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Abstract

Aberrant glycosylation of 1gGs has been linked to human diseases, including liver disease. In this
study, we have quantified plasma immunoglobulins in cirrhosis (CIR) and hepatocellular
carcinoma (HCC) and employed a novel LC-MS-MRM assay to quantify glycoforms of 1gG
subclasses 1-4. Glycan oxonium ions and peptide-GIcNAc fragment ions were utilized to quantify
the 1gG glycoforms purified by affinity chromatography with normalization to the unique peptide
for each 1gG subclass. Our results indicate that HCC patients have increased circulating 1gG1,
1gG3, 1gAl, and IgM compared to healthy controls; comparison of HCC and CIR patients shows
that HCC patients have significantly higher concentration of 1gG1 and IgM but lower
concentration of 1gG2. Increase in galactose-deficient core fucosylated glycoforms was
consistently observed in CIR and HCC patients. The FA2G0 and FA2BGO glycoforms increase
approximately 2-fold in all 1gG subclasses accompanied by a decrease in the FA2G2 glycoform.
Fucosylation changes are less pronounced but we have detected increased degree of fucosylation
in the 19gG1 and 1gG3 glycoforms. In conclusion, we have optimized a sensitive and selective LC-
MS-MRM method for quantification of immunoglobulin subclasses and their site specific
glycoforms, demonstrating that both quantities and glycoforms of immunoglobulins change
significantly in liver disease progression to HCC.

Introduction

In the United States, hepatitis C viral (HCV) infection is the leading cause of chronic liver
disease including cirrhosis and hepatocellular carcinoma (HCC), the most serious
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complication of the viral infection [1]. HCC is the third leading cause of cancer death in the
world and a cancer with continuously increasing incidence in the United States [2;3].
Approximately 80% of HCC is associated with chronic viral infections world-wide [4] and,
in the US, 50-60% of HCC patient are HCV infected [1].

Stimulation of immune response by HCV antigens leads to increase in specific subclasses of
immunoglobulins dominated by the IgG1 and 1gG3 subclasses [5]. The disease-associated
shift in immunoglobulin distribution has been well documented [6-8]. Broadly neutralizing
antibodies targeting the E1/E2 glycoprotein have been isolated but are not common due to
the high variability and extensive glycosylation of the viral envelope [9-11]. Immune
response is typically considered part of the pathogenesis of liver damage in chronic HCV
infection but the mechanism remains undefined [12]. Nonetheless, antibody dependent
cellular cytotoxicity (ADCC) was associated with antibodies to E2 envelope glycoprotein at
all stages of HCV infection [13]. In addition to the HCV directed antibodies, liver disease
leads to general increase in antibody titers in association with leakage of intestinal antigens
[14-16] .Significant increase in serum IgA and IgG was reported at the stage of hepatic
fibrosis [6;17]. And progressive increase of circulating serpin squamous cell carcinoma
antigen-IgM complexes has been found to be associated with liver tumor development [8].

In addition to quantitative changes of specific immunoglobulin subclasses, N-glycosylation
of immunoglobulins provides critical regulation of functional responses mediated by Ig-
receptors and other interacting partners [18]. Glycosylation is a frequent and heterogeneous
translational modification which regulates many biological processes including protein
folding, stability, and host-pathogen interactions [19-21]. Each immunoglobulin has
conserved glycosylation sites on their heavy chain (HC) while the glycosylation of the light
chains is variable. We and others have shown that glycosylation of immunoglobulins
changes in liver disease [19;22-25]. Immunoglobulins A and G have been found to be the
major glycoproteins contributing to the observed changes in composition of total serum N-
glycome in cirrhotic patients [22]. GlycoFibroTest stages fibrosis based on the log ratio of a-
galactosylated biantennary glycan derived from immunoglobulins to triantennary complex
glycan derived from liver secreted proteins [17]. And decreased galactosylation of anti-Gal
1gG was associated with the progression of fibrosis to cirrhosis of hepatitis C viral etiology
[15]. In all the above studies, glycosylation was monitored at the level of total IgG,
primarily by analysis of the enzymatically detached glycans; the distribution of the
glycosylation changes between subclasses of 1gG in liver disease remains unknown.
Because of the association of immunoglobulins with liver disease progression and because
of the importance of glycosylation in regulation of 1gG responses, we decided to quantify
changes in the site specific glycoforms of 1gG1-4 in liver disease. For this purpose, we have
optimized LC-MS-MRM assays for simultaneous quantification of immunoglobulins and
site specific glycoforms of 1gG1-4 subclasses and report application of these assays to a
pilot examination of liver disease progression from CIR to HCC.
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Materials and methods

Study population

All participants including HCC patients (n=5), cirrhotic patients (n=5), and healthy
individuals (n=5) were recruited under protocols approved by the Georgetown University’s
Institutional Review Board in collaboration with the Department of Hepatology and Liver
Transplantation, Georgetown University Hospital, Washington D.C. Liver disease of all
cirrhotic and HCC participants was of HCV etiology. Liver cirrhosis and HCC diagnosis
was established by the attending physician based on liver imaging and/or liver biopsy. All
HCC patients had early stage disease (stage 1 and 2) in agreement with the 71" Edition of the
American Joint Committee on Cancer Staging manual. All participants were age matched
and the cirrhotic and HCC patients had comparable degree of liver damage as measured by
MELD scores. The basic demographic and clinical information of the participants is
summarized in Table 1.

Isolation of immunoglobulins from human plasma

Immunoglobulins were isolated from human plasma by using Proteus protein A and G
columns (AbD Serotec, Oxford, UK) according to the manufacturer’s instructions with
minor modifications (Scheme 1). Isolation was performed at 10°C, buffer A (0.1 M di-
sodium hydrogen phosphate containing 0.1 M NaCl, pH 7.0) diluted plasma was loaded on
Protein A column by centrifugation, washed three times with buffer A, and bound
immunoglobulins (except for 1gG3 which does not bind to protein A) were eluted with
buffer B (0.2 M glycine, pH 2.5). This immunoglobulin fraction was named Ig fraction A.
To further increase the purity of 1gG3, the flow through was loaded back onto the
regenerated Protein A column, the flow through was consequently loaded on a Protein G
column, washed and eluted with buffer B as described above. Collected fractions were
dialyzed against de-ionized H,O overnight, concentrated on a CentriVap Centrifuge
(Labconco, Kansas City, MO) to dryness, and reconstituted in 50 mM ammonium
bicarbonate. Final concentration of proteins was measured by Nanodrop 1000
Spectrophotometer (Thermo Fisher Scientific, Wilmington, DE) at 280nm using 1gG as
reference.

To assure removal of IgG3 from Ig fraction A, we have prepared antihuman 1gG3 affinity
magnetic beads by incubating biotinylated mouse anti human 1gG3 antibody (Sigma-
Aldrich, St. Louis, MO) with streptavidin magnetic beads (Solulink, San Diego, CA) in Tris-
buffered saline (TBS, pH 7.4) for 1.5 hr with mixing at room temperature. After three cycles
of washing with TBS, isolated Ig fraction A reconstituted in 100 pl TBS was added to the
magnetic beads for a 1.5 hr incubation at room temperature with mixing. The unbound
fraction was collected for analysis of glycoforms of 1gG2.

IgG3 genotyping
Genomic DNA was extracted from buffy coat and oligonucleotides (F 5’-
ACCCAAGGATACCCTTATGATT , R 5-GAGGCTCTTCTGCGTGAAGC ) were used
as the primer set to amplify a 683 base pair DNA segment of the human IgG3 heavy chain
gene as reported by Baldin et al. [26]. Amplification was conducted in a GeneAmp PCR
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System 9700 (Applied Biosystems, Carlsbad, CA) using Platinum Blue PCR Supermix
(Invitrogen, Carlsbad, CA). The amplified IgG3 DNA samples were cleaned up by Qiaquick
PCR Purification kit (Qiagen, Germantown, MD) according to the manufacturer’s
instructions and sequencing of the DNA product was performed by GENEWIZ
(Germantown, MD).

Tryptic and PNGase F digests

Plasma or immunoglobulins were reconstituted in 50 mM ammonium bicarbonate and
digested with Trypsin Gold (Promega, Madison, WI) as previously described [27] without
RapiGest. Digested proteins were subjected to LC/MS analysis without further processing to
ensure reliable quantification. To determine the allele expression level in heterozygous
1gG3, trypsin was deactivated by heating the protein solution at 99°C for 10 min. PNGase F
(250 units) was then added and the digestion was conducted at 37°C for 18 hr.

Quantification of Immmunoglobulins and their glycoforms

One unique peptide was selected from each immunoglobulin for quantification of the
subclasses [28]. Uniqueness of each selected peptide was confirmed by searching against
UniProtKB/Swiss-Prot human protein database. The corresponding isotopically labeled
peptides or peptides with single conservative amino acid replacements were synthesized by
Dr. Koomen’s lab [28;29] except for the 1gG4 standard, which was synthesized by New
England Peptide (Gardner, MA). These labeled peptides served as internal standards for
quantification of immunoglobulins. Purified full length native human 1gG1, 2, and 4
(Abcam, Cambridge, MA), 1gG3 (Athens Research & Technology, Athens, GA), IgA and
IgM (Lee Biosolutions , St. Louis, MO) proteins were used to generate isotope dilution
calibration curves. Quantitative analyses were performed in positive ion mode on a 4000 Q-
trap mass analyzer (AB Sciex, Framingham, MA) coupled with a nanoAcquity
chromatographic system (Waters Associates, Milford, MA) consisting of a UPLC 2G
Symmetry C18 TRAP column (5um, 180 um x 20 mm) and a BEH C18 300 capillary
analytical column (1.7um particles, 75 um x 150 mm). Peptide and glycopeptide separation
was achieved by a 2 min trapping/washing step using 100% solvent A (2% acetonitrile
containing 0.1% formic acid) at 15 pl/min followed by a 34 min acetonitrile gradient at a
flow rate of 0.4 pl/min: 3 min from 0% to 13% solvent B (0.1% formic acid in acetonitrile);
28 min from 13% to 55% solvent B; and 3 min from 55% to 99% solvent B. Multiple
reaction monitoring (MRM) mode was used for peptide and glycopeptide quantification with
ion spray voltage set at 2400 V, curtain gas 13, ion source gas 1 30, and the interface heater
temperature 180°C. Both entrance potential (EP) and collision cell exit potential (CXP) were
set at 10 V, declustering potential (DP) was 75 V, and Q1/Q3 were set at unit resolution.
The MRM transitions used for immunoglobulin monitoring are listed in Supplementary
Table S1 with the glycoforms monitored in our experiments listed in Table 2. Precursor
masses of each evaluated glycopeptide are listed in Supplementary Table S2. Oxonium ions
at m/z 204, 138, 274 (sialylated glycans only), and peptide-GIcNAc fragments were selected
for glycopeptide monitoring. Collision energy (CE) for each MRM transition was optimized
by a 5 V step optimization followed by a 2 V step fine tuning. Instrument control and data
acquisition were performed by AB Sciex Analyst software (versionl.6.1).
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Data processing and Statistical analysis

Results

LC-MS-MRM data was processed by Multi Quant 2.0 software (AB Sciex) with manual
confirmation. Peak intensities were used for peptide and glycopeptide quantification and
data normalization. MRM transitions used for quantification of the immunoglobulin subclass
are highlighted in bold in Supplementary Table S1. For glycopeptide quantification, MRM
transition of the glycopeptide precursor—204.1 was selected. The remaining MRM
transitions were used as quality control to confirm the specificity of the targeted peptide
(glycopeptide). The intensity of glycopeptide of each 1gG subclass was normalized to that of
its corresponding unique peptide. The concentrations of each immunoglobulin used in the
study were within the linear portion of the calibration curves. Fucosylation degree is
calculated by normalizing the sum of intensities of all fucosylated glycoforms to the sum of
intensities of all subclass specific glycoforms. Degree of sialylation was calculated by
normalizing the sum of intensities of all sialylated glycoforms to the sum of intensities of all
subclass specific glycoforms.

Statistical analyses were performed with SAS releases 9.2 (SAS Institute, Cary, NC). All
reported p values are two sided. Baseline variables on age and liver function tests in healthy
control, CIR, and HCC groups were compared by non-parametric tests (Wilcoxon-Mann
Whitney test or Kruskal-Wallis test). All the quantitative data were derived from duplicate
measurements of each sample. Individual sample effect was regarded as random.
Generalized Equation Estimation models (GEE) was applied to evaluate the differences of
average Immunoglobulin subclass concentrations or average relative intensities of each
glycoform from 1gG1-4, among the three groups; the p values of pairwise comparisons
between three groups were adjusted by the Bonferroni correction. Principal component
analysis was utilized to summarize major variance (85% total population variance) and
corresponding contributors (specific glycoforms) from glycoform profiles of 19G1-3; 1gG4
was excluded from this comparison due to its low intensity. Glycoforms with major
contribution to variance between 1gG subclasses were verified by the generalized equation
estimation model, stratified in healthy control, cirrhotic and HCC groups.

Quantification of Ig by stable isotope dilution LC-MS-MRM

Elevation of plasma immunoglobulin concentrations in chronic HCV infection was reported
previously [7]. We have used a novel stable isotope dilution LC-MS-MRM method to
evaluate which classes of plasma immunoglobulins change in concentration during liver
disease progression to HCC. We use isotopically labeled peptides specific for each
immunoglobulin subclass (IgG1-4, IgA1, IgA2, and IgM) to ensure accuracy of
quantification. Specific MRM transitions (Supplementary Table S1) of the internal standards
were used to construct standard curves, based on serial dilution of the immunoglobulins of
interest, and to quantify endogenous peptides by stable isotope dilution LC-MS-MRM
methods [30]. In the case of IgM and IgA2, structural analogs of the endogenous peptides
were used as internal standards as described previously [29]. Considering matrix effects, the
same amount of healthy control plasma was added to each protein concentration. The
resulting isotope dilution calibration curves (Supplementary Figure S1) show a linear
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response in a concentration range of at least 2 orders of magnitude with RZ greater than
0.999, except for IgG3 and IgA2. Peptides selected for these Ig subclasses have higher
detection limits and their plasma concentrations are low which limits the range of linear
response. However, the concentration range of 1gG3 and IgA2 in all the examined plasma
samples fell within the linear range of quantification.

The measured concentrations of immunoglobulins in plasma of each study group (Table 1)
are listed in Supplementary Table S3. Figure 1 shows that concentration of 1gG1 in plasma
of cirrhotic patients significantly increased compared to healthy controls and further
increased in patients with HCC. Similar trend was observed for IgG3 (but only the change
from control to HCC reached significance), IgA1 (change between cirrhosis and cancer did
not reach significance), and IgM (change between control and cirrhosis did not reach
significance). In contrast, concentration of 1gG4 and 1gA2 did not change and 1gG2
decreased in the HCC group. The multiplex LC-MS-MRM method of Ig subclass
quantification has good performance and can be used efficiently for evaluation of
immunoglobulin concentrations under any disease context. The results are based on a small
set of samples but confirm clearly the reported non-uniform changes in 1g-subclass
concentrations in liver disease [6;7]. But the quantification of immunoglobulins is hot major
aim of our study. We were primarily interested in the site specific glycoforms of 1gG1-4 and
we use the quantification of immunoglobulins to adjust the measurements, as described
below.

Isolation of Ig subclasses for quantification of glycoforms

1gGs are the most abundant immunoglobulin type that consists of four subclasses. Each 1gG
subclass has one highly occupied and conserved N-glycosylation site with specific amino
acid sequence (Supplementary Table S2). Alterations in the glycosylation of total 1gG in
liver disease have been described [15;16] but alteration of subclass-specific glycoforms was
not reported to our knowledge. To accomplish subclass-specific quantification of
glycoforms, we have at first isolated total IgG and targeted identification based on the
specific amino acid sequences. Because the canonical sequence of 1IgG3 and IgG4 is isobaric
(differs only in order of AA in the sequence), we have devised an isolation scheme of these
subclasses based on differential affinity to protein A and G (Scheme 1). The approach is
efficient but we have noticed that the glycopeptide of IgG3 in some samples is actually the
same as 1gG2 due to a polymorphic variant frequent in population of European ancestry
(Supplementary Figure S2). This variant is also utilized to a different degree in
heterozygotes; in some people, majority of the translated protein is of the wild type sequence
(Supplementary Figure S3 A-B) while others express both forms to a similar degree
(Supplementary Figure S3 C-D). This complicates quantitative analysis and dictates that
isolation of the protein subclasses has to be adjusted in agreement with genotype and
utilization of the variant message (Supplementary Table S4).

To obtain clean subclass-specific protein information, we have adjusted the workflow by
addition of further isolation of 1gG3 on a specific antibody column and used this additional
purification step in cases where enrichment on protein A and G was inefficient (Scheme 1).
As shown in Scheme 1, IgG 1, 2, and 4 were isolated with IgA and IgM by protein A
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column and 1gG3 was recovered from partial immunoglobulin depleted plasma by protein G
column. We have verified by LC-MS-MRM quantification the concentration of each
subclass in the isolated fractions. Another set of isotopic dilution calibration curves were
generated using 1gG standard as matrix to avoid different matrix effect from plasma for
quantification of 1gG subclasses in isolated fractions (Supplementary Figure S4). The
quantitative results demonstrate > 99% purity of isolated 1gG3 (data not shown) but the
amount of 1gG3 contaminating 1gG2 was too high for 1gG2 glycoform analysis in case of
one sample in the HCC group (Supplementary Table S5).

Quantification of subclass specific glycoforms of IgGs

We have first examined changes in site occupancy (percent of the site occupied by glycans)
with liver disease progression by analysis of the non-occupied glycopeptides for each IgG
subclass. We were able to detect un-occupied 1gG1 and IgG2 glycopeptides but their
intensity is close to the detection limits (S/N =3) and does not differ among the three groups.
The un-occupied glycopeptides for IgG3 and IgG4 were below detection limits. We
conclude that occupancy for all subclasses is greater than 95% and does not change with
disease status (data not shown).

To quantify subclass specific 1gG glycoforms, we have selected initially a list of 26
glycoforms based on our prior analysis of detached glycans and from reports in the literature
[31;32] (Table 2). Since the amount of IgG 1-4 subclasses vary among the samples, the
intensity of glycopeptides was normalized to the intensity of the unique peptide
corresponding to each 1gG subclass. Among the 26 glycoforms, seven (FA2BGL1S,
FA2BGS, FA2G2S2, A2BG1S, A2BG2S, A2G2S2, and FA2BG2S2) were not detectable in
any group by our current method. Some glycans were detectable but below quantification
limit, some glycans were quantifiable but in a limited subset of the samples. We have
therefore in the end compared 15 (IgG1), 9 (19G2), 11 (1gG3), and 7 (1gG4) glycoforms
detectable in all samples (bolded entries in Supplementary Table S2).

Majority of glycans associated with all IgG subclasses are bi-antennary and core fucosylated
[31;32]. We have been able to quantify minor bisected and non-fucosylated glycoforms but,
as expected, we did not detect any high mannose or tri- or more antennary glycoforms.
Pairwise comparison with Bonferroni adjustment showed that nine glycoforms significantly
differ among the groups in the case of IgG1 (Figure 2A). FA2GO0 approximately doubles in
cirrhosis and HCC compared to healthy controls while the FA2G2 glycoform decreases in
cirrhosis and HCC. The non-fucosylated counterparts of these dominant glycoforms show
decrease in the A2G2 glycoform in cirrhosis and HCC but the A2G0 does not increase in the
liver disease groups compared to controls. In addition to FA2GO, the bisected FA2BGO
glycoform doubles in intensity in HCC and cirrhosis compared to controls. Other
quantitative changes are less consistent and of lower magnitude. These observations are
consistent with the previously reported glycoforms of total 1gG [17;22]

Affinity separation of 1gG3 allowed us to compare 1gG2 glycoforms in all patient samples
except one HCC patient with high 1gG3 contamination. The changes in the glycoforms of
the 1gG2 subclass are quite consistent with the changes in 1IgG1 which is in contrast to the
trends in quantitative changes of these 1gG subclasses in the disease context (Figure 1).
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Overall, of the 9 quantified glycoforms of 1gG2, three glycoforms (FA2GO0, FA2G2, and
FA2BGO0) showed significant difference among the three groups (Figure 2B). The FA2G0
and FA2BGO glycoforms again nearly double in liver disease (cirrhosis and HCC) compared
to healthy controls.

Though the isolated 1gG3 was confirmed to have high purity, the differences in genotype
(Supplementary Table S4) complicate quantitative analysis. Among the 15 participants,
three carry “Y” alleles, seven “F” alleles, and five are heterozygous. Further analysis
showed that, four of the heterozygous participants express mainly the glycopeptide
corresponding to 1gG2 (F genotype). Thus, these participants were grouped with the F
genotype homozygotes for the study of 1gG3 glycoforms because they could be reliably
normalized to the subclass specific peptide. Participants with “Y” genotype were not
included in the comparison because of the normalization issue. We were able to quantify 11
glycoforms in all 1IgG3 samples of which seven show quantitative differences between
groups (Figure 2C). The FA2GO0 again approximately doubles in cirrhosis compared to
controls and further increases in HCC compared to cirrhosis. We do not see a significant
decrease in FA2G2 but FA2BGO approximately doubles in cirrhosis and HCC. In addition,
we observe significant increase in FA2G1, FA2BG1, and FA2GL1S. In spite of these
differences, the overall trend in the quantitative changes is similar to 1gG1.

IgG4 is the least abundant immunoglobulin in the family. After excluding the participants
carrying 1gG3 genotype which interferes with 1gG4 glycopeptide and the participants with
1gG4 too low to quantify, there are only two participants left in the CIR group. Hence,
glycosylation was compared only between the HCC and control groups. We were able to
quantify seven glycoforms of 1gG4, five of which differ significantly between the two
groups (Figure 2D). The increases in FA2G0 and FA2BGO together with decrease in FA2G2
are again the dominant changes in liver disease context.

While major focus of our analysis is the quantitative comparison of subclass-specific
glycoforms between disease groups, we have also evaluated whether glycoforms differ
substantially between the subclasses of individual participant. As described above, the
general trend for changes in glycorforms between groups is similar across the subclasses of
IgG1-4. Overall, all the 1gG have more than 85% of their glycoforms core fucosylated and
distribution of the fucosylated glycoforms among IgG subclasses is similar. However,
principal component analysis of the major contributors to differences between the subclasses
showed that the non-fucosylated glycoforms are different (Figure 3). The glycoform profiles
of 1IgG1 and IgG3 are similar with the exception of A1G1, which was not detectable in
IgGL1. But in the case of 19gG2, all the non-fucosylated glycoforms except A1G1 are barely
detectable.

In summary, the most noticeable glycosylation differences observed in all 1gG subclasses
was the liver disease-related increase in core fucosylated a-galactosylated glycoforms with
or without bisecting GICNAc. The bisected glycoform FA2BGO is also elevated in the case
of all 1gG subclasses, but its galactosylated forms (FA2BG1 and FA2BG2) do not, in
general, differ between study groups. Glycans without core fucose (A2G0, A2G1, A2G2)
are of low intensity and quantifiable reliably only in case of IgG1; here the trend toward
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increase in A2G0 in liver disease is insignificant even though A2G2 remains higher in
healthy controls.

Discussion

Recent studies show that modified N-glycosylation of immunoglobulins accompanies
development of liver fibrosis and cirrhosis [15;17]. Immunoglobulins, besides liver secreted
proteins, are the major constituent of the blood N-glycoproteome and reflect the changes
associated with the progression of chronic viral infection to liver disease [16;22]. Liver
damage in chronic HCV is typically considered immune system mediated because HCV
itself is not cytopathic [12]. Immunotoxicity is a complex process which includes antibody
dependent cellular cytotoxicity (ADCC) found to be associated with antibodies to E2
envelope glycoprotein at all stages of HCV infection [13]. The effector function of
immunoglobulins heavily depends on their glycosylation [19;33]. This is connected, at least
in part, to changes in structure of the Fc-region of Ig that depends on the type of glycan
occupying the conserved N297 sequon [34].

It was shown that both quantities of 1gG, IgA, and IgM and their glycoforms change in
chronic viral infections and resulting liver disease [5;6;17;22]. But changes in glycoforms of
specific subclasses of 1gG in the context of liver disease remain undefined. We have
therefore optimized LC-MS-MRM methods for quantification of immunoglobulins and
subclass-specific 1gG glycoforms for this pilot study of liver disease. LC-MS-MRM is the
method of choice for mass spectrometric quantification of proteins [30;35;36]; our and other
laboratories documented their utility for quantification of site-specific protein glycoforms
[27;37-39]. We introduce unique peptides (Supplementary Table S1) to represent each
immunoglobulin class and use the two stage mass selection (precursor and specific product
ions) to achieve specific and sensitive 1g quantification in the complex plasma background
(Supplementary Figure S1). Our results (Figure 1) confirm previously reported increase in
plasma concentration of 1gG1, IgG3, IgAl, and IgM in liver disease of HCV etiology [6].
We also detect HCC-specific increase in 1gG1 and IgM, as well as decrease in 19G2,
compared to cirrhosis but the known variability of Ig plasma concentrations and small
sample size mean that sampling variation cannot be excluded. It is, however, interesting to
compare the trends in quantity of 1gG with the trends in the changes of site specific IgG1-4
glycoforms described below. Correlation analysis indicates a positive correlation between
IgG1 and 1gG3 with spearman correlation coefficient 0.46 (p<0.01). This might reflect co-
regulation of the genes co-localized on chromosome 14 but separated from IgG2 and 1gG4

[71.

Quantitative LC/MS methods for analysis of glycoforms of 1gG1-4 subclasses have been
recently reported [32;40;41]. High reproducibility of these LC-MS methods was
documented on a study of pregnancy that showed increased galactosylation and sialylation
of 1gG in first two trimesters of pregnancy but did not detect differences between the 1gG1-4
subclasses [32]. We now apply our optimized LC-MS-MRM methods, for the first time, to
the analysis of site-specific glycoforms of 1gG1-4 in liver cirrhosis and HCC. In our
approach, we quantify the dominant oxonium ions (glycan fragments) but monitor also
peptide-GIcNAc fragment to assure specificity of detection, as described previously [27].
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This analysis is optimized to quantify differences between disease groups and is not
designed to compare distribution of glycoforms (profile) within a group. The site specific
glycoform quantification is achievable but polymorphisms of the 1gG3 complicates analysis
[42]. Thirteen G3m allotypes have been characterized on the constant CH2 and CH3
domains of 1gG3 heavy chain and their allele frequency varies in different populations
(Supplementary Figure S2). The related amino acid substitutions lead to 3 different
sequences around the N-glycosylation site on 1gG3 heavy chain: 1) EEQYNSTFR (isobaric
of 1gG4); 2) EEQFNSTFR (same as 19gG2); or 3) TKPWEEQYNSTFR [18]. This
complicates separation of the 1gG2, 3 and 4 glycoforms based on the sequence phenotype
(Supplementary Figure S4). We have therefore genotyped the participants and developed
purification strategy based on protein-A affinity and mouse anti-human 1gG3 magnetic
beads (Scheme 1) to separate, at the protein level, IgG3 from the rest of 1gGs [5]. This
allowed us to complete quantification of 1gG1-4 glycoforms but on a somewhat limited
number of samples (Figure 2) because glycopeptide sequences could not be resolved for
some samples (Supplementary Table S4-S5).

Our analysis showed that a-galactosylated core fucosylated glycoforms dominate the site-
specific glycoform change in the liver disease context in all 1gG subclasses (Figure 2),
which is consistent with the previously reported measurement carried out on total 19G
[17;22]. The most significant increase in the HCC and CIR groups is associated with FA2GO0
glycoform. This change dominates the disease-related alterations and seems to be driven by
the loss of galactose rather than increase in fucosylation as the FA2G2 glycoform increases
in intensity in healthy controls across most of the comparison groups and subclasses (Figure
2). However, increase in the non-fucosylated biantennary a-galactosylated glycan A2G0 in
IgG1 and IgG3 is much lower (if any) compared to the FA2GO0 glycoform and some increase
in fucosylation in liver disease was detectable. Degree of fucosylation increased in IgG1
(84+5% healthy controls, 89+3% CIR, and 93+3% HCC) and 1gG3 (791+4% healthy
controls, 90+9% CIR and 92+4% HCC) but remained constant and high in 1IgG2 (94+1%
healthy controls, 96+2% CIR, and 96+1% HCC). Only fucosylated glycoforms were
detected in the low abundant 1gG4. Sialylation of the glycans is overall low and we did not
find significant trends in the degree of glycoform sialylation. However, sialylated
glycoforms A2G1S and A2G2S were clearly detected in IgG3 controls but not in CIR and
HCC samples, suggesting decreased sialylation of 1gG3 in liver disease (data not shown).
These two glycoforms were not or marginally detectable in 1gG2 and IgG1 samples of all
study groups.

Specific glycoforms of 1gG were associated with distinct functions [19]. Sialylation of the
galactosylated N297 glycan shifts the structure between “open” and “closed” conformations
which leads to altered (co)receptor interactions and downstream anti-inflammatory signaling
[34;43]. One of the major reasons for loss of sialylation is a-galactosylation of IgG (sialic
acid is attached to the galactose). A-galactosylation is associated with several chronic
inflammatory diseases including rheumatoid arthritis [44], Crohn’s disease [45], or viral
liver disease [17]. Loss of galactose leads to binding of mannan binding lectin and could
contribute to pathogenesis by activation of the complement pathway [19;46]. Alternatively,
anti-inflammatory activity of 1gG has recently been associated with galactosylation-
mediated modulation of interaction with FcyRIIB and dectin-1, a C-type human lectin
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highly expressed on dendritic cells [47]. Thus pro-inflammatory glycoforms of 1gG increase
significantly in liver disease and could contribute to the progressing disease phenotype.

Core fucosylation is another recognized modulator of IgG interactions with Fc receptors.
Core fucosylation leads to reduced binding to FcyR3A and decreased ADCC [48].
Importance of this regulatory step drives glyco-engineering of core fucosylation on
therapeutic antibodies [49;50] . In contrast to fucosylation, bisecting GICNAc increases
ADCC responses but this type of glycosylation of IgG is less common than the core
fucosylation[18]. While we observe some change in overall fucosylation of the glycoforms
of 1IgG1 and IgG3 which could modify ADCC, the degree of fucosylation is already high in
controls and the changes are less pronounced than the disease-related loss of galactose.

Conclusions

In the current study, we have optimized LC-MS-MRM methods for quantification of
immunoglobulins and site specific 1gG1-4 glycoforms. Pilot study of liver cirrhosis and
hepatocellular carcinoma confirms that our methods detect previously reported disease-
related increase in 1gG1, 19G3, IgA1, and IgM compared to healthy controls. While disease-
related changes in quantities of 1gG are subclass-specific, the changes in a-galactosylated
FA2G0 and FA2BGO glycoforms is uniform across 1gG1-4 subclasses. Differences in
degree of fucosylation and differences in some minor glycoforms, especially non-
fucosylated glycoforms, were detected between the 1gG2 subclass compared to the 1gG1 and
3. The pro-inflammatory a-galactosylated glycoforms dominate the re-distribution
associated with cirrhosis and HCC and could contribute to liver disease progression of HCV
etiology.
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Significance

We have demonstrated that both quantities and glycoforms of immunoglobulin
subclasses change significantly in liver disease progression to HCC through quantitative
study of immunoglobulin subclasses and their site specific glycoforms using a sensitive
and selective LC-MS-MRM method. Redistribution of the glycoforms of specific
immunoglobulin subclasses could have important implications for receptor mediated
responses affecting progression of liver disease.
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Fig. 1.

Concentration of Ig in plasma of healthy control (CTRL, n=5), cirrhosis (CIR, n=5), and
hepatocellular carcinoma (HCC, n=5) groups. *: p<0.05 based on pairwise comparison with
Bonferroni adjustment in GEE model.
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Fig. 2.

Ci?anges in 1gG subclass-specific glycoforms in liver disease. Average intensity (mean
+SEM) of indicated glycoforms in three patient groups: A. 1IgG1 (n=5 per group), B. 1gG2,
CTRL (n=5), CIR (n=5), HCC (n=4); C. IgG3, CTRL (n=4), CIR (n=3), HCC (n=4); D.
IgG4, CTRL (n=4), HCC (n=4).
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glycoforms of 1gG1, 2 and 3 were compared in intensity in a healthy control participant.
Glycoform intensities for each subclass were normalized to intensity of glycoform FA2GO
in the same IgG subclass and analyzed by principal component analysis. *: glycoforms that

significantly contribute to differences among 1gG subclasses.

J Proteomics. Author manuscript; available in PMC 2016 February 26.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

wdudsnuel Joyny vd-HIN

Yuan et al.

40 pl Plasma+260 pl Buffer A

Protein A column

]

{ 1.Loading (2x): 300 g/6émin Proteli @ Esliiiin
.Washing (3x): 1800 g/2min
I Elution (4x): 150 pl Buffer B, 300 g/6min
Flow-Through .~
Column regeneration Fraction A

I

1.Loading (2x): 300 g/6min
2.Washing (3x): 1800 g/2min

Flow-Through
1.Loading (2x):

19G1, 1gG2, IgG4,
IgA, IgD, IgE, IgM

Elution (4x): 150 pl
Buffer B, 300 g/6min

300 g/6min

2.Washing (3x): 1800 g/2min

Elution (4x): 150 pl
Buffer B, 300

|

Scheme 1.

g/6min

Overview of immunoglobulin isolation from plasma.

Y

Anti-human IgG3
affinity purification:
Incubation at RT for

V 15hr

|

Supernatant

|

LC-MS-MRM
analysis of IgG2
glycoform

J Proteomics. Author manuscript; available in PMC 2016 February 26.

Page 20



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny vd-HIN

Yuan et al.

Table 1
Basic characteristics of study participants.
Cirrhosis HCC Healthy control  p value”

size 5 5 5

Gender (M:F)" 3:2 41 41

Race (CA:AA)" 32 41 32

Age (mean=std) 57+3.53 54+2.92 56.6+3.85 0.43
MELD (meanzstd) 11+4.12 11.8+3.96 0.68

HCV + + -

INR 1.2643.70 1.34+0.25 0.59
Albumin (mg/L) ~ 3.38+0.43 3.38+0.67 0.83
WBC (K/CMM)  5.862.54 4.80£1.73 0.35

ALT (IUL) 62.40+49.35  112.40+55.80 0.21
AST (IU/L) 94.20450.45  147.40+65.73 0.40
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*
M:F=Male:Female; CA:AA=Caucasian:African-American; P value is based on non-parametric test (Wilcoxon-Mann Whitney test or Kruskal-

Wallis test).
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Table 2

Subclass specific glycoforms of 1gG1-4 evaluated in this study.
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