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Supplementary Materials and Methods
Cells
HEK293T cells were obtained from American Type Culture Collection (ATCC). We constructed HEK293T cells expressing human angiotensin-converting enzyme 2 (hACE2/HEK293T) in-house (Ma, Zou et al. 2020, Zhang, Li et al. 2023). Cells were maintained at 37 °C with 5% CO2, grown in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, Grand Island, New York, USA) supplemented with 10% fetal bovine serum (FBS) (Gibco), 100 units/mL penicillin (Gibco), and 100 μg/mL streptomycin (Gibco).

Setting and Study Subjects
A cohort of 25 participants completed the three-dose CoronaVac vaccine prior to the initial BA.5 infection wave in December 2022 was recruited. Blood was collected at one month and three months post-symptom onset (PSO) for retrospective research. Additionally, blood was collected at the fifth month PSO to confirm re-infection through the detection of neutralizing antibodies and antigen tests. The selection process was based on various factors, including vaccination history and exposure incidents (Supplementary Table S1). The criteria for inclusion were as follows: 1) Having received the complete three-dose CoronaVac vaccine prior to December 2022; 2) Infected with BA.5 and only experiencing mild symptom; 3) Falling within the age range of 18 to 60 years; 4) Demonstrating a history of close proximity and consistent personal interactions, residing on a university campus in Guangzhou; 5) Exposure to two distinct waves of local Omicron variant infections: BA.5 in December 2022 and the XBB lineage in May to June 2023; 6) No additional vaccine boosts; 7) Collection of blood samples from each participant at intervals of one, three, and five months following the onset of symptoms (PSO) subsequent to the initial BA.5 wave. The blood was collected into sodium-heparin tubes (Vacutainer, BD, Franklin Lakes, NJ, USA). PBMCs were isolated by density gradient sedimentation using Ficoll-Paque (Sigma-Aldrich, Rehovot, Israel) following the manufacturer’s protocol. Subsequently, cells were immediately frozen at -80 ℃ for future use.

Enzyme linked immunosorbent assay (ELISA)
SARS-CoV-2 BA.5 Spike S1+S2 ECD Protein (Sino Biological Inc., 40589-V08H32) was diluted to a concentration of 1.5 μg/mL in coating buffer to coat high-binding 96-well plates (Corning, New York, USA), respectively, overnight at 4 ℃ (Ma, Zou et al. 2020, Zhang, Li et al. 2023). After being washed three times with PBS, plates were blocked with 5% non-fat milk in PBS for 1 hour. After another three washes with PBS, sera was serially diluted and added to each well in duplicate, followed by incubation at 37 ℃ for 1 hour. Antigen-specific antibody detection in sera was carried out by adding HRP-conjugated goat anti-human antibody (Abcam, Cambridge, UK) at a dilution of 1:6000, followed by 1-hour incubation after three washes with PBS/T (containing 1% Tween-20). Plates were washed with PBS/T four times before adding 100 μL of TMB solution (eBioscience, San Diego, California, USA) to each well. After 5 minutes at room temperature, 100 μL of stop solution (Solarbio, Beijing, China) was added to quench the reaction, followed by absorbance measurement at 450 nm. The data was analyzed using GraphPad Prism 9.5.1 software for non-linear regression to calculate endpoint titers.

Pseudotyped virus neutralization assay
Pseudotyped SARS-CoV-2 S/HIV-1 viruses were packaged in HEK293T cells by co-transfecting them with a lentiviral construct pHIV-Luciferase (Addgene plasmid # 21375, Massachusetts, USA), a packaging construct psPAX2 (Addgene plasmid # 12260), and a pcDNA3.1 vector-plasmid expressing Omicron spike variants (GISAID: EPI_ISL_13199107) (Ma, Zou et al. 2020, Zhang, Li et al. 2023). The culture medium was replaced with fresh DMEM supplemented with 10% FBS and 1% penicillin-streptomycin 6-hour post-transfection. The supernatant was collected 48 hours post-transfection and then stored at -80℃ for neutralization assays after titration. To detect neutralizing potency against pseudotyped SARS-CoV-2 variants, sera from the aforementioned cohort was serially diluted and mixed with pseudotyped SARS-CoV-2 variants (Ma, Zou et al. 2020, Zhang, Li et al. 2023). The mixtures were incubated at 37 ℃ with 5% CO2 for 1-hour. Plasma/virus mixtures were then added to 96-well plates seeded with 3×104 hACE2-HEK293T cells per well and cultured for 48 hours. After discarding the supernatant, cells were lysed with passive lysis buffer (Promega, Madison, Wisconsin, USA), and the lysate was measured for relative luminescence units with a luminometer (Promega) (Ma, Zou et al. 2020, Zhang, Li et al. 2023). Neutralizing antibodies against indicated pseudotyped viruses were analyzed with GraphPad Prism 9.5.1 software using non-linear regression to measure the NT50 titers. 

Enzyme-Linked Immune Absorbent Spot (ELISpot) Assay
[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK7][bookmark: OLE_LINK9][bookmark: OLE_LINK17][bookmark: OLE_LINK60][bookmark: OLE_LINK63][bookmark: _Hlk139179459][bookmark: _Hlk139179623] PBMCs (100 μL, 2–7×105/well) were added to the wells and stimulated with SARS-CoV-2 BA.5 Spike (subunit 1 +subunit 2) peptides pool (GenScript, RP30223CN, New Jersey, USA) at a concentration of 3.15 μg/well in 37 ℃ incubator for 30 h. To detect antigen-specific lymphocytes, the Human IFN-γ Precoated ELISPOT kit (Dakewe, 2110005, USA) was used following the previous study in-house (Ma, Zou et al. 2020, Zhang, Li et al. 2023). The antigen-specific spots, indicating IFN-γ-positive T cells, were quantified using an S6 ultra immunoscan reader (Cellular Technology Ltd, USA), and the number of IFN-γ-positive T cells was calculated by ImmunoSpot 5.1.34 software (Cellular Technology Ltd.). The number of spots was converted into the number of spots per 5×105 PBMCs and plotted as mean ± SEM.

Flow Cytometry 
For analysis of surface markers, the LIVE/DEAD Fixable Viability Dyes (Thermo Scientific, 65-0865-14, Waltham, Massachusetts, USA) were used to exclude dead cells for analysis. Fluorochrome-conjugated monoclonal antibodies were stained for 30 min within Cell Staining Buffer (Biolegend, 420201, California, USA) at room temperature (18℃~25℃). The following antibodies were used: anti-CD45 (BD Biosciences, 566961, New Jersey, USA), anti-CD3 (BD Biosciences, 560835), anti-CD4 (BD Biosciences, 562424/563094), anti-CD8 (Biolegend, 344704), anti-CXCR5 (BD Biosciences, 562747) and anti-PD-1 (Biolegend, 329918).
For intracellular cytokine staining (ICCS), cells were stimulated for 1 h with Omicron BA.5 spike (subunit 1 + subunit 2) peptide pool (GenScript, RP30223CN), in the presence of 1 μg/mL anti-CD28 (Biolegend, 302934). Then, cells were co-incubated with 5 mg/mL brefeldin A (MCE, HY-16592, New Jersey, USA) and 2 mmol/L monensin (MCE, HY-N0150) at 37 ℃ with 5% CO2 for 5 h. Cell Stimulation Cocktail plus protein transport inhibitors (Invitrogen, 00-4975-93, California, USA) and DMSO were used as a positive and negative control, respectively (Ma, Zou et al. 2020, Zhang, Li et al. 2023). After the staining of T cell surface markers, cells were fixed and permeabilized with IC Fixation Buffer (eBioscience, 00-8222-49) and Permeabilization Buffer (eBioscience, 00-8333-56), then further stained with anti-IFN-γ (BD Biosciences, 551385) for 2.5 h on ice. 
For intracellular transcriptional factor staining, cells were performed with Transcription Factor Buffer Set (BD Biosciences, 562574) and stained with anti-T-bet (eBioscience, 12-5825-80) and anti-Foxp3 (Biolegend, 320105) for 2.5 h on ice. All flow cytometry data were analyzed by flow cytometry. Fluorescence-activated cell sorting (FACS) gating strategies are showed in Supplementary Figure S1.

Statistical analysis and reproducibility
Wilcoxon signed-rank tests, One-way ANOVA tests, Kruskal-Wallis tests, and Friedman tests were employed to analyze differences between two or more groups. Spearman’s rank correlation coefficient was used to measure correlations between different variables. Data analysis was conducted using GraphPad Prism 9.5.1. Flow cytometry results were analyzed using FlowJo software (Tree Star Inc, USA). Data are presented as mean ± SEM, and the results shown are representative of the biological replicates. Other method details can be found in the Supplementary materials.





Table S1. Detailed demographic information of Omicron variants convalescent
	Sample number 
	Gender
	Age
	BA.4/5 infection
	XBB variants
infection
	Vaccine Immunization History

	1
	Female
	25
	Infection
	Re-infection
	3 doses of inactivated vaccine CoronaVac

	4
	Female
	25
	Infection
	Re-infection
	3 doses of inactivated vaccine CoronaVac

	5
	Female
	25
	Infection
	Re-infection
	3 doses of inactivated vaccine CoronaVac

	8
	Female
	24
	Infection
	Re-infection
	3 doses of inactivated vaccine CoronaVac

	10
	Female
	26
	Infection
	Re-infection
	3 doses of inactivated vaccine CoronaVac

	18
	Female
	31
	Infection
	Re-infection
	3 doses of inactivated vaccine CoronaVac

	42
	Female
	25
	Infection
	Re-infection
	3 doses of inactivated vaccine CoronaVac

	89
	Female
	26
	Infection
	Re-infection
	3 doses of inactivated vaccine CoronaVac

	92
	Male
	32
	Infection
	Re-infection
	3 doses of inactivated vaccine CoronaVac

	63
	Female
	27
	Infection
	Re-infection
	3 doses of inactivated vaccine CoronaVac

	55
	Female
	34
	Infection
	Re-infection
	3 doses of inactivated vaccine CoronaVac

	58
	Male
	27
	Infection
	Re-infection
	3 doses of inactivated vaccine CoronaVac

	2
	Female
	24
	Infection
	
	3 doses of inactivated vaccine CoronaVac

	22
	Female
	25
	Infection
	
	3 doses of inactivated vaccine CoronaVac

	33
	Male
	22
	Infection
	
	3 doses of inactivated vaccine CoronaVac

	70
	Female
	31
	Infection
	
	3 doses of inactivated vaccine CoronaVac

	87
	Female
	50
	Infection
	
	3 doses of inactivated vaccine CoronaVac

	90
	Female
	32
	Infection
	
	3 doses of inactivated vaccine CoronaVac

	93
	Female
	35
	Infection
	
	3 doses of inactivated vaccine CoronaVac

	94
	Female
	40
	Infection
	
	3 doses of inactivated vaccine CoronaVac

	95
	Female
	24
	Infection
	
	3 doses of inactivated vaccine CoronaVac

	96
	Female
	43
	Infection
	
	3 doses of inactivated vaccine CoronaVac

	61
	Male
	60
	Infection
	
	3 doses of inactivated vaccine CoronaVac

	51
	Female
	33
	Infection
	
	3 doses of inactivated vaccine CoronaVac

	56
	Female
	28
	Infection
	
	3 doses of inactivated vaccine CoronaVac
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Figure S1 FACS gating strategy of SARS-CoV-2 spike-specific T cell. A FACS gating strategy of spike-specific CD8+ T cells, spike-specific CD4+ T cells both expressing expressing IFN-γ+, IL-2+, and IFN-γ+IL-2+ and distinct phenotypes of spike-specific CD8+ T cells and spike-specific CD4+ T cells from individuals who received the complete three-dose CoronaVac inactivated following BA.5 breakthrough infection. B FACS gating strategy of subtypes of CD4+ T cell from individuals who received the complete three-dose CoronaVac inactivated following BA.5 breakthrough infection.
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Figure S2 Antibody and T cell responses in individuals vaccinated with three doses of CoronaVac following BA.5 breakthrough infection. A, B Antibody responses including IgG and neutralizing antibody (nAb) against D614 and BA.5 at three distinct time points (at one month, three months and five months PSO) were showed. IgG titers were determined by ELISA using serial dilution, and represented as the reciprocal of the endpoint serum dilution. The average half-life (t1/2) (A) and levels (B) of D614 and BA.5 spike-specific total IgG. C, D Neutralizing abilities were detected by incubating serially diluted serum samples with pseudotyped SARS-CoV-2 variants (D614 and BA.5), and the NT50 was calculated by measuring the luciferase activity of infected hACE2-HEK293T cells. The average t1/2 (C) and levels (D) of nAb titers against D614 and BA.5. E, F PBMCs were stimulated with Omicron BA.5 spike (subunit 1 + subunit 2) peptides pool. The percentages of spike-specific IFN-γ+CD8+ T cells (E) and spike-specific IFN-γ+CD4+ T cells (F) were determined by intracellular cytokine staining (ICCS) at three distinct time points. Experiments were conducted independently in triplicates. Data represented as mean ± SEM. Adjusted P values were calculated by One-way ANOVA and Kruskal-Wallis tests. ∗P < 0.05, ∗∗∗∗ P < 0.0001. ns, not significant.
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Figure S3 Antibody broad-spectrum between the single-infection group and the re-infecction group. All samples of sera collected from individuals who had been infected with BA.5 after receiving three doses of CoronaVac from the single-infection group (n = 13) and the re-infection group (n = 12). A, B Neutralizing antibody titers between the single-infection group and the re-infection group at one month (A) and three months (B) PSO. C The comparison of neutralizing titers against D614, XBB and EG.5.1 in sera from the single-infection group (n = 13) and the re-infection group (n = 12) at one month and three months PSO were showed. Experiments were conducted independently in triplicates. Data represented as mean ± SEM. Adjusted P values were calculated by Wilcoxon signed-rank tests. ∗∗P < 0.01; ns, not significant.
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Figure S4 Further T cell subtypes and kinetics elicited by the hybrid immunity. All samples of sera and PBMCs collected from individuals who had been infected with BA.5 after receiving three doses of CoronaVac at three distinct time points (at one month post symptom onset (PSO) (n = 25), at three months PSO (n = 25) and at five months PSO (n=13) ). PBMCs were stimulated with Omicron BA.5 spike (subunit 1 + subunit 2) peptides pool. A The counts of BA.5 spike-specific lymphocytes expressing IFN-γ were determined by ELISpot assays. The percentages of specific T cells in T cell cohorts were determined by ICCS. B, C FACS gating strategy of BA.5 spike-specific IFN-γ+CD8+ T cells (B) and BA.5 spike-specific IFN-γ+CD4+ T cells (C). D The percentages of spike-specific CD4+ T cells expressing IL-2+ (left) and IFN-γ+IL-2+ (right). E The percentages of spike-specific CD8+ T cells expressing IL-2+ (left) and IFN-γ+IL-2+ (right). F, G Distribution of central memory (TCM), effector memory (TEM), and terminally differentiated effector memory cells (TEMRA) among total SARS-CoV-2-specific CD8+ T cells (F) and total SARS-CoV-2-specific CD4+ T cells (G). H The proportion of TCM (CD8+CCR7+CD45RA-), TEM (CD8+CCR7-CD45RA-) and TEMRA (CD8+CCR7-CD45RA+) in spike-specific memory CD8+ T cells at one month PSO and three months PSO. I The proportion of TCM (CD4+CCR7+CD45RA-), TEM (CD4+CCR7-CD45RA-) and TEMRA (CD4+CCR7-CD45RA+) in spike-specific memory CD4+ T cells at one month PSO and three months PSO. Experiments were conducted independently in triplicates. Data represented as mean ± SEM. Adjusted P values were calculated by Wilcoxon signed-rank tests and Mann-Whitney U tests. ns, not significant.

















image1.jpeg
Figure S1

A All Events Lymphocytes Single Cells Single Cells
Lymphocytes i
s Single Cells Single Cells Live Gells
</ H z <
Q Q o o
2 2 £5 3 3
FSC-A FSC-A SSC-A Live/Dead-Fixable Viability Dye
Live Cells CD45+ cba+ CD4+CCR7+CDA5RA-
. D4+ w0
& ’- 4 IFNy+
g o =
3 g 3 3
3 3 & 3
° g
3 S
Cog+ S
CD45-R718 CDB-FITC IFNy-APC
cD4r cos+ cog+ CDB+CCR7+CD45RA-
¥ Ny+IL-2+ ™
g afev e
o ieefEwen of por &
Q g &
w b 5 <
& o 3 9
3 i - B 8
FNy+ FNvy G v
TEM TEMRA.
IFNY-APC IFNY-APC CD45RA-BV510 IFNY-APC
B
All Events Lymphocytes Single Cells Unstained control Stained sample
0016
Lymphocytes Single Cells 3 3
5 3 Single Cells 3 ]
i % 7 " H 3
S S S 2 4
2 2 2 S S
@ & 3 g K
S 3
: 1.36
FSC-A FSC-A SSCA PD-1-PE-CY7 PD-1-PE-CY7
CD45+ Live Cells single Cells
i) CDas+
pd
3
< 2
S H 3 Live Cells
@ cD3+ & i @
a
CD3-PerCP-Cy5.5 CD45-R718 Live/Dead-Fixable Viability Dye
%
S
2
@
PD-1-PECY7
cDa+ cDa+
The Treg
< < <
8 2 a Foxp3
2 GATA3 2 T-bet 2 oxp:
GATA3-AF647 T-bet-PE Foxp3-FITC




image2.jpeg
Figure S2

Pseudotyped SARS-CoV-2
NAb iter! 10g 14(IC50)

§SC-A —»

SSC-A

Anti-Spike ECD IgG
Endpoint Titer (logy

Anti-D614 Total IgG titer

1/2=132.9 days

Anti-BA.5 Total IgG titer

1/2=93.22 days

8 P<0.0001 8 P=0.0358
R2=0.4576 R2=0.07026
Qe
6 256
2z e .
g 8 o °
4 GE 4
2 ° ®
5 o
2 252
Lyl
o4 o4
SRR eSS PSS CE RS PSS
Days PSO Days PSO
Anti-D614 nAb titer Anti-BA.5 nAb titer
1/2=129.7 days 11/2=81.90 days
6 P<0.0001 o 8 P=0.0054
R2=0.3120 2o s
5 55
38
4 0o g ¢
34 g 3
e d i3
2 ° 0% 8 o 52 2
1 o EER
D e
0 &
R R RO M O B GO
Days PSO Days PSO
Spike-specific CD8* T Cells
NC ™M am 5M
0.051 013 013 0.076
=
Las RO R RO L b L R N YRR T P T e
IFNYy-APC >
Spike-specific CD4" T Cells
NC M M 5M
0.051 0.16 012 0.17
& 3
! |
E
R B | CR B M R R L o R
IFNy-APC >

Total IgG

kS
® mme o o
a—es o

o emwn

Anti-Spike 1gG
Endpoint Titer (logo)
N
© ommnee
e
-

°

o M

nAb titer

- ns ——
T T 1 r r
9723 6409 1045 1440 300.7

ns

— 1
179.9

N e s oo

Pseudotyped SARS-CoV-2
AD titer/ og 1o(IC50)
.
.
”

°

. ™
o E o am
g2 o 5M
238
o
25
-4
a8
mO
ns ns
04 —r—
. ™M
g 03 : . e
g
88 o . ’ o s
6 H
i o B
283} 1 : ' i
00 -
N




image3.jpeg
Figure S3

1.54X
0.4696

2.39X
0.0160

0.41X
0.1519

1.39X
0.9362

™

0.71X
0.8517

4.32X
06111

1.83X
0.4787

3.36X
0.0974

0.32X
0.9041

0.32X
0.5402

r 1
1168 760.8

Pseudotyped SARS-CoV-2
AD titer/ logo(IC50)

r 1
1997 8366

r 1
2207 5540

r 1
159.6

2214

r 1
2022 2867

»

r 1
1858 4297

r 1
6309 3455

r 1
1307 3891

r 1
3967 1255

r 1
14.05

15.84

7.60X
0.1121

1.99X
0.1225

0.83X
0.9362

1.86X
0.8517

3m

1.48X
0.9362

0.43X
0.6021

0.67X
0.2871

1.01X
0.2255

1.95X
0.1934

1.76X
0.1233

1098

1444

Pseudotyped SARS-CoV-2
nAb titer/ log o(IC50)

T 1
3949  198.7

T 1
1558

1286

T 1
1715 91.98

+ %

r 1
156.0

1053

T 1
1235

2899

r 1
2575

:E..

38.50

r 1
29.99

i

2961

r 1
27.98 1432

o
s

T
14.60

8313

Anti-D614 nAb titer

1168 760.8 1098 1444

Pseudotyped SARS-CoV-2

Pseudotyped SARS-CoV-2

NAD titer! logo(IC50)

o

N

Anti-XBB nAb titer

Pseudotyped SARS-CoV-2
nAD titer! logo(IC50)

%
%

Anti-EG.5.1 nAb titer

ns

=]

ns —e—  Rednfection
—

14.05 15.84 14.60 8.313 —e— Single-infection

N e s oo oo





image4.jpeg
Figure S4

A M
BA.5 Spike-specific Cell Control

3M
BA.5 Spike-specific Cell Control

260 27857 N

B C
Spike-specific CD8* T Cells Spike-specific CD4* T Cells
NC M M NC ™ M
0.051
] -
< < 3
S ey §
&
IFNy-APC > IFNy-APC >
D E:
ns s ns_ns
04y T J o 020 r .“ 1 P
2 8 o 8
3 o3 . 016 3 =
o 2 o ) 3
2 . 3 on 3 ]
o 02 s % . o 5
K . H o 0084 i y
8 ool e 2 s o 2
2 . = P— 3 z
. 3 004 3 3 z
2 =

N

'r|
@

Spike-specific/Total ITotal
CD8" T cell CD4* T cell

Phenotype(%CD8" T cells)
Phenotype(%CD4" T cells)

CCR7-PerCP-Cy5.5 —»
CCR7-PerCP-Cy5.5 —%

0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180

CD45RA-BV510 ——— Days PSO CD45RA-BV510———— Days PSO

H
™ am
s s ns ns ns ns
10 X 0.20 r
= = = =
§_ 08 . g 5 H
EE EE E Eg
%g 06 3 2 g9
ez s
g8 23 g8 23
g§r o4 gr 8- Br
] . g% 7% 7y
£8 02 . £8 3 i
& & & &
00
’eS <&





