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Table S2a. A complete list of viruses included in this review. 

Parental strain Known as Mutations 
Corresponding mutations in 

SARS-CoV-2 Origins Reference 

SARS-CoV-2 
strain TY38-873 (Omicron) 

Lineage BA.1 

NSP3: K38R P985L T1004I SL1265–
1266I A1892T NSP4 T492I 

NSP5 P132Y 
NSP6: Δ105–107 I189V NSP12 P303L 

NSP14 I42V 
Spike: A67V Δ69–70 T95I G142D 
Δ143-145 NL211–212I RD214–

215EPE 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 
Envelope T9I 

Membrane: D3G Q19E A63T 
Nucleocapsid: P13L Δ31–33 RG203–

204KR 
ORF10 V30L 

- 
Naturally 
occurring [1] 

SARS-CoV-2 

Omicron variant, strain 
B.1.1.529, isolate hCoV-

19/USA/WI-WSLH-
221686/2021 

Lineage BA.1 

NSP3: K38R SL1265–1266I A1892T 
NSP4 T492I NSP5 P132H 

NSP6 Δ106-108 
NSP12 P323L 
NSP14 I42V 

NSP16 L126F 
Spike: A67V Δ69–70 T95I G142D 
Δ143-145 NL211-212I 214EPE 

insertion G339D S371F S373P S375F 
K417N N440K G446S S477N T478K 
E484A Q493R G496R Q498R N501Y 
Y505H T547K D614G H655Y N679K 
P681H D796Y N856K Q954H N969K 

- Naturally 
occurring 

[2] 



 

L981F Envelope: T9I 
Membrane: D3G Q19E A63T 

Nucleocapsid: P13L Δ31–33 RG203–
204KR 

SARS-CoV-2 
hCoV-19/USA/NY-

MSHSPSP-PV44476/2021 
Lineage BA.1 

NSP3: K38R SL1265–1266I A1892T 
NSP4 T492I NSP5 P132H NSP6 

Δ106–108 
NSP12 P323L 
NSP14 I42V 

Spike: A67V Δ69–70 T95I G142D 
Δ143-145 NL211–212I 214EPE 

insertion G339D S371F S373P S375F 
K417N N440K G446S S477N T478K 
E484A Q493R G496R Q498R N501Y 
Y505H T547K D614G H655Y N679K 
P681H A701V D796Y N856K Q954H 

N969K L981F 
Envelope: T9I 

Membrane: D3G Q19E A63T 
Nucleocapsid: P13L Δ31–33 RG203-

204KR 

- 
Naturally 
occurring [2] 

SARS-CoV-2 

Omicron variant, lineage 
BA.1, isolates: 

hCoV-19/USA/NY-
MSHSPSP-PV44488/2021 
hCoV-19/USA/GA-EHC-

2811C/2021 
hCoV-19/Japan/NC928-

2N/2021 
 

NSP3: K38R SL1265–1266I A1892T 
NSP4 T492I 
NSP5 P132H 

NSP6 Δ106–108 
NSP12 P323L 
NSP14 I42V 

Spike: A67V Δ69-70 T95I G142D 
Δ143-145 NL211–212I 214EPE 

insertion G339D S371F S373P S375F 
K417N N440K G446S S477N T478K 
E484A Q493R G496R Q498R N501Y 
Y505H T547K D614G H655Y N679K 

- Naturally 
occurring 

[2] 



 

P681H D796Y N856K Q954H N969K 
L981F Envelope: T9I 

Membrane: D3G Q19E A63T 
Nucleocapsid: P13L Δ31–33 RG203-

204KR 

SARS-CoV-2 

B.1.1.529/Omicron (R346K) 
(GenBank: 
OM212473) 

Lineage BA.1.1 

NSP3: K38R SL1265-1266I A1892T 
NSP4 T492I NSP5 P132H NSP6: 
Δ105–107 I189V NSP12 P323L 

NSP14 I42V Spike: A67V Δ69–70 
T95I G142D Δ143-145 NL211-212I 

214EPE insertion G339 R346K 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 
Envelope T9I Membrane: D3G Q19E 

A63T Nucleocapsid: P13L Δ31-33 
R203K G204R 

- Naturally 
occurring 

[3] 

SARS-CoV-2 

B.1.1.529/Omicron (GenBank: 
OM212472) 
SARS-CoV-

2/human/HKG/HKU-
691/2021 

Lineage BA.1 

NSP3: K38R SL1265-1266I A1892T 
NSP4 T492I 
NSP5 P132H 

NSP6: Δ105-107 I189V 
NSP12 P323L 
NSP14 I42V 

Spike: A67V Δ69–70 T95I G142D 
Δ143-145 NL211-212I 214EPE 

insertion 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 

- 
Naturally 
occurring [3] 



 

Envelope T9I 
Membrane: D3G Q19E A63T 

Nucleocapsid: P13L Δ31–33 R203K 
G204R 

SARS-CoV-2 SARS-CoV2 GZ69 

Relative to AP66: 
NSP3: P74S S370L 

S protein: K74N I95T 
N protein: R203K G204R 

 
Relative to WuhanHu-1: 

NSP3: P74S S370L 
NSP12 P323L 

S protein D614G 
N protein: R203K G204R 

- 
Naturally 
occurring [4] 

SARS-CoV-2 HK-13 Del-Mut-1 Spike Δ679–688 - Serial passage 
in Vero E6 cells 

[5,6] 

SARS-CoV-2 HK-13 Ca-DelMut 

Spike: P25L V367F del679–688 
NSP3 A578V 

Envelope F20S 
ORF8: V62L L84S 

- Serial passage 
in Vero E6 cells 

[6] 

SARS-CoV-2 SH01 Sdel Spike Δ683–689 - Serial passage 
in Vero E6 cells [7] 

SARS-CoV-2 strain 
England/2/2020 (VE6-T) ΔCS Spike: Δ679–686 V687I - Serial passage 

in Vero E6 cells [8] 

SARS-CoV-2 USA-WA1/2020 rSARS-CoV-2/ORFΔ3a ORF3a deletion - Reverse 
genetics 

[9] 

SARS-CoV-2 USA-WA1/2020 rSARS-CoV-2/ORFΔ6 ORF6 deletion - Reverse 
genetics 

[9] 

SARS-CoV-2 USA-WA1/2020 rSARS-CoV-2/ORFΔ7a ORF7a deletion - Reverse 
genetics 

[9] 

SARS-CoV-2 USA-WA1/2020 rSARS-CoV-2/ORFΔ7b ORF7b deletion - Reverse 
genetics 

[9] 



 

SARS-CoV-2 USA-WA1/2020 ΔPRRA Spike Δ681–684 - 
Reverse 
genetics [10] 

SARS-CoV-2 USA-WA1/2020 CDX-005/COVI-VAC 
Codon pair deoptimized region: 

24106–25378 (nt) 
Spike Δ678–689 

- Reverse 
genetics [11] 

SARS-CoV-2 USA-WA1/2020 
mNeonGreen (SARS-CoV-2 
USA-WA1/2020 expressing 

mNeonGreen reporter) 

ΔPRRA mNeonGreen Spike Δ681–684 - Reverse 
genetics 

[10] 

SARS-CoV-2 USA-WA1/2020 
mNeonGreen (SARS-CoV-2 
USA-WA1/2020 expressing 

mNeonGreen reporter) 

ΔORF3-E virion 

Envelope deletion 
ORF3 deletion 

TRS replacement (ACGAAC to  
CCGGAU) 

- Reverse 
genetics 

[12] 

SARS-CoV-2 USA-WA1/2020 
mNeonGreen (SARS-CoV-2 
USA-WA1/2020 expressing 

mNeonGreen reporter) 

ΔORF3-E P10 virion 

Envelope deletion 
ORF3 deletion 

TRS replacement (ACGAAC to  
CCGGAU) 
NSP1 Y97N 
NSP4 K35I 

Spike P812R 

- 

Reverse 
genetics+ 

passaging in 
complementary 

cell line 

[12] 

SARS-CoV-2 USA-WA1/2020 
mNeonGreen (SARS-CoV-2 
USA-WA1/2020 expressing 

mNeonGreen reporter) 

S-IV-P5-Vero-P2 virion 

Envelope deletion 
ORF3 deletion 

TRS replacement (ACGAAC to  
CCGGAU) 

NSP15 A54T 
NSP16 D108N 

Spike: N679D S689G N709D 
Membrane: T130N 

- 

Reverse 
genetics+ 

passaging in 
complementary 

cell line and 
Vero E6 cells 

[12] 

SARS-CoV-2 WK-521 R685H Spike R685H - Serial passage 
in Vero E6 cells 

[13] 

SARS-CoV-2 WK-521 del2 Spike Δ683–689 - 
Serial passage 

in Vero E6 cells [13] 



 

SARS-CoV-2 Wuhan-Hu-1/2019 rSARS-CoV-2 nsp14 Y420A NSP14 Y420A - 
Reverse 
genetics [14] 

SARS-CoV-2 Wuhan-Hu-1/2019 sCPD9 
Codon pair deoptimized region: 

20358–21503 (nt) - 
Reverse 
genetics [15,16] 

SARS-CoV-2 Wuhan-Hu-1/2019 sCPD10 
Codon pair deoptimized region: 

24308–25306 (nt) - 
Reverse 
genetics [15] 

SARS-CoV-2 Wuhan-Hu-1/2019 CPD6 
Codon pair deoptimized regions: 

11969–13450; 13953–14306 (nt) - 
Reverse 
genetics [15] 

SARS-CoV-
2/human/Korea/CNUHV03/2020 

CoV-2-CNUHV03-CA22°C 

NSP2: Δ82–84 M85V G233E 
NSP3: N1184D G1585D S1922N 

A2372V P2725L A2753V 
NSP4: S2871G P2972S G2985R 

NSP6: F3606L N3609K 
NSP7 D3926A 

NSP12: R4608W S4806N A5155V 
NSP13: L5604F V5849I 
NSP16: C7038S P7059S 

Spike: C38Y S86F G96E G151S 
S968A 

ORF7a: Y67C 
Nucleocapsid: I361K 

- 

Serial passage 
in Vero E6 cells 

- cold-
adaptation 

[17] 

SARS-CoV MA15 mutPBM/rSARS-CoV-MA15-
(E-PBM-) 

Envelope DLLV73–76GGGG Envelope DLLV72–75GGGG Reverse 
genetics 

[18–20] 

SARS-CoV MA15 N15A/rSARS-CoV-E-N15A Envelope N15A Envelope N15A Reverse 
genetics 

[18,21] 

MERS-CoV EMC rMERS-CoV-ΔE Envelope protein deletion Envelope protein deletion Reverse 
genetics 

[22] 

MERS-MA30 rMERS-MA30-ΔE Envelope protein deletion Envelope protein deletion Reverse 
genetics 

[22] 

MERS-MA30-Δ5 
(MERS-MA30 with ORF5 

deletion) 
rMERS-MA30-Δ[5, E] Envelope protein deletion Envelope protein deletion 

Reverse 
genetics [22] 



 

rMERS-MA30-Δ[3, 4a, 4b, 5] 
(MERS-MA30 with ORF3-5 

deletion) 

rMERS-MA30-Δ[3, 4a, 4b, 5, 
E] Envelope protein deletion Envelope protein deletion Reverse 

genetics [22] 

rSARS-CoV-Urbani-Δ[6–9b] 
(SARS-CoV Urbani with ORF6–

9b deletion) 
rSARS-CoV-Δ[E, 6–9b] Envelope protein deletion Envelope protein deletion 

Reverse 
genetics [23] 

SARS-CoV MA15 rMA15-ΔE/rSARS-CoV-
ΔE/rSARS-CoV-MA15-ΔE 

Envelope protein deletion Envelope protein deletion Reverse 
genetics 

[18,20,21.24–26] 

SARS-CoV Urbani rSARS-CoV-ΔE (rU-ΔE) Envelope protein deletion Envelope protein deletion Reverse 
genetics 

[23,24,27–30] 

SARS-CoV MA15 V25F/rSARS-CoV-EV25F Envelope V25F Envelope V25F Reverse 
genetics 

[18,21] 

SARS-CoV MA15 Δ2 Envelope Δ38-45 Envelope Δ38-45 
Reverse 
genetics [18,26] 

SARS-CoV MA15 Δ3 Envelope Δ46-52 Envelope Δ46-52 
Reverse 
genetics [18,26] 

SARS-CoV MA15 Mut 1 Envelope: S3A V5L T9A T11A 
Envelope: 

S3A V5L T9A T11A 
Reverse 
genetics [18,26] 

MHV-GP1 MHV-Flt3L/gp murine Flt3L gene inserted between 
Orf1ab and Spike genes 

mouse/human Flt3L gene 
inserted between Orf1ab and 

Spike genes 

Reverse 
genetics [31] 

MHV-GP1 MHV-GM/GP murine GM-CSF gene inserted 
between Orf1ab and Spike genes 

mouse/human GM-CSF gene 
inserted between Orf1ab and 

Spike genes 

Reverse 
genetics [32] 

MHV-MelA2 MHV-GM/MelA 
murine GM-CSF gene inserted 

between Orf1ab and Spike genes 

mouse/human GM-CSF gene 
inserted between Orf1ab and 

Spike genes 

Reverse 
genetics [32] 

MHV-GP1 MHV-IL15/gp 
murine IL-15 gene inserted between 

Orf1ab and Spike genes 

mouse/human IL-15 gene 
inserted between Orf1ab and 

Spike genes 

Reverse 
genetics [31] 

MHV-GP1 MHV-IL2/gp 
murine IL-2 gene inserted between 

Orf1ab and Spike genes 

mouse/human IL-2 gene 
inserted between Orf1ab and 

Spike genes 

Reverse 
genetics [31] 



 

MHV JHM.WU rWu.nsp1 K194 NSP1 K194R NSP1 K125R 
Reverse 
genetics [33] 

MHV-A59 A59.nsp1 K194R NSP1 K194R NSP1 K125R 
Reverse 
genetics [33] 

SARS-CoV MA15 rSARS-CoV-nsp1-ΔC NSP1 Δ122-130 NSP1 Δ122-130 
Reverse 
genetics [18] 

MHV JHM.WU rWu.nsp1 R193S/K194E NSP1: R193S K194E NSP1: R124S K125E 
Reverse 
genetics [33] 

MHV-A59 A59.nsp1 R193S/K194E NSP1: R193S K194E NSP1: R124S K125E 
Reverse 
genetics [33] 

MHV-A59 F476L MHV NSP12 F476L NSP12 F480L 

Reverse 
genetics (based 

on passaged 
remdesivir-

resistant MHV 
virus) 

[34] 

MHV-A59 V553L MHV NSP12 V553L NSP12 V557L 

Reverse 
genetics (based 

on passaged 
remdesivir-

resistant MHV 
virus) 

[34] 

MHV-A59 F476L V553L MHV NSP12: F476L V553L NSP12: F480L V557L 

Reverse 
genetics (based 

on passaged 
remdesivir-

resistant MHV 
virus) 

[34] 

SARS-CoV MA15 NanoLuc 
(SARS-CoV MA15 expressing 
nanoluciferase with ORF7a/7b 

deletion) 

F480L V557L SARS-CoV NSP12: F480L V557L NSP12: F480L V557L 

Reverse 
genetics (based 

on passaged 
remdesivir-

[34] 



 

resistant MHV 
virus) 

MHV JHM.WU rWU.nsp13 A335V NSP13 A335V NSP13 A336V 
Reverse 
genetics [33] 

MHV-A59 D330A NSP14 D330A NSP14 D331A 
Reverse 
genetics [14,35] 

MHV-A59 MHV nsp14-N380A NSP14 N380A NSP14 N386A 
Reverse 
genetics [14] 

IBV M41R-nsp10.14rep M41R-nsp10rep NSP14 V393L NSP14 V398L 
Reverse 
genetics [36] 

MHV-A59 Y414A/rMHVnsp14-Y414A NSP14 Y414A NSP14 Y420A 
Reverse 
genetics [14,35] 

MHV-A59 VUSS2 NSP14 Y414H NSP14 Y420H 
Reverse 
genetics [37] 

IBV strain YN rSD-H223A NSP15 H223A NSP15 H234A 
Reverse 
genetics [38] 

MHV-A59 N15m3 NSP15 H262A NSP15 H234A 
Reverse 
genetics [39] 

PEDV Colorado icPEDV-EnUmt NSP15 H226A NSP15 H234A Reverse 
genetics [40] 

HCoV-229E HCoV-229E H250A NSP15 H250A NSP15 H249A Reverse 
genetics [41] 

IBV strain YN rSD-H238A NSP15 H238A NSP15 H249A Reverse 
genetics [38] 

MHV-A59 MHV H277A NSP15 H277A NSP15 H249A Reverse 
genetics 

[41] 

IBV strain YN rSD-K278A NSP15 K278A NSP15 K289A Reverse 
genetics 

[38] 

IBV strain YN rSD-Y334A NSP15 Y334A NSP15 Y342A Reverse 
genetics 

[38] 

IBV strain YN rSD-
H223A/H238A/K278A/Y334A 

NSP15: H223A H238A K278A 
Y334A 

NSP15: H234A H249A K289A 
Y342A 

Reverse 
genetics 

[38] 



 

HCoV-229E HCoV-D129A NSP16 D129A NSP16 D130A 
Reverse 
genetics [42] 

MERS-CoV EMC dNSP16 NSP16 D130A NSP16 D130A 
Reverse 
genetics [43] 

MERS-CoV MA1 dNSP16 NSP16 D130A NSP16 D130A 
Reverse 
genetics [43] 

MHV-A59 MHV-D130A NSP16 D130A NSP16 D130A 
Reverse 
genetics [42] 

PEDV PC22A D129A NSP16 D129A NSP16 D130A 
Reverse 
genetics [44] 

SARS-CoV MA15 dNSP16 NSP16 D130A NSP16 D130A 
Reverse 
genetics [45,46] 

SARS-CoV Urbani D130A NSP16 D130A NSP16 D130A 
Reverse 
genetics [45] 

SARS-CoV Urbani K170A NSP16 K170A NSP16 K170A 
Reverse 
genetics [45] 

SARS-CoV Urbani K46A NSP16 K46A NSP16 K46A 
Reverse 
genetics [45] 

MHV-A59 MHV-Y15A NSP16 Y15A NSP16 Y15A Reverse 
genetics [42] 

PEDV PC22A KDKE4A NSP16: K45A D129A K169A E202A NSP16: K46A D130A K170A 
E203A 

Reverse 
genetics [44] 

GFP-expressing MHV-JHM IA D1329A NSP3 D497A NSP3 D226A Reverse 
genetics [47] 

SARS-CoV MA15 D1022A NSP3 D204A NSP3 D226A Reverse 
genetics 

[48] 

SARS-CoV MA15 G1130V NSP3 G312V NSP3 G334V Reverse 
genetics 

[48] 

SARS-CoV MA15 H1045A NSP3 H227A NSP3 H249A Reverse 
genetics 

[48] 

GFP-expressing MHV-JHM IA N1347A/N1347A MHV NSP3 N515A NSP3 N244A Reverse 
genetics 

[47,49–51] 



 

MHV-A59 MHV-N1348A NSP3 N516A NSP3 N244A 
Reverse 
genetics [52] 

SARS-CoV MA15 N1040A NSP3 N222A NSP3 N244A 
Reverse 
genetics [48] 

GFP-expressing MHV-JHM IA A1438T/G1439V NSP3: A606G G607V NSP3: A333G G334V 
Reverse 
genetics [47] 

SARS-CoV MA15 rSARS-CoV-MA15-Δ3a ORF3a deletion ORF3a deletion 
Reverse 
genetics [19] 

rSARS-CoV-MA15-Δ3a 
(SARS-CoV MA15 with ORF3a 

deletion) 
rSARS-CoV-MA15-(Δ3a,EΔ1) ORF3a deletion 

E protein: S3A V5L T9A T11A 
ORF3a deletion 

E protein: S3A V5L T9A T11A 
Reverse 
genetics 

[19] 

SARS-CoV MA15 
rSARS-CoV-MA15-((3a,E]-

PBM-) 
ORF3a SVPL271–274GMSM 
E protein DLLV73–76GGGG 

ORF3a SVPL272–275GMSM 
E protein DLLV72–75GGGG 

Reverse 
genetics [19] 

SARS-CoV MA15 rSARS-CoV-MA15-3a-TMD2- ORF3a: S40A S58A ORF3a: S40A S58A 
Reverse 
genetics [19] 

SARS-CoV MA15 
rSARS-CoV-MA15-3a-

TMD[2,3]- ORF3a: Y109A Y113A Q116A ORF3a: Y109A Y113A Q116A 
Reverse 
genetics [19] 

SARS-CoV MA15 rSARS-CoV-MA15-3a-TMD3- ORF3a: Y91A H93A ORF3a: Y91A H93A 
Reverse 
genetics [19] 

SJHM-RA59/S4R29 
MHV-A59 expressing MHV-

JHM spike 
SJHM-L1114R Spike L1114R Spike L1012R Reverse 

genetics 
[53] 

SARS-CoV Urbani T332I Spike T332I Spike T345I 

Serial passage 
in Vero E6 cells 

- S109.8 
antibody 

escape mutant 

[54] 

SJHM-RA59/S4R29 
MHV-A59 expressing MHV-

JHM spike 
SJHM-HR1/R120/R121 Spike: Q1067H Q1094H L1114R Spike: Q965H Q992H L1012R 

Reverse 
genetics [53,55] 

SARS-CoV MA15 CRG3-MA TRS replacement (ACGAAC to 
CCGGAU) 

TRS replacement (ACGAAC to 
CCGGAU) 

Reverse 
genetics 

[56] 



 

1MHV-A59-based vector lacking NS2, HE protein, ORF4, ORF5a and E protein and with 99-nt deletion in NSP1 and encoding a LCMV epitope 
gp33-41 and EGFP fusion protein; 2MHV-A59-based vector lacking NS2, HE protein, ORF4, ORF5a and E protein and with 99-nt deletion in NSP1 
and encoding a human melanoma Mel-A26-35 epitope and EGFP fusion protein 

  

SARS-CoV Urbani CRG3 
TRS replacement (ACGAAC to 

CCGGAU) 
TRS replacement (ACGAAC to 

CCGGAU) 
Reverse 
genetics [56] 

SARS-CoV MA15 CRG7-MA 
TRS replacement (ACGAAC to 

UGGUCGC) 
TRS replacement (ACGAAC to 

UGGUCGC) 
Reverse 
genetics [56] 



 

 

 

Table S2b. A summary of the results of in vivo experiments involving the included viruses excluding experiments involving knock-out animal models. 

Parental (WT) virus Mutations/virus name Model 
Dose, route if not 

intranasal 
Infection outcome (compared 

to WT if presented) Reference 

SARS-CoV-2 
strain TY38-873 

(Omicron) 
Lineage BA.1 

4-week-old Syrian hamsters 105 TCID50 

No weight loss, less severe 
histopathological changes in 
lungs, less severe pulmonary 
mechanics changes, no blood 

oxygen saturation drop, lower 
viral loads 

[1] 

SARS-CoV-2 

Omicron variant, strain 
B.1.1.529, isolate hCoV-

19/USA/WI-WSLH-
221686/2021 

Lineage BA.1 

5-month-old female K18-
hACE2 mice 

105 FFU No weight loss 

[2] Syrian hamsters 103 PFU Reduced viral load in lungs 
and nasal wash 

K18-hACE2 Syrian hamsters 103 PFU Reduced mortality and viral 
titers 

SARS-CoV-2 
hCoV-19/USA/NY-

MSHSPSP-PV44476/2021 
Lineage BA.1 

6–8-week-old female 129S1 
mice 

104 PFU No weight loss, reduced viral 
titers 

[2] 
6-month-old female K18-

hACE2 mice 
104 PFU 

No weight loss, reduced lung 
CXCL10 and IL-6 

concentrations, no increase in 
lung TNF-α and IFN-γ levels 

SARS-CoV-2 

Omicron variant, lineage 
BA.1, isolates: 

hCoV-19/USA/NY-
MSHSPSP-PV44488/2021 
hCoV-19/USA/GA-EHC-

2811C/2021 
hCoV-19/Japan/NC928-

2N/2021 

6–8-week-old female 129S1 
mice 

104 PFU No weight loss, reduced lung 
viral titer 

[2] 

10–20-week-old male and 
female 129S1 mice 

106 PFU No weight loss, reduced lung 
viral titers 

10–14-month-old C57BL/6 
mice 

105 PFU No weight loss 

6-week-old BALB/c mice 105 PFU 

Reduced lung and nasal 
turbinate viral titers, no 
changes in pulmonary 

mechanics 

Syrian hamsters 103 PFU Reduced lung CT pathology, 
reduced lung viral titers, no 



 

changes in lung respiratory 
mechanics 

Syrian hamsters 103 PFU No weight loss 

Syrian hamsters 104 PFU 
No weight loss, reduced viral 

load in nasal wash 

Syrian hamsters 103 PFU 
Lung inflammation but no 

other lung pathology 

SARS-CoV-2 

B.1.1.529/Omicron 
(GenBank: OM212472) 

SARS-CoV-
2/human/HKG/HKU-

691/2021 
Lineage BA.1 

6–8-week-old male and 
female K18-hACE2 mice 2×103 PFU 

Reduced lung and nasal viral 
loads and titers, reduced lung 

pathology, reduced lung 
CXCL10 and IFN-γ expression 

[3] 6–8-week-old male and 
female K18-hACE2 mice 2×103 PFU 

Reduced mortality and weight 
loss 

6–8-week-old female 
C57BL/6J mice 105 PFU 

Reduced lung and nasal viral 
titers and loads 

SARS-CoV-2 SARS-CoV2 GZ69 Human patient Unknown (Natural 
infection) 

E gene Ct: 11,6; RdRP gene Ct: 
13,9; N gene Ct: 15,5; no 

symptoms 
[4] 

SARS-CoV-2 HK-13 Spike Δ679-688 7–8-week-old golden Syrian 
hamsters 1.5×105 PFU 

Reduced lung and tracheal 
viral titer, no weight loss, 
reduced lung pathology 

[5] 

SARS-CoV-2 HK-13 

Spike: P25L V367F 
del679-688 

NSP3 A578V 
Envelope F20S 

ORF8: V62L L84S 

7–8-week-old golden Syrian 
hamsters 103 PFU 

Decreased lung viral titers, no 
weight loss, no lung IFN-γ, 

TNF-α, IL-6 expression 
increase 

[6] 

SARS-CoV-2 SH01 Spike Δ683–689 7–8-week-old male golden 
Syrian hamsters 5×105 PFU 

No weight loss, reduced viral 
titers in nasal turbinates, 

trachea and lungs, reduced 
viral loads in different tissues 

[7] 

SARS-CoV-2 strain 
England/2/2020 (VE6-T) Spike: Δ679–686 V687I 

16–20-week-old outbred 
female ferrets 105 PFU 

Reduced viral titer and viral 
load in nasal washes [8] 



 

SARS-CoV-2 USA-WA1/2020 ORF3a deletion 
6–8 week-old K18-hACE2 

mice 105 PFU 

Slightly reduced mortality, 
reduced lung viral titers, 
reduced lung pathology, 

decreased IFN-α and IFN-γ 
levels, lower IL-6/IL-10 ratio 

[9] 

SARS-CoV-2 USA-WA1/2020 ORF6 deletion 
6–8 week-old K18-hACE2 

mice 105 PFU 
Reduced mortality, reduced 
lung pathology, decreased 

IFN-γ levels 
[9] 

SARS-CoV-2 USA-WA1/2020 ORF7a deletion 6–8 week-old K18-hACE2 
mice 

105 PFU Reduced mortality, decreased 
IFN-γ levels 

[9] 

SARS-CoV-2 USA-WA1/2020 ORF7b deletion 6–8 week-old K18-hACE2 
mice 105 PFU 

Reduced mortality, decreased 
IFN-α levels, increased TNF-α 

concentrations at later time 
points 

[9] 

SARS-CoV-2 USA-WA1/2020 Spike Δ681–684 

7–8 week-old male golden 
Syrian hamsters 105 PFU 

No weight loss, no reduced 
activity 

[10] 
5–9-week-old K18-hACE2 

mice 103 PFU 

Reduced weight loss, milder 
changes in pulmonary 

mechanics, reduced lung 
pathology, reduced lung IFN-
γ and CXCL10 concentrations, 
increased lung IL-1β and IL-6 

concentrations 

SARS-CoV-2 USA-WA1/2020 
Codon pair deoptimized 
region: 24106–25378 (nt) 

Spike Δ678–689 

5–6-week-old male golden 
Syrian hamster 5×104 PFU 

No weight loss, no lung 
pathology other than 

inflammation 
[11] 

SARS-CoV-2 USA-WA1/2020 
mNeonGreen (SARS-CoV-2 
USA-WA1/2020 expressing 

mNeonGreen reporter) 

Envelope deletion 
ORF3 deletion 

TRS replacement 
(ACGAAC to  

CCGGAU) 

4–5-week-old golden Syrian 
hamsters 

105 TCID50 No weight loss, no detectable 
disease, reduced viral load 

[12] 7–9-week-old K18-hACE2 
mice 

3×105 TCID50 No weight loss or death 

7–9-week-old K18-hACE2 
mice 

6×104 TCID50, 
intracranial  

No morbidity, no mortality, 
no weight loss 



 

SARS-CoV-2 USA-WA1/2020 
mNeonGreen (SARS-CoV-2 
USA-WA1/2020 expressing 

mNeonGreen reporter) 

Envelope deletion 
ORF3 deletion 

TRS replacement 
(ACGAAC to  

CCGGAU) 
NSP15 A54T 

NSP16 D108N 
Spike: N679D S689G 

N709D 
Membrane: T130N 

4–5-week-old golden Syrian 
hamsters 5×103 TCID50 

No weight loss, no detectable 
disease 

[12] 7–9-week-old K18-hACE2 
mice 

2.5×103 TCID50 No weight loss or death 

7–9-week-old K18-hACE2 
mice 

500 TCID50, intracranial No morbidity, no mortality, 
no weight loss 

SARS-CoV-2 WK-521 Spike R685H 
4–6-week-old male golden 

Syrian hamsters 1.5×104 PFU 

No weight loss, reduced lung 
microscopic pathology and 
gross pathology, reduced 

expression of IFN-γ, IL-6 and 
CXCL10 in lungs, reduced 

viral titers in nasal turbinates 
and lungs 

[13] 

SARS-CoV-2 WK-521 Spike Δ683–689 4–6-week-old male golden 
Syrian hamsters 1.5×104 PFU 

No weight loss, reduced lung 
microscopic pathology and 
gross pathology, reduced 

expression of IFN-γ, IL-6 and 
CXCL10 in lungs, reduced 

viral titers in nasal turbinates 
and lungs 

[13] 

SARS-CoV-2 Wuhan-Hu-1/2019 NSP14 Y420A 8-week-old K18-hACE2 mice 103 PFU 
No mortality, no or reduced 

weight loss, reduced lung 
pathology,  

[14] 

SARS-CoV-2 Wuhan-Hu-1/2019 
Codon pair deoptimized 
region: 20358–21503 (nt) 

6-week-old golden Syrian 
hamsters 104 FFU 

Reduced weight loss, no signs 
of infection, reduced lung 

pathology and inflammation [15] 
5–7-week-old Roborovski 

dwarf hamsters 105 FFU Minimal weight loss, no signs 
of infection 



 

SARS-CoV-2 Wuhan-Hu-1/2019 
Codon pair deoptimized 
region: 24308–25306 (nt) 

6-week-old golden Syrian 
hamsters 104 FFU 

Reduced weight loss, no signs 
of infection [15] 

SARS-CoV-2 Wuhan-Hu-1/2019 
Codon pair deoptimized 

regions: 11969–13450; 
13953–14306 (nt) 

6-week-old golden Syrian 
hamsters 105 FFU 

Reduced lung pathology and 
inflammation, reduced weight 

loss 
[15] 

SARS-CoV-
2/human/Korea/CNUHV03/2020 

CoV-2-CNUHV03-
CA22°C 

5–6-week-old female K18-
hACE2 mice 2×104 PFU 

No mortality, reduced weight 
loss, reduced lung 

inflammation, reduced lung 
viral loads, no virus in 
extrapulmonary tissues 

[17] 

SARS-CoV MA15 
Envelope DLLV73–

76GGGG 
16-week-old female BALB/c 

mice 105 PFU 

No mortality, reduced weight 
loss, no lung gross pathology 
and minimal lung pathology 
and pneumonia, no increase 

in CXCL10 and IL-6 
expression 

[18–20] 

SARS-CoV MA15 Envelope N15A 16-week-old female BALB/c 
mice 

105 PFU 

Reduced mortality, reduced 
lung pathology, smaller 

increase in airway IL-1β, TNF-
α and IL-6 concentrations 

[18,21] 

MERS-CoV EMC Envelope protein 
deletion 

16–24-week-old K18-hDPP4 
mice 

5×103 FFU No mortality, reduced weight 
loss 

[22] 

MERS-MA30 Envelope protein 
deletion 

16–24-week-old hDPP4-KI 
mice 

104 FFU No mortality or weight loss [22] 

MERS-MA30-Δ5 
(MERS-MA30 with ORF5 

deletion) 

Envelope protein 
deletion 

16–24-week-old hDPP4-KI 
mice 104 FFU No mortality or weight loss [22] 

rMERS-MA30-Δ[3, 4a, 4b, 5] 
(MERS-MA30 with ORF3-5 

deletion) 

Envelope protein 
deletion 

16–24-week-old hDPP4-KI 
mice 

104 FFU 

Parental virus was already 
highly attenuated, no changes 

in virulence based on 
published data 

[22] 

6–8-week-old BALB/c mice 1.2×104 PFU No mortality or weight loss [23,29] 



 

rSARS-CoV-Urbani-Δ[6–9b] 
(SARS-CoV Urbani with ORF6–

9b deletion) 

Envelope protein 
deletion hACE2-Tg mice 1.2×104 PFU No mortality, no weight loss, 

no neuroinfection 

SARS-CoV MA15 Envelope protein 
deletion 

6-week-old BALB/c mice 5×104 PFU No mortality or weight loss 

[18,20,21.24–
26] 

12-month-old BALB/c mice 5×104 PFU No mortality or weight loss 

6-week-old BALB/c mice 6×103 PFU 
No mortality, lung 

inflammation 

12-month-old BALB/c mice 6×103 PFU 
No mortality, no clinical 

disease, lung inflammation 

18-month-old BALB/c mice 6×103 PFU 
No mortality, no clinical 

disease, lung inflammation, 
minimal weight loss 

8-week-old female BALB/c 
mice 6×103 PFU Reduced lung inflammation 

16-week-old female BALB/c 
mice 105 PFU 

No mortality or weight loss, 
reduced lung viral titers, 

reduced TNF-α, CXCL10 and 
IL-6 expression, no disease 
symptoms, no lung gross 
pathology, reduced lung 

pathology and inflammation,  

16-week-old BALB/c mice 105 PFU 

No mortality, no weight loss, 
no signs of disease, reduced 

lung pathology and 
inflammation, smaller lung 

TNF, CSCL10 and IL-6 
expression 

SARS-CoV Urbani 
Envelope protein 

deletion 

Golden Syrian hamsters 104 TCID50 
Reduced lung inflammation, 

no reduction in animal 
activity, reduced viral titers 

[23,24,27–30] 
12-month-old BALB/c mice 6×103 PFU 

No mortality or weight loss, 
limited lung pathology 

6–8-week-old BALB/c mice 1.2×104 PFU No mortality or weight loss 



 

hACE2-Tg mice 1.2×104 PFU 
No mortality, no weight loss, 

no brain infection,  

SARS-CoV MA15 Envelope V25F 
16-week-old female BALB/c 

mice 1.2×104 PFU Slightly reduced mortality [21] 

SARS-CoV MA15 Envelope Δ38–45 16-week-old BALB/c mice 105 PFU 

No mortality, no weight loss, 
no signs of disease, reduced 

lung viral titers, reduced lung 
damage and inflammation 

[26] 

SARS-CoV MA15 Envelope Δ46–52 16-week-old BALB/c mice 105 PFU 

No mortality, no weight loss, 
no signs of disease, reduced 

lung viral titers, reduced lung 
damage and inflammation,  

reduced lung TNF, CXCL10, 
IL-6 and IFN-γ concentrations 

[26] 

SARS-CoV MA15 
Envelope: S3A V5L T9A 

T11A 16-week-old BALB/c mice 105 PFU 

No mortality, reduced weight 
loss, no signs of disease, 

reduced lung damage and 
inflammation 

[26] 

MHV-GP1 
murine Flt3L gene 

inserted between Orf1ab 
and Spike genes 

6–9 week-old C57BL/6 mice 106 PFU Not described, parental virus 
is already highly attenuated [31] 

MHV-GP1 
murine GM-CSF gene 

inserted between Orf1ab 
and Spike genes 

6–9 week-old C57BL/6 mice 106 PFU Not described, parental virus 
is already highly attenuated [31] 

MHV-MelA2 
murine GM-CSF gene 

inserted between Orf1ab 
and Spike genes 

6–9 week-old C57BL/6 mice 106 PFU 
Not described, parental virus 
is already highly attenuated [32] 

MHV-GP1 
murine IL-15 gene 

inserted between Orf1ab 
and Spike genes 

6–9 week-old C57BL/6 mice 106 PFU 
Not described, parental virus 
is already highly attenuated [32] 

MHV-GP1 
murine IL-2 gene 

inserted between Orf1ab 
and Spike genes 

6–9 week-old C57BL/6 mice 106 PFU 
Not described, parental virus 
is already highly attenuated [31] 



 

MHV JHM.WU NSP1 K194R 4-week-old C57BL/6 mice 500 PFU intrahepatic Reduced liver viral titer [33] 
MHV-A59 NSP1 K194R 4-week-old C57BL/6 mice 5000 PFU intrahepatic Reduced liver viral titer [33] 

SARS-CoV MA15 NSP1 Δ122-130 
16-week-old female BALB/c 

mice 105 PFU 
No mortality, reduced weight 
loss, no gross lung pathology, 

no lung damage 
[18] 

MHV-A59 NSP1: R193S K194E 4-week-old C57BL/6 mice 5000 PFU intrahepatic Reduced liver viral titer [33] 
SARS-CoV MA15 NanoLuc 

(SARS-CoV MA15 expressing 
nanoluciferase with ORF7a/7b 

deletion) 

NSP12: F480L V557L 

10-week-old female BALB/c 
mice 

103 PFU No significant difference 
[34] 

10-week-old female BALB/c 
mice 104 PFU 

Reduced lung viral titer, 
reduced weight loss 

MHV JHM.WU NSP13 A335V 4-week-old C57BL/6 mice 500 PFU intrahepatic Reduced liver viral titer [33] 

MHV-A59 NSP14 D330A 

4-week-old male C57BL/6 
mice 

2×106 PFU intrahepatic 

No mortality, no weight loss, 
minimal liver inflammation 

and no liver fibrosis, increased 
serum IFN-β levels at 12 hpi 

but not 24 hpi,  [14,35] 

4-week-old male C57BL/6 
mice 5×105 PFU subcutaneous 

No significant difference – 
parental virus did not 

produce disease 

IBV M41R-nsp10.14rep NSP14 V393L 8-days old chickens 
105 PFU 

intraocular+intranasal 

Shorter duration of infection, 
reduced symptoms, smaller 
reduction in ciliary activity 

[36] 

MHV-A59 NSP14 Y414A 

4-week-old male C57BL/6 
mice 2×106 PFU intrahepatic 

No mortality, no weight loss, 
minimal liver inflammation 

and no liver fibrosis, increased 
serum IFN-β levels at 12 hpi 

but not 24 hpi,  
[14,35] 

4-week-old male C57BL/6 
mice 

5×105 PFU subcutaneous 
No significant difference – 

parental virus did not 
produce disease 

4-week-old male C57BL/6 
mice 104 PFU intrahepatic 

No mortality, minor increase 
in serum ALT, no 



 

neuroinfection, no liver 
pathology, increased serum 

IFN-β concentrations at 1 dpi 
but lower at 3 dpi 

4-week-old male C57BL/6 
mice 104 PFU intracranial 

No mortality, minor increase 
in serum ALT, no liver 

infection, no liver pathology, 
smaller increase in serum 

IFN-β concentrations  
4-week-old male C57BL/6 

mice 7.5×105 PFU intrahepatic Earlier alteration in gene 
expression in liver 

MHV-A59 NSP14 Y414H 
4-week-old C57BL/6 mice Intracranial Increased LD50 

[37] 
4-week-old C57BL/6 mice 5×104 PFU intracranial Reduced brain viral titers, no 

liver infection 

MHV-A59 NSP15 H262A 6-week-old female C57BL/6 
mice 104 PFU intraperitoneal 

No mortality, no viral titer in 
liver or spleen, reduced 

weight loss, no liver 
pathology 

[39] 

PEDV Colorado NSP15 H226A 7-day-old piglets 105 TCID50 oral 
reduced viral shedding, no 

mortality, similar disease and 
pathology 

[40] 

IBV strain YN NSP15 H238A 1-day-old chickens 106 EID50 intraocular 

No clinical signs of disease, 
reduced ciliary injury, 
reduced viral loads, no  

tracheal, lung and kidney 
pathology 

[38] 

MHV-A59 NSP15 H277A 8–10-week-old C57BL/6 mice 500 PFU intraperitoneal No virus in spleen or liver [41] 

IBV strain YN NSP15 Y334A 1-day-old chickens 106 EID50 intraocular 

No clinical signs of disease, 
reduced ciliary injury, 
reduced viral loads, no  

tracheal, lung and kidney 
pathology 

[38] 



 

MERS-CoV EMC NSP16 D130A 

Ad5-hDPP4-transduced 10-to-
20-week-old BALB/c mice 106 PFU 

No viral replication at 2 dpi, 
parental virus was already 

non-pathogenic 
[43] 

10–20-week-old Dpp4 288–
330+/+ mice 

106 PFU 

Reduced IFN-β, IFN-α4 and 
IFN-α7 expression, parental 

virus was already non-
pathogenic 

MERS-CoV MA1 NSP16 D130A 10–20-week-old Dpp4 288–
330+/+ mice 

106 PFU No mortality, reduced weight 
loss, reduced lung pathology 

[43] 

MHV-A59 NSP16 D130A 6–9 week-old C57BL/6 mice 500 PFU intraperitoneal No virus present in spleen 
and liver at 2 dpi 

[42] 

SARS-CoV MA15 NSP16 D130A 

10-week-old female BALB/c 
mice 105 PFU 

No mortality, no significant 
pulmonary mechanics 

changes,  

 

10-week-old C57BL/6 mice 105 PFU Reduced weight loss, reduced 
lung pathology 

10-week-old female BALB/c 
mice 

100 PFU Minimal weight loss 

20 week-old  C57BL/6 mice No data No mortality, disease course 
similar until 4 dpi 

12-month-old female BALB/c 
mice 

105 PFU Lethal infection, but viral titer 
reduced at 4 dpi 

12-month-old female BALB/c 
mice 

100 PFU 

Reduced weight loss, no 
mortality, reduced lung viral 

titer, reduced changes in 
pulmonary mechanics 

MHV-A59 NSP16 Y15A 6–9 week-old C57BL/6 mice 500 PFU intraperitoneal No virus present in spleen 
and liver at 2 dpi 

[42] 

PEDV PC22A NSP16: K45A D129A 
K169A E202A 4-days-old piglets 100 PFU oral 

Reduced mortality, reduced 
intestinal pathology, lower 

and delayed peak titer of shed 
virus 

[44] 



 

1MHV-A59-based vector lacking NS2, HE protein, ORF4, ORF5a and E protein and with 99-nt deletion in NSP1 and encoding a LCMV epitope 
gp33-41 and EGFP fusion protein; 2MHV-A59-based vector lacking NS2, HE protein, ORF4, ORF5a and E protein and with 99-nt deletion in NSP1 

GFP-expressing MHV-JHM IA NSP3 D497A 5–8-week-old C57BL/6 mice 3×103 PFU Reduced mortality [47] 

SARS-CoV MA15 NSP3 D204A 7–9 week-old female BALB/c 
mice 3×104 PFU Reduced mortality and weight 

loss [48] 

SARS-CoV MA15 NSP3 G312V 7–9 week-old female BALB/c 
mice 3×104 PFU No mortality, reduced weight 

loss [48] 

SARS-CoV MA15 NSP3 H227A 7–9 week-old female BALB/c 
mice 3×104 PFU Reduced mortality and weight 

loss [48] 

GFP-expressing MHV-JHM IA NSP3 N515A 

5–8-week-old C57BL/6 mice 3×104 PFU No mortality, no weight loss 

[47.50] 
5–8-week-old male C57BL/6 

mice 4×104 PFU 

No mortality, no weight loss, 
reduced brain viral titers, 

reduced expression of IFN-β, 
IL-6 and TNF-α in brains, 
reduced brain pathology 

5–8-week-old male C57BL/6 
mice 750 PFU 

No mortality, reduced weight 
loss 

MHV-A59 NSP3 N516A 

6–9-week-old C57BL/6 mice 
5–5×105 PFU 

intraperitoneal 
No liver pathology, reduced 

serum ALT increase 
[52] 

6–9-week-old 129Sv mice 5 PFU intraperitoneal 
Decreased liver and spleen 

IFN-α levels, decreased liver 
and spleen IL-6 

SARS-CoV MA15 NSP3 N222A 
7–9 week-old female BALB/c 

mice 3×104 PFU 

Reduced mortality, reduced 
weight loss, larger increase in 
IFN-α, IFN-β, CXCL-10, IL-6 
and TNF expression in lungs 

at 24 hpi but not at 72 hpi, 
reduced lung pathology 

[48] 

GFP-expressing MHV-JHM IA NSP3: A606G G607V 5–8-week-old male C57BL/6 
mice 

3×103 PFU No mortality, no weight loss [47] 

SARS-CoV MA15 ORF3a deletion 
16-week-old BALB/c female 

mice 105 PFU 
No mortality, reduced weight 
loss, reduced lung viral titer, 
reduced disease symptoms 

[19] 



 

SARS-CoV MA15 

ORF3a SVPL271–
274GMSM 

E protein DLLV73–
76GGGG 

16-week-old BALB/c female 
mice 

105 PFU No mortality, reduced weight 
loss 

[19] 

SARS-CoV MA15 ORF3a: S40A S58A 16-week-old BALB/c female 
mice 

105 PFU Slightly reduced mortality [19] 

SARS-CoV MA15 ORF3a: Y109A Y113A 
Q116A 

16-week-old BALB/c female 
mice 

105 PFU No mortality, reduced weight 
loss 

[19] 

SARS-CoV MA15 ORF3a: Y91A H93A 16-week-old BALB/c female 
mice 

105 PFU No mortality, reduced weight 
loss, reduced lung viral titer 

[19] 

SJHM-RA59/S4R29 
MHV-A59 expressing MHV-

JHM spike 
Spike L1114R 

4-week-old male C57BL/6 
mice 

Varied, intranasal 

Increased dose required to 
cause symptomatic disease, 

reduced replication and 
inflammation in brain, 
replication restricted to 

olfactory bulb 
[53] 

4-week-old male C57BL/6 
mice Varied, intracranial 

Increased dose required to 
cause symptomatic disease, 

reduced replication and 
inflammation in brain, 
replication restricted to 

olfactory bulb 

SARS-CoV Urbani Spike T332I 
12-month-old male BALB/c 

mice 105 PFU 
No mortality, reduced weight 
loss, no lung pathology other 

than inflammation 
[54] 

SJHM-RA59/S4R29 
MHV-A59 expressing MHV-

JHM spike 

Spike: Q1067H Q1094H 
L1114R 

4-week-old male C57BL/6 
mice Varied, intranasal 

Increased dose required to 
cause symptomatic disease, 

increased LD50, reduced 
replication and inflammation 
in brain, replication restricted 

to olfactory bulb 

[53,55] 

4-week-old male C57BL/6 
mice Varied, intracranial 

Increased dose required to 
cause symptomatic disease, 



 

and encoding a human melanoma Mel-A26-35 epitope and EGFP fusion protein. Data on IFN, TNF, IL-1 and IL-6 cytokines as well as CXCL10 
chemokine was selected for presentation. 

 

 

  

increased LD50, reduced 
replication and inflammation 
in brain, replication restricted 

to olfactory bulb, 
4-week-old male C57BL/6 

mice 
10 PFU intracranial Reduced brain viral titers 

4-week-old male C57BL/6 
mice 

5×104 PFU intranasal Reduced brain viral titer at 3 
dpi but increased at 5 dpi 

SARS-CoV MA15 TRS replacement 
(ACGAAC to CCGGAU) 

10-week-old female BALB/c Not specified Reduced mortality 
[56] 12-month-old female BALB/c 

mice Not specified Reduced mortality 

SARS-CoV Urbani TRS replacement 
(ACGAAC to CCGGAU) 

10-week-old female BALB/c Not specified No significant difference 
[56] 12-month-old female BALB/c 

mice Not specified No weight loss 

SARS-CoV MA15 
TRS replacement 

(ACGAAC to 
UGGUCGC) 

10-week-old female BALB/c Not specified 
No mortality, reduced lung 

viral titer 

[56] 

12-month-old female BALB/c 
mice 102 PFU No mortality 

12-month-old female BALB/c 
mice 103 PFU No mortality 

12-month-old female BALB/c 
mice 104 PFU Reduced mortality 



 

Table S2c. A summary of the results of experiments that aimed to study the reversion to virulence of attenuated coronaviruses in vitro. 

Virus Mutations 
Corresponding mutations 

in SARS-CoV-2 Conditions Results Reference 

SARS-CoV Urbani ΔEnvelope ΔEnvelope 
16 passages in 
Vero E6 cells 

Spike S607F on passage 5. Minimal lethality after 
16 passages. [29] 

SARS-CoV Urbani 
with with deletion of 

ORF3-9b 
ΔEnvelope ΔEnvelope 16 passages in 

Vero E6 cells 
Spike S607F and NSP8 T89I were detected. [29] 

MERS-MA30 with 
deletion of ORF3, 4a, 

4b and 5 
ΔEnvelope ΔEnvelope 

5 passages in 
complementary 

cell line 
expressing E 

protein 

No evidence of recombination with cellular E 
protein RNA 

[22] 

SARS-CoV-2 Codon pair deoptimized 
region: 20358–21503 

NA 10 passages in 
Vero E6 cells 

No phenotypic change or mutations in codon 
pair deoptimized sequences 

[15] 

SARS-CoV-2 Codon pair deoptimized 
region: 24308–25306 

NA 10 passages in 
Vero E6 cells 

No phenotypic change or mutations in codon 
pair deoptimized sequences 

[15] 

MHV-A59 NSP3 N516A NSP3 N244A 12 passages in 
L929 cells 

No reversion [52] 

SARS-CoV MA15 ΔEnvelope ΔEnvelope 16 passages in 
Vero E6 cells 

Virus gained a new protein with PDM-binding 
motif. Cell-line specific titer increase but no 

change in virulence. 
[18] 

SARS-CoV MA15 ΔEnvelope ΔEnvelope 
16 passages in 
DBT-mACE2 

Virus gained a new protein with PDM-binding 
motif. Cell-line specific titer increase but no 

change in virulence. 
[18] 

SARS-CoV MA15 Envelope Δ38–45 Envelope Δ38–45 8 or 16 passages in 
Vero E6 cells 

No significant changes [18,26] 

SARS-CoV MA15 Envelope Δ46–52 Envelope Δ46–52 8 or 16 passages in 
Vero E6 cells 

No significant changes [18,26] 

SARS-CoV MA15 Envelope: S3A, V5L, T9A, 
T11A 

Envelope: S3A, V5L, T9A, 
T11A 

8 or 16 passages in 
Vero E6 cells 

No significant changes [18,26] 



 

SARS-CoV MA15 Envelope N15A Envelope N15A 
24 passages in 
Vero E6 cells Reversion through A15D mutation at passage 24 [21] 

MHV-A59 NSP14 D330A NSP14 D331A 
10 passages in 
Neuro 2a cells No reversion [35] 

MHV-A59 NSP14 Y414A NSP14 Y420A 
10 passages in 
Neuro 2a cells No reversion [35] 

SARS-CoV MA15 Envelope V25F Envelope V25F 
24 passages in 

Vero E6 Incorporation of reverting mutations at passage 8 [21] 

SARS-CoV MA15 
Envelope DLLV73–

76GGGG 
Envelope DLLV72–

75GGGG 
16 passages in 
Vero E6 cells 

The virus gained a novel PDZ-binding motif in E 
protein [18] 

MHV-A59 NSP14 N380A NSP14 N386A Cell culture Reversion after 1 passage [14] 

SARS-CoV-2 

Envelope deletion 
ORF3 deletion 

TRS replacement 
(ACGAAC to  CCGGAU) 

- 

10 passages in 
complementary 

cell line 
expressing E and 
ORF3a proteins 

ΔORF3-E P10 virion replicon was obtained with 
NSP1 Y97N, NSP4 K35I and Spike P812R 

mutations. The resultant replicon propagated to a 
higher infectious titer in complementary cell line. 

[12] 

SARS-CoV-2 

Envelope deletion 
ORF3 deletion 

TRS replacement 
(ACGAAC to  CCGGAU) 

- 

5 passages in 
complementary 

cell line 
expressing E and 
ORF3a proteins, 2 
passages in Vero 

E6 cells 

S-IV-P5-Vero-P2 virion with NSP15 A54T, NSP16 
D108N, Spike: N679D S689G N709D and 

Membrane: T130N mutations was obtained. It 
could be propagated in non-complementary Vero 

E6 cell line. 

[12] 

SARS-CoV-2 

Envelope deletion 
ORF3 deletion 

TRS replacement 
(ACGAAC to  CCGGAU) 

NSP15 A54T 
NSP16 D108N 

Spike: N679D S689G 
N709D 

Membrane: T130N 

- 10 passages in 
Vero E6 cells No improved replication [12] 

  



 

Table S2d. A summary of the results of experiments that aimed to study immunogenicity of attenuated coronaviruses. 

Virus Mutations 
Corresponding 

mutations in 
SARS-CoV-2 

Animal, 
route of 

administration, 
dose 

Endpoint 
Result 

(attenuated/WT) Reference 

MHV-MelA murine GM-CSF gene 
insertion 

Murine/human 
GM-CSF gene 

insertion 

A2DR1 mice, 
intravenous, 

105 PFU 

Tet-MelA+ CD8+ T cells/spleen at 28 
dpi 1,07×105/ND [32] 

SARS-CoV MA15 NSP16 D130A NSP16 D130A 
BALB/c mice, 

Intranasal, 
105 PFU 

SARS-CoV MA15 serum 50% 
neutralizing titer 

>1600/ND; 
[45,46] 

SHC014-MA15 serum 50% neutralizing 
titer >800/ND 

SARS-CoV 
Urbani 

TRS replacement 
(ACGAAC to CCGGAU) 

TRS 
replacement 

(ACGAAC to 
CCGGAU) 

10-week-old 
BALB/c mice, 

Intranasal, 
102-103 PFU 

SARS-CoV Urbani serum 50% 
neutralizing titer 

4820/ND [56] 

SARS-CoV 
Urbani 

TRS replacement 
(ACGAAC to CCGGAU) 

TRS 
replacement 

(ACGAAC to 
CCGGAU) 

12-month-old 
BALB/c mice, 

Intranasal, 
102-103 PFU 

SARS-CoV Urbani serum 50% 
neutralizing titer 

6420/ND [56] 

SARS-CoV MA15 ΔEnvelope ΔEnvelope 

6-week-old 
BALB/c mice, 

Intranasal, 
6×103 PFU 

SARS-CoV MA15 serum 50% 
neutralizing titer at 21 and 66 dpi 91 and 648/ND 

[24] 
S366 peptide specific lung CD8+ IFN-

γ+ cells at 7 dpi 
0,8%/ND 

SARS-CoV MA15 ΔEnvelope ΔEnvelope 

12-month-old 
BALB/c mice, 

Intranasal, 
6×103 PFU 

SARS-CoV MA15 serum 50% 
neutralizing titer at 21 and 66 dpi 198 and 1260/ND 

[24] 
S366 peptide specific lung CD8+ IFN-

γ+ cells at 7 dpi 
3,7%/ND 

MHV-A59 NSP14 D330A NSP14 D331A 

4-week-old 
C57BL/6 mice, 
subcutaneous, 

5×105PFU 

MHV-A59 serum 50% neutralizing 
titer at 28 and 336 dpi 

244 and 67/618 and 251 
[35] 

Virus specific IFN-γ+ CD8+ 
splenocytes at 28 dpi 

0,79%/0,82% 



 

MHV-A59 NSP14 D330A NSP14 D331A 

4-week-old 
C57BL/6 mice, 
subcutaneous, 

5×105 PFU 

MHV-A59 serum 50% neutralizing 
titer at 28 and 336 dpi 

432 and 126/618 and 
251 

[35] 
Virus specific IFN-γ+ CD8+ 

splenocytes at 28 dpi 0,95%/0,82% 

MERS-CoV EMC NSP16 D130A NSP16 D130A 

10–20-week-old 
Dpp4 288–330+/+ 
mice, intranasal, 

106 PFU 

MERS-CoV EMC  serum 
50%neutralizing titer >800/ND [43] 

MHV-GP 
murine Flt3L gene 

insertion 

Murine/human 
Flt3L gene 
insertion 

C57BL/6 mice, 
intravenous, 105 

PFU 
Tet-gp34+ CD8+ splenocytes at 7 dpi 10,32%/2,69% [31] 

MHV-GP 
murine GM-CSF gene 

insertion 

Murine/human 
GM-CSF gene 

insertion 

C57BL/6 mice, 
intravenous, 105 

PFU 
Tet-gp34+ CD8+ splenocytes at 7 dpi 2,79%/1.20% [32] 

MHV-GP 
murine IL-15 gene 

insertion 

Murine/human 
IL-15 gene 
insertion 

C57BL/6 mice, 
intravenous, 105 

PFU 
Tet-gp34+ CD8+ splenocytes at 7 dpi 5,42%/2,69% [31] 

MHV-GP 
murine IL-2 gene 

insertion 

Murine/human 
IL-2 gene 
insertion 

C57BL/6 mice, 
intravenous, 105 

PFU 
Tet-gp34+ CD8+ splenocytes at 7 dpi 5,33%/2,69% [31] 

MHV-MelA murine GM-CSF gene 
insertion 

Murine/human 
GM-CSF gene 

insertion 

A2DR1 mice, 
intravenous, 

105 PFU 

Tet-MelA+ CD8+ T cells/spleen at 28 
dpi 

1,07×105/ND [32] 

SARS-CoV-2 Cold adaptation NA 
K18-hACE2 mice, 
intranasal, 2×104 

PFU 

CoV-2-CNUHV03  serum 50% 
neutralizing titer at 19 dpi 640–4960/ND 

[17] 
CoV-2-KCDC03 50% serum 
neutralizing titer at 19 dpi 640–4960/ND 

PEDV PC22A 

NSP16:  
K45A 

D129A 
K169A 
E202A 

NSP16: K46A, 
D130A, K170A, 

E202A 

4-days old piglets, 
oral, 100 PFU 

PEDV PC22A serum 50% neutralizing 
titer at 21 dpi 

125/ND [44] 



 

SARS-CoV-2 
Codon pair deoptimized 
region: 24106 - 25378 (nt) 

Spike Δ678-689 
NA 

5–6-week-old 
Syrian hamsters, 
intranasal, 5×103 

PFU 

SARS-CoV-2 serum 50% neutralizing 
titer at 21 dpi 

1260/1000 [11] 

SARS-CoV-2 R685H NA 

5–6-week-old 
Syrian hamsters, 

intranasal, 1.5×104 
PFU 

SARS-CoV-2 serum 50% neutralizing 
titer at 19 dpi 

766/766 

[13] Lineage P.1 serum 50% neutralizing 
titer at 19 dpi 

274/229 

Lineage B.1.1.7 serum 50% neutralizing 
titer at 19 dpi 

2550/1560 

SARS-CoV-2 Spike Δ683–689 NA 

5–6-week-old 
Syrian hamsters, 

intranasal, 1.5×104 
PFU 

SARS-CoV-2 serum 50% neutralizing 
titer at 19 dpi 

1360/766 

[13] 
Lineage P.1 serum 50% neutralizing 

titer at 19 dpi 267/229 

Lineage B.1.1.7 serum 50% neutralizing 
titer at 19 dpi 1710/1560 

SARS-CoV-2 Spike Δ681-684 NA 
Syrian hamsters, 
intranasal, 5×105 

PFU 

SARS-CoV-2 serum 50% neutralizing 
titer 637/575 [10] 

SARS-CoV-2 Vero E6 passaged NA 
Syrian hamsters, 

intranasal, 1.25×105 

PFU 

SARS-CoV-2 serum 50% neutralizing 
titer 243/211 [6] 

SARS-CoV-2 Vero E6 passaged NA 

Ad5-hACE2 
transduced 6–8 

week-old BALB/c 
mice; intranasal; 

105 PFU 

Spike-specific IFN-γ+ CD8+ cells in 
lungs at 28 dpi 0,75%/ND [6] 

SARS-CoV 
Urbani ΔEnvelope ΔEnvelope 

Syrian hamster, 
intranasal, 103 

TCID50 

SARS-CoV Urbani  serum 50% 
neutralizing titer 280/367 

[27] 
SARS-CoV GD03 serum 50% 

neutralizing titer 52/45 

SARS-CoV 
Urbani ΔEnvelope ΔEnvelope 6-week-old 

BALB/c mice, 
SARS-CoV MA15 serum 50% 

neutralizing titer at 21 and 66 dpi <10/ND and <LOD/ND [24] 



 

Intranasal, 
6×103 PFU 

S366 peptide specific lung CD8+ IFN-
γ+ cells at 7 dpi Very few/ND 

SARS-CoV 
Urbani ΔEnvelope ΔEnvelope 

12-month-old 
BALB/c mice, 

Intranasal, 
6×103 PFU 

SARS-CoV MA15 serum 50% 
neutralizing titer at 21 and 66 dpi 

<LOD/ND and 
<LOD/ND 

[24] 
S366 peptide specific lung CD8+ IFN-

γ+ cells at 7 dpi 0,03%/ND 

SARS-CoV 
Urbani ΔEnvelope ΔEnvelope 

12-month-old 
BALB/c mice, 

Intranasal, 
1.2×104 PFU 

SARS-CoV Urbani serum 50% 
neutralizing titer at 21 dpi ≤10/ND 

[29] 
S366 peptide specific blood CD8+ IFN-

γ+ cells at 7 dpi 1,6%/ND 

SARS-CoV 
Urbani ΔEnvelope ΔEnvelope 

hACE2-Tg mice, 
Intranasal; 

1.2×104 PFU 

SARS-CoV Urbani serum 50% 
neutralizing titer at 21 dpi ≤20/ND 

[29] 
S366 peptide specific blood CD8+ IFN-

γ+ cells at 7 dpi 2,37%/ND 

SARS-CoV 
Urbani with with 

deletion of 
ORF3-9b 

ΔEnvelope ΔEnvelope 

12-month-old 
BALB/c mice, 

Intranasal, 
1.2×104 PFU 

SARS-CoV Urbani serum 50% 
neutralizing titer at 21 dpi ≤10/ND 

[29] 
S366 peptide specific blood CD8+ IFN-

γ+ cells at 7 dpi 1,7%/ND 

SARS-CoV 
Urbani with with 

deletion of 
ORF3-9b 

ΔEnvelope ΔEnvelope 
hACE2-Tg mice, 

Intranasal; 
1.2×104 PFU 

SARS-CoV Urbani serum 50% 
neutralizing titer at 21 dpi ≤20/ND 

[29] 
S366 peptide specific blood CD8+ IFN-

γ+ cells at 7 dpi 1,3%/ND 

MERS-MA30 
with deletion of 
ORF3, 4a, 4b and 

5 

ΔEnvelope ΔEnvelope 
16–24-week-old 
hDPP4-KI mice, 

Intranasal, 104 FFU 

MERS-CoV MA30 serum 50% 
neutralizing titer 56,1/ND [22] 

SARS-CoV-2 Spike: Δ679–686, V687I NA 
16–20-week-old 

ferrets, intranasal, 
105 PFU 

SARS-CoV-2 serum 50% neutralizing 
titer 

40-80/10-80 [8] 

 
  



 

 
 

Table S2e. A summary of the results of the challenge studies.  

Parental (WT) virus Mutations/virus 
name 

Model 

Vaccine virus 
dose, 

vaccination 
route (if not 
intranasal) 

Vaccination-
challenge 
interval 
(days) 

Challenge virus, dose, 
route 

Difference in infection outcome References 

SARS-CoV-2 HK-13 Ca-DelMut 
7–8-week-old 
golden Syrian 

hamsters 
1.25×105 PFU 28 

SARS-CoV-2 HK-13 and 
HK-95, 103 PFU 

Highly reduced weight loss, highly 
reduced lung pathology [6] 

SARS-CoV-2 WK-521 Spike Δ683–689 

4–6-week-old male 
golden Syrian 

hamsters 
1.5×104 PFU 19 SARS-CoV-2 WK-521, 

1.5×104 PFU 

No weight loss, no macroscopic lung 
pathology, reduced viral load in lungs 
and nasal turbinates, no virus in nasal 

turbinates and lungs at 5 dpi, increased 
IFN-γ expression in lungs and 

decreased IL-6 expression in lungs 

[13] 4–6-week-old male 
golden Syrian 

hamsters 
1.5×104 PFU 19 

SARS-CoV-2 TY7-501 
(lineage P.1), 1.5×104 PFU 

No weight loss, no macroscopic lung 
pathology, reduced viral load in lungs 
and nasal turbinates, low viral titers in 

nasal turbinates at 5 dpi, virus not 
present in lungs at 5 dpi, decreased IL-6 

expression in lungs 

4–6-week-old male 
golden Syrian 

hamsters 
1.5×104 PFU 19 

SARS-CoV-2 QK002 
(lineage B.1.1.7), 1.5×104 

PFU 

No weight loss, no macroscopic lung 
pathology, reduced viral load in lungs 
and nasal turbinates, low viral titers in 

nasal turbinates at 5 dpi, no virus in 
lungs at 5 dpi, 

SARS-CoV-2 WK-521 Spike R685H 
4–6-week-old male 

golden Syrian 
hamsters 

1.5×104 PFU 19 
SARS-CoV-2 WK-521, 

1.5×104 PFU 

No weight loss, no macroscopic lung 
pathology, reduced viral load in lungs 
and nasal turbinates, no virus in nasal 

turbinates and lungs at 5 dpi, increased 
IFN-γ expression in lungs and 

decreased IL-6 expression in lungs 

[13] 

SARS-CoV-2 USA-
WA1/2020 

Codon pair 
deoptimized 

region: 24106–

5–6-week-old male 
golden Syrian 

hamsters 
5×104 PFU 16 

SARS-CoV-2 USA-
WA1/2020, 5×104 PFU 

Reduced lung viral titer, reduced viral 
titer in olfactory bulb, no neuroinfection, 

no significant weight loss 
[11] 



 

  

25378 (nt) 
Spike Δ678-689 

SARS-CoV-2 Wuhan-
Hu-1/2019 NSP14 Y420A 

8-week-old K18-
hACE2 mice 104 PFU Unspecified 

SARS-CoV-2 Wuhan-Hu-
1/2019, 5×104 PFU No mortality, no significant weight loss [14] 

SARS-CoV-2/human/ 
Korea/CNUHV03/2020 

CoV-2-
CNUHV03-

CA22°C 

5–6-week-old 
female K18-hAC2 

mice 

2×103 PFU 21 
SARS-CoV-2- KCDC03, 

2×104 PFU 
No apparent weight loss, mild 

pneumonia, no detectable virus at 6 dpi 
[17] 

2×104 PFU 21 
SARS-CoV-2- KCDC03, 

2×104 PFU 
No apparent weight loss, no 

pneumonia, no detectable virus at 6 dpi 

SARS-CoV-2 USA-
WA1/2020 

Spike Δ681-684 
7–8 week-old male 

golden Syrian 
hamsters 

105 PFU 28 SARS-CoV-2 USA-
WA1/2020, 105 PFU 

No weight loss, no signs of disease, no 
virus detectable in nasal wash at 4 dpi 

[10] 

SARS-CoV-2 Wuhan-
Hu-1/2019 

Codon pair 
deoptimized 

region: 24308–
25306 (nt) 

6-week-old golden 
Syrian hamsters 104 FFU 21 

SARS-CoV-2 lineage B.1, 
105 FFU 

No weight loss, no signs of disease, 
reduced lung pathology and 

inflammation, reduced viral loads, no 
live virus present in lungs at 2-5 dpi 

[15] 

SARS-CoV-2 Wuhan-
Hu-1/2019 

Codon pair 
deoptimized 

region: 20358–
21503 (nt) 

6-week-old golden 
Syrian hamsters 

104 FFU 21 SARS-CoV-2 lineage B.1, 
105 FFU 

No weight loss, no signs of disease, 
reduced lung pathology and 

inflammation, reduced viral loads, no 
live virus present in lungs at 2-5 dpi 

[15,16] 
5–7-week-old 

Roborovski dwarf 
hamsters 

105 FFU 21 

BetaCoV/Munich/ 
BavPat1/2020 (B.1 
lineage), 105 PFU 

No weight loss, no signs of disease, no 
lung pathology and inflammation, 
reduced viral loads, no live virus 

present in lungs at 2-5 dpi 

BetaCoV/Germany/ 
ChVir21652/2020 (B.1.1.7 

lineage), 105 PFU 

No weight loss, no signs of disease, no 
lung pathology and inflammation, 
reduced viral loads, no live virus 

present in lungs at 2-5 dpi 

hCoV-19/Netherlands/ 
NoordHolland_20159/ 

2021 (B.1.351 lineage), 105 
PFU 

No weight loss, no signs of disease, no 
lung pathology and inflammation, 
reduced viral loads, no live virus 

present in lungs at 2-5 dpi in most 
animals 



 

References: 

SARS-CoV-2 Wuhan-
Hu-1/2019 

Codon pair 
deoptimized 

regions: 11969–
13450; 13953–

14306 (nt) 

6 week-old golden 
Syrian hamsters 105 FFU 21 

SARS-CoV-2 lineage B.1, 
105 FFU 

No weight loss, no signs of disease, 
reduced lung pathology and 

inflammation, reduced viral loads, no 
live virus present in lungs at 2-5 dpi 

[15] 

MERS-MA30-Δ5 
(MERS-MA30 with 

ORF5 deletion) 

Envelope 
protein deletion 

16–24-week-old 
hDPP4-KI mice 104 FFU 21 MERS-MA30, 105 FFU 

No mortality, no weight loss, reduced 
viral loads, no live virus in lungs at 2-6 

dpi 
[22] 

rMERS-MA30-Δ[3, 4a, 
4b, 5] 

(MERS-MA30 with 
ORF3-5 deletion) 

Envelope 
protein deletion 

16–24-week-old 
hDPP4-KI mice 104 FFU 21 MERS-MA30, 105 FFU No mortality, no significant weight loss [22] 

MERS-MA30 
Envelope 

protein deletion 
16–24-week-old 
hDPP4-KI mice 104 FFU 21 MERS-MA30, 105 FFU No mortality, no significant weight loss [22] 

MERS-CoV EMC 
Envelope 

protein deletion 
16–24-week-old 
K18-hDPP4 mice 5×103 FFU 21 

MERS-CoV EMC, 5×104 

FFU No weight loss, no mortality [22] 

SARS-CoV Urbani 
Envelope 

protein deletion 

Golden Syrian 
hamsters 103 TCID50 28 

SARS-CoV Urbani, 103 
TCID50 

Reduced lung inflammation, smaller 
reduction in animal activity, no live 
virus in lungs at 2 and 5 dpi, no live 

virus in nasal turbinates at 5 dpi 

[24,27–30] 

6-week-old BALB/c 
mice 6×103 PFU 21 

SARS-CoV MA15, 105 

PFU No mortality, reduced weight loss,  

12-month-old 
BALB/c mice 6×103 PFU 21 

SARS-CoV MA15, 105 

PFU Reduced mortality 

6-week-old BALB/c 
mice 6×103 PFU 66 

SARS-CoV MA15, 105 

PFU No difference 

12-month-old 
BALB/c mice 6×103 PFU 66 

SARS-CoV MA15, 105 

PFU 
No difference except small decrease in 

lung viral titer 
6–8-week-old 
BALB/c mice 1.2×104 PFU 21 

SARS-CoV MA15, 105 

PFU 
No mortality, reduced weight loss, 

reduced lung pathology 

hACE2-Tg mice 1.2×104 PFU 21 
SARS-CoV Urbani, 

1.2×104 PFU Reduced mortality 



 

rSARS-CoV-Urbani-
Δ[6–9b] 

(SARS-CoV Urbani 
with ORF6–9b 

deletion) 

Envelope 
protein deletion 

6–8-week-old 
BALB/c mice 1.2×104 PFU 21 

SARS-CoV MA15, 105 

PFU 
No mortality, reduced weight loss, 

reduced lung pathology 
[29] 

hACE2-Tg mice 1.2×104 PFU 21 
SARS-CoV Urbani, 

1.2×104 PFU Reduced mortality 

SARS-CoV MA15 Envelope 
protein deletion 

6-week-old BALB/c 
mice 

6×103 PFU 21 SARS-CoV MA15, 105 
PFU 

No mortality, no weight loss, reduced 
vural titer, no detectable virus at 4 dpi 

[24] 

12-month-old 
BALB/c mice 

6×103 PFU 21 SARS-CoV MA15, 105 
PFU 

No mortality, no weight loss, reduced 
vural titer, no detectable virus at 4 dpi, 

highly reduced lung pathology and 
inflammation 

18-month-old 
BALB/c mice 6×103 PFU 21 SARS-CoV MA15, 105 

PFU No mortality or weight loss 

6-week-old BALB/c 
mice 

6×103 PFU 66 SARS-CoV MA15, 105 
PFU 

No weight loss, reduced lung viral titer, 
no detectable virus at 4 dpi, reduced 

lung inflammation and pathology 

12-month-old 
BALB/c mice 

6×103 PFU 66 SARS-CoV MA15, 105 
PFU 

No weight loss, reduced lung viral titer, 
no detectable virus at 4 dpi, reduced 

lung inflammation and pathology 

SARS-CoV MA15 
Envelope Δ38–

45 
6-week-old BALB/c 

mice 6×103 PFU 21 
SARS-CoV MA15, 105 

PFU No mortality, no weight loss [26] 

SARS-CoV MA15 
Envelope Δ46–

52 
6-week-old BALB/c 

mice 6×103 PFU 21 
SARS-CoV MA15, 105 

PFU No mortality, no weight loss [26] 

SARS-CoV MA15 

Envelope: 
S3A, 
V5L, 
T9A, 
T11A 

6-week-old BALB/c 
mice 

6×103 PFU 21 SARS-CoV MA15, 105 
PFU 

No mortality, no weight loss [26] 

SARS-CoV MA15 NSP1 Δ122–130 8-week-old female 
BALB/c mice 

6×103 PFU 21 SARS-CoV MA15, 105 
PFU 

No mortality, no weight loss [18] 

MHV-A59 NSP14 D330A 
4-week-old male 

C57BL/6 mice 
5×105 PFU 

subcutaneous 30 
MHV-A59, 2×107 PFU, 

intrahepatic 
No mortality, no weight loss, no liver 

pathology, smaller serum ALT increase [29] 



 

MHV-A59 NSP14 Y414A 
4-week-old male 

C57BL/6 mice 
5×105 PFU 

subcutaneous 30 
MHV-A59, 2×107 PFU, 

intrahepatic 
No mortality, no weight loss, no liver 

pathology, smaller serum ALT increase [29] 

MHV-A59 NSP15 H262A 
6-week-old 

C57BL/6 mice 
6×104 PFU 

intraperitoneal 30 
MHV-A59, 6×104 PFU, 

intraperitoneal 
No liver pathology, no detectable virus 

in liver or spleen [39] 

MERS-CoV EMC NSP16 D130A 
10–20-week-old  
Dpp4 288–330+/+ 

mice 
106 PFU 28 MERS-CoV MA1, 106 

PFU 

No mortality, reduced weight loss, 
reduced lung viral titers, no lung 

pathology in most animals 
[43] 

SARS-CoV MA15 NSP16 D130A 

10-week-old 
BALB/c mice 105 PFU 28 

SARS-CoV MA15, 105 
PFU No mortality, reduced weight loss 

[45,46] 10-week-old 
BALB/c mice 

105 PFU 28 

SARS-CoV MA15 
expressing SHC014-CoV-

derived spike gene, 105 
PFU 

No weight loss, no lung pathology, no 
live virus in lungs at 4 dpi 

12-month-old 
BALB/c mice 

100 PFU 28 SARS-CoV MA15, 105 
PFU 

No mortality, no viral replication 

PEDV PC22A 

NSP16:  
K45A 

D129A 
K169A 
E202A 

4-days-old piglets 100 PFU, oral 21 
PEDV icPC22A, 106 PFU, 

oral 
No mortality, most animals were 

protected from symptoms [44] 

SARS-CoV Urbani 

TRS 
replacement 

(ACGAAC to 
CCGGAU) 

10-week-old female 
BALB/c 102–103 PFU 22 SARS-CoV MA15, 106 

PFU 
No weight loss,  virus not detectable in 

lungs at 4 dpi 

[56] 

10-week-old female 
BALB/c 102–103 PFU 22 SARS-CoV expressing 

HCSZ6103 spike, 106 PFU Virus not detectable in lungs at 4 dpi 

12-month-old 
female BALB/c mice 

102–103 PFU 22 SARS-CoV MA15, 106 
PFU 

No weight loss,  virus not detectable in 
lungs at 4 dpi 

12-month-old 
female BALB/c mice 

102–103 PFU 22 SARS-CoV expressing  
HCSZ6103 spike, 106 PFU 

No weight loss, virus not detectable in 
lungs at 4 dpi 

SARS-CoV MA15 

TRS 
replacement 

(ACGAAC to 
UGGUCGC) 

12-month-old 
female BALB/c mice 3,16×102 PFU 22 SARS-CoV MA15, 105 

PFU No mortality, no significant weight loss [56] 
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