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Abstract 

Single B-cell antibody generation technology is an advanced method that offers several advantages, including rapid 
production, high efficiency, and high yield. The antibodies generated via this technique retain their natural confor-
mation and are well suited for applications in pathogen diagnosis, disease treatment, and investigations of virus 
cross-species transmission mechanisms. Our study aimed to establish a platform for generating single B-cell antibod-
ies specifically targeting the foot-and-mouth disease virus (FMDV) 146S antigen in mice. Female BALB/c mice were 
immunized with inactivated O-type FMDV 146S antigen, and spleen cells were collected for further analysis. Flow 
cytometric sorting was performed using a biotin-labeled O-type FMDV 146S antigen as a decoy to identify and select 
CD19 + /CD21/35 + /CD43-/IgM-/Biotin + antigen-specific individual B cells. The gene sequences encoding the vari-
able regions of the heavy and light chains of the murine IgG antibodies were obtained via single-cell nested PCR 
amplification. Separate constructs were created for the heavy and light chain plasmids to ensure the proper expres-
sion of intact IgG antibodies. These plasmids were cotransfected into human embryonic kidney 293T (HEK293T) cells, 
leading to the successful production and purification of 15 specific monoclonal antibodies (mAbs), 10 which exhib-
ited activity in ELISA tests, and six antibodies that displayed activity in IFA tests. These findings highlight the successful 
development of a method for generating mouse-derived single B-cell antibodies that target FMDV. This achievement 
provides a solid foundation for diagnostic techniques and the analysis of antigenic structural variations.
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Main text
Foot-and-mouth disease (FMD) is an acute and highly 
contagious viral disease caused by foot-and-mouth dis-
ease virus (FMDV). It affects a wide range of animals, 
including more than 70 cloven-hoofed animals, such as 
cattle, sheep, pigs and various domestic and wild animals 
(Jamal and Belsham 2013; Lu et  al. 2022). FMD has a 
great impact, as it exhibits a high level of infectivity, lead-
ing to the mortality of young animals and a consequential 
decline in the productivity of adult animals. This disease 
has a great economic impact on a global scale, posing 
a major challenge to the development of the livestock 
industry.

FMDV is a nonenveloped virus that exhibits icosahe-
dral symmetry and is classified within the Picornaviridae 
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family (Alexandersen and Mowat 2005). Its genome 
consists of a single-stranded RNA molecule containing 
approximately 8,500 nucleotides (Avendaño et al. 2020). 
The three-dimensional structure of FMDV isolates and 
antigenic variants has been elucidated (Han et al. 2015). 
The viral particle (VP) has a diameter of approximately 
30 nm and comprises 60 copies in total. It is composed of 
four distinct capsid proteins, namely, VP1, VP2, VP3 and 
VP4, each with 60 copies. VP1, VP2 and VP3 are located 
on the surface of virions, whereas VP4 is a capsid pro-
tein that interacts with viral RNA (Domingo et al. 2002). 
FMDV consists of three types of viral particles: 146S, 
75S and 12S (Harmsen et  al. 2022). Research findings 
have indicated that the 146S viral particle has the high-
est immunogenicity, offering the most effective immune 
protection (Doel and Chong 1982; Harmsen et al. 2011; 
Rao et al. 1994).

Monoclonal antibody (mAb) production has led to 
the development of various methods. In 1975, Köhler 
and Milstein pioneered hybridoma technology, a well-
established but time-consuming and relatively inefficient 
method that yields murine-origin antibodies (KÖhler 
and Milstein 1975). In 1996, a groundbreaking approach 
for antibody production was introduced (Babcook et  al. 
1996). Compared with traditional hybridoma technology, 

this novel method offers several significant advantages. 
It is characterized by its simplicity, efficiency, and time-
saving, allowing for the generation of multiple mAbs 
simultaneously within a single process. This technique 
combines lineage analysis of immunoglobulin (Ig) genes 
with Ig reactivity analysis at the single-cell level, provid-
ing a comprehensive understanding of antibody produc-
tion. By harnessing the power of fluorescence-activated 
cell sorting (FACS) cell sorting and sequencing technolo-
gies, it becomes possible to obtain the genes responsi-
ble for antibody expression from only a small number of 
cells. These genes can subsequently be expressed in vitro, 
facilitating the rapid production of multiple mAbs with 
precise antigen specificity.

In this study, we immunized mice with FMDV as a 
basis and successfully established a platform for gen-
erating mAbs from single B cells (Fig.  1). This platform 
can serve as a valuable reference for establishing similar 
platforms aimed at producing single B-cell-derived mAbs 
that target other pathogens.

FMDV inactivated antigen (FMDV O/GX/09–7) was 
purchased from JINYU Baoling BIO-PHARMACEU-
TICAL Co., Ltd. The antigen underwent inactivation 
through binary ethyleneimine (BEI) treatment and subse-
quent concentration. To assess FMDV 146S quality, the 

Fig. 1 Brief description of the platform for generating mAbs from single B cells in mice. B cells were enriched from immunized mice, and specific 
B cells were screened. The mAb sequences were amplified. Recombinant antibody expression plasmids were constructed using these sequences, 
and mAbs were produced (created in BioRender.com)
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FMDV 146S standard and FMDV 146S were analyzed 
through a high-performance liquid chromatography 
(HPLC) system (Domingo et al. 2002), revealing charac-
teristic chromatographic peaks.

To verify that FMDV 146S is biotinylated (Li et al. 2021), 
the biotin-labeled FMDV 146S and unlabeled FMDV 
146S were compared via Western blotting. Two additional 
bands in the 10–30 kDa range were observed for the bio-
tin-labeled FMDV 146S compared with the nonlabeled 
FMDV 146S (Fig.  2). These findings suggest that FMDV 
146S was successfully biotinylated (Li et al. 2020).

To obtain FMDV 146S-specific B cells, mononuclear 
cell populations were selected from all peripheral blood 
mononuclear cells (PBMCs) on the basis of their size and 
granularity. B-cell populations were specifically identified 

by CD19 and CD21/35 staining, whereas T-cell popula-
tions were excluded through the use of CD43 staining for 
negative selection. Subsequently, CD19 +/CD21+/35 + /
CD43-/IgM-/Biotin (FMDV) + cells were sorted via nega-
tive selection with the IgM marker and positive selection 
with the biotin marker. A total of approximately 1 ×  108 
PBMCs were sorted, and 131 FMDV 146S-specific B cells 
were acquired.

To obtain antibody-expressing sequences, individ-
ual B-cell samples were subjected to single-cell reverse 
transcription, followed by PCR amplification of variable 
heavy chain (VH) and variable light chain (VL) regions 
(Fig.  3). The resulting variable region sequences were 
then subjected to sequencing and analysis, yielding a 
total of 83 sequences for the VH gene and 39 sequences 
for the VL gene.

Among these, we successfully identified 20 pairs of 
matching heavy‒light chain sequences, indicating the 
presence of B cells expressing antibodies with corre-
sponding variable regions in both chains. The outcomes 
of the international ImMunoGeneTics information sys-
tem (IMGT) analysis of these sequences are presented 
(Table  1), providing insights into the immunoglobulin 
heavy variable (IGHV) and immunoglobulin kappa vari-
able (IGKV) gene utilization, identity percentages, and 
complementarity determining region 3 (CDR3) lengths. 
This comprehensive analysis establishes a foundational 
framework for understanding the genetic compositions 
and potential functional attributes of the identified anti-
bodies. To verify that the antibody was expressed. We 
transfected twenty pairs of heavy and light chain plas-
mids into HEK293T cells for expression. The supernatant 
containing the expressed antibodies was collected and 
subjected to purification via a purification column. The 
successful expression of the antibodies was confirmed 
through analysis by reducing SDS‒PAGE.

To validate whether the antibody can interact with 
FMDV, we used indirect ELISA to assess the FMDV 146S 
binding of 15 mAbs (500 ng/ml). Among the tested anti-
bodies, No. 4, 31, 34, 49, 56, 57, 63, 109, 119, 121 and 123 
exhibited reactivity with FMDV O/Cathay. Additionally, 
No. 4, 31, 34, 49, 56, 57, 63, 121 and 123 demonstrated 
reactivity with FMDV O/MYA98 (Fig. 4). To further ver-
ify that the antibody reacts with FMDV, we performed 
IFA with 1 µg/mL mAbs and observed specific fluores-
cence only at six mAbs with FMDV O/Cathay and four 
mAbs with FMDV O/Mya98, indicating the reactivity 
of the antibodies with their corresponding FMDV 146S. 
These findings suggest that the tested mAbs can effec-
tively recognize and bind to FMDV (Fig. 5).

The rapid platform developed in this study for the 
efficient production of serotype O-specific antibodies 

Fig. 2 Western blot analysis of Biotin-labeled FMDV 146S. Lane 1: 
Non-labeled FMDV 146S. Lane 2: Biotin-labeled FMDV 146S. This 
analysis revealed the presence of two additional bands of 10–30 kDa 
for the biotin-labeled FMDV 146S in comparison to the nonlabeled 
FMDV 146S
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against FMDV serves as a foundation for the rapid 
generation of specific antibodies targeting other path-
ogens. Further integration of this platform with micro-
array technology can lead to the establishment of a 
comprehensive system capable of promptly responding 
to newly emerging pathogens and producing specific 
antibodies. The adoption of this platform represents a 
significant advancement over conventional antibody 
generation methods such as hybridoma technology, 
positioning it as the leading approach for monoclonal 
antibody production. This technology offers several 
advantages, including high-throughput capacity, pres-
ervation of natural antibody diversity, short processing 
time, high efficiency, and ease of operation, effectively 
meeting the requirements for rapid antibody produc-
tion. The widespread implementation and continued 
development of this technology hold promising pros-
pects for the future of antibody-based therapies.

Owing to their efficiency in protein expression, 
HEK293T cells are widely used in biomedical research 
and biopharmaceutical production. Target genes are 

introduced into HEK293T cells via methods such as 
lipid-mediated transfection, electroporation, or virus-
mediated transfection. HEK293T cells are frequently 
used for recombinant protein expression (Jiang et  al. 
2022), especially for antibody production (Li et  al. 
2021; Ryu et  al. 2022). They produce correctly folded 
and functional proteins, making them invaluable in cre-
ating therapeutic antibodies, vaccines, and viral vectors 
for gene therapy and vaccine development.

Mice were chosen as immunocompetent animals 
because of their well-established role in immunological 
research. The selection of mice as immunization hosts 
was based on several practical considerations, includ-
ing their short immunization cycles, cost-effectiveness, 
and ease of handling. These factors collectively make 
mice a favorable choice for antibody production in our 
study. However, it is important to acknowledge that 
other animals, including rabbits, pigs, cattle (Kurosawa 
et al. 2012; Ramirez Valdez et al. 2023; Sok et al. 2017; 
Stefan et  al. 2014), and even humans (Gilman et  al. 
2016; Iizuka et  al. 2011; Liao et  al. 2009; Sanam et  al. 

Fig. 3 PCR amplification of the VH and VL variable regions. A The results of antibody heavy chain amplification. B The results of antibody light chain 
amplification
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2016), can also be used as suitable targets for immuni-
zation in similar studies.

Conclusion
In conclusion, this research demonstrated the utiliza-
tion of a rapid platform for the generation of highly 
specific monoclonal antibodies against serotype O 
FMDV. Our findings highlight the efficiency and speed 
of this platform in producing monoclonal antibodies 

that specifically target serotype O of FMDV. Compared 
with conventional hybridoma methods employed for 
antibody production (Steinitz 2009), this platform sig-
nificantly reduces the time required and allows for the 
acquisition of a larger repertoire of monoclonal anti-
bodies. Compared with the existing methods for pro-
ducing antibodies against bovine and porcine FMDV 
via this technology, our approach offers the advantages 
of lower costs and simpler procedures (Cao et  al. 2022; 

Table 1 IMGT analysis of the antibody sequence

NO Heavy chain Light chain

IGHV Identity CDR3 length IGKV Identity CDR3 length

4 1–2 76.5% 13 3–11 68.7% 9

15 1–2 76.4% 13 4–1 84.1% 9

31 1–2 74.4% 13 7–3 77.7% 9

33 1–2 74.4% 13 7–3 77.7% 9

34 1–2 74.4% 13 7–3 77.4% 9

39 1–2 74.4% 13 7–3 77.0% 9

49 1–2 74.4% 13 1–17 76.1% 9

55 1–2 74.4% 13 5–2 74.5% 9

56 1–2 74.4% 13 7–3 77.7% 9

57 1–2 74.4% 13 7–3 78.4% 9

58 1–2 74.4% 13 7–3 78.4% 9

63 1–2 74.4% 13 1–9 81.8% 9

71 1–2 75.8% 13 1–9 81.8% 9

76 1–2 74.4% 13 7–3 77.7% 9

82 1–2 74.4% 13 4–1 84.1% 9

109 1–2 74.4% 13 1–16 73.6% 9

114 1–2 74.4% 13 7–3 77.7% 9

119 1–2 74.4% 13 3–11 70.9% 9

121 1–2 74.4% 13 7–3 77.7% 9

123 1–2 73.8% 13 3–15 71.7% 9

Fig. 4 Indirect ELISA results of 15 expressed antibodies. Indirect ELISA results of 15 expressed antibodies against FMDV O/Mya98 
146S (A) and FMDV O/Cathay 146S (B)
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Li et al. 2021). Among the more than 100 screened spe-
cific B cells, 83 heavy chain gene sequences and 39 light 
chain gene sequences were successfully obtained. While 
only 20 pairs of heavy and light chains were successfully 
matched, we can further increase the antibody diversity 
through artificial pairing (Marks et  al. 1991). The plat-
form  established in this work allows for the rapid prepa-
ration of pathogen-specific antibodies. This enables the 
swift production of diagnostic or therapeutic antibodies 
against emerging pathogens, achieving a rapid response 
capability.

Acknowledgements
We would like to thank the China Institute of Veterinary Drug Control 
and Huazhong Agricultural University for providing us with this valuable 
opportunity.

Authors’ contributions
Z.Y. carried out the original draft preparation. F.L., M.Z., and C.W. participated 
in the review and editing. Y.L. and L.X. were responsible for the methodology. 
Q.Z. and Y.L. provided supervision. W.L. and Y.Z. handled project administra-
tion and funding acquisition. All the authors have read and approved the final 
manuscript.

Funding
This work was supported in part by the National Key R&D Program Project 
of China (grant no. 2021YFD1800300), the National Modern Agricultural 
Industry Technology System of China (grant no. CARS-35), the Science and 
Technology Program Project of Guizhou, China (grant no. Qian Kehe Support 
(2020) 4Y217), the Fundamental Research Funds for the Central Universities 

(2662023DKPY004) and the National Key Laboratory of Agricultural Microbiol-
ogy (AML2023A02).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
All experimental procedures were approved and reviewed by the Institutional 
Animal Care and Use Committee of the China Institute of Veterinary Drug 
Control.

Consent for publication
All the authors have consented to the publication of the manuscript.

Competing interests
The authors declare that they have no competing interests. Author Wentao Li 
was not involved in the journal’s review or decisions related to this manuscript.

Received: 12 June 2024   Accepted: 25 July 2024

References
Alexandersen, S., and N. Mowat. 2005. Foot-and-mouth disease: host range 

and pathogenesis. Current topics in microbiology and immunology 
288:9–42. https:// doi. org/ 10. 1007/3- 540- 27109-0_2.

Avendaño, C., C. Celis-Giraldo, D. Ordoñez, D. Díaz-Arévalo, I. Rodríguez-
Habibe, J. Oviedo, H. Curtidor, S. García-Castiblanco, F. Martínez-Pan-
queva, A. Camargo-Castañeda, et al. 2020. Evaluating the immunogenic-
ity of chemically synthesized peptides derived from foot-and-mouth 

Fig. 5 IFA analysis of expressed mAbs. A-F No. 15,57,59,63,121,123 expressed antibodies against FMDV O/Cathay 146S. G-J No. 15,57,121,123 
expressed antibodies against FMDV O/Cathay 146S. K MOCK of FMDV O/Cathay 146S. L The MOCK of FMDV O/Mya98 146S. (Bar = 200 nm)

https://doi.org/10.1007/3-540-27109-0_2


Page 7 of 7Yang et al. Animal Diseases            (2024) 4:28  

disease VP1, VP2 and VP3 proteins as vaccine candidates. Vaccine 
38:3942–3951. https:// doi. org/ 10. 1016/j. vacci ne. 2020. 04. 006.

Babcook, J. S., K. B. Leslie, O. A. Olsen, R. A. Salmon, and J. W. Schrader. 1996. A 
novel strategy for generating monoclonal antibodies from single, isolated 
lymphocytes producing antibodies of defined specificities. Proceed-
ings of the National Academy of Sciences of the United States of America 
93:7843–7848. https:// doi. org/ 10. 1073/ pnas. 93. 15. 7843.

Cao, Y., K. Li, X. Xing, G. Zhu, Y. Fu, H. Bao, X. Bai, P. Sun, P. Li, J. Zhang, et al. 2022. 
Development and validation of a competitive ELISA based on bovine 
monoclonal antibodies for the detection of neutralizing antibodies 
against foot-and-mouth disease virus serotype A. Journal of Clinical Micro-
biology 60:e0214221. https:// doi. org/ 10. 1128/ jcm. 02142- 21.

Doel, T. R., and W. K. T. Chong. 1982. Comparative immunogenicity of 146S, 75S 
and 12S particles of foot-and-mouth disease virus. Archives of Virology 
73:185–191. https:// doi. org/ 10. 1007/ BF013 14726.

Domingo, E., E. Baranowski, C. Escarmís, and F. Sobrino. 2002. Foot-and-mouth 
disease virus. Comparative Immunology, Microbiology and Infectious Dis-
eases 25:297–308. https:// doi. org/ 10. 1016/ s0147- 9571(02) 00027-9.

Gilman, M. S., C. A. Castellanos, M. Chen, J. O. Ngwuta, E. Goodwin, S. M. Moin, 
V. Mas, J. A. Melero, P. F. Wright, B. S. Graham, et al. 2016. Rapid profiling of 
RSV antibody repertoires from the memory B cells of naturally infected 
adult donors. Science immunology 1:eaaj1879. https:// doi. org/ 10. 1126/ 
sciim munol. aaj18 79.

Han, S. C., H. C. Guo, and S. Q. Sun. 2015. Three-dimensional structure of foot-
and-mouth disease virus and its biological functions. Archives of virology 
160:1–16. https:// doi. org/ 10. 1007/ s00705- 014- 2278-x.

Harmsen, M. M., H. P. Fijten, D. F. Westra, and J. M. Coco-Martin. 2011. Effect 
of thiomersal on dissociation of intact (146S) foot-and-mouth disease 
virions into 12S particles as assessed by novel ELISAs specific for either 
146S or 12S particles. Vaccine 29:2682–2690. https:// doi. org/ 10. 1016/j. 
vacci ne. 2011. 01. 069.

Harmsen, M. M., H. Li, S. Sun, W. H. M. van der Poel, and A. Dekker. 2022. 
Mapping of foot-and-mouth disease virus antigenic sites recognized by 
single-domain antibodies reveals different 146S particle specific sites and 
particle flexibility. Frontiers in veterinary science 9:1040802. https:// doi. org/ 
10. 3389/ fvets. 2022. 10408 02.

Iizuka, A., M. Komiyama, S. Tai, C. Oshita, A. Kurusu, A. Kume, K. Ozawa, Y. Naka-
mura, T. Ashizawa, A. Yamamoto, et al. 2011. Identification of cytomegalo-
virus (CMV)pp65 antigen-specific human monoclonal antibodies using 
single B-cell-based antibody gene cloning from melanoma patients. 
Immunology Letters 135:64–73. https:// doi. org/ 10. 1016/j. imlet. 2010. 09. 
013.

Jamal, S. M., and G. J. Belsham. 2013. Foot-and-mouth disease: past, pre-
sent and future. Veterinary Research 44:116. https:// doi. org/ 10. 1186/ 
1297- 9716- 44- 116.

Jiang, W., D. Jiang, L. Li, B. Wan, J. Wang, P. Wang, X. Shi, Q. Zhao, J. Song, Z. Zhu, 
P. Ji, and G. Zhang. 2022. Development of an indirect ELISA for the iden-
tification of African swine fever virus wild-type strains and CD2v-deleted 
strains. Frontiers in veterinary science 9:1006895.

Köhler, G., and C. Milstein. 1975. Continuous cultures of fused cells secreting 
antibody of predefined specificity. Nature 256:495–497. https:// doi. org/ 
10. 1038/ 25649 5a0.

Kurosawa, N., M. Yoshioka, R. Fujimoto, F. Yamagishi, and M. Isobe. 2012. Rapid 
production of antigen-specific monoclonal antibodies from a variety of 
animals. BMC Biology 10:80. https:// doi. org/ 10. 1186/ 1741- 7007- 10- 80.

Li, K., S. Wang, Y. Cao, H. Bao, P. Li, P. Sun, X. Bai, Y. Fu, X. Ma, J. Zhang, et al. 2020. 
Development of foot-and-mouth disease virus-neutralizing monoclo-
nal antibodies derived from plasmablasts of infected cattle and their 
germline gene usage. Frontiers in immunology 11:286. https:// doi. org/ 10. 
3389/ fimmu. 2020. 00286.

Li, K., Zhu, G., Zhou, S., Sun, P., Wang, H., Bao, H., Fu, Y., Li, P., Bai, X., Ma, X., et al. 
2021. Isolation and characterization of porcine monoclonal antibodies 
revealed two distinct serotype-independent epitopes on VP2 of foot-
and-mouth disease virus. Journal of General Virology 102. https:// doi. org/ 
10. 1099/ jgv.0. 001608.

Liao, H. X., M. C. Levesque, A. Nagel, A. Dixon, R. Zhang, E. Walter, R. Parks, 
J. Whitesides, D. J. Marshall, et al. 2009. High-throughput isolation of 
immunoglobulin genes from single human B cells and expression as 
monoclonal antibodies. Journal of Virological Methods 158:171–179. 
https:// doi. org/ 10. 1016/j. jviro met. 2009. 02. 014.

Lu, Z., S. Yu, W. Wang, W. Chen, X. Wang, K. Wu, X. Li, S. Fan, H. Ding, L. Yi, and J. 
Chen. 2022. Development of foot-and-mouth disease vaccines in recent 
years. Vaccines 10:1817. https:// doi. org/ 10. 3390/ vacci nes10 111817.

Marks, J. D., H. R. Hoogenboom, T. P. Bonnert, J. McCafferty, A. D. Griffiths, and 
G. Winter. 1991. Bypassing immunization. Human antibodies from V-gene 
libraries displayed on phage. Journal of Molecular Biology 222:581–597. 
https:// doi. org/ 10. 1016/ 0022- 2836(91) 90498-u.

Ramirez Valdez, K., B. Nzau, D. Dorey-Robinson, M. Jarman, J. Nyagwange, J. C. 
Schwartz, G. Freimanis, A. W. Steyn, G. M. Warimwe, L. J. Morrison, et al. 
2023. A customizable suite of methods to sequence and annotate cattle 
antibodies. Vaccines 11:1099. https:// doi. org/ 10. 3390/ vacci nes11 061099.

Rao, M. G., G. Butchaiah, and A. K. Sen. 1994. Antibody response to 146S parti-
cle, 12S protein subunit and isolated VP1 polypeptide of foot-and-mouth 
disease virus type Asia-1. Veterinary microbiology 39:135–143. https:// doi. 
org/ 10. 1016/ 0378- 1135(94) 90094-9.

Ryu, J., E. J. Kim, J. K. Kim, T. H. Park, B. G. Kim, and H. J. Jeong. 2022. Develop-
ment of a CHO cell line for stable production of recombinant antibodies 
against human MMP9. BMC Biotechnology 22:1–8. https:// doi. org/ 10. 
1186/ s12896- 022- 00738-6.

Sadreddini, S., F. Jadidi-Niaragh, V. Younesi, T. Pourlak, and A. Afkham. 2016. 
Evaluation of EBV transformation of human memory B cells isolated by 
FACS and MACS techniques. Journal of Immunotoxicology 13:490–497. 
https:// doi. org/ 10. 3109/ 15476 91X. 2015. 11322 88.

Seeber, S., F. Ros, I. Thorey, G. Tiefenthaler, and K. Kaluza. 2014. A robust high 
throughput platform to generate functional recombinant monoclo-
nal antibodies using rabbit B cells from peripheral blood. PLoS One1 
9:e86184. https:// doi. org/ 10. 1371/ journ al. pone. 00861 84.

Sok, D., K. M. Le, M. Vadnais, K. L. Saye Francisco, J. G. Jardine, J. L. Torres, Z. 
T. Berndsen, L. Kong, R. Stanfield, J. Ruiz, et al. 2017. Rapid elicitation of 
broadly neutralizing antibodies to HIV by immunization in cows. Nature 
548:108–111. https:// doi. org/ 10. 1038/ natur e23301.

Steinitz, M. 2009. Three decades of human monoclonal antibodies: past, 
present and future developments. Human Antibodies 18:1–10. https:// doi. 
org/ 10. 3233/ HAB- 2009- 0196.

https://doi.org/10.1016/j.vaccine.2020.04.006
https://doi.org/10.1073/pnas.93.15.7843
https://doi.org/10.1128/jcm.02142-21
https://doi.org/10.1007/BF01314726
https://doi.org/10.1016/s0147-9571(02)00027-9
https://doi.org/10.1126/sciimmunol.aaj1879
https://doi.org/10.1126/sciimmunol.aaj1879
https://doi.org/10.1007/s00705-014-2278-x
https://doi.org/10.1016/j.vaccine.2011.01.069
https://doi.org/10.1016/j.vaccine.2011.01.069
https://doi.org/10.3389/fvets.2022.1040802
https://doi.org/10.3389/fvets.2022.1040802
https://doi.org/10.1016/j.imlet.2010.09.013
https://doi.org/10.1016/j.imlet.2010.09.013
https://doi.org/10.1186/1297-9716-44-116
https://doi.org/10.1186/1297-9716-44-116
https://doi.org/10.1038/256495a0
https://doi.org/10.1038/256495a0
https://doi.org/10.1186/1741-7007-10-80
https://doi.org/10.3389/fimmu.2020.00286
https://doi.org/10.3389/fimmu.2020.00286
https://doi.org/10.1099/jgv.0.001608
https://doi.org/10.1099/jgv.0.001608
https://doi.org/10.1016/j.jviromet.2009.02.014
https://doi.org/10.3390/vaccines10111817
https://doi.org/10.1016/0022-2836(91)90498-u
https://doi.org/10.3390/vaccines11061099
https://doi.org/10.1016/0378-1135(94)90094-9
https://doi.org/10.1016/0378-1135(94)90094-9
https://doi.org/10.1186/s12896-022-00738-6
https://doi.org/10.1186/s12896-022-00738-6
https://doi.org/10.3109/1547691X.2015.1132288
https://doi.org/10.1371/journal.pone.0086184
https://doi.org/10.1038/nature23301
https://doi.org/10.3233/HAB-2009-0196
https://doi.org/10.3233/HAB-2009-0196

	Rapid production of monoclonal antibodies from single mouse B cells against FMDV
	Abstract 
	Main text
	Conclusion
	Acknowledgements
	References


