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Mechanisms regulating immunoglobulin G (IgG) glycosylation are largely unknown. To 

perform functional validation of genes implicated in IgG glycosylation we developed the 

HEK293-F system. Utilizing transposons, we integrated dCas9-VPR/dCas9-KRAB expression 

cassettes in the genome of FreeStyle™ 293-F cells for targeted manipulation 

(CRISPRa/CRISPRi) of selected genes. Transfection of HEK293-F cells with IgG-gRNA-

bearing plasmid enabled simultaneous analysis of gene expression and IgG glycome. Utilizing 

this system, we validated the role of the SPPL3 locus in IgG sialylation. Activation of estrogen-

regulated genes, RUNX3 and SPINK4, decreased the galactosylated IgG glycoforms, a 

phenotype characteristic of menopause and aging. To further examine the magnitude of genetic 

influences on IgG glycosylation in aging we performed a heritability analysis on the glycan 

clock marker of biological age. Heritability of the glycan clock, when corrected for the age of 

the individuals, proved to be high (~71%). This served to demonstrate the necessity to develop 

new technologies able to dissect the observed genetic factors regulating IgG glycosylation 

associated not only with disease but also with aging.   
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Regulatorni mehanizmi glikozilacije imunoglobulina G (IgG) većinom su nepoznati. Kako 

bismo proveli funkcionalnu potvrdu uloge gena asociranih s IgG glikozilacijom razvili smo 

sustav HEK293-F. Korištenjem transpozona, ugradili smo kazete dCas9-VPR/dCas9-KRAB u 

genom stanica FreeStyle™ 293-F za ciljanu manipulaciju (CRISPRa/CRISPRi) odabranih 

gena. Transfekcija stanica HEK293-F s plazmidom IgG-gRNA omogućila nam je istovremenu 

analizu ekspresije gena i IgG glikoma. Korištenjem ovog sustava potvrdili smo ulogu lokusa 

SPPL3 u IgG sijalinizaciji. Aktiviranjem gena reguliranih estrogenom, RUNX3 i SPINK4, došlo 

je do smanjenja galaktoziliranih IgG glikoformi odnosno pojave fenotipa karakterističnog za 

menopauzu i starenje. Kako bismo dodatno istražili opseg genetičkih utjecaja na IgG 

glikozilaciju tijekom starenja, proveli smo analizu nasljednosti markera biološke dobi – 

glikanskog sata. Nasljednost glikanskog sata se pokazala visokom nakon korekcije za dob 

sudionika (~71%) čime smo pokazali kako je neophodno razvijati nove tehnologije koje će 

razjasniti genetičke faktore uključene u regulaciju glikozilacije IgG-a, povezane ne samo s 

bolestima već i sa starenjem.  
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1. INTRODUCTION 

1.1. Immunoglobulin G glycosylation: a general overview  

Glycosylation is the most diverse protein modification present in all eukaryotic cells. It 

is defined as a sequence of enzymatic reactions resulting in the formation of complex sugars 

called glycans covalently attached to proteins (glycoproteins)1–3. The attachment of different 

glycans (alternative glycosylation) adds a new layer of complexity to proteins, extending the 

flexibility of their structure. The main difference between the protein primary sequence and 

glycosylation is that genes unambiguously determine the primary structure of a protein, while 

there is no simple genetic template for the glycans 4,5. Instead, glycosylation is a complex trait, 

determined by the intricate interplay of many genes and their products, i.e. enzymes 

(glycosyltransferases), ion channels, transcription factors, etc6–10. It can affect the physical and 

biological properties of proteins to the same extent as genetic mutations 2,11,12. Aberrant protein 

glycosylation has been observed in different autoimmune and inflammatory conditions, cancer 

and other age-related disorders 2,11,13–16. It affects protein stability, solubility, folding, 

conformation and activity 17–20.  

The most prevalent type of protein glycosylation is N-linked glycosylation, which 

involves the addition of glycans to the nitrogen atom of asparagine at the 

asparagine-X-serine/threonine motifs 21. One of the most studied N-glycosylated proteins is the 

immunoglobulin G (IgG) 22. IgG is an antibody produced by the B cells, with a central role in 

innate and adaptive immunity 23. Alternative glycosylation of IgG can drastically change its 

function by acting as a switch between pro- and anti-inflammatory response 24. Structurally, the 

IgG antibody has symmetrical conformation with two identical heavy (H) and two identical 

light (L) chains interconnected with disulfide bonds (Figure 1).  Its function can be divided into 

two separate regions: Fab (fragment antigen binding) and Fc (fragment crystallizable). The Fab 

region is responsible for the binding of specific antigens, while the Fc region provides the 

effector function of this antibody. Each H chain of the Fc region has a conserved 

N-glycosylation (hereinafter referred to as glycosylation) site at the position asparagine (Asn) 

297. Moreover, about 20% of IgG molecules have various glycosylation sites in the Fab 

region25.  

IgG Fc glycosylation modulates the immune response by affecting the binding of the Fc 

region to activating or inhibitory Fc receptors. These receptors are expressed on the surface of 
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various immune cells, which then mediate many immune processes such as antigen 

neutralization, complement activation, complement-dependent cytotoxicity (CDC), 

antibody-dependent cell-mediated cytotoxicity (ADCC), etc26. Considering this broad activity 

in the innate and adaptive immune response, IgG became the most studied glycoprotein up to 

date 22. 

 

Figure 1. Schematic representation of the immunoglobulin G (IgG) antibody and the 

Asn297 attached N-glycan (hereinafter referred to as glycan). IgG is a homodimer 

composed of two heavy (H, colored in dark purple) and two light (L, colored in light purple) 

chains. Each heavy chain consists of three constant domains (CH1, CH2 and CH3) and a variable 

domain (VH) and each light chain consists of a constant domain (CL) and a variable domain 

(VL). Functionally, IgG is comprised of fragment antigen binding (Fab) and fragment 

crystallizable (Fc) domains. Each CH2 domain has a conserved glycosylation site at the position 

asparagine 297 (Asn297). Some IgG molecules can have glycan attached to the Fab domain, 

which is not shown in the scheme. Fc attached glycan is shown on the right with the 

corresponding glycosyltransferase next to the monosaccharide unit it adds. Represented glycan 

is a diantennary core fucosylated digalactosylated and disialylated structure with a bisecting 

GlcNAc. The glycan core structure is highlighted in grey. ST6GAL1 - ST6 β-Galactoside 

α-2,6-Sialyltransferase 1; B4GALT1 – β-1,4-Galactosyltransferase 1; MGAT3 – 

β-1,4-Mannosyl-Glycoprotein 4-β-N-Acetylglucosaminyltransferase; FUT8 – 

α-(1,6)-fucosyltransferase. 
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1.1.1. Composition of IgG glycans 

Glycans are composite oligosaccharides assembled from up to fifteen monosaccharide 

units. All IgG glycans have a conserved pentasaccharide core made of two 

N-acetylglucosamines (GlcNAc) and three mannose residues. IgG glycan core can be expanded 

by the addition of GlcNAc, core fucose, bisecting GlcNAc, galactose and sialic acid27,28. The 

most complex IgG glycan is a diantennary core fucosylated digalactosylated and disialylated 

structure with a bisecting GlcNAc, represented in Figure 1.  

IgG isolated from healthy human plasma is predominantly core fucosylated (>90%), 

with moderate levels of galactose (~45%), low bisection (~15%) and low sialylation (~10%) 

29,30. Even though the pool of Fab and Fc glycans consists of the same structures, these two 

regions differ in their glycosylation patterns. Almost all Fab glycans are galactosylated with 

high levels of sialylation. In contrast, Fc glycans are rarely modified with sialic acid. Bisection 

of Fab glycans is threefold higher in the Fab region and core fucose is present in only about 

70% of the structures, while almost all Fc glycans are core fucosylated31–33.    

1.1.2. Biological function of IgG glycosylation 

Glycans attached to the Fc region are essential for the stability and activity of IgG. This 

is highlighted by the fact that IgG deglycosylation results in the complete loss of both pro- and 

anti-inflammatory activity of this antibody. Furthermore, alternative glycosylation alters Fc 

conformation which then modulates IgG’s binding affinity to downstream effector cells of the 

immune system 34,35. For example, the addition of bisecting GlcNac enhances ADCC by 

increasing IgG’s affinity to FcγRIIIa receptor36. The same effect, but much more potent is 

exerted through the removal of core fucose which is exploited in the production of monoclonal 

antibodies (mAbs) that rely on ADCC37,38. It has been proposed that the addition of terminal 

sialic acid alters IgG’s activity by directly changing the conformation of the Fc region. Due to 

this phenomenon, it was suggested that sialic acid acts as a switch between the inflammatory 

status of the IgG antibody and was considered to be an anti-inflammatory modification39,40. 

However, some recent studies have not been able to confirm that sialic acid has an anti-

inflammatory nature demonstrating that more research is required on that subject24,41. Addition 

of galactose to the IgG glycan chain was also designated an anti-inflammatory modification. 

Few studies demonstrated that agalactosylated IgG glycans activate the complement through 

the lectin and alternative pathway while galactose inhibits C5a-dependant inflammation but the 

notion that agalactosylated glycans have a pro-inflammatory effect mostly came from 
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observational studies11,42,43. Recent research, on the other hand, points to a pro-inflammatory 

potential of galactosylated IgG glycans24,41,44–46. Latest studies even revealed a possible 

mechanism underlying the pro-inflammatory nature of IgG galactosylation where the addition 

of galactose promotes hexamerization of IgG necessary for complement activation41,46. These 

contradictions must be emphasized as they demonstrate that some established notions should 

be challenged and even more importantly, they serve to highlight the complexity of IgG 

biology. It must be acknowledged that classification of each glycan trait as pro- or 

anti-inflammatory is convenient but it represents an oversimplification of interdependent 

glycosylation pathways that regulate IgG activity.  

1.2. Alternative IgG glycosylation in health and disease 

Human IgG glycome is extremely heterogeneous on the population level mainly due to 

the variable monosaccharide composition and the presence of additional glycosylation sites in 

the Fab region. An example of this heterogeneity is the abundance of agalactosylated, core 

fucosylated IgG glycan that varies from 6% to 50% among healthy humans. On the contrary, 

IgG glycoprofile on an individual level is considered stable in homeostatic conditions30,47. 

However, when homeostasis is disturbed, IgG glycome composition can shift rapidly. The 

abundancies of different IgG glycoforms in healthy individuals are mainly influenced by age 

and sex hormone concentration. Moreover, aberrant IgG glycosylation is observed in various 

pathological conditions11. 

1.2.1. IgG glycome changes in various pathological conditions 

Almost 40 years ago, Parekh et al. 48 observed an increase of IgG agalactosylation in 

patients with rheumatoid arthritis (RA). In the following years of research, IgG glycosylation 

was associated with a plethora of different conditions, including infectious, autoimmune and 

alloimmune diseases, cancer, cardiometabolic and neurodegenerative conditions and other age-

related disorders. Still, the exact role IgG glycosylation has in all these different conditions 

remains elusive. It seems that a common mechanism for many autoimmune diseases may be 

the modulation of the general threshold of activation of immune effector cells11,49. But the 

question remains if the IgG glycosylation represents a functional effector, a predisposition or 

just a side-effect of certain disease pathology. This is a matter of ongoing debate. 
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1.2.2. IgG glycome changes with age 

IgG glycosylation gradually changes with aging. Generally, the abundance of 

agalactosylated and bisected glycans increases while the abundance of sialylated glycans 

decreases from young adulthood to old age11,27,30,49–52. This decline of anti-inflammatory IgG 

glycans is accompanied by the process of inflammaging53. Inflammaging is defined as a 

chronic, low-grade inflammation designed to protect the organism from the lifetime of antigen 

load and immune triggering. Unfortunately, it results in a pro-inflammatory remodeling of the 

immune system characteristic for the elderly54–56. The decline of galactosylated IgG glycans is 

considered a hallmark of inflammaging, but it is also hypothesized that the supposed pro-

inflammatory nature of agalactosylated glycans exacerbates inflammation. This creates a 

feedback loop where agalactosylated glycans serve not only as a biomarker of aging but also as 

functional effectors53,57. More research is needed to dissect the functional role of IgG glycans 

in aging, but their correlation with the biological age of an individual put them at the forefront 

of healthy aging research51,58. A study by Krištić et al.51 conducted on 5117 individuals 

demonstrated that three IgG glycoforms can explain up to 58% of the variance in the 

chronological age, which is much more than all other markers of biological age such as telomere 

length can explain. More importantly, it turned out that the remaining variance strongly 

correlated with physiological parameters associated with biological aging. From these three IgG 

glycoforms, a biomarker of biological age, the glycan clock, was developed51. New studies also 

reported a possibility of the glycan clock reversal by healthy lifestyle changes which made IgG 

glycans one of the most alluring predictors of health status in modern medicine59–61.  

1.2.3. Sex hormones affect IgG glycosylation 

 Research on the effect of aging on IgG glycosylation revealed sex-specific differences 

between men and women27,58,62,63. Until the onset of menopause, women exhibit lower levels 

of agalactosylated glycans than men. These levels increase abruptly at the onset of menopause 

and are accompanied by the decrease of sialylated glycans. This is the reason why older men 

have slightly higher levels of galactosylated and sialylated glycoforms than women of the same 

age63,64. It seems that estrogen may be the main factor responsible for these sex-dependent 

differences65. In 2017, Ercan et al.65 proved a causal relationship between sex hormones and 

IgG galactosylation. The study demonstrated that estrogen agonist therapy in postmenopausal 

women reduces agalactosylated IgG glycoforms compared to placebo. The same effect was 

observed in healthy women with therapeutically induced menopause after they were given 
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transdermal estradiol. This study was later expanded to analyze other derived traits, which 

demonstrated that sialylation of IgG is also mediated by estrogen66. Another recent study 

confirmed that estrogen supplementation affects IgG sialylation in female RA patients and 

postmenopausal mice models67. Pregnancy is also characterized by extensive changes in IgG 

glycosylation. An increase of IgG galactosylation and sialylation in the transition from 1st to 

2nd trimester is associated with an increase of human chorionic gonadotropin (hCG)68. 

Remarkably, this pregnancy-associated increase of IgG galactosylation is accompanied by 

reduced disease severity in RA patients suggesting a functional role of galactosylation in RA 

pathology69–71. Unfortunately, the mechanisms underlying shifts in IgG glycome composition 

that are due to differential sex hormone signaling are mostly unknown and more research is 

required. 

1.3. Regulation of IgG glycosylation 

Hundreds of studies done in the past 30 years revealed the impact of IgG glycosylation 

on different human inflammatory pathways implicated in various pathologies. The focus has 

now turned to the regulation of IgG glycosylation – the largest unsolved problem of IgG biology 

up to date. Substantial inter-individual variability of IgG glycome composition indicates a very 

complex regulation of IgG glycosylation30,47. Glycan biosynthesis begins in the endoplasmic 

reticulum (ER) where sugar monomers assemble onto a dolichol pyrophosphate located on the 

cytoplasmic side of the ER membrane. This structure is then turned to the luminal side of the 

ER membrane and further extended to form a precursor glycan. This process is accompanied 

by the concurrent biosynthesis of IgG polypeptide. Precursor glycan is then transferred from 

dolichol-pyrophosphate to the Asn recognition site on the growing IgG polypeptide. After the 

removal of three sugar moieties, IgG is transferred from the ER to the Golgi apparatus where 

different glycosyltransferases and glycosyl hydrolases remodel branched glycan while IgG gets 

transferred from cis to trans Golgi compartments. Ultimately, the formed IgG glycoform is 

secreted from the B cell into the serum or is attached to the plasma membrane to form a B cell 

receptor (BCR)72,73. Variations in this process account for the observed heterogeneity of the 

IgG glycome. The expression and activity of the enzymatic machinery as well as the availability 

of the activated sugar donors results in the diversification of the IgG glycome composition. This 

is further complicated by the indirect upstream processes governing ER and Golgi function. For 

a long time, our understanding of mechanisms that regulate IgG glycosylation was very limited 
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due to their complexity and lack of appropriate technology. In the recent years, new advances 

have been made which will be discussed in the following sections.  

1.4. Heritability of IgG glycans 

 Heritability is defined as the proportion of variation in a particular trait that is 

attributable to genetic factors. Heritability analyses are often the first step in a genetic study of 

a complex trait to determine if the trait is suitable for gene mapping74. The first heritability 

study on IgG glycans was conducted more than a decade ago to determine the proportion of 

genetic influence on each IgG glycoform30. It turned out that the heritability estimates greatly 

varied between different IgG glycoforms. Sialylation appeared to be most endogenously 

defined glycan trait with up to 60% of variance explained by genetic factors. In the case of core 

fucose, bisected GlcNac and galactose heritability estimates varied from 25% to 45% indicating 

a moderate influence of genetic factors. A few years later Menni et al.75 performed another 

heritability study of IgG glycans on 530 twin pairs from the TwinsUK registry. They found that 

51 out of the 76 analyzed glycan traits to be at least 50% heritable, indicating strong genetic 

control of IgG glycosylation pathways. Several other studies have demonstrated high 

heritability estimates for the whole plasma glycans as well76,77. Discovery that IgG glycans are 

under tight genetic control paved the way for future research into mechanisms that govern IgG 

glycosylation. 

1.5. Role of glycosyltransferases in IgG glycosylation 

The IgG glycan core is extended in the Golgi apparatus to form complex IgG 

glycoforms72.  Heterogeneity of IgG glycome is partially due to the differential expression of 

four main glycosyltransferases (GTs) residing in the Golgi cisternae: FUT8, MGAT3, 

B4GALT1 and ST6GAL14,78 (Figure 1). The enzyme α-(1,6)-fucosyltransferase (FUT8) 

catalyzes the transfer of L-fucose from GDP-fucose to the most proximal GlcNac, a reaction 

termed core fucosylation79. The human genome codes for 13 different fucosyltransferases but 

only FUT8  performs core fucosylation4. This was demonstrated in different cell lines and 

knockout (KO) mouse models80,81. Disruption of both Fut8 alleles in Chinese hamster ovary 

(CHO) cells resulted in the secretion of completely afucosylated mAbs with dramatically 

increased ADCC81. This phenomenon is exploited in cancer therapeutics with dozens of 

afucosylated mAbs currently in clinical trials82,83. Inactivation of FUT8 in KO mice models 

results in defective core fucosylation accompanied by a high mortality rate, severe respiratory 
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defects and growth restriction80. Patients with congenital FUT8 disorder of glycosylation 

(FUT8-CDG) also show growth retardation and respiratory deficiencies due to the complete 

loss of core fucosylation84–86. Furthermore, FUT8 is strongly linked to cancer cell invasion and 

metastasis, which can be partly explained by the alteration of ADCC87,88. ADCC is also affected 

by the addition of bisecting GlcNAc, a modification catalyzed by the 

β-1,4-Mannosyl-Glycoprotein 4-β-N-Acetylglucosaminyltransferase (MGAT3) enzyme4,36. 

Bisecting GlcNAc seems to have a regulatory role in the biosynthesis of complex glycans by 

inhibiting the action of other GTs such as FUT8, MGAT4, MGAT5 and ST6GAL189–91. Garcia-

Garcia et al.89 have hypothesized that bisection precludes fucosylation by FUT8 due to 

significant steric hindrance exerted by this modification. Still, the inhibitory role of bisecting 

GlcNAc has yet to be demonstrated for IgG glycans. For example, Dekkers et al. upregulated 

MGAT3 to increase IgG bisection and no change in IgG fucosylation was observed24. 

Moreover, Kapur et al. reported a weak positive correlation between fucosylation and bisection 

on anti-HPA1 IgG antibodies92. The interdependence of glycosylation pathways is also 

highlighted through the addition of galactose and sialic acid catalyzed by 

β-1,4-Galactosyltransferase 1 (B4GALT1) and ST6 β-Galactoside α-2,6-Sialyltransferase 1 

(ST6GAL1). These two GTs work in succession as ST6GAL1 can only sialylate galactosylated 

glycans4. More importantly, a recent study by Khoder-Agha et al.93 demonstrated that 

B4GALT1 and ST6GAL1 form heteromers in the Golgi membranes. The study reports that the 

interaction of these two enzymes is a prerequisite for their full catalytic activity. Assembly of 

B4GALT1 homomers keeps this GT minimally active until it reaches the Golgi compartment 

where it binds ST6GAL1, thus revealing its active site. Many different KO and overexpression 

studies in vitro confirmed the role of B4GALT1 in IgG galactoslyation94–97. Moreover, a 

decrease of galactosylated IgG glycans was associated with the reduced activity of B4GALT1 

in the peripheral B cells of RA patients98–100 and myeloma cells101. However, other studies of 

RA patients found no association or even negative correlation between B4GALT1 mRNA 

expression and/or activity of this GT and the level of IgG galactosylation102–104. This lack of 

consistency in the expression data for B4GALT1 suggests a far more complex regulation of 

IgG galactosylation that has yet to be discovered. An even more complicated story surrounds 

IgG sialylation by ST6GAL1. Germ-line ablation of ST6GAL1 removes α2,6-linked sialic acid 

from almost all glycoproteins, including IgG105. In 2016, Jones et al.106 generated B cell-

specific ST6GAL1 KO mice, which exhibited completely normal IgG sialylation. They 

hypothesized that the hepatocyte-secreted plasma ST6GAL1 can sialylate IgG glycans 

extracellularly. In 2022, Oswald et al.107 dismissed this hypothesis by the establishment of the 
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hepatocyte-specific ST6GAL1 KO mice that also exhibited normal IgG sialylation despite the 

complete lack of plasma ST6GAL1. Taken together, these results indicate that IgG sialylation 

can occur after secretion from the B cells, but the process is not only reliant on plasma 

ST6GAL1108.  

The complexity of mechanisms that regulate IgG glycosylation is additionally 

intensified by the epigenetic regulation of GTs activity, mainly through DNA methylation and 

microRNAs (miRNAs). Epigenetic regulation of MGAT3 expression has been extensively 

studied in the last decade. Treatment of hepatocellular carcinoma (HCC) and ovarian cells with 

5-aza-2′-deoxycytidine (5-aza-dC), a nucleoside analogue that induces global hypomethylation, 

increased MGAT3 expression due to the decreased level of MGAT3 promotor methylation. This 

intervention increased the ratio of bisecting GlcNAc on membrane glycoproteins in ovarian 

carcinoma cells and decreased the ratio of complex tetraantennary and fucosylated glycans in 

HCC cells109–111. An opposite effect was observed with targeted methylation of MGAT3 

promoter with CRISPR/dCas9-DNMT3A molecular tool, designed to specifically methylate a 

distinct region of interest. This led to MGAT3 downregulation in ovarian adenocarcinoma cell 

line and a concomitant decrease of bisected glycan residues112. Another study negatively 

correlated the MGAT3 promoter methylation with bisected, galactosylated and sialylated IgG 

glycans in peripheral blood mononuclear cells (PBMCs) and CD19+ B cells isolated from 

patients suffering from inflammatory bowel diseases (IBD)113. Besides DNA methylation, 

MGAT3 appears to be regulated with miRNAs as demonstrated recently by Zohora and Mahal 

(2022)114. MiRNA regulation was most extensively studied in relation to core fucosylation. In 

HCC cells, four miRNAs regulate FUT8 activity and their overexpression leads to FUT8 

downregulation and a concomitant decrease of core fucosylation115,116. A single miRNA 

molecule affects FUT8 activity in colorectal carcinoma (CRC) cells, as was demonstrated in 

vitro and in vivo using murine models117. New studies also link miRNA regulation with 

B4GALT1 and ST6GAL1 in chronic myeloid leukemia and HCC cell lines118,119. Taken 

together, this growing number of studies performed on GTs, point to the very intricate 

mechanisms that regulate IgG glycosylation. 

1.6. Genome-wide association studies (GWAS) reveal complex gene networks regulating 

IgG glycosylation 

The field of human genetics aims to discover the genetic factors underlying specific 

processes in the human body. A widely used approach are genome-wide association studies 
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(GWAS) that can identify common genetic variations associated with a certain phenotype120,121. 

The era of GWAS began in the 21st century when the Human Genome Project released the first 

human genome sequence122. This enabled the development of commercial Single Nucleotide 

Polymorphism (SNP) arrays indispensable for GWAS122,123. SNP is a single nucleotide change 

in the DNA, which occurs in the human genome with high frequency124,125. GWAS tests each 

SNP for an association with the phenotype of interest at extremely high resolution120,121. In the 

last decade, reliable high-throughput methods for glycan analysis became available and together 

with GWAS, enabled the identification of complex gene networks regulating IgG 

glycosylation126–128.  

The first GWA study of IgG glycosylation was performed by Lauc et al. in 2013129 on 

77 IgG glycome traits measured in 2247 individuals of European descent. The study revealed 

nine genomic loci associated with IgG glycosylation with four of them encoding the 

aforementioned glycosyltransferases. Five additional loci (IKZF1, IL6ST-ANKRD55, 

SUV420H1, SMARCB1-DERL3 and ABCF2-SMARCD3) had no apparent role in IgG 

glycosylation. However, most of the discovered loci showed pleiotropy with autoimmune 

diseases and hematological cancers. To broaden the list of novel loci associated with IgG 

glycosylation, another GWAS was performed on the ORCADES (Orkney Complex Disease 

Study) cohort130. The study managed to replicate five previously associated loci and discovered 

five novel loci: IGH, ELL2, HLA-B-C, FUT6-FUT3, AZI1 and TMEM105 associated with IgG 

glycosylation. In 2018., Wahl et al.131 augmented the list with one more region containing the 

RUNX3 gene. The outcomes of different GWA studies indicated the complexity of IgG 

glycosylation and the polygenic nature of the process. In order to detect additional genomic loci 

with a smaller impact on IgG glycome composition a larger sample size was used in the GWAS 

study by Klarić et al.10. The authors tested 77 IgG glycan traits on 8090 individuals from four 

European cohorts. This was the largest GWAS of IgG glycans up to date and it helped to 

identify 14 novel loci and to replicate 13 previously discovered loci associated with IgG 

glycosylation (Figure 2). They also performed gene-set enrichment analysis which 

demonstrated the association of discovered GWAS loci with processes such as glycosylation, 

immune pathways and transcription. A putative functional network of IgG glycosylation with 

the strongest evidence for the regulation of MGAT3 by chromatin remodeling factor SMARCB1 

and transcription factors RUNX1 and RUNX3, was proposed. The second strongest evidence 

from the network analysis was for the regulation of FUT8 by transcription factors IKZF1 and 

IKZF3. The latest GWAS on IgG glycans has found three novel associations (TNFRSF13B, 
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OVOL1/AP5B1, RNF168), which increased the list of genomic loci associated with IgG 

glycosylation to 29132. All these GWA studies revealed the complexity of pathways regulating 

IgG glycosylation, with possibly hundreds of genes operating together to fine-tune the immune 

response mediated by IgG antibodies. Yet, it is essential to perform in vitro and in vivo 

functional studies of novel loci to further confirm the role these genes have in IgG glycome 

composition. 

 

Figure 2. Chromosomal location of GWAS candidate genes associated with IgG 

glycosylation from the study by Klarić et al10. The gene prioritization was performed as 

follows: orange dots – nearest to the strongest association in the region; purple dots – biological 

pathway enrichment; light blue dots – pleiotropy with gene expression in peripheral blood or B 

cells; dark blue dots – missense mutation. The image was adapted from Pezer et al133. 

1.6.1. Functional follow-up of GWAS loci 

 Identification of novel loci through GWAS together with the results of heritability 

analysis on IgG glycans revealed the complexity of genetic control governing IgG 

glycosylation10,30,75,129,131,132. However, GWAS is a hypothesis generating method and every 

discovered locus needs to be functionally validated in vitro or in vivo. Klarić et al.10 performed 

a functional follow-up of their GWA study in B cell-derived lymphoblastoid cell line MATAT6. 
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Knockdown of IKZF1 resulted in the downregulation of IKZF3 and upregulation of FUT8 with 

a concomitant increase of IgG fucosylation. This was the only functional study performed on 

discovered GWAS hits with all of the remaining loci validated only with in silico methods. One 

of the main obstacles was the unavailability of methods for fast and efficient glycan analysis, 

though significant progress was made in the last decade with the development of high-

throughput platforms for glycan analysis126–128. The lack of appropriate experimental models 

for in vitro or in vivo studies of IgG glycans is an issue to this day. Krištić et al.134 report that 

common laboratory mouse strains are not optimal animal models to study the effects of IgG 

glycosylation due to very low intra-strain variability of IgG glycome composition. Moreover, 

most mouse strains lack bisecting GlcNAc in their IgG glycoprofile and their glycans terminate 

with N-glycolylneuraminic acid instead of N-acetylneuraminic acid (sialic acid)135,136. Mouse 

IgG glycans also harbor terminal α 1-3 bound galactose which is not present on human IgG 

glycans135. Problems arise with in vitro cell cultures as well. The main difficulty is the quantity 

of cell culture-produced IgG required for high-resolution glycan analysis. Another issue is the 

inability to transfect B cells with classical transfection methods. Recently, Vink et al.137 

developed a robust expression system for IgG production based on FreeStyle™ 293-F cells. 

They succeeded to obtain large quantities of glycosylated IgG in less than a week secreted from 

an easy to transfect FreeStyle™ 293-F cell line. Three years later, Dekkers et al.94 expanded 

this IgG expression system with different glycoengineering tools to produce any desired IgG 

glycoform which enabled them to systematically explore the effect of certain glycosylation 

traits on IgG function. This system also holds promise for future functional validation of novel 

loci associated with IgG glycosylation due to its simplicity and efficacy in antibody production. 

Another, maybe the most important reason for the lack of functional follow-up studies was the 

unavailability of technology for targeted gene manipulation. This issue was resolved by the 

discovery of CRISPR/Cas9 technology for precise genome editing discussed in the next section. 

1.7. CRISPR/Cas9 molecular tools 

CRIPSR/Cas9 stands for Clustered Regularly Interspaced Short Palindromic 

Repeats/CRISPR Associated Protein 9, a bacterial immune system adapted as a highly efficient, 

RNA-guided molecular tool for precise genome editing and regulation138. The development of 

CRISPR/Cas9 technology revolutionized the whole field of molecular biology as it enabled 

simple and cost-efficient manipulation of desired loci. CRISPR/Cas9 system is based on two 

components: the Cas9 protein that can introduce a double-stranded break in targeted DNA and 
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the guide RNA molecule (gRNA) complementary to the target sequence (Figure 3a)139. The 

best characterized Cas9 protein is the one isolated from the bacterium Streptococcus pyogenes 

(SpCas9)140. Cas9 nuclease activity is provided by two distinct domains: RuvC and HNH each 

able to cut single-stranded DNA138,140. The PAM (protospacer adjacent motif) interacting 

domain initiates DNA binding by the Cas9 protein through the recognition of a specific PAM 

sequence (5’-NNG-3’ for SpCas9) located downstream from the gRNA binding region141. 

gRNA molecule is 20 base pairs (bp) single-stranded RNA that forms a T-shaped loop and can 

be designed to have a 5’ end complementary to the target sequence138. This way gRNA guides 

Cas9 protein to any target sequence that contains complementary DNA and PAM sequence 

specific for the desired Cas9 ortholog. Another commonly used Cas9 ortholog is SaCas9, 

isolated from the bacterium Staphylococcus aureus142. The main advantage of SaCas9 is its 

smaller size and higher specificity for target DNA conferred by the more complex PAM 

sequence 5’-NNGRRT-3’143–145.  

 

Figure 3. CRISPR/Cas9 vs. CRISPR/dCas9 technology. (a) CRISPR/Cas9 system for 

precise gene editing. The Cas9 protein isolated from Streptococcus pyogenes (SpCas9) consists 

of a nuclease lobe (NUC) and a recognition lobe (REC). The Cas9 is targeted to a specific DNA 

sequence by complementary single guide RNA (sgRNA or gRNA). For efficient binding, the 

target sequence has to contain a protospacer adjacent motif (PAM) specific for the Cas9 

ortholog. Cas9 binding to the target sequence by gRNA complementarity is followed by DNA 

cleavage introduced by RuvC and HNH domains. (b) CRISPR/dCas9 system for precise gene 

regulation. Selective mutations D10A and H840A of the RuvC and HNH domains are 

introduced to Cas9 to create catalytically inactive dead Cas9 (dCas9) protein. The dCas9 protein 

still retains the ability to bind target sequence through gRNA and PAM but cannot initiate DNA 

cleavage. If dCas9 protein is targeted downstream of the transcription start site (TSS) it blocks 
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transcription by interfering with RNA polymerase (Pol II) and different transcription factors 

(Txn). Image adapted from Dominquez et al139. 

Applicability of the CRISPR/Cas9 technology substantially increased with the 

development of the catalytically inactive dead Cas9 (dCas9) protein (Figure 3b)139,146. This was 

accomplished by selective mutations D10A and H840A of RuvC and HNH domains, 

respectively. The dCas9 protein retains the ability to bind targeted DNA sequences as well as 

the gRNA molecule but cannot introduce double-stranded breaks146. Fusion of various 

epigenetic effector domains to dCas9 enabled site-specific epigenome modifications which 

greatly expanded the utility of CRISPR/dCas9 tools147–157. CRISPR/dCas9 system is most 

widely used for targeted transcriptional regulation: CRISPR interference (CRISPRi) and 

CRISPR-mediated gene activation (CRISPRa) for targeted downregulation and upregulation of 

genes, respectively146,150,151,153,158 (Figure 4). When this technology was developed CRISPRi 

relied solely on dCas9 interference through steric blockage of various transcription factors and 

RNA polymerase. This strategy for gene silencing was very successful in prokaryotes but 

exerted only modest repression in eukaryotic cells153,159. The system was greatly advanced by 

fusing KRAB (Krüppel associated box) domain to inactivated Cas9 protein which improved 

gene repression from 50% to 99% depending on the locus and/or cell type153,160. The KRAB 

domain interacts with the scaffold protein KAP1 (KRAB associated protein 1), which recruits 

HP1 (heterochromatin protein 1). HP1 then recognizes and binds methylated lysine 9 of the 

histone H3 (H3K9me) recruiting additional histone methyltransferases, which leads to 

chromatin condensation and consequently gene repression161,162. Gene silencing using the 

dCas9-KRAB fusion protein was recently improved by tethering an additional domain, MeCP2 

(methyl CpG binding protein 2), yielding a superior CRISPRi tool dCas9-KRAB-MeCP2, 

which demonstrated robust gene repression152. Many other effector proteins were fused to 

dCas9 to achieve gene silencing including DNA methyltransferases149, histone 

methyltransferases156, histone deacetylases155, chromatin remodeling complexes163, etc. Similar 

progress was made in the field of gene activation with different CRISPRa tools. In 2013. Gilbert 

et al.153 reported targeted gene activation in the HEK293 cell line with dCas9-p65 and 

dCas9-VP64 fusion proteins. P65 is a large subunit of NFκB transcription factor known to 

induce strong gene transactivation in mammalian cells164. VP64 is also a potent transcriptional 

activator, a tetramer of the minimal activator VP16 (virion protein 16) isolated from the herpes 

simplex virus type 1165. Soon after the publication of Gilbert et al., another group demonstrated 

that dCas9-VP64 activity can further be improved by targeting desired loci with multiple 
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gRNAs151. The most important breakthrough came with the design of dCas9-VPR, a tripartite 

gene activator composed of VP64, p65 and Rta activator domains150. Chavez et al.150 

demonstrated that dCas9-VPR drastically outperforms dCas9-VP64 in robust multi-locus 

activation. Today, it is possible to achieve targeted gene upregulation with an array of different 

effector domains tethered to the dCas9 protein such as DNA demethylases157, histone 

acetyltransferases154, histone demethylases166, etc. One of the finest examples on how this novel 

array of CRISPR/dCas9 based molecular tools can be exploited came from a recent study by 

Josipović et al.112. The authors established a modular and extensible CRISPR/dCas9 based 

molecular toolbox for epigenetic editing and direct gene regulation. Designed toolbox features 

the system for the expression of orthogonal dCas9 proteins fused to various effector domains 

and a multi-gRNA system for simultaneous targeting of up to six loci (Figure 5). The flexibility 

of this molecular toolbox enables an easy assembly of different promoters, dCas9 orthologs, 

effector domains, selection markers and gRNAs to suit any experimental design.   

 

Figure 4. The dCas9-based molecular tools for gene repression (CRISPRi) and gene 

activation (CRISPRa). Catalytically inactive dCas9 protein can be fused with different 

effector domains for precise manipulation of gene expression through complementary single 

guide RNA (sgRNA or gRNA) and matching protospacer adjacent motif (PAM). The most 

widely used CRISPR/dCas9 tool for gene repression is dCas9-KRAB, which blocks gene 

expression if targeted around the transcription start site (TSS) in the range from -50 bp to +200 

bp. Gene activation (CRISPRa) can be achieved with dCas9-VPR fusion protein. VPR is a 

tripartite activator comprised of VP64, p65 and Rta domains. dCas9-VPR upregulates gene 

expression if targeted around the TSS in the range from -200 bp to +50 bp. tracrRNA – 

transactivating RNA; crRNA – CRISPR RNA. Image adapted from Escobar et al167. 
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Figure 5. Modular CRISPR/dCas9 based molecular toolbox. (A) Individual modules 

required for the correct assembly of CRISPR/dCas9 expression cassette are cloned into a 

backbone plasmid using BsaI type IIS restriction enzyme (Golden Gate cloning). The ends of 

the backbone plasmid are designed to be compatible with B and Z type module ends. The first 

position (B-A) receives a multi-guide RNA module with SaCas9 or SpCas9 scaffold. The 

second position (A -I) receives a eukaryotic promoter followed by the desired effector domain 

(I -II) and desired dCas9 ortholog (II -III). The next position (III-IV) receives an antibiotic 

resistance or fluorescence marker which can be replaced with the dual marker system (described 

in C). The final position (IV-Z) receives a eukaryotic transcription terminator. (B) The multi-

guide system accepts up to six gRNA modules for SaCas9 or SpCas9 targeting, each gRNA 

module with the appropriate ends (B through Z) required for the Golden Gate assembly 

facilitated with the type IIS restriction enzyme Esp3I. (C) The dual marker system enables 

simultaneous expression of both the fluorescent marker and antibiotic resistance. U6 – 

eukaryotic promoter for the expression of gRNAs; NLS – nuclear localization signal; ED – 

effector domain; GS – linker; T2A and P2A – self-cleaving peptides; ter – terminator; AmpR – 

bacterial ampicillin resistance; ori – bacterial origin of replication. Image adapted from 

Josipović et al112. 
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Precise gene editing with CRISPR/Cas9 based molecular tools still has many hurdles. 

One of the major unresolved problems is the off-target effect. The Cas9 protein can bind and 

cleave unintended genomic sequences, potentially resulting in harmful genomic mutations and 

rearrangements168–171. Many strategies have been developed to mitigate Cas9 off-target effect, 

including the design of more specific gRNA molecules, tight control of gRNA and Cas9 

expression, use of more specific Cas9 orthologues, engineering of mutant Cas9 proteins, 

etc112,143,171–174. Fortunately, the off-target effect is much less prominent in CRISPRa and 

CRISPRi technology when dCas9 is used for direct transcriptional regulation of gene 

expression. Chromatin immunoprecipitation and sequencing analysis (ChIP-seq) revealed that 

dCas9 binds to various off-target sites in the genome with different gRNA molecules175–177. 

Despite the non-specific binding of dCas9, dCas9-KRAB mediated gene expression turned out 

to be very specific153,178. Further studies reported that only three mismatches between gRNA 

and the targeted loci completely abolish CRISPRi gene repression179. In comparison, Cas9 can 

tolerate up to 5 mismatches.168,180 CRISPRa tools also seem to be very specific153,179,181,182.  

Polstein et al.181 demonstrated high specificity in targeted gene upregulation with dCas9-VP64 

fusion protein. Another ChIP-seq analysis of the off-target effect, following dCas9-VP64 and 

dCas9-KRAB targeting with multiple gRNAs revealed a similarly high incidence of 

mismatched binding for fusion proteins compared to solo dCas9 binding. However, the on-

target effect turned out to be very specific176,178,181. This is probably due to the fact that direct 

transcriptional regulators exert their function in a small region around the transcription start 

sites (TSS) in gene promoters where they interact with transcription factors and RNA 

polymerase179. It is important to mention that mere overexpression of catalytic domains fused 

to dCas9 protein can also contribute to the off-target effect, independently from dCas9 binding 

promiscuity. This can be resolved by performing dose-dependent experiments that limit the 

expression of the fusion proteins147. Even though the off-target effect of CRISPRa/CRISPRi 

tools is less prominent, researchers use different strategies to minimize it further to prevent any 

harmful consequence of non-specific gene deregulation. 

1.8. In vitro delivery of CRISPR/Cas9 molecular tools 

The specificity of CRISPR/Cas9 molecular tools in gene editing remains a significant 

obstacle, although to a lesser extent in analyses performed in vitro. For in vitro studies, the 

major issue is the delivery of large CRISPR/Cas9 cassettes to the cell type of interest183–185. 

This is particularly emphasized in the field of epigenome editing due to the size of different 
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effector domains fused to the dCas9 protein148. CRISPR/Cas9 cassettes can range in size from 

9 to 19 kb, particularly when multiple gRNAs are used together with effector domains fused to 

the dCas9 protein186. This makes efficient delivery of CRISPR/Cas9 elements to the target cells 

notoriously difficult. Many studies also require the genomic integration of CRISPR/Cas9 

transgenes for their long-term expression. Currently, CRISPR/Cas9 cargo is delivered in vitro 

using three main approaches: physical methods, non-viral vectors and viral vectors. Mostly 

used physical methods of delivery are microinjection and electroporation. Microinjection is not 

size limited and is highly effective but also technically complex and laborious. In contrast, 

electroporation is simple but not as effective as microinjection and can impact cell 

viability185,187–189. The downside of both methods is that they provide only transient expression 

of transgenes. Non-viral methods mainly encompass chemical reagents like lipid-based 

nanoparticles and non-lipid polymers190. Both reagents exploit their positively charged surface 

to encapsulate the negatively charged DNA and transport it across the cell membrane. Non-viral 

chemical methods of delivery are safe and simple to implement but are inefficient when 

compared to physical and viral methods of delivery191–196. Like physical methods, they cannot 

facilitate genomic integration of transgenes. On the other hand, mostly used viral vectors such 

as lentiviruses (LVs) and adeno-associated viruses (AAVs) have the capacity to insert their 

DNA cargo into the cell’s genome197–200. Viral strategies are highly efficient but can be 

laborious and demand more strict laboratory safety measures compared to non-viral and 

physical methods. Also, AAVs are limited in their cargo capacity (~4.7 Kb)201,202, while LVs 

have a high incidence of insertional mutagenesis203. Another CRISPR/Cas9-based delivery 

method that enables long-term transgene expression combines the simplicity of chemical non-

viral methods with the capacity for genomic integration without the cargo limit. This method is 

based on DNA transposons, genetic elements that have the ability to change their position 

within the genome204.   

1.8.1. Transposon vectors 

 DNA transposons are mobile genetic elements that can change their position in the 

genome by cut and paste mechanism of transposition205. They code for the enzyme transposase, 

which acts on sequences flanked by inverted terminal repeats (ITRs). Transposase specifically 

recognizes ITRs and promotes the assembly of paired-end complex (PEC) to catalyze the 

excision of DNA transposon and its integration into a new location in the target DNA206. 

Transposase can also act in trans, facilitating excision and relocation of any transgene flanked 
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by ITRs and this discovery led to the development of transposon vectors which have the 

capability to integrate any expression cassette into the genome without the use of viral delivery 

methods207,208. The most widely used transposon vectors are derived from Sleeping Beauty (SB) 

and PiggyBac (PB) transposons. Both are dual vector systems comprised of a helper plasmid 

for transient transposase expression and a donor plasmid carrying an expression cassette flanked 

by ITRs204,209 (Figure 6). The main advantage of SB vectors is their integration preference for 

intergenic regions, which lowers the risk of unwanted insertion events that may lead to harmful 

gene deregulation210,211. On the other hand, PB vectors have a large cargo capacity that can 

reach up to 200 kB212, while SB integration efficiency decreases with the increasing length of 

transgenes213. Overall transposon vectors offer many advantages over viral vectors. Number 

one is the ease of their manufacturing and handling in comparison with the production and 

handling of viral vectors, which is often expensive and cumbersome214. Secondly, the cargo 

capacity of transposon vectors that substantially exceeds the cargo capacity of viral vectors 

makes them an excellent tool for the delivery of large CRISPR/Cas9 cassettes for gene 

editing215. In contrast to different physical and chemical non-viral methods of delivery, they 

enable stable genomic integration of transgenes. The stability of transgene expression can also 

be increased by flanking the vector with different insulator sequences that prevent silencing216. 

Sharma et al.217 reported that cHS4 insulator increases transgene expression when coupled with 

SB and PB vector. Bire et al.218 utilized another insulator type, CTF/NF1 and D4Z4, that 

enabled the long-term transgene expression of transgenes from the PB vector. Transposon 

vectors can be coupled with CRISPR/Cas9 molecular tools as well. The best example of the 

efficiency and simplicity of this technology comes from the latest study by Jiang et al.219 where 

they generated a stable human pluripotent stem cell (hPSC) line utilizing PB vector that carried 

CRISPR/Cas9 tools. This system enabled robust genome and RNA editing to investigate gene 

functions in hPSC. 

Figure 6. Transgene delivery using transposon vectors. (a) Transposon dual vector system 

consists of two plasmids. Pink colored: transposase expression plasmid; blue colored: 



20 
 

integrating plasmid with any gene of interest (GOI) flanked by inverted terminal repeats (ITRs). 

(b) Mechanism of transposon vector genomic integration. Following the delivery of the dual 

transposon vector system to the target cells, transposase (pink circles) is synthesized from the 

expression plasmid. Transposase binds ITRs (dark blue) and catalyzes the excision of the GOI 

(light blue) and its integration into the genome of the target cells.  

1.9. CRISPR/Cas9 in post-GWAS analysis 

Since GWAS is just a hypothesis generating method that associates a specific locus with 

a trait or a disease the next step is the validation of the functional relevance of the identified 

locus for a certain phenotype. Different statistical methods and genomic functional annotations 

are being applied to prioritize causal variants and their target genes, but in vitro functional 

studies still lag behind. However, with the progress of novel molecular tools for precise gene 

editing the post-GWAS analysis of gene function has been translated to in vitro setting220–222. 

Recently, Werder et al.223 exploited CRISPRi to interrogate the function of 9 loci associated 

with chronic obstructive pulmonary disease (COPD) in induced pluripotent stem cell-derived 

type 2 alveolar epithelial cells (iAT2s). In this system, they demonstrated that the desmoplakin 

gene regulates cell-to-cell junctions, proliferation, mitochondrial function and cigarette smoke-

induced injury. Another example of a post-GWAS functional study with CRISPRi comes from 

COVID-19 research. Targeting the two non-coding causal variants revealed their association 

with LZTFL1 and RAVER1 loci involved in airway cilia regulation and antiviral response, 

respectively224. The number of CRISPR-validated GWAS loci is expanding rapidly, with many 

examples within various fields of biology. However, this technology has not yet been employed 

in the validation of GWAS-identified regulatory networks governing IgG glycosylation.  

1.10. Precise editing in glycoengineering 

The development of CRISPR/Cas9 based molecular tools enabled precise genetic 

engineering of glycosylation in mammalian cells. This was immediately exploited for the 

production of therapeutic IgG antibodies with fine-tuned glycan patterns225. IgG antibodies with 

defined glycome composition are commonly produced in CHO and HEK293 cell lines as they 

are easy to handle and have similar glycosylation capacities as human B cells226. Simple 

combinations of CRISPR/Cas9-mediated knock-ins and knock-outs of main GTs enabled the 

production of different IgG glycoforms for therapeutic purposes96,227,228. One of the finest 

examples of this experimental approach is a knock-out of FUT8 and B4GALT1 genes and their 
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exchange with synthetic versions with inducible expression in CHO cell line228. This enabled 

the production of therapeutic IgG with the desired level of core fucosylation (0-97%) and 

galactosylation (0-87%). Currently, precise editing technologies are becoming a standard in 

recombinant antibody production. However, it is even more significant that precise 

glycoengineering offers a completely new platform for the dissection of biological interactions 

that govern protein glycosylation, opening a gateway for post-GWAS studies of gene networks 

associated with IgG glycosylation.    
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2. SCIENTIFIC PAPERS 

2.1. A Transient Expression System with Stably Integrated CRISPR-dCas9 Fusions for 

Regulation of Genes Involved in Immunoglobulin G Glycosylation 
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2.2. Effects of Estradiol on Immunoglobulin G Glycosylation: Mapping of the 

Downstream Signaling Mechanism 
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2.3. Heritability of the Glycan Clock of Biological Age 
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3. DISCUSSION 

The complexity of the human proteome is amplified by the addition of glycans, 

compound sugars posttranslationally attached to proteins by the enzymatic process of 

glycosylation. The addition of glycans to proteins has a functional significance as it affects their 

structural and biological properties1–3,12,229. This is exemplified by the addition of glycans to 

the immunoglobulin G (IgG) antibody, creating hundreds of different IgG glycoforms that 

control the immune response on multiple levels24,230. Alternative IgG glycosylation is observed 

in various pathological states (e.g. autoimmune and inflammatory conditions, cancer, 

cardiometabolic diseases, etc.), but the most striking changes in healthy individuals occur as a 

consequence of aging11. This knowledge was exploited to create a novel marker of biological 

age, based exclusively on glycans attached to IgG, termed the glycan clock51. The glycan clock 

can predict chronological age with moderate accuracy, but its acceleration associates with 

various physiological and biochemical features related to inflammation, which is reflective of 

biological aging. A striking increase in the biological age, measured by the glycan clock, occurs 

in women entering the menopausal period66. The abundance of anti-inflammatory IgG glycans 

drops suddenly, switching the antibody pool to a pro-inflammatory status. This seems to be a 

consequence of estrogen depletion characteristic for the menopausal period, as demonstrated in 

the study by Ercan et al.65. This study confirmed that estrogen regulates IgG glycosylation in 

vivo, defining a pathway by which sex modulates the immune response. However, the mediators 

of this pathway are completely unknown. Moreover, the entire process that regulates IgG 

glycosylation in aging and disease has been puzzling scientists for decades.  

Even though the addition of different glycans can impact the function of glycoproteins 

to the same extent as genetic mutations, the process of glycosylation is not template-driven. On 

the contrary, glycosylation is a complex trait, determined by a sophisticated interplay of many 

genes and their products, further influenced by epigenetic modifications and the environment9. 

The intricacy of these mechanisms made the research of IgG glycosylation regulation that more 

complicated. The largest progress in the field made in the last several years came from the 

genome-wide association (GWA) studies. GWAS and post-GWAS in silico analyses revealed 

novel gene networks potentially implicated in the regulation of IgG glycosylation, but the 

functional in vitro follow-up studies are still missing10,129–132. In order to perform functional 

studies of mechanisms governing IgG glycosylation, we developed a ground-breaking in vitro 

system based on the CRISPRa/CRISPRi technology. We stably integrated dCas9-VPR 

(CRISPRa) and dCas9-KRAB (CRISPRi) expression cassettes into the genome of FreeStyle™ 
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293-F cells using transposon technology. Following genomic integration, we obtained 

monoclonal cell cultures expressing dCas9-VPR or dCas9-KRAB fusion proteins for targeted 

upregulation or downregulation of selected genes. By transient transfection of established 

monoclonal cell lines with a plasmid co-expressing specific gRNA molecules and recombinant 

IgG, we can manipulate candidate genes potentially implicated in IgG glycosylation and 

analyze the glycan phenotype of IgG in one step. We validated the developed system by 

targeting four main glycosyltransferases (GTs) with a known role in IgG glycosylation (FUT8, 

MGAT3, B4GALT1 and ST6GAL1)4. This intervention resulted in the expected change of IgG 

glycome composition, validating our cell lines for further research. To demonstrate that this 

system can be used for in vitro functional follow-up of GWA studies, we manipulated two 

GWAS candidate genes with a potential role in IgG glycosylation: SPPL3 and GGA2. Targeted 

downregulation of SPPL3 resulted in an increase of all complex glycan traits found on IgG, 

while the role of GGA2 in the process of IgG glycosylation could not be validated in our cell 

lines. To address a direct biological issue, we decided to utilize our system to discover the 

mediators of estrogen signaling responsible for a sudden drop of anti-inflammatory IgG 

glycoforms in aging women entering the menopausal period. Targeted CRISPR activation of 

estrogen-regulated loci: RUNX3 and SPINK4 resulted in a decrease of galactosylated IgG 

glycans, a phenotype characteristic for menopausal women. This was the first in vitro validation 

of an estrogen signaling pathway implicated in IgG glycosylation that positioned RUNX3 and 

SPINK4 loci as potential targets for pharmacological interventions. Targeting the RUNX3 and 

SPINK4 to silence their expression could potentially ameliorate the unfavorable functional 

changes of IgG glycome composition in aging women entering menopause. This study raised 

another important question regarding the magnitude of genetic influences on alternative IgG 

glycosylation characteristic for human aging. Various heritability studies performed in the last 

several years demonstrated that the process of IgG glycosylation operates under tight genetic 

control30,75. We wondered if it is possible that the environment plays a larger role when it comes 

to age-related changes in IgG glycome composition. Recent research demonstrated that lifestyle 

choices like exercise, dietary supplements and weight loss can have an extensive impact on IgG 

glycosylation59–61,66. Moreover, healthy lifestyle choices can reverse the process of biological 

aging measured by the glycan clock biomarker. To analyze the contribution of genetic and 

environmental factors on age-related changes in IgG glycome composition, we conducted the 

largest heritability study up to date on the glycan clock data from 3344 female twins enlisted in 

the TwinsUK registry231. We demonstrated a substantial contribution of unique lifestyle choices 

(~26%) to the phenotypic variation of the glycan clock. This discovery highlighted the plasticity 
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of IgG glycans in response to various environmental stimuli and positioned the glycan clock as 

one of the most promising markers of biological age. On the other hand, the heritability of the 

glycan clock turned out to be rather high (~39%) which was even more significant for our 

research. It emphasized the necessity to develop new technologies in order to decode the genetic 

mechanisms behind the process of IgG glycosylation.  

The in vitro technology for functional validation of novel candidate genes implicated in 

the regulation of IgG glycosylation must satisfy two main criteria. This in vitro system must be 

able to secrete IgG in sufficient quantity for glycan analysis but also enable fast, efficient and 

reproducible manipulation of gene expression. With that in mind, we developed our transient 

expression system based on CRISPRa/CRISPRi tools for precise gene regulation in FreeStyle™ 

293-F cells (HEK-293F). FreeStyle™ 293-F-based system for the production of IgG antibodies 

was developed by Vink et al. in 2014137 and upgraded by Dekkers et al.94 two years later to 

enable the secretion of IgG with defined Fc glycosylation. Both studies verified the FreeStyle™ 

293-F cells to be an excellent system for the efficient production of high quantities of IgG with 

human-like glycosylation pattern. The introduction of this cell line into our laboratory 

confirmed the claims made by Vink et al. Another cell line widely used for high-throughput 

IgG production is the Chinese hamster ovary (CHO). Moreover, CHO-produced monoclonal 

antibodies account for the majority of antibody therapeutics96,225,232–234. However, CHOs are 

non-human mammalian cells unable to fully replicate the glycosylation patterns of human cells 

because they lack some GTs like MGAT3 and ST6GAL1, and have additional non-human 

posttranslational modifications235–237. Currently, one of the better models for human B cells are 

the lymphoblastoid cell lines (LCLs). These cells are easily established from B cells by Epstein-

Bar virus (EBV) infection and can be maintained in cell culture for long periods of time238. 

Unfortunately, they do not provide a platform for high-throughput experimental approaches due 

to their low ability to accept transgenes either by common transfection or transduction 

methods239,240. On the other hand, FreeStyle™ 293-F cells are easy to transfect, produce large 

quantities of IgG and exhibit human-like glycosylation patterns making them the best option 

for fast and efficient analysis of mechanisms regulating IgG glycosylation94,137,241. 

In the first phase of our research, we upgraded the FreeStyle™ 293-F system by altering 

the IgG-coding plasmid to be compatible with our modular molecular toolbox based on the 

Golden Gate cloning method (Figure 5)112,242. This toolbox enables us to assemble up to seven 

functional units in a defined order in a single Golden Gate reaction with the BsaI enzyme. For 

the purpose of FreeStyle™ 293-F system validation, we assembled five functional units into an 
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expression plasmid: a strong promoter, IgG heavy chain, IgG light chain, a fluorescent marker 

and a transcription terminator. The fluorescent marker was assembled only to quantify the 

transfection efficiency and will be swapped with the specific gRNAs for CRISPRa/CRISPRi 

targeting discussed later. Lipid-based delivery (293fectinTM) of our IgG expression vector to 

FreeStyle™ 293-F cells was exceptionally high, considering the plasmid size of approximately 

6 kbs. The efficiency of the delivery approached 70% obviating the need for antibiotic selection. 

The highest yield of the secreted IgG was obtained on the fifth day after transfection when the 

IgG expression vector is co-transfected with three small plasmids for cell cycle arrest. These 

small plasmids increase the yield of secreted proteins and a complete protocol for their co-

transfection in FreeStyle™ 293-F cells was obtained from Vink et al137. After the isolation of 

secreted IgG and N-linked glycan release, we analyzed IgG glycosylation by HILIC-UPLC 

(hydrophilic interaction liquid chromatography – ultraperformance liquid chromatography) in 

Genos Ltd. The obtained chromatograms contained only the Fc glycans similar to the ones 

attached to IgG isolated from human plasma. The Fab glycosylation site was not introduced in 

our IgG expression plasmid since we wished to analyze only the regulation of the Fc 

glycosylation as it directly affects the interaction of IgG with other cells of the immune 

system230. The acquisition of clear chromatographic peaks from the IgG antibodies secreted 

from FreeStyle™ 293-F cells marked the end of the first phase.  

Next, we moved to the most delicate part of the project: the generation of monoclonal 

FreeStyle™ 293-F cell lines that stably express dCas9-VPR or dCas9-KRAB fusion proteins 

for targeted upregulation or downregulation of selected loci. The delivery of CRISPR/Cas9 

cassettes to the cells of interest is notoriously difficult due to their large size, reaching up to 19 

kb183,185,186. Classical transfection methods are extremely inefficient in the delivery of large 

plasmids and viral vectors usually cannot form functional viral particles with sequences of this 

length243,244. To circumvent this challenging step, we decided to split the CRISPR/dCas9 

cassette into two parts: (1) dCas9-VPR/dCas9-KRAB expression cassette integrated into the 

genome of FreeStyle™ 293-F cells; (2) IgG + gRNAs expression vector for the transient 

transfection. To achieve stable genomic integration of dCas9-VPR/dCas9-KRAB cassettes, we 

opted for the transposon technology due to its simplicity and ease of handling. We constructed 

a PiggyBac (PB) based dual vector system comprised of an expression plasmid coding the 

hyperactive PB transposase and a transposon plasmid able to integrate any DNA sequence of 

interest into the host genome245. We extended the transposon plasmid with two insulator 

sequences at each side of the excision site to enable long-term stable expression of our 
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CRISPRa/CRISPRi cassettes. The novel transposon vector was also adapted for our modular 

molecular toolbox, enabling the assembly of any selected functional unit (Figure 5). For this 

experimental setup, we assembled two different dCas9 orthologs, dSaCas9 and dSpCas9, with 

the transcriptional activator VPR and the transcriptional repressor KRAB, respectively. The co-

transfection of these dCas9 orthologs would allow for the antagonistic gene regulation if 

desired, but this approach was not used as a part of this doctoral thesis. The dCas9 effector 

proteins were assembled with a weak EFS promoter to mitigate the possible off-target effects 

together with a fluorescent marker and a puromycin resistance gene. Following the co-

transfection of FreeStyle™ 293-F cells with the transposon dual vector carrying dCas9-VPR or 

dCas9-KRAB cassettes, we selected the cells with puromycin to generate the polyclonal 

FreeStyle™ 293-F cell culture with dCas9 tools integrated in the genome. Monoclonal 

FreeStyle™ 293-F cell lines were obtained by the method of limiting dilution. To verify that 

monoclonal FreeStyle™ 293-F cells still stably express dCas9-VPR or dCas9-KRAB protein 

we subjected them to another round of puromycin selection that had no effect on their viability. 

We also confirmed the presence of both dCas9 orthologs by the western blot method. To verify 

that the obtained monoclonal cells express functional dCas9 fusion proteins, we transiently 

transfected them with already available gRNAs tested in HEK293 cells for the manipulation of 

HNF1α, MGAT3, IL6ST and BACH2 loci. As a negative control, we used two non-targeting 

gRNAs, one for each dCas9 ortholog. Non-targeting gRNAs form complexes with dCas9 

protein but are not complementary to any genomic region, making them non-functional for 

dCas9 targeting. Targeted manipulation of the aforementioned loci in the monoclonal cell lines 

resulted in the same change of gene expression observed previously in HEK293 cells, further 

validating the stable expression of dCas9 fusion proteins112. 

To validate our novel HEK293-F system, based on monoclonal FreeStyle™ 293-F cells 

stably expressing dCas9-VPR/dCas9-KRAB fusion proteins, for the study of the regulation of 

IgG glycosylation we decided to target four main GTs with a known role in this process. The 

first step was to assemble specific gRNAs targeting each GT (FUT8, MGAT3, B4GALT1 and 

ST6GAL1) with the genes coding IgG heavy and light chains. This configuration needs to be 

emphasized as it enables the production of IgG only from the cells where the targeted 

manipulation takes place, obviating the need for any type of selection. The decision whether to 

activate or silence each GT was made based on the previously acquired IgG glycan 

chromatograms. The secreted IgG was highly fucosylated and moderately galactosylated with 

low levels of bisecting GlcNAc and sialylation. Therefore, we downregulated FUT8 and 
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upregulated MGAT3 and ST6GAL1 loci. Considering the moderate levels of glycans containing 

galactose, we decided to target the B4GALT1 locus in both monoclonal cell lines, facilitating 

its up- and downregulation. As a negative control, we assembled genes coding for IgG with two 

non-targeting gRNAs (described above). This plasmid served as a negative control in all 

experiments conducted in the HEK293-F system. The results of these interventions were in line 

with our hypothesis. Silencing of FUT8 resulted in a decrease of core fucosylation. 

Upregulation of MGAT3 and ST6GAL1 was followed by an increase of bisection and 

sialylation, respectively. Interestingly, no change in the ratio of fucosylated IgG glycans was 

observed after the upregulation of MGAT3 challenging the hypothesis from Garcia-Garica et 

al.89 that bisection precludes fucosylation. Bidirectional manipulation of B4GALT1 resulted in 

the expected change of IgG galactosylation. Moreover, the glycome composition of IgG 

isolated from monoclonal cells transfected with non-targeting gRNAs was identical to the 

glycome of IgG isolated from native FreeStyle™ 293-F cells. This result together with a 

successful manipulation of every targeted GT and the consequent change in IgG glycome 

composition was a definite proof-of-concept experiment that validated the potential our 

HEK293-F system holds in studies of IgG glycosylation regulation.  

The most challenging step in the generation of our system was the limiting dilution 

method. To omit this time-consuming step, we decided to manipulate the same GTs in the 

FreeStyle™ 293-F polyclonal cell lines. The results qualitatively matched those obtained in the 

monoclonal cells but some experiments did not reach statistical significance. Thus, we 

concluded that the polyclonal cell lines can be used when the resulting phenotype is robust but 

when the expected changes are small the monoclonal cells are a better option. Considering that 

IgG glycosylation is a complex trait, the manipulation of one gene in the molecular network 

would most likely exert only a small effect on the IgG glycome composition. For that reason, 

we decided to proceed with the monoclonal FreeStyle™ 293-F cells in all future experiments. 

To further upgrade our HEK293-F system, we extended the IgG-bearing plasmid with the 

magnetic-activated cell sorting technology (MACS). Regardless of the high transfection 

efficiencies obtained when transfecting the FreeStyle™ 293-F cells with IgG expression 

plasmid we wanted to validate our selection-free approach. We performed MACS-based 

enrichment of transfected cells after the manipulation of four main GTs but observed no 

difference in expression levels before and after the enrichment, validating our selection-free 

approach. This was the final experiment in the optimization of our novel HEK293-F system for 

the studies of gene networks that regulate IgG glycosylation. 
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 One of the most pronounced advantages of the HEK293-F transient expression system 

is its simplicity and efficiency. When the monoclonal FreeStyle™ 293-F cells expressing the 

CRISPR/dCas9 tools are established they can be stored in liquid nitrogen indefinitely. Upon 

the demand for targeted transcriptional modulation of desired loci, it is possible to design and 

assemble specific gRNAs with IgG coding genes while the monoclonal cells are recovering 

from the thawing procedure. When the cells have adjusted to the culture conditions, they are 

co-transfected with the gRNA/IgG plasmid and three small plasmids for cell cycle arrest. IgG 

is collected on the fifth day after transfection and can be isolated for glycan analysis 

immediately. To verify transcriptional regulation of selected loci, whole RNA can be isolated 

in parallel and analyzed by RT-qPCR (reverse transcription quantitative PCR). The complete 

workflow lasts only five weeks and it is possible to target many loci at once enabling easy and 

high-throughput studies of gene functions in the process of IgG glycosylation. Another 

important characteristic of the HEK293-F system is its modularity. IgG-coding genes can be 

easily swapped for sequences coding any other protein of interest. Different fluorescent and 

selection markers can be assembled with up to 6 different gRNA molecules. Monoclonal cell 

lines can be generated to express other desired CRISPR/Cas9 tools, from classical Cas9 to 

dCas9 fused to various epigenetic modulators. We assembled a transposon vector for genomic 

integration of dCas9-DNMT3A and dCas9-TET1 for targeted methylation or demethylation of 

selected loci. However, the described configuration was not used as a part of this project and 

serves only as an example of the modularity of the HEK293-F system.   

The idea behind the development of the HEK293-F system was to have a simple high-

throughput in vitro system for the discovery of novel loci implicated in the regulation of IgG 

glycosylation. Considering that GWA studies made the largest progress in this field, the logical 

next step was to utilize the HEK293-F system for functional validation of GWAS candidate 

genes potentially involved in IgG glycosylation. We decided to target two novel Golgi-localized 

GWAS candidate genes associated with IgG sialylation: GGA2 and SPPL3. GGA2 (Golgi 

Associated, Gamma Adaptin Ear Containing, ARF Binding protein 2) is a part of the ubiquitous 

coat protein family that regulates the trafficking of proteins between the trans Golgi network 

and endosomes246. Among its many roles is the regulation of retrograde transport of the 

phosphorylated form of BACE1 (β-secretase 1) from endosomes to the trans Golgi network247. 

BACE1 is a transmembrane aspartic protease that cleaves ST6GAL1 from the Golgi 

membranes to initiate the secretion of this GT into the plasma248,249. Jones et al.106 hypothesized 

that IgG sialylation occurs in plasma and is mediated by the hepatocyte-secreted ST6GAL1, 
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cleaved by BACE1 protease. This hypothesis arose after B cell-specific KO of ST6GAL1 that 

resulted in no change of IgG sialylation, indicating that this process occurs outside of B cells. 

This hypothesis was recently rejected by Oswald et al.107 where they showed that IgG 

sialylation remains unchanged in the hepatocyte-specific KO of ST6GAL1 or BACE1, B cell-

specific KO of ST6GAL1 or any combination of these KOs. This experiment demonstrated that 

the addition of sialic acid on IgG glycans does not rely on plasma ST6GAL1 or Golgi-resident, 

B cell-specific ST6GAL1. When we directly upregulated ST6GAL1 in our HEK293-F transient 

expression system, IgG sialylation did increase, although only slightly indicating that some 

other pathway could be responsible for alternative IgG sialylation. Considering these recent 

findings, we wondered if GGA2 manipulation would result in the change of IgG sialylation. 

We found that neither upregulation nor downregulation of GGA2 expression resulted in the 

change of IgG sialylation. If IgG sialylation indeed occurs in the plasma, our HEK293-F 

expression system is not a good model for this type of research. A follow-up study should be 

performed in vivo, using mouse models, but verification of that approach would exceed the 

scope of this doctoral thesis. Similar reasoning led us to SPPL3 (Signal Peptide Peptidase Like 

3) protease, also a GWAS hit for IgG sialylation250,251. A known substrate of SPPL3 is MGAT5 

(Alpha-1,6-Mannosylglycoprotein 6-Beta-N-Acetylglucosaminyltransferase), a GT responsible 

for the biosynthesis of complex, branched glycans, usually not present on IgG252. However, 

beside MGAT5, SPLL3 can also cleave B4GALT1 as demonstrated by Voss et al. in 2014250. 

SPPL3 KO resulted in reduced B4GALT1 secretion and consequent intracellular accumulation 

of this GT. Considering that SPPL3 can cleave different GTs, we wondered if ST6GAL1 could 

also act as its substrate. Targeted downregulation of SPPL3 in the HEK293-F system increased 

all complex glycans on IgG, a process known as hyperglycosylation. Decreased expression of 

SPPL3 probably resulted in the accumulation of GTs on the Golgi membranes, which in turn 

increased the ratio of complex glycans on IgG. A significant increase in ratio was observed for 

IgG galactosylation, confirming that SPPL3 can cleave B4GALT1 from Golgi membranes. 

More importantly, we observed an increase of IgG sialylation, demonstrating for the first time 

that ST6GAL1 is indeed a substrate for SPPL3 in our model system. Moreover, we functionally 

validated the role of SPPL3 in the process of IgG sialylation. At the same time, it is important 

to consider a possible antagonistic role of the SPPL3 protease. If sialylation occurs in the 

plasma, targeted downregulation of SPPL3 could result in a decrease of IgG sialylation because 

this intervention would reduce the secretion of ST6GAL1. To test this hypothesis, a follow-up 

study should be performed in in vivo models, which would exceed the scope of this thesis. If a 

consensus that IgG sialylation is a plasma-localized process is reached, our HEK293-F 
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expression system should not be used as a model for IgG sialylation. The results obtained in 

this system up to now do point to a cell-specific pathway that regulates IgG sialylation, which 

does not exclude the possibility of another, plasma-specific mechanism. The success of our 

novel HEK293-F expression system in the functional validation of SPPL3 protease verified this 

approach as suitable for further validation of candidate genes with a potential role in IgG 

glycosylation.  

IgG glycome undergoes extensive alterations during the human aging process11,27,30,49–

52. These alterations are accompanied by a chronic, low-grade inflammation, known as 

inflammaging. Inflammaging is characterized by an increase in various inflammatory markers, 

conferring a significant susceptibility to chronic morbidity54–56,253. Age-related changes of IgG 

glycome composition are reminiscent of the ones occurring in various inflammatory and 

autoimmune conditions, pointing toward an intimate link between inflammaging and IgG 

glycosylation53,133,254,255. Still, the mediators of this molecular link remain largely unknown. 

However, a significant advance was made in the field of female aging. Women around the age 

of 45–60 years suffer abrupt age-related changes of the IgG glycome composition27,47,58,65,133. 

This time frame coincides with the perimenopausal period marked by a drop in estrogen 

production. The causal relationship between estrogen and IgG glycosylation was revealed in 

the study by Ercan et al.65. First, they demonstrated that menopause associates with an increase 

of agalactosylated IgG glycans, particularly with the increase of fucosylated non-bisected 

agalactosylated glycoform in two independent cohorts. Then they obtained the blood samples 

from 58 postmenopausal women randomized to receive placebo, conjugated estrogens or 

raloxifene (an estrogen-receptor binding substance that mimics estrogen signaling). Both 

conjugated estrogen and raloxifene therapy resulted in a decrease of agalactosylated IgG 

glycans. To confirm these findings, they obtained samples from 21 healthy premenopausal 

women treated with gonadotropin-releasing hormone agonist therapy to lower their gonadal 

steroid production to postmenopausal levels. This intervention resulted in an increase of 

agalactosylated IgG glycans, the same phenotype observed in women entering the menopause 

naturally. The women were then randomized to receive either transdermal estradiol or placebo. 

The application of transdermal estradiol reversed the effect of menopause induction on IgG 

glycosylation, further validating their previous findings. Recently, a study by Deriš et al.64 

offered novel insights into the menopause-related changes of IgG glycosylation on multiple 

samples from 1940 females from the TwinsUK registry. Beside the increase of agalactosylated 

glycans, they observed elevated levels of bisected structures and a decrease in IgG 



72 
 

digalactosylation and monosialylation, all considered hallmarks of inflammation. Several years 

earlier Jurić et al.66 also demonstrated that the biological age measured by the glycan clock 

accelerates in menopausal women, an effect that can be ameliorated by estrogen 

supplementation.  

All the studies described above established the role of estrogen as the mediator of 

menopause-related changes of IgG glycosylation. However, how do the estrogen signaling 

pathways regulate IgG glycosylation remains an open question. In an attempt to address this, 

we utilized our novel HEK293-F expression system. To prioritize the candidate genes 

potentially involved in this process, we analyzed the effects of estrogen on GWAS hits for IgG 

glycosylation using the Signaling Pathways Project (SPP) knowledgebase. An association was 

observed for B4GALT1, a GT that catalyzes the addition of galactose to the growing IgG 

glycan. As the role of B4GALT1 in IgG glycosylation is well established and further confirmed 

in our HEK293-F system, we focused on other significantly associated loci with the currently 

unknown role in this process: RUNX1 (Runt-related transcription factor 1), RUNX3 (Runt-

related transcription factor 3), SPINK4 (Serine Peptidase Inhibitor Kazal Type 4) and ELL2 

(Elongation Factor For RNA Polymerase II 2).  RUNX1, RUNX3 and SPINK4 are GWAS hits 

for IgG galactosylation, while ELL2 associates mainly with IgG sialylation10,130,131,256. Ratios 

of galactose and sialic acid on IgG are most significantly affected by estrogen and are decreased 

in menopausal women so we ought to confirm these findings in our HEK293-F system64. We 

manipulated all four loci in dCas9-VPR and dCas9-KRAB monoclonal cell lines and observed 

a major effect on IgG galactosylation following the upregulation of RUNX3 and SPINK4. The 

role of RUNX1 and ELL2 in IgG glycosylation could not be confirmed in our HEK293-F model 

system. Targeted upregulation of RUNX3 resulted in an increase of agalactosylated IgG 

glycans, the same phenotype observed in menopausal women. This was accompanied by a 

decrease of both mono- and digalactosylated IgG glycans. The first report of RUNX3 as a 

potential mediator of IgG glycosylation came from the GWA study by Wahl et al131. They 

associated this transcription factor with decreased IgG galactosylation, the same phenotype we 

observed in our HEK293-F system after RUNX3 upregulation. In the GWA study by Klarić et 

al.10 RUNX3 was associated with the glycosyltransferase MGAT3 but we could not confirm 

this result in our HEK293-F system as no change in IgG bisection was observed. Considering 

that RUNX3 acts as a transcription factor, we hypothesized that B4GALT1 could be a target for 

RUNX3 transcriptional repression257. To test this, we analyzed B4GALT1 expression after 

RUNX3 upregulation, but no change in B4GALT1 mRNA levels was observed, disproving our 
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hypothesis. Currently, the exact mechanism of the RUNX3-mediated regulation of IgG 

galactosylation remains unknown, but many different studies in the last two decades 

demonstrated that RUNX3 acts downstream of estrogen258–264. This positioned the RUNX3 

protein as a potential target for pharmacological interventions. RUNX3 inhibition could have 

beneficial, anti-inflammatory effects on the phenotype with only a subset of molecular 

consequences of estrogen therapy. The same is true for the SPINK4 peptidase as its 

upregulation in our HEK293-F system resulted in a decrease of galactosylated glycans. 

Interestingly, the observed change came only from the monogalactosylated IgG glycans with 

digalactosylated and agalactosylated structures remaining unchanged. Following this 

intervention, we discovered that the targeted promoter of the SPINK4 gene is located in the 

same region as the promoter of B4GALT1265. We wondered if the VPR-targeting of the SPINK4 

promoter inadvertently affected the expression of B4GALT1 even though the expected effect 

of this off-target would be the upregulation of B4GALT1 and consequent increase of 

galactosylated IgG glycoforms. Our intervention did not unintentionally change the expression 

of B4GALT1, validating the role of SPINK4 in IgG glycosylation. Our results were confirmed 

in a recent study by Klarić et al.10 where the authors reported the strongest correlation between 

SPINK4 and B4GALT1 loci. Furthermore, the observed effect on IgG galactosylation for the 

upregulation of both RUNX3 and SPINK4 loci mimicked the pro-inflammatory IgG glycan 

phenotype of menopausal women. Taken together, the results obtained from our HEK293-F 

system point to a novel mechanism where RUNX3 and SPINK4 act as mediators of the estrogen 

signaling pathway that regulates the glycome composition of IgG antibodies.  

This study also served to demonstrate that age-related alternative IgG glycosylation 

operates under the control of distinct genetic factors, at least in women entering the menopause. 

However, the exact magnitude of genetic and environmental influences on age-related changes 

of IgG glycome composition was never analyzed. To tackle this question, we performed a 

heritability analysis on the glycan clock measured from blood samples of female twins enrolled 

in the TwinsUK registry. Previous heritability studies revealed that the impact of genetic factors 

on IgG glycosylation varies depending on the analyzed IgG glycoform30,75,77. Nevertheless, 

most of the IgG glycans turned out to be at least half heritable with only a few having a low 

genetic contribution. This strong genetic control of IgG glycosylation as a complex trait was 

later confirmed in numerous GWA studies revealing intricate gene networks regulating this 

process10,129–132. GWAS were recently followed by the in vitro validation of IgG glycosylation-

associated loci in our HEK293-F expression system. As the novel loci emerged, it became 
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obvious that some of them were associated with age-related changes of IgG glycome 

composition. To gain a better understanding of the genetics of IgG glycosylation in aging, we 

decided to analyze heritability of three IgG glycans strongly correlated with the age of an 

individual, commonly referred to as the glycan clock. The glycan clock was established in 2014 

as a potent marker of biological age based exclusively on IgG glycans51. In our study, the glycan 

clock served as a model of age-related changes in IgG glycosylation, upon which we can 

analyze the influence of genetic and environmental factors. We calculated the glycan clock 

from blood samples of 479 monozygotic (MZ) and 1193 dizygotic (DZ) female twin pairs 

enrolled in the cross-sectional cohort and blood samples of 549 MZ and 1201 DZ female twin 

pairs enrolled in the longitudinal cohort with three defined time points. To estimate the 

contribution of genetic and environmental factors on the phenotypic variation of the glycan 

clock, we applied a classical twin design266. This type of modeling enabled us to decompose 

the observed variance into three latent sources of variation: additive genetic (A), shared 

environmental (C) and unique environmental variance (E). The contribution of additive genetic 

factors to the phenotypic variation of the glycan clock averaged at 39% for both cohorts. Despite 

the substantial shift of IgG glycome composition in the three time points of the longitudinal 

cohort, the heritability estimates remained stable. Interestingly, the majority of the variation 

came from shared environmental factors (~45%). We hypothesized that the shared 

environmental factors in this heritability study represent the contribution of chronological age 

as a type of a cellular environment determined by the genetic makeup of an individual. To test 

this hypothesis, we replicated the heritability study with the age of the participants included as 

a covariate. This intervention deflated the shared environmental estimates to the point where 

the full ACE model became unfitting for the longitudinal cohort. When the AE model was 

applied, it revealed a high heritability of the glycan clock, averaging at 71% for both cohorts. 

The contribution of the unique environmental factors increased from an average of 17% to an 

average of 27%. These results demonstrated that the change of IgG glycome composition 

observed in aging is strongly influenced by the genetic predisposition of an individual. The high 

heritability of the glycan clock also emphasized the need to develop novel molecular tools that 

would validate the genetic loci potentially involved in age-related but also disease-related 

changes of IgG glycosylation. Moreover, the fairly high contribution of the unique 

environmental factors clarified the potential of the glycan clock to be reversed. Various recent 

studies have shown that the glycan clock can be turned by simple lifestyle choices like 

exercising and dieting59–61,64. The first report linking exercise and IgG glycosylation came from 

a study by Tijardović et al.60. They examined the effect of intensive exercise on IgG glycans to 
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expand the understanding of the link between physical activity and inflammation. Remarkably, 

increased physical activity resulted in an increase of digalactosylated and monosialylated IgG 

glycoforms with anti-inflammatory properties. The ratio of agalactosylated IgG glycans 

decreased mimicking a phenotype of young individuals. A year later, Greto et al.61 

demonstrated that a low-calorie diet, bariatric surgery and a general decrease in body mass 

index all led to the reduction of the biological age measured with the glycan clock. In the light 

of these studies, we argue that the contribution of unique environmental factors to age-related 

IgG glycosylation changes equals the contribution of lifestyle to the variation of the glycan 

clock. Therefore, the high contribution of unique lifestyle choices supports the notion that the 

glycan clock can be “rewound” by the rejuvenating effect of the lifestyle interventions listed 

above. The responsiveness of the glycan clock to a healthier lifestyle positioned this biomarker 

as the most promising predictor of biological age in modern personalized medicine. Moreover, 

the potential of the glycan clock to integrate genetic and environmental cues highlighted the 

plasticity of the IgG glycome in response to various external and internal stimuli. However, the 

high contribution of the genetic factors to the glycan clock variation was the most notable 

discovery of this heritability study in the light of our research on the regulation of IgG 

glycosylation. This observation served as an affirmation to continue our efforts to discover the 

mechanisms behind alternative IgG glycosylation associated not only with various pathological 

states but also with the process of aging.  

To summarize, we developed a simple and efficient in vitro cell system (HEK293-F) to 

study the mechanisms regulating IgG glycosylation, based on CRISPRa/CRISPRi technology 

and FreeStyle™ 293-F cell lines. Utilizing the HEK293-F system, we were the first to 

functionally validate the role of the GWAS candidate gene SPPL3 in IgG sialylation. Then we 

exploited the newly established system to map the estrogen signaling pathway responsible for 

altered IgG glycosylation in women entering the menopause. By targeted activation of two 

estrogen-regulated and IgG glycosylation-associated loci RUNX3 and SPINK4, we imitated the 

pro-inflammatory IgG glycome composition observed in menopausal women. This was the first 

report of a potential signaling pathway that links estrogen and IgG glycosylation, opening a 

possibility for the discovery of novel therapeutics acting downstream of this hormone. The 

surprising success of the HEK293-F system to robustly validate the genetic loci associated not 

only with pathologies but also with aging raised the question of the magnitude of genetic 

influences regulating alternative IgG glycosylation in the aging processes. The heritability 

study on the glycan clock data demonstrated that environmental factors determine the 
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phenotypic variation of the glycan clock to some extent, but the contribution of genetic factors 

turned out to be fairly high. This served as a proof that alternative IgG glycosylation observed 

in aging is under relatively tight genetic control emphasizing the need to develop novel 

technologies able to dissect the observed genetic influences. Our HEK293-F system is a 

pioneering technology for this type of studies, as it enables functional validation of different 

loci associated with IgG glycosylation. More than a decade of GWAS left us with dozens of 

novel loci waiting to be validated in our HEK293-F in vitro system. Still, we have to admit 

certain shortcomings of this technology. First, the selected model FreeStyle™ 293-F cell line 

is a cell type unrelated to B cells that secrete native IgG94,137. Clearly, FreeStyle™ 293-F cells 

have a completely different regulatory profile than B lymphocytes, though some core 

mechanisms are most likely shared between all cell types. Protein glycosylation certainly fits 

that paradigm as we confirmed that FreeStyle™ 293-F cells secrete recombinant IgG with a 

surprisingly human-like glycosylation pattern on the Fc region. Still, our HEK293-F system 

would not be a suitable model for the functional validation of B cell-specific mechanisms of 

IgG glycosylation. In the future, we hope to translate the developed technology to LCL cell 

lines that naturally secrete IgG and are derived from B lymphocytes. Currently, no B cell-

derived line could match the simplicity of the HEK293-F system and the power of this 

technology to allow for a close to high-throughput approach in the validation of novel loci 

implicated in IgG glycosylation. But as the methodology in glycan analysis advances and new 

techniques for gene transfer emerge, the translation of the HEK293-F technology to a better 

model cell line is becoming an achievable goal128. However, as was mentioned previously in 

relation to IgG sialylation, no in vitro system could integrate the multicellular effect on IgG 

glycosylation when the organism is analyzed as a whole. Currently, the best in vivo models of 

human IgG glycosylation are different murine strains, which also come with various limitations, 

mainly related to the non-human-like glycosylation patterns on IgG134. Nonetheless, the 

research of IgG glycosylation in all these different models is imperative as the variations in this 

process have an immense impact on the function of IgG and potentially act as the drivers of 

various human pathologies. The knowledge we obtained using the novel HEK293-F system 

serves as a foundation for future studies of the mechanisms regulating IgG glycosylation.  
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4. CONCLUSION 

1. The HEK293-F in vitro system for the functional validation of genes associated with IgG 

glycosylation was successfully established. 

 Transposon-based piggyBac constructs, upgraded with insulators and adapted for the 

Golden Gate modular toolbox, enabled genomic integration of the dCas9-VPR 

(CRISPRa) and dCas9-KRAB (CRISPRi) expression cassettes in the FreeStyle™ 293-F 

cells. 

 The obtained monoclonal and polyclonal FreeStyle™ 293-F cell lines demonstrated 

stable and long-term expression of dCas9-VPR and dCas9-KRAB fusion proteins.  

 Transient co-transfection of CRISPRa/CRISPRi FreeStyle™ 293-F cell lines with 

recombinant IgG/gRNA expression plasmid and three small plasmids for cell cycle 

arrest resulted in IgG yield sufficient for glycan analysis. The glycosylation profile of 

the Fc region exhibited a human-like pattern: highly fucosylated, moderately 

galactosylated with low levels of bisection and sialylation. 

 Targeted manipulation of four main GTs with a known role in IgG glycosylation 

resulted in the expected change of the IgG glycan phenotype: FUT8 downregulation – 

decreased IgG fucosylation; MGAT3 upregulation – increased IgG bisection; B4GALT 

upregulation/downregulation – increased/decreased IgG galactosylation; ST6GAL1 

upregulation – increased IgG sialylation. 

 Targeting the GTs in both monoclonal and polyclonal cell-based HEK293-F system 

resulted in the same IgG glycan phenotype, although to a lesser extent in the polyclonal 

cells.  

 Magnetic-activated cell sorting after transient transfection of the monoclonal and 

polyclonal cell lines resulted in no observed enrichment of IgG/gRNA positive cells, 

thus validating the selection free-approach 

2. The HEK293-F in vitro system proved to be a powerful tool for functional validation of genes 

associated with IgG glycosylation 

 Targeted downregulation of the SPPL3 locus resulted in an increase of all complex 

glycan structures on IgG, including IgG sialylation. This was the first in vitro report of 

the involvement of the SPPL3 enzyme in the process of IgG sialylation. 
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 Targeted upregulation of two estrogen regulated loci, RUNX3 and SPINK4, resulted in 

the decrease of galactosylated glycans on IgG, a phenotype that characterizes 

menopause and aging in general. This was the first report of RUNX3 and SPINK4 as 

mediators of estrogen signaling pathway that triggers the change in IgG glycosylation 

observed in menopause.  

3. The heritability of the glycan clock marker of biological aging proved to be high, averaging 

around 71% when corrected for the age of the individuals. The high heritability of the glycan 

clock demonstrated that the age-related changes of IgG glycosylation operate under tight 

genetic control. This served to demonstrate the need to develop novel technologies, like the 

HEK293-F system, able to dissect the mechanism regulating alternative IgG glycosylation 

associated not only with pathologies but also with aging. 
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