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Abstract: Nucleated red blood cells (RBCs) of fish have, in the last decade, been implicated in
several immune-related functions, such as antiviral response, phagocytosis or cytokine-mediated
signaling. RNA-sequencing (RNA-seq) and label-free shotgun proteomic analyses were carried out
for in silico functional pathway profiling of rainbow trout RBCs. For RNA-seq, a de novo assembly
was conducted, in order to create a transcriptome database for RBCs. For proteome profiling,
we developed a proteomic method that combined: (a) fractionation into cytosolic and membrane
fractions, (b) hemoglobin removal of the cytosolic fraction, (c) protein digestion, and (d) a novel
step with pH reversed-phase peptide fractionation and final Liquid Chromatography Electrospray
Ionization Tandem Mass Spectrometric (LC ESI-MS/MS) analysis of each fraction. Combined
transcriptome- and proteome- sequencing data identified, in silico, novel and striking immune
functional networks for rainbow trout nucleated RBCs, which are mainly linked to innate and
adaptive immunity. Functional pathways related to regulation of hematopoietic cell differentiation,
antigen presentation via major histocompatibility complex class II (MHCII), leukocyte differentiation
and regulation of leukocyte activation were identified. These preliminary findings further implicate
nucleated RBCs in immune function, such as antigen presentation and leukocyte activation.

Keywords: rainbow trout; red blood cells; RNA-seq; de novo assembly; transcriptome;
peptide fractionation; LC ESI-MSMS; proteome; functional network; immune response

1. Introduction

Red blood cells (RBCs) are the most copious cell type in blood circulation and are well-known
for their roles in respiration. Also, other roles such as modulation of angiogenesis, coagulation,
vascular tone and inflammation have been described for mammalian RBCs (reviewed in Akbari A.
2011) [1]. In mammals, mature RBCs lack cell nuclei, organelles, and ribosomes [2]. In contrast,
in non-mammalian vertebrates, RBCs have cell nuclei and organelles in their cytoplasm [3].
The role of nucleated RBCs as immune response intermediaries is a novel field of research [4].
RBCs, rich in hemoglobin, were thought to drive processes of gas exchange to tissues. However,
in the recent past, a set of biological processes related to immunity, such as phagocytosis
and presentation [5], interferons production [6–9] and cytokines production [7,8,10], have been
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reported in nucleated RBCs from different non-mammal vertebrate species. During the last decade,
transcriptomic and proteomic sequencing have allowed us to identify many more genes and proteins
in RBCs. Transcriptome sequencing of nucleated RBCs has identified the genes responsible for
the expression of a wide spectrum of biological processes, including immune response [6,11].
On the other hand, proteomics sequencing of non-nucleated RBCs has significantly evolved [12–15],
allowing us to significantly increase the number of identified proteins from a few hundred to almost
2700 proteins [12,13]. However, to our knowledge, no study on nucleated RBCs proteome sequencing
has been published (although extensive research exists on cell proteome of the different cell types
during human erythroid differentiation [16]).

In this manuscript we show a combined transcriptomic and proteomic evaluation of rainbow
trout nucleated RBCs (see Figure 1 for a representative schema of the procedure). In order to achieve
this, we performed RNA-sequencing (RNA-seq) and label-free shotgun proteomic analyses of RBCs
pooled from eight fishes. For transcriptome profiling, a de novo assembly of rainbow trout RBCs
was conducted to create a transcriptome database for RBCs gene mapping. For proteome profiling,
we developed a novel proteomic analysis method that combined: (a) fractionation into cytosolic
and membrane fractions, (b) hemoglobin removal of the cytosolic fraction, (c) protein digestion,
and (d) a novel step with pH reversed-phase peptide fractionation and final Liquid Chromatography
Electrospray Ionization Tandem Mass Spectrometric (LC ESI-MS/MS) analysis of each of the fractions.

Figure 1. Schema representing the different steps in the experiment described here, from sample
collection to data analysis.

In silico functional profiling revealed the presence of novel and striking networks for rainbow
trout nucleated RBCs, mainly related to innate and adaptive immunity. Functional pathways related
to regulation of hematopoietic cell differentiation, antigen presentation via major histocompatibility
complex class II (MHCII), leukocyte differentiation, and regulation of leukocyte activation were found
in rainbow trout RBCs transcriptome. This study provides new knowledge on the immune functions
of nucleated RBCs.
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2. Materials and Methods

2.1. Fish

Rainbow trout (Oncorhynchus mykiss) of approximately 6 cm, obtained from a commercial fish farm
(PISZOLLA S.L., CIMBALLA FISH FARM, Zaragoza, Spain), were maintained at University Miguel
Hernandez (UMH) facilities at 14 ◦C, with a re-circulating dechlorinated-water system, at a stocking
density of 1 fish/3 L, and fed daily with a commercial diet (Skretting, Burgos, Spain). Fish were
acclimatized to laboratory conditions over 2 weeks. All activities involving animal handling and
animal care were done in accordance with EU Directive EC86/609.

2.2. Blood Sampling and Red Blood Cells Purification

Rainbow trout RBCs were obtained from the peripheral blood of fish which died through
overexposure to tricaine (tricaine methanesulfonate, Sigma-Aldrich, Madrid, Spain; 0.2 g/L),
as previously described [8]. Briefly, peripheral blood was sampled from the caudal vein. Then,
RBCs were purified by two consecutive density gradient centrifugations (7206 g, Ficoll 1.007;
Sigma-Aldrich). Purity of RBCs of 99.9% was estimated by optical microscopy evaluation (Figure S1).

2.3. Transcriptome Sequencing

2.3.1. Complementary DNA Library Preparation and Illumina Sequencing

RBCs isolated from eight fishes (106 cells per fish) were lysed with 9.5 μL of 10× Lysis
buffer (Clontech, Takara Bio, Mountain View, CA, USA) and 0.5 μL of ribonuclease (RNase)
Inhibitor (Invitrogen, Thermo-Fischer Scientific Inc., Waltham, MA, USA), and preserved at −80 ◦C,
until complementary DNA (cDNA) library construction.

Lysed RBCs from the eight fishes were pooled, and cDNA was directly produced from lysed
cells using a SMART-Seq v4 Ultra Low Input RNA Kit (Clontech, Takara Bio). cDNA integrity
was tested using a Bioanalyzer 2100 (Agilent, Santa Clara, CA, USA). The library construction
was carried out using an Illumina Nextera XT Library Preparation Kit (Illumina Inc., San Diego,
CA, USA). Generated cDNA fragments were sequenced with the lllumina Hiseq 2500 platform,
using 100 bp paired-end sequencing reads. Sequence reads are available at SRA-NCBI, SRA-NCBI
Accession SRP133501. RNA-Seq library preparation and sequencing were carried out by STABVida
Lda (Caparica, Portugal).

2.3.2. De Novo Assembly Bioinformatics Procedure

In order to create a transcript database specific to, or enriched for, rainbow trout RBCs, a de novo
assembly of RBCs expressed short reads was carried out. CLC Genomics Workbench (version 9.5.4) [17]
was used for expressed short reads de novo assembly. Raw data were filtered by removing short,
duplicated and low quality reads. For each original read, the regions of the sequence to be removed
were determined independently for each type of trimming operation: Quality trimming (based on
quality ratings), and Ambiguity trimming. The trimming parameters applied were: ambiguous limit = 2
nucleotides, quality limit = 0.01 (error probability), minimum number of nucleotides = 30. After quality
trimming, raw sequence data were de novo assembled. One list of sequences corresponding to
generated contigs, and one mapping file were generated. After initial contig creation, reads were
mapped back to contigs for assembly correction, using the following parameters: word size = 54,
bubble size = 50, length fraction = 0.8 and similarity fraction = 0.8. To remove redundancy from
assemblies, generated contigs were analyzed with CD HIT EST (Version 4.6) [18,19], using the following
parameters: -c 0.85 -n 8.
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2.3.3. BLASTing of Assembled Contigs, Gene Sequence Retrieval, Red Blood Cells Transcript Database
Construction and Functional Annotation

De novo assembled contigs were BLASTed (using Nucleotide Basic Local Alignment Search
Tool, BLASTn, https://blast.ncbi.nlm.nih.gov/Blast.cgi), with a cut off E-value of 1.00 × 10−3)
against a local Teleostei messenger RNA (mRNA) Reference Sequence (RefSeq) database downloaded
from NCBI (https://www.ncbi.nlm.nih.gov, last update: 20072017), using Blast2GO PRO version
4.1.9 [20]. Then, full sequences of the top blast hit obtained in the previous step were retrieved
from NCBI, based on accession ids. Duplicated and similar sequences with 95% similarity were
removed. These steps were performed using Blast2GO PRO version 4.1.9. Resulting mRNA RefSeq
curated database{Ortega-Villaizan, 2018 #28} (referred to hereafter as RBCs transcript database [21]),
was enriched with rainbow trout (NCBI, last update: 09082017), Atlantic salmon-Salmo salar-(NCBI,
last update: 09082917), and zebrafish-Danio rerio-(NCBI, last update: 31072017) mRNA RefSeq
annotations in NCBI. This curated and enriched database was used as a reference for following
sample mapping and annotation analyses. The RBCs transcript database was finally annotated against
local Teleostei protein RefSeq database downloaded from NCBI (last update: 17072017), using Basic
Local Alignment Search Tool (BLASTx, https://blast.ncbi.nlm.nih.gov/Blast.cgi) with a cut off E value
of 1.00 × 10−3.

2.3.4. Red Blood Cells Transcriptome Mapping and Gene Expression Profiling

Sample raw sequence data was mapped against the RBCs transcript database using CLC
Genomics Workbench (version 10.1.1) [22]. Before mapping, analysis started with the trimming
of raw sequences to generate high quality data only. For each original read, the regions of the sequence
to be removed were determined independently for each type of trimming operation: Quality trimming
(based on quality ratings), Ambiguity trimming, and Length trimming. The following trimming
parameters were applied: ambiguous limit = 2 nucleotides, quality limit = 0.01 (error probability),
minimum number of nucleotides = 15. High quality sequencing reads (approximately 40 million reads)
were mapped against RBCs transcript database, using the following parameters: length fraction = 0.6,
similarity fraction = 0.5. Gene prediction and annotation was conducted on the RBCs transcripts
database. The expression level of genes was obtained by counting the number of reads mapped to
a gene.

2.4. Proteome Sequencing

2.4.1. Protein Digestion

RBCs isolated from eight fishes (8 × 106 cells per fish) were pooled and pelleted by centrifugation
(5 min, 700× g). Supernatant was removed, and cell pellet (~70–100 μL) was mixed with 250 μL of
deionized water, and then frozen at −80 ◦C for 3 h. After thawing, it was centrifuged at 17,000× g
for 20 min at 4 ◦C, to separate cytosolic supernatant and pelleted membrane fractions. To purify the
membrane fraction, the pellet was washed twice with 500 μL of deionized water, and then centrifuged
at 20,000× g for 10 min at 4 ◦C. After washing, the new membrane pellet was dissolved with 200 μL of
chaotropic lysis buffer containing 8.4 M urea (USB Corporation, Cleveland, OH, USA), 2.4 M thiourea
(Sigma-Aldrich), 5% CHAPS (Sigma-Aldrich), 5 mM TCEP (Sigma-Aldrich) and a protease inhibitor
cocktail (Sigma-Aldrich), for 15 min, on ice. Homogenization of the membrane pellet was achieved by
ultrasonication for 5 min on ultrasonic bath Branson 2510 (Marshall Scientific, Hampton, NH, USA).
The sonicated membrane was centrifuged again at 20,000× g for 10 min at 4 ◦C, and the supernatant
containing solubilized membrane fraction proteins was used for further analysis. Then, 40 μg of
protein was precipitated using the methanol/chloroform method [23], and re-suspended in 20 μL of
multichaotropic sample solution composed of 7 M Urea, 2 M thiourea and 10 mM triethylammonium
bicarbonate (TEAB) (Sigma-Aldrich), called hereafter UTT buffer.
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The cytosolic fraction, approximately 300 μL, was depleted of hemoglobin using HemoVoidTM

kit (Biotech Support Group, Monmouth Junction, NJ, USA), in accordance with the manufacturer’s
instructions [24]. After hemoglobin removal, the eluted fraction was transferred to a Pall Omega
Nanosep® (Pall Corporation, Port Washington, NY, USA) centrifugal filter device (molecular weight
cut-off (MWCO) 10 kDa), and concentrated by centrifugation at 14,000× g for 15 min at 4 ◦C. Finally,
the hemoglobin depleted-cytosolic fraction were dialyzed with 300 μL of UTT buffer, and concentrated
into a volume of ~50–80 μL (20 min, 14,000× g, 4 ◦C). Then, 40 μg of protein were diluted with 20 μL
of multichaotropic sample solution UTT buffer.

Both protein fractions were reduced with 2 μL of 50 mM TCEP, pH 8.0, at 37 ◦C for 60 min,
before 1 μL of 200 mM cysteine-blocking reagent MMTS (SCIEX, Foster City, CA, USA) was added
for 10 min at room temperature. Then, the cytosolic and membrane fractions were diluted to 140 μL
with 25 mM TEAB, to reduce the urea concentration. Finally, digestions were initiated by adding 6 and
2 μg respectively of Pierce MS-grade trypsin (Thermo-Fisher Scientific Inc., Waltham, MA, USA) to
each fraction, in a ratio of 1:20 (w/w), and then incubated at 37 ◦C overnight on a shaker. The fraction
digestions were evaporated to dryness in a vacuum concentrator.

2.4.2. pH Reversed-Phase Peptide Fractionation

Offline high pH reversed-phase peptide fractionation of peptides from cytosolic fraction was
performed on a SmartLine (Knauer, Berlin, Germany) high pressure liquid chromatography (HPLC)
system using an XBridge C18 column (100 × 2.1 mm, 5 μm particle) (Waters Corporation, Milford,
MA, USA). Mobile phases A and B were used for chromatography. The composition of mobile phase
A was 10 mM ammonium hydroxide (pH 9.4) (Sigma-Aldrich), whereas composition of mobile phase
B was 80% methanol (Scharlab S.L, Barcelona, Spain) and 10 mM ammonium hydroxide (pH 9.3).
Dried-up peptide pellet was dissolved in 100 μL of mobile phase A, injected into a sample loop,
and then fractionated using a linear gradient of 0–100% mobile phase B at 150 μL/min for 90 min.
Thirty fractions were collected and then pooled, with an alternating numerical sequence, into three
fractions (i.e., fractions 1 + 4 + 7 + 10 + 13 + 16 + 19 + 22 + 25 + 28) and dried.

2.4.3. Liquid Chromatography and Mass Spectrometry Analysis

Peptide fractions were cleaned/desalted using Stage-Tips with Empore 3M C18 disks
(Sigma-Aldrich). One microgram of each peptide fraction was used for a 1D-nano LC ESI-MS/MS
analysis, using a nano-liquid chromatography system (Eksigent Technologies nano LC Ultra 1D plus;
SCIEX, Foster City, CA, USA), coupled to a high speed Triple TOF 5600 mass spectrometer (SCIEX)
with a Nanospray III source. The analytical column used was a silica-based reversed phase Acquity
UPLC® M-Class Peptide BEH C18 Column (Waters Corporation). The trap column was a C18 Acclaim
PepMapTM 100 (Thermo-Fisher Scientific Inc.), 100 μm × 2 cm, 5 μm particle diameter, 100 Å pore
size, switched on-line with the analytical column. A loading pump delivered a solution of 0.1% formic
acid in water at 2 μL/min. The nano-pump provided a flow-rate of 250 nL/min, and was operated
under gradient elution conditions. Cytosolic peptide fractions were separated using a 150 min gradient
ranging from 2% to 90% mobile phase B (mobile phase A: 2% acetonitrile (Scharlab S.L), 0.1% formic
acid (Sigma-Aldrich); mobile phase B: 100% acetonitrile, 0.1% formic acid). Two hundred & fifty
minutes’ gradient was used for the membrane fraction, using the same gradient conditions. Injection
volume was 5 μL.

Data were acquired using an ionspray voltage floating 2300 V, curtain gas 35, interface heater
temperature 150, ion source gas 125 and declustering potential 150 V. For Information-Dependent
Acquisition (IDA) parameters, 0.25 s mass spectrometry (MS) survey scan in the mass range of
350–1250 Da were followed by 35 MS/MS scans of 100 ms in the mass range of 100–1800. Switching
criteria were set to ions greater than mass-to-charge ratio (m/z) 350 and smaller than m/z 1250 with a
charge state of 2–5 and an abundance threshold >90 counts (cps). Former target ions were excluded for
15 s.
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2.4.4. Proteomics Data Analysis and Sequence Search

Mass spectrometry data obtained were processed using PeakView 2.2 Software (SCIEX [25])
and exported as mgf files, which were then searched, using Mascot Server v2.5.1 (Matrix Science,
London, UK), against a protein database including Teleostei protein sequences from Uniprot/Swissprot
Knowledgebase (last update: 20170412, 2.542.118 sequences), together with commonly occurring
contaminants. Search parameters were set as follows: enzyme, trypsin; allowed missed cleavages, 2;
methylthiolation (C) as fixed modification; and acetyl (Protein N-term), Oxidation (M), Gln → pyro-Glu
(N-term Q) and Glu → pyro-Glu (N-term E) as variable modifications. Peptide mass tolerance was
set to ±25 ppm for precursors and 0.05 Da for fragment masses. The confidence interval for protein
identification was set to ≥95% (p value < 0.05) and only peptides with an individual ion score above
the 1% False Discovery Rate (FDR) at PSM (peptide-to-spectrum matches) level were considered to
have been correctly identified.

2.5. Pathway Enrichment Analysis

In order to evaluate functionally grouped Gene Ontology (GO) and pathway annotation networks
of expressed genes and proteins, pathway enrichment analysis was performed using the ClueGO [26]
and CluePedia [27] Cytoscape [28] plugins. The GO Immune System Process functional pathway
database was used. p value ≤ 0.05 and Kappa score of 0.4 served as threshold values. Protein-protein
interaction (PPI) networks were analyzed using STRING v10.5 (http://string.embl.de/) [29], with a
medium confidence score threshold of 0.4. The Homo sapiens model organism was used for ClueGO
and STRING analyses. Gene symbols were obtained through sequence homology of RBCs transcript
database genes with Homo sapiens orthologues, using Blast2GO version 4.1.9.

2.6. RNA Extraction and Reverse Transcription Real Time Polymerase Chain Reaction Analysis

RNA extraction and reverse transcription real time polymerase chain reaction (RT-qPCR)
was performed as previously described [8], using specific primers and probe for mhcII
gene (Forward:TGCCATGCTGATGTGCAG; Reverse: GTCCCTCAGCCAGGTCACT; Probe:
CGCCTATGACTTCTACCCCAAACAAAT) [30]. Gene expression was analyzed by the
2−ΔCt method [31] and ef1α gene (Forward: ACCCTCCTCTTGGTCGTTTC; Reverse:
TGATGACACCAACAGCAACA; Probe: GCTGTGCGTGACATGAGGCA) [32] was used as
endogenous control.

Besides, RNA extracted from RTS-11 cell line [33] (donated by Dr. Niels Bols) and RTG-2 cell line
(ATCC® CCL-55™) were respectively used as antigen presenting cell (APC) and non-APC cell types,
for mhcII gene expression comparison.

2.7. RBCs Single-Cell Sorting

RBCs from one fish were single-cell sorted, in order to obtain a sample of pure RBCs (20–30 cells),
using BD FACSJazz™ cell sorter (BD Biosciences, Madrid, Spain). Sorted RBCs were visualized using
an IN Cell Analyzer 6000 (GE Healthcare, Little Chalfont, UK) cell imaging system. The sample was
lysed with 9.5 μL of 10× Lysis buffer and 0.5 μL of RNase Inhibitor, and preserved at −80 ◦C until
cDNA library construction.

3. Results and Discussion

RBCs transcriptome profiling identified 14,008 genes, from which 13,937 genes were considered
expressed since they were detected above a threshold of 10 reads mapped. Table 1 shows statistics
of de novo assembly, RNA-seq raw data and mapping. Conversely, proteome profiling identified
1.770 proteins, where 724 proteins had more than 2 PSMs. Among those genes with more
than 10 gene reads and proteins with more than 2 PSMs and 670 genes and proteins (Table S1),
were common to both transcriptome and proteome profiling respectively (Figure S2). A Cytoscape
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pathway enrichment analysis, with Immune System Process GO-terms, was performed in order
to evaluate functionally grouped GO-terms and pathway annotation networks which are mainly
represented in rainbow trout nucleated RBCs immune response. Results showed five strongly
represented networks of interest: (i) regulation of hematopoietic stem cell differentiation, (ii) neutrophil
degranulation, (iii) positive regulation of leukocyte activation, (iv) antigen processing and presentation
of exogenous peptide antigen via MHCII, and (v) leukocyte differentiation (Figure 2a,b, Table S2).
Subsequently, an interactome network was built for each GO-term set of proteins, to identify
protein-protein interactions, and predict functional associations. We found that proteins grouped
in antigen processing and presentation of exogenous peptide antigen via MHCII network highly
interacted with each other (Figure 3), with a FDR p value 1.37 × 10−27 and PPI enrichment
p value < 1.0 × 10−16. Fourteen proteins identified in this GO-term were: ACTR1B (ARP1 actin related
protein 1 homolog B), AP1B1 (adaptor related protein complex 1 beta 1 subunit), AP2A1 (adaptor
related protein complex 2 alpha 1 subunit), AP2A2 (adaptor related protein complex 2 alpha 2 subunit),
ARF1 (ADP ribosylation factor 1), CANX (calnexin), CAPZA1 (capping actin protein of muscle Z-line
alpha subunit 1), CLTA (clathrin light chain A), CLTC (clathrin heavy chain), CTSD (cathepsin D),
DNM2 (dynamin 2), DYNC1H1 (dynein cytoplasmic 1 heavy chain 1), DYNLL2 (dynein light chain
LC8-type 2), RAB7A (member RAS oncogene family). Moreover, the expression of these genes was
corroborated in a single-cell sorted RBCs RNA-seq. Gene reads are indicated in Table S3. Besides,
MHCII gene reads were detectable in single-cell sorted RBCs RNA-seq (Table S3).

Table 1. De novo assembly, RNA-sequencing (RNA-seq) raw data and mapping statistics.

De Novo Assembly

Total reads 404,825,036
Number of aligned reads 286,555,140
Total contigs 1,056,546
Contigs after CD HIT EST c 0.85 862,667

RBCs Transcript Database

Genes after assembly BLAST, gene retrieval, removal of duplicates and 95% similar sequences 106,361
Genes after adding Oncorhynchus mykiss, Salmo salar, and Danio rerio NCBI sequences 137,444

Raw Data and Mapping

Total reads 93,177,954
Reads after trimming 92,391,474
Mapped reads 52,118,053
Un-mapped reads 40,273,421
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Figure 2. Cytoscape pathway network of significantly over-represented Immune System Process Gene
Ontology (GO)-terms in RBCs transcriptome and proteome profiling common genes and proteins.
(a) Pathway network. Each node represents a GO-term from Immune System Process. Node size shows
GO-term significance (p value): smaller p value, larger node size. Edge (lines) between nodes indicate
the presence of common genes: thicker line implies a larger overlap. GO-terms are classified into
several function groups (different node color). The label of the most significant GO-term for each group
is highlighted. (b) A pie chart of Immune System Process function groups. Asterisks denote GO-term
significance. Functional groups are labelled as follows: Dark pink = regulation of hematopoietic stem
cell differentiation, dark blue = neutrophil degranulation, light blue = positive regulation of leukocyte
activation, light green = antigen processing and presentation of exogenous peptide antigen via MHCII,
and dark green = leukocyte differentiation. A list of all over-represented terms and statistics is provided
in Table S2.
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Figure 3. Constructed protein-protein interactions of a set of proteins of antigen processing
and presentation of exogenous peptide antigen via MHCII GO-term using STRING software.
Nodes represent proteins, while edges denote the interactions between two proteins. Red nodes
highlight proteins functionally annotated with STRING software in GO-term antigen processing
and presentation of exogenous peptide antigen via MHCII. White nodes represent proteins not
functionally annotated in the highlighted GO-term. Network edge line thickness indicates the strength
of data support.

These proteins, among others, may provide nucleated RBCs with the essential machinery to
participate in the production of antigenic peptides, and their loading onto MHCII molecules within
the compartments of endosomal–lysosomal system [34]. Unlike MHCI molecule—which is widely
expressed on the cell surface of nearly all nucleated cells, including nucleated RBCs [35]—MHCII
molecules are generally restricted to some endothelial cells and a subset of antigen-presenting cells
(APCs), such as macrophages, dendritic cells, and B cells [36]. To our knowledge, there is only one
record describing low levels of transcripts expression for MHC II in chicken nucleated RBCs [37].
We have also observed transcripts expression in rainbow trout nucleated RBCs (Figure S3). Moreover,
it has been described how rainbow trout nucleated RBCs were shown to engulf Candida albicans,
and presented it to macrophages [5]. Taken altogether, this evidence strongly suggests that nucleated
RBCs may participate in antigen presentation, via MHCII, as professional APCs.

These findings have broad implications in the knowledge of nucleated RBCs immune functions,
since they open a novel topic of investigation where nucleated RBCs may act as professional APCs,
and may be participants of the immunological synapse of T- and NK-cells. The function of MHCII
pathway molecules in nucleated RBCs, and their role under viral infection scenarios, remains to be
studied, and constitutes a part of our ongoing research.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/9/4/202/s1,
Figure S1: Brightfield microscopy image of RBCs after two consecutive density gradient centrifugations, Figure S2:
Venn diagram of proteomic and transcriptomic results, Figure S3: mhcII gene expression, by means of RT-qPCR,
in rainbow trout nucleated RBCs, RTS-11 and RTG-2 cell types, relative to ef1α endogenous control, Table S1:
Common genes and proteins related to Immune System Process GO-terms overrepresented in RBCs, Table S2:
List of all over-represented Immune System Process GO-terms in RBCs transcriptome and proteome profiling
common genes and proteins, Table S3: Sorted RBCs RNA-seq reads mapped to the set of genes of antigen
processing and presentation of exogenous peptide antigen via MHC class II GO-term.
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Fish red blood cells (RBCs), are integral in several biologic processes relevant to immunity,

such as pathogen recognition, pathogen binding and clearance, and production of

effector molecules and cytokines. So far, one of the best strategies to control and

prevent viral diseases in aquaculture is DNA immunization. DNA vaccines (based on

the rhabdoviral glycoprotein G [gpG] gene) have been shown to be effective against

fish rhabdoviruses. However, more knowledge about the immune response triggered

by DNA immunization is necessary to develop novel and more effective strategies. In

this study, we investigated the role of fish RBCs in immune responses induced by

DNA vaccines. We show for the first time that rainbow trout RBCs express gpG of

viral hemorrhagic septicaemia virus (VHSV) (GVHSV) when transfected with the DNA

vaccine ex vivo and modulate the expression of immune genes and proteins. Functional

network analysis of transcriptome profiling of RBCs expressing GVHSV revealed changes

in gene expression related to G-protein coupled receptor (GPCR)-downstream signaling,

complement activation, and RAR related orphan receptor α (RORA). Proteomic profile

functional network analysis of GVHSV-transfected RBCs revealed proteins involved in

the detoxification of reactive oxygen species, interferon-stimulated gene 15 (ISG15)

antiviral mechanisms, antigen presentation of exogenous peptides, and the proteasome.

Conditioned medium of GVHSV-transfected RBCs conferred antiviral protection and

induced ifn1 and mx gene expression in RTG-2 cells infected with VHSV. In summary,

rainbow trout nucleated RBCs could be actively participating in the regulation of the fish

immune response to GVHSV DNA vaccine, and thus may represent a possible carrier

cells for the development of new vaccine approaches.

Keywords: rainbow trout, erythrocytes, red blood cells, VHSV glycoprotein G, DNA vaccine, transcriptome,

proteome, immune response
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INTRODUCTION

The fish immune system is characterized by an active innate
immune system that is of primary importance in combating
infections (1). However, differences between the fish immune
system and that of mammals complicate the extrapolation of
knowledge, thus limiting our ability to control infectious diseases
in fish. Piscine infectious diseases, especially viral infections,
cause significant losses globally, which implies a negative impact
on aquaculture industry. For that reason, efforts have been made
to understand the fish antiviral immune response over the last
few decades. A particular area of interest is the role that nucleated
red blood cells (RBCs) play as immune cell mediators (2–4).

In contrast to mammalian RBCs, fish RBCs are nucleated
and contain organelles in their cytoplasm (5). In addition, RBCs
contain transcriptome machinery that plays an active role in the
immune response against viral infections (2). The involvement of
nucleated RBCs in the immune response has been demonstrated
both in vivo and in vitro. Moreover, RBCs can act as phagocytes
and antigen-presenting cells and release cytokine-like factors
such as interferon gamma that could affect macrophage function
(6). Nucleated RBCs also are able to develop specific responses
to different pathogen-associated molecular patterns (PAMPs) (4)
and can modulate leukocyte activity by producing soluble factors
(4, 7). Recently, it has been demonstrated that fish RBCs are also
involved in the immune response to viral infections (7–10).

Currently, the prevention of viral diseases is only possible
through vaccination or immune stimulation. In aquaculture,
one of the best strategies for controlling and preventing viral
diseases is DNA immunization (11). This method triggers long-
term protection against viral infections (11). However, more
knowledge about the immune response triggered by DNA
immunization is necessary in order to develop new and more
effective viral prevention strategies. It is necessary to understand
both the viral molecules involved in triggering the host immune
responses (immunogenicity and antigenicity) and the viral-
induced immune host responses in efforts to improve current and
develop new vaccination strategies. In addition, new applications
targeting immune cells are being developed to improve the
immune response of DNA vaccines (12).

At the present time, only DNA vaccines based on the
rhabdoviral glycoprotein G (gpG) gene have been found to be
effective for all fish rhabdoviruses tested (13, 14). However,
the immune mechanisms responsible for their efficacy remain
largely unknown. Therefore, this topic is of special importance
to supplement the knowledge of how DNA vaccines confer
immune protection, especially given the recent revelations of the
importance of RBCs in the piscine immune response.

In this study, we show for the first time that rainbow trout
RBCs can express the gpG of VHSV (GVHSV) and modulate
the expression of genes related to interferon, such as interferon-
inducible myxovirus resistance gene (mx), interferon-inducible
RNA-dependent protein kinase (pkr), and interferon-induced
protein with tetratricopeptide repeats 5 (ifit5). Transcriptomic
and proteomic profiles network analyses revealed genes and
proteins involved in G-protein coupled receptor (GPCR)-
downstream signaling, complement activation, RORA-activates

gene expression, ISG15 antiviral mechanisms, and detoxification
of reactive oxygen species. Further, conditioned medium (CM)
of GVHSV-transfected RBCs conferred protection to RTG-2 cell
line against VHSV infection. Our results lead us to suggest that
RBCs are immune cell mediators that play an active role in
GVHSV DNA vaccine immune stimulation. Therefore, RBCs
could be considered promising target or carrier cells in the
development of new vaccine approaches.

MATERIALS AND METHODS

Animals
Rainbow trout (Oncorhynchus mykiss) of ∼7–10 cm were
obtained from a VHSV-free commercial farm (PISZOLLA S.L.,
CIMBALLA FISH FARM, Zaragoza, Spain), and maintained at
the University Miguel Hernandez (UMH) facilities at 14◦C. Prior
to experiments, fish were acclimatized to laboratory conditions
for 2 weeks.

Cell Cultures
RBCs were obtained from the peripheral blood of fish sacrificed
by overexposure to tricaine (tricaine methanesulfonate, Sigma-
Aldrich, Madrid, Spain) (0.2 g/L). Peripheral blood was collected
from the caudal vein using insulin syringes (NIPRO, Bridgewater,
NJ, USA). RBCs were purified by two density gradient
centrifugations (1,600 rpm, Ficoll 1.007; Lymphoprep, Reactiva,
Sigma-Aldrich) as previously described (8). Purified RBCs were
placed in RPMI-1640 medium (Dutch modification) (Gibco,
Thermo Fisher Scientific Inc., Carlsbad, CA) supplemented with
10% gamma irradiated fetal bovine serum (FBS) (Cultek, Madrid,
Spain), 1mM pyruvate (Gibco), 2mM L-glutamine (Gibco),
50μg/mL gentamicin (Gibco), 2μg/mL fungizone (Gibco), 100
U/mL penicillin (Sigma-Aldrich), and 100μg/mL streptomycin
(Sigma-Aldrich). The cells were cultured at 14◦C.

The rainbow trout cell line RTG-2 (Rainbow Trout Gonad-
2) was purchased from the American Type Culture Collection
(ATCC 50643) and maintained at 21◦C in MEM medium
(Sigma-Aldrich) containing 10% FBS, 1mM pyruvate, 2mM
L-glutamine, 50μg/mL gentamicin, and 2μg/mL fungizone.
RTS11, a rainbow trout monocyte/macrophage-like cell line
(donated by Dr. Niels Bols) (15) isolated from a spleen
hematopoietic culture was maintained at 21◦C in Leibovitz’s
medium (L-15) (Sigma-Aldrich) supplemented with 20% FBS,
1mM pyruvate, 2mM L-glutamine, 50μg/mL gentamicin, and
2μg/mL fungizone.

Antibodies
Primary antibodies used in the manuscript included rabbit
polyclonal antibody against Mx protein produced at the
laboratory of Dr. Amparo Estepa (16, 17), and mouse polyclonal
antibodies against IL1β (interleukin 1 beta) (18, 19), IL8
(interleukin 8) (20), and TNFα (tumor necrosis factor alpha)
(21) produced at the laboratory of Dr. Luis Mercado. A mouse
monoclonal 2C9 antibody produced at laboratory of Dr. Julio
Coll against the N protein of VHSV was used for VHSV labeling
(22). For GVHSV labeling, we used a mixed of anti-GVHSV
monoclonal antibodies (MAbs) (C10, 3F1A2, and I16) (23)
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produced at Dr. Julio Coll’s laboratory. Secondary antibodies
used in these studies included anti-rabbit IgGCFTM 647 and anti-
mouse IgG CFTM 647 (Sigma-Aldrich, Madrid, Spain) produced
in goat.

Plasmids
Plasmid pmTFP1 (Allele Biotechnology, ABP-FP-TCNCS),
encoding the teal fluorescent protein 1 (mTFP1) (24), used as
control plasmid, and pmTFP1GVHSV, encoding mTFP1 fused
to the C-terminus of the membrane gpG of VHSV (GVHSV)
(GenBank accession A10182.1), described previously (25), were
used for transfection assays.

Cell Transfection Assays
RBC transfection assays were performed by electroporation using
the NeonTM Transfection System (Life Technologies, Thermo
Fisher Scientific, Inc.) one day after Ficoll purification. For each
electroporation reaction, we used 4 μg of plasmid construct
(pmTFP1 or pmTFP1GVHSV plasmid) per 1 × 106 cells
resuspended in Buffer T (NeonTM Transfection System Kit, Life
Technologies). RBCs were electroporated at 1600V, 30ms, and
1 pulse and incubated at 14◦C for one to six days in RPMI 10%
FBS.

The RTS11 cell line was transfected by electroporation with 4
μg of plasmid construct (pmTFP1 or pmTFP1GVHSV) per 1·106

cells using the NeonTM Transfection System and resuspended
in Buffer R (NeonTM Transfection System Kit). RTS11 was
electroporated at 1,600V, 30ms, and 1 pulse and incubated at
21◦C for one to six days in L-15 20% FBS.

Transcriptome Analysis of FACS

Single-Cell Sorted GVHSV-Expressing

RBCs
Ficoll-purified RBCs from 24 fish were transfected as described
above with pmTFP1 or pmTFP1GVHSV (Figure 1). At six days
post-transfection, TFP1- or GVHSV-expressing RBCs (6–10 cells
per fish) were sorted by FACS single-cell sorting using the BD
FACSJazzTM cell sorter (BD Biosciences, Madrid, Spain). FACS
single-cell sorted RBCs were visualized in the IN Cell Analyzer
6000 Cell Imaging system (GE Healthcare, Little Chalfont, UK)
(Figure S1). Each sample was resuspended in 9.5 μL of 10× lysis
buffer (Clontech, Takara Bio, Mountain View, CA, USA) and
0.5 μL of RNase inhibitor (Invitrogen, ThermoFisher Scientific,
Waltham, MA, USA). Twenty-four fish samples were grouped
in three pools of eight individuals for each condition (pmTFP1
or pmTFP1GVHSV) (Figure 1) and preserved at −80◦C until
cDNA library construction. Then, cDNA was directly produced
from pooled lysed cells using SMART-Seq v4 Ultra Low Input
RNA Kit (Clontech, Takara Bio) (26). Sequence reads are
available at SRA-NCBI, SRA-NCBI Accession SRP133501. RNA-
Seq library preparation and sequencing were carried out by
STABVida Lda (Caparica, Portugal).

Proteome Analysis of Transfected RBCs
Ficoll-purified RBCs from 16 fish were transfected as described
above with pmTFP1 or pmTFP1GVHSV (Figure 1). At six days
post-transfection, RBCs were pelletized by centrifugation (1,600

rpm), the supernatant was removed, and the cell pellet was
washed three times with PBS, digested, and cleaned-up/desalted
as previously described (26). Samples were pooled in two
pools of eight individuals for each condition (pmTFP1 or
pmTFP1GVHSV) (Figure 1). Then, samples were subjected to
liquid chromatography and mass spectrometry analysis (LC-MS)
as previously described (26), except that High pHReversed-phase
Peptide Fractionation Kit (Pierce, Thermo Fisher Scientific Inc.)
was used for pH reversed-phase peptide fractionation, and four
peptide fractions were collected. Progenesis QI v4.0 (Nonlinear
Dynamics, Newcastle, UK) was used to analyze differential
protein expression according to the “between-subject design.”
Log2 peptide ratios followed a normal distribution that was fitted
using least squares regression. Mean and standard deviation
values derived from the Gaussian fit were used to estimate P-
values and false discovery rates (FDR) at a quantitation level. The
confidence interval for protein identification was set to ≥95%
(P-value ≤0.05), and only peptides with an individual ion score
above the 1% FDR threshold were considered to be correctly
identified. Only proteins having at least two peptide spectrum
matches (PSMs) were considered in the quantitation.

Pathway Enrichment Analysis
Differentially expressed genes (DEGs) and differentially
expressed proteins (DEPs) pathway enrichment analysis were
performed using ClueGO (27) CluePedia (28), and Cytoscape
(29). The GO Immune System Process, Reactome Pathway, and
Reactome Reactions databases were used. A P-value ≤ 0.05
and Kappa score of 0.4 were used as threshold values. Genes
and proteins were identified by sequence homology with Homo
sapiens using Blast2GO version 4.1.9 Gotz (30).

RTG-2 Cell Line Immune Response to

Conditioned Medium From Transfected

RBCs
In order to evaluate the immune response elicited by GVHSV-
transfected RBCs on RTG-2 cells, RTG-2 cell monolayers
in 96-well plates were treated with CM from pmTFP1- or
pmTFP1GVHSV-transfected RBCs. First, CM of transfected
RBCs were collected at three and six days post-transfection,
recovered by centrifugation (1,600 rpm), and filtered with 0.2μm
filters (Cultek). The CM was diluted 1/5 in MEM 10% FBS, and
RTG-2 cell monolayers were treated with diluted CM for three
days at 14◦C. Finally, RTG-2 cell were stored at −80◦C in lysis
buffer until RNA extraction and RT-qPCR.

To evaluate the protection conferred by GVHSV-transfected
RBC CM on RTG-2 cells against VHSV infection, pmTFP1-
and pmTFP1GVHSV-transfected RBC CM was collected at
three and six days post-transfection as described above. Then
RTG-2 cell monolayers were pre-treated with the CM, diluted
1/5 and 1/125 in MEM 10% FBS, and incubated for 24 h at
14◦C. Then, CM was removed and RTG-2 cell monolayers
were infected with VHSV at a multiplicity of infection (MOI)
of 10−2 in RPMI 2% FBS, for 2 h at 14◦C. Medium was
removed and fresh medium (RPMI 2% FBS) was added. The
cells were incubated for an additional 24 h at 14◦C. After that,
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FIGURE 1 | General workflow of experimental steps from sample collection to data analysis.

VHSV infectivity was evaluated by means of focus forming
units (FFU)/mL as previously described (9). N-VHSV antibody
(2C9) was used as primary antibody. Immunofluorescence
images were taken with the IN Cell Analyzer 6000 cell imaging
system.

Co-cultures of Transfected RBCs With

RTS11 Cells
Ficoll-purified RBCs were transfected as indicated above.
Transfected RBCs were co-cultured with RTS11 cells using
Transwell R© polyester membrane cell culture inserts (0.4μmpore
size, Costar, Corning, Sigma-Aldrich) on 24-well plates for three
days at 14◦C. Then, RTS11 samples were stored at−80◦C in lysis
buffer until RNA extraction and RT-qPCR.

RNA Extraction, cDNA Synthesis, and

RT-qPCR Gene Expression
RNA extraction, cDNA synthesis and RT-qPCR analyses were
performed as previously described (8). Briefly, E.Z.N.A. R©

Total RNA Kit (Omega Bio-Tek, Inc., Norcross, GA) was
used together with DNAse (TURBOTM DNase, Ambion,

Thermo Fisher Scientific, Inc.) for RNA extraction. RNA was
quantified with a NanoDrop R© Spectrophotometer (Nanodrop
Technologies, Wilmington, DE). After cDNA synthesis (31),
RT-qPCR was performed using the ABI PRISM 7300 System
(Applied Biosystems, Thermo Fisher Scientific, Inc.). Specific
primers and probes are listed in Table 1. The eukaryotic 18S
rRNA gene (Applied Biosystems, Thermo Fisher Scientific,
Inc.) or the gene encoding EF1α were used as endogenous
controls.

Immunofluorescence and Flow Cytometer

Assays
Transfected RBCs were fixed, permeabilized, and incubated with
primary and secondary antibodies as described in Nombela
et al. (9). Flow cytometry was done using a FACS Canto
II (BD Biosciences, Madrid, Spain) flow cytometer. RBC
populations were selected by forward scatter (FSC) and
side scatter (SSC) (Figure S2). Immunofluorescence images
were taken with the IN Cell Analyzer 6000 cell imaging
system.
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TABLE 1 | Table of primers used in RT-qPCR.

Gene Forward primer Reverse primer Probe Reference or accession

number

arrb2 GTGGAGCTGCCCTTTGTCTTA TGAATGTGGGCGGGATATG TGCACCCCAAACCCACAGAACTGC NM_001171899.1

cat TGCAAGACACCCCGTTCATA TGGCGTGTACCACCCTCTCT XM_021557350.1

dnm2 GTCAACAAGTCCATCAGGGATCT CAACTCAGAATGGATGAAGTCTTTAGC XM_021596596.1

ef1α ACCCTCCTCTTGGTCGTTTC TGATGACACCAACAGCAACA GCTGTGCGTGACATGAGGCA (32)

gvhsv GGGCCTTCCTTCTACTGGTACTC CGGAATCCCGTAATTTGGAAT CTGTTGCTGCAAGGCGTCCCCT (31)

ifit5 CCCTGCCCTCATCTTTCTTCT CCCTCAATGACTCTGACAAGCA CCAGCTTCGGCCTGTTTCTGTTCCA AF483530.1

ifn1 ACCAGATGGGAGGAGATATCACA GTCCTCAAACTCAGCATCATCTATGT AATGCCCCAGTCCTTTTCCCAAATC (8)

il10 CTGCTGGACGAAGGGATTCTA TAAAGTCGTTGTTGTTCTGTGTTCTG AAGTTCTATCTCGACACGGTGCTGCCC NM_001245099.1

il12β TGACAGCCAGGAATCTTGCA GAAAGCGAATGTGTCAGTTCAAA ACCCAACGACCAGCCTCCAAGATG (33)

inos TCAGAACCTCCTCCACAA GTGTACTCCTGAGAGTCCTTT GCACCGACAGCGTCTA (33)

jak2 CCTGCTCTACGCCTCACAGATC GCCAAGTCACGGTGGATGTA CAAGGGCATGGACTACCTAGCGACCA XM_021622657.1

mhcI GACAGTCCGTCCCTCAGTGT CTGGAAGGTTCCATCATCGT (34)

mhcII TGCCATGCTGATGTGCAG GTCCCTCAGCCAGGTCACT CGCCTATGACTTCTACCCCAAACAAAT (35)

mx1-3 TGAAGCCCAGGATGAAATGG TGGCAGGTCGATGAGTGTGA ACCTCATCAGCCTAGAGATTGGCTCCCC (36)

nkef CGCTGGACTTCACCTTTGTGT ACCTCACAACCGATCTTCCTAAAC (8)

nup107 GCTGTCGCCTATTGTACGAGATG TGAGCCTTCTTCTGAACTGAACTCT XM_021564152.1

pkr ACACCGCGTACCGATGTG GGACGAACTGCTGCCTGAAT CACCACCTCTGAGAGCGACACCACTTC (8)

prdx6 GGACCCTGATGAGCTTGACAA CTTATCTGGACCAATCACAAACACA NM_001165132.2

rab7a GTTGCGTGCTGGTGTTTGAC ACTCGTCCCTCCAGCTGTCTAG TGACCGCCCCCAACACCTTCAA XM_021609589.1

rora AGGTGGTGTTCATCAGGATGTG CGTCGGTCCCAGCGTACTT CGTGCCTTTGACTCTCAGAACAGCACC XM_021608048.1

sec13 GCAGTGATCCAGGCACAGAA CTGGGACTAGGATAGATGGTAGAAGTG ATTCCACTCCTCCTCCTACCCCCACA XM_021610740.1

socs1 GATTAATACCGCTGGGATTCTGTG CTCTCCCATCGCTACACAGTTCC (37)

sod1 GCCGGACCCCACTTCAAC CATTGTCAGCTCCTGCAGTCA (8)

trx AGACTTCACAGCCTCCTGGT ACGTCCACCTTGAGGAAAAC (8)

Statistical Analysis
GraphPad Prism 6 (www.graphpad.com) software was used
for statistical analysis. Flowing Software (www.flowingsoftware.
com) was used to analyze flow cytometry experiments.

RESULTS

GVHSV Expression in Rainbow Trout RBCs
TFP1 (Figure 2A) and GVHSV (Figure 2B) expression
in transfected RBCs was monitored through fluorescent
microscopy. Perinuclear expression of GVHSV was observed
in pmTFP1GVHSV-transfected RBCs (Figure 2B), which is in
contrast to the nuclear and cytoplasmic expression observed in
pmTFP1-transfected RBCs (Figure 2A).

Time-course and dose-response assays were performed to
establish the optimal conditions of pmTFP1GVHSV transfection.
RBCs achieved the maximum expression of the GVHSV gene at
six days post-transfection with 4 μg per 1 × 106 RBCs evaluated
by RT-qPCR (Figures 2C,D). These conditions were used for the
following assays.

GVHSV gene expression in rainbow trout RBCs was
compared with that in RTS11, another rainbow trout cell line.
The RTS11 monocyte/macrophage-like cell line had higher levels
of GVHSV gene expression at 24 h post-transfection (Figure 2D)
than the RBCs and decreased over time. This is in contrast to
pmTFP1GVHSV-transfected RBCs, which reached themaximum

level of GVHSV expression at six days post-transfection. GVHSV
gene expression levels were not significantly different between
RBCs and RTS11 at three and six days post-transfection, although
GVHSV gene expression was lower in RBCs than RTS11 at
all-time points analyzed.

Also, GVHSV protein expression was lower in RBCs than
RTS11 at three days post-transfection by flow cytometry
(Figures 2E,G) compared to RTS11 (Figures 2F, H).

RNA Sequencing of FACS Single-Cell

Sorted GVHSV-Expressing RBCs
In order to evaluate the immune response triggered by GVHSV
DNA vaccine in RBCs, we analyzed the transcriptome of
FACS single-cell sorted GVHSV-expressing RBCs, exclusively
(Figure 1; Figure S1).

RNA-sequencing of FACS single-cell sorted GVHSV-
expressing RBCs (compared with FACS single-cell sorted
TFP1-expressing RBC) revealed 3249 DEGs (FDR < 0.05) from
a total of 137,444 transcripts. Among these 3,249 DEGs, 1,786
were upregulated, and 1,463 were downregulated (Table S1).
Functional pathway enrichment evaluation in FACS single-cell
sorted GVHSV-expressing RBCs showed upregulation of GPCR
downstream signaling and RORA-activates gene expression
pathways using the Reactome Pathways Database (Figure 3A,
Table S2), and the complement activation pathway using GO
Immune Process Database (Figure 3C, Table S3). On the other
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FIGURE 2 | Monitoring transfection of rainbow trout red blood cells (RBCs). Fluorescent micrographs of RBCs transfected with (A) pmTFP1 and (B) pmTFP1GVHSV

at six days post-transfection at 14◦C, monitored by teal fluorescent protein (TFP). Fluorescent images taken with the IN Cell 6000 imaging system, augmentation 60x.

(C) RBC transfection with 2, 4, and 8 μg of plasmid pmTFP1GVHSV was confirmed by GVHSV gene RT-qPCR, at one day (white bars), three days (gray bars) and six

days (black bars) post-transfection. The eukaryotic 18S rRNA gene was used as an endogenous control. Data are displayed as mean ± SD (n = 3). Two-way ANOVA

with Tukey’s multiple comparisons test was performed between plasmid concentrations (black lines and asterisks) and times post-transfection (gray lines and

asterisks). (D) Time course of transfected RBCs (black bars) and transfected RTS11 (gray bars) with 4 μg of pmTFP1GVHSV at one, three and six days

post-transfection monitored by GVHSV RT-qPCR. The eukaryotic 18S rRNA gene was used as an endogenous control. Data are displayed as mean ± SD (n = 3 for

RBCs and n = 2 for RTS11). Two-way ANOVA with Sidak’s multiple comparisons test was performed between cell types at the different times post-transfection. *, **,

***, and ****, represent the P values < 0.05, < 0.01, < 0.001, and < 0.0001, respectively. Overlay flow cytometry histogram of representative GVHSV immunostaining

of (E) RBCs and (F) RTS11 cells transfected with 4 μg of pmTFP1 or pmTFP1GVHSV at three days post-transfection (gray histogram, pmTFP1-transfected; green

histogram, pmTFP1GVHSV-transfected). Representative immunofluorescence of GVHSV intracellular immunostaining of (G) RBCs and (H) RTS11 cells transfected

with 4 μg of pmTFP1 or pmTFP1GVHSV at three days post-transfection (protein [APC, red] and nuclei [DAPI, blue]). Fluorescence images were taken with 60 ×

magnification.

hand, transcriptional regulation by RUNX3 and eukaryotic
translation elongation pathways appeared to be downregulated
using the Reactome Pathways Database (Figure 3B, Table S2).

Among all DEGs identified, we identified modulation of
genes related to interferon alpha/beta signaling in antiviral
mechanisms. Particularly, genes encoding suppressor of cytokine
signaling 3 (socs3); adenosine deaminase, RNA specific (adar);
radical s-adenosyl methionine domain-containing 2 (rsad2);
tripartite motif-containing 25 (trim25); and nucleoporins such
as nucleoporin 58 (nup58), karyopherin subunit beta 1 (kpnb1),
and nucleoporin 210 (nup210) were upregulated (Table S1).
Conversely, interferon regulatory factor 1 (irf1), interferon
alpha and beta receptor subunit 1 (ifnar1), Janus kinase 1
(jak1), and major histocompatibility complex class I (mhcI)
genes were downregulated. We also found that several DEGs
related to interleukin signaling were upregulated. These included
interleukin 2 receptor subunit beta (il2rb), socs3, Janus kinase 2
(jak2), interleukin 16 (il16), interleukin 15 (il15), interleukin 12a
(il12a), tumor necrosis factor (tnf ), rar-related orphan receptor

α (rora), and interleukin 8 (il8) (Table S1). The complement
cascade was represented by the upregulation of genes encoding
complement c3 (c3), carboxypeptidase b2 (cpb2), coagulation
factor II, thrombin (f2), and complement c1q b chain (c1qb)
(Table S1).

Proteome Sequencing of

GVHSV-Transfected RBCs
We evaluated the proteome of pmTFP1GVHSV-transfected
RBCs, a sample composed of few GVHSV-expressing RBCs
and mostly non–GVHSV-expressing RBCs, in order to evaluate
the immune response of non–GVHSV-expressing RBCs to
the signal triggered by GVHSV-expressing RBCs. Proteomic
profiling identified 1,750 proteins (Table S4). After applying
a filter of FDR < 0.001 and [−1.5 <Log2fold change (FC)>
1.5], for pmTFP1GVHSV-transfected RBCs compared to
pmTFP1-transfected RBCs, 199 DEPs were identified, of
which 75 were upregulated and 124 were downregulated
(Table S4). ClueGO analysis using the Reactome Pathways
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FIGURE 3 | Functional pathway analysis of differentially expressed genes (DEGs) in the FACS single-cell sorted GVHSV-expressing RBC transcriptome profile. DEGs

in pmTFP1GVHSV with FDR Q value < 0.05 and fold change P value < 0.05. Overrepresented GO terms were identified by the Cytoscape ClueGO app with

Reactome and GO Immune Process terms. The Reactome Pathways multilevel pie chart shows (A) upregulated and (B) downregulated overrepresented terms in

pmTFP1GVHSV-expressing RBCs. The GO Immune Process multilevel pie chart shows (C) upregulated overrepresented terms in pmTFP1GVHSV-expressing RBCs.

Asterisks denote GO-term significance (**p < 0.01).

Database revealed upregulated terms related to ISG15 antiviral
mechanism, detoxification of reactive oxygen species (ROS),
mRNA splicing, host interactions of HIV, CLEC7A signaling,
interleukin1 family signaling, and FCERI-mediated NF-
κβ factors in pmTFP1GVHSV-transfected RBCs (Figure 4A,
Table S5). Conversely, downregulated terms in pmTFP1GVHSV-
transfected RBCs appeared to be related to DNA replication
and cell cycle regulation, Orc1 removal from chromatin,
synthesis of PIPs at the plasma membrane, and COPI-mediated
anterograde transport (Figure 4B, Table S5). ClueGO analysis
using Reactome Reactions Database showed upregulated terms
related to proteosomal cleavage of exogenous antigen, snRNP
nuclear import and release, and formation of the AT-AC C
complex in pmTFP1GVHSV-transfected RBCs (Figure 4C,
Table S6). On the other hand, downregulated terms included
degradation of ubiquitinated p27/p21 by the 26S proteasome,
Orc1 phosphorylation by cyclin A/CDK2, association of phospo-
L13a with GAIT element of ceruloplasmin mRNA and exocytosis
of secretory granulate lumen proteins (Figure 4D, Table S6).
ClueGO analysis using the GO Immune Process Database
identified antigen processing and presentation of exogenous
peptide terms in pmTFP1GVHSV-transfected RBCs (Figure 4E,
Table S7).

Among the most upregulated DEPs in pmTFP1GVHSV-
transfected RBCs (Table S4), we identified proteins related to: (i)
the nuclear pore complex, such as importin-8 (IPO8), nuclear

pore complex protein Nup107 (NUP107), and translocated
promoter region nuclear basket protein (TPR); (ii) inhibitor of
nuclear factor kappa-B kinase subunit alpha (CHUK), and (iii)
protection against oxidative stress such as thioredoxin (TRX),
peroxiredoxin 4 (PRDX4), superoxide dismutase 1 (SOD1), and
thioredoxin like 1 (TXNL1).

Validation of Upregulated Pathways by

RT-qPCR
Upregulated pathways in pmTFP1GVHSV-transfected RBCs
were validated via RT-qPCR analysis. Genes and proteins were
selected from each pathway for validation. For the GPCR-
downstream signaling term (which was upregulated in the RNA
sequencing results of FACS single-cell sorted GVHSV-expressing
RBCs), we measured gene expression levels of the arrestin beta
2 (arrb2) gene, which was significantly upregulated, and the
Janus kinase 2 (jak2) gene, which was significantly downregulated
in our RT-qPCR results in contrast to RNA sequencing results
(Figure 5). The rora gene, a representative gene of RORA-
activates gene expression pathway, an overrepresented term in
RNA sequencing results of FACS single-cell sorted GVHSV-
expressing RBCs, was significantly upregulated in RT-qPCR
results (Figure 5). For the detoxification of reactive oxygen
species pathway (found to be upregulated in the proteome
analysis of pmTFP1GVHSV-transfected RBCs), the superoxide
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FIGURE 4 | Functional pathway analysis of differentially expressed proteins (DEPs) in the GVHSV-transfected RBC proteome profile. DEPs in pmTFP1GVHSV with

(−1.5 < log2 fold change < 1.5) and an FDR P-value <0.001. Overrepresented GO terms were identified by the Cytoscape ClueGO app, with Reactome Pathways,

Reactome Reactions and GO Immune Process terms. The Reactome Pathways multilevel pie chart shows (A) upregulated and (B) downregulated overrepresented

terms in pmTFP1GVHSV-transfected RBCs. The Reactome Reactions multilevel pie chart shows (C) upregulated and (D) downregulated overrepresented terms in

pmTFP1GVHSV-transfected RBCs. The GO Immune Process multilevel pie chart shows (E) upregulated overrepresented terms in pmTFP1GVHSV-transfected RBCs.

Asterisks denote GO-term significance (**p < 0.01).

dismutase 1 (sod1), peroxiredoxin 6 (prdx6), natural killer
enhancing factor (nkef ), and thioredoxin (trx) genes were
significantly upregulated (Figure 5). For the ISG15 antiviral
mechanism pathway (which was upregulated in the proteome
analysis of pmTFP1GVHSV-transfected RBCs), the nucleoporin
107 (nup107), interferon-induced protein with tetratricopeptide
repeats 5 (ifit5), interferon-inducible Mx (mx), and interferon-
inducible RNA-dependent protein kinase (pkr) genes were
significantly upregulated. However, the interferon type 1 (ifn1)
gene was significantly downregulated (Figure 5). For the antigen
presentation of exogenous peptide pathways (upregulated
in proteome analysis of pmTFP1GVHSV-transfected RBCs),
the major histocompatibility complex class I (mhcI) and
II (mhcII), SEC13 homolog-nuclear pore and COPII coat
complex component (sec13), and dynamin 2 (dnm2) genes
were significantly upregulated, but the RAB7A-member RAS
oncogene family (rab7a) appeared to be slightly downregulated
in contrast to proteomic results (Figure 5).

However, at a protein level, we confirmed the upregulation of
interferon inducible Mx protein, and interleukins interleukin 1

beta (IL1β), interleukin 8 (IL8), and tumor necrosis factor alpha
(TNFα) measured by flow cytometry (Figures 6A, B).

Protection Conferred by

pmTFP1GVHSV-Transfected RBC CM on

RTG-2 Cells
In order to evaluate the capacity of RBCs to propagate the
immune response elicited by GVHSV to other cell types,
we measured the protection conferred by pmTFP1GVHSV-
transfected RBC CM to RTG-2 cells against VHSV infection.
Treatment of RTG-2 cells with three or six days pmTFP1GVHSV-
transfected RBC CM significantly decreased VHSV compared
with pmTFP1-transfected RBC CM (Figures 7A,B, for three and
six days transfected RBC CM, respectively).

To determine whether this protection was due to the
stimulation of type 1 interferon signaling in RTG-2 cells, we
evaluated the expression of ifn1 and interferon-inducible
mx genes in RTG-2 cells incubated with pmTFP1- or
pmTFP1GVHSV-transfected RBC CM (Figure 7C). We
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FIGURE 5 | Gene expression evaluation to validate functional pathway analysis of differentially expressed genes (DEGs) and differentially expressed proteins (DEPs) in

GVHSV-transfected RBCs transcriptome and proteome profiles, respectively. RBCs were transfected with pmTFP1 and pmTFP1GVHSV plasmids for 6 days at 14◦C.

Afterwards, gene expression was evaluated by RT-qPCR. Data are displayed as mean ± SD (n = 5). The EF1α gene was used as an endogenous control. The

Wilcoxon test was performed between pmTFP1GVHSV- and pmTFP1-transfected RBCs (control, red line). *and **represent P-values < 0.05 and < 0.01, respectively.

FIGURE 6 | Immune proteins expression in GVHSV-transfected RBCs. (A) Immune protein expression measured by flow cytometry and calculated by the formula

MRFI (mean relative fluorescence intensity) = fluorescence in pmTFP1GVHSV- transfected RBCs MRFI (mean relative fluorescence intensity) = fluorescence in

pmTFP1GVHSV- transfected RBCs /fluorescence in pmTFP1-transfected RBCs. (B) Representative immunofluorescence of pmTFP1- and

pmTFP1GVHSV-transfected RBCs (protein [APC, red] and nuclei [DAPI, blue]). Fluorescence images were taken with 60× magnification.

observed significant upregulation of ifn1 gene expression in
RTG-2 cells treated with pmTFP1GVHSV-transfected RBC CM
at six days post-transfection and of mx gene expression at three
and six days post-transfection.

Crosstalk Between Transfected RBCs and

RTS11
In order to evaluate whether pmTFP1GVHSV-transfected RBC
CM could induce monocyte/macrophage differentiation,
we co-incubated transfected RBCs with RTS11, a
monocyte/macrophage-like cell line. At three days post-
transfection, pmTFP1-and pmTFP1GVHSV-transfected RBCs

were co-cultured with RTS11 cells for three days. Using RT-
qPCR, we observed slight, but not significant, upregulation of
RTS11 differentiation markers The slight upregulation of the
interleukin 10 (il10) gene, a marker of M2 macrophages (38)
was accompanied by a slight downregulation of interleukin 12
subunit beta (il12β) and inducible nitric oxide synthase (inos),
which are markers of M1 macrophages (Figure 8).

DISCUSSION

Recent studies have implicated nucleated RBCs in the immune
response to viral infections in fish, as these cells are able to
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FIGURE 7 | Protection conferred by conditioned medium (CM) from GVHSV-transfected RBCs against VHSV infection in RTG-2 cells. RTG-2 cells pretreated with CM

from RBCs transfected with pmTFP1 (black bars) and pmTFP1GVHSV (gray bars) plasmids (diluted 1/5 and 1/125 in MEM 10% FBS), at three (A) and six (B) days

post-transfection. Cells were then infected with VHSV (MOI 1 × 10−2) for 24h at 14◦C. The positive control is non-pretreated RTG-2 cells infected with VHSV. VHSV

infectivity was evaluated by means of focus forming units (FFU)/mL. FFUs were stained with 2C9 antibody against the N protein of VHSV. Data are displayed as mean

± SD (n = 3). The Mann Whitney test was performed between treatments at each dilution. (C) ifn1 and mx gene expression in RTG-2 cells quantified by RT-qPCR

after treatment with CM from pmTFP1- (black bars) and pmTFP1GVHSV- (gray bars) transfected RBCs (diluted 1/5 in MEM 10% FBS) at three and six days

post-transfection. The eukaryotic 18S rRNA gene was used as an endogenous control. Data are displayed as mean ± SD (n = 3). The Mann Whitney test was

performed between conditions. *, **, and ****, represent P-values < 0.05, < 0.01, and < 0.0001, respectively.

FIGURE 8 | M1 and M2 macrophage markers in RTS11 cells co-cultured with

GVHSV-transfected RBCs. Rainbow trout RBCs transfected with pmTFP1 or

pmTFP1GVHSV for three days at 14◦C. Afterwards, transfected RBCs were

co-cultured with the RTS-11 cell line at 14◦C for three days. Then, the il12β,

inos, and il10 gene expression profiles were quantified by RT-qPCR. Gene

expression was normalized against eukaryotic 18S rRNA and compared to

control cells (RTS11 co-cultured with pmTFP1-transfected RBCs, red line)

(fold-change). Data represent the mean ± SD (n = 6). A Wilcoxon test was

performed between both conditions.

actively transcribe and transduce signaling molecules in response
to viral attack (2). Moreover, although DNA vaccines are mainly
delivered via intramuscular injection, non-nucleated RBCs are
thought to be promising drug and vaccine carriers (39–42) by

eliciting humoral immune responses comparable or superior to
those obtained via the subcutaneous vaccination route (39). In
this study our aim was to elucidate the role of nucleated RBCs in
the immune response to DNA vaccines in order to explore their
usefulness in improving immune response to DNA vaccines in
fish.

As far as we know, this is the first report of fish nucleated
RBCs expressing the antigen encoded by a DNA vaccine in
vitro. Besides, we have not found any report showing nucleated
RBCs expressing the protein encoded by a DNA vaccine in vivo.
GVHSV-transfected RBCs showed a characteristic perinuclear
expression of GVHSV protein that appeared in the perinuclear
region of stressed RBCs or on the membrane of shape-
shifted RBCs (shRBC) (33). shRBCs are small, round cells with
a thin membrane derived from RBCs subjected to stressful
conditions. Translation of the GVHSV gene into protein and
translocation to the cell membrane induces RBC transformation
into stressed RBC and shRBC (33). Like RBCs, shRBCs have been
shown to participate in roles related to immune response and
homeostasis (33).

Transcriptome profiling of single-cell sorted GVHSV-
expressing RBCs demonstrated the capacity of RBCs to
modulate the expression of genes related to innate and adaptive
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immune responses in response to the DNA vaccine. Among the
pathways upregulated in single-cell sorted GVHSV-expressing
RBCs, GPCR-downstream signaling and RORA activates gene
expression were the most represented. GPCRs constitute a large
protein family of receptors that detect molecules outside the
cell and activate internal signal transduction pathways (43).
GPCRs are known to play a role in inflammation and are widely
targeted in drug discovery (44). Immune cells such as monocytes
and macrophages express a large number of GPCRs for classic
chemoattractants and chemokines (44, 45). These receptors
are critical for phagocyte migration and accumulation at sites
of inflammation, where these cells can intensify inflammation
or contribute to its regulation (44, 45). Among the molecules
found downstream of GPCRs, β-arrestins are known to be key
regulators of GPCR signaling through interaction with the Iκβα

component of the NF-κβ signaling complex (44, 45). Consistent
with these effects on signaling, knockdown of ARRB2 has been
described to enhance the expression of the NF-κβ target proteins
IL6 and IL8 in response to proinflammatory stimulus (46). After
RNA sequencing and RT-qPCR, we observed that the arrb2 gene
was significantly upregulated in GVHSV-transfected RBCs. We
also observed that the IL1β, IL8, and TNFα proteins were slightly
upregulated in response to GVHSV transfection. However,
the il8 and tnfα genes appeared to be highly upregulated in
single-cell sorted GVHSV-expressing RBCs, and the il6 gene
appeared to be highly downregulated. In this regard, it would
be interesting to study the implication of β-arrestins in RBCs
regulation of the proinflammatory response. Considering the
RORA activates gene expression pathway (upregulated in single-
cell sorted GVHSV-expressing RBCs), it has been described that
RORA is a nuclear receptor highly expressed in Th17 cells that
regulates differentiation of Th17 cells (47). Moreover, RORA
depletion has been reported to attenuate cytokine production
(48) and has thus demonstrated its involvement in inflammatory
responses. The signaling paradigms of GPCRs and RORA in
inflammatory regulation and immune cell differentiation in
nucleated RBCs remain to be studied and are part of our ongoing
research.

Interestingly, GVHSV-transfected RBC CM could switch
RTS11 monocyte/macrophage differentiation markers,
upregulating the il10 gene [a marker of M2 macrophages
(38)] and downregulating the il12β and inos genes [markers
of M1 macrophages (38)]. M1 macrophages are known
to be activated by LPS and IFNγ and secrete high levels
of IL12 and low levels of IL10. On the other hand,
M2 macrophages are alternatively activated by certain
cytokines such as IL4, IL10, or IL13 and produce high
levels of IL10 and TGFβ and low levels of IL12. Their
function is implicated in constructive processes like
wound healing and tissue repair and in anti-inflammatory
responses. The cytokines or molecules secreted by GVHSV-
transfected RBCs responsible for inducing M2 macrophages
markers in RTS11 are unknown and should be further
investigated.

Genes related to the complement pathway were also
overrepresented in single-cell sorted GVHSV-expressing RBCs.
The complement system is an essential part of the innate

immune response and acts as a connection between innate
and acquired immunity [reviewed in Nesargikar et al. (49)].
The complement system is known to mediate responses to
inflammatory triggers, leading to clearance of foreign cells
through pathogen recognition, opsonization and lysis (50). On
the other hand, genes and proteins related to proteosomal
cleavage of exogenous antigen and antigen presentation of
exogenous peptides were also upregulated in GVHSV-transfected
RBCs (via MHCI or MHCII pathways), indicating that RBCs
may have the capacity to present DNA vaccine antigens as
has been recently reported (26). Further research is needed
to determine whether RBCs are functionally capable of
inducing T cell activation upon antigen presentation on their
membrane.

Proteomic sequencing of GVHSV-transfected RBCs, a sample
containing both few GVHSV-expressing RBCs and non–
GVHSV-expressing RBCs, revealed the upregulation of ISG15
antiviral mechanisms. ISG15 is a member of the ubiquitin-like
(UBL) family. ISG15 conjugates with several target proteins in
a process termed ISGylation. Hundreds of target proteins have
been identified in ISGylation. Among them, several proteins
that are part of antiviral signaling pathways, such as Mx1
or PKR, have been identified as targets for ISGylation (51).
Upregulation of the ISG15 antiviral mechanism pathway was
confirmed by gene expression analysis of effector molecules
within the pathway such as mx, pkr, and ifit5. The Mx, PKR, and
IFIT proteins are known interferon-inducible antiviral effectors
(51). Surface expression of the GVHSV protein by GVHSV-
transfected cells has been reported to be a major mechanism
of interferon induction (52), and VHSV infection and GVHSV
vaccination have been demonstrated to induce ISGs such as
isg15 (53) and mx (16, 17). However, ifn1 appeared to be
downregulated in GVHSV-transfected RBCs by RT-qPCR and in
single-cell sorted GVHSV-expressing RBCs by RNA sequencing.
Also, RNA sequencing data showed the downregulation of genes
related to interferon alpha/beta signaling such as irf1, ifnar1,
and jak1. However, VHSV has been reported to induce ifn1
downregulation in rainbow trout RBCs (8). These differences
between ifn1 and ISG gene expression could be due to the
effort of the immune system to maintain homeostasis or to the
differential regulation of these genes. Alternatively, it has been
reported that Mx induction could be independent of interferon
in HIV infection (54, 55). In addition, infectious salmon anemia
(ISA) virus could trigger mx and isg15 stimulation but not
ifn1 gene expression, suggesting ISG stimulation independent
of interferon (56). Despite the fact that ifn1 gene expression
was downregulated in GVHSV-transfected RBCs, the IFN
protein, which could be differently expressed to inf gene, or
other cytokines or molecules secreted by GVHSV-transfected
RBCs, were able to stimulate ifn1 and mx gene expression as
well as induce protection against VHSV infection in RTG-2
cells.

Another interesting pathway identified during the proteomic
profiling of GVHSV-transfected RBCs was detoxification of
reactive oxygen species (ROS). Gene expression of antioxidant
enzymes such as sod1, nkef, prdx6, and trx appeared to be
upregulated in GVHSV-transfected RBCs. This mechanism has
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been reported in rainbow trout RBCs exposed to VHSV (8),
where protective antioxidant enzymes were implicated in the
response of RBCs to the induction of ROS after viral exposure.
However, in this study, it is important to note that the antigen
GVHSV encoded by this DNA vaccine is able to induce ROS
signaling and homeostasis.

In summary, rainbow trout nucleated RBCs were able
to induce immune responses to the DNA vaccine and
send signals to neighboring cells or other cell types. This
reveals a new approach to explore the function of RBCs
in the complex teleost immune system and could prompt
development in the field of vaccination with RBCs as targets
or carrier cells for immunostimulation. Future studies will be
focused on the molecules of interest produced by GVHSV-
expressing RBCs in order to identify future vaccination
targets.
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Potential Role of Rainbow Trout Erythrocytes as Mediators in the 
Immune Response Induced by a DNA Vaccine in Fish
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Abstract: 

In recent years, fish nucleated red blood cells (RBCs) have been implicated in the response against 
viral infections. We have demonstrated that rainbow trout RBCs can express the antigen encoded 
by a DNA vaccine against viral hemorrhagic septicemia virus (VHSV) and mount an immune 
response to the antigen in vitro. In this manuscript, we show for the first time the role of RBCs in 
the immune response triggered by DNA immunization of rainbow trout with glycoprotein G of 
VHSV (GVHSV). Transcriptomic and proteomic profiles of RBCs revealed genes and proteins 
involved in antigen processing and presentation of exogenous peptide antigen via MHC class I, 
the Fc receptor signaling pathway, the autophagy pathway, and the activation of innate immune 
response. On the other hand, GVHSV-transfected RBCs could induce proliferation in autologous 
leukocytes in vitro and also induce specific antibodies against VHSV in the serum of rainbow 
trout immunized with GVHSV in vivo. In this study, rainbow trout RBCs actively participated in 
the innate and adaptive immune response after DNA vaccination. Based on our findings, we 
suggest the use of RBCs as target cells or carriers for future novel vaccine strategies. 

Keywords: rainbow trout; erythrocytes; red blood cells; GVHSV; transcriptome; proteome; 
antigen presentation 



1. Introduction

Nucleated red blood cells (RBCs) are involved in the fish immune response by expressing 
cytokines [1-7] and acting as immune cell mediators against viral pathogens [5]. Nucleated RBCs 
can carry and respond to a DNA vaccine encoding glycoprotein G of viral hemorrhagic 
septicemia virus (GVHSV) to modulate the expression of genes related to type 1 interferon (IFN1), 
antioxidant enzymes, and antigen presentation genes and provide protection to other cell types 
against VHSV infection and crosstalk with other cell lines in vitro [7].  
Currently, DNA vaccination is one of the best strategies to prevent viral diseases in fish because 
it triggers effective protection [8]. In the case of Novirhabdovirus, a genus of virus responsible for 
high economic losses in aquaculture [9], only glycoprotein G has shown effectiveness as a DNA 
vaccine [10,11]. DNA vaccination is known to stimulate cellular and humoral immune responses 
[12], but the mechanisms and cells involved in this protection are still unknown and must be 
studied further in order to improve the effectiveness of DNA vaccines. 
In recent decades, mammalian RBCs, which are not nucleated, have been proposed as possible 
drug and vaccine carriers [13-16] because of their capacity to induce effective immune responses 
comparable to traditional vaccination [13]. Similarly, nucleated RBCs may act as vaccine carriers 
or immunomodulatory cells because they have demonstrated the ability to carry and generate an 
immune response to DNA vaccine in vitro [7].  
DNA vaccines directed to antigen-presenting cells (APCs) have demonstrated improved humoral 
and cellular responses compared to non-targeted vaccines [17-19]. Considering that fish RBCs 
have been proposed to behave as atypical APCs [20], the strategy of targeting DNA vaccines or 
immunostimulants to RBCs represents a new approach in the field of fish prophylaxis. 
Taking everything into account, including the fact that the role of nucleated RBCs in the immune 
response has gained interest recently, our aim was to explore the currently unknown role of 
rainbow trout RBCs in the context of in vivo DNA vaccination. In this study, we show for the first 
time the role of rainbow trout RBCs in the global host immune response to a DNA vaccine. Our 
results show that rainbow trout RBCs can modulate their transcriptome and proteome in 
response to a DNA vaccine encoding GVHSV. In addition, these RBCs can act as cell mediators 
of the immune response to activate antigen presentation, blood and head kidney immune cell 
signaling, and hematopoiesis. RBCs transfected in vitro with GVHSV can boost leukocyte 
proliferation, increasing the number of cells and leukocyte-specific markers. Moreover, 
reinfusion of autologous GVHSV-transfected RBCs in vitro induced VHSV-specific antibodies in 
vivo.  



2. Material and Methods
2.1. Animals 
Rainbow trout (Oncorhynchus mykiss) of approximately 7 cm to 10 cm (for transcriptomic and 
proteomic assays) and 20 cm to 25 cm (for RBC reinfusion assays) were obtained from a VHSV-
free commercial farm (PISZOLLA S.L., CIMBALLA FISH FARM, Zaragoza, Spain). Fish were 
maintained at the University Miguel Hernandez (UMH) facilities at 14°C and fed daily with a 
commercial diet (Skretting, Burgos, Spain). Prior to experiments, fish were acclimatized to 
laboratory conditions for 2 weeks. 

2.2. DNA immunization 
For transcriptomic and proteomic analyses, juvenile rainbow trout (7 cm to 10 cm) were 
anesthetized with tricaine (tricaine methanesulfonate, Sigma-Aldrich, Madrid, Spain) (40 mg/L) 
and injected intramuscularly (im) with 10 g of plasmid pmTFP1 (Allele Biotechnology, ABP-FP-
TCNCS), which encodes teal fluorescent protein 1 (mTFP1) [21], as a control (referred to as TFP1), 
or pmTFP1GVHSV, which encodes mTFP1 fused to the C-terminus of GVHSV (GenBank 
accession A10182.1) [22] (referred to as GVHSV) in 50 L of phosphate buffered saline (PBS) using 
insulin syringes (NIPRO, Bridgewater, NJ, USA). At 14 days post immunization (dpi), fish were 
sacrificed by overexposure to tricaine (0.3 g/L), and peripheral blood and head kidney organs 
were recovered. Sample collection time point was selected based on previous gvhsv gene 
transcripts expression monitorization in blood and head kidney (data not shown) and in the 
bibliography [12,23]. 
For the GVHSV-transfected RBC reinfusion assay, adult rainbow trout (20 cm to 25 cm) were 
anesthetized with 40 mg/L tricaine and reinfused intravenously (iv) with previously extracted 
autologous peripheral blood RBCs (PB-RBCs) (15 x 106 cells) that were GVHSV-transfected in 
vitro as previously described [7]. For in vitro transfection of RBCs, Ficoll-purified PB-RBCs were 
transfected by electroporation with 4 g of GVHSV plasmid per 106 cells using the Neon™ 
Transfection System (Life Technologies, Thermo Fisher Scientific, Inc). Fish were immunized 
with im or iv injection of 4 g GVHSV for immunization controls. At 30 dpi, blood was drawn 
from the caudal vein and left overnight at 4°C to separate the serum from cell pellet. 

2.3. Transcriptome analysis of RBCs 
Thirty-two fish (16 for TFP1 injection divided into 2 groups of 8 fish and 16 for GVHSV injection 
divided into 2 groups of 8 fish) were immunized as described above. Peripheral blood and head 
kidney organs were sampled at 14 dpi in RPMI-1640 medium (Dutch modification) (Gibco, 
Thermo Fischer Scientific Inc, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS) 
gamma irradiated (Cultek, Madrid, Spain), 1 mM pyruvate (Gibco), 2 mM L-glutamine (Gibco), 
50 g/mL gentamicin (Gibco), 2 g/mL fungizone (Gibco), 100 U/mL penicillin (Sigma-Aldrich), 
and 100 g/mL streptomycin (Sigma-Aldrich). Samples were stained with 500 nM SYTO 
RNASelect (Molecular Probes) for 20 min at room temperature as recommended by the 
manufacturer. Then, head kidney RBCs (HK-RBCs) and PB-RBCs were FACS single-cell sorted 
using BD FACSJazz™ cell sorter (BD Biosciences, Madrid, Spain) based on SYTO RNASelect 
staining, which separates RBC populations based on their RNA staining fluorescence compared 
to other blood or head kidney cells (Supplementary Figure S1). Approximately 102 HK-RBCs and 
106 PB-RBCs of each individual were sorted and visualized in the IN Cell Analyzer 6000 Cell 



Imaging system (GE Healthcare, Little Chalfont, UK) to verify purity 99.99% (Supplementary 
Figure S1).  
Each sample was resuspended in lysis buffer (Clontech, Takara Bio, Mountain View, CA, USA) 
and RNase Inhibitor (Invitrogen, ThermoFisher Scientific, Waltham, MA, USA) as indicated in 
[7] and then grouped in 2 pools of 8 individuals for each condition (TFP1 or GVHSV) and organ
(HK-RBCs or PB-RBCs) (Figure 1). Samples were preserved at -80°C until cDNA library 
construction. cDNA was directly produced from pooled lysed cells using SMART-Seq v4 Ultra 
Low Input RNA Kit (Clontech, Takara Bio). RNA-Seq library preparation and sequencing were 
carried out by STABVida Lda (Caparica, Portugal) as previously described [24]. Sequence reads 
are available at SRA-NCBI, SRA-NCBI Accession SRP133501.  

Figure 1. General workflow of experimental steps from sample collection to data analysis. 

2.4. Proteome analysis of RBCs 
Thirty-two fish were immunized as described above: 16 fish were im injected with TFP1 and 16 
fish were im injected with GVHSV, both divided into 2 groups of 8 fish. Peripheral blood was 
extracted at 14 dpi, and PB-RBCs were purified by 2 density gradient centrifugations (1600 rpm, 
Ficoll 1.007; Lymphoprep, Reactiva, Sigma-Aldrich) as previously described [1]. The 99.9% purity 
of RBCs was estimated by optical microscopy (Supplementary Figure S1). Cells were pelletized 
by centrifugation (1600 rpm, 5 min), the supernatant was removed, and the cell pellet was washed 
3 times with PBS. The pellet was then digested, cleaned-up/desalted, and pooled into 2 pools of 
8 individuals for each condition (TFP1 or GVHSV) (Figure 1). Samples were subjected to liquid 
chromatography and mass spectrometry analysis (LC-MS) as previously described [7,24]. 

2.5. Pathway enrichment analysis 
Pathway enrichment analysis of differentially expressed genes (DEGs) and differentially 
expressed proteins (DEPs) were performed using Cytoscape version 3.6.1 [25] with ClueGO 
version 2.5.0 [26] and CluePedia version 1.5.0 [27] plugins. The GO Biological Process and GO 
Immune System Process Databases were used with P-value 0.05 and P-value 0.5, respectively, 
and Kappa score of 0.4 as threshold values. STRING v11 (http://string.embl.de/) [28] software was 



used to analyze protein-protein interaction (PPI) networks, with a medium confidence score 
threshold of 0.4. The Homo sapiens model organism was used for ClueGO and STRING analyses. 
Genes and proteins were identified by sequence homology with Homo sapiens using Blast2GO 
version 4.1.9 Gotz [29] as previously described [24]. 

2.6. RNA extraction, cDNA synthesis, and RT-qPCR gene expression 
RNA was isolated using E.Z.N.A. Total RNA Kit (Omega Bio-Tek, Inc., Norcross, GA) following 
the manufacturer’s instructions together with DNAse (TURBO DNase, Ambion, Thermo Fisher 
Scientific, Inc) and quantified with a NanoDrop Spectrophotometer (Nanodrop Technologies, 
Wilmington, DE). cDNA synthesis and RT-qPCR were performed using the ABI PRISM 7300 
System (Applied Biosystems, Thermo Fisher Scientific, Inc) as previously described [1]. Specific 
primers and probes are listed in Table 1. The gene encoding EF1  was used as an endogenous 
control.  

Table 1. List of primers and probes used. 

Gene Forward primer Reverse primer Probe Reference or 
accession 
number 

ccl13 CCTCTTCAACAA
GTGGTTTCTCTCA 

AGAAGGGTCAACACAA
AATGTCTTC  

 NM_001160689.1 

cd8 GAC TGC TGG 
CTG TGG CTT CC 

CCC CGG AGC TGC CAT 
TCT  

 [30] 

cd83 TTGGCTGATGAT 
TCTTTCGATATC  

TGCTGCCAGGAG 
ACACTTGT  

TCCTGCCCAATG 
TAACGGCTGTTG 

[31] 

dnm2 GTCAACAAGTCC
ATCAGGGATCT  

CAACTCAGAATGGATG
AAGTCTTTAGC  

 [7] 

ef1  ACCCTCCTCTTGG
TCGTTTC  

TGATGACACCAACAGC
AACA  

GCTGTGCGTGAC
ATGAGGCA  

[32] 

gabarap CCTCATCCATCC
ATTT TTACCTCTT 

ATTCAACCGAAATCCC
C ATCT  

TCTGAATTTTATT
TG 
CCTCCGGGTCTC
C  

[20] 

gvhsv GGGCCTTCCTTCT
ACTGGTACTC  

CGGAATCCCGTAATTTG
GAAT  

CTGTTGCTGCAA
GGCGTCCCCT  

[33] 

hck CCATCTCCACTG
GCCCTACA  

TACCCTCATAGTCATAC
AGTGCGATAG  

  XM_021567092.1 

ifit5 CCCTGCCCTCAT
CTTTCTTCT  

CCCTCAATGACTCTGAC
AAGCA  

CCAGCTTCGGCC
TGTTTCTGTTCCA 

[7] 

igm AAAGCCTACAAG
AGGGAGACCGAT 

AGAGTTATGAGGAAGA
GTATGATGAAGGTG  

CTCGTGTTGACTG
ACTGTCCATGCA
GCAAC  

[34] 

il8 AGAGACACTGA 
GATCATTGCCAC 

CCCTCTTCATTTG 
TTGTTGGC  

TCCTGGCCCTCC 
TGACCATTACTG 
AG  

[35,36] 

irf8 CCGAGGAGGAG
CAGAAGAGTAA
AAG  

GCGGCATTGAAAGAAC
CCAT  

  [37] 

mhcI GACAGTCCGTCC
CTCAGTGT  

CTGGAAGGTTCCATCAT
CGT  

  [38] 



mhcII TGCCATGCTGAT
GTGCAG  

GTCCCTCAGCCAGGTCA
CT  

CGCCTATGACTT
CTACCCCAAACA
AAT  

[39] 

mx1-3 TGAAGCCCAGGA
TGAAATGG  

TGGCAGGTCGATGAGT
GTGA  

ACCTCATCAGCC
TAGAGATTGGCT
CCCC  

[40] 

pax5 ACGGAGATCGGA
TGTTCCTCTG  

GATGCCGCGCTGTAGT
AGTAC  

 [41] 

pkr ACACCGCGTACC
GATGTG  

GGACGAACTGCTGCCT
GAAT  

CACCACCTCTGA
GAGCGACACCAC
TTC  

[1] 

tcr AGCACCCAGACT
GCCAAGCT  

GAGGAGCCCTGGAACT
CCA  

TCT TCA TCG CTA 
AGA GTA CCT 
TCT ATG GCC 
TGG T  

[30] 

ulk1 CTTCTGCTGCTGG
GTCTTCTG  

GGTGACGGAAGAACTC
CTCAAA  

CGAAACCACAAG
GACCGCATGGA  

[20] 

wipi1 CAAAGACATGAA
GCTG CTGAAGA  

GGTTCACAGAGAGGGC 
ACAGA  

CTCAACACGCCC
CACAA CCCCT  

XM_021581280 

2.7. Coculture of transfected RBCs with white blood cells 
Ficoll-purified RBCs from peripheral blood were transfected with pmTFP1 or pmTFP1GVHSV 
plasmid as indicated previously [7]. Transfected RBCs were cocultured with autologous Ficoll-
purified white blood cells (WBCs) from peripheral blood on 96-well plates for 7 days at 14°C at a 
ratio of 105 RBCs/105 WBCs per well. WBCs (cocultured with untransfected RBCs) treated with 
phytohemagglutinin-L (Sigma-Aldrich) (PHA-L) were used as a positive control of lymphocyte 
proliferation because PHA-L is a well-known lymphocyte proliferation compound [42-44]. After 
7 days of coculture, WBCs proliferation was evaluated via cell counting and RT-qPCR of 
lymphocyte cell markers. For cell counting, cells were stained with Hoechst (Sigma-Aldrich) and 
counted using the IN Cell Analyzer 6000 workstation 3.7.2 software (GE Healthcare, Little 
Chalfont, UK). WBC proliferation was calculated using the formula: ((nº of cell nuclei in WBCs & 
treated RBCs  nº of cell nuclei in untreated RBCs)/(nº of cell nuclei in WBCs & control RBCs  nº of 
cell nuclei in untreated RBCs))×100. WBCs cocultured with TFP1-transfected RBCs were used as 
control. RBCs untreated and no cocultured were used as negative control. For RT-qPCR, samples 
were stored at -80°C in lysis buffer until RNA extraction and RT-qPCR analysis. 

2.8. Enzyme-linked immunosorbent assay (ELISA) 
Serum was collected from immunized or reinfused fish at 30 dpi as indicated above. After 
centrifugation for 15 min at 3500 rpm, serum was stored at -20°C until used. Negative serum was 
collected from unimmunized fish, and positive serum was collected from VHSV-challenged 
survivors. VHSV-specific IgM antibodies were measured by ELISA as previously described [45] 
with minor modifications. Briefly, 96-well plates were coated with concentrated VHSV (0.5 

g/well in PBS) and dried overnight at 37°C. Then, immunized fish serum dilutions ranging from 
1/30 to 1/240 diluted in PBS with 0.05% Tween (Sigma-Aldrich) and 0.5% bovine serum albumin 
(BSA) (Sigma-Aldrich) were applied to each well and incubated for 2 hours at room temperature 
(RT). Plates were washed 3 times with PBS-0.05% Tween. Then, plates were incubated with 
primary monoclonal antibody against trout IgM (1G7) [46] diluted 1/200 in PBS-0.05% Tween for 
90 min at RT. Plates were washed 3 times with PBS-0.05% Tween and then incubated with rabbit 



anti-mouse conjugated with peroxidase (RAM-Po) (Sigma-Aldrich) diluted 1/500 in PBS-0.05% 
Tween for 1 hour at RT. Finally, plates were washed 3 times with PBS-0.05% Tween and incubated 
with the 1-Step ultra TMB-ELISA (Thermo Fisher Scientific, Inc.) as substrate for the peroxidase 
reaction for 20 to 30 min at RT. Absorbance was measured at 450 nm in an Eon microplate reader 
(BioTek, Winooski, VT, USA). 

2.9. Statistical analysis 
GraphPad Prism 6 software (www.graphpad.com) was used for statistical analysis. 

2.10. Ethics statement 
Experimental protocols and methods relating to experimental animals were reviewed and 
approved by the Animal Welfare Body and the Research Ethics Committee at the University 
Miguel Hernandez (approval number 2014.205.E.OEP; 2016.221.E.OEP) and by the competent 
authority of the Regional Ministry of Presidency and Agriculture, Fisheries, Food and Water 
supply (approval number 2014/VSC/PEA/00205). All methods were carried out in accordance 
with the Spanish Royal Decree RD 53/2013 and EU Directive 2010/63/EU for the protection of 
animals used for research experimentation and other scientific purposes. 

3. Results

3.1. RNA sequencing of HK-RBC from GVHSV immunized rainbow trout 
Transcriptome profiling of HK-RBCs that were FACS single-cell sorted from GVHSV-immunized 
individuals (Figure 1) identified 479 DEGs (false discovery rate [FDR] <0.05); 287 were 
upregulated and 192 were downregulated when compared to HK-RBCs from TFP1-injected 
individuals (Supplementary Table S1). gvhsv gene transcripts were detected, but not significantly 
(FDR >0.05), in HK-RBCs from GVHSV-immunized individuals. 
Functional pathway enrichment analysis of DEGs in HK-RBCs from GVHSV-immunized 
individuals using the GO Biological Process Database revealed overrepresentation of the 
following categories: organic substance biosynthetic process, cellular response to chemical 
stimulus, protein localization, vesicle-mediated transport, and cellular response to stress (Figure 
2A) (Supplementary Table S2 and S3). Among the identified cellular response pathways, we were 
particularly interested in chemokines C-X-C motif chemokine receptor 4 (cxcr4) (log2 fold change 
[FC] = 13.01), C-C motif chemokine receptor 9 (ccr9) (log2 FC = 13.07), C-C motif chemokine ligand 
25 (ccl25) (log2 FC = 8.63), and C-C motif chemokine ligand 13 (ccl13) (log2 FC = 8.97), all of which 
are involved in leukocyte chemotaxis. 

(A) 



(B) 

(C) 

Figure 2: Overrepresented functional pathways in RBCs from GVHSV-immunized fish. Main 
overrepresented GO Biological Process Database terms were identified by the Cytoscape ClueGO. A) 
Overrepresented pathways in HK-RBC transcriptome profile. B) Overrepresented pathways in PB-
RBC transcriptome profile. C) Overrepresented pathways in PB-RBC proteome profile. Black squares 
represent upregulated genes or proteins, and gray squares represent downregulated genes or proteins 
identified in each GO term. The black bar represents the total number of genes or proteins with FDR 
<0.05 and FC P-value <0.05. All GO terms overrepresented were statistically significant with P-value 
<0.05.  

Functional pathway enrichment analysis of DEGs in HK-RBCs from GVHSV-immunized 
individuals using the GO Immune System Process Database revealed overrepresentation of the 
following categories: antigen processing and presentation of exogenous peptide antigen via MHC 
class I, TAP-dependent; regulation of T cell receptor signaling pathway; thymic T cell selection; 
regulation of myeloid leukocyte differentiation; T cell receptor signaling pathway; stimulatory C-
type lectin receptor signaling pathway; regulation of myeloid leukocyte mediated immunity; Fc 
receptor signaling pathway; and interferon-gamma-mediated signaling pathway (Figure 3A,D) 
(Supplementary Table S4). Among the DEGs overexpressed in GVHSV-immunized fish, we were 
particularly interested in the Fc fragment of IgG receptor Ia (fcgr1a) (log2 FC = 10.79) and 
hematopoietic cell kinase (hck) (log2 FC = 5.97), which are implicated in the Fc receptor signaling 
pathway; TNF superfamily member 11 (tnfsf11) (log2 FC = 8.43), which is involved in regulation 
of myeloid leukocyte differentiation; and C-C motif chemokine receptor 7 (ccr7) (log2 FC = 9.67), 
which is involved in the T cell receptor signaling pathway (Supplementary Table S5). Moreover, 



protein-protein interaction (PPI) network analysis of genes overrepresented in GVHSV-
immunized HK-RBC pathways using the GO Immune System Process Database demonstrated 
high interaction between the identified genes and corroborated the functional pathway 
enrichment analysis results (Figure 4A). 

(A) 

 (B) 
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(E) (F) 
Figure 3: Overrepresented functional pathways in RBCs from GVHSV-immunized fish. 
Overrepresented GO Immune System Process terms were identified by the Cytoscape ClueGO. A) 
Overrepresented pathways in HK-RBC transcriptome profile. B) Overrepresented pathways in PB-
RBC transcriptome profile. C) Overrepresented pathways in PB-RBC proteome profile. Black squares 
represent upregulated genes or proteins, and gray squares represent downregulated genes or proteins 
identified in each GO term. Asterisks denote GO-term significance: * P-value < 0.05, ** P-value < 0.01 
and *** P-value < 0.001. Overrepresented terms in the GO Immune System Process pathway network 
are shown in the (D) HK-RBC transcriptome profile, (E) PB-RBC transcriptome profile, and (F) PB-RBC 
proteome profile. Each node represents a GO term from an immune system process. Node size shows 
GO term significance (P-value); a smaller P-value is represented by a larger node size. Edges between 
nodes indicate the presence of common genes; a thicker line implies a larger overlap. The most 
significant GO term for each group is labeled.  

3.2. RNA sequencing of PB-RBCs from GVHSV-immunized rainbow trout 
The transcriptome profile of FACS single-cell sorted PB-RBCs from GVHSV-immunized 
individuals (Figure 1) identified 1018 DEGs (FDR <0.05); 892 were upregulated and 126 were 
downregulated when compared to PB-RBCs from TFP1-immunized fish (Supplementary Table 



S6). gvhsv gene transcripts were detected, but not significantly (FDR >0.05), in PB-RBCs from 
GVHSV-immunized individuals.  
Functional pathway enrichment analysis of PB-RBCs from GVHSV-immunized individuals using 
the GO Biological Process Database revealed overrepresentation of the following processes: 
cellular macromolecule metabolic process, cellular nitrogen compound metabolic process, 
negative regulation of metabolic process, protein localization, response to organic substance, 
intracellular signal transduction, cellular catabolic process, cellular response to stress, regulation 
of cell death, hematopoietic or lymphoid organ development, apoptotic signaling pathway, 
autophagy, and cell surface receptor signaling pathway involved in cell-cell signaling (Figure 2B) 
(Supplementary Table S7). Among the genes identified, we were particularly interested in the 
WD repeat domain, phosphoinositide interacting 1 (wipi1) (log2 FC = 6.69), GABA type A 
receptor-associated protein (gabarap) (log2 FC = 5.12), and unc-51 like autophagy activating kinase 
1 (ulk1) (log2 FC = 6.63), which are involved in the autophagy pathway; BCL2-like 1 (bcl2l1) (log2 
FC = 3.93), BCL2-associated athanogene 3 (bag3) (log2 FC = 5.97), BCL2-associated athanogene 5 
(bag5) (log2 FC = 5.25), BCL2-interacting protein 3 (bnip3) (log2 FC = 4.78), superoxide dismutase 
1 (sod1) (log2 FC = 5.37), and superoxide dismutase 2 (sod2) (log2 FC = 6.22), which are involved 
in the apoptosis signaling pathway and specifically the negative regulation of apoptosis and the 
antioxidant response; TNF superfamily member 11 (tnfsf11) (log2 FC = 7.16), cytokine receptor-
like factor 1 (crlf1) (log2 FC = 7.08), suppressor of cytokine signaling 3 (socs3) (log2 FC = 6.95), 
lymphocyte cytosolic protein 1 (lcp1) (log2 FC = 5.58), TNF receptor-associated protein 1 (trap1) 
(log2 FC = 4.31), and TNF receptor-associated factor 2 (traf2) (log2 FC = 6.78), which are involved 
in intracellular signal transduction; and interferon regulatory factor 8 (irf8) (log2 FC = 6.83) and 
suppressor of cytokine signaling 5 (socs5) (log2 FC = 6.81), which participate in hematopoietic or 
lymphoid organ development (Supplementary Table S8). 
Functional pathway enrichment analysis of PB-RBCs from GVHSV-immunized individuals using 
the GO Immune System Process Database revealed upregulation of antigen processing and 
presentation of peptide antigen via MHC class I (Figure 3B,E) (Supplementary Table S9). Within 
the DEGs overexpressed in these pathways, we were particularly interested in the following 
genes: beta-2-microglobulin (b2m) (log2 FC = 7.37), calnexin (canx) (log2 FC = 4.42), TAP binding 
protein-like (tapbpl) (log2 FC =13.99), and genes related to the proteasome, such as proteasome 
subunit alpha 3 (psma3) (log2 FC = 7.17) and proteasome subunit alpha 7 (psma7) (log2 FC = 6.28) 
(Supplementary Table S10). Moreover, the PPI network of genes overrepresented in GVHSV-
immunized PB-RBC pathways in the GO Immune System Process Database demonstrated high 
interaction between the identified genes (Figure 4B). 

3.3. Proteome sequencing of PB-RBC from GVHSV-immunized rainbow trout 
The proteome profile of Ficoll-purified PB-RBCs from GVHSV-immunized fish identified 848 
DEPs (FDR <0.05); 573 proteins were upregulated and 275 proteins were downregulated 
compared to PB-RBCs from TFP1-immunized fish (Supplementary Table S11). GVHSV protein 
was not detected in PB-RBCs from GVHSV-immunized individuals. 
Functional pathway enrichment analysis of PB-RBCs GVHSV-immunized individuals using the 
GO Biological Process Database revealed overrepresentation of the following processes: 
organonitrogen compound metabolic process, cellular nitrogen compound metabolic process, 
phosphorus metabolic process, negative regulation of macromolecule metabolic process, 
intracellular transport, regulation of multicellular organismal process, regulation of cellular 



component organization, regulation of response to stress, nucleobase-containing small molecule 
metabolic process, cellular component morphogenesis, and mitotic cell cycle process (Figure 2C) 
(Supplementary Table S12). Within the category of regulation of response to stress and 
intracellular pathways, we detected overexpression of several nucleoporins, such as nucleoporin 
107 (NUP107) (log2 FC = 5.44), nucleoporin 155 (NUP155) (log2 FC = 3.64), nucleoporin 43 
(NUP43) (log2 FC = 1.65), nucleoporin 133 (NUP133) (log2 FC = 1.72), nucleoporin 85 (NUP85) 
(log2 FC = 4.00), and nucleoporin 88 (NUP88) (log2 FC = 3.34). We found particularly interesting 
the identification of NLR family CARD domain-containing 3 (NLRC3) (log2 FC = 3.77), which is 
involved in the regulation of cellular component organization and in the regulation of response 
to stress (Supplementary Table S13). 

(A) (B) 

(C) 
Figure 4: PPI network of the set of genes/proteins identified in overrepresented GO Immune System 
Process terms. PPI networks were constructed using STRING software. A) PPI network of identified 
genes from the HK-RBC transcriptome profile. B) PPI network of identified genes from the PB-RBC 
transcriptome profile. C) PPI network of identified proteins from the PB-RBC proteome profile. Nodes 
represent proteins, while edges denote the interactions between 2 proteins. Network edge line 
thickness indicates the strength of data support. The PPI enrichment P-value was <1.0 -16 for the 3 
networks represented. Red nodes denote proteins implicated in A) FC receptor signaling pathway 



(GO:0038093), B) antigen processing and presentation of peptide antigen via MHC class I 
(GO:0002474), and C) antigen processing and presentation of exogenous peptide antigen (GO:0002478). 
Blue nodes denote proteins implicated in A) T cell receptor signaling pathway (GO:0050852), B) antigen 
processing and presentation of exogenous peptide antigen (GO:0002478), and C) regulation of 
hemopoiesis (GO:1903706). Green nodes denote proteins implicated in the regulation of myeloid 
leukocyte differentiation (GO:0002761).  

Functional pathway enrichment analysis of PB-RBCs from GVHSV-immunized individuals using 
the GO Immune System Process Database revealed overrepresentation of the following 
pathways: antigen processing and presentation of exogenous peptide antigen via MHC class I 
(MHCI), TAP dependent, or via MHC class II (MHCII) and regulation of hematopoiesis (Figure 
3C,F) (Supplementary Table S14). Within the pathways related to antigen presentation, we found 
particularly interesting the presence of proteins such as major histocompatibility complex, class 
I, B (HLA-B) (log2 FC = 1.76) and TAP binding protein (TAPBP) (log2 FC = 2.11) for antigen 
processing and presentation of exogenous peptide antigen via MHCI, TAP-dependent, as well as 
dynamin 2 (DNM2) (log2 FC = 1.59), dynein cytoplasmic 1 heavy chain 1 (DYNC1H1) (log2 FC = 
3.48), and SEC13 homolog, nuclear pore and COPII coat complex component (SEC13) (log2 FC = 
2.85) for antigen processing and presentation of exogenous peptide antigen via MHCII 
(Supplementary Table S15). Furthermore, we highlight certain proteins overexpressed in PB-
RBCs from GVHSV-immunized individuals, such as major histocompatibility complex, class I-
related (MR1) (log2 FC = 4.98), interleukin 12 receptor subunit beta 2 (IL12RB2) (log2 FC = 3.56), 
tripartite motif-containing 25 (TRIM25) (log2 FC = 3.58), tripartite motif-containing 35 (TRIM35) 
(log2 FC = 2.65), interferon-induced protein 35 (IFI35) (log2 FC = 2.05), interferon-induced protein 
44-like (IFI44L) (log2 FC = 3.71), and novel immune-type receptor 9 nitr9 (log2 FC = 4.09)
(Supplementary Table S11). The PPI network of proteins overrepresented in GVHSV-immunized
PB-RBC pathways in the GO Immune System Process Database demonstrated high interaction
between the identified genes (Figure 4C).

Figure 5: RT-qPCR analysis of overrepresented pathways. PB-RBCs were purified from rainbow trout 
immunized with TFP1 or GVHSV at 14 dpi. Gene expression was evaluated by RT-qPCR. Data are 
displayed as mean ± standard deviation (SD) (n=6). The ef1  gene was used as an endogenous control. 
The Mann-Whitney test was performed to compare PB-RBCs between GVHSV- and TFP1-immunized 
fish.  

3.4. Overrepresented pathways RT-qPCR analysis 
Overrepresented pathways in PB-RBCs and HK-RBCs from GVHSV-immunized fish were 
validated via RT-qPCR of Ficoll-purified PB-RBCs at 14 dpi. For the Fc receptor signaling 
pathway (overrepresented in the transcriptome profile of HK-RBC), we measured the hck gene 
expression level, which was upregulated, although without statistical significance (Figure 5). 



Forthe antigen presentation pathways (which were overrepresented in the transcriptome analysis 
of PB-RBC and HK-RBC and in the proteome analysis of PB-RBCs), major histocompatibility 
complex I (mhcI), major histocompatibility complex II (mhcII), dnm2, and cluster of differentiation 
83 (cd83) genes were upregulated, although without statistical significance (Figure 5). For the 
autophagy pathway, the gabarap, ulk1, and wipi1 genes had increased expression, but without 
statistical significance (Figure 5). For the cytokine signaling pathway, the ccl13 and C-X-C motif 
chemokine ligand 8 (il8) genes were upregulated, but without statistical significance. For the 
interferon response pathway, interferon regulatory factor 8 (irf8), interferon-induced protein with 
tetratricopeptide repeats 5 (ifit5), dsRNA-activated protein kinase R (pkr), and interferon-
inducible Mx (mx) gene expression levels were upregulated, but again without statistical 
significance (Figure 5). Separately, gvhsv gene transcripts were hardly detected (over 35 of 40 Cts) 
in PB-RBCs from GVHSV immunized individuals. 

3.5. Leukocyte proliferation 
GVHSV-transfected RBCs cocultured with autologous WBCs from peripheral blood resulted in 
the proliferation of WBCs compared to WBCs cocultured with TFP1-transfected RBCs, as 
observed by enumeration of cell nuclei (Figure 6A). As a positive control, coculture of WBCs with 
untransfected RBCs and stimulation with PHA-L (a well-known lymphocyte mitogen) resulted 
in greater proliferation of WBCs compared to other conditions (Figure 6A). 
The expression of certain genes related to T cells (cluster of differentiation 8 [cd8] and T-cell 
receptor [tcr]) and B cells (paired box gene 5 [pax5] and IgM membrane [igm]) was upregulated 
in WBCs cocultured with GVHSV-transfected RBCs compared to WBCs cocultured with TFP1-
transfected RBCs (Figure 6B). 

(A) (B) 
Figure 6: WBC proliferation after coculture with GVHSV-transfected RBCs. RBCs and WBCs were 
purified from the peripheral blood of rainbow trout. WBCs were cocultured with autologous TFP1-
transfected RBCs (control), RBCs and PHA-L (positive control), or GVHSV-transfected RBCs. A) WBC 
proliferation was measured after 7 days as a percentage of fluorescent nuclei (Hoechst stain) using the 
IN Cell Analyzer and calculated using the following formula: ((nº of cell nuclei in WBCs & treated 
RBCs  nº of cell nuclei in untreated RBCs)/(nº of cell nuclei in WBCs & control RBCs  nº of cell nuclei in 
untreated RBCs))×100. Data are displayed as mean ± SD (n=4). Data are shown relative to the TFP1 
condition (control, red line). B) WBC gene expression of lymphocyte cell markers was measured at 7 
days in cocultures of WBCs and GVHSV- or TFP1-transfected RBCs. Gene expression was evaluated 
by RT-qPCR. Data are displayed as mean ± SD (n=4). The ef1  gene was used as anendogenous control. 
Data shown are relative to the TFP1 condition (control, red line). A Kruskal-Wallis with Dunn's 
multiple comparisons test was performed between each condition and the control condition (WBCs 
cocultured with TFP1-transfected RBCs). *P-value<0.05. 

c d8 tc r pa x 5 igm



3.6. Antibody detection in GVHSV-RBCs reinfusion/immunization 
VHSV-specific IgM was detected in the serum of individuals iv reinfused/immunized with 
autologous RBCs transfected in vitro with GVHSV at 30 dpi (Figure 7), reaching the same level of 
antibodies as individuals im immunized with GVHSV DNA vaccine (Figure 7). Anti-VHSV 
antibodies were not detected in individuals iv immunized with GVHSV DNA vaccine (Figure 7), 
which resulted in same levels of absorbance as the negative control. 

Figure 7: Serum VHSV-specific antibody detection in GVHSV-transfected RBCs-
reinfused/immunized fish. Serum dilution from: i) im GVHSV-injected fish, ii) iv GVHSV-injected 
fish, and iii) iv GVHSV-transfected RBCs-reinfused/immunized fish. Serum obtained from VHSV-
challenged survivor trout was used as a positive control, and serum from unimmunized, uninfected 
fish was used as a negative control. Anti-VHSV antibodies were detected by absorbance readings at 
450 nm. Results are expressed as mean ± SD of absorbance (n=4), performed in triplicate. 

4. Discussion
Currently, DNA vaccination is one of the most effective approaches to prevent viral diseases in 
aquaculture [8]. DNA vaccines encoding the glycoprotein G gene have demonstrated to be highly 
effective against fish rhabdoviruses [10,11]. In this study, we determined the role of RBCs in the 
context of GVHSV DNA vaccination and propose RBCs as mediators of the immune response 
triggered by GVHSV DNA vaccine. 
Fish RBCs are nucleated cells, and as such, they are able to respond at transcript and protein 
levels to a stimulus. Further, fish RBCs have been implicated in the immune response against 
different viruses [1-3,6,47]. Recently, our laboratory found that rainbow trout RBCs are able to 
carry a DNA vaccine and respond to the encoded antigen in vitro [7]. Transcriptome profiling of 
GVHSV-expressing RBCs revealed gene expression changes related to G-protein coupled 
receptor (GPCR)-downstream signaling, complement activation, and RAR-related 
orphanreceptor  (RORA) [7]. On the other hand, proteomic profile functional network analysis 
of GVHSV-transfected RBCs revealed overexpression of proteins involved in the interferon-
stimulated gene 15 (ISG15) antiviral mechanisms, detoxification of reactive oxygen species, 
antigen presentation of exogenous peptides, and the proteasome [7].  
In the present work, the role of RBCs from blood and head kidney tissues of immunized fish was 
investigated through transcriptomic and proteomic analyses. Rainbow trout head kidney is the 
major hematopoietic organ in fish [48] and is the location in which phagocytosis, antigen 



processing, and B cell maturation and differentiation occur [49]. In this regard, we aimed to 
determine the role of RBCs within the head kidney WBCs, where the main innate and adaptive 
immune responses to DNA vaccination occur. 
Transcriptomic sequencing of FACS single-cell sorted HK-RBCs from GVHSV-immunized fish 
revealed the overrepresentation of pathways related to cellular response to chemical stimulus 
and stress using the GO Biological Process Database. These pathways were also overrepresented 
in the transcriptome and proteome profile of PB-RBCs. Genes related to responses to cellular 
stress have been also reported to be modulated in RBCs from blood of Piscine orthoreovirus 
(PRV)-challenged Atlantic salmon [6]. In the transcriptome profile of HK-RBCs within these 
pathways, we highlighted the overexpression of the genes cxcr4, ccl13, ccl25, and the ccl25 
receptor ccr9, which are all involved in mammalian leukocyte chemotaxis [50-52]. The presence 
of ccl25/ccr9 in mammalian intestine has been widely discussed, particularly the involvement of 
these genes in the development and trafficking of T cells [53]. In teleosts, the presence of ccl25/ccr9 
has been reported mainly in the gut, but also in hematopoietic tissue such as the thymus, spleen, 
or head kidney [54,55]. The CCL25/CCR9 system has been described as highly conserved 
throughout vertebrates and recruits homing T cells after oral vaccination in fish [54]. In addition, 
upregulation of ccl25/ccr9 was found after parasitic infection of fish [55]. The role of the 
CCL25/CCR9 system in the RBC immune response has not been investigated yet and represents 
an open field of study. On the other hand, it has been reported that RBCs from peripheral blood 
of PRV-challenged individuals down-regulated the expression of cxcr4b and ccl13 genes [6], in 
contrast to what we observed in HK-RBCs from GVHSV-immunized individuals. 
Functional pathway analysis of the HK-RBC transcriptome profile from GVHSV-immunized fish 
using the GO Immune System Process Database revealed overrepresentation of the antigen 
processing and presentation of exogenous peptide antigen via the MHCI, TAP-dependent 
pathway. This pathway was also overrepresented in the transcriptomic and proteomic PB-RBC 
profile from GVHSV-immunized fish. Commonly, MHCI is characterized by endogenous antigen 
presentation from the degradation of intracellular pathogens and presentation to CD8+ T 
lymphocytes for their clearance [56]. MHCI plays an important role in the defense against viruses 
[57]. Transcriptomic analysis of PRV-infected RBCs [6] revealed upregulation of genes related to 
antigen presentation via MHCI. Also, rockbream iridovirus-infected RBCs [47] revealed 
upregulation of antigen processing and presentation of exogenous peptide antigen via MHCI, 
TAP-dependent pathway. This process suggests the presentation of exogenous peptides in MHCI 
molecules through TAP transportation, which is known as crosspresentation [58-61]. In this 
process, exogenous peptides are presented on the cell surface together with MHCI molecules 
through transport via the TAP pathway through the cytosol [62-64]. Recently, proteomic profiling 
of in vitro GVHSV-transfected rainbow trout RBCs detected upregulation of antigen 
processingand presentation of exogenous peptide antigen via the MHCI, TAP-dependent 
pathway [7]. Antigen presentation of exogenous peptide antigen via MHCI was one the main 
pathways overrepresented in HK-RBCs and PB-RBCs; overexpression was confirmed at both the 
transcriptomic and proteomic levels. The presentation of exogenous peptide antigen via MHCI 
has been especially described for professional APCs [65,66]. 
Antigen presentation of exogenous peptide via MHCII was also overrepresented in the functional 
pathway analysis of the PB-RBC proteome from GVHSV-immunized fish. Genes and proteins 
related to proteosomal cleavage of exogenous antigen and antigen presentation of exogenous 
peptides have been reported to be upregulated in GVHSV-transfected RBCs, indicating that RBCs 



could have the capacity to present DNA vaccine antigens via MHCI or MHCII [7]. Also, MHCII 
gene and protein expression in nucleated RBCs have been recently reported [7,20,24,67]. 
Currently, MHCII is undergoing functional evaluation in these cells. 
Another remarkable pathway overrepresented in the HK-RBC transcriptomic profile was the Fc 
receptor signaling pathway. The molecular signaling triggered by the union of the 
immunoglobulin Fc regions with Fc receptors mediates cellular responses that are fundamental 
in the immune response [68]. HCK, which was upregulated in HK-RBCs from GVHSV-
immunized individuals, is a member of the Src family of tyrosine kinases. This family plays an 
important role in the regulation of innate immune responses [69]. Scr family tyrosine-protein 
kinases of hematopoietic origin have been suggested to be potential transducers in the activation 
of monocytes/macrophages [70], participants in the regulation of myeloid cell migration [71], and 
players in neutrophil activation and recruitment [72]. In contrast, RBCs from PRV-challenged 
Atlantic salmon have been reported to downregulate hck gene expression [6].  
Lymphocyte signaling is an important issue to consider in DNA vaccination strategies to improve 
efficacy [18]. Pathways such as the regulation of myeloid leukocyte differentiation, T cell receptor 
signaling, regulation of myeloid leukocyte-mediated immunity, and the thymic T cell selection 
pathways were overrepresented in the HK-RBC transcriptomic profiling, suggesting crosstalk 
between RBCs and WBCs in the fish head kidney. The T cell receptor signaling pathway was also 
overrepresented in both the transcriptome and proteome of PB-RBCs. Nucleated and non-
nucleated RBCs may be inducers of T cell proliferation and contribute to the immune system 
through crosstalk with leukocytes [73,74]. Crosstalk between rainbow trout RBCs and other cell 
types has been also reported. VHSV-exposed RBCs cocultured with TSS, a stromal cell line from 
rainbow trout spleen, resulted in the upregulation of IFN in both cell types [1]. IFN crosstalk was 
also observed in RBCs cocultured with conditioned medium from the rainbow trout gonad-2 
(RTG-2) cell line previously exposed to VHSV [1]. GVHSV-transfected RBCs in vitro induced ifn1 
and mx gene expression and protected against VHSV infection in RTG-2 cells, in addition to 
inducing differentiation markers in the rainbow trout monocyte/macrophage-like cell line RTS11 
[7]. The present study showed that GVHSV-transfected RBCs induced WBC proliferation in vitro, 
suggesting that RBCs can stimulate T cells and B cells. However, the role of nucleated RBCs in 
antigen presentation and crosstalk with WBCs requires additional study. 
Functional pathway analysis using the GO Biological Process Database revealed 
overrepresentation of the autophagy pathway in the PB-RBC transcriptome from GVHSV-
immunized fish. Autophagy is a natural, conserved, and self-digestive catabolic process that can 
be critical for cell survival under stressful conditions, such as viral infection [75,76]. In fish, 
autophagy has been implicated in viral infections either facilitating [77,78] or inhibiting virus 
replication [79]. Recently, autophagy has been described in nucleated RBCs as a mechanism for 
defense against viruses [20,80], and the GVHSV protein is known to be involved in autophagy 
following immunization with DNA vaccine [22]. In the present study, we identified a correlation 
between GVHSV DNA vaccination and autophagy in rainbow trout RBCs. The apoptotic 
signaling pathway, specifically the negative regulation of apoptosis, was overrepresented in PB-
RBCs from GVHSV-immunized individuals. Apoptosis and autophagy play critical roles in 
maintaining cell homeostasis and are involved in immune system regulation [81]. 
Overrepresentation of the apoptosis pathway was also detected in the transcriptomic profile of 
rock bream RBCs after RBIV infection [47], and apoptosis has been described for RBCs under 
oxidative stress [82]. On the other hand, an antioxidant response has been reported in vitro in 



VHSV-infected RBCs and GVHSV-transfected RBCs to likely counteract the oxidative stress 
triggered by the virus and DNA vaccine [1,7].  
The reinfusion/immunization of fish with RBCs transfected in vitro with GVHSV DNA vaccine 
revealed the presence of specific antibodies against VHSV in the serum, reaching the same levels 
of specific antibodies induced by conventional intramuscular GVHSV DNA vaccination. The idea 
of RBCs as vaccine carriers has been previously explored in non-nucleated RBCs [13-16], and 
RBCs have demonstrated their capacity to induce a humoral response [13]. We have previously 
demonstrated that rainbow trout nucleated RBCs can respond to and express GVHSV DNA 
vaccine in vitro. In this study, we demonstrated that RBCs can mount an innate immune response 
in response to a DNA vaccine in vivo, and moreover, they can induce a humoral immune 
response.  
The use of cytokine genes as vaccine adjuvants has been shown to improve IgM titer, lymphocyte 
proliferation, and virus protection in glycoprotein G DNA vaccination of rainbow trout [83]. The 
use of type I interferon as a DNA vaccine adjuvant has also been shown to improve protection 
against virus, augmentation of antibody response, and migration of B and CD8 T cells [84]. 
Nucleated RBCs are able to upregulate interferon and interferon-inducible genes and proteins [1-
7]. This link between the innate and adaptive immune responses triggered by RBCs implicates 
these cells as potential targets for DNA vaccination. Moreover, the involvement of HK-RBCs and 
PB-RBCs from GVHSV-immunized individuals in antigen presentation of exogenous peptide 
antigen via MHCI, as well as the capacity of PB-RBCs to induce WBC proliferation and the ability 
of GVHSV-transfected PB-RBCs to induce a humoral immune response, lead us to suggest that 
RBCs may behave as an APC-like. 
The concept of atypical or no professional APCs has been previously explored. Some cells, such 
as mast cells, basophils, eosinophils, innate lymphoid cells [85], and neutrophils [86], have been 
classified as atypical APCs. According to Kambayashi and Laufer [85], atypical APCs differ from 
professional APCs (ie, dendritic cells, B cells, and macrophages) in their non-constitutive 
expression of MHCII molecules and the incapacity (or unknown capacity) to prime naïve CD4+T 
cells [85]. Studies in neutrophils revealed that these cells can express MHCII and costimulatory 
molecules under activated/stimulatory conditions, present antigen to CD4+ T cells, crosstalk with 
other leukocyte populations, respond by synthesizing cytokines, and link the innate and adaptive 
immune response, among other functions [86]. Nucleated red blood cells share several of these 
qualities with neutrophils. Rainbow trout RBCs can upregulate MHCII under 
stimulatoryconditions, such as GVHSV transfection [7]. In the present study, we detected mRNA 
expression of MHCII and the overrepresentation of antigen processing and presentation of 
exogenous peptide via MHCI and II at a proteomic level in PB-RBCs from GVHSV-immunized 
individuals. Additionally, RBCs can engage in crosstalk with other cell types by releasing 
cytokines under a stimulus in vivo, as we show in this manuscript, and in vitro, as previously 
described [1,7]. Thus, RBCs may participate in part of the humoral response as DNA vaccine 
carriers. The findings described here have led us to suggest nucleated RBCs as potential atypical 
APCs. Cassatella and colleagues compared neutrophils (atypical APCs) with professional APCs 
and suggested that the high number of atypical APCs found in the immunization site could 
compensate for their lower capacity for antigen presentation compared with professional APCs 
[86]. As such, and considering the high number of RBCs present in an organism and their 
participation in the innate and adaptive immune responses triggered by DNA immunization in 
vivo, nucleated RBCs may be ideal target cells for adjuvant/vaccination strategies. 
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Figure S1: FACS single-cell sorting of HK-RBCs and PB-RBCs. A) Representative dotplot and histogram 
showing selected population for FACS single-cell sorted HK-RBCs using BD FACSJazz™ cell sorter. B) 102 
purified HK-RBCs and C) 106 purified PB-RBCs stained with SYTO RNASelect and purified by FACS using 
BD FACSJazz™ cell sorter for transcriptome analysis. Brightfield and FITC images were taken at 10× 
magnification. D) RBCs after Ficoll gradient purification for proteome analysis. The brightfield image was 
taken at 20× magnification. Images were taken with the IN Cell Analyzer 6000 Cell Imaging system. 
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Fish Red-Blood Cells (RBCs) are nucleated cells that can modulate the expression of

different sets of genes in response to stimuli, playing an active role in the homeostasis

of the fish immune system. Nowadays, vaccination is one of the main ways to control

and prevent viral diseases in aquaculture and the development of novel vaccination

approaches is a focal point in fish vaccinology. One of the strategies that has recently

emerged is the use of nanostructured recombinant proteins. Nanostructured cytokines

have already been shown to immunostimulate and protect fish against bacterial

infections. To explore the role of RBCs in the immune response to two nanostructured

recombinant proteins, TNFα and a G-VHSV protein fragment, we performed different in

vitro and in vivo studies. We show for the first time that rainbow trout RBCs are able

to endocytose nanostructured TNFα and G-VHSV protein fragment in vitro, despite not

being phagocytic cells, and in response to nanostructured TNFα and G-VHSV fragment,

the expression of different immune genes could be modulated.

Keywords: erythrocytes, red blood cells, bacterial inclusion bodies, TNFα, VHSV glycoprotein G, immune response

INTRODUCTION

Fish red blood cells (RBCs) are nucleated cells that contain organelles in their cytoplasm unlike
those of mammals (1). Apart from their well-known role in gas exchange, recently a set of new
biological roles for nucleated RBCs related to the immune response have been reported. Nucleated
RBCs are able to phagocytose and act as antigen presenting cells (2, 3). They can respond to different
pathogen associatedmolecular patterns (PAMPs), modulate leukocyte activity, release cytokine-like
factors (4, 5) and lately they have been implicated in the response to viral infections [reviewed in
Nombela and Ortega-Villaizan (6)].Considering all of these findings, the potential role of RBCs in
the immune system of fish takes on a new, interesting perspective.

To date, one of the best strategies for preventing and controlling viral diseases in aquaculture
is DNA vaccination. However, it remains unclear which mechanisms are responsible for this
protection (7). The search for new, safe and effective vaccines has become a priority in this field.
Among fish viral diseases, viral hemorrhagic septicaemia (VHS) is a lethal infectious fish disease
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caused by viral hemorrhagic septicaemia virus (VHSV), which
affects over 50 species of fish, freshwater and marine, in the
northern hemisphere (8).

As an alternative to overcome the safety problems associated
to live attenuated or DNA vaccines, bacterial inclusion bodies
(IBs) nanostructured recombinant proteins have been presented
as a new option for vaccination (9). IBs are per se strong
stimulants of the fish immune system and have a set of
characteristics which make them an attractive alternative:
they are mechanically stable, production is scalable and cost-
effective, they are non-toxic biomaterials and are composed of
recombinant proteins. The latter means they are an adaptable
prototype, which could be a good platform for vaccination
against a wide range of diseases (9, 10). Such nanostructured
recombinant proteins have already been shown to protect fish
against bacterial infection (9).

In this paper, we show for the first time the response of
rainbow trout RBCs in vitro and in vivo to two different
nanostructured recombinant proteins, recombinant rainbow
trout tumor necrosis factor alpha protein (IBTNFα) and
recombinant fragment 16 of the glycoprotein G of VHSV (11)
(IBfrg16G−VHSV). In response to recombinant protein IBs, RBCs
were able to modulate the expression of interferon related
genes, the myxovirus resistance (mx) gene and genes related to
antigen presentation (cluster of differentiation 83 [cd83], major
histocompatibility class I [mhcI] and major histocompatibility
class II [mhcII]). Genes related to antioxidant response (natural
killer enhancing factor [nkef ] and glutathione S-transferase pi 1
gene [gstp1] and cytokines (interleukin 1β [il1β], interleukin 12β
[il12β], interleukin 6 [il6], interleukin 2 [il2], and interleukin
8 [il8]) were also modulated. Interestingly, IBTNFα mostly
down-regulated in vitro and in vivo immune genes expression
in RBCs meanwhile IBfrg16G−VHSV mainly showed an up-
regulation trend.

MATERIALS AND METHODS

Production of IBs, Purification,

Quantification , and Fluorescent Labeling
Nanostructured proteins were produced in E. coli following
the method described in Torrealba et al. (9) and Thwaite et
al. (12). In short, E. coli transformed with the plasmid of
interest was cultured in LB with the appropriate antibiotic
and recombinant protein expression was induced at OD550nm

0.5–0.8 with 1mM IPTG (Panreac, Barcelona, Spain). IBs
were isolated after 3 h additional incubation at 37◦C via
enzymatic and mechanical disruption of the cells according
to Torrealba et al. (10), followed by sterility monitoring
(12). Purified nanoparticles, named here IBfrg16G−VHSV, IBTNFα

and IBiRFP [an inclusion body made of a non-immunogenic
phytochrome-based near infra-red fluorescent protein (iRFP)
with the excitation/emission maxima at 690/713 nm (13)],
were stored at −80◦C until use. Quantification was performed
by western blot using an anti-His-tag antibody (Genscript,
Piscataway, NJ, USA) and calculating the protein concentration
from a standard curve using Quantity One software (Biorad,

Hercules, CA, the USA). For flow cytometry or confocal
microscopy, IBfrg16G−VHSV and IBTNFα were conjugated with
fluorescent Atto-488 NHS ester (Sigma-Aldrich) following
manufacturer’s instructions.

Animals
Juvenile rainbow trout (Oncorhynchus mykiss) were obtained
from a commercial farm (Piszolla S.L., Cimballa Fish Farm,
Zaragoza, Spain), and maintained at the University Miguel
Hernandez (UMH) facilities at 14◦C, fed daily with a commercial
diet (Skretting, Burgos, Spain). Prior to experiments, fish ware
acclimatized to laboratory conditions for 2 weeks. Separately,
adult rainbow trout were maintained at the Universitat
Autònoma de Barcelona (UAB) at 17 ± 1◦C, fed daily with
a commercial diet. The number of individuals used in each
experiment is indicated by an “n” in each figure legend.

Cell Cultures
Rainbow trout RBCs were obtained from peripheral blood of fish
sacrificed by overexposure to tricaine (tricaine methanesulfonate,
Sigma-Aldrich) (0.3 g/L). Peripheral blood was sampled from
the caudal vein using insulin syringes (Nipro, Bridgewater, NJ,
USA) as previously described (14). RBCs were purified by
two consecutive density gradient centrifugations (7,206 g, Ficoll
1.007; Sigma-Aldrich). Purity of RBCs of 99.9% was estimated
by optical microscopy (Figure S1). Purified RBCs were cultured
with RPMI-1640 medium (Dutch modification) (Gibco, Thermo
Fischer Scientific Inc., Carlsbad, CA) supplemented with 10%
fetal bovine serum (FBS) gamma irradiated (Cultek, Madrid,
Spain), 1mM pyruvate (Gibco), 2mM L-glutamine (Gibco),
50μg/mL gentamicin (Gibco) and 2μg/mL fungizone (Gibco),
100 U/mL penicillin and 100μg/mL streptomycin (Sigma-
Aldrich) at a density of 106 cells/mL at 14◦C.

Uptake of IBTNFα and IBfrg16G-VHSV by RBCs
RBCs cultures were treated with fluorescent IBTNFα or
IBfrg16G−VHSV at different concentrations and uptake was
analyzed by flow cytometry using a FACSCantoTM cytometer
(BD Biosciences, Madrid, Spain) (10.000 total events), at
different times post-treatment. For dose-response evaluation,
IBs at concentrations of 10, 20 and 50μg/mL were added to
RBCs cultures for 24 h. For time-course experiments, RBCs
were treated with 80μg/mL IBTNFα or 160μg/mL IBfrg16G−VHSV

for 6, 24 and 48 h. After incubation with IBs, the medium was
removed and RBCs were washed with phosphate-buffered saline
(PBS). RBCs were then resuspended in 200 μL of RPMI 2% FBS
for flow cytometry analysis.

In addition, confocal microscopy was performed to evaluate
the uptake of IBs by RBCs. RBCs were incubated with 80
μg /mL of IBTNFα or 160 μg /mL of IBfrg16G−VHSV for
24 h. Then, medium was removed and RBCs were washed as
indicated above. The RBC nucleus was labeled with 10μg/mL
Hoechst (Sigma-Aldrich) and RBC membrane was stained with
5μg/mL of CellMask (Thermo Fischer Scientific). Images were
taken with a Zeiss LSM 700 microscope (Zeiss, Oberkochen,
Germany) and analyzed with Imaris Software v8.2.1 (Bitplane,
Zurich, Switzerland).
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RBCs Immune Response After in vitro

Treatment With IBTNFα or IBfrg16G-VHSV

RBCs were treated in vitro with 50μg/mL of each IB for
24 h. IBiRFP was used as a control. After treatment, RBCs were
resuspended in TRK lysis buffer (Omega Bio-Tek Inc., Norcross,
GA, USA) and stored at−80◦C until RNA extraction.

RBCs Immune Response After in vivo

Treatment With IBTNFα or IBfrg16G-vhsv

Juvenile rainbow trout (15–20 g) were treated by intravenous
injection in caudal vein with 50 μL of IBs (5.5 mg/kg)
or 50 μL of PBS. At 24 and 48 h post-injection fish were
sacrificed by overexposure to tricaine. Peripheral blood

was sampled as described above and resuspended in RPMI
10% FBS. Then, RBCs were Ficoll-purified as explained
above. Purified RBCs were either resuspended in TRK
lysis buffer and stored at −80◦C until RNA extraction
or fixed for immunofluorescence and flow cytometry, as
described below.

In order to track the presence of IBs in vivo, IBTNFα was

monitored in peripheral blood and head kidney from IBTNFα

intravenously injected in caudal vein of rainbow trout by means

of fluorescent microscopy using IN Cell Analyzer 6,000 Cell

Imaging system (GE Healthcare, Little Chalfont, UK). Blood was

extracted 3 h post-injection as described above. Head kidney was
aseptically removed, placed in 24 well plates with RPMI 10%

TABLE 1 | List of primers and probes used.

Gene Forward primer Reverse primer Probe Reference or

accession number

tlr3 ACTCGGTGGTGCTGGTCTTC GAGGAGGCAATTTGGACGAA CAAGTTGTCCCGCTGTCTGCTCCTG (14)

tlr9 CCTGCGACACTTCCTGGTTT GCCAGTGGTAAGAAGGAGGATCT CAGACTTCCTGCGTGCCGGCC (15, 16)

ifn1 ACCAGATGGGAGGAGATATCACA GTCCTCAAACTCAGCATCATCTATGT AATGCCCCAGTCCTTTTCCCAAATC (14)

mx1-3 TGAAGCCCAGGATGAAATGG TGGCAGGTCGATGAGTGTGA ACCTCATCAGCCTAGAGATTGGCTCCCC (16)

il15 TACTATCCACACCAGCGTCTGAAC TTTCAGCAGCACCAGCAATG TTCATAATATTGAGCTGCCTGAGTGCCACC (14)

nkef CGCTGGACTTCACCTTTGTGT ACCTCACAACCGATCTTCCTAAAC (14)

gstp1 CCCCTCCCTGAAGAGTTTTGT GCAGTTTCTTGTAGGCGTCAGA (14)

hepcidin TCCCGGAGCATTTCAGGTT GCCCTTGTTGTGACAGCAGTT (14)

trx AGACTTCACAGCCTCCTGGT ACGTCCACCTTGAGGAAAAC (14)

il6 ACTCCCCTCTGTCACACACC GGCAGACAGGTCCTCCACTA CCACTGTGCTGATAGGGCTGG (17)

il12β TGACAGCCAGGAATCTTGCA GAAAGCGAATGTGTCAGTTCAAA ACCCAACGACCAGCCTCCAAGATG (17)

tnfα AGCATGGAAGACCGTCAACGAT ACCCTCTAAATGGATGGCTGCTT AAAAGATACCCACCATACATTGAAGCAGATTGCC (18)

il8 AGAGACACTGAGATCATTGCCAC CCCTCTTCATTTGTTGTTGGC TCCTGGCCCTCCTGACCATTACTGAG (17, 19)

il1β GCCCCCAACCGCCTTA CAGTGTTTGCGGCCATCTTA ACCTTCACCATCCAGCGCCACAA (17)

il2 GTTGCAGCATTGGCCTGTT TGTTCTCCTTATCAATCGTCTTTTGT CAACACCACATCAGCATGACTGCCAC NM_001164065.2

cd83 TTGGCTGATGATTCTTTCGATATC TGCTGCCAGGAGACACTTGT TCCTGCCCAATGTAACGGCTGTTGA (20)

mhcI GACAGTCCGTCCCTCAGTGT CTGGAAGGTTCCATCATCGT (21)

mhcII TGCCATGCTGATGTGCAG GTCCCTCAGCCAGGTCACT CGCCTATGACTTCTACCCCAAACAAAT (22)

FIGURE 1 | Uptake of IBTNFα and IBfrg16G−VHSV by RBCs in vitro. (A) Dose-response of RBCs incubated 24 h with 10–50μg/mL IBfrg16G−VHSV (gray bars) or

IBTNFα (black bars). (B) Time course monitoring of RBCs incubated 6, 24, and 48 h with 160μg/mL IBfrg16G−VHSV (gray bars) or 80μg/mL IBTNFα (black bars). Data

represent mean ± SD (n = 4). Two-way Anova and Dunnett’s multiple comparisons test was performed between all conditions and control (untreated cells) and

among concentrations. *, **, ***, ****P-value < 0.05, 0.01, 0.001, and 0.0001, respectively.
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FBS and disaggregated with a Pasteur pipette and passed through
a Falcon 40μm nylon cell strainer (BD Biosciencies) using a
plunger of a 5 ml syringe.

RNA Isolation, cDNA Synthesis, RT-qPCR,

and Gene Expression Analysis
RBCs total RNA was extracted as previously described (14)
using E.Z.N.A. R© Total RNA Kit (Omega Bio-Tek Inc.).
DNAse treatment was performed in order to eliminate
residual genomic DNA using TURBOTM DNase (Ambion,
Thermo Fischer Scientific Inc.). Then cDNA synthesis and
RT-qPCR was performed as described in Nombela et al
(14). Primers and probes used are listed in Table 1. Gene
expression was analyzed by means of the 2 −�Ct or 2−��Ct

(23) using 18S rRNA (Applied Biosystems, Thermo Fischer
Scientific Inc.) as endogenous gene. Principal component

analysis (PCA) and clustering heatmap of immune-gene
expression data (2 −�Ct or 2−��Ct) were performed using
Clustvis software (24). For PCA, unit variance scaling was
applied to rows and singular value decomposition (SVD)
with imputation was used to calculate principal components.
For clustering heatmap, columns were collapsed by taking
mean inside each group, rows were centered, and unit
variance scaling was applied to rows; then, imputation
was used for missing value estimation; and, both rows
and columns were clustered using correlation distance and
average linkage.

Immunofluorescence Assays
Purified RBCs were fixed as previously described (14),
using 4% paraformaldehyde (PFA; Sigma-Aldrich) and
0.008% glutaraldehyde (GA, Sigma-Aldrich) in RPMI

FIGURE 2 | Confocal microscopy images digitalized using z-stack. RBCs incubated with (A) 80μg/mL IBTNFα or (B) 160μg/mL IBfrg16G−VHSV for 24 h. IBs are

showed in green, cell membrane (CellMaskTM) in red and nucleus (Hoechst-stained) in blue. (C) IBs monitorization in vivo in cells obtained from head kidney of rainbow

trout injected intravenously with 5.5 mg/kg of IBTNFα, 3 h post- injection. Representative bright-field and FITC microscopy images taken with 40× magnification.
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medium. Anti-MX (25, 26) and anti-IL8 (27) were used
as primary antibodies and goat-CFTM647 anti-mouse IgG
(H+L) and goat-CFTM647 anti-rabbit IgG (H+L) antibodies
(Sigma-Aldrich) were used as secondary antibodies.

Nuclear staining was performed with 1μg/mL of 4
′
-6-

Diamidino-2-phenylindole (DAPI, Sigma-Aldrich). Images
were captured in an IN Cell Analyzer 6000 Cell Imaging
system. Flow cytometry was carried out in a FACSCantoTM

flow cytometer.

Software and Statistics
Graphpad Prism 6.01 (www.graphpad.com) was used for
statistics and graphic representation. Statistic tests and P-
values associated with graphics are indicated in each assay.
Flow cytometry data was processed and analyzed using
Flowing Software 2.5.1 (www.flowingsoftware.com/). Principal
component analysis (PCA) and clustering of gene expression
analysis was performed using ClustVis software (https://biit.cs.
ut.ee/clustvis/) (24).

RESULTS

Uptake of IBTNFα and IBfrg16G-VHSV by RBCs
In order to evaluate the interaction between RBCs and IBs, we
performed a dose-response and time-course evaluation by means
of flow cytometry. According to our results, all IB concentrations
assayed showed uptake or attachment to RBCs, which increased
with IB concentration (Figure 1A). The percentage of IB positive
cells ranged from 5 to 7% at 50μg/mL after 24 h incubation.
Time course evaluation at 6, 24, and 48 h showed no differences
in IB load in RBCs (Figure 1B) indicating that the maximum
IB internalization or attachment occurred by 6 h of incubation.
However, the time course was carried out with a higher dose and
up to 17% of fluorescent positive cells were detected. This was
maximum percentage uptake achieved under our experimental
conditions. The level of uptake of IBTNFα by RBCs was observed
to be higher than IBfrg16G−VHSV when comparing the same
concentration of both IBs (Figure 1A). IB uptake was confirmed
by confocal 3D images, which showed the internalization of
IBTNFα (Figure 2A) and IBfrg16G−VHSV (Figure 2B) in the cytosol
of RBCs.

The presence of IBTNFα in RBCs was monitored in vivo
in peripheral blood and head kidney cells by fluorescent
microscopy using intravenously injected IBTNFα. In blood, few
RBCs were found to carry the IBTNFα (data not shown); however,
RBCs carrying IBTNFα were easily found in head kidney cells
extracts (Figure 2C).

Immune Response of RBCs Induced After

Exposure to IBTNFα or IBfrg16G-VHSV in vitro
To explore the immune response triggered by IBs in RBCs in
vitro, RBCs were treated with 50μg/mL of IBTNFα, IBfrg16G−VHSV

or IBiRFP and RNA was extracted at 24 h post-treatment. IBTNFα

tended to down-regulate the genes tested in RBCs at 24 h
post-treatment. This down-regulation was statistically significant
in genes related to antigen presentation (cd83, mhcI) and
antioxidant gene gstp1. On the other hand, only the antioxidant

TABLE 2 | Immune-gene expression analysis of RBCs stimulated in vitro with

50μg/mL of IBiRFP, IBTNFα and IBfrg16G−VHSV at 24 h post-treatment.

IBTNFα IBfrg16G−VHSV

Mean SD Mean SD

mx 0.902 0.157 1.013 0.199

il15 0.943 0.288 1.181 0.414

cd83 0.782*** 0.042 0.918 0.101

mhcI 0.794* 0.138 0.899 0.145

mhcII 0.965 0.235 1,270 0.428

nkef 1.106 0.753 1.067 0.943

gstp1 0.785** 0.105 1.254 0.588

trx 1.070 0.179 1.289** 0.316

tlr3 0.866 0.163 0.887 0.198

tlr9 0.814 0.656 0.907 0.623

RBCs were Ficoll-purified and treated with IBs. 24 h post-treatment gene expression was

analyzed by RT-qPCR, 2−��Ct method, normalized to the endogenous gene eukaryotic

18S, and relative to control cells (treated with IBiRFP). Data represent mean fold change±

SD (n = 4). Mann-Whitney test was performed between each condition and control cells.

*, **, ***P-value < 0.05, 0.01, and 0.001 respectively.

trx gene was significantly up-regulated in IBfrg16G−VHSV treated
RBCs at 24 h post-treatment (Table 2).

In order to analyse the gene expression of RBCs in response
to each treatment as a whole, multivariate analyses of the gene
expression data matrix were performed. A principal component
analysis (PCA) plot of the gene expression profile showed
a differentiated population of RBCs treated with IBTNFα or
IBfrg16G−VHSV compared to IBiRFP (Figure 3A). This is also
appreciable in the clustering heatmap (Figure 3B), where the
mean values of molecular (gene expression) signatures are
clustered. The heatmap data matrix visualizes the values in the
cells by the use of a color gradient which gives an overview of the
largest and smallest values in the matrix (24).

Immune-Gene and Protein Expression

Modulation in RBCs From Peripheral Blood

After in vivo Treatment With IBTNFα

or IBfrg16G-VHSV

Rainbow trout were intravenously injected to evaluate the
immune response triggered by IBs in RBCs of peripheral blood
in vivo. RBCs were sampled at 24 and 48 h post-injection. In
general, the results showed, as in vitro, a down-regulatory trend
in the gene expression of IBTNFα treated individuals compared
to IBiRFP treated individuals. It should be noted that cd83 was
significantly down-regulated at 24 h post-injection (Figure 4A),
as occurred in vitro. On the other hand, il6 was significantly
up-regulated at 24 h post-injection. Further, tlr9, ifn1, il1β ,
il2, mhcII and nkef genes were significantly down-regulated
at 48 h post-injection (Figure 4B). In contrast, IBfrg16G−VHSV

treated individuals showed an up-regulatory trend at both 24
and 48 h post-injection, compared to IBiRFP, with significant
up-regulation of cytokines il2 and il6, and antioxidant gene
nkef at 24 h post-injection, and of tlr3, interferon inducible
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FIGURE 3 | Principal component analysis (PCA) of immune-gene expression evaluation of RBCs stimulated in vitro with 50μg/mL of IBiRFP, IBTNFα, or

IBfrg16G−VHSV, at 24 h post-treatment. (A) PCA plot of molecular (gene expression data, 2−��Ct) signatures of IBiRFP, IBTNFα, or IBfrg16G−VHSV treated samples, at

24 h post-treatment. Ellipses and shapes show clustering of the samples. (B) Heatmap of molecular (gene expression data, 2−��Ct) signatures of IBiRFP, IBTNFα, or

IBfrg16G−VHSV treated samples. Annotations on top of the heatmap show clustering of the samples, mean values. PCA plot and heatmap were performed using

Clustvis software. Heatmap data matrix visualizes the values in the cells using a color gradient which gives an overview of the largest and smallest values in the matrix.

mx, cd83, and mhcII at 48 h post-injection (Figures 4A,B,
Table S1). However, mx gene appeared down-regulated at
24 h post-injection. Separately, most of the genes were up-
regulated with all the treatments in comparison with PBS-
injection.

The gene expression profile PCA plot depicted differentiated
populations for RBCs from individuals treated with IBTNFα

or IBfrg16G−VHSV compared to IBiRFP (Figures 5A, 6A, for
24 and 48 h post-injection, respectively), which was also
observed in the clustering heatmap (Figures 5B, 6B, for 24
and 48 h post-injection respectively). In addition, at 48 h post-
injection, MX and IL8 protein levels, evaluated by means
of flow cytometry, showed an increment, but not statistically
significant, in MX (Figures 7A,C) and IL8 (Figures 7B,D)
in RBCs from rainbow trout treated with IBfrg16G−VHSV

in relation to PBS-injected or the other IBs assayed. This
result correlates with the mx gene expression at 48 h in
vivo. On the other hand, the protein levels of MX and IL8
in RBCs from IBTNFα treated rainbow trout were slightly
lower than IBiRFP and PBS-injected individuals (only showing
statistical significance for MX between IBTNFα and IBiRFP

treatments), which is consistent with the down-regulatory trend
observed in IBTNFα treated RBCs in vivo and in vitro at
the transcriptional level. Moreover, in whole peripheral blood,
a similar tendency was observed in MX protein expression,
although more pronounced in this case. Note, however, for
IL8 protein levels, we did not observe any difference among
groups (Figures 8A,B).

DISCUSSION

Recently, IBs have been reported as new alternatives in fish
prophylaxis as immunostimulants or adjuvants (10), thus
potentially serving as a new platform for vaccine delivery.
The uptake of IBs has been reported in rainbow trout

macrophages (RT-HKM) and zebrafish liver cells (ZFL). In
both cell types IBs made with cytokines stimulate the innate
immune response (9). Moreover, IBs made with fish viral
antigens have evoked an anti-viral innate immune response in
ZFL and RT-HKM (12). However, the immune response of
nucleated RBCs to nanostructured cytokine or viral antigen
IBs has not been tested until now. Nucleated RBCs are the
main cell in the blood and recently have been endorsed as
immune cells mediators (6, 28). In this work we show that
the uptake or attachment of IBs by rainbow trout RBCs
occurred in approximately 7% of cells counted. This contrasts
to the near 40% and 80% reported for ZFL and RT-HKM,
respectively, at same concentration (50μg/mL) of IBTNFα (9).
RBCs endocytosed both the IBs tested here reaching their
maximum level at 6 h post-treatment, in contrast to RT-HKM
and ZFL cell lines, which reached their maximum uptake
at 24 h post-treatment in vitro (10). Besides, monitorization
of IBTNFα in vivo demonstrated its presence on/in RBCs
from head-kidney 3 h post-injection. The mechanism by
which RBCs endocytose IBs is unknown. It may occur via
the micropinocytosis endocytic pathway, as proposed for
mammalian cells (29).

Significantly, with this work, we add to the growing body of
data demonstrating nucleated RBCs can exercise a role in the
immune response. RBCs are able to respond to virus (6, 14, 30),
produce cytokines when exposed to stimuli (17), and endocytose
pathogens (2). Here we show for the first time rainbow trout
RBCs evoke an immune response to IBs made of cytokine
TNFα and viral protein frg16G-VHSV in vitro and in vivo.
We demonstrate this response at protein and transcript level.
Rainbow trout Ficoll-purified RBCs treated with IBs in vitro and
RBCs Ficoll-purified from blood extracts from IB-intravenously
injected individuals modulated the expression of genes related to
antigen presentation, cytokines and other genes involved in the
immune response. PCA clearly clustered the RBCs’ immune-gene
expression profiles for each treatment.
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FIGURE 4 | Immune-gene expression analysis of RBCs from rainbow trout injected intravenously with PBS, IBiRFP, IBTNFα, or IBfrg16G−VHSV at 24 and 48 h

post-injection. Rainbow trout of 15–20 g were injected with 5.5 mg/kg of IB intravenously. Blood was extracted and RBCs Ficoll-purified 24 h (A) and 48 h (B)

post-injection. Gene expression was analyzed by RT-qPCR, 2−�Ct method, with endogenous gene eukaryotic 18S rRNA. Data represent mean AU (arbitrary units) ±

SD (n = 4). Mann-Whitney test was performed between each condition and control (treated with PBS or IBiRFP). #P-value < 0.05, compared to PBS; & P-value <

0.05, compared to IBiRFP.

FIGURE 5 | Principal component analysis (PCA) of immune-gene expression evaluation of RBCs from rainbow trout injected intravenously with IBiRFP, IBTNFα, or

IBfrg16G−VHSV, at 24 h post-injection. (A) PCA plot of molecular (gene expression data, 2 −�Ct) signatures footprint of IBiRFP, IBTNFα, or IBfrg16G−VHSV treated

samples, at 24 h post-injection. Ellipses and shapes show clustering of the samples. (B) Heatmap of gene expression (2 −�Ct) signatures of IBiRFP, IBTNFα, or

IBfrg16G−VHSV treated samples. Annotations on top of the heatmap show clustering of the samples mean values. PCA plot and heatmap was performed using

Clustvis software. Heatmap data matrix visualizes the values in the cells using a color gradient which gives an overview of the largest and smallest values in the matrix.

As regards TNFα, RBCs from IBTNFα-treated rainbow trout
individuals showed a down-regulatory trend for genes related
to TNFα signaling such as tlr9, tnfα, il1β , il12β , and il2 genes
transcripts, in vivo, at 24 and 48 h post-injection, compared
to fish injected with the non-immunogenic protein IBiRFP. It
is known that TNFα is a cytokine involved in the regulation

of immune cells and inflammation. It is mainly produced by
monocytes and macrophages along with additional producers
including B and T lymphocytes, NK cells, polymorphonuclear
leukocytes, and eosinophils in response to bacterial toxins,
inflammatory products, and other invasive stimuli (31). Recently,
nucleated RBCs have been also reported to modulate TNFα
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FIGURE 6 | Principal component analysis (PCA) of immune-gene expression evaluation of RBCs from rainbow trout injected intravenously with IBiRFP, IBTNFα, or

IBfrg16G−VHSV, at 48 h post-injection. (A) PCA plot of molecular (gene expression data, 2 −�Ct) signatures of IBiRFP, IBTNFα, or IBfrg16G−VHSV treated samples, at

48 h post-injection. Ellipses and shapes show clustering of the samples. (B) Heatmap of molecular (gene expression data, 2 −�Ct) signatures of IBiRFP, IBTNFα, or

IBfrg16G−VHSV treated samples. Annotations on top of the heatmap show clustering of the samples mean values. PCA plot and heatmap was performed using

Clustvis software. Heatmap data matrix visualizes the values in the cells using a color gradient which gives an overview of the largest and smallest values in the matrix.

FIGURE 7 | Protein expression analysis of RBCs from rainbow trout injected intravenously with 5.5 mg/kg of IBiRFP, IBTNFα, IBfrg16G−VHSV or PBS at 48 h

post-injection. (A) Interferon related protein MX and (B) chemokine IL8 Mean Fluorescence Intensity (MFI) measured by flow cytometry. Data represent mean ± SD (n

= 4). Mann-Whitney test was performed between each condition and control cells (treated with PBS or IBiRFP). &P-value < 0.05, compared to IBiRFP. Representative

immunofluorescence images of RBCs stained with (C) anti-MX and (D) anti-IL8, taken with 60× magnification. Protein stain in red, DAPI (blue) for nuclei stain.

protein in response to IPNV virus exposure (30). Here we
observed that RBCs exposed to IBTNFα down-regulated the
inflammatory response at 24 and 48 h post-treatment. TNFα

is a pleiotropic cytokine with a diverse range of biological
actions. TNF family members are known to represent a “double-
edged sword,” having both beneficial and detrimental activities
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FIGURE 8 | Protein expression analysis of total blood samples from rainbow trout injected intravenously with 5.5 mg/kg of IBiRFP, IBTNFα, IBfrg16G−VHSV, and PBS at

48 h post-injection. (A) Interferon related protein MX and (B) chemokine IL8 Mean Fluorescence Intensity (MFI) measured by flow cytometry. Data represent mean ±

SD (n = 4). Mann-Whitney test was performed between each condition and control cells (treated with PBS or IBiRFP). #P-value < 0.05, compared to PBS.

(32). Systemic exposure to recombinant TNFα would cause a
shock similar to septic shock syndrome (31). Further, TNFα
inhibition of IFNγ-induced IL12 production exerts mechanisms
by which TNFα and IL12 cytokines can elicit anti-inflammatory
and repair functions, tightly modulated by positive and negative
feedback signals for optimal immunity without manifested
inflammation (33). Another important observation is that fish
recombinant TNFα has been reported to regulate the expression
of endothelial cells TLRs, including TLR9, but had negligible
effects on macrophages (34). Therefore, taking into account that
nucleated RBCs are the most abundant cell type in peripheral
blood, it wouldmake sense that RBCs were equipped tomodulate
inflammation in response to a systemic exposure to TNFα.
Moreover, in the IBTNFα injected group, genes related to antigen
presentation, cd83 and mhcII, were also down-regulated at 24
and 48 h, respectively. As well, RBCs treated in vitro with IBTNFα

down-regulated the expression of cd83 and mhcI 24 h post-
treatment. TNFα has been reported to modulate IFNγ-induced
MHC class II expression in a cell type-specific mode (35).
Therefore, TNFα treatment augments or blocks MHC class II
induction depending on the cell type and cellular differentiation
state (35). mhcII and cd83 gene expression has been previously
reported for rainbow trout RBCs (3, 36) and chicken RBCs (37).
However, this is the first report that shows the regulation of cd83
andmhcII gene transcripts in response to an immunostimulant.

On the other hand, RBCs from rainbow trout injected
with IBfrg16G−VHSV showed an up-regulatory trend for most of
the genes, specifically interleukins il2 and il6, and antioxidant
enzyme nkef were significantly up-regulated, compared to IBiRFP,
at 24 h post-injection. This is probably due to the effort of RBCs
to compensate the inflammatory response triggered after the first
treatment stimulus. Then, 48 h post-injection, the Type 1 IFN
and antigen presentation responses were increased, since tlr3,mx,
cd83, andmhcII genes transcripts were significantly up-regulated,
compared to IBiRFP. MX protein production was consistent with
gene expression levels.

G-VHSV is known to induce the expression of ifn1 and
mx (25, 38, 39). Peptides derived from G-VHSV have also
demonstrated their efficacy to induce type 1 IFN response (25,
26, 39). It is also noteworthy that IBfrg16G−VHSV triggered the

up-regulation of mhcII and cd83 gene expression in rainbow
trout RBCs, thus endowing them the characteristics of antigen
presenting cells (APCs). CD83 and MHCII are principally
produced by professional APCs to process antigens and induce T
cell priming. However, recently, the concept of non-professional
APCs is emerging (40). These atypical APCs up-regulate the
expression of MHC and related molecules under certain stimuli.
However, there is not enough evidence about their functionality
priming T cells (40).

Bacterial lipopolysaccharide has been reported to stimulate
the innate immune response of RBCs in vitro (28). Bacterial IBs,
which contain remnants of endotoxin, are therefore considered
immunostimulants per se (41), which is shown by the global
increment in the immune response of RBCs from rainbow trout
injected with IBiRFP compared to PBS-injection. This, added
to the utilization of IBs as delivery platforms to administrate
cytokines, coadjuvants, or antigens, makes them a good candidate
for future vaccines. In this context, RBCs have shown their ability
to mount or modulate and immune-response to IBs made of
cytokine TNFα and the viral protein frg16G-VHSV.

All these considerations provide a new perspective on the role
and potential use of RBCs. Given the large amount of RBCs in the
organism and their rapid distribution throughout the body they
could be a promising target cell for the presentation or delivery
of IBs or other types of vaccine carriers.
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