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Abstract: Immunoglobulin G (IgG) N-glycosylation was discovered to have an association with
inflammation status, which has the potential to be a novel biomarker for kidney diseases. In this
study, we applied an ultra-high performance liquid chromatography-tandem mass spectrometry
(UHPLC-MS/MS) method to plasma and urine samples from 57 individuals with different levels
of kidney function. Natural abundances of total IgG, IgG1, IgG2, and IgG3 subclasses in plasma
showed positive correlations to the estimated glomerular filtration rates (eGFRs). Eighteen IgG
glycopeptides also showed positive correlations. In contrast, higher IgG amounts were found in
urine samples from participants with lower eGFR values. After normalizing IgG glycopeptides from
plasma to their respective protein amounts, H4N4F151-IgG1 (r = 0.37, p = 0.0047, significant) and
H5N4F1S1-IgG1 (r = 0.25, p = 0.063, marginally significant) were the two glycopeptides that still had
positive correlations with eGFRs. The results showed that the UHPLC-MS/MS method is capable
of investigating IgG profiles, and monitoring IgG and glycosylation patterns is worthy of further
clinical application for kidney disease.

Keywords: IgG; glycosylation; kidney function; mass spectrometry; estimated glomerular filtra-

tion rates

1. Introduction

The global burden of chronic kidney disease (CKD) is substantial in terms of both
economic and disease impacts [1,2]. CKD contributes to an increased risk of cardiovascular
disease mortality, independent of other comorbidities [3], and it is reported to have a
prevalence of 3~17% worldwide [4-7]. CKD is characterized by reduced kidney function

J. Pers. Med. 2021, 11, 761. https://doi.org/10.3390/jpm11080761

https:/ /www.mdpi.com/journal /jpm


https://www.mdpi.com/journal/jpm
https://www.mdpi.com
https://orcid.org/0000-0001-6792-1814
https://orcid.org/0000-0002-3951-5197
https://doi.org/10.3390/jpm11080761
https://doi.org/10.3390/jpm11080761
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/jpm11080761
https://www.mdpi.com/journal/jpm
https://www.mdpi.com/article/10.3390/jpm11080761?type=check_update&version=1

J. Pers. Med. 2021, 11, 761

20f11

and structural kidney damage lasting at least 3 months [8]. It arises from heterogeneous
diseases, but diabetes and hypertension are the two main causes [9]. Some other causes
of CKD include glomerulonephritis, viral infections, side effects of herbal medicines, and
unknown causes. The common pathological manifestation of CKD is renal fibrosis, charac-
terized by glomerulosclerosis, tubular atrophy, and interstitial fibrosis. Micro-inflammation
is the culprit mechanism that contributes to CKD, as evidenced by inflammatory cell
infiltration and immunoglobulin (Ig) deposition in most renal biopsies.

A proportion of CKD patients develop end-stage renal disease (ESRD) and require
long-term renal replacement therapy; however, it remains difficult to predict patients who
will progress to ESRD. Some groups have tried to determine specific markers to predict
kidney function progression by proteomics investigation [10]. Sets of 13 upregulated
and 14 downregulated glycoproteins were found in the plasma of diabetic nephropathy
patients [11]. The urine glycoproteomic profile has also been reported to be a biomarker
for the early detection and prognosis of CKD in several studies [12,13]. However, the
results of those studies were heterogeneous and inconsistent. A distinct manifestation
of the immunoglobulin (Ig) level related to kidney injury was found in patients with a
plasma cell disorder. Paraproteinemia is associated with kidney injury, either by excessive
monoclonal Ig deposition, amyloid deposition, or light chain proximal tubulopathy [14].
Therefore, we aimed to investigate the IgG profiles in terms of natual abundances and
glycosylation patterns, which have the potential to be correlated with kidney function.

Human IgGs are classified into four subclasses, and the glycosylation profiles of their
fragment crystallizable region (Fc region, Asn 297) are associated with proinflammatory
and anti-inflammatory statuses. Different glycosylation patterns of the IgG subclasses
affect their stability and affinity to IgG receptors or complements. Many studies have used
mass spectrometry (MS)-based analytical methods to monitor IgG profiles for biomarker
discovery and disease diagnosis [15,16]. For CKD, a few studies have investigated the
correlations of IgG glycosylation or the IgGs level to kidney function [17]. However, dif-
ferent techniques were used in these studies to determine the biomolecular targets. The
advantages of using liquid chromatography-mass spectrometry include sensitivy, speci-
ficity, and multitarget analysis. Moreover, a validated method with a suitable quantitative
range could provide accurate results with relative quantification for analytes. In this study;,
we applied an accurate and validated LC-MS/MS method to investigate IgG subclasses
and glycosylation profiles in plasma and urine samples. The profiles were correlated to
eGEFR values, to identify potential glycopeptides as an indicator of kidney function.

2. Materials and Methods
2.1. Reagents and Standards

Natural human IgG standards, including IgG1, IgG2, 1gG3, and 1gG4, were purchased
from Abcam (Cambridge, MA, USA). The internal standard used in this study was the
SILu™MAB K1 Stable-Isotope-Labeled Universal Monoclonal Antibody, purchased from
Sigma-Aldrich (St. Louis, MO, USA). Iodoacetamide (IAA), ammonium bicarbonate, and
formic acid were also purchased from Sigma-Aldrich. Dithiothreitol (DTT) was purchased
from Merck (Billerica, MA, USA). Protein G Mag Sepharose Xtra beads were obtained
from GE (Piscataway, NJ, USA). Chicken serum, used as a blank matrix, was purchased
from Thermo Scientific (Sunnyvale, CA, USA). Phosphate-buffered saline (PBS; 10, sterile
solution) was purchased from VWR International (West Chester, PA, USA). Lyophilized
trypsin was purchased from Promega (Madison, WI, USA). MS-grade acetonitrile (ACN)
was purchased from J.T. Baker (Phillipsburg, NJ, USA).

2.2. 1gG Purification and Ultrahigh Performance Liquid Chromatographic (UHPLC)-Tandem MS
(MS/MS) Analysis

Sample preparation and analytical conditions were previously developed and vali-
dated by our team [18]. Briefly, 60 uL of magnetic bead slurry immobilized with protein G
was used for IgG purification. PBS was used for bead conditioning, and 2 pL of human
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plasma was added to a 200 pL microtube for IgG purification. For urine IgG purification,
900 pL of urine was added into a 1.5 mL microtube with preconditioned protein G magnetic
beads. The K1 internal standard (10 pL, 0.2 pg/uL) was added to each sample before initiat-
ing the purification step. Incubation was conducted at room temperature for 30 min. After
washing, on-bead protein digestion was used to obtain tryptic peptides and glycopeptides
of IgG. Ammonium bicarbonate (50 pL, 50 mM) was added to the microtube with washed
beads, and 1 puL of 550 mM DTT was added for disulfide bond reduction (at 56 °C for
45 min). Two microliters of IAA (450 mM) were added for cysteine alkylation (45 min in
the dark). Trypsin (10 pL, 200 ng/uL) was spiked into each sample for protein digestion
(16 h at 200 rpm). To stop the protein digestion process, 6 puL of 10% formic acid was added
to acidify the sample solution. The supernatant with tryptic peptides and glycopeptides
was collected after centrifuging samples at 12,000 rpm for 15 min, and the supernatant was
diluted with 0.1% formic acid four times prior to the UHPLC-MS/MS analysis.

The Waters ACQUITY UPLC system (quaternary pumps) coupled with an Xevo TQ-
XS triple quadruple mass spectrometry system (Waters, Milford, MA, USA) was used
for sample analysis. A Kinetex® Core-Shell C18 (50 x 2.1 mm, 2.6 um; Phenomenex,
Torrance, CA, USA) column was used in this study for analyte separation. Dynamic
multiple reaction monitoring (MRM) was applied to target peptides representing total
IgG, four IgG subclasses, and 26 IgG glycopeptides. Information on the target analytes is
summarized in Supplemental Table S1.

2.3. Clinical Sample Collection and Application

In this study, we analyzed IgG and IgG glycopeptides in plasma and urine sam-
ples from 57 participants with CKD, and healthy controls. Participants were enrolled in
Taipei Medical University Hospital, and the study was approved by the ethics committee
(N201704064). Informed consent forms were provided, and signed forms were received
from all participants. Whole blood (10 mL) was collected, and the plasma fraction was
obtained by centrifuging the blood at 3000 relative centrifugal force (RCF) for 15 min. A
urine sample was also collected, and sodium azide was added to a final concentration of
10 mM as preservative. All plasma and urine samples were stored in a —80 °C freezer
before use.

2.4. ELISA Assays for Interleukin-6 (IL-6), Tumor Necrosis Factor-a (TNF-a), and Creatinine

Plasma concentrations of interleukin-6 (IL-6) and tumor necrosis factor-o (TNF-x)
were determined by using ELISA kits: Human IL-6 ELISA Kit, RAB0306-1KT, LOT#:
04281140; Human Tumor Necrosis Factor alpha ELISA Kit, RAB0476-1LT, Lot#: 04221193
(Sigma-Aldrich, St. Louis, MO, USA). Brifly, calibration curves were prepared by using
protein standards with suitable serial dilutions. Fifty microliters of plasma were diluted
with buffer solution two times for sample incubation. After adding antibodies and reporter
reagent for a specified incubation time, the signals were determined with a microplate
spetrophotometer (450 nm). The optical density (OD) values were used to calculate the
analyte concentrations. Urine creatinine concentrations were also determined by using a
commercially available ELISA kit: Parameter™ Creatinine Assay, KGE005, LOT#: P289536
(R&D Systems, Minneapolis, MN, USA). Ten microliters of urine were diluted with buffer
solution 20 times for sample incubation. After adding alkaline picrate solution for a 30 min
incubation time, the signals were determined with a microplate spetrophotometer (490 nm).

2.5. Data Analysis and Statistical Analysis

All raw UHPLC-MS/MS data were processed by MassLynx (vers. 4.2, Waters, Milford,
MA, USA). The peak area and peak area ratio (responses) of all signals were integrated
and calculated by the software, and exported to Excel files for further analysis. Natural
abundance (Response) indicated in this study was the peak area of the analyte divided by
the peak area of the internal standard. The normalized area indicated in the study was the
natural abundance of the analytes divided by the abundance of their respective proteins.
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Correlations between IgG profiles and the estimated glomerular filtration rate (eGFR)
were calculated by GraphPad Prism (vers. 5.01, San Diego, CA, USA). Statistical analysis
of glycopeptides and cytokines between two or four groups defined in this study were
conducted by Mann-Whitney test and Kruskal Wallis test, respectively (GraphPad Prism).

3. Results
3.1. Clinical Participants

To investigate the relationships between IgG profiles and kidney function, 22 female
and 35 male participants were recruited for this study. The ages ranged 27~77 years old,
and the eGFR values ranged 15~171 mL/min/ m2. In Table 1, we grouped participants
into four categories based on their eGFR values. The ages of participants showed no
significant differences among the four groups, but there were more males with lower
kidney function. The detailed characteristics of the 57 participants are summarized in
Supplemental Table S2.

Table 1. The four groups of participants with different eGFR values.

eGFR (mL/min/1.73 m?) eGFR < 30 30 < eGFR < 60 60 < eGFR <90 90 < eGFR
Number of participants 8 19 21 9
Gender Male: 8 Male: 14; Female: 5  Male: 10; Female: 11 Male: 3; Female: 6
Age (years old) 56.5 + 13.7 59.5+11.9 625+ 11.1 52.6 +16.7

3.2. Performance of the Analytical Platform

UHPLC-MS/MS is one type of analytical platform, with the advantages of high sen-
sitivity and selectivity, with which it is possible to determine multiple analytes in one
injection. It has been widely applied to biological and clinical samples for small molecule
and biomolecule analyses. IgG and glycopeptides have recently been monitored and
correlated with many disease statuses as biological signatures for diagnosis or progres-
sion [19,20]. In those studies, LC coupled with MS was usually the main analytical tool. In
our previous work, we also developed and validated a UHPLC-MS/MS method to achieve
absolute quantification of the four IgG subclasses, and relative quantification of 26 IgG
glycopeptides, from plasma samples [18]. In this study, we applied the same workflow,
to which a stable isotope-labeled IgG internal standard was added to each sample. The
calibration curve for each target was generated to confirm the reliability of comparing the
responses (peak area ratio) of analytes among samples. The performances of the calibration
curves for the target analytes are summarized in Supplemental Table S1. Values of the
correlation coefficients (r) of the calibration curves for total IgG, IgG subclasses, and the
26 glycopeptides ranged from 0.947~0.999. The accuracies of the QC samples at four
concentrations ranged from 83.4%~103.5% for total IgG and the IgG subclasses. Total ion
current chromatograms from two individuals with high and low eGFR values are shown
in Figure 1.

3.3. Correlations of Natural Abundances of IgG Profiles and Glycopeptides to the eGFR

After analyzing total IgG, IgG subclasses, and the 26 glycopeptides from the plasma
of 57 participants, we found that 1 patient had a high abundance of IgG. Although the
patient did not have a pathological history of infection or autoimmune disease, there was a
clinical issue of knee osteoarthritis, which might have been the reason for the high plasma
IgG level. Therefore, we excluded the experimental results from this patient to prevent
bias. From the results of 56 participants, we found that the natural abundances of total IgG,
IgG1, IgG2, and IgG3 were positively correlated with eGFR values. The r values ranged
from 0.36~0.42. All p values were <0.05. Only human IgG4 did not show a correlation with
kidney function indicators (Figure 2).
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Figure 1. Chromatograms of total immunoglobulin G (IgG), IgG subclasses, and IgG glycopeptides from individuals
with low and high eGFR values. (a) Participant with an eGFR of 15 mL/min/1.73 m?. (b) Participant with an eGFR of

171 mL/min/1.73 m?.
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Figure 2. Correlations of natural abundances of total IgG and IgG subclasses to the values of eGFR
from 56 participants. (a) Total IgG; (b) subclass IgG1; (c) subclass IgG2; (d) subclass IgG3. r is
Spearman’s r. p represents the p-value from correlation analysis. The peak area of each target was
divided by the peak area of the internal standard, DSTYSLSSTLTLSK.

In this study, we also analyzed 26 N-glycopeptides of IgG. As for the natural protein
levels in plasma, 18 N-glycopeptides from IgG1 and IgG2 showed positive correlations
with eGFR values (Figure 3). The r values for the eight IgG1 glycopeptides ranged from
0.27~0.45. H4N4F1-IgG1 and H4N4F15S1-IgG1 showed p values < 0.001 (Figure 3(a-1,a-2)).
H5N4F1-IgG1, H5N4F151-IgG1, and H4N5-IgG1 were the three IgG1 glycopeptides with
p values < 0.01 (Figure 3(a-3-a-5)). The r values for the 10 IgG2 glycopeptides ranged from
0.32~0.40. H4N4F1-IgG2, H4N4F1S1-IgG2, and H5N4F1S1-IgG2 showed p values of <0.01
(Figure 3(b-1-b-3)). Glycopeptides of IgG3/4 showed no correlations with the eGFR values.
The r and p values for the 26 glycopeptides are summarized in Supplemental Table S3.
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Figure 3. Correlations of natural abundances of IgG1 and IgG2 N-glycopeptides to the values of eGFR
from 56 participants. (a) IgG1 glycopeptides with p values less than 0.01, (b) IgG2 glycopeptides with
p values less than 0.01. r is Spearman’s r. The peak area of each target was divided by the peak area
of the internal standard, DSTYSLSSTLTLSK.

3.4. Correlations of Normalized Signals of Glycopeptides to eGFR Values

Since the natural abundances of glycopeptides are mainly affected by their protein
levels, we further normalized the abundances of glycopeptides to their respective protein
amounts. For example, the responses of IgG1 glycopeptides were divided by the response
of IgG1 peptide. After normalization, normalized signals were used to investigate their
correlations to eGFR values. Among the 26 glycopeptides, only H4N4F151-IgG1 and
H5N4F151-IgG1 showed p values smaller than and approaching 0.05 (Figure 4(a-1,b-1)).
We then analyzed the normalized area of the two glycopeptides among the four eGFR
groups, but there were no significant differences. To increase the n numbers for statistics,
we classified the participants into two groups, with eGFR values lower and higher than
60 mL/min/1.73 m?. The results showed that there were statistically significant differences
between the groups for the two sialylated glycopeptides (Figure 4(a-2,b-2)).



J. Pers. Med. 2021, 11, 761 7 of 11

(@-1)  HanaF1S1-1gG1 (a-2) HANA4F1S1-1gG1
0.020- 0.020+
r=0.373 p=0.015
& 0.015- . P =0.0047 S 0.015- R
© ©
g °
N 0.010- S 0,010
© ©
£ E
2 0.005- S 0.005- % =_E
0.000 T T T 1 0.000 T T
0 50 100 150 200
- 2 & &
eGFR (mL/min/1.73 m®) 2 L
& N
< ©
(b_l) H5N4F151-1gG1 (b-2) H5N4F1S1-1gG1
0.05+ 0.05-
=0.034
r=0.250 P
s 0.04+ ° P=0.063 s 0.044 —
5 ' s —_—
E '§ 0.03
g g 0.02- |___|
g Soot] —I— |
0.00 . . . . 0.00 T
0 50 100 150 200
. 2 S &
eGFR (mL/min/1.73 m?) o bé’
é;‘ S

Figure 4. Correlations of the normalized area of H4N4F1S1-IgG1 and H5N4F1S1-IgGl1 to the values
of eGFR from 56 participants (a-1,b-1). Statistical analysis of the normalized area of H4N4F1S1-IgG1
and H5N4F151-IgG1 between groups with eGFR values lower and higher than 60 mL/min/1.73 m?
(a-2,b-2). ris Spearman’s r. The peak area of each target was normalized to the peak area of the
internal standard, DSTYSLSSTLTLSK, and also the responses of IgG1.

3.5. Natural Abundances of IgG Subclasses in Urine Samples

Urine samples from 56 participants were processed with the same IgG purification
method, and the purified IgG was analyzed by the developed UHPLC-MS/MS method.
The signals of the glycopeptides were quite small compared to those from the plasma
samples. Therefore, we only analyzed signals of IgG subclass representative peptides,
and the natural abundances (responses) were further normalized with the urine creatinine
concentration to account for the variation of the urine flow rate. The creatinine normalized
urine IgG subclasses were used for statistical analysis. In Figure 5, the amount of urine
IgGs was higher in the groups with lower eGFR values.

3.6. Quantification Results of IL-6 and TNF-«

Plasma cytokines related to inflammation were determined by using ELISA assay kits.
The concentrations of both I1-6 and TNF-o showed no statistical differences between the
four groups with different levels of eGFR values. We further compared the cytokine levels
between two groups, with eGFR levels lower or higher than 60 mL/min/1.73 m?. There
were still no significant differences between the two groups (Supplemental Figure S1).
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Figure 5. Comparison of the amount of urine IgG subclasses between the four groups with different
eGEFR values. (a) IgGl1, (b) IgG2, (c) IgG3, (d) IgG4. p values represent statistically significant
differences: * p < 0.05, ** p < 0.01, *** p < 0.001.

4. Discussion

To achieve accurate quantitative analyses of biological signatures, it is necessary to
use a reliable analytical method to determine features from complicated bio-fluids. In this
study, we used a UHPLC-MS/MS method which was previously developed and validated
by our team. A stable isotope-labeled internal standard was added prior to IgG purification
to calibrate variations due to sample preparation and analysis. Calibration curves were
also generated for total IgG, IgG subclasses, and glycopeptides, to confirm the accuracy of
responses for further correlation analyses.

From the study results, we found that the plasma levels of total IgG, IgG1, IgG2,
and IgG3 subclasses decreased among individuals with lower eGFR values. Dr. Yen
and team members have reported that decreased serum IgG and creatinine have the
potential to be predictors for non-diabetic renal disease (NDRD) in patients with type 2
diabetes mellitus [21]. However, they also pointed out that increased IgG and glycosylation
were associated with the onset of early type 1 diabetic nephropathies. Although we did
not categorize patients according to their pathological histories, our hypothesis is that
individuals with lower eGFR values might have more macromolecular excretion in the
urine, including IgG. Higher excretion might result in lower serum levels of IgG and its
subclasses. This hypothesis was supported by the results of our analysis of urine samples;
higher amounts of IgG were discovered in urine samples from participants with lower
eGFR values. Detailed classification of disease groups and comparisons with other clinical
data can be conducted in the future.
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Since different glycosylation levels of the IgG Fc region have been reported to have
proinflammatory or anti-inflammatory effects, studies of N-glycosylation of IgG have
been used in clinical applications, including kidney transplants, kidney function in type
2 diabetes, and moderate kidney dysfunction [17,22,23]. In a study published by Dr.
Barrios and Dr. Menni et al., they found 14 IgG glycan traits belonging to galactosylation,
sialylation, and bisecting features, which were associated with kidney function [17]. In
the current research results, we found that the IgG1 glycopeptide carrying sialic acid
(H4N4F151-IgG1) showed a moderate correlation with eGFR values, even after normalizing
the natural abundances to the respective protein level (r = 0.37, p = 0.0047). Another
glycopeptide, H5N4F1S1-IgG1, with sialic acid, also showed a moderate correlation, but
with a relatively higher p value. Compared to human IgA isotype, IgG is less sialylated,
and sialylation of the IgG Fc region decreases their affinities to the Fcy receptor, which
was pointed out to be anti-inflammatory. Our finding corresponds to the results from Drs.
Bassios and Menni et al., in which a decrease in sialylation was found in patients with
CKD [17]. The decrease of sialylated IgG revealed the inflammatory status of individuals
with lower kidney function. This assumption was supported by the study results reported
by Dr. Chen et al., in which higher inflammation cytokines, such as IL-6 and TNF-«,
were found in patients with lower eGFR [24]. Although our study showed no significant
association between IL-6, TNF-« and eGEFR, the results might be due to many samples
having cytokine concentrations lower than the quantification limits of the ELISA Kkits,
which affected the statistics.

Age and gender are two important factors which also affect IgG N-glycosylation
profiles. In our study, the ages of participants showed no significant differences among
the four eGFR groups, but more males had lower eGFR values. Therefore, we checked
the literature to see if monosialylation (H4N4F151-IgG1 and H5N4F151-IgG1) was gender-
related. A study published by Dr. Gornik et al. found that there were no significant
difference of sialylation of IgG in boys and girls (<18 years) [25]. A study published by Dr.
Li et al. found that galactosylation, but not sialylation, was more gender-related [26]. Based
on these results, we believe that H4N4F151-IgG1 and H5N4F1S51-IgG1 have the potential
to be biosignatures for kidney function.

There are still limitations of the study. We assumed that renal damage plays a primary
role in modulating IgG plasma levels based on the results of reduction in plasma IgG and
the concomitant increase in urinary IgG at lower eGFR levels. However, the pathological
histories for the current population are heterogeneous which made detailed classification
difficult. It is hard for us to correlate discovered IgG profiles to different types of renal
damages at the current stage. The correlations of sialylated IgG peptides to the pathogenesis
and the progression of renal damage also require further investigation.

5. Conclusions

Kidney function is affected by many biological factors and diseases. Novel biosigna-
tures for predicting and monitoring kidney functions need to be discovered. Inflammation
is known to be involved in the progression of nephropathies, and IgG glycosylation has
shown correlations with different kidney diseases. In this study, we applied a validated
UHPLC-MS/MS method to determine IgG glycosylation profiles from individuals with
different eGFR values. The natural abundances of total IgG, IgG1, IgG2, IgG3, and 18 IgG
N-glycopeptides showed lower levels in patients with lower eGFR values. After normal-
izing the responses of glycopeptides to their respective proteins, two glycopeptides with
sialic acid, H4N4F151-IgG1 and H5N4F151-1gG1, showed positive correlations with eGFR
values, which were statistically significant and marginally significant, respectively. The
results corresponded to previous findings that lower blood levels of IgG and less sialylation
occur in patients with kidney diseases. The detailed pathological mechanism between IgG
and kidney function is worthy of further investigation.
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plasma. Correlation coefficients (r) of calibration curves are listed in the table, Table S2: Characteristics
of 57 participants in the study, Table S3: Results of correlation analysis of natural abundances and
normalized abundances of 26 IgG glycopeptides to the eGFR values; Figure S1: Statistical analysis of
plasma concentrations of IL-6 (a) and TNF-« (b) between groups with eGFR values lower and higher
than 60 mL/min/1.73 m2.
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