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Figure 4. Antigenic evolution is primarily due to changes in the spike’s receptor binding
domain (RBD). (A) At top is a schematic of the 229E spike. Within the S1 subunit, the schematic
indicates the N-terminal domain (NTD, also known as S1-A) and the RBD (also known as S1-B).
The three loops in the RBD that bind the virus’s APN receptor are indicated (Li et al., 2019).
Below the schematic is a plot of sequence variability across the alignment of 229E spikes in
Figure 1A. Variability is quantified as the effective number of amino acids at a site (Echave and
Wilke, 2017), with a value of one indicating complete conservation and larger values indicating
more sequence variability. (B) Neutralizing titers of sera collected between 1985 and 1990
against either the full spike of “future” viruses or chimeras consisting of the 1984 spike
containing the RBD from “future” viruses. The plot format and the black circles (full spike) are
repeated from Figure 2A with the addition of the orange triangles showing the titers against the
chimeric spikes.
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Figure S1. The evolution of the 229E spike is clock-like, with the number of substitutions per
site proportional to time. (A) Phylogenetic tree exactly like that in Figure 1 but with branch
lengths proportional to divergence (not re-scaled based on tip isolation date). (B) A plot
produced by TreeTime (Sagulenko et al., 2018) showing the correlation between the distance of
tip nodes from the root and sampling date. The fact that all points fall on a line indicates that the
evolution is clock-like.
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nucleotides 1 to 1089 nucleotides 1089 to 3516

Figure S2. Although there is some evidence of recombination among closely related 229E
spikes, this recombination does not alter the relative phylogenetic relationships among the
spikes used in the experiments. Specifically, GARD (Kosakovsky Pond et al., 2006; Spielman et
al., 2019) was used to analyze the same set of 229E spike sequences used in Figure 1 with a
nucleotide substitution model and three gamma-distributed rate classes. The best-fitting model
had a single recombination breakpoint at nucleotide 1089 that improved the AIC by 60 units.
The trees for each partition were then rooted and branch-re-scaled using TreeTime (Sagulenko
et al., 2018), and the resulting tanglegram was rendered using dendextend (Galili, 2015). As can
be seen above, the recombination is all between closely related sequences and does not alter the
relative position of the 1984, 1992, 2001, 2008, and 2016 spikes used in the experiments. See
https://github.com/jbloomlab/CoV_229E_antigenic_drift/blob/master/results/gard_tanglegram.
md for details of the analysis steps described above.
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Figure S3. The 229E spikes with a cytoplasmic tail deletion pseudotype lentiviral particles that
efficiently infect 293T cells expressing the spike’s receptor aminopeptidase N (APN) and the
activating protease TMPRSS2. (A) Titer in transduction units per ml as determined using flow
cytometry of lentiviral particles pseudotyped with the full-length 2016 spike or that spike with a
deletion of the last 19 residues in spike (the end of the cytoplasmic tail) on 293T cells transfected
with a plasmid expressing APN. The dotted gray line is the limit of detection, and the titers in
the absence of spike were below this line (undetectable). (B) Efficient entry by the pseudotyped
virions depends on expression of APN and to a lesser extent TMPRSS2. Virions pseudotyped
with the 2016 spike with the C-terminal deletion were infected into 293T cells transfected with
plasmids expressing one or both of APN and TMPRSS2, and titers were determined by
luciferase luminescence. Titers are normalized to one. (C) All of the 229E spikes and chimeras
used in this study mediated efficient viral entry. Lentiviral particles were pseudotyped with the
indicated spike (in all cases with the C-terminal deletion) and titers were determined using
luciferase luminescence on 293T cells transfected with plasmids expressing APN and TMPRSS2.
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Figure S4. Neutralization curves for all assays. Each facet is a serum, with titles indicating the
year the serum was collected. Each point is the fraction infectivity at that serum concentration
averaged across at least two replicates (error bars are standard error), with colors indicating the
virus. The fits are 2-parameter Hill curves with baselines fixed to 1 and 0, and were fit using
neutcurve (https://jbloomlab.github.io/neutcurve/). IC50s are in File S3. The curves are also at
https://github.com/jbloomlab/CoV_229E_antigenic_drift/blob/master/exptl data/results/all neut

by_sera.pdf
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Figure S5. Initial screening of sera to identify samples with neutralizing titers of at least 1:90
that were then used for the rest of the studies described in the paper. Each sera was tested
against the most-recent virus isolated prior to the serum collection date: in other words, sera
collected between 1985-1990 was tested against the 1984 spike, sera collected between
1992-1995 was tested against the 1992 spike, and sera collected in 2020 was tested against the
2016 spike. Each point shows the neutralizing titer for a different serum (see Figure 54 for full
neutralization curves). Sera above the cutoff of 1:90 (blue dashed line) was then used for further
studies against the full panel of viruses (e.g., Figures 2, 3, and 4). The numbers at the top of the
plot indicate the number of sera above the cutoff out of the total sera tested in each timeframe.
The dotted horizontal line at the bottom of the plot is the lower limit of detection of the
neutralization assay. Quantitative neutralization titers for each sera are in File S3.
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File S1. Codon-level alignment of the 229E spike sequences. This FASTA alignment is at

https://github.com/jbloomlab/CoV_229E_antigenic_drift/blob/master/results/spikes aligned co
don.fasta

File S2. A ZIP of GenPept files giving the protein sequences of the spikes used in the
experiments. There are nine sequences: the five spikes from the 1984, 1992, 2001, 2008, and 2016
viruses (named by strain as shown in Figure 1A), and the four chimeras that consist of the 1984
spike with the RBD of each of the other strains. Each GenPept file annotates key domains in the
spike. Note that the C-terminal 19 amino acids are deleted off each spike. These files are at
https://github.com/jbloomlab/CoV_229E_antigenic_drift/tree/master/results/seqs_for_expts

File S3. A CSV file giving the neutralization titer, collection date, and subject age at time of

collection date for each serum sample analyzed in this study. This file is at

https://github.com/jbloomlab/CoV_229E_antigenic_drift/blob/master/exptl data/results/all neut
titers.csv

21


https://github.com/jbloomlab/CoV_229E_antigenic_drift/blob/master/results/spikes_aligned_codon.fasta
https://github.com/jbloomlab/CoV_229E_antigenic_drift/blob/master/results/spikes_aligned_codon.fasta
https://github.com/jbloomlab/CoV_229E_antigenic_drift/tree/master/results/seqs_for_expts
https://github.com/jbloomlab/CoV_229E_antigenic_drift/blob/master/exptl_data/results/all_neut_titers.csv
https://github.com/jbloomlab/CoV_229E_antigenic_drift/blob/master/exptl_data/results/all_neut_titers.csv
https://doi.org/10.1101/2020.12.17.423313
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.17.423313; this version posted December 18, 2020. The copyright holder for this preprint
(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 made
available under aCC-BY 4.0 International license.

References

Abe, K.T., Li, Z., Samson, R., Samavarchi-Tehrani, P., Valcourt, E.]., Wood, H., Budylowski, P., Dupuis,
A.P., Girardin, R.C,, Rathod, B, et al. A simple protein-based surrogate neutralization assay for
SARS-CoV-2. JCI Insight 5.

Addetia, A., Crawford, K.H.D., Dingens, A., Zhu, H., Roychoudhury, P., Huang, M.-L., Jerome, K.R,,
Bloom, J.D., and Greninger, A.L. (2020). Neutralizing Antibodies Correlate with Protection from
SARS-CoV-2 in Humans during a Fishery Vessel Outbreak with a High Attack Rate. J. Clin. Microbiol. 58.

Aldridge, RW., Lewer, D., Beale, S., Johnson, A.M., Zambon, M., Hayward, A.C., Fragaszy, E.B., and Flu
Watch Group (2020). Seasonality and immunity to laboratory-confirmed seasonal coronaviruses
(HCoV-NL63, HCoV-OC43, and HCoV-229E): results from the Flu Watch cohort study. Wellcome Open
Res. 5, 52.

Alsoussi, W.B., Turner, J.S., Case, ].B., Zhao, H., Schmitz, A.]., Zhou, ].Q., Chen, R.E,, Lei, T., Rizk, A.A.,
MclIntire, K.M., et al. (2020). A Potently Neutralizing Antibody Protects Mice against SARS-CoV-2
Infection. J. Immunol. 205, 915-922.

Barnes, C.O., West, A.P., Huey-Tubman, K.E., Hoffmann, M.A.G,, Sharaf, N.G., Hoffman, P.R., Koranda,
N., Gristick, H.B., Gaebler, C., Muecksch, F., et al. (2020). Structures of Human Antibodies Bound to
SARS-CoV-2 Spike Reveal Common Epitopes and Recurrent Features of Antibodies. Cell 182, 828-842.e16.

Bedford, T., Cobey, S., and Pascual, M. (2011). Strength and tempo of selection revealed in viral gene
genealogies. BMC Evol. Biol. 11, 220.

Bedford, T., Suchard, M.A., Lemey, P., Dudas, G., Gregory, V., Hay, A.]., McCauley, ] W., Russell, C.A.,
Smith, D.J., and Rambaut, A. (2014). Integrating influenza antigenic dynamics with molecular evolution.
ELife 3, e01914.

Bertram, S., Dijkman, R., Habjan, M., Heurich, A., Gierer, S., Glowacka, 1., Welsch, K., Winkler, M.,
Schneider, H., Hofmann-Winkler, H., et al. (2013). TMPRSS2 Activates the Human Coronavirus 229E for
Cathepsin-Independent Host Cell Entry and Is Expressed in Viral Target Cells in the Respiratory
Epithelium. J. Virol. 87, 6150-6160.

Callow, K.A. (1985). Effect of specific humoral immunity and some non-specific factors on resistance of
volunteers to respiratory coronavirus infection. J. Hyg. (Lond.) 95, 173-189.

Callow, K.A,, Parry, H.F., Sergeant, M., and Tyrrell, D.A. (1990). The time course of the immune response
to experimental coronavirus infection of man. Epidemiol. Infect. 105, 435-446.

Chi, X, Yan, R, Zhang, J., Zhang, G., Zhang, Y., Hao, M., Zhang, Z., Fan, P., Dong, Y., Yang, Y., et al.
(2020). A neutralizing human antibody binds to the N-terminal domain of the Spike protein of
SARS-CoV-2. Science 369, 650-655.

Chibo, D., and Birch, C. (2006). Analysis of human coronavirus 229E spike and nucleoprotein genes
demonstrates genetic drift between chronologically distinct strains. J. Gen. Virol. 87, 1203-1208.

Couch, R.B., and Kasel, ].A. (1983). Immunity to influenza in man. Annu. Rev. Microbiol. 37, 529-549.

Crawford, K.H.D., Dingens, A.S., Eguia, R., Wolf, C.R., Wilcox, N., Logue, ].K., Shuey, K., Casto, A.M.,

22


https://doi.org/10.1101/2020.12.17.423313
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.17.423313; this version posted December 18, 2020. The copyright holder for this preprint
(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 made
available under aCC-BY 4.0 International license.

Fiala, B., Wrenn, S, et al. (2020a). Dynamics of neutralizing antibody titers in the months after
SARS-CoV-2 infection. J. Infect. Dis.

Crawford, K.H.D., Eguia, R., Dingens, A.S., Loes, A.N., Malone, K.D., Wolf, C.R., Chu, H.Y., Tortorici,
M.A,, Veesler, D., Murphy, M, et al. (2020b). Protocol and Reagents for Pseudotyping Lentiviral Particles
with SARS-CoV-2 Spike Protein for Neutralization Assays. Viruses 12, 513.

Denison, M.R., Graham, R.L., Donaldson, E.F., Eckerle, L.D., and Baric, R.S. (2011). Coronaviruses. RNA
Biol. 8, 270-279.

Dingens, A.S., Crawford, K.H.D., Adler, A., Steele, S.L., Lacombe, K., Eguia, R., Amanat, F., Walls, A.C,,
Wolf, C.R., Murphy, M., et al. (2020). Serological identification of SARS-CoV-2 infections among children
visiting a hospital during the initial Seattle outbreak. Nat. Commun. 11, 4378.

Echave, J., and Wilke, C.O. (2017). Biophysical Models of Protein Evolution: Understanding the Patterns
of Evolutionary Sequence Divergence. Annu. Rev. Biophys. 46, 85-103.

Edridge, A.W.D., Kaczorowska, J., Hoste, A.C.R., Bakker, M., Klein, M., Loens, K., Jebbink, M.F., Matser,
A., Kinsella, C.M., Rueda, P, et al. (2020). Seasonal coronavirus protective immunity is short-lasting. Nat.
Med. 26, 1691-1693.

Fitch, W.M., Bush, R-M.,, Bender, C.A., and Cox, N.J. (1997). Long term trends in the evolution of H(3)
HA1 human influenza type A. Proc. Natl. Acad. Sci. U. S. A. 94, 7712-7718.

Fonville, J.M., Wilks, S.H., James, S.L., Fox, A., Ventresca, M., Aban, M., Xue, L., Jones, T.C., H, LN.M., T,
P.Q,, et al. (2014). Antibody landscapes after influenza virus infection or vaccination. Science 346,
996-1000.

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

Fulton, B.O,, Sachs, D., Beaty, S.M., Won, S.T., Lee, B., Palese, P., and Heaton, N.S. (2015). Mutational
Analysis of Measles Virus Suggests Constraints on Antigenic Variation of the Glycoproteins. Cell Rep. 11,
1331-1338.

Gaebler, C., Wang, Z., Lorenzi, ].C.C., Muecksch, F., Finkin, S., Tokuyama, M., Ladinsky, M., Cho, A.,
Jankovic, M., Schaefer-Babajew, D., et al. (2020). Evolution of Antibody Immunity to SARS-CoV-2.
BioRxiv 2020.11.03.367391.

Galili, T. (2015). dendextend: an R package for visualizing, adjusting and comparing trees of hierarchical
clustering. Bioinformatics 31, 3718-3720.

Greaney, A.J., Starr, T.N., Gilchuk, P., Zost, S.J., Binshtein, E., Loes, A.N., Hilton, S.K., Huddleston, J.,
Eguia, R., Crawford, KH.D., et al. (2020). Complete Mapping of Mutations to the SARS-CoV-2 Spike
Receptor-Binding Domain that Escape Antibody Recognition. Cell Host Microbe.

Hamre, D., and Procknow, J.J. (1966). A New Virus Isolated from the Human Respiratory Tract. Proc. Soc.
Exp. Biol. Med. 121, 190-193.

Hendley, ].O., Fishburne, H.B., and Jack M. Gwaltney, J. (1972). Coronavirus Infections in Working

23


https://doi.org/10.1101/2020.12.17.423313
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.17.423313; this version posted December 18, 2020. The copyright holder for this preprint
(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 made
available under aCC-BY 4.0 International license.

Adults. Am. Rev. Respir. Dis. 105, 805-811.
Hodcroft, E.B. (2020). Seasonal CoV and SARS CoV live full-genome builds.

van der Hoek, L., Pyrc, K., Jebbink, M.F., Vermeulen-Oost, W., Berkhout, R.J.M., Wolthers, K.C.,
Wertheim-van Dillen, P.M.E., Kaandorp, J., Spaargaren, J., and Berkhout, B. (2004). Identification of a new
human coronavirus. Nat. Med. 10, 368-373.

Hofmann, H., Pyrc, K., van der Hoek, L., Geier, M., Berkhout, B., and P6hlmann, S. (2005). Human
coronavirus NL63 employs the severe acute respiratory syndrome coronavirus receptor for cellular entry.
Proc. Natl. Acad. Sci. U. S. A. 102, 7988-7993.

Huerta-Cepas, J., Serra, F., and Bork, P. (2016). ETE 3: Reconstruction, Analysis, and Visualization of
Phylogenomic Data. Mol. Biol. Evol. 33, 1635-1638.

Hulswit, R.J.G., Lang, Y., Bakkers, M.].G., Li, W, Li, Z., Schouten, A., Ophorst, B., van Kuppeveld, F.].M.,
Boons, G.-J., Bosch, B.-],, et al. (2019). Human coronaviruses OC43 and HKU1 bind to 9-O-acetylated sialic
acids via a conserved receptor-binding site in spike protein domain A. Proc. Natl. Acad. Sci. U. S. A. 116,
2681-2690.

Ibarrondo, F.J., Fulcher, J.A., Goodman-Meza, D., Elliott, ., Hofmann, C., Hausner, M.A., Ferbas, K.G.,
Tobin, N.H., Aldrovandi, G.M., and Yang, O.O. (2020). Rapid Decay of Anti-SARS-CoV-2 Antibodies in
Persons with Mild Covid-19. N. Engl. J. Med. 383, 1085-1087.

Katoh, K., and Standley, D.M. (2013). MAFFT Multiple Sequence Alignment Software Version 7:
Improvements in Performance and Usability. Mol. Biol. Evol. 30, 772-780.

Kawase, M., Shirato, K., Matsuyama, S., and Taguchi, F. (2009). Protease-Mediated Entry via the
Endosome of Human Coronavirus 229E. J. Virol. 83, 712-721.

Kemp, S. (2020). Neutralising antibodies drive Spike mediated SARS-CoV-2 evasion | medRxiv. BioRxiv.

Kemp, S.A,, Collier, D.A., Datir, R., Gayed, S., Jahun, A., Hosmillo, M., Ferreira, I., Rees-Spear, C.,
Mlcochova, P., Lumb, L.U., et al. (2020). Neutralising antibodies drive Spike mediated SARS-CoV-2
evasion. MedRxiv 2020.12.05.20241927.

Kistler, K.E., and Bedford, T. (2020). Evidence for adaptive evolution in the receptor-binding domain of
seasonal coronaviruses | bioRxiv. BioRxiv.

Kosakovsky Pond, S.L., Posada, D., Gravenor, M.B., Woelk, C.H., and Frost, S.D.W. (2006). GARD: a
genetic algorithm for recombination detection. Bioinformatics 22, 3096-3098.

Krammer, F. (2020). SARS-CoV-2 vaccines in development. Nature 586, 516-527.

Lee, ].M., Huddleston, J., Doud, M.B., Hooper, K.A., Wu, N.C., Bedford, T., and Bloom, ].D. (2018). Deep
mutational scanning of hemagglutinin helps predict evolutionary fates of human H3N2 influenza
variants. Proc. Natl. Acad. Sci. U. S. A. 115, E8276-E8285.

Lee, ].M., Eguia, R., Zost, S.]J., Choudhary, S., Wilson, P.C., Bedford, T., Stevens-Ayers, T., Boeckh, M.,
Hurt, A.C,, Lakdawala, S.S,, et al. (2019). Mapping person-to-person variation in viral mutations that
escape polyclonal serum targeting influenza hemagglutinin. ELife 8, e49324.

24


https://doi.org/10.1101/2020.12.17.423313
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.17.423313; this version posted December 18, 2020. The copyright holder for this preprint
(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 made
available under aCC-BY 4.0 International license.

Lemey, P., Rambaut, A., Bedford, T., Faria, N., Bielejec, F., Baele, G., Russell, C.A., Smith, D.]., Pybus,
O.G,, Brockmann, D., et al. (2014). Unifying Viral Genetics and Human Transportation Data to Predict the
Global Transmission Dynamics of Human Influenza H3N2. PLOS Pathog. 10, €1003932.

Li, Y., Myers, ].L., Bostick, D.L., Sullivan, C.B., Madara, J., Linderman, S.L., Liu, Q., Carter, D.M.,
Wrammert, J., Esposito, S., et al. (2013). Immune history shapes specificity of pandemic HIN1 influenza
antibody responses. J. Exp. Med. 210, 1493-1500.

Li, Z., Tomlinson, A.C., Wong, A.H., Zhou, D., Desforges, M., Talbot, P.J., Benlekbir, S., Rubinstein, J.L.,
and Rini, ].M. (2019). The human coronavirus HCoV-229E S-protein structure and receptor binding. ELife
8, 51230.

Lio, P., and Goldman, N. (2004). Phylogenomics and bioinformatics of SARS-CoV. Trends Microbiol. 12,
106-111.

Liu, L., Wang, P., Nair, M.S,, Yu, ]., Rapp, M., Wang, Q., Luo, Y., Chan, ].F.-W,, Sahi, V., Figueroa, A, et
al. (2020a). Potent neutralizing antibodies against multiple epitopes on SARS-CoV-2 spike. Nature 584,
450-456.

Liu, Z., VanBlargan, L.A., Rothlauf, P.W., Bloyet, L.-M., Chen, R.E., Stumpf, S., Zhao, H., Errico, ].M.,
Theel, E.S., Ellebedy, A.H., et al. (2020b). Landscape analysis of escape variants identifies SARS-CoV-2
spike mutations that attenuate monoclonal and serum antibody neutralization. BioRxiv 2020.11.06.372037.

Lumley, S.F., O'Donnell, D., Stoesser, N.E., Matthews, P.C., Howarth, A., Hatch, S.B., Marsden, B.D., Cox,
S., James, T., Warren, F., et al. (2020). Antibodies to SARS-CoV-2 are associated with protection against
reinfection. MedRxiv 2020.11.18.20234369.

McCarthy, K.R., Rennick, L.J., Nambulli, S., Robinson-McCarthy, L.R., Bain, W.G., Haidar, G., and
Duprex, W.P. (2020). Natural deletions in the SARS-CoV-2 spike glycoprotein drive antibody escape.
BioRxiv 2020.11.19.389916.

McMahan, K., Yu, J., Mercado, N.B., Loos, C., Tostanoski, L.H., Chandrashekar, A., Liu, J., Peter, L.,
Atyeo, C., Zhu, A, et al. (2020). Correlates of protection against SARS-CoV-2 in rhesus macaques. Nature
1-8.

Minh, B.Q., Schmidt, H.A., Chernomor, O., Schrempf, D., Woodhams, M.D., von Haeseler, A., and
Lanfear, R. (2020). IQ-TREE 2: New Models and Efficient Methods for Phylogenetic Inference in the
Genomic Era. Mol. Biol. Evol. 37, 1530-1534.

Murioz-Alia, M.A., Nace, R.A., Zhang, L., and Russell, S.J. (2020). Pathogenic measles viruses cannot
evolve to bypass vaccine-induced neutralizing antibodies. BioRxiv 2020.10.22.351189.

Muse, S.V., and Gaut, B.S. (1994). A likelihood approach for comparing synonymous and
nonsynonymous nucleotide substitution rates, with application to the chloroplast genome. Mol. Biol.
Evol. 11, 715-724.

Neher, R.A., Bedford, T., Daniels, R.S., Russell, C.A., and Shraiman, B.I. (2016). Prediction, dynamics, and
visualization of antigenic phenotypes of seasonal influenza viruses. Proc. Natl. Acad. Sci. 113,
E1701-E1709.

Nelson, ML.I, Simonsen, L., Viboud, C., Miller, M.A., and Holmes, E.C. (2007). Phylogenetic Analysis

25


https://doi.org/10.1101/2020.12.17.423313
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.17.423313; this version posted December 18, 2020. The copyright holder for this preprint
(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 made
available under aCC-BY 4.0 International license.

Reveals the Global Migration of Seasonal Influenza A Viruses. PLOS Pathog. 3, e131.

Piccoli, L., Park, Y.-J., Tortorici, M.A., Czudnochowski, N., Walls, A.C., Beltramello, M., Silacci-Fregni, C.,
Pinto, D., Rosen, L.E., Bowen, J.E., et al. (2020). Mapping Neutralizing and Immunodominant Sites on the
SARS-CoV-2 Spike Receptor-Binding Domain by Structure-Guided High-Resolution Serology. Cell 183,
1024-1042.e21.

Polack, F.P., Thomas, S.]., Kitchin, N., Absalon, J., Gurtman, A., Lockhart, S., Perez, J.L., Pérez Marc, G.,
Moreira, E.D., Zerbini, C., et al. (2020). Safety and Efficacy of the BNT162b2 mRNA Covid-19 Vaccine. N.
Engl. J. Med. 0, null.

Ranjeva, S., Subramanian, R., Fang, V.J., Leung, G.M,, Ip, D.K.M,, Perera, R.A.P.M.,, Peiris, ].S.M.,
Cowling, B.J., and Cobey, S. (2019). Age-specific differences in the dynamics of protective immunity to
influenza. Nat. Commun. 10, 1660.

Reed, S.E. (1984). The behaviour of recent isolates of human respiratory coronavirus in vitro and in
volunteers: Evidence of heterogeneity among 229E-related strains. J. Med. Virol. 13, 179-192.

Ren, L., Zhang, Y., Li, J., Xiao, Y., Zhang, J]., Wang, Y., Chen, L., Paranhos-Baccala, G., and Wang, J. (2015).
Genetic drift of human coronavirus OC43 spike gene during adaptive evolution. Sci. Rep. 5, 11451.

Rodda, L.B., Netland, J., Shehata, L., Pruner, K.B., Morawski, P.A., Thouvenel, C.D., Takehara, K.K,,
Eggenberger, J., Hemann, E.A., Waterman, H.R,, et al. (2020). Functional SARS-CoV-2-specific immune
memory persists after mild COVID-19. Cell.

Rogers, T.F., Zhao, F., Huang, D., Beutler, N., Burns, A., He, W., Limbo, O., Smith, C., Song, G., Woehl, J.,
et al. (2020). Isolation of potent SARS-CoV-2 neutralizing antibodies and protection from disease in a
small animal model. Science 369, 956-963.

Sagulenko, P., Puller, V., and Neher, R.A. (2018). TreeTime: Maximum-likelihood phylodynamic analysis.
Virus Evol. 4.

Sandbulte, M.R., Westgeest, K.B., Gao, ]J., Xu, X., Klimov, A.L, Russell, C.A., Burke, D.F., Smith, D.J.,
Fouchier, R.A.M.,, and Eichelberger, M.C. (2011). Discordant antigenic drift of neuraminidase and
hemagglutinin in HIN1 and H3N2 influenza viruses. Proc. Natl. Acad. Sci. 108, 20748-20753.

Sanjuan, R., Nebot, M.R., Chirico, N., Mansky, L.M., and Belshaw, R. (2010). Viral Mutation Rates. J. Virol.
84,9733-9748.

Schmidt, O.W., Allan, 1.D., Cooney, M.K,, Foy, HM., and Fox, J.P. (1986). Rises in titers of antibody to
human corona viruses OC43 and 229E in Seattle families during 1975-1979. Am. J. Epidemiol. 123,
862-868.

Shirato, K., Kawase, M., Watanabe, O., Hirokawa, C., Matsuyama, S., Nishimura, H., and Taguchi, F.
(2012). Differences in neutralizing antigenicity between laboratory and clinical isolates of HCoV-229E
isolated in Japan in 2004-2008 depend on the S1 region sequence of the spike protein. J. Gen. Virol. 93,
1908-1917.

Smith, D.J., Lapedes, A.S., Jong, ].C. de, Bestebroer, T.M., Rimmelzwaan, G.F., Osterhaus, A.D.M.E., and
Fouchier, R.A.M. (2004). Mapping the Antigenic and Genetic Evolution of Influenza Virus. Science 305,
371-376.

26


https://doi.org/10.1101/2020.12.17.423313
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.17.423313; this version posted December 18, 2020. The copyright holder for this preprint
(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 made
available under aCC-BY 4.0 International license.

Spielman, S.J., Weaver, S., Shank, S.D., Magalis, B.R., Li, M., and Kosakovsky Pond, S.L. (2019). Evolution
of Viral Genomes: Interplay Between Selection, Recombination, and Other Forces. In Evolutionary
Genomics: Statistical and Computational Methods, M. Anisimova, ed. (New York, NY: Springer), pp.
427-468.

Starr, T.N., Greaney, A.]., Hilton, S.K,, Ellis, D., Crawford, K.H.D., Dingens, A.S., Navarro, M.]., Bowen,
J.E., Tortorici, M.A., Walls, A.C,, et al. (2020a). Deep Mutational Scanning of SARS-CoV-2 Receptor
Binding Domain Reveals Constraints on Folding and ACE2 Binding. Cell 182, 1295-1310.e20.

Starr, T.N., Greaney, A.]., Addetia, A., Hannon, W.W., Choudhary, M.C,, Dingens, A.S., Li, ].Z., and
Bloom, ]J.D. (2020b). Prospective mapping of viral mutations that escape antibodies used to treat
COVID-19. BioRxiv Prepr. Serv. Biol.

Tan, C.W., Chia, W.N,, Qin, X,, Liu, P., Chen, M.L.-C,, Tiu, C., Hu, Z., Chen, V.C.-W,, Young, B.E., Sia,
W.R, etal. (2020). A SARS-CoV-2 surrogate virus neutralization test based on antibody-mediated
blockage of ACE2-spike protein—protein interaction. Nat. Biotechnol. 38, 1073-1078.

Thomson, E. (2020). The circulating SARS-CoV-2 spike variant N439K maintains fitness while evading
antibody-mediated immunity | bioRxiv. BioRxiv.

Thyagarajan, B., and Bloom, J.D. (2014). The inherent mutational tolerance and antigenic evolvability of
influenza hemagglutinin. ELife 3, e03300.

Tortorici, M.A., and Veesler, D. (2019). Structural insights into coronavirus entry. Adv. Virus Res. 105,
93-116.

Wajnberg, A., Amanat, F., Firpo, A., Altman, D.R., Bailey, M.]., Mansour, M., McMahon, M., Meade, P.,
Mendu, D.R., Muellers, K., et al. (2020). Robust neutralizing antibodies to SARS-CoV-2 infection persist
for months. Science 370, 1227-1230.

Walls, A.C., Park, Y.-]., Tortorici, M.A., Wall, A., McGuire, A.T., and Veesler, D. (2020). Structure,
Function, and Antigenicity of the SARS-CoV-2 Spike Glycoprotein. Cell 181, 281-292.e6.

Weisblum, Y., Schmidt, F., Zhang, F., DaSilva, J., Poston, D., Lorenzi, J.C., Muecksch, F., Rutkowska, M.,
Hoffmann, H.-H., Michalilidis, E., et al. (2020). Escape from neutralizing antibodies by SARS-CoV-2 spike
protein variants. ELife 9, e61312.

Widge, A.T., Rouphael, N.G,, Jackson, L.A., Anderson, E.J., Roberts, P.C., Makhene, M., Chappell, ].D.,
Denison, M.R., Stevens, L.J., Pruijssers, A.]., et al. (2020). Durability of Responses after SARS-CoV-2
mRNA-1273 Vaccination. N. Engl. J. Med.

Wong, A.H.M., Tomlinson, A.C.A., Zhou, D., Satkunarajah, M., Chen, K., Sharon, C., Desforges, M.,
Talbot, P.J., and Rini, ].M. (2017). Receptor-binding loops in alphacoronavirus adaptation and evolution.
Nat. Commun. 8, 1735.

Yeager, C.L., Ashmun, R.A., Williams, R.K., Cardellichio, C.B., Shapiro, L.H., Look, A.T., and Holmes,
K.V. (1992). Human aminopeptidase N is a receptor for human coronavirus 229E. Nature 357, 420-422.

Yu, X., Tsibane, T., McGraw, P.A., House, F.S., Keefer, C.J., Hicar, M.D., Tumpey, T.M., Pappas, C.,
Perrone, L.A., Martinez, O., et al. (2008). Neutralizing antibodies derived from the B cells of 1918
influenza pandemic survivors. Nature 455, 532-536.

27


https://doi.org/10.1101/2020.12.17.423313
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.17.423313; this version posted December 18, 2020. The copyright holder for this preprint
(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 made
available under aCC-BY 4.0 International license.

Zhou, H., Chen, Y., Zhang, S., Niu, P., Qin, K,, Jia, W., Huang, B., Zhang, S., Lan, ]J., Zhang, L., et al.
(2019). Structural definition of a neutralization epitope on the N-terminal domain of MERS-CoV spike
glycoprotein. Nat. Commun. 10, 3068.

Zost, S.J., Gilchuk, P., Case, ].B., Binshtein, E., Chen, R.E., Nkolola, J.P., Schifer, A., Reidy, J.X., Trivette,
A., Nargi, R.S,, et al. (2020). Potently neutralizing and protective human antibodies against SARS-CoV-2.
Nature 584, 443-449.

28


https://doi.org/10.1101/2020.12.17.423313
http://creativecommons.org/licenses/by/4.0/

