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Methods
Human subjects and blood collection
The study protocol was reviewed and approved by the Institutional Review Board at Tsinghua University (#20220225), Peking Union Medical College Hospital (I-22PJ047), Beijing Youan Hospital (LL-2020-039-K). The research was conducted in strict accordance with the rules and regulations of the Chinse government for the protection of human subjects. All participants had provided written informed consents for sample collection and subsequent analysis. The ages of study participants were ≥18 years and their SARS-CoV-2 infection status was confirmed by a standard PCR test of their oral and/or nasal swabs. The whole blood samples were collected within 4 weeks of symptom onset at Tsinghua University Hospital, Peking Union Medical College Hospital, and Beijing Youan Hospital. The collected samples were de-identified before separated into plasma and peripheral blood mononuclear cells (PBMC) using a standard Ficoll-Hypaque gradient (GE Healthcare) centrifugation. The plasma samples were heat-inactivated at 56 ºC for 1h before being stored at -80 ºC whereas the PBMCs were maintained in freezing media and stored in liquid nitrogen until use.

Production of SARS-CoV-2 wild-type and variant pseudoviruses
As previously described1,2, the SARS-CoV-2 wildtype and variant pseudoviruses (Table S1) were generated by co-transfecting HEK-293T cells (ATCC) with human immunodeficiency virus backbones expressing firefly luciferase (pNL4-3-R-E-luciferase) and pcDNA3.1 vector encoding either wild-type or mutated S proteins (Genbank accession# MN908947.3, and Table S1). The full-length genes of spike variants were synthesized by Genwiz, Inc. and verified by sequencing. When necessary, mutations identified in the GISAID database were introduced into the pcDNA3.1 vector encoding WT D614G, using QuickChange site-directed mutagenesis (Agilent 210519). Viral supernatant containing the SARS-CoV-2 pseudoviruses was collected 48h to 72h after transfection, centrifuged to remove cell lysis, and stored at -80°C until use. 

Plasma neutralization using pseudoviruses
Serial dilutions of plasma samples were prepared with the first dilution of 1:20. Wild type or mutated spike pseudovirus were mixed with plasma and incubated at 37°C for 1h. HEK-293T-ACE2 cells were then added into the mixture and incubated at 37°C for 60h before cell lysis for measuring luciferase activity. The percent of neutralization was determined by comparing the luciferase activity with the virus only control. Each experiment contained technical and independent replicates. The geometric mean 50% inhibitory dilution (ID50) titers of plasma were calculated by the equation of five-parameter dose inhibition response using Graphpad Prism 8.3. 

Antigenic map, antigenic and phylogenetic tree
An antigenic map was constructed based on the ID50 of each plasma sample using the antigenic cartography technique as previously described3. The actual two-dimensional antigenic map was generated using the Racmacs package (https://acorg.github.io/Racmacs/, version 1.1.35) with both axes representing antigenic distance. The antigenic tree was built based on the pairwise comparison in the antigenic distances between each and every variant on the antigenic map. Phylogenetic analysis on RBD, NTD, and full-length spike proteins was conducted using the neighbor-joining method on the sequences downloaded from the GISAID database. The reliability of the branching orders was tested by bootstrap analysis of 1000 replicates.
The antigenic map was generated using the Racmacs package (https://acorg.github.io/Racmacs/, version 1.1.35) in R with 1000 optimization steps, and the minimum column basis parameter set to ‘‘none’’.

Protein expression and purification
WT RBD-his (R319-F541), BA.1 RBD-his-strep (R319-F541), BA.5.2 RBD-his (R319-F541), BF.7 RBD-his-strep (R319-F541), BQ.1 RBD-his-strep (R319-F541), XBB RBD-his-strep (R319-F541), XBB1 RBD-his-strep (R319-F541) and human receptor ACE2-flag-strep peptidase domain (S19-S740) were constructed into pVRC8400 vector and transfected into 293F cells. Secreted RBD and ACE2 were harvested from the supernatant 96h later and captured by Ni-NTA Sepharose (GE Healthcare) or strep-tactin magnetic beads (Beaverbio). After further purification by gel-filtration chromatography with Superdex 200 High-Performance column (GE Healthcare), the protein concentration was determined by nanodrop 2000 Spectrophotometer (Thermo Scientific).

Binding kinetics measured by surface plasmon resonance (SPR)
The binding kinetics of ACE2 to various SARS-CoV-2 RBD were analyzed by SPR (Biacore 8K, GE Healthcare). Specifically, anti-his antibody (Cytiva) was covalently immobilized to a CM5 sensor chip via amine groups in 10 mM sodium acetate buffer (pH 4.5) for a final RU around 7000. The wildtype and variants RBD-his were then captured by the anti-his sensor chip. The purified soluble ACE2-flag-strep were then injected into the chamber at five different concentrations. SPR assays were run at a flow rate of 30 μL/min in PBS buffer (with 0.05% Tween20). The sensorgrams were fit in a 1:1 binding model with Biacore 8k+ Evaluation software (GE Healthcare).

Data availability
The sequence of SARS-CoV-2 variants can be found in Supplementary Information of Figure S1 and Table S2.
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[image: ] Extended Data Figure 1, related to Figure 1. Amino acid substitutions in the spike of SARS-CoV-2 variants. The name and corresponding Pango lineage for each variant are indicated on the far left, together with specific residue substitutions along the full-length spike protein. The N-terminal domain (NTD) and receptor-binding domain (RBD) in the S1 region as well as S2 region are indicated, along with the residue numbers spanning the S1 and S2 regions. 


[image: ] Extended Data Figure 2. Receptor binding affinities of Omicron subvariant RBDs. Each RBD was produced and purified, and their binding to human ACE2 was measured by SPR.

Extended Data Table 1. Amino acid substitutions in spike protein of variants used in the study.
	Variant
	Pango Lineage
	Virus Name
	GISAID
	Amino Acid Substitutions

	Beta
	B.1.351
	hCoV-19/South Africa/NHLS-UCT-GS-0683/2020
	EPI_ISL_700450
	L18F, D80A, D215G,del242-244, S305T, K417N, E484K, N501Y, D614G, A701V

	Delta
	B.1.617.2
	hCoV-19/England/CAMC-14C9C71/2021
	EPI_ISL_1534938
	T19R, G142D, del156-157, R158G, A222V, L452R, T478K, D614G, P681R, D950N

	Omicron
	BA.1
	hCoV-19/Botswana/R42B90_BHP_000842207/2021
	EPI_ISL_6752027
	A67V, del69-70, T95I, G142D, del143-145, del211, L212I, ins214EPE, G339D, S371L, S373P, S375F, K417N, N440K, G446S, S477N, T478K, E484A, Q493R, G496S, Q498R, N501Y, Y505H, T547K, D614G, H655Y, N679K, P681H, N764K, D796Y, N856K, Q954H, N969K, L981F

	Omicron
	BA.2.75
	hCoV-19/USA/CA
Stanford-94_S13/2022
	EPI_ISL_14393635
	T19I, del24-26, A27S, G142D, K147E, W152R, F157L, I210V, V213G, G257S, G339H, S371F, S373P, S375F, T376A, D405N R408S, K417N, N440K, G446S, N460K, S477N, T478K, E484A, Q498R, N501Y, Y505H, D614G, H655Y, N679K, P681H, N764K, D796Y, Q954H, N969K

	Omicron
	BF.7
	hCoV-19/Australia/QLD0x011BC3/2022
	EPI_ISL_15429967
	T19I, del24-26, A27S, del69-70, G142D, V213G, G339D, R346T, S371F, S373P, S375F, T376A, D405N, R408S, K417N, N440K, L452R, S477N, T478K, E484A, F486V, Q498R, N501Y, Y505H, D614G, H655Y, N679K, P681H, N764K, D796Y, Q954H, N969K

	Omicron
	BA.5.2
	hCoV-19/USA/NY-URMC-C148-1/2022
	EPI_ISL_16520085
	T19I, del24-26, A27S, del69-70, G142D, V213G, G339D, S371F, S373P, S375F, T376A, D405N, R408S, K417N, N440K, L452R, S477N, T478K, E484A, F486V, Q498R, N501Y, Y505H, D614G, H655Y, N679K, P681H, N764K, D796Y, Q954H, N969K

	Omicron
	BQ.1
	hCoV-19/USA/NJ-CDC-QDX42300319/2022
	EPI_ISL_15458271
	T19I, del24-26, A27S, del69-70, G142D, V213G, G339D, S371F, S373P, S375F, T376A, D405N, R408S, K417N, N440K, K444T, L452R, N460K, S477N, T478K, E484A, F486V, Q498R, N501Y, Y505H, D614G, H655Y, N679K, P681H, N764K, D796Y,  Q954H, N969K

	Omicron
	BQ.1.1
	hCoV-19/USA/NJ-CDC-QDX42300331/2022
	EPI_ISL_15458263
	T19I, del24-26, A27S, del69-70, G142D, V213G, G339D, R346T, S371F, S373P, S375F, T376A, D405N, R408S, K417N, N440K, K444T, L452R, N460K, S477N, T478K, E484A, F486V, Q498R, N501Y, Y505H, D614G, H655Y, N679K, P681H, N764K, D796Y, Q954H, N969K

	Omicron
	XBB
	hCoV-19/England/LSPA-325CDF8C/2022
	EPI_ISL_15601178
	T19I, del24-26, A27S, V83A, G142D, del144, H146Q, Q183E, V213E, G339H, R346T, L368I, S371F, S373P, S375F, T376A, D405N, R408S, K417N, N440K, V445P, G446S, N460K, S477N, T478K, E484A, F486S, F490S, Q498R, N501Y, Y505H, D614G, H655Y, N679K, P681H, N764K, D796Y, Q954H, N969K

	Omicron
	XBB.1
	hCoV-19/Singapore/13878/2022
	EPI_ISL_15596825
	T19I, del24-26, A27S, V83A, G142D, del144, H146Q, Q183E, V213E, G252V, G339H, R346T, L368I, S371F, S373P, S375F, T376A, D405N, R408S, K417N, N440K, V445P, G446S, N460K, S477N, T478K, E484A, F486S, F490S, Q498R, N501Y, Y505H, D614G, H655Y, N679K, P681H, N764K, D796Y, Q954H, N969K

	Omicron
	XBB.1.5
	hCoV-19/USA/CT-YPL22-43936/2022
	EPI_ISL_16283160
	T19I, del24-26, A27S, V83A, G142D, del144, H146Q, Q183E, V213E, G252V, G339H, R346T, L368I, S371F, S373P, S375F, T376A, D405N, R408S, K417N, N440K, V445P, G446S, N460K, S477N, T478K, E484A, F486P, F490S, Q498R, N501Y, Y505H, D614G, H655Y, N679K, P681H, N764K, D796Y, Q954H, N969K






Extended Data Table 2. Demographic information for individuals in each group in Figure 1.
	　
	Sample ID
	Age
	Gender
	Vaccination
	Date of symptom onset
	Symptom

	BF.7 infection (1~4 weeks, n=8)
	1
	41
	Male
	No
	8
	Mild

	
	2
	30
	Female
	No
	16
	Mild

	
	3
	36
	Female
	No
	19
	Mild

	
	4
	26
	Female
	No
	16
	Mild

	
	5
	34
	Male
	No
	18
	Mild

	
	6
	38
	Female
	No
	25
	Mild

	
	7
	37
	Female
	No
	18
	Mild

	
	8
	36
	Male
	No
	20
	Mild

	BF.7 severe infection (1~4 weeks, n=6)
	9
	59
	Male
	No
	23
	Severe

	
	10
	74
	Female
	No
	16
	Severe

	
	11
	68
	Male
	No
	16
	Severe

	
	12
	67
	Male
	No
	17
	Severe

	
	13
	78
	Male
	No
	8
	Severe

	
	14
	71
	Male
	No
	20
	Severe

	WT infection (1~4 weeks, n=15)
	15
	62
	Male
	No
	14
	Mild

	
	16
	66
	Male
	No
	18
	Severe

	
	17
	35
	Male
	No
	14
	Mild

	
	18
	10
	Male
	No
	19
	Mild

	
	19
	65
	Female
	No
	18
	Severe

	
	20
	36
	Male
	No
	16
	Mild

	
	21
	29
	Female
	No
	<30
	Mild

	
	22
	33
	Male
	No
	<30
	Severe

	
	23
	36
	Female
	No
	<30
	Mild

	
	24
	58
	Female
	No
	<30
	Mild

	
	25
	29
	Female
	No
	<30
	Mild

	
	26
	3
	Female
	No
	<30
	Mild

	
	27
	6
	Female
	No
	<30
	Mild

	
	28
	57
	Female
	No
	<30
	Mild

	
	29
	44
	Female
	No
	<30
	Mild

	BF.7 breakthrough infection (<1 week, n=21)
	30
	26
	Male
	Yes×3
	1
	Mild

	
	31
	22
	Female
	Yes×3
	2
	Mild

	
	32
	43
	Female
	Yes×3
	6
	Mild

	
	33
	48
	Male
	Yes×3
	6
	Mild

	
	34
	53
	Male
	Yes×3
	5
	Mild

	
	35
	25
	Female
	Yes×3
	5
	Mild

	
	36
	28
	Female
	Yes×3
	5
	Mild

	
	37
	28
	Male
	Yes×3
	4
	Mild

	
	38
	24
	Male
	Yes×3
	4
	Mild

	
	39
	22
	Male
	Yes×3
	5
	Mild

	
	40
	28
	Female
	Yes×3
	4
	Mild

	
	41
	27
	Male
	Yes×3
	3
	Mild

	
	42
	24
	Female
	Yes×3
	6
	Mild

	
	43
	38
	Female
	Yes×3
	5
	Mild

	
	44
	24
	Male
	Yes×3
	4
	Mild

	
	45
	23
	Male
	Yes×3
	6
	Mild

	
	46
	30
	Female
	Yes×3
	6
	Mild

	
	47
	34
	Male
	Yes×3
	7
	Mild

	
	48
	26
	Male
	Yes×3
	7
	Mild

	
	49
	22
	Male
	Yes×3
	7
	Mild

	
	50
	24
	Male
	Yes×3
	7
	Mild

	BF.7 breakthrough infection (1~4 weeks, n=12)
	51
	24
	Female
	Yes×3
	8
	Mild

	
	52
	24
	Female
	Yes×3
	9
	Mild

	
	53
	24
	Female
	Yes×3
	9
	Mild

	
	54
	24
	Female
	Yes×3
	8
	Mild

	
	55
	22
	Male
	Yes×3
	10
	Mild

	
	56
	29
	Male
	Yes×3
	15
	Mild

	
	57
	38
	Female
	Yes×3
	10
	Mild

	
	58
	41
	Male
	Yes×3
	10
	Mild

	
	59
	23
	Male
	Yes×3
	15
	Mild

	
	60
	22
	Female
	Yes×3
	11
	Mild

	
	61
	23
	Female
	Yes×3
	12
	Mild

	
	62
	23
	Female
	Yes×3
	15
	Mild

	BF.7 breakthrough severe infection (1~4 weeks, n=9)
	63
	68
	Male
	Yes×2
	19
	Severe

	
	64
	86
	Male
	Yes×3
	28
	Severe

	
	65
	68
	Male
	Yes×3
	13
	Severe

	
	66
	79
	Male
	Yes×3
	12
	Severe

	
	67
	84
	Male
	Yes×3
	14
	Severe

	
	68
	79
	Male
	Yes×3
	15
	Severe

	
	69
	69
	Male
	Yes×3
	25
	Severe

	
	70
	70
	Female
	Yes×3
	8
	Severe

	
	71
	54
	Male
	Yes×3
	16
	Severe
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Figure S1
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