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The many carbohydrate chains on Covid-19 coronavirus SARS-CoV-2 and its S-protein form a glycan-
shield that masks antigenic peptides and decreases uptake of inactivated virus or S-protein vaccines
by APC. Studies on inactivated influenza virus and recombinant gp120 of HIV vaccines indicate that gly-
coengineering of glycan-shields to present a-gal epitopes (Gala1-3Galb1-4GlcNAc-R) enables harnessing
of the natural anti-Gal antibody for amplifying vaccine efficacy, as evaluated in mice producing anti-Gal.
The a-gal epitope is the ligand for the natural anti-Gal antibody which constitutes ~1% of immunoglob-
ulins in humans. Upon administration of vaccines presenting a-gal epitopes, anti-Gal binds to these epi-
topes at the vaccination site and forms immune complexes with the vaccines. These immune complexes
are targeted for extensive uptake by APC as a result of binding of the Fc portion of immunocomplexed
anti-Gal to Fc receptors on APC. This anti-Gal mediated effective uptake of vaccines by APC results in
10–200-fold higher anti-viral immune response and in 8-fold higher survival rate following challenge
with a lethal dose of live influenza virus, than same vaccines lacking a-gal epitopes. It is suggested that
glycoengineering of carbohydrate chains on the glycan-shield of inactivated SARS-CoV-2 or on S-protein
vaccines, for presenting a-gal epitopes, will have similar amplifying effects on vaccine efficacy. a-Gal epi-
tope synthesis on coronavirus vaccines can be achieved with recombinant a1,3galactosyltransferase,
replication of the virus in cells with high a1,3galactosyltransferase activity as a result of stable transfec-
tion of cells with several copies of the a1,3galactosyltransferase gene (GGTA1), or by transduction of host
cells with replication defective adenovirus containing this gene. In addition, recombinant S-protein pre-
senting multiple a-gal epitopes on the glycan-shield may be produced in glycoengineered yeast or bac-
teria expression systems containing the corresponding glycosyltransferases. Prospective Covid-19
vaccines presenting a-gal epitopes may provide better protection than vaccines lacking this epitope
because of increased uptake by APC.
� 2020 The Author. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).
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1. Introduction

Increasing numbers of research groups are developing prophy-
lactic vaccines against infection by the Covid-19 coronavirus SARS-
CoV-2. As of June 2020, >120 vaccines reported to be at various
stages of development [1], are divided into two major groups: 1.
Vaccines prepared of virus replicating in cell lines, including live
attenuated viruses, inactivated viruses, split vaccines, subunit vac-
cines prepared of the virus or produced as a recombinant protein in
various expression systems, and virus-like particles. 2. Vaccines
composed of nucleic acid (DNA and RNA) and viral vectors or
nanoparticles that deliver the gene or mRNA of the coronavirus
spike glycoprotein (referred to as S-protein) on the envelope of
SARS-CoV-2. These vaccines are delivered into tissues (usually
muscle tissue) of the vaccinated individual for activation of the
immune system to develop protective T cells and neutralizing anti-
body response against infecting SARS-CoV-2 [1–3]. The S-protein,
which is the major glycoprotein on the envelope of SARS-CoV-2,
mediates binding of the virus to the angiotensin converting
enzyme 2 (ACE-2) that functions as the cell surface ‘‘docking”
receptor for SARS-CoV-2, and further enables the fusion of the virus
with the cell membrane within endosomes [4–7]. Because of these
activities, the S-protein is considered an important target for devel-
opment of vaccines that elicit production of neutralizing antibodies
which inhibit binding of the virus to cells, thereby preventing viral
infections causing Covid-19 and induce activation and proliferation
of T cells that lyse virus infected cells. Two recent examples of clin-
ical trials with DNA and RNA S-protein vaccines are the ChAdOx1
nCoV-19 [8] and mRNA-1273 [9], respectively. ChAdOx1 nCoV-19
uses a replication-deficient chimpanzee adenovirus to deliver the
SARS-CoV-2 S-protein gene. The mRNA-1273 vaccine consists of
lipid nanoparticles containing the S-protein mRNA. With both vac-
cines, two intramuscular injections of the vaccine to healthy volun-
teers in one-month interval resulted in production of anti-viral
antibodies binding to S-protein in ELISA and of SARS-CoV-2 live
virus neutralizing antibodies. In addition, ELISPOT studies with
SARS-CoV-2 S-protein stimulatory peptides revealed marked
increase in T cell activation following the two immunizations.
Thus, both vaccines demonstrate effective stimulation of the
immune system for eliciting both antibody and T cell response
against SARS-CoV-2.

The availability of DNA and RNA vaccines in Group 2 such as
ChAdOx1 nCoV-19 and mRNA-1273, within the very-short period
of few months indicates one of their major advantages: The ability
to produce such vaccines in short time. Group 1 vaccines which
involves production of the actual vaccinating virus or of S-
protein to be used as vaccines is much more labor intensive and
takes significantly longer time. However, in addition to the exten-
sive experience gained with whole virus and subunit vaccines and
the much easier ability to control the dose of the actual vaccinating
material, a great advantage of Group 1 vaccines is that they can be
engineered for increasing their immunogenicity. Since the immu-
nizing antigens of Group 2 vaccines are produced within the vacci-
nated individuals, no engineering of the protein component of the
vaccine is feasible. Development of methods for engineering pro-
phylactic vaccines to increase their efficacy (i.e., immunogenicity)
in preventing SARS-CoV-2 infections is of significance for several
reasons: 1. Higher immunogenicity will enable the use of lower
amounts of vaccinating materials, thus enabling sufficient produc-
tion of vaccine for wide global immunization of billions of individ-
uals for protection against Covid-19. 2. Vaccines that are effective
in young populations may not suffice for protecting the elderly,
as demonstrated with influenza vaccines [10–12]. The lower
immune response to SARS-CoV-2 infection makes the elderly more
susceptible to the detrimental effects of human to human trans-
mission of the virus and is further indicated by the much higher
mortality rate of Covid-19 among elderly than in young individuals
[13,14]. 3. Studies in convalescent patients following previous
SARS infections demonstrated very-low anti-S-protein antibody
titers [15] which has been associated with the low immunogenic-
ity of coronavirus S-protein. This low immunogenicity is associated
with the carbohydrate chains (glycans) forming the glycan-shield
that ‘‘hides” immunogenic peptides of this envelope glycoprotein
thereby evading neutralizing antibodies that prevent virus adhe-
sion to cell surface receptors [16–18]. Shielding by glycans the
receptor binding sites on viral glycoproteins that interact with cell
surface receptors is a common feature of viral glycoproteins, as
observed on SARS-CoV-1 S-protein [16], gp120 of HIV[19,20] and
influenza virus hemagglutinin (HA) [21,22]. The principle of the
methods described in this review is glycoengineering the glycan-
shield on viral vaccines for its conversion from protein masking
glycan into glycan that effectively targets vaccines to antigen pre-
senting cells (APC) thereby markedly increasing the immunogenic-
ity of viral vaccines. This effective targeting for the extensive
uptake of viral vaccines by APC is achieved by harnessing the nat-
ural anti-Gal antibody which is abundant in all humans who are
not severely immunocompromised. Since the proposed glycoengi-
neering was found to increase immunogenicity of viral vaccines
such as influenza virus and gp120 of HIV up to 100–200 fold, this
review suggests that the glycoengineering methods presented here
may greatly increase immunogenicity of vaccines containing atten-
uated or inactivated SARS-CoV-2, or the S-protein of this virus.

The S-protein sequence of SARS-CoV-2 has 22 asparagine (N)-
linked glycans, synthesized on asparagine in amino acid sequences
asparagine-any amino acid-serine or threonine (N-X-S/T) [18]. Part
of the glycans are of the high-mannose type and the rest are of the
complex-type. These glycans form the glycan-shield that cov-
ers >65% of the S-protein surface, potentially camouflaging anti-
genic peptides, thereby evading detection by neutralizing
antibodies [16–18]. The low anti-S-protein antibody response in
convalescent SARS patients [15] suggests that the glycan-shield
of the S-protein further prevents effective exposure of the
immunogenic peptides to B cells, thereby decreasing the extent
of antibody response to this major envelope glycoprotein of
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SARS-CoV-2. A similar function of immune evasion has been attrib-
uted to the glycan-shield of HIV-gp120 [19,20,23] which has 24 N-
linked glycans, of which 13 to 16 are of the complex type, each
capped by 2–4 sialic acid residues (left glycan in Fig. 1) and the rest
are of the high mannose type [24,25]. Since glycans on virus envel-
ope glycoproteins are synthesized within the Golgi apparatus by
the host cell glycosylation machinery, it is probable that similar
to gp120, a significant portion of the 22 N-linked glycans of the
S-protein synthesized in various host cells, also are of the complex
type, similar to the left glycan in Fig. 1. The ratio between the com-
plex type and high mannose N-linked glycans depends on make-up
and activity of the various glycosylation enzymes in the host cell in
which the virus is propagated.

Since glycans are hydrophilic, they protrude from the S-protein
like quills of a porcupine and those with sialic acid residues sur-
round the vaccinating S-protein molecules with negative electro-
static charges (Fig. 2A). Multiple sialic acid residues also cap cell
surface glycans on APC. Negative charges on the vaccinating S-
protein and those on the cell surface of APC create electrostatic
repulsion (zeta [f] potential) that decreases the uptake of vaccinat-
ing S-protein molecules by APC [26]. Glycoengineering of the
glycan-shield, as described in this review, is likely to convert this
shield from an obstacle for uptake of vaccine by APC into a portion
of the S-protein molecule that effectively targets it for extensive
uptake by APC, thereby amplifying immunogenicity by increasing
processing and presentation of SARS-CoV-2 antigens by the APC.
This conversion is achieved by replacing sialic acid on the
glycan-shield of the S-protein vaccine with terminal galactose
linked a1-3 to the glycans in order to form multiple a-gal epitopes
with the structure Gala1-3Galb1-4GlcNAc-R on the S-protein
Fig. 1. Glycoengineering of a-gal epitopes on Spike (S)-protein of SARS-CoV-2 virus
glycoproteins are synthesized on asparagine (N) in amino acid sequences of N-X-S/T-. Bas
many of these carbohydrate chains of the S-protein are capped by sialic acid (SA). Cent
expose the penultimate Galb1-4GlcNAc-R, called N-acetyllactosamine (LacNAc). Right c
carrying the desialylated glycan, with recombinant a1,3galactosyltransferase (ra1,3GT)
on the glycans in the same reaction as synthesis of these epitopes on glycoproteins and g
antibody at the vaccination site and form immune complexes that are targeted for exte
(called here S-proteinagal) (Fig. 1). The S-proteinagal vaccine forms
in situ immune complexes with the natural anti-Gal antibody of
the vaccinated individual. The anti-Gal/S-proteinagal immune com-
plexes are targeted for extensive uptake by APC as a result of bind-
ing of the Fc portion of immunocomplexed anti-Gal IgG to Fcc
receptors on the APC (Fig. 2B). Binding of activated complement
to complement receptors on APC may further increase the target-
ing of the anti-Gal/S-proteinagal immune complexes to APC. Previ-
ous studies with inactivated influenza virus and recombinant HIV-
gp120 vaccines glycoengineered to present a-gal epitopes [27–30]
strongly suggest that S-proteinagal vaccine or inactivated SARS-
CoV-2agal vaccine will be much more effective in eliciting protec-
tive immune response against Covid-19 than the same vaccines
having the original glycan-shield.
2. Formation of immunocomplexes by viral vaccines and the
natural anti-Gal antibody

Amplification of vaccine immunogenicity by immunocomplex-
ing with the corresponding antibody has been a phenomenon
known for more than 50 years. Marked increase in the immune
response to immunocomplexed antigens was observed with teta-
nus toxoid [31,32], hepatitis B antigen [33], Eastern equine
encephalitis virus [34] and simian immunodeficiency virus vaccine
studied in monkeys (SIV) [35]. Immunization with each of these
vaccines immunocomplexed with the corresponding antibody
increased the immune response by 10–1000-fold in comparison
to the same vaccine that was delivered without an immunocom-
plexing antibody. With the understanding of the role of dendritic
. Left chain- Carbohydrate chains (glycans) of the complex type on viral envelope
ed on the information about a similar glycan shield of HIV-gp120, it is probable that
er chain- Sialic acid is removed from the carbohydrate chain by neuraminidase to
hain- Incubation of inactivated virus or soluble S-protein (split or subunit vaccine)
and with UDP-Gal results in synthesis of a-gal epitopes (Gala1-3Galb1-4GlcNAc-R)
lycolipids within mammalian cells. These epitopes readily bind the natural anti-Gal
nsive uptake by APC.



Spike (S)
glycoprotein

Spike (S)
glycoprotein

Fig. 2. Anti-Gal mediated targeting of SARS-CoV-2 S-protein to APC. A. The negative charges of sialic acids (SA) on the glycan-shield of the S-protein and on APC surface
glycoproteins and glycolipids generate electrostatic repulsion (f [zeta]-potential) between the SARS-CoV-2 inactivated virus or S-protein vaccines and the APC. This repulsion
decreases the uptake by random endocytosis of the negatively charged vaccine into the APC. B. Synthesis of a-gal epitopes on the glycan-shield of S-protein (S-proteinagal)
eliminates the electrostatic repulsion and enables binding of the natural anti-Gal IgG antibody to the S-proteinagal and formation of anti-Gal/S-proteinagal immune complexes.
These immune complexes are effectively targeted for binding to the Fcc receptors (FccR) on APC, further resulting in extensive active uptake of the vaccine by APC. Modified
from [26].
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cells and macrophages as APC, it became evident that vaccines
administered as immune complexes are targeted to APC by Fc/
Fcc receptors interaction [32–37]. This interaction was also found
to further induce differentiation and maturation of the APC into
professional APC that effectively present immunogenic peptides,
both on class I and class II MHC molecules for effective activation
of CD8+ and CD4+ T cells, respectively [38,39]. This method for
amplifying immunogenicity of vaccines by immunocomplexing is
regarded impractical for clinical immunization because of the tech-
nical difficulties associated with ex vivo preparation of immune
complexes with the corresponding antibodies and the problems
in vaccines associated with the use of antibodies from human
donors or from other mammalian sources. However, this method
is clinically feasible if the immunocomplexes are formed in situ
at the vaccination site with a pre-existing natural antibody within
the vaccinated individual. A natural antibody that is present in
large amounts in all humans who are not severely immunocom-
promised and which can form immune complexes in situ with vac-
cinating glycoproteins and with inactivated enveloped virus
vaccines is the natural anti-Gal antibody.

Anti-Gal is a polyclonal natural antibody constituting ~1% of IgG
in human serum [40,41]. It is produced also as IgM and IgA anti-
bodies and is abundant as IgA antibodies in various secretions such
as milk, colostrum, saliva and bile [42]. This antibody is continu-
ously produced throughout life as a result of antigenic stimulation
by several strains of gastrointestinal bacteria [43–45]. Anti-Gal
binds specifically to a carbohydrate antigen called the ‘‘a-gal epi-
tope” with the structure Gala1-3Galb1-4GlcNAc-R (epitope in the
rectangle on the right glycan in Fig. 1) [41,46,47]. The a-gal epitope
is abundantly produced in nonprimate mammals, lemurs and
New-World monkeys (monkeys of South-America), on cell mem-
brane glycans [48,49] and on secreted glycoproteins [50,51]. In
contrast, Old-World monkeys (monkeys of Asia and Africa), apes
and humans, all completely lack a-gal epitopes [48–51] because
of inactivation in ancestral Old-World primates of the
a1,3galactosyltransferase (a1,3GT) gene (also called GGTA1)
encoding the a1,3GT enzyme that synthesized the a-gal epitope
[52,53]. However, similar to humans, Old-World monkeys and apes
produce the natural anti-Gal antibody [40,41,48,54]. Because of the
ubiquitous presence of anti-Gal in large amounts in humans and
because the a-gal epitope can be readily synthesized or obtained,
the immunologic potential of this antibody may be harnessed for
a number of immunotherapies in several clinical settings [26,41].

The glycans on glycoproteins of enveloped viruses are synthe-
sized by the glycosylation machinery within various compart-
ments of the Golgi apparatus in host cells, in a manner similar to
an assembly line in a car plant. Various glycosyltransferases add
carbohydrate units to the nascent carbohydrate chain in a sequen-
tial order. Therefore, viruses produced in nonprimate mammalian
cells present both a-gal epitopes and sialic acid on their glycans
(right and left glycans, respectively in Fig. 1) [55–63]. In contrast,
when produced in Old-World monkey, ape and human cells, the
same viruses lack a-gal epitopes and present glycans capped with
sialic acid (left chain in Fig. 1) and other carbohydrates, according
to glycosyltransferases content of the host cell. Anti-Gal in human
serum effectively binds to a-gal epitopes on virus envelope glyco-
proteins, neutralizes these viruses and destroys the envelope of the
viruses by activation of the complement system [56–63].

The ability of anti-Gal to form immunocomplexes with a-gal
epitopes on viral envelope glycoproteins raised the assumption
that vaccines in the form of inactivated virus, split, subunit, or
recombinant viral glycoprotein may be glycoengineered to present
a-gal epitopes on their glycans [64,65]. It was hypothesized that
these a-gal epitopes will eliminate the electrostatic repulsion by
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sialic acid on APC glycans and enable harnessing anti-Gal for tar-
geting viral vaccines to APC as a result of binding of the Fc portion
of the immunocomplexed anti-Gal to Fcc receptors on the APC
(Fig. 2). The sequence of events anticipated to occur following
immunization with an inactivated virus presenting multiple a-
gal epitopes is illustrated in Fig. 3 with inactivated SARS-CoV-2
as a hypothetical example. Step 1- Administration of inactivated
virus or viral envelope glycoprotein vaccines presenting a-gal epi-
topes into humans will result in rapid formation of immune com-
plexes with the natural anti-Gal antibody of the vaccinated
individual. These immune complexes will activate the complement
system for the formation of chemotactic complement cleavage
peptides (e.g. C5a) that induce rapid recruitment of APC as den-
dritic cells and macrophages to the immunization sites, as
observed in tumors converted into vaccines by intratumoral injec-
tion of a-gal glycolipids [66]. Step 2- Upon arrival to the vaccina-
tion site, the Fcc receptors on these APC will bind the Fc portion
of the immunocomplexed anti-Gal. This interaction will induce
active endocytosis of the immunocomplexed vaccine. The C3b
complement component attaching to the immunocomplexed
anti-Gal, binds to C3b receptors (CR1) on APC and also induces
uptake of the opsonized virus by these cells. Step 3- The uptake
of the vaccine will be followed by processing and presentation of
the immunogenic peptides on MHC molecules of the APC, matura-
tion of the APC into professional APC and transport of the pre-
sented immunogenic peptides to regional lymph nodes. In the
lymph nodes, the presented viral peptides will activate specific T
cells with the corresponding T cell receptors (TCR) to proliferate
and initiate effective anti-virus T cell and antibody immune
response.
Fig. 3. Suggested mechanism for amplification of SARS-CoV-2agal vaccine immunogen
gal epitopes (SARS-CoV-2agal) is used as a vaccine example. Step 1- Anti-Gal IgM and IgG
complement system which generates complement cleavage chemotactic peptides that re
virus targets it for active extensive uptake by the recruited dendritic cells and macro
internalized virus vaccine to the regional lymph nodes and process the virus antigens. Wit
class II MHC molecules for the activation of SARS-CoV-2 specific CD8 + and CD4 + T cel
3. Increased immunogenicity of ovalbumin as a model vaccine

The proposed mechanism presented in Fig. 3 could be studied in
knockout mice in which the a1,3GT gene (GGTA1) was disrupted
(i.e., knocked out) [67]. These mice (called GT-KO mice) lack the
a-gal epitope and thus can be induced to produce anti-Gal by
immunization with xenogeneic tissues (e.g. porcine kidney homo-
genate) which contain high concentration of a-gal epitopes
[66,68]. Chicken ovalbumin (OVA) was used as the vaccine model
that simulates a viral vaccine [30] since the most immunogenic
peptide of OVA for CD8+ T cells was identified as the 8-amino acid
peptide SIINFEKL [69]. Moreover, a mouse CD8+ T hybridoma cell
line B3Z with a TCR specific for SIINFEKL was generated [70]. These
B3Z cells are activated when they engage APC presenting SIINFEKL.
This activation can be detected by b-galactosidase transgene LacZ
under IL2 promoter. The activated LacZ transgene produces detect-
able b-galactosidase following engaging of the TCR on B3Z cells
with SIINFEKL on MHC class I of H-2bKb of APC [70]. The OVA pro-
tein lacks N-linked glycans and thus, cannot be glycoengineered to
carry a-gal epitopes. Therefore, anti-Gal mediated targeting of OVA
to APC was studied with OVA encapsulated within liposomes that
presentmultiplea-gal epitopes [30]. These liposomesmimic a virus
presenting multiple a-gal epitopes, as that illustrated in Fig. 3.

Migration to regional (inguinal) lymph nodes of APC that inter-
nalized OVA encapsulated a-gal liposomes, was studied 7 days
post injection of these liposomes into the thigh. APC presenting
SIINFEKL were detected by coincubation of lymph node cells with
B3Z T hybridoma cells for 20 h followed by flow cytometry analysis
of b-galactosidase elevated production in activated B3Z cells. Such
activation of B3Z cells was 5–8 fold higher in mice producing anti-
icity by anti-Gal mediated targeting to APC. Inactivated SARS-CoV-2 presenting a-
bind to a-gal epitopes on the vaccinating virus at the vaccination site, activate the
cruit APC such as dendritic cells and macrophages. Step 2- Anti-Gal IgG coating the
phages, via Fc/Fcc receptors (FccR) interaction. Step 3- These APC transport the
hin the lymph nodes, the APC present the immunogenic virus peptides on class I and
ls, respectively. TCR- T cell receptor. Modified from [26].
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Gal than in mice lacking the antibody [30]. This implied that many
more APC internalizing and processing the OVA containing a-gal
liposomes were migrating from the injection site to the regional
lymph nodes in mice producing anti-Gal than in mice lacking this
antibody. ELISPOT analysis of spleens from the immunized mice
were studied for the presence of SIINFEKL specific CD8+ T cells
14 days post injection. This analysis demonstrated 15-fold higher
number of SIINFEKL activated T cells in anti-Gal producing mice,
than spleens of mice lacking the anti-Gal antibody. Moreover, mice
producing anti-Gal displayed 30–100 fold higher titers of anti-OVA
antibodies than mice lacking anti-Gal but receiving a similar vac-
cine of OVA encapsulate in a-gal liposomes [30]. These studies
imply that immunocomplexing of anti-Gal with vaccines present-
ing a-gal epitopes greatly amplifies the cellular and antibody
immune response to the vaccinating antigen. This is achieved by
increased uptake of the immunocomplexed vaccine by APC via
Fc/Fcc receptors and possibly C3b/CR1 receptor interactions which
is followed by increased processing of the vaccine within the APC
and transport of the processed vaccine to the regional lymph-
nodes. In the lymph nodes, the increased transport and processing
of the vaccine by APC is followed by increased activation of the
vaccine specific T and B cells. These studies on amplified immuno-
genicity of OVA encapsulated in a-gal liposomes suggest that it
would be of interest to determine whether various Covid-19 vacci-
nes containing S-protein display amplified immunogenicity by gly-
coengineering them to present a-gal epitopes. This suggestion is
supported by studies described below, indicating that in situ
immunocomplexing of anti-Gal with inactivated influenza virus
and with recombinant HIV-gp120 vaccines that were glycoengi-
neered to present a-gal epitopes results in much higher immuno-
genicity than original viral vaccines lacking this epitope.

4. Anti-viral protective immune response with a-gal influenza
virus vaccine

A model which has been used for determining changes in
immunogenicity of inactivated whole virus vaccine glycoengi-
neered to present a-gal epitopes was that of influenza virus [28].
The hemagglutinin (HA) glycoprotein on influenza virus has the
same role as S-protein on coronavirus in that it attaches the virus
to cell membrane. HA uses sialic acid on cell glycans as ‘‘docking”
receptor and has 5–7 N-linked carbohydrate chains of the complex
type which have the terminal structure Galb1-4GlcNAc-R, without
capping sialic acid, as the center glycan in Fig. 1 [71,72]. The sialic
acid is removed by the viral neuraminidase on the envelope in order
to prevent HA mediated adhesion between the virions. The influ-
enza virus strain studied as vaccine was A/Puerto Rico/8/34-
H1N1 (PR8 virus). The virus was produced in embryonated eggs
and was inactivated by heat. a-Gal epitopes were synthesized on
the N-linked glycans of the complex type of HA on PR8 virus by
recombinant a1,3galactosyltransferase (ra1,3GT) using uridine-
diphosphate-galactose (UDP-Gal) as sugar donor and in the pres-
ence of Mn++ ions, as illustrated in the second enzymatic reaction
in Fig. 1 [28,65]. Quantification of the de novo synthesizeda-gal epi-
topes indicated that ~3000 such epitopes were synthesized on each
virion [65]. The inactivated PR8 virus glycoengineered to present a-
gal epitopes is referred to as PR8agal vaccine whereas the control
inactivated virus lackinga-gal epitopes is referred to as PR8 vaccine.

Anti-Gal producing GT-KO mice received two immunizations in
two-week interval with either 1 lg of PR8agal vaccine, or with a
similar amount of PR8 vaccine. These immunizations were per-
formed with Ribi (trehalose dicorynomycolate) adjuvant. Produc-
tion of anti-PR8 antibodies and activation of T cells against virus
antigens were assayed two weeks after the second immunization
[28]. Analysis of T cell response to PR8 virus antigens by ELISPOT
measuring IFNc secretion, demonstrated ~4-fold increase in T cells
from spleens of the majority of mice immunized with PR8agal in
comparison to those immunized with PR8. Intracellular cytokine
staining for IFNc detected 6-fold increase in CD8+ T cells frommost
PR8agal immunized mice vs. PR8 immunized mice, and >100 fold
IFNc stained CD4+ T cells in the former vs. the latter group. Anti-
PR8 antibody production in the immunized mice was assayed by
ELISA with PR8 virus as solid phase antigen. The titer of IgG and
IgA anti-PR8 antibodies in PR8agal immunized GT-KO mice was
found to be on average ~100 fold higher than that in PR8 immu-
nized mice. Anti-PR8 IgA antibodies were also found in lung lavage
of PR8agal immunized GT-KO mice, but not in the lavage of PR8
immunizedmice. The much higher production of anti-PR8 antibod-
ies in PR8agal immunized mice was dependent on the presence of
anti-Gal in the mice for targeting the vaccinating inactivated virus
to APC. In the absence of anti-Gal (i.e. immunization of wild-type
[WT] mice that are immunotolerant to the a-gal epitope), no differ-
ences in production of anti-PR8 antibodies were observed between
mice immunized with PR8agal and PR8 vaccines. Both groups of WT
mice displayed ~100 fold lower production of anti-PR8 antibodies
than GT-KOmice receiving PR8agal vaccine. In neutralization plaque
assays of PR8 virus with Madin-Darby canine kidney (MDCK) cells,
sera from PR8agal immunized GT-KOmice displayed ~20 fold higher
neutralizing anti-PR8 activity (i.e. prevention of MDCK cell lysis)
than sera from PR8 immunized mice.

The protective efficacy of PR8agal vaccine vs. PR8 vaccine was
further evaluated in challenge studies by intranasal infection with
a lethal dose (2000 plaque forming units [PFU]) of live PR8 virus.
The survival among mice immunized with PR8agal vaccine was 8-
fold higher than in mice immunized with PR8 vaccine (Fig. 4A).
In WTmice immunized with PR8agal, survival was much lower than
in GT-KO mice receiving this vaccine, implying that the protective
effects of PR8agal virus vaccine require the present of the anti-Gal
antibody. Survival data on Day 30 were the same as those on
Day 15 post challenge. In parallel studies, mice immunized with
PR8agal or with PR8 vaccines were euthanized 3 days after the chal-
lenge with the lethal dose of live PR8 virus. Lungs of these mice
were homogenized and supernatants of the homogenates mea-
sured for virus titer by hemagglutination of chicken red blood cells.
In accord with the much higher survival of GT-KO mice immunized
with PR8agal, the dose of PR8 virus in the lungs of these mice was
10 to 100 fold lower than that measured in lungs of GT-KO mice
receiving the PR8 vaccine (Fig. 4B). These findings with the inacti-
vated influenza virus vaccine [28] suggest that glycoengineering of
SARS-CoV-2 virus glycan-shield to present a-gal epitopes may
result in increased efficacy of vaccines due to immunocomplexing
with anti-Gal followed by targeting of the inactivated virus for
extensive uptake by APC.

5. Amplified anti-gp120 immune response with gp120agal
vaccines

Recombinant gp120 of HIV produced in CHO cells containing
the gp120 transgene served as a model for a recombinant envelope
virus glycoprotein vaccine glycoengineered to present a-gal epi-
topes [27]. a-Gal epitope synthesis on gp120 was achieved in the
two-step enzymatic reaction illustrated in Fig. 1, with neu-
raminidase and ra1,3GT. The two enzymatic reactions can be per-
formed within the same solution. First, neuraminidase cleaves
sialic acid from the glycans of the complex type on gp120. As indi-
cated above, there are 13–16 such N-linked glycans on this envel-
ope glycoprotein [24,25]. Subsequently, ra1,3GT links galactose
provided by high energy UDP-Gal to the desialylated glycan to
form the a-gal epitope and generate gp120agal. Gp120agal was iso-
lated from the reaction mixture by an affinity agarose column cou-
pled with the lectin Bandeiraea (Griffonia) simplicifolia IB4 which
binds specifically a-gal epitopes [73].



Fig. 4. Protection against intranasal infection by a lethal dose of PR8 influenza virus in mice immunized with inactivated PR8 or PR8agal virus. A. Survival of mice
immunized twice with 1 lg inactivated PR8 vaccine (s) in GT-KO mice; PR8agal (d) vaccine in GT-KO mice; or with PR8agal (4) vaccine in wild-type mice. The mice were
challenged with 2000 PFU of live PR8 in 50 ll (n = 25 per group). Survival data are presented as % of live mice at various days following the challenge. Survival results on Day
30 were similar to those on Day 15 post challenge. B. PR8 virus titers in lungs of GT-KO mice, 3 days after challenge with live virus. The virus titers were assayed in
supernatants of lung homogenates from the immunized mice, by hemagglutination of chicken red blood cells (n = 5 per group). Modified from [28].
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Gp120agal immunogenicity was evaluated in anti-Gal producing
GT-KO mice that were immunized twice in one-week interval with
5 lg gp120 or gp120agal and Ribi adjuvant [27]. Anti-gp120
immune response was measured 17 days after the second injection
to determine whether anti-Gal/gp120agal immune complexes tar-
geted to Fcc receptors on dendritic cells and macrophages elicit a
higher immune response than gp120. ELISA with gp120 as solid-
phase antigen demonstrated ~200 fold higher anti-gp120 antibody
titers in mice immunized with gp120agal in comparison to mice
immunized with gp120. However, low anti-gp120 antibody pro-
duction (as that in GT-KO mice immunized with gp120) was found
in WT mice (lacking anti-Gal despite immunizations with pig kid-
ney membranes) immunized with either vaccines, further demon-
strating the significance of anti-Gal in targeting gp120agal to APC.
The anti-gp120 antibodies produced following immunization of
GT-KO mice with gp120agal were further found to effectively neu-
tralize HIV-1 strain MN (a strains convenient for manipulation in
the lab) and thus, to prevent infection of host cells [27]. This neu-
tralizing activity was determined by the extent of killing inhibition
of the human T cell lymphoma MT-2 cells by the virus [74,75]. No
such neutralizing activity was found in sera from gp120 immu-
nized GT-KO mice.

Immunization of anti-Gal producing GT-KOmice with gp120agal
also amplified gp120 specific T cell response in comparison to
immunization with similar amount of gp120 vaccine. This was
indicated by the ~15-fold higher number of IFNc secreting T cells
among splenocytes of gp120agal immunized mice in ELISPOT
assays with dendritic cells pulsed with gp120 [27]. Overall, the
increased antibody and T cells responses in mice immunized with
the recombinant gp120agal vs. gp120 is similar to the increased
immune response observed with PR8agal vaccine vs. PR8 vaccine.
These findings suggest that replacing the sialic acid of S-protein
split, subunit, or recombinant vaccines with a-gal epitopes to form
S-proteinagal may markedly increase the immunogenicity of this
glycoprotein, similar to the increase in vaccine potency observe
with gp120agal of HIV.

6. Efficacy of gp120agal/p24 fusion protein vaccine

Fusion proteins between gp120agal and vaccinating viral pro-
teins lacking glycans was found to increase the immunogenicity
of viral proteins with low immunogenicity, suggesting that S-
protein of SARS-CoV-2 may fulfill a similar role. Gp120 of HIV is
capable of mutating during infections, thus enabling the virus to
evade the detrimental effects of neutralizing antibodies. For this
reason, vaccination only with gp120 was reported not to induce
a sufficient immune resistance to HIV infections in large popula-
tions [19,20,76,77]. Therefore, there is the interest in developing
effective vaccines against HIV internal proteins such as tat, rev,
p17 or p24, which do not mutate in course of HIV infection and
do not have glycans. Such vaccines may elicit a cellular immune
response which effectively destroys HIV infected cells. However,
because of poor targeting to APC, immunogenicity of these proteins
may be low. Since these proteins are not glycosylated, studies were
performed to determine whether vaccine made of a fusion protein
between gp120agal and one of the non-glycosylated, nonmutating
internal HIV proteins can increase their immunogenicity. The core
protein p24 was chosen as a model protein for this analysis [29]. A
fusion protein gp120/p24 was produced by ligation of the gene
regions of env coding for gp120 and of gag coding for p24. The
fused gene was inserted into a plasmid containing a strong pro-
moter (CMV) and the fusion product gp120/p24 was produced by
transient transfection of 293 cells. Following the isolation of the
secreted gp120/p24 fusion protein, it was glycoengineered into
gp120agal/p24 vaccine presenting multiple a-gal epitopes, as per-
formed above for production of gp120agal.

GT-KO mice received in two-week interval two subcutaneous
immunizations with gp120/p24 or gp120agal/p24 at 5 lg per injec-
tion, with Ribi adjuvant. The immune response was evaluated two
weeks after the second injection. Analysis of T cells specific to p24
was performed by incubation of splenocytes with the p24 immun-
odominant peptide p24189-207 [78] which pulsed APC among the
splenocytes. ELISPOT analysis for IFNc secretion indicated that
the number of p24 specific T cells among lymphocytes from
gp120agal/p24 immunized mice was ~12 fold higher than in
gp120/p24 immunized mice [29]. Accordingly, flow cytometry
analysis indicated that the number of p24 specific CD8+ T with
intracellular staining of IFNc in mice immunized with gp120agal/
p24 was 5–20-fold higher than in mice immunized with gp120/
p24. Mice immunized with gp120agal/p24 further demonstrated
by ELISA with gp120 as solid-phase antigen a ~30-fold higher
anti-gp120 antibody titer than mice immunized with gp120/p24.
These observations suggest that the use of a fusion protein vaccine
in which only gp120 portion presented a-gal epitopes, resulted in
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anti-Gal mediated increase in immunogenicity of both gp120 and
p24 although the latter protein within the fusion protein vaccine
lacks glycans. The studies on gp120agal/p24 [29] suggest that S-
proteinagal may be considered in future vaccines as a similar plat-
form for effective targeting to APC of internal SARS-CoV-2 proteins,
if this virus displays evasion from protective immune response due
to mutations in future epidemics. Such vaccines may elicit an effec-
tive anti-viral T cell response, as well as a protective antibody
response against the mutated S-protein. A similar approach may
be considered for production of influenza vaccines containing a
fusion protein between HA and the M2 proton channel since M2
is nearly invariant in all influenza A strains [79,80].
7. Differences in immunogenicity between vaccines
immunocomplexed with specific anti-protein antibody and
those immunocomplexed with anti-Gal

Anti-Gal immunocomplexed in situ at the vaccination site or
in vitro with a glycoprotein vaccine such as gp120agal [27], or
BSAagal [81] display a much higher processing and presentation
by APC than non-immunocomplexed vaccine, as determined by
activation of T cells with antigenic peptides presented on APC. A
similar marked increase in activation of T cells was observed with
vaccinating proteins immunocomplexed with the corresponding
anti-protein antibodies [32–39]. However, when the immunocom-
plexes are formed in the presence of excessive amounts of anti-
protein antibodies, the T cell activation and antibody production
were both found to diminish although the extensive uptake of
the immune complexes by APC was not affected [32,82]. Two of
the reasons for this great decrease in the immune response to vac-
cinating antibody/protein immune complexes are: 1. Anti-protein
antibody binding to the corresponding peptide epitopes is of high
affinity because of involvement of ionic bonds with charged amino
acids such as lysine and glutamic acid. Therefore, the dissociation
of the multiple antibody molecules bound to protein vaccines is
greatly decreased in the pH ~ 5 within the endosomes. This
decreased dissociation prevents effective proteolytic degradation
of the protein molecule within the immune complex in the lyso-
some, thus diminishing further antigen processing within the
APC [32]. 2. The multiple antibody molecules bound to peptide epi-
topes mask the immunogenic peptides on the vaccine and prevent
interaction of these peptides with the corresponding B cell recep-
tors. These limiting factors are not applicable to the anti-Gal/
glycoprotein immune complexes because the affinity of this anti-
body to the a-gal epitope is relatively low (105–106M�1) [83]. This
low affinity is a result of the absence of electrostatic charges in the
a-gal epitope thus, the immune complex taken up by APC readily
dissociates in the low pH of endosomes, enabling effective proteol-
ysis of the vaccine. In addition, anti-Gal is bound to the glycan of
the vaccinating glycoprotein rather than to peptides, thus it does
not mask the immunogenic peptides and does not prevent their
interaction with the corresponding B cell receptors. Based on these
considerations it may be assumed that although anti-Gal titers
may vary from one individual to the other, amplification of
immunogenicity of glycoengineered S-proteinagal or SARS-CoV-
2agal virus vaccines will likely to occur also in individuals produc-
ing anti-Gal at very high titers.
8. Similarities between mouse and human anti-Gal antibodies

Anti-Gal in GT-KO mice was found to bind effectively to a-gal
epitopes on viruses, induce targeting of the immunocomplexed
virus to APC via Fc/Fcc receptor interaction for extensive uptake
of viral vaccines by the APC and thus, greatly increases the elicited
protective anti-virus immune response in comparison to viral vac-
cines lacking a-gal epitopes [27–30]. A similar anti-Gal mediated
increased immunogenicity inducing protection against develop-
ment of distant metastases was observed in tumors engineered
to present a-gal epitopes in anti-Gal producing GT-KO mice
[66,84,85]. These observations raise the question whether anti-
Gal in humans may display effects similar to those of mouse
anti-Gal. Although no direct parallel information has been
achieved in human studies, the following experimental observa-
tions demonstrate activity of human anti-Gal similar to that
described above for mouse anti-Gal: 1. Titer of anti-Gal in humans-
In parallel ELISA studies with human and GT-KO mouse sera, using
synthetic a-gal epitopes as solid-phase antigen, both demon-
strated similar titers of anti-Gal (1:160–1:320) [27]. 2. Binding to
viral a-gal epitopes- Natural anti-Gal antibody isolated from human
serum was shown to bind to a-gal epitopes on glycoengineered
influenza virus HA, similar to the binding of anti-Gal isolated from
the serum of GT-KO mice producing this antibody [27,65]. Accord-
ingly, anti-Gal in human serum was found to bind and induce com-
plement dependent virolysis of Friend Murine Leukemia Virus,
porcine endogenous retrovirus (PERV), pseudo-rabies virus,
rhabdo-, lenti-, and spumaviruses, Newcastle disease virus, Sindbis
virus, vesicular stomatitis virus, measles virus and vaccinia virus,
all replicating in cells containing active a1,3GT [56–63]. 3.
Increased uptake by APC- The major step in anti-Gal mediated
increased immunogenicity of viral vaccines is the extensive uptake
by APC via Fc/Fc receptor interaction of the virus vaccine immuno-
complexed with anti-Gal (Figs. 2 and 3). The ability of human anti-
Gal to induce such an extensive uptake of vaccine was visualized
with freshly obtained human lymphoma cells that were glycoengi-
neered to present a-gal epitopes (by the use of recombinant
a1,3GT, as described in Fig. 1). Macrophage and dendritic cell
APC were obtained from the same lymphoma patient. The original
and glycoengineered lymphoma cells were incubated with autolo-
gous anti-Gal and with macrophages and dendritic cells for 2 h,
stained and evaluated microscopically for phagocytosis by the
APC [86]. Anti-Gal bound to the glycoengineered lymphoma cells
but not to the original (i.e. non-engineered) lymphoma cells lack-
ing a-gal epitopes. Moreover, anti-Gal binding to a-gal epitopes
on the glycoengineered tumor cells induced their extensive uptake
by macrophages and to a lesser extent by dendritic cells (Fig. 5). As
many as 70% of macrophages and 25% of dendritic cells displayed
phagocytosis of the anti-Gal opsonized lymphoma cells, whereas
no original lymphoma cells were taken up by macrophages or den-
dritic cells. The uptake by macrophages of anti-Gal opsonized lym-
phoma cells could be inhibited by anti-CD64 but not by anti-CD32
or anti-CD16 antibodies, implying that the uptake is mediate by
high affinity FccI receptor [86]. This high affinity FccI receptor
was reported to be present on human dendritic cells, as well
[87]. 4. Increased processing and presentation by APC of viruses
immunocomplexed with human anti-Gal- Co-incubation of influenza
virus presenting a-gal epitopes with anti-Gal purified from normal
human serum, with irradiated mouse spleen cells as APC and with
mouse T cell clones with TCR specific for HA peptides, resulted in
8-fold higher proliferation of the T cells than in the absence of
anti-Gal [64]. This implies that formation of immune complexes
between human anti-Gal and influenza virions presenting a-gal
epitopes resulted in much higher uptake, processing and presenta-
tion of antigenic viral peptides than in the absence of human anti-
Gal. Similar observations were reported in studies on measles virus
presenting a-gal epitopes and co-incubated with human anti-Gal,
human dendritic cells and autologous T cells. The proliferation of T
cells in response to measle virus peptides presented by the dendritic
cells was much higher when the virus was immunocomplexed with
the human anti-Gal than in the absence of anti-Gal [61]. Overall, the
studies in this section indicate that human anti-Gal binds to a-gal
epitopes on glycoengineered virus as well as GT-KO mouse anti-



Fig. 5. In vitro demonstration of anti-Gal mediated uptake of human B lymphoma cells by autologous APC. Human fresh lymphoma cells (B cell lymphoma) were
glycoengineered to present a-gal epitopes by incubation with neuraminidase, recombinant a1,3galactosyltranferase and UDP-Gal (as illustrated in Fig. 1). Lymphoma cells
presenting a-gal epitopes or lacking this epitope (i.e. original cells) were incubated with autologous anti-Gal for 30 min, subsequently, for 2 h at 37 �C with autologous
macrophages or dendritic cells, then washed and subjected to staining. Arrowheads mark nuclei of the APC. Note the uptake of 9 lymphoma cells presenting a-gal epitopes by
the macrophage and one lymphoma cell by the dendritic cell. No uptake of lymphoma cells lacking a-gal epitopes was observed (May Grünwald Giemsa staining, �1000).
Adapted with permission from Manches et al., 2005 [86].
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Gal. Furthermore, the immune complexes with human anti-Gal can
induce extensive uptake, processing and presentation of a-gal pre-
senting viral vaccine at levels much higher than the same vaccine
lacking these epitopes. Thus, it is likely that anti-Gal mediated
amplification of viral vaccine immunogenicity observed in GT-KO
mice [27–30] may also occur in humans immunized with viral vac-
cines glycoengineered to present a-gal epitopes.
9. Glycoengineering of a-gal epitopes on SARS-CoV-2 vaccines

Some of the methods which may be considered for glycoengi-
neering SARS-CoV-2 or its S-protein to present a-gal epitopes are
the following:
9.1. Synthesis of a-gal epitopes by recombinant
a1,3galactosyltransferase

The studies described above on synthesis of a-gal epitopes on
PR8 influenza virus and on gp120 of HIV were performed with
recombinant a1,3galactosyltransferase (ra1,3GT) encoded by the
marmoset (New-World monkey) a1,3GT gene (GGTA1) [88]. Trun-
cated cDNA lacking both cytoplasmic and trans-membrane
domains and carrying a (His)6 tag was produced in transformed
yeast expression system (Pichia pastoris). The secreted enzyme
was isolated by affinity purification of ra1,3GT on a nickel-
Sepharose column and elution with imidazole [89]. This enzyme
links the galactose from the UDP-Gal sugar donor to the glycans
of desialylated glycoproteins and glycolipids to form a-gal epitopes
(Fig. 1). The formation of multiple a-gal epitopes by ra1,3GT was
observed on human tumor cells [89–91], on influenza virus
[28,65], and on gp120 of HIV [27,29]. Synthesis of a-gal epitopes
on human tumor cell membranes by the enzymatic reactions in
Fig. 1 was also reported by the use of bovine ra1,3GT [92–94]. In
these studies, a-gal epitopes were synthesized on tumor cell mem-
branes of human hepatocellular carcinoma, pancreatic carcinoma
and lymphoma, and shown to be effectively targeted by anti-Gal
to autologous dendritic cells. The dendritic cells with internalized
tumor membranes were used as autologous vaccines in cancer
patients and were found to elicit a robust immune response
against autologous tumor antigens.

Production of ra1,3GT for the synthesis of a-gal epitopes on
glycan was also feasible in the expression system of Sf9 insect
cells transfected with virus containing the a1,3GT cDNA
[65,95]. It is of note that isolation on affinity columns of subunit
or recombinant S-protein that presents a-gal epitopes (S-
proteinagal) from the reaction mixture of neuraminidase, ra13GT
and UDP-Gal is a relatively easy process because of the effective
binding of a-gal epitopes to the Bandeiraea simplicifolia IB4 lectin
[73]. Only S-protein with linked a-gal epitopes will bind to a col-
umn of this lectin attached to Sepharose beads or any other type
of porous beads, and the rest of the molecules and ions in the
reaction mixture will pass through. The bound S-proteinagal can
be detached from such columns by applying a-methyl galac-
toside (100 mM) solution [27].

9.2. Intracellular synthesis of a-gal epitopes on SARS-CoV-2 virus

Synthesis of a-gal epitopes on SARS-CoV-2 may be achieved
within cells in which the virus is replicating. The synthesis of a-
gal epitopes within the trans-Golgi apparatus of nonprimate mam-
malian cells is similar to the second reaction illustrated in Fig. 1.
Accordingly, influenza virus propagated in Madin-Darby bovine
kidney cells (MDBK) or Madin-Darby canine kidney cells (MDCK)
presents a-gal epitopes on its HA glycoprotein, since both cell
types have active a1,3GT enzyme [64]. However, virus replicating
in MDCK cells has markedly fewer a-gal epitopes on the glycan-
shield than the same virus replicating in MDBK cells. Therefore,
anti-Gal mediated targeting to APC of influenza virus replicating
in MDBK cells, as measured by specific T cell activation was ~8 fold
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higher than that of the same virus produced in MDCK cells [64]. As
discussed below, the reason for these differences is the different
a1,3GT activity and the extent of competition of this enzyme with
sialyltransferases in these two cell lines. In contrast, influenza virus
propagated in chicken cells lacks a-gal epitopes since the a1,3GT
gene appeared in early stages of mammalian evolution and it is
absent in birds and other nonmammalian vertebrates [48,49]. Sim-
ilarly, Eastern equine encephalitis virus propagated in mouse cells
presents a-gal epitopes whereas the same virus propagated in Vero
cells (Old World monkey cells) lacks these epitopes [55] because
the a1,3GT gene is inactivated in Old-World monkeys, apes and
humans [48,49,52]. These observations suggest that some of the
glycans on SARS-CoV-2 virus propagated in cells containing active
a1,3GT will be synthesized with a-gal epitopes. Indeed, after stable
transfection with the a1,3GT gene, even cells lacking a-gal epitope
start synthesizing this epitope on cell surface glycans [84,85]. The
glycosyltransferases a1,3GT and sialyltransferases compete within
the trans-Golgi compartment of host cells for capping the nascent
complex type glycan with Gala1-3- to form the a-gal epitope (right
glycan in Fig. 1) or with sialic acid (SA)a2-3-, or SAa2,6- to form
the left glycan in Fig. 1 on both cellular and viral glycoproteins
[96]. The reduced presentation of a-gal epitopes due to this com-
petition and possibly low production of a1,3GT may explain the
low immunogenicity of subunit vaccine prepared of influenza virus
propagated in MDCK cells, which does not differ from that pro-
duced of virus propagated in embryonated eggs [97,98]. Although
MDCK cells contain active a1,3GT, the number of a-gal epitopes
on the virus is several fold lower than that on influenza virus
replicating in MDBK cells [64]. Since there are only 5–7
N-linked glycans on influenza virus HA, it is possible that because
of low a1,3GT activity and high activity of competing sialyltrans-
ferases, there is less than one a-gal epitope per MDCK HA mole-
cule. Accordingly, the efficacy of this vaccine in humans does not
differ from that prepared from virus grown in embryonated eggs,
which completely lacks a-gal epitopes [97,98]. In view of these
considerations, it is reasonable to assume that the efficacy of
targeting vaccines to APC by anti-Gal is directly proportional to
the number of a-gal epitopes on inactivated SARS-CoV-2 or on
S-protein subunit vaccines.

Maximizing a-gal epitope synthesis on a virus such as SARS-
CoV-2 replicating in a host cell line can be achieved by elevating
the activity of a1,3GT, decreasing sialyltransferase activity, or
both. For increasing a1,3GT activity, the propagating cells
should undergo stable transfection with several copies of the
a1,3GT gene (GGTA1) to ensure high production of a1,3GT.
Alternatively, the a2-3 sialyltransferase, or a2-6 sialyltrans-
ferase genes, or both should be inactivated (i.e. knocked out)
in order to minimize or completely prevent competition
between sialyltransferases and a1,3GT. Combining the two
approaches will maximize the extent of a-gal epitope synthesis
on most and possibly all glycans of the complex type in the
glycan-shield of the S-protein.

An alternative method which enables introduction of multiple
copies of the a1,3GT gene in host cells for SARS-CoV-2 is transduc-
tion of such cells with replication defective adenovirus containing
the a1,3GT gene (AdaGT) [99], prior to infection of the cells with
replicating SARS-CoV-2. Transduction of human HeLa cells with
AdaGT resulted in introduction of ~20 copies of the a1,3GT gene
in < 1 h, appearance of a1,3GT mRNA within 4 h post-
transduction and maximum production of a-gal epitopes on cell
surface glycans (4x106 epitopes/cell) within 48 h [99]. Active
copies of AdaGT were maintained for at least 5 days in proliferat-
ing HeLa cells. Thus, transduction of propagating cells with AdaGT,
followed few hours later by infection of the cells with SARS-CoV-2
may result in effective synthesis of a-gal epitopes on the replicat-
ing virus. Since the number of glycans of the complex type vs. that
of high mannose type may vary from one cell line to the other, a
cell line producing virus with the highest number of glycans of
the complex type may be preferable for intracellular synthesis of
a-gal epitopes on SARS-CoV-2. Alternatively, glycoengineering
the optimal cell line which lacks high mannose glycans may
require the inactivation of gene(s) associated with synthesis of
these glycans.
9.3. Synthesis of recombinant S-proteinagal in glycoengineered yeasts
and bacteria

Yeasts are considered an effective expression system for pro-
duction of recombinant proteins. However, production of thera-
peutic glycoproteins for injection into humans is limited by the
ability of yeasts to synthesize N-linked glycans that are only of
the high mannose type. Therapeutic glycoproteins with high man-
nose N-linked glycans have short half-life in humans. To overcome
this limitation, yeasts have been glycoengineered to synthesized
humanized glycans which resemble the complex structure of the
left glycan in Fig. 1 by introducing the corresponding glycosyl-
transferase genes into an yeast expression system [100,101]. It is
possible that introducing the a1,3GT gene (GGTA1) into the yeast
instead of sialyltransferase gene(s) will result in synthesis of gly-
cans capped with a-gal epitopes on recombinant S-protein and
on other recombinant glycoproteins produced in this expression
system.

Bacteria such as E. coli may also serve as expression system for
production of recombinant S-proteinagal. The difficulties in secre-
tion of recombinant proteins through the periplasmic space
between the inner and outer membranes and subsequently into
the culture medium was overcome by the use of a nonionic deter-
gent such as Triton X-100 which enables the release of recombi-
nant proteins to the medium [102]. Alternatively, recombinant
protein can be modified for targeting to environments beyond
the periplasm, such as the outer membrane, the membrane vesi-
cles and the extracellular medium [103]. Synthesis of a-gal epitope
oligosaccharides in E. coli was achieved by engineering this bac-
terium to produce the sequence of mammalian glycosyltrans-
ferases including a1,3GT [104,105]. In addition, E. coli was
engineered to synthesize N-linked glycans by transfer into it an
N-linked glycosylation system found in Campylobacter jejuni
[103,106]. Integrating these various systems in E. coli may enable
the effective production of S-proteinagal in a bacterial expression
system.
10. Experimental animal models for SARS-CoV-2agal and S-
proteinagal vaccines

Amplification of SARS-CoV-2agal and S-proteinagal immuno-
genicity can be studied only in experimental animal models that
lack a-gal epitopes and thus, are capable of producing anti-Gal.
The two nonprimate mammals suitable for such studies are GT-
KO mice [67,107] and GT-KO pigs [108,109]. In both, the a1,3GT
gene was inactivated and thus they do not synthesize a-gal epi-
topes. GT-KO mice produce anti-Gal following immunization with
xenogeneic cell membranes expressing multiple a-gal epitopes
such as pig kidney membranes homogenate [28,66,68], or rabbit
red blood cells [110]. The GT-KO mice are kept under sterile condi-
tions, therefore, production of anti-Gal in them is low because of
ineffective colonization of their gastrointestinal tract with bacteria
that elicit natural anti-Gal antibody production. GT-KO pigs pro-
duce the natural anti-Gal antibody with characteristics similar to
those of human anti-Gal [111–113]. a-Gal vaccines may be studied
also in Old-World monkeys such as baboon, rhesus, and cynomol-
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gus monkeys, all lacking a-gal epitopes and producing the natural
anti-Gal antibody [48,49,54].
11. Safety of a-gal vaccines in humans

A number of clinical trials have suggested that administration of
a-gal epitopes into most humans is safe. Porcine heart valves
(which present a-gal epitopes) are widely used for replacement
of impaired heart valves in elderly patients. In addition, phase I
clinical trials in cancer patients receiving intratumoral injection
of a-gal glycolipids (for conversion of treated tumor into autolo-
gous vaccine) indicated that the treatment is safe with no adverse
effects [114,115]. In addition, injection of autologous tumor mem-
branes processed to present a-gal epitopes and incubated with
autologous dendritic cells was found to result in no adverse effects
in cancer patients [92–94]. However, in the recent decade, a small
proportion of populations in several continents was found to pro-
duce anti-Gal IgE antibodies following the bite of several kinds of
ticks (e.g. Ambliomma americanum, mostly in the South of the
USA). A proportion of these individuals develop allergic response
to a-gal epitopes in meat such as beef and pork, called ‘‘a-gal syn-
drome” [116–120]. It is suggested that a skin test with an a-gal
allergen (e.g. a-gal glycoprotein or glycolipid) may identify such
individuals prior to immunization [26]. This analysis was used in
a clinical trial with melanoma patients receiving two intratumoral
injections of a-gal glycolipids in one-month interval. Prior to the
second injection of a-gal glycolipids, patients received an intrader-
mal injection in an extremity with 10 lg of a-gal glycolipids given
as 0.1 ml from a concentration of 0.1 mg/ml. The patients were
checked for any skin reaction after 1 h and all found to display
no allergic reaction [115]. Glycolipids or glycoproteins presenting
a-gal epitopes may be considered as test allergens for performing
such a skin test prior to the injection of inactivated SARS-CoV-2agal
or S- proteinagal vaccines. It should be further determined whether
intradermal injection of such vaccines to individuals having the a-
gal syndrome has any adverse effects which may prevent vaccina-
tion with these anti-Covid-19 vaccines.
12. Conclusions

The natural anti-Gal antibody (~1% of human immunoglobulins)
may be harnessed for amplification of SARS-CoV-2 vaccine
immunogenicity by glycoengineering the glycan-shield of the vac-
cine to present a-gal epitopes (Gala1-3Galb1-4GlcNAc-R) which
binds anti-Gal. This amplification is the result of targeting anti-
Gal/SARS-CoV-2agal or anti-Gal/S-proteinagal immune complexes
for extensive uptake by APC via Fc/Fcc receptors interaction and
possibly by C3b/CR1 receptors interaction. This amplified immune
response may result in markedly higher titers of neutralizing anti-
bodies and increased T cell response against cells infected with
SARS-CoV-2, in comparison to vaccines that are not immuncom-
plexed with anti-Gal. Glycoengineering of inactivated SARS-CoV-
2 virus or S-protein vaccines to present multiple a-gal epitopes is
feasible either by use of neuraminidase, recombinant
a1,3galactosyltransferase and UDP-Gal, or by propagating the virus
in cell lines that contain high a1,3galactosyltrase activity. In addi-
tion, generation of yeast or bacterial expression systems that are
glycoengineered to synthesize a-gal epitopes on glycans will
enable production of recombinant S-protein with multiple a-gal
epitopes. Similar glycoengineering of inactivated influenza virus
vaccine and recombinant HIV-gp120 vaccine was found to increase
their immunogenicity in anti-Gal producing mice by 10–200 fold
and resulted in effective immune protection against challenge with
lethal dose of live influenza virus. Efficacy analysis of the proposed
vaccines presenting a-gal epitopes may be performed in anti-Gal
producing experimental animal models including mice and pigs
lacking a-gal epitopes as a result of the inactivation of the gene
encoding for a1,3galactosyltransferase and in Old-World monkeys
such as baboon, rhesus, and cynomolgus monkeys. Administration
of a-gal epitopes on glycolipids and glycoproteins into most
humans was found to be safe. However, the observed allergy to
meat associated with production of anti-Gal IgE (called ‘‘a-gal syn-
drome”) in a small number of individuals, may require determina-
tion whether anti-Covid-19 vaccines presenting a-gal epitope have
any adverse effect in individuals who have the a-gal syndrome.
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