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Abstract—Antigenic cartography is a tool for interpreting and visualizing antigenic differences between virus
variants based on virus neutralization data. This approach has been successfully used in the selection of influen-
za vaccine seed strains. With the emergence of SARS-CoV-2 variants escaping vaccine-induced antibody response,
adjusting COVID-19 vaccines has become essential. This review provides information on the antigenic differences
between SARS-CoV-2 variants revealed by antigenic cartography and explores a potential of antigenic cartogra-
phy-based methods (e.g., building antibody landscapes and neutralization breadth gain plots) for the quantita-
tive assessment of the breadth of the antibody response. Understanding the antigenic differences of SARS-CoV-2
and the possibilities of the formed humoral immunity aids in the prompt modification of preventative vaccines

against COVID-19.
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INTRODUCTION

Since the beginning of the COVID-19 pandemic,
more than 40 variants of SARS-CoV-2 have emerged,
of which more than 10 belong to the Omicron family
(https://www.who.int/activities/tracking-SARS-CoV-2-
variants, https://covariants.org/, 01.09.2024). SARS-CoV-2
variants differ in contagiousness, nature of infection
caused, and some other epidemiological characteristics
[1-3]. There are several ways to classify viral variants.
The most common is construction of phylogenetic trees
of viral variants and isolates based on sequencing data
[4]. The phylogenetic trees reveal the evolution of viral
variants and routes of their spread. However, such clas-
sification provides only an indirect information with re-
gard to antigenicity [5]. Obviously, not all mutations are
equally important. The most intriguing of them are mu-

Abbreviations: AU, antigenic unit; WT, wild type.
* To whom correspondence should be addressed.

tations in the surface spike protein (S protein) located
within the domains directly involved in the interaction
with host cell receptors or in the virus fusion with the
host cell. The most important mutations are those allow-
ing the virus to escape neutralizing antibodies formed
after vaccination or previous infections. These muta-
tions constitute the antigenic profile of a viral variant.

Quantification of antigenic differences presents
certain difficulties. The arithmetic sum of mutations
cannot be a measure of antigenic differences. Some of
mutations are more immunogenic, while others are
less; they may occur in functionally important regions
of the antigens or happen far from them. This problem
can be solved using the method of antigenic mapping
that was first applied in the study of influenza virus
[6] and is now increasingly used to monitor the emer-
gence of new SARS-CoV-2 variants and to assess their
antigenicity. Here, we reviewed the published data on
the antigenic properties of SARS-CoV-2 obtained using
antigenic maps.
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STEPS IN CONSTRUCTING ANTIGENIC MAPS

Determining the antigenic characteristics of the
virus using antigenic maps begins with serological
tests [7]. While hemagglutination inhibition (HI) test is
commonly used for the influenza virus, the gold stan-
dard for SARS-CoV-2 is the live virus neutralization test
(cVNT, conventional virus-neutralization test). Due to
the increased safety requirements for working with
a live virus, cVNT is often replaced with a test using
virus-like particles pseudotyped with the coronavirus
S protein (pVNT, pseudovirus-based virus-neutralization
test). A high level of correlation between the cVNT and
PVNT results has been repeatedly shown [7-10]. These
tests provide a rich set of multidimensional data that,
due to their large volume, are difficult to interpret.

Biological science has previously encountered sim-
ilar multidimensional problems, for example, when
interpreting transcriptomics data or data obtained by
multicolor flow cytometry [11-13]. The t-SNE (t-sto-
chastic neighborhood embedding) and UMAP (uniform
manifold approximation and projection) algorithms
were developed to reduce the dimensionality of data
[14, 15], which made it possible to represent multidi-
mensional data on a two-dimensional plane. The ad-
vantage of these algorithms is preservation of prox-
imity between the points by taking into account the
distances between them in a multidimensional space.
Antigenic maps are constructed using a method based
on the principle of multidimensional scaling (MDS)
[16], which in its algorithms is close to the traditional
principal component analysis (PCA). The advantage of
MDS is that the distance between the points visualized
on a plane closely matches the distance between them
in the multidimensional space.

The construction of antigenic maps begins with
a creation of tables with sera shown in the columns,
virus variants — in the rows, and neutralization ti-
ters — at the intersection. Next stage, neutralization
titers are converted into antigenic distances (https://
acorg.github.io/Racmacs/articles/intro-to-antigenic-
cartography.html, 09.04.2023). The higher the serum neu-
tralization titer relative to the antigen, the smaller the
antigenic distance between them. Next, the MDS meth-
od is applied and the data are visualized on a plane.

Antigenic maps display both antigens (virus vari-
ants) and sera. The distance between a serum and an
antigen directly depends on the antigenic distance.
Variants with similar antigenic properties are located
next to each other, forming a cluster. For example, the
wild-type (WT) coronavirus co-clusters with the Alpha,
Beta, and Gamma variants [17], but, as a rule, is far
removed from the Omicron variants (Fig. 1).

The antigenic evolution of a virus differs from its
genetic evolution, since different mutations make an
unequal contribution to changes in its antigenic char-
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Fig. 1. Example of a SARS-CoV-2 antigenic map (adapted
from [18]). Circles, locations of individual antigens; squares,
locations of individual sera; dotted lines, variants with com-
mon specified substitutions.

acteristics. For example, the E484K/Q mutation is the
most significant for the antigenic differences between
the Beta, Gamma, Kappa, and Mu variants relative to
WT, while the L452R/Q mutation is decisive for the
Delta, Epsilon, and Lambda variants, although other
mutations are also present in these variants [18, 19].

Significant changes in the antigenic properties of
a new virus variant lead to the inability of antibodies
that neutralize the previous variant to neutralize the
new one. In this case, first, the new variant will be lo-
cated at a great distance from the previous variants on
the antigenic map. Second, there will be no sera locat-
ed on the map between the studied variants.

PREVIOUS EXPERIENCE OF THE IMMUNE
SYSTEM INFLUENCES THE POSITION
OF A VIRAL VARIANT ON THE ANTIGENIC MAP

At first glance, it may seem that the location of
viral variants on the antigenic map depends solely on
the number and quality of amino acid substitutions.
However, this is not entirely true. Prior exposure of
the immune system to either SARS-CoV-2 infection
or vaccination can significantly change the degree of
neutralization of viral variants and, therefore, influ-
ence the appearance of antigenic maps. Indeed, sera
from infected laboratory animals or recovered people,
vaccinated volunteers, and individuals with the hybrid
immunity ultimately produce different antigenic maps
[20-22]. Thus, the position of a viral variant on the anti-
genic map, and, consequently, the distance between the
variants, depend not only on the structure or compo-
sition of their immunodominant epitopes, but also on
the source of sera that was used to construct the map.
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QUANTITATIVE ESTIMATION OF ANTIGENIC
DISTANCES BETWEEN VIRUS VARIANTS

Antigenic maps are widely used to make decisions
about changing the strain of the influenza virus vaccine.
Smith et al. [6] retrospectively analyzed the evolution of
the influenza virus from 1968 to 2003 and showed that
vaccine strains changed when the new variant was 2 or
more antigenic units (AU) away from the previous vac-
cine strain, which was used to define the “sufficiency”
of antigenic differences between the viruses for updat-
ing a vaccine strain. For SARS-CoV-2, this criterion has
not yet been clearly determined. However, after con-
structing the first maps with Omicron BA.1, it was no-
ticed it was located “like a lonely island in the middle of
the ocean” on the antigenic map of SARS-CoV-2 (https://
spectrum.ieee.org/omicron-covid-variant#toggle-gdpr,
09.04.2023), i.e., was far from the pre-Omicron variants.
This observation provided a good explanation for the
spread of breakthrough infections among vaccinated
donors and prompted consideration of the necessity to
update the vaccine strain.

At present, significant antigenic differences be-
tween the WT coronavirus and Omicron family vari-
ants cause no doubt. These differences range from 3 to 9
AU depending on the variant [18, 20-25], where one
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AU corresponds to a twofold serum dilution. The most
distant from D614G are the variants BQ.1.1, BM.1.1.1
and XBB.1, XBB.2, BN.1.3.1 [22, 25]. The distance be-
tween these variants and the D614G is more than 6 AU.
The variants of the Omicron family are antigenically
distant not only from pre-Omicron variants, but also
from each other [22, 25, 26]. For example, XBB.1 and
BM.1.1.1 are located at a distance of about 6 AU from
each other on the Omicron antigenic map [25].

Unfortunately, exact determination of antigenic
distances is not a straightforward procedure. The an-
tigenic distances between the same variants deter-
mined in different studies may differ (table) likely due
to different methods for obtaining the samples. Stan-
dardization of serum collection procedure and testing
conditions can lead to a more precise quantification of
antigenic variances.

APPLICATION OF ANTIGENIC MAPPING
FOR DETERMINING THE OPTIMAL
VACCINE STRAIN

Once it is discovered that a new variant is anti-
genically distant from the previous one, the question
arises of which particular variant should be used for

Antigenic distances between D614G and SARS-CoV-2 variants

Antigenic distance between D614G and variant
No. Serum source References
Alpha | Beta | Delta | BA.1 BA.2 | BA4/5
Syrian hamsters, 14 days after
1 double i.n. SARS-CoV-2 administration 0.8 11 0.7 44 3.7 48 [22]
Syrian hamsters, 26 days after
2 i.m. SARS-CoV-2 injection 08 13 17 &7 0 ND (18]
3 Syrian hamsters, 26 days after 14 0.6 15 6.2 56 5.0 [25]
i.m. SARS-CoV-2 injection ’ ) ' ’ ) (BA.5)
4 Recovered donors 0.9 2.0 1.2 4.7 4.0 ND [21]
Vaccinated (mRNA-1273,
5 BNT162b or ChAdOx-S1) donors 0.4 2.2 L7 59 ND ND [21]
6 Recovered donors 0.6 3.7 1.4 7.0 6.3 5.8 [20]
Recovered
7 or vaccinated (mRNA-1273) donors 0-5 3.8 2.2 5.6 53 6.7 [19]
Recovered or vaccinated 4.9
8 (MRNA-1273 x2% BNT162b %2, 0.8 2.1 1.5 5.5 3.3 (BA 5) [27]
AZD1222 x2 or AZD1222/BNT162b) donors )

Note: i.n., intranasal; i.m., intramuscular injection; ND, not determined; * double homologous vaccination.
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the next vaccine [28]. For this purpose, a “basic” an-
tigenic map is built. Laboratory animals (most often,
Syrian hamsters or mice) are infected with a potential
vaccine strain, and the extent to which the resulting
sera cross-neutralize the variants of interest is deter-
mined.

It was shown [17] that sera from mice infected
with the Gamma variant also neutralized the WT and
Beta variants (these sera are located between the WT,
Beta, and Gamma antigens on the antigenic map).
At the same time, sera from the mice infected with the
Beta variant did not neutralize WT and Gamma.

The focus of current research is to identify a suit-
able SARS-CoV-2 vaccine strain from the Omicron fami-
ly. In [29], K18-hACE2 sera from the mice infected with
BA.1 neutralized BA.1 to the greatest extent, but also
showed broad cross-reactivity with BA.2 and BA.2.12.1.
Sera from the mice infected with BA.5 neutralized BA.2
and BA.2.12.1 and, to a lesser extent, BA.4.6 and BA.5
and were located on the antigenic map mainly close
to BA.2.12.1, being distant from BA.5 at 1 or more AU.
Another study showed that sera from the BA.5-infected
hamsters neutralized BA.2 and BQ.1.1 and, to a lesser
extent, BM.1.1.1. None of the sera neutralized XBB.1
[25]. Despite the antigenic similarity of BA.5 and
BQ.1.1, the authors questioned whether inclusion of
BA.5 in a bivalent vaccine would result in a sufficient
level of cross-response against BQ.1.1 due to the fact
that the two variants do not cluster with each other
(distance of more than 3 AU).

As confirmed in [30-32], immunization of people
with a bivalent vaccine based on BA.5 did not induce
significant neutralization of BA.2.75.2, BQ.1.1, and XBB.1
variants.

Currently, SARS-CoV-2 variants of interest are
XBB.1.5, XBB.1.16, BA.2.86, and some others (https://
www.who.int/activities/tracking-SARS-CoV-2-variants/
tracking-SARS-CoV-2-variants, 01.09.2024). A number
of studies have shown a relatively close location of
BA.2.86 and XBB.1.5 (distance of approximately 0.5-
4 AU depending on the source of sera) [33-35]. Serum
antibodies raised against XBB.1.5 cross-reacted with
BA.2.86, supporting inclusion of XBB.1.5 in the updat-
ed vaccine.

COMPARISON OF “BASIC” ANTIGENIC MAPS
WITH MAPS BUILT WITH SERA
FROM VACCINED DONORS

By considering “basic” maps as a gold standard
for determining virus antigenicity, we assume that
the antibody response in humans and laboratory an-
imals is generated in a similar way, although this is
not entirely true. “Basic” antigenic maps can also be
constructed using sera from donors who had been
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previously infected with a known SARS-CoV-2 variant.
However, such sera will become increasingly difficult
to obtain due to the increasing spread of hybrid immu-
nity in the population. That is why it is important to
build antigenic maps using the data from vaccinated
donors and donors with the hybrid immunity and then
to compare them with the “basic” maps.

In the study of the “pre-omicron” period [36],
comparison of antigenic maps from the donors who
had recovered from D614G or one of the SARS-CoV-2
variants, including the L452R variant, with the maps
of those vaccinated with mRNA-1273 revealed the fol-
lowing differences. The distance between D614G and
AY.1 (Delta family) on the map for the vaccinated in-
dividuals was greater than on the map for those who
had recovered from the disease. D614G and Beta, on
the contrary, were closer to each other. The Beta and
AY.1 variants were located at a distance of about 1 AU
on the map for the vaccinated individuals, while on
the map of those who had recovered from the disease,
they were more than 4 AU apart. The authors discov-
ered a general trend that the studied variants D614G,
Alpha, Beta, Kappa, Lambda, Delta, and others were
located further from each other on the map for the
recovered donors than on the map for vaccinated do-
nors. The same observation was made in a more re-
cent study that included donors who had recovered
from COVID-19, including the Omicron BA.1 and BA.2
variants, as well as those who had received the mRNA-
1273, BNT162b2, or AZD1222 vaccines [21]. On the
map for the vaccinated individuals, D614G, Alpha, and
Gamma were located almost in the same place and
formed a cluster, while on the map of those who had
recovered, the distance between these variants was
about 1 AU. Another difference was location of sera
on the maps. In the map of vaccinated individuals, the
sera were located close to the D614G/Alpha/Gamma
cluster only. On the map of those who had recovered
from COVID-19, the sera were located closer to the
variant that the donor had suffered from.

The study [21] also revealed differences in the
positions of sera from the donors vaccinated with dif-
ferent vaccines. We noticed that the sera located near
the D614G/Alpha/Gamma cluster, but closer to Omicron
BA.1, were predominantly from the donors who re-
ceived the mRNA-1273 vaccine. The sera from those
vaccinated with BNT162b2 or AZD1222 were located near
the D614G/Alpha/Gamma cluster and away from BA.1.

ANTIGENIC MAPS USED TO ASSESS
THE DEVELOPMENT OF CROSS-REACTIVE
ANTIBODIES AFTER BOOSTER VACCINATION

Comparison of antigenic maps before and after vac-
cination allows to monitor the formation of antibody
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cross-reactivity. Booster vaccination leads to changes
in the antigenic distances between the variants [20,
24, 37]. As an antigen used for serum testing remains
constant, any variations in the antigenic distances be-
tween the variants are linked to changes in the compo-
sition of neutralizing antibodies in the sera. A decrease
in the distance between two antigens may indicate
that the serum contains more antibodies that bind to
both antigens [38].

A number of studies have shown that the third
booster vaccination with BNT162b2 leads to a decrease
in the antigenic distance between D614G and BA.1,
BA.2, BA2.12.1, and BA.4/5 [20, 24]. The same studies
showed that after the third immunization with an
mRNA vaccine, the antigenic distances between D614G
and Delta, on the contrary, increased. We demonstrat-
ed that homologous booster vaccination with Sputnik-V
leads to a decrease in the antigenic distance between
WT and BA.1. We also found oppositely directed
changes in the distances between WT and Delta after
homo- and heterologous revaccination. Revaccination
with Sputnik-V led to a decrease in the antigenic dis-
tance between WT and Delta, while vaccination with
BNT162b2 increased this distance. These discrepan-
cies may be due to the fact that Sputnik-V induces
immune response to the full-length S protein, while
BNT162b2 — to the pre-fusion stabilized conformation
of the S protein [39-41].

Antigenic maps allow to quantify changes in the
antigenic distances between the viral variants before
and after vaccination. We proposed a convenient way

Neutralization titers

Pre-Omicron
variants

D614G
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to visualize these changes using the hat graphs [42].
The edge of the hat on such graph corresponds to the
initial indicator value, i.e., to the antigenic distance be-
tween variants on the antigenic maps before the expo-
sure. The height of the hat corresponds to the change
in the antigenic distance, which can be either positive
or negative (in the latter case the hat will be upside
down). Using hat graphs, we visualized changes in the
antigenic distances between WT and Alpha, Beta, Delta,
Omicron BA.1, and BA.4/5 of the sera from volunteers
revaccinated with Sputnik-V or BNT162b2 after pri-
mary vaccination with Sputnik-V [38]. The largest de-
crease in the antigenic distance occurred between WT
and BA.1 for both types of booster vaccination.

ANTIBODY LANDSCAPES

The breadth of antibody response could be eval-
uated using an approach called antibody landscape
modeling [43]. Antibody landscape represents a three-
dimensional surface, where the xy plane is the “basic”
antigenic map, and the height of the landscape (z-axis)
is determined by the neutralization titer of sera of a
studied group against a specific antigen. The smoothed
surface is constructed using multiple linear regression.
This creates an immunological profile of the sera with
elevations corresponding to the areas on the antigenic
map with higher levels of antibodies (Fig. 2).

Antibody landscapes constructed based on the
data for cross-reactive sera are flatter, with less tilt

Omicron |

variants <i»

Antigenic map

Fig. 2. Example of antibody landscapes (adapted from [32]).
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towards one or another antigenic region (top land-
scape in Fig. 2). Antibody landscapes of individuals
who had received two doses of mRNA-1273, BNT162b2,
and AZD1222 vaccines, as well as of those who had
been previously infected with the D614G, Alpha, and
Beta variants, exhibit a distinct decline towards the
Omicron cluster. This decline is attributed to the re-
duced neutralization titers of the Omicron variants
compared to the pre-Omicron variants [19, 27]. In-
terestingly, the landscapes exhibited a flatter profile
three months following double and triple booster with
mRNA-1273, as compared to those obtained after one
month [19], indicating that the decrease in the neutral-
ization titer occurs at different rates — titers against
pre-Omicron variants decreased faster, which may be
due to rapid activation of memory B cells specific for
pre-Omicron variants after booster immunization. The
presence of specific antibodies produced by the plas-
ma cells and activated memory B cells inhibits the de-
velopment of naive B cells with a similar specificity,
on particular, through direct masking of dominant re-
ceptor-binding domain (RBD) epitopes [44]. However,
naive B cells do appear to be activated [45] and, during
maturation in the germinal center, acquire a different
specificity useful for neutralization of Omicron vari-
ants. By this moment, antibody secretion by memory
B cells has already declined, so we see flatter antibody
landscapes only 3 months after vaccination.

Flatter antibody landscapes were also observed
in individuals with the hybrid immunity who have re-
ceived bivalent (BA.1 or BA.4/5) vaccines, in contrast to
the donors who had not been previously infected [32].

ASSESSING THE BREADTH
OF NEUTRALIZATION USING
ANTIGENIC CARTOGRAPHY

The concept of breadth of virus neutralization
was introduced in the studies on the effectiveness of
humoral immunity against several variants of SARS-
CoV-2. This parameter shows how efficiently related
and more distant variants of the virus are neutralized.
As a rule, the breadth of virus neutralization is as-
sessed qualitatively. However, we believe that antigen-
ic cartography allows to quantify the breadth of virus
neutralization.

Projecting 3D antibody landscapes on a plane
produces a graph of the increase in the neutralization
breadth [20]. The antigens are placed along the x-axis
according to their antigenic distance (WT is typically
taken as the reference point). The y-axis represents
the neutralization titers of these antigens (Fig. 3). This
type of graph allows to evaluate changes in the shape
and area of the immune profile, which is especially
useful when studying the dynamics of antibody re-
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Fig. 3. Example of a graph of increasing neutralization
breadth upon homo- and heterologous revaccination
(adapted from [37]).

sponse over a long period of time or after several vac-
cinations.

The changes in the shape of the immune profile
on the breadth-gain plot can be assessed only qualita-
tively. It was shown that after triple vaccination with
BNT162b2 or vaccination associated with BA.1 infec-
tion, there was a greater increase in the neutralization
titers against variants antigenically distant from the
vaccine strain [20].

Unlike shape, the area of the immune profile is a
parameter that can be calculated quantitatively. How-
ever, a number of features should be taken into ac-
count. First, for the reasons described above, precise
positioning of antigens on the x-axis is difficult. Sec-
ond, the area will depend on the number of antigens
against which the sera were tested. The two problems
can be solved by standardization of methods used for
the determination of the virus neutralization titers.
Finally, it is important to consider that the greater the
distance from the starting point along the x-axis, the
more significant the contribution to the virus neutral-
ization indicator. In this regard, to evaluate the area
of each site, it is necessary to introduce a certain in-
creasing factor, which, for example, for site B in Fig. 3
will be greater than for site A. As far as we know, a
model for calculating the breadth of virus neutraliza-
tion based on a graph of this type has not yet been de-
veloped.

CONCLUSION

Construction of antigenic maps has been tradition-
ally used to choose a vaccine strain against the influen-
za virus [28] (https://www.who.int/publications/m/item/
recommended-composition-of-influenza-virus-vaccines-
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for-use-in-the-2023-2024-northern-hemisphere-influenza-
season, 09.04.2023). Typically, antigenic maps confirm
the findings of serological tests (e.g., virus neutral-
ization) and are used to facilitate visualization of the
obtained results. Thus, antigenic maps have clearly
demonstrated that Omicron BA.1 and other variants of
this family are antigenically distant from the ancestral
variants of SARS-CoV-2 [19-25]. World Health Organiza-
tion has incorporated these findings to support the ne-
cessity for the modification of coronavirus vaccine in
order to accommodate new circulating strains (https://
www.who.int/news/item/18-05-2023-statement-on-the-
antigen-composition-of-covid-19-vaccines, 04.09.2023).

When choosing a new vaccine strain, it is crucial
to select a strain whose antigenic characteristics would
be significantly different from characteristics of the
previous one. This helps reduce the impact of the “orig-
inal sin,” when previously generated memory B cells
are preferentially activated in response to a new anti-
gen instead of naive B cells, which could produce more
specific antibodies to the new antigen [45].

Using antigenic cartography, it was shown that
variants of the Omicron family significantly differ in
their antigenic characteristics not only from the an-
cestral forms of SARS-CoV-2, but also from each other.
Analysis of antigenic maps revealed that infection
with BA.5 produces an insufficient neutralizing re-
sponse against BA.4.6, BA.5, XBB.1, and BQ.1.1 [25, 29].
Thus, bivalent BA.5-based vaccines were insufficiently
effective against new variants [30-32]. The antigenic
similarity of XBB.1.5 with the modern variant BA.2.86
that was shown using the antigenic maps, supports
inclusion of XBB.1.5 in the updated vaccine [33-35].
Using antigenic characterization of the new variants,
Food and Drug Administration (FDA) has recommend-
ed the development of a monovalent vaccine based on
XBB.1.5 (https://www.fda.gov/vaccines-blood-biologics/
updated-covid-19-vaccines-use-united-states-beginning-
fall-2023, 01.09.2024).

Antigenic cartography and construction of anti-
body landscape allow to predict which viral variant
can evade the formed immunity, i.e., to get ahead of
the virus evolution and to prepare the vaccines in ad-
vance. Finally, antigen mapping provides an oppor-
tunity to quantitatively measure the breadth of virus
neutralization by the sera.
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