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Introduction 
Red blood cells (RBCs)—erythrocytes—are the most abundant blood cells in 

Osteichthyes. Their number, as per the species and biological activity of fish,

range between 0. 5 and 1. 5 × 10 6 /mm 3 and 3. 0 and 4. 2 × 10 6 /mm 3 ( 1

). The cells have a shape of oval, flattened, and biconvex discs. They are 

characterized by a nucleus and organelles in the cytoplasm, i. e., 

endoplasmic reticulum, ribosomes, Golgi apparatus, and mitochondria ( 2 , 3

). RBCs are primarily known for their involvement in the process of gas 

exchange and respiration ( 4 ). Currently, physiological properties of 

erythrocytes in fish also include their ability to participate in immune 

processes. The immune functions of nucleated red blood cells in 

Osteichthyes, but also in amphibians, reptiles, and birds, are increasingly 

better explored and gain their importance as the cells supporting the 

mechanisms of innate and adaptive immunity in these animals ( 5 ). In 

response to stimulating factors, e. g., IB TNFα and IB frg16G−VHSV 

nanoparticles, erythrocytes of Osteichthyes can modulate expression of 

genes responsible for immune reactions ( 5 , 6 ) and leukocyte activity as 

well as produce cytokines, such as interleukin-1β (IL-1β), IL-8, tumor necrosis

factor-α (TNF-α), interferon γ (IFNγ), antimicrobial peptides, e. g., β-defensin 

(BD1) and Nk-lysin (Nkl), and paracrine intercellular signaling molecules ( 2 , 

3 , 5 , 7 – 11 ). In Osteichthyes, RBCs can also contribute to elimination of 

pathogens/antigens, bound in the immune complexes containing the 

complement, through their recognizing and binding by the complement 

receptor 1 (CR1) ( 12 ). These cells show phagocytic properties 

(erythrophagocytosis) ( 12 , 13 ), are capable of reacting with various 
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pathogen-associated molecular patterns via pattern recognition receptors, e.

g., peptidoglycan recognition proteins, as well as Toll-like receptors (TLRs) 

and retinoic acid–inducible gene-I-like receptors (RIG-I-like receptors) ( 2 , 5 ,

14 ). Moreover, erythrocytes of Osteichthyes are probably involved in the 

immune response as the antigen-presenting cells (APCs), via major 

histocompatibility complex (MHC) class II antigens, and they can contribute 

to formation of immune synapse with T cells and NK (natural killer) cells ( 15

). In Osteichthyes, erythrocytes have been shown to participate in anti-

infection immunity against viruses ( 4 , 6 , 9 – 11 , 16 , 17 ), bacteria ( 13 ), 

and fungi ( 18 ). 

It is worth noting that similar properties, although to a lesser extent and 

slightly less expressed, are manifested by mammalian (including human) 

erythrocytes ( 2 , 7 , 13 , 14 , 19 – 21 ). It is known that erythrocytes in these

organisms mostly evolved in the way that ensures coverage of the body 

oxygen demand, losing their nucleus and other cellular organelles, such as 

mitochondria and Golgi apparatus, and therefore, losing the ability to 

synthesize biologically active molecules in the immune response. Regardless

of that, they function as important cells concerning activation and/or 

stabilization of the innate immune mechanisms. They have 

immunomodulating properties manifested by the ability to bind chemokines, 

which ensures a well-balanced/safe level of immune response activation. 

Another property of mammalian erythrocytes is their ability to bind DNA 

derived from mitochondria (mtDNA) and pathogens as well as to generate 

reactive oxygen species (ROS) by hemoglobin released to the extracellular 

pace ( 2 , 7 , 13 , 14 , 19 – 21 ). 
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Antiviral Activity of Erythrocytes in Fish 
The immune response of erythrocytes in Osteichthyes varies and depends on

different viral antigens, referring both to the scope and strength of effects. 

Viral infections in these animals, studied in terms of erythrocyte immune 

functions, include infections caused by viral hemorrhagic septicemia virus 

(VHSV) ( 4 , 6 , 10 ), rock bream iridovirus (RBIV) ( 16 ), piscine orthoreovirus

(PRV) ( 17 ), infectious salmon anemia virus (ISAV) ( 11 ), and infectious 

pancreatic necrosis virus (IPNV) ( 9 ). Immune activity of erythrocytes in 

rainbow trout ( Oncorhynchus mykiss ) has been also demonstrated in the 

response to polyinosinic: polycytidylic acid (poly I: C) immunostimulation and

it was manifested by, among others, expression of TLR, IFN-α-encoding 

genes, and mediators recruiting immune cells, such as C-C motif chemokine 

ligand 4 (CCL4) ( 2 ). 

Viral Hemorrhagic Septicemia Virus 
The VHSV, belonging to the family Rhabdoviridae , genus Novirhabdovirus , 

is characterized by a negative-sense single-stranded RNA (ssRNA) genome 

which encodes five structural proteins (L, G—the main antigenic protein of 

the virus, N, P, and M). The VHVS causes viral hemorrhagic septicemia (VHS) 

which occurs in many fish species, not only in the salmonids. It is considered 

that the causes of VHSV-infected fish mortality are extensive focal 

degeneration and necrosis of, e. g., kidneys and hematopoietic tissue (The 

ICTV Report, https://talk. ictvonline. org/ictv-reports/ictv_online_report/ ). 

In vitro and in vivo studies have revealed ( 6 ) that erythrocytes of the 

rainbow trout ( O. mykiss ), in response to nanostructured recombinant 

proteins TNFα (IB TNFα ) and the fragment 16 of VHSV glycoprotein G (IB 
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frg16G−VHSV ), can modulate expression of immune genes. These cells bind 

and capture IB TNFα and IB frg16G−VHSV nanoparticles at the level 5–7% of 

RBCs (RBCs + ) and in the case of a higher concentration of the 

nanoparticles, the percent amount of RBCs + increases as high as up to 17%.

However, the process of nanoparticle binding and capturing was always 

more related to IB TNFα ( 6 ). The immune response of in vitro IB TNFα -induced

erythrocytes was manifested by decreased expression of the genes mhc I 

(major histocompatibility class I, MHC I); cd83 (cluster of differentiation 83, 

CD83), a glycoprotein considered a marker of dendritic cells; and the gstp1 

(glutathione S-transferase pi 1, GST-Pi1), an oxidative stress–related enzyme

( 6 ). The IB frg16G−VHSV -induced erythrocytes responded with increased 

expression of the trx (thioredoxin, TXN, currently txn according to NCBI) 

which, similarly to the gstp1 , is an oxidative stress–related gene. In the case

of other genes studied in the rainbow trout ( O. mykiss ), such as the mhc II, 

tlr3 (toll-like receptor 3, TLR3), tlr9 (toll-like receptor 9, TLR9), and il15 

(interleukin 15, IL15), no expression changes were observed ( 6 ). Analogical 

in vivo studies revealed that the IB TNFα -induced erythrocytes responded 

with decreased expression of the cd83 (as in the in vitro studies) and the 

mhc II, tlr9, ifn1, il1 β, il2, nkef (natural killer cell enhancement factor, NKEF) 

as well as with higher expression of the il6 ( 6 ). In the same environment, 

the IB frg16G−VHSV nanoparticles stimulated increased expression of the il2, 

il6, nkef , tlr3, cd83, mhc II , and mx (interferon-induced GTP-binding protein 

Mx) ( 6 ). According to the findings ( 6 ), IB TNFα and IB frg16G−VHSV -induced 

RBCs of the rainbow trout ( O. mykiss ) stimulate the innate immune 
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response, similarly to anterior kidney macrophages of the rainbow trout ( O. 

mykiss ) and zebrafish ( Danio rerio ) liver cells, in response to IB TNFα and IB 

CCL4 ( 22 ) as well as IB VP2−IPNV , IB G−frg16−VHSV , and IB C−VNNV (viral 

nervous necrosis virus, VNNV) ( 23 ). In addition, increased expression of the 

cd83 and mhc II in the rainbow trout ( O. mykiss ) ( 6 ), induced by IB 

frg16G−VHSV , suggests a probable ability of these cells to present antigens to 

the T cells, so they demonstrate the properties of APCs. However, in the view

of these data, reports concerning the concept of non-professional APCs 

presence should be considered; for which there is no evidence of their ability

to present antigen to T lymphocytes ( 6 ). Regardless of that, it should be 

noted that with relatively small amounts of RBCs participating in the 

response (RBCs-−5–7%, macrophages-−40% and more), these cells 

significantly sooner than macrophages achieve the maximum engulfing level

in phagocytosis and the maximum influence on other immune cells, which is 

of some importance regarding their amount in 1 mm 3 ( 6 , 24 ). Owing to the

demonstrated scope and type of RBCs' immune activity in Osteichthyes, they

are currently considered mediators of immune cells ( 21 , 25 ). RBCs of 

Osteichthyes are capable of responding to viral infections ( 1 , 4 , 6 , 9 , 10 , 

16 , 17 , 25 ), producing cytokines ( 2 , 5 , 26 ) and endocytosis of 

nanoparticles and viral pathogens ( 11 , 15 ). 

Among the proteome proteins of the rainbow trout ( O. mykiss ) VHSV-

exposed erythrocytes, the presence of IFIT5 (interferon-induced proteins with

tetratricopeptide repeats, IFIT) with antiviral activity has been observed ( 4 ).

A correlation between the highest level of IFIT5 gene expression and 

decreased VHSV replication as well as significantly increased VHSV 
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replication in the RBCs of these fish following the ifit5 silencing have been 

observed. Moreover, in the proximity ligation assay with anti-IFIT5 mouse-

derived antibodies and anti-protein G of the VHSV rabbit-derived antibodies, 

higher counts of RBC+ among VHSV-exposed cells were found ( 4 ). It should

be added that IFIT proteins contain tetratricopeptide repeats and belong to 

the family of proteins that are strongly induced following production of 

interferon type I (IFN type I); moreover, as they are involved in transcription 

and translation regulation as well as replication of viruses, these proteins 

confirm a probable role of the IFIT5 in the antiviral response of RBCs to the 

VHSV infection ( 4 ). The studies of rainbow trout ( O. mykiss ) ( 4 ) suggest 

that the IFIT5 can participate in the antiviral process via binding VHSV RNA 

and limiting its replication. Expression and antiviral activity of the IFIT5, 

observed by Chico et al. ( 4 ), may not depend on interferon type I 

production, which seems to be of special interest. A similar lack of 

dependence, increased expression of antiviral genes, ISG15 (interferon-

stimulated gene 15), mx, pkr (RNA-activated protein kinase, also known as 

protein kinase R, PKR), and ifit5 , with decreased IFN expression, have been 

demonstrated in the studies of rainbow trout ( O. mykiss ) erythrocytes 

exposed to glycoprotein G of the VHSV ( 26 ). 

In the rainbow trout ( O. mykiss ), immune responses also involve shRBCs 

(shape-shifted RBCs) whose morphology has been changed owing to thermal

stress in the in vivo environment ( 5 ). They are characterized by, e. g., a 

round shape, hemoglobin loss, and expression of new, IgM-like markers ( 5 ). 

These cells show the ability to inhibit VHSV infection as well as antiviral 

activity, which is manifested by increased expression of IL8, IL1, IFNγ, and 

https://assignbuster.com/immune-functions-of-erythrocytes-in-osteichthyes/



 Immune functions of erythrocytes in oste... – Paper Example  Page 8

NKEF. In addition, it has been demonstrated that shRBCs protect the TPS-2 

(trout pronephric stroma-2) cells from the VHSV infection, which was shown 

by increased expression of IFNγ-activated il1b, il6, il12, il15, tnfa (TNFα 

gene), and inos (the gene of inducible nitric oxide synthase, iNOS) as well as 

of the IL8 encoding gene ( 5 ). 

Involvement of erythrocytes in the defense against the VHVS has also been 

confirmed by the process of autophagy and the Nkl peptide associated with 

autophagolysosomes in erythrocytes, observed in a turbot ( Scophthalmus 

maximus ) ( 3 ). 

Piscine Orthoreovirus (PRV, PRV-1) 
The PRV belongs to the family Reoviridae , subfamily Spinareovirinae , genus

Orthoreovirus , and its genetic material is composed of dsRNA (double-

stranded RNA). The genome of PRV consists of 10 segments: L1–3, M1–3, 

and S1–4. This group of viruses comprises three genotypes, PRV-1, 2, and 3, 

that infect the Atlantic salmon ( Salmo salar ), Chinook salmon (

Onchorhynchus tshawytscha ), Coho salmon ( Oncorhynchus kisutch ), 

rainbow trout ( O. mykiss ), and brown trout ( Salmo trutta ). The PRV-1 

replication occurs in erythrocytes of the Atlantic salmon ( S. salar ), in vivo 

and ex vivo . The virus is widespread in the natural environment and 

associated with skeletal muscle inflammation (HSMI) in the farmed Atlantic 

salmon ( S. salar ) [The ICTV Report, https://talk. ictvonline. 

org/ictv-reports/ictv_online_report/ , ( 27 )]. 

It has been proved that erythrocytes of the farmed and wild Atlantic salmon (

S. salar ) are the main target cells for the PRV-1; the same refers to the PRV-
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2 which causes erythrocytic inclusion body syndrome in the Coho salmon (

O. kisutch ) and to the PRV-3 genotype which is associated with the HSMI-like

disease in the rainbow trout ( O. mykiss ) and proliferative darkening 

syndrome in brown trout ( S. trutta ) ( 17 , 27 ). PRV-1-infected RBCs of the 

Atlantic salmon ( S. salar ) induce expression of genes encoding antiviral 

immunity components, i. e., TLR3, RIG-I-like receptors, IFN-α, Mx, and PKR (

17 , 27 ). Induction of comparably wide gene range has been demonstrated 

based on the analysis of high-density oligonucleotide microarrays of PRV-

infected erythrocytes of the Atlantic salmon ( S. salar ). This referred to 

increased expression of the inf α, irf1 (interferon regulatory factor 1, IRF1), 

mx, pkr , and rig-1 (retinoic acid–inducible gene 1) as well as the genes 

involved in antigen presenting by MHC type I molecules ( 19 ). HSMI-related 

PRV-1 viruses also induce expression of the socs1 (suppressor of cytokine 

signaling 1) and crfb4 (interleukin 10 receptor subunit beta) ( 19 ). However, 

it should be noted that in vivo and ex vivo susceptibility of the Atlantic 

salmon ( S. salar ) erythrocytes to the PRV infection is different ( 28 ) and 

probably results from differences in sensitivity of this virus to maturation-

related immune activity of erythrocytes. It has been shown ( 17 ) that the 

total amount of RNA and synthesis of PRV proteins are higher in younger 

erythrocytes of Osteichthyes. The analysis of high-density oligonucleotide 

microarrays of PRV-infected RBCs of the Atlantic salmon ( S. salar ) also 

revealed a panel of genes with decreased expression compared with the pre-

infection activity ( 19 ), including the mmp9, mmp13a, mmp14 (matrix 

metallopeptidases, MMP), ncf1 (neutrophil cytosol factor 1, NCF1), cyba 

(cytochrome b-245 alpha chain, also known as p22-phox), and others, such 

as the csf1ra (colony stimulating factor 1 receptor a) and csf3r (colony 
https://assignbuster.com/immune-functions-of-erythrocytes-in-osteichthyes/
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stimulating factor 3 receptor) which are involved in regulation of the 

inflammatory and immune processes. The authors of the research ( 19 ) 

conclude that such a wide scope of erythrocyte regulation potential indicates

their multifunctionality in the process of immune response shaping, with the 

absence of this activity effects on gas transport and exchange. 

Rock Bream Iridovirus 
RBIVs, as related, unclassified viruses, belong to the family Iridoviridae , 

subfamily Alphairidovirinae , genus Megalocytivirus . The genome of these 

viruses consists of dsDNA. The iridoviral infection is characterized by 

formation of IBCs (inclusion body-bearing cells) that are present in 

hematopoietic tissues, i. e., the spleen and anterior kidneys, as well as in the

gills and the digestive tract. Among the fish species that are susceptible to 

these viral infections, e. g., Siniperca chuatsi (mandarin fish), Pagrus major 

(red seabream), or Oplegnathus fasciatus (rock bream, barred knifejaw, or 

striped beakfish) are mentioned (The ICTV Report, https://talk. ictvonline. 

org/ictv-reports/ictv_online_report/ ). 

Based on the proteomic profiling of RBCs in the RBIV-infected rock bream (

O. fasciatus ), a higher ability of these cells to process and present the 

antigen by the MHC I with decreased expression of the gene ISG15 has been 

demonstrated ( 16 ). Expression of this gene depends on IFN; it is involved in

regulation of the antiviral response to various viruses, e. g., the IPNV in the 

Atlantic salmon ( S. salar ) and the GNNV (grouper nervous necrosis virus) in 

the orange-spotted grouper ( Epinephelus coioides ) ( 29 ). It has been 

documented ( 16 , 29 ) that the immune response, related to the IFN and 

ISG15 protein activity, inhibits viral infections although in RBCs of the RBIV-
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infected rock bream ( O. fasciatus ), proteins associated with the ISG15 

antiviral mechanism, such as the IRF3 (interferon regulatory factor 3), NUP35

(nucleoporin 35), and TRIM25 (tripartite motif containing 25), were 

decreased ( 16 ). Also, a higher activity of proteins related to the MHC I 

function, i. e., antigen processing and presenting, including TAP2 

(transporter 2, ATP binding cassette subfamily B member) and proteasome 

subunits: 26S—PSMD11 (Proteasome 26S subunit, non-ATPase 11) and 

PSMD5 (Proteasome 26S subunit, non-ATPase 5) as well as PSMB6 

(Proteasome subunit beta 6), PSMB3 (Proteasome subunit beta 3), and 

PSMB4 (Proteasome subunit beta 4), has been shown ( 16 ). RBC apoptosis 

plays an important role also in the mechanism of antiviral immunity and 

inhibition of RBIV replication in infected fish O. fasciatus . Proteomic analysis 

of these cells showed an increase in expression of many proteins associated 

with the apoptosis pathway: CASP6 (caspase 6), CASP9 (caspase 9), and FAS 

(Fas cell surface death receptor) ( 16 ). Most likely, through their activity 

related to processing and presentation of antigen involving MHC I molecules 

and the pathway associated with apoptosis, these cells induce the activity of 

cytotoxic T cells (CD8 + ) and the release of perforin and granzyme, which 

are the main factors of the mechanism of cytotoxicity and apoptosis of an 

infected and antigen-presenting cell in the context of MHC I ( 16 ). 

Infectious Salmon Anemia Virus 
The ISAV belongs to the family Orthomyxoviridae , genus Isavirus . The 

genome of Isavirus viruses consists of eight independent negative-sense 

ssRNA segments. The genes of segments 1, 2, and 4 encode P proteins (79. 

9, 80. 5, and 65. 3 kDa) that form viral RdRp (RNA-dependent RNA 
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polymerase), segment 3 encodes NP (nucleoprotein), segment 5 encodes F 

protein (type 1 membrane glycoprotein) (48. 8 kDa), segment 6 encodes HE 

(type 1 membrane glycoprotein) (42. 7 kDa), segment 7 encodes NS—non-

structural protein and a protein of unknown function, and segment 8 

encodes M1 (matrix protein 1) and RNA binding protein. The ISAV 

agglutinates erythrocytes of many fish species (The ICTV Report, https://talk.

ictvonline. org/ictv-reports/ictv_online_report/ ). 

The ISAV causes infectious salmon anemia (ISA) in the Atlantic salmon ( S. 

salar ) and is captured by erythrocytes ( 11 ). It induces an extensive 

immune response of these cells, which has been confirmed by testing mRNA 

levels of genes associated with the IFN type I pathway (IFN type I-induced), 

e. g., the genes encoding Mx, ISG15, and STAT1 (signal transducer and 

activator of transcription 1). In response to hemagglutination caused by a 

highly pathogenic ISAV isolate (NBISA01), i. e., in response to recognition of 

a viral HE protein (hemagglutinating and receptor-destroying glycoprotein) 

and fusion glycoprotein F as well as to engulfing of the virus during the 

endocytosis process (which is the basis of ISA pathogenic potential in the 

Atlantic salmon), a significantly high increase in the expression of IFN-α 

genes and slightly increased expression of the Mx, ISG15, STAT1, and PKZ 

(protein kinase containing Z-DNA binding domains, PKR-like) were observed, 

which is comparable with the expression seen in the infection caused by a 

less pathogenic ISAV (RPC/NB-04-085-1) whose hemagglutinating activity 

was only limited to virus adsorption without the next endocytosis stage, but 

such a response, according to researchers ( 11 ), may result from recognition

of the viral HE protein during the process of hemagglutination and/or 
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adsorption. It is interesting that the Atlantic salmon erythrocyte stimulation 

with Poly I: C, which is structurally similar to double-stranded RNA, did not 

cause induction of the IFN type I genes ( 11 ). In the view of presented data, 

it should be noted that pattern recognition receptors are involved, at 

different stages of the infectious process, in detection of various viral 

pathogen-associated molecular patterns, dsRNA, ssRNA, DNA, and 

glycoproteins, e. g., hemagglutinin ( 11 ). 

Infectious Pancreatic Necrosis Virus 
The IPNV belongs to the family Birnaviridae and the genus Aquabirnavirus ; 

its dsDNA genome consists of two linear segments (A and B). Segment A 

encodes the VP5 protein and preVP2—the VP2 precursor, VP4—called the NS 

protein (non-structural protein) in the salmonids, and VP3, while segment B 

(a smaller one) encodes VP1. The virus causes infectious pancreatic necrosis 

(IPN) in the salmonids, primarily in young brook trout ( Salvelinus fontinalis ),

which is characterized by physiological impairment of this organ. The IPNV 

may also appear in other organs without disease manifestations (The ICTV 

Report, https://talk. ictvonline. org/ictv-reports/ictv_online_report/ ). 

The INPV, non-infectious for RBCs of the rainbow trout ( O. mykiss ), induces 

antiviral immune activity of these cells ( 9 ), which was also observed in the 

case of infections caused by the ISAV ( 11 ) and PRV ( 17 ) in Atlantic salmon 

( S. salar ). In ex vivo studies ( 9 ), increasingly higher, exposure time-

dependent expression of the INF-1 (interferon type I) pathway-related genes 

(ISGs), i. e., mx1 -3, pkr, ifn1 , and irf7 (interferon regulatory factor 7, IRF7), 

and increased expression of the tlr3 have been demonstrated. The 

aforementioned alterations may suggest activation of the TLR3 pathway and 
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increased production of IFN type I owing to the presence of viral dsRNA ( 9 ). 

It has also been shown that RBCs of Osteichthyes, although they are not 

susceptible to IPNV infection, may present an extensive antiviral response, 

similarly to the VHSV infection in the rainbow trout ( O. mykiss ) ( 6 ). In 

addition, IPNV-exposed erythrocytes manifested decreased levels of IL-1β, IL-

8, and TNFα, which is most probably associated (as observed in the IPNV-

infected CHSE-214 cell line, Chinook Salmon Embryo, ATCC CRL-1681) with 

loss/inhibition of the eIF2α (eukaryotic initiation factor 2α) activity, regulated

in the process of phosphorylation ( 30 ). Thus, a different situation has been 

reported from that observed in the rainbow trout RBCs where the VHSV 

induced slightly increased eIF2α phosphorylation and, therefore, created a 

possibility of VHSV replication inhibition in RBCs of the trout ( O. mykiss ) (

10 ). 

Antibacterial and Antifungal Activity of Erythrocytes in 
Fish 
In addition to viruses, erythrocytes of Osteichthyes manifest their defense 

functions against bacteria ( 13 ) and fungi ( 18 ). The findings of research by 

Qin et al. ( 13 ) suggest that RBCs of a grass carp ( Ctenopharyngodon idella

) interact with such bacteria as Staphylococcus aureus and Escherichia coli . 

This is manifested by the adherence process and simultaneous, process-

specific changes in morphology of erythrocytes, i. e., formation of a network 

of spicules that encompass microorganisms, and the engulfing ability in the 

phagocytosis process as well as the ability to activate a unique pathway of 

forming ROS via hemoglobin oxidation ( 13 ). It has been proved that RBC-

released hemoglobin demonstrates a significant antibacterial activity, which 
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is expressed by increased production of HbFe IV (ferryl-Hb) and ROS; thus, it 

limits the survival of bacteria, up to 40% in the case of E . coli and up to 25%

in the case of S . aureus and Aeromonas hydrophila ( 13 ). The phagocytic 

activity of RBCs has also been confirmed in the tests using FITC-labeled 

(fluorescein isothiocyanate) bacteria— A. hydrophila and S. aureus as well as

GFP-labeled (green fluorescent protein) ones— E . coli ( 13 ). 

In addition, the defense functions of erythrocytes in fish have been 

confirmed by the responses of these cells to the Candida albicans antigen (

18 ). It has been shown that RBCs of the rainbow trout are capable of C. 

albicans binding and engulfing, however, with a lack of potential for further 

stages of phagocytosis i. e., the lysis of engulfed antigen molecule. As 

indicated by the authors ( 18 ), this may suggest that RBCs in fish do not 

have a mechanism and ability to kill an intracellular antigen in the oxygen-

dependent and oxygen-independent processes. However, this research has 

shown another property of these cells, i. e., the ability of C. albicans antigen-

loaded RBCs to stimulate defense and/or phagocytic activity of macrophages

and to form rosettes with these cells, which ultimately, according to 

Passantino et al. ( 18 ), may lead to increased phagocytosis of C. albicans 

antigen by these cells. Also, it should be noted that phagocytosis by rosette-

cocreating macrophages is more intensive compared with macrophages that 

are not involved in this reaction ( 18 ). 

Conclusions 
Contrary to the common opinion and according to the previous studies, it is 

currently known that erythrocytes of Osteichthyes participate in innate and 

adaptive immune processes. The immune functions of these cells are 
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manifested, among others, by transcription and translation of, e. g., viral 

proteins and the ability to cooperate with leukocytes and to produce 

cytokines. Moreover, RBCs of Osteichthyes demonstrate the efficient binding 

with a pathogen and capability of its engulfing in the processes of 

phagocytosis and intracellular destruction as well as the ability to generate 

ROS by extracellular hemoglobin. In these animals, in the face of the natural 

dominance of these mechanisms of non-specific immunity—more mature 

than specific immunity, it is important to highlight the possible evolutionary 

connection of nucleated erythrocytes in Osteichthyes and non-nucleated 

erythrocytes in mammals, which evolved mainly to ensure the fulfillment of 

oxygen needs of the organism while preserving immunomodulatory 

properties and the important role in the activation and/or stabilization of 

mechanisms of innate immunity as fish erythrocyte derivatives. The scope 

and scale of immune activity of erythrocytes in Osteichthyes are astonishing,

particularly when they are assessed in terms of a large number of these cells

in fish. Hence, it seems that even closer understanding of RBCs' immune 

functions in Osteichthyes and their ability to influence the components of 

innate and adaptive immunity may result in new possible ways of fighting 

with many viruses, bacteria, and fungi in these animals ( 6 ). 

Author Contributions 
All authors listed have made a substantial, direct and intellectual 

contribution to the work, and approved it for publication. 

https://assignbuster.com/immune-functions-of-erythrocytes-in-osteichthyes/



 Immune functions of erythrocytes in oste... – Paper Example  Page 17

Conflict of Interest 
The authors declare that the research was conducted in the absence of any 

commercial or financial relationships that could be construed as a potential 

conflict of interest. 

References 
1. Witeska M. Erythrocytes in teleost fishes: a review. Zool Ecol. (2013) 23: 

275–81. doi: 10. 1080/21658005. 2013. 846963 

CrossRef Full Text | Google Scholar 

2. Morera D, Roher N, Ribas L, Balasch JC, Doñate C, Callol A, et al. RNA-Seq 

reveals an integrated immune response in nucleated erythrocytes. PLoS 

ONE. (2011) 6: e26998. doi: 10. 1371/journal. pone. 0026998 

PubMed Abstract | CrossRef Full Text | Google Scholar 

3. Pereiro P, Romero A, Díaz-Rosales P, Estepa A, Figueras A, Novoa B. 

Nucleated teleost erythrocytes play an Nk-Lysin- and autophagy-dependent 

role in antiviral immunity. Front Immunol . (2017) 8: 1458. doi: 10. 

3389/fimmu. 2017. 01458 

PubMed Abstract | CrossRef Full Text | Google Scholar 

4. Chico V, Salvador-Mira ME, Nombela I, Puente-Marin S, Ciordia S, Mena 

MC, et al. IFIT5 participates in the antiviral mechanisms of rainbow trout red 

blood cells. Front Immunol . (2019) 10: 613. doi: 10. 3389/fimmu. 2019. 

00613 

PubMed Abstract | CrossRef Full Text | Google Scholar 
https://assignbuster.com/immune-functions-of-erythrocytes-in-osteichthyes/

http://scholar.google.com/scholar_lookup?author=V.+Chico&author=ME.+Salvador-Mira&author=I.+Nombela&author=S.+Puente-Marin&author=S.+Ciordia&author=MC.+Mena+&publication_year=2019&title=IFIT5+participates+in+the+antiviral+mechanisms+of+rainbow+trout+red+blood+cells&journal=Front+Immunol&volume=10&pages=613
https://doi.org/10.3389/fimmu.2019.00613
https://pubmed.ncbi.nlm.nih.gov/31040842
http://scholar.google.com/scholar_lookup?author=P.+Pereiro&author=A.+Romero&author=P.+D%C3%ADaz-Rosales&author=A.+Estepa&author=A.+Figueras&author=B.+Novoa+&publication_year=2017&title=Nucleated+teleost+erythrocytes+play+an+Nk-Lysin-+and+autophagy-dependent+role+in+antiviral+immunity&journal=Front+Immunol&volume=8&pages=1458
https://doi.org/10.3389/fimmu.2017.01458
https://pubmed.ncbi.nlm.nih.gov/29163526
http://scholar.google.com/scholar_lookup?author=D.+Morera&author=N.+Roher&author=L.+Ribas&author=JC.+Balasch&author=C.+Do%C3%B1ate&author=A.+Callol+&publication_year=2011&title=RNA-Seq+reveals+an+integrated+immune+response+in+nucleated+erythrocytes&journal=PLoS+ONE.&volume=6&pages=e26998
https://doi.org/10.1371/journal.pone.0026998
https://pubmed.ncbi.nlm.nih.gov/22046430
http://scholar.google.com/scholar_lookup?author=M.+Witeska+&publication_year=2013&title=Erythrocytes+in+teleost+fishes%3A+a+review&journal=Zool+Ecol.&volume=23&pages=275-81
https://doi.org/10.1080/21658005.2013.846963


 Immune functions of erythrocytes in oste... – Paper Example  Page 18

5. Chico V, Puente-Marin S, Nombela I, Ciordia S, Mena MC, Carracedo B, et 

al. Shape-shifted red blood cells: a novel red blood cell stage? Cells. (2018) 

7: 31. doi: 10. 3390/cells7040031 

PubMed Abstract | CrossRef Full Text | Google Scholar 

6. Puente-Marin S, Thwaite R, Mercado L, Coll J, Roher N, Ortega-Villaizan 

MdM. Fish red blood cells modulate immune genes in response to bacterial 

inclusion bodies made of TNFα and a G-VHSV fragment. Front Immunol . 

(2019) 10: 1055. doi: 10. 3389/fimmu. 2019. 01055 

PubMed Abstract | CrossRef Full Text | Google Scholar 

7. Anderson HL, Brodsky IE, Mangalmurti NS. The evolving erythrocyte: red 

blood cells as modulators of innate immunity. J Immunol. (2018) 201: 1343–

51. doi: 10. 4049/jimmunol. 1800565 

PubMed Abstract | CrossRef Full Text | Google Scholar 

8. Jeong JM, An CM, Kim MC, Park CI. Cooperation of erythrocytes with 

leukocytes in immune response of a teleost Oplegnathus fasciatus . Genes 

Genomics . (2016) 38: 931–8. doi: 10. 1007/s13258-016-0437-z 

CrossRef Full Text | Google Scholar 

9. Nombela I, Carrion A, Puente-Marin S, Chico V, Mercado L, Perez L, et al. 

Infectious pancreatic necrosis virus triggers antiviral immune response in 

rainbow trout red blood cells, despite not being infective. F1000Research. 

(2017) 6: 1968. doi: 10. 12688/f1000research. 12994. 2 

https://assignbuster.com/immune-functions-of-erythrocytes-in-osteichthyes/

http://scholar.google.com/scholar_lookup?author=JM.+Jeong&author=CM.+An&author=MC.+Kim&author=CI.+Park+&publication_year=2016&title=Cooperation+of+erythrocytes+with+leukocytes+in+immune+response+of+a+teleost+Oplegnathus+fasciatus&journal=Genes+Genomics&volume=38&pages=931-8
https://doi.org/10.1007/s13258-016-0437-z
http://scholar.google.com/scholar_lookup?author=HL.+Anderson&author=IE.+Brodsky&author=NS.+Mangalmurti+&publication_year=2018&title=The+evolving+erythrocyte%3A+red+blood+cells+as+modulators+of+innate+immunity&journal=J+Immunol.&volume=201&pages=1343-51
https://doi.org/10.4049/jimmunol.1800565
https://pubmed.ncbi.nlm.nih.gov/30127064
http://scholar.google.com/scholar_lookup?author=S.+Puente-Marin&author=R.+Thwaite&author=L.+Mercado&author=J.+Coll&author=N.+Roher&author=MdM.+Ortega-Villaizan+&publication_year=2019&title=Fish+red+blood+cells+modulate+immune+genes+in+response+to+bacterial+inclusion+bodies+made+of+TNF%CE%B1+and+a+G-VHSV+fragment&journal=Front+Immunol&volume=10&pages=1055
https://doi.org/10.3389/fimmu.2019.01055
https://pubmed.ncbi.nlm.nih.gov/31178858
http://scholar.google.com/scholar_lookup?author=V.+Chico&author=S.+Puente-Marin&author=I.+Nombela&author=S.+Ciordia&author=MC.+Mena&author=B.+Carracedo+&publication_year=2018&title=Shape-shifted+red+blood+cells%3A+a+novel+red+blood+cell+stage%3F&journal=Cells.&volume=7&pages=31
https://doi.org/10.3390/cells7040031
https://pubmed.ncbi.nlm.nih.gov/29671811


 Immune functions of erythrocytes in oste... – Paper Example  Page 19

PubMed Abstract | CrossRef Full Text | Google Scholar 

10. Nombela I, Puente-Marin S, Chico V, Villena AJ, Carracedo B, Ciordia S, et 

al. Identification of diverse defense mechanisms in rainbow trout red blood 

cells in response to halted replication of VHS virus. F1000Research. (2017) 6:

1958. doi: 10. 12688/f1000research. 12985. 1 

PubMed Abstract | CrossRef Full Text | Google Scholar 

11. Workenhe ST, Kibenge MJT, Wright GM, Wadowska DW, Groman DB, 

Kibenge FSB. Infectious salmon anaemia virus replication and induction of 

alpha interferon in Atlantic salmon erythrocytes. Virol J. (2008) 5: 36. doi: 10.

1186/1743-422X-5-36 

PubMed Abstract | CrossRef Full Text | Google Scholar 

12. Chico V, Nombela I, Puente-Marín S, Ortega-Villaizan MdM. Nucleated red 

blood cells contribute to the host immune response against pathogens. In: 

Tyagi RK, Bisen PS, editors. Immune Response Activation and 

Immunomodulation . London: IntechOpen (2018). p. 334. doi: 10. 

5772/intechopen. 80545 

CrossRef Full Text | Google Scholar 

13. Qin Z, Vijayaraman SB, Lin H, Dai Y, Zhao L, Xie J, et al. Antibacterial 

activity of erythrocyte from grass carp ( Ctenopharyngodon idella ) is 

associated with phagocytosis and reactive oxygen species generation. Fish 

Shellfish Immunol . (2019) 92: 331–40. doi: 10. 1016/j. fsi. 2019. 06. 008 

PubMed Abstract | CrossRef Full Text | Google Scholar 
https://assignbuster.com/immune-functions-of-erythrocytes-in-osteichthyes/

http://scholar.google.com/scholar_lookup?author=Z.+Qin&author=SB.+Vijayaraman&author=H.+Lin&author=Y.+Dai&author=L.+Zhao&author=J.+Xie+&publication_year=2019&title=Antibacterial+activity+of+erythrocyte+from+grass+carp+(Ctenopharyngodon+idella)+is+associated+with+phagocytosis+and+reactive+oxygen+species+generation&journal=Fish+Shellfish+Immunol&volume=92&pages=331-40
https://doi.org/10.1016/j.fsi.2019.06.008
https://pubmed.ncbi.nlm.nih.gov/31176765
http://scholar.google.com/scholar_lookup?author=V.+Chico&author=I.+Nombela&author=S.+Puente-Mar%C3%ADn&author=MdM.+Ortega-Villaizan+&publication_year=2018&title=Nucleated+red+blood+cells+contribute+to+the+host+immune+response+against+pathogens&journal=Immune+Response+Activation+and+Immunomodulation&pages=334
https://doi.org/10.5772/intechopen.80545
http://scholar.google.com/scholar_lookup?author=ST.+Workenhe&author=MJT.+Kibenge&author=GM.+Wright&author=DW.+Wadowska&author=DB.+Groman&author=FSB.+Kibenge+&publication_year=2008&title=Infectious+salmon+anaemia+virus+replication+and+induction+of+alpha+interferon+in+Atlantic+salmon+erythrocytes&journal=Virol+J.&volume=5&pages=36
https://doi.org/10.1186/1743-422X-5-36
https://pubmed.ncbi.nlm.nih.gov/18307775
http://scholar.google.com/scholar_lookup?author=I.+Nombela&author=S.+Puente-Marin&author=V.+Chico&author=AJ.+Villena&author=B.+Carracedo&author=S.+Ciordia+&publication_year=2017&title=Identification+of+diverse+defense+mechanisms+in+rainbow+trout+red+blood+cells+in+response+to+halted+replication+of+VHS+virus&journal=F1000Research.&volume=6&pages=1958
https://doi.org/10.12688/f1000research.12985.1
https://pubmed.ncbi.nlm.nih.gov/29527292
http://scholar.google.com/scholar_lookup?author=I.+Nombela&author=A.+Carrion&author=S.+Puente-Marin&author=V.+Chico&author=L.+Mercado&author=L.+Perez+&publication_year=2017&title=Infectious+pancreatic+necrosis+virus+triggers+antiviral+immune+response+in+rainbow+trout+red+blood+cells,+despite+not+being+infective&journal=F1000Research.&volume=6&pages=1968
https://doi.org/10.12688/f1000research.12994.2
https://pubmed.ncbi.nlm.nih.gov/29333244


 Immune functions of erythrocytes in oste... – Paper Example  Page 20

14. Rodriguez MF, Wiens GD, Purcell MK, Palti Y. Characterization of toll-like 

receptor 3 gene in rainbow trout ( Oncorhynchus mykiss ). Immunogenetics. 

(2005) 57: 510–9. doi: 10. 1007/s00251-005-0013-1 

PubMed Abstract | CrossRef Full Text | Google Scholar 

15. Puente-Marin S, Nombela I, Ciordia S, Mena MC, Chico V, Coll J, et al. In 

silico functional networks identified in fish nucleated red blood cells by 

means of transcriptomic and proteomic profiling. Genes. (2018) 9: 202. doi: 

10. 3390/genes9040202 

PubMed Abstract | CrossRef Full Text | Google Scholar 

16. Jung M-H, Chico V, Ciordia S, Mena MC, Jung S-J, Ortega-Villaizan MdM. 

The megalocytivirus RBIV induces apoptosis and MHC class I presentation in 

rock bream ( Oplegnathus fasciatus ) red blood cells. Front Immunol . (2019) 

10: 160. doi: 10. 3389/fimmu. 2019. 00160 

PubMed Abstract | CrossRef Full Text | Google Scholar 

17. Wessel Ø, Olsen CM, Rimstad E, Dahle MK. Piscine orthoreovirus (PRV) 

replicates in Atlantic salmon ( Salmo salar L.) erythrocytes ex vivo. Vet Res . 

(2015) 46: 26. doi: 10. 1186/s13567-015-0154-7 

PubMed Abstract | CrossRef Full Text | Google Scholar 

18. Passantino L, Altamura M, Cianciotta A, Patruno R, Tafaro A, Jirillo E, et al.

Fish immunology. I. Binding and engulfment of Candida albicans by 

erythrocytes of rainbow trout ( Salmo gairdneri Richardson). 

https://assignbuster.com/immune-functions-of-erythrocytes-in-osteichthyes/

http://scholar.google.com/scholar_lookup?author=%C3%98.+Wessel&author=CM.+Olsen&author=E.+Rimstad&author=MK.+Dahle+&publication_year=2015&title=Piscine+orthoreovirus+(PRV)+replicates+in+Atlantic+salmon+(Salmo+salar+L&volume=46&pages=26
https://doi.org/10.1186/s13567-015-0154-7
https://pubmed.ncbi.nlm.nih.gov/25888832
http://scholar.google.com/scholar_lookup?author=M-H.+Jung&author=V.+Chico&author=S.+Ciordia&author=MC.+Mena&author=S-J.+Jung&author=MdM.+Ortega-Villaizan+&publication_year=2019&title=The+megalocytivirus+RBIV+induces+apoptosis+and+MHC+class+I+presentation+in+rock+bream+(Oplegnathus+fasciatus)+red+blood+cells&journal=Front+Immunol&volume=10&pages=160
https://doi.org/10.3389/fimmu.2019.00160
https://pubmed.ncbi.nlm.nih.gov/30886611
http://scholar.google.com/scholar_lookup?author=S.+Puente-Marin&author=I.+Nombela&author=S.+Ciordia&author=MC.+Mena&author=V.+Chico&author=J.+Coll+&publication_year=2018&title=In+silico+functional+networks+identified+in+fish+nucleated+red+blood+cells+by+means+of+transcriptomic+and+proteomic+profiling&journal=Genes.&volume=9&pages=202
https://doi.org/10.3390/genes9040202
https://pubmed.ncbi.nlm.nih.gov/29642539
http://scholar.google.com/scholar_lookup?author=MF.+Rodriguez&author=GD.+Wiens&author=MK.+Purcell&author=Y.+Palti+&publication_year=2005&title=Characterization+of+toll-like+receptor+3+gene+in+rainbow+trout+(Oncorhynchus+mykiss)&journal=Immunogenetics.&volume=57&pages=510-9
https://doi.org/10.1007/s00251-005-0013-1
https://pubmed.ncbi.nlm.nih.gov/16086174


 Immune functions of erythrocytes in oste... – Paper Example  Page 21

Immunopharmacol. Immunotoxicol . (2002) 24: 665–78. doi: 10. 1081/IPH-

120016050 

PubMed Abstract | CrossRef Full Text | Google Scholar 

19. Dahle MK, Wessel Ø, Timmerhaus G, Nyman IB, Jørgensen SM, Rimstad E,

et al. Transcriptome analyses of Atlantic salmon ( Salmo salar L.) 

erythrocytes infected with piscine orthoreovirus (PRV). Fish Shellfish 

Immunol . (2015) 45: 780–90. doi: 10. 1016/j. fsi. 2015. 05. 049 

PubMed Abstract | CrossRef Full Text | Google Scholar 

20. Hotz MJ, Qing D, Shashaty MGS, Zhang P, Faust H, Sondheimer N, et al. 

Red blood cells homeostatically bind mtDNA through TLR9 to maintain 

quiescence and prevent lung injury. Am J Respir Crit Care Med . (2018) 197: 

470–80. doi: 10. 1164/rccm. 201706-1161OC 

PubMed Abstract | CrossRef Full Text | Google Scholar 

21. Morera D, MacKenzie SA. Is there a direct role for erythrocytes in the 

immune response? Vet Res . (2011) 42: 89. doi: 10. 1186/1297-9716-42-89 

PubMed Abstract | CrossRef Full Text | Google Scholar 

22. Torrealba D, Parra D, Seras-Franzoso J, Vallejos-Vidal E, Yero D, Gibert I, 

et al. Nanostructured recombinant cytokines: a highly stable alternative to 

short-lived prophylactics. Biomaterials. (2016) 107: 102–14. doi: 10. 1016/j. 

biomaterials. 2016. 08. 043 

PubMed Abstract | CrossRef Full Text | Google Scholar 

https://assignbuster.com/immune-functions-of-erythrocytes-in-osteichthyes/

http://scholar.google.com/scholar_lookup?author=D.+Torrealba&author=D.+Parra&author=J.+Seras-Franzoso&author=E.+Vallejos-Vidal&author=D.+Yero&author=I.+Gibert+&publication_year=2016&title=Nanostructured+recombinant+cytokines%3A+a+highly+stable+alternative+to+short-lived+prophylactics&journal=Biomaterials.&volume=107&pages=102-14
https://doi.org/10.1016/j.biomaterials.2016.08.043
https://pubmed.ncbi.nlm.nih.gov/27614162
http://scholar.google.com/scholar_lookup?author=D.+Morera&author=SA.+MacKenzie+&publication_year=2011&title=Is+there+a+direct+role+for+erythrocytes+in+the+immune+response%3F&journal=Vet+Res&volume=42&pages=89
https://doi.org/10.1186/1297-9716-42-89
https://pubmed.ncbi.nlm.nih.gov/21801407
http://scholar.google.com/scholar_lookup?author=MJ.+Hotz&author=D.+Qing&author=MGS.+Shashaty&author=P.+Zhang&author=H.+Faust&author=N.+Sondheimer+&publication_year=2018&title=Red+blood+cells+homeostatically+bind+mtDNA+through+TLR9+to+maintain+quiescence+and+prevent+lung+injury&journal=Am+J+Respir+Crit+Care+Med&volume=197&pages=470-80
https://doi.org/10.1164/rccm.201706-1161OC
https://pubmed.ncbi.nlm.nih.gov/29053005
http://scholar.google.com/scholar_lookup?author=MK.+Dahle&author=%C3%98.+Wessel&author=G.+Timmerhaus&author=IB.+Nyman&author=SM.+J%C3%B8rgensen&author=E.+Rimstad+&publication_year=2015&title=Transcriptome+analyses+of+Atlantic+salmon+(Salmo+salar+L.)+erythrocytes+infected+with+piscine+orthoreovirus+(PRV)&journal=Fish+Shellfish+Immunol&volume=45&pages=780-90
https://doi.org/10.1016/j.fsi.2015.05.049
https://pubmed.ncbi.nlm.nih.gov/26057463
http://scholar.google.com/scholar_lookup?author=L.+Passantino&author=M.+Altamura&author=A.+Cianciotta&author=R.+Patruno&author=A.+Tafaro&author=E.+Jirillo+&publication_year=2002&title=Fish+immunology.+I.+Binding+and+engulfment+of+Candida+albicans+by+erythrocytes+of+rainbow+trout+(Salmo+gairdneri+Richardson)&journal=Immunopharmacol.+Immunotoxicol&volume=24&pages=665-78
https://doi.org/10.1081/IPH-120016050
https://pubmed.ncbi.nlm.nih.gov/12510797


 Immune functions of erythrocytes in oste... – Paper Example  Page 22

23. Thwaite R, Ji J, Torrealba D, Coll J, Sabès M, Villaverde A, et al. Protein 

nanoparticles made of recombinant viral antigens: a promising biomaterial 

for oral delivery of fish prophylactics. Front Immunol . (2018) 9: 1652. doi: 

10. 3389/fimmu. 2018. 01652 

PubMed Abstract | CrossRef Full Text | Google Scholar 

24. Torrealba D, Seras-Franzoso J, Mamat U, Wilke K, Villaverde A, Roher N, 

et al. Complex particulate biomaterials as immunostimulant-delivery 

platforms. PLoS ONE. (2016) 11: e0164073. doi: 10. 1371/journal. pone. 

0164073 

PubMed Abstract | CrossRef Full Text | Google Scholar 

25. Nombela I, Ortega-Villaizan MdM. Nucleated red blood cells: immune cell 

mediators of the antiviral response. PLoS Pathog. (2018) 14: e1006910. doi: 

10. 1371/journal. ppat. 1006910 

PubMed Abstract | CrossRef Full Text | Google Scholar 

26. Puente-Marin S, Nombela I, Chico V, Ciordia S, Mena M, Coll J, et al. 

Rainbow trout erythrocytes ex vivo transfection with a DNA vaccine encoding

VHSV glycoprotein G induces an antiviral immune response. Front Immunol . 

(2018) 9: 2477. doi: 10. 3389/fimmu. 2018. 02477 

PubMed Abstract | CrossRef Full Text | Google Scholar 

27. Wessel Ø, Krasnov A, Timmerhaus G, Rimstad E, Dahle MK. Antiviral 

responses and biological consequences of Piscine orthoreovirus infection in 

https://assignbuster.com/immune-functions-of-erythrocytes-in-osteichthyes/

http://scholar.google.com/scholar_lookup?author=S.+Puente-Marin&author=I.+Nombela&author=V.+Chico&author=S.+Ciordia&author=M.+Mena&author=J.+Coll+&publication_year=2018&title=Rainbow+trout+erythrocytes+ex+vivo+transfection+with+a+DNA+vaccine+encoding+VHSV+glycoprotein+G+induces+an+antiviral+immune+response&journal=Front+Immunol&volume=9&pages=2477
https://doi.org/10.3389/fimmu.2018.02477
https://pubmed.ncbi.nlm.nih.gov/30429850
http://scholar.google.com/scholar_lookup?author=I.+Nombela&author=MdM.+Ortega-Villaizan+&publication_year=2018&title=Nucleated+red+blood+cells%3A+immune+cell+mediators+of+the+antiviral+response&journal=PLoS+Pathog.&volume=14&pages=e1006910
https://doi.org/10.1371/journal.ppat.1006910
https://pubmed.ncbi.nlm.nih.gov/29698529
http://scholar.google.com/scholar_lookup?author=D.+Torrealba&author=J.+Seras-Franzoso&author=U.+Mamat&author=K.+Wilke&author=A.+Villaverde&author=N.+Roher+&publication_year=2016&title=Complex+particulate+biomaterials+as+immunostimulant-delivery+platforms&journal=PLoS+ONE.&volume=11&pages=e0164073
https://doi.org/10.1371/journal.pone.0164073
https://pubmed.ncbi.nlm.nih.gov/27716780
http://scholar.google.com/scholar_lookup?author=R.+Thwaite&author=J.+Ji&author=D.+Torrealba&author=J.+Coll&author=M.+Sab%C3%A8s&author=A.+Villaverde+&publication_year=2018&title=Protein+nanoparticles+made+of+recombinant+viral+antigens%3A+a+promising+biomaterial+for+oral+delivery+of+fish+prophylactics&journal=Front+Immunol&volume=9&pages=1652
https://doi.org/10.3389/fimmu.2018.01652
https://pubmed.ncbi.nlm.nih.gov/30072996


 Immune functions of erythrocytes in oste... – Paper Example  Page 23

salmonid erythrocytes. Front Immunol . (2019) 9: 3182. doi: 10. 3389/fimmu.

2018. 03182 

PubMed Abstract | CrossRef Full Text | Google Scholar 

28. Finstad OW, Dahle MK, Lindholm TH, Nyman IB, Løvoll M, Wallace C, et al.

Piscine orthoreovirus (PRV) infects Atlantic salmon erythrocytes. Vet Res . 

(2014) 45: 35. doi: 10. 1186/1297-9716-45-35 

PubMed Abstract | CrossRef Full Text | Google Scholar 

29. Huang X, Huang Y, Cai J, Wei S, Ouyang Z, Qin Q. Molecular cloning, 

expression and functional analysis of ISG15 in orange-spotted grouper, 

Epinephelus coioides . Fish Shellfish Immunol . (2013) 34: 1094–102. doi: 10. 

1016/j. fsi. 2013. 01. 010 

PubMed Abstract | CrossRef Full Text | Google Scholar 

30. Gamil AA, Mutoloki S, Evensen Ø. A piscine birnavirus induces inhibition 

of protein synthesis in CHSE-214 cells primarily through the induction of 

eIF2α phosphorylation. Viruses. (2015) 7: 1987–2005. doi: 10. 

3390/v7041987 

PubMed Abstract | CrossRef Full Text | Google Scholar 

https://assignbuster.com/immune-functions-of-erythrocytes-in-osteichthyes/

http://scholar.google.com/scholar_lookup?author=AA.+Gamil&author=S.+Mutoloki&author=%C3%98.+Evensen+&publication_year=2015&title=A+piscine+birnavirus+induces+inhibition+of+protein+synthesis+in+CHSE-214+cells+primarily+through+the+induction+of+eIF2%CE%B1+phosphorylation&journal=Viruses.&volume=7&pages=1987-2005
https://doi.org/10.3390/v7041987
https://pubmed.ncbi.nlm.nih.gov/25885006
http://scholar.google.com/scholar_lookup?author=X.+Huang&author=Y.+Huang&author=J.+Cai&author=S.+Wei&author=Z.+Ouyang&author=Q.+Qin+&publication_year=2013&title=Molecular+cloning,+expression+and+functional+analysis+of+ISG15+in+orange-spotted+grouper,+Epinephelus+coioides&journal=Fish+Shellfish+Immunol&volume=34&pages=1094-102
https://doi.org/10.1016/j.fsi.2013.01.010
https://pubmed.ncbi.nlm.nih.gov/23403156
http://scholar.google.com/scholar_lookup?author=OW.+Finstad&author=MK.+Dahle&author=TH.+Lindholm&author=IB.+Nyman&author=M.+L%C3%B8voll&author=C.+Wallace+&publication_year=2014&title=Piscine+orthoreovirus+(PRV)+infects+Atlantic+salmon+erythrocytes&journal=Vet+Res&volume=45&pages=35
https://doi.org/10.1186/1297-9716-45-35
https://pubmed.ncbi.nlm.nih.gov/24694042
http://scholar.google.com/scholar_lookup?author=%C3%98.+Wessel&author=A.+Krasnov&author=G.+Timmerhaus&author=E.+Rimstad&author=MK.+Dahle+&publication_year=2019&title=Antiviral+responses+and+biological+consequences+of+Piscine+orthoreovirus+infection+in+salmonid+erythrocytes&journal=Front+Immunol&volume=9&pages=3182
https://doi.org/10.3389/fimmu.2018.03182
https://pubmed.ncbi.nlm.nih.gov/30700987

	Immune functions of erythrocytes in osteichthyes
	Introduction
	Antiviral Activity of Erythrocytes in Fish
	Viral Hemorrhagic Septicemia Virus
	Piscine Orthoreovirus (PRV, PRV-1)
	Rock Bream Iridovirus
	Infectious Salmon Anemia Virus
	Infectious Pancreatic Necrosis Virus

	Antibacterial and Antifungal Activity of Erythrocytes in Fish
	Conclusions
	Author Contributions
	Conflict of Interest
	References


