
Mouse V(D)J Humanization Recapitulates human-like Severe SARS-CoV-2 Immune 1 

Imprinting  2 

Xiao Niu1,2,3,#, Fanchong Jian1,#, Yutong Li1,2, Ke Li1,2, Siyu Lei1,2,4,5, Weiliang Song1,2, Ruoxi 3 

Kong1,2, Xingan Cai1,2, Ran An2, Yao Wang2, Yifei Huang6,7,8, Lingling Yu2, Wenjing Wang2, Haiyan 4 

Sun2, Yuanling Yu2, Jing Wang2, Fei Shao2, Sai Luo6,7,8, Yunlong Cao1,2,4* 5 

1Biomedical Pioneering Innovation Center (BIOPIC), School of Life Sciences, Peking University, 6 

Beijing, P.R. China. 7 

2Changping Laboratory, Beijing, P.R. China. 8 

3College of Chemistry and Molecular Engineering, Peking University, Beijing, P.R. China. 9 

4Peking–Tsinghua Center for Life Sciences, Peking University, Beijing, P. R. China. 10 

5Academy for Advanced Interdisciplinary Studies, Peking University, Beijing, P.R. China. 11 

6Center for Infectious Disease Research, Tsinghua University, Beijing, P.R. China. 12 
7Tsinghua-Peking Joint Center for Life Sciences, Tsinghua University, Beijing, P.R. China. 13 
8School of Basic Medical Sciences, Tsinghua University, Beijing, P.R. China. 14 
*Correspondence: Yunlong Cao (yunlongcao@pku.edu.cn). 15 
#These authors contributed equally.  16 

.CC-BY-NC 4.0 International licensemade available under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 11, 2026. ; https://doi.org/10.64898/2025.12.18.694353doi: bioRxiv preprint 















A B C

hu
m

an
iz

ed
 m

ou
se

w
ild

-ty
pe

 m
ou

se

3 × Wuhan (n=113 Abs) 3 × Wuhan + 1 × BA.5 (n=78 Abs) 3 × Wuhan + 2 × BA.5 (n=86 Abs)

34
6

41
7

44
4

44
9

45
0

45
6

46
0

47
3

47
6

47
7

48
4

48
5

48
6

48
7

48
9

40
5

41
7

43
9

44
4

44
5

44
6

44
7

44
9

45
0

45
6

46
0

48
7

49
3

49
6

49
9

50
4

50
5

40
3

40
5

41
7

44
7

44
9

45
5

45
6

48
3

48
4

48
6

48
9

49
6

50
1

50
2

50
4

50
5

33
1

33
6

34
1

34
8

35
6

36
1

36
6

37
1

37
6

38
2

38
7

39
2

39
7

40
4

40
9

41
5

42
1

43
0

43
9

44
5

45
0

45
6

46
2

46
8

47
3

47
8

48
4

48
9

49
5

50
1

50
6

51
2

51
7

52
2

52
7

 346
 417  450

 456

 460

 473
 484

 486

 487  489

33
1

33
7

34
2

34
9

35
7

36
2

36
7

37
2

37
7

38
2

38
7

39
2

39
7

40
4

41
0

41
6

42
1

43
0

43
9

44
5

45
0

45
6

46
2

46
8

47
3

47
8

48
4

49
0

49
8

50
3

51
0

51
7

52
2

52
7

 439

 444
 445
 446

 447

 450
 456 460  487

 499

33
1

33
7

34
2

34
9

35
7

36
2

36
7

37
2

37
7

38
2

38
7

39
2

39
7

40
4

41
0

41
6

42
1

43
0

43
9

44
5

45
0

45
6

46
2

46
8

47
3

47
8

48
4

49
0

49
8

50
3

51
0

51
7

52
2

52
7

 403
 405 417  447 455

 456

 489

 501

 502

 505

34
6

41
7

44
4

44
9

45
0

45
6

46
0

47
3

47
6

47
7

48
4

48
5

48
6

48
7

48
9

40
5

41
7

43
9

44
4

44
5

44
6

44
7

44
9

45
0

45
6

46
0

48
7

49
3

49
6

49
9

50
4

50
5

40
3

40
5

41
7

44
7

44
9

45
5

45
6

48
3

48
4

48
6

48
9

49
6

50
1

50
2

50
4

50
5

33
1

33
6

34
1

34
8

35
6

36
1

36
6

37
1

37
6

38
2

38
7

39
2

39
7

40
4

40
9

41
5

42
1

43
0

43
9

44
5

45
0

45
6

46
2

46
8

47
3

47
8

48
4

48
9

49
5

50
1

50
6

51
2

51
7

52
2

52
7

 346
 444

 449

 476

 477

 484

 485

 486

 487
 489

33
1

33
7

34
2

34
9

35
7

36
2

36
7

37
2

37
7

38
2

38
7

39
2

39
7

40
4

41
0

41
6

42
1

43
0

43
9

44
5

45
0

45
6

46
2

46
8

47
3

47
8

48
4

49
0

49
8

50
3

51
0

51
7

52
2

52
7

 405
 417  444

 446

 447
 449

 493

 496
 504

 505

33
1

33
7

34
2

34
9

35
7

36
2

36
7

37
2

37
7

38
2

38
7

39
2

39
7

40
4

41
0

41
6

42
1

43
0

43
9

44
5

45
0

45
6

46
2

46
8

47
3

47
8

48
4

49
0

49
8

50
3

51
0

51
7

52
2

52
7

 405
 417

 447

 449

 483

 484
 486
 489

 496

 504

3 × Wuhan (n=110 Abs) 3 × Wuhan + 1 × BA.5 (n=96 Abs) 3 × Wuhan + 2 × BA.5 (n=100 Abs)

Figure 2 | Distinct antibody landscapes between mRNA vaccinated humanized and wild-type mice
(A–C) Normalized average DMS escape scores for mAbs isolated from humanized (top) and wild-type (bottom) mice following Wuhan 
priming (A), the first BA.5 booster (B), or the second BA.5 booster (C). Escape scores were aggregated and weighted by the IC50 of 
each individual mAb (To focus on the neutralizing mAbs, lower IC50 corresponds to greater weight) against D614G for Wuhan-primed 
groups or BA.5 for BA.5-boosted groups. Codon constraints were applied (see Methods). In each panel, the ten residues with the 
highest cumulative escape scores are annotated, with their specific mutational escape profiles visualized as logo plots above the 
scatter plots. To highlight divergent immune pressure, residues exhibiting pronounced differences between humanized and wild-type 
strains (as identified in Figures S2C-S2E) are colored red in both the scatter plots and logo plots.

Figure 2
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Wuhan RBD defined previously 27,28. We then comprehensively analyzed the antibody repertoires 146 

elicited in humanized and wild-type mice after each timepoint (Figures 3A, 3B and S3A-3D). 147 

Following Wuhan priming, humanized mice uniquely elicited a dominant population of antibodies 148 

targeting the A1 epitope (Figure 3A). Notably, antibodies targeting this epitope are closely related 149 

to the IGHV3-53 germline and target key residues such as 456, aligning with the escape hotspots. 150 

The foundational divergence between the two mouse models was established immediately after 151 

Wuhan priming. After two BA.5 boosting doses, while dynamic shifts occurred—including the 152 

abrogation of Group B and the emergence of Group A2—the A1 response remained persistent in 153 

humanized mice but was completely absent in wild-type mice (Figures 3C and S3A-S3E). In 154 

contrast, Omicron-specific antibodies in epitope groups B, D, and F3 contribute mostly to the 155 

neutralization against BA.5 exclusively in wild-type but not the V(D)J-humanized mice. 156 

Overall, DMS analysis demonstrates that Class 1 (A1) antibodies should play a pivotal role in the 157 

response to Wuhan priming, serving as a defining characteristic of the V(D)J-humanized mouse 158 

model, compared to the wild-type mice. This antibody subset substantially contributed to the 159 

polyclonal neutralization landscape and could be robustly recalled upon BA.5 boosting. Notably, 160 

these A1 antibodies exhibited remarkable germline convergence, consistently dominated by 161 

IGHV3-53 after both Wuhan priming and subsequent BA.5 boosting (Figure 3A). This is consistent 162 

with the enrichment of IGHV3-53/66-encoded Class 1 antibodies in strongly imprinted humans. 163 

Collectively, these findings led us to hypothesize that the dominant, IGHV3-53/66-driven A1 164 

antibody response induced by Wuhan priming is the mechanistic driver of SARS-CoV-2 immune 165 

imprinting. 166 

 167 

Molecular mechanism of imprinting 168 

Given that immune imprinting relies on the recall of pre-existing memory B cells, we then confirmed 169 

the cross-reactivity of these IGHV3-53/66-encoded A1 antibodies to determine their potential for 170 

reactivation by the Omicron booster (Figure 4A). 38% of A1 mAbs from Wuhan-primed humanized 171 

mice were cross-reactive, constituting a pre-existing memory pool that was efficiently recalled to 172 

achieve 100% cross-reactivity upon BA.5 boosting. In contrast, the negligible A1 response in 173 
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