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this system, we validated the role of the SPPL3 locus in IgG sialylation. Activation of estrogen-
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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
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Regulatorni mehanizmi glikozilacije imunoglobulina G (IgG) ve¢inom su nepoznati. Kako
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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)=. 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 °. 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, etc®, It can affect the physical and
biological properties of proteins to the same extent as genetic mutations 212, Aberrant protein
glycosylation has been observed in different autoimmune and inflammatory conditions, cancer
and other age-related disorders 2!113-16 |t affects protein stability, solubility, folding,

conformation and activity *"-%,

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 2. One of the most studied N-glycosylated proteins is the
immunoglobulin G (1gG) 2. 1gG is an antibody produced by the B cells, with a central role in
innate and adaptive immunity 23, Alternative glycosylation of 1gG can drastically change its
function by acting as a switch between pro- and anti-inflammatory response 4. 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 1gG molecules have various glycosylation sites in the Fab

region?>.

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



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), etc?®. Considering this broad activity
in the innate and adaptive immune response, 1gG became the most studied glycoprotein up to

date %,
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Figure 1. Schematic representation of the immunoglobulin G (IgG) antibody and the
Asn297 attached N-glycan (hereinafter referred to as glycan). 1gG 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 (Cx1, C12 and Cnx3) and a variable
domain (VH) and each light chain consists of a constant domain (C.) 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
GIcNAc. The glycan core structure is highlighted in grey. ST6GALL - ST6 B-Galactoside
a-2,6-Sialyltransferase 1; B4GALT1 - f-1,4-Galactosyltransferase 1; MGAT3 -
B-1,4-Mannosyl-Glycoprotein 4-B-N-Acetylglucosaminyltransferase; FUTS8 —
a-(1,6)-fucosyltransferase.



1.1.1. Composition of IgG glycans

Glycans are composite oligosaccharides assembled from up to fifteen monosaccharide
units. All 1gG glycans have a conserved pentasaccharide core made of two
N-acetylglucosamines (GIcNAc) and three mannose residues. 1gG glycan core can be expanded
by the addition of GIcNAc, core fucose, bisecting GIcNAc, galactose and sialic acid?”%. The
most complex 1gG glycan is a diantennary core fucosylated digalactosylated and disialylated

structure with a bisecting GIcNAc, 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%)
2930 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 fucosylated3:-32,

1.1.2. Biological function of IgG glycosylation

Glycans attached to the Fc region are essential for the stability and activity of 1gG. This
is highlighted by the fact that 1gG 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 1gG’s binding affinity to downstream effector cells of the
immune system 3%, For example, the addition of bisecting GlcNac enhances ADCC by
increasing 1gG’s affinity to FcyRIlIa receptor®®. 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 ADCC?®"®, 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 modification3.
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 subject?**1. Addition
of galactose to the 1gG glycan chain was also designated an anti-inflammatory modification.
Few studies demonstrated that agalactosylated 1gG 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

3



observational studies*#>43, Recent research, on the other hand, points to a pro-inflammatory
potential of galactosylated 1gG glycans?4#14446 [ atest studies even revealed a possible
mechanism underlying the pro-inflammatory nature of 1gG galactosylation where the addition
of galactose promotes hexamerization of 1gG necessary for complement activation®'4¢, 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 19G
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 1gG 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 1gG glycan that varies from 6% to 50% among healthy humans. On the contrary,
IgG glycoprofile on an individual level is considered stable in homeostatic conditions®*’.
However, when homeostasis is disturbed, 1gG glycome composition can shift rapidly. The
abundancies of different 1gG glycoforms in healthy individuals are mainly influenced by age
and sex hormone concentration. Moreover, aberrant 1gG glycosylation is observed in various

pathological conditions®!.

1.2.1. IgG glycome changes in various pathological conditions

Almost 40 years ago, Parekh et al. % observed an increase of 1gG 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 cells**°, But the
question remains if the 1gG glycosylation represents a functional effector, a predisposition or

just a side-effect of certain disease pathology. This is a matter of ongoing debate.



1.2.2. 1gG 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 age!'?7304%-52 This decline of anti-inflammatory 19gG
glycans is accompanied by the process of inflammaging®. 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 elderly>*-®. The decline of galactosylated 1gG 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 effectors®*®’. More research is needed to dissect the functional role of 19gG glycans
in aging, but their correlation with the biological age of an individual put them at the forefront
of healthy aging research®**®. A study by Kristi¢ et al.®® conducted on 5117 individuals
demonstrated that three 1gG 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 developed®!. 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 medicine®®-.

1.2.3. Sex hormones affect 1gG glycosylation

Research on the effect of aging on 1gG glycosylation revealed sex-specific differences
between men and women?"586263 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
age®%4. It seems that estrogen may be the main factor responsible for these sex-dependent
differences®. In 2017, Ercan et al.%® proved a causal relationship between sex hormones and
IgG galactosylation. The study demonstrated that estrogen agonist therapy in postmenopausal
women reduces agalactosylated 1gG glycoforms compared to placebo. The same effect was

observed in healthy women with therapeutically induced menopause after they were given



transdermal estradiol. This study was later expanded to analyze other derived traits, which
demonstrated that sialylation of 1gG is also mediated by estrogen®. Another recent study
confirmed that estrogen supplementation affects IgG sialylation in female RA patients and
postmenopausal mice models®’. Pregnancy is also characterized by extensive changes in 1gG
glycosylation. An increase of IgG galactosylation and sialylation in the transition from 1% to
2" trimester is associated with an increase of human chorionic gonadotropin (hCG)®,
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
pathology®®~"*. 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 1gG glycosylation

Hundreds of studies done in the past 30 years revealed the impact of 1gG glycosylation
on different human inflammatory pathways implicated in various pathologies. The focus has
now turned to the regulation of 1gG glycosylation — the largest unsolved problem of IgG biology
up to date. Substantial inter-individual variability of 1gG glycome composition indicates a very
complex regulation of 1gG glycosylation®%#’. 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 1gG polypeptide. After the
removal of three sugar moieties, 1gG is transferred from the ER to the Golgi apparatus where
different glycosyltransferases and glycosyl hydrolases remodel branched glycan while 1gG 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)">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 1gG glycosylation was very limited



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 1gG 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 mapping’®. The first heritability
study on IgG glycans was conducted more than a decade ago to determine the proportion of
genetic influence on each 1gG glycoform®. 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 GIcNac and galactose heritability estimates varied from 25% to 45% indicating
a moderate influence of genetic factors. A few years later Menni et al.”® performed another
heritability study of 1gG 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 1gG glycosylation pathways. Several other studies have demonstrated high
heritability estimates for the whole plasma glycans as well”®"”. Discovery that 1gG glycans are
under tight genetic control paved the way for future research into mechanisms that govern IgG

glycosylation.

1.5. Role of glycosyltransferases in 1gG glycosylation

The 1gG glycan core is extended in the Golgi apparatus to form complex I1gG
glycoforms’®. Heterogeneity of 1gG glycome is partially due to the differential expression of
four main glycosyltransferases (GTs) residing in the Golgi cisternae: FUT8, MGATS3,
B4AGALT1 and ST6GAL1*"® (Figure 1). The enzyme o-(1,6)-fucosyltransferase (FUT8)
catalyzes the transfer of L-fucose from GDP-fucose to the most proximal GlcNac, a reaction
termed core fucosylation’. The human genome codes for 13 different fucosyltransferases but
only FUT8 performs core fucosylation®. This was demonstrated in different cell lines and
knockout (KO) mouse models®®, Disruption of both Fut8 alleles in Chinese hamster ovary
(CHO) cells resulted in the secretion of completely afucosylated mAbs with dramatically
increased ADCC®!. This phenomenon is exploited in cancer therapeutics with dozens of
afucosylated mAbs currently in clinical trials®?®. Inactivation of FUT8 in KO mice models

results in defective core fucosylation accompanied by a high mortality rate, severe respiratory



defects and growth restriction®®. Patients with congenital FUT8 disorder of glycosylation
(FUT8-CDG) also show growth retardation and respiratory deficiencies due to the complete
loss of core fucosylation® -8, Furthermore, FUTS is strongly linked to cancer cell invasion and
metastasis, which can be partly explained by the alteration of ADCC®'8, ADCC is also affected
by the addition of bisecting GIcNAc, a modification catalyzed by the
B-1,4-Mannosyl-Glycoprotein 4-B-N-Acetylglucosaminyltransferase (MGAT3) enzyme*3°.
Bisecting GICNAc seems to have a regulatory role in the biosynthesis of complex glycans by
inhibiting the action of other GTs such as FUT8, MGAT4, MGATS5 and ST6GAL 18-, Garcia-
Garcia et al.® have hypothesized that bisection precludes fucosylation by FUT8 due to
significant steric hindrance exerted by this modification. Still, the inhibitory role of bisecting
GIcNAC has yet to be demonstrated for IgG glycans. For example, Dekkers et al. upregulated
MGATS3 to increase IgG bisection and no change in IgG fucosylation was observed?.
Moreover, Kapur et al. reported a weak positive correlation between fucosylation and bisection
on anti-HPA1 IgG antibodies®. The interdependence of glycosylation pathways is also
highlighted through the addition of galactose and sialic acid catalyzed by
B-1,4-Galactosyltransferase 1 (BAGALT1) and ST6 B-Galactoside a-2,6-Sialyltransferase 1
(ST6GALL). These two GTs work in succession as ST6GALL can only sialylate galactosylated
glycans®. More importantly, a recent study by Khoder-Agha et al.®® demonstrated that
BAGALT1 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
BAGALT1 homomers keeps this GT minimally active until it reaches the Golgi compartment
where it binds ST6GALL, thus revealing its active site. Many different KO and overexpression
studies in vitro confirmed the role of B4GALT1 in IgG galactoslyation®°". Moreover, a
decrease of galactosylated IgG glycans was associated with the reduced activity of BAGALT1
in the peripheral B cells of RA patients®-1% and myeloma cells®t. However, other studies of
RA patients found no association or even negative correlation between BAGALT1 mRNA
expression and/or activity of this GT and the level of IgG galactosylation!%2-1%, This lack of
consistency in the expression data for BAGALTL1 suggests a far more complex regulation of
IgG galactosylation that has yet to be discovered. An even more complicated story surrounds
IgG sialylation by ST6GALL. Germ-line ablation of ST6GALL removes a2,6-linked sialic acid
from almost all glycoproteins, including 1gG®. In 2016, Jones et al.}%® generated B cell-
specific ST6GGALL1 KO mice, which exhibited completely normal 1gG sialylation. They
hypothesized that the hepatocyte-secreted plasma ST6GAL1 can sialylate IgG glycans
extracellularly. In 2022, Oswald et al.'%" dismissed this hypothesis by the establishment of the
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hepatocyte-specific STEGALL KO mice that also exhibited normal IgG sialylation despite the
complete lack of plasma ST6GALL. Taken together, these results indicate that 1gG sialylation
can occur after secretion from the B cells, but the process is not only reliant on plasma
ST6GAL1%,

The complexity of mechanisms that regulate 1gG 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 GICNAc on membrane glycoproteins in ovarian
carcinoma cells and decreased the ratio of complex tetraantennary and fucosylated glycans in
HCC cells!®1 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 residuest*?. Another study negatively
correlated the MGAT3 promoter methylation with bisected, galactosylated and sialylated 1gG
glycans in peripheral blood mononuclear cells (PBMCs) and CD19+ B cells isolated from
patients suffering from inflammatory bowel diseases (IBD)''3. Besides DNA methylation,
MGAT3 appears to be regulated with miRNAs as demonstrated recently by Zohora and Mahal
(2022)1* 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 fucosylation''>!6, A single miRNA
molecule affects FUT8 activity in colorectal carcinoma (CRC) cells, as was demonstrated in
vitro and in vivo using murine models'!’. New studies also link miRNA regulation with
B4GALT1 and ST6GAL1 in chronic myeloid leukemia and HCC cell lines!®!!® Taken
together, this growing number of studies performed on GTs, point to the very intricate

mechanisms that regulate 1gG glycosylation.

1.6. Genome-wide association studies (GWAS) reveal complex gene networks regulating
1gG 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



(GWAS) that can identify common genetic variations associated with a certain phenotype!?%12?,
The era of GWAS began in the 21% century when the Human Genome Project released the first
human genome sequence!??. This enabled the development of commercial Single Nucleotide
Polymorphism (SNP) arrays indispensable for GWAS!?2123, SNP is a single nucleotide change
in the DNA, which occurs in the human genome with high frequency!?1?°, GWAS tests each
SNP for an association with the phenotype of interest at extremely high resolution!?12!, 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

glycosylation!?6-128,

The first GWA study of 1gG glycosylation was performed by Lauc et al. in 2013?° on
77 1gG 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 1gG
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) cohort®*. 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 1gG
glycosylation. In 2018., Wahl et al.*3! augmented the list with one more region containing the
RUNX3 gene. The outcomes of different GWA studies indicated the complexity of 1gG
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 Klari¢ et al.'°. 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 19G
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 1gG 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 1gG
glycosylation to 29122, 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.
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Figure 2. Chromosomal location of GWAS candidate genes associated with 1gG
glycosylation from the study by Klari¢ et al*®. 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 al**3,

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
glycosylation0-30.75128.131132 " However, GWAS is a hypothesis generating method and every
discovered locus needs to be functionally validated in vitro or in vivo. Klari¢ et al.*° performed
a functional follow-up of their GWA study in B cell-derived lymphoblastoid cell ine MATAT6.
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Knockdown of IKZF1 resulted in the downregulation of IKZF3 and upregulation of FUT8 with
a concomitant increase of 1gG 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 analysis'?®-128, The lack of appropriate experimental models
for in vitro or in vivo studies of IgG glycans is an issue to this day. Kristi¢ et al.3* 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 GICNAc in their 1gG glycoprofile and their glycans terminate
with N-glycolylneuraminic acid instead of N-acetylneuraminic acid (sialic acid)!*>**®. Mouse
IgG glycans also harbor terminal o 1-3 bound galactose which is not present on human 1gG
glycans'®. 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.**
developed a robust expression system for IgG production based on FreeStyle™ 293-F cells.
They succeeded to obtain large quantities of glycosylated 1gG in less than a week secreted from
an easy to transfect FreeStyle™ 293-F cell line. Three years later, Dekkers et al.** expanded
this 1gG expression system with different glycoengineering tools to produce any desired 19G
glycoform which enabled them to systematically explore the effect of certain glycosylation
traits on 1gG 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 regulation'. 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 (JRNA) complementary to the target sequence (Figure 3a)*3°. The
best characterized Cas9 protein is the one isolated from the bacterium Streptococcus pyogenes
(SpCas9)°. Cas9 nuclease activity is provided by two distinct domains: RuvC and HNH each
able to cut single-stranded DNA™840 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 region*.
gRNA molecule is 20 base pairs (bp) single-stranded RNA that forms a T-shaped loop and can

138 This way gRNA guides

be designed to have a 5’ end complementary to the target sequence
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 aureus!*?. 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,
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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 1) and different transcription factors

(Txn). Image adapted from Dominquez et al**°.

Applicability of the CRISPR/Cas9 technology substantially increased with the
development of the catalytically inactive dead Cas9 (dCas9) protein (Figure 3b)!3914¢ 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

146 Fysion of various

the gRNA molecule but cannot introduce double-stranded breaks
epigenetic effector domains to dCas9 enabled site-specific epigenome modifications which
greatly expanded the utility of CRISPR/dCas9 tools!*"1’. CRISPR/dCas9 system is most
widely used for targeted transcriptional regulation: CRISPR interference (CRISPRIi) and
CRISPR-mediated gene activation (CRISPRa) for targeted downregulation and upregulation of
genes, respectively46:15015L.153.158 (Figyre 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 cells*>*'%°, The system was greatly advanced by
fusing KRAB (Kriippel associated box) domain to inactivated Cas9 protein which improved
gene repression from 50% to 99% depending on the locus and/or cell type!>*1%° 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 repressioni®t162. 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 repression®2. Many other effector proteins were fused to
dCas9 to achieve gene silencing including DNA methyltransferases'*®, histone
methyltransferases!®®, histone deacetylases'®®, chromatin remodeling complexes®®?, etc. Similar
progress was made in the field of gene activation with different CRISPRa tools. In 2013. Gilbert
et al.’® reported targeted gene activation in the HEK293 cell line with dCas9-p65 and
dCas9-VP64 fusion proteins. P65 is a large subunit of NFkB transcription factor known to
induce strong gene transactivation in mammalian cells!®. VP64 is also a potent transcriptional
activator, a tetramer of the minimal activator VP16 (virion protein 16) isolated from the herpes
simplex virus type 1'%, 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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gRNAs™. The most important breakthrough came with the design of dCas9-VPR, a tripartite
gene activator composed of VP64, p65 and Rta activator domains™®. Chavez et al.!*
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 demethylases®’, histone
acetyltransferases'®, histone demethylases'®®, 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
Josipovié et al.}?, 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.
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Figure 4. The dCas9-based molecular tools for gene repression (CRISPRIi) 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 al*®’.
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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 Bsal type IS 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 -1) receives a eukaryotic promoter followed by the desired effector domain
(I -11) and desired dCas9 ortholog (11 -111). The next position (I11-1V) 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 Esp3l. (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

Josipovié et al*!?,
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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
rearrangements®®-17, 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,
etct12143171-174 " 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 (ChlP-seq) revealed that
dCas9 binds to various off-target sites in the genome with different gRNA molecules!™>177.
Despite the non-specific binding of dCas9, dCas9-KRAB mediated gene expression turned out
to be very specifict®31'8, Further studies reported that only three mismatches between gRNA
and the targeted loci completely abolish CRISPRi gene repression’®. In comparison, Cas9 can
tolerate up to 5 mismatches.'®318 CRISPRa tools also seem to be very specific®3179.181.182
Polstein et al.’®! 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 specific’®178181 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
polymerase!’®. 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 proteins'*’. 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 interest!®3-185,

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 protein'*®. 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 protein®. 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
viability!8>187-18 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 polymers®®. 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 delivery*®¥1%, 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 genome!® 2%, 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)?12%2 while LVs
have a high incidence of insertional mutagenesis®®. 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 genome?%,

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 transposition?®®. 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 DNAZ2,

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
methods??"2%, 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 ITRs?%420° (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 deregulation?!%2'!, On the other hand, PB vectors have a large cargo capacity that can
reach up to 200 kB?'2, while SB integration efficiency decreases with the increasing length of
transgenes?'3, 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 cumbersome?!4. 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
editing®®®. 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 silencing?®.
Sharma et al.?!’ reported that cHS4 insulator increases transgene expression when coupled with
SB and PB vector. Bire et al.?!® 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.?*° 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.
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Figure 6. Transgene delivery using transposon vectors. (a) Transposon dual vector system

consists of two plasmids. Pink colored: transposase expression plasmid; blue colored:
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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 setting?2%-222,
Recently, Werder et al.??® 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 RAVERL1 loci involved in airway cilia regulation and antiviral response,
respectively??4. 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 1gG 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 1gG antibodies with fine-tuned glycan patterns??®. 1gG 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 cells??. Simple
combinations of CRISPR/Cas9-mediated knock-ins and knock-outs of main GTs enabled the
production of different 1gG glycoforms for therapeutic purposes®??7228 QOne of the finest

examples of this experimental approach is a knock-out of FUT8 and BAGALT1 genes and their
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exchange with synthetic versions with inducible expression in CHO cell line??®, 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 1gG 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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Abstract

Alternative glycosylation of immunoglobulin G (IgG) is functionally important in multiple human physiological and
pathological states. Our understanding of molecular mechanisms that regulate IgG glycosylation is vague because
of the complexity of this process, which involves hundreds of genes. Several genome-wide assodiation (GWA) studies
have revealed a network of genes associated with IgG glycosylation that are pleiotropic for a number of diseases. Here,
we report a design of a versatile system for IgG production and gene manipulations that can be used for in vitro func-
tional follow-up of GWA hits or any gene of interest. The system is based on CRISPR-dCas9, extended by a piggyBac
integrase compatible vector, and drives IgG production in HEK-293F cells. We validated our systems that stably express
VPR-dCas9 and KRAB-dCas9 by manipulation of four glyco-genes with a known role in IgG glycosylation, and then
functionally validated three GWAS hits for IgG glycosylation with an as-yet-unknown role in this process.

Introduction

Immunoglobulin G (IgG), a glycoprotein secreted by
plasma cells, is the most abundant antibody in the
human plasma. It plays a role in multiple humoral im-
mune processes, such as complement activation and
complement-dependent cytotoxicity, antigen neutraliza-
tion, antibody-dependent cell-mediated cytotoxicity,
phagocytosis, and hypersensitivity reactions. The glycan
part is essential for the antibody because alternative
glycosylation influences its structural stability, conforma-
tion, half-life, as well as effector functions.' ™ Alternative
glycosylation can shift antibody activity from anti-
inflammatory to proinflammatory and vice versa, and
the complete removal of N-glycans from IgG results in
the loss of both activities.** Proper glycosylation can sig-
nificantly improve efficacy of therapeutic monoclonal
antibodies, and glycoengineering has an important role
in drug development.®

A conserved glycosylation site at Asn297 of the con-
stant Fc region of IgG enables post-translational struc-
tural change of the Fc region required for optimal
binding of antibody to different Fc gamma receptors
(FcyR). Any change in glycan composition at this site
can affect Fc structure and alter interaction with FcyR.’
The IgG-Fc glycan is predominantly a bi-antennary com-
plex structure composed of two N-acetylglucosamine
(GleNACc) and tri-mannose core, which can further be ex-
tended by addition of galactose, sialic acid, fucose, and
bisecting GlcNAc (bisection).® Since the relative levels
of these IgG glycoforms vary between individuals,’ IgG
glycome composition is extremely heterogenic in the
human population. Several hundred differentially glyco-
sylated IgG variants can be present in an individual at
any given time. Furthermore, IgG glycome varies during
life and in disturbed homeostasis. Differential IgG glyco-
sylation is implicated in various physiological'®"" and
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pathological states'>™'* as well as in aging.'®!” Indeed,
IgG and its glycosylation are extensively studied in var-
ious diseases on an epidemiological scale because robust
methods for high-throughput glycomics and glycoproteo-
mics analyses are available.'®

Molecular mechanisms by which alternative IgG gly-
cosylation is regulated are only vaguely understood.
Yet, they are important in disturbed homeostasis, differ-
ent pathological states and aging. The reason for this is
the complexity of the glycan biosynthetic pathways,
which include genes for glycosyltransferases and glycosi-
dases that add or remove monosaccharides to/from a gly-
can structure, but also other enzymes as well as various
other proteins such as transporters, transcription factors,
and so on. Several genome-wide association studies
(GWAS), including the most recent one performed on
more than 10,000 individuals, revealed a network of
genes associated with IgG glycosylation, which are pleio-
tropic with a number of different diseases and pathophys-
iological states.'” > How these loci are functionally
related to IgG glycosylation and diseases through the reg-
ulation of alternative IgG glycosylation remains to be
resolved.

For in vitro functional follow-up of GWA hits, there is
a need for an appropriate model cell system that would
allow gene manipulations and analysis of the resulting
glycan phenotype. Such a system must produce suffi-
ciently high levels of IgG antibodies so that IgG glycosyl-
ation can be analyzed. On the other hand, it should enable
reproducible and fast manipulation of gene expression. A
highly efficient and simple transient expression system,
capable of producing sufficient amounts of native se-
creted IgG antibodies, has already been developed by
Vink et al. and is based on the suspension cell line Free-
Style™ 293-F (HEK-293F).?* Importantly, IgG produced
by this HEK-293F transient system shows glycosylation
that resembles that of normal human plasma-derived
IgG.>* We used the system developed by Vink et al. as
a foundation, and we upgraded it with a transposon vector
combined with our CRISPR-dCas9-based modular sys-
tem for orthogonal gene regulation.” As a result, we gen-
erated a transient expression system with stably
integrated VPR-dCas9 and KRAB-dCas9 cassettes for
up- and downregulation of any gene of interest only by
co-transfection of cells with appropriate single guide
RNAs (gRNA). As a proof of principle, we selected
four glyco-genes coding for glycosyltransferases with de-
fined function in IgG glycosylation and manipulated their
transcriptional activity in our newly developed stable
VPR-dCas9 and KRAB-dCas9 HEK-293F cell lines. Fol-
lowing transcriptional modulation, we analyzed changes
in glycan phenotype on secreted IgG molecules. After
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successful validation of our system on these selected
glyco-genes, we used it to study three GWAS hits for
IgG glycosylation'®?? with as-yet-unknown role in this
process.

Methods

Construction of piggyBac-based vectors for genomic
integration

Plasmid pBackBone-BZ described in Josipovi¢ et al. (see
supplement therein)®® was used as the backbone for pig-
gyBac (PB)-based vector construction. All restriction en-
donucleases were from New England Biolabs (Ipswich,
MA) unless indicated otherwise. First, 48 bp complemen-
tary oligonucleotides LeftH-Esp3]_sense and LeftH-
Esp3I_antisense were designed to include Esp3I restriction
site and Acc651 and Sall cohesive ends. The oligonucleo-
tides were annealed and cloned in pBackBone-BZ cut
with Acc651 and Sall. Next, 51 bp oligonucleotides RightH-
Bbsl_sense and RightH-Bbsl_antisense containing Bbs] re-
striction site and Xbal and Xhol cohesive ends were
annealed and cloned in the pBackBone-BZ with Xbal
and Xhol to form a plasmid named pBB-ARMs.

Plasmid pUK21gg optimized for Golden Gate cloning
from pUK2l25 was used as an intermediate to clone the
insulator sequences and inverted terminal repeats
(ITRs) of the PB transposon system. First, 84 bp comple-
mentary oligonucleotides MCS-assemble_sense and
MCS-assemble_antisense including Bsal and Esp3I re-
striction sites flanked by Xbal and Xhol cohesive ends
were annealed and cloned in pUK21gg with Xbal and
Xhol. Next, the 146 bp insulator sequence (U.S. patent
no. US8133699B2, 2012) was custom-synthetized (Mac-
rogen Europe BV, Amsterdam, The Netherlands) as two
pairs of complementary oligonucleotides containing Nhel
and Xhol cohesive ends flanking the insulator sequence.
They were annealed and cloned in pUK21gg cut with
Nhel and Xhol (New England Biolabs). This was re-
peated with Xbal and Sall (New England Biolabs) to gen-
erate two tandem insulator sequences.

ITRs of the PB transposon were amplified by polymer-
ase chain reaction (PCR) with PB3-FW and PB3-RE
primers from plasmid pPBCAG-eGFP (Addgene, Water-
town, MA; plasmid #40973). Next, pUK21gg was cut
with Esp3l, and the PCR products were cut with Bsal
and ligated to produce two plasmids, each containing
left or right ITRs and two insulator sequences, named
PB-ARM-L and PB-ARM-R. ITRs and insulator se-
quences were inserted in the backbone pBB-ARMs in
two steps. First, PB-ARM-L and PB-ARM-R were cut
with Bsal, while pBB-ARMs were linearized with
Esp3I to enable insertion of left ITRs and insulator se-
quences. The intermediary construct was linearized
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with Bpil (Thermo Fisher Scientific, Waltham, MA), and
right ITRs and insulator sequences were inserted to
obtained complete PB backbone (donor) vector opti-
mized for Golden Gate cloning.

Two different Cas9 orthologs were used for the produc-
tion of stable cell lines: dSaCas9 from Staphylococcus au-
reus and dSpCas9 from Streptococcus pyogenes (dCas9
denotes ‘“‘deactivated”” Cas9 with no nuclease activity but
intact DNA-binding activity). To obtain PB-VPR-dSaCas9
vector for stable genomic integration, Golden Gate mod-
ules Ig-dual bridge oligonucleotide, EFS promotor, VPR
domain, dSaCas9, T2A-X-puro, X-P2A-Clover, and bGH
terminator were assembled using Bsal in the PB back-
bone vector. To obtain PB-KRAB-dSpCas9 vector for
stable genomic integration Golden Gate modules Ig-
dual bridge oligonucleotide, EFS promotor, KRAB do-
main, dSpCas9, T2A-X-puro, X-P2A-Ruby, and bGH
terminator were assembled with Bsal in the PB back-
bone vector. The Golden Gate assembly system is de-
scribed in Josipovié et al. (see supplement therein).?®

Hyperactive PB transposase that recognizes PB ITRs
was designed according to the sequence described in
Doherty et al.*® and codon optimized for human cell
lines. All unwanted restriction sites and potential splic-
ing donors and acceptors were then removed. The PB
transposase DNA sequence was custom synthesized
(Integrated DNA Technologies, Coraville, IA) and am-
plified with primers C9_seql and C9_seq?2 to produce
I-IV module for Golden Gate assembly named HyPB-
Xpress. The purified PCR product was cloned in
pUK21gg with Xbal and Xhol. HyPB-Xpress together
with SV40 promotor, SV40 terminator, and Ig-dual
bridge oligonucleotide was assembled with Bsal in
pBackBone-BZ by Golden Gate cloning, forming a
PBase expression vector.

To reduce unwanted recombination of repeating se-
quences, all plasmids were amplified in NEB® Stable
Competent Escherichia coli bacteria (New England Biol-
abs). Sequences of the used oligonucleotides and PCR
primers are listed in Supplementary Table S1. Details
of plasmids and modules used in Golden Gate cloning
are described in Supplementary Table S2.

Construction of plasmids encoding IgG heavy

and light chains

The IgG light chain (LC) DNA sequence was kindly pro-
vided by Gestur Vidarsson (Sanquin Blood Supply Foun-
dation, Amsterdam, The Netherlands) and amplified
using Herculase II Fusion DNA Polymerase (Agilent
Technologies, Santa Clara, CA) with Ig-PstI-tNS-1-FW
and corr-Igk-tNS-4-Xhol-RE primers (Supplementary
Table S3) flanked by Pstl and Xhol sites. The purified
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PCR product was cloned in pUK2lgg using Pstl and
Xhol. A Bsal restriction site in the IgG LC sequence
was removed by two different approaches: using the
QuickChange Lightning Site-Directed Mutagenesis Kit
(Agilent) with LC_noBsal-S and LC_noBsal-A oligonu-
cleotides or by substituting the complete intron sequence
with LC-Bbsl_rm_Intron-S and LC-Bbsl_rm_Intron-A
annealed oligonucleotide containing BbsI cohesive ends
to obtain two different constructs. The IgG LC was
then amplified in both constructs with LC-Bsal-2-Ncol-
FW and LC-Bsal-2-KasI-RE using Herculase II Fusion
DNA Polymerase (Agilent) to obtain Bsal restriction
sites, leaving Ncol and Kasl cohesive ends for the next
step. The T2A module was linearized with Ncol and
Kasl, and IgG LC PCR products were cut with Bsal to
produce Golden Gate module plasmids pLC_Int-T2A
and pLC_nolnt-T2A by ligation.

The IgG heavy chain (HC) was synthesized as 1,499 bp
long gBlock (Integrated DNA Technologies) and cloned
in pUK21gg with Psil and Sacl, yielding the module plas-
mid pHC_1-f3.

pHC_1-f3 and pLC_Int-T2A or pLC-nolnt-T2A mod-
ules were assembled with CbH promotor, bGH termina-
tor, and short stuffer oligonucleotide Ig_B-A_dual into
pBackBone plasmid using the Golden Gate method
with Bsal restriction enzyme to produce IgG-T2A-Int
and IgG-T2A-nolnt construct.

p3SVLT construction

Plasmid p3SVLT was used to enhance protein produc-
tion in transfected cells. Cloning codon optimized ver-
sion of SV40 large T antigen was obtained as a small
HindIII-SV40-LT-EcoRI insert, which was kindly pro-
vided by Tom Vink. The insert was ligated in a linear-
ized pCDNA3 (# V79020; Invitrogen, Carlsbad, CA)
vector digested with EcoRI (New England Biolabs)
and HindIll (New England Biolabs). The ligation reac-
tion was done at a vector-to-insert ratio of 1:3 accord-
ing to the Quick Ligation™ Kit, and the final construct
was amplified in XL10-Gold® Ultracompetent Cells
(StrateGene, Bellingham, WA).

pX_mCerulean3 construction

DNA sequence of mCerulean3?’ was amplified from
mCerulean3-N1 (# 54730; Addgene) using FP_CC_
Ncol_Fw and FP_Kasl_Rev primers. The PCR product
was cloned in pUK21gg with Ncol and Kasl, producing
the pX-mCerulean3 plasmid, which was assembled with
multiguide RNA module containing six random gRNA
molecules, SV40 promoter, and SV40 terminator follow-
ing the Golden Gate assembly protocol (Bsal) to produce
the mCerulean_test plasmid.
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Construction of backbone for plasmids designed

for magnetic-activated cell sorting

The magnetic-activated cell sorting (MACS) backbone
plasmid was derived from a backbone plasmid with a sec-
ondary cassette described in Josipovi¢ et al.* First, the
backbone plasmid was linearized with Esp3I (Thermo
Fisher Scientific) and purified using a QIAquick PCR
Purification Kit (Qiagen, Hilden, Germany). The 874 bp
fragment containing the LNGFR gene was amplified
from the pMACS-LNGFR plasmid (Miltenyi Biotec,
Gladbach, Germany) using the primers LNGFR-FW
and delta_ LNGFR-RE. Promotor and terminator modules
were amplified from plasmids described previously®
using primer pairs pro_SV40_PstI-FW, pro_SV40_Xhol
and ter_SV40_PstI-FW, ter_SV40_Xhol-RE, respec-
tively. All modules were cut with Bsal and purified
using either the QIAquick Gel Extraction Kit or the QIA-
quick PCR Purification Kit (Qiagen). The backbone and
the modules were ligated to obtain the pBB_NEW_
LNGEFR plasmid.

Construction of IgG-gRNA-bearing plasmids

and plasmids for MACS

Plasmid constructs of IgG-gRNA-bearing plasmids
were constructed in a modular system by the Golden
Gate cloning method, as described in Josipovic
et al® for targeting of genes B4GALTI, ST6GALI,
FUTS, MGAT3, RUNX3, SPPL3, and GGA2. Non-
targeting gRNA was used as a control and was specifi-
cally designed for each dSpCas9 and dSaCas9 ortholog.
Briefly, the final assembly was conducted with modules
for antibody HC and LC, Cbh promoter and bGH termi-
nator, and single guide or multiguide RNA molecule in
a backbone pBackBone-BZ for [gG-gRNA plasmids or
backbone pBB_NEW_LNGFR for plasmids designed
for MACS with Bsal restriction enzyme. The IgG ex-
pression cassette that drives expression of the antibody
HC and LC linked by a 2A self-processing peptide and a
furin cleavage site was designed based on the work of
Fang et al.*® Details of plasmids and modules used in
Golden Gate cloning are described in Supplementary
Table S2, and primers and custom oligonucleotides
are listed in Supplementary Table S1. For glycosyl-
transferases B4GALT1 and FUTS8, we used a single
gRNA for each gene. For ST6GALI, we used all three
gRNAs listed in the Supplementary Material on a single
plasmid, since we could not achieve sufficient regula-
tion using ST6GAL1_A-sg03 alone. For each of the
other genes—MGAT3, GGA2, RUNX3, and SPPL3—
we used three gRNAs on a single plasmid (Supplemen-
tary Table S1). When more than one gRNA (listed in
the Supplementary Material) was used, we did not test
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them individually, but rather used them together in
the multiguide system on a single plasmid in all
experiments.

Dot blot assay

A dot blot assay was conducted to assess the expression
levels of IgG from HEK-293F cells transfected with
IgG-encoding plasmids. Briefly, the membrane was
washed with 1Xxphosphate-buffered saline (PBS;
137 mM NaCl, 2.7mM KCl, 10mM Na,HPO,, 1.8 mM
KH,PO,, pH 7.3) and dried. One microliter of IgG sam-
ples collected on days 3 and 5 after cell transfection and
IgG standards diluted at ratios of 1:8, 1:16, 1:32, 1:64,
and 1:128 as well as bovine serum albumin (control)
were applied onto the nitrocellulose membrane (GE
Healthcare, Chicago, IL) and blocked in 5% skim milk
powder dissolved in 1xPBST (1xPBS with Tween®
20 at a ratio of 1:1 v/v) for 30 min on a shaker at room
temperature (RT). Next, the membrane was incubated
with goat anti-human IgG H&L (horseradish peroxidase;
HRP) antibody (Abcam, Cambridge, UK) diluted
1:10,000 in 5% fat-free milk for 1h on a shaker at RT.
Finally, the membrane was washed four times with
PBST for 15min, and the antigen-antibody complex
was visualized by using Clarity Max ECL luminol-
peroxide (1:1) solution (Bio-Rad, Hercules, CA).

Establishment of polyclonal and monoclonal

cell lines

To integrate the dCas9-based expression cassette into
cultured cells, we used a modified PB system consisting
of a donor vector (described above) and a separate vector
for expression of the transposase, which facilitates inte-
gration of the portion of the donor vector flanked by
ITR sequences. FreeStyle™ 293-F cells (Gibco, Grand
Island, NY; HEK-293F) were grown in 125 mL polycar-
bonate Erlenmeyer flasks with a filter cap (Nalgene,
Rochester, NY), on a PSU-20i Multi-functional Orbital
Shaker at 140 rpm at 37°C with 8% CO, and maintained
in FreeStyle 293 medium (Gibco) in a total volume of
30 mL. When the cells reached the appropriate density,
500,000 cells/mL. were plated on non-treated six-well
plates. The cells were co-transfected with 100 ng of PB-
VPR-dSaCas9 or PB-KRAB-dSpCas9 plasmid and
100 ng of PBase vector. The transfection was performed
with 293fectin Transfection Reagent (Gibco) according
to the manufacturer’s protocol, which was adapted to
the appropriate total volume of 2 mL per well. The cells
were screened the next day for expression of fluorescent
proteins mClover3 and mRuby3,%’ and were selected
with 7 ug/mL of puromycin (Gibco) for 48h. Cells
were observed and passaged if needed until day 11
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after transfection when a fraction of cells were frozen as
polyclonal cell lines. Meanwhile, conditioned FreeStyle
293 medium was prepared by seeding 500,000 HEK-
293F cells/mL in a 125mL flask. The conditioned
medium was harvested after 24 h by filtering the cell sus-
pension through a 0.22 um syringe filter. Eleven days
after transfection, the cells were diluted to reach a density
of 5 cells/mL and seeded on 96-well plates for suspension
cells in a volume of 100 uL per well. One hour after seed-
ing, the cells were screened by fluorescent microscopy,
and wells with one cell were marked for further observa-
tion. Fifteen days after seeding, three PB-dSaCas9-VPR
monoclonal cell lines and five PB-dSpCas9-KRAB were
scaled up to a 24-well plate for suspension cells (CytoOne)
and 5 days later to non-treated six-well plates for suspen-
sion cells. When they reached a density of 2.5x 10°, two
aliquots of each cell line were frozen according to the
HEK-293FreeStyle manufacturer’s protocol.

Puromycin validation

Monoclonal cell lines PB-dSaCas9-VPR-1 and PB-
dSpCas9 and HEK-293F cells were thawed following
the protocol from Vink et al.* The cells were subcultured
three times before seeding them on non-treated six-well
plates, 500,000 cells/mL. The next day, the cells were
treated with 7 ug/mL of puromycin, which was removed
by centrifugation (5 min, 100 g, 4°C) after 48 h. On day 3
after selection, the cells were counted using an EVE™
Automated Cell Counter (NanoEntek, Seoul, Korea).

Western blot

To verify the expression of dSaCas9 or dSpCas9 in estab-
lished monoclonal and polyclonal cell lines, we per-
formed Western blotting. FreeStyle™ 293-F cells
(Gibco) served as a negative control. Approximately
5x 10° cells for each cell line were pelleted by centrifu-
gation (Smin, 500 g) and washed twice in 700 uL
1 xPBS. Cells were lysed in RIPA buffer supplemented
with Protease Inhibitor Cocktail (cOmplete™ ULTRA
Tablets; Roche, Basel, Switzerland) and sonicated using
Sonorex Super Ultrasonic bath (Bandelin, Berlin, Ger-
many). Protein concentration was determined with
BCA protein assay (Pierce™ BCA Protein Assay Kit;
Thermo Fisher Scientific) according to the manufactur-
er’s protocol. Sixty micrograms of protein was used for
each sample, and f-actin served as a loading control.
Rabbit anti-SaCas9 1:5,000 (ab203943; Abcam), mouse
anti-SpCas9 1:1,000 (ab191468; Abcam), mouse anti-f3-
actin 1:2,000 (sc-69879; Santa Cruz Biotechnology,
Santa Cruz, CA), goat anti-rabbit 1gG H&L (HRP)
1:200,000 (ab6721; Abcam), and goat anti-mouse 1gG
H&L (HRP) 1:200,000 (ab205719; Abcam) antibodies
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were used. Specific proteins were visualized by Clarity™
Western ECL Substrate (Bio-Rad) according to the man-
ufacturer’s protocol using the Alliance Q9 Advanced
(UVITECTM Cambridge) imaging system.

Transfection efficiency test

FreeStyle™ 293-F cells were plated on non-treated six-
well plates at a density of 500,000 cells/mL. They were
transfected with 500, 700, 900, 1,200, 1,600, 2,000,
2,400, and 2,800ng of mCerulean_test plasmid with
293fectin Transfection reagent according to the manufac-
turer’s protocol. The transfection efficiency was analyzed
with fluorescence microscopy 24 h after transfection.

Transfection of stable polyclonal and monoclonal

cell lines

Suspension-adapted monoclonal cell lines PB-dSaCas9-
VPR-1 and PB-dSpCas9-KRAB-3 as well as polyclonal
cell lines PB-dSaCas9-VPR-p and PB-dSpCas9-KRAB-
p were maintained in the same manner as HEK-293F
cells. The cell lines were grown until they reached appro-
priate density with 290 viability and were plated at a con-
centration of 500,000 cells/mL on non-treated six-well
plates. Transfections were performed with 293fectin
Transfection Reagent according to the manufacturer’s
protocol. Briefly, 2 ug of plasmids were diluted in Opti-
MEM I Reduced Serum Medium (Gibco) in the final vol-
ume of 80 mL. The protocol from Vink et al.>* was used
for improved expression of IgG optimized for an ideal
ratio of plasmids containing gRNA and IgG chains,
p3SVLT, pORF-hp21 (InvivoGen, San Diego, CA), and
pORF-hp27 (InvivoGen; mass ratio: 0.69/0.01/0.05/
0.25). During vigorous vortexing, 80mL of diluted
293-fectin was added dropwise to the diluted mixture
of plasmids, and cells were allowed to grow for 5 days
as described. After 5 days, cells were separated from su-
pernatant (enriched with secreted IgG) by centrifugation
(5min, 4,000 g, 4°C). Cell pellets were used for analysis
of gene expression, while supernatants were used for gly-
can analysis.

Reverse transcription and quantitative PCR

Isolation of total RNA was performed with the RNeasy
Mini Kit (Qiagen) from cell pellets obtained 5 days
after transfection according to the manufacturer’s in-
structions. The concentration of RNA was determined
by spectrophotometry at 260 nm, and equal amounts of
RNA (50ng) were subjected to reverse transcription
using PrimeScript RTase (Takara, Shiga, Japan) and ran-
dom hexamer primers (Invitrogen) for TagMan Gene
Expression Assay. Samples for detection of MGAT3
and RUNX3 transcript were treated with TURBO
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DNase (Invitrogen) to remove residual DNA, considering
that primers detecting MGAT3 are able to detect genomic
DNA as well as ¢cDNA obtained from RNA transcripts.
Reverse transcription quantitative PCR (RT-qPCR) was
performed using the 7500 Fast Real-Time PCR System
using TagMan Gene Expression Master Mix according to
the manufacturer’s instructions in a total volume of 20 uL
with the following assays: Hs00155245_m1 (B4GALTI),
Hs00949382_m1 (ST6GALI), Hs02379589_s1 (MGAT3),
Hs00189535_m1 (FUTS), and Hs02800695_m1 (HPRTI).
The gene HPRTI was used as a reference gene to nor-
malize gene expression in each sample where gene ex-
pression was manifested as a mean value of nine
replicates using the AACt method.*® Fold change (FC)
was presented in comparison to gene expression in cells
transfected with non-targeting gRNA control plasmid.
To maintain easy comparability of up- and downregu-
lated transcripts, fold regulation (FR) was calculated by
taking the reciprocal value for every FC <1 and making
it a negative number (thus, the FC of 0.5 is FR of —2; val-
ues for FC 21 equal FR).

MACS

Monoclonal cell lines PB-dSaCas9-VPR-1 and PB-
dSpCas9-KRAB-3 transfected with plasmids designed
for MACS were sorted 5 days after transfection according
to the manufacturer’s protocol with a MACS MicroBead
Technology (Miltenyi Biotec) sorting kit. Gene expres-
sion of three biological replicates that went through the
sorting procedure was compared to gene expression of
three biological replicates that were not sorted using the
AACt method (normalized to HPRT! expression). FC
was calculated as stated before in comparison to the
mean of gene expression in cells (sorted and unsorted
cells combined) transfected with non-targeting gRNA
control plasmid.

Determination of MACSelect™ enrichment rate

Five days after transfection of polyclonal cell lines
PB-dSaCas9-VPR-p and PB-dSpCas9-KRAB-p with
plasmids designed for MACS, the enrichment rate was
determined by comparing magnetically labeled cells be-
fore and after MACS to fluorescent staining. The cells
were centrifugated and re-suspended in PBE buffer
according to the manufacturer’s protocol (MACS®
MicroBead Technology sorting kit; Miltenyi Biotec).
Control FITC antibody was used specifically to stain
cells that express LNGFR membrane protein and was
added to cells at a ratio 1:10. The cells were counted
on a fluorescent microscope before and after separation
to determine the enrichment rate calculated by the for-
mula given in the manufacturer’s protocol.
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Isolation of IgG secreted from FreeStyle™ 293-F cells
IgG was isolated from HEK-293F monoclonal and poly-
clonal cell culture supernatants using Protein G Agarose
fast flow beads (Merck, Darmstadt, Germany). The beads
were prewashed three times with 10xbead volume of
1 x PBS. In each washing step, the beads were re-suspended
in 1 xPBS and centrifugated at 150 g for 10, and the super-
natant was removed. After the last wash, prewashed beads
were re-suspended in 1 X PBS to make a 50:50 (v/v) bead
slurry. Approximately 2 mL of HEK cell culture superna-
tant was mixed with an equal volume of 1xPBS and
40 puL of prepared 50% bead slurry in a SmL tube. The
samples were re-suspended by pipetting and were incubated
for 1 h at RT with gentle shaking to allow IgG to bind to the
beads. After incubation, the samples were centrifugated at
150 g for 10, and the supernatants were then carefully re-
moved and discarded. The beads were washed three times
with 300 L of 1 xPBS and three times with 300 L of ul-
trapure water to remove nonspecifically bound proteins.
After the washing steps, bound IgG was eluted by incubat-
ing the beads in 100 pL of 0.1 M formic acid (Merck) for
15 min at RT with gentle shaking. Eluted IgG was neutral-
ized with 17 uLL of 1 M ammonium bicarbonate (Merck).
IgG concentration in the eluate was measured using Nano-
drop 8000 (Thermo Fisher Scientific). Samples were subse-
quently dried in a vacuum concentrator.

Glycan analysis

Release of N-glycans, glycan labeling, and clean-up of
glycans were performed according to a previously estab-
lished protocol®' with some modifications. Briefly, dried
IgG was denatured with sodium dodecyl sulfate (SDS;
Invitrogen) and heated at 65°C. The excess SDS was neu-
tralized with Igepal-CA630 (Merck), and N-glycans were
released by 18h incubation with PNGaseF (Promega,
Madison, WA). The released glycans were fluorescently
labeled with procainamide in a two-step reaction. In the
first step, 25 uL of freshly prepared labeling solution, con-
taining 172.8 mg/mL of procainamide hydrochloride in a
mixture of dimethyl sulfoxide (DMSO) and glacial acetic
acid (70:30, v/v), was added to each sample followed by
incubation for 1h at 65 °C. Then, in the next step,
25uL  of freshly prepared solution, containing
179.2 mg/mL of 2-picoline borane as a reducing agent
in a mixture of DMSO and acetic acid (70:30, v/v),
was added to each sample followed by incubation for
1.5h at 65°C. Free label and reducing agent were re-
moved from the samples using hydrophilic interaction
liquid chromatography (HILIC) solid-phase extraction
on a 0.2 um GHP filter plate (Pall Corporation, Ann
Arbor, MI). Glycans were eluted with ultrapure water
and stored at —20°C until use.
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Fluorescently labeled N-glycans were separated by hydro-
philic interaction chromatography on a Waters Acquity
ultra-performance liquid chromatography (UPLC) instru-
ment (Waters, Milford, MA) consisting of a quaternary sol-
vent manager, sample manager, and a FLR fluorescence
detector set with excitation and emission wavelengths of
310nm and 370nm, respectively. The instrument was
under the control of Empower 3 software, build 3471
(Waters). Labeled N-glycans were separated on a Waters
BEH Glycan chromatography column, 100x2.1 mm i.d.,
1.7 ygm BEH particles, with 100mM ammonium formate,
pH 4.4, as solvent A and ACN as solvent B. The separation
method used linear gradient of 75-62% ACN (v/v) at a flow
rate of 0.4 mL/min over 31 min. Samples were maintained at
10°C before injection, and the separation temperature was
60°C. The system was calibrated using an external standard
of hydrolyzed and procainamide-labeled glucose oligomers
from which the retention times for the individual glycans
were converted to glucose units (GU). Data processing
was performed using an automatic processing method with
a traditional integration algorithm, after which each chro-
matogram was manually corrected to maintain the same in-
tervals of integration for all the samples. The chromatograms
were separated in the same manner as chromatograms of
human plasma-derived IgG glycans, into 24 peaks, and the
amount of glycans in each peak was expressed as a percent-
age of total integrated area. The structural assignment of the
glycans present in the chromatographic peaks was done
based on overlay with the chromatogram of human
plasma IgG glycans for which structures corresponding
to each peak had been previously determined*” as well
as GU values of the glycan peaks using the GlycoStore
database. The presence of glycans that contained termi-
nal mannose and sialic acid residues in the chromato-
graphic peaks was determined with exoglycosidase
digestions. The enzymes 2-3,6,8,9 neuraminidase A
and «1-2,3,6 mannosidase (New England Biolabs)
were used for digestions. Aliquots of the procainamide-
labeled glycan pool were digested according to the man-
ufacturer’s protocol. After overnight incubation at 37°C,
the enzymes were removed by filtration through AcroP-
rep 96 Filter Plates, 10K (Pall Corporation). Digested
glycans were then separated by HILIC-UHPLC for com-
parison against undigested glycans.

Statistical analysis

All statistical analyses were performed using R (The R
Foundation for Statistical Computing, Vienna, Austria).
Raw figures were prepared with R, with glycan structures
added later using the standard symbols.** RT-qgPCR data
points were averages of two technical replicates; biolog-
ical replicates were pooled from independent experi-
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ments. Differences between groups were assessed using
the two-tailed Mann—Whitney U-test on AACt data,
which were transformed and plotted as fold difference.

Glycans were measured as percentage of area of identi-
fied chromatographic peak in relation to total glycans (all
glycan peak areas). Derived traits were calculated by sum-
ming the appropriate peaks. As each experimental batch of
biological replicates contained a different baseline, differ-
ences between treatments and controls were united using
“metafor” in R for the meta-analysis approach. To achieve
normal distribution of glycan data, Box—Cox transforma-
tions (from “EnvStats’ in R) were used where appropriate.
The ability of the Box—Cox transformation to produce nor-
mally distributed data was confirmed on a larger data set
from an earlier study using the same methodology™* with
help of “‘nortest” in R. After using either normally distrib-
uted data or the appropriate transformation, UPLC data for
glycans were analyzed using Student’s r-test either explic-
itly or implicitly by running meta-analysis (‘‘metafor” in
R) to combine multiple experimental runs.

Results

Generation of polyclonal and monoclonal VPR-

dCas9 or KRAB-dCas9 FreeStyle™ 293-F cell lines
FreeStyle™ 293-F (HEK-293F) cells were used due to
their ability to grow as suspension culture in a chemically
defined medium at high cell densities, their ease of trans-
fection, and their ability to produce high quantities of re-
combinant proteins. To establish HEK-293F cell lines
with stably integrated VPR-dCas9 or KRAB-dCas9, we
constructed a modular Golden Gate adapted plasmid vec-
tor based on the PB integration system (Fig. 1). Essen-
tially, we augmented our existing modular system® with
a new backbone plasmid designed for PB integration.
The plasmid pBackBone-BZ was modified to contain PB
inverted repeats recognized by the PB transposase, insula-
tor sequences to prevent silencing upon genomic integra-
tion, and Bsal restriction sites for Golden Gate assembly,
compatible with our previously constructed system.
Expression of VPR-dCas9 and KRAB-dCas9 fusion pro-
teins was driven by the weak EFS promotor to minimize
off-target effect. Reporter genes mClover3 (for VPR-
dCas9) and mRuby3 (for KRAB-dCas9) as well as puromy-
cin resistance gene were fused with T2A and P2A self-
cleaving peptides, respectively. HEK-293F cells were co-
transfected with 100ng PB VPR-dCas9 or KRAB-dCas9
and a minimal quantity (100ng) of plasmid encoding PB
integrase to achieve a low number of genomic integrations.
Following puromycin selection, the efficiency of integra-
tion was assessed by fluorescence microscopy. Monoclonal
cell lines were obtained by limiting dilution from VPR-
dCas9 and KRAB-dCas9 polyclonal HEK-293F cells. To
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A Golden Gate assembly into piggyBac backbone vector
S S

2x insulator 2x insulator

bGH
I mRuby3 l’
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B dCas? fusion cassette co-transfected with hyPB into HEK-293F cells

0
-B R dCas9 = puroR mClover3y bGH
HEK-293F

promoter P2A T2A terminator

dCas? fusion
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C Plasmid expressing IgG and gRNA added to HEK-293F with dCas? fusion
SIS GEDEERIEHI-

FIG. 1. Generation of the HEK-293F transient expression system for the production of IgG with stably integrated
VPR-dCas9 and KRAB-dCas9 cassettes for the up- and downregulation of glyco-genes. (A) The expression cassette,
encoding dCas9 fused to effector domain, fluorescent marker, and antibiotic resistance, is assembled using the
Golden Gate method into the backbone plasmid that includes ITR elements for genomic integration and two
repeats of insulator sequence on each side. (B) The assembled construct is co-transfected with hyPB into the HEK-
293F cell line. (C) After antibiotic selection and optional limiting dilution (for creation of monoclonal cell lines), cells
with an integrated dCas9 fusion construct are transfected with a plasmid encoding heavy and light chains of IgG
and guide RNA (gRNA). (D) As specific gRNAs target appropriate dCas9 fusion to a candidate gene, transcriptional
expression is modulated, which affects glycosylation on 1gG secreted from HEK-293F cells. IgG, immunoglobulin G;
1gG-HC, 1gG heavy chain; 1gG-LC, IgG light chain; hyPB, hyperactive piggyBac integrase; AmpR, ampicillin resistance
cassette (bacterial); ori, pUC origin of replication. Color images are available online.

validate genomic stability of the expression cassette inte- ble expression of dCas9 fusions by observing fluorescence
grated by the PB system, another round of puromycin se- in monoclonal cell lines (mClover3 for VPR-dCas9 and
lection was performed after limiting dilution, and no mRuby3 for KRAB-dCas9). Finally, we verified expres-
decrease in cell viability or number was observed (Supple- sion and stability of dCas9 by Western blotting (Supple-
mentary Table S4). Additionally, we verified continued sta- mentary Fig. S1).
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Transfection efficiency in FreeStyle™ 293-F cells

In order to determine the optimal amount of plasmid
DNA for highest transfection efficiency in our system,
a multiguide RNA plasmid with the mCerulean3 reporter
gene was designed, which is similar in size to IgG-
gRNA-bearing plasmid (Supplementary Table S2).
Cells were transfected with increasing amounts of plas-
mid DNA, and the optimal amount of plasmid DNA
was determined to be 2 ug per million cells, with a trans-
fection efficiency of 69% (Supplementary Fig. S2).

IgG glycan profiles of FreeStyle™ 293-F, and stable
VPR-dCas9 and KRAB-dCas9 HEK-293F cell lines

The HEK-293F transient system for a high yield of IgG
antibodies was first developed by Vink er al..”* and we
modified it as follows to match our experimental
setup. We adapted the IgG expression system by cloning
both IgG chains in one plasmid able to receive up to six
gRNA molecules by Bsal Golden Gate cloning. IgG an-
tibody quantities were measured using dot blots 3 and
5 days after transfection (Supplementary Fig. S3). The
plasmid with an intron in IgG light chain (IgG-T2A-
Int) produced higher quantities of IgG (15.1 mg/L) than
the plasmid without the intron (IgG-T2A-nolnt), which
had a yield of 12.6 mg/L, peaking on day 5 following
transfection (Supplementary Fig. S3). Therefore, we
used the plasmid with IgG-T2A-Int and collected cells
5 days following transfection in all further experiments.
IgG glycan profiles from HEK-293F cells were compared
to the glycan profiles of IgG produced from the stable
VPR-dCas9 and KRAB-dCas9 HEK-293F cell lines.
The IgG glycan profiles from all three cell lines were
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nearly identical (Fig. 2 and Supplementary Fig. S4). Gly-
can structures were assigned to UPLC peaks according to
our previous study.*® All three profiles were character-
ized by four dominant peaks and a greater number of
very small peaks. In all three profiles, the peak of the
highest signal intensity, and thus the highest abundance,
corresponded to the biantennary core-fucosylated
N-glycan without galactose (FA2 glycan). The second
most intense peak in all three profiles corresponded to
the biantennary core-fucosylated N-glycan with one ga-
lactose bound on -6 mannose arm (FA2(6)G1 glycan),
while the third largest peak corresponded to the bianten-
nary core-fucosylated N-glycan with one galactose bound
on -3 mannose arm (FA2(3)G1 glycan). The fourth main
peak in the IgG N-glycan profiles of HEK-293F cells,
VPR-dCas9, and KRAB-dCas9 cell lines corresponded
to the biantennary core-fucosylated N-glycan with two
galactoses (FA2G2 glycan). The relative abundances (av-
erage of three replicates) of the four dominant N-glycans
were comparable between all three compared profiles.
Glycans with bisecting GlcNAc and glycans with sialic
acid as well as glycans without core fucose were gener-
ally present at low abundance in N-glycan profiles of
IgG derived from all three cell lines (Fig. 2).

Manipulation of candidate glyco-genes

in VPR-dCas9 and KRAB-dCas9 HEK-293F

monoclonal cell lines

For testing the newly designed VPR-dCas9 and KRAB-
dCas9 HEK-293F transient expression systems, we
chose four glyco-genes (B4GALTI, FUTS8, MGAT3, and
ST6GALI), encoding glycosyltransferases involved in

HEK-293F
HEK-293F + VPR-dCas9
HEK-293F + KRAB-dCas9

20 22 24 26 28 30

retention time / min

FIG. 2. Comparison of N-glycan profiles of IgG produced in HEK-293F cells and in VPR-dCas9 and KRAB-dCas9 cell
lines. The three profiles are scaled and overlapped, showing their similarity. Glycan structures contributing to each
peak are shown using standard symbols. Color images are available online.
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FIG. 3. Changes in transcription of targeted genes as measured by RT-qPCR in monoclonal (left panel) and

polyclonal (right panel) stable VPR-dCas9 and KRAB-dCas9 HEK-293F cell lines. Targeted glyco-genes and the type of
stable HEK-293F cell line (VPR-dCas9 or KRAB-dCas9) used are indicated on the x-axis. Expression levels are shown
as fold difference relative to the non-targeting control. The fold difference equals fold change for values >1; for fold
change <1, a negative inverse is taken for better visual representation. For the monoclonal cell line, “repl” denotes

the experimental replicate (independent experimental runs). Bars denoted with “A” (lavender) show experimental
treatment, while “N” (tan) denotes non-targeting control. ***p <0.001; **p<0.01; *p <0.05; n.s., not significant. RT-
qPCR, reverse transcription quantitative polymerase chain reaction. Color images are available online.

biosynthetic pathways of the glycan structures found on
IgG. We targeted these candidate genes using specific
gRNAs. All four glyco-genes were detectably expressed
in HEK-293F cells. Changes in gene expression as mea-
sured by RT-qPCR are given in Figure 3 (left panel).
Overview of the relevant metabolic pathways is given
in Figure 4. Changes relative to the reference housekeep-
ing gene HPRT] for all RT-qPCR data analyzed are given
in Supplementary Table S5, indicating their baseline ex-
pression level in HEK-293F cells. Additional RT-qPCR
raw data including those for RUNX3, GGA2, SPPL3,
FUTS8, and ST6GALI are given in Supplementary
Table S6. Transcription levels were successfully modified
for all four selected glyco-genes using VPR-dCas9 and
the selected gRNAs. Following manipulation of gene ex-
pression, we observed changes in the glycosylation profile
of IgG expressed in both HEK-293F stable cell lines

(Fig. 5). Upon upregulation of B4GALT! (coding for the
enzyme that adds galactose to IgG) with VPR-dCas9, we
observed an increase in galactosylated structures with a
concomitant decrease in agalactosylated structures. Down-
regulation of B4GALT! with KRAB-dCas9 showed the
opposite effect on IgG glycosylation: a decrease in galac-
tosylation, with a concomitant increase in agalactosyla-
tion. Decreased expression of FUT8 (coding for the
enzyme that adds core fucose to IgG) using KRAB-
dCas9 led to a decrease in fucosylation, while increased
expression of MGAT3 (coding for the enzyme that adds
bisecting GIcNAc to IgG) using VPR-dCas9 led to an
increase in structures with bisecting GIcNAc. The upre-
gulation of ST6GALI (encoding the enzyme that adds si-
alic acid to galactose containing glycan chain), using
VPR-dCas9 and appropriate gRNAs, resulted in an in-
crease in sialylated structures on IgG.
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glycosyltransferases and the reactions they catalyze.
Fucosyltransferase FUT8 adds a fucose to the core
glycan structure, glycosyltransferase MGAT3 adds a
bisecting N-acetylglucosamine to trimannose core of
the glycan chain, while galactosyltransferase B4AGALT1
and sialyltransferase ST6GAL1 extend the glycan
structure with addition of galactose and sialic acid,
respectively. Color images are available online.
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Manipulation of candidate glyco-genes

in VPR-dCas9 and KRAB-dCas9 HEK-293F

polyclonal cell lines and enrichment

of transfected cells using MACS

In order to validate the data obtained using our monoclo-
nal cell line-based system, the same experimental setup
was repeated for all four genes using polyclonal VPR-
dCas9 and KRAB-dCas9 HEK-293F cell lines. These
polyclonal stable cell lines were also obtained by integra-
tion of dCas9 fusions and puromycin selection but with-
out the limiting dilution step. Gene expression levels
were comparable to those from monoclonal cell lines
(Fig. 3, right panel). Transcription level of B4GALTI
(KRAB-dCas9), FUTS, and MGAT3 was significantly al-
tered in the expected direction. Transcription level of
B4GALTI increased slightly (FC=1.36), but the change
was not statistically significant (p=0.132). Changes in
IgG glycosylation profile were similar to those measured
in monoclonal cell lines (Fig. 5). The most robust change
was related to galactosylation upon either up- or downre-
gulation of B4GALT]I, despite the fact that the change in
transcription level of this gene (using VPR-dCas9) lacked
statistical significance. However, no changes of sialyla-
tion and fucosylation could be observed following ma-
nipulation of ST6GALI and FUTS, and the modest
relative increase (14.85%) in bisecting structures upon
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Effect of glyco-gene expression manipulation on IgG glycosylation profile. Right of the gene labels, the
arrows indicate the direction of change in gene transcription (green up arrow: activation with VPR-dCas9; red down
arrow: silencing with KRAB-dCas9). Glycan derived traits, as indicated, are shown for statistically significant (p<0.05)
changes as absolute change in percentage and as relative change (with non-targeting control as baseline) in square
brackets. Upper line (bold typeface) shows data for monoclonal cell lines (nine biological replicates—independent
samples, except for ST6GAL1, which was done in six biological replicates), while the lower line (regular typeface)
shows results for the polyclonal cell line (six biological replicates). Color images are available online.



248

upregulation of MGAT3 was not statistically significant.
Although results from the polyclonal cell lines largely
matched those from the experiment in monoclonal
lines, some parameters were not statistically significant,
probably due to the decreased statistical power in the
smaller sample (six replicates vs. nine in monoclonal
cell lines).

After MACS enrichment of transfected cells, results of
gene regulation, as measured by RT-qPCR, were similar
to those before enrichment (Supplementary Fig. S5). The
absolute rate of enrichment was 19-67% (48% differ-
ence) for B4GALTI/VGPR, 38-77% (39%) for MGAT3,
31-75% (44%) for ST6GALI, 19-66% (47%) for
FUTS, and 33-70% (37%) for B4GALT1/KRAB.

Functional validation of genes associated with IgG
glycosylation in VPR-dCas9 and KRAB-dCas9 HEK-
293F monoclonal cell lines

As a proof of principle, we manipulated glycosyltrans-
ferases with a known role in IgG glycosylation and
obtained expected glycan changes. Thus, we confirmed
the usefulness of HEK-293F transient expression system,
with stably integrated CRISPR-dCas9 fusions, for study-
ing a potential role of any gene of interest in the process
of IgG glycosylation. The next step was functional vali-
dation of the three genes associated with IgG glycosyla-
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tion with hitherto unknown function in this process:
RUNX3, GGA2, and SPPL3. The RUNX3 (runt-related
transcription factor 3) and the GGA2 loci (Golgi associ-
ated gamma adaptin ear containing, ARF binding protein
2) were GWAS hits for IgG galactosylation and sialyla-
tion, respectively.'*

SPPL3 protein (signal peptide peptidase-like 3) acts as
an intramembrane-cleaving aspartyl protease of GxGD
type, and it was demonstrated that its expression strongly
affects intracellular glycosyltransferase levels and alters
cellular N-glycosylation.*® However, its role in glycosyl-
ation of IgG protein is not known. The three candidate
genes were targeted using appropriate gRNAs in both
VPR-dCas9 and KRAB-dCas9 HEK-293F monoclonal
cell lines. Transcriptional level of these genes as well
as N-glycosylation on IgG secreted from both cell lines
were analyzed subsequently. All three genes were suc-
cessfully up- or downregulated. However, IgG glycosyl-
ation was changed only in the case of RUNX3 and SPPL3
(Fig. 6). Upregulation of RUNX3 resulted in significant
decrease of galactosylated structures with consequent in-
crease in agalactosylated structures. Downregulation of
SPPL3 was accompanied with hyperglycosylation phe-
notype, as sialylated and galactosylated structures were
significantly increased with a concomitant decrease of
agalactosylated glycans. Even though the transcriptional
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agalactosylated galactosylated sialylated
=3 HH HUH HEH ens HH
L4 & T L3 a ©
FD : : : : : :
RUNX3 +5.78 ’ +10.7 % [+19 %]  —6.0 % [-19 %] n.s.
SPPL3 -3.10 ; ~78%[-14%]  +7.6 % [+20%]  +0.8 % [+35 %]
GGA2 +1.51 * n.s. n.s n.s
GGA2 -4.37 * n.s. n.s. n.s.

FIG. 6. Some GWAS hits show effect on protein glycosylation. After changing expression of glycosyltransferases,
we targeted GWAS hits implicated in various stages of protein glycosylation with dCas9-based effectors for
transcriptional activation (VPR, green up arrow) or silencing (red down arrow). Changes in transcription are shown as
fold difference (FD) and were significant to the level p <0.05. Genes RUNX3 and SPPL3 were implicated in
galactosylation and sialylation, respectively, and show differences in abundance of glycan structures accordingly.
Relative differences (in square brackets) show a more profound change than absolute changes in percentage. All
displayed changes are statistically significant (p<0.05) unless denoted otherwise (n.s.). GWAS, genome-wide
association studies. Color images are available online.
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level of GGA2 was up- and downregulated in VPR-dCas9
and KRAB-dCas9 HEK-293F monoclonal cell lines, we
could not observe any change in the IgG glycosylation
profile. Additional data supporting the glycan analysis,
with emphasis on raw UPLC chromatograms and their
comparison, are given in Supplementary Figures S6-S21.

Statistical properties of IgG glycan data

In order to validate our statistical methods applied on gly-
can data, we used a previously published large data set
(Klasic et al.; Edinburgh cohort, healthy controls, 120 ob-
servations)™* fully compatible with our data. We found
that glycan data can be transformed to normal distribu-
tion using the Box—Cox transformation for derived gly-

can traits  ‘‘agalactosylated,”  ‘“‘galactosylated,”
“‘monogalactosylated,””  “‘digalactosylated,””  “‘sialy-
lated,” ‘“‘monosialylated,” ‘“‘disialylated,” “‘fucosy-

lated,” and “‘bisected” (Supplementary Table S7). All
derived traits passed multiple normality tests: Anderson—
Darling, Cramer-von Mises, Lilliefors (Kolmogorov—
Smirnov), Shapiro, and Shapiro-Francia tests (Supple-
mentary Table S8). Thus, the usage of parametric statis-
tical tests, which is implicitly necessary when pooling
experiments using meta-analysis, is justified.

Discussion
Glycosylation is the most diverse post-translational mod-
ification of proteins, which increases the complexity of
the human proteome by several orders of magnitude.37
Alternative glycosylation is functionally important in
multiple biological and pathophysiological processes,®
but our understanding of molecular mechanisms regulat-
ing this template-free process is limited. The present
knowledge is that glycome composition is inherited as
a complex trait® regulated by a network of gene loci,"”
but mechanisms and roles of individual genes in this pro-
cess are mostly unknown. Here, we report a design of a
new and versatile transient system for IgG production
based on an animal cell model, which can be used for
functional validation of genes potentially involved in
IgG glycosylation, identified by GWAS.""~>

This system is based on the CRISPR-dCas9 modular
system for orthogonal gene manipulations,” extended
by a PB integrase compatible vector, along with the sys-
tem for IgG production in the HEK-293F cell line®*
(Fig. 1). While each individual component is useful on
its own, the complete system represents a unique ap-
proach for studying effects of candidate gene up- or
downregulation on IgG glycan phenotype. Stable integra-
tion of dCas9 fusions into the genome of HEK-293F cells
facilitates the key step in gene manipulations, since cells
do not have to be transfected with large plasmids encod-
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ing dCas9 fusions (typically 14 kbp and more) in each ex-
periment. Since only the plasmid encoding IgG and
2RNA needs to be transfected into a cell line with the
dCas9 fusion already in place, the notoriously challeng-
ing step is fundamentally simplified, enabling high-
throughput experimental setup, saving time and reagents
costs. Different Cas9 orthologs (dSaCas9 and dSpCas9)
were used in conjunction with effector domains confer-
ring opposite activities (VPR, KRAB) to allow for antag-
onistic gene regulation if desired, although this
configuration was not used in our experimental setup. A
particularly elegant aspect of this system is colocalization
of the IgG expression cassette (modified for monocis-
tronic expression) and up to six simultaneously expressed
gRNAs, which ensures that IgG is secreted only from the
cells where targeted gene regulation also takes place. In
cases when transcription needs to be analyzed in trans-
fected cells, the system can be configured to include a
MACS-based enrichment of transfected cells. We hy-
pothesized that for small and moderately sized plasmids,
this costly step could be omitted because of outstanding
transfection efficiency (Supplementary Fig. S2). To be
certain, we performed MACS-based enrichment on
VPR-dCas9 and KRAB-dCas9 polyclonal cell lines
after targeting B4GALTI, ST6GALI, MGAT3, and
ST6GALI and observed no statistically significant change
in expression of these genes with or without MACS (Sup-
plementary Fig. S5). This experiment further demon-
strates the simplicity of our system, as there is no need
for any type of selection of transfected cells.

The existing flexible platform for Golden Gate assem-
bly*® was extended with a new ““backbone’” (donor) plas-
mid, which enables easy genomic integration using the
PB system. Essentially, the assembled cassette is flanked
by appropriate ITR sequences, with additional insulator
sequences that facilitate stable long-term expression fol-
lowing genomic integration. This method for stable inte-
gration is surprisingly efficient and much less technically
demanding than lentiviral delivery. This approach is pos-
sible with cell lines, while lentiviral delivery is indispens-
able only when working with primary cells. Finally, if
there is no need to have a cell line with strictly defined
integrations, a polyclonal cell line shows sufficient repro-
ducibility that it can be used instead of a monoclonal line.
So, the time-consuming step of limiting dilution can be
omitted. Our data set confirms that polyclonal cell lines
can be used for most purposes. For all practical purposes,
the answers from experiments with monoclonal and poly-
clonal cell lines were qualitatively identical, although
polyclonal cell lines show somewhat weaker dCas9-
based activity and glycosylation phenotype. To validate
our newly developed system, we chose to manipulate
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four glyco-genes with known roles in IgG glycosylation:
FUTS, encoding for alpha-(1,6)-fucosyltransferase,
which adds fucose on a core of bi-antennary structure;
B4GALTI, encoding for beta-1,4-galactosyltransferase
1, which transfers galactose to N-acetylglucosamine
(GlcNAc); MGAT3, encoding for beta-1,4-mannosyl-4-
beta-N-acetylglucosamintransferase, which produces
bisecting GlcNAc; and ST6GALI, encoding for beta-
galactosidase alpha-2,6-sialyltransferase, which adds si-
alic acid to galactose containing glycan chain. Indeed,
IgG glycosylation is dependent on expression levels of
these glycosyltransferases in the secretion pathway of
plasma B cells, whose function is mimicked by our tran-
sient system based on HEK-293F cells. Since the glycan
profile of HEK-293F cells showed a low abundance of
glycans with bisecting GlcNAc and sialic acids, expres-
sion of ST6GALI and MGAT3 was manipulated in
order to increase the relative abundance of those struc-
tures. Likewise, FUT8 was only manipulated with
KRAB in order to downregulate its expression and in-
crease the abundance of glycans without a core fucose,
which are ordinarily underrepresented in the glycan pro-
file of HEK-293F cells. When FUTS8, B4GALTI, MGATS3,
and ST6GALI were up- and downregulated with VPR-
dCas9 and KRAB-dCas9 fusions, we obtained expected
changes in glycan abundances in the monoclonal cell
line. Most of the changes were replicated in the poly-
clonal cell line. When upregulating B4GALT! using
VPR-dCas9, we observed not only the expected increase
in the level of glycans with galactose, but also a small but
statistically significant increase in the level of glycans
with sialic acid. Similar results have already been
reported previously®® and can be explained simply by
the presence of increased levels of glycans with galac-
tose(s), which actually serve as acceptor substrates for
sialyltransferase STOGAL1. However, it has also been
demonstrated that the enzymes B4GALTI and
ST6GALL interact with each other, and that the activity
of both enzymes is higher when they act together in a
complex.***!" Therefore, it is possible that following
VPR-dCas9-based transcriptional activation of the
B4GALTI gene, the increased level of BAGALT1 enzyme
led to increased formation of BAGALT1/ST6GALI het-
erodimers, which then increased the catalytic activity of
ST6GALL and resulted in a slight increase in the level
of glycans with sialic acid. Silencing of the FUT8 gene
with KRAB-dCas9 resulted in an approximately 60%
decrease in FUT8 mRNA, but such a decrease in
mRNA level was accompanied by only a very small de-
crease in the level of fucosylated IgG glycans (around
90% of total glycans that originated from IgG obtained
from HEK cells after KRAB-dCas9-based silencing of
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the FUTS gene corresponded to glycans with core fu-
cose). In humans, around 95% of all glycans attached
to blood plasma IgG contain core fucose.** It has also
been observed that the level of total (summed) IgG gly-
cans with core fucose does not vary much between indi-
viduals from the general population (the level of
fucosylated IgG glycans is generally high in individuals
from the general population and ranges from 87% to
97%, and the minimum level observed in the general
population was 68%).*> Moreover, it has been demon-
strated that the degree of protein fucosylation generated
by the action of the FUT8 enzyme is dependent on the
context of the protein.** Our results indicate that the re-
sidual expression level of fucosyltransferase 8 after
KRAB-dCas9-based silencing of the FUT8 gene was
still sufficient to enable efficient fucosylation of IgG
glycans.

It should be noted that the expression of glycosyltrans-
ferases is generally low in HEK293 cells (and derived
cell lines). For this reason, it is possible that even small
changes in expression (especially as seen in polyclonal
cell lines) result in detectable glycan changes. In the con-
text of SPPL3 and its role in protein galactosylation, it is
possible that even small changes in B4#GALT! expression
compensate for SPPL3 activity. Along with a generally
low abundance of glyco-gene products (enzymes) in
cells, their known activity as homo- and heterodimers
might exacerbate the effect of small transcriptional
changes due to kinetics more sensitive to the abundance
of the enzyme, with a critical concentration required for
dimerization. This is a highly speculative but plausible
explanation.

Results for gene expression and glycan change were
comparable for mono- and polyclonal cells, which vali-
dates both systems as fit for reproducible functional anal-
ysis of candidate genes potentially involved in IgG
glycosylation. Also, it should be noted that the percent-
age of transfected cells after MACS enrichment was
about equal to transfection efficiency with the smaller
plasmid without LNGFR. Therefore, no difference in
change in expression of targeted genes between gRNA-
only and gRNA-LNGFR plasmids was observed, since
a higher transfection efficiency exactly balanced the
level of enrichment by MACS. Still, the MACS option
is potentially useful in cases of transfection with larger
constructs, where the size of the LNGFR marker would
be a small percentage of the total plasmid size (therefore
having only a minor influence on transfection efficiency).
In such scenario, one or two rounds of MACS enrichment
process could dramatically increase the percentage of
transfected cells, thus removing background noise or ob-
viating the need for antibiotic selection.
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After a successful validation of our system using
glyco-genes with known function in IgG glycosylation
as a proof of principle, we chose three gene loci associ-
ated with IgG glycosylation with yet unknown exact
role in this process. Two of the loci—RUNX3 and
GGA2—are recently published GWA hits for IgG glyco-
sylation,'g'22 while SPPL3 was shown to liberate medial/
trans-Golgi glycosyltransferases from their N-terminal
membrane anchors to regulate the intracellular pool of
active Golgi glycosyltransferases and the extent of
N-glycosylation of cellular glycoproteins.** However,
its role in glycosylation of a single plasma protein such
as IgG has not yet been studied. We were able to confirm
the role of the two loci, RUNX3 and SPPL3, in IgG gly-
cosylation, while manipulation of the GGA2 gene did not
show any effect on IgG glycans. Upregulation of RUNX3
in the VPR-dCas9 monoclonal cell line resulted in a de-
crease in galactosylated structures with a concomitant in-
crease in agalactolysed structures (Fig. 6). To explore the
pathway involving RUNX3 and its effect on IgG galacto-
sylation further, we measured the transcriptional activity
of B4GALTI following RUNX3 upregulation. However,
no significant changes in B4GALTI transcript levels
were observed. This might suggest that RUNX3 does
not suppress B4GALT] directly but rather through some
indirect pathway that should be investigated further.
Indeed, Klari¢ er al.'® proposed a functional network of
loci associated with IgG glycosylation where most of
the nodes clustered around a group of TFs known to
have central roles in B-cell maturation and differentia-
tion, and RUNX3 was one of them. This clustering
suggests that the regulatory network acting in B lympho-
cytes is driven by transcription factors and affects the ex-
pression of key glycosyltransferase enzymes either
directly or through a complicated TF-driven network.

Upregulation of SPPL3 in the VPR-dCas9 monoclonal
cell line was followed by hyperglycosylation of plasma
IgG antibodies, which is in line with the model of
SPPL3 activity on cellular glycoproteins proposed by
Voss et al.>® One of the first identified SPPL3 substrates
was MGATS (alpha-1,6-mannosylglycoprotein 6-beta-
N-acetylglucosaminyltransferase) responsible for biosyn-
thesis of branched, complex-type N-glycans,*® which are,
however, not present in the IgG glycan profile. Recently,
secretome analysis of Sppl3”~ mouse embryonic fibro-
blasts (MEFs) identified BAGALTI and ST6GALI as
possible SPPL3 substrates.*> The significant increases
in galactosylation and sialylation that we observed after
manipulation of SPPL3 (Fig. 6) are in accordance with
secretome studies in MEFs, and they highlight the impor-
tance of SPPL3 in the regulation of B4GALTI and
ST6GALL activity in IgG glycosylation.
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In conclusion, we demonstrated that our newly devel-
oped system with stably integrated CRISPR-dCas9 fu-
sions for transient expression of IgG is an excellent tool
for studying role of genes associated with IgG glycosyl-
ation by GWAS. Although the system was designed spe-
cifically for studying IgG glycosylation, it can easily be
repurposed to serve as a model for other proteins and
their posttranslational modifications, with appropriate
targeting via gRNA. Further, many technologies devel-
oped in this study can be used alone or as an extension
of the modular dCas9-based system for orthogonal gene

; 5 . A s 25
regulation and epigenetic manipulation.
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Glycans attached to immunoglobulin G (IgG) directly affect this antibody effector functions
and regulate inflammation at several levels. The composition of IgG glycome changes
significantly with age. In women, the most notable change coincides with the
perimenopausal period. Aiming to investigate the effect of estrogen on IgG
glycosylation, we analysed IgG and total serum glycomes in 36 healthy premenopausal
women enrolled in a randomized controlled trial of the gonadotropin-releasing hormone
analogue (GnRHag) leuprolide acetate to lower gonadal steroids to postmenopausal levels
and then randomized to transdermal placebo or estradiol (Ez) patch. The suppression of
gonadal hormones induced significant changes in the IgG glycome, while Es
supplementation was sufficient to prevent changes. The observed glycan changes
suggest that depletion of E, primarily affects B cell glycosylation, while liver
glycosylation stays mostly unchanged. To determine whether previously identified IgG
GWAS hits RUNXT, RUNX3, SPINK4, and ELL2 are involved in downstream signaling
mechanisms, linking E, with IgG glycosylation, we used the FreeStyle 293-F transient
system expressing IgG antibodies with stably integrated CRISPR/dCas9 expression
cassettes for gene up- and downregulation. RUNX3 and SPINK4 upregulation using
dCas9-VPR resulted in a decreased IgG galactosylation and, in the case of RUNX3, a
concomitant increase in IgG agalactosylation.

Keywords: immunoglobulin G glycosylation, estradiol, CRISPR, inflammation, Runx3
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Estradiol and IgG Glycosylation

INTRODUCTION

Most proteins in human serum are glycosylated by the covalent
addition of diverse glycan structures that fine-tune their function.
The regulatory role of glycans has been most extensively explored
on immunoglobulin G (IgG) antibodies, where different
glycoforms regulate the immune response on multiple levels (1).
Glycans attached to the Fc part of the IgG molecule affect
interactions with different Fc receptors, which is why changes in
glycosylation have direct effects on the immune system at multiple
levels (2). IgG glycosylation is altered in many diseases (3), and
glycan changes can even appear before the onset of disease
symptoms (4-6). In some cases, changes in IgG glycans were
shown to be a causative element contributing to the disease
development (7-9). IgG glycans that associate with age are
known functional effectors of inflammation, and changes in IgG
glycosylation seem to be an important factor contributing to
ageing at the molecular level (10-12) that can also be used as a
biomarker to track individual trajectories of biological ageing (13).

In women, the most prominent change of glycan age
coincides with the perimenopausal period (10). A recent
intervention study demonstrated that estrogen regulates IgG
glycosylation (14), which may explain why perimenopausal
females undergo significant changes in the IgG glycome
composition. Unfortunately, limitations of the glycoprofiling
method used in that study, i.e. only IgG galactosylation was
estimated from the total plasma glycome profile, prevented us
from the detailed characterization of the estrogen effect on IgG
glycosylation. In the present study, we aimed at a better
understanding of the estrogen role in the regulation of IgG
glycosylation, therefore we reanalyzed samples from the
previous intervention study (14) using state-of-the-art
glycoprofiling technologies (15). We first defined the
components of IgG glycome affected by estradiol (E,). We then
used data from our recent large genome-wide association study
(GWAS) of the IgG glycome (16) to identify candidate genes
possibly involved in mediating effects of E; on IgG glycosylation.
We selected four gene loci, RUNX1-RUNX3, SPINK4, and ELL2,
involved in E; downstream signaling mechanisms, assuming that
these loci represent a part of the molecular pathway linking E, to
IgG glycosylation. In vitro system used in this study was based on
a FreeStyle 293-F (HEK-293FS) transient expression system
optimized for secreting a high quantity of native IgG
antibodies (16). The system was modified by stable integration
of CRISPR/dCas9 expression cassette containing either VPR (for
gene upregulation) or KRAB (for gene downregulation). Using
this system, we were able to demonstrate the effects of selected
genes on specific IgG glycans which were previously associated
with biological ageing.

METHODS

Institutional Approval
This study was conducted at the University of Colorado
Anschutz Medical Campus (CU-AMC). All procedures were

performed in accordance with the ethical standards and
approved by the Colorado Multiple Institutional Review Board
(COMIRB) and the Scientific Advisory and Review Committee at
the University of Colorado Anschutz Medical Campus (CU-
AMC). The study was registered on ClinicalTrials.gov
(NCT00687739) on May 28, 2008.

Participants and Screening Procedures
Participants were healthy eumenorrheic premenopausal women
who volunteered to take part in the study. All volunteers
underwent screening procedures, as described previously (17).
The main inclusion criteria were age (25 to 49 years) and regular
menstrual cycle function [no missed cycles in the previous year,
cycle length 28 + 5 days and confirmation of ovulatory status
(ClearPlan Easy, Unipath Diagnostics, Waltham, MA)].
Exclusion criteria were pregnancy or lactation, hormonal
contraception, oral glucocorticoids or diabetes medications,
smoking, and body mass index (BMI) >39 kg/m” Following
the Declaration of Helsinki, all volunteers provided written
informed consent to participate, with the knowledge that the
risks of the study included menopause-like effects (e.g., weight
gain, bone loss, menopausal symptoms).

Experimental Design and Study
Procedures

The parental trial was a randomized, double-blinded, placebo-
controlled trial to determine the effects of estradiol (E,)
deficiency on body composition, bone mineral density,
components of energy expenditure and physical activity in
premenopausal women (17, 18). In short, all participants
underwent suppression of ovarian sex hormones with
gonadotropin-releasing hormone agonist therapy (GnRHjug,
leuprolide acetate 3.75 mg, Lupron; TAP Pharmaceutical
Products, Inc; Lake Forest, IL) in the form of monthly
intramuscular injections. A single injection of leuprolide
acetate produces an initial stimulation (for 1 to 3 weeks)
followed by a prolonged suppression of pituitary
gonadotropins FSH and LH, while repeated monthly dosing
suppresses ovarian hormone secretion (19). A urine pregnancy
test confirmed the absence of pregnancy before each dosing.
After completing the screening procedures, eligible volunteers
underwent baseline testing during the early follicular phase (days
2 to 6 after the onset of menses) of the menstrual cycle. At the
beginning of the following menstrual cycle, participants began 5-
months of GnRH,g therapy to suppress ovarian function.
Participants were randomized to receive either transdermal
E> 0.075 mg/d (Bayer HealthCare Pharmaceuticals, Berkeley,
CA) or placebo patches (GnRHag + Ey, n = 15; GnRHyg + PL,
n = 21). The E, regimen kept serum E, concentrations in the
mid-to-late follicular phase range (100 to 150 pg/ml). To
reduce the risk of endometrial hyperplasia and minimize
exposure to progesterone, women randomized to E, received
medroxyprogesterone acetate (5 mg/d, as a pill) for 12 days every
other month (end of months 2 and 4, and after completion of
follow-up testing). During these monthly visits, participants were
under supervision of the research nurse practitioner. Participants
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were asked to report health and medication use changes (e.g.,
doctor visits, hospitalizations), as well as any study-related
problems/concerns over the past 4 weeks.

Sample Collection

Blood samples were collected at three timepoints: during baseline
testing (T1), during week 20 of the hormonal intervention (T2),
and at the spontaneous recovery of the normal menstrual cycle
function, approximately 4-months after completion of the drug
intervention (T3). A single sample (~5 ml) was obtained in the
morning (~8 AM), after an overnight fast (at least 10 h). Baseline
samples were obtained immediately before the first GnRHug
injection. Serum was separated from each collected sample upon
blood withdrawal and stored at ~80°C until analysis.

Sex Hormone Concentration

Collected sera were analyzed for numerous sex hormones. Estrone
(E1), estradiol (E2) and progesterone (P) concentrations were
determined by radioimmunoassay (RIA, Diagnostic Systems Lab,
Webster, TX). Total testosterone (T) concentration was
determined by chemiluminescence immunoassay (Beckman
Coulter, Inc. Fullerton, CA), and sex hormone-binding globulin
(SHBG) concentration was determined by immunoradiometric
assay (Diagnostic Systems Laboratory).

Isolation of Immunoglobulin G, Release
and Labeling of N-Glycans From IgG

The whole procedure was performed according to the already
published protocol (20). In short, IgG was isolated from sera (100
ul) by affinity chromatography using a 96-well plate with protein
G coupled to a monolithic stationary phase (BIA Separations,
Slovenia). The isolated IgG was denatured with the addition of
SDS (Invitrogen, USA) and incubation at 65°C, after which the
excess of SDS was neutralized with Igepal CA-630 (Sigma-
Aldrich, USA). N-glycans were released from IgG with the
addition of PNGase F (Promega, USA) in a PBS buffer during
the overnight incubation at 37°C. The released glycans were
fluorescently labelled with 2-AB dye (Merck, Germany) in the
2 h incubation at 65°C. Free label and reducing agent were
removed from the samples by hydrophilic interaction liquid
chromatography solid phase extraction (HILIC-SPE). IgG N-
glycans were eluted with ultrapure water and stored at —20°C.

Release and Labeling of N-Glycans From
Total Serum Proteins

The whole procedure was performed as described previously (4).
In short, serum proteins (10 ul) were denatured by SDS and
incubated at 65°C. Excess SDS was neutralized by Igepal CA-630
(Sigma-Aldrich, USA). Serum proteins were deglycosylated by
PNGase F (Promega, USA) in a PBS buffer during the overnight
incubation at 37°C. Released glycans were fluorescently labelled
with 2-AB dye (Merck, Germany) in the 2h incubation time at
65°C. Excess of reagents and proteins from previous steps was
removed by hydrophilic interaction liquid chromatography solid
phase extraction (HILIC-SPE). Serum N-glycans were eluted
with ultra-pure water and stored at —20°C.

Hydrophilic Interaction Chromatography
(HILIC)-UPLC Analysis of Labeled Glycans
Fluorescently labeled N-glycans were separated by ultra-
performance liquid chromatography (UPLC) on a Waters
Acquity UPLC H-Class Instrument consisting of a sample
manager, quaternary solvent manager, and a fluorescence
(FLR) detector set with excitation and emission wavelengths at
250 and 428 nm, respectively. The UPLC system was under the
control of Empower 3 software, build 3471 (Waters, USA).
Labeled N-glycans were separated on an amide ACQUITY
upLC® Glycan BEH chromatography column (Waters, USA),
100 x 2.1 mm i.d. for IgG glycans and 150 x 2.1 mm for glycans
from total serum proteins, 1.7 um BEH particles, with 100 mM
ammonium formate pH 4.4 as solvent A, and 100% acetonitrile
as solvent B. The separation method used a linear gradient of 75-
62% acetonitrile at a flow rate of 0.40 ml/min in a 27 min
analytical run for IgG glycans and a linear gradient of 70-53%
acetonitrile at a flow rate of 0.561 ml/min in a 23 min analytical
run for glycans from total serum proteins. Samples were kept at
10°C before injection onto the column. The separation
temperature of the column was 60°C for the IgG glycans and
25°C for glycans from serum proteins. Data processing included
an automatic integration method that was manually corrected to
maintain the same intervals of chromatographic integration
across all samples. Chromatograms were separated in the same
manner into 24 peaks for IgG N-glycans and 39 peaks for N-
glycans from total serum proteins. The abundance of glycans in
each chromatographic peak was expressed as a percentage of the
total integrated area (% area).

Plasmid Constructs

Plasmid constructs pPORF-hp21 and pORF-hp27 used to enhance
protein production were obtained from Invivogen, while
p3SVLT was constructed by cloning a codon-optimized
version of the SV40 large T antigen coding region (16) in
pcDNA3 (Addgene). Unwanted Bsal restriction sites in IgG
heavy and light chain (kindly provided by Gestur Vidarsson,
Sanquin, Amsterdam) were removed using QuikChange
Lightning Site-Directed Mutagenesis Kit (Agilent). IgG chains
were then cloned into pUK21gg for the subsequent Golden Gate
cloning step. Expression plasmids encoding gene-specific guide
RNA (gRNA) molecules were constructed in the multi-guide
system described by Josipovic et al. (21). Three gRNA molecules
were cloned individually in a backbone plasmid pSgMx-A or
pSgMx-G (where x represents the order of gRNA molecules;
1,2,3 and A or G represents Cas9 ortholog (dSaCas9 or dSpCas9
respectively) it recognizes) (22) for each gene: RUNXI, RUNX3,
SPINK4 and ELL2. gRNA molecules for RUNX1, RUNX3, ELL2
and SPINK4 were then cloned in pSgx3 as modular “multiguide”
molecules. Two non-targeting gRNA molecules and one gRNA
molecule targeting B4GALTI for dSaCas9 and dSpCas9 were
cloned in the same way described above. Together with modules
for antibody heavy chain (HC) and light chain (LC), Cbh
promoter and bGH terminator, single guide or multiguide
RNA molecules were cloned in a backbone pBackBone-BZ by
modular Golden Gate cloning method described in Josipovic
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etal. (21). Sequences of gRNA molecules and details of plasmids/
modules used in Golden Gate cloning are given in
Supplementary Tables 6, 7.

Cell Culture and Transfections

Stable cell lines PB-dSaCas9-VPR-1 and PB-dSpCas9-KRAB-3
were established from FreeStyleTM 293-F cells (Gibco) with
piggyBac transposon system by limiting dilution method
(unpublished data) and maintained in FreeStylerM 293
Expression Medium (Gibco) in 125 ml Erlenmeyer flasks
(Nalgene) and cultivated at 37°C in the atmosphere with 8%
CO, on PSU-20i Multi-functional Orbital Shaker at 140 rpm
according to the protocol from Vink et al. (16). Transfections of
stable cell lines were done using 293fectin Transfection Reagent
(Gibco) according to the manufacturer’s protocol optimized for
2 ml per well. When cells reached 290 viability, they were plated
in non-treated 6-well plates at a concentration of 500,000 cells/
ml and were transfected with 2 ug of plasmids diluted in Opti-
MEM I Reduced Serum Medium (Gibco) to reach a volume of
80 ml. For enhanced expression of immunoglobulin G, cells were
transfected with a plasmid containing gRNA and IgG heavy and
light chain, p3SVLT, pORF-hp21 and pORF-hp27 in the ratio:
0.69/0.01/0.05/0.25 (16). Cells were collected 5 days after
transfection by centrifugation at 4,000g (5 min). The cell pellet
was used for gene expression profiling, while the supernatant was
used for glycan analysis.

Quantitative Real-Time PCR (qPCR)

For gene expression profiling, total RNA was extracted with
RNeasy Mini Kit (Qiagen) from cell pellets collected five days
after transfection. Reverse transcription was done on 50 ng of
total isolated RNA using the PrimeScript RTase (TaKaRa) and
random hexamer primers (Invitrogen) for TagMan Gene
Expression Assay or on 5 ng of total isolated RNA (pretreated
with TURBO DNase (Invitrogen)) for SYBR Green Gene
Expression Assay. Both variants of RT-qPCR were performed
according to the manufacturer’s protocol using the 7500 Fast
Real-Time PCR System using TagMan Gene Expression Master
Mix with the following assays: Hs01021970_ml (RUNXI),
Hs00205508_m1 (SPINK4), Hs01023022_m1 (ELL2),
Hs00155245_m1 (B4GALT1) and Hs02800695_ml1 (HPRT1)
or PowerUp SYBR Green Master Mix with primer sequences
listed in Supplementary Table 8. The mean value of 12 replicates
was normalized to the expression of the HPRTI gene as
endogenous control and was analysed using the AACt method
(23). Fold change (FC) was shown relative to gene expression in
cells transfected with a plasmid expressing non-targeting gRNA.

IgG Isolation From FreeStyle™ 293-F

Cells, N-Glycan Release, Labeling and
HILIC-UPLC Analysis

IgG was isolated from FreeStyle 293-F cell culture supernatants
using Protein G Agarose fast flow beads (Merck, Germany). The
beads were prewashed three times with 10x bead volume of 1x
PBS. In each washing step, beads were resuspended in 1x PBS,
centrifugated at 150xg for 10 s, and the supernatant was

removed. After the last wash, prewashed beads were
resuspended in 1x PBS to make a 50:50 (v/v) beads slurry.
Approximately 2 ml of FreeStyle 293-F cell culture supernatant
were mixed with an equal volume of 1x PBS and 40 pl of
prepared 50% bead slurry in a 5 ml tube. The samples were
resuspended by pipetting action and incubated 1 h at room
temperature with gentle shaking to allow IgG to bind to the
beads. During the incubation period, the samples were
resuspended twice by pipetting action. After incubation, the
samples were centrifugated at 150xg for 10 s, and the
supernatants were then carefully removed and discarded. The
beads were washed three times with 300 pul of 1x PBS and three
times with 300 pl of ultrapure water to remove non-specifically
bound proteins. After washing steps, bound IgG was eluted by
incubating the beads in 100 pl of 0.1 M formic acid (Merck) for
15 min at room temperature with gentle shaking. Eluted IgG was
neutralised with 17 pl of IM ammonium bicarbonate (Merck,
Germany). IgG concentration in the eluate was measured using
Nanodrop 8000 (Thermo Scientific, USA). Samples were
subsequently dried in a vacuum concentrator.

N-glycan release, glycan labeling, clean-up of glycans and
separation of glycans by HILIC-UHPLC were performed
according to a previously established protocol (20) with some
modifications. Briefly, dried IgG was denatured by SDS
(Invitrogen, USA) and heated at 65°C. The excess of SDS was
neutralised with Igepal CA-630 (Merck, Germany), and N-glycans
were released by 18 h of incubation with PNGaseF (Promega, USA).
The released glycans were fluorescently labeled with procainamide
in a two-step reaction. In the first step, 25 ul of freshly prepared
labeling solution, containing 172.8 mg/ml of procainamide
hydrochloride (Thermo Fisher Scientific, USA) in a mixture of
DMSO (Merck, Germany) and glacial acetic acid (Merck, Germany)
(70:30, v/v), was added to each sample followed by incubation for
1 hat 65°C. Then in the next step, 25 pl of freshly prepared solution,
containing 179.2 mg/ml of 2-picoline borane as a reducing agent in
a mixture of DMSO and acetic acid (70:30, v/v), was added to each
sample followed by incubation for 1.5 h at 65°C. Free label and
reducing agent were removed from the samples using hydrophilic
interaction liquid chromatography solid-phase extraction (HILIC-
SPE) on a 0.2 um GHP filter plate (Pall Corporation, USA). Glycans
were eluted with ultrapure water and stored at —20°C until use.
Fluorescently labeled N-glycans were separated by hydrophilic
interaction chromatography on a Waters Acquity UPLC
instrument (Waters, USA) consisting of a quaternary solvent
manager, sample manager and FLR fluorescence detector set with
excitation and emission wavelengths of 310 and 370 nm,
respectively. The instrument was under the control of Empower 3
software, build 3471 (Waters, USA). Labeled N-glycans were
separated on a Waters BEH Glycan chromatography column, 100
x 2.1 mm id, 1.7 pm BEH particles, with 100 mM ammonium
formate, pH 4.4, as solvent A and ACN as solvent B. The separation
method used a linear gradient of 75-62% ACN (v/v) at a flow rate of
0.4 ml/min over 31 min. Samples were maintained at 10°C before
injection, and the separation temperature was 60°C. The system was
calibrated using an external standard of hydrolyzed and
procainamide-labeled glucose oligomers from which the retention
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times for the individual glycans were converted to glucose units
(GU). Data processing was performed using an automatic
processing method with a traditional integration algorithm, after
which each chromatogram was manually corrected to maintain the
same intervals of integration for all the samples. The
chromatograms were separated in the same manner as
chromatograms of human plasma/serum-derived IgG glycans into
24 peaks, and the abundance of glycans in each peak was expressed
as a percentage of the total integrated area. The structural
assignment of the glycans present in the chromatographic peaks
was done based on i) overlay with the chromatogram of human
plasma IgG glycans for which structures corresponding to each peak
had been previously determined (24) and ii) GU values of the glycan
peaks using the GlycoStore database (www.glycostore.org).

Statistical Analysis

The area under chromatogram peaks was normalized to total
chromatogram area, then each glycan peak was logit
transformed, and batch corrected using ComBat method (R
package ‘sva’) (25). Data were back transformed, and derived
glycan traits were calculated as a sum or ratio of selected directly
measured glycan peaks based on particular glycosylation features
(i.e. sialylation or fucosylation).

Mixed models were used to estimate the effect of the
intervention (R package ‘lme4’) (26). Hormone concentration
or particular glycan level was set as dependent variable and
timepoint (with levels: baseline, after intervention and after
recovery) nested within the treatment group (placebo and
estradiol) as independent variables. Also, the model was age-
adjusted, and the subject’s ID was included as a random intercept
to account for variation between the subjects.

Change in estradiol and change in glycan abundance were
calculated by subtracting values of consecutive timepoints.
Mixed models were used to estimate the relationship between
the change in glycans and the change in estradiol concentration.

mixed models were used. The change in glycan abundance was
defined as a dependent variable, while the change in estradiol
concentration was defined as a fixed effect. Group and time
period nested within the group were defined as random factors.
Both change in glycan abundance and change in estradiol
concentration were transformed to a standard normal
distribution by inverse transformation of ranks to normality.

Prior modeling, glycan levels were transformed to a standard
normal distribution by inverse transformation of ranks to
normality (R package ‘GenABEL’) (27), while hormone
concentrations were log transformed. Based on fitted models,
changes of dependent variables after intervention or recovery
(relative to baseline) were compared between the groups
(placebo vs estradiol) using post-hoc t-test. False discovery rate
was controlled using the Benjamini-Hochberg method at a
significance level of 0.05.

Differences between groups for gene expression and glycan
levels following CRISPR/dCas9 manipulations were tested using
the non-parametric Mann-Whitney test. Results with p <0.05
were considered statistically significant. All statistical analyses
were performed in R programming software (version 3.6.3) (28).

RESULTS
IgG Glycome Is Affected by Estradiol

Thirty-six healthy premenopausal women were enrolled in a
randomized controlled trial of the gonadotropin-releasing
hormone analogue (GnRH,g) leuprolide acetate to lower
gonadal steroids to postmenopausal levels and then
randomized to transdermal placebo (PL) or estradiol (E,)
patch (Figure 1) (17). In order to analyse total serum and IgG
glycomes, serum samples were collected: at baseline (Sampling 1);
after five months of GnRH,; administration with concurrent
supplementation with either E; or placebo (Sampling 2); and four

Study design
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Baseline testingover 1
menstrual cycle
h

Placebo

FIGURE 1 | Design of the study.
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months after the end of the intervention, when natural hormonal
cycling was restored (Sampling 3). Figure 2 shows representative
UHPLC chromatograms of the total serum (Figure 2A) and IgG
(Figure 2B) glycomes and the direction of glycan changes after the
suppression of gonadal hormones. IgG glycosylation analysis
revealed significant changes in IgG glycome composition after
gonadal hormone suppression (time point at the end of Phase 2),
while E, supplementation was sufficient to prevent changes in the
IgG glycome composition (Figure 3, Table 1 and Supplementary
Table 1). After four months of the recovery period (Sampling 3 after
the end of Phase 3), the IgG glycome composition returned to
nearly pre-intervention values in the placebo group. Galactosylation
was the most affected IgG glycome feature, with a significant
decrease of digalactosylated glycans (G2) and an increase of
monogalactosylated (G1) and agalactosylated (GO) glycans. The
level of sialylated glycans (S) and the ratio of sialylation and
galactosylation (S/G) of IgG significantly decreased, while the
abundance of glycans with bisecting GlcNAc (B) increased. Only
the abundance of core-fucosylated (F) glycans did not change by
depletion of E,. IgG glycosylation traits related to galactosylation
and sialylation, which were particularly affected by the suppression

A Total serum proteins

5:.-’-‘1 ::-;;‘

PO N

4 5 6 7 saSh 9 1011 12 13 14 15 16 16 17

of E, are also the main components of the glycan age clock of the
biological age. This index has initially been developed to predict
chronological age (10) but was subsequently converted into the test
of biological age (29). Suppression of E, resulted in a median
increase of GlycanAge by 9.1 years, which was completely
attenuated by E, add-back (Supplementary Figure 1). At the
individual level, the extent of changes in hormone concentration
(Supplementary Table 2) correlated moderately with the extent of
changes in individual IgG glycans (Supplementary Table 3),
suggesting that other factors (beside gonadal hormones) also
strongly affect the composition of the IgG glycome.

To determine whether the effects of E, on glycosylation were
restricted to IgG, we also analysed total serum protein N-glycome in
the same samples. Changes observed in the total serum N-glycome
(Figure 4) were restricted only to some neutral glycans and core-
fucosylated sialylated biantennary glycans known to originate nearly
exclusively from immunoglobulins (30). This suggests that
depletion of E, affects B cell (IgG) glycosylation, while liver
glycosylation does not seem to be affected, at least not in a way
that would alter proportions of individual non-immunoglobulin N-
glycans in the total serum glycome (Figure 2A).
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FIGURE 2 | Representative chromatograms of (A) the total serum glycome and (B) the IgG glycome. Glycans that decreased after the gonadal hormone
suppression with gonadotropin-releasing hormone analogue leuprolide acetate (GnRH,g) therapy are circled in red, and those that increased are circled in green.
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FIGURE 3 | Effects of gonadal hormone suppression on IgG glycosylation. Gonadotropin-releasing hormone analogue leuprolide acetate (GnRH,e) was used to
lower gonadal steroids to postmenopausal levels in healthy premenopausal women (n = 36) that were then randomized to transdemal placebo (n = 21) or estradiol
patch (n = 15). Changes in the IgG glycome composition after five months of GnRHag (Intervention) with supplementation of E; (transdermal estradiol
supplementation) or without supplementation of E; (supplementation with placebo) and four months after the end of the intervention (Recovery) are shown on the
graph. G2, digalactosylated glycans; G1, monogalactosylated glycans; GO, agalactosylated glycans; S, sialylated glycans; S/G, ratio of sialylation and galactosylation;

B, glycans with bisecting GIcNAc; G, all glycans with galactose.

Downstream Signaling Mechanisms
Linking Estradiol With IgG Glycan Traits
Glycans are inherited as complex traits defined by multiple genes
(31, 32) which play a role in the synthesis and variation of individual
glycan structures. Through a series of GWAS papers in the last

decade (32-35), we mapped an extensive network of genes that
potentially regulate the glycosylation of IgG. Using the Signalling
Pathways Project (SPP) web knowledgebase (36), we explored the
effects of E; on GWAS hits for IgG galactosylation and sialylation
(35). Results presented in Supplementary Figure 2 indicate that E,
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TABLE 1 | Glycan abundances (%) of directly measured IgG glycan traits at the baseline and deviations from the baseline after intervention and after recovery timepoint.

Glycan Intervention Glycan Abundance (%) at Baseline Difference in glycan abundance (%) relative to baseline.
median (IQR) sampling after:
Intervention P Recovery Pr
median (IQR) median (IQR)
GP1 Placebo 0.049 0.010 1.95 x 107 0.002 1.48 x 107"
(0.040-0.051) (0.008-0.012) {0.000-0.010)
Estradiol 0.069 0.009 -0.001
(0.041-0.091) {0.000-0.010) {-0.007-0.006)
GP2 Placebo 0.269 0.102 3.53 x 10 0.027 1.48 x 107!
(0.199-0.654) (0.082-0.148) (-0.010-0.042)
Estradiol 0.361 -0.003 0.005
(0.261-0.495) (-0.047-0.031) {-0.026-0.028)
GP3 Placebo 0.059 0.011 4.08 x 10 0.003 7.56 x 102
(0.059-0.070) (0.009-0.013) {-0.001-0.011)
Estradiol 0.070 -0.006 -0.001
(0.061-0.096) (-0.010-0.004) (-0.008-0.003)
GP4 Placebo 14.0 3.08 246 x 10 0.869 6.58 x 1072
(12.4-17.6) (2.35-3.93) (0.345-1.771)
Estradiol 17.3 -0.152 0.187
(14.0-19.2) (-1.003-1.031) (-0.374-0.847)
GP5 Placebo 0.158 0.021 256 x 1074 0.009 322 x 102
(0.143-0.180) (0.011-0.028) (-0.004-0.015)
Estradiol 0.162 -0.004 -0.004
(0.155-0.194) (-0.010-0.006) {-0.013-0.005)
GP6 Placebo 3.44 0.673 117 x 107 0.200 1.48 x 107
(2.98-4.28) {0.567-0.824) {0.124-0.301)
Estradiol 3.7 0.067 0.126
(3.28-4.36) (-0.114-0.253) (-0.112-0.198)
GP7 Placebo 0.363 0.039 351 x 102 0.010 4.56 x 107"
{0.240-0.466) (0.020-0.056) (-0.013-0.026)
Estradiol 0.394 -0010 0.000
{0.289-0.435) (-0.029-0.019) (-0.016-0.014)
GP8 Placebo 18.5 0.990 222 x 10°° 0.139 4.91 x 107
(17.5-19.9) (0.604-1.246) (-0.189-0.474)
Estradiol 20.0 -0.030 0.032
{18.5-21.0) (-0.351-0.208) (-0.316-0.207)
GP9 Placebo 9.66 0.843 114 x 107 0.137 3.64 x 107
8.31-10.79) (0.560-1.274) (-0.015-0.405)
Estradiol 9.69 -0.024 0.069
9.09-10.31) (-0.285-0.221) (-0.050-0.313)
GP10 Placebo 4.99 0.177 528 x 107" 0.087 3.50 x 107"
(4.69-5.38) (0.127-0.358) (0.029-0.175)
Estradiol 4.65 0.125 -0.040
(4.37-5.52) (0.020-0.167) (-0.104-0.047)
GP11 Placebo 0.636 0.051 2.46 x 104 0.018 5.77 x 107
(0.587-0.696) (0.030-0.092) {0.000-0.031)
Estradiol 0.665 0.000 0.015
(0.555-0.715) (-0.020-0.036) (~0.004-0.030)
GP12 Placebo 1.010 -0.178 1.19 x 10°° -0.021 9.52 x 107!
(0.621-1.333) (~0.256 to -0.129) {~0.060-0.000)
Estradiol 0.781 0.000 -0.020
(0.596-0.984) (-0.095-0.020) {-0.062-0.010)
GP13 Placebo 0.249 -0.010 257 x 107 -0.009 4.90 x 107"
(0.211-0.281) (-0.029-0.011) (-0.019-0.010)
Estradiol 0.230 0.008 0.001
(0.210-0.245) (-0.020-0.019) (-0.015-0.011)
GP14 Placebo 20.1 -295 471 x 107 -0.735 312 x10™
(16.6-21.9) (-3.93t0 -2.11) (-1.383t0 -0.315)
Estradiol 16.3 0.212 -0.469
(14.8-18.8) (-0.987-0.708) (-0.977-0.253)
GP15 Placebo 1.98 -0250 539 x 107 -0.031 3.68 x 107
(1.76-2.39) (-0.337 to -0.129) (-0.107-0.018)
Estradiol 1.90 0.002 -0.041
(1.56-2.05) (-0.040-0.075) {-0.059-0.053)
(Continued)
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TABLE 1 | Continued

Glycan Intervention Glycan Abundance (%) at Baseline
median (IQR)
GP16 Placebo 3.09
(2.564-3.38)
Estradiol 3.05
(2.89-3.26)
GP17 Placebo 1.043
(0.835-1.086)
Estradiol 0.895
(0.761-0.990)
GP18 Placebo 12.9
(10.3-14.1)
Estradiol 11.0
(10.1-12.3)
GP19 Placebo 1.87
(1.72-1.99)
Estradiol 1.88
(1.61-2.18)
GP20 Placebo 0.418
(0.381-0.443)
Estradiol 0.389
(0.346-0.418)
GP21 Placebo 0.851
(0.762-0.974)
Estradiol 0.790
0.725-0.815)
GP22 Placebo 0.12
0.11-0.16)
Estradiol 0.120
0.111-0.135)
GP23 Placebo 1.90
(1.70-2.09)
Estradiol 1.91
(1.57-2.21)
GP24 Placebo 1.89
(1.65-2.10)
Estradiol 1.92
(1.62-2.22)

Difference in glycan abundance (%) relative to baseline.

sampling after:
Intervention P Recovery Pr
median (IQR) median (IQR)
0.010 4.78 x 107" -0.019 7.14 x 1072
(~0.059-0.122) (-0.088-0.039)
0.041 0.026
(-0.010-0.073) {-0.002-0.067)
-0.100 275 x 10°° -0.034 1.95 x 107"
(-0.177 to —0.060) (~0.060 to -0.011)
-0010 0.008
(-0.037-0.031) (-0.048-0.016)
-2.42 9.92 x 10° -0.585 323 x10™
(-2.99to -1.92) (-1.129 to -0.156)
-0.009 -0.383
(-0.717-0.823) (-0.513-0.248)
0.062 9.19 x 102 -0.043 9.72 x 107!
{0.000-0.089) {-0.064-0.039)
0.000 -0.001
(~0.034-0.050) (-0.065-0.017)
-0010 1.75 x 102 -0.014 3.68 x 107
(-0.041-0.010) (-0.048-0.007)
0.010 0.006
(-0.010-0.048) (-0.014-0.019)
-0.029 3.8 x 107" -0.007 7.58 x 107
(-0.051-0.022) (-0.062-0.073)
0.010 0.000
(-0.032-0.036) (-0.034-0.027)
0.001 2.81 x 107 -0.010 883 x 107"
(-0.020-0.010) (-0.010-0.001)
0.001 0.001
{0.000-0.010) {-0.010-0.010)
-0.178 517 x 102 -0.034 1.48 x 1071
{(-0.218 to -0.100) {-0.157-0.028)
-0.032 0.028
(-0.115-0.014) {-0.112-0.061)
0.050 1.53 x 107" -0.060 6.09 x 107"
(-0.059-0.108) (-0.089-0.027)
-0.008 -0.020
(-0.035-0.045) (-0.068-0.028)

pvalues descnbe statistical significance of difference between estradiol and placebo group after intervention (p,) and recovery (pg). p values smaller than 0.05 are bolded. IQR, limits of the

interquartife range (1st-3rd quartie); GP, glycan peak.

affects the expression of B4GALT1, glycosyltransferase which adds
galactose to IgG glycans, but also the genes which are not directly
involved in IgG glycosylation, such as the RUNXI-RUNX3 loci
(Runt-related transcription factor 1 and RUNX family transcription
factor 3, found in many promoters and enhancers, which can either
activate or suppress transcription) and the SPINK4 locus (serine
peptidase inhibitor, also known as PEC-60). These genes were
identified as GWAS hits for IgG galactosylation. In addition,
ELL2 (Elongation Factor for RNA Polymerase 2), another GWAS
hit for IgG glycosylation, more specifically sialylation, also appears
to be strongly regulated by E,. On the other hand, there were no
conclusive results on ST6GALIL, the enzyme that adds sialic acid
to IgG.

To determine the involvement of the RUNXI-RUNX3,
SPINK4, and ELL2 loci in downstream signaling mechanisms
linking E, with IgG glycosylation, we directly manipulated their
transcriptional activity in the in vitro IgG expression system

HEK-293FS using CRISPR/dCas9 molecular tools and
subsequently analysed IgG glycan phenotype. A recently
developed HEK-293FS transient system for IgG secretion with
stably integrated CRISPR/dCas9 expression cassette for gene
upregulation (dCas9-VPR) and downregulation (dCas9-KRAB)
was used for this purpose. These cells were transfected with a
plasmid containing genes for IgG heavy and light chains aiming
to induce the production and secretion of IgG antibodies.
Described plasmid also contains specifically designed gRNAs
targeting the appropriate fusion constructs (either dCas9-VPR or
dCas9-KRAB) to candidate genes RUNX1, RUNX3, SPINK4, and
ELL2. As a proof of concept (i.e., positive control), we targeted
dCas9-KRAB to the promoter region of the B4GALTI gene,
coding for a glycosyltransferase responsible for IgG
galactosylation. We observed a significant decrease in the
B4GALTI1 gene expression level and subsequent decrease in
galactosylated glycans, with a concomitant increase in
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FIGURE 4 | Efects of gonadal hormone depletion on total plasma glycans and IgG glycans. Gonadotropin-releasing hormone analogue leuprolide acetate (GnRHag)
was used to lower gonadal steroids to postmenopausal levels in healthy premenopausal women (n = 36) that were then randomized to transdermal placebo (n = 21)
or estradiol patch (n = 15). Changes in the total plasma glycome and IgG glycome composition after five months of GnRHag without supplementation of E;
(supplementation with placebo) are shown. Each dot is a change in a single individual. Changes that are statistically significant after correction for multiple testing are
shown in red (statistically significant decrease) or in green (statistically significant increase).

agalactosylated glycans, as expected (Figure 5A). Subsequently,
we upregulated RUNXI, RUNX3, and SPINK4 genes using
dCas9-VPR and downregulated RUNXI, RUNX3 and ELL2
genes using dCas9-KRAB. Using specific gRNA for our targets,
we found significant changes in the expression of RUNXI/VPR,
RUNX3/VPR, RUNX3/KRAB, and SPINK4/VPR. The changes in
gene expression were replicated in two independent sets of
experiments (Supplementary Table 4). However, only the
changes in RUNX3/VPR and SPINK4/VPR were accompanied
by significant change in IgG glycosylation profile, in both cases
related to the level of IgG galactosylation (Figure 5B). We found
a decrease in galactosylated glycans upon upregulation of
RUNX3 and SPINK4 and a concomitant increase in
agalactosylated glycans in the case of RUNX3 (Figure 5B). The
dataset for all glycan traits is available in Supplementary
Table 5.

DISCUSSION

The composition of IgG glycome is an essential aspect in the
regulation of the immune system (1). However, molecular
mechanisms contributing to changes of the IgG glycome
composition are only vaguely understood. Here we show that
estradiol is an important factor in regulating IgG glycosylation in
women and that its effects on N-glycosylation are limited
explicitly to B cells, as depletion of E, did not cause N-
glycosylation changes of other serum proteins. Previous
analysis of the same cohort of patients demonstrated that
depletion of E, decreases galactosylation of IgG (14), and here
we expand this finding to the decrease of sialylation and an
increase of bisecting GlcNAc. Particularly interesting is the
change in the ratio of sialylation and galactosylation (S/G,

Figure 3, Supplementary Table 1), suggesting that the
depletion of gonadal hormones directly affects sialylation and
that the decrease in sialylation is not just a reflection of decreased
galactose levels (needed for subsequent sialylation). It was
previously reported that estrogen affects the expression of the
ST6GALI gene in both mice and humans (37). Unfortunately, we
were not able to prove this using ours in vitro transient
expression system. Therefore mechanistic aspects of this
association remain to be demonstrated.

When mechanisms regulating protein glycosylation are
investigated, the focus is always on the expression of
glycosyltransferases, the enzymes that synthesize glycans (38).
Nevertheless, in general, there is a slight correlation between
glycosyltransferase expression levels and levels of glycans it
synthesizes (39), which indicates that regulatory mechanisms
may be more complex than a simple change in the expression of
glycosyltransferases. Indeed, in a series of GWAS studies
performed in the last decade, we identified a network of at
least 30 genes associated with and potentially involved in
regulating IgG glycosylation (32-35).

One of the potential mechanisms by which E, could increase IgG
galactosylation is through direct activation of the B4GALT1
galactosyltransferase, which adds galactose to IgG. In vitro studies
showed that both overexpression of estrogen receptor (40) and
treatment of cells with E, leads to increased expression of the
B4GALTI gene (41, 42). Our study decreased B4GALT] expression
using CRISPR/dCas9-KRAB fusion in a unique IgG-secreting
model cell system resulting in the expected change of the IgG
glycome composition. It confirmed the importance of this critical
biosynthetic enzyme for IgG galactosylation and proved the efficacy
of our FreeStyle 293-F cell system, containing stably integrated
dCas9-VPR and -KRAB and secreting IgG, for functional validation
of GWAS hits for IgG glycosylation.
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FIGURE 5 | (A) Downregulation of the B4GALT1 gene by dCas9-KRAB induced changes in IgG galactosylation. Fold change (FC) between cells in which B4GALT1
was directly downregulated by dCas9/KRAB and control cells (containing non-targeting gRNA) was 0.31, and subsequent change was recorded in IgG glycan
phenotype: an increase of agalactosylated glycan structures appeared with a concomitant decrease in mono- and digalactosylated glycans (G1, G2). Corresponding
changes in glycan structures are given as a relative change with non-targeting gRNA glycan levels as a baseline. Agalactosylated glycan structures (GO) are
converted to galactosylated structures (G) by the enzymatic activity of B4AGALT1. (B) Changes in IgG glycosylation resulting from upregulation of RUNX3 and SPINK4
by dCas9/VPR. FC values between cells in which RUNX3 and SPINK4 were directly upregulated by dCas9/VPR and control cells (containing non-targeting gRNA)
are given for the first experiment (indicated in black) and the replicate (indicated in gray). The resulting putative inhibition of B4GALT7 was confirmed indirectly by the
effect on the glycosylation profile. The indirect and speculative nature of RUNX3/SPINK4 effect on galactosylation is indicated by the dashed red line. Statistical

significance: *<0.05; **<0.01; ns, not significant.

By analysing the Signalling Pathways Project (SPP) web
knowledgebase (36), we found that several other GWAS hits
for the IgG glycosylation, which are not glycosyltransferases but
genes with other functions, such as transcription factors RUNX1
and RUNX3, as well as SPINK4 and ELL2, also seem to be
regulated by estradiol. However, the fact that these genes were
both involved in the regulation of IgG glycosylation and affected
by E, is not strong enough to prove their direct involvement in B
cell IgG glycosylation because their effects could also be through
an indirect mechanism. Using CRISPR/dCas9 molecular tools,
we were able to increase the expression of RUNX3, which
resulted in lower levels of IgG galactosylation (Figure 5).

With this experiment, we confirmed that RUNX3 is involved
in regulating IgG glycosylation in our in vitro model system of B
cells (16). The first experimental validation of this GWAS hit
positions RUNX3 as a potential target for pharmacological
interventions. RUNX3 gene downregulation may improve IgG
galactosylation and sialylation and may have potential anti-
inflammatory effects. Activation of SPINK4 had similar effects
on the IgG glycome composition as activation of RUNX3.
However, because the basal expression of SPINK4 in HEK-
293FS cells was low, we could not confirm if its suppression

would have the opposite effect. Furthermore, SPINK4 is located
in relative proximity to B4GALTI (i.e., 50 kb distance). Therefore,
although we did not observe a statistically significant change in
transcript levels at the time of analysis, we cannot exclude the
possibility that the binding of the dCas9-VPR fusion construct, used
for the activation of SPINK4 in the region between SPINK4 and
B4GALTI, negatively affected B4GALT1 expression. One putative
mechanism could be spurious upregulation of B4GALT] antisense
RNA 1 (B4GALTI-AS1), which is also located in this region,
although we have not verified this hypothesis experimentally. We
did not observe any statistically significant effects of ELL2 on IgG
glycosylation. This was not surprising because ELL2 is a GWAS hit
for sialylation and our in vitro expression system produces IgG
antibodies with very low levels of sialic acid which presents a
difficulty for evaluation of effects on sialylation. Therefore, the role
of ELL2 in the regulation of IgG glycosylation by estrogen still needs
further exploration.

For the first time, the molecular mechanism through which
E2 could regulate IgG glycosylation has been identified and
functionally validated in the present study. Considering
multiple functional roles of IgG glycans in balancing the
immune system, this pathway may be a target for the future
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development of a new class of anti-inflammatory drugs acting
downstream of E, and having only a subset of the molecular
consequences of hormone therapy.
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Vlatka Zoldos?, Massimo Mangino®* and Gordan Lauc?®*
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Biomedical Research Centre at Guy's and St Thoma's Foundation Trust, London, United Kingdom,

“Department of Biochemistry and Molecular Biology, Faculty of Pharmacy and Biochemistry,
University of Zagreb, Zagreb, Croatia

Immunoglobulin G is posttranslationally modified by the addition of complex
N-glycans affecting its function and mediating inflammation at multiple levels.
IgG glycome composition changes with age and health in a predictive pattern,
presumably due to inflammaging. As a result, a novel biological aging
biomarker, glycan clock of age, was developed. Glycan clock of age is the
first of biological aging clocks for which multiple studies showed a possibility of
clock reversal even with simple lifestyle interventions. However, none of the
previous studies determined to which extent the glycan clock can be turned,
and how muchis fixed by genetic predisposition. To determine the contribution
of genetic and environmental factors to phenotypic variation of the glycan
clock, we performed heritability analysis on two TwinsUK female cohorts. IgG
glycans from monozygotic and dizygotic twin pairs were analyzed by UHPLC
and glycan age was calculated using the glycan clock. In order to determine
additive genetic, shared, and unique environmental contributions, a classical
twin design was applied. Heritability of the glycan clock was calculated for
participants of one cross-sectional and one longitudinal cohort with three time
points to assess the reliability of measurements. Heritability estimate for the
glycan clock was 39% on average, suggesting a moderate contribution of
additive genetic factors (A) to glycan clock variation. Remarkably, heritability
estimates remained approximately the same in all time points of the longitudinal
study, even though IgG glycome composition changed substantially. Most
environmental contributions came from shared environmental factors (C),
with unique environmental factors (E) having a minor role. Interestingly,
heritability estimates nearly doubled, to an average of 71%, when we
included age as a covariant. This intervention also inflated the estimates of
unique environmental factors contributing to glycan clock variation. Acomplex
interplay between genetic and environmental factors defines alternative IgG
glycosylation during aging and, consequently, dictates the glycan clock’s
ticking. Apparently, environmental factors (including lifestyle choices) have a
strong impact on the biological age measured with the glycan clock, which
additionally clarifies why this aging clock is one of the most potent biomarkers
of biological aging.
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Introduction

Glycosylation is a series of enzymatic reactions in which
carbohydrates are attached to other molecules (e.g., proteins or
lipids) resulting in the formation of complex carbohydrates and
glycoconjugates commonly referred to as “glycans.” Protein
glycosylation is one of the most frequent secondary
modifications (Marino et al., 2010). The addition of different
glycan extensions (alternative glycosylation) greatly affects the
structure and function of glycoproteins and it can be compared to
changes in protein sequences (Dalzicl et al, 2014). The main
difference is that genes unquestionably determine the protein
sequence, while there is no genetic template for the glycans
(Taniguchi et al,, 2014). Instead, glycosylation is controlled by
many genes and their products, interacting in complex networks
that are furthermore influenced by epigenetic modifications and
the environment (Freeze, 2006; Abbott et al., 2008; Nairn et al.,
2008; Lauc et al,, 2014; Klari¢ et al., 2020). Heritability analysis of
plasma glycans revealed that the majority of traits have high
heritability estimates, indicating a tight genetic control of
glycosylation (Zaytseva et al, 2020). Similar results were
observed for glycans attached to immunoglobulin G (IgG),
only a minority of traits exhibited higher
(Menni et al, 2013).
Glycosylation of IgG antibody is especially interesting as it
dramatically affects its function and acts as a molecular switch

where

environmental  contribution

between pro- and anti-inflammatory immune responses (Gornik
et al,, 2012; Li et al, 2017; Alter et al., 2018). Aberrant IgG
glycosylation is commonly observed in various pathological
states, including autoimmune and inflammatory disorders, but
the largest change of I1gG glycome composition occurs during
aging and in age-related conditions (Gudelj et al., 2018).
Aging is defined as the accumulation of molecular, cellular
and organ damage over time that leads to loss of function and,
consequently, increased vulnerability to disease (Fontana et al,
2010). This age-associated physiological decline is termed
biological aging and it separates individuals of the same
chronological age based on their health and functionality
(Kavur et al, 2021). The accurate prediction of chronological
and biological age from biochemical parameters became a
priority in the aging field (Mitnitski and Rockwood, 2014;
Jylhdvi et al., 2017; Porter et al., 2021). It is hypothesized that
biological age, influenced by different molecular hallmarks such
as telomere shortening, genomic instability and cellular
senescence, gives rise to age-related disease risk. Therefore,
biological age is a much more potent prognostic tool for
health than chronological age, and more
importantly, it can be reversed (Juri¢ et al., 2020; Greto et al,,
2021; Macdonald-Dunlop et al., 2022). Since this notion has been

outcomes

proposed, different predictors of biological age, termed aging
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clocks, were constructed using various methods (Horvath et al.,
2020; Macdonald-Dunlop et al., 2022).

One of the most prominent aging clocks are based on DNA
methylation, which is strongly assodiated with chronological age
(Hannum et al., 2013; Horvath, 2013; Porter et al., 2021). Unlike
DNA methylation, glycosylation of IgG does not predict
chronological age with high accuracy. IgG glycosylation
changes with aging in a predictive pattern which lead to the
development of the glycan clock, based entirely on N-linked
glycans attached to IgG. The glycan clock predicts chronological
age with an estimated error of 9.7 years, but its acceleration
associates with various biochemical and physiological traits
related to inflammation and poor metabolic health reflective
of biological aging (Kristic¢ et al., 2014). The high plasticity of IgG
glycome in response to environmental stimuli and its unique role
in the immune response make the glycan clock one of the best
predictors of biological age (Le Couteur et al., 2014; Russell et al,,
2018). New studies also showed a possibility of glycan clock
reversal with simple lifestyle changes such as weight loss, dietary
supplements and exercise (Peng et al., 2019; Tijardovi¢ et al,
2019; Greto et al., 2021; Deris et al., 2022b) as well as medical
interventions such as bariatric surgery and regulation of sex
hormones (Juri¢ et al., 2020; Greto et al,, 2021).

Nevertheless, no research was done to determine to which
extent the glycan dock can be modified and how much it depends
on fixed genetic information. To answer this question, we
performed a heritability analysis on the glycan clock data
from TwinsUK (Verdi et al, 2019). A dassical twin design
(Visscher, 2004) enabled us to differentiate the contribution of
genetic, shared environmental and unique environmental factors
to phenotypic variation of the glycan clock. To shed more light
on the effect of chronological age on the glycan clock variation,
we performed the same analysis including age as a covariate.
With this study, we gave an answer to an intriguing question on
how much our environment and lifestyle choices influence the
biological age measured by the glycan clock and to what
proportion genes determine the glycan age.

Materials and methods
Study participants

Participants of this study were monozygotic (MZ) and
dizygotic (DZ) adult female twins from the TwinsUK cohort.
The TwinsUK is a nationwide same-sex twin registry based in the
United Kingdom hosted by the Department of Twin Research
and Genetic Epidemiology at King’s College London (Verdi et al.,
2019). All twins were recruited as volunteers and were not
selected by any particular trait. In this study, we included
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Study design. Heritability analysis was performed on the glycan clock data from the TwinsUK registry. The study included 479 monozygotic (MZ)

and 1,193 dizygotic (DZ) female twin pairs. Blood samples were taken from twin pairs involved in one cross-sectional and one longitudinal cohort
with three time points. IgG was isolated from collected blood samples which was followed by N-glycan release and labeling. IgG N-glycome
composition was analyzed for the cross-sectional cohort by ultra-high-performance liquid chromatography (UHPLC) and the resulting IgG
N-glycan chromatograms were separated into 24 distinct peaks. The glycan clock was estimated from GP6, GP14 and GP15 peaks as described in
Kristi¢ et al.,, 2014. Utilizing ACE model the heritability of the glycan clock was calculated. From this model, the contribution of genetic (A), shared
environmental (C) and unique environmental (E) factors on the phenotypic variation of the glycan clock was estimated. Note that the IgG N-glycan
analysis was slightly different for the longitudinal cohort (described in Materials and methods) but was not included for the simplicity of the display.

4,282 female twins for whom the IgG glycome measurements
were obtained as a part of a cross-sectional study (Freidin et al,
2016). Among these, 1,598 female twins were later included in a
longitudinal study where the IgG glycome was assessed in three
time points. The number of male twins was small in both cohorts
to allow for accurate estimation of model for the glycan clock
calculation so all male participants were excluded from the study.

Immunoglobulin G isolation and glycan
analysis from plasma samples

IgG was isolated from plasma samples obtained from MZ
and DZ twin pairs (Figure 1). IgG isolation procedure was carried
out using protein G monolithic plates (BIA Separations,
Ajdovicina, Slovenia) as described previously (Puci¢ et al,
2011). Briefly, 50-100 pul of plasma was diluted with 1x PBS
(pH =7.4) in a 1.7 ratio and applied to the protein G plate. The
plate was then washed with 1x PBS (pH = 7.4) in order to remove
unbound proteins. Purified IgG was eluted with 0.1 M formic
acid (Merck, Darmstadt, Germany) to a final volume of 1 ml and
neutralized with 1M ammonium bicarbonate (Merck,

Frontiers in Cell and Developmental Biology

Darmstadt, Germany). Purified IgG was dried in a vacuum
centrifuge. IgG N-glycan release and purification for samples
from the longitudinal cohort was done with GlycoWorks
RapiFluor-MS ~ N-Glycan Kit obtained from Waters
Corporation (United States) as described previously (Deris
et al, 2022a). IgG samples from the cross-sectional cohort
were first denatured with 1.33% SDS sodium dodecyl sulfate
(Invitrogen, Carlsbad, CA) and deglycosylated with PNGase F
(ProZyme) overnight at 37°C. Released N-glycans were labeled
with 2-aminobenzamide (Sigma-Aldrich) as described previously
(Freidin et al,, 2016). All labeled N-glycans were then purified by
hydrophilic interaction chromatography solid phase extraction
(HILIC-SPE). Both RapiFlour-MS labeled IgG N-glycans and 2-
aminobenzamide labeled IgG N-glycans were analyzed using
ultra-high-performance liquid chromatography based on
hydrophilic interactions with fluorescence detection (HILIC-
UHPLC-FLD) on Waters Acquity UPLC H-class instruments
as described previously (Freidin et al.,, 2016; Deri$ et al., 2022a).
Obtained chromatograms of RapiFlour-MS labeled IgG
N-glycans were separated into 22 peaks by automated
integration (Agakova et al., 2017), while chromatograms of 2-
aminobenzamide labeled IgG N-glycans were separated into
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24 peaks using a traditional integration algorithm and manual
correction (Supplementary Figure S1).

Glycan clock estimation

Total area normalization was applied to the area under the
chromatogram peaks, followed by log-transformation and batch
correction using the ComBat method as implemented in R
package “sva” (version 3.30.1) (Leck et al, 2012). The glycan
peak values were transformed back to the original scale prior to
glycan clock estimation.

Glycan clock values were calculated according to Kristic etal.,
2014 (Figure 1). First, dlock model coefficients were estimated in
the female samples in cross-sectional and longitudinal cohorts
separately by including only one twin from each twin pair. For
the cross-sectional cohort, glycan clock values were calculated
using the following formula: 53.83 + (5.24 x GP6) - (0.29 x
GP6?) - (1.57 x GP14) + (176 x GP15). Taking into the
consideration the difference in glycan peak annotation due to
the difference in peak integration for the longitudinal cohort,
formula for the glycan dock was as follows: 50.29 + (5.11 x
GP4) - (0.32 x GP4%) — (1.24 x GP12) + (1.49 x GP13). Data
preprocessing and analysis were performed in R software
(version 3.5.1.) (R Core Team, 2018).

Heritability analysis

Heritability of the glycan clock was estimated using the
structural equation modeling (SEM) to decompose the
observed phenotypic variance into three latent sources of
variation: A—additive genetic variance, C—shared/common
environment variance and E—unique environment variance
(Neale and Cardon, 1992). Taking into account that the
heritability studies require twin pairs, all participants without
a co-twin were excluded thus leaving a total of 3,344 females
separated into 479 MZ and 1193 DZ twin pairs in the cross-
sectional cohort. The same thing was done for the measurements
in the longitudinal cohort leaving a total of 549 monozygotic and
1,201 dizygotic twin pairs. Additive genetic effects (A) represent
the cumulative impact of genes and they are indicated when the
intrapair phenotypic correlation for monozygotic twins (rMZ) is
greater than the intrapair phenotypic correlation for dizygotic
twins (rDZ). Shared environmental effects (C) result from
influences to which both members of a twin pair are exposed
regardless of zygosity and contribute equally to rMZ and rDZ,
thus, increasing twin similarity. Unique environmental effects
(E) are events occurring to one twin but not the other and serve to
decrease twin similarity. Unique environmental effects also
include the measurement error. Utilizing listed factors (A, C
and E), the best model was determined (Figure 1; Supplementary
Tables S1, S2). That was done by sequential removal of each
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factor from the full model (ACE) followed by the likelihood ratio
test (p = 0.05) to check the deterioration in fit of the various
nested models. The best fitting model was selected using the
Akaike information criterion (AIC). Lastly, the heritability of the
glycan dock was estimated using the most parsimonious model
as a proportion of the observed phenotypic variation attributable
to genetic factors. Heritability analyses were performed using the
package METs (version 1.2.7.1) (Scheike et al, 2014) in R
(version 4.0.2).

Results

Glycan dock heritability was estimated in a sample of
3,344 female adult twins from the TwinsUK registry that were
a part of one cross-sectional and one longitudinal cohort with
three time points. Blood samples from 479 MZ and 1193 DZ twin
pairs in the cross-sectional cohort and blood samples from
549 MZ and 1201 DZ twin pairs in the longitudinal cohort
were used for the analysis of IgG glycome composition (Figure 1).
Representative IgG glycan chromatograms are given in
Supplementary Figure S1. Mean time difference was 7.5 years
for points 1 and 2 (sd = 3.27) and 6 years for points 2 and 3 (sd =
2.5) in the longitudinal cohort. Glycan clock was estimated from
the released IgG glycans and used to calculate heritability. The
best fitting model for both cohorts was the full ACE model
encompassing genetic (A), shared environmental (C) and unique
environmental (E) components (Supplementary Table S1).
Heritability estimation for the glycan clock in the cross-
sectional study was 38.6%, which suggests a moderate
contribution of additive genetic factors to this biomarker of
aging (Figure 2A; Supplementary Table S2). The heritability of
the glycan clock in the longitudinal cohort was 40%, 33%, and
43% for the first, second and third time point, respectively. The
contribution of the environmental factors fell largely on shared
environmental variance. The shared environmental influence on
the glycan clock variation was 44.6% on average with a minor
deviation between the cohorts and different time points. The
smallest contribution came from unique environmental factors
with an average of 16.8% (Figure 2A).

To better understand the impact of aging on heritability
estimates of the glycan dock we performed the same analysis
including the age of the participants as
(Supplementary Table S3). This intervention largely inflated

a covariate

the additive genetic influences to an average of 65.5% in the
cross-sectional cohort using ACE modeling (Figure 2B). The
same phenomenon occurred in the longitudinal cohort but the
best fitting model was AE (Supplementary Table $4) with an
average genetic contribution of 72.9%. When we compared the
results of both cohorts using ACE models, we observed very
similar heritability estimates across all datasets averaging at
65.9%. Estimates of shared environmental influence dropped
to 10.7%, and unique environmental contribution increased to
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FIGURE 2

Heritability analysis of the glycan clock. Heritability of the glycan clock was calculated for the cross-sectional and longitudinal cohort with three
time points. (A) The best fitting model was the full ACE model that includes additive genetic (A), shared environmental (C) and unigue environmental
(E) variance. (B) After correction for the age of the participants the full model for the longitudinal cohort was reduced to AE model.

23.8% in the cross-sectional cohort. The increase of the unique
environmental component was also observed in the longitudinal
cohort with all three time points averaging at 27.1% with minor
deviations (Figure 2B).

Discussion

The glycan clock of age, based entirely on IgG N-glycans, can
predict biological age with high accuracy (Kristic¢ etal, 2014). To
better understand genetic and environmental factors influencing
the glycan clock variation, we performed a heritability analysis on
the data from two cohorts included in the TwinsUK registry
(Figure 1). This was the largest dataset for IgG glycan heritability
analysis up to date which gave us the statistical power to detect
the heritability of the glycan clock with 95% probability and
enabled us to replicate the results to boost the reliability of the
data. However, it is important to highlight that heritability
studies do come with certain limitations, which can decrease
the accuracy of acquired data. They are inherently restricted
because all estimates heavily depend on environmental variance.
Moreover, twin design assumes that correlations and interactions
of genes and environment are minimal and cannot take the effect
of epigenetics into account. All of these factors can falsely
attribute the contribution of environmental factors to genetics
leading to artificially inflated heritability estimates. However,
classic heritability studies currently offer the best approximation
of environmental and genetic contributions to the analyzed
phenotype (Rijsdijk and Sham, 2002; Kaminsky et al., 2009;
Manolio et al., 2009; Mayhew and Meyre, 2017).

Previous heritability studies conducted on IgG glycans
demonstrated that IgG glycome has a variable heritability
depending on the exact glycan structure analyzed. Most of the
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glycan traits turned out to be at least 50% heritable, with only a
few having a low genetic contribution (Puci¢ et al., 2011; Menni
et al., 2013). This tight genetic control was later explained by
complex gene networks discovered through numerous GWA
(genome-wide association) studies conducted on IgG glycan
traits (Huffman et al, 2011; Lauc et al, 2013; Shen et al.,
2017; Wahl et al., 2018b; Klari¢ et al., 2020). One of the first
GWA studies on IgG glycan phenotype revealed that IgG
glycosylation is not only regulated through the expression of
glycosyltransferases that add specific sugars to the growing IgG
glycan but through different genes with a previously unknown
role in IgG glycosylation (Lauc et al, 2013). A recent GWAS
discovered a gene network involving 27 loci implicated in the
process of IgG glycosylation with most of them associated with
various autoimmune and inflammatory conditions (Klari¢ et al.,
2020). Furthermore, part of this gene network was functionally
validated in vitro utilizing a recently developed transient
expression system based on CRISPR tools (Mijakovac et al,
2021, 2022). Despite this tight genetic control of the IgG
glycome that is currently being unraveled, heritability analysis
of the glycan clock revealed only a moderate genetic contribution
averaging around 39% for both cohorts. In the longitudinal
cohort, IgG glycome composition changed substantially due to
aging but the heritability estimates remained fixed. The
contribution of the environmental factors fell largely on
shared environmental variance with only a proportion coming
from the unique environment.

Considering the fact that aging has the largest impact on IgG
glycosylation, we included the age of the individuals as a
covariate in the heritability analysis of the glycan clock. This
intervention largely deflated the contribution of shared
environmental variance to the point where AE model became
the best fitting one for the longitudinal cohort. As a consequence,
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GLYCAN CLOCK

FIGURE 3

Genes, chronological age and lifestyle influence biological

age measured by the glycan clock. Biological age, measured by the
glycan clock is determined by a complex interplay between
genetic and environmental factors. Even though the genetic
template partly explains the phenotypic variation of the glycan
clock this heritability analysis showed how big of a role
environment has. Chronological age (ChronAge), that causes
biological fatigue, together with fixed genetic information and
unique lifestyle choices dictates the glycan clock ticking.

the heritability estimates almost doubled to an average of 71%.
The observed increase in the genetic component could be a
consequence of chronological age as a shared environmental
variance characteristic for every individual and determined by
their genetic makeup and epigenetic regulation. Aging in general
leads to epigenetic mediated deregulation of genes so it is safe to
assume that the glycan clock heritability estimates are not devoid
of this effect (Saldanha and Watanabe, 2015). Different studies
reported that the process of protein glycosylation is under strong
epigenetic control (Horvat et al,, 2013; Agrawal et al, 2014;
Greville et al., 2016, 2021; Indellicato and Trinchera, 2021). We
hypothesize that aging related epigenetic changes such as altered
DNA methylation, abnormal chromatin state, altered histone
modifications and deregulation of non-coding RNAs (Saldanha
and Watanabe, 2015) also impact the glycan dock variation
which is reflected in the inflated heritability estimates after age
correction.

The glycan clock is a very powerful predictor of chronological
and biological age but more importantly, it can be turned by
simple lifestyle changes as many recent studies have reported.
Lifestyle decisions such as exercise and nutrition can have an
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immense impact on biological age measured by the glycan clock
(Peng et al., 2019; Tijardovi¢ et al., 2019; Greto et al., 2021). But
how much can the glycan clock actually be turned remains an
open question. We argue that the contribution of the unique
environmental variance to the phenotypic variation of the glycan
clock is comparable to the contribution of lifestyle decisions.
After we corrected the data for the age of the individuals,
estimates for the unique environmental variance averaged at
26%. This result emphasizes the high plasticity of the IgG
glycome in response to environmental stimuli and in part
supports the notion that the glycan clock can be rejuvenated
by simple lifestyle choices. Mechanisms by which the lifestyle
choices affect the glycan clock are still unknown, but most of the
recent studies point to the epigenetic regulation of IgG
glycosylation with an accent on DNA methylation (Menni
et al., 2013; Lauc et al, 2014; Wahl et al., 2018a; Klasi¢ and
Zoldos, 2021).

In conclusion, we propose that the biological age, measured
by the glycan clock, is determined by a complex interplay of fixed
genetic information, chronological age (ChronAge) of the
individual and unique lifestyle choices, mediated by the
plasticity of the human epigenome (Figure 3). Responsiveness
of the glycan dock to a healthier lifestyle and its potential to
integrate genetic, epigenetic and environmental cues puts this
biomarker as one of the most alluring predictors of biological age
in modern personalized medicine.
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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 propertiest>1222°_ This is exemplified by the addition of glycans to
the immunoglobulin G (IgG) antibody, creating hundreds of different 1gG glycoforms that
control the immune response on multiple levels?*?*°, Alternative 1gG 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 aging*. This knowledge was exploited to create a novel marker of biological
age, based exclusively on glycans attached to IgG, termed the glycan clock®!. 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 period®. The abundance of anti-inflammatory 1gG 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.®®. 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 1gG

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 environment®.
The intricacy of these mechanisms made the research of 1gG 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 missing'®!2%-132_In order to perform functional
studies of mechanisms governing 1gG 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 1gG glycosylation and
analyze the glycan phenotype of 1gG in one step. We validated the developed system by
targeting four main glycosyltransferases (GTs) with a known role in 1gG glycosylation (FUTS,
MGATS3, BAGALT1 and ST6GAL1) This intervention resulted in the expected change of 1gG
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 1gG,
while the role of GGAZ2 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 I1gG
glycoforms in aging women entering the menopausal period. Targeted CRISPR activation of
estrogen-regulated loci: RUNX3 and SPINK4 resulted in a decrease of galactosylated 1gG
glycans, a phenotype characteristic for menopausal women. This was the first in vitro validation
of an estrogen signaling pathway implicated in 1gG 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 1gG 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 1gG glycosylation operates under tight genetic
control*®”>, 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 1gG
glycosylation®*-6%6_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 1gG glycome composition, we conducted the
largest heritability study up to date on the glycan clock data from 3344 female twins enlisted in
the TwinsUK registry?3l. 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 1gG 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 1gG glycosylation.

The in vitro technology for functional validation of novel candidate genes implicated in
the regulation of 1gG 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 2014'%" and upgraded by Dekkers et al.% two years later to
enable the secretion of 1gG 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 therapeutics®22>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 modifications?*>-2%", 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 time?3.
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
methods?*%24%, On the other hand, FreeStyle™ 293-F cells are easy to transfect, produce large
quantities of 1gG and exhibit human-like glycosylation patterns making them the best option

for fast and efficient analysis of mechanisms regulating 1gG glycosylation®+137:241,

In the first phase of our research, we upgraded the FreeStyle™ 293-F system by altering
the 1gG-coding plasmid to be compatible with our modular molecular toolbox based on the
Golden Gate cloning method (Figure 5)12242, This toolbox enables us to assemble up to seven
functional units in a defined order in a single Golden Gate reaction with the Bsal 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 (293fectin™) of our 1gG 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 1gG 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 al'®’. After the isolation of
secreted 1gG and N-linked glycan release, we analyzed 1gG 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 1gG 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
system?°. The acquisition of clear chromatographic peaks from the 1gG 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
kb183185186 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
length?*324 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) 1gG + 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 genome??®. 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
HNF1la, 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 proteins!!2,

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, BAGALT1 and
ST6GAL1L) with the genes coding 1gG heavy and light chains. This configuration needs to be
emphasized as it enables the production of 1gG 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 GICNAc and sialylation. Therefore, we downregulated FUT8 and
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upregulated MGAT3 and ST6GALL1 loci. Considering the moderate levels of glycans containing
galactose, we decided to target the BAGALT1 locus in both monoclonal cell lines, facilitating
its up- and downregulation. As a negative control, we assembled genes coding for 1gG 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 1gG glycans was
observed after the upregulation of MGATS3 challenging the hypothesis from Garcia-Garica et
al.® that bisection precludes fucosylation. Bidirectional manipulation of BAGALT1 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 1gG 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 1gG-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 1gG 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 1gG 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 1gG 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. 1gG
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 1gG glycosylation. We decided to target two novel Golgi-localized
GWAS candidate genes associated with 1gG 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 endosomes?®. Among its many roles is the regulation of retrograde transport of the
phosphorylated form of BACE1 (B-secretase 1) from endosomes to the trans Golgi network?*’.
BACEL is a transmembrane aspartic protease that cleaves ST6GAL1 from the Golgi
membranes to initiate the secretion of this GT into the plasma?324°, Jones et al. % hypothesized

that 1gG sialylation occurs in plasma and is mediated by the hepatocyte-secreted ST6GALI,
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cleaved by BACEL 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.'%” where they showed that 1gG
sialylation remains unchanged in the hepatocyte-specific KO of ST6GAL1 or BACEL, B cell-
specific KO of ST6GAL1L or any combination of these KOs. This experiment demonstrated that
the addition of sialic acid on 1gG glycans does not rely on plasma ST6GALL1 or Golgi-resident,
B cell-specific ST6GALL. When we directly upregulated ST6GAL1 in our HEK293-F transient
expression system, 1gG 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 1gG 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 1gG sialylation>%?%!, 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 IgG2®2. However,
beside MGATS5, SPLL3 can also cleave BAGALT1 as demonstrated by Voss et al. in 2014%%°.
SPPL3 KO resulted in reduced B4AGALT1 secretion and consequent intracellular accumulation
of this GT. Considering that SPPL3 can cleave different GTs, we wondered if ST6GALL could
also act as its substrate. Targeted downregulation of SPPL3 in the HEK293-F system increased
all complex glycans on 1gG, 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 1gG. A significant increase in ratio was observed for
IgG galactosylation, confirming that SPPL3 can cleave BAGALT1 from Golgi membranes.
More importantly, we observed an increase of IgG sialylation, demonstrating for the first time
that ST6GALL1 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 1gG sialylation because
this intervention would reduce the secretion of ST6GALL. 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 1gG sialylation is a plasma-localized process is reached, our HEK293-F

70



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 process*t?7-30:49-
2. 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 morbidity®*°623, Age-related changes of 1gG
glycome composition are reminiscent of the ones occurring in various inflammatory and
autoimmune conditions, pointing toward an intimate link between inflammaging and I1gG
glycosylation®*133:25425 gtij|l, 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 1gG glycome composition?”47:8.65.133,
This time frame coincides with the perimenopausal period marked by a drop in estrogen
production. The causal relationship between estrogen and 1gG glycosylation was revealed in
the study by Ercan et al.®®. 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 1gG 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 Deri3 et al.®
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
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digalactosylation and monosialylation, all considered hallmarks of inflammation. Several years
earlier Juri¢ et al.%® 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 1gG glycosylation. However, how do the estrogen signaling
pathways regulate 1gG 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 1gG
glycosylation using the Signaling Pathways Project (SPP) knowledgebase. An association was
observed for BAGALT1, a GT that catalyzes the addition of galactose to the growing IgG
glycan. As the role of BAGALTL in 1gG 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 Il 2). RUNX1, RUNX3 and SPINK4 are GWAS hits
for IgG galactosylation, while ELL2 associates mainly with IgG sialylation®130131.2% 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 system®*. We
manipulated all four loci in dCas9-VPR and dCas9-KRAB monoclonal cell lines and observed
a major effect on 1gG galactosylation following the upregulation of RUNX3 and SPINK4. The
role of RUNX1 and ELL2 in 1gG glycosylation could not be confirmed in our HEK293-F model
system. Targeted upregulation of RUNX3 resulted in an increase of agalactosylated 19G
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 al**!. They
associated this transcription factor with decreased 1gG galactosylation, the same phenotype we
observed in our HEK293-F system after RUNX3 upregulation. In the GWA study by Klari¢ et
al.1% RUNX3 was associated with the glycosyltransferase MGAT3 but we could not confirm
this result in our HEK293-F system as no change in 1gG bisection was observed. Considering
that RUNXS acts as a transcription factor, we hypothesized that BAGALT1 could be a target for
RUNX3 transcriptional repression®®’. To test this, we analyzed BAGALT1 expression after

RUNXA3 upregulation, but no change in BAGALT1 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 estrogen®®2%4, This positioned the RUNX3
protein as a potential target for pharmacological interventions. RUNXS3 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 BAGALT12%°, We wondered if the VPR-targeting of the SPINK4
promoter inadvertently affected the expression of BAGALT1 even though the expected effect
of this off-target would be the upregulation of BAGALT1 and consequent increase of
galactosylated IgG glycoforms. Our intervention did not unintentionally change the expression
of BAGALT], validating the role of SPINK4 in IgG glycosylation. Our results were confirmed
in a recent study by Klari¢ et al.X® where the authors reported the strongest correlation between
SPINK4 and B4GALT1 loci. Furthermore, the observed effect on 1gG galactosylation for the
upregulation of both RUNX3 and SPINK4 loci mimicked the pro-inflammatory 1gG 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 1gG antibodies.

This study also served to demonstrate that age-related alternative 1gG 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 1gG glycosylation varies depending on the analyzed IgG glycoform3®7>77. Nevertheless,
most of the 1gG 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
process!®1?%132. GWAS were recently followed by the in vitro validation of 1gG 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 1gG glycome
composition. To gain a better understanding of the genetics of 1gG glycosylation in aging, we
decided to analyze heritability of three 1gG 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 glycans®?. 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 design®®®. 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 1gG 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 I1gG 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 dieting®®-®%%4, The first report linking exercise and IgG glycosylation came from

a study by Tijardovi¢ et al.%°. 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 19G
glycoforms with anti-inflammatory properties. The ratio of agalactosylated 1gG glycans
decreased mimicking a phenotype of young individuals. A year later, Greto et al.®
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 1gG 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 1gG 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 1gG 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 1gG 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 1gG 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 1gG 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 1gG 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 1gG°***". 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 1gG 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 1gG 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 goal*?®, However, as was mentioned previously in
relation to 1gG 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 1gG glycosylation are different murine strains, which also come with various limitations,
mainly related to the non-human-like glycosylation patterns on IgG*®*. 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 1gG 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 1IgG/gRNA expression plasmid and three small plasmids for cell cycle
arrest resulted in IgG vyield 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 1gG glycosylation
resulted in the expected change of the 1gG glycan phenotype: FUT8 downregulation —
decreased 1gG fucosylation; MGAT3 upregulation — increased 1gG bisection; BAGALT
upregulation/downregulation — increased/decreased IgG galactosylation; ST6GALL
upregulation — increased 1gG sialylation.

Targeting the GTs in both monoclonal and polyclonal cell-based HEK293-F system
resulted in the same 1gG 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 1gG 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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e Targeted upregulation of two estrogen regulated loci, RUNX3 and SPINK4, resulted in
the decrease of galactosylated glycans on 1gG, 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 1gG 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 1gG 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 1gG glycosylation

associated not only with pathologies but also with aging.
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