
Fish Immunity by Chris Aslett 
 
The immune system of fish is complex and 
analogous to our own. Our immunity 
likely evolved from fish’s (Scapigliati et al. 
2018). The rudiments of mammalian and 
fish immunity are explored below. 
 
 

 
Fig 1. Haematopoietic stem cell differentiation. 
 

The mucosal surfaces of fish are flooded 
with immunoglobulins (antibodies) and 
parasite-degrading enzymes 
(Subramanian et al. 2007; Perdiguero et al. 
2019). Saltwater enzymes are twice the 
concentration of those excreted by 
freshwater fish (Subramanian et al. 2007).  
 
 

 
Fig 2. Immune cells.  
 

Vertebrates are armed with two lines of 
defence: the innate or inflammatory 
response and the adaptive or cellular 
response. The former is less specific, 
reacting swiftly to foreign molecules. 
Mammalian innate induction is faster than 
fish’s (Tort et al. 2003). Molecular shape 
recognition drives cellular immunity. 
Unique configurations of sugars, proteins, 
and lipids (fats) stimulate defence. Such 
structures are referred to as epitopes 
situated on antigens. The most 
conspicuous and harmful of 
immunological reactions is observed  

 
throughout Gram negative bacteraemias 
(Farhana & Khan 2022). 
 

 
Fig 3. An immunoglobulin (antibody). 
 

Inflammatory roles include 
dendrocyte/macrophage-mediated 
infected tissue infiltration, and 
antigen/antibody immune complex 
engulfment (phagocytosis). The granules 
of granulocytes with multilobed nuclei 
readily retain histological stains (Fig 2.). 
Neutrophils, eosinophils, basophils, and 
monocytes are present in several fish, yet 
others utilise merely one. Granulocytes 
are manufactured in the kidney and 
spleen. Neutrophils in some fish act as 
macrophages, phagocytosing and killing 
with oxidative bursts. Neutrophil-lacking 
species rely on eosinophil antiparasitic 
competence (Ainsworth 1992). Monocytes 
discern between noxious and benign 
microbes, engulfing and killing 40 times 
more pathogens whilst protecting “good 
bacteria” (El-Etr et al. 2001). 
 

Some vertebrates are armed with 
lymphatic systems – circulatory networks 
of interconnected vessels adjoined with 
lymph-filtering glands/nodes (Choi et al. 
2012). Lymph comprises up to 50 percent 
blood plasma, over 50 percent blood 
proteins, gut-absorbed lipids, immune 
cells, pathogen remains, and toxins 
(Foskett et al. 2013). Fish do not have 
lymph glands. Instead, melano-
macrophage centres (MMCs) propagate B-



cells, degrade cellular toxins and facilitate 
antigen presentation in the spleen (Kranz 
1989; Agius & Roberts 2003; Lieschke & 
Nikolaus 2009; Magadan et al. 2015; 
Pavlov et al. 2017). Lymphocytes freely 
drain from infected tissue into lymph 
(Foskett et al. 2013). Primitive 
cartilaginous fish like sharks and rays lack 
lymphoid tissue yet retain a secondary 
circulatory network filled with blood. 

 
Fig 4.  
 

Mammalian-like antibody responses have 
been observed in six teleostean mucosa-
associated lymphoid tissues (MALTs): 
gut-associated lymphoid tissue (GALT), 
skin-associated lymphoid tissue (SALT), 
gill-associated lymphoid tissue (GIALT), 
nasal-associated lymphoid tissue (NALT), 
and buccal/pharyngeal-associated 
lymphoid tissue (B/PALT). Significant 
antibody titres are detected around day 14 
post-exposure, unquestionably within the 
month (Yu et al. 2020). 

 

Fig 5. An inflammatory response-initiated immune system 
and pathogen-derived small benign tumour. 
Mycobacterial infections are punctuated with granuloma. 

Multiple epitope-specific antibodies are 
generated for a single antigen, each arising 
from distinct B-cell lineages. Polyclonal 
serum comprises several immunoglobulin 
types, whereas monoclonal contains 
merely one.  
 

Inflammatory responses are imprecise, 
relying upon pattern recognition 
receptors, whereas adaptive immunity is 
modulated by the ultra-precise antigen 
recognition receptors of T- and B-cells (Fig 
2.; Kumar et al. 1997; Krieg 2002).   

 

 

Fig 6. Induction of adaptive immunity. 
 

Adaptive immunity is comparatively 
intricate and protracted, culminating in 
pathogen-incapacitating or immunogen-
sequestering immunoglobulins. Each 
antibody carries two or more precisely 
constructed paratopes corresponding 
exactly to the shape of the target epitope. 
Paratope and epitope become firmly 
hydrophobically and electrostatically 
bound (Fig 3.; Fig 4.; van Oss 2000; Tort et 



al. 2003). 
 

A plasma cell can generate hundreds to 
thousands of antibodies per second (Allen 
& Sharma 2022). Antibody production 
occurs in fish kidney mesonephros 
(Rijkers et al. 1981). 
 

Polyclonal serum binds antigens causing 
immune complex clumping (agglutination; 
Almeida & Waterson 1969). Such 
interactions discernible to the naked eye 
became fundamental tools for pathogen 
serotyping (Henriksen et al. 1978). 
Immune complex phagocytosis is the 
cornerstone of pathogen clearance (van 
Lookeren Campagne et al. 2007; Rosales & 
Uribe-Querol 2017). 
    

 

Fig 7. T-helper-mediated B-cell induction using the 
cytokine interleukin (IL). Multiple genes encoding IL types 
I and II have been identified in bony fish (Zou & Secombes 
2016). 
 

Cellular immunity exploits the activity of 
B-plasma, B-memory, T-helper, T-killer 
and T-natural killer lymphocytes (Tort et 
al. 2003; Hitzfeld 2005; Mashoof & 
Criscitiello 2016). Lymphocytes destroy 
pathogens and infected cells using 
reactive oxygen species or perforin and 
granzyme (Fig 6.; Fig 8.). Fish exploit 
thymus-propagated T-helper (Th; CD4+), 
T-killer (Tk; cytotoxic T cells) and natural 
killer-like cells (CD8), abundant in the 
intestine and gills (Fischer et al. 2013; 
Scapigliati et al. 2018). 
 

Cellular immunity is subdivided into the 
humoral response, defined as the 
liberation of molecules, including 
antibodies, into fluids (humors) such as 

mucus, lymph, and blood (Magnadottir et 
al. 2005).  Antimicrobial peptides (AMPs) 
in fish humors degrade bacteria, fungi and 
viruses (Diamond et al. 2009; Shabir et al. 
2018; Valero et al. 2019).  
 

T-/B-cells have exterior immobilised 
antibody receptors detecting cell-surface 
and unbound antigens (Fig 2.; Fig 6.; Fig 
7.). Host cell major histocompatibility 
complex (MHC) class I molecules offer 
pathogen-derived protein fragments to T-
cell receptors. Complementary 
recognition triggers T-cell activation (Fig 
6.; Fig 7.; Fig 8.; Janeway et al. 2001; 
Mohd-Padil et al. 2010; Garrido et al. 
2016).  
 

T-killer (Tk) cells elicit preprogrammed 
cell death (apoptosis) in genetically 
insulted precancerous cells using access-
facilitating perforin and the serine 
protease, granzyme (Fig 8.; Liu et al. 1995; 
Hlongwane et al. 2018). T-helper cells 
release B-cell and macrophage-
coordinating signal cytokines. Phagocytic 
macrophages eradicate infected cells, 
protozoa, chromist and microbes using 
reactive oxygen species (Nakanishi et al. 
2015). The transmembrane macrophage 
cytokine, tumour necrosis factor-alpha 
(TNF-α), is released extracellularly by 
metalloprotease cleavage. TNF-α induces 
cellular necrosis in aberrant host cells 
(Chau et al. 2004; Hong et al. 2013). Fish 
lack TNF-β yet exploit TNF-α types I and 
II (Laing et al. 2001; Hong et al. 2013). 
Malignant chemotherapies are being 
gradually replaced by immunostimulants 
(Liu 2007; Yan 2018; Farolfi et al. 2019). 
 
 

 

Fig 8. 
 

Viral infections promote the release of the 
cytokine interferon (INF), halting viral 
replication and triggering virion genome 



intracellular degradation (Robertsen 2006; 
Zhang & Gui 2012). Myxovirus resistance 
(Mx) proteins comprise a large family of 
guanosine triphosphatases (GTPases) that 
assemble into macromolecular 
inflammatory-stimulating defence 
“machines” (Leong et al. 1998; Samuel 
2001; Kochs et al. 2005; Tretina et al. 
2019). Retroviruses (RNA viruses) are 
potent elicitors of interferon (Sadler & 
Williams 2008; Verhelst et al. 2013). 
Cytotoxic T-cells require induction, 
whereas natural killer cells retain 
permanent destructive competence (Fig 
8.).  
 

Unlike mature mammalian red blood cells 
(erythrocytes), fish erythrocytes are 
nucleated. Teleost dendrocytes and 
erythrocytes present foreign antigens on 
MHC class II molecules, robustly 
stimulating both arms of defence (Bassity 
& Clark 2012; Puente-Marin et al. 2018; 
Almeida et al. 2020). 
 

Antibodies diminish after disease-causing 
agents are purged. Otherwise, blood 
would agglutinate. Lasting acquired 
immunity is conferred by immunoglobulin 
M+ (IgM+) and B-memory cells. The latter 
typically found in peripheral blood and the 
spleen (Tort et al. 2003; Ma et al. 2013). 
Fish B-cells are manufactured in the 

anterior kidney (Lieschke & Nikolaus 
2009). Their memory-retaining long-lived 
plasma cells (LLPCs), challenge 
preconceptions of lasting acquired 
immunity (Rijkers et al. 1981; Wu et al. 
2019). Immune memory quickly 
recognised reinfections, activating 
antibody-manufacturing plasma cells that 
rapidly overwhelm recurrent pathogens.  
 

Immunoglobulins (Igs) IgD/W, IgNAR are 
present in cartilaginous fish, whereas 
teleosts produce IgM, IgD, and IgT/Z 
(Mochida et al. 1994; Tort et al. 2003; 
Gadus morhua et al. 2006; Rombout et al. 
2014; Mashoof & Criscitiello 2016; 
Piazzon et al. 2016; Perdiguero et al. 2019; 
Khalid et al. 2022). Exclusively tetrameric 
teleostean IgM monopolises extracellular 
spaces and humors, including the gut, gill, 
and skin mucosa (Kaattari et al. 1998). Its 
specificity is imprecise compared to other 
vertebrates, marking antigens with 
phagocytosis-promoting opsonin 
(Mochida et al. 1994; Tort et al. 2003; van 
Lookeren Campagne et al. 2007; Mashoof 
& Criscitiello 2016). The mucus-abundant 
IgT (IgZ) is unique to teleosts and 
analogous to mammalian IgA (Gomez et 
al. 2014; Piazzon et al. 2016). 
 

Understanding the above, we next explore 
fish immunostimulation.

 

References
1. Agius, C. & Roberts, R., J. (2003) Melano-macrophage centres and their role in fish pathology. J. Fish Dis. 26, 499-

509.  
 

2. Allen, H., C. & Sharma, P. (2022) Histology, Plasma Cells. StatPearls [Internet]. Treasure Island (FL): StatPearls 
Publishing; 2022 Jan-. Available from: https://www.ncbi.nlm.nih.gov/books/NBK556082/ [last accessed 31 
January 2023]. 

 

3. Almeida, T., Gaigher, A., Muñoz-Mérida, A., Neves, F., Castro, L., F., C., Flajnik, M., F., Ohta, Y., Esteves, P., J. & 
Veríssimo, A. (2020) Cartilaginous fish class II genes reveal unprecedented old allelic lineages and confirm the late 
evolutionary emergence of DM. Molecular immunology. 128, 125-138. 

 

4. Almeida, J., D. & Waterson, A., P. (1969) IMMUNE COMPLEXES IN HEPATITIS. The Lancet. 294(7628). 983-986. 
 

5. Bassity, E. & Clark, T., G. (2012) Functional Identification of Dendritic Cells in the Teleost Model, Rainbow Trout 
(Oncorhynchus mykiss). PLoS ONE 7(3),. 

 

6. Chau, B., N., Chen, T., T., Wan, Y., Y., DeGregori, J. & Wang, J., Y. (2004) Tumor necrosis factor alpha-induced 
apoptosis requires p73 and c-ABL activation downstream of RB degradation. Molecular and cellular biology. 24(10), 
4438-4447. 

 

7. Choi, I., Lee, S. & Hong, Y., K. (2012) The new era of the lymphatic system: no longer secondary to the blood vascular 
system. Cold Spring Harbor perspectives in medicine. 2(4),. 

 

8. Diamond, G., Beckloff, N., Weinberg, A. & Kisich, K., O. (2009) The roles of antimicrobial peptides in innate host 
defense. Current pharmaceutical design. 15(21), 2377-2392. 

 

9. El-Etr, S., H., Yan, L. & Cirillo, J., D. (2001) Fish monocytes as a model for mycobacterial host-pathogen interactions. 
Infect Immun. 69(12), 7310‐7317.  

 

10. Farhana, A. & Khan, Y., S. (2022) Biochemistry, Lipopolysaccharide. In StatPearls. StatPearls Publishing. 



https://pubmed.ncbi.nlm.nih.gov/32119301/ [last accessed 2 February 2023]. 
 

11. Farolfi, A., Gurioli, G., Fugazzola, P., Burgio, S., L., Casanova, C., Ravaglia, G., Altavilla, A., Costantini, M., Amadori, 
A., Framarini, M., Ansaloni, L. & De Giorgi, U. (2019) Immune System and DNA Repair Defects in Ovarian Cancer: 
Implications for Locoregional Approaches. Int. J. Mol. Sci. 20, 2569. 

 

12. Fischer, U., Koppang, E., O. & Nakanishi, T. (2013) Teleost T and NK cell immunity. Fish & Shellfish Immunology. 
25(2), 197-206. 

 

13. Foskett, A., M., Chakraborty, S. & Muthuchamy, M. (2013) Lymphangiogenesis. Immunology of the Lymphatic 
System. Santambrogio L. (ed.). Springer, New York, NY. pp 3-33. 

 

14. Gadus morhua, L. Solem, S., T. & Stenvik, J. (2006) Antibody repertoire development in teleosts--a review with 
emphasis on salmonids. Dev Comp Immunol. 30(1-2), 57-76. 

 

15. Garrido, F., Aptsiauri, N., Doorduijn, E., M., Garcia Lora, A., M. & van Hall, T. (2016) The urgent need to recover 
MHC class I in cancers for effective immunotherapy. Current opinion in immunology. 39, 44-51. 

 

16. Gómez, D., Bartholomew, J. & Sunyer, J., O. (2014) Biology and mucosal immunity to myxozoans. Developmental 
and comparative immunology. 43(2), 243-256. 

 

17. Henriksen, S., D., Bergan, T. & Norris, J., R. (1978) Chapter I Serotyping of Bacteria. Methods in Microbiology. 
Norris, J., R. & Ribbons, D., W. (eds.). Academic Press. 12(1), 1-13. 

 

18. Hitzfeld, B. (2005) Fish Immune System. Encyclopedic Reference of Immunotoxicology. Vohr, H., W. (ed.). Springer, 
Berlin, Heidelberg. pp 242-245. 

 

19. Hlongwane, P., Mungra, N., Madheswaran, S., Akinrinmade, O., A., Chetty, S. & Barth, S. (2018) Human Granzyme 
B Based Targeted Cytolytic Fusion Proteins. Biomedicines. 6(2), 72. Kochs, G., Reichelt, M., Danino, D., Hinshaw, 
J., E. & Haller, O. (2005) Assay and Functional Analysis of Dynamin-Like Mx Proteins. Methods in Enzymology 404, 
632-643. 

 

20. Hong, S., Li, R., Xu, Q., Secombes, C., J. & Wang, T. (2013) Two Types of TNF-α Exist in Teleost Fish: Phylogeny, 
Expression, and Bioactivity Analysis of Type-II TNF-α 3 in Rainbow Trout Oncorhynchus mykiss. The Journal of 
Immunology. 191(12), 5959-5972. 

 

21. Janeway, C., A., Jr., Travers, P., Walport, M. & Shlomchik, M. (2001) Chapter 3, Antigen Recognition by B-cell and 
T-cell Receptors. Immunobiology: The Immune System in Health and Disease. 5th edition. Janeway, C. & Travers, 
P. (eds.). New York: Garland Science. pp 103-134. 

 

22. Khalid, Z., Chen, Y., Yu, D., Abbas, M., Huan, M., Naz, Z., Mengist, H., M., Cao, M., J. & Jin, T. (2022) IgNAR 
antibody: Structural features, diversity and applications. Fish & shellfish immunology. 121, 467-477. 

 

23. Kaattari, S., Evans, D., Klemer, J., Kaattari, S., Evans, D. & Kieraer, J. (1998) Varied redox forms of teleost IgM: an 
alternative to isotypic diversity? Immunological Reviews. 166, 133-142. 

 

24. Kochs, G., Reichelt, M., Danino, D., Hinshaw, J., E. & Haller, O. (2005) Assay and Functional Analysis of Dynamin-
Like Mx Proteins. Methods in Enzymology 404, 632-643. 

 

25. Kranz, H. (1989) Changes in splenic melano-macrophage centres of dab Limanda limanda during and after infection 
with ulcer disease. Dis. Aquat. Organ. 6, 167-173. 

 

26. Krieg, A., M. (2002) CpG motifs in bacterial DNA and their immune effects. Annu Rev Immunol. 20, 709-760. 
 

27. Kumar, A., Yang, Y., L., Flati, V., Der, S., Kadereit, S., Deb, A., Haque, J., Reis, L., Weissmann, C. & Williams, B., R. 
(1997) Deficient cytokine signaling in mouse embryo fibroblasts with a targeted deletion in the PKR gene: role of 
IRF‐1 and NF‐κB. The EMBO Journal. 16, 406-416. 

 

28. Leong, J., A., C., Trobridge, G., D., Kim, C., H., Y., Johnson, M. & Simon, B. (1998) Interferon‐inducible Mx proteins 
in fish. Immunological Reviews. 166, 349-363.  

 

29. Lieschke, G., J. & Nikolaus, T., S. (2009) Fish immunology. Current Biology. 19(16), 678-682. 
 

30. Liu, C., C., Walsh, C., M. & Young, J., D., E. (1995) Perforin: structure and function. Immunology Today. 16(4), 194-
201. 

31. Liu, S., Z. (2007) Cancer Control Related to Stimulation of Immunity by Low-Dose Radiation. Dose-Response. 5, 38-
47. 

 

32. Ma, C., Ye, J. & Kaattari, S. (2013) Differential compartmentalisation of memory B cells versus plasma cells in 
salmonid fish. European Journal of Immunology. 43(2), 360-370. 

 

33. Magadan, S., Sunyer, O. J. & Boudinot, P. (2015) Unique Features of Fish Immune Repertoires: Particularities of 
Adaptive Immunity Within the Largest Group of Vertebrates. Results and problems in cell differentiation. 57, 235-
264. 

 

34. Magnadottir, B., Lange, S., Gudmundsdottir, S., Bogwald, J. & Dalmo, R., A. (2005) Ontogeny of humoral immune 
parameters in fish. Fish & Shellfish Immunology. 19(5), 429-439. 

 

35. Mashoof, S. & Criscitiello, M., F. (2016) Fish Immunoglobulins. Biology. 5(4), 45. 
 

36. Mochida, K., Lou, Y., H., Hara, A. & Yamauchi, K. (1994) Physical biochemical properties of IgM from a teleost fish. 
Immunology. 83(4), 675-680. 



 

37. Mohd-Padil, H., Tajul-Arifin, K., & Mohd-Adnan, A. (2010) Characterisation of the functional domain of β2-
microglobulin from the Asian seabass. Lates calcarifer. PloS one. 5(10), e13159. 

 

38. Nakanishi, T., Shibasaki, Y. & Matsuura, Y. (2015) T Cells in Fish. Biology. 4(4), 640-663. 
 

39. Pavlov, V., Rosental, B., Hansen, N., F., Beers, J., M., Parish, G., Rowbotham, I. & Block, B., A. (2017) Hydraulic 
control of tuna fins: A role for the lymphatic system in vertebrate locomotion. Science (New York, N.Y.). 357(6348), 
310-314. 

 

40. Perdiguero, P., Marti­n-Martin, A., Benedicenti, O., Di­az-Rosales, P., Morel, E., Munoz-Atienza, E., Garcia-Flores, 
M., Simon, R., Soleto, I., Cerutti, A. & Tafalla, C. (2019) Teleost IgD+Ig- B Cells Mount Clonally Expanded and Mildly 
Mutated Intestinal IgD Responses in the Absence of Lymphoid Follicles. Cell Reports. 29(13), 4223-4235. 

 

41. Perdiguero, P., Marti­n-Martin, A., Benedicenti, O., Di­az-Rosales, P., Morel, E., Munoz-Atienza, E., Garcia-Flores, 
M., Simon, R., Soleto, I., Cerutti, A. & Tafalla, C. (2019) Teleost IgD+Ig- B Cells Mount Clonally Expanded and Mildly 
Mutated Intestinal IgD Responses in the Absence of Lymphoid Follicles. Cell Reports. 29(13), 4223-4235. 

 

42. Piazzon, M., C., Galindo-Villegas, J., Pereiro, P., Estensoro, I., Calduch-Giner, J., A., Gomez-Casado, E., Novoa, B., 
Mulero, V., Sitja-Bobadilla, A. & Perez-Sanchez, J. (2016) Differential Modulation of IgT and IgM upon Parasitic, 
Bacterial, Viral, and Dietary Challenges in a Perciform Fish. Frontiers in Immunology. 7, 637.   

 

43. Puente-Marin, S., Nombela, I., Ciordia, S., Mena, M., Chico, V., Coll, J. & Ortega-Villaizan, M. (2018) In Silico 
Functional Networks Identified in Fish Nucleated Red Blood Cells by Means of Transcriptomic and Proteomic 
Profiling. Genes. 9(4), 202.  

 

44. Rijkers, G., Frederix-Wolters, E. & van Muiswinkel, W. (1981) The immune system of cyprinid fish. Kinetics and 
temperature dependence of antibody-producing cells in carp (Cyprinus carpio). Immunology. 41(1), 91-97. 

 

45. Robertsen, B. (2006) The interferon system of teleost fish. Fish & Shellfish Immunology. 20(2), 172-191. 
 

46. Rombout, J., H., Yang, G. & Kiron, V. (2014) Review Adaptive immune responses at mucosal surfaces of teleost fish. 
Fish Shellfish Immunol. 40(2), 634-643. 

 

47. Rosales, C., & Uribe-Querol, E. (2017). Phagocytosis: A Fundamental Process in Immunity. BioMed research 
international. 2017, 9042851. 

 

48. Sadler, A. & Williams, B. (2008) Interferon-inducible antiviral effectors. Nat Rev Immunol. 8, 559-568. 
 

49. Samuel, C., E. (2001) Antiviral Actions of Interferons. Clinical Microbiology Reviews. 14(4), 778-809. 
 

50. Scapigliati, G., Fausto, A. M. & Picchietti, S. (2018) Fish Lymphocytes: An Evolutionary Equivalent of Mammalian 
Innate-Like Lymphocytes? Frontiers in immunology. 9, 971.  

 

51. Shabir, U., Ali, S., Magray, A., Ganai, B., Firdous, P., Hassan, T. & Nazir, R. (2018) Fish antimicrobial peptides 
(AMP's) as essential and promising molecular therapeutic agents: A review. Microbial pathogenesis. 114, 50-56. 

 

52. Subramanian, S., MacKinnon, S., L. & Ross, N., W. (2007) A comparative study on innate immune parameters in the 
epidermal mucus of various fish species. Comparative Biochemistry and Physiology Part B: Biochemistry and 
Molecular Biology. 148(3), 256-263. 

 

53. Tort, L., Balasch, J., C. & Mackenzie, S. (2003) Fish immune system. A crossroads between innate and adaptive 
responses. Inmunología. 22(3), 227-286. 

 

54. Tretina, K., Park, E., S., Maminska, A. & MacMicking, J., D. (2019) Interferon-induced guanylate-binding proteins: 
Guardians of host defense in health and disease. The Journal of Experimental Medicine. 216(3), 482-500. 

 

55. Valero, Y., Saraiva‐Fraga, M., Costas, B. & Guardiola, F., A. (2019) Antimicrobial peptides from fish: beyond the fight 
against pathogens. Reviews in Aquaculture. 12, 224-253. 

 

56. van Lookeren Campagne, M., Wiesmann, C. & Brown, E., J. (2007) Macrophage complement receptors and pathogen 
clearance. Cellular microbiology. 9(9), 2095-2102. 

 

57. van Oss, C., J. (2000) Nature of Specific Ligand-Receptor Bonds, in Particular the Antigen-Antibody Bond. Journal 
of Immunoassay. 21(2-3), 109-142. 

 

58. Verhelst, J., Hulpiau, P. & Saelens, X. (2013) Mx proteins: antiviral gatekeepers that restrain the uninvited. 
Microbiology and molecular biology reviews: MMBR. 77(4), 551-566. 

 

59. Wine, Y., Boutz, D., R., Lavinder, J., J., Miklos, A., E., Hughes, R., A., Hoi, K., H., Jung, S., T., Horton, A., P., Murrin, 
E., M., Ellington, A., D., Marcotte, E., M. & Georgiou, G. (2013) Molecular deconvolution of the monoclonal 
antibodies that comprise the polyclonal serum response. Proceedings of the National Academy of Sciences of the United 
States of America. 110(8), 2993-2998.5 

 

60. Wu, L., Fu, S., Yin, X., Guo, Z., Wang, A. & Ye, J. (2019) Long-Lived Plasma Cells Secrete High-Affinity Antibodies 
Responding to a T-Dependent Immunization in a Teleost Fish. Frontiers in immunology. 10, 2324-2324. 

 

61. Yan, Y. (2018) Combined Immunotherapy with Conventional Cancer Treatments. The Basics of Cancer 
Immunotherapy. Dong H. & Markovic S. (eds.). Springer, Cham pp 115-123. 

 

62. Yu, Y., Wang, Q., Huang, Z., Ding, L. & Xu, Z. (2020) Immunoglobulins, Mucosal Immunity and Vaccination in 
Teleost Fish. Frontiers in immunology. 11, 567941. 



 

63. Zhang, Y. & Gui, J. (2012) Molecular regulation of interferon antiviral response in fish. Developmental and 
comparative immunology. 38(2), 193-202. 

64. Zou, J. & Secombes, C., J. (2016) The Function of Fish Cytokines. Biology. 5(2), 23. 
 
Aslett, C., G © 2023, Reef Ranch Publishing Ltd, all rights reserved.
 


