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Abstract

Vaccine-induced immunity is expected to target the native antigens expressed by the pathogens.
Therefore, it is highly important to generate vaccine antigens that are immunologically
indistinguishable from the native antigens. Nucleic acid vaccines, comprised of DNA, mRNA,

or recombinant viral vector vaccines, introduce the genetic material encoding the antigenic protein
for the host to express. Because these proteins will undergo host posttranslational modifications,
host glycosylation can potentially alter the structure and immunological efficacy of the antigen. In
this review, we discuss the potential impact of host protein glycosylation on the immune responses
generated by nucleic acid vaccines against bacterial and viral pathogens.
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. Introduction

Unlike traditional vaccines that are comprised of antigens in a purified subunit vaccine form
or a whole-cell vaccine (live-attenuated or inactivated), nucleic acid vaccines use genetic
materials (DNA or mRNA) that encode the antigenic proteins. The manufacturing of these
vaccines can be robust and cost-effective [1]. While nucleic acid vaccines are a relatively
new vaccine technology, they have been evaluated in clinical trials for humans [2,3] and
used in animals [4] but have not been approved for human use until recently. The arrival

of COVID-19 as a global pandemic facilitated the swift approval of several nucleic acid
vaccines for clinical use globally. Based on the genetic material used, nucleic acid vaccines
can be categorized under three main classes [5].
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DNA vaccines.

Genes of antigens are cloned into plasmid DNASs under the control of a strong eukaryotic
promoter. After their introduction into host cells, these plasmids initiate the expression of
the antigens they encode. DNA vaccines have high stability that does not require a cold
chain transportation [6]. Several DNA vaccines were approved by FDA for veterinary use
[7]. Currently, there are no FDA-approved human DNA vaccines.

mMRNA vaccines.

MRNA is the intermediate genetic material that is produced (transcribed) from protein-
coding DNA in the nucleus. While plasmids used in DNA vaccines must translocate to
the nucleus and be transcribed into mMRNAs, mRNAs introduced in mRNA vaccines can
be directly used by ribosomes for protein production. However, mRNA vaccines are not
as stable as DNA vaccines, and they require cold chain transportation. BNT162b2 (Pfizer-
BioNTech) and mRNA-1273 (Moderna) COVID-19 vaccines are the two mRNA vaccines
currently administered globally. mRNA vaccine technologies are rapidly improving. One
such example is self-amplifying RNA (saRNA) vaccines, which can be administered at
lower doses compared to conventional mRNA vaccines [8].

Viral vector-based vaccines.

In viral vector-based vaccines, genes of antigens are incorporated into a viral genome.
Although viruses used as vectors in vaccinations can infect cells and deliver the genes of
antigens, they do not cause disease. Upon infection, host cells express the target antigens.
There are several licensed viral vector-based vaccines in the veterinary use [9]. Sputnik V
and AstraZeneca COVID-19 vaccines are two viral vector-based vaccines in use globally

for humans and more are in ongoing clinical trials [2,3]. Like mRNA vaccines, viral vector-
based vaccines require a cold chain transportation [10]. Another potential limitation of this
class of nucleic acid vaccines is that viral vectors may elicit viral vector-specific neutralizing
antibody responses that may prevent their re-administration [11].

In this review, we discuss glycosylation as a key parameter in the design of nucleic acid
vaccines utilizing two distinct types of pathogenic proteins. First, we describe nucleic acid
vaccines encoding bacterial surface protein immunogens that are not glycosylated in their
native form. As the newly biosynthesized antigens are secreted by host cells, the design

of nucleic acid vaccines leads the antigens to a secretory pathway, where they are subject

to mammalian cellular glycosylation. In the second part, we discuss nucleic acid vaccines
encoding a surface glycoprotein of a membrane enveloped virus. Contrary to native bacterial
proteins, surface glycoproteins of enveloped viruses are products of the mammalian host cell
glycosylation machinery.

Il. Impact of host protein glycosylation in nucleic acid vaccines for
bacterial pathogens

Host protein glycosylation may result in impaired immune responses when nucleic acid
vaccines are used against bacterial pathogens [12]. While the bacterial pathogens express
their native antigens, the mammalian host cells express the same antigens with nucleic acid
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vaccine administration and those antigens can be glycosylated by host cells. (Fig. 1A).

As a result of host protein glycosylation, naturally non-existing antigenic determinants can
potentially be produced, consequentially inducing an impaired immune response against the
native antigen-bearing bacteria.

With every glycan added by the host, the protein becomes less like the native protein. The
space occupied by the glycans around the proteins can vary, depending on the degree of
glycosylation. One obstacle associated with glycans occupying a space around the protein
is that glycans prevent the access of B cell receptors to some antigenic determinants on the
protein, and therefore no antibody response is generated against those sterically hindered
regions (Fig. 1A). Steric hindrance of epitopes by glycans is exploited by many pathogens to
evade from host immune responses, such as the human immunodeficiency virus (HIV) that
is decorated with a heavily glycosylated envelope glycoprotein [13], and many pathogenic
bacteria that are encapsulated with capsular polysaccharides [14-17]. Another potential
mechanism through which mammalian host glycosylation may prevent an effective immune
response is altered folding of the protein, which then leads to distortion of epitopes on the
protein (Fig. 1B).

In nucleic acid vaccination, the degree of glycosylation by the host largely depends on

the amino acid sequence of the antigen. The proteins that enter the secretory pathway are
subjected to the glycosylation machinery, and if they possess one or more N-glycosylation
consensus sequons, they can be N-glycosylated. Those proteins may also undergo O-
glycosylation [18].

Although not common, some bacterial proteins are glycosylated in their native form [19].
Because the glycosylation mechanisms of prokaryotes and eukaryotes are often different, the
protein antigen would be glycosylated by the host and the bacterium distinctly. Adding new
glycans that the native protein does not have, and/or replacing or removing the authentic
glycans on the native glycoprotein may result in impaired immune responses as the epitopes
are distorted. Previously, it was shown that native and recombinant (£. coli-expressed)
forms of a Mycobacterium tuberculosis (Mth) protein, alanine-proline-rich antigen (Apa),
which have different glycosylation motif in each form, differ in their antigenicity and
immunogenicity [20]. Another highly immunogenic Mtb surface protein, Ag85A, has been
used as a component in several nucleic acid vaccine candidates [3]. In three completed
clinical trials, two viral vector-based vaccine candidates carrying the gene of Ag85A

were evaluated and found not to be protective or immunogenic among the participants

of the trials [21-23]. In our recently published work, we investigated the effect of host
protein glycosylation on the immune responses generated by nucleic acid vaccines [12].

In the study, Ag85A was expressed in human embryonic kidney (HEK) cells and Chinese
hamster ovarian (CHO) cells through transient transfection with plasmids or viral infection
using Adenovirus 5 as a carrier [12]. In all expression conditions, Ag85A expressed by
mammalian cells was shown to be N-glycosylated, while native Ag85A expressed by Mtb
did not show any evidence of being glycosylated. N-glycan analysis of Ag85A expressed
by HEK 293-F cells (293-F Ag85A) by mass spectrometry revealed several distinct glycan
structures many of which contained sialic acids. Humoral immune responses generated

to native or mammalian Ag85As were compared in mouse immunizations, where 293-F
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Ag85A raised significantly lower antibody titers than native Ag85A. Similarly, in an in vitro
T cell stimulation assay, native Ag85A outperformed HEK 293-F expressed Ag85A. In the
same assay, nonglycosylated 293-F Ag85A that has a mutation at the glycosylation site
stimulated T cells better than wild type 293-F Ag85A. Also, in a dot blot assay, antibodies
raised against native Ag85A reacted to mutant 293-F Ag85A more than wild type 293-F
Ag85A, indicating that some epitopes on the protein are blocked by the glycans for antibody
recognition.

Another potential problem associated with the glycosylation of proteins with nonviral
origin by host cells is the immune inhibitory receptors, whose ligands are glycans
(Fig.1C). These receptors function in the self or non-self discrimination [24]. Sialicacid-
binding immunoglobulin-like lectins (Siglecs) are a major immunoregulatory receptor
family, consisting of 15 cell surface receptors in humans. Sialic acids are considered as
self-associated molecular patterns [25] and most of siglecs are inhibitory as they have
immunoreceptor tyrosine-based inhibitory motifs (ITIMs) and ITIM-like motifs in their
cytoplasmic domains [26].

The downregulatory effects of siglecs on immune responses are exploited by many
pathogens, which display sialic acids on their surfaces to pretend as “self” and evade
immune recognition [27]. The sialylated capsular polysaccharide of group B Streptococcus
(GBS), for example, activates neutrophil Siglec-9, which in turn suppresses the innate
immune response against this pathogen, leading to an increased bacterial survival [28].
While some of these pathogens, utilizing molecular mimicry, synthesize sialic acids de novo,
some of them utilize sialic acids of hosts [29]. An opportunistic pathogen Pseudomonas
aeruginosa adsorbs sialoglycoproteins from serum and reduces neutrophil activity [30]. A
protozoan parasite Trypanosoma cruzitransfers sialic acids from host glycoconjugates to
themselves by using trans-sialidases [31]. Siglecs are utilized by not only pathogens but
also cancer cells to evade immune responses [32]. Cancer cells hypersialylate their surface
proteins to activate inhibitory siglecs on immune cells to downregulate anti-tumor immunity.
Hypersialylation activity of cancer cells is correlated with metastatic phenotype and poor
prognosis in cancer patients [33,34]. Upon using nucleic acid vaccines and generating
glycosylated antigens that possess sialic acids, it is not unlikely to have an impaired immune
response to target antigens. In addition to playing roles in immune regulation, sialic acids
on antigen/pathogen surfaces can also potentially dampen the uptake and presentation of
antigens by antigen-presenting cells for the T cell recognition [35-37]. On the other hand, it
is also possible that sialic acids on the antigen can help increase the uptake of the antigen by
antigen-presenting cells [38].

[lI.  Nucleic acid vaccines employing glycoproteins of enveloped viruses

Glycans decorate the surface proteins of many pathogenic viruses, including human
immunodeficiency virus-1 (HIV-1), influenza virus, Ebola virus and coronavirus. These
glycans on viral surfaces play many critical roles in the life cycle of the viruses, one of
which is to prevent immune recognition through molecular mimicry and shielding their
surface proteins [39]. Another important role of viral surface glycans is to infect host cells
through binding to their surface lectins [40]. A recent study analyzed the glycosylation of
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the SARS-CoV-2 spike protein to understand its role in the host-cell entry of the virion by
binding to angiotensin-converting enzyme 2 (ACE2) [41]. In the study, recombinant spike
proteins expressed in HEK 293-F cells were proteolyzed and the formed glycopeptides were
analyzed by mass spectrometry to determine the composition of glycan structures at the 22
N-linked glycan sequons. The N-glycans proximal to the receptor-binding domain shield
this conserved and thus vulnerable domain to immune attack [41] (Fig. 2A). The roles of
glycans in sterically masking the polypeptide epitopes were also revealed through molecular
dynamics simulations of the SARS-CoV-2 spike protein [42]. HIV envelope protein (Env),
which is responsible for viral attachment to the host cells through CD4 receptors, is another
heavily glycosylated viral glycoprotein. Similar to the roles of glycans on SARS-CoV-2
spike protein, glycans on Env shield the polypeptide epitopes including the CD4 binding site
(Fig. 2B) [43].

Although viral glycans serve as a shield that protects the viral surface proteins from
immune recognition, they can be the target of the immune system as well. A potently
neutralizing antibody against SARS-CoV-1, for example, was shown to bind an epitope
containing a glycan structure [44]. There are also several broadly neutralizing antibodies
isolated from HIV infected individuals that recognize the glycan structures on HIV envelop
glycoprotein [45-47]. Importantly, a cross-neutralizing glycan-specific antibody between
HIV-1 and influenza virus was previously observed [48]. In addition to antibody binding,
glycans on viral glycoproteins contribute to recruiting T cell help to induce adaptive humoral
immune responses [35,37]. Therefore, upon administration of nucleic acid vaccines, host
glycosylation of viral surface glycoproteins can be critical for inducing robust B and T

cell responses. On the other hand, glycans on viral surfaces could shield the antigenic
determinants on the protein backbone -particularly the conserved epitopes- preventing/
inhibiting the induction of a strong immune response targeting these shielded epitopes.
Conserved epitopes on viral protein immunogens have been the major targets in the
generation of universal vaccines. Therefore, removal of glycosylation sites on and/or around
those conserved and thus vulnerable epitopes in nucleic acid vaccine design can potentially
serve as an effective strategy to develop protective and conserved/universal vaccines against
viral pathogens.

Nucleic acid vaccines generated against SARS-CoV-2 and administered worldwide have
shown to be highly effective in controlling COVID-19 pandemic [49]. Nucleic acid
vaccines against other viral pathogens are under development [50-52]. Contrary to native
bacterial surface proteins, surface glycoproteins of enveloped viruses are the products of
the mammalian host glycosylation machinery. Thus, the glycosylation of viral proteins
expressed through nucleic acid vaccine immunization are expected to be identical or highly
similar to the glycosylation of the protein on the surface of the virion. While this is largely
true, for a proper glycosylation match, nucleic acid vaccines may need to be expressed in
the same cell types as the cells infected during viral infection, since glycosylation of a
protein may differ when it is expressed by different cell types of the same species [53].
This may be due to the highly intricate glycosylation pathways enrolling many distinct
glycosyltransferases, donor sugars, and chaperone proteins that can all be variably expressed
and/or available at different concentrations in different cell types and cellular states [53,54].
In addition, the inflammation taking place during an infection can alter the glycosylation
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process [55-57] yielding glycoproteins that differ from the ones expressed through nucleic
acid vaccination. In addition, the expression levels of enzymes participating in glycosylation
can be changed when the cells are infected, leading to differentiated glycosylation. It was
recently shown that transcription of HIV genes in infected T cells alters the glycosylation
machinery of the cells [58]. In the study, CD4+ T cells isolated from HIV-negative donors
were infected with the virus and infected cells that are active or inactive in HIV transcription
were separated by cell sorting. Membrane proteins were isolated and used in a lectin
microarray to illustrate the cell surface glycomic signature of each group. Demonstrating
the influence of HIV transcription on glycosylation, the results revealed that cell surface
proteins of cells that are active or inactive in HIV transcription have different glycosylation
profiles.

IV. Conclusions

. Proteins with bacterial origin can be glycosylated when expressed in mammalian
host cells through nucleic acid vaccine administration and the host glycans
incorporated onto these proteins can impair the immune responses generated
against the target pathogen.

. Viral surface glycoproteins are decorated with a glycan layer produced by
mammalian host’s glycosylation machinery. This glycan layer serves as a
virulence factor shielding the protein backbone to prevent immune targeting. On
the other hand, the glycans can be part of the antigenic determinants for antibody
recognition as well as T cell epitopes in the form of glycopeptide epitopes.

. Nucleic acid vaccines against viral pathogens induce immune responses to viral
glycoproteins since native viral glycoproteins on the virion surfaces are also
expressed in host cells. However, nucleic acid vaccines against viral pathogens
may potentially produce differentially glycosylated proteins than native viral
proteins due to different cell types that express the proteins, and the potentially
altered glycosylation machinery in infected cells.
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Glycosylation of bacterial proteins by mammalian host cells can impair immune responses.
A. Bacterial proteins can be glycosylated when expressed by mammalian host cells

(right panel), while its native counterpart is not (left panel). The crystal structure of the
Mycobacterium tuberculosis Antigen 85A protein was used for the depiction (PBD 1SFR).
The N-glycosylation site is colored as red. Glycans can shield protein surface of the
proteins and prevent generation of antibodies to those sites. B. Glycans can result in a
different protein folding and distort the epitopes that native protein has. C. Sialic acids on
glycoproteins expressed by mammalian host cells can induce inhibitory siglecs.
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Figure 2.
The oligomannose content and distribution of N-glycans on the surface of SARS

CoV-2spike protein (A), HIV-1 envelope glycoprotein (B), and influenza (H3N2)
hemagglutinin protein (C). Different percentages of observed oligomannose structures are
represented in green, magenta and orange, and unoccupied sites are represented in gray. This
figure is reproduced with permission from: American Association for the Advancement of
Science [41] (Figure 2A); Annual Reviews [43] (Figure 2B); and PLOS [48] (Figure 2C).
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