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Abstract

Background/Objectives: Glycosylation can affect vaccine antigen structure and function,
making site-specific glycan characterization relevant to antigen quality and comparability.
However, quantitative approaches for comparing glycan microheterogeneity remain lim-
ited. This study evaluated the utility of the glycopeptide abundance distribution spectra
framework for measuring similarity among site-specific glycosylation profiles in vaccines
and antigen reference reagents across manufacturing conditions. Methods: Intact N-
linked glycopeptides were characterized by nanoflow liquid chromatography-tandem
mass spectrometry with stepped-energy fragmentation. Products included monovalent
and quadrivalent influenza antigens produced in embryonated eggs, Madin-Darby ca-
nine kidney cells, or Spodoptera frugiperda cells, together with a SARS-CoV-2 spike vaccine
produced in Spodoptera frugiperda cells and a Chinese hamster ovary cell-produced varicella-
zoster virus glycoprotein E vaccine. Site-specific glycan distributions were represented as
distribution spectra and compared using NIST MS Search software. Dot-product scores
ranging from 0 to 999 quantified similarity. Results: Across measured glycosylation sites,
distributions clustered into six recurrent classes. Similarity was high for replicate analyses,
conserved influenza components across annual formulations, and matched components
from different suppliers within the same production platform (similarity scores = 978,
961, and 960, respectively). Similarity was lower between sites within the same protein,
between influenza strains, and between production sources (similarity scores = 554, 540,
and 209, respectively). Among production-source comparisons, egg- and Madin-Darby
canine kidney-derived profiles were most similar, and the overall ordering of glycosy-
lation similarity was consistent with broad phylogenetic relatedness among production
hosts. Conclusions: Distribution spectra-based similarity scoring of vaccine glycoproteins
provides a quantitative, reusable approach for documenting site-specific glycosylation
microheterogeneity. Using this method, we can conclude that production source is the
dominant contributor to variation, whereas replicates, annual formulations, and suppliers
within the same production platform are highly consistent.

Keywords: vaccine comparability; subunit vaccine; inactivated vaccine; glycosylation;
site-specific; mass spectrometry; proteomics

1. Introduction

Site-specific glycosylation analysis is a mass spectrometry-based measurement that
fragments intact glycopeptides to determine the identities and relative abundances of
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attached glycans for each glycosylation site on a protein [1]. In contrast, released-glycan
profiling (i.e., glycomics) and intact-glycoprotein analyses typically provide glycan or
glycoform information aggregated across all sites on a protein and therefore do not directly
resolve site-to-site differences in occupancy and pattern (i.e., microheterogeneity) [2]. By
resolving glycosylation at the site level, intact glycopeptide measurements enable repro-
ducible comparison of glycosylation distributions across samples and biomanufacturing
conditions, supporting both production comparability and mechanistic interpretation of
glycoprotein function [3-6].

Reproducibility in biomanufacturing of biologics and vaccines is central to quality
control and product comparability. While regulatory guidelines do not prescribe a single
analytical method for evaluating glycosylation microheterogeneity, they do emphasize
defining patterns of heterogeneity and demonstrating consistency between production lots
as part of an overall control strategy. The International Council for Harmonisation (ICH)
guideline Q6B on test procedures and acceptance criteria for biotechnological /biological
products describes the need to “define the pattern of heterogeneity” of the product and
establish acceptance criteria that can be used to demonstrate manufacturing consistency [7].
Likewise, within the United States, the Food and Drug Administration 21 CFR Part 211 on
current good manufacturing practice for finished pharmaceuticals describes the need for
suitable testing to “assure that batches of drug products meet each appropriate specification”
to demonstrate consistency [8]. Within this framework, quantitative assessment of similarity
between site-specific glycosylation profiles can provide an orthogonal, information-rich
readout of product heterogeneity that may be useful for comparability assessments and
investigations of process-related changes.

The extent to which glycosylation microheterogeneity influences biological activity
is increasingly being quantified across vaccines and therapeutics. In multiple systems,
glycan composition and processing state can modulate antigenicity, receptor interactions,
and immune recognition. For influenza virus hemagglutinin (HA), differences in glycan
processing have been associated with altered antibody responses in animal models, in-
cluding comparisons of high-mannose-, complex-type-, and minimally processed glycan
presentations [9,10]. For SARS-CoV-2 spike subunit antigens, complex-type glycans have
been associated with stronger neutralizing immune responses relative to high-mannose-
enriched forms in experimental systems [5]. For erythropoietin (EPO), sialylated N-glycans
are linked to enhanced in vivo biological activity, reflecting well-established relationships
between glycosylation and pharmacology [6]. Collectively, these studies motivate ana-
lytical strategies that can resolve and compare site-specific glycosylation patterns when
characterizing vaccine antigens and therapeutic glycoproteins.

Influenza vaccines are particularly well suited for site-specific glycosylation analysis
because they contain two major glycoprotein antigens, HA and neuraminidase (NA), and are
produced using multiple manufacturing platforms (e.g., egg-based, mammalian cell-based,
and recombinant expression systems) that impose distinct host-specific glycan-processing
constraints. HA is the primary target of many influenza vaccine responses because it mediates
viral attachment and entry by binding sialylated host-cell receptors, making it a determinant
of host and cell tropism as well as a major antigenic target of the humoral immune response.
Antibodies that block HA-mediated receptor binding are commonly assessed using hemagglu-
tination inhibition assays, which provide a functional measure of antigenic similarity and help
guide selection of candidate influenza vaccine viruses. The HA and NA genes of circulating
influenza viruses undergo antigenic drift, which can alter primary sequences, introduce or
remove glycosylation sequons, and thereby affect glycan occupancy and processing at specific
sites. This work focuses on commercially available influenza protein subunit and inactivated
virus vaccines because they are widely administered and span multiple production sources,
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including egg-based preparations that can exhibit egg-adaptive mutations as well as more
recent alternatives such as MDCK cell-derived and Sf9 recombinant vaccines. Although HA
has historically been emphasized in influenza vaccine characterization in both a research
and quality control context because of its central role in receptor binding, antigenicity, and
HAlI-based vaccine-strain selection, NA also contributes to protective immunity and elicits
measurable vaccine responses in a substantial fraction of recipients [11]. As NA-containing
vaccines continue to evolve, analytical characterization of NA, alongside HA, may become
increasingly relevant. To assess whether the same analytical framework extends beyond
influenza vaccines, we also included a SARS-CoV-2 protein subunit vaccine and a shingles
vaccine. These products broaden the study to structurally distinct viral glycoproteins with
different numbers of N-linked glycosylation sites and different production hosts, namely
519 insect cells and CHO cells. Their inclusion therefore expands the range of antigen and
manufacturing contexts represented in the dataset while keeping influenza vaccines as the
primary focus of the study.

Here, we use nanoflow liquid chromatography coupled with stepped-energy frag-
mentation and high-resolution Orbitrap mass spectrometry to identify intact N-linked
glycopeptides from monovalent influenza antigen reference reagents, quadrivalent in-
fluenza vaccines, a recombinant varicella-zoster vaccine, and a SARS-CoV-2 protein subunit
vaccine (Figure 1). We focus on N-linked glycosylation because robust workflows for site-
specific N-glycopeptide analysis are established; in contrast, site-specific O-glycosylation
measurements are less established and often require alternative proteases and specialized
workflows [12]. To quantitatively compare site-specific glycosylation distributions across
replicate preparations, production years, suppliers, influenza vaccine virus components,
and production sources, we represent each site-specific distribution as a glycopeptide abun-
dance distribution spectrum (GADS) and compute similarity using dot-product scoring
from tools developed by the NIST Mass Spectrometry Data Center [13]. We hypothesized
that GADS-based dot-product scoring would reproducibly quantify site-specific glycosyla-
tion similarity across complex vaccine products and distinguish analytical reproducibility
from variation associated with biological and manufacturing differences.
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Figure 1. Illustration of site-specific glycosylation analysis of vaccines. This depiction summarizes
the site-specific glycosylation methods used in this study to measure glycosylation patterns of viral
glycoproteins, including hemagglutinin (HA) and neuraminidase (NA). Commercial vaccines and
antigen reference reagents were processed, and glycopeptide abundance distribution spectra (GADS)
were assigned to each N-linked glycosylation site to assess variability.
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2. Materials and Methods
2.1. Vaccines and Glycoproteins

In total, 15 vaccines and antigen reagents were obtained for site-specific glycosylation
analysis. See Table 1 for a complete list of products and Table S1 for a list of corresponding
suppliers. Six reagents are from single-strains of influenza A, seven are quadrivalent
influenza vaccines, one is a SARS-CoV-2 vaccine (supplier 5, 2023-2024 formulation), and
one is a varicella-zoster vaccine (supplier 6). From supplier 1, national drug codes of
relevant products include NDC 33332-421-10, NDC 33332-422-11, NDC 33332-423-10, NDC
70461-123-03, and NDC 70461-423-10. For supplier 2, product numbers of relevant products
include 14/254, 83/537, and 01/614. For supplier 3, catalog numbers of relevant products
include HIN12099-2091, H3N20799-2151, and H3N2993-216I. For supplier 4, the national
drug code of the relevant product is NDC 49281-0722-88. For supplier 5, the national drug
code of the relevant product is NDC 80631-105-02. For supplier 6, the national drug code
of the relevant product is NDC 58160-823-11. For the influenza vaccines, glycoproteins
hemagglutinin (HA) and neuraminidase (NA) are targeted for site-specific glycosylation
analysis. For the COVID-19 vaccine, the spike (S) protein is targeted. For the varicella-zoster
vaccine, surface glycoprotein E (gE) is the target. These vaccines and reagents were selected
based on their use in relevant literature [14-17], availability among multiple suppliers,
diversity of expression systems used, and broad range of glycosylation sites. Note that
the vaccine with the largest annual administration is the influenza vaccine, with about
150 million doses distributed annually in the United States [18]. Therefore, our main focus
and analysis is on commercially available influenza vaccines.

Table 1. List of vaccines obtained for site-specific glycosylation LC-MS/MS analysis.

Vendor/Vaccine Abbreviation Virus Antigen(s) Strain/Lineage/Subtype Source
NIBSC NIBSC-NC99 Influenza A Hemagglutinin& =\ /\joy Caledonia /20,1999 Egg (Inactivated)
Neuraminidase
Hemagglutinin & e .
NIBSC NIBSC-PHS82 Influenza A Neuraminidase A /Philippines/2/1982 Egg (Inactivated)
NIBSC NIBSC-SW13 Influenza A Hemagglutinin& /g i) 0rland /9715293/2013  Egg (Inactivated)
Neuraminidase
Creative Biomart CB-PA99 Influenza A Hemagglpt}nm & A /Panama/2007 /1999 Egg (Inactivated)
Neuraminidase
Creative Biomart CB-NC99 Influenza A Hemagglgt}nln & A/New Caledonia/20/1999 Egg (Inactivated)
Neuraminidase
. . Hemagglutinin & .
Creative Biomart CB-SD93 Influenza A Neuraminidase A/Shandong/9/1993 Egg (Inactivated)
A/Victoria/2570/2019
Afluria Quadrivalent Influenza A & Hemagglutinin & A/Cambodia/e0826360/2020 .
2021 AFLQ-21 Influenza B Neuraminidase B/Victoria/705/2018 Egg (Inactivated)
B/Phuket/3073/2013
A/Victoria/2570/2019
Afluria Quadrivalent Influenza A & Hemagglutinin & A/Darwin/6/2021 .
2022 AFLQ-22 Influenza B Neuraminidase B/ Austria/1359417 /2021 Egg (Inactivated)
B/Phuket/3073/2013
A/Victoria/4897 /2022
Afluria Quadrivalent Influenza A & Hemagglutinin & A/Darwin/6/2021 .
2023 AFLQ-23 Influenza B Neuraminidase B/ Austria/1359417 /2021 Egg (Inactivated)
B/Phuket/3073/2013
A /Wisconsin/588/2019
Flublok Quadrivalent Influenza A & .. A/Darwin/6/2021 .
2022 FBLK-22 Influenza B Hemagglutinin B/ Austria/ 1359417 /2021 SF9 (Subunit)
B/Phuket/3073/2013
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Table 1. Cont.

Vendor/Vaccine Abbreviation Virus Antigen(s) Strain/Lineage/Subtype Source
A/Delaware/55/2019
.. A/Darwin/11/2021
Quaﬂ?\fﬂ;ﬁt"mzz FCVX-22 hl‘ﬂgﬁziz ;‘B& Hl\??ﬁiiﬁﬁif B/Singapore/WUH4618/2021 ~ MDCK (Inactivated)
B/Singapore/INFTT-16-
0610/2016
A/Georgia/12/2022
.. A/Darwin/11/2021
Qua(l;ililvcaello:r?tXZOZS FCVX-23 Irl‘ggﬁfc‘iz ;A‘B& Hl\‘;:l‘ljiiﬁrd‘g;f B/Singapore/WUH4618/2021 ~ MDCK (Inactivated)
B/Singapore/INFTT-16-
0610/2016
A/Victoria/4897 /2022
Fluad Quadrivalent Influenza A & Hemagglutinin & A/Darwin/6/2021 .
2023 FLAD-23 Influenza B Neuraminidase B/ Austria/1359417/2021 Egg (Inactivated)
B/Phuket/3073/2013
Novava;o(zfé)VID—w NVX-23 SARS-CoV-2 Spike Protein Omicron XBB.1.5 SF9 (Subunit)
Shingrix SHGX Varicella-zoster Surface Glycoprotein N/A CHO (Subunit)

E

2.2. Protein Digestion and Desalting

Protein digestion and sample cleanup were performed using procedures derived from
earlier work [3]. Samples were processed by either an in-solution or an in-gel workflow. The
in-solution workflow was used for vaccines without adjuvants or amphipathic additives
such as Tween-20 or Triton X-100, including AFLQ-21, AFLQ-22, AFLQ-23, FCVX-23,
the supplier 2 monovalent vaccines (NIBSC-NC99, NIBSC-PHS82, and NIBSC-SW13), the
supplier 3 monovalent vaccines (CB-PA99, CB-NC99, and CB-SD93), and Shingrix. This
procedure was adapted from Cyr et al. [19]. For each sample, 10 pg of estimated protein was
adjusted to a final volume of 1 mL with 50 mmol/L ammonium bicarbonate (ABC) (Thermo
Fisher Scientific, Waltham, MA, USA). The sample was transferred to a Spectra/Por7
dialysis membrane with a 1 kDa molecular mass cutoff (Avantor, Radnor, PA, USA) and
dialyzed against 10 mmol/L ABC in a 1 L reagent bottle maintained in a stirred ice bath.
Two successive dialysis periods of 2 h were followed by an overnight dialysis. The dialyzed
sample was concentrated to dryness in Aqueous mode at 40 °C for 1 h, or until dry, using
a Genevac EZ-2 Plus SpeedVac (SP Scientific, Warminster, PA, USA), and the residue
was reconstituted in 50 puL of water purified with a Barnstead Pacific RO Milli-Q system
(Thermo Fisher Scientific). Dithiothreitol (DTT) (Sigma-Aldrich, St. Louis, MO, USA) was
added to 20 mmol/L, and reduction was carried out for 1 h at 60 °C and 450 rpm in an
Eppendorf ThermoMixer C (Eppendorf, Hamburg, Germany). After the sample cooled
to room temperature, iodoacetamide (IAA) (Sigma-Aldrich) was added to 55 mmol/L.
Alkylation then proceeded for 45 min at room temperature and 450 rpm in the ThermoMixer
C with the tube cap covered. Following alkylation, the sample was again dialyzed, dried,
and reconstituted using the procedure described above.

Five proteases from two suppliers were used for vaccine-protein digestion: sequencing-
grade trypsin (Promega V511A, Madison, WI, USA), Glu-C (Promega V165A), Lys-C
(Promega V167A), chymotrypsin (Promega V106A), and alpha-lytic WT protease (Sigma-
Aldrich A6362). The six digestion conditions comprised trypsin/Glu-C, trypsin/Lys-C,
trypsin/chymotrypsin, chymotrypsin/Glu-C, chymotrypsin alone, and alpha-lytic WT
protease alone. For the trypsin/Glu-C and trypsin/Lys-C digestions, both enzymes were
added simultaneously at an enzyme-to-substrate mass ratio of 1:50 for each enzyme, and
samples were mixed for 18 h at 37 °C and 450 rpm in a ThermoMixer C. The chymotrypsin,
trypsin/chymotrypsin, and Glu-C/chymotrypsin conditions also used simultaneous en-
zyme addition at a 1:50 enzyme-to-substrate mass ratio for each enzyme, but incubation
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was performed for 18 h at room temperature and 450 rpm. Alpha-lytic protease was added
at an enzyme-to-substrate mass ratio of 1:100 and incubated for 1 h at 37 °C and 450 rpm; a
second addition was then made and incubated under the same conditions. Digestion was
terminated by adding HPLC-grade trifluoroacetic acid (TFA) (Fisher Chemical, Fair Lawn,
NJ, USA) to a final volume fraction of 0.2%.

The second method of digestion used in-gel techniques adapted from previous work [20].
This method of protein digestion was performed on vaccines which contained adjuvants or
strong surfactants. This includes vaccines FCVX-22, FBLK-22, FLAD-23, and NVX-23 from
supplier 5. Buffer exchange and protein gel electrophoresis were conducted as follows. A total
of 20 ug of estimated protein was buffer exchanged for each sample using a 0.5 mL, 3 kDa
molecular mass cutoff Amicon centrifugal filter (MilliporeSigma, Burlington, MA, USA) and
spun at 14,000 x g for 30 min in a Microfuge 22R Centrifuge (Beckman Coulter, Brea, CA, USA).
A total of 400 puL of 25 mmol/L ABC was added to the filter and the device was again spun at
14,000x g for 30 min. The filter was then inverted into a new tube and spun at 1000x g for
2 min. A total of 100 pL of 25 mmol/L ABC was added to the filter membrane and repeatedly
pipetted in and out for agitation, with care as to not touch the membrane. The filter was again
inverted into the tube and spun at 1000 x g for 2 min. This process was repeated twice more
for a total of approximately 300 pL of protein concentrate. After buffer exchange, each sample
was dried down using the Genevac EZ-2 plus Speedvac in Aqueous mode at 40 °C for about
1 h or until dry. Each sample was then reconstituted in 13 pL of Milli-Q water. The protocol
was then followed from NuPAGE Bis-Tris mini gels (ThermoFisher) [21]. Briefly, 5 uL of LDS
buffer (4 x) (Invitrogen, Carlsbad, CA, USA) and 2 pL of DTT (10x) were added to the sample
and heated at 70 °C for 10 min. Samples were loaded onto a NuPAGE (4 to 12) % Bis-Tris gel
(1.5 mm-thick, 10 well gel) (Invitrogen), and were run using 1x MES buffer (Invitrogen) at
200 V constant for 5 min using a PowerPac Basic power supply (Bio-Rad, Hercules, CA, USA)
coupled to a Novex Mini-Cell (Invitrogen). The gel was then rinsed with Milli-Q water for
5 min with gentle shaking. The rinse was repeated two more times. 20 mL of SimplyBlue
SafeStain (Invitrogen) was added to the gel and the gel was gently shaken for 1 h. The staining
solution was then discarded and Milli-Q water was added to rinse the gel for 1 h. The water
rinse was repeated once more for 1 h. The stained section of each lane was then excised using
a sterilized razor blade and cut into pieces approximately 1 mm x 1 mm.

In-gel digestion of vaccine proteins started with gel destaining. Gel pieces were
destained with 150 uL of 25 mmol/L ABC containing a 50% volume fraction of acetonitrile
(ACN) (Supelco, Bellefonte, PA, USA) for 10 min. Destaining was performed two more
times. Gel pieces were then dried down in the speedvac for 30 min or until gel pieces were
white. Gel pieces were then rehydrated with 150 pL of 20 mmol/L DTT and incubated at
60 °C for 1 h at 450 rpm. After reduction, excess liquid was removed from the gel pieces
and 150 pL of 55 mmol/L IAA was added to each sample. Alkylation proceeded with
incubation at room temperature for 45 min at 450 rpm in the dark. After alkylation, excess
liquid was removed from the gel pieces and 150 pL of 25 mmol/L ABC was added to the
tube to rinse the gel pieces for 10 min. Supernatant was removed and the gel pieces were
then dehydrated with 150 uL of 25 mmol/L ABC containing a 50% volume fraction of ACN
and let sit for 10 min. The supernatant was removed and the dehydration was repeated two
more times. The samples were then dried down using a speedvac for 30 min or until gel
pieces were white. Gel pieces were then rehydrated on ice using 150 pL of different chilled
protease solutions. Protease combinations were as previously described for the in-solution
digestion. For trypsin/Glu-C, trypsin/Lys-C, trypsin/chymotrypsin, chymotrypsin, and
Glu-C/chymotrypsin, all proteases were at 12.5 ng/uL in 25 mmol/L ABC. For the alpha-
lytic WT protease solution, the protease was at 25 ng/pL in 25 mmol/L ABC. Samples were
left on ice for 30 min for rehydration in the protease solution and then excess liquid was

https:/ /doi.org/10.3390/vaccines14070644


https://doi.org/10.3390/vaccines14070644

Vaccines 2026, 14, 644

7 of 23

removed. Gel pieces were then quickly rinsed with 50 uL of 25 mmol/L ABC. Durations
and temperatures of digestion were as previously described for the in-solution digestions.
After digestion, peptide extraction was completed using 75 uL of 50% ACN containing a
5% volume fraction of formic acid (FA) (Thermo Fisher Scientific) with a 30 min incubation
at room temperature followed by 5 min of sonication in an Elma S 300 H bath sonicator
(Elma Schmidbauer GmbH, Singen, Germany). Extraction using 50% ACN containing
a 5% volume fraction of FA was completed twice and extraction using 50% isopropanol
(VWR Chemicals, Radnor, PA, USA) containing a 5% volume fraction of FA was completed
once. After extraction, the resulting pool extract was dried down in a speedvac for 1 h and
reconstituted in a 0.1% volume fraction of TFA for monospin purification.

Peptide digests were desalted with MonoSpin C18 solid-phase extraction spin columns
(GL Sciences, Tokyo, Japan). Before sample loading, each column was activated twice
with 200 puL of HPLC-grade acetonitrile (ACN), with centrifugation at 2300 x g for 1 min
after each addition, and then equilibrated twice with 200 uL of 0.1% TFA using the same
centrifugation conditions. After the equilibration flowthrough was discarded, the digest
was loaded and centrifuged at 2300 g for 2 min. The retained peptides were washed
twice with 200 pL of 0.1% TFA, centrifuging at 2300x g for 1 min after each wash, and
the wash fractions were discarded. Peptides were eluted by two sequential additions of
100 pL of 60% ACN containing a 0.5% volume fraction of formic acid, followed by two
additions of 100 uL of 80% ACN containing a 0.5% volume fraction of formic acid; the same
centrifugation conditions were used for each elution. The combined eluate was dried in
HPLC mode at 40 °C for approximately 1 h, or until dry, using the Genevac EZ-2 SpeedVac.
Samples were finally reconstituted in 28.5 uL of 2% ACN containing a 0.1% volume fraction
of formic acid to obtain a peptide concentration of 175 ng/uL.

2.3. Instrumental Analysis

Samples were analyzed as previously reported [3] using an Orbitrap Fusion Lumos
Tribrid mass spectrometer equipped with a Nanospray Flex ion source and coupled in-line
to an Ultimate 3000 nanoLC HPLC system (Thermo Fisher Scientific). Between 1 ug and
5 ng of digested peptide material was loaded onto an Acclaim PepMap RSLC reversed-
phase column (75 um x 25 cm; Thermo Fisher Scientific). Chromatographic separation was
performed over 230 min at 300 nL/min. The gradient was maintained at 2% ACN for the
first 25 min, increased to 32% ACN by 142 min, increased further to 98% ACN by 165 min
and held for 10 min, and then returned to 2% ACN at 180 min, where it remained through
the end of the run. Full MS spectra were acquired in the Orbitrap from m/z 380 to 2000 at a
resolution of 120,000, with a maximum ion injection time of 50 ms, an automatic gain control
target of 400,000, and a radio-frequency lens setting of 40%. Data-dependent precursor
selection was restricted to charge states 2-8 and intensities from 5 x 10% to 1 x 10%, with a
15 s dynamic-exclusion period and a total cycle time of 5 s. Precursors were prioritized by
higher charge state and lower m/z. Tandem mass spectra were collected after quadrupole
isolation with a 2 m/z unit isolation window. Two Orbitrap MS2 acquisition modes were
used: stepped fragmentation and contingent ion-trap fragmentation. For both modes, the
maximum injection time was 60 ms, the automatic gain control target was 50,000, and
the Orbitrap resolution was 30,000. The stepped method used higher-energy collisional
dissociation (HCD) in the beam-type collision cell at normalized collision energies of 15%,
25%, and 35%. Detection of the HexNAc oxonium ion at m1/z 204.087 in the HCD spectrum
triggered ion-trap fragmentation, which was performed at 30% collision energy with an
activation time of 10 ms. A complete list of raw data files acquired using the described
method is presented in Table S2.
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2.4. Data Processing

FASTA files were generated for vaccines and virus reagents based on reported protein
sequence information from either GISAID [22] for influenza virus or from UniProt [23] for
antigens from Shingrix and COVID-19 vaccines. See Table 1 for information on strains,
lineages, and subtypes for each vaccine. Potential protein contaminants were also included
in each FASTA file depending on the expression or propagation source. Proteins reported
to be in high abundance in the hen egg proteome of Gallus gallus were included in all egg-
based vaccine FASTA files. Fall armyworm and closely related insect species (Bombyx mori,
Drosophila melanogaster, Anopheles gambiae, and Spodoptera frugiperda), as well as baculovirus
proteins (Alphabaculovirus aucalifornicae) were included in Sf9-based vaccine FASTA files.
Proteins in high abundance in the kidney of Canis lupus familiaris were included in all
MDCK cell line-based vaccines. Proteins in high abundance in ovum cells of Cricetulus
griseus were included in the Shingles vaccines FASTA file. See FASTA files provided in
ProteomeXchange for more information. Note that viral glycoprotein sequences obtained
from GISAID are not reported in these files for privacy obligations. However, associated
EPI_SET ID for each vaccine is listed in Figure S1.

MSFragger version 4.1 output provided the primary glycopeptide identifications and
abundance measurements [24,25]. Searches allowed up to three missed cleavages, except for
alpha-lytic protease searches, for which up to six missed cleavages were permitted. Precur-
sor and fragment mass tolerances were 10 ppm and 20 ppm, respectively. Carbamidomethy-
lation of cysteine (+57.02 Da) was specified as a fixed modification, whereas methionine ox-
idation (+15.99 Da) and N-terminal ammonia loss from glutamine (—17.03 Da) were treated
as variable modifications. Searches used a collection of 444 N-glycans assembled from mam-
malian, human, and sulfation glycan databases. Though a Sf9 and MDCK-specific database
was not used, common N-glycans reported from these sources are included in this database.
The same search space was applied to all samples to avoid source-dependent search bias.
Conventional false-discovery-rate (FDR) filtering was not used as the final validation step.
Instead, candidate glycopeptide identifications underwent orthogonal validation based on
retention time, oxonium-ion and Y-ion evidence, HCD and ion-trap spectral consistency,
precursor purity, XIC overlap, and the number of supporting HCD spectra.

Annotated tandem glycopeptide libraries were generated with the previously reported
in-house software workflow [3]. MSFragger results supplied preliminary glycopeptide
assignments and MS1 extracted-ion-chromatogram (XIC) information [26]. Tandem spectra
for peptides and intact N-glycopeptides were annotated by sequence, precursor charge
state, and modification using MS_Piano [27], and the spectra presented in this study used
those annotations. Candidate glycopeptides were subsequently evaluated using contingent
ion-trap collision-induced-dissociation spectra, chromatographic retention time, Y-ion
evidence, spectral purity, XIC overlap, and the number of identified HCD spectra. Spectra
that passed validation were converted to NIST MS library format. Generation of a GADS
required at least two distinct, well-identified glycopeptides. The resulting GADS libraries
were viewed, compared, and searched with NIST MS Search [28].

For each digest, site-specific glycosylation distributions were stored as glycopeptide
abundance distribution spectra (GADS). A GADS combines the glycoforms observed for
one peptide sequence in a single mass spectrometry injection. These pseudo-spectra were
assembled from MS2 glycopeptide identifications by plotting glycan mass on the x-axis and
the corresponding MS1 XIC abundance on the y-axis. Peaks shown in red denote lower-
confidence glycopeptide assignments, which may result from factors such as inconsistent
retention time, absence of a Y1 ion, or absence of expected oxonium ions. Each single-charge-
state GADS therefore consolidates all detected glycopeptides for one sequence and one
run, allowing glycan distributions for the same sequence to be compared across repeated
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analyses. When two or more charge-state-specific GADS were available for a sequence, a
combined multiple-charge-state GADS was also constructed as described previously [29].
In-house software generated the GADS pseudo-spectra by integrating MSFragger output
with validation information from the tandem mass spectral library workflow.

2.5. Statistical Analysis

Similarity between glycosylation distributions was quantified with the cosine-like
scoring function used in NIST library searches, referred to in this study as the similarity
score or dot product, as described by Stein et al. [13]. This score was used to rank GADS
according to their resemblance. Whereas a conventional mass spectrum is defined by ion
mass and abundance, a GADS uses glycan mass and MS1-derived glycopeptide abundance
compiled from multiple glycopeptides [29]. Although combined multiple-charge-state
GADS were generated, all statistical comparisons reported here used glycopeptides from a
single precursor charge state. No comparison was assigned when a peptide or glycosylation
site was detected in only one member of a sample pair. Variation among the similarity
scores, interpreted as reflecting differences in glycosylation, was summarized with box-
and-whisker and violin plots. For the box-and-whisker plots, the center line denotes the
median, the box spans the interquartile range, and the whiskers extend to observations
within 1.5 times the interquartile range unless stated otherwise. In violin plots, width
represents the relative density of similarity scores. RStudio (version 2023.03.01 Build 446)
was used to generate these plots and to construct hierarchical-clustering dendrograms
from pairwise GADS similarity scores for identification of glycan-distribution classes
(Figure S2) [30]. Similarly, a taxonomy-based tree of the production-host species was
generated using PhyloT from the NCBI taxonomy available at https://phylot.biobyte.de/
(accessed on 12 November 2025) and visualized in the interactive tree of life webpage
available at https://itol.embl.de/tree/ (accessed on 12 November 2025) [31,32].

3. Results
3.1. Summary of Glycosylation Distributions Across All Vaccines

In the analyses reported here, each GADS peak represents a glycan with monosaccha-
rides represented as follows: G represents HexNAc (N-acetylhexosamine), H represents
hexose, F represents fucose (deoxyhexose), S represents sialic acid (N-acetylneuraminic
acid), and Po represents phosphorylation [29]. Site-specific glycosylation analysis in this
study depended on both the number of glycopeptide spectral identifications and the ability
to localize those identifications to individual glycosylation sites from the surrounding
peptide sequence. Protein coverage is therefore reported in terms of glycopeptide spectral
identifications and site-specific sequence coverage (Figure S3). Two glycoproteins were
analyzed in influenza vaccines: hemagglutinin (HA) and neuraminidase (NA). HA is
typically present at higher abundance than NA in influenza virions, often reported on the
order of ~ 7x to ~ 10x, consistent with our findings of fewer NA spectral identifications,
resulting in lower NA site coverage (Figure S3) [33]. For HA expressed from mammalian
sources, the most prevalent glycans are complex glycans, such as G4H5 and G5H5, with and
without core fucosylation and high-mannose glycans. In the same expression systems, NA
more frequently exhibited distributions that were either predominantly high mannose or
predominantly higher-mass complex glycans with antennary fucosylation, such as GSH6F3,
G6H7F, and G6H7F2. Other glycoproteins measured in this work include the SARS-CoV-2
spike (S) protein produced by Sf9 cell recombinant methods and surface glycoprotein E
(gE) from varicella-zoster virus produced in a CHO cell line. The S protein has 21 N-linked
glycosylation sites, of which 20 were reproducibly measured in site-specific glycosylation,
while gE has three N-linked glycosylation sites, of which two were reproducibly measured.
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The S protein had glycan distributions predominated by paucimannose and the gE protein
was predominated by high-mass multi-sialylated complex glycans.

Many different GADS exist across our measured antigens (HA, NA, S, and gE), with
numerous strains, subtypes, and lineages measured per protein for HA and NA. This yields
thousands of reproducibly unique GADS across the dataset. However, six general classes
of GADS were commonly observed. The first class is a high-mannose distribution with
predominantly low-mass glycans such as G2H6 and G2H7 (Figure 2A). This distribution is
indicative of less glyco-processing and is common in HA and NA, with most observations
being in the head region of HA. The second class is a high-mannose distribution with
predominantly high-mass glycans such as G2H8 and G2H9 (Figure 2B). This distribution is
indicative of slightly less glyco-processing than the low-mass distribution and is common
in HA. Similar to the low-mass distribution, it is frequently observed in the HA head
region. The third and fourth classes of GADS are multi-fucosylated complex distributions
with four to seven HexNAc (Figure 2C,D). These types of distributions are observed in
both the head and stalk regions of HA. The fifth class is a relatively simple distribution of
G4HS5 with varying degrees of fucosylation (Figure 2E), also found in the head and stalk
regions of HA. Finally, the sixth class is a distribution of multi-sialylated complex glycans
that, in this dataset, is unique to the gE protein produced in CHO cells (Figure 2F). While
these six classes were commonly identified, blended distributions also occurred, such as a
combination of high-mannose and low-mass complex glycans in the HA stalk (Figure S4).
Previous work characterizing site-specific glycosylation profiles in recombinant HA and
NA proteins expressed from the HEK293 cell line has also described major classes of glycan
distributions [3]. Compared to the distributions emphasized here, those HEK293 profiles
were reported to be primarily sialylated and mono-fucosylated bi-antennary complex
glycans such as G4H3F, G4H4F, and G4H5FS.
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Figure 2. Common glycosylation distributions across all vaccines and reagent glycoproteins. Six
GADS classes were common among all distributions measured for N-linked glycosylation sites.
Glycan mass is represented on the X-axis and relative abundance is represented on the Y-axis. GADS
used to exemplify the six classes were as follows: (A) low-mass high mannose distribution, as
exemplified from HA in FCVX-22; (B) high-mass high-mannose distribution, as exemplified from HA
in AFLQ-21; (C) G4-G5 1-3 fucose type distribution, as exemplified from HA in AFLQ-22; (D) G4-G7
0-1 fucose type distribution, as exemplified from HA in NIBSC-NC99; (E) G4H5 0-1 fucose type
distribution, as exemplified from HA in NIBSC-NC99; and (F) G4-G7 0-4 sialylated type distribution
from gE in SHGX. See Table 1 for a list of product abbreviations.

GADS comparisons were made quantitatively using a dot-product similarity metric
implemented in NIST MS Search [34]. Except for intra-protein comparisons, all GADS
similarity analyses were performed only between matched glycopeptides representing
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the same glycosylation site, peptide sequence, and precursor charge state so that differ-
ences in score primarily reflected glycan-distribution differences rather than peptide-level
differences. A summary of GADS similarity across the factors evaluated is provided in
Figure 3. See Table S3 for a breakdown of comparisons. For replicates, GADS comparisons
included injection replicates and digestion replicates. Injection- and digestion-replicate
groups had similar score distributions with the majority of data from both distributions
overlapping (Figure S5). Overall, replicate comparisons had a median similarity score
of 978. This demonstrates the high degree of measurement reproducibility attainable by
the present method. Note that a similarity score above 900 is generally considered to be
excellent agreement, scores between 800 and 900 are considered to be good agreement,
scores between 600 and 800 are considered moderate agreement, and scores below 600 are
considered to be in low agreement [35,36]. The next comparison was between conserved
influenza vaccine virus components present in different annual formulations for influenza
quadrivalent vaccines, which had a very high median similarity score of 961. Also showing
high similarity, different suppliers of the same virus component of influenza virus from the
same production source had a median similarity score of 960. In this dataset, year-to-year
production lots within the same supplier and supplier-to-supplier comparisons for egg-
based influenza vaccines were therefore close to the similarity observed for digestion and
injection replicates. The other three GADS comparisons had lower similarity: intra-protein
comparisons (median score = 554), inter-strain comparisons for influenza vaccines (median
score = 540), and the same strain of influenza produced in a different production source
(median score = 209). These lower similarities illustrate the selectivity of this method for
differentiating biologically meaningful sources of glycosylation variation. These three fac-
tors are especially interesting as different glycosylation sites on the same protein can have
distinct GADS, different strains can differ in sequence and structure, and the production
source has a strong influence on glycosylation.
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Figure 3. Violin plot of glycosylation similarity based on different factors of comparison. Measured
factors that influence variation in glycosylation distribution include replicates (injection and digestion
replicates combined), inter-annual vaccine production, different suppliers of the same vaccine virus
component, different glycosylation sites on the same protein, homologous and non-homologous
glycosylation sites from different strains, subtypes, and lineages within the same vaccine, and
different production sources of the same virus component in different vaccines. In box-and-whisker
plots, the center line represents the median, boxes indicate the interquartile range, and whiskers
extend to values within 1.5x the interquartile range; in violin plots, plot width indicates the relative
density of similarity scores.
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3.2. Year-to-Year Variation in Glycosylation

Year-to-year variation in GADS is the measurement of changes in glycan distributions
due to differences in formulations from the same supplier. This metric is limited in this
work to influenza quadrivalent vaccines, as these were the only vaccines obtained that
contain different year-to-year formulation. Specifically, this includes two virus components
between AFLQ-21 and AFLQ-22; three virus components between AFLQ-22 and AFLQ-
23; and three virus components between FCVX-22 and FCVX-23. See Table 1 for more
details on these virus components, sometimes referred to in this work as strains. Across
these conserved-strain comparisons, the spread in similarity scores was small (Figure 3).
Most values below a similarity score of 900 were associated with GADS built from fewer
identifications and/or GADS with broader apparent glycan dropout. Figure 4 provides
an example of a glycosylation site measured consistently between AFLQ-21, AFLQ-22,
and AFLQ-23 formulations. B/Phuket/3073/2013 is present in all three formulations and
shows a highly consistent glycosylation distribution at this site. The N-glycans with the
most variability between year-to-year formulations in this example include G2H7, G2HS,
and G5HS5E. Overall, this illustrates the reproducibility of both site-specific glycosylation
methods and of biomanufacturing vaccines over many different yearly formulations.
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Figure 4. Year-to-year variation in glycosylation among three annual formulations of an influenza
vaccine. This figure exemplifies the year-to-year factor of Figure 3. These are glycopeptide abundance
distribution spectra (GADS) comparisons between the same site of the same protein from the same
virus component which was conserved between three production years for AFLQ-21, AFLQ-22, and
AFLQ-23. Peaks shown in red denote lower-confidence glycopeptide assignments. See methods
Section 2.4 for more information on red colored peaks.

3.3. Supplier Variation in Glycosylation

To isolate supplier-to-supplier differences, we compared GADS within egg-produced
vaccines for related influenza virus components. Results indicate high consistency in
glycosylation between different suppliers of egg-based quadrivalent influenza vaccines,
with a median similarity score of 960 (Figure 3). GADS with similarity above 980 in this
category were predominantly high-mannose-type distributions. GADS with similarity
below 900 more often contained complex glycans with four to seven HexNAc and one to
three fucose residues. Outliers with similarity scores below 800 were typically associated
with longer and higher charge state peptides and low numbers of peptide identifications.
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The similarity of glycosylation distributions was higher between suppliers producing
egg-based influenza vaccines than recombinant proteins expressed in HEK293 cells. Pre-
vious work applied the same types of site-specific glycosylation comparisons using the
same analytical and data-analysis approaches used here [3]. Across those datasets, the
median similarity score for the egg-based vaccines was 960, whereas the median score
for the HEK293-produced versions was 781 (Figure 5). The interquartile range for the
egg-based vaccines was 922-990, whereas the interquartile range for the HEK293 influenza
proteins was 679-847. Together, these results show that, under the measurement and analy-
sis conditions used, egg-based production yielded more similar GADS across compared
sites than the HEK293 recombinant proteins in the referenced dataset. Note that influenza
strains (i.e., viral components) were not identical between these two groups; however, the
glycoproteins and methods for measurement and analysis were consistent.
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Figure 5. Supplier variation in glycosylation from commercial influenza vaccines vs HEK293 recom-
binant influenza glycoproteins. This figure expands the supplier-comparison category presented
in Figure 3. This box and whisker plot demonstrates the difference in glycosylation distribution
between commercial influenza vaccines and HEK293 recombinant influenza glycoproteins from other
work [3]. Similarity scores include values from both hemagglutinin and neuraminidase. The center
line represents the median, boxes indicate the interquartile range, and whiskers extend to values
within 1.5% the interquartile range.

3.4. Intra-Protein and Inter-Strain Variation in Glycosylation

Variation in site-specific glycosylation across different sites within the same glyco-
protein (meta-heterogeneity) reflects the overall diversity of glycan processing across a
protein and can help define how local structural and biosynthetic constraints differ between
regions. In this work, intra-protein similarity was highest for the Sf9-derived proteins
and more heterogeneous for the egg-derived influenza vaccine proteins (Figure S6), con-
sistent with the narrower glycan repertoire observed in the insect-cell system. Within
HA from influenza A and B, the stalk region showed the greatest internal concordance,
with fucosylated complex-type distributions enriched in the stalk, whereas head-region
sites more often displayed high-mannose-enriched distributions (Figures S7-510). We also
assessed inter-strain variation to determine the extent to which different virus components
of the same vaccine retain similar site-specific glycosylation at homologous regions despite
differences in primary sequence. In this work, inter-strain is defined as comparing the same
protein (e.g., HA) across the four virus components of an influenza vaccine, including the
two influenza A subtypes and two influenza B lineages. This comparison is especially rele-
vant in seasonal influenza vaccines, which combine multiple related but non-identical viral
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components (i.e., strains) in a single formulation. Quadrivalent influenza vaccines contain
four virus strains: two influenza A strains representing the HIN1 and H3N2 subtypes,
and two influenza B strains representing the Victoria and Yamagata lineages. While these
four strains differ in antigen protein primary sequence, they retain regions with related
structure and sequence. Such conserved regions can also share functional features; for ex-
ample, glycan-binding and structural studies have shown that HA can engage bi-antennary
glycans terminating with «-2,6 linked sialic acids [37]. The goal of this comparison was
to assess GADS similarity within the same vaccine across all virus components for both
HA and NA. Overall, the median GADS similarity score for this factor was 540 with an
interquartile range of 293 to 723 (Figure 3). These comparisons are limited to quadrivalent
influenza vaccines and were performed between two categories of sites: homologous sites
between proteins and non-homologous sites. Homologous regions were determined using
sequence alignment, and the resulting alignments between the four influenza strains are
shown in Figures S11 and S12.

Results indicate a high degree of inter-strain glycosylation similarity within FBLK-22
and moderate similarity in egg-based and MDCK cell line-produced vaccines (Figure 6).
Median similarity scores for inter-strain comparisons for all influenza vaccines include 755
for FBLK-22, 595 for AFLQ-23, 532 for AFLQ-21, 464 for FLAD-23, 446 for FCVX-23, 444 for
AFLQ-22, and 433 for FCVX-22 (Figure 6). As noted previously, a major driver of GADS
similarity is the production platform or expression system. Here, the Sf9 recombinant
vaccine showed the highest similarity, consistent with its lower diversity of glycosylation
distributions, which are primarily composed of high-mannose and paucimannose gly-
cans. The remaining quadrivalent influenza vaccines from egg-based and MDCK cell line
sources include mixtures of high-mannose distributions and multiple classes of complex
glycans and therefore show lower similarity. When stratifying by homologous versus non-
homologous site comparisons, homologous regions had higher similarity (median = 803)
than non-homologous regions (median = 536). This is consistent with prior studies compar-
ing different strains or subtypes of viral glycoproteins and may reflect conservation of both
sequence and structural context in homologous regions [3,16,38].
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Figure 6. Variation in glycosylation between different influenza virus components within the same
vaccine. For box-and-whisker plots, the center line represents the median, boxes indicate the in-
terquartile range, and whiskers extend to values within 1.5x the interquartile range. (A) Box and
whisker plot of glycosylation similarity between non-homologous sites of different virus components
within the same vaccine. (B) Box and whisker plot of glycosylation similarity between homologous
and non-homologous regions of all influenza vaccines. Homologous regions were determined using
sequence alignment as seen in Figures S11 and S12.

3.5. Source Variation in Glycosylation

The largest contributor of glycosylation pattern change evaluated in this work was
the production source of the vaccine. It is well established that the biological host used for
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protein production can strongly influence post-translational modifications and glycosyla-
tion patterns [9,14,39]. Here, production sources were compared quantitatively in terms
of GADS similarity. The workflow described here is the first instance of a quantitative
comparison of glycosylation similarity in an interpretable and easily searchable format.
This source comparison was intentionally limited to cases where the same proteins from
the same viral components were available across multiple production sources. Accordingly,
comparisons were restricted to quadrivalent influenza vaccines from egg-based sources,
MDCK cell line propagation, and Sf9 recombinant protein expression. Among the two-way
comparisons, egg-based vaccines versus the MDCK cell line vaccine showed the highest
similarity, with a median similarity score of 641 (Figure 7A). The next highest two-way
comparison was egg-based vaccines versus the Sf9 recombinant vaccine, with a median
similarity score of 494. Finally, the lowest similarity was observed for the MDCK cell line
vaccine versus the Sf9 recombinant vaccine.
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Figure 7. Variation in glycosylation between different production sources. This figure expands
the production-source comparison category presented in Figure 3. In box-and-whisker plots, the
center line represents the median, boxes indicate the interquartile range, and whiskers extend to
values within 1.5x the interquartile range; in violin plots, plot width indicates the relative density of
similarity scores. (A) Violin plot representing all source comparisons. Only influenza virus glycopro-
teins are included here. Note that the peptide, charge state, amino acid position, strain, and protein
are all equivalent between similarity comparisons. (B) Phylogenetic tree indicating evolutionary
relationships between the four production sources, along with Homo sapiens as a reference. (C) Vi-
sual comparison of glycosylation distribution similarities between the MDCK, Sf9, and egg-based
production sources for an equivalent glycosylation site between the three vaccines.

Quantitative GADS similarity between production sources can be useful in comparabil-
ity and manufacturing-context studies, particularly when glycosylation microheterogeneity
is expected to influence biophysical properties or function for a given product [5,9]. As
site-specific methods and high-resolution mass spectrometry have matured, it has become
increasingly feasible to resolve and compare glycan compositions that differ by small mass
increments using stepped-energy fragmentation approaches. In the results described here,
the two vertebrate-based production platforms were the most similar in glycosylation.
We therefore performed a taxonomic comparison to evaluate whether broad relatedness
among the production hosts was consistent with the observed ordering of glycosylation
similarity. In this dataset, the broad taxonomic relationships represented in the PhyloT
tree are consistent with the ordering of GADS similarity (Figure 7A,B). At the glycan level,
GADS similarity across sources was largely associated with differences in the presence
and relative abundance of fucosylated complex glycans: egg-based influenza vaccines pro-
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duced more GADS with lower-mass glycans such as G4H5, G4H5F, and G5H5F, whereas
the MDCK cell line produced higher-mass complex glycans with more fucosylation such as
G5H5F, G5H5F2, and G5H6F?2 (Figure 7C).

4. Discussion

Site-specific glycosylation analysis, though not required for vaccine release or regula-
tory submission, can provide useful orthogonal characterization when developers need
to document microheterogeneity, compare products or manufacturing changes, or investi-
gate process drift. The principal contribution of this work is that glycan distributions at
individual sites can be recorded in a standardized, spectrum-like format and compared
quantitatively across relevant biomanufacturing scenarios. Using this framework, we
demonstrate the utility of site-specific glycosylation profiling for (i) defining overall classes
of glycosylation, (ii) quantitatively reporting similarity across different reproducibility
scenarios, and (iii) assessing how glycosylation patterns vary as a function of biological
production source. Across the datasets analyzed, we observe high similarity in glycosyla-
tion patterns between replicate measurements, year-to-year production of the same antigen,
and different suppliers producing the same antigen, whereas similarity is lower between
different glycosylation sites on the same protein, the same antigen from different virus
components, and different biological production sources (Figure 3).

A key methodological contribution of this study is the application of glycopeptide
abundance distribution spectra (GADS) as a practical representation for storing, visualizing,
and comparing site-specific glycosylation distributions in vaccines. The GADS method in-
corporates rigorous qualifications for glycopeptide identification, including the assessment
of multi-fucosylated glycopeptides (Figure S13) [3,29]. Other groups have made quantita-
tive comparisons between site-specific glycosylation measurements, but many approaches
are less amenable to library-based quality assurance and quality control workflows and to
comparisons across non-matching sites [40]. The GADS representation described in our
previous work enables fast, interpretable comparisons between glycosylation sites without
relying on class-level summaries such as pie charts [3,29,38,41]. In addition, the NIST MS
Search library-search paradigm supports quantitative comparison across large numbers
of GADS, including cases where sites are not known a priori to be similar or dissimilar
relative to a reference set. For vaccine developers, this offers a practical way to archive
site-specific glycosylation measurements, compare new measurements against prior lots or
reference materials, and identify where differences arise between different conditions of
the biomanufacturing process.

Influenza vaccines provide a stringent test case for this type of analysis because they
contain two major glycoprotein antigens, HA and NA, across multiple viruses of different
type/subtype/lineage and manufacturing platforms. Many site-specific glycosylation
studies focus on single purified proteins with relatively few glycosylation sites, whereas
quadrivalent influenza vaccines present a much larger analytical burden, with on average
approximately 70 glycosylation sites across the four viral components for HA and NA
(Figure S3). The present results show that high-resolution mass spectrometry workflows
can be applied at this scale and can generate site-specific distributions across commercially
relevant products. This demonstrates that detailed glycosylation recording is feasible
even for compositionally complex products. More broadly, comprehensive glycoprotein
detection may support quality assurance by helping detect process drift affecting protein
modification patterns and by providing an additional analytical layer when manufacturing
changes are evaluated [42,43].

In our measurements, replicates, year-to-year production, and different suppliers of
the same antigen had a high degree of similarity (Figures 3-5). The replicate similarity is
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consistent with previous work and supports the analytical and data-analysis workflow
used here [3]. Lower-scoring comparisons were largely associated with GADS built from
relatively few glycopeptide identifications, indicating that undersampling can reduce
confidence and inflate apparent differences. In practice, this means that identification
depth and filtering criteria should be treated as part of the measurement specification
when GADS are used for lot-to-lot or cross-platform comparison. For mature platforms
such as egg-based influenza vaccine manufacturing, the observed consistency is also
biologically plausible, given long-standing process optimization and standardization [44],
whereas recombinant systems may be more vulnerable to biological variability [45,46].
Continued quantitative characterization of glycosylation variability across production
systems may therefore become increasingly relevant as recombinant vaccine products
continue to expand [47].

Factors with intermediate glycosylation similarity included comparisons between
different sites on the same protein and between different influenza types (e.g., HA from
influenza A vs. influenza B). It is well established that different sites on the same protein can
display distinct glycosylation patterns [48]. It has also been proposed that local structural
context can modulate enzyme access during ER-Golgi processing, potentially contributing
to similar glycosylation profiles between sites in close proximity [49]. Here, we found that
GADS similarity did not correlate with either the amino-acid distance or the estimated
spatial distance between glycosylation sites (Figure S14). In contrast, similarity was asso-
ciated with protein domain. Specifically, glycosylation was more similar among sites in
the stalk region than among sites in the head region of HA. This pattern is consistent with
differences in local accessibility and processing along the secretory pathway; for example,
some head-region sites may retain higher proportions of high-mannose glycans, reflecting
limited processing. We also observed that glycosylation patterns among sites on NA (head
and stalk) were, on average, more dissimilar than those on HA. This could reflect greater
variability in steric accessibility and/or processing across NA sites [50]. More specula-
tively, site-to-site differences on NA could also be shaped by strain-specific constraints and
evolutionary pressures acting at individual sites (e.g., HA-NA functional balance and NA
stalk-length effects) [51-53]. In terms of influenza type, subtype, and lineage similarity, ho-
mologous regions between the four virus components within a vaccine were substantially
more similar than non-homologous regions (Figure 6B), consistent with previous work [3].
For egg-based vaccines, we observed greater glycosylation similarity across different virus
components in AFLQ-23 and AFLQ-21 formulations compared to the others; however, the
distributions largely overlapped, and apparent differences may reflect the extent of sites
shared between virus components rather than systematic formulation effects.

Production source had the largest effect on glycosylation profile (Figures 3 and 7),
making it the clearest example of where a standardized site-specific comparison framework
may be useful in vaccine development. While not studied here, it has been shown that other
aspects of the production pipeline (e.g., bioprocessing stage) also have a large effect on
glycosylation and other post-translational modifications [54,55]. For alternative routes of
vaccine production, such as recombinant expression in insect cell lines or viral propagation
in MDCK cells, site-specific glycosylation differences have been reported in other work, but
the magnitude of variation across large numbers of sites has not been adequately quantified.
Here, we observed that glycosylation similarity between production sources broadly tracks
phylogenetic relatedness among the source species (Figure 7A,B) in the sense that more
closely related hosts tend to yield more similar site-specific distributions. Production-source
effects also likely contribute to the comparatively high similarity between intra-protein
sites and inter-strain sites in the Sf9 recombinant vaccines (Figures 6 and S6), insofar
as a shared host-processing environment can dominate over sequence- or site-specific
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differences. Finally, the distinct glycosylation profiles observed for the CHO-produced
Shingrix antigen (Figure 2F) should be interpreted in the context of identity (gE versus
HA/NA), site occupancy, and processing context.

There are several limitations for applying site-specific glycosylation mass spectrometry
to vaccine characterization. First, quadrivalent influenza vaccines pose a proteomics
challenge because the HA and NA from four viruses have substantial sequence homology
(Figures 511 and S12). With our current methods, 31% of HA glycosylation sites and 8%
of NA glycosylation sites were indistinguishable. One strategy to increase differentiation
among homologous regions is to use proteases that generate longer peptides, increasing the
chance of including distinguishing residues. However, longer peptides can also increase the
frequency of multiply glycosylated peptides, which is less amenable to site-specific analysis.
Second, intact-glycopeptide analysis is analytically more complex than released-glycan
glycomics because signals can be distributed among multiple peptide—glycan combinations,
proteolytic forms, and precursor charge states. In addition, confident identification requires
assignment of both the peptide and glycan components and localization to a specific
glycosylation site. Consequently, sampling depth and coverage of individual glycosites
and low-abundance glycoforms may be incomplete. This limits the dynamic range for
detecting low-abundance glycopeptides, as exemplified in NA in this work. Third, many
vaccines contain adjuvants or excipients that require cleanup due to incompatibility with
digestion workflows and /or LC-MS analysis. In this study, we used an in-gel digestion
protocol for adjuvanted vaccines, which can reduce recoveries and contributed to fewer
glycopeptide identifications for some samples. Thus, while adjuvants do not preclude
site-specific measurements, they can impede sensitivity and coverage. Future studies could
evaluate alternative cleanup strategies to minimize losses of glycoprotein material while
maximizing removal of interfering components.

Additional limitations arise from data processing and glycan structure interpretation.
In terms of data processing, the glycan database used could limit the comparison to only
patterns that are common among all sources. The search space in this work included the
major conventional N-glycan compositions expected from mammalian, avian, and Sf9
production systems but was not designed to capture every host-specific glycan modifica-
tion. Cross-source GADS comparisons therefore quantify the detected composition-level
abundance distributions rather than complete host-specific structural glycomes. In terms of
structural interpretation, the present intact-glycopeptide workflow primarily resolves gly-
cans at the monosaccharide-composition level and does not routinely distinguish structural
or linkage isomers with identical precursor masses. Although glycan fragment ions can
sometimes provide evidence for specific substructures, the data generally do not support
comprehensive or unambiguous isomer assignment.

5. Conclusions

This work provides a practical way to record and compare mass spectrometry-based
site-specific glycosylation distributions in protein subunit and inactivated virus vaccines us-
ing a spectrum-like GADS representation and quantitative similarity scoring. This method
is not only valuable for descriptive glycoprofiling, but is a reusable framework for docu-
menting microheterogeneity, assessing analytical precision, and comparing products across
lots, suppliers, strains, and production platforms. Across the vaccine set analyzed, we
report glycosylation distributions for monovalent and quadrivalent influenza vaccines, a
SARS-CoV-2 vaccine, and a varicella-zoster vaccine. Our framework showed high sim-
ilarity where comparability would be expected (i.e., replicates, year-to-year conserved
viral components, and equivalent production-source suppliers) and lower similarity where
biological or process differences were expected to be larger, especially across production
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sources. Thus, our hypothesis that GADS-based scoring could provide reproducible and
informative quantitative comparisons of site-specific glycosylation profiles was supported.
While portions of these findings have been reported elsewhere, the present study provides
a unified quantitative evaluation of similarity using a common GADS-based framework
on complex commercial products. We also report a quantitative concordance between
broad phylogenetic relatedness of production hosts and glycosylation similarity across
sources. Finally, although glycosylation can influence biological function for some anti-
gens, the present work is focused on analytical characterization and comparability; linking
site-specific glycosylation distributions to vaccine immunogenicity or efficacy will require
dedicated functional studies.
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www.mdpi.com/article/10.3390/vaccines14070644 /51, Table S1: Supplier Information; Figure S1: Ta-
bles of EPISET identification numbers used to assemble FASTA files; Figure S2: Pairwise comparisons
of all good quality GADS; Figure S3: Coverage of detection for all known glycosylation sites in
acquired vaccines; Figure 54: GADS demonstrating a mixture of common classes; Table S2: List
of raw files uploaded to repository and corresponding information; Figure S5: Box-and-whisker
plot of replicate injections and replicate digestions; Figure S6: Intra-protein variation in glycosy-
lation distribution within each vaccine; Figure S7: Correlation between glycosylation distribution
similarity and site position from different sites on the same protein; Figure S8: Box-and-whisker
plot of intra-protein variation within neuraminidase and hemagglutinin; Figure S9: GADS compar-
ison of the HA head region in Afluria 2022-2023 formulation; Figure S10: GADS comparison of
the HA stalk region in A/New Caledonia/20/1999; Figure S11: Glycosylation site alignment for
hemagglutinin among quadrivalent influenza vaccines; Figure S12: Glycosylation site alignment
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of multiply-fucosylated glycopeptide spectra; Figure S14: GADS similarity as a function of glycosy-
lation site distance; Table S3: Summary of all glycosylation comparisons made in this study at the
protein level.
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