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Abstract  
SARS-CoV-2 has developed substantial antigenic variability. As the majority of the 
population now has pre-existing immunity due to infection or vaccination, the use of 
experimentally generated animal immune sera can be valuable for measuring antigenic 
differences between virus variants. Here, we immunized Syrian hamsters by two successive 
infections with one of eight SARS-CoV-2 variants. Their sera were titrated against 14 SARS-
CoV-2 variants and the resulting titers visualized using antigenic cartography. The antigenic 
map shows a condensed cluster containing all pre-Omicron variants (D614G, Alpha, Delta, 
Beta, Mu, and an engineered B.1+E484K variant), and a considerably more distributed 
positioning among a selected panel of Omicron subvariants (BA.1, BA.2, BA.4/5, the BA.5 
descendants BF.7 and BQ.1.18; the BA.2.75 descendant BN.1.3.1; and the BA.2-derived 
recombinant XBB.2). Some Omicron subvariants were as antigenically distinct from each 
other as the wildtype is from the Omicron BA.1 variant. The results highlight the potential of 
using variant-specifically infected hamster sera for the continued antigenic characterisation 
of SARS-CoV-2. 

Introduction 
The SARS-CoV-2 pandemic has caused over 768 million infections and 6.9 million deaths as 
of June 2023 (1). The provision of vaccines greatly reduced infection fatality rates and 
disease burden (2). However, antigenic variability in SARS-CoV-2, facilitated by substitutions 
in the viral spike protein, resulted in the evasion of antibody reactivity acquired upon 
infection or vaccination (3–6).  
 
In particular, SARS-CoV-2 Variant of Concern (VOC) Omicron and its subvariants arising 
from late 2021 show strong escape from serum neutralization in individuals infected with pre-
Omicron variants such as the initial variant (Spike D614G), as well as variants Alpha, Beta, 
Gamma, and Delta (7–13). Omicron subvariants also escape antibodies generated by 
individuals vaccinated and boosted with wildtype-based vaccines (7, 13), which prompted 
the development and licensing of bivalent vaccine formulations containing additional 
antigens based on either the Omicron BA.1 or BA.4/BA.5 subvariants (14, 15). In late 2022, 
the circulating viruses were dominated by Omicron subvariants with convergent traits at 
several spike amino acid positions (346, 444-446, 450, 452, 460, 486, 490, 493), including 
the BA.5.-derived variants BF.7, BQ.1.18, several BA.2.75-derived variants, and 
recombinant lineages. Those variants show additional serum neutralization escape, raising 
concerns about the need to further update vaccines (16–20). Ongoing monitoring of 
circulating variants is inevitable for determining the need to update vaccine antigens.  
 
In initial attempts to track SARS-CoV-2 antigenic evolution, human primary infection or 
vaccination sera were used to investigate antigenic differences between SARS-CoV-2 
variants by cross-titration using different serum neutralization tests (3–5, 7–10, 12, 21, 22). 
The use of primary infection sera allows the measurement of the base antigenic distances 
between variants, i.e., serum neutralization titers that are not confounded by previous 
infections or vaccinations. Sera from individuals exposed to multiple variants may lead to an 
underestimation of antigenic distances (23, 24). With the exception of young children, large 
fractions of the population have now been infected or vaccinated (25–27). Therefore, 
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obtaining sera from subjects with primary infections with new variants is becoming very 
difficult. For example, while it was still possible to identify unvaccinated individuals with first 
infections with Omicron BA.1 and BA.2 (9, 10, 12), doing so for Omicron BA.5 and future 
variants will be difficult. Likewise, identifying individuals with known infection histories (e.g., 
vaccinated with a breakthrough infection with a known variant) will also become more 
challenging as testing programs are discontinued.  
 
An alternative is to use sera from experimental animals with serum antibody response 
characteristics similar to that of humans. Using experimental animal infections allows the 
generation of sera for any variant, with predefined infection histories, taken at standardized 
times after infection (24). Further, due to the higher titers resulting from experimental 
infections, animal sera would provide more ‘dynamic range’ as titers will not become 
undetectable as readily as in human convalescent sera tested against variants with large 
antigenic distance (7, 28). Syrian hamsters are a widely recognized animal model for 
COVID-19. Upon infection with SARS-CoV-2, these animals develop mild to moderate  
disease and show seroconversion (28–31). However, there is still a lack of experience with 
standardization of infection and assay conditions, and only one laboratory has developed 
and presented a complete approach that includes strain selection, immunization scheme, 
and serum neutralization evaluation (28, 32).  
 
Here we provide an independent approach to Syrian hamster-based antigenic cartography. 
We use an efficient immunization scheme based on low- and subsequent high-dose 
intranasal inoculation and a refined neutralization assay criterion with titers determined on a 
continuous scale using a neutralization threshold of 90%. We characterize antigenic 
differences between six representative and one artificial pre-Omicron variants (D614G, 
Alpha, Beta, Delta, Mu, B.1+E484K) and eight Omicron variants (BA.1, BA.2, BA.4, BA.5, 
BF.7, BQ.1.18, BN.1.3.1, and XBB.2) using antigenic cartography (33). The Omicron 
variants BF.7 and BQ.1.18 are descendants of BA.5, having acquired one (R346T, BF.7) or 
three (R346T, K444T, N460K, BQ.1.18) additional substitutions in the spike protein. Both 
circulated with up to ~10% or ~35% prevalence globally, respectively. BN.1.3.1 is a 
descendant of BA.2.75, with an additional 10 substitutions in the spike protein compared to 
BA.2. XBB.2 arose from a recombination between two BA.2 lineages (BJ.1 and BM.1.1.1). 
The variant acquired 13 additional substitutions in the spike protein compared to BA.2, 11 of 
those identical to XBB.1.5, the globally most prevalent variant starting in February 2023. The 
results reveal considerable antigenic diversity among Omicron subvariants, which are often 
as antigenically distant from each other as BA.1 is from the pre-Omicron variants.  

Results 
We infected 26 six week-old female Syrian hamsters with the D614G isolate B.1 (n=3), 
Alpha (n=2), Delta (n=3), Beta (n=3), an engineered B.1 virus containing the escape 
mutation E484K, termed B.1+E484K (n=3), Omicron BA.1 (n=3), Omicron BA.2 (two 
different isolates, BA.2 and BA.2-12, n=3 each), and Omicron BA.5 (n=3) (Table S1). To 
increase serum neutralization capacity and in an attempt to reduce disease burden, 
hamsters were infected twice, using a low virus inoculum for the initial infection, followed by 
a high-dose re-infection three weeks later. Sera were collected two weeks after the second 
infection. 
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Sera were titrated by plaque reduction neutralization test (PRNT) on Vero E6 cells against 
live virus isolates of D614G, Alpha, Delta, Beta, Mu, B.1+E484K, and Omicron subvariants 
BA.1, BA.2 (two isolates, BA.2 and BA.2-12), BA.4, BA.5, BF.7, BQ.1.18, XBB.2, and 
BN.1.3.1 (Table S1). The BF.7, BQ.1.18, BN.1.3.1, and XBB.2 variants were only titrated 
against the D614G, BA.1, BA.2, and BA.5 sera. The BA.5 sera were only titrated against the 
D614G and BA.1, BA.2, BA.5, BF.7, BQ.1.18, BN.1.3.1, and XBB.2 isolates. All other 
variants and sera were titrated all-against-all. 

Titer determination 
We investigated different methods for inferring titers from plaque counts (Supplementary 
Text ‘Titer determination’). We tested the effects of using different sensitivity levels on the 
fold change and the antigenic map topology by inferring neutralization titers when 50, 75, 90, 
and 99% of all plaques were neutralized. Overall, the fold change estimated by the titers 
inferred with different neutralization criteria were comparable (fig. S2, S3). When inferring 
antigenic maps for each of the different neutralization criteria (fig. S4, S5), we found that in 
the maps from NT75 and NT90 titers, generally the Omicron BA.1 and BA.2 variants are 
positioned within the groups of BA.1 and BA.2 sera, respectively, whereas in the NT50 
maps, these variants are positioned away from their homologous sera, suggesting that NT50 
titers slightly overestimate the reactivity of those variants in relation to their homologous 
sera. We proceeded to use NT90 titers for the remaining analyses (Supplementary Text 
section ‘Titer determination’). In addition, we investigated whether discrete and continuous 
titers would allow us to draw similar conclusions with regards to measured fold change (fig. 
S6) and the inferred antigenic maps (fig. S7) and found fold changes and the antigenic maps 
to be similar between different methods (fig. S6, S7). In the following, we therefore refer to 
NT90 titers as determined using the neutcurve package (version 0.5.7) (34), constraining the 
lower end of the neutralization curve to zero (figs. S1-S8, Supplementary Text section ‘Titer 
determination’). 

Analysis of raw titers and fold change from homologous variant 
All animals generated high antibody titers, with the highest titers for each serum ranging 
from 666 to >5120 (Fig. 1). Reactivity patterns among the hamsters infected with the same 
isolate were largely uniform (fig. S9). Titers between the two BA.2 isolates (fig. S10A), and 
between the BA.4 and BA.5 isolates (fig. S10B) were similar.  
 
In general, sera raised by infection with pre-Omicron variants have at least some reactivity to 
each non-homologous pre-Omicron variant, although the Beta sera have strongly reduced 
titers when titrated against the Delta variant (Fig. 1, 2). Against Omicron variants BA.1, BA.2, 
and BA.4/BA.5, titers of those sera tend to be lower, being highest against Omicron BA.2, 
and lowest against Omicron BA.4/BA.5. The D614G sera are not reactive or have low titers 
against Omicron variants BF.7, BQ.1.18, BN.1.3.1, and the XBB.2 recombinant. The sera 
raised by infection with Omicron variants show low or non-detectable titers against pre-
Omicron variants. BA.1 and BA.2 sera retain some reactivity against BA.2 or BA.1, 
respectively, and have low or non-detectable titers against BF.7, BQ.1.18, BN.1.3.1, and 
XBB.2 Omicron variants. The BA.5 sera have high titers against the related BA.5, BF.7, and 
BQ.1.18 variants, and surprisingly, also show relatively high reactivity against the 
recombinant XBB.2, but not against BA.1, BA.2, or BN.1.3.1. 
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The raw titers and fold change show the considerable antigenic distance between pre-
Omicron and Omicron variants. The differences in titers measured against different Omicron 
variants in Omicron sera also indicate a large antigenic diversity among Omicron variants. 

Antigenic cartography 
We used antigenic cartography (33), implemented in the Racmacs package (35), to visualize 
the antigenic relationships between the different SARS-CoV-2 variants and sera. In the 
antigenic map, the distance between each variant and a serum corresponds to the fold-drop 
compared to the variant with the highest titer against that serum. The antigenic map (Fig. 3) 
provided a good fit to the data and was robust to missing titer data and noise (figs. S13-S25, 
Supplementary text ‘Assessing antigenic map model fit’). Antigenic maps can in principle be 
constructed in any number of dimensions. While a higher number of dimensions can lead to 
a better fit to the data, it can, like any statistical method, result in overfitting. Consequently, if 
the fit in higher dimensions are similar, then the lower dimensional representation is 
preferred, and is also easiest to visualize and interpret. Using cross-validation, we found that 
two dimensions provided an adequate fit to the data (fig. S14), although the BN.1.3.1 variant 
was placed closer to the BA.1 and D614G variants in the three- compared to the two-
dimensional antigenic map (fig. S14). 
 
The antigenic map (Fig. 3) of the titers presented in Fig. 1 shows a cluster consisting of pre-
Omicron variants (D614G, Alpha, Delta, Beta, Mu, B.1+E484K), and a looser clustering of 
Omicron subvariants, consistent with the titer and fold-drop pattern observed in Figs. 1 and 
2. Within the Omicron subvariants, BA.4/BA.5, BF.7 and BQ.1.18 group relatively closely 
together, in agreement with the descent of BF.7 and BQ.1.18 from BA.5. The map shows 
larger antigenic distances between the other Omicron variants than between the pre-
Omicron variants. Interestingly, the larger antigenic distances in the antigenic map are 
mainly caused by the inclusion of titrations against the BA.1, BA.2 and BA.5 sera, as 
excluding those serum groups moves the Omicron variants closer together (fig. S21). This 
indicates there are differences among the Omicron variants that are detected by BA.1, BA.2 
and BA.5 sera, and not by the pre-Omicron sera we have used in this study. In agreement 
with the raw titer data, the antigenic map shows considerable antigenic diversity among the 
Omicron variants, with many Omicron variants (e.g. BA.1 vs BA.4/5, BA.4/5 vs BN.1.3.1) 
being as antigenically distant from each other as they are from the pre-Omicron variants. 
 
To limit the future use of animals needed, we investigated the minimum number and type of 
sera required for appropriate antigenic map triangulation by subsampling the sera included 
in the map. For this analysis, we considered only those virus isolates and sera that had been 
included in all titrations, so that each variant and serum is positioned by the same number of 
titrations. Therefore, we excluded titrations of the Omicron BA.5 sera and BF.7, BQ.1.18, 
XBB.2, and BN.1.3.1 variants that have not been titrated against all variants or sera in the 
map, respectively. We constructed antigenic maps from randomly subsampled combinations 
of sera and serum groups (figs. S19, S26, S27). Both BA.1 and BA.2 serum groups are 
required for adequate positioning of the Omicron variants (fig. S19, S27A,B,C). To determine 
the number of pre-Omicron serum groups required for positioning the antigens and sera on 
the antigenic map, we subsampled from the pre-Omicron serum groups and always 
including the BA.1 and BA.2 sera. This resulted in antigenic maps that were largely similar to 
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the map made from all sera (Fig. 3), even when only one pre-Omicron serum group was 
included alongside the BA.1 and BA.2 serum groups (fig. S22, S26, S27C). We further 
subsampled maps made from three to seven serum groups to contain only one or two sera 
per serum group (fig. S27D,E), and found the antigen positions of those maps to be more 
different to the full map compared to the maps made from all sera within a serum group (fig. 
S27C). This suggests that further reducing the number of sera within a serum group 
negatively affects the topology of the antigenic maps. However, the number of different pre-
Omicron virus variant serum groups can be decreased.  

Discussion 
Here we present an antigenic map of SARS-CoV-2 variants using sera from hamsters 
infected twice with viruses selected from a set of eight SARS-CoV-2 variants. The antigenic 
map shows a cluster consisting of the pre-Omicron variants and distinct positions of the 
Omicron variants. The map is qualitatively similar to maps made with human sera but 
reveals substantial antigenic diversity, in particular among Omicron subvariants (7–10, 12).  
 
When others have compared human serum titers of triply vaccinated individuals with those 
of people with the same vaccination history and additional BA.1 or BA.2 breakthrough 
infections, the fold-drop between BA.1 and BA.4/BA.5 is usually larger in the BA.1- than the 
BA.2 breakthrough infectees and the thrice vaccinated (36–41). These results are consistent 
with our findings that show marked antigenic differences between Omicron variants that are 
not necessarily obvious in pre-Omicron sera. Interestingly, breakthrough infections with BA.5 
after three vaccinations results in a broader immune response to BA.1, BA.2, and BA.4/BA.5 
(38, 41), contrasting with sera from BA.5-infected hamsters, which reveal a clear 
differentiation of Omicron BA.1, BA.2, and BA.4/5 variants (32, 41, 42).  
 
For a robust placement of variants in an antigenic map, it is advantageous if the sera are 
antigenically diverse. This is highlighted by the finding that the antigenic diversity between 
the Omicron subvariants is much less visible on maps made from pre-Omicron sera only (fig. 
S21A-C). Generally, it was possible to reduce the number of serum groups in an antigenic 
map consisting of the pre-Omicron and early Omicron (BA.1, BA.2, and BA.4/5) variants to 
as few as three, provided that the three variants against which the sera were raised were 
antigenically diverse. However, a reduction in serum group size to less than three sera led to 
increased distortion of the antigenic map. To reduce the number of experimental animals, an 
informed selection of immunization strains rather than reduction of animal group size is 
advisable.  
 
The antigenic map shown here is similar to the map published by Mykytyn et al., 2023, which 
also uses hamster sera (28, 32). Exceptions are the placement of the BA.5 variant closer to 
BA.2, possibly caused by the absence of sera raised against the BA.2 variant in that study, 
and the different placements of the XBB.1 and XBB.2 variants in the two maps (these 
variants only differ at positions 252 and 253 of the spike protein). The hamster sera in 
Mykytyn et al. were raised by infecting hamsters once, with a dose of either 1.0x105 or 
5.0x104 PFU, while the hamsters used here were infected twice with a priming dose of 
1.0x103 PFU followed by a booster dose of 1.0x106 PFU. A prime-boost immunization 
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regimen may alter mature antibody specificity and affinity, resulting in antigenic map 
differences.  
 
When compared to first-infection human sera, the maps based on hamster sera presented 
here and in (32), agree in their tighter clustering of the pre-Omicron variants and larger 
differences between the Omicron subvariants (7–10, 12). The human sera maps show larger 
relative differences among the pre-Omicron variants, and a tighter placement of the Omicron 
variants. The tighter clustering of the pre-Omicron variants in the hamster sera data may be 
due to a more standardized immunization regimen in hamsters. Furthermore, the human 
sera antigenic maps have been generated predominantly employing lentivirus pseudotype or 
Focus Reduction Neutralization assays, while the hamster maps used PRNTs and authentic 
SARS-CoV-2 variants. As the antigenic distance between the Omicron variants is mainly 
governed by Omicron sera, the smaller distances observed among the Omicron variants in 
human sera maps may be caused by the smaller number of Omicron than pre-Omicron sera 
in those maps, as well as generally lower titers generated by infection with those variants in 
infection-naive humans.  
 
Our study has the following potential limitations. First, the three hamsters infected per variant 
may not depict the full variability of individual responses to the different variants. We cannot 
assess here to what extent variability of individual responses in hamsters reflects that of 
humans. Second, while the antigenic map presented here is broadly similar to other maps, 
there are some differences. For example, the higher than homologous titers of BF.7 and 
BQ.1.18, as well as the higher titers of XBB.2 compared to BN.1.3.1 in BA.5 sera disagree 
with data published by Mykytyn et al (32). Some of the variability may be caused by the use 
of different live virus isolates in different laboratories, in particular substitutions affecting furin 
cleavage (43). Also, we performed titrations on VeroE6 cells that do not express TMPRSS2, 
which may lead to slightly different neutralization patterns in variants favoring TMPRSS2 
dependent entry (even though neutralization mainly depends on receptor engagement) (44). 
Variations between datasets highlight the importance of performing antigenic surveillance in 
multiple laboratories using different assays. 
 
With the majority of the population possessing a variable degree of immunity against SARS-
CoV-2, there is a clear and pressing need to develop an animal first-infection sera model 
system to measure SARS-CoV-2 antigenic variation. The data presented here underscore 
the suitability and utility of using mono-specific hamster sera. Continually extended antigenic 
maps will be invaluable for maintaining an understanding of SARS-CoV-2 antigenic evolution 
and will aid vaccine strain selection decisions. 
 

Materials and methods 
Cell cultures and viruses 
Vero E6 (ATCC CRL-1586) and Calu-3 (HTB-55) cells were maintained at 37°C, 5% CO2 in 
culture medium Dulbecco’s Modified Eagle’s Medium (DMEM, ThermoFisher Scientific) 
supplemented with 10% fetal bovine serum (FBS, ThermoFisher Scientific), 1% non-
essential amino acids (ThermoFisher Scientific) and 1% sodium pyruvate 100 mM (NaP, 
ThermoFisher Scientific). All cell lines tested negative for Simian virus 5 (Orthorubulavirus 
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mammalis) and mycoplasma contaminations. Low passage virus stock solutions were 
generated in Vero E6 or Calu-3 cells and sequenced to investigate the presence of 
substitutions introduced during isolation and passaging. Results are given in Table S1. The 
B.1+E484K virus was generated using the transformation-associated recombination (TAR) 
cloning method to introduce an E484K exchange into an infectious SARS-CoV-2 cDNA 
clone (45, 46).  
 
Animal husbandry 
Six- to 10-week-old female Syrian hamsters (Mesocricetus auratus; breed RjHan:AURA) 
were purchased from Janvier Labs and kept in groups of 1-3 animals in individually 
ventilated cages (GR900; Tecniplast). Animals were provided with bountiful enrichment 
(Carfil) and had unrestricted access to food and water at all times. Cage temperatures 
ranged from 22 to 24°C and relative humidity ranged from 40 to 55%. All animal work was 
performed in a certified BSL-3 facility. Hamsters arrived at the facility 7 days prior to the start 
of the experiments. 
 
Generation of hamster sera 
For each SARS-CoV-2 variant (D614G, Beta, Delta, B.1+E484K, Omicron BA.1, Omicron 
BA.2 (two isolates), and Omicron BA.5, Table S1), three hamsters were intranasally infected 
to generate defined immune sera directed against an individual virus variant. Two individuals 
were infected with the Alpha variant. To minimize infection-induced distress and in the same 
time maximize serum antibodies, hamsters were infected using a two-stage protocol. Each 
animal was initially infected with 1000 plaque forming units (PFU) of the respective variant 
and allowed to recover from infection for 21 days. On day 21 after initial infection, animals 
were re-infected with 1x106 PFU of the same variant. All infections were carried out 
intranasally under general anesthesia and in a total volume of 60 μl as previously described 
(47). 14 days after re-infection, animals were euthanized and blood was collected for serum 
harvest. During the experiment, all hamsters were monitored twice daily for clinical signs of 
disease in compliance with a state-authority approved animal use protocol (Landesamt für 
Gesundheit und Soziales in Berlin, Germany, approval number 0086/20).   
 
Plaque reduction neutralization tests 
The neutralizing activity of each serum against the different virus strains was determined by 
plaque reduction neutralization test (PRNT), largely as described before (48) (Wölfel et al., 
2020). In short, Vero E6 cells (1.6x105 cells/well) were seeded in 24-well plates and 
incubated for ~24 hours. Hamster sera were serially diluted in OptiPro medium and mixed 
with medium containing 100 PFU of the respective virus, incubated at 37°C for one hour and 
then added to the Vero E6 cells in duplicate. After a further hour at 37°C, supernatants were 
discarded, the cells washed once with PBS and supplemented with 1.2% Avicel solution in 
DMEM. After three days at 37°C, the supernatants were removed, the plates were fixed 
using a 6% formaldehyde/PBS solution and stained with crystal violet. All serum dilutions 
were tested in duplicates. Plaques were counted for each well. The virus strains used were, 
Munich isolate 984, D614G (GISAID ID: EPI_ISL_406862), Alpha (EPI_ISL_754174); Beta 
(EPI_ISL_862149); Delta (EPI_ISL_3710429); Omicron BA.1 (EPI_ISL_7019047); Gamma 
(kindly provided by Dr. Chantal Reusken via EVAg); Omicron BA.2 CSpecVir26729_2 
(EPI_ISL_9553926); Omicron BA.2 CSpecVir26729_12 (EPI_ISL_9553935);  Omicron BA.4 
(EPI_ISL_16221624); Omicron  BA.5 (EPI_ISL_16221625), Omicron BF.7 
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(EPI_ISL_17293602), Omicron BQ.1.18 (EPI_ISL_17293256), Omicron XBB.2 
(EPI_ISL_17548230), Omicron BN.1.3.1 (EPI_ISL_17549547). 
 
Analysis of neutralization titers 
We investigated different methods for inferring titers from the raw plaque count data. This 
included assessing the effects of using different plaque reduction criteria / sensitivity levels 
(NT50, NT75, NT90, or NT99 titers) (figs. S1-S5), as well as assessing the effect of 
estimating titers either by rounding to the closest dilution (‘discrete titers’), or by fitting a 
sigmoid neutralization curve (‘continuous titers’) (figs. S6, S7). Discrete titers were 
determined as the dilution closest to where X% of all plaques are neutralized, where X 
corresponds to the sensitivity level (e.g. 50 for NT50 titers). Continuous titers were inferred 
using the HillCurve function in the neutcurve package, version 0.5.7 (34) with and without 
constraining the lower and / or upper ends of the neutralization curve to zero or one, 
respectively (fig. S1). 
 
For the analysis of reactivity patterns of different serum groups and for antigenic 
cartography, NT90 titers were determined from the raw plaque counts using the neutcurve 
package (version 0.5.7) (34) written in Python, constraining the lower end of the 
neutralization curve to zero (Supplementary Text section ‘Titer determination’). We used 
titers determined with the lower and upper end of the neutralization curve constrained at 
zero and one, respectively for the 28 pairs of sera and variants listed in Table S2. Geometric 
mean titers (GMT) and fold changes were estimated using the gmt and log2diff 
functions, respectively, in the titertools package (49) in R (version 4.2.0) (50), as described 
in (7). We used the following parameters: ci_method=‘HDI’ (highest density interval), 
ci_level=0.95, dilution_stepsize=0, the prior for the mean was a normal distribution with 
mean of 0 and standard deviation of 100, the prior for the standard deviation was an inverse 
gamma distribution with a shape parameter of 2 and a scale parameter of 0.75. 
 
Antigenic cartography  
Briefly, the target distance in an antigenic map optimization between each variant and serum 
pair is inferred by calculating the difference between the log2 highest overall titer of the 
serum and the log2 titer of a given variant. Therefore, the variant with the highest titer against 
a particular serum will have a target distance of 0. The positions of the variants and sera in 
the antigenic map are adjusted in an optimization process that aims to minimize the sum of 
the squared differences between the target distances and the corresponding distances in the 
antigenic map (33). Antigenic maps were inferred using Racmacs version 1.1.39 (35). All 
antigenic maps were constructed with a dilution_stepsize of 0 for maps made from 
continuous titers or 1 for maps made from discrete titers. The maps were optimized in two 
dimensions for 500 optimizations, and the minimum column basis parameter set to “none”. 
We performed several analyses to assess the dimensionality of the antigenic map (fig. S14), 
how well the distances in the antigenic map represent the target distances (figs. S15, S16), 
the robustness of the map to titer noise (fig. S17) and missing titers (figs. S18-23), and the 
predictive power of the antigenic map (figs. S24-S26), described in Supplementary Text 
section ‘Assessing antigenic map model fit’.  
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Figures 

 
Figure 1: Neutralizing titers of 15 live virus isolates titrated against sera from 
hamsters twice infected with D614G, Alpha, Beta, Delta, Mu, B.1+E484K, Omicron 
BA.1, Omicron BA.2 (two isolates), and Omicron BA.5. Variants that were titrated are 
D614G, Alpha, Beta, Delta, Mu, B.1+E484K, Omicron BA.1, Omicron BA.2 (two isolates), 
Omicron BA.4, Omicron BA.5, Omicron BF.7, Omicron BQ.1.18, Omicron XBB.2, and 
Omicron BN.1.3.1. Detectable titers are shown as filled in circles, non-detectable titers are 
shown as empty circles. Since not all variant and serum pairs were tested in all dilutions, 
non-detectable titers range from <1:160 to <1:20. 
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Figure 2: Fold change compared to the homologous variant. Circles show the point 
estimate for the mean fold change, while the intervals show the 95% highest posterior 
density interval of the fold change estimate. Variants are ordered by decreasing fold change 
within each serum group.  
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Figure 3: Antigenic map showing antigenic relationships between SARS-CoV-2 
variants and sera. Distances between each variant and serum correspond to the fold 
change to the maximum titer for each serum. Viruses are shown as circles, sera as squares, 
with sera coloured by the color of their homologous variant (blue: D614G, green: Alpha, 
dark-yellow: Beta, orange: Delta, green-blue: Mu, cyan: B.1+E484K, red: BA.1, orchid: BA.2 
(2x, on top of each other), pink: BA.4 and BA.5, ochre: BQ.1.18, maroon: BF.7, sea-green: 
XBB.2, yellow: BN.1.3.1). The side length of each grid square corresponds to a two-fold 
serum dilution in the neutralization assay. The rotation of the map is arbitrary, and is here 
oriented to correspond to previously published maps (7, 9, 28). 

 

 
  

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 3, 2023. ; https://doi.org/10.1101/2023.07.02.547076doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.02.547076
http://creativecommons.org/licenses/by-nc-nd/4.0/


14 

References 
1.  Weekly epidemiological update on COVID-19 - 22 June 2023, (available at 

https://www.who.int/publications/m/item/weekly-epidemiological-update-on-covid-19---
22-june-2023). 

2.  O. J. Watson, G. Barnsley, J. Toor, A. B. Hogan, P. Winskill, A. C. Ghani, Global impact 
of the first year of COVID-19 vaccination: a mathematical modelling study. Lancet Infect. 
Dis. 22, 1293–1302 (2022). 

3.  C. Lucas, C. B. F. Vogels, I. Yildirim, J. E. Rothman, P. Lu, V. Monteiro, J. R. 
Gehlhausen, M. Campbell, J. Silva, A. Tabachnikova, M. A. Peña-Hernandez, M. C. 
Muenker, M. I. Breban, J. R. Fauver, S. Mohanty, J. Huang, Yale SARS-CoV-2 
Genomic Surveillance Initiative, A. C. Shaw, A. I. Ko, S. B. Omer, N. D. Grubaugh, A. 
Iwasaki, Impact of circulating SARS-CoV-2 variants on mRNA vaccine-induced 
immunity. Nature. 600, 523–529 (2021). 

4.  W. F. Garcia-Beltran, E. C. Lam, K. St Denis, A. D. Nitido, Z. H. Garcia, B. M. Hauser, J. 
Feldman, M. N. Pavlovic, D. J. Gregory, M. C. Poznansky, A. Sigal, A. G. Schmidt, A. J. 
Iafrate, V. Naranbhai, A. B. Balazs, Multiple SARS-CoV-2 variants escape neutralization 
by vaccine-induced humoral immunity. Cell. 184, 2523 (2021). 

5.  C. Liu, H. M. Ginn, W. Dejnirattisai, P. Supasa, B. Wang, A. Tuekprakhon, R. Nutalai, D. 
Zhou, A. J. Mentzer, Y. Zhao, H. M. E. Duyvesteyn, C. López-Camacho, J. Slon-
Campos, T. S. Walter, D. Skelly, S. A. Johnson, T. G. Ritter, C. Mason, S. A. C. 
Clemens, F. G. Naveca, V. Nascimento, F. Nascimento, C. F. da Costa, P. C. Resende, 
A. Pauvolid-Correa, M. M. Siqueira, C. Dold, N. Temperton, T. Dong, A. J. Pollard, J. C. 
Knight, D. Crook, T. Lambe, E. Clutterbuck, S. Bibi, A. Flaxman, M. Bittaye, S. Belij-
Rammerstorfer, S. C. Gilbert, T. Malik, M. W. Carroll, P. Klenerman, E. Barnes, S. J. 
Dunachie, V. Baillie, N. Serafin, Z. Ditse, K. Da Silva, N. G. Paterson, M. A. Williams, D. 
R. Hall, S. Madhi, M. C. Nunes, P. Goulder, E. E. Fry, J. Mongkolsapaya, J. Ren, D. I. 
Stuart, G. R. Screaton, Reduced neutralization of SARS-CoV-2 B.1.617 by vaccine and 
convalescent serum. Cell. 184 (2021), pp. 4220–4236.e13. 

6.  Dejnirattisai, Zhou, Supasa, Liu, Mentzer, Antibody evasion by the P. 1 strain of SARS-
CoV-2. Cell (available at 
https://www.sciencedirect.com/science/article/pii/S0092867421004281). 

7.  S. H. Wilks, B. Mühlemann, X. Shen, S. Türeli, E. B. LeGresley, A. Netzl, M. A. Caniza, 
J. N. Chacaltana-Huarcaya, X. Daniell, M. B. Datto, T. N. Denny, C. Drosten, R. A. M. 
Fouchier, P. J. Garcia, P. J. Halfmann, A. Jassem, T. C. Jones, Y. Kawaoka, F. 
Krammer, C. McDanal, R. Pajon, V. Simon, M. Stockwell, H. Tang, H. van Bakel, R. 
Webby, D. C. Montefiori, D. J. Smith, Mapping SARS-CoV-2 antigenic relationships and 
serological responses. bioRxiv (2022), p. 2022.01.28.477987. 

8.  M. Bekliz, K. Adea, P. Vetter, C. S. Eberhardt, K. Hosszu-Fellous, D.-L. Vu, O. Puhach, 
M. Essaidi-Laziosi, S. Waldvogel-Abramowski, C. Stephan, A. G. L’Huillier, C.-A. 
Siegrist, A. M. Didierlaurent, L. Kaiser, B. Meyer, I. Eckerle, Neutralization capacity of 
antibodies elicited through homologous or heterologous infection or vaccination against 
SARS-CoV-2 VOCs. Nat. Commun. 13, 3840 (2022). 

9.  A. Rössler, A. Netzl, L. Knabl, H. Schäfer, S. H. Wilks, D. Bante, B. Falkensammer, W. 
Borena, D. von Laer, D. J. Smith, J. Kimpel, BA.2 and BA.5 omicron differ 
immunologically from both BA.1 omicron and pre-omicron variants. Nat. Commun. 13, 
7701 (2022). 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 3, 2023. ; https://doi.org/10.1101/2023.07.02.547076doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.02.547076
http://creativecommons.org/licenses/by-nc-nd/4.0/


15 

10.  W. Wang, S. Lusvarghi, R. Subramanian, N. J. Epsi, R. Wang, E. Goguet, A. C. Fries, 
F. Echegaray, R. Vassell, S. ’ana Coggins, S. A. Richard, D. A. Lindholm, K. Mende, E. 
Ewers, D. Larson, R. E. Colombo, C. Colombo, J. O. Joseph, J. Rozman, A. Smith, T. 
Lalani, C. Berjohn, R. Maves, M. Jones, R. Mody, N. Huprikar, J. Livezey, D. Saunders, 
M. Hollis-Perry, G. Wang, A. Ganesan, M. P. Simons, C. C. Broder, D. Tribble, E. D. 
Laing, B. Agan, T. H. Burgess, E. Mitre, S. D. Pollett, L. C. Katzelnick, C. D. Weiss, 
Post-vaccination Omicron infections induce broader immunity across antigenic space 
than prototype mRNA COVID-19 booster vaccination or primary infection. bioRxiv 
(2022), p. 2022.07.05.498883. 

11.  F. Jian, Y. Yu, W. Song, A. Yisimayi, L. Yu, Y. Gao, N. Zhang, Y. Wang, F. Shao, X. 
Hao, Y. Xu, R. Jin, Y. Wang, X. S. Xie, Y. Cao, Further humoral immunity evasion of 
emerging SARS-CoV-2 BA.4 and BA.5 subvariants. bioRxiv (2022), p. 
2022.08.09.503384. 

12.  K. van der Straten, D. Guerra, M. J. van Gils, I. Bontjer, T. G. Caniels, H. D. G. van 
Willigen, E. Wynberg, M. Poniman, J. A. Burger, J. H. Bouhuijs, J. van Rijswijk, W. 
Olijhoek, M. H. Liesdek, A. H. A. Lavell, B. Appelman, J. J. Sikkens, M. K. Bomers, A. X. 
Han, B. E. Nichols, M. Prins, H. Vennema, C. Reusken, M. D. de Jong, G. J. de Bree, C. 
A. Russell, D. Eggink, R. W. Sanders, Antigenic cartography using sera from sequence-
confirmed SARS-CoV-2 variants of concern infections reveals antigenic divergence of 
Omicron. Immunity. 55, 1725–1731.e4 (2022). 

13.  Y. Cao, J. Wang, F. Jian, T. Xiao, W. Song, A. Yisimayi, W. Huang, Q. Li, P. Wang, R. 
An, J. Wang, Y. Wang, X. Niu, S. Yang, H. Liang, H. Sun, T. Li, Y. Yu, Q. Cui, S. Liu, X. 
Yang, S. Du, Z. Zhang, X. Hao, F. Shao, R. Jin, X. Wang, J. Xiao, Y. Wang, X. S. Xie, 
Omicron escapes the majority of existing SARS-CoV-2 neutralizing antibodies. Nature 
(2021), doi:10.1038/s41586-021-04385-3. 

14.  S. Chalkias, C. Harper, K. Vrbicky, S. R. Walsh, B. Essink, A. Brosz, N. McGhee, J. E. 
Tomassini, X. Chen, Y. Chang, A. Sutherland, D. C. Montefiori, B. Girard, D. K. 
Edwards, J. Feng, H. Zhou, L. R. Baden, J. M. Miller, R. Das, A Bivalent Omicron-
Containing Booster Vaccine against Covid-19. N. Engl. J. Med. 387, 1279–1291 (2022). 

15.  Moderna’s BA.4/BA.5 targeting bivalent booster, mRNA-1273.222, meets primary 
endpoint of superiority against Omicron variants compared to booster dose of mRNA-
1273 in Phase 2/3 clinical trial, (available at 
https://investors.modernatx.com/news/news-details/2022/Modernas-BA.4BA.5-
Targeting-Bivalent-Booster-mRNA-1273.222-Meets-Primary-Endpoint-of-Superiority-
Against-Omicron-Variants-Compared-to-Booster-Dose-of-mRNA-1273-in-Phase-23-
Clinical-Trial/default.aspx). 

16.  Y. Cao, F. Jian, J. Wang, Y. Yu, W. Song, A. Yisimayi, J. Wang, R. An, X. Chen, N. 
Zhang, Y. Wang, P. Wang, L. Zhao, H. Sun, L. Yu, S. Yang, X. Niu, T. Xiao, Q. Gu, F. 
Shao, X. Hao, Y. Xu, R. Jin, Z. Shen, Y. Wang, X. S. Xie, Imprinted SARS-CoV-2 
humoral immunity induces convergent Omicron RBD evolution. Nature. 614, 521–529 
(2023). 

17.  D. J. Sheward, C. Kim, J. Fischbach, S. Muschiol, R. A. Ehling, N. K. Björkström, G. B. 
K. Hedestam, S. T. Reddy, J. Albert, T. P. Peacock, B. Murrell, Evasion of neutralising 
antibodies by omicron sublineage BA.2.75. Lancet Infect. Dis. 22, 1421–1422 (2022). 

18.  C. Yue, W. Song, L. Wang, F. Jian, X. Chen, F. Gao, Z. Shen, Y. Wang, X. Wang, Y. 
Cao, ACE2 binding and antibody evasion in enhanced transmissibility of XBB.1.5. 
Lancet Infect. Dis. 23, 278–280 (2023). 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 3, 2023. ; https://doi.org/10.1101/2023.07.02.547076doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.02.547076
http://creativecommons.org/licenses/by-nc-nd/4.0/


16 

19.  K. Uriu, J. Ito, J. Zahradnik, S. Fujita, Y. Kosugi, G. Schreiber, Genotype to Phenotype 
Japan (G2P-Japan) Consortium, K. Sato, Enhanced transmissibility, infectivity, and 
immune resistance of the SARS-CoV-2 omicron XBB.1.5 variant. Lancet Infect. Dis. 23, 
280–281 (2023). 

20.  D. Yamasoba, K. Uriu, A. Plianchaisuk, Y. Kosugi, L. Pan, J. Zahradnik, The Genotype 
to Phenotype Japan (G2P-Japan) Consortium, J. Ito, K. Sato, Virological characteristics 
of the SARS-CoV-2 Omicron XBB.1.16 variant. bioRxiv (2023), p. 2023.04.06.535883. 

21.  L. Dupont, L. B. Snell, C. Graham, J. Seow, B. Merrick, T. Lechmere, T. J. A. Maguire, 
S. R. Hallett, S. Pickering, T. Charalampous, A. Alcolea-Medina, I. Huettner, J. M. 
Jimenez-Guardeño, S. Acors, N. Almeida, D. Cox, R. E. Dickenson, R. P. Galao, N. 
Kouphou, M. J. Lista, A. M. Ortega-Prieto, H. Wilson, H. Winstone, C. Fairhead, J. Z. 
Su, G. Nebbia, R. Batra, S. Neil, M. Shankar-Hari, J. D. Edgeworth, M. H. Malim, K. J. 
Doores, Neutralizing antibody activity in convalescent sera from infection in humans 
with SARS-CoV-2 and variants of concern. Nat Microbiol. 6, 1433–1442 (2021). 

22.  W. Dejnirattisai, J. Huo, D. Zhou, J. Zahradník, P. Supasa, C. Liu, H. M. E. Duyvesteyn, 
H. M. Ginn, A. J. Mentzer, A. Tuekprakhon, R. Nutalai, B. Wang, A. Dijokaite, S. Khan, 
O. Avinoam, M. Bahar, D. Skelly, S. Adele, S. A. Johnson, A. Amini, T. G. Ritter, C. 
Mason, C. Dold, D. Pan, S. Assadi, A. Bellass, N. Omo-Dare, D. Koeckerling, A. 
Flaxman, D. Jenkin, P. K. Aley, M. Voysey, S. A. Costa Clemens, F. G. Naveca, V. 
Nascimento, F. Nascimento, C. Fernandes da Costa, P. C. Resende, A. Pauvolid-
Correa, M. M. Siqueira, V. Baillie, N. Serafin, G. Kwatra, K. Da Silva, S. A. Madhi, M. C. 
Nunes, T. Malik, P. J. M. Openshaw, J. K. Baillie, M. G. Semple, A. R. Townsend, K.-Y. 
A. Huang, T. K. Tan, M. W. Carroll, P. Klenerman, E. Barnes, S. J. Dunachie, B. 
Constantinides, H. Webster, D. Crook, A. J. Pollard, T. Lambe, OPTIC Consortium, 
ISARIC4C Consortium, N. G. Paterson, M. A. Williams, D. R. Hall, E. E. Fry, J. 
Mongkolsapaya, J. Ren, G. Schreiber, D. I. Stuart, G. R. Screaton, SARS-CoV-2 
Omicron-B.1.1.529 leads to widespread escape from neutralizing antibody responses. 
Cell. 185, 467–484.e15 (2022). 

23.  J. M. Fonville, S. H. Wilks, S. L. James, A. Fox, M. Ventresca, M. Aban, L. Xue, T. C. 
Jones, N. M. H. Le, Q. T. Pham, N. D. Tran, Y. Wong, A. Mosterin, L. C. Katzelnick, D. 
Labonte, T. T. Le, G. van der Net, E. Skepner, C. A. Russell, T. D. Kaplan, G. F. 
Rimmelzwaan, N. Masurel, J. C. de Jong, A. Palache, W. E. P. Beyer, Q. M. Le, T. H. 
Nguyen, H. F. L. Wertheim, A. C. Hurt, A. D. M. E. Osterhaus, I. G. Barr, R. A. M. 
Fouchier, P. W. Horby, D. J. Smith, Antibody landscapes after influenza virus infection 
or vaccination. Science. 346, 996–1000 (2014). 

24.  J. M. Fonville, P. L. A. Fraaij, G. de Mutsert, S. H. Wilks, R. van Beek, R. A. M. 
Fouchier, G. F. Rimmelzwaan, Antigenic Maps of Influenza A(H3N2) Produced With 
Human Antisera Obtained After Primary Infection. J. Infect. Dis. 213, 31–38 (2016). 

25.  M.-E. Zaballa, J. Perez-Saez, C. de Mestral, N. Pullen, J. Lamour, P. Turelli, C. Raclot, 
H. Baysson, F. Pennacchio, J. Villers, J. Duc, V. Richard, R. Dumont, C. Semaani, A. J. 
Loizeau, C. Graindorge, E. Lorthe, J.-F. Balavoine, D. Pittet, M. Schibler, N. Vuilleumier, 
F. Chappuis, O. Kherad, A. S. Azman, K. Posfay-Barbe, L. Kaiser, D. Trono, S. 
Stringhini, I. Guessous, Specchio-COVID19 study group, Seroprevalence of anti-SARS-
CoV-2 antibodies and cross-variant neutralization capacity after the Omicron BA.2 wave 
in Geneva, Switzerland. bioRxiv (2022), , doi:10.1101/2022.07.27.22278126. 

26.  RKI - Coronavirus SARS-CoV-2 - Ergebnisse zur SARS-CoV-2-Seroprävalenz in der 
Allgemeinbevölkerung – Aktualisierung September 2022, (available at 
https://www.rki.de/DE/Content/InfAZ/N/Neuartiges_Coronavirus/AK-
Studien/Ergebnisse.html). 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 3, 2023. ; https://doi.org/10.1101/2023.07.02.547076doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.02.547076
http://creativecommons.org/licenses/by-nc-nd/4.0/


17 

27.  I. Bergeri, M. Whelan, H. Ware, L. Subissi, A. Nardone, H. C. Lewis, Z. Li, X. Ma, M. 
Valenciano, B. Cheng, L. Al Ariqi, A. Rashidian, J. Okeibunor, T. Azim, P. Wijesinghe, 
L.-V. Le, A. Vaughan, R. Pebody, A. Vicari, T. Yan, M. Yanes-Lane, C. Cao, D. A. 
Clifton, M. P. Cheng, J. Papenburg, D. Buckeridge, N. Bobrovitz, R. K. Arora, M. D. Van 
Kerkhove, the Unity Studies Collaborator Group, Global SARS-CoV-2 seroprevalence: a 
systematic review and meta-analysis of standardized population-based studies from Jan 
2020-May 2022, , doi:10.1101/2021.12.14.21267791. 

28.  A. Z. Mykytyn, M. Rissmann, A. Kok, M. E. Rosu, D. Schipper, T. I. Breugem, P. B. van 
den Doel, F. Chandler, T. Bestebroer, M. de Wit, M. E. van Royen, R. Molenkamp, B. B. 
O. Munnink, R. D. de Vries, C. GeurtsvanKessel, D. J. Smith, M. P. G. Koopmans, B. 
Rockx, M. M. Lamers, R. Fouchier, B. L. Haagmans, Antigenic cartography of SARS-
CoV-2 reveals that Omicron BA.1 and BA.2 are antigenically distinct. Science 
Immunology. 0, eabq4450. 

29.  C. Muñoz-Fontela, W. E. Dowling, S. G. P. Funnell, P.-S. Gsell, A. X. Riveros-Balta, R. 
A. Albrecht, H. Andersen, R. S. Baric, M. W. Carroll, M. Cavaleri, C. Qin, I. Crozier, K. 
Dallmeier, L. de Waal, E. de Wit, L. Delang, E. Dohm, W. P. Duprex, D. Falzarano, C. L. 
Finch, M. B. Frieman, B. S. Graham, L. E. Gralinski, K. Guilfoyle, B. L. Haagmans, G. A. 
Hamilton, A. L. Hartman, S. Herfst, S. J. F. Kaptein, W. B. Klimstra, I. Knezevic, P. R. 
Krause, J. H. Kuhn, R. Le Grand, M. G. Lewis, W.-C. Liu, P. Maisonnasse, A. K. 
McElroy, V. Munster, N. Oreshkova, A. L. Rasmussen, J. Rocha-Pereira, B. Rockx, E. 
Rodríguez, T. F. Rogers, F. J. Salguero, M. Schotsaert, K. J. Stittelaar, H. J. Thibaut, 
C.-T. Tseng, J. Vergara-Alert, M. Beer, T. Brasel, J. F. W. Chan, A. García-Sastre, J. 
Neyts, S. Perlman, D. S. Reed, J. A. Richt, C. J. Roy, J. Segalés, S. S. Vasan, A. M. 
Henao-Restrepo, D. H. Barouch, Animal models for COVID-19. Nature. 586, 509–515 
(2020). 

30.  S. F. Sia, L.-M. Yan, A. W. H. Chin, K. Fung, K.-T. Choy, A. Y. L. Wong, P. 
Kaewpreedee, R. A. P. M. Perera, L. L. M. Poon, J. M. Nicholls, M. Peiris, H.-L. Yen, 
Pathogenesis and transmission of SARS-CoV-2 in golden hamsters. Nature. 583, 834–
838 (2020). 

31.  P. J. Halfmann, S. Iida, K. Iwatsuki-Horimoto, T. Maemura, M. Kiso, S. M. Scheaffer, T. 
L. Darling, A. Joshi, S. Loeber, G. Singh, S. L. Foster, B. Ying, J. B. Case, Z. Chong, B. 
Whitener, J. Moliva, K. Floyd, M. Ujie, N. Nakajima, M. Ito, R. Wright, R. Uraki, P. 
Warang, M. Gagne, R. Li, Y. Sakai-Tagawa, Y. Liu, D. Larson, J. E. Osorio, J. P. 
Hernandez-Ortiz, A. R. Henry, K. Ciuoderis, K. R. Florek, M. Patel, A. Odle, L.-Y. R. 
Wong, A. C. Bateman, Z. Wang, V.-V. Edara, Z. Chong, J. Franks, T. Jeevan, T. 
Fabrizio, J. DeBeauchamp, L. Kercher, P. Seiler, A. S. Gonzalez-Reiche, E. M. Sordillo, 
L. A. Chang, H. van Bakel, V. Simon, Consortium Mount Sinai Pathogen Surveillance 
(PSP) study group, D. C. Douek, N. J. Sullivan, L. B. Thackray, H. Ueki, S. Yamayoshi, 
M. Imai, S. Perlman, R. J. Webby, R. A. Seder, M. S. Suthar, A. García-Sastre, M. 
Schotsaert, T. Suzuki, A. C. M. Boon, M. S. Diamond, Y. Kawaoka, SARS-CoV-2 
Omicron virus causes attenuated disease in mice and hamsters. Nature. 603, 687–692 
(2022). 

32.  A. Z. Mykytyn, M. E. Rosu, A. Kok, M. Rissmann, G. van Amerongen, C. 
Geurtsvankessel, R. D. de Vries, B. B. O. Munnink, D. J. Smith, M. P. G. Koopmans, 
Others, Antigenic mapping of emerging SARS-CoV-2 omicron variants BM. 1.1. 1, BQ. 
1.1, and XBB. 1. The Lancet Microbe (2023) (available at 
https://www.thelancet.com/journals/lanmic/article/PIIS2666-5247(22)00384-6/fulltext). 

33.  D. J. Smith, A. S. Lapedes, J. C. de Jong, T. M. Bestebroer, G. F. Rimmelzwaan, A. D. 
M. Osterhaus, R. A. M. Fouchier, Mapping the Antigenic and Genetic Evolution of 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 3, 2023. ; https://doi.org/10.1101/2023.07.02.547076doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.02.547076
http://creativecommons.org/licenses/by-nc-nd/4.0/


18 

Influenza Virus. Science. 305 (2004), pp. 371–376. 

34.  neutcurve documentation — neutcurve 0.5.7 documentation, (available at 
https://jbloomlab.github.io/neutcurve/). 

35.  Racmacs, (available at https://acorg.github.io/Racmacs/). 

36.  Q. Wang, Y. Guo, S. Iketani, M. S. Nair, Z. Li, H. Mohri, M. Wang, J. Yu, A. D. Bowen, J. 
Y. Chang, J. G. Shah, N. Nguyen, Z. Chen, K. Meyers, M. T. Yin, M. E. Sobieszczyk, Z. 
Sheng, Y. Huang, L. Liu, D. D. Ho, Antibody evasion by SARS-CoV-2 Omicron 
subvariants BA.2.12.1, BA.4 and BA.5. Nature. 608, 603–608 (2022). 

37.  Cao, Yisimayi, Jian, Song, Xiao, Wang, BA. 2.12. 1, BA. 4 and BA. 5 escape antibodies 
elicited by Omicron infection. Nature (available at 
https://www.nature.com/articles/s41586-022-04980-y). 

38.  Y. Cao, F. Jian, J. Wang, Y. Yu, W. Song, A. Yisimayi, J. Wang, R. An, N. Zhang, Y. 
Wang, P. Wang, L. Zhao, H. Sun, L. Yu, S. Yang, X. Niu, T. Xiao, Q. Gu, F. Shao, X. 
Hao, Y. Xu, R. Jin, Y. Wang, X. S. Xie, Imprinted SARS-CoV-2 humoral immunity 
induces converging Omicron RBD evolution. bioRxiv (2022), , 
doi:10.1101/2022.09.15.507787. 

39.  B. J. Willett, A. Kurshan, N. Thakur, J. Newman, M. Manali, G. Tyson, N. Logan, P. R. 
Murcia, L. B. Snell, J. D. Edgeworth, J. Zhou, K. Sukhova, G. Amirthalingam, K. Brown, 
B. Charleston, M. H. Malim, E. C. Thomson, W. S. Barclay, D. Bailey, K. J. Doores, T. 
P. Peacock, Distinct antigenic properties of the SARS-CoV-2 Omicron lineages BA.4 
and BA.5. bioRxiv (2022), p. 2022.05.25.493397. 

40.  A. Muik, B. G. Lui, M. Bacher, A.-K. Wallisch, A. Toker, A. Finlayson, K. Krüger, O. 
Ozhelvaci, K. Grikscheit, S. Hoehl, S. Ciesek, Ö. Türeci, U. Sahin, Omicron BA.2 
breakthrough infection enhances cross-neutralization of BA.2.12.1 and BA.4/BA.5. 
bioRxiv (2022), , doi:10.1101/2022.08.02.502461. 

41.  A. Muik, B. G. Lui, M. Bacher, A.-K. Wallisch, A. Toker, C. I. C. Couto, A. Güler, V. 
Mampilli, G. J. Schmitt, J. Mottl, T. Ziegenhals, S. Fesser, J. Reinholz, F. Wernig, K.-G. 
Schraut, H. Hefesha, H. Cai, Q. Yang, K. C. Walzer, J. Grosser, S. Strauss, A. 
Finlayson, K. Krüger, O. Ozhelvaci, K. Grikscheit, N. Kohmer, S. Ciesek, K. A. 
Swanson, A. B. Vogel, Ö. Türeci, U. Sahin, Exposure to BA.4/BA.5 Spike glycoprotein 
drives pan-Omicron neutralization in vaccine-experienced humans and mice. bioRxiv 
(2022), p. 2022.09.21.508818. 

42.  I. Kimura, D. Yamasoba, T. Tamura, N. Nao, T. Suzuki, Y. Oda, S. Mitoma, J. Ito, H. 
Nasser, J. Zahradnik, Others, Virological characteristics of the SARS-CoV-2 Omicron 
BA. 2 subvariants, including BA. 4 and BA. 5. Cell. 185, 3992–4007 (2022). 

43.  B. A. Johnson, X. Xie, A. L. Bailey, B. Kalveram, K. G. Lokugamage, A. Muruato, J. Zou, 
X. Zhang, T. Juelich, J. K. Smith, L. Zhang, N. Bopp, C. Schindewolf, M. Vu, A. 
Vanderheiden, E. S. Winkler, D. Swetnam, J. A. Plante, P. Aguilar, K. S. Plante, V. 
Popov, B. Lee, S. C. Weaver, M. S. Suthar, A. L. Routh, P. Ren, Z. Ku, Z. An, K. 
Debbink, M. S. Diamond, P.-Y. Shi, A. N. Freiberg, V. D. Menachery, Loss of furin 
cleavage site attenuates SARS-CoV-2 pathogenesis. Nature. 591, 293–299 (2021). 

44.  C. S. Stevens, K. Y. Oguntuyo, B. Lee, Proteases and variants: context matters for 
SARS-CoV-2 entry assays. Curr. Opin. Virol. 50, 49–58 (2021). 

45.  D. Niemeyer, S. Stenzel, T. Veith, S. Schroeder, K. Friedmann, F. Weege, J. Trimpert, 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 3, 2023. ; https://doi.org/10.1101/2023.07.02.547076doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.02.547076
http://creativecommons.org/licenses/by-nc-nd/4.0/


19 

J. Heinze, A. Richter, J. Jansen, J. Emanuel, J. Kazmierski, F. Pott, L. M. Jeworowski, 
R. Olmer, M.-C. Jaboreck, B. Tenner, J. Papies, F. Walper, M. L. Schmidt, N. 
Heinemann, E. Möncke-Buchner, M. Baumgardt, K. Hoffmann, M. Widera, T. T. N. 
Thao, A. Balázs, J. Schulze, C. Mache, T. C. Jones, M. Morkel, S. Ciesek, L. G. 
Hanitsch, M. A. Mall, A. C. Hocke, V. Thiel, K. Osterrieder, T. Wolff, U. Martin, V. M. 
Corman, M. A. Müller, C. Goffinet, C. Drosten, SARS-CoV-2 variant Alpha has a spike-
dependent replication advantage over the ancestral B.1 strain in human cells with low 
ACE2 expression. PLoS Biol. 20, e3001871 (2022). 

46.  T. Thi Nhu Thao, F. Labroussaa, N. Ebert, P. V’kovski, H. Stalder, J. Portmann, J. Kelly, 
S. Steiner, M. Holwerda, A. Kratzel, M. Gultom, K. Schmied, L. Laloli, L. Hüsser, M. 
Wider, S. Pfaender, D. Hirt, V. Cippà, S. Crespo-Pomar, S. Schröder, D. Muth, D. 
Niemeyer, V. M. Corman, M. A. Müller, C. Drosten, R. Dijkman, J. Jores, V. Thiel, Rapid 
reconstruction of SARS-CoV-2 using a synthetic genomics platform. Nature. 582, 561–
565 (2020). 

47.  G. Nouailles, E. Wyler, P. Pennitz, D. Postmus, D. Vladimirova, J. Kazmierski, F. Pott, 
K. Dietert, M. Muelleder, V. Farztdinov, B. Obermayer, S.-M. Wienhold, S. Andreotti, T. 
Hoefler, B. Sawitzki, C. Drosten, L. E. Sander, N. Suttorp, M. Ralser, D. Beule, A. D. 
Gruber, C. Goffinet, M. Landthaler, J. Trimpert, M. Witzenrath, Temporal omics analysis 
in Syrian hamsters unravel cellular effector responses to moderate COVID-19. Nat. 
Commun. 12, 4869 (2021). 

48.  R. Wölfel, V. M. Corman, W. Guggemos, M. Seilmaier, S. Zange, M. A. Müller, D. 
Niemeyer, T. C. Jones, P. Vollmar, C. Rothe, M. Hoelscher, T. Bleicker, S. Brünink, J. 
Schneider, R. Ehmann, K. Zwirglmaier, C. Drosten, C. Wendtner, Virological 
assessment of hospitalized patients with COVID-2019. Nature. 581, 465–469 (2020). 

49.  S. Wilks, titertools: Tools for maximum-likelihood based titer analysis, dealing with non-
detectable titers (Github; https://github.com/shwilks/titertools). 

50.  R. Computing, Others, R: A language and environment for statistical computing. Vienna: 
R Core Team (2013) (available at 
https://www.yumpu.com/en/document/view/6853895/r-a-language-and-environment-for-
statistical-computing). 

 
 
 
 
 
 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 3, 2023. ; https://doi.org/10.1101/2023.07.02.547076doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.02.547076
http://creativecommons.org/licenses/by-nc-nd/4.0/

