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Abstract

Introduction:

Much of the efforts to develop a vaccine against the human immunodeficiency virus (HIV) have
focused on the design of recombinant mimics of the viral attachment glycoprotein (Env). The leading
immunogens exhibit native-like antigenic properties and are being investigated for their ability to
induce broadly neutralizing antibodies (bNAbs). Understanding the relative abundance of glycans at
particular glycosylation sites on these immunogens is important as most bNAbs have evolved to
recognize or evade the dense coat of glycans that masks much of the protein surface. Understanding
the glycan structures on candidate immunogens enables triaging between native-like conformations
and immunogens lacking key structural features as steric constraints limit glycan processing. The
sensitivity of the processing state of a particular glycan to its structural environment has led to the
need for quantitative glycan profiling and site-specific analysis to probe the structural integrity of
immunogens.

Areas covered:

We review analytical methodologies for HIV immunogen evaluation and discuss how these studies
have led to a greater understanding of the structural constraints that control the glycosylation state
of the HIV attachment and fusion spike.

Expert commentary:

Total composition and site-specific glycosylation profiling are emerging as standard methods in the

evaluation of Env-based immunogen candidates.
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1. The extensively glycosylated viral spike is the focus of rational vaccine design

The human immunodeficiency virus type 1 (HIV-1) remains one of the major health challenges
worldwide. While the development of antiretroviral treatments has significantly improved the life of
those who have access to medication, an effective vaccine is the desirable solution in controlling the
pandemic. The envelope spike (Env) is the sole viral protein on the virion surface and has a crucial
role in mediating host cell infection (Figure 1A). Due to its exposed location, it is the main target for
HIV-1 broadly neutralizing antibodies (bNAbs) elicited by the immune system and thus a main focus
for antibody-based vaccine design [1,2]. Over the last years, great progress has been made in
designing soluble, recombinant Env-mimicking immunogens that brought us a bit closer to the final
aim of the elicitation of bNAbs through vaccination [3].

Env is a trimer of gp120 and gp41 heterodimers that are generated by proteolytic cleavage
(typically by furin) of the pro-protein gp160. It is extensively glycosylated with glycans accounting for
a significant proportion of the glycoprotein’s mass [4]. The largely conserved glycans shield the
underlying, highly mutative protein surface from the immune system. They further contribute to
protein folding, interact with host cell receptors such as DC-SIGN and are indispensable for viral
infectivity [5-7]. The majority of Env-targeting bNAbs incorporate glycans into their epitopes [8],
which highlights the importance of the glycans to be considered and included in rational immunogen
design [9,10]. The particularly dense glycans impose steric constraints on early glycan trimming
enzymes i.e. ER and Golgi a-mannosidases that lead to a large abundance of underprocessed,
oligomannose-type (Mans_sGIcNAc,) glycans on the surface of Env [11-17]. These particularly cluster
around the outer domain of gp120 and at the trimer interfaces [18,19]. The apex and base of Env
generally show more variable processing profiles, with some sites containing a large
microheterogeneity of cell type-specific, complex glycans [19]. It is also becoming increasingly
evident that Env glycosylation profiles can serve as an indication for native-like protein folding of

recombinant Env mimics. Several uncleaved, non-native ‘pseudotrimeric’ Env glycoproteins, for

example, show a much higher abundance of complex-type glycans compared to their correctly,
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uniformly folded counterparts [12,18] (Figure 2). Several different design strategies of soluble,

native-like recombinant Env immunogen mimics were recently reviewed by Sanders and Moore [3]

and a detailed description is beyond the scope of this review. Of note is that both fully cleaved and

uncleaved, linker-based recombinant trimers have been developed that show native-like properties

of the viral spike. These linker-based constructs need to be differentiated from the previous

generation of uncleaved, sometimes foldon-stabilzed, ‘pseudotrimeric’ gp140 Env constructs [3].

While we and others have recently reviewed the viral spike architecture and the structural

principles controlling HIV-1 glycosylation in great detail [18,20-22], the following sections focus on
the techniques and workflows that facilitate a comprehensive characterization of the Env glycan
shield (Figure 1) — a particularly challenging target due to the large number of N-glycosylation sites

(around 90 over the trimeric complex). Env glycosylation is shaped by structural constraints around

glycosylation sites and it is therefore important to consider immunogen glycosylation when

evaluating emerging immunogens [12,23]._We discuss a variety of analytic methods for assessing

immunogen glycosylation from accessible chromatographic methods to those requiring

sophisticated mass spectrometers.

2. Global profiling of the overall Env glycosylation fingerprint

Quantitative profiling of the overall N-glycosylation pool of candidate immunogen Env mimics can
provide a valuable insight into protein quality and preserved native-like features of the glycan shield
[12,18]. Envelope glycosylation is characteristically dominated by oligomannose-type glycans. The
abundances of oligomannose-type glycans of so far characterized soluble, recombinant, trimeric Env

mimics such as e.g. BG505 SOSIP.664, BG505 SOSIP.v4.1, B41 SOSIP.664 and AMCO008/11 SOSIP.664

typically range from ~60 % to ~70 % [18,19,24-29]. The most prominent structure is usually the
most underprocessed glycan MangGIcNAc, with a relative abundancy of ~20 % to ~40 % compared

to other glycoforms (Figure 2B).
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Accurate quantification of the relative abundancies of individual glycan structures/species
on envelope is best achieved by glycan release followed by labelling of the reducing end with a
functional tag and chromatographic separation. In general, glycans can be released from the
underlying protein through chemical and enzymatic methods. Enzymatic release by peptide-N-
glycosidase F (PNGase F) is the most common way of releasing mammalian N-linked glycans and
allows for subsequent labelling with a fluorophore due to the generation of a reducing glycan end
that contains hemiacetal functionality. Fluorophores such as 2-aminobenzoic acid (2-AA) and 2-
aminobenzamide (2-AB) stably label glycans in a 1:1 ratio by reductive amination [30] and thus allow
qguantification via detection of fluorescence [31]. More recently, procainamide emerged as an
alternative tag to 2-AA and 2-AB labelling, which has a higher fluorescence quantum yield and is thus
more sensitive and improves detection of minor glycan species [32]. Labelled Env glycans can be
nicely resolved by (ultra-/) high-performance liquid chromatography (U/HPLC) using, for example,
amide-based hydrophilic-interaction liquid chromatography (HILIC) and monitored by fluorescence
detection (Figure 2A). Noteworthy, HILIC-UPLC has the potential to separate glycan isomers [33-35].

This outlined approach can be combined with endo- exoglycosidase digestions to assign
glycan structures and to determine the abundances of oligomannose- and hybrid- vs. complex-type
glycans [12]. The relative quantification of oligomannose-type glycans is of considerable interest
when analyzing candidate Env immunogens and is emerging as part of their routine quality control.
Digestion of the labelled glycan pool with Endoglycosidase H (Endo H) removes oligomannose-type
and hybrid-type glycans. Integration of the relevant glycan peak areas in the HILIC-UPLC profiles
before and after Endo H digestion allows for the determination of the percentage abundance of the
oligomannose-series glycans Mans_oGIcNAc, [12,36].

Profiling of O-glycosylation can generally be more challenging than N-glycosylation in that
there is not a defined amino acid consensus sequence and also the lack of a universal enzyme to
remove all O-glycan structures. It is therefore necessary to employ chemical release methods, such

as reductive B-elimination or hydrazinolysis. However, the role of O-glycosylation in Env glycobiology
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is uncertain and currently there is little supporting evidence for a significant functional or structural
role_[37]. Studies have previously identified O-glycans on recombinant Env at positions T499 and
T606 [13,16,38,39], although a quantitative study also showed that T499 on a native-like trimer
mimic was less than 1 % occupied with O-glycans [18]. While native viruses are weakly neutralized by

anti-Tn and anti-sialosyl-Tn antibodies [40], glycoproteomics studies on these have led to conflicting

results as to whether O-glycans are present [39,41]. Overall, the oligomannose-dominated N-
glycosylation fingerprint of Env is an intrinsic feature of the protein, whereas the presence of O-
glycosylation likely depends on the producer cell of the virus and is thus presumably less important

for the evaluation of Env glycoprotein immunogens.
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3. Mass spectrometry of released glycans

Mass spectrometry (MS) is the leading method for structural characterization of released Env
glycans. The most common ionization technique used is electrospray ionization (ESI), which is often
coupled to liquid chromatographic (LC) separation, helping separate isomeric structures prior to MS
detection. lonization of glycans can be influenced by a range of factors, in particular the presence of
charged residues, such as sialic acids, which influence the efficiency of ion formation during ESI.
Correspondingly, quantification by ESI-MS is not as reliable as HPLC methods as discussed above and
should therefore be carefully considered. Matrix-assisted laser desorption/ionization (MALDI) of
permethylated glycans has also been used in Env analysis and benefits from the prevalence of singly
charged ions that aids in evaluating relative glycan amounts [17,39,42]. Additionally, permethylation
overcomes a well-known problem of sialic acid residue loss that occurs on underivatized glycans
during MALDI. However, while the presence of sialylated glycans was shown to be important for the
recognition of Env by a number of bNAbs [43-45], the overall abundance of sialic acids on
recombinant Env mimics is generally rather low [19]. In both ESI and MALDI approaches, collision
induced dissociation (CID) of glycan parent ions delivers detailed structural information on the
oligosaccharide composition and glycosidic linkages [46]. CID of negative ions yields extensive A-type
cross-link fragments which are more informative as compared to less informative B- and C- type
fragments across glycosidic bonds which predominate in positive ion analyses (Figure 3). Overall,
well-established glycomics workflows based on LC-ESI MS/MS and MALDI MS/MS are principally
applicable and provide detailed evaluation of Env glycans.

More recently, ion mobility (IM) MS has emerged as a powerful method for structural
characterization of released glycans in its ability to rapidly separate oligosaccharide ions and boost
sensitivity [47-52] (Figure 3). In IM, gas-phase glycan ions travel through a neutral gas, typically
nitrogen or helium, under a weak electric field and are separated based on their size, shape and
charge. Glycan ions are usually singly and doubly charged and have distinct three-dimensional

structures leading to diverse IM drift times. These drift times can be used to calculate the
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rotationally averaged collision cross section (CCS), which is an intrinsic property of each individual
glycan structure.

In general, the benefit of IM for Env glycan analysis (and equivalent reports of oligomannose type
structures) is through the ability to extract N-glycan spectra from non-carbohydrate contaminants in
a sample [49,50] and secondly, the capacity to separate isomers thereby improving structural
assignments [47,48]. Oligosaccharides IM drift times are unique compared to lipids, peptides and
nucleotides [53] and therefore can be isolated and evaluated from complex mixtures (Figure 3A and
3B). In this way, glycan sensitivity is increased addressing a key challenge in glycomics. Additionally,
oligomannose Env glycan isomers can effectively be separated by IM in both positive ([M+Na]’) and
negative mode ([M+H,P0,]") [47,48]. In this report, the CCS values were determined in both He and
N, and showed that isomers have characteristic IM drift times, particularly structures with mannose
substituted on the 3-arm. For oligomannose glycans, it is important to consider the type of adduct
examined as [M-H] ions adopt noticeable gas-phase anomers and/or conformers, which may be
easily misinterpreted as isomers, leading to false positive identifications [54]. Additionally, the ability
to predict glycan CCS values is increasing difficult and presently for deprotonated species
unattainable making theoretical calculations of gas-phase doubtful [55]. However, IM holds
tremendous potential for glycan analysis and already IM has proven advantageous for Env glycan
analysis and will continue to gain popularity as instruments develop and separation resolution

advances.

4, Site-specific glycosylation analysis

Total glycan profiling is limited in that it does not provide information on the sites of N-glycan
attachment. Defining the composition and microheterogeneity of Env glycosylation on individual
glycan sites is important for understanding bNAb epitopes, for guiding rational vaccine design and
for thorough evaluation of potential Env immunogens. However, site-specific N-glycosylation

analysis of Env, which typically requires protease digestion and glycopeptide analysis, can be difficult
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due to the high number of N-glycosylation sites. Nevertheless, multiple studies have so far been
performed on recombinant monomeric Env [13,14,18,23,56-59], uncleaved gp140 [16,18,23,38,60-
64], fully cleaved, trimeric Env [18,19,23,65], membrane-associated Env [16,23] and virion-derived
gp120 [17,41]. Broadly speaking, glycans of complex or mixed processing states are mainly localized
at trimer base and apex in the C1, V1/V2, V4 and gp41 region of the trimer. Oligomannose-type
glycans cluster at the outer domain of gp120 and near the trimer interface in the C2, V3 and C3
regions [18,20].

Glycoproteomics studies (analysis of glycopeptides) of Env typically involve reduction,
alkylation and protease digestion of the target protein — followed by analysis of the glycopeptides by
mass spectrometry. Analytics is challenging because of the glycan micro- and macroheterogeneity
and the lower proportion of glycopeptides compared to peptides in protease-digested samples
accompanied by ion suppression effects [66]. Hence, multiple strategies have been developed to
improve analysis of glycopeptides. Among them are glycopeptide enrichment by lectin affinity
chromatography, hydrazide-capture, boronic acid-based chemistry, graphitized carbon, size-
exclusion chromatography and HILIC separation [66,67]. While some of these strategies, like lectin

affinity chromatography, bind to specific glycan structures, methods based on general chemical and

physical properties of glycopeptides are more valuable for unbiased enrichments. An example for a
robust, unbiased stationary phase for glycopeptide enrichment is zwitterionic-HILIC (ZIC-HILIC),
which leads to the separation of compounds based on weak electrostatic interactions and portioning
of the hydrophilic glycopeptides between the zwitterionic phase and the aqueous portion of the
mobile phase [66,68]. Similar to the above described glycomics methodologies, glycoproteomics on
Env have been performed using both MALDI MS and LC-ESI MS.

The glycan moiety and the peptide backbone of glycopeptides differ in their chemical
properties and thus fragment under different conditions in tandem mass spectrometry. The two
main fragmentation types to consider in tandem MS experiments are collision-induced dissociation

(CID) and electron-transfer dissociation (ETD). CID predominantly leads to glycosidic bond cleavages
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of the B- and Y-type (nomenclature by Domon and Costello [69]) and also creates characteristic
‘reporter’ low-molecular-weight oxonium ions (fragment ions originating from the glycan moiety)
that can serve as diagnostic ions for glycopeptides [70]. Peptide backbone fragments such as b- and
y-type ions are typically of lower abundance but can be increased by the usage of higher collision
energies ([71]). Higher-energy collision dissociation (HCD) fragmentation is a beam-type version of
CID, where fragmentation occurs external to the ion trap in an ion routing multipole, but leads to
quite similar fragmentation ions. Figure 4A shows an HCD fragmentation spectrum of a glycopeptide
containing a ManyGIcNAc, glycosylated Asn332 of Env — the so-called ‘supersite of immune
vulnerability’ [72].

ETD selectively creates peptide bond fragments through the transfer of gas-phase electrons
from singly charged anions to multiply charged protonated peptides [67]. Peptide backbone
fragments are predominantly ¢’ ions and z- radical ions resulting from cleavage of the N-Ca bond and
thus allow the determination of the peptide backbone as well as the site of glycosylation. Therefore,
tandem MS experiments using both CID and ETD can accurately assign the glycan moiety and the
peptide backbone of a glycopeptide.

Tandem LC-ESI MS experiments have also been employed to successfully identify the N-
glycan(s) on peptides carrying two potential N-glycosylation sites (PNGS). In one example, shown in
Figure 4B, the HCD fragmentation spectrum of a doubly occupied Env glycopeptide was sequentially
digested with Endo H, followed by PNGase F. The fragmentation ions allowed the determination of
the glycan site containing an oligomannose-type glycan (a single GIcNAc after Endo H digestions) and
that of a complex-type (or spontaneously deamidated) glycan, identified due to the conversion of
asparagine to aspartate by PNGase F.

MALDI MS/MS is another powerful technique for the analysis of glycopeptides that has been
employed to analyze Env glycosylation analysis previously [19,56,60]. Unlike electrospray ionization,
MALDI solely creates singly charged ions and thus makes spectra interpretation and relative
quantitation possible. Fragmentation of N-glycopeptides by MALDI MS/MS leads to a set of

10
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cleavages at or near the innermost GIcNAc with all resulting fragment ions retaining the peptide
backbone [67]. Among the typically observed fragment ions are a [MpepigetH-1717, [MpeprigetH]1", the
%2y jon [Mpeptide+83+H]" and the Y1-ion [Myepige+203+H]*, which enable the determination of the
mass of the peptide portion due to very characteristic peak patterns [67].

When determining the microheterogeneity of N-glycosylation sites, it is not only important
to identify the individual glycoforms but also to gain information on their relative abundance. In a
label-free quantification approach, the abundance of individual glycoforms is assessed by the
relative abundance of signal intensities in the mass spectrum compared to other glycoforms
attached to the same N-glycosylation site on the same proteolytic peptide. This is rationalized by the
fact that ionization (protonation) of glycopeptides occurs on the peptide backbone and not on the
glycan moiety. Hence, ionization efficiency of glycopeptides depends mostly on the peptide
sequence and not on the type of glycans [73]. A multi-institutional study by the HUPO Human
Disease Glycomics/Proteome Initiative generally assessed label-free quantification as reliable,
especially for neutral glycans [74]. Encouragingly, when compared directly in a side-by-side study
using an Env mimic, both MALDI MS and LC-ESI MS yielded highly similar quantitative site-specific

analysis results [18]. Figure 4C shows example results from quantitative site-specific analysis

obtained by LC-ESI MS analysis of oligomannose, mixed and complex-type glycan sites of the Env
mimic BG505 SOSIP.664 [18]. This study used IM MS-generated sample-specific glycan libraries as
the basis for the site-specific glycopeptide analysis. Together, about 50 different glycans were
present on these three sites, highlighting the remarkable complexity and microheterogeneity of Env
glycosylation. When mapped on the surface of Env (Figure 4D) the non-random clustering of
oligomannose-type glycans becomes obvious.

An aspect that we did not address here, but that has been addressed in other reviews, is the
challenge of glycan and glycopeptide data analysis [75-77]. Steadily improving analytical techniques
lead to the need of adequate software in order to fully cope with the generated complex data sets.
Noteworthy, there are useful data interpretation software solutions that have been successfully

11
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employed for the quantitative site-specific glycosylation characterization of Env immunogens
[18,19].
5. Assessment of glycan site occupancy
An important aspect when analyzing the microheterogeneity of glycoproteins, especially also with
regard to immunogen design, is the level of occupancy on the individual PNGS. Sample preparation
workflows that include glycopeptide enrichment steps do not provide information on occupancy
since unoccupied peptides are discarded [19]. As it is difficult to reconcile all aspects of interest into
one analytical strategy, the determination of the glycan site occupancy of recombinant Env
constructs thus relies on alternative methodologies. Recently, intact mass spectrometry of
metabolically engineered gp120 was used to assess global occupancy by measuring the entire
glycoprotein [78]. This study showed a very high occupancy level of recombinant gp120 N-
glycosylation sites, however, the effect of metabolic engineering on protein occupancy during
biosynthesis is unknown. A methodology to assess occupancy on a site-specific level has been
developed and applied to various Env strains [79]. Here, protease-generated (glyco)peptides are first
treated with Endo H and then digested with PNGase F in O'®-water. Conversion of Asn to Asp by
PNGase F leads to a mass difference of +3 Da due to the incorporation of O; spontaneous
deamidation shows a mass difference of +1Da and unoccupied sites show no mass shift.
Furthermore, it is important to consider that the degree of glycan site occupancy is likely influenced
by the producer cell line and also whether or not a protein is codon-optimized [80].

Encouragingly, both of these studies identified the glycan site occupancy level on
recombinant Env to be very high. Cao et al., reported that almost all sites are more than 90 %

occupied on soluble Env trimers of 6 different strains [79].

Conclusion
The emergence of mass spectrometric methods for glycopeptide analysis and quantitative UPLC
approaches for the assessment of the total glycan pool have proven to be powerful tools in the
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evaluation of HIV immunogens. It _has become apparent that HIV immunogens are particularly

susceptible to the scrutiny these methods offer as their glycan status changes significantly when
processing is not constrained by native-like architecture. It is believed that the presentation of
native-like viral spike will be an important component of any successful vaccine that elicits broadly

neutralizing antibodies to conformationally sensitive and glycan-dependent epitopes.

Expert Commentary

The processing of glycans during glycoprotein folding and secretion is highly sensitive to the local
steric environment of any individual glycan. In this way, glycosylation analysis can be a powerful tool
in assessing the protein for native-like folding. This is particularly valuable in the HIV immunogen
design field as there has been extensive debate about the degree to which various oligomeric
recombinant glycoproteins mimic the native viral spike. This is an essential design feature as it is
believed that a successful vaccine is likely to contain conformationally sensitive and glycan-
dependent epitopes.

Significant progress has been made in the triaging of candidate immunogens by cryo-
electron microscopy. Ward and colleagues have shown that leading immunogens of the SOSIP
format exhibit almost entirely native-like folds which cluster into ordered class averages [22,81]. In
contrast, candidates based on uncleaved gp140 structures show minimal native like folds and are
dominated by highly disordered oligomeric assemblies (Figure 2B). Glycan analysis by UPLC has
proven to complement this structural work by providing a measure of native-like folding by the
accurate determination of the percentage of oligomannose-type glycans within the released glycan
pool. In addition, the advent of relative quantitative mass spectrometric-based glycoproteomics has
extended the quality control parameters to that of the glycan composition at individual glycosylation
sites.

Given the role of glycosylation in shaping the epitopes of bNAbs, glycan analysis and

glycoproteomics have been a key tool in the understanding of the epitopes. This has led to a revised
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understanding of the glycan targets and has guided the design of new immunogens. For example,
many patients that develop bNAbs have circulating virus missing key glycans. It has been
hypothesized that the induction of bNAbs could be achieved by the use of immunogens primers that
help expand B-cell linages corresponding to the desired bNAbs [82-86]. Glycosylation analytics have
shown that deletion of multiple glycans has minimal effect of neighboring glycans and potentially
multiple holes can be incorporated into a single immunogen without adversely affecting the
remaining glycan-dependent epitopes [79]. Overall, glycan, glycopeptide and intact glycoprotein
analytics have emerged as an indispensable tool in the evaluation of immunogens against HIV-1 and

in the understanding of the epitopes of broadly neutralizing antibodies.

Five-year view

The ability to distinguish individual glycan structures (microheterogeneity) and overall peptide site
occupancy (macroheterogeneity) remains a key challenge in glycoprotein analysis. Recent advances
in mass spectrometry techniques are emerging, capable of delivering these information at low levels
of sample material. Particularly, ion-mobility separation has now been demonstrated to be able to
reveal the presence of mixed population of N-linked glycan isomers on small peptide backbones
[87]. Importantly from the perspective of HIV immunogen design, isomers of oligomannose-type
glycans - which are often targeted by bNAbs - have been shown to be resolvable with these
methods. We envisage that developments in ion mobility resolution will enable the isomeric
discrimination and assignment of larger and more complicated glycopeptides. Additionally, high-
resolution mass spectrometry of intact glycoproteins is highly informative in both occupancy and
glycan composition which has been demonstrated on a range of complex samples [88-90].
Correspondingly, we also envisage that continued software development will enhance the
assignment and quantitation of glycopeptide data, analysis of glycan IM results and interpretation of
sophisticated intact MS spectra. However, we believe there will be a continued role for the use of

orthogonal methods, namely exoglycosidase digests in the assignment of saccharide identity and
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glycosidic linkages in most glycomics/glycoproteomics methods. Yet, we envisage that this will

become enhanced by the development of miniaturized sample handling and automated

technologies. There is also a role for these enzymatically assisted assignments to be complemented

by developments in selective chemical modification of glycosidic motifs. The continued development

of glycoproteomic and glycomic technologies mean that many problems in HIV immunogen design

that are currently inaccessible, such as the analysis of native and clinically-derived virions, will be

brought under full experimental scrutiny.

Key issues

e Understanding the complex architecture of the HIV-1 glycan shield has important

implications for vaccine design.

e Glycomics and glycoproteomics strategies for HIV Env immunogen analysis are now widely

accepted as valuable tools to assess protein quality and to understand neutralizing antibody

responses.

e Misfolded, non-native trimeric HIV-1 immunogens show a higher abundance of complex-

type glycans compared to native-like trimer mimics — a feature than can be readily assessed

by overall glycan profiling by HILIC-UPLC.

e lon mobility mass spectrometry can provide highly detailed structural glycan information

allowing a deep insight into the cell-directed glycosylation profiles of Envimmunogens.

e Site-specific N-glycan analysis workflows provide valuable information on site
microheterogeneity and antibody epitopes, as well as occupancy.
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Figure legends

Figure 1. Methods for HIV Env immunogen glycosylation analysis by glycomics and
glycoproteomics.

(A) The trimeric envelope spike is the sole viral protein on the HIV virion surface. Soluble,
recombinant, native-like mimics of Env are being developed as immunogens in antibody-based HIV
vaccine design. The leading candidate and the basis for further development strategies are trimers
of the SOSIP design. On the right is a fully glycosylated model (glycans in green sticks) of the Env
mimic BG505 SOSIP.664 based on PDB ID 5ACO [19]. Thorough analysis of the glycans and

glycopeptides (B) allows mapping of the site-specific processing state on the trimer surface (C).

Figure 2. Glycan profiling as a strategy to assess Env immunogen quality. (A) Glycans are
enzymatically released, fluorescently labelled and then quantitatively assessed by HILIC-UPLC. (B)
Glycan profiles from two different HIV Env trimer-based immunogens (CZA97.012 Foldon and BG505
SOSIP.664) and the corresponding negative stain electron microscopy images [12]. Green,
oligomannose-type and hybrid-type glycans; pink, complex-type glycans, as determined by

digestions with Endo H.

Figure 3. Env glycosylation analysis by ion mobility mass spectrometry. Spectrum of released
glycans from BG505 SOSIP.664 before (A) and after (B) ion mobility extraction. The inset in panel A
shows the DriftScope image (m/z against drift time) with singly charged ions encircled with a white
oval. (C-D) Collision-induced dissociation spectra for two isobaric structures derived from the
transfer region of the Synapt G2Si instrument [19]. The insets in panels C and D show the
corresponding glycans as well as the numbering of the fragments. Fragments used to differentiate
the two underlying structures are labelled in red. The inset in panel D shows the chromatographic

separation of the two structures after ion mobility extraction. Symbols are as explained in (B).

Figure 4. Quantitative site-specific N-glycosylation analysis by LC-ESI MS. (A) HCD fragmentation of
a tryptic glycopeptide containing N332. (B) HCD fragmentation spectrum of a glycopeptide
sequentially deglycosylated with Endo H followed by PNGase F. (C) Quantitative site-specific N-
glycosylation profiles obtained for an oligomannose (N332), a mixed (N355) and a complex (N190)
glycan site of BG505 SOSIP.664 [19]. (D) Model of a fully glycosylated soluble BG505 SOSIP.664

trimer. Glycans are coloured according to their oligomannose content, with 100 % - 80 % green; 79 %
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Figure 1. Methods for HIV Env immunogen glycosylation analysis by glycomics and glycoproteomics.
(A) The trimeric envelope spike is the sole viral protein on the HIV virion surface. Soluble, recombinant,
native-like mimics of Env are being developed as immunogens in antibody-based HIV vaccine design. The
leading candidate and the basis for further development strategies are trimers of the SOSIP design. On the
right is a fully glycosylated model (glycans in green sticks) of the Env mimic BG505 SOSIP.664 based on
PDB ID 5ACO [19]. Thorough analysis of the glycans and glycopeptides (B) allows mapping of the site-
specific processing state on the trimer surface (C).
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Figure 2. Glycan profiling as a strategy to assess Env immunogen quality. (A) Glycans are enzymatically
released, fluorescently labelled and then quantitatively assessed by HILIC-UPLC. (B) Glycan profiles from
30 two different HIV Env trimer-based immunogens (CZA97.012 Foldon and BG505 SOSIP.664) and the
31 corresponding negative stain electron microscopy images [12]. Green, oligomannose-type and hybrid-type
32 glycans; pink, complex-type glycans, as determined by digestions with Endo H.
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Figure 3. Env glycosylation analysis by ion mobility mass spectrometry. Spectrum of released glycans from
BG505 SOSIP.664 before (A) and after (B) ion mobility extraction. The inset in panel A shows the DriftScope
image (m/z against drift time) with singly charged ions encircled with a white oval. (C-D) Collision-induced
dissociation spectra for two isobaric structures derived from the transfer region of the Synapt G2Si
instrument [19]. The insets in panels C and D show the corresponding glycans as well as the numbering of
the fragments. Fragments used to differentiate the two underlying structures are labelled in red. The inset in
panel D shows the chromatographic separation of the two structures after ion mobility extraction. Symbols
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Figure 4. Quantitative site-specific N-glycosylation analysis by LC-ESI MS. (A) HCD fragmentation of a
tryptic glycopeptide containing N332. (B) HCD fragmentation spectrum of a glycopeptide sequentially
deglycosylated with Endo H followed by PNGase F. (C) Quantitative site-specific N-glycosylation profiles
obtained for an oligomannose (N332), a mixed (N355) and a complex (N190) glycan site of BG505
SOSIP.664 [19]. (D) Model of a fully glycosylated soluble BG505 SOSIP.664 trimer. Glycans are coloured
according to their oligomannose content, with 100 % - 80 % green; 79 % to 40 % orange; 39 % - 0 % pink
[18,19].
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