tissue 

debris, thus taxing the aAB debris-clearance system and resulting in chronically 

reduced aAB titers during this developmental period.  By contrast, the later stages of 

pregnancy largely involve the rapid growth of the already formed organs, in which 

there is a lot of growth but less remodeling.  This would be expected to produce 

comparatively less debris despite the increase in the size of the baby, giving an 

opportunity for aAB titers to be restored to default baseline levels.   

 

This is also in line with previous research that tells us that the maternal IgG 

transfer to the fetus begins as early as the second trimester (week 14) and continues 

throughout to term [14].  With the transfer of the IgG from the mother to the fetus, we 

expect to see a global decline in the titers of aABs in the mother’s blood and, as 

mentioned above, we would expect less antibodies to meet the threshold for being 

considered hits (RFU > 1500, Z-factor > 0.4).  This further confirms that the IgG 

transfer of aABs to the fetus is also not selective, but rather a representative sample of 

all IgG in human serum are transferred to the serum.  If it was possible to collect 

simultaneous samples from the fetus and the mother, we hypothesize that the aAB 

profiles would closely mimic one another in pattern.   It is currently thought that the 

majority of the IgG is transferred from mother to fetus during the third trimester, 

however, we see an increase in our IgG titers that seems to be in direct contradiction 

with this.  We hypothesize that the initiation of the IgG transfer serves as a signal for 
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the mother to increase her production of immunoglobulins in order to restore her aAB 

profile to original levels.   

 

The percentage overlap in the identity of aAB hits evident in the longitudinal 

samples examined prompted us to examine the expression pattern of individual aABs 

within these profiles throughout pregnancy.  This was accomplished by randomly 

selecting blocks of 50 protein targets and plotting their corresponding aAB RFU 

expression values.  Results revealed that the reduction in hits was accompanied by a 

global reduction in RFU values, however, the shape of the baseline profile was 

maintained for most of the individual aABs, suggesting that the mother passes her own 

aAB baseline profile to the fetus non-selectively.  Comparing the pre-pregnant to the 

post-pregnant profile, we saw remarkable fidelity in both the shape of the profiles and 

the pattern of individual RFU levels.  This indicates that, once the stressor (pregnancy) 

was removed, the aAB profile was able to return to the original baseline levels that 

were show to be in place 5 years prior to the onset of pregnancy, further suggesting that 

baseline aAB profiles have a defined set-point that is maintained with great fidelity.  

 

Even though the vast majority of the aABs behaved as described above, a small 

subset of aABs showed an increase in the RFUs with progression of pregnancy.  We 

identified 27 aABs that met the threshold for being an aAB hit at P1 and P2, we 

followed their expression over the course of pregnancy and after.  We saw that these 

aABs showed deviation from the original profile, with their expression having gone up 

significantly, and remaining high even at 7 months post-pregnancy.  This is unique 
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since most of our aAB had lower expression and returned to similar levels as their pre-

pregnant RFU after the pregnancy had ended.  This suggests that the presence of a 

stressor may, in certain circumstances, leave a permanent imprint on the original aAB 

profile.  Interestingly, this stress-induced profile seems to be established by 16 weeks 

pregnancy, indicating that the inciting event was well under way by 16 weeks, creating 

a unique aAB profile that was maintained throughout the course of the pregnancy and 

even after pregnancy had ended.  Comparing the pre- and post-pregnant profiles in 

these 27 protein targets, we see marked differences, in sharp contrast to the other 

randomly selected blocks of 50 proteins that we’ve shown in this work.  This implies 

that even though pregnancy may not alter the entire aAB profile expression pattern, it 

may cause substantial changes in a small subset of aABs.  Moreover, these changes are 

maintained after the stressor (i.e., pregnancy) is removed, as evidenced by a post-

pregnancy profile that is almost identical to the “stress-induced profile” and very 

different from the pre-pregnancy profile.   

 

In previous unpublished studies carried out in our laboratory, we have produced 

evidence that the autoantibody profile of the child tends to closely resemble that of the 

mother, even many years after birth.  This should not be surprising, given that the fetus, 

despite not yet having a functional immune system, is born with a full complement of 

the mother’s IgG aAB profile that was transferred through the placenta.  Based on this, 

we have proposed but not yet fully tested the possibility that the child’s aAB profile is 

initially derived from a template aAB profile that is provided by the mother.  From on 

the above discussion, our expectation is that, initially, the aAB profile generated by the 
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child’s own immune system is identical to that of the mother.  However, as shown 

above, subsequent encounters throughout life with various life stressors can cause 

persistent and additive deviations from this initial aAB profile that leads to various 

degrees of departure from the maternal profile and the evolution of a new aAB profile 

unique to each individual.  If true, then the magnitude of the departure from the 

maternal baseline pattern would be dependent on the number, type and severity of the 

stressors encountered by each individual.  Likewise, minimal encounters with stressors 

would be predicted to allow the profile of the child to more closely resemble that of the 

mother throughout life.  Further work will be needed to test these possibilities. 

 

Taken together, we have seen that stressors to the system can cause skewing of 

a subset of aABs from the baseline aAB profile.  Even though some of the deviations 

from baseline (for example, a global reduction) can return to baseline afterwards (or a 

subset of aAB that did significantly change but returned to baseline levels), there is a 

subset of aAB that undergo stress-induced deviation and remain skewed even after the 

stressor is removed.  This implies that stressors to the system are able to create an 

imprint on the baseline aAB profile.  Further studies of baseline aAB profiles, and 

longitudinal studies of different stressors, can elucidate specific patterns of expression 

that are stressor specific.  However, it is also possible that each individual’s baseline 

aAB profile reacts differently to the presence of even the same stressor.  We have 

already seen that baseline aAB profiles are unique to each individual. Regardless, it is 

important to consider that the imprints that stressors may leave on baseline aAB profiles 

can serve as an immunological history of what our bodies have endured and 
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remembered, similar to the immunologic memory exhibited by the antibodies that 

target pathological infections.    

  



107 

 

REFERENCES 

1. Avrameas, S., et al., Naturally occurring B-cell autoreactivity: a critical 

overview. J Autoimmun, 2007. 29(4): p. 213-8. 

2. Avrameas, S., H. Alexopoulos, and H.M. Moutsopoulos, Natural 

Autoantibodies: An Undersugn Hero of the Immune System and Autoimmune 

Disorders-A Point of View. Front Immunol, 2018. 9: p. 1320. 

3. Nagele, E.P., et al., Natural IgG autoantibodies are abundant and ubiquitous in 

human sera, and their number is influenced by age, gender, and disease. PLoS 

One, 2013. 8(4): p. e60726. 

4. Norris, G.T. and J. Kipnis, Immune cells and CNS physiology: Microglia and 

beyond. J Exp Med, 2019. 216(1): p. 60-70. 

5. Avrameas, S. and C. Selmi, Natural autoantibodies in the physiology and 

pathophysiology of the immune system. J Autoimmun, 2013. 41: p. 46-9. 

6. Levin, E.C., et al., Brain-reactive autoantibodies are nearly ubiquitous in human 

sera and may be linked to pathology in the context of blood-brain barrier 

breakdown. Brain Res, 2010. 1345: p. 221-32. 

7. Nagele, R.G., et al., Brain-reactive autoantibodies prevalent in human sera 

increase intraneuronal amyloid-beta(1-42) deposition. J Alzheimers Dis, 2011. 

25(4): p. 605-22. 

8. Han, M., et al., Diagnosis of Parkinson's disease based on disease-specific 

autoantibody profiles in human sera. PLoS One, 2012. 7(2): p. e32383. 

9. Nagele, E., et al., Diagnosis of Alzheimer's disease based on disease-specific 

autoantibody profiles in human sera. PLoS One, 2011. 6(8): p. e23112. 

10. DeMarshall, C.A., et al., Detection of Alzheimer's disease at mild cognitive 

impairment and disease progression using autoantibodies as blood-based 

biomarkers. Alzheimers Dement (Amst), 2016. 3: p. 51-62. 

11. DeMarshall, C., et al., Autoantibodies as diagnostic biomarkers for the 

detection and subtyping of multiple sclerosis. J Neuroimmunol, 2017. 309: p. 

51-57. 



108 

 

12. Kheirkhah, R., et al., The origin and nature of the complex autoantibody profile 

in cerebrospinal fluid. Brain, Behavior, & Immunity - Health, 2019. 2. 

13. DeMarshall, C., et al., Utility of autoantibodies as biomarkers for diagnosis and 

staging of neurodegenerative diseases. Int Rev Neurobiol, 2015. 122: p. 1-51. 

14. Simister, N.E., Placental transport of immunoglobulin G. Vaccine, 2003. 

21(24): p. 3365-9. 

  



109 

 

ATTRIBUTES 

Figure 1. Human protein microarrays were processed by Rahil Kheirkhah and 

Cassandra DeMarshall, PhD.  Data extraction and analysis was performed by Rahil 

Kheirkhah. 

 

Figure 2. Human protein microarrays were processed by Rahil Kheirkhah and 

Cassandra DeMarshall, PhD.  Data extraction and analysis was performed by Rahil 

Kheirkhah. 

 

Figure 3. Human protein microarrays were processed by Rahil Kheirkhah and 

Cassandra DeMarshall, PhD.  Data extraction and analysis was performed by Rahil 

Kheirkhah. 

 

Figure 4. Human protein microarrays were processed by Rahil Kheirkhah and 

Cassandra DeMarshall, PhD.  Data extraction and analysis was performed by Rahil 

Kheirkhah. 

 

Figure 5. Human protein microarrays were processed by Rahil Kheirkhah and 

Cassandra DeMarshall, PhD.  Data extraction and analysis was performed by Rahil 

Kheirkhah. 

 

  



110 

 

CHAPTER V 

PREVALENCE AND DISTRIBUTION OF  

GLYCOSYLATED AUTOANTIBODIES 

 

INTRODUCTION 

 

Glycosylation of immunoglobulins can occur at either the Fab or Fc region. In 

healthy non-pregnant individuals, the fraction of total IgG that is Fab-glycosylated 

varies between 15 to 25% [1].  During pregnancy, the percentage of glycosylated IgGs 

increases to as high as 50% [2].  The presence of the glycan on one of the two Fabs 

creates steric hindrance that interferes with the binding of the glycosylated arm to 

antigens, rendering glycosylated antibodies to act as univalent antibodies [3].  Since 

glycosylated antibodies compete with non-glycosylated antibodies for the same target 

antigen, they can act as “blocking antibodies” that can reduce inflammatory sequellae 

with an effectiveness that is proportional to their titer relative to their non-glycosylated 

counterparts [4].  

 

It has been postulated that the increase in glycosylation with pregnancy plays a 

regulatory role that prevents immune rejection of the fetus, which also carries paternal 

antigens that can be recognized as foreign to the maternal immune system.  Apparently, 

one of the strategies used to foster immune tolerance of the semi-allogeneic fetus is to 
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univalently glycosylate antibodies that are directed towards paternal antigens so that 

they fail to induce an immune response that could lead to fetal rejection by the mother 

[4, 5].  

 

The increase in glycosylation may be regulated by Progesterone-Induced Blocking 

Factor (PIBF), a protein secreted by human pregnancy lymphocytes [3, 4].  During 

pregnancy, through its immunomodulatory effects, PIBF creates a habitable 

environment for the fetus.  PIBF directly blocks degranulation of Natural Killer (NK) 

cells thus inhibiting their cytotoxicity, alters the Th1 lymphocyte to Th2 lymphocyte 

balance by promoting the production of Th2 lymphocyte-favoring cytokines, as well as 

acting as a transcription factor to induce production of asymmetrically glycosylated 

antibodies [3, 6-8].  To further support the importance of glycosylation in maintaining 

a healthy pregnancy, it has been shown that the percentage of asymmetric antibodies is 

lower in women who show symptoms of threatened preterm pregnancy termination, 

such as spontaneous abortion or preterm labor and preeclampsia [5, 7, 9, 10].  

Furthermore, there have been reported cases of pregnant women who experienced 

remission of symptoms of their autoimmune disorders such as Rheumatoid Arthritis, 

Multiple Sclerosis, Systemic Lupus Erythematosis and Inflammatory Bowel Disease 

during pregnancy [11-13].  Though this has not been directly linked to an increase in 

glycosylation during pregnancy, it is possible that the increase in glycosylation of 

antibodies involved in those pathologies is the reason why a remediation of symptoms 

is observed. 
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In this study, we took a closer look at the prevalence and distribution of 

glycosylation in autoantibodies (aABs) specifically using longitudinal samples 

obtained over a period of 6 years, spanning a period prior to, post, and during 

pregnancy.  Using chromatography columns, we isolated immunoglobulin G and, 

furthermore, separated the glycosylated and non-glycosylated fractions.  We used these 

to probe human protein microarrays, and investigate the breakdown and extent of 

glycosylation of autoantibodies.  
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MATERIALS AND METHODS 

 

  In normal serum, immunoglobulin G (IgG) makes up 80% of the total 

immunoglobulin content, followed by IgA (15%), IgM (5%), IgD (0.2%) and IgE (trace 

amounts) [14].  The total IgG is composed of antibodies that target non-self antigens, 

referred to in this study as p-IgG (pathogen directed IgG) and those that can bind to 

self-antigens, referred to as a-IgG (autoantibody IgG).  Furthermore, these 

immunoglobulins can either be glycosylated (G-p-IgG, G-a-IgG) or non-glycosylated 

(NG-p-IgG) and (NG-a-IgG). Other subclasses of immunoglobulins can also be 

glycosylated or non-glycosylated, and previous research has indicated that the IgM 

subclass is also able to bind self-antigens [15].  For the purposes of this study, our goal 

was to first isolate the IgG subclass of immunoglobulins from serum or plasma.  The 

next aim was to separate the glycosylated and non-glycosylated components, and 

obtain a relative concentration for each subset.  Table 4 provides an overview of the 

protocol. 

 

Collection of Human Serum 

 Blood is initially collected in red-top tubes (containing no anticoagulants or 

preservatives).  The blood is stored at RT for about 45 to 60 minutes to allow for 

coagulation to occur. Serum is obtained from clotted blood that is not mixed with an 

anticoagulant. The clotted blood is then spun down at 3000 rpm for 10 min to allow for 

separation of the serum from the clotted portion of blood [14, 16].  The serum is then 
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collected, aliquoted, and stored at -80oC.  At this point in the process, the serum 

contains all subclasses of immunoglobulins.  

 

Longitudinal Pregnant Patient Sample (n=6): 

Longitudinal serum samples were obtained from a healthy individual from the 

New Jersey Institute for Successful Aging at Rowan University.  Serum samples were 

taken from the same individual over the course of six years: one sample in 2013, four 

samples in 2018, and one sample in 2019.  Table 1 highlights the dates and gestational 

period at which samples were taken.   

 

Isolation of IgG subclass with Protein G vs. Protein A 

 Both Protein G and Protein A have high affinity for the Fc region of polyclonal 

and monoclonal IgG antibodies, allowing for purification of IgG from other 

immunoglobulin subclasses.  Protein G is a bacterial protein derived from Group G 

Streptococci and Protein A is a bacterial protein derived from Staphylococcus Aureus.  

They can both be coupled to Sepharose to create chromatography media that can be 

readily used for antibody purification.  The relative binding strengths of human 

immunoglobulin subclasses to Protein A and Protein G are shown in table 2.  Even 

though both Protein A and Protein G bind IgG with high affinity, Protein G binds to all 

IgG subclasses, while Protein A is not able to bind to IgG3.  For this reason, we decided 

to use Protein G for purification of IgG in our study.  
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Protein G HP SpinTrap Columns (GE Healthcare, Cat. No. 45-001-485) 

 Protein G HP SpinTrap Columns are pre-packed with Protein G Sepharose High 

Performance Medium to be used for small-scale purification of monoclonal and 

polyclonal antibodies (IgG) from samples such as serum.  The Ab Buffer Kit (GE 

Healthcare, Product No. 28903059) was used and Table 3 lists the components of each 

buffer. 

 

 All protocol steps in using the Protein G column were done at room 

temperature.  Storage solution is removed by centrifugation (30s, 100 x g).  The column 

is equilibrated using 600 uL of binding buffer, followed by centrifugation (30s, 100 x 

g). Serum sample, not to exceed the max volume of 600uL, is added to the column and 

incubated for 4 minutes with end-over-end mixing to allow for IgG to bind to the 

Protein G Sepharose.  The column is then centrifuged (30s, 100 x g) to discard the 

initial flow-through, containing the remaining components of serum, followed by two 

washes with 600 uL of binding buffer (30s, 100 x g).  Next, the IgG is eluted using 400 

uL of elution buffer, mixed briefly by inversion and centrifuged (30s, 70 x g) into a 

collection tube containing 30 uL of neutralizing buffer.  The elution step is repeated 

once more, for a total of two elution fractions, since most of the bound antibody is 

eluted after two elution steps.  
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Isolation of glycoproteins with Concanavalin A (ConA) vs. Wheat Germ Agglutinin 

(WGA) 

 Both ConA and WGA are lectins that can act as ligands for specific classes of 

glycoproteins.  ConA recognizes alpha-linked mannose and terminal glucose residues.  

WGA selectively binds N-Acetyl glucosamine (GlcNac) groups and sialic acid.  Since 

glycosylation is also present on both the Fab and Fc region of antibodies, we were 

concerned about non-specific Fc binding of IgG.  However, a study done by Huang et. 

al. showed that ConA lectins only bind to the glycosylation on Fab region because they 

were exposed and accessible to the lectin, in contrast to the N-linked oligosaccharides 

attached to the Fc region, which are not accessible to the lectin since they are located 

inside the natural protein [17].  For this reason, we decided to use ConA columns for 

separation of Fab glycosylated-IgG from non-glycosylated IgG in our study. 

 

Pierce Glycoprotein Isolation Kit, ConA (ThermoFisher Scientific, Catalog No. 

89804) 

 The buffers for the ConA column must be equilibrated to room temperature 

before use.  A sample containing up to 1.5 mg of total protein is diluted with the 5X 

binding/wash Stock solution. 

 

 The column is prepared by adding 200 uL of 50% resin slurry.  The storage 

buffer is centrifuged (1 min, 250 x g) to be discarded. The column is equilibrated with 

200 uL of the 1X binding/wash buffer (1 min, 250 x g), for a total of three times.  The 

sample is then added and incubated for 10 min at room temperature with end-over-end 
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mixing, and then centrifuged (1 min, 250 x g) to discard the flow-through.  The flow- 

through in this column contains non-glycosylated IgG.  The column is then washed 

twice more with 400 uL of 1X binding/wash buffer (1 min, 250 x g) to give us flow- 

through fractions 2 and 3.  Next, 400 uL of 1x binding/wash buffer is added and 

incubated for 5 min before centrifugation (1 min, 250 x g) (flow-through 4).  This step 

is repeated once more, giving us flow-through 5.  The bound portion is then eluted with 

200 uL of elution buffer, incubated for 10 min with end-over-end mixing and then 

centrifuged out (1 min, 250 x g).  This is repeated twice more for a total of 3 elution 

fractions.  

 

SimplyBlue SafeStain (Invitrogen, Cat. No. LC6060) 

 Samples were run on 1.5mm gels (12% resolving, 4% stacking).  The gels were 

run at 100V at room temperature.  The gels were then placed in approximately 20mL 

of SimplyBlue Safestain and incubated for 1 hour at room temperature.  The gel was 

then washed with 100 mL of water for 1 hour at room temperature.  A second wash 

was done with 100 mL of water overnight at room temperature to increase band 

intensity and reduce background. 

 

Western Blots 

 The gels were run as mentioned above for the SimplyBlue SafeStain procedure.  

They were then transferred for 45 min, at 100V in 4oC.  Once the transfer was complete, 

the nitrocellulose membrane was blocked in 5% non-fat dry milk in PBS-T for one hour 

at room temperature.  It was then incubated with goat anti-Human IgG (H+L) HRP 
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conjugate (1:5000 in 5% dry-milk in PBS-T) for 1 hour at 4oC.  Once the incubation 

was over, five 10-min washes were performed with PBS-T at room temperature.  The 

membrane was then developed using an ECL Kit.  

 

Human protein microarrays for detection of autoantibodies:  

Invitrogen's ProtoArray v5.1 Human Protein Microarrays (Cat. No. PAH0525020, 

Invitrogen, Carlsbad, CA, USA), each containing 9,486 unique human protein antigens 

(www.invitrogen.com/protoarray), were used for aAB detection. All proteins were 

expressed as glutathione s-transferase (GST) fusion proteins in insect cells, purified 

under native conditions, and spotted in duplicate onto nitrocellulose-coated glass slides. 

Arrays were probed with serum, processed and scanned according to the manufacturer's 

instructions. Briefly, microarrays were blocked using Blocking Buffer (Cat. No. 

PA055, Invitrogen) and each was incubated with either the glycosylated or non-

glycosylated fractions from the ConA column.  The glycosylated fraction was diluted 

to 1:34 in washing buffer, and the non-glycosylated fraction was diluted 1:192 in 

washing buffer. These dilutions were chosen to ensure that sufficient quantities of 

autoantibodies would be present to fall within the dynamic range of detection of the 

arrays. After washing, arrays were probed with anti-human IgG (H + L) conjugated to 

AlexaFluor 647 (Cat. No. A-21445, Invitrogen) diluted 1:2000 in washing buffer. 

Arrays were then washed, dried, and immediately scanned with a GenePix 4000B 

Fluorescence Scanner (Molecular Devices, Sunnyvale, CA, USA).  Fluorescence data 

were acquired by aligning the Genepix Array List onto the microarray using the 
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Genepix Pro analysis software. The resulting Genepix results files were imported into 

Invitrogen's Prospector 5.2.3 microarray analysis software for analysis. 
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Table 1. Timeline of samples taken from the pregnant patient 

Healthy Pregnant Control 

Sample 

ID 
Date Timeline 

P1 8/15/2013 5 years Pre-pregnancy 

P2 3/14/2018 16 weeks 

P3 4/12/2018 20 weeks  

P4 6/7/2018 28 weeks 

P5 8/9/2018 37 weeks 

P6 3/19/2019 7 months post-pregnancy 

 

Table 1: The dates and gestational times of the longitudinal samples taken from a 

single healthy pregnant patients, spanning a period of 6 years. 
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Table 2. Relative binding strength for protein A and protein G  

Species Subclass Protein A 

binding 

Protein G 

binding 

Human IgA Variable - 

IgD - - 

IgG1 ++++ ++++ 

IgG2 ++++ ++++ 

IgG3 - ++++ 

IgG4 ++++ ++++ 

IgM Variable - 
https://cdn.gelifesciences.com/dmm3bwsv3/AssetStream.aspx?mediaformatid=10061&destinationid=10016&assetid=11660 

 

Table 2: Relative binding strength of different antibody subclasses from humans to 

Protein A and Protein G, measured on a competitive ELISA test. 

  

https://cdn.gelifesciences.com/dmm3bwsv3/AssetStream.aspx?mediaformatid=10061&destinationid=10016&assetid=11660
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Table 3. Recommended buffers to use with Protein G HP SpinTrap Columns 

 

Binding Buffer 20 mM sodium phosphate, pH 7.0 

Elution Buffer 0.1 M glycine-HCl, pH 2.7 

Neutralizing Buffer 1M Tris-HCl, pH 9.0 

 

Table 3: Chemical components of the buffers used for the Protein G HP SpinTrap 

Columns. 
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Table 4. Protocol Overview 

 

Human 

Serum 

Protein G 

Column 

 

Protein G 

Elution 

Fraction 

Con-A 

Column 
 

Bound to 

ConA Column 
G-p-IgG 

G-a-IgG 

 

Human 

Protein 

Microarray 
 

G-p-Ig 

NG-p-Ig 

G-a-Ig 

NG-a-Ig 

Purify IgG from 

other IgM, IgA, 

IgD and IgE 

G-p-IgG 

NG-p-IgG 

G-a-IgG 

NG-a-IgG 

Purify G-IgG 

from NG - IgG 

Only the a-IgG, 

recognizing 

human derived 

antigens, will 

bind 

ConA Column 

Flow Through 
NG-p-IgG 

NG-a-IgG 

G = Glycosylated 

NG = Non-Glycosylated  

p = Antibodies targeting pathogenic or non-self-antigen 

a = Autoantibodies targeting self-antigens 

Ig = Immunoglobulin (composed of IgG, IgA, IgM and IgD, and IgE) 

IgG = Immunoglobulin G 

 

Table 4: Protocol overview for purifying glycosylated and non-glycosylated IgG 

fractions from serum. 
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RESULTS 

 

Separation of the glycosylated and non-glycosylated IgG from human serum using 

column chromatography and confirmation using western blots 

 

 We first isolated IgG, and further the glycosylated and non-glycosylated IgG 

from serum obtained from a healthy female control.  Supplementary tables S1 to S3 

have the detailed information regarding how many milligrams of IgG were present in 

each fraction of interest coming off of both the Protein G and ConA columns in each 

experiment, and supplementary figures S1 to S5 show the western blot and Coomassie 

stains for each respective trial.  Using between 300-350 uL of serum produced elution 

fractions from the PG column that were concentrated enough for the ConA column, 

without overwhelming the binding capacity of the PG column.  In the western blots 

that contain the flow-through fractions 1 through 3 of the PG column, we expect to see 

a lack of bands in these respective lanes, indicating that most of the IgG has bound to 

the column at this point and therefore would be absent in these flow-through fractions.  

In all three experiments, we confirmed that, in both the PG and ConA columns, the 

majority of the target protein (IgG, Glycosylated IgG and Non-glycosylated IgG) was 

eluted in the first two elution fractions, as demonstrated both by the reduced milligrams 

of IgG measured by the spectrophotometer, and the dimming of the IgG heavy and light 

chain bands on the western blots.   
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Calculation of percent glycosylated antibodies 

 

 The protein G column binds to almost all of the IgG in human serum.  

Therefore, the elution fractions of the Protein G column contain the purified IgG.  This 

purified IgG is then loaded onto the ConA column.  The initial flow-through fractions 

contain the non-bound IgG which, in this case, corresponds to the non-glycosylated 

IgG.  The elution fractions contain the glycosylated IgG.  However, determining which 

fractions contribute to the non-glycosylated IgG and which fractions contribute to the 

glycosylated IgG is not as straightforward as flow-through vs. elution fractions.  In 

theory, all of the glycosylated antibodies would come out in the elution fractions.  

However, it is possible that some of the glycosylated IgG which had bound to the ConA 

lectin with lower affinity can come off in flow-through fractions 4 and 5.   

 

In table 5, we have demonstrated how the percent glycosylation changes 

depending on where we assume the line for dividing glycosylated vs. non-glycosylated 

fractions is.  We started with a simple assumption that all flow-through fractions 

contained the non-glycosylated IgG and all the elution fractions contained the 

glycosylated IgG.  Using this assumption, 94.70% + 1.52% of the recovered IgG was 

non-glycosylated, and 5.3% + 1.52% was glycosylated.  If we assume that the majority 

of the non-glycosylated and glycosylated antibodies comes out in the first two fraction 

(F1, F2, E1, E2), then 94.75% + 1.36% of the recovered IgG was non-glycosylated and 

5.25% + 1.36% was glycosylated.  Next we assumed that the weakly bound 

glycosylated IgG may come off starting at the fourth and fifth flow through fractions.  
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Using that assumption, 87.60% + 5.16% of the recovered IgG is non-glycosylated 

while 12.40% + 5.16% of the recovered IgG is glycosylated.   

 

 Based on previously published values, we were expecting to see ~10% of the 

recovered IgG to be glycosylated, so we suspected that we were perhaps not recovering 

sufficient protein in our elution fractions.  To address this, we decided to increase the 

incubation time for each elution fraction from 5 minutes to 10 minutes.  Supplementary 

table S4 shows the milligrams of IgG recovered in each fraction, when elution fractions 

were incubated for 10 minutes, and supplementary figures S6 and S7 have the western 

blot and SDS-PAGE visualization for IgG purification.  The longer period of incubation 

for the elution fraction almost doubled our glycosylated IgG percentages (table 5), and 

placed it into a range that was more in line with previous research.  Therefore, we 

decided to make this change in the protocol from this point forward.  Since with the 

longer period of incubation, our assumption that the flow-through fractions hold the 

non-glycosylated components and the elution fractions hold the glycosylated 

components fell within percentages that was in line with previous research, we decided 

to stay with that method of calculating our percent glycosylated antibodies. 
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Table 5. Calculation of percent glycosylated vs non-glycosylated antibodies 

Fractions from the Pierce Glycoprotein Isolation Kit, ConA 

Fraction Experiment 1 

500 uL Serum 

Experiment 2 

100 uL Serum 

Experiment 3 

250 uL Serum 

Avg* 

(SD) 

Experiment 4  

300 uL Serum 

10 min Elution 

Flow-Through 1 1.303 0.532 0.790  0.551 

Flow-Through 2 0.449 0.059 0.119 0.182 

Flow-Through 3 0.204 0.015 0.056 0.111 

Flow-Through 4 0.139 0.012 0.081 0.068 

Flow-Through 5 0.096 0.007 0.040 0.062 

Elution 1 0.057 0.015 0.041 0.070 

Elution 2 0.047 0.008 0.021 0.047 

Elution 3 0.037 0.000 0.011 0.029 

Total IgG 2.332 0.648 1.159 1.120 

 

F1 – F5  93.95% 96.45% 93.70% 
94.70% 

(1.52%) 
86.96% 

E1 – E3 6.05% 3.55% 6.30% 
5.30% 

(1.52%) 
13.04% 

 

F1 – F2 94.40% 96.25% 93.61% 
94.75% 

(1.36%) 
86.24% 

E1 – E2 5.60% 3.75% 6.39% 
5.25% 

(1.36%) 
13.76% 

 

F1 – F3 85.23% 93.52% 84.06% 
87.60% 

(5.16%) 
77.36% 

F4 – E2 14.77% 6.48% 15.94% 
12.40% 

(5.16%) 
22.64% 

 

Table 5: Determination of percent glycosylated antibodies based on which flow-

through and elution fractions we assume contain glycosylated and non-glycosylated 

antibodies.  Weakly bound non-glycosylated antibodies may come off in later flow-

through fractions (flow-through 4 or 5), however, this has not been confirmed.  

 

*Average values do not include experiment 4 data  
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Separation of glycosylated and non-glycosylated IgG from longitudinal samples 

taken during and after pregnancy 

  

We next utilized the protocol established above to separate the glycosylated and 

non-glycosylated IgG fractions from our pregnancy sera.  Three samples were selected: 

from early pregnancy (P3, 20 weeks gestation), late pregnancy (P5, 37 weeks gestation) 

and 7 months post-pregnancy (P6).  The amount of protein recovered was determined 

by using a Bradford Assay (tables 6-8).  We further confirmed separation of the 

glycosylated and non-glycosylated fractions using western blots (figures 1, 3, and 5 

respectively) and Coomassie stains with Simplyblue SafeStain (figures 2, 4, and 6 

respectively).   
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Table 6. Spectrophotometer readings from purification of IgG, glycosylated IgG 

and non-glycosylated IgG from serum of a healthy pregnant woman obtained at 

20 weeks gestation 

Protein G HP SpinTrap Column 

Fraction 

Fraction 

Volume 

(uL) 

Dilution 

Factor 

OD @ 

595nm 

Protein 

Concentration 

(ug/uL) 

mg of 

IgG 

Elution 1 405 1:10 0.100 3.333 1.350 

Elution 2 410 1:1 0.154 1.027 0.421 

 

Pierce Glycoprotein Isolation Kit, ConA 

Flow-Through 1 365 1:1 0.287 1.913 0.698 

Flow-Through 2 390 - 0.127 0.423 0.165 

Flow-Through 3 380 - 0.024 0.08 0.030 

Flow-Through 4 375 - 0.041 0.137 0.051 

Flow-Through 5 400 - 0.030 0.100 0.040 

Elution 1 190 - 0.099 0.330 0.063 

Elution 2 190 - 0.055 0.183 0.035 

Elution 3 190 - 0.016 0.053 0.010 

 

Table 6: IgG was purified from 350 uL of serum from a woman at 20 weeks gestation 

(P3) using a Protein G HP SpinTrap Column according to manufacturer’s protocol.  

The protein concentration of each elution fraction was determined using a spectronic 

spectrophotometer.  The first fraction from the Protein G column served as the starting 

sample for the ConA Column (Pierce Glycoprotein Isolation Kit, ConA).  The sample 

was diluted 4:1 with 5X Binding/Wash Buffer provided in the kit.  The protein 

concentration of each flow-through fraction (corresponding to the non-glycosylated 

IgG) and elution fraction (corresponding to the glycosylated IgG) was determined as 

mentioned above.  
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Figure 1. Purification of IgG, glycosylated IgG and non-glycosylated IgG from 

serum of a healthy pregnant woman obtained at 20 weeks gestation 

 

 

 

 

Figure 1: IgG was purified from 350 uL serum obtained at 20 weeks gestation (A1), 

and the flow-through and elution fractions from the Protein G (A2-A6) and ConA 

Columns (A7, B1-B8) were collected and samples were prepared for a western blot 

using 6X Laemmli buffer. Goat anti-human IgG (H+L) HRP conjugate was used as the 

primary antibody (1:5000). 

  

   1         2        3         4         5         6        7     

1       2       3       4       5                6       7       8 

 
1. ConA Flow-Through 1 
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Figure 2. Purification of IgG, glycosylated IgG and non-glycosylated IgG from 

serum of a healthy pregnant woman obtained at 20 weeks gestation 

 

 

 

 

 

 

 

Figure 2: IgG was purified from 350 uL serum obtained at 20 weeks gestation (A1), 

and the flow-through and elution fractions from the Protein G (A2-A6) and ConA 

Columns (A7, B1-B8) were collected and samples were run on an SDS-PAGE Gel to 

be stained using SimplyBlue SafeStain. 
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Table 7. Spectrophotometer readings from purification of IgG, glycosylated IgG 

and non-glycosylated IgG from serum of a healthy pregnant woman obtained at 

37 weeks gestation 

Protein G HP SpinTrap Column 

Fraction 

Fraction 

Volume 

(uL) 

Dilution 

Factor 

OD @ 

595nm 

Protein 

Concentration 

(ug/uL) 

mg of 

IgG 

Elution 1 385 1:10 0.107 3.567 1.373 

Elution 2 425 1:1 0.139 0.927 0.394 

 

Pierce Glycoprotein Isolation Kit, ConA 

Flow-Through 1 340 1:1 0.216 1.440 0.490 

Flow-Through 2 365 - 0.119 0.397 0.145 

Flow-Through 3 425 - 0.050 0.167 0.071 

Flow-Through 4 390 - 0.032 0.107 0.042 

Flow-Through 5 400 - 0.039 0.130 0.052 

Elution 1 190 - 0.089 0.297 0.056 

Elution 2 190 - 0.061 0.203 0.039 

Elution 3 190 - 0.039 0.130 0.025 

 

Table 7: IgG was purified from 300 uL of serum from a woman at 37 weeks gestation 

(P3) using a Protein G HP SpinTrap Column according to manufacturer’s protocol.  

The protein concentration of each elution fraction was determined using a spectronic 

spectrophotometer.  The first fraction from the Protein G column served as the starting 

sample for the ConA Column (Pierce Glycoprotein Isolation Kit, ConA).  The sample 

was diluted 4:1 with 5X Binding/Wash Buffer provided in the kit.  The protein 

concentration of each flow-through fraction (corresponding to the non-glycosylated 

IgG) and elution fraction (corresponding to the glycosylated IgG) was determined as 

mentioned above.  
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Figure 3: Purification of IgG, glycosylated IgG and non-glycosylated IgG from 

serum of a healthy pregnant woman obtained at 37 weeks gestation 

 

 

 

 

Figure 3: IgG was purified from 300 uL serum obtained at 37 weeks gestation (A1), 

and the flow-through and elution fractions from the Protein G (A2-A6) and ConA 

Columns (A7, B1-B8) were collected and samples were prepared for a western blot 

using 6X Laemmli buffer. Goat anti-human IgG (H+L) HRP conjugate was used as the 

primary antibody (1:5000). 
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Figure 4. Purification of IgG, glycosylated IgG and non-glycosylated IgG from 

serum of a healthy pregnant woman obtained at 37 weeks gestation 

 

 

 

 

 

 

 

Figure 4: IgG was purified from 300 uL serum obtained at 37 weeks gestation (A1), 

and the flow-through and elution fractions from the Protein G (A2-A6) and ConA 

Columns (A7, B1-B8) were collected and samples were run on an SDS-PAGE Gel to 

be stained using SimplyBlue SafeStain. 
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Table 8. Purification of glycosylated and non-glycosylated IgG from serum 

collected at 7 months post-pregnancy 

Protein G HP SpinTrap Column 

Fraction 

Fraction 

Volume 

(uL) 

Dilution 

Factor 

OD @ 

595nm 

Protein 

Concentration 

(ug/uL) 

mg of 

IgG 

Elution 1 405 1:10 0.151 5.033 2.039 

Elution 2 420 1:1 0.232 1.547 0.650 

 

Pierce Glycoprotein Isolation Kit, ConA 

Flow-Through 1 320 1:1 0.353 2.353 0.753 

Flow-Through 2 400 - 0.190 0.633 0.253 

Flow-Through 3 340 - 0.058 0.193 0.066 

Flow-Through 4 320 - 0.041 0.137 0.044 

Flow-Through 5 485 - 0.033 0.110 0.053 

Elution 1 190 - 0.117 0.390 0.074 

Elution 2 190 - 0.089 0.297 0.056 

Elution 3 190 - 0.036 0.120 0.023 

 

Table 8: IgG was purified from 350 uL of serum from a woman 7 months post-

pregnancy (P6) using a Protein G HP SpinTrap Column according to manufacturer’s 

protocol.  The protein concentration of each elution fraction was determined using a 

spectronic spectrophotometer.  The first elution fraction from the Protein G column 

served as the starting sample for the ConA Column (Pierce Glycoprotein Isolation Kit, 

ConA).  The sample was diluted 4:1 with 5X Binding/Wash Buffer provided in the kit.  

The protein concentration of each flow-through fraction (corresponding to the non-

glycosylated IgG) and elution fraction (corresponding to the glycosylated IgG) was 

determined as mentioned above.  
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Figure 5: Purification of IgG, glycosylated IgG and non-glycosylated IgG from 

serum of a healthy pregnant woman obtained 7 months post-pregnancy 

 

 

 

 

Figure 5: IgG was purified from 350 uL serum obtained 7 months post-pregnancy 

(A1), and the flow-through and elution fractions from the Protein G (A2-A6) and ConA 

Columns (A7, B1-B8) were collected and samples were prepared for a western blot 

using 6X Laemmli buffer. Goat anti-human IgG (H+L) HRP conjugate was used as the 

primary antibody (1:5000). 
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Figure 6. Purification of IgG, glycosylated IgG and non-glycosylated IgG from 

serum of a healthy pregnant woman obtained at 7 months post-pregnancy 

 

 

 

 

 

 

Figure 6: IgG was purified from 350 uL serum obtained 7 months post-pregnancy 

(A1), and the flow-through and elution fractions from the Protein G (A2-A6) and ConA 

Columns (A7, B1-B8) were collected and samples were run on an SDS-PAGE Gel to 

be stained using SimplyBlue SafeStain.  

1       2       3       4        5         6        7   

 

1      2       3       4       5                6       7       8 

 

1. Serum at 7 months post-

pregnancy  

2. PG Flow-Through 1 

3. PG Flow-Through 2 

4. PG Flow-Through 3 

5. PG Elution Fraction 1 

6. PG Elution Fraction 2 

7. ConA Flow-Through 1 

1. ConA Flow-Through 1 

2. ConA Flow-Through 2 

3. ConA Flow-Through 3 

4. ConA Flow-Through 4 

5. ConA Flow-Through 5 

6. ConA Elution Fraction 1 

7. ConA Elution Fraction 2 

8. ConA Elution Fraction 3 

A 

B 



138 

 

Table 9: Calculation of percent glycosylated vs non-glycosylated antibodies 

throughout pregnancy 

Mg of IgG in each fraction from the  

Pierce Glycoprotein Isolation Kit, ConA 

Fraction 
20 Weeks 

Gestation 

37 Weeks 

Gestation 

7 Months 

Post-

Pregnancy 

Flow-Through 1 0.698 0.490 0.753 

Flow-Through 2 0.165 0.145 0.253 

Flow-Through 3 0.030 0.071 0.066 

Flow-Through 4 0.051 0.042 0.044 

Flow-Through 5 0.040 0.052 0.053 

Elution 1 0.063 0.056 0.074 

Elution 2 0.035 0.039 0.056 

Elution 3 0.010 0.025 0.023 

Total IgG 1.092 0.920 1.322 

 

F1 – F5  90.11% 86.96% 88.43% 

E1 – E3 9.89% 13.04% 11.57% 

 

F1 – F2 89.80% 86.99% 88.56% 

E1 – E2 10.20% 13.01% 11.44% 

 

F1 – F3 81.78% 76.74% 81.09% 

F4 – E3 18.22% 23.26% 18.91% 

 

Table 9: Determination of percent glycosylated antibodies based on which flow-

through and elution fractions we assume contain glycosylated and non-glycosylated 

antibodies.  Weakly bound non-glycosylated antibodies may come off in later flow-

through fractions, however, this has not been confirmed.  
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Determining dilution factors that will allow us to analyze the data within the 

dynamic range of the microarrays 

  

Starting with 350 uL of sample P3 (20 weeks gestation), we first purified IgG 

from the serum, and then further separated the non-glycosylated and glycosylated 

fractions.  The protein content (mg IgG) in each fraction is shown in table 10.  Below 

is the logic we followed to determine our dilution for each sample. A few key 

assumptions had to be made, and will be highlighted as they come up. 

 

When using unmodified and undiluted serum to 

probe arrays, the serum is typically diluted 1:500 

with wash buffer (10 uL serum into 4990 uL 

wash buffer).  Therefore, since we started with 

350 uL serum, in theory, we have enough 

antibody to probe 35 arrays.   

 

The 350 uL of loaded onto the protein G column, 

and two elution fractions were collected.  Elution 

fraction 1 (405 uL) had 1.35 mg of IgG, while 

elution fraction 2 (410 uL) had 0.421 mg of IgG, 

for a total of 1.771 mg of IgG.  

 

350 uL serum = 35 arrays 

If 10 uL of serum contains enough 

antibody content to probe one 

array, then 350 uL serum will 

contain enough antibodies to 

probe 35 arrays. 

350 uL serum = 35 arrays 

 

Elution 1 Elution 2 

405 uL  410 uL 

1.35 mg IgG  0.421 mg IgG 

     26.6 arrays        8.4 arrays 
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Key Assumption 1: Almost all of the IgG from the serum is retained by the PG 

column, and eluted out in the two elution fractions. 

With that assumption in place, we determined that elution fraction 1 contains 

76.2% of the total IgG, and elution fraction 2 contains 23.8% of the total IgG, and 

divide the theoretical number of arrays that each fraction would be able to probe 

accordingly. 

To prepare the sample for the ConA column, 330 

uL of PG elution fraction 1 was diluted with 82.5 

uL of the 5X wash/binding buffer.  330 uL of 

elution fraction 1 contains 1.1 mg of IgG (enough 

to probe 21.7 arrays). 

 

ConA flow-through 1 (FT1) contains the 

majority of the non-glycosylated portion IgG, 

while the ConA elution fraction 1 (EF1) contains 

the majority of the glycosylated portion of IgG.  

Flow-through 1 contained 0.698 mg of IgG (64% 

of the amount of IgG loaded into the column), 

while elution fraction 1 contained 0.063 mg of 

IgG (5.8% of the IgG loaded on). 

Key Assumption 2: The IgG content of each flow through and elution fraction is 

representation of the total IgG content of the serum, therefore, allowing us to use 

a single fraction to probe on the array.   

Elution Fraction 1 – 405 uL 

 
1.35 𝑚𝑔 𝐼𝑔𝐺

405 𝑢𝐿
 = 

𝑋 𝑚𝑔 𝐼𝑔𝐺

330 𝑢𝐿
  

 

X = 1.1 mg of IgG 

21.7 arrays 

1.1 mg of IgG = 21.6 arrays 

 

FT 1  EF 1 

365 uL  190 uL 

0.698 mg IgG  0.063 mg Ig 

14 arrays 1.3 arrays 
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Prevalence of glycosylated vs non-glycosylated aABs – nearly all individual aABs 

seem to be glycosylated and show profile similarity to the original profile derived 

from unaltered serum 

 

 Human protein microarrays were probed with flow-through fraction 1 and 

elution fraction 1 from samples P3 (20 weeks gestation), P5 (37 weeks gestation) and 

P6 (7 months post-pregnancy), using dilutions that were determined using the 

methodology explained above (table 10).  Figures 7 – 9 show a comparison of the aAB 

profiles of serum, compared to the glycosylated and non-glycosylated fractions 

obtained from serum.  Even though the dilutions for the three samples are different, we 

see that there is a great degree of profile similarity by comparing the glycosylated and 

non-glycosylated profiles to the serum profile.  Some of the portions of the profile that 

deviate from the serum profile are highlighted in yellow as examples.  
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Table 10: Respective dilutions used to probe human protein microarrays 

Sample Fraction Dilution 

P3 (20 weeks 

gestation) 

Flow-Through 

(NG) 
1:192 

Elution Fraction 

(G) 
1:34 

P5 (37 weeks 

gestation) 

Flow-Through 

(NG) 
1:122 

Elution Fraction 

(G) 
1:42 

P6 (7 months 

post-pregnancy) 

Flow-Through 

(NG) 
1:152 

Elution Fraction 

(G) 
1:37 

 

Table 10: Dilutions were determined based on total protein recovered, and what 

fraction of the total protein each flow-through or elution fraction corresponded to.  

Samples were diluted with wash buffer for a total volume of 5mL to be used as the 

primary antibody used to probe human protein microarrays.  NG = Non-Glycosylated, 

G = Glycosylated.  
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Figure 7. Autoantibody profiles of serum, glycosylated and non-glycosylated 

fractions from a pregnant patient at 20 weeks gestation 

 

Figure 7: Four different blocks of 50 randomly selected proteins on human protein 

microarrays that were probed with serum, purified glycosylated IgG, and purified non-
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glycosylated IgG obtained from a pregnant women at 20 weeks gestation.  aAB profiles 

remain closely similar in all three profiles, indicating that almost all aAB are 

glycosylated and able to react with protein antigens despite being functionally 

univalent.  Serum was diluted 1:500, glycosylated fraction 1:34 and the non-

glycosylated fraction 1:192 with wash buffer. 
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Figure 8. Autoantibody profiles of serum, glycosylated and non-glycosylated 

fractions from a pregnant patient at 37 weeks gestation 

 

Figure 8: Four different blocks of 50 randomly selected proteins on human protein 

microarrays that were probed with serum, purified glycosylated IgG, and purified non-
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glycosylated IgG obtained from a pregnant women at 37 weeks gestation.  aAB profiles 

remain closely similar in all three profiles, indicating that almost all aAB are 

glycosylated and able to react with protein antigens despite being functionally 

univalent. Serum was diluted 1:500, glycosylated fraction 1:42 and the non-

glycosylated fraction 1:122 with wash buffer. 
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Figure 9. Autoantibody profiles of serum, glycosylated and non-glycosylated 

fractions from a pregnant patient 7 months post-pregnancy 

 

Figure 9: Four different blocks of 50 randomly selected proteins on human protein 

microarrays that were probed with serum, purified glycosylated IgG, and purified non-
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glycosylated IgG obtained from a pregnant women at 7 months post-pregnancy.  aAB 

profiles remain closely similar in all three profiles, indicating that almost all aAB are 

glycosylated and able to react with protein antigens despite being functionally 

univalent. Serum was diluted 1:500, glycosylated fraction 1:37 and the non-

glycosylated fraction 1:152 with wash buffer. 
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Not all aABs are glycosylated to the same extent, and the extent of aAB 

glycosylation differs throughout pregnancy 

  

Having already determined that almost all individual aABs were glycosylated, 

we next wanted to determine if all aABs were glycosylated to the same extent.  Since 

each flow-through and elution fraction was probed onto the array using a different 

dilution, we first normalized the data by dividing the raw values by a factor that would 

normalize the raw data.  We next calculated what percent of each aAB target was 

glycosylated and non-glycosylated.  The number of aABs was divided into 10% 

subcategories and is represented in table 11 and figure 9. 
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Table 11. The total number of aABs categorized based on the extent of 

glycosylation and non-glycosylation 

 % of total that is non-glycosylated 

 0-10% 11-20% 21-30% 31-40% 41-50% 51-60% 61-70% 71-80% 81-90% 91-100% 

P3 

20wks 
10 4 12 42 145 648 2850 4067 1322 233 

P5 

37wks 
40 60 334 914 1863 2708 2273 928 171 32 

P6 

7m post 
1 2 2 6 10 24 159 1987 6518 625 

 

Table 11: Distribution of the aABs based on what fraction of total is non-glycosylated. 

The samples include P3 (20 weeks gestation), P5 (37 weeks gestation), and P6 (7 

months post-pregnancy).  
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Figure 10. Distribution of the extend of glycosylation in each aAB throughout 

pregnancy 

 

Figure 10: The percent glycosylation and non-glycosylation was calculated for each 

autoantibody.  The aABs were categorized based on the extent of their glycosylation.  

There is a shift towards most aAB species being 70 – 100% non-glycosylated after 

pregnancy. 
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DISCUSSION 

 

 In this study, we used chromatography and human protein microarrays to 

determine the prevalence and distribution of glycosylated aABs on longitudinal 

samples taken from a pregnant patient.  We separated the glycosylated and non-

glycosylated IgG from serum in order to answer two key questions: (1) do 

autoantibodies also get glycosylated, and (2) if they are glycosylated, are they all 

glycosylated to the same extent. 

 

Previous research had documented an increase in the percentage of total 

glycosylated antibodies during pregnancy, to levels as high as 50% [2], while only 15 

to 25% of antibodies are glycosylated in healthy non-pregnant individuals [1].  We used 

Protein G affinity chromatography columns in order to separate the IgG subclass of 

immunoglobulins.  This was followed by the use of Concanavalin A (ConA) 

chromatography columns to further separate the glycosylated IgG from the non-

glycosylated IgG.  For the purposes of this study, we were focused on specifically 

separating Fab glycosylated antibodies.  Previous research had shown that ConA lectins 

bind specifically to the Fab glycosylated regions because they are more exposed and 

easily accessible.  Glycosylation on the Fc region is located inside the naturally folded 

protein and is therefore not accessible to ConA lectins [17].  

 

In our experiments, we determined that in healthy non-pregnant individuals, 

13.04% of the recovered antibodies were glycosylated.  However, this number did not 
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change with our longitudinal pregnant samples.  The percent glycosylation remained 

relatively constant throughout and even post-pregnancy, with 9.89% glycosylation at 

20 weeks gestation, 13.04% glycosylation at 37 weeks gestation and 11.57% 

glycosylation at 7 months post-pregnancy.  This did not match what has been reported 

previously in the literature.  In our future directions, we would like to repeat these 

experiments in order to be able to determine an average value and standard deviation 

for each sample, and to also perform the experiment on our other three longitudinal 

samples (pre-pregnancy, 16 weeks gestation, and 24 weeks gestation).  However, since 

determining the percent glycosylation was not in the direct scope of our study, we 

decided to continue forward with our separated glycosylated and non-glycosylated 

antibody fractions to answer our first question: are autoantibodies also glycosylated?  

Does the 10 – 13% glycosylated fraction contain autoantibodies as well? 

 

To answer this question, we probed human protein microarrays using ConA 

flow-through fraction 1 (representing our non-glycosylated fraction) and ConA elution 

fraction 1 (representing our glycosylated fraction).  When serum samples are used to 

probe microarrays, they are diluted 1:500 with wash buffer. Ideally, after separating the 

glycosylated and non-glycosylated portions of serum IgG, we would be able to probe 

the arrays having diluted them 1:500 as well, in order to be able to directly compare 

our results.  However, suspecting that separation of fractions might reduce the titers of 

aABs so low that it might fall under detection thresholds, we decided to probe the arrays 

with more concentrated dilutions to be within the dynamic range of detection.  

Therefore, since each sample and its corresponding fractions are diluted differently, it 
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makes direct comparison between our serum data and data from the glycosylated and 

non-glycosylated fractions difficult from a quantitative perspective, but still allows us 

to use this approach to answer a few key questions and to directly compare relative 

profiles.  

 

Referring to figures 7-9, we see a great degree of profile similarity by 

comparing the glycosylated and non-glycosylated fraction to the un-altered serum 

profile.  With the exception of slight deviations, we see that the shape of the profiles 

remain consistent, indicating that autoantibodies are in fact glycosylated.  Due to the 

fact that we used different dilutions, it is difficult to directly compare RFU values.  We 

know that longitudinal serum samples taken 9 years apart show fidelity not only in the 

shape of the profile, but rather even in their RFU or relative titers of aABs.  We’ve 

addressed this by normalizing our raw RFUs respective to their dilutions, and looking 

at the percent glycosylation, which is further discussed below.  However, regardless of 

the RFUs and aAB titers, the similarity in profile shape indicates that most aABs are 

not only glycosylated, but that the glycosylation mechanism affects them roughly the 

same way. 

 

The presence of a glycan on the Fab region creates steric hindrance that could 

interfere with binding [4].  Since glycosylated antibodies are not able to bind to their 

targets with both of their Fab arms, they are unable to activate downstream immune 

functions.  The presence of reactivity with the arrays confirms that univalent aABs are 

able to bind their protein targets in spite of the fact that they are functionally univalent. 
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We speculate that aAB glycosylation plays a role in modulating their immune function. 

Previous studies indicate that antibody glycosylation prevents activation of 

downstream sequellae such as recruiting other components of the immune system.  

Since the function of aABs are yet to be completely understood, it is difficult to say 

how glycosylation affects them. However, the presence of reactivity indicates that 

glycosylation does not prevent aABs from binding their targets.  Therefore, 

glycosylation must play a modulatory role. 

 

We next looked at the extent of glycosylation for each individual aAB that binds 

to its cognate protein target on the array.  Since the RFU corresponds to the relative 

titer of aABs, we first normalized the glycosylated and non-glycosylated fractions to 

each other, and then calculated the corresponding percentages.  aABs demonstrated the 

full range of glycosylation, with some being 0 to 100% glycosylated.  However, the 

extent of glycosylation changed with each sample, with most of the aABs being 20-

29% glycosylated at 20 weeks gestation (4067 aABs), then almost evenly distributed 

between 30-49% glycosylated at 37 weeks gestation (4981 aABs), followed by a sharp 

decrease post-pregnancy to 10-19% (6518 aABs).  This is particularly interesting 

because even though the overall level of glycosylation did not change from pregnancy 

to post-pregnancy, we see a big difference in the extent of glycosylation in individual 

aABs. 

 

The post-pregnancy reversion back to having mostly non-glycosylated aAB 

species hints at an immunomodulatory role that may be involved in creating an immune 
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tolerant environment for the fetus.  One possible way to explain this phenomenon is 

from the perspective of exposure of the fetus to aABs at a sensitive time.  It has 

previously been documented that the maternal transfer of IgG to the fetus begins  early 

in the second trimester, and continues into the third trimester when most of the 

antibodies are transferred [18].   Continual fetal development will inevitably lead to 

exposure of many auto-antigens, especially those unique to the paternal contribution, 

which can be a potential target to aABs.  Though we’ve proposed that the role of aABs 

is clearance of debris, in fetal development, exposure of self-antigens to aABs may 

have a detrimental effect.  The debris generation in fetal development is going to be 

greater than average, simply due to the incredible amount of cell division, and organ 

growth and tissue renovation that needs to take place for a fetus to develop.  Untimely 

exposure to aABs could interfere with this development and have detrimental effects.  

In previous studies of glycosylated antibodies in pregnancy, it was believed that 

antibodies that would recognize paternal antigens would get glycosylated in order to 

prevent fetal rejection by the mother’s immune system [5, 7, 9, 19] and since half of 

the fetal antigens are presumably of maternal origin, maternal aABs could potentially 

bind to those antigens.  With that in mind, it would make sense to increase aAB 

glycosylation during pregnancy.  At 7 months post-pregnancy, most antibodies (6518) 

are only 10-19% glycosylated. If the 7 month post-pregnancy state of glycosylation 

represents a healthy non-pregnant state (i.e. baseline profile) this indicates that a low 

level of aAB glycosylation plays an everyday role in immune-modulation of aABs.  

During early pregnancy (P3), we see that a greater number of aABs (8239) shows 

broader distribution of glycosylation ranging from 10-39%.  This number shifts further 
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in favor of glycosylation in late pregnancy, with the majority of aAB (7758) being 30-

69% glycosylated. This together indicates a ramped up effort to mitigate their 

downstream sequellae post binding to fetal antigens.  With this in mind, much further 

work is needed to not only look into the identity of the individual aABs that shift during 

pregnancy, but to also look into what is the original function of the extensive network 

of aABs and how glycosylation modulates their downstream functions.  
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SUPPLEMENTARY FIGURES 

Table S1. Spectrophotometer readings from purification of IgG, glycosylated IgG 

and non-glycosylated IgG from a healthy non-pregnant individual 

Protein G HP SpinTrap Column 

Fraction 

Fraction 

Volume 

(uL) 

Dilution 

Factor 

OD @ 

595nm 

Protein 

Concentration 

(ug/uL) 

mg of 

IgG 

Elution 1 400 1:10 0.190 6.333 2.533 

Elution 2 400 1:1 0.290 1.933 0.773 

Elution 3 400 - 0.113 3.767 1.507 

E1/E2 Combined 800 1:1 0.497 3.313 2.651 

 

Pierce Glycoprotein Isolation Kit, ConA 

Flow-Through 1 500 1:1 0.391 2.607 1.303 

Flow-Through 2 400 - 0.337 1.123 0.449 

Flow-Through 3 400 - 0.153 0.510 0.204 

Flow-Through 4 400 - 0.104 0.347 0.139 

Flow-Through 5 400 - 0.072 0.240 0.096 

Elution 1 200 - 0.086 0.287 0.057 

Elution 2 200 - 0.07 0.233 0.047 

Elution 3 200 - 0.056 0.187 0.037 

 

Table S1: IgG was purified from 500 uL of serum using a Protein G HP SpinTrap 

Column according to manufacturer’s protocol.  The protein concentration of each 

elution fraction was determined using a spectronic spectrophotometer.  The first and 

second elution fractions from the Protein G column were combined and served as the 

starting sample for the ConA Column (Pierce Glycoprotein Isolation Kit, ConA).  The 

sample was diluted 4:1 with 5X Binding/Wash Buffer provided in the kit.  The protein 

concentration of each flow-through fraction (corresponding to the non-glycosylated 

IgG) and elution fraction (corresponding to the glycosylated IgG) was determined as 

mentioned above.   
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Figure S1. Purification of IgG, glycosylated IgG and non-glycosylated IgG from 

human serum obtained from a healthy non-pregnant individual  

 

 

 

 

Figure S1: IgG was purified from 500 uL serum (A1), and the flow-through and elution 

fractions from the Protein G (PG, A2-8, B1) and ConA Columns (B2-8) were collected 

and samples were prepared for a western blot using 6X Laemmli buffer. Goat anti-

human IgG (H+L) HRP conjugate was used as the primary antibody (1:5000).  
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Table S2. Spectrophotometer readings from purification of IgG, glycosylated IgG 

and non-glycosylated IgG from a healthy non-pregnant individual 

Protein G HP SpinTrap Column 

Fraction 

Fraction 

Volume 

(uL) 

Dilution 

Factor 

OD @ 

595nm 

Protein 

Concentration 

(ug/uL) 

mg of 

IgG 

Elution 1 400 N/A N/A N/A N/A 

Elution 2 400 N/A N/A N/A N/A 

Elution 3 400 - 0.106 0.353 0.141 

E1/E2 Combined 800 N/A N/A N/A N/A 

 

Pierce Glycoprotein Isolation Kit, ConA 

Flow-Through 1 673 - 0.237 0.790 0.532 

Flow-Through 2 400 - 0.044 0.147 0.059 

Flow-Through 3 400 - 0.011 0.037 0.015 

Flow-Through 4 400 - 0.009 0.030 0.012 

Flow-Through 5 400 - 0.005 0.017 0.007 

Elution 1 200 - 0.045 0.075 0.015 

Elution 2 200 - 0.023 0.038 0.008 

Elution 3 200 - -0.004 0.000 0.000 

 

Table S2: IgG was purified from 100 uL of serum using a Protein G HP SpinTrap 

Column according to manufacturer’s protocol.  The protein concentration of each 

elution fraction was determined using a spectronic spectrophotometer.  The first and 

second elution fractions from the Protein G column were combined and served as the 

starting sample for the ConA Column (Pierce Glycoprotein Isolation Kit, ConA).  The 

sample was diluted 4:1 with 5X Binding/Wash Buffer provided in the kit.  The protein 

concentration of each flow-through fraction (corresponding to the non-glycosylated 

IgG) and elution fraction (corresponding to the glycosylated IgG) was determined as 

mentioned above.  

 

N/A = Not Available  
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Figure S2. Purification of IgG, glycosylated IgG and non-glycosylated IgG from 

human serum obtained from a healthy non-pregnant individual 

 

 

 

 

Figure S2: IgG was purified from 100 uL serum (A1), and the flow-through and elution 

fractions from the Protein G (PG, A2-8, B1) and ConA Columns (B2-8) were collected 

and samples were prepared for a western blot using 6X Laemmli buffer. Goat anti-

human IgG (H+L) HRP conjugate was used as the primary antibody (1:5000). 
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Figure S3. Purification of IgG, glycosylated IgG and non-glycosylated IgG from 

human serum obtained from a healthy non-pregnant individual 

 

 

 

 

 

Figure S3:  IgG was purified from 100 uL serum (A1), and the flow-through and 

elution fractions from the Protein G (PG, A2-8, B1) and ConA Columns (B2-8) were 

collected and samples were run on an SDS-PAGE Gel to be stained using SimplyBlue 

SafeStain.  
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Table S3. Spectrophotometer readings from purification of IgG, glycosylated IgG 

and non-glycosylated IgG from a healthy non-pregnant individual 

Protein G HP SpinTrap Column 

Fraction 

Fraction 

Volume 

(uL) 

Dilution 

Factor 

OD @ 

595nm 

Protein 

Concentration 

(ug/uL) 

mg of 

IgG 

Elution 1 400 1:10 0.111 3.700 1.480 

Elution 2 400 1:1 0.155 1.033 0.413 

Elution 3 400 - 0.101 0.337 0.135 

Diluted Serum 337.5 - 0.684* 2.280 0.770 

 

Pierce Glycoprotein Isolation Kit, ConA 

Flow-Through 1 337.5 1:1 0.351 2.340 0.790 

Flow-Through 2 400 - 0.089 0.297 0.119 

Flow-Through 3 400 - 0.042 0.140 0.056 

Flow-Through 4 400 - 0.061 0.203 0.081 

Flow-Through 5 400 - 0.030 0.100 0.040 

Elution 1 200 - 0.062 0.207 0.041 

Elution 2 200 - 0.031 0.103 0.021 

Elution 3 200 - 0.017 0.057 0.011 

 

Table S3: IgG was purified from 250 uL of serum using a Protein G HP SpinTrap 

Column according to manufacturer’s protocol.  The protein concentration of each 

elution fraction was determined using a spectronic spectrophotometer.  The first elution 

fraction from the Protein G column served as the starting sample for the ConA Column 

(Pierce Glycoprotein Isolation Kit, ConA).  The sample was diluted 4:1 with 5X 

Binding/Wash Buffer provided in the kit.  The protein concentration of each flow-

through fraction (corresponding to the non-glycosylated IgG) and elution fraction 

(corresponding to the glycosylated IgG) was determined as mentioned above.  

 

*OD readings above 0.6 are considered unreliable.  However, we were not able to 

repeat this measurement because additional sample volume was not available.  
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Figure S4. Purification of IgG, glycosylated IgG and non-glycosylated IgG from 

human serum obtained from a healthy non-pregnant individual 

 

 

 

 

 

Figure S4: IgG was purified from 250 uL serum (A1), and the flow-through and elution 

fractions from the Protein G (PG, A2-8, B1) and ConA Columns (B2-8) were collected 

and samples were prepared for a western blot using 6X Laemmli buffer. Goat anti-

human IgG (H+L) HRP conjugate was used as the primary antibody (1:5000). 
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Figure S5. Purification of IgG, glycosylated IgG and non-glycosylated IgG from 

human serum obtained from a healthy non-pregnant individual 
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Table S4. Spectrophotometer readings from purification of IgG, glycosylated IgG 

and non-glycosylated IgG from a healthy non-pregnant individual using longer 

ConA elution fraction incubation times 

Protein G HP SpinTrap Column 

Fraction 

Fraction 

Volume 

(uL) 

Dilution 

Factor 

OD @ 

595nm 

Protein 

Concentration 

(ug/uL) 

mg of 

IgG 

Elution 1 385 1:10 0.091 3.033 1.168 

Elution 2 395 1:1 0.196 1.307 0.516 

 

Pierce Glycoprotein Isolation Kit, ConA 

Flow-Through 1 290 1:1 0.285 1.900 0.551 

Flow-Through 2 345 - 0.158 0.527 0.182 

Flow-Through 3 425 - 0.078 0.260 0.111 

Flow-Through 4 350 - 0.058 0.193 0.068 

Flow-Through 5 380 - 0.049 0.163 0.062 

Elution 1 180 - 0.116 0.387 0.070 

Elution 2 190 - 0.074 0.247 0.047 

Elution 3 185 - 0.047 0.157 0.029 

 

Table S4: IgG was purified from 300 uL of serum using a Protein G HP SpinTrap 

Column according to manufacturer’s protocol.  The protein concentration of each 

elution fraction was determined using a spectronic spectrophotometer.  The first 

fraction from the Protein G column served as the starting sample for the ConA Column 

(Pierce Glycoprotein Isolation Kit, ConA).  The sample was diluted 4:1 with 5X 

Binding/Wash Buffer provided in the kit.  The protein concentration of each flow-

through fraction (corresponding to the non-glycosylated IgG) and elution fraction 

(corresponding to the glycosylated IgG) was determined as mentioned above.  
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Figure S6. Purification of IgG, glycosylated IgG and non-glycosylated IgG from 

human serum obtained from a healthy non-pregnant individual using longer 

ConA elution fraction incubation times 

 

 

 

 

Figure S6: IgG was purified from 300 uL serum (A1), and the flow-through and elution 

fractions from the Protein G (PG, A2-6) and ConA Columns (A7, B1-8) were collected 

and samples were prepared for a western blot using 6X Laemmli buffer. Goat anti-

human IgG (H+L) HRP conjugate was used as the primary antibody (1:5000). 
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Figure S7. Purification of IgG, glycosylated IgG and non-glycosylated IgG from 

human serum obtained from a healthy non-pregnant individual using longer 

ConA elution fraction incubation times 

 

 

 

 

 

Figure S7: IgG was purified from 300 uL serum (A1), and the flow-through and elution 

fractions from the Protein G (PG, A2-6) and ConA Columns (A7, B1-8) were collected 

and samples were run on an SDS-PAGE Gel to be stained using SimplyBlue SafeStain. 
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ATTRIBUTES 

Figure 1. Protein G and ConA column chromatography and sample preparation 

performed by Rahil Kheirkhah.  Western blot completed by Rahil Kheirkhah. 

 

Figure 2. Protein G and ConA column chromatography and sample preparation 

performed by Rahil Kheirkhah.  Coomassie Simply Blue SafeStain completed by Rahil 

Kheirkhah. 

 

Figure 3. Protein G and ConA column chromatography and sample preparation 

performed by Rahil Kheirkhah.  Western blot completed by Rahil Kheirkhah. 

 

Figure 4. Protein G and ConA column chromatography and sample preparation 

performed by Rahil Kheirkhah.  Coomassie Simply Blue SafeStain completed by Rahil 

Kheirkhah. 

 

Figure 5. Protein G and ConA column chromatography and sample preparation 

performed by Rahil Kheirkhah.  Western blot completed by Rahil Kheirkhah. 

 

Figure 6. Protein G and ConA column chromatography and sample preparation 

performed by Rahil Kheirkhah.  Coomassie Simply Blue SafeStain completed by Rahil 

Kheirkhah. 
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Figure 7. Human protein microarrays were processed by Rahil Kheirkhah and 

Cassandra DeMarshall, Ph.D.  Data extraction and analysis was performed by Rahil 

Kheirkhah. 

 

Figure 8. Human protein microarrays were processed by Rahil Kheirkhah and 

Cassandra DeMarshall, Ph.D.  Data extraction and analysis was performed by Rahil 

Kheirkhah. 

 

Figure 9. Human protein microarrays were processed by Rahil Kheirkhah and 

Cassandra DeMarshall, Ph.D.  Data extraction and analysis was performed by Rahil 

Kheirkhah. 

 

Figure 10. Human protein microarrays were processed by Rahil Kheirkhah and 

Cassandra DeMarshall, Ph.D.  Data extraction and analysis was performed by Rahil 

Kheirkhah. 

 

Figure S1. Protein G and ConA column chromatography and sample preparation 

performed by Rahil Kheirkhah.  Western blot completed by Rahil Kheirkhah. 

 

Figure S2. Protein G and ConA column chromatography and sample preparation 

performed by Rahil Kheirkhah.  Western blot completed by Rahil Kheirkhah. 
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Figure S3. Protein G and ConA column chromatography and sample preparation 

performed by Rahil Kheirkhah.  Coomassie Simply Blue SafeStain completed by Rahil 

Kheirkhah. 

 

Figure S4. Protein G and ConA column chromatography and sample preparation 

performed by Rahil Kheirkhah.  Western blot completed by Rahil Kheirkhah. 

 

Figure S5. Protein G and ConA column chromatography and sample preparation 

performed by Rahil Kheirkhah.  Coomassie Simply Blue SafeStain completed by Rahil 

Kheirkhah. 

Figure S6. Protein G and ConA column chromatography and sample preparation 

performed by Rahil Kheirkhah.  Western blot completed by Rahil Kheirkhah. 

 

Figure S7. Protein G and ConA column chromatography and sample preparation 

performed by Rahil Kheirkhah.  Coomassie Simply Blue SafeStain completed by Rahil 

Kheirkhah. 
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CHAPTER VI 

PERSPECTIVES 

 

SUMMARY AND FUTURE DIRECTIONS 

 

The presence of self-recognizing antibodies had been associated with a failure 

in antibody production by the immune system, and more often than not, linked to 

pathology.  However, more recent development in research has created space for the 

presence of these autoantibodies to have their own role, albeit, not a very well 

understood one.  Extensive previous work from our lab has shown that the presence of 

thousands of autoantibodies (aABs) in the human sera is typical.  We hypothesize that 

every day “wear and tear” generates cell and tissue debris, and one potential function 

of aABs is maintaining body-wide homeostasis by clearance of the debris from body 

fluids, such as blood.  In this study, we aimed to further expand on some of the 

fundamental concepts regarding aABs.  

 

First, using human protein microarrays and plasma and cerebrospinal fluid 

samples obtained pre-surgically and simultaneously from 46 hip fracture repair 

patients, we demonstrated that CSF exhibits an extraordinarily complex IgG 

autoantibody profile composed of thousands of autoantibodies. We show that the 

pattern of expression levels of individual autoantibodies in CSF closely mimics that in 
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the blood, regardless of age, gender or the presence or absence of disease.  There is also 

an exceptionally high percentage of overlap in the identity of the aABs expressed in 

the CSF and serum, further adding strength that these findings are indicative of a blood-

based origin for CSF autoantibodies.  We also demonstrated that an elevated 

CSF/plasma autoantibody ratio is more common in elderly hip fracture repair patients 

that experienced post-operative delirium than in non-delirium subjects, thus 

highlighting the crucial role that blood-brain and/or blood-CSF barrier compromise 

may play in the development of post-operative delirium. 

 

Using five longitudinal serum samples obtained from one healthy individual 

over a span of nine years, we found that blood autoantibody profiles are remarkably 

stable over a long period of time, and that autoantibody profiles in both blood and CSF 

show features that are common among different individuals as well as individual-

specific.  With this, we introduced the concept of baseline aAB profiles.  We 

hypothesized that in the absence of pathology, aAB profiles of healthy individuals 

remains stable.  This stable profile is referred to as the “baseline aAB profile” and is 

composed of two conceptual subsets of aABs: a larger subset with levels that are 

comparable among multiple individuals and a much smaller subset with levels 

significantly higher or lower than the norm, thus making these aAB “stand out” as 

peculiar to this individual (i.e., contributing to an individual “autoantibody 

fingerprint”).  Taken together, this suggests the presence of an “aAB setpoint” for each 

individual that is linked to the current status of the body.  Deviation from this baseline 

or set point could be triggered by a number of events and body stressors, such as 
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surgery, infections, menstruation, pregnancy, sudden weight loss and other short- and 

long-term pathologies.  In fact, previous work has used disease-specific deviations from 

the baseline to identify biomarkers for early disease detection. 

 

Next, we explored the effects of pregnancy of baseline aAB profiles, as an 

example non-disease body-associated stressors. The question remaining to be answered 

was two-fold: does a physiological stressor affect the baseline aAB profile, and if so, 

does the aAB profile recover once this physiological stressor is removed.  We saw that 

in the presence of pregnancy, there is an initial global reduction in the titers of the 

aABs, however, the shape of the aAB profile still mimics that of the baseline profile.  

By 7 months post-pregnancy (post-removal of the stressor), the relative titers of aABs 

appear to be restored to original levels.  This return to original pre-pregnant (pre-

stressor) levels further supports the hypothesis and aAB profiles have a “set-point” 

which they try to adhere to.  Therefore, we show that in response to a stressor, aAB 

profiles undergo changes, however, following removal of the stressor, aAB profiles can 

return to their baseline levels.  Even though this stands true for most of the aABs 

composing the profile, there is a small subset of aABs that maintain an imprint of the 

stress-induced profile, even after the stressor is removed.   

 

Lastly, we looked into the prevalence of distribution of glycosylation in aABs 

using longitudinal serum samples taken from a pregnant patient.  First, we were able to 

confirm that aABs are in fact Fab glycosylated, retain antigen binding capacity and are 

able to bind to the protein targets on human protein microarrays, and that almost all 



177 

 

aABs are glycosylated.  Looking at longitudinal overall glycosylation, we did not see 

an overall increase in the total percent of antibodies that were glycosylated, however, 

we did observe a shift in the extent of glycosylation in individual aABs throughout 

pregnancy.  Most of the aABs were only 10-19% glycosylated at 7 months post-

pregnancy.  During pregnancy, we saw a broader distribution of individual aAB 

glycosylation, with most of them being 10-39% glycosylated in early pregnancy and 

30-69% glycosylated in late pregnancy.  We speculate that the increase in aAB 

glycosylation in due to its immune-regulatory role in order to prevent detrimental 

effects in fetal development, however much extra work is needed to look into specific 

aAB targets that shifted their glycosylation throughout pregnancy and fully understand 

why.  

 

 The initial work we have done in this thesis, looking at glycosylation patterns 

of aABs, serves to only open the door to a slew of new projects that can be done.  First, 

we would like to continue the current work using the other three pregnant samples that 

are available to us.  By mapping the pre-pregnant aAB glycosylated profile, we will be 

able to look more specifically how pregnancy affects the changes in glycosylation 

patterns that we see.  Furthermore, we need to include the data for the 16 weeks 

gestation and 28 weeks gestation samples for a more comprehensive picture of how 

pregnancy changes the distribution of glycosylated aABs.   

  

 Furthermore, we have longitudinal samples taken from a psychosis patient who 

experiences relief of her symptoms during pregnancy.  By using the protocol 
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established in this thesis we’ll be able to establish her glycosylated aAB profile 

throughout her pregnancy, and by comparing her profile to our healthy pregnant 

patient, we’ll potentially be able to elucidate changes that can be implicated in 

psychosis pathology.  
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