Table S1. Information about disulfide bonds in disulfide bond-stabilized HA models analyzed using PyMOL software.

	# of HA
Sample
	Distance between Cβ 
of Cys (Å)
	Distance between sulfur atoms (Å)
	Distance between Cys Cα (Å)
	Dihedral of Cα-S-S-Cα (°)
	Dihedral of 
Cβ-S-S-Cβ (°)
	Dihedral of Cα-Cβ-Cβ-Cα (°)
	Position codes

	WA11#1
	5.8
	2.3
	7.0
	64.6
	38
	105.0
	2

	WA11#2
	4.5
	2.0
	4.7
	99.1
	153.6
	18.0
	33

	WA11#3
	3.8
	2.0
	5.8
	133.9
	81.3
	158.4
	43

	WA11#4
	3.8
	2.0
	5.0
	98.7
	64.7
	149.6
	47

	WA11#5
	4.1
	2.0
	6.0
	99.5
	115.8
	135.6
	47

	WA11#6
	4.9
	1.5
	7.1
	179.0
	94.5
	94.9
	50

	NC99#1
	3.9
	1.0
	4.7
	109.3
	124.7
	100.9
	2

	NC99#2
	3.9
	2.0
	4.0
	4.7
	8.5
	23.8
	33

	NC99#3
	4.3
	1.8
	6.4
	100.4
	123.7
	140.4
	43

	NC99#4
	3.9
	1.9
	5.6
	127.9
	136.5
	125.5
	47

	NC99#5
	3.6
	1.9
	4.7
	79.1
	99.6
	86.1
	47

	NC99#6
	4.7
	2.3
	7.3
	148.9
	119.8
	175.2
	23

	FLD#1
	3.8
	1.4
	5.7
	140.8
	126.8
	66.1
	44

	FLD#2
	2.9
	1.8
	5.9
	104.5
	64.8
	169.7
	6

	FLD#3
	4.5
	2.1
	6.3
	175.5
	156.3
	60.8
	51

	CLD#1
	3.9
	1.7
	6.1
	135.6
	117
	70.4
	43

	CLD#2
	3.4
	2.0
	6.1
	82.1
	74.3
	170.1
	5

	CLD#3
	4.7
	2.1
	5.5
	119.4
	173.4
	47.0
	50




Table S2. Proportion analysis of homo-polymeric HA ectodomain by using Cytiva Unicorn 7.6 software. The values of proportion were calculated based on the UV absorption peaks, and the values over 50% are marked in green background. 

	#of HA
Sample
	Oligomers (%)
	Hexamers (%)
	Trimers 
(%)
	Dimers 
(%)
	Monomers (%)

	WA11wt
	23.5
	ND
	5.67
	70.83
	ND

	WA11#1
	21.31
	42.66
	6.67
	6.74
	22.61

	WA11#2
	67.67
	16.35
	11.1
	ND
	4.87

	WA11#3
	66.85
	18.76
	10.16
	ND
	4.23

	WA11#4
	27.65
	ND
	50.02
	22.34
	ND

	WA11#5
	22.61
	ND
	64.03
	13.36
	ND

	WA11#6
	39.25
	43.34
	10.4
	ND
	7.01

	NC99wt
	84.15
	ND
	ND
	15.85
	ND

	NC99#1
	68.77
	17.7
	ND
	5.65
	7.87

	NC99#2
	48.95
	ND
	48.61
	ND
	2.43

	NC99#3
	43.31
	ND
	46.55
	ND
	10.14

	NC99#4
	35.88
	41.03
	ND
	15.28
	7.81

	NC99#5
	60.33
	13.3
	19.95
	ND
	6.41

	NC99#6
	43.13
	19.6
	8.74
	7.18
	21.34

	FLDwt
	14.54
	3.79
	3.38
	78.29
	ND

	FLD#1
	ND
	13.28
	86.72
	ND
	ND

	FLD#2
	15.43
	ND
	68.05
	16.52
	ND

	FLD#3
	54.03
	15.18
	10.96
	10.09
	9.75

	CLDwt
	36.6
	ND
	16.6
	42.33
	4.46

	CLD#1
	32.15
	ND
	67.85
	ND
	ND

	CLD#2
	33.71
	ND
	66.29
	ND
	ND

	CLD#3
	17.04
	47.79
	ND
	8.18
	26.98


ND: No UV absorption peaks were detected.


Table S3. The binding activities of recombinant HA proteins to monoclonal antibodies were detected in ELISA. Area under curve (AUC) values were generated by using software Graphpad Prism 8.0. 

	#of HA
Sample
	CT149
(AUC)
	3I14
(AUC)
	CR9114
(AUC)
	CR6261
(AUC)
	FISW84
(AUC)
	SD83
(AUC)

	WA11wt
	13.98
	13.18
	17.41
	16.08
	22.21
	NT

	WA11#1
	15.26
	8.205
	19.29
	18.16
	22.22
	NT

	WA11#2
	15.33
	8.477
	19.52
	15.79
	21.21
	NT

	WA11#3
	14.82
	7.654
	20.97
	19.14
	22.3
	NT

	WA11#4
	17.95
	17.88
	19.87
	18.93
	20.98
	NT

	WA11#5
	17.62
	18.57
	19.84
	19.28
	21.5
	NT

	WA11#6
	15.03
	7.727
	17.51
	16.27
	20.89
	NT

	NC99wt
	2.277
	6.723
	16.05
	16.21
	20.49
	NT

	NC99#1
	2.943
	3.316
	19.22
	12.23
	21.36
	NT

	NC99#2
	13.92
	18.65
	17.37
	17.7
	20.92
	NT

	NC99#3
	8.533
	15.15
	16.33
	16.35
	21.05
	NT

	NC99#4
	2.508
	2.584
	17.3
	14.85
	20.86
	NT

	NC99#5
	4.44
	3.083
	17.82
	17.12
	21.46
	NT

	NC99#6
	2.215
	2.426
	15.1
	13
	21
	NT

	FLDwt
	NT
	NT
	17.32
	NT
	NT
	25.29

	FLD#1
	NT
	NT
	15.02
	NT
	NT
	25.01

	FLD#2
	NT
	NT
	19.55
	NT
	NT
	25.19

	FLD#3
	NT
	NT
	13.26
	NT
	NT
	15.12

	CLDwt
	NT
	NT
	18.81
	NT
	NT
	24.2

	CLD#1
	NT
	NT
	19.11
	NT
	NT
	23.03

	CLD#2
	NT
	NT
	20.08
	NT
	NT
	24.12

	CLD#3
	NT
	NT
	10.18
	NT
	NT
	12.15


NT: No test was performed.


Table S4. BALB/c mice immunization groups (n = 5 per group, 10 μg per dose). 

	# of group
	Immunization groups
	Prime
	Boost 
	Virus challenges

	1
	WA11wt
	WA11wt
	WA11wt
	

4 × mLD50 PR8 or
4 × mLD50 X179A

	2
	WA11#4
	WA11#4
	WA11#4
	

	3
	WA11#5
	WA11#5
	WA11#5
	

	4
	NC99wt
	NC99wt
	NC99wt
	

	5
	NC99#2
	NC99#2
	NC99#2
	

	6
	PBS
	PBS
	PBS
	

	7
	FLD-foldon
	FLD-foldon
	FLD-foldon
	




6 × mLD50 Iba85

	8
	FLDwt
	FLDwt
	FLDwt
	

	9
	FLD#1
	FLD#1
	FLD#1
	

	10
	FLD#2
	FLD#2
	FLD#2
	

	11
	FLD#3
	FLD#3
	FLD#3
	

	12
	CLD-foldon
	CLD-foldon
	CLD-foldon
	

	13
	CLDwt
	CLDwt
	CLDwt
	

	14
	CLD#1
	CLD#1
	CLD#1
	

	15
	CLD#2
	CLD#2
	CLD#2
	

	16
	CLD#3
	CLD#3
	CLD#3
	

	17
	PBS
	PBS
	PBS
	




Table S5. The amino acid sequences of recombinant HA from WA11wt, NC99wt, FLDwt and CLDwt. The amino acid sequences of HA1 and HA2 were colored in orange and blue.

	[bookmark: _Hlk142937516]Recombinant HA
	Amino acid sequences

	



WA11wt
	MKFLVNVALVFMVVYISYIYADTLCIGYHANNSTDTVDTVLEKNVTVTHSVNLLEDKHNGKLCKLRGVAPLHLGKCNIAGWILGNPECESLSTASSWSYIVETSSSDNGTCYPGDFIDYEELREQLSSVSSFERFEIFPKTSSWPNHDSNKGVTAACPHAGAKGFYKNLIWLVKKGNSYPKLSKSYINDKGKEVLVLWGIHHPSTTADQQSLYQNADTYVFVGTSRYSKKFKPEIAIRPKVRDQEGRMNYYWTLVEPGDKITFEATGNLVVPRYAFAMERNAGSGIIISDTPVHDCNTTCQTPKGAINTSLPFQNIHPITIGKCPKYVKSTKLRLATGLRNVPSIQSRGLFGAIAGFIEGGWTGMVDGWYGYHHQNEQGSGYAADLKSTQNAIDKITNKVNSVIEKMNTQFTAVGKEFNHLEKRIENLNKKVDDGFLDIWTYNAELLVLLENERtLDYHDSNVKNLYEKVRNQLKNNAKEIGNGCFEFYHKCDNTCMESVKNGTYDYPKYSEEAKLNREEIDGVKLESTRIYQIEGRHHHHHH


	



NC99wt
	MKFLVNVALVFMVVYISYIYADTICIGYHANNSTDTVDTVLEKNVTVTHSVNLLEDSHNGKLCLLKGIAPLQLGNCSVAGWILGNPECELLISKESWSYIVETPNPENGTCYPGYFADYEELREQLSSVSSFERFEIFPKESSWPNHTVTGVSASCSHNGKSSFYRNLLWLTGKNGLYPNLSKSYVNNKEKEVLVLWGVHHPPNIGNQRALYHTENAYVSVVSSHYSRRFTPEIAKRPKVRDQEGRINYYWTLLEPGDTIIFEANGNLIAPWYAFALSRGFGSGIITSNAPMDECDAKCQTPQGAINSSLPFQNVHPVTIGECPKYVRSAKLRMVTGLRNIPSIQSRGLFGAIAGFIEGGWTGMVDGWYGYHHQNEQGSGYAADQKSTQNAINGITNKVNSVIEKMNTQFTAVGKEFNKLERRMENLNKKVDDGFLDIWTYNAELLVLLENERTLDFHDSNVKNLYEKVKSQLKNNAKEIGNGCFEFYHKCNNECMESVKNGTYDYPKYSEESKLNREKIDGVKLESMGVYQIEGRHHHHHH


	



FLDwt
	MKFLVNVALVFMVVYISYIYADRICTGITSSNSPHVVKTATQGEVNVTGVIPLTTTPTKSYFANLKGTRTRGKLCPDCLNCTDLDVALGRPMCVGTTPSAKASILHEVKPVTSGCFPIMHDRTKIRQLPNLLRGYENIRLSTQNVIDAEKAPGGPYRLGTSGSCPNATSKSGFFATMAWAVPKDNNKNATNPLTVEVPYICTEGEDQITVWGFHSDDKTQMKNLYGDSNPQKFTSSANGVTTHYVSQIGSFPDQTEDGGLPQSGRIVVDYMMQKPGKTGTIVYQRGVLLPQKVWCASGRSKVIKGSLPLIGEADCLHEKYGGLNKSKPYYTGEHAKAIGNCPIWVKTPLKLANGTKYRPPAKLLKERGFFGAIAGFLEGGWEGMIAGWHGYTSHGAHGVAVAADLKSTQEAINKITKNLNSLSELEVKNLQRLSGAMDELHNEILELDEKVDDLRADTISSQIELAVLLSNEGIINSEDEHLLALERKLKKMLGPSAVEIGNGCFETKHKCNQTCLDRIAAGTFNAGEFSLPTFDSLNITAAHHHHHH


	



CLDwt
	MKFLVNVALVFMVVYISYIYADRICTGITSSNSPHVVKTATQGEVNVTGVIPLTTTPTKSHFANLKGTETRGKLCPKCLNCTDLDVALGRPKCTGKIPSARVSILHEVRPVTSGCFPIMHDRTKIRQLPNLLRGYEHVRLSTHNVINAEGAPGGPYKIGTSGSCPNITNGNGFFATMAWAVPDKNKTATNPLTIEVPYVCTEGEDQITVWGFHSDNETQMAKLYGDSKPQKFTSSANGVTTHYVSQIGGFPNQTEDGGLPQSGRIVVDYMVQKSGKTGTITYQRGILLPQKVWCASGRSKVIKGSLPLIGEADCLHEKYGGLNKSKPYYTGEHAKAIGNCPIWVKTPLKLANGTKYRPPAKLLKERGFFGAIAGFLEGGWEGMIAGWHGYTSHGAHGVAVAADLKSTQEAINKITKNLNSLSELEVKNLQRLSGAMDELHNEILELDEKVDDLRADTISSQIELAVLLSNEGIINSEDEHLLALERKLKKMLGPSAVEIGNGCFETKHKCNQTCLDKIAAGTFDAGEFSLPTFDSLNITAAHHHHHH




Table S6. The parameters for data collection by negative stain TEM were listed as follows. 

	Parameters for data collection
	Description

	EM equipment
	Thermo Fisher Talos L120C

	Voltage (kV)
	120

	Detector
	CETA

	Defocus value (μm)
	-2.2 to -2.6

	Magnification
	73000 ×

	Pixel size (Å)
	1.92

	Micrographs collected
	153

	Micrographs used for 2D classification
	153






