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ABREVIATURAS

AMP: adenosin monofosfato

AMPK: quinasa dependiente de AMP
APCs: células presentadoras de antigenos
ATG: gen relacionado con autofagia

ATP: adenosin trifosfato

BD1: B-defensina 1

CD: cluster de diferenciacion

cDNA: ADN complementario

CHSE-214: linea celular de embriones de
salmon chinook

CR1: receptor de complemento 1
DCs: células dendriticas
DEGs: genes diferencialmente expresados

DEPs: proteinas diferencialmente
expresadas

DNA: 4cido desoxirribonucleico
dpe: dias post-exposicion

dpd: dias post-desafio

ECL: quimioluminiscencia mejorada

elF2a: subunidad a del factor eucariético
de iniciacion de la traduccién 2

ENV: virus de la necrosis eritrocitica

EPC: linea celular Epithelioma papulosum
cyprini

FBS: suero bovino fetal

GO: ontologia genica

GVHSV: gen o proteina G de VHSV
HK-RBCs: eritrocitos de rifidn anterior
hpe: horas post-exposicion

IFIT: proteina inducida por interferén con
repeticiones de tetratricopéptidos

IFN: interferén
IFN1: interferén de tipo 1
IL: interleucina

IPNV: virus de la necrosis pancreatica
infecciosa

IRF: factores reguladores de interferén

ISAV: virus de la anemia infecciosa de
salmonidos

ISGs: genes estimulados por interferén
LC3: cadena ligera 3

LC-MS/MS: espectometria de masas en
tandem acoplada a cromatografia liquida

MHC: complejo mayor de
histocompatibilidad

MHCI: MHC de clase |
MHCII: MHC de clase I
MOI: multiplicidad de infeccion

mTOR: diana de rapamicina en células de
mamifero

Mx: dinamina con actividad GTPasa Mx
NKEF: factor potenciador de células NK
NLRs: receptores de tipo NOD

NVHSV: gen o proteina N de VHSV

PAMPs: patrones moleculares asociados a
patégenos

PB-RBCs: eritrocitos de sangre periférica
PBS: bufer fosfato salino

PCR: reaccion en cadena de la polimerasa
PFA: paraformaldehido

PIK3: fosfatidilinositol 3 quinasa

PLA: ensayo de ligacion por proximidad
PPI: interaccién proteina-proteina

PRRs: receptores de reconocimiento de
patrones

PRV: ortoreovirus acuatico

gPCR: PCR cuantitativa

RBCs: eritrocitos, del inglés red blood cells
RLRs: receptores semejantes a RIG-I
RNA: acido ribonucleico

RNASeq: secuenciacion del ARN

rpm: revoluciones por minuto

RPMI: medio de cultivo Roswell Park
Memorial Institute



RTG-2: linea celular de génada de trucha
arcoiris

SLRs: receptores semejantes a
secuestrosoma

TLR: receptor de tipo Toll

TOF: tiempo de vuelo

TSS: linea celular de estroma de bazo
UPS: sistema ubiquitina-proteasoma

VHSV: virus de la septicemia hemorragica
virica

VSV: virus de la estomatitis vesicular

RABV: virus de la rabia



1.
2,

INDICE

RESUMEN ... e 1
INTRODUCCION ......oooiiiiiiiiiiiie et 5
2.1. El sistema inmune de los teledsteos ...........cooiiiiiiiii 7
2.2. Los eritrocitos de teledSte0s ....... ..o 9
2.3. Patdégenos de eritroCitos .........o.ouieiiiiii e 11
2.4. Antecedentes de la respuesta inmune en eritrocitos de teledsteos .......... 12
2.4.1. Expresion de receptores de Tipo Toll (TLR) ............c.ccoceeininn. 12
2.4.2. Secrecion de moléculas sefializadoras .................c.ccoviun. 12
2.4 3. Fagocitosis y formacion de rosetas ..............c.ccccouiiiiinnnnn. 12
244 AULOTAQIA .....eeeei e 13
2.4.5. Expresion de péptidos antimicrobianos ........................cc.oo..... 15
2.4.6 Expresion de moléculas del complejo mayor de histocompatibilid?d
............................................................................................. 5
2.4.7. Activacion del sistema de complemento y formacién de
INMUNOCOMPIEIOS ... .ot 16
2.5. Problematica de las infecciones viricas en acuicultura de salménidos ...... 18
2.5.1. Virus de la septicemia hemorragica virica (VHSV) ................... 18
2.5.2. Virus de la necrosis pancreatica infecciosa (IPNV) .................. 20
2.5.3. Medidas de control y prevencion de las infecciones viricas ....... 21
2.6. Justificacion de la unidad tematica .............coooiiiiiiiii 22
MATERIALES Y METODOS ...........ooooiiiiiiiiii 23
3. ANIMAIES .o 25
3.2. CUIIVO CEIUIAN ... 25
3.3. Purificacién de eritrocitos desde sangre periférica ....................oolL 25
34 . VHSV € IPNV Lo 26
3.5. Ensayos de infecCion VIriCa ..........ovuiiiiiii i 26
3.6. Extracciéon de RNA, sintesis de cDNA y PCR cuantitativa ..................... 27
3.7. Tincion intracelular y extracelular ..o 27
3.8. Western blot ... 28
3.0, ANtICUEBIPOS ..t 29

3.0, REACHIVOS ...t e e 29



3.11. Analisis de protedmica ..........coooiiiii i 29

3.12. Analisis de transcriptOmicCa ..........ccoiiiiiiii 30
3.13. Aislamiento celular de eritrocitos ..............coooiiiiiiiiiii 31
4. RESULTADOSYDISCUSION ..., 33
4.1. Resultados obtenidos de la Publicacidn 1 ..., 35
4.2. Resultados obtenidos de la Publicacion 2 ...............ccoiiiiiiiiiiee 41
4.3. Resultados obtenidos de la Publicacidn 3 ... 44
4.4. Resultados obtenidos de la Publicacion 4 ..., 50
4.5. Resumen de la Publicacion 5 ... 55
5. CONCLUSIONES ... e 57
6. REFERENCIAS ... ..o 61
PUBLICACION 1 ..ottt 77
PUBLICACION 2 ...ttt 121
PUBLICACION 3 ..ottt 149
PUBLICACION 4 ... 181

PUBLICAGIONS———=... b 8. 8 B 0 P /... 213






= Biblioteca

ol UNIVERSITAS Migwel Herndmdes




El sistema inmune de los teledsteos no es tan conocido como el de mamiferos. En
tele6steos, en comparacion con mamiferos, existen un menor repertorio de
inmunoglobulinas, menor afinidad de maduracion y proliferacion mas lenta de linfocitos.
En el mismo sentido, los eritrocitos o células rojas de la sangre (en inglés red blood cells,
RBCs) de los teledsteos también se diferencian respecto a los de mamiferos en que
poseen nucleo. Este hecho otorga a los RBCs de teledsteos la capacidad de crear
respuestas celulares frente a una variedad de estimulos. Por ello, el objetivo de esta
tesis consiste en el estudio de la respuesta inmune de RBCs frente a dos patégenos
viricos de alta prevalencia en teledsteos, como son el virus de septicemia hemorragica
virica (VHSV) y el virus de la necrosis pancreatica infecciosa (IPNV). Teniendo en
cuenta que el papel de los RBCs en las infecciones viricas es desconocido, la hipétesis
de esta tesis es determinar si los RBCs tienen un papel importante como mediadores
en la respuesta inmune durante una infeccién virica. La metodologia empleada en esta
tesis se basé en analizar la respuesta inmune a nivel de expresiéon génica (mediante
transcriptomica y PCR cuantitativa) y a nivel de proteina (mediante protedmica, western
blot e inmunofluorescencia) de RBCs de trucha arcoiris (Onchorhynchus mykiss)
expuestos a VHSV o IPNV en condiciones ex vivo e in vivo. Los resultados obtenidos
muestran que tanto VHSV como IPNV no son capaces de replicar en RBCs, pero a
pesar de ello pueden inducir una respuesta inmune. En el caso de VHSV, los RBCs
expuestos al virus a tiempos cortos producen una activacion de la autofagia junto con
un incremento en los marcadores celulares de presentaciéon de antigenos. A tiempos
mas largos, a 3 dias post-exposicion, los RBCs sufren un apagado celular debido a la
fosforilacion del factor de traduccion eucaridtico elF2a, sin embargo, ello no impide la
expresion de algunas proteinas como IL8 y el péptido antimicrobiano 3-defensina 1. En
contraste a estos resultados, los RBCs provenientes de truchas infectadas con VHSV
analizados mediante transcriptomica y protedbmica muestran un incremento en la
expresion de interferon de tipo |, genes estimulados por interferon como Mx,
presentacion de antigenos y reguladores del sistema del complemento. En el caso de
IPNV, la respuesta inmune de los RBCs expuestos al virus ex vivo se basa en la
expresion del gen de interferén de tipo |, Mx y el receptor de tipo Toll 3, entre otros.
También se detectd la expresién de Mx en RBCs expuestos a IPNV tras 6 dias post-
exposicion. En conclusion, en esta tesis se describen los mecanismos de los RBCs en

la respuesta antiviral.



The immune system of teleosts is not as known as the one of mammals. In teleosts, in
comparison with mammals, there is a minor antibody repertoire, low affinity maturation
and slower T cell proliferation. In this sense, erythrocytes or red blood cells (RBCs) of
teleosts are also different in comparison with those of mammals. Teleost RBCs are
nucleated and this fact allows them to generate responses against a variety of stimulus.
For that, the objective of this thesis consists in the study of the immune response of
RBCs against two viral pathogens with high prominence in teleost species, the viral
hemorrhagic septicemia virus (VHSV) and infectious pancreatic necrosis virus (IPNV).
Taking into account that the role of RBCs during viral infections is unknown, the
hypothesis of this thesis is that RBCs play an important role as mediators of the immune
response during viral infections. The methodology used in this thesis was based on
analyzing the immune response at gene expression level (through transcriptomics and
quantitative PCR) and protein level (through proteomics, western blot and
immunostaining) of rainbow trout (Onchorhynchus mykiss) RBCs exposed to VHSV or
IPNV in ex vivo and in vivo conditions. The results show that both VHSV and IPNV cannot
replicate inside RBCs but they can induce an immune response. For VHSV, at short
times post-exposure ex vivo, there is an induction of autophagy together with an increase
in antigen presenting cell markers. At longer times post-exposure, RBCs suffer a cell
shut-off due to phosphorylation of translation eukaryotic factor elF2a, but this does not
affect the expression of some proteins such as IL8 and (B-defensin 1. In contrast with
these results, RBCs from VHSV-challenged rainbow trout analyzed by transcriptomics
and proteomics show an increase in the expression of type | interferon, interferon-
stimulated genes such as Mx, antigen presentation and regulators of complement
system. For IPNV, immune response to ex vivo viral exposure increase expression of
type | interferon, Mx and Toll-like receptor 3 genes, among others. Also, Mx protein
expression was detected in RBCs exposed to IPNV at 6 days post-exposure. In

conclusion, this thesis describes mechanisms of RBCs involved in antiviral response.
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2.1. El sistema inmune de los teleosteos

El sistema inmune de los teledsteos no esta tan investigado en comparacién con el
sistema inmune de los mamiferos. Ademas, existen grandes diferencias entre el sistema
inmune de los mamiferos y el de teledsteos, especialmente en la inmunidad adaptativa.
Es sabido que los linfocitos B de teledsteos no poseen el mismo repertorio de
inmunoglobulinas que los humanos [1], ademas tienen unos procesos de maduracién
de la afinidad y proliferacion linfocitica mas lentos [2]. Se ha hipotetizado que esto
pudiera ser debido al caracter poiquilotermo de los teledsteos y a que estos son
evolutivamente uno de los primeros grupos de vertebrados en los que las células y las
moléculas pertenecientes a la inmunidad adaptativa aparecen por primera vez. Algunas

de estas diferencias se muestran comparadas en la Tabla 1.

Tele6steos Mamiferos
Inmunoglobulinas IgM, IgD e IgT/Z IgM, IgG, IgA, IgD e IgE
Recombinacion de cambio de clase No Si
Maduracién de la afinidad Deficiente Muy elevada
Linfocitos T de memoria Escasos Elevados
Tu1, TH2, Tu17 y citoquinas Si Si
MHC |y MHC I Si Si
Tejidos linfoides Bazo, timo y rifién anterior Bazo, timo y médula 6sea

Tabla 1. Comparativa entre teledsteos y mamiferos de elementos clave en las respuesta inmune

adaptativa [3].

La respuesta inmune innata se encarga de ejecutar los mecanismos de defensa frente
a patdgenos de forma no especifica, es decir, de una forma genérica y sin generar una
inmunidad a largo plazo. En este tipo de inmunidad en teledsteos se ven involucrados
desde macrdéfagos, monocitos, células semejantes a NK y granulocitos [4]. Dentro de la
inmunidad innata destaca el papel del interferén (IFN) de tipo | (IFN1), o IFNa/B, en la
defensa antiviral de las células de vertebrados infectadas por virus [5]. EI IFN1 secretado
tiene una sefializacion autocrina y paracrina, protegiendo asi a las células adyacentes
de la infeccidn virica mediante la union a sus distintos receptores de IFN1 que resultan
en la induccién de una variedad de genes estimulados por IFN1 (ISGs). Entre estos
ISGs se puede encontrar la dinamina con actividad GTPasa Mx (Mx) o la proteina

quinasa activada por DNA de doble cadena (PKR). Diversas moléculas de IFN han sido
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clonadas y secuenciadas en teledsteos, incluyéndose el salmon del Atlantico [6] y la
trucha arcoiris [7] y ademas su actividad antiviral ya ha sido estudiada [8, 9]. La Figura

1 muestra un esquema de la cascada de sefalizacién de IFN1.
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Figura 1. Esquema de la activacion de IFN1 y de la cascada de sefalizacion en células
adyacentes. Modificado de Robertsen (2006) [5] y Zou & Secombes (2011) [10]
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2.2. Los eritrocitos de teledsteos

El tejido sanguineo se encuentra principalmente conformado por células, proteinas
plasmaticas y agua, la cual supone aproximadamente un 90% del volumen de la sangre.
El tipo celular mas abundante en la sangre son los RBCs cuya abundancia varia desde
uno a cinco millones de células por milimetro cubico, disminuyendo conforme avanza
en la escala evolutiva donde en los teledsteos presentan la menor concentracion [11].
Los RBCs se caracterizan generalmente por su forma ovalada y plana, ademas de
poseer un caracteristico color rojo intenso debido a los pigmentos respiratorios que
conforman las globinas, donde destaca la hemoglobina, principalmente. Por tanto, la
funcién de estas células esta principalmente enmarcada en el transporte de oxigeno y
dioxido de carbono por los distintos tejidos del organismo [12]. En vertebrados no
mamiferos, excluyendo algunas excepciones aisladas, los RBCs son nucleados vy
poseen organulos como mitocondrias, aparato de Golgi y ribosomas en su interior [11].
El nucleo de RBCs se diferencia del nucleo de otros tipos celulares debido a que
presenta una continuidad del contenido
citoplasmatico en el interior del nucleo a
través de poros, haciendo que Ia
hemoglobina intracelular se extienda hasta
el interior nuclear [13]. Respecto a la
estructura celular de los RBCs nucleados
(Figuras 2y 3), destaca la presencia de una

banda marginal de microtubulos justo

detras de la membrana plasmatica, cuya
Figura 2. Imagen representatva de un funcion se presupone que es el
cultivo celular de RBCs de trucha arcoiris mantenimiento de la forma discoidal del
RBC [14]. En el torrente sanguineo, los
RBCs presentan una variedad de estadios
- de maduracion que afectan a la morfologia,
" la densidad de la cromatina y el tamafio
nuclear. La longevidad media de los RBCs
nucleados de teleésteos es de 51 dias
aproximadamente, aunque se ha visto que

algunos RBCs han presentado una

supervivencia de hasta 270 dias en el

Figura 3. Imagen mediante microscopia
electronica de transmision de un RBC de
trucha arcoiris visto que existe una relacion directa entre

torrente sanguineo [15]. También, se ha



la capacidad metabdlica y de sintesis del RBC con la longevidad, donde los RBCs mas
joévenes presentan una mayor cantidad de RNA y de organulos intracelulares, como

mitocondrias y ribosomas, que los eritrocitos mas longevos [16].

El motivo por el cual los RBCs de vertebrados no mamiferos mantienen su nucleo
todavia es desconocido. Es sabido que los RBCs de mamiferos pierden su nucleo
durante el proceso de hematopoyesis en la fase de enucleacion [17]. La hematopoyesis
se define como el proceso formador de células sanguineas a partir de células troncales
multipotentes, caracterizadas por una capacidad de autorrenovacion y diferenciacién a
distintos tipos celulares [18]. La hematopoyesis en mamiferos consta de dos fases: una
primera fase de proliferacion donde las células troncales son inducidas a expandirse y
activar sus mecanismos de diferenciacién por la accién de factores extrinsecos o
intrinsecos; y una segunda fase de maduraciéon donde el eritroblasto progenitor se
vuelve incapaz de proliferar y es sometido a cambios citoplasmaticos y nucleares [17].
Esta maduracién implica pérdida de mitocondrias, reduccién en el numero de ribosomas
y reorganizacion de los filamentos de actina, todo ello mediado por un proceso de
autofagia. Entre los cambios nucleares destaca la condensacién de los cromosomas y
la preparacion para la enucleacion, que se ha presentado como un caso extremo de
division asimétrica [17]. A pesar de que este proceso es el encargado de producir la
enucleacion de los eritroblastos en mamiferos, se ha visto que los mecanismos
moleculares por los que se produce la hematopoyesis se encuentran conservados entre

humanos vy teledsteos [19, 20].

El hecho de que los RBCs de teledsteos posean nucleo y organulos les otorga la
capacidad de poseer un mayor numero de funciones, por ejemplo, la capacidad de
responder frente a un estimulo con una respuesta de novo y coordinar procesos
celulares. Ademas de su funcién respiratoria, se ha visto que los RBCs nucleados
poseen otras funciones fisiolégicas dentro del organismo como son el transporte y
metabolismo de glucosa [21], homedstasis del calcio [22] y regulacion de los procesos
redox del oxido nitrico [23]. Recientemente, existen estudios centrados en determinar la
implicacion de los RBCs en la respuesta inmune, demostrando que es un tema

emergente de investigacion [24-27].
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2.3. Patégenos de eritrocitos

Los RBCs de teledsteos, al igual que cualquier otro tipo celular, presentan patégenos
intracelulares. En humanos, el patégeno de RBCs mas conocido es el protozoo
Plasmodium falciparum, que causa la enfermedad de la malaria. Los RBCs de
teledsteos presentan un variado conjunto de patdgenos que son capaces de parasitar
intracelularmente a los RBCs. Entre ellos, se encuentran los micoplasmas del género
Haemobartonella 'y Eperythrozoon, la familia de protistas parasitos Haemogregarinidae
y la familia de alveolados Dactylosomatidae [28]. En el caso de los patégenos viricos,
hasta la fecha se conocen tres virus que tienen como diana este tipo celular: el virus de
la necrosis eritrocitica (ENV) [29], el virus de la anemia infecciosa de salmoénidos (ISAV)
[30] y el ortoreovirus acuatico (PRV) [31]. El primer virus que se descubrié que era capaz
de infectar a los RBCs de teledsteos fue el ENV [32]. La infectividad del ENV en los
RBCs se evalué mediante microscopia electrénica, donde se pudieron observar viriones
en el interior celular junto lesiones caracteristicas de la patologia que produce el ENV
en aproximadamente un 15% de los RBCs. A pesar de esto, la respuesta antiviral que
el RBC realiza para la defensa frente a este virus no ha sido objeto de estudio todavia
[29]. Por el contrario, la respuesta antiviral tanto para ISAV como PRV si ha sido
estudiada en los RBCs de salménidos. En el caso de la infeccién por ISAV, los RBCs
del salmén del Atlantico presentan un incremento en la expresion de IFNa, una
subfamilia de IFN1 [30]. La expresién de IFNa también se encuentra incrementada en
los RBCs de salmon del Atlantico tras la infeccion por PRV, ademas de otros genes
como proteina quinasa R (pkr), mx, gen estimulado por interferon 15 (isg15) o viperina
[33]. Los RBCs son permisivos para las infecciones de PRV o ISAV, esto indica que el
virus es capaz de replicarse en el interior del RBC de manera que se observa un
incremento del titulo virico de los sobrenadantes de RBCs infectados por estos virus
[30].
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2.4. Antecedentes de la respuesta inmune en eritrocitos de teledsteos

La implicacion de los RBCs nucleados en las funciones del sistema inmune se han

determinado en distintos procesos:

2.4.1. Expresién de receptores de tipo Toll (TLR): se ha determinado la expresion de

TLR3 y TLR9 en RBCs de teledsteos, capaces de unirse a RNA de doble cadena y a
DNA de bacterias o virus con motivos CpG no metilados, respectivamente [26]. Por otra
parte, en los RBCs nucleados de pollo se encontrd la expresién de TLR21 [26]. Los
TLRs se encargan de reconocer patrones moleculares asociados a patégenos e iniciar
los mecanismos de respuesta inmune innata. En teledsteos, hasta 20 tipos de TLRs han
sido descritos [34], aunque el numero de TLRs puede variar segun la especie. Los TLRs
se encuentran conservados estructuralmente entre los distintos grupos de vertebrados
donde se han identificado, lo que sugiere que los mecanismos de sefalizacién de los

TLRs en teledsteos son semejantes a los descritos ya en mamiferos [35].

2.4.2. Secrecion de moléculas senalizadoras: se ha descrito que los RBCs nucleados

de ave [36] y teledsteos [37] son capaces de secretar factores semejantes a
interleucinas, como el factor inhibidor de macréfagos, cuando se encontraban
estimulados por el patégeno Candida albicans [36]. En los RBCs de teledsteos, se ha
observado que la expresion de IFN1 es incrementada frente a diversos patégenos
viricos [30, 33]. Las moléculas de IFN se dividen en dos familias: de tipo | y de tipo Il. La
familia de interferdn tipo | consiste en varias moléculas (IFNa, IFNB, IFNw; entre otras)
que se encuentran relacionadas con la respuesta antiviral mientras que la familia de
interferén de tipo Il consta sélo de una molécula (IFNy) secretada principalmente por
linfocitos T y células NK con el objetivo de coordinar diferentes procesos de la inmunidad
innata y adaptativa [38]. Por otro lado, otras moléculas relacionadas con la sefializacién
de citoquinas como el supresor de la sefializacion de citoquinas 1 (SOCS1) y el receptor
de IL10 (IL10R), ambos reguladores negativos de la respuesta inmune, se han visto

inducidos en RBCs de salmén del Atlantico desafiados con PRV [39] .

2.4.3. Fagocitosis y formacién de rosetas: la fagocitosis se define como un proceso

defensivo mediante el cual una célula es capaz de engullir un patégeno con el objetivo
de dirigirlo a fagosomas y de este modo eliminar potenciales amenazas [40]. Este
proceso se encuentra mediado por macrofagos, aunque también se ha visto en otros
tipos celulares como linfocitos B [41]. Tanto en teledsteos como en mamiferos los
macrofagos son las células profesionales encargadas de realizar la fagocitosis [42]. Se

ha descrito que los RBCs de trucha arcoiris son capaces de unir y engullir el hongo
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parasito Candida albicans [43]. Este estudio ademas plantea que los RBCs son capaces

de formar rosetas para facilitar la eliminacién de patégenos por los macréfagos.

2.4.4. Autofaqgia: previamente se ha mencionado la autofagia como un proceso que

interviene en la formacion de eritropoyesis [44]. En RBCs de rodaballo (Scophthalmus
maxima), se ha sugerido la implicacion de la autofagia en respuesta al virus de la
septicemia hemorragica virica (VHSV) [25]. La autofagia es un proceso catabdlico
celular altamente conservado a lo largo de la evolucién por el cual una célula es capaz
de mantener la homeostasis celular debido a la degradacion de organulos, proteinas y
otras macromoléculas celulares en vesiculas con doble membrana denominadas
autofagosomas que posteriormente se fusionan con lisosomas para completar la
degradacion [45]. Los estimulos que desencadenan la autofagia son de variada
naturaleza y origen. La via canénica de activacion de la autofagia es iniciada por las
quinasas de fosfatidilinositol (PIK3), diana de rapamicina en células de mamiferos
(mTOR) y quinasa dependiente de AMP (AMPK), como consecuencia de un déficit de
nutrientes y energia para que la célula pueda subsistir, que acaba desembocando en la
formacion de autofagosomas y finalmente en la activacion de autofagia [46, 47]. La

Figura 4 muestra un esquema de la formacion del autofagosoma.
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Figura 4. Mecanismos de regulacion clave en la formacion del autofagosoma y de la activacion

de la autofagia [48].

En el mecanismo de activacion de autofagia y formacion de autofagosomas estan

implicadas varias moléculas. Cuando la célula detecta falta de energia (la ratio
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AMP/ATP es alta), se produce una activacion de la AMPK que induce la inhibicion de la
diana de rapamicina en células de mamifero (mTOR) y activa al complejo formado por
ULK1/2 (quinasa semejante a Unc-51), ATG13 (gen relacionado con autofagia 13),
FIP200 (familia de proteinas de interaccion de 200 kDa) y ATG101 (gen relacionado con
autofagia 101) [49]. El complejo ULK1 colabora con el complejo Il PIK3 en la formacion
inicial del autofagosoma [50]. Este complejo se encuentra formado por la beclina 1
(BECN1), entre otras proteinas. Su principal funcion es la fosforilacion del
fosfatidilinositol, dando lugar a fosfatidilinositol 3-fosafto, que sera el principal
componente de la membrana del autofagosoma [50]. También intervienen otras
proteinas involucradas en la formacion y desarrollo del autofagosoma como son WIPI1
(proteina de interaccién con fosfoinositido con dominios de repeticion WD) y el complejo
ATG12-ATG5-ATG16L1 (genes relacionados con autofagia 12, 5 y semejante a 16,
respectivamente) [51], asi como proteinas involucradas en el proceso de maduracion
del autofagosoma, como la proteina asociada al receptor de acido gamma-aminobutirico
(GABARAP) ( [52]. La proteina de cadena ligera 3 (LC3) es una proteina clave en este
proceso. LC3 se encuentra en el citosol de la célula, en forma LC3-I, pero cuando se
activa el proceso de autofagia una serie de proteinas (ATG3, ATG4, ATG7), que poseen
actividad enzimatica, actuan sobre LC3I eliminando la glicina del extremo C-terminal y
conjugando la proteina con fosfatidiletanolamina, dando lugar a una forma de LC3
lipidada denominada LC3Il, que se va a unir a la membrana del autofagosoma y va a
jugar un papel clave en la formacién, elongacién y fusién del autofagosoma con el

lisosoma [53].

La autofagia, aparte de poseer un papel en la supervivencia y el mantenimiento celular,
también presenta un rol importante frente a la accion de los virus en sus hospedadores
celulares. La autofagia sirve como un mecanismo de defensa antiviral, aunque también
se ha descrito que es capaz de promover la replicacion virica [54], como ocurre en el
caso de algunos virus RNA que modifican el sistema de endomembranas con el objetivo
de crear sitios de replicacion denominados factorias [55], y también la supresion de la
inmunidad innata antivirica, ya que se ha visto que algunos virus pueden manipular la
autofagia para eliminar moléculas clave de la respuesta inmune innata e inflamatoria
[56]. Similarmente a las funciones provirales de la autofagia, los efectos antivirales de la
autofagia ocurren a varios niveles. En primer lugar, es sabido que existe una relacion
entre la autofagia y PRRs como receptores de tipo NOD (NLRs), receptores de tipo RIG-
I (RLRs), o los ya mencionados TLR3, 7/8 y 9 que reconocen patrones moleculares
asociados a patégenos (PAMPs) de patdgenos viricos [57]. La gran mayoria de los virus

RNA libera su genoma al citoplasma para establecer sitios de replicacion, y por tanto,
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posibilitando la activacién de los TLRs [58]. A pesar de esto, la activacién puede ser
limitada porque el RNA virico esta empaquetado en la nucleocapsida o secuestrado en
complejos de replicacion asociados a membranas donde quedan protegidos del
ambiente celular [54]. Otro nivel de implicacion antiviral de la autofagia se encuentra a
través de la degradacion de virus mediada por receptores parecidos a secuestrosoma
1/p62, como son NBR1, NDP52 y optineurina denominados SLRs [54]. Tipicamente,
estas moléculas presentan dominios que reconocen y capturan variedad de moléculas,
y dominios que interaccionan con LC3 para dirigir las moléculas capturadas hacia los
autofagosomas. En el caso de p62, este presenta un dominio de interaccion con
proteinas ubiquitinadas [59] aunque también se ha descrito interacciones directas con
virus, como por ejemplo, el virus sindbis [60]. Por ultimo, se ha implicado a la autofagia
en el procesamiento de antigenos viricos y su presentacion por las moléculas del
complejo mayor de histocompatibilidad (MHC) de tipo | y MHCII, como es el caso del

virus del herpes simple 1 mediante MHCI [61] y Epstein Barr virus mediante MHCII [62].

2.4.5. Expresion de péptidos antimicrobianos: los péptidos antimicrobianos son

moléculas pequefas de 12 a 50 aminoacidos que tienen un amplio espectro de actividad
frente a bacterias, virus, hongos e incluso protozoos. Suelen localizarse en la superficie
de células epiteliales como primera linea de defensa frente a los patégenos. Ademas de
su funcién microbicida, los péptidos antimicrobianos se han visto implicados en otros
procesos de la respuesta inmune como potenciadores de fagocitosis y desgranulacion
de basofilos, asi como en otras funciones para prevenir dafios en los tejidos afectados
por una respuesta inflamatoria crénica como por ejemplo la apoptosis de células
infectadas, el descenso en la produccion de citoquinas y la neutralizacion del
lipopolisacarido [63-65]. Se ha descrito que los RBCs nucleados de teledsteos poseen
péptidos antimicrobianos de una gran variedad de procedencias y organulos celulares
[66]. Una de las principales fuentes es la hemoglobina, proteina mayoritaria en RBCs.
En el pez gato americano (/ctalurus punctatus) se observé la induccion y la expresion
de péptidos antimicrobianos homodlogos a la hemoglobina durante una infeccion
parasitaria de Ichthyophthirius multifiliis [67]. Otro péptido antimicrobiano, ortélogo de la
granulisina de humanos, denominado NK-lisina, se ha observado colocalizado y
sobreexpresado en las membranas de autofagosomas de RBCs de rodaballo cuando
estaban expuestos a VHSV [25].

2.4.6. Expresion de moléculas del complejo mayor de histocompatibilidad: diversos

estudios han descrito la expresion de MHC de tipo | en RBCs de trucha arcoiris [68, 69],
ademas de ser el factor determinante para la transfusion de eritrocitos entre individuos

[70]. Se ha determinado induccién de la expresiéon de MHCI en una linea celular de rifidén
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anterior de salmon del Atlantico por ISAV [71] y en RBCs de salmén del Atlantico por
PRV [39]. Por otro lado, también se ha descrito la expresion de MHCII a nivel de RNA
en RBCs de ave [72]. Las moléculas del MHC participan en el proceso de presentacion
de antigenos para modular una respuesta adaptativa acorde a la naturaleza del
patogeno [73]. Tipicamente, MHCI presenta antigenos endégenos que son degradados
por el proteasoma y transportados al reticulo endoplasmatico, donde se unen a MHCI.
Después son transportadas a la superficie celular, donde las moléculas MHCI cargadas
estimulan una respuesta de linfocitos T cluster de diferenciacién (CD) 8+ para controlar
la infeccion [74]. En cambio, las moléculas MHCII presentan péptidos de antigenos
exdgenos que son procesados por degradacion lisosomal. Los péptidos se unen a en
MHCII y son transportados a la superficie celular donde estimulan una respuesta de
células T CD4+ [75]. Notablemente, antigenos exdégenos también pueden ser
presentados a través de MHCI para mediar una respuesta CD8+, en un mecanismo
conocido como presentacion cruzada [76]. La expresion de las moléculas MHC
tradicionalmente ha sido asociada a las células presentadoras de antigenos (APCs).
Recientemente, una nueva clasificaciéon de APCs ha sido propuesta [77]. Las APCs
podrian dividirse como APCs tipicas, capaces de expresar moléculas MHC y estimular
la diferenciacion de células T naive; mientras que las APCs atipicas podrian incrementar
la expresion de las moléculas MHC bajo ciertas condiciones, pero su capacidad de
estimular células T naive es desconocida [77]. En mamiferos, entre las APCs tipicas se
encontrarian las células dendriticas (DCs), sin embargo las funciones de APCs en
teledsteos todavia no estan completamente dilucidadas [78]. Entre las APCs atipicas se

encontrarian poblaciones de células epiteliales, endoteliales y de estroma [77].

2.4.7. Activacion del sistema de complemento y formacién de inmunocomplejos: el

sistema del complemento en teledsteos se conforma de aproximadamente 35 proteinas
solubles y de membrana cuya principal funcién es la eliminacién de patégenos [79]. La
mayoria de los componentes del sistema del complemento de mamiferos pueden ser
encontrados en teledsteos. Del mismo modo, la via clasica de senalizacion del
complemento, cuya activacion es dependiente de la union de un anticuerpo frente a un
antigeno, aparecio por primera vez en teledsteos como consecuencia de la aparicion de
la inmunidad adaptativa y las inmunoglobulinas [80]. Ademas, los teledsteos presentan
una caracteristica Unica que es la presencia de un mayor nimero de isoformas de la
proteina C3 [79]. La unién del anticuerpo con su antigeno forma un inmunocomplejo, el
cual es capaz de activar la via clasica del sistema del complemento que resulta en la
unidn covalente de fragmentos de los componentes del complemento, principalmente

C3b. Se ha descrito que los RBCs de trucha arcoiris son capaces de unirse a dichos
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complejos a través de la union al receptor del complemento 1 (llamado CR1) presente
en los RBCs. Dicho receptor es capaz de unir fragmentos de C3b y C4b activos [81].
Por tanto, los RBCs se encargarian de dirigir los inmunocomplejos fuera de la circulacién
del sistema reticuloendotelial [82]. Ademas, Nelson, en 1953, describi6 el fendmeno de
inmunoadherencia de los RBCs a patégenos, mediado por proteinas del complemento

presentes en el suero y anticuerpos [83].
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2.5. La problematica de las infecciones viricas en acuicultura de salménidos

La acuicultura comenzo su actividad hace 4000 afos en la China previa a la época del
feudalismo. A pesar de su comienzo temprano en la historia de la humanidad, aparecio
como una actividad con un perfil de subsistencia [84] en la mitad del siglo XX cuando
las primeras especies de salmoén y trucha fueron cultivadas a modo de practica
experimental. Actualmente la acuicultura supone una actividad cuya produccion total
anual excede los 50 millones de toneladas y posee un valor estimado de 80.000 millones
de dolares en todo el mundo [85]. Hasta 2007, la acuicultura poseia un crecimiento anual
del 6.9% y recientemente superd a la pesca como sector de producciéon de alimentos
marinos [86]. A pesar de este crecimiento, en los ultimos afios ha habido un incremento
en la aparicion de nuevas enfermedades de peces debido a la acuicultura intensiva,
movimiento internacional de peces y sus productos, ademas de diversas fuentes de
estrés antropogénico en los ecosistemas acuaticos [87]. Estas enfermedades causan
pérdidas substanciales entre la poblacion de peces resultando en pérdidas econémicas
para la acuicultura comercial [87]. Gran parte de estos patdgenos emergentes
corresponden a virus, siendo el virus de la septicemia hemorragica virica (VHSV) y el
virus de la necrosis pancreatica infecciosa (IPNV), dos virus causantes de grandes

pérdidas econdmicas en la acuicultura de salménidos.

2.5.1. Virus de la septicemia hemorragica virica (VHSV): el VHSV pertenece a la familia

Rhabdoviridae, dentro del género Novirhabdovirus. Los viriones poseen forma de bala
y presentan un genoma de RNA de cadena unica con polaridad negativa que contiene
los genes viricos en el orden 3’ hacia 5: N (nucleocapsida), P (fosfoproteina), M
(proteina de la matriz), G (glicoproteina) y L (polimerasa) [88] (Figura 5). VHSV es el
agente infeccioso causante de la septicemia hemorragica virica, caracterizada por la
alta mortalidad entre las especies infectadas [89] y ha sido catalogada como la
enfermedad de mayor relevancia en cultivos de trucha arcoiris en Europa. Tipicamente,
VHSYV se consideraba patdgeno de teledsteos de la familia de los salménidos pero en
diversos estudios se ha detectado una enorme expansion hacia otras familias de
teledsteos como Esocidae, Gadidae o Pleuronectidae [90], y se cree que su expansion

puede abarcar incluso a mas familias de las que actualmente se conocen.
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Figura 5. Representacion esquematica de la particula virica de VHSV junto con su genoma. N
(nucleocapsida), P (fosfoproteina), M (proteina de la matriz), G (glicoproteina) y L (polimerasa),

NV (proteina no virica).

El ciclo de replicacién de VHSV se inicia con la unién de la proteina G del virion de VHSV
a un receptor celular que todavia es desconocido, aunque existen diversas evidencias
sobre su naturaleza [91]. Entre ellos, |la fosfatidilserina ha sido propuesta como receptor
de otros rhabdovirus como el virus de la estomatitis vesicular (VSV) [92] o virus de la
rabia (RABV) [93]. Ademas de la fosfatidilserina, el receptor nicotinico de la acetilcolina
se ha propuesto como receptor de estos virus debido a la capacidad de union de la G
de RABYV a dicho receptor [94]. Una vez que el virus se ha unido a la superficie celular
a través del receptor, ocurre el proceso de endocitosis. La liberacidn de la nucleocapsida
virica al interior celular ocurre por la acidificaciéon del endosoma, que induce la fusién de
la membrana del endosoma con la membrana virica [95]. Una vez liberada la
nucleocapsida en el interior celular, se inicia la transcripcion primaria del RNA virico por
la propia RNA polimerasa del virus [95]. La sintesis de RNA comienza en el extremo 3’
del genoma generando un RNA “lider”. Después, se transcriben individualmente los
RNA mensajeros de los genes N, P, M, G y L mediante un mecanismo de “parada y
arranque” debido a que cada uno de ellos cuenta con un promotor exclusivo. De este
modo, la polimerasa transcribe hasta alcanzar una region intergénica que contiene una
sefal de parada. Posteriormente, la polimerasa continla hasta alcanzar la senal de
arranque y continta la transcripcion del siguiente gen. Este fendmeno produce que
exista una atenuacion en la eficiencia de la transcripcion de los genes, de modo que se
transcriben mas aquellos que se encuentran mas cercanos al extremo 3’, en este caso
la N. El resultado de la transcripcidén genera un gradiente en el nUmero de copias de
RNA mensajero del siguiente modo: N > P > M > G > L. Aparte de la transcripcion de

los genes viricos, también es necesaria la replicacion de RNA que conforma el genoma
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virico. Para ello, la polimerasa debe ignorar las sefiales de arranque y parada con el
objetivo de formar una copia Unica. Este se consigue mediante la unién selectiva de la
proteina N recién traducida a la secuencia lider del RNA virico. La traduccién de los
RNA mensajeros viricos generan las proteinas que conforman al virion mientras que las
copias unicas del genoma completo permiten la formacion del genoma RNA de cadena
unica con polaridad negativa. Este proceso de replicacion se encuentra esquematizado

en la Figura 6.
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Figura 6. Esquema del ciclo de replicacion de un rhabdovirus. Los distintos pasos del ciclo
constan de: adhesion a la membrana celular, endocitosis, desenvoltura, replicacion del genoma,
transcripcion del RNA mensajero, traduccién de las proteinas viricas, ensamblaje y liberacion del
virion [95].

2.5.2. Virus de la necrosis pancreatica infecciosa (IPNV): IPNV pertenece a la familia

Birnaviridae. IPNV fue el primer virus de teledsteos aislado en cultivo celular [96] y hasta
dia de hoy es considerado como uno de los virus de teledsteos mas estudiados y sigue
siendo una amenaza para el cultivo de trucha arcoiris en la actualidad [97]. Los viriones
de IPNV tienen forma icosaédrica sin envuelta de 60 nm de diametro, conteniendo un
genoma que consta de dos segmentos (denominados A y B) de RNA de doble cadena
(Figura 7). ElI segmento A codifica para una poli proteina que es cortada post-
traduccionalmente en tres proteinas viricas llamadas VP2, VP3 y VP4 [98]. VP2 es la
proteina responsable de la especificidad del serotipo y la diana de los anticuerpos que

se encargan de neutralizar al virus. Por otra parte, el segmento B codifica para una RNA
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polimerasa dependiente de RNA [99]. La patologia asociada a IPNV se trata de la
necrosis pancreatica infecciosa (IPN) que afecta a salménidos principalmente [100]. La
enfermedad IPN fue por primera vez descubierta como una enfermedad contagiosa
aguda que podia causar hasta una mortalidad de un 100% en el cultivo de salménidos.
Posteriormente se han notificado mortalidades que varian desde el 5% hasta el 100%
[101]. Actualmente, se han propuesto cuatro serogrupos (A, B, C y D) para la
clasificacion de los virus catalogados como Aquabirnavirus [102]. Los serogrupos estan

mas relacionados con la distribucion geografica que con las especies hospedadoras.
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Figura 7. Representacion esquematica de la particula virica de IPNV junto con su genoma
segmentado. Modificado de Dobos & Roberts (1983) [98].

2.5.3. Medidas de control y prevencion de las infecciones viricas: la principal estrategia

para el control de las enfermedades viricas en la acuicultura es evitar el contacto con el
virus. Dichas medidas de bioseguridad se han utilizado durante décadas y actualmente
estan bien establecidas. Sin embargo, los brotes viricos siguen ocurriendo y la
investigacion dirigida al desarrollo de vacunas contra enfermedades viricas sigue siendo
necesaria. En la actualidad existen vacunas para IPNV pero la falta de estudios in vivo
con desafios empleando IPNV ralentizaron su investigacion [103]. Los resultados mas
recientes muestran pasos favorables hacia la creacion de una vacuna de DNA frente a
IPNV [104]. En el caso de VHSV, debido a la resistencia generada a una reinfeccion en
supervivientes de brotes de VHSV [105], siempre ha existido investigacion en el
desarrollo de una vacuna frente a este virus [106]. Diversos estudios han demostrado la

capacidad de diversas vacunas de conferir proteccion frente a VHSV [107-110].
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2.6. Justificacion de la unidad tematica

El conocimiento sobre el sistema inmune de teledsteos todavia no esta tan completo
como el conocimiento que existe sobre el sistema inmune de los mamiferos. Ademas,
ambos presentan numerosas diferencias significativas en su respuesta inmune tanto a
nivel celular como molecular. Como se ha descrito anteriormente, existen patégenos
viricos que tienen como diana a los RBCs, los cudles son capaces de desarrollar una
respuesta inmune frente a dicha infeccion, ademas de participar en multiples procesos
de caracter inmune. A pesar de esto, hasta el momento se desconoce si los RBCs

pueden desarrollar mecanismos que interfieran en el progreso de la infeccion.
Por tanto, los objetivos de esta tesis doctoral son:

1. Dilucidar la respuesta inmune de los RBCs de trucha arcoiris frente a VHSV e
IPNV en condiciones ex vivo.

2. Estudiar la modulacion de los marcadores de las APCs (MHCI, MHCII, CD86 y
CD83) en RBCs de trucha arcoiris tras ser expuestos a VHSV, asi como los
procesos implicados en el procesamiento de antigenos.

3. Analizar la respuesta inmune in vivo de RBCs procedentes de truchas arcoiris
desafiadas con VHSV.

Por tanto, en esta tesis trabajamos sobre la hipétesis de que los RBCs nucleados de los
teledsteos pueden jugar un papel clave para combatir las infecciones viricas. Conocer
el papel de los RBCs en la respuesta antiviral permitira, ademas de ampliar el
conocimiento basico sobre las funciones desconocidas de los RBCs nucleados, iniciar
estudios sobre nuevas estrategias para la creaciéon de inmunoestimulantes o vacunas
DNA de nueva generacion dirigidas a los RBCs para combatir enfermedades viricas en

acuicultura.
Para realizar este estudio, hemos empleado un modelo de trabajo compuesto por:

- RBCs de trucha arcoiris (Oncorhynchus mykiss), especie modelo en acuicultura,
susceptible de ser infectada por VHSV e IPNV.

- Virus de la septicemia hemorragica virica, cepa 07.71 [111], virus RNA de
cadena unica.

- Virus de la necrosis pancreatica infecciosa, cepa Sp [112], virus RNA de cadena
doble.
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3.1 Animales

Los individuos de trucha arcoiris (Oncorhynchus mykiss) empleados en este estudio
fueron obtenidos de una piscifactoria comercial libre de patdégenos y mantenidos en las
instalaciones del animalario de la Universidad Miguel Hernandez (UMH) de Elche en un
sistema de agua declorada recirculante a 14 °C con una densidad de un ejemplar por
cada 3 litros. Los individuos se alimentaron diariamente empleando un pienso comercial.
Previamente a realizar los experimentos, los individuos fueron aclimatados a las
condiciones de laboratorio durante 2 semanas. Todos los protocolos, procedimientos y
métodos de experimentacion animal indicados en esta tesis fueron revisados vy
aprobados por la Oficina de Investigacion Responsable de la UMH y la autoridad
competente de la Administracién provincial. Los procedimientos fueron realizados en
acuerdo a las pautas establecidas en el Real Decreto 53/2013 y la directiva europea
2010/63/EU para la proteccién de animales empleados para experimentacion y otros

fines cientificos.
3.2. Cultivo celular

La composicion del medio de cultivo empleado para cultivar RBCs fue RPMI-1640
suplementado con un 10% suero bovino fetal (FBS), 1 mM piruvato, 2 mM L-glutamina,
50 upg/mL gentamicina, 2 pg/mL fungizona, 100 U/mL penicilina y 100 pg/mL
estreptomicina. Los RBCs se cultivaron a 14 °C. Las lineas celulares TSS (células de
estroma de bazo), RTG-2 (células de gonada de trucha arcoiris, ATCC® CCL-55), EPC
(Epithelioma papulosum cyprini, ATCC® CRL-2872) y CHSE-214 (células de embriones
de salmén chinook, ATCC CRL-1681) también fueron empleadas en esta tesis. La linea
celular TSS (donada por el Dr. Prof. Alberto Villena) fue mantenida en RPMI-1640
suplementado con 20% FBS, 1 mM piruvato, 2 mM L-glutamina, 50 pg/mL gentamicina
y 2 pg/mL fungizona a 21 °C. La linea celular RTG-2 fue mantenida en medio MEM
conteniendo un 10% FBS, 1 mM piruvato, 2 mM L-glutamina, 50 uyg/mL gentamicina y
2 ug/mL fungizona a 21 °C. La linea celular EPC fue mantenidas a 28°C, en RPMI-
1640 con 10% FBS, 1 mM piruvato, 2 mM L-glutamina, 50 ug/mL gentamicina y 2
pug/mL fungizona. La linea celular CHSE-214 fue mantenida en RPMI-1640 con 10%
FBS 1 mM piruvato, 2 mM L-glutamina, 50 pg/mL gentamicina, 2 ug/mL fungizona, 100

U/mL penicilina 'y 100 pg/mL estreptomicina.
3.3. Purificacion de eritrocitos de sangre periférica

La purificacion de RBCs extraida de sangre periférica se realizé mediante un gradiente
de densidad en Histopaque 1077. Brevemente, aproximadamente 100 pyL de sangre de

trucha arcoiris fueron diluidos en 2 mL de RPMI con 10% FBS vy
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penicilina/estreptomicina. La sangre diluida en RPMI fue depositada lentamente en capa
sobre un volumen equivolumétrico de Histopaque® 1077 y las células fueron
centrifugadas a 1600 rpm durante 30 minutos. Posteriormente, un segundo centrifugado
fue realizado con Histopaque 1077 tal y como se ha descrito anteriormente para
aumentar la pureza del cultivo celular de RBCs. Después, los RBCs fueron lavados con
RPMI 2% FBS dos veces y se cultivaron en un flask de 25 mL. Al dia siguiente, se
contaron y emplearon para realizar los distintos ensayos. La purificacion de RBCs
siguiendo este protocolo se realizé en todas las Publicaciones que conforman en esta

tesis.
3.4. VHSV e IPNV

Los virus utilizados en esta tesis fueron el virus de la septicemia hemorragica virica
(VHSV) y virus necrosis pancredtica infecciosa (IPNV). La cepa de VHSV 07.71 fue
aislada en Francia y se adquirié de la ATCC (ATCC VR-1388) y se propag6 en la linea
celular EPC a 14 °C como queda descrito en detalle en la Publicacién 1. Los
sobrenadantes de las células EPC infectadas con VHSV fueron clarificados mediante
centrifugacion a 1500 rpm durante 5 minutos y se conservaron a -80 °C hasta que fueron
empleados. El VHSV se propagd en estas condiciones para los ensayos ex vivo de la
Publicacion 1y 3, asi como para la obtencion de los diversos inéculos de los ensayos
de infeccion in vivo de las Publicaciones 3 y 4. En el caso de IPNV, la cepa empleada
fue Sp, que fue adquirida desde la ATCC (ATTC VR-1318). IPNV fue propagado en la
linea celular CHSE-214 tal y cdmo se describe en Publicacion 2, y para su utilizacion en

la misma publicacion.
3.5. Ensayos de infeccién virica

Los ensayos de infeccidn virica fueron realizados a la multiplicidad de infeccion (MOI)

que se indica en cada uno de los experimentos siguiendo la siguiente formula:

MOI — Titulo del virus (TCID5,/mL) - Volumen de la infeccién (mL) - x

N? de células

Donde x es la dilucién del sobrenadante con el virus que se va a emplear para infectar.
Las células fueron infectadas incubando el virus durante los tiempos indicados y la MOI
indicada en cada ensayo, a 14 °C. Después, los RBCs fueron lavados con RPMI 2%
FBS frio para eliminar el virus no adherente y finalmente se cultivaron con RPMI 2%

FBS a los tiempos indicados en cada ensayo.
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3.6. Extraccion de RNA, sintesis de cDNA y PCR cuantitativa

La extraccion de RNA fue realizada empleando el kit comercial E.Z.N.A ® Total RNA kit
siguiendo las instrucciones del fabricante. Tras la extraccion, la concentracién de RNA
fue cuantificada usando el espectrofotometro NanoDrop®. EI RNA se conservé a -80 °C
hasta su uso. Antes de sintetizar el DNA complementario (cDNA), el RNA fue tratado
con desoxirribonucleasa para eliminar posible DNA gendémico residual empleado el kit
TURBO™ DNAse siguiendo las instrucciones adjuntas. La PCR con transcriptasa
inversa para sintetizar cDNA fue realizada empleando la enzima M-MLV. La PCR
cuantitativa (QPCR) fue realizada en un sistema ABI PRISM 7300. Las reacciones se
realizaron en un volumen total de 20 uL con un total de 12 o0 24 ng de cDNA segun se
indica en cada Publicacién, 900 nM de cada primer, 10 uyL de mezcla universal de
TagMan con 300 nM de sonda o 10 uL de mezcla maestra de SYBR Green. Los ciclos
empleados fueron 50 °C durante 2 minutos y 95 °C durante 10 minutos, seguidos por 40
ciclos a 95 °C durante 15 segundos y después 60 °C durante un minuto. Los cebadores
y sondas empleadas en cada ensayo se pueden encontrar en las tablas adjuntas a cada
articulo. La expresion génica fue analizada utilizando el método 2-2Cto 2-24€t[113] seguin
se indica en cada experimento. La gPCR y sus sucesivos calculos fueron realizados de

este modo para todas las Publicaciones que conforman en esta tesis.
3.7. Tincidn intracelular y extracelular

La tincion de los RBCs con anticuerpos frente a marcadores inmunoldgicos se realizé a
nivel intracelular y de membrana. Para la tincion intracelular, los RBCs se fijaron en
RPMI con paraformaldehido (PFA) al 4% y glutaraldehido al 0.008% durante 20 minutos.
Después, la membrana de los RBCs fue permeabilizada con saponina al 0.05% diluida
en PBS durante 15 minutos. Tras permeabilizar la membrana, los anticuerpos primarios
fueron diluidos en buffer permeabilizador a la dilucién recomendada por el suministrador
y se incubaron con los RBCs durante 60 minutos a temperatura ambiente. Los
anticuerpos secundarios fueron incubados durante 30 minutos. Después de cada
incubacién de anticuerpos, los RBCs fueron lavados con buffer permeabilizador. Para
realizar la tincion de membrana de los marcadores de membrana, los RBCs fueron
previamente fijados con PFA al 4% y glutaraldehido al 0.008% durante 20 minutos. Los
anticuerpos primarios y secundarios fueron diluidos en PBS e incubados con los RBCs
durante 60 y 30 minutos, respectivamente. Finalmente, para ambas tinciones, los RBCs
se mantuvieron en PBS con PFA al 1% hasta que fueron analizados mediante citometria
de flujo usando el citémetro FACSCanto Il y microscopia de fluorescencia mediante el

sistema de imagen IN Cell Analyzer 6000. Para realizar la tincion intracelular de LC3,
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los RBCs fueron tratados con metanol frio durante 15 minutos previamente a la fijacion
con PFA 4% vy glutaraldehido 0.008%. Después, tanto el anticuerpo primario anti-LC3
como el anticuerpo secundario se diluyeron en PBS con Triton-X100 0.3%. La tincion
intracelular fue empleada tal y como se ha explicado en las Publicaciones 1, 2, 3y 4

mientras que la tincion extracelular se realizé en la Publicacion 3.
3.8. Western blot

Para los ensayos de western blot, los pellets de RBCs y otros tipos celulares fueron
lavados tres veces para eliminar proteinas del FBS empleado como componente del
medio de cultivo. Tras el ultimo lavado, las células fueron resuspendidas en PBS con un
coctel de inhibidor de proteasas. A continuacion, se lisaron mediante 3 ciclos de
congelacion / descongelacidon y se emplearon micropistilos para completamente lisar los
pellets de RBCs (>107 de células). Los sobrenadantes fueron clarificados mediante
centrifugacion a 12000 rpm a 4° C. Antes de cargar las muestras proteicas a los geles
de poliacrilamida, se les afiadié buffer de carga con 3-mercaptoetanol para establecer
condiciones reductoras. Ademas, las muestras fueron calentadas a 100 °C durante 5
minutos para desnaturalizar completamente las proteinas. El porcentaje del gel de
poliacrilamida Tris-glicina con SDS dependié del peso molecular de la proteina de
interés analizada. Dicho porcentaje puede encontrarse detallado en cada uno de los
distintos experimentos de Western blot. La electroforesis fue realizada a 100V o 150V,
dependiendo del porcentaje del gel, durante 90 minutos. Para realizar el inmunoblot, las
proteinas en el gel fueron transferidas a una membrana de nitrocelulosa en buffer de
transferencia compuesto por 2.5 mM Tris, 9 mM glicina y 20% metanol durante 120
minutos a 100V. Las membranas de nitrocelulosa de 0.45 ym de tamarfo de poro fueron
bloqueadas con PBS 0.1% Tween-20 y 5% de leche desnatada durante 1 hora a
temperatura ambiente. Los anticuerpos primarios fueron diluidos en PBS 0.1% Tween-
20 a la dilucién recomendada por el suministrador e incubados a 4 °C durante toda la
noche. Los anticuerpos secundarios se diluyeron en PBS 0.1% Tween-20 y fueron
incubados a una dilucion de 1/10000 durante 30 minutos. Se utilizaron anticuerpos
secundarios hechos en cabra frente a conejo o ratéon conjugados con peroxidasa. Tras
cada incubacion tanto de anticuerpo primario como secundario, la membrana fue lavada
con PBS 0.1% Tween-20 durante 15 minutos repitiendo el lavado 3 veces. La actividad
peroxidasa fue detectada empleando reactivos ECL de quimioluminiscencia y revelado
mediante exposicion a films de rayos X o empleando el sistema Chemidoc XRS (Biorad).

La técnica de western blot se realiz6 de este modo en las Publicaciones 1, 2, 3 y 4.
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3.9. Anticuerpos

Los anticuerpos primarios empleados en esta tesis tienen tres origenes: comercial o
producidos en laboratorio. Los anticuerpos comerciales se emplearon a las diluciones
recomendadas por la casa comercial. La produccién de anticuerpos se realizé en el
laboratorio del Prof. Dr. Luis Mercado, el laboratorio del Dr. Julio Coll o el laboratorio de
la Dra. Amparo Estepa. Los anticuerpos empleados en cada una de las Publicaciones
quedan descritos en la correspondiente seccion de Materiales y Métodos de la

Publicacion.
3.10. Reactivos

En el transcurso de esta tesis, los RBCs han sido tratados con distintos compuestos y
enzimas con el objetivo de determinar la capacidad de entrada virica, evaluacion de
autofagia, actividad proteasémica o respuesta antiviral. La neuroaminidasa de Vibrio
cholerae, una enzima capaz de degradar el acido sialico, fue empleada para evaluar la
entrada de VHSV en los RBCs a concentraciones de 50 y 100 mU/mL a 21 °C durante
30 minutos. Después del tratamiento, los RBCs fueron lavados para eliminar
completamente la enzima. El cloruro de amonio (NH4Cl) es un compuesto empleado
para bloquear la acidificacién del endosoma, y, por tanto, impedir la entrada del virién
mediante la fusion con la membrana endosdmica que resulta en la liberacién de la
nucleocapsida en el interior celular. Durante la infeccién de RBCs con VHSV, NH4Cl fue
afiadido a una concentracion de 7 mM. La autofagia fue evaluada empleando
niclosamida a unas concentraciones finales de 10 y 20 uM, un compuesto que bloquea
la degradacion de autofagosomas evitando su fusion con lisosomas. La actividad del
proteasoma fue bloqueada empleando el compuesto MG132, y dicha actividad del
proteasoma se midié empleado un kit comercial. Los reactivos descritos se emplearon

en las Publicaciones 1y 3.
3.11. Analisis de protedmica

Los datos de protedmica presentados en esta tesis corresponden a una cromatografia
liquida acoplada a espectrometria de masas clasica (LC-MS/MS) (Publicacion 3y 4) y
un analisis mediante tecnologia iTRAQ 4plex (Publicacion 1). La diferencia entre ambas
metodologias se centra en que, tras la digestion y procesado inicial de las proteinas de
la muestra, en el andlisis iTRAQ se realiza un marcaje individual de cada una de las
muestras y después se crea una mezcla final sobre la que se realiza la espectrometria
de masas. El marcaje otorgado a cada una de las muestras otorga un incremento en el
valor m/z con una diferencia de 1 de las distintas muestras, de manera que la cantidad

de proteina especifica contenida en cada una de ellas se determina de manera
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comparativa. Cada una de las condiciones o muestras de los estudios de protedmica
corresponde a un grupo de muestras procedente de 8 individuos (8 millones de células
por individuo, 64 millones de células en total). En total, se analizaron 4 grupos
correspondientes a 2 grupos control negativo y 2 grupos de RBCs expuestos a VHSV
(ex vivo) o procedentes de individuos desafiados con VHSV (in vivo). Las células se
centrifugaron y sobre el pellet se anadié agua desionizada. Para lisar las células, se
congelaron a -80 °C. El lisado se centrifugé a 17000g durante 20 minutos para separar
las fracciones de membrana y citosdlica de las células lisadas. De la fraccion citosdlica,
la hemoglobina se elimind parcialmente empleando un kit comercial. Cada una de las
fracciones fue analizada por separado, tal y como se describe en Puente-Marin et al.
[114]. Brevemente, las muestras se analizaron con un nuevo método que combina
fraccionamiento de las muestras entre fraccion citosolica y de membrana, digestion de
las proteinas, fraccionamiento de péptidos en pH de fase reversa y finalmente,
cromatografia liquida acoplada un electrospray ionizante que permite analizar los
péptidos a un sistema de deteccion MS/MS que emplea el tiempo de vuelo (TOF) para
determinar los pesos moleculares. Los espectros MS/MS fueron exportados a formato
MGF y fueron enfrentados en el servidor Mascot de Uniprot/Swissprot Knowledgebase
junto a contaminantes comunes frente a una base de datos de secuencias de teledsteos
para el analisis por LC-MS/MS y de Oncorhynchus mykiss para el analisis por iTRAQ.
El analisis de las rutas funcionales reguladas positivamente o negativamente se realizé
mediante los programas Cytoscape [115], ClueGO [116] y CluePedia [117]. El programa
STRING [118] se utilizé para el analisis de interaccion de proteinas. Los ensayos de

protedmica se han utilizado en las Publicaciones 1, 3 y 4.
3.12. Analisis de transcriptomica

Los distintos estudios de transcriptomica de RBCs presentados en esta tesis se
desarrollaron en condiciones ex vivo o in vivo. Los RBCs de cada una de las muestras
fue anadida a un buffer de lisis y se mantuvo a - 80 °C hasta que fue enviada para el
analisis RNASeq. Se crearon grupos de RBCs para realizar el analisis en las
condiciones: no expuestos y expuestos VHSV. La secuenciacion y la preparacion de la
libreria de RNASeq fueron llevadas a cabo por la empresa STABVida Lda. La
identificacion de los contigos se realizé por homologia con secuencias de teledsteos
mediante el software BLAST2GO tal y como se describe en Puente-Marin et al. [114].
El analisis de las rutas funcionales reguladas positivamente o negativamente se realizé
mediante los programas Cytoscape [115], ClueGO [116]y CluePedia [117]. El programa
STRING [118] se utilizé para el analisis de interaccion de proteinas. Los datos obtenidos

mediante transcriptomica se encuentran en las Publicaciones 3 y 4.
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3.13. Aislamiento celular de eritrocitos

Para evaluar la respuesta a nivel in vivo mediante transcriptémica, los RBCs
procedentes de truchas arcoiris, desafiadas o no con VHSV, se purificaron mediante un
citbmetro con capacidad de clasificacion celular BD FacsJazz. Se aislaron RBCs de
muestras de sangre periférica de la vena caudal y de rifiédn anterior, disgregado
empleando tamices 100 y 40 ym de diametro sucesivamente. Después, las células se
incubaron con el compuesto SYTO RNASelect para tefir de manera fluorescente los
acidos ribonucleicos con el objetivo de poder distinguir las distintas poblaciones
celulares presentes en los tejidos en funcién de su cantidad de RNA. El resultado del
aislamiento de célula unica fue validado mediante microscopia 6ptica. El flujo general

de trabajo para realizar esta técnica se indica en la Figura 8.

ey ) Tinciéndel =) =
Extraccion de sangre RNA T m——— Validacién mediante
periféricay rifion RBCs mediante célula microscopia

anterior {inica

Figura 8. Representacion grafica del flujo de trabajo empleado para la purificacion de RBCs

desde sangre periférica y rifién anterior para la realizacion del analisis in vivo.
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4.1. Resultados obtenidos de la Publicacion 1.

Publicacion 1. Nombela, I., Puente-Marin, S., Chico, V., Villena, A. J., Carracedo, B.,
Ciordia, S., ... & Estepa, A. (2017). Identification of diverse defense mechanisms in
rainbow trout red blood cells in response to halted replication of VHS
virus. F1000Research, 6.

La infeccion por VHSV es arrestada en RBCs

Para analizar la capacidad de replicacion del VHSV en RBCs, primero se purificaron
RBCs de sangre periférica de ejemplares de trucha arcoiris. Posteriormente, los RBCs
fueron expuestos a VHSV a distintos tiempos para monitorizar su replicacién mediante
analisis de la expresién del gen N de VHSV (NVHSV) mediante gPCR. Los resultados
de la Figura 1A P1 muestran un aumento significativo de la expresion del gen NVHSV a
3 horas post-exposicion (hpe) pero dicho incremento se detiene tras 6 hpe, mientras que
en la linea celular RTG-2, susceptible de ser infectada por VHSV, el incremento de los
transcritos del gen NVHSV es exponencial. Paralelamente, la ratio de expresion de los
genes NVHSV y G de VHSV (GVHSYV) fue evaluada en RBCs y la linea celular RTG-2
(Figura 1B P1). En la linea celular RTG-2, la ratio NVHSV /| GVHSV presentaba un valor
de aproximadamente 8 mientras que en RBCs dicha ratio correspondia a 2. Ademas, la
titulacion de los sobrenadantes de RBCs expuestos a VHSV a varias multiplicidades de
infeccién mostré un descenso del titulo virico de aproximadamente 4 logaritmos en base
10 respecto al titulo empleado para infectar (Figura 1C P1). No obstante, a tiempos mas
largos después de la exposicion (6 dias post-exposicion, dpe) se observé un incremento
en el titulo virico de aproximadamente el doble (Figura 1D P1), demostrando que el RBC
es capaz de mantener un titulo virico bajo varios dias tras la exposicion. Para descartar
que dicho titulo virico no procedia de VHSV residual adherido a la membrana celular,
se utilizé un tratamiento con cloruro de amonio, capaz de bloquear la acidificacion de
endosoma, y por tanto, inhibir la entrada del VHSV en la célula [119]. El resultado mostro
un descenso del titulo virico detectado en RBCs tratados con cloruro de amonio (Figura
1D P1). Los RBCs también fueron tratados con neuroaminidasa, una enzima capaz de
eliminar el acido sialico de la membrana de los RBCs, que previamente se ha visto que
puede favorecer la interaccion entre rhabdovirus y membrana celular [120]. El resultado
mostré un incremento de transcritos NVHSV en RBCs tratados con neuroaminidasa
hasta 10 veces superior tras 3 hpe. Sin embargo, los transcritos de NVHSV volvieron a

decaer a las 72 hpe (Figura 1E P1). Paralelamente, la proteina NVHSV pudo ser
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detectada mediante tincion intracelular (Figura 1F P1) y citometria de flujo (Figura 1G

P1) tras 24 hpe, pero no a 72 hpe.

Los resultados aqui mostrados demuestran que los RBCs de trucha arcoiris no son
permisivos a la infeccion por VHSV, en contraste con otros tejidos como estroma o rifién
anterior donde existe infeccion productiva de VHSV [121, 122]. De este modo, en RBCs
la infeccion por VHSV seria arrestada o abortada. Este tipo de infeccién ocurre cuando
un virus es capaz de entrar en la célula, sintetizar parte de sus componentes pero no es
capaz de liberar viriones ensamblados [123]. Nuestros resultados muestran union e
internalizacion de VHSV en RBCs seguida de transcripcion de genes de VHSV a
tiempos cortos tras la exposicion y posterior eliminacion casi completa del VHSV
internalizado. La inhibicién del ciclo de replicacion de VHSV ocurre tras la entrada del
VHSV, ya que la ratio entre los genes NVHSV y GVHSV es de 2, indicando que el
genoma virico solamente pudo replicarse o transcribirse una vez. No obstante, se pudo
recuperar VHSV de sobrenadantes de RBCs expuestos a VHSV a tiempos largos post-
exposicion, hasta 40 dias después de la exposicién. El motivo por el cual una infeccion
acaba siendo abortada suele ser desconocido en la mayor parte de los casos. Diversos
estudios han hipotetizado diversas causas para explicar infecciones abortivas, como
puede ser la alta expresion constitutiva de genes de caracter antiviral [124] o expresion

de IFN y genes relacionados [125, 126].

Evaluacion de la regulacion de la respuesta de IFN en RBCs expuestos a VHSV

Posteriormente se investigé si los RBCs expuestos a VHSV eran capaces de generar
una respuesta inmune examinando la expresion de diversos genes caracteristicos de la
respuesta antivirica de teledsteos. En un ensayo de monitorizacion de la expresion de
los genes inducibles por IFN1, mx7-3 y pkr, a distintos tiempos post-exposicién, se
observo que en RBCs expuestos a VHSV sdlo se producia regulacion negativa de mx1-
3 (Figura 2A P1). Sin embargo, no se observaron cambios en la expresion de pkr (Figura
2B P1). A 3 hpe, la expresion de ifn1 también se observd regulada negativamente.
Complementariamente, se evalud la expresion de IFN1 y Mx en RBCs de trucha arcoiris
expuestos a VHSV mediante citometria de flujo. Los resultados no mostraron cambios

en la regulacion a nivel proteico (Figura 3A P1)

Estos resultados indican que la inhibicion de la infeccién de VHSV en RBCs de trucha
arcoiris no parece estar relacionada con IFN1 o genes inducibles por IFN1, ya que la
expresion de ifn1, mxy pkr se encontraba escasamente modulada durante la exposicion

a VHSV. Sin embargo, la expresion de IFN1 y genes relacionados con IFN1 aumenta
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significativamente en RBCs durante la infeccion de PRV [33] o ISAV [30], cuyas
infecciones son productivas en RBCs. Aunque generalmente se piensa que los PAMPs
viricos son los encargados de activar la produccion de IFN, existen diversas
excepciones donde los PAMPs viricos no han sido capaces de activar dicha produccion
[127]. Se ha apuntado a que particulas viricas defectivas serian las encargadas de
realizar la induccién de IFN [127]. Alternativamente, también se ha observado que los
virus han desarrollado estrategias evolutivas para bloquear la sefalizacién mediada por
IFN [128].

Comunicacién cruzada entre RBCs y TSS

El bazo de trucha arcoiris es un érgano que esta formado por varios tipos celulares,
como RBCs, linfocitos o estroma [129]. Se ha descrito que los factores solubles
producidos por las células de estroma son necesarios para el desarrollo de RBCs en
rindn anterior o bazo [130]. Para evaluar una posible comunicacion paracrina entre
RBCsy TSS, se estimularon RBCs con VHSV inactivado mediante radiacion ultravioleta
y se cocultivaron con la linea celular TSS en un sistema Transwell. Los resultados
mostraron una correlacion significativa entre la expresion de ifn1y la expresion del gen
inducido por VHSV 1 (vig1) e il15 en RBCs (Figura 4A P1). La expresion de ifn1 entre
RBCs y TSS también se encontraba significativamente correlacionada (Figura 4B P1).
En TSS, se observé una correlacion significativa entre ifn1 con mx, vig1 e il15 (Figura
4C P1). Por otro lado, se observo un incremento en la expresion de ifn1y mx en RBCs
tratados con medio de cultivo condicionado procedente de células RTG-2 estimuladas

con VHSYV inactivado mediante ultravioleta (Figura 4D P1).

Estos resultados confirman una comunicacion paracrina entre RBCs vy la linea celular
TSS mediada por IFN. Ya que los resultados muestran la regulacion conjunta de ifn1 en
ambos tipos celulares, asi como la regulacion correlativa del ISG mx en la linea celular
TSS, junto con il15, una interleucina capaz de activar respuestas antivirales mediante
un mecanismo dependiente de IFN [131]; y vig7, un gen inducido por VHSV asi como
IFN [132]. Por tanto, estas observaciones demuestran que los RBCs de trucha arcoiris
pueden establecer comunicacion paracrina con otras células mediada por moléculas de

senalizacion relacionada con IFN.
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VHSYV induce la expresion de IL8 y BD1 en RBCs en condiciones ex vivo

Se analiz6 la expresion de IL8, B-defensina 1 (BD1), IL1B, el péptido antimicrobiano
hepcidina, IFNy y el factor estimulador de células NK (NKEF) con el objetivo de buscar
moléculas relacionadas con la actividad antiviral en RBCs expuestos a VHSV. De todas
las proteinas mencionadas, solamente se observé incremento en la expresion para la
IL8 (Figura 3B/E P1) y BD1 (Figura 3C/F P1). Las citoquinas IL1B e IFNy (Figura 3B P1)
junto con hepcidina (Figura 3C P1) y NKEF (Figura 3D P1) no mostraron cambios en su
expresion a 72 hpe. No obstante, posibles implicaciones de la implicacion de IL8 o BD1
en arrestar la infeccion de VHSV deberan ser evaluadas en futuros estudios.
Previamente se ha descrito que la induccion de IL8 podria estar relacionada con la

infeccién abortiva del virus sincitial respiratorio en macroéfagos alveolares [133].

Perfil de proteinas mediante iTRAQ de RBCs expuestos a VHSV

El analisis protedmico de RBCs expuestos a VHSV, mediante iTRAQ, mostré que
unicamente 64 proteinas se encontraban reguladas significativamente tras 72 hpe
(Figura 5 P1). En concreto, 59 proteinas estaban reguladas negativamente mientras que
so6lo 5 de ellas se encontraban reguladas positivamente. El analisis de enriquecimiento
de procesos celulares diferencialmente representados en los RBCs expuestos a VHSV
mostré una alta representacion de los procesos de estabilidad del RNA mensajero,
proteasoma, procesos viricos y procesos catabolicos celulares (Figura 6 P1). El analisis
de interaccién de proteinas de las 59 proteinas reguladas negativamente identificé la
interaccion de proteinas pertenecientes a procesos del espliceosoma y proteasoma.
También se encontré que 17 proteinas estaban catalogadas en procesos viricos y que

gran parte de ellas interaccionaban entre si (Figura 7 P1).

En resumen, estos analisis mostraron la regulacién de dos mecanismos tipicos de
subversion virica: secuestro del espliceosoma y apagado celular a nivel hospedador
[134, 135]. Tipicamente, estas estrategias suelen conducir hacia la muerte celular del
hospedador y la replicacion virica aumentada [134], sin embargo este efecto no se
observa en los RBCs expuestos a VHSV. Por lo tanto, es posible que en los RBCs se
establezca un bloqueo de la traduccion que impida la traduccién de los mensajeros tanto

celulares como viricos [136], algo que se pasara a investigar a continuacion.
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elF2a se encuentra fosforilado en RBCs expuestos a VHSV

La fosforilacion de la subunidad a del factor de iniciacion de la traduccion 2 (elF2a) es
un reconocido mecanismo de inhibicion de la iniciacion de la traduccion [137]. Por ello,
se evaluo dicha fosforilacion en RBCs expuestos a VHSV en comparaciéon con RBCs no
expuestos mediante western blot. Los resultados mostraron un incremento de dicha
fosforilacion en RBCs expuestos a VHSV (Figura 8A/B P1). Es sabido que cuatro
quinasas fosforilan a este factor [138]. Entre ellas, destaca la quinasa elF2a hemo-
regulada (HRI), cuyo grupo hemo regula la transcripcion de genes de las a y 8 globinas
en RBCs por uniéon al factor de transcripcion Bach1 [139]. Por ello, se exploro la
expresion del gen de B-globina durante el curso de una exposicion a VHSV vy los
resultados mostraron que este gen se encontraba regulado negativamente a 6 hpe
(Figura 9 P1), sugiriendo una posible activacion de HRI y consecuente fosforilacién de

elF2a e inhibicién de la sintesis de proteinas.

En definitiva, la fosforilacion de elF2a podria ser el mecanismo subyacente de la
inhibicion de la traduccidn y consecuente regulacién negativa del proteoma en los RBCs

expuestos a VHSV.

VHSV incrementa el estrés oxidativo y la expresion de genes de enzimas

antioxidantes en RBCs

El estrés oxidativo puede ser inducido como consecuencia de una infeccion virica
mediante alteracion de los mecanismos que controlan los procesos de reduccion vy
oxidacién [140]. Ademas, el estrés oxidativo puede activar HRI [141]. Se observo la
produccién de las especies reactivas de oxigeno (ROS) intracelular mediante intensidad
de fluorescencia de DCFDA en RBCs expuestos a VHSV (Figura 10A P1). Los
resultados mostraron un incremento significativo en la intensidad de fluorescencia a 72
hpe. Ademas, para determinar la capacidad de respuesta de los RBCs a este estrés
oxidativo, se evalud la expresion génica de las enzimas antioxidantes ferritina (fth),
glutation S-transferasa P (gstp1), nkef, superoxido dismutasa (sod1) y tiorredoxina (trx).
Los resultados mostraron un incremento en la expresion de todos los genes
mencionados, excepto sod1 (Figura 10B P1), demostrando de esta manera la capacidad

de los RBCs de trucha arcoiris para contrarrestar el estrés oxidativo.

Considerando que las ROS se encuentran incrementadas en los RBCs expuestos a
VHSV, este resultado podria estar sugiriendo un efecto antimicrobiano en estas [142],

aunque por otro lado pueden ejercer efectos citotoxicos [143]. Este mismo efecto se
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RESULTADOS Y DISCUSION

observa en el contexto infecciones viricas permisivas en virus de distintas familias tal

como virus de la inmunodeficiencia humana, virus de la gripe o Epstein Barr virus, entre
otros [144]. Por otro lado, el aumento de ROS parece estar compensado por un aumento
de la expresion génica de enzimas antioxidantes, como ya se ha descrito previamente
[143].
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4.2. Resultados obtenidos de la Publicacion 2.

Nombela, I., Carrion, A., Puente-Marin, S., Chico, V., Mercado, L., Perez, L., ... & del
Mar Ortega-Villaizan, M. (2017). Infectious pancreatic necrosis virus triggers antiviral
immune response in rainbow trout red blood cells, despite not being
infective. F1000Research, 6.

IPNV no replica en RBCs en condiciones ex vivo

A diferencia de VHSV, IPNV es un virus con un genoma de RNA de cadena doble y
carente de envoltura por lo que su ciclo de replicacion podria ser distinto al de VHSV en
los RBCs. En primer lugar, se analizo la replicacion de IPNV en RBCs. Los resultados
mostraron que los transcritos del segmento A de IPNV presentaban niveles semejantes
desde 3 hpe hasta 72 hpe, al contrario que en CHSE-214 (Figura 1A P2), donde
aumentan exponencialmente. Por otro lado, el titulo virico de los sobrenadantes
procedentes de RBCs expuestos a IPNV mostré un titulo de aproximadamente 5
logaritmos menor que el titulo empleado para infectar (Figura 1B P2). Tampoco se
detectd presencia intracelular de IPNV mediante citometria de flujo en RBCs expuestos
a IPNV (Figura 1C/D P2).

Por tanto, estos resultados concluyen que IPNV no infecta a RBCs de trucha arcoiris.
IPNV tiene como diana células de pancreas e higado [145] aunque también se ha visto
que es capaz de infectar a células de origen hematopoyético [145]. Similarmente, se ha
visto que IPNV es capaz de entrar en células de mamiferos pero sin ser capaz de replicar
en ellas [146], sugiriendo una entrada mediada por receptor. Nuestros resultados
ademas muestran una escasa presencia de IPNV tras 72 hpe en sobrenadante de RBCs
expuestos a IPNV vy dicha persistencia podria indicar una leve replicacion de IPNV en
RBCs.

La exposicion a IPNV incrementa la expresiéon de genes y proteinas inducibles por
IFN1 en RBCs

Para determinar si IPNV era capaz de inducir una respuesta inmune relacionada con
IFN1 en RBCs, se analizé la expresiéon de genes y proteinas inducibles por IFN1
mediante qPCR, citometria de flujo y microscopia de fluorescencia. Los resultados
mostraron un incremento significativo en la expresién de mx y pkr a 72 hpe (Figura 2A
P2). Por otra parte, ifn1 presentaba su pico de expresion a 24 hpe (Figura 2A P2).

Ademas, la expresién del gen {Ir3 presentd una tendencia a estar sobreexpresado a 24
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hpe mientras irf7 estaba sobreexpresado a 72 hpe (Figura 2A P2). Mas aun, se analiz6
la expresion de la proteina Mx mediante microscopia de fluorescencia y citometria de
flujo. Los resultados mostraron un incremento en la expresion de Mx a 6 dpe (Figura
2B/D P2).

La respuesta inmune observada en RBCs expuestos a IPNV sigue la linea de la
respuesta inmune observada en RBCs frente a virus cuya infeccion es permisiva en
RBCs como PRV [33] e ISAV [30]. Aunque no se pudo detectar IPNV intracelularmente,
se observo un incremento en la expresion del gen tir3, receptor de tipo Toll cuyo PAMP
es el RNA virico de doble cadena, que podria estar involucrado en la activaciéon de la
cascada de sefializacion de IFN1. La produccién de IFN1 conllevaria a la sintesis de la
proteina antiviral Mx. La expresién de Mx en RBCs expuestos IPNV podria explicar los
bajos titulos viricos observados [147]. AUn mas, la alta expresion basal de Mx
determinada en RBCs no expuestos podria ser la causa de la desaparicion temprana de
IPNV dentro del RBC.

El medio condicionado de RBCs expuestos a IPNV protege a la linea celular CHSE-

214 frente a la infeccion de IPNV

Para analizar si los RBCs expuestos a IPNV eran capaces de secretar factores que
fueran capaces de proteger a otros tipos celulares de teledsteos frente a una infeccion
de IPNV, se trataron células CHSE-214 con medio condicionado de RBCs no expuestos
y expuestos a IPNV, y a continuacién se infectaron con IPNV. Los resultados mostraron
un descenso significativo en el titulo de IPNV cuando se realizé un pretratamiento con
el medio condicionado de RBCs expuestos a IPNV a una dilucion 1/5 (Figura 3A P2) sin
afectar a la viabilidad de la linea celular CHSE-214 (Figura 3B P2).

Este hecho indicaria que los RBCs serian capaces de secretar factores que podrian
estar ejerciendo una actividad antiviral. La actividad de proteccion frente a infecciones
viricas inducida por los sobrenadantes condicionados ya ha sido previamente reportada
para otros tipos celulares, como las lineas celulares RTS11 y RTG-2 expuestas a

poli(I:C) o infectadas con reovirus de salmon chum [148].
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IPNV no induce la expresion de citoquinas pro-inflamatorias en RBCs

RBCs fueron expuestos a IPNV y se analizé la expresion de IL8, IL18 y TNFa a nivel de
proteina mediante citometria de flujo. Los resultados mostraron un ligero descenso en

la expresion proteica de estas citoquinas (Figura 4A P2).

La expresion de estas citoquinas se ha determinado en tejidos de origen hematopoyético
en presencia de IPNV [149-151]. También se ha observado la induccion de la expresion
IL8 en RBCs en respuesta a VHSV, como parte de la Publicacién 1 de esta tesis. No
obstante, IL8, IL18 y TNFa no parecen estar implicadas en la respuesta frente a IPNV
en RBCs.

La exposicion de RBCs a IPNV no produce la fosforilaciéon de elF2a

La fosforilacion de elF2a es un mecanismo global de inhibicion de la traduccién proteica
[152], ademas se ha descrito que este proceso ocurre en la infeccion de la linea celular
CHSE por IPNV [153] y, como se indico en la Publicacion 1 de esta tesis, en RBCs
expuestos a VHSV. Ademas, se ha descrito que IPNV es capaz de realizar un apagado
celular en la linea celular K (AGK) de mero (Epinephelus coioides) sin embargo la
implicacion de elF2a fosforilado es desconocida [154]. También, se ha demostrado que
la transfeccion con la proteina VP2 del virus de la enfermedad bursitis infecciosa en
células HelLa es capaz de inducir la fosforilacion de elF2a [155]. Teniendo en cuenta
que en RBCs expuestos a IPNV se detectd una leve regulacion negativa en la expresion
de diversas citoquinas, se decidié investigar este mecanismo en RBCs expuestos a

IPNV. Los resultados no mostraron fosforilacion de elF2a (Figura 4B P2).

El hecho de que elF2a no se encuentre fosforilado estaria relacionado con el hecho de
que los RBCs aumentan la expresion de la proteina Mx en respuesta a IPNV. Del mismo
modo, Mx se trata de una proteina producida en respuesta a IFN1. Se ha descrito que
IFN1 es capaz de inhibir la expresion de IL1B3 [156], lo que explicaria los resultados
obtenidos en el apartado anterior y confirmaria que existe una activacién de la cascada

de sefalizacion de IFN1.
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4.3. Resultados obtenidos en la Publicacion 3.

Nombela, I, Requena-Platek, R., Morales-Lange, B., Chico, V., Puente-Marin, S.,
Ciordia, S., ... & Ortega-Villaizan, M. D. M. (2019). Rainbow Trout Red Blood Cells
Exposed to Viral Hemorrhagic Septicemia Virus Up-Regulate Antigen-Processing
Mechanisms and MHC 1&ll, CD86, and CD83 Antigen-presenting Cell Markers. Cells,
8(5), 386.

Analisis transcriptomico de RBCs expuestos a VHSV: regulacion de la

presentaciéon de antigenos

Se realizé un analisis de transcriptémica con el objetivo de identificar los procesos
mayoritariamente representados en RBCs expuestos a VHSV tras 4 y 72 hpe. Los
resultados mostraron la identificacion de diversos genes pertenecientes a los términos
de Gene Ontology (GO) de ubiquitinacion y degradacién por proteasoma junto con
presentacion de antigenos via MHCI tras 4 hpe (Figura 1 P3). Entre ellos destaca la
regulacion positiva de culina 3 (cul3) y proteina 1 semejante a KELCH asociada a ECH
(keap1), dos componentes de la ubiquitina E3 ligasa; las subunidades del proteasoma
a6y B5 (psmaby psmb5); y la calnexina (canx), implicada en el ensamblaje del complejo
de MHCI [157]. También se identificaron diversos genes implicados en el proceso de
autofagia como ulk1, becn1 y atg9a. La validacién mediante gPCR mostré regulacion
positiva en genes exclusivamente a 4 hpe, mientras que a 72 hpe se observa una
regulacion negativa general (Figura S4 P3), al igual que muestran los resultados de

transcritptomica a 72 hpe.

Analisis de proteémica de RBCs expuestos a VHSV ex vivo

El analisis protedmico mediante LC-MS/MS de RBCs expuestos a VHSV mostraron
sobreexpresados procesos relacionados con la presentaciéon de antigenos via MHCII,
procesos catabodlicos dependientes de ubiquitinacion mediados por el proteasoma,
componentes del proteasoma, procesado y presentacion de antigenos de péptidos
exogenos, sefializacion por receptores citoplasmaticos de reconocimiento de patrones
y activacion de leucocitos, mientras que el proceso de presentaciéon de antigenos

mediante MHCI se encontré regulado negativamente (Figura 2A/B P3).
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VHSYV induce ubiquitinaciéon, pero altera la degradacion proteasémica en RBCs

expuestos a VHSV ex vivo

La implicacion del sistema ubiquitina-proteasoma (UPS) en la infeccion no permisiva de
VHSV en RBCs se evalud en primer lugar mediante un ensayo de cinética de expresion
de los genes cul3y keap1. Los resultados mostraron un incremento en la expresion de
cul3 a 3 hpe mientras que keap?1 incrementd a 24 hpe (Figura 3A P3). A continuacion,
se midio la actividad de la unidad del proteasoma 20S empleando un kit comercial y se
observé un descenso en su actividad cuando los RBCs se exponian a VHSV (Figura 3B
P3). Posteriormente, se realizd un western blot empleando un anticuerpo especifico
frente a ubiquitina en RBCs no expuestos y expuestos a VHSV con o sin el inhibidor de
proteasoma MG132. La ubiquitinacion de proteinas fue mayor en RBCs expuestos a
VHSV (Figura 3C/D P3). Para evaluar si UPS estaba implicado directamente en la
degradacién de VHSV en el interior celular, se realizé una tincién intracelular de la
proteina NVHSV en RBCs expuestos a VHSV y tratadas con el inhibidor de la actividad
del proteasoma MG132, previamente usado para analizar la implicacién del UPS en el
ciclo de replicacion de otro rhabdovirus [158]. Los resultados de citometria de flujo no

mostraron cambios en el VHSV intracelular (Figura 3E P3).

El aumento de la ubiquitinacién de proteinas en RBCs expuestos a VHSV se
correlacion6 con los procesos detectados mediante el analisis de protedmica y
transcriptomica. Se ha visto que diversos virus han sido capaces de inducir
ubiquitinacion de proteinas, incluidas proteinas viricas [159-161]. No obstante, nuestros
resultados demuestran que existe un descenso en la actividad del proteasoma como
consecuencia a la exposicién a VHSV, y que probablemente esto sea la causa de la
acumulacion de proteinas ubiquitinadas. La actividad del proteasoma se ha visto
implicada en efectos tanto provirales [162] como antivirales [163], aunque segun
nuestros resultados la actividad del proteasoma no estaria implicada en la degradacién
de VHSV.

VHSYV induce autofagia en RBCs

El analisis de transcriptomica de RBCs expuestos a VHSV detectd sobreexpresados
genes relacionados con el proceso de autofagia a 4 hpe (Tabla 4 P3). A continuacion,
mediante microscopia electronica de transmisién de RBCs expuestos a VHSV a 24 hpe,
se comprobd la presencia de vesiculas semejantes autofagosomas en el citoplasma de
dichos RBCs (Figura 4A P3), de aproximadamente 0.5 ym de longitud, con doble

membrana y material en su interior. Visualmente, se contaron estas vesiculas en RBCs
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y se detectd un incremento en su numero cuando los RBCs se exponian a VHSV, en
comparacion con aquellos que no estaban expuestos. El cambio en la expresion de la
proteina LC3, proteina que conforma y estabiliza la membrana de los autofagosomas,
también se evaludé mediante tincion intracelular. La expresién de LC3 incrementd en
RBCs expuestos a VHSV de manera dependiente de la multiplicidad de infeccion, a una
multiplicidad de infeccidon mayor se observd mayor expresion de LC3 (Figura 4C P3).
Mediante microscopia de fluorescencia se detect6 la presencia de puntos de LC3 en el
citoplasma de RBCs expuestos a VHSV (Figura 4D P3). Mas aun, la implicacién de
secuestrosoma 1 o p62, molécula adaptadora que interviene en el marcaje para
degradacion por autofagia de proteinas ubiquitinadas [164], también se evalué mediante
citometria de flujo. Los resultados mostraron un descenso de p62 a 6 hpe en RBCs
expuestos a VHSV (Figura 4E/F P3). A partir de las 24 hpe, los niveles de p62 se

recuperaron.

Por lo tanto, nuestros resultados demostraron actividad autofagica en RBCs expuestos
a VHSV. Considerando que la infeccion de RBCs por VHSV es arrestada a las pocas
horas post-exposicion, la autofagia inducida por VHSV tendria un caracter antiviral en
los RBCs, como previamente se ha descrito para la autofagia inducida por rhabdovirus
[165]. Tanto la expresion temprana de los genes relacionados con la autofagia como la
degradaciéon de p62, que confirmaria la activacion de este mecanismo, ocurren en la
escala espacial donde el ciclo de replicacion de VHSV quedaria inhibido, es decir,
alrededor de las 6 hpe. No obstante, no se ha podido determinar si existe interaccion
entre p62 y VHSV, hecho que estableceria a p62 como mediador entre las proteinas
ubiquitinadas acumuladas y su degradacioén en el autofagosoma. Aun asi, existen otros
mediadores semejantes a p62, como el gen 1 vecino de BRCA1 (NRB1), proteina 52 de
punto nuclear (NDP52) y optineurina [166], cuya implicacién en la infeccién de VHSV en

RBCs es desconocida de momento.

Inhibicion de la degradacion del autofagosoma incrementa los niveles de p62 y
VHSYV intracelular en RBCs

La niclosamida es una droga antihelmintica que es capaz de bloquear la degradacién
del autofagosoma evitando su fusion con el lisosoma [167]. La niclosamida se ha usado
previamente en el contexto de infecciones viricas [168]. En este estudio, después de
exponer RBCs a VHSV, los RBCs se trataron con niclosamida a las concentraciones de
10 y 20 pyM. A continuacion, se realizé una tincion intracelular empleando anticuerpos

especificos frente a la proteina NVHSV y p62. Los resultados mostraron que los RBCs
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expuestos a VHSV y tratados con niclosamida a ambas concentraciones revelaban una
mayor presencia de p62 y NVHSV intracelular en comparaciéon con aquellos RBCs no

tratados con niclosamida (Figura 5A/B P3) tras 72 hpe.

Este resultado corroboré lo afirmado en el apartado anterior sobre el caracter antiviral
de la autofagia inducida por VHSV en RBCs. La niclosamida previene la fusion del
autofagosoma con el lisosoma, por lo tanto, estaria implicada en inhibir el flujo de la
autofagia en su Ultimo paso. Nuestros resultados mostraron una acumulacion en el
interior de los RBCs de NVHSV y p62 cuando se bloquea el flujo de autofagia con la
niclosamida. La acumulacién de VHSV confirmé que el virus es degradado por autofagia
en RBCs, mientras que la acumulacién p62 indicé que los autofagosomas no estarian
fusionandose con los lisosomas, ya que p62 se degrada junto al autofagosoma tras la

fusion con lisosoma.

RBCs expuestos a VHSV regulan positivamente MHCI, MHCII, CD86 y CD83

Los procesos de presentacion y procesado de antigenos via MHCI y MHCII resultaron
sobrerrepresentados en los analisis de transcriptomica y proteémica. Se ha reportado
que los RBCs expresan MHCI [69, 70] y MHCII [114]. En este estudio investigamos si
los RBCs modulaban la expresion de MHCI y MHCII en presencia de VHSV, asi como
la de otros marcadores caracteristicos de células presentadoras de antigenos como
CD86 y CD83. Primero, se realizé una PCR semicuantitativa para valorar la expresion
de transcritos de RNA de mhcl, mhcll, cd86 'y cd83. Una mezcla de tejidos procedentes
de branquia, rifidn anterior y bazo se empleé como control positivo de expresion. El
resultado mostré expresion de mhcl, mhcll y cd83 en RBCs, mientras que no se observé
expresion de cd86 (Figura 6A P3). A continuacién, se evalué como los RBCs modulaban
la expresién de dichos genes mediante qPCR. Los resultados mostraron un ligero
incremento en mhcl, mientras que dicho incremento fue notablemente superior en mhcll,
cd86 'y cd83 a 4 hpe (Figura 6B P3). A 72 hpe, solo se observé un incremento en cd86
(Figura 6B P3). Esta regulacion positiva se confirmd a nivel de proteina en RBCs
expuestos a VHSV tras 24 hpe mediante citometria de flujo y microscopia de
fluorescencia (Figura 6C/D/E P3).

Estos resultados demostraron que los RBCs pueden modular la expresién de MHCI,
MHCII, CD86 y CD83 cuando son expuestos a VHSV. Previamente, se ha demostrado
regulacion positiva de MHCI durante las infecciones de ISAV [71] y PRV [39]. CD86 y
CD83 son moléculas coestimuladoras del proceso de presentacion de antigenos,

ademas de marcadores de maduracion de APCs. Estos dos marcadores, junto con la
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presencia de MHCII en RBCs, sugieren que los RBCs presentan un perfil de APC.
Recientemente, se ha propuesto la existencia de células APC atipicas [77], es decir,
células capaces de expresar las moléculas de una APC pero cuya capacidad de primar
y activar linfocitos T naive no esta demostrada. Los RBCs de teledsteos podrian
clasificarse en esta categoria, a falta de establecer ensayos futuros que revelen su

capacidad de activar de linfocitos T naive.

Inducciéon de genes de autofagia y presentacion de antigenos en RBCs de

individuos desafiados con VHSV

Los RBCs purificados extraidos de sangre periférica de individuos desafiados con VHSV
mostraron expresion de transcritos de NVHSV por gPCR, pero esta fue menor que en
otros tejidos analizados tras 2 dias post-desafio (dpd) (Figura 7A P3). Se evalud la
ubiquitinacion de proteinas en RBCs provenientes de individuos desafiados con VHSV
y no se detectaron cambios en la ubiquitinacién tras 2 dpd (Figura 7B/C P3). La
expresion de genes relacionados con autofagia, ubiquitina ligasa E3 y presentacion de
antigenos fue analizada a 1y 2 dpd. En relacion con los genes pertenecientes al proceso
de autofagia, tras 1 dpd se observo regulacion positiva significativa de gabarap y la
subunidad catalitica 3 de PIK3 (pik3c3), y sdélo regulacion positiva significativa de pik3c3
tras 2 dpd. Sin embargo, a 1y 2 dpd se observé regulacion negativa de atg4b y becn1.
Los componentes de la ubiquitina ligasa E3, cul3 y keap1, se observaron
significativamente sobreexpresados a 1y 2 dpd, respectivamente. Por ultimo, los genes
marcadores de células presentadoras de antigenos mhcl y cd83 se observaron

significativamente sobreexpresados tanto a 1 como 2 dpd (Figura 7D P3).

Los resultados del estudio in vivo confirmaron parcialmente los resultados observados
en el estudio ex vivo. En resumen, se observé que los RBCs de individuos desafiados
con VHSV presentaban una baja carga virica de VHSV, tal y cdmo se observa en
condiciones ex vivo. Por el contrario, no se observa ubiquitinacion en RBCs procedentes
de individuos desafiados con VHSV, en comparaciéon con los ensayos ex vivo. La
expresion de genes relacionados con autofagia mostré cinéticas similares a las
observadas ex vivo. Mas aun, los genes de los componentes de la ubiquitina ligasa E3,
cul3 'y keap1, muestran la misma cinética de expresion tanto in vivo como ex vivo. En
relacion a los genes involucrados en presentacion de antigenos, sobretodo destaca la
sobreexpresion de mhcl y ¢d83 en RBCs de individuos desafiados con VHSV, en

comparacion con la sobreexpresion de mhcl, mhcll, cd83y cd86 observada ex vivo.
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La proteina G de VHSV colocaliza con MHC | & Il en RBCs expuestos a VHSV

Para establecer una correlacién entre la presencia de péptidos de VHSV provenientes
de la degradacion de VHSYV desde la autofagia y la sobreexpresiéon de MHC | & |1, se
realizd un ensayo de ligacién por proximidad (PLA). Tras 24 hpe, los RBCs no expuestos
o expuestos a VHSV fueron incubados con un anticuerpo policlonal de conejo frente a
la proteina de G de VHSV y un anticuerpo monoclonal de ratén frente a MHCI o MHCII.
Para determinar la presencia de fondo, se sustituyo el anticuerpo proveniente de conejo
con suero de conejo, que contiene anticuerpos inespecificos. Los resultados mostraron
un incremento en el porcentaje de células positivas para la interaccion GVHSV — MHCI
y GVHSV — MHCII cuando los RBCs se encontraban expuestos a VHSV (Figura 8A/B
P3).

Este resultado demostré que la presentacion de antigenos via MHCI y MHCII podria ser
potencialmente funcional en RBCs, ya que péptidos de GVHSV se encuentran
colocalizados con MHCI y MHCII. Sin embargo, para clasificar a los RBCs como una
APC tipica seria necesario verificar la polarizacion de linfocitos T naive por RBCs con
VHSV.
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4.4 Resultados obtenidos de la Publicacion 4.

Nombela, I., Lopez-Lorigados, M., Salvador-Mira, M.E., Puente-Marin, S., Chico, V.,
Ciordia, S., ... & del Mar Ortega-Villaizan, M. (2019) Integrated transcriptomic and
proteomic analysis of red blood cells from rainbow trout challenged with VHSV points

towards novel immunomodulant targets. En revisién en Vaccines.

Analisis transcriptomico de RBCs de sangre periférica y rindén anterior de

individuos desafiados con VHSV

Individuos de trucha arcoiris se desafiaron con VHSV mediante inyeccién intramuscular
(como control negativo se inyecté RPMI 2% FBS a otro grupo de individuos). Tras 2 dpd,
los RBCs se purificaron de sangre periférica (PB-RBCs) y de rifdn anterior (HK-RBCs)
como se explica en la Figura 1 P4 de la seccion Materiales y métodos de la Publicacion
4y en el apartado 3.13 de los Materiales y Métodos de esta tesis (Figura 8). El analisis
de enriquecimiento funcional de rutas, utilizando la base de datos de ontologia génica
(GO) de procesos de sistema inmune, de los genes diferencialmente expresados
(DEGs) de PB-RBCs mostré una regulacion positiva de procesos relacionados con: i) la
activacion del sistema del complemento ii) la respuesta humoral mediada por
inmunoglobulinas, iii) activacién de granulocitos, iv) quimiotaxis de neutrdéfilos v)
diferenciacion de eritrocitos, vi) sefalizacion del receptor de células B, vii) via de
sefalizacion del receptor de lectinas tipo C y viii) sefalizacién por receptor de
reconocimiento de patrones citoplasmaticos (Figura 2A/B P4). Como procesos
secundarios también se encontraron sobrerrepresentados el procesado y presentacion
de péptidos de antigenos exdgenos y la via de sefalizacion de TLR dependiente de
TRIF (adaptador inductor de IFNB con dominios Toll/IL-1). Por otro lado, el analisis de
enriquecimiento funcional de rutas de los DEGs de HK-RBCs, utilizando la base de datos
GO de procesos de sistema inmune, mostré regulacion positiva de genes implicados en
las categorias de sefalizacion de IFN1 y procesado y presentacion de péptidos de

antigenos endégenos via MHCI (Figura 2C).

Desde un punto de vista comparativo entre PB-RBCs y HK-RBCs, ambos compartieron
un 13.9% del total de DEGs (Figura 3A P4). Cabe destacar que los genes con mayor
expresion en PB-RBCs presentaron menor expresion en HK-RBCs y viceversa,
mostrando de este modo un perfil de expresion opuesto entre ambos tejidos (Figura 3B
P4). Los DEGs comunes a RBCs de ambos drganos se agruparon principalmente en las
categorias de las vias de senalizacion de IFN1 y del receptor de lectinas tipo C. Por otro

lado, el analisis de DEGs exclusivamente detectados en PB-RBCs mostré regulacion
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positiva de los procesos de: i) procesado y presentacion de péptidos de antigenos
exoégenos via MHCI dependiente de TAP, ii) via de sefializacion del receptor de lectinas
tipo C, iii) respuesta inmune mediada por inmunoglobulinas y iv) via de senalizacion del

receptor de reconocimiento de patrones citoplasmaticos (Figura 4 P4).

Los resultados observados en este estudio no siguen la linea de la respuesta inmune
desarrollada por el RBC en respuesta a VHSV ex vivo descrita en la Publicacion 1. En
la Publicacion 1 se mostré una respuesta antiviral moderada y regulacién negativa de
IFN1 a tiempos cortos tras la exposicién a VHSV junto con un apagado celular a tiempos
largos tras dicha exposicion. Por el contrario, los resultados del estudio de
transcriptomica que conforman esta Publicacion muestran principalmente
sobrerrepresentacion de procesos relacionados con IFN1 y procesado y presentacion
de antigenos. Este ultimo resultado ya se observo en los resultados de transcriptomica
de la Publicacién 3 a tiempos cortos post-exposicion al virus, donde se muestra
activacion de la autofagia, procesado de antigenos y regulacion positiva de los
marcadores de presentacion de antigenos MHCI y MHCII. Previamente, otro estudio de
protedmica de RBCs de besugo de roca (Oplegnathus fasciatus) de individuos
desafiados con el iridovirus del besugo de roca RBIV mostré regulacion positiva del
proceso de presentacion de antigenos via MHCI [169]. Del mismo modo, la presentacion
de antigenos via MHCI fue un proceso positivamente regulado en RBCs de salmén del
Atlantico desafiados con PRV [39].

Los genes regulados positivamente de procesos sobrerrepresentados se

analizaron por qPCR

Genes de distintos procesos regulados positivamente se seleccionaron para la analizar
mediante gPCR en PB-RBCs de individuos desafiados con VHSV, en comparacion con
individuos inyectados con RPMI 2% FBS. En relacion con el proceso de activacion del
sistema del complemento se seleccionaron c4bpa, cd55 y cd59. De la sefalizacion de
receptores de tipo Toll mediada por TRIF se selecciond el factor asociado con el receptor
de TNF3 (traf3). Para validar el proceso de via de sefalizacion del receptor de
reconocimiento de patrones citoplasmaticos se seleccionaron dhx58, también conocido
como LGP2, irak1, mavs, el miembro de la familia NLR X1 (nirx7) y el dominio de
oligomerizacion de unién a nucleétidos 2 (nod2). De los genes relacionados con la
sefalizacion de IFN1 se seleccionaron gbp1, ifi35, el receptor de tipo NOD 5 con dominio
CARD (nirc5), stat1 y la helicasa C 1 inducida por IFN (ifih1). Se detectd regulacion

positiva significativa en RBCs de individuos desafiados con VHSV en todos los genes
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citados anteriormente excepto para cd55, gbp1, nirx1 y mavs (Figura 5 P4). El alto
numero de genes que se encontraron regulados positivamente por qPCR ratificé el

resultado mostrado por el analisis de transcriptémica.

Analisis de protedmica de PB-RBCs de individuos desafiados con VHSV

Individuos de trucha arcoiris se desafiaron con VHSV mediante inyeccion intramuscular
(como control negativo se inyecté RPMI 2% FBS a otro grupo de individuos). Tras 2 dpd,
se purificaron PB-RBCs para analizar su proteoma. El analisis de enriquecimiento
funcional de rutas de las proteinas diferencialmente expresadas (DEPs), utilizando la
base de datos GO de procesos de sistema inmune, mostré sobrerrepresentacion de
procesos relacionados con la transcripcion y expresion génica virica (Figura 6A P4). Por
otro lado, los procesos de sefializacion de Wnt, biosintesis de carbohidratos y la cascada
de las proteinas quinasas activadas por mitdgenos (MAPK) activada por estrés se
encontraron regulados negativamente (Figura 6A P4). Otros procesos como estabilidad
del RNA mensajero y procesado y presentacion de antigenos via MHCI aparecieron
sobrerrepresentados pero regulados inespecificamente. Ademas, entre el listado de
DEPs identificadas en PB-RBCs de individuos desafiados con VHSV cabe destacar la
presencia de proteinas con funciones inmunoldégicas e antivirales como NLRC3, GBP1,
IFIT5, IFI35, RSAD2 y la GTPasa grande inducible por interferon (GVINP1).

El analisis protedmico identificd sobrerrepresentadas proteinas relacionadas con los
mecanismos de inmunidad innata y con la transcripcion y replicacion del RNA virico.
Previamente en la Publicaciéon 1 se mostré que VHSV no puede replicar en RBCs de
trucha arcoiris en condiciones ex vivo. Sin embargo, en este trabajo detectamos
proteinas ribosomales L (RPL) y S (RPS), las cuales han sido previamente implicadas
en contextos de infecciones viricas [170]. No obstante, previamente en la Publicacion 1
se mostré que la replicacion de VHSV en RBCs de trucha arcoiris es arrestada a tiempos
cortos tras la infeccién. Ademas, los transcritos de NVHSV muestran niveles muy bajos
en PB-RBCs de individuos desafiados con VHSV. Por tanto, debido a que los
mecanismos de replicacion virica esta regulados positivamente, otros mecanismos
activados en los RBCs podrian estar interrumpiendo la replicacién virica. Entre ellos se
podrian encontrar la autofagia, cuyo caracter antiviral se discutié en la Publicacion 3, o
el alto numero de ISGs que se han encontrado regulados positivamente en esta
Publicacion. El analisis integrado de las “6micas” reveld que, en respuesta a VHSV, los
PB-RBCs regulan proteinas y genes que pueden interferir con el virus a distintas etapas

de su ciclo de replicacion. Entre los efectores antivirales que se han identificado en este
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trabajo se encuentran IFIT5, MX, GBP1, GVINP1, RSAD2, IFITM3, IFI35 y diversas
proteinas TRIM, que seran discutidas en el siguiente apartado. Algunos de estos
efectores antivirales han sido previamente implicados en la respuesta de RBCs de
salmon del Atlantico a PRV [39], pero es necesario tener en consideracién que PRV
tiene como célula diana a los RBCs y es capaz de replicar en ellos, mientras que VHSV
no es capaz de realizar dicha replicacion, como se demuestra en las Publicaciones 1y
3.

Regulacion positiva de efectores antivirales en RBCs de individuos desafiados
con VHSV

Distintos efectores antivirales como gvinp1, mx, ifi35, rsad2 o viperina, ifit5, ifitm3 o
proteinas con motivos tripartitos (frim), colesterol hidroxilasa 25 (ch25h) vy
desoxinucleosido trifosfato trifosfohidrolasa 1 con dominios SAM y HD (samhd1) fueron
regulados positivamente en el analisis de transcriptomica de PB-RBCs y HK-RBCs de
individuos desafiados con VHSV. En la Tabla 2 P4 se muestra un resumen de dichos
genes con las veces de cambio en su expresion. Del mismo modo, se encontrd también
regulada positivamente la expresion de genes especificos de teledsteos de caracter
antiviral como el gen inducido por VHSV (vig2) en PB-RBCs y el gen inducido por el
reovirus de carpa china (gigh2) tanto en PB-RBCs como HK-RBCs.

Entre los distintos efectores antivirales que se han destacado en esta Publicacién nos
encontramos con las proteinas IFIT. Recientemente nuestro grupo de investigacion
mostré que la proteina IFIT5 de trucha arcoiris, que es capaz de unir RNA virico, es
regulada positivamente para prevenir la replicacién de VHSV en un escenario ex vivo.
El presente estudio demuestra que dicha regulacién positiva de su expresién también
ocurre en un escenario in vivo tras un periodo de tiempo corto tras el desafio por VHSV.
También destacamos GVINP1 y GBP1, proteinas inducibles por IFN con mecanismos
de inhibicién virica semejante a MX debido a su actividad GTPasa [171], aunque algunas
de las isoformas de las GBP se ha visto que poseen actividades distintas a antivirales
[172]. RSAD2, también conocida como viperina, se ha visto involucrada en la inhibicién
del ciclo de replicacion del virus de la influenza y del virus de la hepatitis C durante el
ensamblaje [173]. En cambio, las IFITM se han asociado al bloqueo de la entrada virica
debido a su localizacién en la membrana celular [174]. Del mismo modo, CH25H inhibe
el proceso de infeccién virica a nivel de la entrada del virus [175] Las proteinas TRIM
intervienen en la defensa del hospedador frente a virus mediante antagonismo de

distintos estadios del ciclo de replicacién virico, autofagia y regulacion de la senalizacion
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de sensores de respuesta inmune innata involucrados en la modulacién de citoquinas
[176]. Otro mecanismo de inhibicion de la replicacion virica es llevado a cabo por
SAMHD1. Este mecanismo consiste en la hidrélisis de los desoxirribonucleétidos
trifosfato intracelulares con el objetivo de bajar sus niveles hasta alcanzar una

concentracion critica que no permite la replicacion del virus [177].

Ademas, en este trabajo se analizo la expresiéon de las proteinas antivirales Mx, BD1 e
IFITS mediante western blot. Los resultados mostraron que a 1 dpd, la expresion de las
proteinas Mx3 (Figura 7A P4) e IFIT5 (Figura 7B P4) se incrementé en RBCs
provenientes de individuos desafiados en comparacion con el control negativo. Mx3 y
BD1 son dos proteinas antivirales cuya expresiéon se ha asociado a IFN1 [178, 179]. En
este estudio, nosotros demostramos como los RBCs de individuos desafiados con VHSV
tienen mayor expresion de Mx3. Este resultado también es corroborado por el analisis
de transcriptomica, que muestra una sobreexpresion del gen de mx en individuos
desafiados. El caracter antiviral de las proteinas Mx ha sido objeto de estudio en
profundidad [180] y su implicacién en la infeccién por VHSV ya se ha determinado a
varios niveles: desde respuesta inmune in vivo [181] hasta vacunacién [182]. En RBCs,
los resultados de la Publicacién 1 mostraron que estos no inducen IFN1 en respuesta a
VHSV. Sin embargo, en un contexto in vivo, el estimulo necesario para producir Mx
mediante activacion de la cascada de IFN1 en RBCs podria provenir del IFN1 producido
por células adyacentes. En relacion a BD1, se ha visto que su expresion puede ser
inducida por IFN1 [178] o por diversos virus [183]. Nuestros resultados muestran que,
en RBCs de individuos desafiados con VHSV, la expresion de BD1 no varia en la
expresion monomeérica de BD1, pero si que se detectan cambios en la expresién de BD1
en la banda de aproximadamente 28 kDa, a 2 y 7 dpd (Figura 7C P4). Este tamano
corresponderia con un tetramero de BD1, teniendo en cuenta que la forma monomérica
posee un peso molecular de 7.1 kDa. Previamente, se ha sugerido que la BD1 podria

necesitar formar un oligomero para ejercer su actividad antimicrobiana [184].
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4.5 Resumen de la Publicacion 5.

Nombela, I., & del Mar Ortega-Villaizan, M. (2018). Nucleated red blood cells: Immune

cell mediators of the antiviral response. PLoS pathogens, 14(4), e1006910.

La Publicacion 5 corresponde a un articulo de revision en el que se ofrece una

actualizacién de la respuesta inmune mediada por RBCs nucleados en infecciones

viricas, incluyendo los resultados y conclusiones obtenidos en las Publicaciones 1y 2.

A continuacién, se ofrece un resumen de los principales puntos revisados en esta

publicacion:

Los PAMPs son capaces de inducir sefializacion mediada por receptores
que reconocen patrones moleculares en RBCs nucleados.

Estudios previos han indicado la expresion de los receptores TLR3, TLR9 y gen
inducible por acido retinoico (RIG-1), capaces de reconocer RNA virico de doble
cadena, en RBCs de trucha arcoiris y salmon del Atlantico (Salmo salar). La
activacion de estos receptores conlleva a la expresion de IFN1 y de genes
relacionados con IFN1, como mx, ccl4 o il8. Los RBCs nucleados expresan
ademas otros tipos de receptores de la familia RLR cuyo rol todavia es
desconocido. También se desconoce si los RBCs nucleados son capaces de
expresar TLR7 o TRL8, capaces de reconocer RNA virico de cadena simple.
Los RBCs podrian ser capaces de inducir una respuesta inmune
adaptativa.

Previamente se ha reportado la expresion de MHCI en RBCs de diversas
especies como trucha arcoiris, salmoén del Atlantico, rana africana de ufas
(Xenopus laevis) y gallo (Gallus gallus domesticus) y cémo la estimulacién con
poli(l:C) induce una activacién de genes relacionados con los procesos de
procesado y presentacion de antigenos en RBCs de trucha arcoiris. También se
destaca la presencia de moléculas relacionadas con procesos de respuesta
inmune adaptativa, como el inmunoreceptor con motivos basados en tirosina
(ITAM) o el receptor acoplado al Epstein Barr virus 2 (EBI2), las cuales juegan
un papel esencial en la regulacién de la respuesta inmune mediada por células
T.

Los RBCs nucleados activan diversos mecanismos de respuesta frente
agresiones viricas.

En este punto se compara la respuesta de los RBCs a virus cuya infeccion es
productiva en RBCs (PRV e ISAV) frente a los dos virus estudiados en esta tesis,
cuya infeccion no es productiva en RBCs (VHSV e ISAV) (Figura 1 P5). A nivel

de respuesta inmune, se observa como PRV e ISAV son capaces de inducir una
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respuesta inmune basada en la expresion de IFN y genes estimulados por IFN.
Del mismo modo, IPNV, a pesar de no ser capaz de infectar RBCs, es capaz de
producir el mismo tipo de respuesta. Por el contrario, esta respuesta no es
observada en el caso de la infeccion no productiva por VHSV ex vivo.

Los RBCs nucleados pueden desarrollar respuestas inmunes frente a
patégenos no viricos.

En este punto se destaca la escasez de estudios centrados en determinar la
respuesta de RBCs nucleados a pesar de la diversa gama de patdgenos
protistas y procariotas que tienen como diana a estas células. Previamente se
ha descrito que el lipopolisacarido bacteriano es capaz de estimular la expresion
del receptor de TNF y MHCI. Ademas, se ha detectado que la hemoglobina
posee actividad antibacteriana y diversos estudios han demostrado la capacidad
fagocitica de RBCs frente al hongo Candida albicans.

Los RBCs nucleados son una futura diana para el desarrollo de nuevas
vacunas.

Los RBCs no nucleados de humanos han sido empleados en estudios para
evaluar el transporte de diversas drogas o antigenos por la sangre. En el caso
de RBCs nucleados, debido a su capacidad de generar y modular la respuesta
inmune, desarrollar una nueva generacion de vacunas capaces de activar
respuestas antivirales de los RBCs nucleados es un interesante campo de
estudio que esta siendo desarrollado por nuestro grupo. En este sentido, se ha

la respuesta de RBCs de trucha arcoiris a la vacuna DNA de GVHSV.
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CONCLUSIONES

Las conclusiones generales de esta tesis son:

1. VHSV e IPNV no replican eficientemente en los RBCs de trucha arcoiris, aun
asi, desencadenan una respuesta inmune en estas células.

2. VHSV induce activacion de los mecanismos de autofagia, degradacion vy
presentacion antigénica en RBCs de trucha arcoiris expuestos a VHSV ex vivo.

3. VHSV induce la activacién de genes de respuesta a estrés oxidativo en RBCs
ex vivo.

4. A tiempos largos post-exposicion a VHSV el RBC tiende a sufrir un apagado
celular por la fosforilacién del factor elF2a que produce una regulacién negativa
del proteoma y transcriptoma de los RBCs.

5. Larespuesta in vivo de RBCs al desafio por VHSV se basa en la expresion de
genes de respuesta a IFN1 en RBCs de rifidon anterior y componentes del
sistema del complemento en RBCs de sangre periférica, procesado vy
presentaciéon de antigenos en ambos, asi como la produccion de diversos
efectores antivirales, entre ellos Mx, BD1 e IFIT5.

6. Larespuesta de los RBCs de trucha arcoiris frente a IPNV ex vivo se basa en la
sobreexpresion de IFN1 junto con otros genes expresados en respuesta a IFN1,

como Mx.

Estas conclusiones quedan recogidas en forma de resumen grafico en las Figuras
9y 10.
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Tiempo

Figura 9. Esquema representativo de la respuesta inmune ex vivo desarrollada por RBCs frente
a VHSV e IPNV, considerando los distintos eventos en escala temporal

VHSV RifAon anterior Transcripcidn de genes en respuesta

> a IFN1
_. Transcripeidn de genes del sistema
de complemento y presentacion
antigenos
Sangre periférica
Trucha arcoiris gER ’ i impli

Expresion de proteinas implicadas en
(Oncorhynchus mykiss) transcripcion y expresion génica virica

Expresion de efectores antivirales e
ISGs

Figura 10. Esquema representativo de la respuesta inmune in vivo desarrollada por RBCs de
rifién anterior y sangre periférica procedentes de truchas arcoiris desafiadas con VHSV.
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Abstract

Background: It has been described that fish nucleated red blood cells (RBCs)
generate a wide variety of immune-related gene transcripts when viruses highly
replicate inside them and are their main target cell. The immune response and
mechanisms of fish RBCs against viruses targeting other cells or tissues has
not yet been explored and is the objective of our study.

Methods: Rainbow trout RBCs were obtained from peripheral blood, ficoll
purified and exposed to Viral Haemorrhagic Septicaemia virus (VHSV).
Immune response was evaluated by means of RT-qPCR, flow cytometry,
immunofluorescence and isobaric tag for relative and absolute quantification
(iTRAQ) protein profiling.

Results: VHSV N gene transcripts incremented early postexposure and were
drastically decreased after 6 hours postexposure (hpe). The expression of type
I interferon (ifn1) gene was significantly downregulated at early postexposure
(3 hpe), together with a gradual downregulation of interferon-inducible mx and
pkr genes until 72 hpe. Type | IFN protein was downregulated and
interferon-inducible Mx protein was maintained at basal levels. Co-culture
assays of RBCs, previously exposed to UV-inactivated VHSV, and TSS
(stromal cell line from spleen) revealed IFN crosstalk between both cell types.
On the other hand, anti-microbial peptide B-defensin 1 and neutrophil
chemotactic factor interleukin 8 were slightly upregulated in VHSV-exposed
RBCs. iTRAQ profiling revealed that VHSV exposure can induce a global
protein downregulation in rainbow trout RBCs, mainly related to RNA stability
and proteasome pathways. Antioxidant/antiviral response is also suggested to
be involved in the response of rainbow trout RBCs to VHSV.

Conclusions: A variety of mechanisms are proposed to be implicated in the
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antiviral response of rainbow trout RBCs against VHSV halted infection.
Ongoing research is focused on understanding the mechanisms in detail.
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In this new version of the manuscript we have included the
corrections and suggestions of Dr. Krasnov, Dr. Dijkstra and

Dr. Fischer, in order to improve manuscript comprehension. The
storyline of the manuscript has not changed, but manuscript
understanding has been improved. Besides, new experiments/
figures have been included in order to support the results
presented, which are reflected in Figure S1, Figure S2, Figure S3
and Figure S4. We have clarified some unclear points in the
manuscript, eliminating some confusing citations or extending
the discussion, as suggested by the reviewers. Therefore,

some references have been eliminated and others have been
added. Mistyping and linguistic errors have also been corrected.
As requested by reviewers Figure 4 and Figure 8 have been
modified. Also, minor changes have been introduced in Figure 1,
Figure 2, Figure 9 and Figure 10. Modifications are also translated
to the datasets, with corrections in Dataset 1, Dataset 3 and
Dataset 6.

See referee reports

Introduction

Fish are the most primitive vertebrates possessing many of the
immune system cells (lymphocytes, NK cells, macrophages,
etc) and molecules (interleukins, chemokins, receptors, etc)
found in higher vertebrates. In contrast to higher vertebrates,
however, fish lack bone marrow, lymph nodes, 1gG-switch, and
have tetrameric rather than pentameric IgM, with a more limited
binding repertoire than mammals'. Fish red blood cells (RBCs),
the most abundant cell type in the blood, have receptors capable
of recognizing pathogen associated molecular patterns and respond
to them with differentially expressed cytokine transcripts™ and
cytokine-like factors’. Fish RBCs generate a wide variety of
immune-related gene transcripts when viruses highly replicate
inside them™’, while their mammalian counterparts are unable
to do this. In light of this evidence, an outstanding question is
whether fish RBCs are able to respond to viral infections that
are well known to replicate in other cells or tissues, and if they
could further contribute with compensatory immune responses
in order to physiologically combat viral infections that do not
target RBCs.

To explore in vitro the above mentioned question, we used
rainbow trout (Oncorhynchus mykiss), an important aquacul-
tured species, together with Viral Haemorrhagic Septicemia
virus (VHSV), a rhabdovirus also called the ‘fish ebola’, which
causes important losses of high economic impact on world-
wide salmonid aquaculture’. VHSV viruses are bullet-shaped
enveloped virions with single-stranded negative-sense RNA with
a genome of 11.2 kbp*'". In rainbow trout, kidney and spleen
endothelial cells are the first targets of VHSV. Afterwards, hemat-
opoietic elements of kidney and spleen undergo necrosis and
degeneration, most specifically at melanomacrophage centers
(reviewed in Kim and Faisal''). However, there are no
references for VHSV targeting specifically RBCs, therefore repre-
sent a good model to investigate the immune response of RBCs
to viruses targeting other cells or tissues. VHSV cell entry has
been described to be mediated by binding initially to fibronec-
tin, an abundant glycoprotein of the extracellular matrix, allowing
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then VHSV to bind to the cells via integrin receptors and enter
by fusion or endocytosis'”.

In this study, we describe how in vitro cultures of rainbow trout
RBCs upregulated the expression of some immune proteins as
part of their antiviral immune response against VHSV, whose
infection appeared to be halted in rainbow trout RBCs. Simul-
taneously, interferon-inducible mx and pkr genes showed
a downregulation tendency during VHSV early replication,
after 6 hpe. In addition, protein levels corresponding to BD1
(B-defensin 1 — an anti-microbial peptide known to be involved
in antiviral innate immunity'*"“~ and IL8 (Interleukin 8 — a
neutrophil chemotactic factor—), are shown, to our knowl-
edge, for the first time, as characteristic of rainbow trout RBCs
antiviral immune protein responses. Further, iTRAQ-based pro-
tein profiling of VHSV-exposed RBCs showed a global pro-
tein downregulation, mainly related to RNA stability and
proteasome pathways. Related to this fact, phosphorylation of
the o-subunit of translational initiation factor 2 (elF2ct) and pro-
tein synthesis inhibition could be implicated in the inhibition
of VHSV replication and RBCs proteome shut-off. Also,
antioxidant related antiviral response is also suggested as
involved in the response of rainbow trout RBCs to VHSV halted
infection. In summary, we suggest a wide range of mecha-
nisms implicated in the antiviral response of rainbow trout RBCs
against VHSV halted infection.

Methods

Animals

Rainbow trout (Oncorhynchus mykiss) individuals of approxi-
mately 5-6 cm were obtained from a VHSV-free commercial
farm (PISZOLLA S.L., CIMBALLA FISH FARM, Zaragoza,
Spain), and maintained at University Miguel Hernandez (UMH)
facilities at 14°C, with a re-circulating dechlorinated-water
system, at a stocking density of Ifish/3L, and fed daily with
a commercial diet (SKRETTING, Burgos, Spain). Prior to
experiments, fish were acclimatized to laboratory conditions
over 2 weeks. The number of individuals used is indicated by
an “n” in each experiment.

Antibodies

Rabbit polyclonal antibodies against rainbow trout B-defensin
(BD1) (RRID: AB_2716268) (unpublished, Figure SI1) and
rainbow trout Mx3 (RRID: AB_2716267)"""" were produced at
the laboratory of Dr. Amparo Estepa. Mouse polyclonal antibod-
ies against rainbow trout ILIJ (RRID: AB_2716269)"%", 1L8
(RRID: AB_2716272)*, TNFo. (RRID: AB_2716270)"', Hepci-
din (RRID: AB_2716273)”, NKEF (RRID: AB_2716271)**,
IFNY (RRID: AB_2716275) (unpublished, Figure S2A) and IFN1
(RRID: AB_2716274) (unpublished, Figure S2B) were produced
at the laboratory of Dr. Luis Mercado. Rabbit polyclonal anti-
body against human NF-xf p65 antibody (Cat#ab7970, RRID:
AB_306184) was purchased from AbCam (Cambridge, UK).
This p65 antibody epitope corresponds to the C-terminal
region of the p65 protein, similarly to other p65 antibodies used
for teleost species™™'. To label VHSV, we used the mouse mono-
clonal 2C9 antibody (RRID: AB_2716276)* against the N protein
of VHSV (N,,..,) produced at Dr. Coll’s laboratory. Anti-Rabbit

VHSV
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IgG (H+L) CF™ 488 antibody produced in goat and Anti-Mouse
IgG (H+L) CF™ 488 antibody produced in goat were used
as secondary antibodies (Sigma-Aldrich, Madrid, Spain). Rabbit
polyclonal antibody against human elF20-P (Cat# E2152, RRID:
AB_259283) and rabbit polyclonal antibody against human
o-Actin (Cat#2066, RRID:AB_476693) were purchased from
Sigma-Aldrich and used for western blotting.

Cell cultures and virus

Rainbow trout RBCs were obtained from peripheral
blood of fish sacrificed by overexposure to tricaine (tricaine
methanesulfonate, Sigma-Aldrich; 0.2 g/1). Peripheral blood was
sampled from the caudal vein using insulin syringes (NIPRO,
Bridgewater, NJ). Blood samples were placed in a 2 ml eppen-
dorf with RPMI-1640 medium (Dutch modification) (Gibco,
Thermo Fischer Scientific Inc., Carlsbad, CA) supplemented with
10% FBS (fetal bovine serum) gamma irradiated (Cultek, Madrid,
Spain), 1 mM pyruvate (Gibco), 2 mM L-glutamine (Gibco),
50 pg/mL gentamicin (Gibco) and 2 pg/mL fungizone (Gibco),
100 U ml-1 penicillin and 100 ug ml-1 streptomycin (Sigma-
Aldrich). Then, RBCs were purified by two consecutive den-
sity gradient centrifugations (7206g, Ficoll 1.007; Sigma-
Aldrich). Purified RBCs were cultured in the above indicated
medium at a density of 5-10° cells/ml in 24-well cell culture
plates at 14°C.

The fish cell lines TSS, RTG-2 and EPC, were also used in
this work. TSS (Trout Stroma from Spleen)” was donated by
the laboratory of Dr. AJ Villena. TSS cells were maintained at
21°C in RPMI medium containing 20% FBS, 1 mM pyruvate,
2 mM L-glutamine, 50 pg/mL gentamicin and 2 pg/mL fungi-
zone. RTG-2 (Rainbow Trout Gonad-2) cell line was purchased
from the American Type Culture Collection (ATCC, 50643).
RTG-2 cells were maintained at 21°C in MEM medium
(Sigma-Aldrich) containing 10% FBS, 1 mM pyruvate, 2 mM
L-glutamine, 50 pg/mL gentamicin and 2 pg/mL fungizone.
EPC (Epithelioma Papulosum Cyprini)®* cell line was purchased
from the ATCC (CRL-2872). Cells were maintained at 28°C,
in RPMI-1640 10% FBS, 1 mM pyruvate, 2 mM L-glutamine,
50 pg/mL gentamicin and 2 pg/mL fungizone.

Viral haemorrhagic septicaemia virus (VHSV-07.71)*, iso-
lated in France from rainbow trout, was purchased from the
American Type Culture Collection (ATCC, VR-1388) and
propagated in EPC cells at 14°C, as previously reported™.
Supernatants from VHSV-infected EPC cell monolayers were
clarified by centrifugation at 4000 x g during 30 min and kept
at -80 °C. The virus stock was titrated in 96-well plates using an
immunostaining focus assay*. Clarified supernatants were used
for the experiments at the indicated dilutions.

Viral exposure assays

RBCs and RTG-2 cells were infected with VHSV at different
multiplicities of infection (MOI), at 14°C. After 3 hours
of incubation for RBCs and 1.5 hours for RTG-2, cells were washed
with cold RPMI, then RPMI 2% FBS was added and infection
incubated at 14°C, at the different times indicated for each
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assay. In the case of the time-course assay, the virus was not
removed.

Virus titers present in VHSV-exposed RBCs supernatants
were determined by plaque assays. Briefly, different dilutions
of the supernatants (from 10" to 10*) were added to EPC cell
monolayers, grown in 24-well plates, at 14°C for 90 minutes.
Then, culture media were removed and infected cell monolayers
covered with a solution of RPMI-1640 cell culture medium
with 2% FBS and a 2% aqueous solution of methyl cellu-
lose (Sigma-Aldrich). Cell plates were incubated at 14°C for
5 days and then media with methyl cellulose were removed.
Finally, EPC cell monolayers were stained with crystal violet-
formalin to count plaques. Virus titers were expressed as plaque
forming units (PFU) per ml.

Separately, N ..., RT-qPCR was also used to quantify viral RNA
inside VHS V-exposed RBCs.

Blocking of endosome acidification by NH,ClI

To block endosomal low-pH, NH,CI (Sigma-Aldrich) at 7 mM
was added to RBCs during VHSV exposure, which was car-
ried out as described in the previous section. No significant cell
death was observed in RBCs treated with NH,CIl, since the
concentration used is known as non-cytotoxic in EPC* and
RTG-2"" cells, but effective for reducing VHSV infectivity by
40%*. After incubation period, viral titer in supernatants was
calculated as described in the previous section.

Neuraminidase treatment assay

Ficoll purified RBCs were pre-treated with 50 and
100 mU/ml of neuraminidase from Vibrio cholerae (Sigma-
Aldrich), at 21°C for 30 minutes, before virus inoculation. After
treatment, RBCs were washed once with PBS in order to
completely remove the enzyme. After that, pre-treated cells
were inoculated with VHSV at MOI 1. RBCs inoculated with
UV-inactivated VHSV were used as control. UV-inactivated
VHSV was generated by exposure to UV-B at 1 J/cm2 using
a Bio-Link Crosslinker BLX E312 (Vilber Lourmat, BLX-E312),
as previously described™. Infection was monitored by RT-qgPCR
of N,y gene 3 at 72 hpe.

Co-culture assay

One day prior to co-culture, RBCs, extracted and seeded
as indicated before, were stimulated using UV-inactivated
VHSV over 24 hours. Subsequently, RBCs were washed
once with cold RPMI and added to Corning® Transwell® poly-
ester membrane cell culture inserts of 0.4 pm pore size (Corning,
Sigma-Aldrich) on 24 well plates with previously cultured con-
fluent TSS cells in RPMI 20% FBS. Co-culture was maintained
for 24 hours at 14°C in RPMI 2% FBS. After that, cells were
washed and stored in the indicated buffer and conditions for
RNA extraction.

Separately, RTG-2 cells were treated with UV-inactivated

VHSYV, MOI 1, during 24 hours, at 14°C, in RPMI 2% FBS.
After that, RTG-2 cell monolayers were washed once with cold
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PBS and cultured for 24h in RPMI 2%FBS fresh medium. This
conditioned medium was used to stimulate rainbow trout RBCs,
during 24h. After that, RBCs were washed and stored in the
indicated buffer and conditions for RNA extraction.

RNA isolation and cDNA synthesis

E.ZN.A. ® Total RNA Kit (Omega Bio-Tek, Inc., Norcross,
GA) was used for total RNA extraction in accordance with
manufacturer’s instructions. Isolated RNAs were stored at —80°C
until used. DNAse treatment was done in order to eliminate
residual genomic DNA using TURBO™ DNase (Ambion,
Thermo Fischer Scientific Inc.), following manufacturer’s instruc-
tions. RNA was quantified with a NanoDrop® Spectrophotom-
eter (Nanodrop Technologies, Wilmington, DE). M-MLV reverse
transcriptase (Invitrogen, Thermo Fischer Scientific Inc.) was
used to obtain cDNA, as previously described”. For viral
messenger RNA (mRNA) quantitation, cDNA was obtained
as described in 36.

RT-gPCR and gene expression

Real-Time Quantitative PCR (RT-gPCR) was performed
using the ABI PRISM 7300 System (Applied Biosystems,
Thermo Fischer Scientific Inc.). Reactions were performed
in a total volume of 20 pl comprising 12 ng of cDNA, 900 nM
of each primer, 10 pl of TagMan universal PCR master mix
(Applied Biosystems, Thermo Fischer Scientific Inc.) with 300 nM

F1000Research 2018, 6:1958 Last updated: 19 FEB 2018

of probe or 10 ul of SYBR green PCR master mix (Applied
Biosystems, Thermo Fischer Scientific Inc.). Cycling condi-
tions were 50°C for 2 min and 95°C for 10 min, followed by
40 cycles at 95°C for 15 s and 60°C for 1 min. Primers and
probes used are listed in Table 1.

Gene expression was analyzed by the 2-ACt or 2-AACt
method”” where 18S rRNA or efl o gene (Applied Biosystems,
Thermo Fischer Scientific Inc.) were used as endogenous control.

Intracellular stain and flow cytometry

RBCs were fixed with 4% paraformaldehyde (PFA; Sigma-
Aldrich) in RPMI medium for 20 minutes. Permeabilization of
RBCs was done in a 0.05% saponin (Sigma-Aldrich) buffer
for 15 minutes. Primary antibodies were diluted in permea-
bilization buffer at recommended dilutions and incubated for
60 minutes at RT. Secondary antibodies were incubated for
30 minutes at RT. After every antibody incubation, RBCs were
washed with permeabilization buffer. Finally, RBCs were kept in
PFA 1% in PBS. For nuclear staining, RBCs were stained with
1 pg/mL of 4’-6-Diamidino-2-phenylindole (DAPI; Sigma-
Aldrich) for 5 minutes. RBCs were analyzed by flow cytometry
(FC) in a BD FACSCanto™ (BD Biosciences) flow cytometer.
Immunofluorescence (IF) images were performed in an IN
Cell Analyzer 6000 Cell Imaging system (GE Healthcare, Little
Chalfont, UK).

Table 1. Primer and probe sequences.

Gene Forward primer Reverse primer Probe Reference or

(5-3) (5’-3) (5’-3) accession

number
effo ACCCTCCTCTTGGTCGTTTC TGATGACACCAACAGCAACA GCTGTGCGTGACATGAGGCA 97
tIr3 ACTCGGTGGTGCTGGTCTTC GAGGAGGCAATTTGGACGAA CAAGTTGTCCCGCTGTCTGCTCCTG NM_001124578.1
irf7 CCCAGGGTTCAGCTCCACTA GGTCTGGCAACCCGTCAGT TCGAGCCAAACACCAGCCCCT AJ829673
ifn1 ACCAGATGGGAGGAGATATCACA  GTCCTCAAACTCAGCATCATCTATGT AATGCCCCAGTCCTTTTCCCAAATC AM489418.1
mx1-3 ~ TGAAGCCCAGGATGAAATGG TGGCAGGTCGATGAGTGTGA ACCTCATCAGCCTAGAGATTGGCTCCCC 98
pkr GACACCGCGTACCGATGTG GGACGAACTGCTGCCTGAAT CACCACCTCTGAGAGCGACACCACTTC ~ NM_001145891.1
il5 TACTATCCACACCAGCGTCTGAAC TTTCAGCAGCACCAGCAATG TTCATAATATTGAGCTGCCTGAGTGCCACC XM_021575070.1
vig1 CTACAATCAAGGTGGTGAACAATGT GTGGAAACAAAAACCGCACTTATA  TCTCAAGCTTCGGCAACTCCAAGCA XM_021582972.1
hepcidin  TCCCGGAGCATTTCAGGTT GCCCTTGTTGTGACAGCAGTT AGCCACCTCTCCCTGTGCCGTTG AF281354.1
p-globin  CAACATCTTGGCCACATACAAGTC TTGTCAGGGTCGACGAAGAGT NM_001160555.2
fth GGCGTATTACTTCGATCGTGATG CCCTCCCCTCTGGTTCTGA EU302524.1
gstp1 CCCCTCCCTGAAGAGTTTTGT GCAGTTTCTTGTAGGCGTCAGA BT048561.1
nkef CGCTGGACTTCACCTTTGTGT ACCTCACAACCGATCTTCCTAAAC u27125.1
sod1 GCCGGACCCCACTTCAAC CATTGTCAGCTCCTGCAGTCA AF469663.1
trx AGACTTCACAGCCTCCTGGT ACGTCCACCTTGAGGAAAAC XM_021614924.1
[\ GACTCAACGGGACAGGAATGA GGGCAATGCCCAAGTTGTT TGGGTTGTTCACCCAGGCCGC 35
Page 5 of 42
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Protein digestion and tagging with iTRAQ 4plex™ reagent
Two pools of eight samples (two control: Cl and C2, and
two VHSV-exposed (MOI 1, 14°C, 72 hpe): V1 and V2), with
8-10° cells per sample, were used for iTRAQ 4plex protein
profiling.

Pools, containing 6.4-107 cells, were pelletized by centrifu-
gation (5 min, 700 x g). Supernatant was carefully removed
and RBC pellets (~70-100 pL) were mixed with 250 pL of
deionized water and frozen at — 80°C for 3 h. After thaw-
ing the lysate, it was centrifuged at 17000 x g for 20 min
at 4°C to separate cytosolic supernatant and pelleted mem-
brane fractions, as described in Puente-Marin er al. (unpub-
lished report, Puente-Marin S, Nombela I, Ciordia S, Mena MC,
Chico V, Coll J, and Ortega-Villaizan M). Subsequently, a new
proteomic analysis method was carried out that combines
fractionation into cytosolic and membrane fractions, haemoglobin
removal of cytosolic fraction, protein digestion, pH reversed-
phase peptide fractionation and finally LC ESI-MS/MS analysis
of each fraction, as described in Puente-Marin et al. (unpub-
lished report, as before). Briefly, haemoglobin of cytosolic frac-
tion was removed using HemoVoid™ kit (Biotech Support Group,
Monmouth Junction, NJ), following manufacturer
instructions®. For protein digestion of each fraction, 120 ug from
haemoglobin-depleted cytosolic fraction were digested in chao-
tropic buffer, and 40 pg of membrane fraction was precipitated
by methanol/chloroform method and re-suspended in 20 pl of
chaotropic buffer. Digested samples (membrane and cytosol
separately) were subsequently labelled using iTRAQ-4plex Iso-
baric Mass Tagging Kit (SCIEX), according to manufacturer’s
instructions as follows: 114, C1 (Pool control 1); 115, V1 (Pool
VHSV-exposed 1); 116, C2 (Pool control 2); 117, V2 (Pool
VHSV-exposed 2). Then, offline high pH reversed-phase pep-
tide fractionation of the peptides from cytosolic fraction was
performed on a SmartLine (Knauer, Berlin, Germany) HPLC
system using an XBridge CI18 column (100 x 2.1 mm, 5 um
particle; Waters, Milford, MA). Thirty fractions were collected
and then pooled alternatively into 5 fractions. After labelling,
samples were pooled, evaporated to dryness and stored
at -20°C until LC-MS analysis.

Liquid chromatography and mass spectrometry analysis
(LC-MS)

A 1 pg aliquot of labelled mixture was subjected to 1D-nano
LC ESI-MSMS (Liquid Chromatography Electrospray loniza-
tion Tandem Mass Spectrometric) analysis using a nano liquid
chromatography system (Eksigent Technologies nanoLC Ultra
1D plus, SCIEX,) coupled to 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, 75 pym x 150 mm,
1.7 um particle size and 130 A pore size (Waters Corporation,
Milford, MA). The trap column was a C18 Acclaim PepMap™
100 (Thermo Fischer Scientific), 100 pm x 2 cm, 5 pm particle
diameter, 100 A pore size, switched on-line with the analytical
column. The loading pump delivered a solution of 0.1% formic
acid in water at 2 ul/min. The nano-pump provided a flow-rate of
250 nl/min and was operated under gradient elution conditions.
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Peptides were separated using a 250 minutes gradient ranging
from 2% to 90% mobile phase B (mobile phase A: 2% ace-
tonitrile, 0.1% formic acid; mobile phase B: 100% acetonitrile,
0.1% formic acid). Injection volume was 5 pl.

Data acquisition was performed with a TripleTOF 5600
System (SCIEX). Data was acquired using an ionspray voltage
floating, 2300 V; curtain gas, 35; interface heater temperature,
150; ion source gas 1, 25; declustering potential, 150 V. All data
was acquired using information-dependent acquisition (IDA)
mode with Analyst TF 1.7 software (RRID: SCR_015785)
(SCIEX). For IDA parameters, 0.25 s MS survey scan in the mass
range of 350-1250 Da were followed by 30 MS/MS scans of 150ms
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 charge state of 2-5 and an abun-
dance threshold of more than 90 counts (cps). Former target ions
were excluded for 20 s. IDA rolling collision energy (CE)
parameters script was used for automatically controlling the CE.

Proteomics data analysis and sequence search

MS/MS spectra were exported to MGF format using Peak View
v1.2.0.3 (RRID: SCR_015786)(SCIEX) and searched using
Mascot  Server v2.5.1 (RRID:SCR_014322)(Matrix Science,
London, UK), OMSSA v2.1.9%, X!ITANDEM 2013.02.01.1%,
and Myrimatch v2.2.140"" against a composite target/decoy data-
base built from the Oncorhynchus mykiss sequences at Uniprot/
Swissprot Knowledgebase (available here, last update: 2017/01/26,
50.125 sequences), together with commonly occurring contami-
nants. Search engines were configured to match potential peptide
candidates with mass error tolerance of 25 ppm and fragment
ion tolerance of 0.02D, allowing for up to two missed tryptic
cleavage sites and a maximum isotope error (**C) of 1, consider-
ing fixed methyl methanethiosulfonate modification of cysteine
and variable oxidation of methionine, pyroglutamic acid from
glutamine or glutamic acid at the peptide N-terminus, acetylation
of the protein N-terminus, and modification of lysine, tyrosine
and peptide N-terminus with iTRAQ 4-plex reagents. Score dis-
tribution models were used to compute peptide-spectrum match
P-values®”, and spectra recovered by a FDR (False Discov-
ery Rate) < 0.01 (peptide-level) filter were selected for quan-
titative analysis. Approximately 1% of the signals with lowest
quality were removed prior to further analysis. Differential
regulation was measured using linear models™, and statistical sig-
nificance was measured using g-values (FDR). All analyses were
conducted using Proteobotics software (Isobaric Tagging Analysis
Workflow v.1.0, RRID:SCR_015787; Madrid, Spain). The cutoff
for differentially regulated proteins was established at FDR
g-value 5%.

Pathway enrichment analysis

In order to evaluate the functionally grouped Gene Ontology
(GO) and pathway annotation networks of the differentially
expressed proteins, pathway enrichment analysis was performed
using ClueGO (RRID:SCR_005748)* and CluePedia (RRID:
SCR_015784)* Cytoscape plugins (Cytoscape v3.4.0, RRID:
SCR_003032,). GO Biological process, GO Immunological
process, KEGG (Kyoto Encyclopedia of Genes and Genomes),
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Wikipathways and Reactome functional pathway databases
were used. A P-value <0.05 and Kappa score of 0.4 were
considered as threshold values.

Western blot assays

Control and VHSV-exposed RBCs cell pellets were resus-
pended in 30 pl of PBS with a cocktail of protease inhibitors
(Sigma-Aldrich). Cells were then frozen/thawed 3 times and pro-
tein concentration adjusted before loading. Samples were loaded
in Tris—Glycine sodium dodecyl sulfate 17% polyacrylamide gels
under reducing conditions. Electrophoresis was performed at
100 V for 90 min. For blotting, proteins in the gel were trans-
ferred for 75 min at 100 V in transfer buffer (2.5 mM Tris, 9 mM
glycine, 20% methanol) to nitrocellulose membranes (BioRad,
Madrid, Spain). Membranes were then blocked with
8% dry milk, 1% Tween-20 in PBS and incubated with rab-
bit polyclonal antibody against human elF2a-P (36.1 KDa) or
rabbit polyclonal antibody against human o-Actin (42 KDa,)
in PBS containing 0.5% dry milk, and 0.5% Tween-20 (PMT
buffer), overnight at 4°C. Membranes were then washed 3 times
with PMT buffer for 15 min before incubation with GAR-Po
(Sigma-Aldrich) in PMT buffer for 45 min. Finally, membranes
were washed 3 times with PBS containing 0.5% Tween-20.
Peroxidase activity was detected using ECL chemilumines-
cence reagents (Amersham Biosciences, Buckinghamshire, UK)
and revealed by exposure to X-ray. Protein bands were analyzed
by densitometry using the Scion Image 4.0.2 Software (RRID:
SCR_008673) (www.scionorg.com).

ROS measurement

The intracellular ROS level was assessed in VHSV-exposed
RBCs wusing the cell-permeant 2’°,7’-dichlorodihydrofluores-
cein diacetate (DCFDA, Sigma-Aldrich). RBCs were exposed to
VHSV at MOI 1, during 72 h, at 14°C. After that, RBCs were
washed with RPMI and incubated with 20 uM DCFDA in
RPMI, for 30 min at RT. Fluorescence intensity of 2’,7’-dichlo-
rofluorescin was measured using POLARstar Omega microplate
reader (BMG LABTECH, USA) at excitation 480 nm and
emission 530 nm.

Software and statistics

Graphpad Prism 6 (RRID:SCR_002798, www.graphpad.com)
was used for graphic representation and statistics calculation.
Statistic tests and P-values associated with graphics are indi-
cated in each assay. Flow cytometry data was processed and ana-
lyzed using Flowing Software 2.5.1 (www.flowingsoftware.com/)
(RRID: SCR_015781).

Ethics statement

All experimental protocols and methods of the 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
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animals used for research experimentation and other scientific
purposes.

Results

VHSV course of replication in rainbow trout RBCs

For this analysis we first purified RBCs (oval nucleated cells) to
99.9% (as evaluated by optical microscopy) and then exposed
the purified RBCs to VHSV, for different times, to monitor
replication of VHSV in rainbow trout RBCs. For that, time
course expression of N gene of VHSV (N, ) was measured by
RT-qPCR with ¢cDNA performed with random hexamer prim-
ers (to target total RNA). Expression of N . gene was signifi-
cantly upregulated at 3 hpe. However, it drastically decreased from
6 to 72 hpe, indicating that VHSV could replicate at early times
postexposure, at the same levels as VHSV susceptible rain-
bow trout cell line RTG-2. However, viral replication was
halted in RBCs at later stages of infection, in contrast to RTG-2
(Figure 1A). Besides, cDNA synthesis was also performed with
oligo(dT) primers to target N, ., mRNA expression in VHSV-
exposed RBCs and the result was consistent with total RNA
expression (Figure S3). On the other hand, after VHSV enters
the cell, the first gene that starts to transcribe is N, gene, since
it is the closest to the 3’ transcriptional start, and the more distal,
excluding the polymerase, is the G glycoprotein gene (Gyq,)
gene. Therefore, under a normal transcription scenario a high
ratio between the N, . and G, viral genes transcripts is to
be expected, taking into account the attenuation phenomenon
found in rhabdoviruses*’-**. However, a ratio of 2 was observed in
RBCs, compared to the ratio of 8 found in RTG-2 cells, at 1
and 3 hpe (Figure 1B).

Also, RBCs were exposed to different VHSV multiplici-
ties of infection (MOI). Initial VHSV inoculum titer declined
~4-logs after 3 days of incubation at the indicated MOI assayed
(1, 10 or 100, respectively corresponding to inoculum virus tit-
ers 2-10° 2-107, 2-10* PFU/ml) (Figure 1C), in contrast to the
usual 1-log titer increment in RTG-2 cells infected in the same
conditions (Figure 1H). Later on, RBCs showed only a minor
and statistically non-significant ~1-fold increment of VHSV
titer as time of infection increased from 3 to 6 days (Figure 1D),
showing that low VHSV titers are maintained in the cell
after 72 hpe. These low VHSV titers were due to true VHSV
internalization and not to residual VHSV binding, since they
were diminished with NH,Cl treatment, a characteristic of
rhabdovirus infections (Figure 1D). NH,CI acts as a lysosomo-
tropic drug, blocking endosomal acidification and inhibiting
rhabdoviral cytoplasmic entrance steps including those of VHSV™*.

In order to increase the amount of VHSV inside rainbow trout
RBCs, RBCs were pre-treated with neuraminidase (NA) and then
exposed to UV-inactivated or live VHSV. NA has been shown to
enhance rhabdovirus infection in NA pre-treated cells by favor-
ing interaction with cellular membranes®”. As a result, VHSV
RNA inside RBCs was increased about ten times at 3 hpe in
live VHSV-exposed RBCs, in comparison with UV-inactivated
VHSV-exposed RBCs. However, seventy-two hpe the VHSV
RNA drastically decreased to almost disappear, as indicated
by N RT-qPCR (Figure 1E).

VHSV
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Figure 1. VHSV exposure and replication in rainbow trout RBCs. (A) Time course of VHSV gene replication in rainbow trout RBCs and
RTG-2 cellline. N gene of VHSV (N, ., ) expression profile was quantified by RT-gPCR attime 0, 1, 3, 6, 24 and 72 hours postexposure (hpe) to
VHSV, in RBCs (black bars) and RTG-2 (grey bars), with a multiplicity of infection (MOI) of 1 at 14°C. Gene expression was normalized against
eukaryotic 18S rRNA and ef?e, respectively for RBCs and RTG-2 cells, and relativized to control cells (non-exposed, time 0) (fold-change).
Data represent the mean + SD (n = 4 for RBCs and n=2 for RTG-2). (B) Ratio of N, and G,, ., genes expression by RT-gPCR at time 0, 1, and
3 hpe, relative to control cells (non-exposed, time 0), in RBCs (black bars) and RTG-2 (grey bars). Ratio was calculated as 244N, 1 2-24¢
G Gene expression was normalized against ef7a. Data represent the mean + SD (n = 3 for RBCs and n=2 for RTG-2). (C) Viral yield in
VHSV-exposed rainbow trout RBCs. Viral titer (grey bars) (plagque forming units per millilitre, PFU/ml) and N, gene expression by RT-gPCR
(black bars) of VHSV-exposed RBCs, with MOI 1, 10 and 100, respectively corresponding to inoculum virus titers 2:106(a), 2:107 (b) and 2:108
(e) PFU/mI, 72 hpe, at 14°C. Gene expression was normalized against ef7a. Data represent the mean + SD (n = 3 for viral titer and n=4 for
N,,c, 9ene expression). (D) VHSV titers diminished in rainbow trout RBCs after NH,Cl treatment. VHSV titers obtained in VHSV-exposed RBCs
at MOI 1, at 3 and 6 days postexposure (dpe), at 14°C, in the absence (black bars) or in the presence (grey bars) of NH,Cl. Data represent
the mean = SD (n = 4). (E) Pre-treatment of RBCs with neuraminidase enhances early replication of VHSV. RBCs were inoculated with UV-
inactivated or live VHSV, with a MOI of 1, at 14°C. Before infection, cells were pretreated with neuraminidase (NA) at 50 or 100 mU/ml during
30 minutes at 14°C. VHSV infectivity was quantified by N,, ., gene expression analysis by RT-qPCR at 3 hpe (grey bars) and 72 hpe (black
bars). Gene expression was normalized against 18S rRNA gene and represented as arbitrary units (AU). Data represent the mean = SD (n
= 4). (F) Representative immunofluorescence of VHSV labelling in RBCs exposed to VHSV (MOI 100, 24 and 72 hpe, 14°C) stained from left
to right with anti-N,,., 2C9 (FITC), DAPI for nuclei stained and merged (IF representative of 32 images). (G) Representative flow cytometry
overlay histograms showing untreated RBCs (grey filled histogram), VHSV-exposed RBCs with a MOI 100, at 14°C, 24 hpe (green filled
histogram) and 72 hpe (black filled histogram). (H) Schematic representation of the VHSV infectivity in RBCs and RTG-2 cells, indicating the
virus inoculation titer and recovered virus yield after 72 hpe in each cell line. Kruskal-Wallis Test with Dunn’s Multiple Comparison post-hoc
test was performed for statistical analysis among all conditions. Values over the bars denote pairwise significant differences with the value-
indicated time point or condition (P-value < 0.05).
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Besides, N, protein (2C9 antibody) was detected in RBCs
exposed to VHSV MOI 100, at 24 hpe, but not at 72 hpe. IF
images (Figure 1F) showed an intracellular stain, mainly in
nuclear and perinuclear regions. FC histogram (Figure 1G)
showed a slight increment of VHSV N protein in VHSV-exposed
RBCs, at 24 hpe, but not at 72 hpe. VHSV could not be detected
by IF or FC in RBCs exposed to lower MOls.

Antiviral transcriptional immune responses in rainbow trout
RBCs exposed to VHSV in vitro

We next investigated whether rainbow trout RBCs exposed
to VHSV could be capable of generating immune responses
in vitro, by means of examining the differential expression pro-
file of some genes characteristic of fish antiviral response.
First, a time course monitoring of the expression of interferon-
inducible mx and pkr genes was carried out at different time
postexposure. The results showed that mx and pkr genes
exhibited the same increment peak at 3 hpe and a tendency
to downregulation from 6 to 72 hpe, in parallel to N ., gene
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transcription levels tendency (Figure 2A and B, and
Figure 1A). The expression of mx and pkr genes did not change
over the time-course in control cells (Figure S4). On the
other hand, at 3 hpe, ifn/ gene expression already exhibited
a statistically significant downregulation (Figure 2C), and a slight
downregulation for #/r3 and irf7 genes.

Antiviral immune protein responses in RBCs exposed to
VHSV in vitro

Changes in RBCs immune protein response induced by VHSV
exposure were assessed using specific antibodies. VHS V-exposed
RBCs showed only an increment in protein levels of chemokine
IL8 (Figure 3B and E, Figure S5A) and antimicrobial peptide
BD1 (Figure 3C and F, Figure S5B), verified by means of FC
and IF. Mx and IFN1 protein levels, according to the RT-qPCR
results, did not change or downregulate, respectively (Figure 3A).
Cytokines ILI1P, IFNy (Figure 3B), antimicrobial peptide
Hepcidin (Figure 3C) and natural killer enhancing factor
(NKEF) (Figure 3D) did not show regulation at 72 hpe.

B

72

hpe

Figure 2. Interferon signaling in VHSV-exposed rainbow trout RBCs. Time course of interferon-inducible antiviral genes mx (A) and
pkr (B). RBCs were exposed to VHSV with a multiplicity of infection (MOI) of 1 at 14°C, and mx71-3 and pkr genes expression was quantified
by RT-gPCR at time 0, 1, 3, 6, 24, 72 hours postexposure (hpe). Data is displayed as mean + SD (n = 3). Kruskal-Wallis Test with Dunn’s
Multiple Comparison post-hoc test was performed among all conditions. (C) Interferon signaling at early time postexposure. RBCs were
exposed to VHSV with a MOl of 1 at 14°C, and tIr3, irf7 and ifn1 gene expression profiles were quantified by RT-gPCR at time 0, and 3 hpe.
Data is displayed mean + SD (n = 3). Mann Whitney Test was performed for statistical analysis between the VHSV-exposed and control cells
(non-exposed, time 0, red line). Gene expression was normalized against eukaryotic 18S rRNA for mx, tr3, irf7 and ifn1 genes and effa
for pkr gene, and relativized to control cells (fold-change). Asterisk denote statistically significant differences between VHSV-exposed and
control cells (P-value < 0.05).
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proteins (IFN1 and Mx), (B) cytokines (IL8, IL1B and IFNy), (C) antimicrobial peptides (BD1 and Hepcidin) and( )ant|o><|dant protein NKEF,
measured by flow cytometry and calculated by the formula MRFI (Mean Relative Fluorescence Intensity) = fluorescence in VHSV-exposed
RBCs / fluorescence in non-exposed RBCs, at multiplicity of infection (MOI) 1, 72 hours postexposure (hpe), at 14°C, relative to control
cells (non-exposed, red line). Data is displayed as mean + SD (n=5). Mann Whitney Test was performed for statistical analysis between the
VHSV-exposed cells and control cells. Representative immunofluorescences of control and VHSV-exposed RBCs stained with anti-IL8 (IF
representative of 44 images) (E) and anti-BD1 (IF representative of 46 images) (F) (FITC) and DAPI for nuclei stain.

Interferon crosstalk between RBCs and spleen stromal
TSS cell line

Rainbow trout spleen is an active hematopoietic organ™,
and it is composed of various cell types, such as red blood
cells, leukocytes and reticular or stromal cells’’. It has been
demonstrated that cytokines and soluble factors produced by
stromal cells are required for rainbow trout blood cells devel-
opment in spleen or head kidney™. In this regard, we wanted to
evaluate the paracrine effects of the cytokines produced by VHSV
stimulated RBCs over the stromal cell line from rainbow trout
spleen, TSS”. For that, rainbow trout RBCs stimulated with
VHSV UV-inactivated were co-cultured with TSS cell line, using
a Transwell system to test whether a cross-stimulation medi-
ated by soluble molecules was involved. Gene expression profiles
for ifnl, and interferon stimulated genes (ISGs) mux, viral induc-
ible gene vigl/, and interleukin i//5 genes were examined for
each cell line 24 hours post co-culture (Figure 4E). Linear
regression analysis of RBCs ifin/ gene expression with their
respective mx, vigl and ill5 genes showed a significant cor-
relation between ifn/ and vig/ and ill5, but not with mx gene
(Figure 4A). ifnl gene expression from RBCs and TSS cells
also showed a significant correlation (Figure 4B). TSS cells
showed significant correlation between ifn/ and mx, vig/ and
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il15 (Figure 4C). The results demonstrated an IFN crosstalk
between stimulated RBCs and TSS cells. Besides, this IFN
crosstalk was also observed when RBCs were incubated with
conditioned medium from RTG-2 cells previously treated with
UV-inactivated VHSYV, since we could observe an increment
in ifnl and mx genes expression, in contrast to ifnl or mx
downregulation when RBCs were directly exposed to VHSV
(Figure 4D).

iTRAQ protein profile of VHSV-exposed RBCs

The iTRAQ data showed a total of 9246 MS/MS Spectra,
2639 unique peptides with peptide-level FDR<0.01 and
872 inferred proteins common in all samples. Significant
up/down regulations between samples were determined by a
log2FoldChange)>1 with a g-value<0.05. In total, 64 proteins
were significantly up or down-regulated during VHSV exposure
(Figure 5). Specifically, 59 proteins were downregulated and
only 5 proteins were upregulated during VHSV exposure. Cyto-
scape functional annotation was used to investigate underlying
biologically functional differences that may be related to
VHSV exposure. The results showed four strongly represented
networks of interest (mRNA stability, proteasome, viral proc-
ess and cellular catabolic processes) (Figure 5 and Figure S6).
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Figure 4. Crosstalk between rainbow trout RBCs and spleen stromal cell line TSS. Rainbow trout RBCs, control (non-exposed) and
exposed to UV-inactivated VHSV, with multiplicity of infection (MOI) 1, were posteriorly co-cultured with TSS cell line, at 14°C, and ifn1, mx,
vig1 and il15 gene expression profiles were quantified by RT-gPCR at 24 hours postexposure (hpe) for RBCs and TSS. (A) Linear regression
between ifn1 and interferon stimulated genes vig1, mx, and il15 gene expression profiles in RBCs. (B) Linear regression between RBCs and
TSS ifn1 gene expression profile. (C) Linear regression between ifn1 and vig1, mx, and il15 gene expression profiles in TSS. Gene expression
was normalized against eukaryotic 18S rRNA and relativized to control cells (red line) (fold-change). Data is displayed as a linear regression
line, with individual dots, between indicated cell lines and expressed genes (r% coefficient of determination, asterisk denote statistical
significance, P-value < 0.05) (n = 6). (D) Rainbow trout RBCs exposed to VHSV, UV-inactivated VHSV (VHSV-UV) (MOI 1, 14°C, 24h) or
treated with conditioned medium from RTG-2 cells pre-treated with VHSV-UV, for 24h at 14°C. RBCs ifn1 and mx gene expression profiles
were quantified by RT-gPCR. Gene expression was normalized against eukaryotic 18S rRNA and relativized to control cells (RBCs incubated
with conditioned medium from untreated RTG-2 cells, red line) (fold-change). Data represent the mean + SD (n = 4). Kruskal-Wallis Test with
Dunn’s Multiple Comparison post-hoc test was performed among all conditions. Asterisk denote significant differences with the indicated
condition and control cells (P-value < 0.05). (E) Schematic representation of RBCs and TSS co-culture assay and analysis.

Among the 59 down-regulated proteins (Figure 6, Table S1), the RNPS1 (RNA binding protein S1, serine-rich domain), which
top-score network was mRNA stability, being SNRPD3 (Small  is part of pre- and post-splicing multiprotein messenger ribo-

nuclear ribonucleoprotein D3 polypeptide) the most down- nucleoprotein  (mRNP) complexes. Apart from that, several
regulated protein with ~ -3 log2FoldChange. This protein is heat shock chaperones were also downregulated (-2>log2Fold-
a core component of spliceosomal small nuclear ribonucleo- Change>-1), such as HSPAIL (Heat shock 70kDa protein 1-

proteins (snRNPs), the building blocks of the spliceosome, like) and HSPAS (Heat shock 70kDa protein 5) both involved
and therefore, it plays an important role in the splicing of  in thelz correct folding of proteins and degradation.of misfolded
cellular pre-mRNAs. Other proteins related to splicing processes ~ Proteins, and HSPAS (Heat shock 70kDa protein 8), which

. . ) may have a scaffolding role in the spliceosome assembly.
were also highly downregulated (-2>log2FoldChange>-1), ‘such Besides, another protein highly downregulated was NPEPLI1

as SRSF4 (Serine/arginine-rich splicing factor 4), which plays a (Aminopeptidase-like 1), a novel protein which has been
role in alternative splice site selection during pre-mRNA splicing, implicated in HIV replication™.
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Figure 5. Gene ontology (GO) analysis of iTRAQ-based

differentially expressed proteins in VHSV-exposed rainbow trout
RBCs. RBCs were exposed to VHSV with a multiplicity of infection
(MQI) of 1 at 14°C, and protein quantified at 72 hpe. Proteins were
classified into five specific GO-Biological Process categories
indicated in the x-axis. The y-axis indicates the number of proteins
in each category. Grey bars indicate upregulated proteins and black
bars down-regulated proteins.
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On the other hand, among the five upregulated proteins (Figure 6,
Table S1), BANF1 (Barrier to Autointegration factor 1) has
been directly implicated in viral processes and plays fundamen-
tal role in nuclear assembly, chromatin organization and gene
expression. Besides, HNRNPR (Heterogeneous nuclear ribonu-
cleoprotein R) plays an important role in processing precursor
mRNA in the nucleus, and SRSF1 (Serine/arginine-rich splicing
factor 1) is also implicated in mRNA splicing, via spliceosome.

The 59 downregulated proteins were analyzed using
STRING v10.5 (RRID:SCR_005223, http://string.embl.de/)*
with a medium confidence score threshold of 0.4. An interactome
network was built for these set of proteins to find out protein-
protein interaction and predict functional associations. We found
that proteins within spliceosome and proteasome networks inter-
acted with each other as well as with their partners. We also
found that 17 proteins were involved in viral process category
and that most of them interacted with each other as well as with
their partners (Figure 7).

Phosphorylation of elF2a. in VHSV-exposed RBCs

Since a global protein downregulation was observed in VHSV-
exposed RBCs, we further investigated whether this phenom-
ena could be due to the phosphorylation of the o-subunit of
translational initiation factor 2 (elF201), a recognized key
mechanism of global inhibition of translational initiation. For
that, phosphorylation of elF2o. (elF20-P) was evaluated in
VHSV-exposed RBCs compared to control cells by western blot
(Figure 8A and B). The results showed a small upregulation of
elF20-P in VHSV-exposed RBCs.

Figure 6. iTRAQ-based quantitative protein expression profile of VHSV-exposed rainbow trout RBCs. Bar plot of statistically significant
differentially expressed proteins in VHSV-exposed RBCs (MOI 1, 14°C, 72 hpe) compared to control cells (non-exposed) (P-value < 0.05, FDR
g-value < 0.05). Functional categories are labelled as follows: Blue = proteasome, pink = regulation of RNA stability, light green = cellular
catabolic process, dark green= viral process, grey = proteins not associated to any function.
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Figure 7. Constructed protein-protein interaction of differentially downregulated proteins (DDPs) predicted using STRING software.
Nodes represent DDPs and edges the interactions between two proteins. The colour of the edge indicates the interaction score (edge score).
Red nodes highlight DDPs functionally annotated in viral processes.
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Figure 8. Phosphorylation of translation initiation factor elF2c in VHSV-exposed rainbow trout RBCs. (A) Representative western blot
of elF2a phosphorylation (elF20.-P) in VHSV-exposed (V) (MOI 1, 14°C, 72 hpe) and control RBCs (C) (non-exposed). (B) Bar plot of elF20.-P
protein content of stained bands estimated by densitometry, relative to a-Actin. Mann Whitney Test was performed for statistical analysis
between VHSV-exposed cells and control cells. Asterisk denote statistically significant differences (P-value < 0.05).
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Four elF2a. kinases have been identified to inhibit protein syn- Oxidative stress and antioxidant response in VHSV-

thesis by phosphorylation of elF2o: double-stranded RNA- exposed RBCs

dependent elF2o. kinase (PKR), mammalian orthologue of the Oxidative stress is known to be induced by viral infections, being
yeast GCN2 protein kinase, endoplasmic reticulum (ER) resident one of the major pathogenic mechanisms by altering the balance
kinase (PERK) and heme-regulated eIF2o. kinase (HRI)*. HRI, of intracellular redox®. On the other hand, oxidative stress is
which was first discovered in reticulocytes under conditions of  known to activate HRI, which in turn phosphorylates elF20o. and
iron and heme deficiencies’™’, was later known to regulate the inhibits protein translation. In order to evaluate the oxidative stress
synthesis of both o- and B-globins in RBCs and erythroid cells induced in VHSV-exposed RBCs as possible causative mechanism
by phosphorylation of elF2c*, and therefore inhibiting protein for the proteome downregulation found in our study, we exam-
synthesis. Besides, heme is also known to regulate the transcrip- ined, at 72 hpe, the ROS intracellular production by means of
tion of globin genes through its binding to transcriptional factor =~ DCFDA (2’,7"-Dichlorofluorescin diacetate) fluorescence inten-
Bach1”. Taking this fact into account, we explored RBCs f-globin sity. The results showed that VHSV-exposed RBCs significantly
gene expression during the course of VHSV exposure and the  augmented DCFDA fluorescent intensity 72 hpe (Figure 10A),
results showed that -globin gene was downregulated after 6 hpe therefore VHSV halted infection in RBCs generated oxidative
(Figure 9), therefore suggesting an activation/phosphorylation stress in rainbow trout RBCs. Besides, in order to evaluate the
of HRI and consequent phosphorylation of elF2o and protein capability of RBCs to respond to oxidative stress, antioxidant
inhibition. response of VHSV-exposed RBCs was evaluated examining

B-globin Fold-Change

6 24 72
hpe

Figure 9. p-globin gene expression time-course in VHSV-exposed rainbow trout RBCs. RBCs were exposed to VHSV with a multiplicity of
infection (MOI) of 1 at 14°C. Gene expression was quantified by RT-gPCR attime 0, 1, 3, 6, 24, 72 hours postexposure (hpe). Gene expression
was normalized against eukaryotic 18S rRNA and relativized to control cells (non-exposed, time O, red line) (fold-change). Data is displayed
as mean + SD (n = 3). Kruskal-Wallis Test with Dunn’s Multiple Comparison post-hoc test was performed among all conditions. Values denote
pairwise significant differences with the value-indicated condition (P-value < 0.05).
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Figure 10. Effect of VHSV on ROS intracellular production and antioxidant enzymes gene expression in rainbow trout RBCs. RBCs
were exposed to VHSV with a multiplicity of infection (MOI) of 1 at 14°C, (A) DCFDA (2’,7’-Dichlorofluorescin diacetate) fluorescence intensity
of VHSV-exposed RBCs relative to control cells (non-exposed), 72 hours postexposure (hpe). (B) Antioxidant genes (fth: ferritin, gstp1:
glutathione S-transferase P, nkef. natural killer enhancement factor-like protein, sod1: superoxide dismutase [Cu-Zn], trx: thioredoxin) gene
expression quantified by RT-gPCR at 3 hpe (grey bars) and 72 hpe (black bars). Gene expression was normalized against eukaryotic 18S
rRNA and relativized to control cells (time 0, red line) (fold-change). Data is displayed as mean + SD (n = 3). Kruskal-Wallis Test with Dunn’s
Multiple Comparison post-hoc test was performed among all conditions. Values denote pairwise significant differences (P-value < 0.05) with
the value-indicated condition.
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transcript levels of antioxidant genes fth (ferritin), gstpl
(glutathione S-transferase P), nkef (natural killer enhancement
factor-like protein), sodl (superoxide dismutase [Cu-Zn]) and
trx (thioredoxin). The results depicted an increment in tran-
script levels of fth, gstpl, nkef and trx (Figure 10B) as the time
of exposure increased from 3 to 72 hours, demonstrating the
capability of rainbow trout RBCs to counteract oxidative stress.

Dataset 1. Excel file containing gPCR data. Each sheet contains
the raw Ct values for the indicated figure numbers, organized by
samples (rows) and genes (columns)

http://dx.doi.org/10.5256/f1000research.12985.d192872

Dataset 2. Excel file containing the virus titration data. Each sheet
contains the virus titer (PFU/mL) results of the indicated figure
number

http://dx.doi.org/10.5256/f1000research.12985.d182834

Dataset 3. Flow cytometry data. Each folder contains the Flow
Cytometry Standard (.fcs) format files. Source data files are
organized by figure number, and then by antibody, sample
number and condition

http://dx.doi.org/10.5256/f1000research.12985.d192873

Dataset 4. Excel file containing the computed peptide spectrum
match (PSM) raw data, and the spectra recovered in the iTRAQ
4-plex analysis

http://dx.doi.org/10.5256/f1000research.12985.d182836

Dataset 5. Excel file containing the iTRAQ 4-plex quantitative
analysis raw data

http://dx.doi.org/10.5256/f1000research.12985.d182837

Dataset 6. Excel file containing the densitometry raw data of
elF20-P and a-Actin western blots. Related uncropped blots are
included

http://dx.doi.org/10.5256/f1000research.12985.d192879

Dataset 7. Excel file containing DCFDA absorbance raw data

http://dx.doi.org/10.5256/f1000research.12985.d182839

Discussion

Most viral infections release their progeny to the outside
of the cells (productive infections). However, viral infections
can be also non-productive in non-permissive cells (also called
abortive). Viral abortive infections occur when a virus enters a
host-cell, then some or all viral components are synthesized
but finally no infective viruses are released’’. This situation may
result from an infection with defective viruses or because the
host cell is non-permissive and inhibits replication of a particular
virus. Our results are consistent with VHSV binding and inter-
nalization in rainbow trout RBCs. Internalization of VHSV occurs
via fibronectin-integrin receptors in the host cell’”’. Integrin
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proteins expression has been found in human red blood
cells”, however, it is unknown whether non-mammalian nucle-
ated RBCs express integrins. VHSV internalization is followed
by viral genes transcription at early times of viral exposure and
posterior quasi-inhibition inside rainbow trout RBCs. In this sense,
rainbow trout RBCs could be classified as a non-permissive cell
for VHSYV replication, in contrast to other rainbow trout cells or
tissues where VHSV is productive, such as RTG-2 cells®*, fin
cells” or stroma®. Therefore, from our results, VHSV infec-
tion could be classified as halted in rainbow trout RBCs, since it
enters the cell, but does not replicate at the levels comparable to
the ~100-fold increase in titre of PRV and ISAV infections in
salmon RBCs’’. In fact, an apparent inhibition of the early viral
genes transcription seemed to occur since N0 Gy, viral genes
transcripts ratio was very low, and therefore did not follow the
attenuation phenomenon found in rhabdoviruses’’. However,
strikingly, even though recovered VHSYV titer in the RBCs super-
natant was very low at 3 and 6 dpe, at 40 dpe almost the same
virus titer could be recovered from RBCs supernatant (data
not shown), suggesting an ex vivo persistence of VHSV inside
RBCs.

In the literature, innate immune responses have been
associated with viral abortive infections, including rhabdovi-
ruses. Pham et al.”” speculated that the cause of aborted VHSV
infection in rainbow trout macrophage cell line (RTS-11) could
be the constitutive expression and/or upregulation of mx genes.
The abortive infection of snakehead fish vesiculovirus (SHVV)
in zebrafish embryonic fibroblast cell line (ZF4) was associated
with activation of Retinoic acid-Inducible Gene I (RIG-I)-like
receptors and interferon pathway by viral replicative
intermediates. Similarly, in mammals, Pfefferkorn ef al.*” dem-
onstrated that abortive viral infection of astrocytes by rabies
virus (RABV) and vesicular stomatitis virus (VSV) triggered
a pattern recognition receptor signaling which resulted in the
secretion of IFN-B. On the other hand, it has been also described
that alveolar macrophages are able to restrict respiratory syncy-
tial virus (RSV) replication even in the absence of type I IFNs
(IFN1)". In this sense, VHSV halted infection in rainbow
trout RBCs did not seem to be related to IFN1 or IFN1-induc-
ible genes, since infl, mx and pkr genes as well as Mx and IFN1
proteins appeared poorly modulated or downregulated dur-
ing VHSV exposure, in contrary to the 8-fold increase in ISAV
productive infection in salmon RBCs’, the 50-fold increases
in PRV productive infection in salmon RBCs’ or the 50-fold
increases in IPNV non-productive infection in rainbow trout
RBCs’'. Alternatively, high levels of constitutive Mx pro-
tein expression might have prevented its further increase in
VHSV-exposed RBCs, like it is the case of the rainbow trout
monocyte-macrophage RTS-11 cell line’”. On the other hand, sev-
eral cell mechanisms have been reported to suppress IFN1-medi-
ated responses, which include downregulation of cell surface
IFNo receptor (IFNAR) expression, induction of negative regu-
lators (such as suppressor of cytokine signalling (SOCS) pro-
teins and ubiquitin carboxy-terminal hydrolase 18 (USP18)), as
part of a negative feedback loop to limit the extent and dura-
tion of IFN1 responses’. Separately, a putative antagonistic
effect of VHSV virus on Mx induction has been previously
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reported”*”>. From our results, in VHSV-exposed RBCs, mx gene
poor induction or slight downregulation could be probably sup-
ported by the existence of a VHSV antagonistic effect against
RBCs IFN response. To further clarify whether a viral antago-
nistic effect or a feedback loop of IFN1 and/or IFNI1-inducible
genes induction is related to or responsible for aborting or
halting viral infections in rainbow trout RBCs remains to be
studied, and are part of our ongoing research.

Separately, although the IFN levels were low, our results
demonstrated the paracrine IFN crosstalk between RBCs, stimu-
lated with UV-inactivated VHSV, and spleen stromal TSS cell
line. TSS cell line has been described to resemble the immune
responses observed in cultures of head kidney macrophages’.
Also, it has been demonstrated the ability of TSS to positively
respond to conditioned supernatants from head kidney
macrophage cultures exposed to poly L:C°. As well, after expo-
sure to poly I:C, TSS produced a high upregulation of the Mx-1
gene’’. Our results showed the correlated ifn/ regulation in both
cell lines, as well as the correlative regulation of interferon-
inducible mx gene in TSS, the regulation of il/5, an interleukin
that can activate antiviral responses via an interferon-
dependent mechanism’™, and the regulation of VHSV-inducible
vigl, a gene induced by VHSV as well as by interferon”.
Separately, we observed that conditioned medium from RTG-
2 cells previously treated with UV-inactivated VHSV could
induce an increment in ifn/ and mx genes expression in RBCs,
in contrast to ifnl or mx observed downregulation when RBCs
were directly exposed to VHSV. Therefore, this crosstalk
observations demonstrated the capacity of rainbow trout RBCs
to exert a paracrine molecular antiviral communication with
other cells with capacity to generate an immune response, as
it is the case of the TSS cell line”” or RTG-2 cells'”. More extended
research is need to further identify the molecules involved in
this crosstalk.

On the other hand, other immune proteins, such as BDI,
IL1P and IL8, known to be involved in antiviral immunity, which
were upregulated in VHSV- exposed RBCs, appeared to be
part of the antiviral immune response of rainbow trout RBCs
and could be implicated in the halted viral replication inside
RBCs.

To further investigate the mechanisms implicated in the immune
response of rainbow trout RBCs to VHSV, the comprehen-
sive analysis of differentially expressed proteins, obtained by
means of iTRAQ proteome profiling, revealed the regulation of
two typical mechanisms for viral subversive strategies: regula-
tion of spliceosome, or splicing hijacking, and host-cell shut-off.
However, even though these strategies usually lead to viral aug-
mented replication and cell death, in the case of VHSV-exposed
RBCs this is not observed. Therefore, how these strategies or
another strategies contribute to halting viral replication yet
remains elusive. Future research could be directed to investi-
gate the role/implication of small nuclear ribonucleoprotein
SNRPD3, aminopeptidase NPEPL1, serine/arginine-rich splic-
ing factor SRSF1 and heterogeneous nuclear ribonucleo-
protein HNRNPR, in the response of RBCs against VHSV
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replication, since these proteins were the more regulated
ones and they have been shown to be implicated in HIV
replication™*-%%).

On the other hand, inhibition of both host and viral trans-
lation has been shown during infection with the prototype
rhabdovirus  vesicular  stomatitis  virus  (VSV)*.  During
VSV infection, there is a rapid inhibition of host mRNA trans-
lation early after infection, followed by a later inhibition of
viral mRNA translation, which has been associated to elF2o
phosphorylation®. Our results showed a slight increment in
elF20, phosphorylation in VHSV-exposed RBCs, indicating that
this mechanism could be implicated in the inhibition of VHSV
replication in rainbow trout RBCs. In this context, HRI, heme-
regulated elF2a kinase, is one of the four kinases identified to
inhibit protein synthesis by means of elF2a phosphorylation.
HRI is predominantly expressed in reticulocytes and eryth-
roid precursors™’, and it is known to regulate the synthesis
of both a- and B-globins in RBCs and erythroid cells by
phosphorylation of eIF20°*. Moreover, heme, the prosthetic group
of hemoglobin, is known to inhibit eIF2o and therefore the tran-
scription of globin genes through its binding to transcriptional
factor Bachl. From our results, a decrease in [-globin gene tran-
scripts levels during the course of viral exposure, accompanied
with the observed phosphorylation of elF2o, could suggest
a possible heme regulation mechanism of elF2 pathway in
response to VHSV exposure in rainbow trout RBCs. The
mechanism by which heme is altered in rainbow trout RBCs
during VHSV exposure remains to be investigated.

An interesting mechanism found in rainbow trout RBCs in
response to VHSV was the implication of protective antioxi-
dant enzymes genes gstpl, nkef and trx in the defense of RBCs
against the induction of ROS after VHSV exposure, since
as the course of virus exposure increased ROS slightly aug-
mented in parallel to transcript levels of these enzymes. It is
known that ROS plays an important role in cell signalling and
immunomodulation among others®* as well as performing
antimicrobial actions against pathogens'. However, oxidative
stress due to imbalance in the production/elimination of ROS
can have cytotoxic effects®®. ROS scavengers are the major
defense against oxidative stress produced in the cells*. These
systems are known to contribute not only to repair the oxidative
damage maintaining redox homeostasis, but also to the over-
all response of the cell to ROS by acting as oxidative sensors in
signal transduction pathways*. However, although it has been
said that ROS production contributes to eliminate pathogens,
nowadays it is becoming evident that viruses, bacteria, and pro-
tozoans ROS induction can also promote pathogen burden™. In
this regard, in relation to the implication of antioxidants activity
against viral replication, it has been also described that antioxi-
dants can suppress virus-induced oxidative stress and reduce RNA
virus production”’. GSTP1, NKEF and TRX are known antioxi-
dant enzymes with implication and up-regulation in RNA-virus
infections” and rhabdovirus infections’*”’. However, whether
these enzymes may contribute to halting or reducing viral replica-
tion remains to be studied. On the other hand, mammals’ RBCs
have an extensive array of antioxidant enzymes to counteract
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oxidative stress and maintain redox homeostasis and
RBCs survival”. However, to our knowledge this is the first report
that implicates nucleated RBCs ROS scavengers in the antivi-
ral immune response. Separately, these antioxidant enzymes
are known NF-kf antioxidant targets in response to inflamma-
tion stimulus (reviewed in Morgan and Liu, 2011%) and ROS can
be sometimes produced in response to cytokines. Since NF-kf3
appeared slightly activated in VHSV-exposed RBCs (Figure S7A
and B), it is suggested that the cytokine response generated after
VHSV exposure in rainbow trout RBCs would induce ROS pro-
duction, and in turn this would modulate the NF-kf} response and
NF-«f target genes could attenuate ROS to promote RBCs survival.
Apart from the observation of NF-kf translocation to the
nucleus in some of the RBCs, it is noteworthy that it is always
accompanied by an increase in the protein levels of the p65 NF-
K subunit in the cytoplasm. This phenomenon has been also
observed in human foreskin fibroblasts during HCMV infec-
tion, where an increase in p65 mRNA levels correlated with
the sustained increase in NF-kB activity during the course
of infection”. Another fish rhabdovirus, the SVCYV, has been
reported to induce accumulation of ROS accompanied by
the up-regulation of Nrf2 and its downstream genes (i.e. Heme
Oxygenase-1 and thrioredoxin). The overexpression of Nrf2
has been also reported to significantly suppress either entry
or replication of several viruses (reviewed in 96), and Shao
et al.”® also demonstrated that the activation of Nrf2 repressed
the replication of SVCV. Therefore, future research could be
directed to investigate the implication of the Nrf2 pathway
in inhibiting VHSV replication in rainbow trout RBCs.

In summary, this study unveils previously unobserved but impor-
tant mechanisms for fish nucleated RBCs in the contribution to
the defense against a viral aggression not involving RBCs as
targets. To our knowledge, this is the first report that implicates
fish RBCs as antiviral mediators against viruses targeting other
tissues or cells. The recognition of body circulating viruses and
the subsequent generation of immune defenses by RBCs may
largely contribute to fish survival, given the large volume of RBCs
and its rapid and wide distribution to the whole body. We are
further investigating if similar mechanisms operate in vivo, the
molecules that trigger such immune responses or the cellular
factors implicated in the interaction with the virus.
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Figure S1. Validation of the polyclonal antibody against Onchorhynchus mykiss BD1. Western blotting using the antibody developed in
rabbit that recognizes the synthetic BD1 (41aa), in samples from O. mykiss: head kidney, muscle, untreated red blood cells (RBCs), VHS V-

exposed RBCs, and the synthetic BD1.

Click here to access the data.

Figure S2. Validation of the polyclonal antibodies against Onchorhynchus mykiss IFNy and IFN1. Left Panel: Prediction of
three-dimensional structure of the molecules (by Phyre2). Right panel: Western blotting using the respective antibody. A: Validation of
anti-IFNy antibody. On the left 3D predicted structure of the recombinant protein rIFNy used for the immunization. On the right the antibody
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developed in mouse recognizes the rI[FNY. B: Validation of anti-IFN1 antibody, in red: DWIQHHFGHLSAEYLSQ (aa 25-42), the synthetic
epitope sequence of IFN1 used for the immunization. On the right, the anti-epitope antibody recognizes the whole molecule expressed in a
RT Gill cell line.

Click here to access the data.

Figure S3. Kinetics of VHSV RNA synthesis in RBCs exposed to the virus. RBCs were exposed to VHSV with a multiplicity of infection
(MOI) of 1 at 14°C. Gene expression was quantified by RT-qPCR at time 0, 1, 3, and 72 hours postexposure (hpe). (A) Random hexamer-
primed RT reaction (total RNA) (black bars) and oligo dT primed-RT reaction (mRNA) (dashed bars). Gene expression was normalized
against endogenous ef/o. gene expression and relativized to control cells (non-exposed, time 0, red line) (fold-change). Data is displayed as
mean + SD (n = 3).

Click here to access the data.

Figure S4. Time course of interferon-inducible antiviral genes mx and pkr in untreated rainbow trout red blood cells (RBCs).
mxI-3 (grey) and pkr (black) genes expression was quantified at time 0, 3, 6, 24, 72 hours post-ficoll. Gene expression was normalized
against eukaryotic 18S rRNA and relativized to control cells (time 0, red line) (fold of increase). Data is displayed as mean + SD (n = 2).
Kruskal-Wallis Test with Dunn’s Multiple Comparison post-hoc test was performed among all conditions.

Click here to access the data.

Figure S5. Representative flow cytometry dotplots of immune protein responses of VHSV-exposed RBCs. RBCs were exposed to
VHSV at MOI 1, at 14°C, and stained with anti-BD1 (A) and anti-IL8 (B), 72 hpe. Control (non-exposed) and VHSV-exposed RBCs
dotplots are shown. Y axis represents side scattering (SSC-A) and X axis FITC fluorescence intensity (FITC-A).

Click here to access the data.

Figure S6. Pathway network of significantly over-represented GO-terms in VHSV-exposed rainbow trout RBCs protein iTRAQ
profiling. Big nodes represent significantly differentially expressed (down-regulated) proteins that have similar function; edges rep-
resent pairwise interactions; small nodes represent the proteins associated to each function. Functional groups are labelled as follows:
Blue = proteasome, pink = regulation of RNA stability, light green = cellular catabolic process, dark green= viral process, grey = proteins
not associated to any function. A list of all over-represented terms is provided in Table S1.

Click here to access the data.

Figure S7. NF-kB p65 protein labelling in VHSV-exposed RBCs. (A) Protein expression levels calculated by the formula MRFI (Mean
Relative Fluorescence Intensity) = fluorescence in VHS V-exposed RBCs / fluorescence in non-exposed RBCs, at MOI 1, 10 and 100, 72hpe,
at 14°C, relative to control cells (non-exposed, red line). Data represent mean + SD (n=3). Mann Whitney Test was performed for statistical
analysis between the VHS V-exposed cells and control cells. (B) Representative immunofluorescences of control and VHSV-exposed RBCs
stained with anti-NF-k8 (FITC) and DAPI for nuclei (IF representative of 20 images).

Click here to access the data.

Table S1. List of significantly over-represented GO-terms in VHSV-exposed rainbow trout RBCs protein iTRAQ profiling.

Click here to access the data.
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Summarized statement
This is a comprehensive piece of work with a number of interesting experiments.
However, | suggest to not accepting the paper in its present form.

To my opinion the authors have not convincingly shown an initial viral replication in RBCs, although this
represents their primary experimental basis. All consecutive data are based on this initial assumption and
this makes the whole story challengeable.

In contrast to the assumption of viral replication detection of viral RNA by RT-PCR could have been
simply based on inoculated virus that could have been absorbed to the surface of RBCs or internalized by
them. In order to prove viral replication de novo synthetized viral RNA or protein expression must be
determined.

In this system viral RNA replication can be determined on the mRNA level. For the RT step e.g. oligo(dT)
primers could be used that only bind to the polyadenylated tail of mMRNAs. The resulting cDNA must then
be thoroughly treated with RNAse. This experiment is essential to make the experiments reliable.

Alternatively, | suggest modifying the whole story and stressing the obvious responses of RBCs to the
virus (avoiding the claim of virus replication). Thus the title could be changed into something like e.g.
“Response of rainbow trout RBCs to VHSV”.

Specific comments

Introduction:

The authors claim: "To compensate for those immune deficiencies, fish have unique phagocytic B
lymphocytes".

This is not fully true since also B lymphocytes of some mammalians can execute phagocytosis.

They further claim: "To compensate for those immune deficiencies, ... and stronger innate immune
responses, as shown in survivors of viral infection".
This is highly speculative and can’t be concluded from a single paper.

Material and methods:

The anti-p-defensin (BD1) anti -IFN1 and anti -IFNy antibodies have not been described or characterized
elsewhere. Their suitability can be questioned.

The anti-Mx3 antiserum has been produced against a predicted Mx peptide. However, | did not find
information on the characterization of this antiserum.

The anti-IL13 and the NKEF antibodies have only been tested against the immunizing peptide and there
is no further information if the antibodies react with the respective native proteins.

The rabbit polyclonal antibody against human NF-kp p65 has not been shown to be suitable in any fish
species. Abcam only declares that it reacts with mouse, rat, chicken, human and Indian muntjac
(Heterocephalus glaber). Those species are phylogenetically not closely related to teleosts.

The authors describe: "Separately, NVHSV RT-qPCR was also used to quantify the viral RNA inside
VHSV-exposed RBCs ...."

This is not a proof that virus was inside erythrocytes. The virus could have been simply
attached/absorbed to RBCs.

To show viral replication RT-PCR with mRNA is required.
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"RBCs were fixed with 4% paraformaldehyde (PFA)..."
Unfixed RBCs should have been used in addition to fixed RBCs in order to distinguish between
intracellular and membrane bound virus.

Results:

The authors conclude: “...to monitor the replication of VHSV in trout RBCs. ... Clearly, the expressions of
NVHSV gene were significantly upregulated at 3 hours postexposure.”.

Again, | can’t support this statement since replication can’t be shown by RT-PCR for an RNA virus. Here
simply increasing attachment to RBCs might have occurred which explains lower Cq values (higher
amounts of viral RNA, respectively). This needs to be verified on the mRNA level.

The authors write: “On the other hand, after VHSV enters the cell, the first gene that starts to transcribe is
the NVHSV gene,...".

This observation has been made in cell cultures that are permissive for VHSV. However, it has not
convincingly been shown in this paper that N gene transcription took place in RBCs (see my comments
above).

“NVHSV RT-gPCR also confirmed the presence of viral RNA in VHSV-infected RBCs (Figure 2B).”
Similarly to the above mentioned, this just says that VHSV was associated with RBCs, but not if the virus
was inside RBCs. Attached virus could have resulted in positive RT-PCR results as well.

To further illustrate my concerns regarding viral replication in RBCs | have a few comments regarding
Figure 1:

The authors write that “The initial VHSV inoculum titer declined ~3-logs after 3 days".

In Figure 1H, however, | see a 4 log (from 10-to-the-6 to 10-to-the-2) reduction after 3 days (72 hours).

As for Figure 1H a negative control is missing where the same inoculum should have been added to the
corresponding amount of cell-free medium or, even better, to inactivated (irradiated) erythrocytes. At
14°C, viral titers would probably also drop in the absence of cells (RBCs).

In Figure 1H the viral titers with RBCs drop within 72 hours by log4. However, in Figure 1D | can see an
increase (although minor) in viral titers between 72 hours and 6 days in untreated cells. Is this statistically
approved?

In Figure 1D the authors claim that “VHSV internalization in trout RBCs is NH4Cl-sensitive.” | can’t follow
this conclusion. If internalization was NH4CI-sensitive why it did not fully block virus internalization? The

difference between untreated and treated RBCs is about only 2 fold. Is this statistically approved?

Why the decrease in internalization wasn’t checked 3 hours after exposure when the N gene expression

was claimed to be highest in RBCs, and why was it recorded 3 days post exposure when viral titers have
been dropped by 4 logs anyway?

The NH4CI blocking experiment should have been done with RTG-2 cells as a positive control?

Ethical statement

The anti-IL1B antibody and the NKEF antibodies have been produced by ascitic tumor induction. This
method is not in line with European standards of animal welfare.

Since there are already two reports on this manuscript by two other referees, which | agree on, | will not
repeat their objections and suggestions.
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Is the work clearly and accurately presented and does it cite the current literature?
Partly

Is the study design appropriate and is the work technically sound?
No

Are sufficient details of methods and analysis provided to allow replication by others?
No

If applicable, is the statistical analysis and its interpretation appropriate?
| cannot comment. A qualified statistician is required.

Are all the source data underlying the results available to ensure full reproducibility?
Partly

Are the conclusions drawn adequately supported by the results?
Partly

Competing Interests: No competing interests were disclosed.

| have read this submission. | believe that | have an appropriate level of expertise to confirm that
it is of an acceptable scientific standard, however | have significant reservations, as outlined
above.

Author Response 30 Jan 2018
Maria del Mar Ortega-Villaizan Romo, Universidad Miguel Hernandez, Spain

Dear Dr. Uwe Fischer,

Thank you for your revision and comments on the manuscript. We have included your corrections
in the new version of the manuscript hoping that now the manuscript will be suitable for publication.
Please find below the response to your comments:

This is a comprehensive piece of work with a number of interesting experiments.
However, | suggest to not accepting the paper in its present form.

To my opinion the authors have not convincingly shown an initial viral replication in RBCs, although
this represents their primary experimental basis. All consecutive data are based on this initial
assumption and this makes the whole story challengeable.

In contrast to the assumption of viral replication detection of viral RNA by RT-PCR could have been
simply based on inoculated virus that could have been absorbed to the surface of RBCs or
internalized by them. In order to prove viral replication de novo synthetized viral RNA or protein
expression must be determined.

In this system viral RNA replication can be determined on the mRNA level. For the RT step e.g.
oligo(dT) primers could be used that only bind to the polyadenylated tail of mMRNAs. The resulting
cDNA must then be thoroughly treated with RNAse. This experiment is essential to make the
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experiments reliable.

Response: De novo synthetized viral RNA has been determined by Oligo(dT) RT-gPCR. We have
included this result as supplementary Figure (Figure S1). As it can be observed, the kinetics of
VHSV mRNA expression closely matched total virus RNA synthesis.

Alternatively, | suggest modifying the whole story and stressing the obvious responses of RBCs to
the virus (avoiding the claim of virus replication). Thus the title could be changed into something
like e.g. “Response of rainbow trout RBCs to VHSV”.

Response: We appreciate the suggestion, however, in view of other reviewers’ comments, we
would like to maintain the title as it is.

Specific comments

Introduction:

The authors claim: "To compensate for those immune deficiencies, fish have unique phagocytic B
lymphocytes".

This is not fully true since also B lymphocytes of some mammalians can execute phagocytosis.

Response: We have removed this sentence.

They further claim: "To compensate for those immune deficiencies, ... and stronger innate immune
responses, as shown in survivors of viral infection".
This is highly speculative and can’t be concluded from a single paper.

Response: We have removed this sentence.

Material and methods:
The anti-B-defensin (BD1) anti -IFN1 and anti -IFNy antibodies have not been described or
characterized elsewhere. Their suitability can be questioned.

Response: The antiserum against B-defensin has been validated by our laboratory. Figure S2
depicts western blotting validation for anti-BD1 antibody. anti -IFN1 and anti -IFNy antibodies have
been validated by Dr. Luis Mercado laboratory. Figure S3 depicts western blotting validation for
anti -IFN1 and anti —IFNy.

The anti-Mx3 antiserum has been produced against a predicted Mx peptide. However, | did not
find information on the characterization of this antiserum.

Response: anti-Mx3 antiserum production was described in Chico et al. 2010, Journal of Virology.

In Martinez-Lopez et al. 2014 and Ortega-Villaizan et al. 2011 they showed the Mx protein
expression in stimulated RTG-2 cells, using anti-Mx3 antibody.

The anti-IL13 and the NKEF antibodies have only been tested against the immunizing peptide and
there is no further information if the antibodies react with the respective native proteins.

Response: For anti-IL103, in Schmitt et al. 2015 and Rojas et al. 2015, we can find the
expression of IL1B3 in RTS11 and RTqutGC cells, respectively, by immunofluorescence and
western blot. For anti-NKEF, Bethke et al. 2012, show western blotting of NKEF protein in serum of

Page 26 of 42

104



FIOOOResearch F1000Research 2018, 6:1958 Last updated: 19 FEB 2018

Atlantic salmon. Also Tafalla et al. 2011 show the expression of NKEF in RTS11 as evaluated by
western blotting and by flow cytometry.

The rabbit polyclonal antibody against human NF-kf p65 has not been shown to be suitable in any
fish species. Abcam only declares that it reacts with mouse, rat, chicken, human and Indian
muntjac (Heterocephalus glaber). Those species are phylogenetically not closely related to
teleosts.

Response: We indicated references where this antibody has been used for teleost species:
Encinas P, Garcia-Valtanen P, Chinchilla B, et al.: Identification of multipath genes differentially
expressed in pathway-targeted microarrays in zebrafish infected and surviving spring viremia carp
virus (SVCV) suggest preventive drug candidates. PLoS One. 2013;8(9):e73553. 24069208
10.1371/journal.pone.0073553 3772095

Garcia-Valtanen P, Martinez-Lopez A, Ortega-Villaizan M, et al.: In addition to its antiviral and
immunomodulatory properties, the zebrafish B-defensin 2 (zfBD2) is a potent viral DNA vaccine
molecular adjuvant. Antiviral Res. 2014;101:136-47. 24286781 10.1016/j.antiviral.2013.11.009
Abods B, Castro R, Gonzalez Granja A, et al.: Early activation of teleost B cells in response to
rhabdovirus infection. J Virol. 2015:89(3):1768-80. 25410870 10.1128/JVI.03080-14 4300759

The authors describe: "Separately, NVHSV RT-qPCR was also used to quantify the viral RNA
inside VHSV-exposed RBCs ...."

This is not a proof that virus was inside erythrocytes. The virus could have been simply
attached/absorbed to RBCs.

To show viral replication RT-PCR with mRNA is required.

Response: As previously indicated, we have included that result as supplementary Figure (Figure
S1). As it can be observed, the kinetics of VHSV mRNA expression closely matched total virus

RNA synthesis.

"RBCs were fixed with 4% paraformaldehyde (PFA)..."
Unfixed RBCs should have been used in addition to fixed RBCs in order to distinguish between
intracellular and membrane bound virus.

Response: Yes, it is right. However, we have tried to do immune staining of unfixed RBCs and it is
very difficult since RBCs are lysed during the antibody incubation.

Results:

The authors conclude: “...to monitor the replication of VHSV in trout RBCs. ... Clearly, the
expressions of NVHSV gene were significantly upregulated at 3 hours postexposure.”.

Again, | can’t support this statement since replication can’t be shown by RT-PCR for an RNA virus.
Here simply increasing attachment to RBCs might have occurred which explains lower Cq values
(higher amounts of viral RNA, respectively). This needs to be verified on the mRNA level.

Response: As previously indicated, we have included that result as supplementary Figure (Figure
S1). As it can be observed, the kinetics of VHSV mRNA expression closely matched total virus

RNA synthesis.

The authors write: “On the other hand, after VHSV enters the cell, the first gene that starts to
transcribe is the NVHSV gene,...”.
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This observation has been made in cell cultures that are permissive for VHSV. However, it has not
convincingly been shown in this paper that N gene transcription took place in RBCs (see my
comments above).

“NVHSV RT-qPCR also confirmed the presence of viral RNA in VHSV-infected RBCs (Figure 2B).”
Similarly to the above mentioned, this just says that VHSV was associated with RBCs, but not if the
virus was inside RBCs. Attached virus could have resulted in positive RT-PCR results as well.

Response: The reviewer is correct, RT-gPCR data do not tell if the virus is inside or attached to the
cell. But we would like to highlight that Figure 1E shows that in RBCs exposed to UV-inactivated
VHSV, Nvhsv levels did not increase in comparison with live VHSV exposed RBCs. This
experiment demonstrates that live VHSV replicated early post-exposure, in comparison with
UV-inactivated VHSV. In order to emphasize this result we have re-written its explanation.

To further illustrate my concerns regarding viral replication in RBCs | have a few comments
regarding Figure 1:

The authors write that “The initial VHSV inoculum titer declined ~3-logs after 3 days".

In Figure 1H, however, | see a 4 log (from 10-to-the-6 to 10-to-the-2) reduction after 3 days (72
hours).

Response: It was a mistyping error, we have corrected it.

As for Figure 1H a negative control is missing where the same inoculum should have been added
to the corresponding amount of cell-free medium or, even better, to inactivated (irradiated)
erythrocytes. At 14°C, viral titers would probably also drop in the absence of cells (RBCs).

Response: VHSV titer in cell-free medium 3 d at 14°C does not drop more than one log.

In Figure 1H the viral titers with RBCs drop within 72 hours by log4. However, in Figure 1D | can
see an increase (although minor) in viral titers between 72 hours and 6 days in untreated cells. Is
this statistically approved?

Response: Yes, we observed a minor increase at 6 days post exposure (from 200 to 300
PFU/ml), and not statistically significant.

In Figure 1D the authors claim that “VHSV internalization in trout RBCs is NH4Cl-sensitive.” | can’t
follow this conclusion. If internalization was NH4Cl-sensitive why it did not fully block virus
internalization? The difference between untreated and treated RBCs is about only 2 fold. Is this
statistically approved?

Why the decrease in internalization wasn’t checked 3 hours after exposure when the N gene
expression was claimed to be highest in RBCs, and why was it recorded 3 days post exposure
when viral titers have been dropped by 4 logs anyway?

Response: You are right, the sentence is quite confusing, we have re-written it. We would like to
clarify that NH4Cl blocks fusion of viruses to cell membrane, not internalization. On the other hand,
the concentration used for NH4Cl (7 mM) was selected since it is non-cytotoxic for RBCs and other
cells, such as EPC and RTG-2, but effective for reducing VHSV infectivity by 40% in EPC cells
(Mas et al. 2002, Journal of General Virology), similar to the reduction that we observe in RBCs.

The NH4CI blocking experiment should have been done with RTG-2 cells as a positive control?
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Response: We have previously carried out this assay in RTG-2 cells and observed that, at 10 mM
NH4CI, VHSV infection is reduced by 90% in RTG-2 cells, quantified by Nvhsv RT-gPCR.
However, a reduction of 50% was observed by Mas et al. 2002 at the same NH4CI concentration,
in EPC cells, although in this case it was quantified by FFU/ml.

Ethical statement
The anti-IL1B antibody and the NKEF antibodies have been produced by ascitic tumor induction.
This method is not in line with European standards of animal welfare.

Response: Only anti-NKEF, produced at the laboratory of Dr. Luis Mercado (Pontificia Universidad
Catélica de Valparaiso, Valparaiso, Chile), was developed in ascities fluids, because this antibody
was obtained in 2011, when this technique was allowed in Chile. Nowadays, anti-NKEF is no
longer produced by ascitic tumor induction, following the Chilean standards for animal welfare.

Competing Interests: No competing interests were disclosed.

Referee Report 30 November 2017

doi:10.5256/f1000research.14081.r27745

? Johannes M. Dijkstra
Institute for Comprehensive Medical Science, Fujita Health University, Toyoake, Japan

Nombela et al. describe in what they claim to be defense mechanisms in trout red blood cells in response
to halted replication of VHSV virus.

Major comments:

The study suffers from the effort to simultaneously answer a few unknowns. Can VHSV infect trout
erythrocytes? Does infection by, or exposure to, VHSV virus modify the expression of genes with an
anti-virus function? Do those altered gene expression levels have a measurable immune effect (which in
this article is measured by the effect on cell line TSS)?

In my opinion, the authors show understanding of the complexity of those questions, but do not take
sufficiently control of them. | am not satisfied with any of the story lines. My main concerns are that it is
unclear for many of the presented data (i) whether the enhanced expression of immune molecules are
due to RBC infection or due to other stimulations of the RBCs by the virus preparation, (ii) whether the
changes in immune molecule expression are due to stimulation by virus preparation or due to time of
culturing, and (iii) whether the expression levels of immune molecules reach meaningful levels or are just
variation within what could be considered as “non-functional background levels”.

At the very positive side, the authors addressed an important question, and delivered an honest and
elaborate piece of work. Therefore, | will not reject the paper, but | do request the addition of experimental
data that in my opinion are necessary for better interpretation of the currently presented data in relation to
actual VHS disease.

The authors should infect rainbow trout cells which they deem (sufficiently representative of) the natural
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host cells of VHSV, and use the UV-inactivated supernatant for stimulation of trout RBCs and compare
the effect on RBC immune molecule expression with the effect after RBC incubation with VHSV.
Alternatively, they can use inactivated serum of VHSV-infected trout. My guess is that the released
cytokines have a much stronger effect on those erythrocytes than the viruses to which the erythrocytes
are hardly receptive.

The authors should also use those supernatants of natural host cells, or sera from infected trout, for
stimulation of TSS cells, and compare the effects quantitatively with those after stimulation with the
supernatant of VHSV-exposed erythrocytes.

The above requested set of experiments (or modifications thereof, depending on the preferences of the
authors) should help to quantitatively estimate the direct effect of VHSV on erythrocytes, and the effect of
VHSV-stimulated erythrocytes on other cells, in comparison with other routes of immune stimulation
during VHSV infection.

Detailed comments:

Why did the authors use an MOI of 1? Even if such MOl is achieved, only half of the cells are expected to
be infected. In this case the actual MOI for red blood cells probably was far below 1, because the MOI
was calculated based on infection of the receptive EPC cells.

How were the viruses prepared? It seems that they were generated on EPC cells, but the details are
important. Namely, other than the viruses, the infected cells also release cytokines which may have a
cross-species effect.

The only presented data that | find convincing for that red blood cells were infected were the experiments
shown in Fig. 1E and Fig. 1F, namely after pretreatment with neuraminidase (Fig. 1E) and infection with
an MOI=100 (Fig. 1G; even in that case only 1/6 cells shows infection). However, none of the experiments
on immune molecule expression was done under those conditions.

In the experiments, expression levels are compared with those of “control cells”. In some cases those
control cells are not specified, while in other cases they are said to be the T=0 cells. However, this does
not take into account that also the time of culture can have a significant effect on gene and protein
expression levels. Most of the expression level effects reported in this article are quite small (e.g. from
very low to only two-fold higher), and a possible “culture-time effect” should have been excluded.

The introduction should give detailed descriptions of what is known or unknown (i) about natural target
cells and receptors used by VHSV for infection, and (ii) about fish erythrocytes and to what extent they
have a normal metabolism. The introduction should also give an indication of the abundance of
erythrocytes, which is relevant because many small amounts of cytokine could make a big amount, and
also because any “intelligent” virus will do its best to avoid interaction with this abundant and for the virus
non-productive cell type.

In the title, shouldn’t it be “in response to halted replication of VHS virus.”?
In the abstract and in the text: “after 6 hours postexposure” is double.

In the abstract, in the sentence “Co-culture assays of RBCs with TSS”, it should be made clear that those
RBCs were stimulated with UV-inactivated VHSV.
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In the introduction, a number of speculations are presented as facts:

®  Fish poikilothermic nature results in a delayed antigen affinity maturation, memory and lymphocyte
proliferation.

®  Fish have unique phagocytic B lymphocytes. (later than the reference, also mammalian B cells with
phagocytic ability have been found)

® Fish have stronger innate immune responses.

®  To compensate for those immune deficiencies, fish have unique phagocytic B lymphocytes and
stronger innate immune responses.

I don’t understand the “Thus” in the sentence “Thus, fish RBCs generate a wide variety of immune-related
gene transcripts when viruses highly replicate inside them”.

In Fig. 1A, how was the PCR value for N gene determined at T=0? Was that before or after addition of the
viruses, and could the difference between T=0 and the other time points be explained by ampilification
from RNA in virions?

Fig. 1B seems to argue against the assumption that the RNAs amplified in Fig. 1A were derived from an
infection (see also my previous point). In addition, although the relative comparison between the RTG2
and RBC results as presented in Fig. 1B should be OK, it is unclear to me from the materials and methods
section how the absolute quantitative statement “However, a ratio of 2 was observed in RBCs, compared
to the ratio of 8 found in RTG-2 cells, at 1 and 3 hpe (Figure 1B)” can be made.

I am not convinced that Fig. 1D is evidence for replication between days 3 and 6, since the titer goes
down >5000-fold from day 0 to day 3, and then stays very low. The authors should make clearer whether
they feel that the small increase in virus titer between days 3 and 6 is only suggestive of virus replication,
or that such replication is supported by proper statistics.

As for the NH4CI effect observed in Fig. 1D. Can a chemical effect of NH4CL on the integrity of virions
stuck to the outside of RBCs be excluded from explaining the results? Furthermore, | would like the
authors to elaborate, possibly in the introduction section, on endocytosis in regard to erythrocytes and
VHSV infection. Could it be that only immature erythrocytes are expected to display efficient endocytosis,
and might the Fig. 1F result be explained by differences in erythrocyte subpopulations?

| don’t understand the sentence “As a result, the VHSV RNA inside RBCs was increased about ten times
at 3 hpe”, because the increase seems to be from around 0.6 to 3.4, which is closer to a six-fold increase.

For discussion of the Fig. 1F result, the authors should explain the intracellular organization of RBCs
(which are unusual cells), and where VHSV is expected. The sentence “along the cytoplasm and nucleus”
can’t be understood, and gives the impression that the authors do not know where to expect (normal)
cytoplasm in RBCs. Although they observe “along the nucleus”, which | think is the correct observation,
the authors discuss the possibility of N protein being present in the nucleus. It is not wrong to present that
as a possibility to partially explain their observations, but the authors should declare clearer that their
observations do not necessitate that N protein is present in the nucleus. To superficial readers it now
looks as if they claim detection of N protein in the RBC nucleus.

In Fig. 3 legend, the B and C order should be altered.

(writing error) were co-culture with > were co-cultured with
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In the Transwell system, the authors tried to get rid of RBC-attached virions with a single non-stringent
wash. | doubt that such was sufficient for complete removal, and in the following 24 hours of co-incubation
some virions or viral products may have diffused to the TSS cells.

As for Fig. 4. Is it OK to assume linear regression based on only two time points? Wouldn't it be more
proper to indicate all individual observations with dots? What is a 0-fold increase? In Figs. 4A and 4C, all
three lines need explanation.

| can’t trust the claims based on Fig. 8. In Fig. 8A, why were protein amounts loaded in the Control and
VHSYV lanes so different? | don’t believe that densiometry analysis technique for Western blot bands is
sufficiently sensitive, especially not if comparing different ranges of band densities, to reliably claim an
about 15% difference as done in Fig. 8B. In addition, for densiometry analysis, the Fig. 8A Actin blot is a
horrible result because only half of the lane was properly exposed to the Western treatment. If the Fig. 8A
result truly is a “representative” result, as claimed by the authors, the Fig. 8 based conclusions can’t be
taken seriously.

Trout erythrocytes are known to express MHC class | (Dijkstra et al. (2003)"; Sarder et al. (2003)).
Because MHC class | is a molecule upregulated during virus infection, it would be interesting to see the
effect on its expression in RBCs by exposure to VHSV. Likewise, and especially because Nombela et al.
discuss the proteasome, it would be interesting to see the regulation of the genes for the
immuno-proteasome specific subunits.

References

1. Dijkstra J, Koéllner B, Aoyagi K, Sawamoto Y, Kuroda A, Ototake M, Nakanishi T, Fischer U: The
rainbow trout classical MHC class | molecule Onmy-UBA*501 is expressed in similar cell types as
mammalian classical MHC class | molecules. Fish & Shellfish Immunology. 2003; 14 (1): 1-23 Publisher
Full Text

2. Sarder MR, Fischer U, Dijkstra JM, Kiryu |, Yoshiura Y, Azuma T, KélIner B, Ototake M: The MHC class
| linkage group is a major determinant in the in vivo rejection of allogeneic erythrocytes in rainbow trout
(Oncorhynchus mykiss).Immunogenetics. 2003; 55 (5): 315-24 PubMed Abstract | Publisher Full Text

Is the work clearly and accurately presented and does it cite the current literature?
Partly

Is the study design appropriate and is the work technically sound?
No

Are sufficient details of methods and analysis provided to allow replication by others?
No

If applicable, is the statistical analysis and its interpretation appropriate?
Partly

Are all the source data underlying the results available to ensure full reproducibility?
Partly

Are the conclusions drawn adequately supported by the results?
Partly
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Competing Interests: No competing interests were disclosed.

| have read this submission. | believe that | have an appropriate level of expertise to confirm that
it is of an acceptable scientific standard, however | have significant reservations, as outlined
above.

Author Response 30 Jan 2018
Maria del Mar Ortega-Villaizan Romo, Universidad Miguel Hernandez, Spain

Dear Dr. Johannes M. Dijkstra,

We appreciate very much your detailed revision and constructive comments and suggestions on
the manuscript. We have included your corrections in the new version of the manuscript hoping
that now the manuscript will be suitable for publication.

Please find below the response to your comments:

Major comments:

The study suffers from the effort to simultaneously answer a few unknowns. Can VHSV infect trout
erythrocytes? Does infection by, or exposure to, VHSV virus modify the expression of genes with
an anti-virus function? Do those altered gene expression levels have a measurable immune effect
(which in this article is measured by the effect on cell line TSS)?

In my opinion, the authors show understanding of the complexity of those questions, but do not
take sulfficiently control of them. | am not satisfied with any of the story lines. My main concerns are
that it is unclear for many of the presented data (i) whether the enhanced expression of immune
molecules are due to RBC infection or due to other stimulations of the RBCs by the virus
preparation, (ii) whether the changes in immune molecule expression are due to stimulation by
virus preparation or due to time of culturing, and (iii) whether the expression levels of immune
molecules reach meaningful levels or are just variation within what could be considered as
“non-functional background levels”.

At the very positive side, the authors addressed an important question, and delivered an honest
and elaborate piece of work. Therefore, | will not reject the paper, but | do request the addition of
experimental data that in my opinion are necessary for better interpretation of the currently
presented data in relation to actual VHS disease.

The authors should infect rainbow trout cells which they deem (sufficiently representative of) the
natural host cells of VHSV, and use the UV-inactivated supernatant for stimulation of trout RBCs
and compare the effect on RBC immune molecule expression with the effect after RBC incubation
with VHSV. Alternatively, they can use inactivated serum of VHSV-infected trout. My guess is that
the released cytokines have a much stronger effect on those erythrocytes than the viruses to which
the erythrocytes are hardly receptive.

The authors should also use those supernatants of natural host cells, or sera from infected trout,
for stimulation of TSS cells, and compare the effects quantitatively with those after stimulation with
the supernatant of VHSV-exposed erythrocytes.

The above requested set of experiments (or modifications thereof, depending on the preferences
of the authors) should help to quantitatively estimate the direct effect of VHSV on erythrocytes, and

Page 33 of 42

111



FIOOOResearch F1000Research 2018, 6:1958 Last updated: 19 FEB 2018

the effect of VHSV-stimulated erythrocytes on other cells, in comparison with other routes of
immune stimulation during VHSV infection.

Response: This is an interesting suggestion. To answer this question we have carried out an
experiment where RTG-2 cells were treated with UV-inactivated VHSV during 24h, after that
UV-VHSV was removed and cells were culture 24h in RPMI fresh medium. This conditioned
medium was used to stimulate rainbow trout RBCs, during 24h. RTG-2 is a known cell line
susceptible to VHSV infection and with a high interferon response to VHSV, therefore we
considered it as a proper cell line for this experiment. Please see the results in Figure 4D.

In relation to the last sentence, we did not proceed with that assay since the results obtained with
RTG-2 conditioned media on RBCs were conclusive.

Detailed comments:

Why did the authors use an MOI of 1? Even if such MOl is achieved, only half of the cells are
expected to be infected. In this case the actual MOI for red blood cells probably was far below 1,
because the MOI was calculated based on infection of the receptive EPC cells.

Response: We have also infected RBCs with lower and higher MOls, as can be observed in Figure
1C, in order to monitor course of infection. However, for immune response experiments we
decided to use MOI 1 since over this value more defecting interfering virus will be present.
Moreover, MOI1 is already a high titer in experiments of immune response to the infection.

How were the viruses prepared? It seems that they were generated on EPC cells, but the details
are important. Namely, other than the viruses, the infected cells also release cytokines which may
have a cross-species effect.

Response: VHSV was prepared in EPC cells as indicated in Methods. As suggested, we have
expanded the details about it. As Dr. Dijkstra comments, we are aware that the clarified
supernatant contains cytokines that may have a cross-species effect. However, the volume of
supernatant/inoculum needed to infect may be less than 0.01 ul, since we usually have virus stock
titter of 107 ffu/ml. Therefore, cytokines from EPC cells are diluted 1:100.

The only presented data that | find convincing for that red blood cells were infected were the
experiments shown in Fig. 1E and Fig. 1F, namely after pretreatment with neuraminidase (Fig. 1E)
and infection with an MOI=100 (Fig. 1G; even in that case only 1/6 cells shows infection). However,
none of the experiments on immune molecule expression was done under those conditions.

Response: Yes., MOI values over 100 are needed to detect VHSV inside RBCs by
immunofluorescence. However, MOI1 is already a high titer in experiments of immune response,

since one or few viral particles per cell can induce detectable immune response.

In the experiments, expression levels are compared with those of “control cells”. In some cases
those control cells are not specified, while in other cases they are said to be the T=0 cells.
However, this does not take into account that also the time of culture can have a significant effect
on gene and protein expression levels. Most of the expression level effects reported in this article
are quite small (e.g. from very low to only two-fold higher), and a possible “culture-time effect”
should have been excluded.
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Response: For all the experiments, except for time course assays, control cells are uninfected cells
culture in RPMI 2%FBS (viral infection medium), in the same plate as infected cells, and incubated
the same time. To better explain it, we have indicated it in each figure legend. In the case of time
course experiment (Figure 2), control cells refer to time=0h. For this assay, in order to evaluate the
culture-time effect in the expression of mx and pkr genes, we have analysed gene expression in
non-stimulated RBCs along the time course and observed that it does not change during the three
days of culture ex vivo. We have added a Supplementary figure with these results (Figure S4), and
commented it in the manuscript.

The introduction should give detailed descriptions of what is known or unknown (i) about natural
target cells and receptors used by VHSV for infection, and (ii) about fish erythrocytes and to what
extent they have a normal metabolism. The introduction should also give an indication of the
abundance of erythrocytes, which is relevant because many small amounts of cytokine could make
a big amount, and also because any “intelligent” virus will do its best to avoid interaction with this
abundant and for the virus non-productive cell type.

Response: As advised, we have include information about VHSV targets and cell receptors in the
introduction. About RBCs metabolism, we have talked about oxidative stress in the discussion.
About the last item (“abundance of erythrocytes, which is relevant because many small amounts of
cytokine could make a big amount”), we have talked about it the introduction and discussion.

In the title, shouldn’t it be “in response to halted replication of VHS virus.”?

Response: Yes. we have corrected it.

In the abstract and in the text: “after 6 hours postexposure” is double.

Response: We have corrected it.

In the abstract, in the sentence “Co-culture assays of RBCs with TSS”, it should be made clear that
those RBCs were stimulated with UV-inactivated VHSV.

Response: Yes, we have added it.

In the introduction, a number of speculations are presented as facts:
®  Fish poikilothermic nature results in a delayed antigen affinity maturation, memory and
lymphocyte proliferation.
Response: We have deleted it to avoid misunderstanding.
® Fish have unique phagocytic B lymphocytes. (later than the reference, also mammalian B
cells with phagocytic ability have been found)
Response: We have deleted it to avoid misunderstanding.
® Fish have stronger innate immune responses.
Response: We have deleted it to avoid misunderstanding.
®  To compensate for those immune deficiencies, fish have unique phagocytic B lymphocytes
and stronger innate immune responses.
Response: We have deleted it to avoid misunderstanding.

| don’t understand the “Thus” in the sentence “Thus, fish RBCs generate a wide variety of
immune-related gene transcripts when viruses highly replicate inside them”.
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Response: We have deleted it.

In Fig. 1A, how was the PCR value for N gene determined at T=0? Was that before or after addition
of the viruses, and could the difference between T=0 and the other time points be explained by
amplification from RNA in virions?

Response: Control cells are cells non-exposed to the virus, at t=0. We have better explained it in
figure legend.

Fig. 1B seems to argue against the assumption that the RNAs amplified in Fig. 1A were derived
from an infection (see also my previous point). In addition, although the relative comparison
between the RTG2 and RBC results as presented in Fig. 1B should be OK, it is unclear to me from
the materials and methods section how the absolute quantitative statement “However, a ratio of 2
was observed in RBCs, compared to the ratio of 8 found in RTG-2 cells, at 1 and 3 hpe (Figure
1B)” can be made.

Response: It is not clear to me why Fig. 1B argues that the RNAs amplified in Fig. 1A were derived
from an infection. Please take into account that Fig. 1A is in log scale and the Nvhsv RNA level
increment in RBCs at 3 hpe was low.

About N:G genes ratio, which indicates RNA virus transcription, it was calculated as 2-AACt N VHSV

: 278ACtG | .. We have indicated it in the Figure 1B legend.

I am not convinced that Fig. 1D is evidence for replication between days 3 and 6, since the titer
goes down >5000-fold from day 0 to day 3, and then stays very low. The authors should make
clearer whether they feel that the small increase in virus titer between days 3 and 6 is only
suggestive of virus replication, or that such replication is supported by proper statistics.

Response: This result is not statistically significant. VHSV titers are maintained in RBCs but do not
increase. We have explained it in the manuscript.

As for the NH4CI effect observed in Fig. 1D. Can a chemical effect of NH4CL on the integrity of
virions stuck to the outside of RBCs be excluded from explaining the results? Furthermore, | would
like the authors to elaborate, possibly in the introduction section, on endocytosis in regard to
erythrocytes and VHSV infection. Could it be that only immature erythrocytes are expected to
display efficient endocytosis, and might the Fig. 1F result be explained by differences in
erythrocyte subpopulations?

Response: 7mM NH4CI slightly increases cell pH and therefore inhibits endosome acidification.
Thus, virus is kept into the endosome and not released into the cytoplasm. On the other hand, high
alkaline pH (about 9) is needed to remove virus binded to cytoplasmic membrane. With 7mM
NH4CI, pH is only slightly increased to 7.5.

In relation to RBCs endocytosis and virus endocytosis, as advised, we have talked about it in the
introduction. However, in relation to the differences of endocytosis among RBCs subpopulations, it
would be very interesting to evaluate but we do not have any evidence or reference about it.

| don’t understand the sentence “As a result, the VHSV RNA inside RBCs was increased about ten
times at 3 hpe”, because the increase seems to be from around 0.6 to 3.4, which is closer to a
six-fold increase.
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Response: This comment refers to Figure 1E. Yes, we have now specified that 10 times increment
at 3 hpe is in relation to VHSV-UV treated cells.

For discussion of the Fig. 1F result, the authors should explain the intracellular organization of
RBCs (which are unusual cells), and where VHSV is expected. The sentence “along the cytoplasm
and nucleus” can’t be understood, and gives the impression that the authors do not know where to
expect (normal) cytoplasm in RBCs. Although they observe “along the nucleus”, which | think is the
correct observation, the authors discuss the possibility of N protein being present in the nucleus. It
is not wrong to present that as a possibility to partially explain their observations, but the authors
should declare clearer that their observations do not necessitate that N protein is present in the
nucleus. To superficial readers it now looks as if they claim detection of N protein in the RBC
nucleus.

Response: Yes, thank you for your observation. After your observation, and in order to avoid

misunderstandings, we prefer to eliminate the discussion about the localization of the N protein in
the nucleus, and show it as an observation of intracellular localization.

In Fig. 3 legend, the B and C order should be altered.

Response: We have corrected it in figure 3 legend.

(writing error) were co-culture with > were co-cultured with

Response: We have corrected it.

In the Transwell system, the authors tried to get rid of RBC-attached virions with a single
non-stringent wash. | doubt that such was sulfficient for complete removal, and in the following 24
hours of co-incubation some virions or viral products may have diffused to the TSS cells.

Response: Yes, reviewer is right. However, more stringent washing conditions resulted to be
cytotoxic for RBCs.

As for Fig. 4. Is it OK to assume linear regression based on only two time points? Wouldn't it be
more proper to indicate all individual observations with dots? What is a 0-fold increase? In Figs. 4A
and 4C, all three lines need explanation.

Response: We have included individual observations and separated each line. In relation to your
question about 0 fold-increase, for that point, TSS vig1 gene expression is 0.15 fold.

| can’t trust the claims based on Fig. 8. In Fig. 8A, why were protein amounts loaded in the Control
and VHSV lanes so different? | don’t believe that densiometry analysis technique for Western blot
bands is sufficiently sensitive, especially not if comparing different ranges of band densities, to
reliably claim an about 15% difference as done in Fig. 8B. In addition, for densiometry analysis, the
Fig. 8A Actin blot is a horrible result because only half of the lane was properly exposed to the
Western treatment. If the Fig. 8A result truly is a “representative” result, as claimed by the authors,
the Fig. 8 based conclusions can’t be taken seriously.

Response: We have replaced it by a better Western Blot.
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Trout erythrocytes are known to express MHC class | (Dijkstra et al. (2003); Sarder et al. (2003)).
Because MHC class | is a molecule upregulated during virus infection, it would be interesting to
see the effect on its expression in RBCs by exposure to VHSV. Likewise, and especially because
Nombela et al. discuss the proteasome, it would be interesting to see the regulation of the genes
for the immuno-proteasome specific subunits.

Response: Yes. it is an interesting observation. In fact we are working on it and the results wil be
published in a different manuscript.

Competing Interests: No competing interests were disclosed.

Referee Report 27 November 2017

doi:10.5256/f1000research.14081.r27680

?

Aleksei Krasnov
Nofima AS, As, Norway

The paper reports studies with red blood cells (RBC) of rainbow trout infected with Viral Haemorrhagic
Septicaemia virus (VHSV). RBC most likely do not support propagation of VHSV and immune responses
to the pathogen were small by magnitude. Still, experiments and analyses were well designed and
implemented, applied diverse methods and therefore publication will be useful and interesting for experts
in the area.

Major comment

Suppression of innate antiviral immunity in infected RBC is included in the abstract as one of the key
findings. However, of several genes analysed with gPCR only ifn1 showed down-regulation and only at
one time-point. Other genes exhibited at best a slight tendency and differences from control were small.
Reference to high variation is not convincing and does not overcome the lack of significance. Delete
sentence “It is noteworthy to highlight the elevated inter-individual variability found in trout RBCs immune
response, for most of the proteins and genes assayed, which could prevent to obtain statistical
significance in most of the cases although regulations were apparent” (pages 9-10), this statement is
trivial. M&M do not tell if each RBC culture was from an individual animal. If not, then variation was
technical by character suggesting problems with methods. | also suggest to delete or at least shorten
discussion of viral suppression of IFN-dependent responses in fish (page 16, 15t paragraph). | would

emphasize strong induction of ROS scavengers as most impressive result of this study.

Specific comments
® Figure 2. Indicate method in the legend - qPCR? Change label of Y-axis: fold instead of fold of
increase.

Figure 4. The number of replicates (n = 6) is too small for regression and correlation analyses. |
strongly suggest to plot empirical data, trend lines alone are not convincing. Judging from the
figures, ifn1 levels were in the range from 0 to 15. Units should be explained. Furthermore, it is
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unclear how such differences was achieved taking into account minor responses of ifn1 to IHNV in
trout RBC.

®  Figure 10. Explain grey and black bars in the legend.

® Ppage 16. Delete paragraph “It is noticeable that the iTRAQ-based protein...” - no need to explain
that proteomic analyses fail to detect low abundance proteins including cytokines.

®  Page 17, 18t paragraph. NFkB can be mentioned but extensive discussion is not warranted since
study did not produce any experimental data for this gene or protein.

® “tis evident that the antiviral response of RBCs is low compared to other cells of the immune
system” — this statement is wrong. Virus infected fish RBC develop immune responses of huge
magnitude. “Inter-individual variability” — if RBC cultures represented individuals, this must be
explicitly stated in M&M (see comment above). Given small number of replicates, discussion of
high and low responders is not supported with data.

Is the work clearly and accurately presented and does it cite the current literature?
Yes

Is the study design appropriate and is the work technically sound?
Yes

Are sufficient details of methods and analysis provided to allow replication by others?
Partly

If applicable, is the statistical analysis and its interpretation appropriate?
Yes

Are all the source data underlying the results available to ensure full reproducibility?
No source data required

Are the conclusions drawn adequately supported by the results?
Partly

Competing Interests: No competing interests were disclosed.

I have read this submission. | believe that | have an appropriate level of expertise to confirm that
it is of an acceptable scientific standard, however | have significant reservations, as outlined
above.

Author Response 30 Jan 2018
Maria del Mar Ortega-Villaizan Romo, Universidad Miguel Hernandez, Spain

Dear Dr. Aleksei Krasnov,

We appreciate very much your thorough revision and positive and constructive comments on the
manuscript. We have included your corrections and suggestions in the new version of the
manuscript hoping that now the manuscript will be suitable for publication.
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Please find below the response to your comments:

The paper reports studies with red blood cells (RBC) of rainbow trout infected with Viral
Haemorrhagic Septicaemia virus (VHSV). RBC most likely do not support propagation of VHSV
and immune responses to the pathogen were small by magnitude. Still, experiments and analyses
were well designed and implemented, applied diverse methods and therefore publication will be
useful and interesting for experts in the area.

Major comment

Suppression of innate antiviral immunity in infected RBC is included in the abstract as one of the
key findings. However, of several genes analysed with gqPCR only ifn1 showed down-regulation
and only at one time-point. Other genes exhibited at best a slight tendency and differences from
control were small. Reference to high variation is not convincing and does not overcome the lack of
significance. Delete sentence “It is noteworthy to highlight the elevated inter-individual variability
found in trout RBCs immune response, for most of the proteins and genes assayed, which could
prevent to obtain statistical significance in most of the cases although regulations were apparent”
(pages 9-10), this statement is trivial.

Response: We have deleted this sentence in order to avoid misunderstanding.

M&M do not tell if each RBC culture was from an individual animal. If not, then variation was
technical by character suggesting problems with methods.

Response: We have indicated in Methods, Animals section, the following: The number of
individuals used is indicated by an “n” in each experiment.

| also suggest to delete or at least shorten discussion of viral suppression of IFN-dependent
responses in fish (page 16, 15t paragraph).

Response: As advised, we have shortened the discussion of viral suppression of IFN-dependent
responses in fish (page 16, 1st paragraph).

| would emphasize strong induction of ROS scavengers as most impressive result of this study.

Response: As advised, we have emphasize the discussion related to ROS and antioxidant
response in RBCs.

Specific comments
®  Figure 2. Indicate method in the legend — qPCR? Change label of Y-axis: fold instead of fold
of increase.

Response: We have indicated it as advised, in Figure 2 and in other figures as well.

Figure 4. The number of replicates (n = 6) is too small for regression and correlation analyses. |
strongly suggest to plot empirical data, trend lines alone are not convincing. Judging from the
figures, ifn1 levels were in the range from 0 to 15. Units should be explained. Furthermore, it is
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unclear how such differences was achieved taking into account minor responses of ifn1 to IHNV in
trout RBC.

Response: As indicated we have included the individual values. The ifn1 response is normally
downregulated in RBCs after VHSV-exposure. However, in a few individuals (outliers) we could
find ifn1 upregulation, which correlated with the upregulation in TPS-2.

®  Figure 10. Explain grey and black bars in the legend.
Response: We have corrected it and explained it.

® Ppage 16. Delete paragraph “It is noticeable that the iTRAQ-based protein...” — no need to

explain that proteomic analyses fail to detect low abundance proteins including cytokines.

Response: We have deleted this sentence in order to avoid misunderstanding.

Page 17, 15t paragraph. NFkB can be mentioned but extensive discussion is not warranted since
study did not produce any experimental data for this gene or protein.

Response: As advised, we have shortened the discussion related to NFkB.
® “ltis evident that the antiviral response of RBCs is low compared to other cells of the

immune system” — this statement is wrong. Virus infected fish RBC develop immune
responses of huge magnitude. “Inter-individual variability” — if RBC cultures represented
individuals, this must be explicitly stated in M&M (see comment above). Given small number
of replicates, discussion of high and low responders is not supported with data.

Response: As indicated before, we have indicated in Methods, Animals section, the following: The

number of individuals used is indicated by an “n” in each experiment. Separately, in order to avoid

misunderstanding we have eliminated the sentence “It is evident that the antiviral response of

RBCs is low compared to other cells of the immune system”, “Inter-individual variability” and high

and low responders discussion.

Competing Interests: No competing interests were disclosed.
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Abstract

Background: Some fish viruses, such as piscine orthoreovirus and infectious

salmon anemia virus, target red blood cells (RBCs), replicate inside them and Invited Referees
induce an immune response. However, the roles of RBCs in the context of 1 2
infectious pancreatic necrosis virus (IPNV) infection have not been studied yet. '

Methods: Ex vivo rainbow trout RBCs were obtained from peripheral blood, v

Ficoll purified and exposed to IPNV in order to analyze infectivity and immune version 2 report

response using RT-qPCR, immune fluorescence imaging, flow cytometry and published

western-blotting techniques. 13 Dec 2017

Results: IPNV could not infect RBCs; however, IPNV increased the expression

of the INF1-related genes ifn-1, pkr and mx genes. Moreover, conditioned version 1 ? v
media from IPNV-exposed RBCs conferred protection against IPNV infection in published report report

07 Nov 2017

CHSE-214 fish cell line.

Conclusions: Despite not being infected, rainbow trout RBCs could respond to
IPNV with increased expression of antiviral genes. Fish RBCs could be 1 Espen Rimstad , Norwegian
considered as mediators of the antiviral response and therefore targets of new
strategies against fish viral infections. Further research is ongoing to completely
understand the molecular mechanism that triggers this antiviral response in
rainbow trout RBCs. Institute, Norway

University of Life Sciences, Norway

Maria Dahle, Norwegian Veterinary

o Niels C. Bols, University of Waterloo,

Canada
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(i[Z757:) Amendments from Version 1

In this new version of the manuscript we have included the
corrections of Dr. Rimstad and Dr. Bols along the manuscript,

in order to improve manuscript understanding. The line of the
manuscript has not changed, but the manuscript comprehension
has been improved. We have corrected several mistyping

and linguistic errors, as well as clarifying some points in the
manuscript and eliminating some confusing citations. Therefore,
some references have been eliminated and one reference
previously unpublished is now updated. Besides, as Dr. Bols
suggested, in Figure 3A, FFU/ml has been removed from the y axis
and only mentioned in the legend of the figure.

See referee reports

Introduction

Fish viral infections cause significant losses in aquaculture.
Infectious pancreatic necrosis (IPN) is a highly contagious viral
disease with a high impact on salmonid aquaculture industry.
Infectious pancreatic necrosis virus (IPNV) is the causative agent
of IPN and was the first fish virus isolated in cell culture'. IPNV
outbreaks are usually related to high mortality rates in
salmonid aquaculture, especially in young individuals™’, highlight-
ing the urgent necessity for the development of efficient strate-
gies in vaccination. IPNV belongs to the Aquabirnavirus genus
within the Birnaviridae tamily. Viruses of this family are non-
enveloped particles with a double stranded RNA genome. This
genome consists of two segments: the A segment contains the infor-
mation to encode a protein that is post-translationally cleaved into
VP2, VP3 and VP4 viral proteins; the B segment encodes the
viral RNA polymerase VP1*. VP2 and VP3 are the major struc-
tural and immunogenic proteins, as they represent 64% of the total
proteins of the virion’.

In contrast to mammals, fish, reptiles and avian red blood
cells (RBCs) are nucleated. Typically, the role associated with
RBCs has been the transport of O, to different tissues and gas
exchange. However, a whole set of biological processes related
to the immune response has been recently reported for nucle-
ated RBCs from different species: recognition of pathogen
associated molecular patterns®’ through expression of pattern
recognition receptors, such as toll-like receptors (TLRs)*; produc-
tion of cytokine-like factors’”~''; phagocytosis'’; and formation
of complement immune complexes'’. Fish RBCs are known to
be the target of some viruses, such as infectious salmon anemia
virus (ISAV)'' and piscine orthoreovirus (PRV)'“'". Furthermore,
both viruses can induce immune responses in infected RBCs,
characterized by the expression of genes related to IFN-1 (type I
interferon) pathway. Besides, recently it has been shown that
viral hemorrhagic septicemia virus (VHSV) halted replication in
rainbow trout RBCs could induce cytokine production'®.

In view of the aforementioned evidence, this study was aimed
to evaluate the immune response of rainbow trout RBCs against
IPNV, one of the most ubiquitous viral fish pathogens. To
achieve this objective, we first analyzed the infectivity of IPNV
in rainbow trout RBCs. Then, RBCs immune response was evalu-
ated after ex vivo exposure to IPNV, by means of antiviral gene
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and protein expression analysis. Finally, we evaluated the ability
of RBCs to confer protection against IPNV in CHSE-214 cells,
which are susceptible to IPNV infection. To summarize, here
we report the regulation of the immune response of rainbow
trout RBCs by IPNV, a non-infective virus in this cell type. This
immune response was characterized by the expression of genes
related to the IFN-1 pathway, Mx production and induction
of an antiviral state to IPNV in CHSE-214 cells.

Methods

Animals

Rainbow  trout  (Oncorhynchus — mykiss) individuals  of
approximately 10 g were obtained from a commercial fish farm
(PISZOLLA S.L., CIMBALLA FISH FARM, Zaragoza, Spain).
Fish were maintained at the University Miguel Hernandez
(UMH) facilities with a re-circulating dechlorinated-water sys-
tem, at a stocking density of 1 fish/3L, at 14°C, and fed daily with
a commercial diet (SKRETTING, Burgos, Spain). Fish were
acclimatized to laboratory conditions over 2 weeks before
experimentation. The number of fish used is indicated for each
experiment/figure.

RBCs purification

Rainbow trout were sacrificed by overexposure to tricaine
methanesulfonate (Sigma-Aldrich, Madrid, Spain) at 0.2 g/L.
Peripheral blood was sampled from the caudal vein using insu-
lin syringes (NIPRO Bridgewater, NJ). Approximately 100 pL
of blood was diluted in RPMI-1640 medium (Dutch modifica-
tion) (Gibco, Thermo Fischer Scientific Inc., Carlsbad, CA)
supplemented with 10% FBS (Cultek, Madrid, Spain), 1 mM pyru-
vate (Gibco), 2 mM L-glutamine (Gibco), 50 pg/mL gentamicin
(Gibco), 2 pg/mL fungizone (Gibco) and 100 U/mL penicillin/
streptomycin (Sigma-Aldrich). Then, RBCs were purified by two
consecutive density gradient centrifugations with Histopaque
1077 (7206g, Ficoll 1.007; Sigma-Aldrich). Finally, RBCs were
washed twice with RPMI 2% FBS. Purity of RBCs of 99.9%
was estimated by optical microscopy evaluation. Then, purified
RBCs were cultured in the above indicated medium at a density of
107 cells/mL, in cell culture flasks, at 14°C, overnight.

Viral infection assays

Ex vivo rainbow trout RBCs along with CHSE-214 cell line
(Chinook Salmon Embryo, ATCC CRL-1681) were infected
using IPNV Sp strain'’. IPNV was grown as previously
described'®. Ex vivo RBCs exposure to IPNV was performed by
incubating RBCs with diluted IPNV at the indicated MOI (mul-
tiplicity of infection) in RPMI 2% FBS. After three hours of
incubation at 14°C, RBCs were centrifuged at 1600 rpm for
5 minutes and then washed with medium to completely elimi-
nate the non-adsorbed excess of virus. Finally, RBCs were placed
in 24 well plates (Corning Costar, Sigma-Aldrich, Madrid, Spain)
with 500 pl of RPMI 2% FBS. The whole process was done at
14°C. Infection of the CHSE-214 cell line was done by incu-
bating IPNV diluted in RPMI 2% FBS at the desired MOI for
1 hour at 14°C. After that, medium was removed and RPMI 2%
FBS was added to each well. Infected CHSE-214 cells were
maintained at 14°C'%.
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In time course experiments, the initial supernatant with IPNV
was not removed. When each of the time points was reached,
RBCs were washed with cell culture medium and CHSE-214 cells
with PBS supplemented with calcium.

Viral titration assay

The virus titer in IPNV-exposed RBCs supernatants was
quantified by TCID,; and by RT-qPCR. Briefly, different dilutions
of the supernatants (from 10" to 10*) were added to CHSE-214
cell monolayers, and incubated at 14°C for 90 minutes. Then,
the virus was removed and infected CHSE-214 cell monolay-
ers covered with a solution of RPMI 2% FBS. Cell plates were
incubated at 14°C for 7 days. For RT-qPCR titration, 30 pL of
IPNV with known titer (10° TCID,/mL) and 30 pL of
IPNV-exposed RBCs supernatants were used to extract RNA
and synthetize cDNA, as explained hereafter. Ten-fold serial
dilutions from 10% to 10> TCID,/mL were done to obtain IPNV
cDNA and create a standard line.

RNA isolation and DNAse treatment

The E.Z.N.A.® Total RNA Kit (Omega Bio-Tek Inc., Norcross,
GA) was used for total RNA extraction, in accordance with
manufacturer’s instructions. DNAse treatment was done in
order to eliminate residual genomic DNA using TURBO™
DNase (Ambion, Thermo Fischer Scientific Inc.), following the
manufacturer’s instructions. RNA was quantified with a
NanoDrop® 377 Spectrophotometer (Nanodrop Technologies,
Wilmington, DE).

Gene expression by RT-qPCR

cDNA was synthesized from RNA using M-MLV reverse tran-
scriptase (Invitrogen, Thermo Fischer Scientific Inc.), as previ-
ously described”. Final concentration of ¢cDNA was 6 ng/uL.
RT-qPCR reactions were performed in a total volume of 20 ul
using 12 ng of ¢cDNA, 10 upl of TagMan universal PCR mas-
ter mix (Thermo Fischer Scientific), 900 nM final concentration
of each primer (300 nM for IPNV segment A) and 300 nM
of probe (150 nM for IPNV segment A). RT-qPCR was performed
using the ABI PRISM 7300 System (Thermo Fischer Scientific).
Cycling conditions were 50°C for 2 min and 95°C for 10 min,
followed by 40 cycles at 95°C for 15 s and 60°C for 1 min.

Gene expression was analyzed by the 2**Ct method”. The
eukaryotic 18S rRNA gene (Cat#4310893E, Thermo Fischer
Scientific) was used as endogenous control. Primers and probes are
listed in Table 1.

Antibodies

Several antibodies were used to stain cells for cytokines and
to measure polypeptides in RBCs extracts by western blotting.
They are briefly described below and their Research Resource
Identifiers (RRIDs) given. For intracellular  staining,
mouse polyclonal antibodies against rainbow trout IL13 (RRID:
AB_2716269)*"**, IL8 (RRID: AB_2716272)* and TNF-o. (RRID:
AB_2716270)** were produced at the laboratory of Dr. Luis
Mercado. Rabbit polyclonal antibody against rainbow trout Mx3
(RRID: ABA_2716267)*¢ was produced at the laboratory of
Dr. Amparo Estepa. Anti-IPNV-VP3 monoclonal antibody 2F12
(RRID: AB_2716296) was used for IPNV labelling”’. Anti-rabbit
IgG (H+L) CF™ 488 antibody produced in goat and anti-mouse
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IgG (H+L) CF™ 488 antibody produced in goat were used as
secondary antibodies for proteins and anti-mouse IgG (H+L)
CF™ 647 produced in goat to detect 2F12 antibody.

For western blotting, rabbit polyclonal antibody against
human elF2o-P (Cat# E2152, RRID:AB_259283) and rabbit
polyclonal antibody against human o-Actin (Cat#2066, RRID:
AB_476693) were purchased from Sigma-Aldrich.

Western blot

Control and IPNV-exposed RBCs pellets (=107 cells) were used
for protein extraction. Cell pellets were washed 3 times with
PBS and then resuspended in 30 pl of PBS with a cocktail of
protease inhibitors (Sigma-Aldrich). Then, cells were frozen/
thawed 3 times and lysed using an eppendorf micropistile
(Eppendorf, Hamburg, Germany). Samples were loaded in Tris—
Glycine sodium dodecyl sulfate 12% polyacrylamide gels under
reducing conditions. Electrophoresis was performed at 200 V
for 60 min. For blotting, the proteins in the gel were transferred
for 80 min at 100 V in transfer buffer (2.5 mM Tris, 9 mM glycine,
20% methanol) to nitrocellulose membranes (BioRad, Madrid,
Spain). Then, membranes were blocked with 8% dry milk and
1% Tween-20 in PBS and incubated with eIlF20-P or o-Actin
antibodies, at the recommended dilutions in PBS containing
0.5% dry milk and 0.5% Tween-20 at 4°C and overnight. Incuba-
tion with secondary antibody GAR-Po (Sigma-Aldrich) was done
in 0.5% milk 0.5% Tween-20 in PBS for 45 min. Membranes
were washed 3 times with PBS containing 1% dry milk 0.5%
Tween-20 for 15 min after every antibody incubation. Finally,
the membrane was washed 3 times with PBS before analysis of
the peroxidase activity. Peroxidase activity was detected using
ECL chemiluminescence reagents (Amersham Biosciences,
Buckinghamshire, UK) and revealed by exposure to X-ray.
Protein bands from western blotting were analysed by densitometry
using the Scion Image 4.0.2 Software (RRID: SCR_008673)
(www.scionorg.com).

Intracellular immunofluorescence stain and flow cytometry
RBCs were fixed with 4% paraformaldehyde (PFA; Sigma-
Aldrich) and 0.08% glutaraldehyde (Sigma-Aldrich) diluted in
RPMI medium for 20 minutes. Then, RBCs were incubated with
permeabilization buffer containing 0.05% saponin (Sigma-Aldrich)
in RPMI, for 15 minutes. Primary antibodies were used at 1/50
dilution for IL-1f, IL-8 and TNF-o, 1/300 for Mx and 1/500
for 2F12 in permeabilization buffer and incubated for 60 minutes
at room temperature. Secondary antibodies were incubated
for 30 minutes at 1/200 dilution. RBCs were washed with per-
meabilization buffer after antibody incubations. Finally, RBCs
were kept in PFA 1% in PBS. For nuclear staining, RBCs were
stained with 1 pg/mL of 4’-6-408 Diamidino-2-phenylindole
(DAPI; Sigma-Aldrich) for 5 minutes. Flow cytometry (FC)
analysis was done in a BD FACSCanto™ II (BD Biosciences)
flow cytometer. Immunofluorescence (IF) images were performed
in the INCell Analyzer 6000 Cell imaging system (GE Healthcare,
Little Chalfont, UK).

Antiviral activity of conditioned medium

Conditioned medium (CM) was obtained from control
and IPNV-exposed RBCs at MOI 0.5, during 3 days. The
CMs were clarified at 1600 rpm for 5 min. IPNV titer in the
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supernatants of IPNV-exposed RBCs resulted in 10 TCID,/mL
or less, therefore viral presence in the supernatants was obviated.
To test the antiviral activity of the CM, confluent CHSE-214 cells
(7.8x10* cells/well), seeded in 96 well plates, were pre-treated
with 100 pL of each supernatant at the indicated dilutions for
24 hours. After that, CHSE-214 cells were infected, as described
previously, with IPNV at MOI 0.05, for 24 hours. Finally,
intracellular staining of IPNV foci was carried out.

Intracellular staining of IPNV foci

CHSE-214 cells were fixed with PFA diluted at 4% in PBS
followed by a second fixation with cold methanol. Each
fixation step lasted 15 minutes. Cells were washed with PBS
after each fixation step. Blocking buffer containing 5% goat
serum (Sigma-Aldrich) and 0.3% Triton X-100 (Sigma-Aldrich)
was added to each well with the cells for 1 hour. Then, anti-VP3
2F12 antibody was diluted 1/500 in antibody dilution buffer
(1% BSA (Sigma-Aldrich), 0.3% Triton X-100) and was incu-
bated for 1 hour. FITC-labelled goat anti-rabbit was used as sec-
ondary antibody at 1/300 dilution. Cells were washed three times
after each antibody incubation with PBS. IF images were
taken INCell Analyzer 6000 imaging system. IN Cell Devel-
oper Toolbox 1.9.2 (RRID: SCR_015790; GE Healthcare, Little
Chalfont, UK) was used to count number of IPNV foci
(positive areas after image segmentation were selected when
>21000 fluorescence units and >2500 um? criteria was reached).

MTT assays

Cell viability was tested using MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) colorimetric assay’. Briefly,
25 ul of MTT at a final concentration of 1.9 mg/mL were added
to previously treated CHSE-214 cells monolayers, seeded in
96 well plates. Cells were incubated for 3 hours at 21°C with the
reagent. Then, the medium was removed from the wells. Formazan
crystals were dissolved in 100 ul of 100% DMSO, incubated for
30 minutes. Absorbance was read at 570 nm in the EON™
microplate spectrophotometer (Biotek, Winooski, VT). Percent-
age of viable cells was calculated as follows: absorbance treated
cells/absorbance non-treated cells) x100.

Software and statistics

All the figures and graphics show the mean and standard devia-
tion of the data. P-values associated with each graphic are repre-
sented by the legends: *, p-value < 0.05; **, p-value < 0.01; ***,
p-value < 0.001, **** p-value < 0.0001. Graphpad Prism 6
(RRID: SCR_002798, www.graphpad.com) (Graphpad
Software Inc., San Diego, A) was used for preparing graphs
and preforming statistical calculations. FC data were analyzed
using Flowing Software 2.5.1 (RRID: SCR_015781)(www.flow-
ingsoftware.com) to obtain Mean Fluorescence Intensity (MFI) and
Mean Relative Fluorescence Intensity (MRFI) (relative to control
cells) values.

Ethics approval
Methodology was carried out in accordance with the
Spanish Royal Decree RD 53/2013 and EU Directive 2010/63/EU
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for animals used in research experimentation. All experimen-
tal protocols involving animal handling were also reviewed and
approved by the Animal Welfare Body and the Research
Ethics Committee at the Miguel Hernandez University (approval
number 2014.205.E.OEP; 2016.221.E.OEP) and performed
by qualified research personnel.

Results

IPNV did not infect rainbow trout RBCs

To evaluate the infectivity of IPNV in rainbow trout RBCs,
RBCs were exposed to IPNV at MOI 0.5 and the viral RNA
was evaluated by RT-qPCR in the cell pellet at different times
post-exposure. IPNV infectivity was also evaluated in
parallel in the CHSE-214 cell line, used as a positive control
of infection. IPNV segment A (IPNV-A) RNA levels inside
RBCs and CHSE-214 cell line were similar at 1 and 3 hours
post-exposure (hpe) (Figure 1A). After 6 hpe, IPNV-A RNA level
was 3 logarithms lower in RBCs in comparison with CHSE-214
cells. On the other hand, the titer of IPNV in the supernatants
from IPNV-exposed RBCs at a MOI of 0.5 and 5, was evalu-
ated by TCID,, at 3 days post-exposure (dpe), and showed a
recovered titer of 5 and 4 logarithms lower, respectively
(Figure 1B). Furthermore, the supernatants titrated by RT-qPCR,
were below the lowest limit of detection 10? TCID,, (Table 2).
Moreover, FC analysis of control and IPNV-exposed RBCs
for IPNV VP3 protein did not show significant differences
(Figure 1C and D). Therefore, IPNV did not infect rainbow trout
RBCs.

IPNV exposure increased the expression of interferon-
related antiviral genes and proteins in rainbow trout RBCs
To determine if IPNV would induce an antiviral response
in RBCs, RT-qPCR analysis of IFN-related antiviral genes was
performed for IPNV-exposed RBCs. The results showed that
mx1-3 and pkr genes were significantly expressed at 72 hpe. On
the other hand, ifn/ gene presented a tendency to increase its
expression after 6 hpe, having a peak at 24 hpe. Also, t/r3 gene
expression tended to be upregulated at 24 hpe, whereas irf7
expression was upregulated at 72 hpe (Figure 2A). Three and six
dpe with IPNV, RBCs were stained intracellularly with an anti-Mx
antibody and analyzed by FC and immunofluorescence imaging
(IF). The results showed a significant increment in the expres-
sion of Mx protein at 6 dpe by both FC an IF (Figure 2B and D).
FC histograms showed, at 6 dpe, that RBCs depicted distinct
peaks of Mx expression, showing that the expression of Mx in
RBCs was heterogeneous in the total RBCs population
(Figure 2C).

Conditioned medium from IPNV-exposed RBCs protected
CHSE-214 cells against IPNV infection

To analyze if IPNV-exposed RBCs could secrete factors
that were capable to protect other fish cells against IPNV infec-
tion, conditioned medium (CM) from control and IPNV-exposed
RBCs (with IPNV titer <10 TCID,/mL) were added to CHSE-
214 cells prior to infection. Figure 3A shows a significant
decrease in the number of IPNV infective focus forming units
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Figure 1. Infectivity of IPNV in RBCs. (A) Time-course experiment of the expression of IPNV segment A (IPNV-A) in RBCs (e) (n = 6) and
CHSE-214 cells (O) (n = 2) at MOI 0.5. Data is represented as mean=SD. Kruskal-Wallis Test with Dunn’s Multiple Comparison post-hoc
test was performed among all time-points post-exposure in comparison with control time point (0 hpi) (*, p-value < 0.05). (B) Recovered
virus titer in supernatants from IPNV-exposed RBCs with an inoculum titer of 10° (MOI 0.5) and 10" (MQOI 5) TCID, /mL obtained after
72 hpe (n = 5). Data is represented as mean+SD. Mann-Whitney test was performed among both conditions (*, p-value < 0.05).
(C) MFI (mean fluorescence intensity) of viral protein VP3 in control and IPNV-exposed RBCs at MOI 0.5 and 3 dpe (n = 6) Mann-Whitney
test was performed among both conditions. (D) Representative flow cytometry histograms of IPNV VP3 protein detection in control and
IPNV-exposed RBCs at MOI 0.5 and 3 dpi.

Table 2. Rt-gPCR virus titration. Sample Ct value + SD
Ct value + standard deviation from
standard line points (108 to 10? RBCs #23dpe  Undetected

dilutions) and supernatants from RBCs #26 dpe  Undetected
IPNV-exposed RBCs at MOI 0.5, at

3 and 6 dpe. (n=7 individuals). RBCs #3 3 dpe  Undetected

o) Ct value = SD RBCs #3 6 dpe Undetected

10° TCID,, 05,885 + 0,052 RBCs #4 3dpe  Undetected

107 TCID,, 20,856 « 0,117 RBCs #4 6 dpe Undetected

10° TCID,, 33,165 + 0,168 RBCs #5 3 dpe Undetected

105 TCID,, 36,057 + 0,11 RBCs #5 6 dpe  Undetected

10° TCID,, 39,126 + 0.873 RBCs #6 3 dpe Undetected

10° TCID,, Undetected RBCs #6 6 dpe Undetected

102 TCID,, Undetected RBCs #7 3 dpe Undetected

RBCs #1 3 dpe Undetected RBCs #7 6 dpe Undetected

RBCs #1 6 dpe Undetected NTC Undetected
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Figure 2. RBCs IFN-related antiviral response against IPNV. (A) Gene expression of tIr3, irf7, inf1, mx1-3 and pkr in IPNV-exposed
RBCs at the indicated times post-infection and MOI 0.5, measured by RT-gPCR. Data represent mean+SD (n = 6). Kruskal-Wallis Test with
Dunn’s Multiple Comparison post-hoc test was performed among all time-points post-exposure in comparison with control time point (0 hpi)
(*, p-value < 0.05). (B) Mx protein MRFI (mean relative fluorescent intensity, relative to control cells) in IPNV-exposed RBCs at MOI 0.5
(n = 5). (C) Flow cytometry histograms of Mx protein expression from control (grey) and IPNV-exposed (red) RBCs at MOI 0.5 and the
indicated days post-exposure (dpe). (D) Representative immunofluorescence images of Mx protein expression in control and IPNV-exposed
RBCs at MOI 0.5 (FITC — Mx protein expression, DAPI - Nuclei) (IF representative of 40 images).
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Figure 3. Antiviral activity of the conditioned media from IPNV-exposed RBCs. (A) Viral titers (FFU/mL) in CHSE-214 cells
infected with IPNV at MOI 0.05 previously non-treated (black) or treated with either supernatants from control RBCs (white) or IPNV-
exposed RBCs (grey), during 24 hours, at the indicated dilutions (n = 4, performing triplicates from each individual). Two-way ANOVA, with
Sidak’s multiple comparison test, was performed among the different dilutions and conditions to test statistical differences. (B) Percentage
of viable CHSE-214 cells pre-treated with conditioned medium from control and IPNV-exposed RBCs, during 24 hours, and relative
to non-treated CHSE-214 cells. Percentage of viable cells was calculated as follows: absorbance treated cells/absorbance non-treated
cells) x100.
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(FFU/mL) when pre-treating with 1/5 diluted CM from
IPNV-exposed RBCs. CHSE-214 cells viability, by means of
an MTT colorimetric assay, was not affected by the exposure to
CM (Figure 3B).
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of the evaluated cytokines protein levels, we further investi-
gated whether IPNV exposure could reduce protein translation in
RBCs by triggering the phosphorylation of elF2a. However,
the results revealed no changes in the phosphorylation of elF2o

(Figure 4B).

IPNV exposure decreased the expression of cytokines in
rainbow trout RBCs

To evaluate whether ex vivo rainbow trout RBCs could
produce cytokines in response to IPNV exposure, RBCs were
exposed to IPNV and IL-1 B, IL-8 and TNF-o protein levels
were evaluated by means of FC and IF in control and IPNV-
exposed cell cultures. The results showed a decrease in the protein
expression of IL-1B, IL-8 and TNFo in IPNV-exposed RBCs
(Figure 4A).

Dataset 1. Excel file containing qPCR data
http://dx.doi.org/10.5256/f1000research.12994.d182842

Each sheet contains the raw Ct values for the indicated figure
numbers, organized by samples (rows) and genes (columns).

Dataset 2. Excel file containing the virus titration data
http://dx.doi.org/10.5256/f1000research.12994.d182843

Contains the virus titer (TCID,,/mL) results of the indicated figure
IPNV exposure did not induce phosphorylation of the number.
o-subunit of the eukaryotic translational initiation factor 2
(elF2q) in rainbow trout RBCs

The phosphorylation of the translation initiation factor
elF2a is a key mechanism of global inhibition of translational
initiation” and it has been described to happen after IPNV
infection in the permissive cell line CHSE-214 cells*. In this

sense, since IPNV-exposed RBCs depicted a small downregulation

Dataset 3. Flow cytometry data
http://dx.doi.org/10.5256/f1000research.12994.d182844

Each folder contains the Flow Cytometry Standard (.fcs) format
files. Source data files are organized by figure number, and then by
sample number, condition and antibody.

A IL-1p IL-8 TNF-a
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elF2a-P
Ratio |
a-actin

Q ) Q 2

0. Q.

A o % (2
o 2
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Figure 4. IPNV-exposure decreased cytokine levels in rainbow trout RBCs. (A) Intracellular MFI (mean fluorescent intensity) values of
IL-1B, IL-8 and TNFa from control and IPNV-exposed RBCs at MOl 0.5 and 3 dpe measured by FC (flow cytometry)(n = 6). Mann-Whitney
test was performed among both conditions. (B) Phosphorylation of translation initiation factor elF2a in IPNV-exposed RBCs. Representative
western blot of elF2a-P in control and IPNV-exposed RBCs from two individuals at MOI 0.5, 3 dpe. Densitometry ratios were done relativizing
to a-actin. Mann-Whitney test was performed among both conditions.

Page 9 of 26

131



Dataset 4. Excel file containing the Focus Forming Units (FFU)
counting for Figure 3A

http://dx.doi.org/10.5256/f1000research.12994.d182845

Dataset 5. Excel file containing MTT absorbance raw data
http://dx.doi.org/10.5256/f1000research.12994.d182846

Dataset 6. Excel file containing the densitometry raw data of
elF20-P and a-Actin western blots

http://dx.doi.org/10.5256/f1000research.12994.d182847

Related uncropped blots are included.

Discussion

Previously, we have demonstrated that rainbow trout
RBCs can respond to VHSV, a ssRNA virus not targeting
RBCs, halting its replication, downregulating type I interferon-
related genes, showing global protein downregulation in the
cell and phosphorylation of the translation initiation factor
elF20.'°.

It is known that IPNV primarily targets pancreatic and liver
cells*. It has been also reported that IPNV was detectable in
kidney hematopoietic tissue, corpuscles of Stannius, in Islets of
Langherhans, in the lamina propria of the pyloric caeca, the gill
arch connective tissue, the ventricle of the heart and dermis of
the skin®. Our results showed that IPNV did not replicate in
RBCs, although small amounts of IPNV were persistently found
inside RBCs after 3 dpe (= 10° TCID,/mL). Similarly, IPNV
has been shown to enter mammalian cells, without significant
levels of replication, being this entry suggested to be receptor
mediated™. From our results, the persistence of IPNV in RBCs
after 72 hpe could point out the entry of the virus inside RBCs.
However, we could not further verify the presence of the
IPNV inside RBCs (Figure 1).

Nevertheless, despite the lack of replication of IPNV in
RBCs, IPNV could induce an antiviral gene expression mediated
by the IFN pathway, as it has been observed in RBCs produc-
tive infections with ISAV'' and PRV'“. As shown by our results,
ifnl and IFN-1 related genes (irf7, pkr and mx) expression levels
were increased time-dependently in response to IPNV-exposure.
High inter-individual variability was observed, similarly to that
found in the RBCs from salmons challenged with PRV?. In
addition, although we could not verify the entry and uncoating
of IPNV inside RBCs, we could observe an increment in the
expression of the r/r3 gene in parallel to the expression of
the other IFN-related genes in IPNV-exposed RBCs. This
could indicate the activation of the TLR3/IFN pathway by the
presence of intracellular viral dsRNA.

IFN-1 leads to the expression of interferon stimulated
genes (ISGs)*. Among ISGs, the antiviral protein Mx has a well
characterized antiviral role. Confirming those expectations,
our results showed the significant upregulation of the Mx pro-
tein 6 dpe, after having a peak of its gene expression at 3 dpe.
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Previously, a positive correlation between the expression of
Mx protein and the inhibition of IPNV in CHSE-214 cells
has been established”. Therefore, Mx protein production in
IPNV-exposed RBCs could be involved in the low IPNV titers
observed. The high basal levels of Mx protein detected inside
RBCs (Figure 2D), much elevated than those for CHSE-214 cells
(Figure S1), could be implicated in the early disappearance of
IPNV inside RBCs. A similar hypothesis has been made in the
abortive infection of VHSV in the RTS-11 cell line” and in
rainbow trout RBCs'®, where upregulation or high constitu-
tive expression of mx genes was speculated to be related to the
inhibition of the virus.

Moreover, our results showed that CM from RBCs
exposed to IPNV could partially protect CHSE-214 cells from
IPNV infection. Similar to other cell types, this antiviral activ-
ity has been also observed in CM of RTS11 and RTG-2 cells
exposed to Poly (I:C) (polyinosinic:polycytidylic acid) and/or
infected with chum salmon reovirus*'. The fact that RBCs can
secrete factors that confer protection against IPNV infection in
other cell lines could indicate that RBCs, despite not being per-
missive to IPNV infection, may exhibit an antiviral response.
Besides, we evaluated the production of cytokines in IPNV-
exposed RBCs. Previously, the expression of IL-1f in salmon
gill and head kidney tissues™, IL-8 in rainbow trout head kidney
tissue” and TNFo in zebrafish embryonic cells* have been
implicated in the immune response against IPNV; therefore,
we chose these cytokines to evaluate the immune response
of rainbow trout RBCs to IPNV exposure. However, our results
showed a reduction trend of these proteins in IPNV-exposed
RBCs.

A shutdown in protein synthesis by phosphorylation of
elF20 has been reported in CHSE-214 cells infected with IPNV*.
So far, in rainbow trout RBCs exposed to IPNV, although a trend
to cytokine protein reduction was observed, no phosphorylation
of elF2a was detected and Mx protein expression was increased.
IFN-1 has been reported to inhibit the production of IL-1B%,
therefore, the cytokine reduction trend observed could have been
a result of the related IFN-1 pathway upregulation. In
contrast, in rainbow trout RBCs, VHSV rhabdovirus induced
phosphorylation of elF2o. and a cell shut-off characterized by

the downregulation of the proteome'®.

Further studies are needed to completely understand the
molecular mechanism through which IPNV triggers this
immune response in rainbow trout RBCs. However, the lack of
commercial antibodies against fish proteins involved in cell sig-
naling networks limits the study of this area. The implication
of RBCs during in vivo IPNV infection and the response
against different strains of IPNV remains to be evaluated.

Finally, one of the potential applications of these results
is that fish RBCs could be considered mediators of the antivi-
ral response and therefore targets of novel DNA vaccines and
of new strategies against fish viral infections.
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The manuscript by Maria de Mar Ortega-Villaizan Romo provides evidence that trout red blood cells can
express antiviral mechanisms. The discovery is very intriguing, as red blood cells appear to have addition
functions beyond carry gases, and this might open up new ways to enhance fish health. Therefore, |
recommend indexing. As documented below, | do have many minor suggestions for improving the clarity
and aesthetics of the manuscript.

ABSTRACT

Background

Remove “highly”

| suggest “However, the roles of RBCs in birnavirus....”
Methods:
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Remove “induced”

Results:

Remove “-exposed RBCs”

Conclusions: | suggest recasting a few sentences as shown below.

“Despite not being infected, trout RBCs respond to IPNV with increased expression of antiviral genes.”
In the last sentence, | suggest “that triggers this antiviral response in trout RBCs”

INTRODUCTION

15t paragraph 2" line remove “Among all of the viral diseases,”

It sounds awkward and the point being made is made again in the 4! paragraph.

2 paragraph

Remove “This implies that nucleated RBCs can support viral replication.” Over 40 years ago, enucleated
cells were shown to support replication of some viruses'. Therefore, having a nucleus in RBCs might
have nothing to do with their capacity to support the replication of some viruses. For example, human
RBCs might also have roles in viral infections. Therefore, the first 2 sentences of this paragraph could be
eliminated and the next sentence, after removing “for example”, would become the topic sentence.

3 paragraph

Remove the sentence that begins “Recently, it has been shown that viral hemorrhagic septicemia virus
(VHSV) can induce ...."

| don’'t see how it fits the subject of the paragraph or point out in the sentence that RBCs as well as
stromal cells were studied.

4t paragraph

recast the last 2 sentences

“However, we report that even though not infecting RBCs, IPNV induces in them the expression of
antiviral genes in the INF-1 pathway.” | am not sure that | would emphasize so strongly “protection
against IPNV infection in CHSE-214 cells”. This appears to be based on the 1/5 bar in Figure 3A. | would
like to have seen if protection also arose from 1 to 3 supernatant dilution or 1 to 10 supernatant dilution. If
either one or both of these dilutions did protect, it would strongly indicate that protection can be
repeatability demonstrated.

METHODS

Animals

Space between 1 and fish.
Space after Spain)

RBC purification
Was no anticoagulant used in the collection of the blood? Please clarify. Would thrombocytes be present
among the RBCs?

In the 3" last sentence | wonder if something should follow the 2%. RPMI with 2 % FBS? This also

comes in the next section. Maybe define it here as RPMI with 2 % FBS (RPMI/FBS) and use in
RPMI/FBS in subsequent section.

Viral infection assays

No need to repeat Oncorhynchus mykiss here as the genus species name are mentioned earlier.
In the 2" |ast sentence, | believe that the RPMI was “removed” rather than “retired”.

Were RBC infected at 14 °C like CHSE-214 were?
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Viral titration assay
In the first sentence, “supernatants were quantified by TCID50 and by RT-qPCR.”

RNA isolation and DNAse treatment
no suggestions

Gene expression by RT-qPCR
“synthesized”

Antibodies

I suggest the following topic sentence for this section.

“Several antibodies were used to stain cells for cytokines and to measure polypeptides in RBC extracts by
western blotting and they are briefly described below and their Research Resource Identifiers (RRIDs)
given.”

Western blot
no suggestions

Intracellular immunofluorescence staining and flow cytometry
no suggestions

Antiviral activity of conditioned medium
Would not the conditioned medium (CM) have virus that had not bound to RBC and thus not pelleted at
1600 rpm and so was in the CM? Please briefly discuss.

Is ‘staining’ rather than “stain” meant in the following sentence and the next heading?
“Finally, intracellular stain of IPNV foci was carried out.”

Intracellular stain of IPNV foci
Add to the end of the 3" sentence “for 1 hour with the cells”.

MTT assays
At the end of this section, a statement of how the absorbance readings are converted to percent viability
should be given. | know that it is mentioned in the legend for Figure 3.

Software and statistics
I suggest the following modification to the 2"d sentence.
“was used for preparing graphs and preforming statistical calculations”.

Ethics approval
no suggestions

RESULTS

IPNV did not infect trout RBCs

| suggest the following recasting of the last sentence and addition of a new last sentence.

“Moreover, flow cytometry analysis of control and IPNV-exposed RBCs for IPNV VP3 protein did not show
significant differences (Figure 1C and D). Therefore, IPNV did not infect trout RBCs.”
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IPNV exposure increased the expression of interferon-related antiviral immune genes and proteins in
RBCs

The first sentence should be shortened as follows

“to determine if IPNV would induce an antiviral response in RBCs.”

Are there antiviral genes that are not immune genes?

In other words, can the description be simplified to just ‘antivrial genes”?

DISCUSSION
2d paragraph
The last two sentences could refer to the data of the ms for support.

4t paragraph

| wonder if the authors could briefly discuss the apparent constitutive expression of Mx in RBCs as seen in
Panel D of Figure 2. Also could Mx be released from RBCs? In cattle Mx1 is found in exosomes (see
Racicot K et al., 2012, Am J Reprod Immunol) and exosomes can be released by RBCs (see Danesh A et
al., 2014, Blood).

FIGURES AND LEGENDS

Figure 1
In panel A write out hpe on the X axis.

Figure 2
Is the staining in the control of interest or just background? | mentioned this earlier under the Discussion.
Could any of the cells in panel D be thrombocytes?

Figure 3

Could FFU be written out here in the legend so figure stands alone? The legend mentions doing a
two-way ANOVA but no mention of a post test is given, although the 1/5 supernatant dilution is identified
with an asterisk?

Figure 4 Title legend has a spelling mistake and is a bit misleading because panel B is not covered by the
current title. | suggest the following title.

“Reduction in RBC cytokine levels by IPNV and a possible mechanism”

The legend should give more information so the figure can better stand by itself.

Write out MFI (Mean Fluorescence Intensity) and FC (Flow Cytometry).

At two places in the legend, mention is made of the Mann-Whitney test but the outcome is not clearly
stated.

References
1. Follett EA, Pringle CR, Wunner WH, Skehel JJ: Virus replication in enucleate cells: vesicular stomatitis
virus and influenza virus.J Virol. 1974; 13 (2): 394-9 PubMed Abstract

Is the work clearly and accurately presented and does it cite the current literature?
Partly

Is the study design appropriate and is the work technically sound?
Yes
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Are sufficient details of methods and analysis provided to allow replication by others?
Partly

If applicable, is the statistical analysis and its interpretation appropriate?
Yes

Are all the source data underlying the results available to ensure full reproducibility?
Yes

Are the conclusions drawn adequately supported by the results?
Yes

Competing Interests: No competing interests were disclosed.
Referee Expertise: Fish cell line development, fish virology

I have read this submission. | believe that | have an appropriate level of expertise to confirm that
it is of an acceptable scientific standard.

Author Response 01 Dec 2017
Maria del Mar Ortega-Villaizan Romo, Universidad Miguel Hernandez, Spain

Dear Dr. Niels Bols,
Thank you very much for your positive review and suggestions for the manuscript. We have
included your corrections and suggestions in the new version of the manuscript.

ABSTRACT

Background
Remove “highly”

Author’s response: It has been corrected.

| suggest “However, the roles of RBCs in birnavirus....”
Author’s response: It has been corrected.

Methods:
Remove “induced”
Author’s response: It has been corrected.

Results:
Remove “-exposed RBCs”
Author’s response: It has been corrected.

Conclusions: | suggest recasting a few sentences as shown below.

“Despite not being infected, trout RBCs respond to IPNV with increased expression of antiviral
genes.”

In the last sentence, | suggest “that triggers this antiviral response in trout RBCs”

Author’s response: It has been corrected.

INTRODUCTION
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15t paragraph 29 line remove “Among all of the viral diseases,”
It sounds awkward and the point being made is made again in the 4t paragraph.
Author’s response: It has been corrected.

2nd paragraph

Remove “This implies that nucleated RBCs can support viral replication.” Over 40 years ago,
enucleated cells were shown to support replication of some viruses . Therefore, having a nucleus
in RBCs might have nothing to do with their capacity to support the replication of some viruses.
For example, human RBCs might also have roles in viral infections. Therefore, the first 2
sentences of this paragraph could be eliminated and the next sentence, after removing “for
example”, would become the topic sentence.

Author’s response: We have removed these sentences.

34 paragraph

Remove the sentence that begins “Recently, it has been shown that viral hemorrhagic septicemia
virus (VHSV) can induce ....”

| don’t see how it fits the subject of the paragraph or point out in the sentence that RBCs as well as
stromal cells were studied.

Author’s response: We have changed this sentence to: “Besides, recently it has been shown that
viral hemorrhagic septicemia virus (VHSV) halted replication in rainbow trout RBCs could induce
cytokine production” as another reference of immune response by RBCs against virus.

4t paragraph

recast the last 2 sentences

“However, we report that even though not infecting RBCs, IPNV induces in them the expression of
antiviral genes in the INF-1 pathway.” | am not sure that | would emphasize so strongly “protection
against IPNV infection in CHSE-214 cells”. This appears to be based on the 1/5 bar in Figure 3A. |
would like to have seen if protection also arose from 1 to 3 supernatant dilution or 1 to 10
supernatant dilution. If either one or both of these dilutions did protect, it would strongly indicate
that protection can be repeatability demonstrated.

Author’s response: The protection conferred by the CM from IPNV-exposed RBCs diminished as
the dilution increased from 1/5 to 1/25 and 1/125. However, we have not tried 1/3 or 1/10 dilutions.
As Dr. Bols pointed out, it would have been interesting to check with lower dilution ranges. In
relation to repeatability, this assay was done using the supernatants from 4 ex vivo infections, in
triplicate each of them. Therefore, the repeatability could have been demonstrated by the assay
itself?

We have rewritten the sentence to do not emphasize so strongly “protection” as follows: “the
induction of an antiviral state to IPNV in CHSE-214 cells”.

METHODS

Animals

Space between 1 and fish.

Space after Spain)

Author’s response: It has been corrected.

RBC purification
Was no anticoagulant used in the collection of the blood? Please clarify. Would thrombocytes be
present among the RBCs?
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Author’s response: We did not use any anti-coagulant. The blood was immediately diluted in RPMI
10%FBS and slightly resuspended. In this way, no coagulation occurs. On the other hand,
thrombocytes were eliminated with the double Ficoll purification.

In the 3 last sentence | wonder if something should follow the 2%. RPMI with 2 % FBS? This also
comes in the next section. Maybe define it here as RPMI with 2 % FBS (RPMI/FBS) and use in
RPMI/FBS in subsequent section.

Author’s response: It has been corrected.

Viral infection assays

No need to repeat Oncorhynchus mykiss here as the genus species name are mentioned earlier.
In the 2N9 |ast sentence, | believe that the RPMI was “removed” rather than “retired”.

Were RBC infected at 14 °C like CHSE-214 were?

Author’s response: It has been corrected and 14 °C added to RBCs infection protocol.

Viral titration assay
In the first sentence, “supernatants were quantified by TCID50 and by RT-qgPCR.”

Author’s response: It has been corrected.

RNA isolation and DNAse treatment
no suggestions

Gene expression by RT-qPCR
“synthesized”
Author’s response: It has been corrected.

Antibodies

| suggest the following topic sentence for this section.

“Several antibodies were used to stain cells for cytokines and to measure polypeptides in RBC
extracts by western blotting and they are briefly described below and their Research Resource
Identifiers (RRIDs) given.”

Author’s response: We have included this sentence.

Western blot
no suggestions

Intracellular immunofluorescence staining and flow cytometry
no suggestions

Antiviral activity of conditioned medium

Would not the conditioned medium (CM) have virus that had not bound to RBC and thus not
pelleted at 1600 rpm and so was in the CM? Please briefly discuss.

Author’s response: The supernatants of RBCs exposed to IPNV were titrated and resulted in
approximately 10 TCID50/mL or less. We have added the following sentence to clarify this item:
“IPNV titer in the supernatants of IPNV-exposed RBCs resulted in 10 TCID50/mL or less, therefore
viral presence in the supernatants was obviated”.

Is ‘staining’ rather than “stain” meant in the following sentence and the next heading?
“Finally, intracellular stain of IPNV foci was carried out.”
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Author’s response: It has been corrected.

Intracellular stain of IPNV foci
Add to the end of the 3" sentence “for 1 hour with the cells”.
Author’s response: It has been corrected.

MTT assays

At the end of this section, a statement of how the absorbance readings are converted to percent
viability should be given. | know that it is mentioned in the legend for Figure 3.

Author’s response: The formula has been added.

Software and statistics

| suggest the following modification to the 2"d sentence.

“was used for preparing graphs and preforming statistical calculations”.
Author’s response: It has been corrected.

Ethics approval
no suggestions

RESULTS

IPNV did not infect trout RBCs

| suggest the following recasting of the last sentence and addition of a new last sentence.
“Moreover, flow cytometry analysis of control and IPNV-exposed RBCs for IPNV VP3 protein did
not show significant differences (Figure 1C and D). Therefore, IPNV did not infect trout RBCs.”
Author’s response: We have recasted the sentence as advised.

IPNV exposure increased the expression of interferon-related antiviral immune genes and proteins
in RBCs

The first sentence should be shortened as follows

“to determine if IPNV would induce an antiviral response in RBCs.”

Are there antiviral genes that are not immune genes?

In other words, can the description be simplified to just ‘antivrial genes”?

Author’s response: We have shortened the sentence and the description simplified to antiviral

genes

DISCUSSION

2nd paragraph

The last two sentences could refer to the data of the ms for support.
Author’s response: We have referred this affirmation to Figure 1.

4t paragraph

| wonder if the authors could briefly discuss the apparent constitutive expression of Mx in RBCs as
seen in Panel D of Figure 2. Also could Mx be released from RBCs? In cattle Mx1 is found in
exosomes (see Racicot K et al., 2012, Am J Reprod Immunol) and exosomes can be released by
RBCs (see Danesh A et al., 2014, Blood).

Author’s response: Yes, Figure S1 also highlights the elevated constitutive expression of Mx in
RBCs, compared to other CHSE-214.

Mx in RBCs exosomes is very interesting appreciation. However, Racicot et al (2012) concluded
that “The results presented here show MX1 could play a role in the formation of vesicles secreted
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into the uterus and suggest involvement in basic cellular processes independent of its role during
viral infections”. Therefore, although it is an interesting topic of investigation we would rather not to
mention the possible link between Mx and RBCs exosomes in this manuscript since it is unknown
whether it could be related to Mx antiviral function.

FIGURES AND LEGENDS

Figure 1
In panel A write out hpe on the X axis.
Author’s response: It has been written

Figure 2

Is the staining in the control of interest or just background? | mentioned this earlier under the
Discussion. Could any of the cells in panel D be thrombocytes?

Author’s response: Yes, we have discussed about it in the discussion section. In relation to panel
D, none of those cells are thrombocytes.

Figure 3

Could FFU be written out here in the legend so figure stands alone? The legend mentions doing a
two-way ANOVA but no mention of a post test is given, although the 1/5 supernatant dilution is
identified with an asterisk?

Author’s response: Yes, FFU/mL has been deleted from panel A, x axis, as it is indicated in the
figure legend. On the other hand, Sidak’s multiple comparison test was performed and has been
added to the legend.

Figure 4 Title legend has a spelling mistake and is a bit misleading because panel B is not covered
by the current title. | suggest the following title.

“Reduction in RBC cytokine levels by IPNV and a possible mechanism”

The legend should give more information so the figure can better stand by itself.

Write out MFI (Mean Fluorescence Intensity) and FC (Flow Cytometry).

At two places in the legend, mention is made of the Mann-Whitney test but the outcome is not
clearly stated.

Author’s response: Title of Figure 4 has been changed as follows: IPNV-exposure decreased
cytokine levels in rainbow trout RBCs, and MFI and FC explained. In relation to the statistical
analysis, Mann-Whitney test was performed for Fig4A and 4b, however, statistically significant
differences were not observed.

Competing Interests: No competing interests were disclosed.
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This is an interesting paper showing that purified rainbow trout RBC exposed to IPNV do not get infected
by the virus, but nevertheless raise an innate antiviral response. The latter is shown by the induction of
IFN and a few IFN related genes and that conditioned media from IPNV exposed RBC inhibits IPNV
infection of the susceptibe cell line CHSE-214. Many methods are used to approach the hypotheses and
the results appear provide new information on the very intriguing role of fish red blood cells in interaction
with viruses, in particular by showing that the cells can induce an antiviral immune response without being
infected.

The main comments are related to how the authors have interpreted the results far beyond what they
have shown, by drawing links to adaptive immune mechanisms and vaccination approaches, while they
could have discussed antiviral protection mechanisms in further detail and with more scientific basis.
There are also some missing information regarding the experimental details, and far too extensive use of
an unpublished paper in the discussion of the data.

Comments:

1. The title is generalizing beyond the scope of the paper, and should specify the virus and the host
studied (IPNV and onchorhynchus mykiss).

2. Abstract and Discussion: The statement that antiviral responses in RBCs could be targets for DNA
vaccines is not linked to the data presented here. A vaccination effect requires antigen
presentation and adaptive immune activation for long term protection, which is not touched upon at
all in this paper. If this point should be made, the authors should in the discussion provide some
explanation and scientific basis for how they think antiviral responses in RBCs to an uninfecting
virus make them promising DNA vaccination targets, and how directing DNA vaccines to RBC
should be performed.

3. Introduction/Discussion: An unpublished paper: Nombela |, Puente-Marin S et al. is referred to in
introduction and several times in the discussion. The content of this paper cannot be evaluated.
The authors should primarily use published work in their discussion.

4. Introduction. There are many language mistakes in the introduction (and elsewhere). Please have
the manuscript corrected linguistically. Trout is not a specific annotation.

5. Please specify that the work is performed for rainbow trout. Diseases are not agents. Diseases
cause losses not loses. Viral titer not titters. Aquabirnavirus genus not Aquabirnaviridae genera, it
is wrong suffix and it is not plural. etc.

. The role of IPNV - VP3 is not completely unknown, there are several papers describing its function.

7. “The VP2 epitopes are the target for antibodies against different serotypes.” Not against but
distinguishing between. It should be noted that the serotyping system is based upon the use of
rabbit antisera, it is not based on the immune response from fish.

8. No observations of viral factories has been observed for ISAV.

9. “The fact that these cells are nucleated implies that fish RBCs can respond to different stimulus
and control cellular processes”. Not really, having a nucleus doesn’t really prove that the cell can
react various stimuli, that have to shown.

10. Materials and Methods: Number of fish used not given. Unclear if the fish used were tested for
previous viral infections.

11. 18S is given as the reference gene target in the text, but in the table EF1a primers are given.
Results is not clear on what was used.

12. Results: Unclear if the “n” in experiments is number of fish or parallel ex vivo infections.

13. “IPNV segment A (IPNV-A) RNA levels inside RBCs and CHSE-214 cell line were similar at 1 and 3
hours post-exposure (hpe) (Figure 1A). After 3 hpe, IPNV-A RNA level was 4 logarithms lower in
RBCs in comparison with CHSE-214 cells.” Do you mean from 6 hpe and not after 3 hpe? It is not
4 logs difference according to Fig 1 itis 3 log at 6 hpe and 5 log at 26 hpe. It is nevenr 4 logs?

14. What is the detection limit for VP3 in flow cytometri?

o
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15. Discussion:

1. The small trend towards a difference in cytokine levels Fig 4A should not be discussed as
“downregulation”, and cannot be interpreted as a cell shut-off of the proteome by the
infection. Most likely the slight trend towards down-regulation is just an effect of the relative
upregulation of the IFN-I pathway (ISGs)

2. Authors say in the discussion regarding the protective effect of conditioned media: “To
elucidate which factors could be implicated in this protection, we evaluated the production
of cytokines in IPNV-exposed RBCs” It is well known that IFN-1, and not to the same degree
cytokines, confers a direct antiviral response on surrounding cells. The upregulation of IFN-I
is already shown at the transcriptional level, and the upregulation of ISGs directly indicates
IFN activity. The main role of cytokines is to attract and activate immune cells and mobilize
an immune response in tissue in vivo. The authors should clarify this to show that they
understand the difference between local antiviral protection and crosstalk with the immune
system.

Is the work clearly and accurately presented and does it cite the current literature?
Partly

Is the study design appropriate and is the work technically sound?
Yes

Are sufficient details of methods and analysis provided to allow replication by others?
Yes

If applicable, is the statistical analysis and its interpretation appropriate?
Not applicable

Are all the source data underlying the results available to ensure full reproducibility?
Yes

Are the conclusions drawn adequately supported by the results?
No

Competing Interests: No competing interests were disclosed.

We have read this submission. We believe that we have an appropriate level of expertise to
confirm that it is of an acceptable scientific standard, however we have significant reservations,
as outlined above.

Author Response 01 Dec 2017
Maria del Mar Ortega-Villaizan Romo, Universidad Miguel Hernandez, Spain

Dear Dr. Espen Rimstad and Dr. Maria Dahle,

We appreciate very much your revision and constructive comments on the manuscript. We have
included your corrections in the new version of the manuscript hoping that now the manuscript will
be suitable for publication.

Please find below the response to your comments:
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1. The title is generalizing beyond the scope of the paper, and should specify the virus and the
host studied (IPNV and onchorhynchus mykiss).

Author’s response: The title have been changed as advised.

2. Abstract and Discussion: The statement that antiviral responses in RBCs could be targets for
DNA vaccines is not linked to the data presented here. A vaccination effect requires antigen
presentation and adaptive immune activation for long term protection, which is not touched upon at
all in this paper. If this point should be made, the authors should in the discussion provide some
explanation and scientific basis for how they think antiviral responses in RBCs to an uninfecting
virus make them promising DNA vaccination targets, and how directing DNA vaccines to RBC
should be performed.

Author’s response: In order to avoid misunderstanding we have deleted DNA vaccines from
abstract

3. Introduction/Discussion: An unpublished paper: Nombela |, Puente-Marin S et al. is referred to
in introduction and several times in the discussion. The content of this paper cannot be evaluated.
The authors should primarily use published work in their discussion.

Author’s response: The paper reference can be included now and has been included.

4. |Introduction. There are many language mistakes in the introduction (and elsewhere). Please
have the manuscript corrected linguistically. Trout is not a specific annotation.

Author’s response: the manuscript has been linguistically corrected and trout has been properly
annotated as rainbow trout.

5. Please specify that the work is performed for rainbow trout. Diseases are not agents. Diseases
cause losses not loses. Viral titer not titters. Aquabirnavirus genus not Aquabirnaviridae genera, it
is wrong suffix and it is not plural. etc.

Author’s response: we have specified that the work has been done for rainbow trout. Titer has
been written instead of titters. Aquabirnavirus genus has been written instead of Aquabirnaviridae

enera.

6. The role of IPNV - VP3 is not completely unknown, there are several papers describing its
function.
Author’s response: This sentence has been deleted since it is not the target of our study.

7. “The VP2 epitopes are the target for antibodies against different serotypes.” Not against but
distinguishing between. It should be noted that the serotyping system is based upon the use of
rabbit antisera, it is not based on the immune response from fish.

Author’s response: This sentence has been deleted since it is not the target of our study.

8. No observations of viral factories has been observed for ISAV.
Author’s response: We have deleted that sentence.

9. “The fact that these cells are nucleated implies that fish RBCs can respond to different stimulus
and control cellular processes”. Not really, having a nucleus doesn’t really prove that the cell can
react various stimuli, that have to shown.

Author’s response: We have deleted that sentence.

10. Materials and Methods: Number of fish used not given. Unclear if the fish used were tested
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for previous viral infections.

Author’s response: The number of fish is indicated in each experiment/figure. On the other hand,
the fish has not been tested for previous infection. However, the fish farm appears to be free of
IPNV and VHSV, since they do not have associated mortalities.

11. 18Sis given as the reference gene target in the text, but in the table EF1a primers are given.
Results is not clear on what was used.
Author’s response: Yes, this has been an error. EF1a has been removed from the primers table.

12. Results: Unclear if the “n” in experiments is number of fish or parallel ex vivo infections.
Author’s response: Yes, “n” refers to number of fish/ ex vivo infections

13. “IPNV segment A (IPNV-A) RNA levels inside RBCs and CHSE-214 cell line were similar at 1
and 3 hours post-exposure (hpe) (Figure 1A). After 3 hpe, IPNV-A RNA level was 4 logarithms
lower in RBCs in comparison with CHSE-214 cells.” Do you mean from 6 hpe and not after 3 hpe?
It is not 4 logs difference according to Fig 1 it is 3 log at 6 hpe and 5 log at 26 hpe. It is nevenr 4
logs?

Author’s response: Yes, please excuse the error. We have corrected it as “After 6 hpe, IPNV-A
RNA level was 3 logarithms lower”

14. What is the detection limit for VP3 in flow cytometri?

Author’s response: We do not know the limit of detection for VP3 by flow cytometry. However, by
ELISA, it has been described that the limit of the detection for 2F12 + 3B12 antibody mix (anti-VP3)
is 104 TCID50/ml (Dominguez J, Hedrick RP, Sanchez-Vizcaino JM: Use of
monoclonal-antibodies for detection of infectious pancreatic necrosis virus by the

enzyme-linked-immunosorbent-assay (ELISA). Dis Aquat Organ. 1990; 8: 157-63. Publisher Full

15. Discussion:

1. The small trend towards a difference in cytokine levels Fig 4A should not be discussed as
“downregulation”, and cannot be interpreted as a cell shut-off of the proteome by the infection.
Most likely the slight trend towards down-regulation is just an effect of the relative upregulation of
the IFN-I pathway (ISGs)

Author’s response: We have included this appreciation in the discussion.

2. Authors say in the discussion regarding the protective effect of conditioned media: “To
elucidate which factors could be implicated in this protection, we evaluated the production of
cytokines in IPNV-exposed RBCs” It is well known that IFN-I, and not to the same degree
cytokines, confers a direct antiviral response on surrounding cells. The upregulation of IFN-I is
already shown at the transcriptional level, and the upregulation of ISGs directly indicates IFN
activity. The main role of cytokines is to attract and activate immune cells and mobilize an immune
response in tissue in vivo. The authors should clarify this to show that they understand the
difference between local antiviral protection and crosstalk with the immune system.

Author’s response: In order to avoid misunderstandings, and due to lack of information about il8,
il1b and tnfa receptor pathways in CHSE-214, we have deleted in the manuscript the relation
between il8, il1b and tnfa with the protection of CHSE against IPNV.

Competing Interests: No competing interests were disclosed.
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Abstract: Nucleated teleost red blood cells (RBCs) are known to express molecules from the major
histocompatibility complex and peptide-generating processes such as autophagy and proteasomes,
but the role of RBCs in antigen presentation of viruses have not been studied yet. In this study,
RBCs exposed ex vivo to viral hemorrhagic septicemia virus (VHSV) were evaluated by means
of transcriptomic and proteomic approaches. Genes and proteins related to antigen presentation
molecules, proteasome degradation, and autophagy were up-regulated. VHSV induced accumulation
of ubiquitinated proteins in ex vivo VHSV-exposed RBCs and showed at the same time a decrease of
proteasome activity. Furthermore, induction of autophagy was detected by evaluating LC3 protein
levels. Sequestosome-1/p62 underwent degradation early after VHSV exposure, and it may be a link
between ubiquitination and autophagy activation. Inhibition of autophagosome degradation with
niclosamide resulted in intracellular detection of N protein of VHSV (NVHSV) and p62 accumulation.
In addition, antigen presentation cell markers, such as major histocompatibility complex (MHC) class
I & II, CD83, and CD86, increased at the transcriptional and translational level in rainbow trout RBCs
exposed to VHSV. In summary, we show that nucleated rainbow trout RBCs can degrade VHSV while
displaying an antigen-presenting cell (APC)-like profile.

Keywords: rainbow trout; erythrocytes; red blood cells; VHSV; transcriptome; proteome; antigen
presentation; autophagy; ubiquitination

1. Introduction

Nucleated red blood cells (RBCs) can develop immune responses to viruses that directly target
these cells, such as infectious salmonid anemia virus (ISAV) [1] and piscine orthoreovirus (PRV) [2-6],
which mainly results in the up-regulation of the interferon (IFN)-« gene and interferon-stimulated
genes. Recently, we reported that rainbow trout RBCs can mount an antiviral response against viral
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hemorrhagic septicemia virus (VHSV) [7]. Also, we have reported that RBCs can be stimulated by
infectious pancreatic necrosis virus (IPNV), where up-regulation of IFN type 1-related genes leads
to expression of antiviral myxovirus resistance protein Mx [8]. However, rainbow trout RBCs are
nonpermissive to VHSV and IPNV infections, and the cellular mechanisms that make the infection
nonpermissive are being studied [9].

Autophagy is an evolutionarily conserved mechanism in which intracellular material is enveloped
in double-membrane vesicles and targeted for fusion with lysosomes for degradation. Numerous
pathogens have been known to cause autophagy, including viruses [10]. The role of autophagy in
the context of viral infections is still controversial and can have either antiviral or proviral functions
depending on the virus and host cell [11]. Autophagy can contribute to the innate immune response
by delivering viral pathogen-associated molecular pattern (PAMPs) to endosomal Toll-like receptors
(TLRs) [12,13] through vesicle trafficking. Related to VHSYV, it was found that rhabdoviral infections,
including VHSV, can be inhibited when autophagy is activated [14]. Moreover, the viral glycoprotein G
is sufficient to induce autophagy [14] and a Pepscan technique has successfully identified the peptides
involved in autophagy activation [15]. In teleosts, VHSV infection in turbot RBCs led to expression of
NK-lysin, an antimicrobial peptide, associated with LC3 protein in autophagosomes [16].

Recently, groups have reported on selective autophagy mechanisms, suggesting that autophagy
is far from being a nonselective degradative process [17]. Autophagy uses adaptors known as
SLRs (sequestosome 1/p62-like receptors) that can selectively target pathogens for degradation in
autophagosomes [18]. p62 contains domains that interact with both ubiquitinated proteins and
autophagy-specific light chain 3 (LC3) modifier [19] in the inner face of the autophagosome; in this
way, p62 is involved in delivering ubiquitinated proteins marked for proteasome degradation to
autophagosomes. Ubiquitination is a process mediated by the E3 ligases, in which a series of three
different enzymes are involved in the activation, conjugation and ligation of ubiquitin to the proteins
targeted for degradation [20]. Ubiquitinated proteins are primarily degraded by the proteasome.
The ubiquitin-proteasome system (UPS) plays an important role in cell homeostasis by ensuring the
quality of newly synthetized proteins and the regulation of levels of proteins performing critical
functions in the cell. Functional 20S proteasomes have been identified in human [21] and rainbow
trout [7] RBCs. As with autophagy, the UPS plays a double role in the context of viral infections: it can
be manipulated by viruses to bypass host defenses mechanisms or participate in the elimination of
viral components [22]. The UPS has been named as the principal source of antigenic peptides for the
major histocompatibility complex (MHC) of the immune system [23]. Autophagy is also known to be
involved in antigen degradation and delivery to MHC class I and II molecules, which could trigger the
adaptive immune response [24-26].

Antigen presentation is a key process to activate T cells. This process is mediated by antigen-
presenting cells (APCs) such as dendritic cells (DCs). DCs act as an important link between the
innate and adaptive immune responses and are involved in patrolling tissues, pathogen engulfment,
degradation, movement to lymphoid tissues, and T cell stimulation. However, the presence of APCs,
and specifically DCs, was largely unknown in fish until recently, when a subset of APCs resembling
those of mammals was identified in zebrafish [27] and rainbow trout [28]. APCs are characterized
through cell markers such as CD86 and CD83, which serve as costimulatory molecules, and MHC
molecules. Among them, MHC molecules are some of the most important proteins involved in the
antigen presentation process, as they display pathogen-derived fragments on the cell surface to allow
recognition by T cells. Expression of MHC molecules indicates that a cell can play an APC role. MHC
class I (MHCI) protein expression has been detected in rainbow trout RBCs [29,30] and MHC class II
(MHCII) transcriptional expression has been recently reported in nucleated rainbow trout [31,32] and
chicken [33] RBCs. However, the role of RBCs in viral antigen presentation is unknown. APCs are
classified as professional or atypical [34]. Professional APCs constitutively express MHC molecules,
possess machinery to process antigens, and can localize to tissues and T cell zones, whereas atypical
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APCs up-regulate MHC expression under certain conditions. Little evidence exists regarding atypical
APCs priming T cells in an antigen-specific manner [34].

The aim of this study was to elucidate whether APCs cell markers regulation occurred in nucleated
teleost RBCs after VHSV exposure, while also analyzing potential autophagy and UPS implications.
These processes have been reported to generate peptides used by MHC molecules for antigen
presentation [35]. Recently, we found that RBCs are nonpermissive to VHSV infection [7], but the
cause of this abortive infection is being studied [9]. Our results show an increase in ubiquitination and
autophagy activation in ex vivo VHSV-exposed RBCs. Inhibition of autophagy degradation led to
increased levels of VHSV in RBCs. We also detected p62 degradation at early stages post infection.
We found up-regulation of MHCI, MHCII, CD83, and CD86 molecules at the protein level on rainbow
trout RBCs after VHSV exposure. Therefore, we show for the first time to our knowledge that nucleated
RBCs can display and up-regulate APCs cell markers and process viral antigens through autophagy.

2. Materials and Methods

2.1. Animals

Rainbow trout (Oncorhynchus mykiss) individuals of approximately 5 to 20 gr. were obtained from
a commercial fish farm (Piszolla S.L., Cimballa Fish Farm, Zaragoza, Spain). Fish were maintained
at the University Miguel Hernandez (UMH) facilities in a recirculating dechlorinated water system
at a stocking density of 1 fish/3L and fed daily with a commercial diet (Skretting, Burgos, Spain).
Water temperature was constantly monitored to maintain fish at 14 °C. Fish were acclimatized to
laboratory conditions for 2 weeks before experimentation. Experimental protocols and methods
of the experimental animals were reviewed and approved by the Animal Welfare Body and the
Research Ethics Committee at the UMH (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.

2.2. Cell Cultures and Virus

Rainbow trout were sacrificed by overexposure to tricaine methanesulfonate (Sigma-Aldrich,
Madrid, Spain) at 0.3 g/L. Peripheral blood was sampled from the caudal vein using insulin syringes
(NIPRO, Bridgewater, NJ, USA). Approximately 100 uL of blood was diluted in RPMI-1640 medium
(Dutch modification) (Gibco, Thermo Fischer Scientific Inc., Carlsbad, CA, USA) supplemented with
10% fetal bovine serum (FBS, Cultek, Madrid, Spain), 1 mM pyruvate (Gibco), 2 mM r-glutamine (Gibco),
50 pg/mL gentamicin (Gibco), 2 pg/mL fungizone (Gibco), and 100 U/mL penicillin/streptomycin
(Sigma-Aldrich). Then, RBCs were purified by two consecutive density gradient centrifugations with
Histopaque 1077 (7206g, Ficoll 1.007; Sigma-Aldrich). Finally, RBCs were washed twice with RPMI
2% FBS. An RBC purity of 99.99% was estimated by optical microscopy evaluation. Then, purified
RBCs were cultured in the above indicated medium at a density of 107 cells/mL in cell culture flasks at
14 °C overnight.

For autophagy assays, RBCs were treated with niclosamide (Sigma-Aldrich) after three hours
post-exposure (hpe) to VHSV and then incubated for the time and at the concentration indicated for
each assay. Similarly, the proteasome inhibitor MG132 (Sigma-Aldrich) was added after three hpe to
VHSV and then incubated for the time and at the concentration indicated for each assay.

Viral hemorrhagic septicemia virus (VHSV-07.71) [36] was purchased from the American Type
Culture Collection (ATCC, VR-1388) and propagated in fathead minnow epithelioma papulosum
cyprini EPC cells (ATCC, CRL-2872) at 14 °C, as previously reported [37].
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2.3. Antibodies

To label VHSV, we used the mouse monoclonal 2C9 antibody against the N protein of VHSV
(NVHSV) [38] produced at Dr Coll’s laboratory. To label MHCI, mouse anti-MHCI against zebrafish
MHCI (Ab-Mart, Shangai, China; Ref n° #X1-K4HVT2) was used (Supplementary Figure S1). Sequence
alignment between zebrafish (UniprotKB Entry K4HVT2) and rainbow trout (NCBI Entry AAG53681.1)
MHCI protein sequences, using NCBI BLAST tool (https://blast.ncbi.nlm.nih.gov), resulted in 48%
identity and 68% positives. To label LC3, rabbit anti-LC3A/B antibody (Cell Signaling Technology,
Danvers, MA; Ref n° #4108) was used. To label p62, we used rabbit anti-p62/SQSTM1 antibody
(www.antibodiesonline.com; Ref n° #ABIN2854836) (Supplementary Figure S2). This antibody shows
reactivity with zebrafish. Sequence alignment between zebrafish (UniprotKB Entry F1Q5Z8) and
rainbow trout (XP_021439759.1) p62/sequestosome 1 protein sequences, resulted in 61% identity and
70% positives. To label ubiquitin, rabbit anti-ubiquitin antibody (StressMarq, Victoria, Canada; Ref n°
#5PC-119) was used. This antibody shows reactivity with rainbow trout. Mouse anti-MHCII, mouse
anti-CD86, and rabbit anti-CD83 antibodies against respective rainbow trout molecules were produced
at the laboratory of Dr Luis Mercado using synthetic epitopes from the indicated molecules [39]. Western
blots of anti-MHCII, anti-CD86, and anti-CD83 antibodies in RBCs can be found in Supplementary
Figure S3. A polyclonal antibody against VHSV G glycoprotein (GVHSV) produced in rabbit [40],
kindly donated by Dr Niels Lorenzen to Dr Julio Coll, was used in the DuoLink proximity assay. Rabbit
polyclonal antibody against human «-actin (Sigma-Aldrich, N° #2066) was used for western blotting as
a loading control. Secondary antibodies used are indicated in each assay.

2.4. Viral Exposure Assays

Ex vivo rainbow trout RBCs were exposed to VHSV at different multiplicities of infection (MOI),
as indicated in each figure. After three hours of incubation at 14 °C, cells were washed with cold
RPMI, then RPMI 2% FBS was added and the culture was incubated at 14 °C for the different times
indicated in each assay. Virus was not removed in the time-course assays. MOI was calculated using
the following formula:

TCIDsg
mL

Viral titer ( )-Volume of infection (mL)-Dilution

MOL = N° of RBCs

2.5. Rainbow Trout Challenge with VHSV

Young rainbow trout individuals were infected by intramuscular injection of 50 uL. RPMI 2% FBS
medium with VHSV (10® TCIDsp/mL). As a negative control, individuals were injected with 50 uL of
sterile RPMI 2% FBS. Over the course of the challenge, individuals were maintained at 14 °C for the
number of days indicated.

2.6. Proteasome Activity Assay

RBC proteasome activity was measured using Proteasome 20S Activity Assay Kit (Sigma-Aldrich).
RBCs were exposed to VHSV for 24 h at the indicated MOL. After, approximately 2 x 10° cells in 90 uL
RPMIwere adhered to a transparent 96-well plate previously treated with poly-D lysine (Sigma-Aldrich)
by centrifugation at 800 rpm for two minutes. Then, 100 uL of Proteasome Assay Loading Solution
(prepared following manufacturer instructions) were added to each well. After five hours of incubation
at room temperature with protection from light, fluorescence was measured using POLARstar Omega
Microplate Reader (BMG Labtech, Ortenberg, Germany) with an excitation wavelength of 490 nm and
an emission wavelength of 525 nm.
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2.7. RNA Isolation and cDNA Synthesis

The E.Z.N.A. Total RNA Kit (Omega Bio-Tek Inc., Norcross, GA, USA) was used for total RNA
extraction in accordance with the manufacturer’s instructions. To eliminate possible residual genomic
DNA, the sample was treated using TURBO™ DNase (Ambion, Thermo Fischer Scientific Inc.)
following the manufacturer’s instructions. RNA was quantified with a NanoDrop Spectrophotometer
(Nanodrop Technologies, Wilmington, DE, USA).

cDNA was synthesized from RNA using M-MLV reverse transcriptase (Invitrogen, Thermo Fischer
Scientific Inc.) as previously described [41]. cDNA was stored at —20 °C.

2.8. Transcriptome Analysis

Ficoll-purified rainbow trout RBCs were exposed to VHSV as described above. After 4 and 72 hpe,
VHSV-exposed (n = 16) and unexposed (n = 16) RBCs (106 cells per fish) were resuspended in a 1/10
dilution of 9.5 uL of 10x lysis buffer (Clontech, Takara Bio, Mountain View, CA, USA) and 0.5 pL
of RNase Inhibitor (Invitrogen, ThermoFisher Scientific, Waltham, MA, USA). Fish samples were
grouped into 2 pools of 8 individuals for each condition (control and VHSV-exposed) and 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) [31]. Sequence reads are available at
SRA-NCBI accession SRP133501. RNA-Seq library preparation, sequencing, and mapping were carried
out by STABVida Lda (Caparica, Portugal) as previously described [31].

2.9. Proteome Analysis

Ficoll-purified rainbow trout RBCs were exposed to VHSV as described above. At 72 hpe,
VHSV-exposed (n = 16) and unexposed (n = 16) RBCs (8 x 100 cells per fish) were pelletized by
centrifugation (1600 rpm), the supernatant was removed, and the cell pellet was washed three times
with phosphate- buffered saline (PBS), digested, cleaned-up/desalted and grouped into 2 pools of 8
individuals for each condition (control and VHSV-exposed). Then, samples were subjected to liquid
chromatography and mass spectrometry analysis (LC-MS) as previously described [31]. Log, peptide
ratios followed a normal distribution that was fitted using least squares regression. Mean and standard
deviation values derived from the Gaussian fit and were used to estimate P values and false discovery
rates (FDR) at quantitation level. The confidence interval for protein identification was set to <95%
(P < 0.05), and only peptides with an individual ion score above the 1% FDR threshold were considered
correctly identified. Only proteins with at least two peptide spectrum matches (PSMs) were considered
in the quantitation.

2.10. Pathway Enrichment Analysis

Using the transcriptomic and proteomic results, differentially expressed genes (DEGs) and
proteins (DEPs) pathway enrichment analyses were performed using ClueGO [42], CluePedia [43], and
Cytoscape [44]. The Gene Ontology (GO) Immune System Process, GO Biological Process, Reactome
pathways, KEGG pathways, and Wikipathways 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 (BioBam, Valencia, Spain) [45].

2.11. Semi-quantitative PCR

Semi-quantitative PCR was performed using the commercial kit GoTaq G2 DNA polymerase
(Promega, Madison, WI, USA) and synthesized cDNA. PCR reactions were performed in a total volume
of 12.5 pL using 10 uM for dNTPs (Invitrogen), 0.75 mM MgCl, (Promega), 1X GoTaq Green Buffer
(Promega) and 1.25 U of GoTaq G2 DNA polymerase (Promega). Primer concentration was 50 nM for
cd83, mhel, and mhcll and 25 nM for cd86. A total of 12 ng of cDNA was used for each sample. Cycling
conditions were 95 °C for 5 min; 35 cycles at 95 °C for 30 s, 60 °C or 62 °C (depending on the Ty, of
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primers) for 30 s, and 72 °C for 20 s; and 72 °C for 5 min. An Aeris (ESCO, Singapore, Singapore)
thermal cycler was used for PCR. Primers sequences used are listed in Table 1. Samples were stored at
—20 °C until analysis in agarose gel electrophoresis.

Table 1. List of primer sequences used for semi-quantitative PCR.

Gene Forward Primer Reverse Primer Reference or

(5’-3) (5’-3) Accession Number
mhcl CCAGAGGATGTATGGTTGTGAG  TGGAGCGATCCATGTCTTTGTC AF287490.1
mhcll GTACTCCAGGTGGGAGTGGA TGCAGCGCCTATGACTTCTA AY273808.1
cd86 ATGTAACAGTGGCCTGTGA CCACCCACTGCTGTTCACTA FJ607781.1
cd83 GGAGCGTGAAGTGAACTTT TCCTGGTTCTGCTCTCCTACA AY263797.1
efla TGGAGACTGGCACCCTGAAG CCAACATTGTCACCAGGCATGG [46]

2.12. Agarose Gel Electrophoresis

Each amplified DNA fragment generated by semi-quantitative PCR was separated via agarose gel
(2%) (Cleaver Scientific, Warwickshire, UK) electrophoresis. Gel was prepared by diluting agarose
in tris-borate-EDTA buffer (TBE) (45 mM TrisHCI, 0.45 M boric acid, 10 mM EDTA) (Merck, Nufioa,
Chile) buffer with the pH adjusted to 8. To visualize DNA bands, 0.5 puL of GelRed (Biotium, Fremont,
CA, USA) were added to 25 mL of TBE buffer/agarose, and 3 pL of each sample were loaded to the
gel. Electrophoresis was done at 90V for 40 min using a PowerPac 300 power supply (Biorad, CA,
USA). DNA bands were visualized using UV light in an Infinity 115 (Vilber Lourmart, Marné La
Vallée, France) gel documentation system with the BioCapt software (Vilber Lourmart, Marné La
Vallée, France). To determine the molecular weight, we used AccRuler 100 Bp Plus DNA RTU ladder
(Maestrogen, Hsinchu City, Taiwan) which includes band sizes from 3000 bp to 100 bp.

2.13. Gene Expression by RT-gPCR

c¢DNA was synthetized as previously described. RT-qPCR was performed in 20 pL reactions using
12 ng of cDNA, 10 pL of TagMan universal PCR master mix (Thermo Fischer Scientific), 900 nM final
concentration of each primer (300 nM for NVHSV gene) and 300 nM of probe (150 nM for NVHSV
gene) using the ABI PRISM 7300 System (Thermo Fischer Scientific). Cycling conditions were 50 °C
for 2 min; 95 °C for 10 min; and 40 cycles of 95 °C for 15 s and 60 °C for 1 min. Gene expression was
analyzed by the 272Ct or 27AACt method [47]. The eukaryotic 18S rRNA gene (Cat#4310893E, Thermo
Fischer Scientific) was used as an endogenous control. Primer and probe sequences are listed in Table 2.
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2.14. Extracellular Immunofluorescence Staining

To stain the cell surface markers MHCI, MHCII, CD83, and CD86, RBCs were fixed in 4%
paraformaldehyde (PFA; Sigma-Aldrich) and 0.008% glutaraldehyde (Sigma-Aldrich) diluted in RPMI
medium for 20 min. Primary antibodies were diluted in PBS at 1/200 dilution for anti-MHCI, 1/200
for anti-MHCII, 1/100 for anti-CD83, and for 1/200 anti-CD86. Samples were incubated for 60 min.
For flow cytometry, goat anti-rabbit IgG (H+L) CF™ 488 antibody (Sigma-Aldrich) was used for the
secondary antibody for anti-CD83, and goat anti-mouse IgG (H+L) CF™ 488 antibody (Sigma-Aldrich)
was used for anti-MHCI, anti-MHCII, and anti-CD86. Secondary antibodies were incubated for 30 min
at 1/200 dilution. RBCs were washed with PBS after each antibody incubation. Flow cytometry analysis
was done in a BD FACSCanto™ II (BD Biosciences) flow cytometer. Immunofluorescence (IF) images
were taken with the INCell Analyzer 6000 cell imaging system (GE Healthcare, Little Chalfont, UK).

2.15. Intracellular Immunofluorescence Staining

RBCs were fixed with 4% PFA and 0.008% glutaraldehyde diluted in RPMI medium. RBCs were
incubated with permeabilization buffer containing 0.05% saponin (Sigma-Aldrich) in PBS, for 15 min.
Primary antibodies were used at 1/1000 dilution for 2C9 anti-NVHSV, 1/200 for anti-p62, and 1/100 for
anti-ubiquitin in permeabilization buffer. Samples were incubated for 60 min at room temperature.
Secondary antibodies were incubated for 30 min at 1/200 dilution in permeabilization buffer. RBCs
were washed with permeabilization buffer after antibody incubations. Goat anti-rabbit IgG (H+L) CF™
647 antibody and goat anti-mouse IgG (H+L) CF™ 488 antibody was used as secondary antibodies
(Sigma-Aldrich). For anti-ubiquitin and anti-NVHSV double staining, goat anti-rabbit IgG (H+L) CF™
488 antibody and goat anti-mouse IgG (H+L) CF™ 647 antibody was used as secondary antibodies.
RBCs were maintained in 1% PFA in PBS. Nuclear staining was performed by staining RBCs with
1 pg/mL of 4’-6-408 Diamidino-2-phenylindole (DAPI; Sigma-Aldrich) for five minutes.

For LC3 staining, RBCs were fixed using 4% PFA and 0.008% glutaraldehyde (Sigma-Aldrich) in
PBS for 20 min and permeabilized with cold methanol (Panreac) for 15 min. LC3 antibody was diluted
1/100 in 0.3% Triton X-100 in PBS and incubated for two hours at room temperature for flow cytometry
and overnight at 4 °C for immunofluorescence. Secondary antibody goat anti-rabbit IgG (H+L) CF™
488 (Sigma-Aldrich) was diluted 1/200 in 0.3% Triton X-100 (Sigma-Aldrich) in PBS and incubated
for 30 min for flow cytometry and 90 min for immunofluorescence, both at room temperature. RBCs
were kept in 1% PFA in PBS before the analysis. Inmunofluorescence images were taken in the INCell
Analyzer 6000 cell imaging system (GE Healthcare).

2.16. Transmission Electron Microscopy (TEM)

Control and VHSV-exposed RBCs were fixed with glutaraldehyde at 2% in 0.1 M cacodylate buffer
for three to four hours at room temperature. Post-fixation was performed with osmium tetroxide at 1%
in 0.1 M cacodylate buffer for one hour at 4 °C. RBCs were centrifuged at 1600 rpm and washed with
0.1 M cacodylate buffer over 10 min three times after both steps. For the last wash, RBCs were kept at
4 °C overnight. The sample was applied to 3% agar and dehydrated using an increasing gradient of
alcohol (30%, 50%, 70%, 96% and 100% during 10 min), acetone (two 10-min rounds), acetone/epon
resin 1:1 (1 h), and epon resin (overnight with the Eppendorf tape open and then closed for four hours).
Finally, a block with the sample was polymerized at 58 °C to 60 °C for 24 h. Images were taken using
the electronic transmission microscope Jeol 1011 (JEOL, Inc. Peabody, MA, USA) from the UMH
Institute of Bioengineering.

2.17. In situ Proximity Ligation Assay (PLA)

Superfrost microscope slides were cleaned using ethanol. Two areas of 1 cm? were delimited
using a Dako pen (Agilent, Santa Clara, CA, USA) on each microscope slide, and Dako pen stain dried
overnight. Ficoll-purified RBCs were washed three times, and approximately 2.5 x 10° RBCs were used
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from unexposed or VHSV-exposed (MOI 10) RBCs, at 14 °C for 24 h. RBCs were added to each area in a
volume of 125 uL of RPMI. RBCs were left to sediment for 15 min. Then, RPMI was carefully removed,
and 100 uL fixation buffer consisting of RPMI with 4% PFA was added for 1 h at room temperature.
RBCs were washed three times with PBS after removing the fixation buffer. Then, 70% ethanol was
applied to the slides for 30 s. Slides dried on ice for one hour and then were stored at —20 °C.

Duolink In Situ-Fluorescence kit (Sigma-Aldrich) was used following the manufacturer’s
instructions to perform the PLA. Once slides dried, blocking solution was added to each area,
and slides were incubated for one hour at 37°C in a wet chamber. Blocking solution was removed,
and a mixture containing the primary antibodies mouse anti-MHCI (1/200) or anti-MHCII (1/200) and
polyclonal rabbit anti- GVHSV antibody [40] (kindly provided by Dr Neils Lorenzen to Dr Julio Coll)
(1/300) were incubated overnight in a wet chamber at 4 °C. Alternatively, anti-MHCI or anti-MHCII were
incubated together with rabbit serum (1/300) to detect nonspecific background signals. After incubation
with the primary antibodies, RBCs were washed twice with wash buffer A for 5 min with slow agitation.
Excess wash buffer A was removed, and the PLA Probes MINUS reagent was incubated at a 1/5 dilution
for 1 h at 37 °C in the wet chamber. Then, ligation shock reagent and ligase were added to the RBCs
after washing. Amplification reagents were added to the RBCs and then removed after 100 min of
incubation. Slides were mounted with a cover slip using DuoLink In Situ Mounting Medium with
DAPI and stored at —20 °C until analysis.

To quantify positive colocalization between MHCI or MHCII and GVHSV peptides in RBCs,
we used a counting algorithm in the IN Cell Developer software (GE Healthcare). Briefly, RBC
cytoplasm was delimited using a collar around the nucleus (labeled by DAPI) of a ~5 pm radius.
Positive colocalization was noted by detection of granules inside the RBCs cytoplasm (settings were
adjusted for a minimum brightness and granular size to be considered for colocalization between the
two molecules).

2.18. Western Blot

RBCs pellets (107 cells) and head kidney tissue samples were resuspended in 100 uL PBS buffer
with a protease inhibitor cocktail (Sigma-Aldrich). Cells were lysed by freezing and thawing samples
three times. Tissues were disrupted using micropestles (Invitrogen). Cell debris was eliminated by
centrifugation at 12,000 rpm for 10 min. Samples were loaded in a 12% polyacrylamide gel (Invitrogen),
except for anti-ubiquitin which was at 16%, under reducing conditions. Electrophoresis was performed
at 150 V for 100 min. Proteins in the gel were transferred to 0.4 um pore size nitrocellulose membranes
(BioRad, Madrid, Spain) for 120 min at 100 V in transfer buffer (2.5 mM Tris, 9 mM glycine, 20%
methanol). Membranes were then blocked with 5% dry milk and 0.2% Tween-20 in PBS and incubated
with rabbit polyclonal anti-ubiquitin, rabbit polyclonal anti-xactin (42 kDa), mouse monoclonal
anti-MHCI (45 kDa), mouse polyclonal anti-MHCII (~34 kDa), mouse polyclonal anti-CD86 (~31 kDa),
or rabbit polyclonal anti-CD83 (~24 kDa) in PBS containing 5% dry milk and 0.2% Tween-20 (blocking
buffer) overnight at 4 °C. Membranes were washed three times for 10 min each with PBS Tween-20
0.2% buffer before incubation with GAR-Po (Sigma-Aldrich) or GAM-Po (Sigma-Aldrich) in blocking
buffer for 60 min. Membranes were then washed three times with PBS Tween-20 0.2%. Peroxidase
activity was detected using enhanced chemiluminescence (ECL) reagents (Amersham Biosciences,
Buckinghamshire, UK) and exposure to X-ray. Protein lanes and bands were analyzed by densitometry
using Image]J software (version 1.51, National Institutes of Health, Bethesda, MD, USA). Lanes were
selected using the rectangle tool of Image] software and the integrated density of the lane was measured.
a-actin band densitometry was calculated by plotting the band density after selecting the bands with
the rectangle tool.
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2.19. Software and Statistics

All graphs show the mean and standard deviation of the data. P values associated with each graphic
are represented by: *, P value < 0.05; **, P value < 0.01; ***, P value < 0.001; ***, P value < 0.0001.
Graphpad Prism 6 (www.graphpad.com) (Graphpad Software Inc., San Diego, CA, USA) was used to
prepare graphs and perform statistical calculations. Flow cytometry data were analyzed using Flowing
Software v2.5.1 (http:/flowingsoftware.btk.fi/) to obtain mean fluorescence intensity (MFI) values and
Weasel v3.0.1 (https://frankbattye.com.au/Weasel/) to obtain graphical representation of histograms
and dot plots.

3. Results

3.1. Transcriptomic Analysis Indicated Up-Regulation of Antigen-Processing-Related Molecules in Ex Vivo
VHSV-Exposed Rainbow Trout RBCs

To identify major processes activated when rainbow trout RBCs are exposed to VHSYV,
a transcriptomic analysis using RNA-Seq and pathway enrichment evaluation were performed
on VHSV-exposed RBCs at 4 and 72 hpe. Several up-regulated genes were classified into GO categories
of ubiquitination and proteasome degradation and MHC class I antigen processing and presentation
(Figure 1, Supplementary Table S1) at 4 hpe. Selected genes belonging to the ubiquitination and
proteasome degradation category are listed in Table 3 (Supplementary Tables S1 and S2). Among these
up-regulated genes are cullin 3 (cul3) and proteasome subunits o6 (psma6) and B5 (psmb5). Also related
to the MHCI presentation pathway, our analysis identified calnexin (canx), GTPase activating protein
SEC13 (sec13), and inhibitor of nuclear factor kappa B kinase (ikbkb). Ras-related rab 7 (rab7) and tumor
necrosis factor (TNF) receptor-associated factor 6 (traf6) were analyzed by RT-qPCR as genes related to
the MHCI presentation pathway. RT-qPCR validation of the genes identified in the transcriptomic
analysis is shown in Supplementary Figure 54, where a tendency to up-regulation is observed at 4 hpe,
although the RT-qPCR data do not strongly support the fold changes found by RNA-Seq. Moreover,
we also identified up-regulation of some genes involved in autophagy, such as unc-51-like autophagy
activating kinase 1 (u/k1), beclin 1 (becn1), and autophagy-related 9A (atg9a) (Table 4). In contrast,
at 72 hpe, RBCs showed a global down-regulation (Supplementary Tables S1 and S2).

Proteasomal protein
catabolic process

E Up-regulated

Protein deubiquitination ] pown-regulated

Ubiquitin-dependent protein
catabolic process

Antigen processing and presentation
of peptide antigen via MHC class |

0 10 20 30
N° of regulated genes

Figure 1. Transcriptomic analysis indicated up-regulation of antigen-processing-related molecules in ex
vivo VHSV-exposed rainbow trout RBCs. Number of up-regulated and down-regulated genes related
to proteasomal protein and catabolic process (GO:0010498), protein deubiquitination (GO:0016579),
ubiquitin-dependent protein catabolic process (GO:0006511), antigen processing and presentation of
peptide antigen via MHC class I (GO:0002474) (Supplementary Table S1), by RNA-Seq from ex vivo
unexposed and VHSV-exposed RBCs at 4 hpe. Asterisks denote GO-term significance.
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Table 3. Fold change of genes from the “class | MHC-mediated antigen processing and presentation”
and “antigen processing: ubiquitination and proteasome degradation” pathways in the transcriptomic
analysis of VHSV-exposed rainbow trout RBCs at 4 hpe. Gene expression values were calculated by
normalization against unexposed RBCs. Gene P values were <0.001 and FDR P values < 0.05. Gene
symbols correspond to homologue Homo sapiens genes identified by sequence homology using Blast2GO.

Antigen Processing: Ubiquitination Class I MHC-Mediated Antigen

and Proteasome Degradation Processing and Presentation

Gene Symbol Log, Fold Gene Symbol Log; Fold
cul3 4.77 canx 4.31
keap1 7.56 sec13 5.35
psmab 5.02 ikbkb 5.69
psmb5 3.72 kInhl13 5.36

Table 4. Fold change of the autophagy-related genes ulk1, becn1, and atg9a obtained in the transcriptomic
analysis of VHSV-exposed rainbow trout RBCs at 4 hpe. Gene expression values were calculated by
normalization against uninfected RBCs. Gene P values were < 0.001 and FDR P values < 0.05.

Autophagy-Related Genes
Gene Symbol Log, Fold

ulkl 3.46
becnl 5.55
atg9a 3.69

3.2. Proteomic Analysis of VHSV-Exposed RBCs Showed Proteasome Down-Regulation, Increased
Ubiquitination, and Regulation of Antigen Presentation-Related Molecules at 72 hpe

We analyzed the response of ex vivo RBCs to VHSV at 72 hpe using a proteomic analysis and
pathway enrichment evaluation. Up-regulated proteins were overrepresented in antigen processing
and presentation of peptide antigen via MHC class II (GO:0002495), and proteasome-mediated
ubiquitin-dependent protein catabolic process (GO:0043161), while proteasome (KEGG:03050) and
antigen-processing and presentation of exogenous peptide antigen (GO:0002478) were mostly
down-regulated (Figure 2a). A list of all overrepresented terms and statistics is provided in Supplementary
Table S3. Table 5 displays the fold change of proteins from these categories (Supplementary Table S4).

A Cytoscape pathway network of significantly overrepresented Immune System Process GO terms
showed up-regulation in antigen processing and presentation of peptide antigen via MHC class II,
cytoplasmic pattern recognition receptor signaling pathway, neutrophil degranulation, and leukocyte
activation; however, it showed down-regulation of antigen presentation via MHC class L. (Figure 2b).
In Supplementary Figure S5, we show a Venn diagram to compare the common products found in our
omics studies.
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Figure 2. Proteomic analysis of VHSV-exposed RBCs showed proteasome down-regulation, increased
ubiquitination, and regulation of molecules from antigen presentation pathways at 72 hpe. (a) Number of
up-regulated and down-regulated proteins related to proteasome (KEGG:03050), proteasome-mediated
ubiquitin-dependent protein catabolic process (GO:0043161), antigen-processing and presentation of
exogenous peptide antigen (GO:0002478), and antigen processing and presentation of peptide antigen
via MHC class II (GO:0002495), as identified by proteomic analysis from ex vivo unexposed and
VHSV-exposed rainbow trout RBCs at 72 hpe (Supplementary Table S3). Asterisks denote GO-term
significance. (b) Cytoscape pathway network of significantly overrepresented Immune System Process
GO terms in VHSV-exposed RBCs at 72 hpe (Supplementary Table S3). Each node represents a GO-term
from GO Immune System Process. Node size shows GO-term significance (P value): a smaller P value
indicates larger node size. Edge (line) between nodes indicates the presence of common genes: a thicker
line implies a larger overlap. The label of the most significant GO-term for each group is highlighted.
Up-regulated pathways are coded as red, while down-regulated pathways are coded as green. Pathways
with a similar number of up-regulated or down-regulated proteins are coded as gray. Asterisks denote
statistical significance.
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Table 5. List of up-regulated (left) and down-regulated (right) identified proteins from the
“antigen processing and presentation of peptide antigen via MHC class II”, “proteasome-mediated
ubiquitin-dependent protein catabolic process” and “proteasome” pathways. Protein FDR P values
were < 0.001. Protein symbols correspond to homologue Homo sapiens proteins identified by sequence
homology using Blast2GO.

Proteasome-mediated
Ubiquitin-Dependent Protein Proteasome
Catabolic Process

Antigen Processing and Presentation of
Peptide Antigen via MHC Class II

Upr. Logz  Downr. Log; Upr. Log> Downr. Log> Upr. Log> Downr.  Log;
Protein Fold  Protein  Fold Protein Fold Protein Fold  Protein Fold Protein  Fold

ACTR1B 3.37 CAPZB -2.68 CD2AP 7.50 HSPA5 -6.23  PSMB3 4.44 PSMA1  -5.33

AP2S1 5.75 CLTC -3.69 DDB1 3.32 PSMA1 -5.33 PSMB6 3.73 PSMA2  -543
CLTA 451 RAB7A  —-4.69 GCLC 4.63 PSMA2  -543 PSMC2 2.98 PSMA3  -3.31
DNM2 5.32 HSPAIA 474 PSMA3  -331 PSMD13 226 PSMA4 478
DYNC1H1 5.43 NPLOC4 1.68 PSMA4  -478 PSMD2 3.98 PSMA5  -6.15
KIF15 3.89 PLAA 5.08 PSMA5  -6.15 PSMD4 5.83 PSMA6  -6.49
PYCARD 3.28 PSMB3 4.44 PSMA6  -6.49  PSME1 5.73 PSMAS8  -5.50
PSMB6 3.73 PSMAS8  -5.50 PSMB1  —4.45

PSMC2 2.98 PSMB1 —4.45 PSMB2  -529

PSMD13 2.26 PSMB2 -5.29 PSMB4  -3.69

PSMD2 3.98 PSMB4 -3.69 PSME2  -3.44

PSMD4 5.83 PSME2 -3.44
PSME1 5.73 RAD23B  -3.77

RACK1 3.95 UBC -5.19
RAD23A 485 UBR2 —-11.48
RPS27A 5.03 VCP —2.86
UBB 4.39 WES1 -10.33
USP19 8.29
YOD1 2.95

3.3. VHSV Induced Ubiquitination But Impaired Proteasome Degradation in Ex Vivo VHSV-exposed Rainbow
Trout RBCs

To validate the role of the UPS in the nonpermissive infection of rainbow trout RBCs by VHSV, we
performed a time-course experiment analyzing the expression of two genes belonging to the ubiquitin
E3 ligase complex: cul3 and kelch-like ECH-associated protein 1 (keapl). The results showed increased
expression of cul3 at 3 hpe while keap1 expression increased at 12 hpe (Figure 3a). We measured the
activity of the 20S proteasomes using a commercial kit and observed a MOI-dependent decrease in 20S
proteasome activity (Figure 3b). Then, we performed a western blot using an anti-ubiquitin antibody for
unexposed and VHSV-exposed RBCs with or without the proteasome inhibitor MG132. Ubiquitination
of proteins on VHSV-exposed RBCs increased in comparison with unexposed RBCs. A higher amount
of ubiquitinated proteins was also found in RBCs treated with MG132 (Figure 3c,d). To test whether
the proteasome is involved in the degradation of VHSV, we assessed the presence of NVHSV using
2C9 monoclonal antibody in VHSV-exposed RBCs treated with MG132. Flow cytometry results did
not show an increase in intracellular NVHSV in VHSV-exposed RBCs treated with MG132 (Figure 3e).
The population used for the flow cytometry analysis is depicted in Supplementary Figure S6. Double
staining using 2C9 and anti-ubiquitin antibodies showed higher ubiquitin labeling in RBCs with VHSV
(Figure 3f).
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Figure 3. VHSV induced protein ubiquitination but impaired proteasome degradation in ex vivo

CONTROL

VHSV

VHSV-exposed rainbow trout RBCs. (a) Time-course expression of cul3 and keap1 at 0, 3, 6, 24, 48, and
72 hpe from VHSV-exposed (MOI 1) RBCs. Data represent mean + SD (n = 5), relative to control cells
(black dotted line). A two-way analysis of variance (ANOVA) with Sidak’s multiple comparisons test
was performed to test statistical significance between unexposed and VHSV-exposed RBCs at each time
point. (b) 20S proteasome activity measured by fluorogenic substrates in RBCs unexposed or exposed
to VHSYV at the indicated MOI at 24 hpe. Data represent mean + SD (n = 3). Kruskal-Wallis with Dunn’s
multiple comparisons test was performed to test statistical significance between each condition and
unexposed RBCs. (c) Western blot of ubiquitin of lysates from unexposed and VHSV-exposed (MOI 10)
RBCs at 24 hpe, treated with or without MG132 (5 uM). x-actin was used as endogenous control.
Results are representative of 2 independent experiments. (d) Integrated densitometry of ubiquitin
lane content from unexposed and VHSV-exposed (MOI 10) RBCs at 24 hpe, treated with or without
MG132 (5 pM). Values were normalized to a-actin. Data represent mean + SD (n = 2). (e) Intracellular
quantification by flow cytometry of NVHSV in VHSV-exposed (MOI 10) RBCs at 72 hpe, treated with
or without MG132 (1 or 5 uM). Data represent mean + SD (n = 4). Kruskal-Wallis with Dunn’s multiple
comparisons test was performed to test statistical significance between MG132 treated and non-treated
RBCs. (f) Representative immunofluorescence of unexposed (control) and VHSV-exposed RBCs at MOI
100 and at 9 hpe stained with anti-ubiquitin (488 stain), 2C9 anti-NVHSV (647 stain), and DAPI for
nuclei staining. Asterisks denote statistical significance.

3.4. VHSV Induced Autophagy in Ex Vivo VHSV-exposed Rainbow Trout RBCs

To determine whether VHSV induced autophagy in ex vivo rainbow trout RBCs, we exposed
RBCs to VHSV at MOI 1 for 24 h. We identified the presence of autophagosome-like vesicles inside
VHSV-exposed RBCs (Figure 4a) via TEM. We visually counted the number of autophagosome-like
vesicles in unexposed RBCs and VHSV-exposed RBCs and noted a significant increase in VHSV-exposed
RBCs (Figure 4b). The turnover of the autophagy protein LC3A/B was monitored by means of LC3A/B
immunostaining, as previously described for rainbow trout cells [14,51]. LC3 immunostaining increased
at higher MOlIs in a dose-dependent manner up to 2-fold in comparison with unexposed RBCs at 24 and
72 hpe (Figure 4c). By immunofluorescence microscopy, we identified an increased number of LC3 dots
in VHSV-exposed RBCs (Figure 4d). Moreover, we analyzed the ubiquitin-binding protein p62, which
undergoes degradation during activation of autophagy [52], as it is an autophagosome cargo protein
that targets other proteins for selective autophagy. To evaluate whether p62 undergoes degradation
in the RBC response to VHSV, an intracellular staining using anti-p62 antibody was performed
on unexposed and VHSV-exposed (MOI 10) RBCs at 6, 12, and 24 hpe. Decreased intracellular
p62 levels were detected in VHSV-exposed RBCs at 6 hpe compared to control RBCs (Figure 4e,f).
By 24 hpe, p62 levels recovered from the degradation observed at 6 hpe. Kinetics of expression of the
autophagy-related genes ulk1, becn1 and gabarap showed statistically significant up-regulation at 3 hpe
(Supplementary Figure S7).
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Figure 4. VHSV induced autophagy in ex vivo VHSV-exposed rainbow trout RBCs. (a) Representative
transmission electron micrographs of VHSV-exposed RBCs, pointing out autophagosome-like vesicles
(black arrows). (b) Count of autophagosome-like vesicles from transmission electron micrographs of
unexposed and VHSV-exposed rainbow trout. Data represent the mean + SD (n = 30). A Mann-Whitney
test was performed to test statistical significance. (¢) Autophagosome membrane protein LC3 expression
levels in VHSV-exposed RBCs at 24 (gray bars) and 72 hpe (black bars) relative to unexposed RBCs
(red line) evaluated by flow cytometry (n = 5). Data is represented as MRFI (Mean Relative Fluorescence
Intensity) = fluorescence in VHSV-exposed RBCs/fluorescence in non-exposed RBCs. A Kruskal-Wallis
with Dunn’s multiple comparisons test was performed to test statistical significance between each
condition and unexposed RBCs. (d) Representative immunofluorescence of unexposed (control)
and VHSV-exposed RBCs at MOI 1 and at 72 hpe stained with anti-LC3 (488) and DAPI for nuclei
staining. (e) Mean fluorescence intensity of p62 protein expression in RBCs unexposed (gray bars)
and exposed to VHSV at MOI 10 (red bars) after 6, 12, and 24 hpe. Data represent the mean + SD
(n =5). A Mann-Whitney test was performed to test statistical significance between unexposed and
VHSV-exposed RBCs at each time point. (f) Representative histograms of p62 in RBCs exposed to
VHSV (MOI 10) at 6, 12, and 24 hpe: unexposed (gray histogram), VHSV-exposed (red histogram).
Asterisks denote statistical significance.

3.5. Niclosamide Increased p62 and Intracellular VHSV Levels in Ex Vivo VHSV-exposed RBCs

The drug niclosamide blocks autophagy degradation via lysosomal dysfunction [53,54]. Moreover,
niclosamide has been previously used in the context of viral infections [55]. After exposing RBCs to
VHSV MOI 10, RBCs were treated with niclosamide at 10 and 20 pM. Then, an intracellular stain using
2C9 and anti-p62 antibodies was done at 72 hpe. Flow cytometry results showed that VHSV-exposed
RBCs treated with niclosamide at both tested concentrations had a higher percentage of NVHSV- and
p62-positive cells compared to RBCs exposed to VHSV but not treated with niclosamide (Figure 5a).
MFI of unexposed RBCs and VHSV-exposed (MOI 10) RBCs were similar, but both NVHSV and p62
MFI increased up to three-fold in the presence of niclosamide (Figure 5b).
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Figure 5. Niclosamide increased p62 and intracellular VHSV levels in ex vivo VHSV-exposed RBCs.
(a) Representative histograms of NVHSV (green) and p62 (red) intracellular expression in RBCs
unexposed (control) and VHSV-exposed (MOI 10) RBCs treated or not with niclosamide 10 or 20 M
and evaluated by flow cytometry at 72 hpe. Percentages represent the number of positive cells.
Dimethyl sulfoxide (DMSO) was added to untreated RBCs to match culture conditions of treated cells
(DMSO 0.04%). (b) MFI of intracellular NVHSV (green) and p62 (red) in unexposed (control) and
VHSV-exposed (MOI 10) RBCs treated or not with niclosamide 10 or 20 pM and evaluated by flow
cytometry at 72 hpe. Data represent mean + SD (n = 6). A two-way ANOVA with Tukey’s multiple
comparisons test was performed to test statistical significance. Asterisks denote statistical significance.

3.6. Rainbow Trout RBCs Up-Regulated MHCI, MHCII, CD86, and CD83 after VHSV Exposure

Because antigen presentation pathways were overrepresented in transcriptomic and proteomic
analyses, we investigated whether RBCs expressed characteristic cell markers molecules of APCs. RNA
was extracted from RBCs and then we performed RT-PCR. Semi-quantitative PCR was performed,
and a mix of tissue samples from the head kidney, spleen, and gill was used as a positive control
for APCs genes expression. Final products from semi-quantitative PCR were analyzed in agarose
gel electrophoresis. mRNA transcripts from mhcl, mhcll, and cd83 were detected in rainbow trout
RBCs, whereas there was no cd86 expression (Figure 6a). We then examined how VHSV modified
the expression of these transcripts using quantitative RT-qPCR. We observed a slight increase in mhcl
expression and a pronounced increase in mhcll, cd83, and cd86 expression in VHSV-exposed RBCs
at 4 hpe. Whereas, we only observed up-regulation of cd86 at 72 hpe (although lower than levels at
4 hpe), while no up-regulation was observed at 72 hpe for the mhcl, mhcll, and cd83 genes (Figure 6b).
We confirmed the up-regulation of MHCI, MHCII, CD86, and CD83 at the protein level in VHSV-exposed
RBCs 24 hpe (Figure 6¢c—e). Also, cd83 gene expression was found to be up-regulated by transcriptomic
analysis at 4 hpe (Logp fold: 4.87; Supplementary Table S52). In contrast, MHCI protein expression was
found down-regulated by proteomic analysis at 72 hpe (Log, fold: —11.38; Supplementary Table S4).
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Figure 6. Rainbow trout RBCs up-regulated MHCI, MHCII, CD83, and CD86 molecules after exposure
to VHSV. (a) Specific transcript mRNA expression of mhcl, mhcll, cd86, and cd83 genes from rainbow
trout RBCs. A mix of gill, spleen, and head kidney tissues was used as a positive control of expression
from the assayed cell markers (C+). The efla gene was used as an endogenous control. (b) Fold change
in the expression of mhcl, mhcll, cd86, and cd83 in rainbow trout RBCs at 4 and 72 hpe with VHSV MOI
1 in comparison to unexposed RBCs, by RT-qPCR. Data represent mean =+ SD (n = 4). Dotted red line
represents basal gene expression from unexposed RBCs. A Mann-Whitney test was performed to test
statistical significance between VHSV-exposed and unexposed RBCs. (c) Representative histograms of
MHCI, MHCII, CD86, and CD83 extracellular stain in unexposed RBCs (black) and VHSV-exposed
RBCs (red) (MOI 10) at 24 hpe. (d) MFI of MHCI, MHCII, CD86, and CD83 extracellular stain in
unexposed RBCs (gray bars) and VHSV-exposed RBCs (red bars) (MOI 10) at 24 hpe. Data represent
mean + SD (n = 4). A Mann-Whitney test was performed to test statistical significances between
VHSV-exposed and unexposed RBCs. (e) Representative immunofluorescence images of MHCII and
CD83 expression in control and VHSV-exposed RBCs at 24 hpe. Asterisks denote statistical significance.

3.7. VHSV Induced Autophagy and Antigen Presentation Genes Expression in RBCs from VHSV-challenged
Rainbow Trout

We evaluated whether VHSV could induce both autophagy- and antigen-presentation-related
genes in vivo by using RBCs from VHSV-challenged and mock-infected rainbow trout. We used tissue
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samples from the spleen and head kidney, as well as total blood and Ficoll-purified RBC samples,
from VHSV-challenged and mock-infected rainbow trout to quantify NVHSV gene transcripts by
RT-qPCR. RBCs from challenged rainbow trout showed lower levels of NVHSV in comparison with
total blood, spleen, and head kidney samples (Figure 7a). We also analyzed ubiquitination of proteins
in RBCs from VHSV-challenged and mock-infected rainbow trout and we did not observe an increase
in ubiquitinated proteins at 2 days post challenge (dpc) (Figure 7b,c), in contrast to ex vivo experiments.
We analyzed the expression of a set of genes related to autophagy, E3 ubiquitin ligase component, and
antigen presentation in RBCs from VHSV-challenged rainbow trout after 1 and 2 dpc by RT-qPCR.
The expression of autophagy-related genes gabarap and pik3c3 was significantly up-regulated at 1 dpc.
However, only pik3c3 gene expression was observed up-regulated at 2 dpc. On the other hand, atg4b
and becnl genes were down-regulated at 1 and 2 dpc. ulkl gene expression was also down-regulated at
2 dpc (Figure 7d). For E3 ubiquitin ligase components, cul3 and keapl expression was significantly
increased at 1 and 2 dpc, respectively (Figure 7d). For antigen presentation-related genes, mhcl and
cd83 were highly up-regulated in RBCs from VHSV-challenged rainbow trout at 1 and 2 dpc, while
cd86 was significantly down-regulated at 1 dpc. mhcll gene expression showed a tendency to increase
at 1 dpc, but not significantly (Figure 7d).
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Figure 7. VHSV induced autophagy, E3 ubiquitin ligase components, and antigen presentation genes
expression in RBCs from VHSV-challenged rainbow trout. (a) Quantification of NVHSV in head
kidney, spleen, blood, and purified RBC samples from challenged rainbow trout 2 dpc. Data represent
mean + SD (n = 7). A Kruskal-Wallis with Dunn’s multiple comparisons test was performed to test
statistical significance. (b) Western blot of ubiquitin in RBCs from mock and VHSV-challenged rainbow
trout at 2 dpc. o-actin was used as a loading control. Samples from 2 individuals were loaded for
each condition. (c) Densitometry bar plot of ubiquitin lane protein content of RBCs from mock and
VHSV-challenged rainbow trout after 2 dpc. Values were normalized to «-actin. Data represent
mean + SD (n = 2). Mann-Whitney test was used to test statistical differences. (d) Gene expression
values of the autophagy-related genes atg4b, ulk1, becn1, gabarap, and pik3c3; E3 ligase component genes
cul3 and keap1; and antigen presentation genes mhcl, mhcll, cd83, and cd86 measured by RT-qPCR in
RBCs from mock (gray) and VHSV-challenged (red) rainbow trout at 1 dpc (no pattern) and 2 dpc
(striped pattern). Data represent mean + SD (n = 6). A Mann-Whitney test was performed to test
statistical significances between RBCs from mock and VHSV-challenged rainbow trout. Asterisks
denote statistical significance.

3.8. GVHSV Protein Peptides Colocalize with MHCI and MHCII in VHSV-Exposed Rainbow Trout RBCs

To establish a correlation between the presence of VHSV peptides from autophagy and MHCI and
MHCII molecules (the expression of which was up-regulated after VHSV exposure), we performed a
PLA between MHCI or MHCII and VHSV using the DuoLink kit. At 24 hpe, RBCs were stained using
a rabbit polyclonal antibody against GVHSV and a mouse monoclonal antibody against MHCI or
MHCII. We observed an increase in the percentage of positive cells in VHSV-exposed RBCs in contrast
to unexposed RBCs (Figure 8a). A representative positive colocalization is shown in Figure 8b.
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Figure 8. GVHSV protein peptides colocalize with MHCI and MHCII in VHSV-exposed rainbow trout
RBCs. (a) Percentages of positive RBCs in MHCI — GVHSV and MHCII - GVHSV interaction under
unexposed and VHSV-exposed conditions. Rabbit serum was used to test unspecific interaction with
mouse anti-MHCI and anti-MHCII antibodies in VHSV-exposed RBCs. Data represent percentage
of positives RBCs counted by IN Cell Developer software using an algorithm to detect fluorescent
events in RBCs (n = 2 individuals, 8 fields were analyzed in each slide). A Kruskal-Wallis with
Dunn’s multiple comparisons test was performed to test statistical significances between all the
conditions. (b) Representative microscopy images of Duolink PLA for MHCI or MHCII and GVHSV in
VHSV-exposed RBCs. Positive RBCs for the PLA are indicated with white arrows. Asterisks denote
statistical significance.

4. Discussion

In this study, we have demonstrated that autophagy is implicated in the clearance of VHSV virions
in nucleated rainbow trout RBCs, a cell whose main known function has been oxygen transportation.
While previous studies have identified virus-related autophagy in teleost RBCs [16] and have localized
the expression of MHCI molecules to the surface of nucleated RBCs [30], even in different vertebrate
species [56], our results provide the first evidence of nucleated RBCs up-regulating APC markers in
the context of a viral infection. Our findings suggest that RBCs could potentially play a new role in
which autophagy is involved in viral protein degradation and the generated peptides are coupled to
MHC molecules. A graphical summary of this process is shown in Figure 9.
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VHSV
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Figure 9. Proposed schematic representation of processes involved in VHSV degradation and antigen
processing in rainbow trout nucleated RBCs. VHSV cell entry is mediated by endosome acidification,
which leads to membrane fusion and thus release of the capsid. RBC transcription of autophagy genes
and components of the E3 ubiquitin ligase then starts and intracellular proteins are ubiquitinated to be
marked for degradation. The low proteasome activity induced as a consequence of the VHSV proteins
presence leads to the accumulation of ubiquitinated proteins that are suggested to be degraded in the
autophagosome. Finally, peptides from this process can be coupled into MHC molecules that are later
transported to the membrane to potentially participate in the antigen presentation process.

Transcriptomic analysis of RBCs at four hours after VHSV exposure showed up-regulation
of cul3, keapl, psma6, and psmb5 genes from the antigen-processing category. cul3 and keapl are
components of the E3 ubiquitin ligase complex involved in the ubiquitination of proteins targeted for
proteasome degradation [57], and psma6 and psmb5 are part of proteasome complexes. In the MHCI
presentation pathway, our analysis identified canx, which is involved in the assembly of MHCI [58];
sec13, whose expression correlates with the expression of MHCI [58]; and ikbkb. These results correlated
with the increase in ubiquitinated proteins induced by VHSV as detected by western blot. Different
viruses have been reported to induce ubiquitination. This effect was observed with West Nile Virus;
its capsid protein was ubiquitinated by Makorin ring finger 1 protein and later sent for proteasome
degradation [59]. Ubiquitination was also reported for the core protein of human hepatitis C virus [60]
and turnip yellow mosaic virus [61]. However, our results also showed lower proteasome activity,
which could be due in part to the accumulation of ubiquitinated proteins in VHSV-exposed RBCs.
Proteasome activity has been reported to favor the replication of different viruses [62,63], and it has
been found to prevent viral replication [64]. In contrast, proteasome activity did not seem to play a
role in VHSV degradation in our study.

Increased autophagy activity was demonstrated both at the transcriptional and translational
levels in VHSV-exposed RBCs. Several studies have shown a protective role of autophagy against

173



Cells 2019, 8, 386 24 of 29

different viruses, including dengue [65], sindbis [66], vesicular stomatitis virus (VSV) [67], and
VHSV [14]. Our results demonstrated that VHSV exposure induced autophagy in rainbow trout
RBCs; this prevented VHSV infection, as shown by p62 degradation and the results observed when
VHSV-exposed RBCs were treated with niclosamide, which led to the accumulation of both p62 and
VHSV. p62 accumulation suggested that autophagosome degradation was blocked in RBCs. We also
observed an increase in intracellular VHSV. Therefore, autophagy may be a mechanism involved in
VHSV degradation. We previously reported that the N:G gene expression ratio in RBCs exposed
to VHSV was lower than commonly reported ratio levels [7], indicating that VHSV replication in
RBCs was inhibited early after VHSV exposure. VHSV starts replication of the N gene within the first
6 hpe in RBCs in the permissive cell line RTG2 [7], so all processes aiming to inhibit VHSV infection
in RBCs should occur during this time. Our results correlated with this report, since there was an
early transcriptional response of autophagy-related genes together with p62 degradation at 6 hpe.
p62 has been described to be the link between autophagy and the UPS [68,69], since autophagosome
degradation of ubiquitinated proteins has been already reported [70], and p62 itself undergoes
degradation upon autophagy activation. Moreover, some studies have reported a direct interaction
between p62 and different viruses [66] or bacteria [71]. Our results showed a decrease in p62 levels
that later recovered [72], suggesting that p62 may act as an adaptor protein that targeted VHSV for
autophagic degradation, although this cannot be confirmed because we have not observed interaction
between p62 and VHSV proteins. In this sense, other ubiquitin-binding autophagy mediators such as
NRB1, NDP52 and optineurin [73] could be evaluated in the future.

RBCs exhibited an APC-like profile with MHCII, CD86, and CD83 endogenous expression.
CD86 and CD83 are known costimulatory cell surface markers of APC maturation [74] and are
involved in the regulation of different immune processes, such as lymphocytes proliferation and
activation [75]. The presence of MHCII with the costimulatory molecules CD83 and CD86 suggests
a more professionalized APC profile for RBCs, since MHCI has been reported to be expressed in
almost all nucleated cells [76]. Our results showed modulation in the expression of MHCI, MHCII,
CD83, and CD86 proteins when RBCs were exposed to VHSV. Antigen presentation via MHCI is
normally associated with peptides derived from UPS, but recent reports have shown a contribution of
autophagy to antigen presentation via MHCI molecules [77]. On the other hand, autophagy is the
main source of peptides for MHCII molecules [78]. Moreover, we showed that antigen presentation
via MHCI and MHCII potentially could be functional, because peptides from GVHSV colocalized
with MHC molecules. Recently, it has been reported that different cell types called atypical APCs,
such as neutrophils [79] or lymph node stromal cells [80] could be involved in antigen presentation,
supporting the hypothesis that these atypical APCs could play an important role in various immune
processes apart from antigen presentation [34]. However, to properly classify teleost RBCs as a typical
APC, studies are needed to test their ability to activate naive T cells, as this is main difference between
atypical and typical APCs [34].

The results obtained from ex vivo RBCs culture experiments were partially corroborated under an
in vivo scenario. RBCs from VHSV-challenged rainbow trout showed lower NVHSV transcript load
compared to other tissues, similar to VHSV halted infection in ex vivo RBCs cultures [7]. We observed
the expression of autophagy genes early after VHSV challenge, similar to the kinetics observed in
ex vivo RBCs exposed to VHSV. In addition, we observed up-regulation of cul3 at 1 dpc followed by
keap1 up-regulation at 2 dpc, just as we observed in ex vivo time-course experiments. In vivo results
showed up-regulation of mhcl, mhcll, cd83, and cd86 in RBCs from challenged rainbow trout, which
correlated with their increased expression observed in ex vivo RBCs exposed to VHSV. In contrast,
lack of ubiquitination was observed in RBCs from VHSV-challenged rainbow trout.

In summary, after VHSV cell entry into RBCs, the transcription of autophagy genes and components
of the E3 ubiquitin ligase started. The low proteasome activity that was induced as a consequence of
the presence of VHSV led to the accumulation of ubiquitinated proteins. Finally, peptides from this
process could be coupled into intracellular MHC molecules that would be later transported to the
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membrane to potentially participate in the antigen presentation process. Further studies are being
performed to fully describe the potential functional APC role in nucleated teleost RBCs to ascertain
how MHC molecules participate or are implicated in the presentation of degraded viral antigens in
nucleated RBCs. Given that RBCs are the most abundant cell type in the blood, this new knowledge
will shed light on the design of novel vaccine targets. Potential applications of these results could
imply that RBCs, which can be transfected and induce immune gene expression [32], are target of new
strategies for vaccination.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/8/5/386/s1.
Figure S1: Anti-MHCI zebrafish antibody labeling in rainbow trout. (a) Western blot of anti-MHCI in rainbow
trout RTS11 monocyte/macrophage-like cell line and Ficoll-purified red blood cells (RBCs). Black arrow indicates
a protein band around 45 kDa marker. (b) Immunofluorescence of anti-MHCI in rainbow trout RBCs. Figure
S2: Anti-p62/SQSTM1 zebrafish antibody labeling in rainbow trout. (a) Western blot of anti-p62/SQSTMI1 in
rainbow trout RBCs. Black arrow indicates a protein band under 63 kDa marker. (b) Immunofluorescence of
anti-p62 in VHSV-exposed rainbow trout RBCs. White arrow indicates vesicle-like dots. Figure S3: Protein
expression of MHCII, CD83, and CD86 in rainbow trout head kidney (HK) and RBCs, by means of western blot.
HK samples were used as positive control of expression. Figure S4. Validation of RNA-Seq study by RT-qPCR
representing fold change of cul3, psmbb5, keap1, sec13, ikbkb, rab7, and traf6 genes in the transcriptomic analysis of
VHSV-exposed RBCs at 4 and 72 hpe. Gene expression values were calculated with normalization to unexposed
RBCs. Data represent the mean + SD (n = 4). Mann-Whitney test was used to test statistical significances between
VHSV-exposed and unexposed RBCs. Figure S5: Venn diagram of the common omics products identified by
transcriptomics at 4 and 72 h post-exposure and proteomics at 72 h post-exposure. Figure S6: Gated population
of RBCs used for flow cytometry analysis. Figure S7. Time-course expression of the autophagy-related genes
beclinl, ulk1, and gabarap at 0, 3, 6, 24, 48, and 72 hpe from unexposed and VHSV-exposed (MOI 1) RBCs. Data
represent the mean + SD (n = 5) relative to control cells (black dotted line). A Two-way ANOVA with Sidak’s
multiple comparisons test was performed to test statistical significance between unexposed and VHSV-exposed
RBCs at each time point. Table S1: GO Terms identified in VHSV-exposed RBCs after 4 and 72 h post-exposure by
RNA-Seq. Table S2: List of significantly regulated genes after 4 and 72 h post-exposure in VHSV-exposed RBCs.
All the listed genes have an FDR lower than 0.05. Table S3: GO Terms identified in VHSV-exposed RBCs after 72 h
post-exposure by proteomic sequencing. Table S4: List of significantly regulated proteins after 72 h post-exposure
in VHSV-exposed RBCs. All the listed proteins have an FDR lower than 0.001.
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Abstract: Teleost red blood cells (RBCs) are nucleated and therefore can propagate cellular
responses to exogenous stimuli. RBCs can mount an immune response against a variety of fish
viruses, including viral septicemia hemorrhagic virus (VHSV), which is one of the most prevalent
fish viruses resulting in aquaculture losses. In this work, RBCs from blood and head kidney
samples of rainbow trout challenged with VHSV were analyzed via transcriptomics and
proteomics analyses. We detected overrepresentation of differentially expressed genes (DEGs)
related to type | interferon response and signaling in RBCs from head kidney and of complement
activation in RBCs from blood. Antigen processing and presentation of peptide antigen was
overrepresented in RBCs from both organs. DEGs shared by both organs showed an opposite
expression profile. In summary, this work demonstrated that teleost RBCs can modulate the
immune response during an in vivo viral infection, which implicates RBCs as cell targets for the
development of novel immunomodulants.

Keywords: erythrocytes, red blood cells, transcriptome, proteome, interferon, complement,
VHSV, rhabdoviruses, Mx, IFIT5, B-defensin 1, antigen presentation

1. INTRODUCTION

Teleost red blood cells (RBCs) have garnered interest in recent years due to the fact
that, in contrast to mammalian RBCs, they are nucleated and possess organelles within
the cytoplasm [1] and contain the intracellular machinery necessary to develop a

response to pathogens [2].

Teleost nucleated RBCs have been recently defined as immune cell mediators of the
antiviral response [2, 3]. Several immune functions have been associated with RBCs,
such as pattern-recognition receptor expression [2, 4-6], interferon signaling pathway

responses [5-10], antigen presentation via major histocompatibility complex (MHC) class
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I (MHCI) or class Il (MHCII) [5, 7, 9, 11, 12], inflammatory cytokines and chemokines [5,

7, 9, 13], and even expression of immunoglobulin M in a differentiated state [14].

Different viral pathogens are known to infect teleost RBCs. Among them, infectious
salmonid anemia virus (ISAV) is able to cause endocytosis and hemagglutination on
RBCs [15] and can induce replication and production of type | interferon [10]. In an in
vivo context, ISAV can adhere to the membrane of RBCs and eventually endothelial cells

[16]. Piscine orthoreovirus (PRV) also infects

RBCs. Previous studies have shown infectivity in Atlantic salmon RBCs under both ex
vivo and in vivo conditions [17, 18]. Similar to ISAV, PRV can increase the expression of
type | interferon and its related genes in Atlantic salmon RBCs [9, 17]. Moreover, a
transcriptomic analysis of RBCs from PRV-challenged Atlantic salmon showed
upregulation of genes related to antigen presentation via MHCI and interferon-regulated

genes with antiviral activity [9].

On the other hand, infectious pancreatic necrosis virus (IPNV), despite not being
infective in rainbow trout RBCs, increased the ex vivo expression of type | interferon and
interferon-stimulated genes (eg, Mx) [6]. Similarly, viral hemorrhagic septicemia virus
(VHSV) infection has been reported to be halted in rainbow trout RBCs in conjunction
with an RBC antiviral response [8, 13]. Moreover, a recent study has shown that RBCs
display antigen-processing mechanisms, such as autophagy and proteasome activity, as
detected by a transcriptomics, proteomics, and functional analysis of RBCs exposed ex
vivo to VHSV [11]. RBCs have been reported to modulate the expression of MHCI and
MHCII, cluster of differentiation 83 (CD83), and cluster of differentiation 86 (CD86)
molecules when they are exposed to VHSV [11] both ex vivo and in vivo. Separately,
rock bream RBCs have been reported to generate a response to challenge with rock
bream iridovirus (RBIV), a virus that can replicate inside rock bream RBCs [19]. This
response, which was evaluated via proteomic analysis, was mainly characterized by the
upregulation of apoptosis- and MHCI-related pathways and the downregulation of ISG15

antiviral mechanisms [19].

To further investigate the immune response elicited by rainbow trout RBCs against
VHSV, we evaluated the global RBC immune response using transcriptomic analyses of
RBCs from single-cell sorted peripheral blood and head kidney, the major hematopoietic
organ in fish [20], as well as a proteomic analysis of RBCs from peripheral blood, of
rainbow trout challenged with VHSV. We detected upregulation of genes in peripheral
blood RBCs (PB-RBCs) of VHSV-challenged rainbow trout in several immune-related

overrepresented GO Term categories, including activation of complement system,
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granulocyte activation, neutrophil chemotaxis, immunoglobulin-mediated humoral
response, erythrocyte differentiation, B-cell receptor signaling pathway, stimulatory C-
type lectin receptor signaling pathway, cytoplasmic pattern recognition receptor
signaling, and antigen processing and presentation of exogenous peptide. From the
proteomic analysis, we mainly highlight proteins with known immune functions such as
NOD-like receptor with CARD domain 3 (NLRC3), NLR family pyrin domain-containing
12 (NLRP12) inflammasome, and interferon-induced protein with tetratricopeptide repeat
5 (IFIT5). On the other hand, RBCs from head kidney (HK-RBCs) of VHSV-challenged
individuals showed upregulated genes related to the type | interferon and antigen
processing and presentation of endogenous peptide antigen via MHC-I pathways.
Antiviral effectors stimulated by type | interferon, such as Mx and IFIT5, were highly
expressed in PB-RBCs from VHSV-challenged rainbow at both the transcript and protein
levels. In summary, RBCs can develop an immune response during in vivo VHSV
infection of rainbow trout, despite their RBCs are not infected by VHSV. Our results
implicate RBCs as potential cell targets for the development of novel immunomodulants

for aquaculture-farmed species.
2. MATERIALS AND METHODS
2.1. Animals

Rainbow trout (Oncorhynchus mykiss) individuals of approximately 5 to 6 cm were
obtained from a commercial fish farm (Piszolla S.L., Cimballa Fish Farm, Zaragoza,
Spain). Fish were maintained at the University Miguel Hernandez (UMH) facilities in a
recirculating, dechlorinated water system and fed daily with a commercial diet (Skretting,
Burgos, Spain). Water temperature was constantly monitored to maintain fish at 14°C.

Fish were acclimatized to laboratory conditions for 2 weeks before experimentation.
2.2. Rainbow trout challenge with VHSV

Young rainbow trout individuals were infected by intramuscular injection of 50 yL RPMI-
1640 medium (Dutch modification) (Gibco, Thermo Fischer Scientific Inc., Carlsbad, CA)
supplemented with 2% FBS (Cultek, Madrid, Spain), 1 mM pyruvate (Gibco), 2 mM L-
glutamine (Gibco), 50 pg/mL gentamicin (Gibco), 2 ug/mL fungizone (Gibco), and 100
U/mL penicillin/streptomycin (Sigma-Aldrich) with VHSV (108 tissue culture infectious
dose 50% (TCID50)/mL). As a negative infection control, individuals were injected with
50 uL sterile RPMI 2% FBS. Over the course of the challenge, individuals were
maintained at 14°C for the number of days indicated in each assay. Viral hemorrhagic

septicemia virus (VHSV-07.71) was purchased from the American Type Culture
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Collection (ATCC, VR-1388) and propagated in fathead minnow epithelioma papulosum
cyprini (EPC) cells [21] at 14°C, as previously reported [22].

2.3. Blood extraction and staining

Rainbow trout were sacrificed by overexposure to tricaine methanesulfonate (Sigma-
Aldrich) at 300 mg/L. Peripheral blood was sampled from the caudal vein using insulin
syringes (NIPRO Bridgewater, NJ). Approximately 100 yL blood was diluted in RPMI
10% FBS. Blood cells were dyed using SYTO RNASelect (Thermo Fischer Scientific
Inc.) diluted 1/1000 in RPMI 10% FBS for 20 min at room temperature. The diluted SYTO
RNASelect was removed by centrifugation of the suspension at 1600 rpm, and cells were

resuspended in RPMI for cell sorting.
2.4. Cell sorting

RBCs from head kidney and peripheral blood were sorted using the BD FACSJazz cell
sorter (BD Biosciences, Madrid, Spain). The single-cell sorting workflow is represented
in Figure 1A. Samples were previously labeled with SYTO RNASelect. HK-RBCs (102
cells per individual) were sorted from the previously selected population (circle in Figure
1B) in a forward-scattering (FSC)/side-scattering (SSC) dot plot, which is part of the P2
population in the fluorescence histogram, using a 1.0 drop single-cell mask in the BD
FACSJazz software to maximize purity. PB-RBCs (106 cells per individual) were sorted
using a 2.0 drop enrich mask to maximize yield. Sample purity was confirmed by optical
microscopy using the IN Cell Analyzer 6000 cell imaging system (GE Healthcare, Little
Chalfont, UK). A representative image of the RBCs that were single-cell sorted from HK

is shown in Figure 1C.

‘ mw) RNA staining )

Blood & head kidney RBCs single-cell sorting Microscopy validation
extraction

(A)
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Figure 1. Overview of the single-cell sorting methodology. (A) Workflow of single-cell sorting

using the BD FACSJazz cell sorter. (B) Double gating population selection for RBCs sorting based
on: i) fluorescence intensity, where the P2 (green) population corresponds to RBCs, and ii)
FSC/SSC, where the selected circled population corresponds to RBCs. (C) Representative bright-
field and fluorescein (FITC) microscopy images of single-cell sorted RBCs from HK, taken with

10x magnification.
2.5. Transcriptome analysis

RBCs from 16 individuals were grouped into 2 pools of 8 individuals for each condition
(mock- and VHSV-challenged). RBCs were preserved in a 1/10 dilution of 9.5 pyL of 10x
lysis buffer (Clontech, Takara Bio, Mountain View, CA, USA) and 0.5 uL of RNase
Inhibitor (Invitrogen, ThermoFisher Scientific Inc.) at -80°C until cDNA library
construction. Then, cDNA was produced directly from pooled lysed cells using SMART-
Seq v4 Ultra Low Input RNA Kit (Clontech, Takara Bio). Sequence reads are available
at SRA-NCBI accession SRP133501. RNA-Seq library preparation and sequencing were
carried out by STABVida Lda. (Caparica, Portugal) as previously described [12].

2.6. Proteome analysis

Ficoll-purified RBCs from rainbow trout were exposed to VHSV as described above. At
2 days post-challenge, VHSV-exposed (n=16) and mock (n=16) RBCs (8-106 cells per
fish) were pelletized by centrifugation (1600 rpm) and the supernatant was removed. The
cell pellet was washed 3 times with PBS, and then it was digested, cleaned-up/desalted,

and pooled into 2 pools of 8 individuals for each condition (mock- and VHSV-challenged).
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Then, samples were subjected to liquid chromatography and mass spectrometry
analysis (LC-MS) as previously described [12]. 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 quantitative 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 correctly identified. Only proteins with 22 peptide

spectrum matches (PSMs) were considered in the quantitation.
2.7. Pathway enrichment analysis

For transcriptomic and proteomic analyses, pathway enrichment analysis was performed
for DEGs and differentially expressed proteins (DEPs) using ClueGO v2.3.5 [23],
CluePedia v1.5.3 [24], and Cytoscape v3.7.0 [25]. The GO Immune System Process and
GO Biological Process databases (updated on February 23, 2017) were used. Genes
and proteins selected for functional pathway analysis had a FDR <0.05. Genes and
proteins were identified by sequence homology with Homo sapiens using Blast2GO

version 4.1.9 [26]. Genes and proteins only identified in fish are indicated in cursive.
2.8. RNA isolation and cDNA synthesis

The E.Z.N.A. Total RNA Kit (Omega Bio-Tek Inc., Norcross, GA) was used for total RNA
extraction in accordance with the manufacturer’s instructions. To eliminate possible
residual genomic DNA, a DNAse treatment of the sample was done using TURBO
DNase (Ambion, Thermo Fischer Scientific Inc.) following the manufacturer’s
instructions. RNA quantification was done with a NanoDrop Spectrophotometer

(Nanodrop Technologies, Wilmington, DE).

cDNA was synthesized from RNA using M-MLV reverse transcriptase (Invitrogen,
Thermo Fischer Scientific Inc.) as previously described [27]. cDNA was stored at -20°C

until used.
2.9. Quantitative PCR

Quantitative reverse transcription PCR (RT-gPCR) was performed in 20-uL reactions
using 24 ng cDNA, 10 pyL TagMan universal PCR master mix (Thermo Fischer Scientific),
and 900 nM final concentration of each primer (300 nM for NVHSV gene) using the
CFX96 System (BioRad, Irvine, CA). Cycling conditions were 50°C for 2 min; 95°C for
10 min; and 40 cycles of 95°C for 15 seconds and 60°C for 1 minute. Gene expression
was analyzed by the 2-ACt method [28]. The ef1a gene was used as an endogenous

control. Primer sequences are listed in Table 1.
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191 Table 1. Primer sequences used in quantitative PCR.
Reference or
Gene Forward Reverse Probe Accession
number
GTTGCACTTATA
cdbpa TCAGAATCCCCTIAG | - oreACAAAAG XM_021564396.1
GATTGAA
ACTT
GTGCCTTCCTTA
cd55 COCTCAAATTAACCT | ) s crcaTATGTC XM_021609679.1
GCAAAAA
AA
TTACTGCATACA
cd59 COCAGCCACATCCAT | e accacaTca NM_001124497.1
TGG
CT
GCTCTCCACTTGCGTC | GACCCTAAAGG
dhx58 ACTACA CATCCACCAT XM_021624832.1
ofla ACCCTCCTCTTGGTCG | TGATGACACCA | GCTGTGCGTGAC 29]
f TTTC ACAGCAACA ATGAGGCA
TGGTTCCGCTCTAGGT | AGCCTAAAACC
gby1 TTCTTC CAAAAGAGCAA XM_021579826.1
. CTGGTGCCCTGTCAAG | TTCTTGGGCAGG
ifi35 TAGAGA TTGCAAAC XM_021558400.1
AGTGAGGTGTTT
ifih1 CAGCCCCICCAAAGT | orerrrgaaTG NM_001195179.1
GAAGTT
AA
- CCCTCAATGACTCTGA | CCCTGCCCTCAT CT%A%(T;;:ESSTG CC g 7]
if CAAGCA COHTTCIRACT -,
. CAGACAGACCAACGC | GCAGATCGCAC
irak1 TCA Sy b XM_021567162.1
TCAGAGCTGGTA
GAGGGCAGAGTGGAA
mavs caallas GAAGG?ATTGG NM_001195181.1
13 TGAAGCCCAGGATGA | TGGCAGGTCGAT ?Egigi?iéggg [30]
" AATGG GAGTGTGA
CCCC
CTGCTATGTGCCGCCA | CCAGTGTAGGC
nlrcs ATT CAAGGATCAC XM_021570046.1
CCTGCTTTTTACCTTC | CACCTCCCCTCC
nlrx1 CTATTGCT AAAGTTCA XM_021581927.1
TTGTCTGACTTC
GAGAGACAGGAGTTG
nod2 ACCATTCTG TTCGAGAATCATC NM_001201555.1
Nvhsy | GACTCAACGGGACAG | GGGCAATGCCC | TGGGTTGTTCAC 271
GAATGA AAGTTGTT CCAGGCCGC
GCCGAGAACATCCCT | GCTTACTCGCCA
stat1 GAGAA ACTCCATTG XM_021596980.1
GGGCTTCAGGGACCA | ACCAGCTTGCA
traf3 CTTC GOACTCACA NM_001124615.1
192
193  2.10. Antibodies
194  The rabbit polyclonal antibodies against rainbow trout 3-defensin 1 (BD1) [13] and Mx3
195  [31] were produced in the laboratory of Prof. Amparo Estepa. Mouse polyclonal antibody
196  against rainbow trout IFIT5 was produced in the laboratory of Prof. Luis Mercado [8].
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Rabbit polyclonal antibody against human a-actin (Sigma-Aldrich, Cat. #2066) was used

for western blotting as a loading control.
2.11. Western blotting

RBCs pellets were resuspended at a concentration of 108 RBCs/mL in PBS buffer with
a protease inhibitor cocktail (Sigma-Aldrich). Cells were lysed by freezing and thawing
samples 3 times. Cell debris was eliminated by centrifugation at 12,000 rpm for 10 min.
Then, 50 ug of each sample were loaded on a 12% (for Mx3) and 18% (for BD1)
polyacrylamide gel under reducing conditions. Electrophoresis was performed at 150 V
for 90 min. Proteins in the gel were transferred to 0.4-um pore size nitrocellulose
membranes (BioRad) for 120 min at 100 V in transfer buffer (2.5 mM Tris, 9 mM glycine,
20% methanol). Membranes were then blocked in PBS containing 5% dry milk and 0.1%
Tween-20 (PMT buffer) and incubated with primary antibodies in PMT buffer (5% milk
for Mx3 and IFIT5 antibodies and 0.5% for BD1 antibody) overnight at 4°C. Membranes
were then washed 3 times for 10 min each with PBS 0.1%Tween-20 buffer and then
incubated with secondary antibody GAR-Po (Sigma-Aldrich) or GAM-Po (Sigma-Aldrich)
in PMT buffer (5% milk for Mx3 and IFIT5 antibodies and 0.5% for BD1 antibody) for 60
min. Membranes were then washed 3 times with PBS 0.2% Tween-20. Peroxidase
activity was detected using ECL chemiluminescence reagents (Amersham Biosciences,
Buckinghamshire, UK) and revealed using a ChemiDoc XRS+ system (BioRad). Protein

band images were processed using Image Lab software v6.0.1 (BioRad).
2.12. Ethics statement

Experimental procedures on experimental animals were reviewed and approved by the
Animal Welfare Body and the Research Ethics Committee at the UMH (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 procedures 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.
2.13. Software and statistics

All figures and graphics show the mean and standard deviation of the data. P values
associated with each graphic are represented in the figure legends: *, P-value <0.05; **,
P-value <0.01. Graphpad Prism 6 (www.graphpad.com) (Graphpad Software Inc., San
Diego, CA) was used to prepare graphs and perform statistical calculations. ImageJ

software (version 1.51, National Institutes of Health, Bethesda, MD, USA) was used for
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western blot band densitometry. Venny 2.1 (www.bioinfogp.cnb.csic.es/tools/venny) was
used for Venn diagram construction. Clustering of gene expression was performed using
ClustVis (https://biit.cs.ut.ee/clustvis/)[32].

3. RESULTS

3.1. Transcriptomic analysis of PB-RBCs and HK-RBCs from VHSV-challenged rainbow
trout reveals upregulation of genes related to the complement system and the interferon

pathway, respectively.

The transcriptomic analysis comparing RBCs from mock- and VHSV-challenged rainbow
trout revealed differential regulation of 4196 (4137 upregulated and 59 downregulated)
genes for PB-RBCs and 1578 (841 upregulated and 737 downregulated) for HK-RBCs.
A list with all DEGs in PB-RBCs and HK-RBCs is shown in Supplementary Tables S1
and S2, respectively. Using Cytoscape software and the GO Immune System Process
database, we identified the following majorly overrepresented pathways: i) activation of
complement system, ii) granulocyte activation, iii) neutrophil chemotaxis, iv)
immunoglobulin-mediated humoral response, v) erythrocyte differentiation, vi) B-cell
receptor signaling pathway, vii) stimulatory C-type lectin receptor signaling pathway, and
viii) cytoplasmic pattern recognition receptor signaling (Figure 2A,B) (Supplementary
Table S3) in PB-RBCs from VHSV-challenged rainbow trout. The following pathways
were also overrepresented to a lesser degree: i) antigen processing and presentation of
exogenous peptide antigen and ii) TRIF-dependent Toll-like receptor signaling pathway.
Among genes related to complement activation, we highlight the following: complement
component 4 binding protein alpha (c4bpa), with a log2 fold change (FC) of 7.17; cluster
of differentiation 55 (cd55), also known as complement decay-accelerating factor, with a
log2FC of 4.03; and cluster of differentiation 59 (cd59) with a log2FC of 8.75. Among the
genes related to cytoplasmic pattern recognition receptor signaling, we highlight DExH-
box helicase 58 (dhx58) (log2FC of 8.69), interferon-induced with helicase C domain 1
(ifih1) (log2FC of 8.20), interleukin 1 receptor associated kinase 1 (irak1) (log2FC of
5.12), NLR family member X1 (nlrx1) (log2FC of 3.81), nucleotide-binding
oligomerization domain-containing protein 2 (nod2) (log2FC of 11.54), and mitochondrial
antiviral signaling protein (mavs) (log2FC of 3.32). In addition, we highlight genes related
to the TRIF-dependent Toll-like receptor signaling pathway, including TNF receptor-
associated factor 3 (traf3) (log2FC of 4.84), and genes related to antigen presentation,
including cd83 (log2FC of 8.19), mhcl (log2FC of 11.04), and mhcll (log2FC of 4.93).

On the other hand, HK-RBCs from VHSV-challenged rainbow trout showed high

upregulation of genes related to type | interferon signaling and antigen processing and
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presentation of endogenous peptide antigen via MHC class | pathways (Figure 2C)
(Supplementary Table S4). Among the genes within the type | interferon signaling
pathway, we highlight upregulation in the NOD-like receptor family CARD domain-
containing 5 (nirc5) with a log2FC of 11.79; guanilate binding protein 2 (gbp2) with a
log2FC of 5.76; signal transducing activating factor (stat7) with a log2FC of 4.45; MX
dynamin like GTPase 1 (mx1) with a log2FC of 6.76; ifit5 with a log2FC of 4.85; and
interferon induced protein 35 (ifi35) with a log2FC of 5.12. Genes identified in the GO
Immune System Process terms from HK-RBCs of VHSV-challenged rainbow trout
interacted strongly, as revealed by a protein-protein interaction (PPI) network analysis
(Figure 2D). The PPI network also corroborated the overrepresentation of type |

interferon signaling pathway and antigen processing and presentation pathways.
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Figure 2. GO Immune System process categories overrepresented in the transcriptomic analysis
of PB-RBCs and HK-RBCs from VHSV-challenged rainbow trout. (A) Pathway network analysis
under the GO Immune System Process database from PB-RBCs of VHSV-challenged rainbow
trout. Gene enrichment analysis was performed selecting GO Immune System Process terms
with P-value <0.05, GO Term fusion, and GO Tree interval of 3-8. Red indicates upregulated
pathway expression. (B) The number of upregulated and downregulated genes in each
represented GO Immune System Process category from VHSV-challenged rainbow trout PB-
RBCs. Asterisks denote GO term significance. (C) Number of upregulated and downregulated
genes in each overrepresented GO Immune System Process category from VHSV-challenged
rainbow trout HK-RBCs with the following analysis parameters: P-value <0.1, GO Term fusion,
and GO Tree interval of 3-8. (D) PPI networks of DEGs identified in the GO Immune System
Process terms of HK-RBCs from VHSV-challenged rainbow trout constructed using STRING
software (P-value <10-16). Nodes represent proteins, while edges denote the interactions
between 2 proteins. Different line colors represent the types of evidence used in predicting the
associations: gene fusion (red), gene neighborhood (green), co-expression (black), gene co-
occurrence (blue), experimentally determined (purple), from curated databases (teal), text-mining
(yellow), or protein homology (lilac). Red nodes denote proteins implicated in the type | interferon
signaling pathway (G0O:0060337), blue nodes denote proteins implicated in antigen processing
and presentation (GO:0019882), and green nodes denote proteins implicated in defense
response to virus (GO:0051607).

A Venn diagram of the DEGs for PB-RBCs and HK-RBCs (Figure 3A) showed 701 genes
common to both samples (13.9% of the total). Supplementary Table S5 shows common
and exclusive DEGs for each organ. Interestingly, DEGs common between PB-RBCs
and HK-RBCs that were mainly upregulated in peripheral blood appeared to be
downregulated in head kidney and vice versa (Figure 3B). Overrepresented pathways
included the type | interferon and stimulatory C-type lectin receptor signaling pathways
(Supplementary Table S6). DEGs identified in the GO Immune System Process terms
interacted strongly as revealed by a PPI network analysis (Figure 3C). The PPI network
also corroborated the overrepresentation of the type | interferon signaling pathway. Gene
expression of mx1-3 and ifitS was further validated by RT-gPCR in PB-RBCs from VHSV-
challenged rainbow trout at 2 days post challenge (dpc) (Figure 3D), which showed
statistically significant upregulation. Analysis of DEGs exclusive to PB-RBCs showed
overrepresentation of i) antigen processing and presentation of exogenous peptide
antigen via MHCI, TAP-dependent, ii) stimulatory C-type lectin receptor signaling
pathway, iii) immunoglobulin-mediated immune response, and iv) cytoplasmic pattern
recognition receptor signaling pathway (Figure 4) (Supplementary Table S7). No
significant upregulated or downregulated pathways were detected for DEGs exclusive to
HK-RBCs from VHSV-challenged rainbow trout.
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Figure 3. Comparative overview of DEGs shared by HK-PBCs and PB-RBCs. (A) Venn diagram
of DEGs in RBCs from each organ. The middle region shows genes expressed in RBCs from
both organs. (B) Clustering of gene expression of common DEGs in HK-RBCs and PB-RBCs was
performed using ClustVis. The dataset was inserted into matrix category. Parameters for

clusterization included no data transformation and no row scaling, and the PCA method used was
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SVD with imputation. Red indicates higher expression and blue represents lower expression. (C)
PPl networks of the DEGs shared between PB-RBCs and HK-RBCs from VHSV-challenged
rainbow trout identified with GO Immune System Process terms and constructed using STRING
software (P-value <10-16). Nodes represent proteins, while edges denote interaction between 2
proteins. Different line colors represent the types of evidence used in predicting the associations:
gene fusion (red), gene neighborhood (green), co-expression (black), gene co-occurrence (blue),
experimentally determined (purple), from curated databases (teal), text-mining (yellow), or protein
homology (lilac). Red nodes denote proteins implicated in the type | interferon signaling pathway
(GO:0060337) and blue nodes denote proteins implicated in viral process (GO:0016032). (D)
Expression of interferon-stimulated genes mx7-3 and ifits in PB-RBCs from VHSV-challenged
rainbow trout (red bars) compared to mock-challenged (gray bars) as control at 2 dpc. Data
represent mean + SD (n=6). A Mann-Whitney test was performed to test statistical significance

between PB-RBCs from both groups. Asterisks denote statistical significance. **, P-value <0.01
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Figure 4. Pathways overrepresented in DEGs exclusively in PB-RBCs from VHSV-challenged
rainbow trout. Gene enrichment analysis was performed using GO Immune System Process

terms with P-value <0.05, GO Term fusion, and GO Tree interval of 3-8.
3.2. Upregulated DEGs from overrepresented pathways were validated by RT-qPCR.

An RT-gPCR analysis was performed to validate pathways overrepresented in PB-RBCs
or HK-RBCs from VHSV-challenged individuals. For the complement activation pathway,
we analyzed the expression of c4bpa, cd55, and cd59. The TRIF-dependent Toll-like
receptor signaling pathway was validated withtraf3. For the cytoplasmic pattern
recognition receptor signaling pathway, we chose dhx58, ifih1, irak1, nirx1, nod2, and
mavs. From the type | interferon signaling pathway, we analyzed nirc5, stat1, guanylate
binding protein 1 (gbp 1), which is a rainbow trout homolog of human gbp2, and ifi35. The

results showed statistically significant upregulation in PB-RBCs from VHSV-challenged
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rainbow trout in all tested genes, except cdb5, gbp1, mavs, and nirx1, which were
upregulated but not statistically significant (Figure 5). NVHSV gene transcripts were
barely detectable by RT-gPCR (Cts ranging from 32 to undetected). However, NVHSV

gene or protein was not detected in transcriptomic or proteomic analyses, respectively.
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Figure 5. Upregulated DEGs from overrepresented pathways validated by RT-qPCR. Gene
expression of PB-RBCs from VHSV-challenged rainbow trout (red bars) compared to the control,
mock-challenged fish (gray bars) at 2 dpc. Data represent mean + SD (n=6). A Mann-Whitney
test was performed to test statistical significance between PB-RBCs from both groups. Asterisks

denote statistical significance. *, P-value <0.05; **, P-value <0.01.

3.3. Proteomic analysis of PB-RBCs from VHSV-challenged rainbow trout shows

upregulation and interaction of proteins involved in the immune response.

PB-RBCs were collected and purified from mock- and VHSV-challenged rainbow trout
for proteome analysis. In total, 380 DEPs were detected, 194 of which were upregulated
and 186 of which were downregulated. The list of DEPs can be found in Supplementary
Table S8. The functional pathway evaluation of DEPs was performed using the
Cytoscape ClueGo platform and the GO Immune System Process database.
Overrepresented pathways are listed in Supplementary Table S9. Among these
processes, we identified the positive regulation of processes related to viral gene
expression and transcription, and categories related to DNA topological change were
found to be upregulated as well (Figure 6A). On the other hand, the overrepresented Wnt
signaling, carbohydrate biosynthetic process, and stress-activated MAPK cascade
(Figure 6A) pathways appeared to be downregulated. Regulation of mRNA stability and
antigen processing and presentation of peptide antigen via MHCI pathways appeared to

be overrepresented but nonspecifically regulated.
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A PPI network using STRING software was performed with the DEPs identified in the
viral gene expression and transcription pathways. High PPI interaction was observed
between ribosomal proteins L (RPL) 19, 18, and 8 and ribosomal protein S (RPS) 8 and
12 (Figure 6B). Other proteins, such as eukaryotic translation initiation factor 3 subunit L
(EIF3L), RNA polymerase Il subunit H (POLR2H), and general transcription factor IIF
subunit 2 (GTF2F2), interacted strongly with RPL and RPS proteins (Figure 6B). We
would like to highlight the presence and high level of interaction between the nuclear
pore complex protein 153 (NUP153) and mRNA export factor RAE1. Among the
upregulated DEPs, it is also noteworthy to point out the presence of proteins with known
immune functions in viral infections, such as NLRC3 (log2FC of 2.79), the NOD-like
receptor GBP1 (log2FC of 3.71), IFIT5 (log2FC of 4.60), IFI35 (log2FC of 2.50), radical
SAM domain-containing 2 (RSAD2) (log2FC of 2.08), and GTPase, very large interferon
inducible pseudogene 1 (GVINP1) (log2FC of 3.23).
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Figure 6. Functional protein association networks of DEPs in PB-RBCs from VHSV-challenged
individuals. (A) Functional pathway analysis was performed using the GO Immune System
Process and GO Biological Process databases with P-value <0.05, GO Term fusion, and GO Tree
interval of 3-8. Red indicates upregulated pathways, green indicates downregulated pathways,
and gray indicates nonspecific regulation. (B) PPl network of proteins associated with the viral
transcription GO Term (G0O:0019083) using STRING software (P-value <9.99-10-15). Red nodes
denote proteins implicated in translation initiation (GO:0006413). Blue nodes denote proteins
implicated in RNA processing (GO:0006396). Green nodes denote proteins implicated in viral
process (GO:0016032). Nodes represent proteins, while edges denote interactions between 2
proteins. Different line colors represent the types of evidence used in predicting the associations:
gene fusion (red), gene neighborhood (green), co-expression (black), gene co-occurrence (blue),
experimentally determined (purple), from curated databases (teal), text-mining (yellow), or protein

homology (lilac).
3.4. Antiviral effectors were upregulated in VHSV-challenged rainbow trout RBCs.

Several antiviral effectors, including cholesterol 25-hydroxylase (ch25h), gvinp1, mx,
ifi35, rsad2 (also known as viperin), ifit, interferon-induced transmembrane protein 3
(ifitm3), tripartite motif (frim) gene family, and SAM and HD domain containing
deoxynucleoside triphosphate triphosphohydrolase 1 (samhd1) were identified in PB-
RBCs and HK-RBCs from VHSV-challenged rainbow trout and are listed in Table 2 with
corresponding log2FC. We identified antiviral effectors genes specific to teleost species
in PB-RBCs and HK-RBCs, including grass carp reovirus induced gene 2 (gig2h), with a
log2FC of 10.84 and 5.41 in PB-RBCs and HK-RBCs, respectively, and VHSV-induced
gene 2 (vig2), with a log2FC of 6.82 in PB-RBCs.

Table 2. Summary of interferon-stimulated genes (ISGs)/antiviral effectors orthologs identified in

transcriptomic analyses.

Log2FC Logz2FC
Name Symbol References'’
PB-RBCs | HK-RBCs
Cholesterol 25-hydroxylase ch25h - 8.68 [33]

GTPase, very large interferon inducible

oseudogene 1 gvinp1 8.54 - [34]

Interferon induced protein 35 ifi35 8.38 512 [35]

Interferon induced protein with

) . ifits 14.58 4.85 [8, 36]
tetratricopeptide repeats 5
Interferon-induced transmembrane .
] ifitm3 5.00 - [37, 38]
protein 3
Interferon-induced GTP-binding protein
mx1 10.95 6.76 [39]
Mx
Radical SAM domain-containing protein 2 rsad2 11.61 5.47 [40, 41]
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SAM and HD domain containing

deoxynucleoside triphosphate samhd1 7.74 - [42]
triphosphohydrolase 1
Tripartite motif family 16 trim16 8.80 3.95 [43]
Tripartite motif family 21 trim21 6.65 - [44]
Tripartite motif family 25 trim25 9.76 7.90 [45-47]
Tripartite motif family 39 trim39 7.01 8.46 [48]
Tripartite motif family 47 trim47 3.75 6.15 [49]

" Related to previous reports about the implication of the respective ISGs as antiviral effectors.

The expression of the antiviral proteins Mx3 and IFIT5 was validated by western blotting.
These proteins were upregulated in PB-RBCs from VHSV-challenged rainbow trout. Mx3
protein was increased in PB-RBCs from VHSV-challenged individuals at 1 dpc in
comparison with mock-challenged fish, as shown by the calculated ratios (Figure 7A).
Similarly, IFIT5 was overexpressed at 1 dpc in VHSV-challenged individuals (Figure 7B),
following a similar individual expression level trend to Mx3. We did not observe protein
expression changes for Mx3 and IFIT5 at 2 and 7 dpc, by western blotting (data not
shown). We also evaluated the expression of BD1, an antimicrobial peptide known to be
induced by interferon [50] and also considered to be antiviral effector [51]. The BD1
tetrameric form (~28 kDa) expression was higher in PB-RBCs from VHSV-challenged
individuals at 2 and 7 dpc, but monomeric BD1 expression (7.1 kDa) did not appear to
be altered by VHSV infection (Figure 7C). Basal expression of these proteins was

detected in the mock condition.

Mock VHSV

Mock VHSV
35 kDa -
75kDa - " % Mx3 25kD:- — — ‘---_ <« BD1
euna- > « I :
1dpc 020 048 091 249 203 300 Ratio 1dpc | mkoa-| 0.,09‘
42 kDa - -¢________.| a-actin 140 120 223 081 120 169 Ratio
42kDa - | ——  —— — Ia-actin
e 801
2dpc | e o <5 :
(A) 103 033 075 078 121 1.12 Ratio
ukna- " L _x‘; a-actin
35 kDa - : s 1 <« BD1
25kDa - “?ﬂ ﬂ;” ._V‘FH
11 kDa - R A AN
Mock VHSV 7 dpc D
63KDa- - - 044 091 075079 096 135 Ratio
o . " o ’“ <« IFIT5 42KDa - | — — — —— | a-actin
2| cgediig e
1dpc 021 025 036 141 031 069 Ratio

42kDa -

e —— — | a-actin
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Figure 7. Protein kinetics of interferon-stimulated proteins (A) Mx3 (70.8 kDa) [52], (B) IFIT5 (51
kDa) [8], and (C) BD1 (monomeric, 7.1 kDa [13], tetrameric,-28 kDa) in PB-RBCs from mock- and
VHSV-challenged rainbow trout at 1, 2, and 7 dpc. Black arrow indicates the band selected for

densitometry. Ratio represents expression normalized to a-actin expression.
4. DISCUSSION

Previous reports have shown that RBCs exposed ex vivo to VHSV mainly induced a
moderate antiviral response and type | interferon downregulation at early stages after
viral exposure and a cellular shut-off at later stages after viral exposure [13]. Autophagy
activation, antigen processing, and upregulation of MHCI, MHCII, CD86, and CD83
antigen-presenting cell markers have been also reported at early timepoints after ex vivo
VHSYV exposure [11]. In the present study, transcriptomic analysis of PB-RBCs and HK-
RBCs from VHSV-challenged individuals showed overrepresentation of processes
related to type | interferon signaling, antigen processing, and presentation of peptide
antigen. Cytoplasmic pattern recognition receptor signaling and TRIF-dependent Toll like
receptor signaling, both related to RNA virus sensing and posterior immune and
inflammatory response signaling [53], were detected in PB-RBCs from VHSV-challenged
individuals. Among identified cytoplasmic pattern recognition receptors, NOD2 is an
intracellular pattern recognition receptor that can interact with MAVS to activate type |
interferon signaling in response to RNA viruses [54]. Similarly, NLRX1 has been defined
as a regulator of antiviral mitochondrial activity [55]. DHX58, which binds double-
stranded RNA (dsRNA), can interact with retinoic acid-inducible gene | (RIG-I) [56]. The
helicase activity of DHX58 has been found to have a key role in RIG-I signaling [57].
Melanoma differentiation-associated protein 5 (MDAS5), which is encoded by ifih1 genes,
is another receptor with helicase activity, has been reported to bind viral dsRNA [58].
Among the adaptors, we can find MAVS, involved in RIG-I signaling of RNA viruses [59].
TRIF signaling is known to be required for the production of TLR-mediated type |
interferon [60]. TRIF adaptor has been reported to be a key component of TLR3 double-
stranded RNA sensing/signaling cascade [61]. TRIF could therefore be implicated in the
signaling cascade of TLRs of RBCs in response to VHSV infection, finally leading to type
| interferon production and secretion. We found upregulation of NLRP3 in PB-RBCs from
VHSV-challenged individuals. NLRP3 has been described as a versatile inflammasome
protein that can be activated by a huge number of molecules [62], including RNA viruses
[63]. Other pathways exclusively overrepresented in the transcriptomic analysis of PB-
RBCs, including stimulatory c-type lectin receptor signaling, B cell receptor signaling,
immunoglobulin-mediated immune response, and erythrocyte differentiation, have not

been further described in this manuscript but are part of our ongoing research.
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The PB-RBC transcriptome analysis showed upregulation of molecules related to
complement activation or regulation, such as complement receptor 1 (cr7), which binds
C3b/C4b complement proteins; complement 4 binding protein alpha (c4bpa), which is
involved in C4b assembly [64]; and the cd55 and cd59 genes, which are involved in
negative regulation of complement activation to prevent RBC lysis [65]. In the 1950s,
Nelson described the immunoadherence phenomenon as the binding of antibody-
opsonized substrates with C3b, activation of the classical pathway of the complement
system, and binding to the surface of RBCs [66, 67]. However, the role of rainbow trout
RBCs in the immunoadherence/complement response against viral infections is still

being studied by our research group.

Molecules implicated in antigen processing and presentation have been previously
reported to be upregulated in rainbow trout PB-RBCs exposed to VHSV or from VHSV-
challenged individuals [11]. In this study, we also observed
overrepresentation/upregulation of antigen presentation molecules in PB-RBCs and HK-
RBCs implicated in antigen processing and presentation of exogenous and endogenous
peptide antigen, respectively. Genes cd83, mhcl and mhcll appeared highly upregulated

in transcriptomic analysis of PB-RBCs from VHSV-challenged rainbow trout.

The proteomic analysis mainly identified proteins related to viral transcription. We
identified numerous members of the ribosomal S/L proteins that have been previously
implicated in viral infections [68] and that closely interact. Viruses may have evolved
stimulation mechanisms that synthesize ribosomal proteins to facilitate translation of
their viral components. Moreover, the PPI analysis showed interaction of the RPL/S with
EIF3L, POLR2H, and GTF2F2, which also implicated viral replication [69-71]. However,
we previously described that VHSV replication appeared to stop in rainbow trout RBCs
ex vivo early after exposure [13]. In addition, PB-RBCs from VHSV-challenged rainbow
trout only showed low levels of NVHSV gene transcripts. Therefore, because viral
replication processes appeared to be upregulated, other mechanisms triggered inside
RBCs may be interrupting viral replication, such as autophagy as shown in RBCs
exposed to VHSV ex vivo [11] or the vast number of antiviral effector ISGs found to be
upregulated in RBCs in the present study (Table 2). The integrated ‘omic’ analyses
revealed that in response to VHSV, PB-RBCs upregulated genes and proteins that
interact with viruses at different stages, such as viral entry or replication, thus acting as
antiviral effectors. Such genes/proteins include IFIT5, Mx, GBP1, GVINP1, RSAD2,
IFITM3, IFI35, several TRIM proteins, CH25H, and SAMHD1 (supported by the
references detailed in Table 2). In this sense, Mx, RSAD2, GVINP1, TRIM4, and GIG2

have been previously reported to be induced in RBCs from PRV infected Atlantic salmon
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individuals [9], but it is important to highlight that PRV infects RBCs while VHSV cannot
actively replicate inside rainbow trout RBCs [13]. Moreover, GIG2 and VIG2 are

molecules known to be induced by RNA virus [72].

The Mx and IFIT5 proteins, as well as the BD1 antimicrobial peptide, are expressed in
response to type | interferon [39, 50, 73]. In the present work, we demonstrated that PB-
RBCs from VHSV-challenged rainbow trout increased the levels of these proteins in
transcriptomic and proteomic analyses. Mx is a family of GTPases with antiviral activity
[39, 74]. High basal expression levels of Mx have been found in rainbow trout RBCs [6,
13], and it has been suggested that these high basal levels of Mx may have contributed
to the halted VHSV infection in RBCs [2, 13]. This has been suggested for other immune
cell types as well, such as the rainbow trout spleen monocyte/macrophage (RTS11) cell
line [75]. Further, it has been reported that the expression of Mx protein is augmented in

response to IPNV exposure [6].

IFIT family proteins present motifs that can bind viral components to prevent or inhibit
viral replication [73]. Recently, we detected a correlation between high IFIT5 expression
levels in rainbow trout RBCs and a decline in VHSV replication early after VHSV
exposure. Moreover, ifits gene silencing increased VHSV replication in rainbow trout
RBCs [8]. Therefore, these previous results in relation to Mx and IFIT5 proteins in RBCs

ex vivo scenarios are corroborated by the present in vivo study.

The BD1 antimicrobial peptide has been previously reported to be induced by type |
interferon [50], and ex vivo exposure of rainbow trout RBCs to VHSV increased BD1
expression [13]. Our results identified increased expression of BD1 bands of .28 kDa by
western blotting in VHSV-challenged PB-RBCs. This band size corresponds to a BD1
tetramer, as the monomeric protein is 7.1 kDa [13]. In this regard, it has been previously

suggested that B-defensins could form an oligomer to exert antimicrobial activities [76].

In conclusion, we show how RBCs respond to VHSV infection in vivo by increasing the
expression of genes and proteins related to viral RNA sensing, type | interferon
response, ISG antiviral effectors, antigen processing and presentation of peptide
antigen, and complement activation. RBCs are the major cell type in the blood, and
understanding their contribution to the antiviral response can allow their use in the
development of new prophylactic or therapeutic strategies for viral infections of

aquacultured species.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1
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Supplementary Table S1. Complete list of DEGs identified in the transcriptomic analysis of PB-
RBCs from mock- and VHSV-challenged rainbow trout.

Supplementary Table S2. Complete list of DEGs identified in the transcriptomic analysis of HK-
RBCs from VHSV-challenged rainbow trout.

Supplementary Table S3. List of GO Immune System Process terms identified in the
transcriptomic analysis of PB-RBCs from VHSV-challenged rainbow trout using P <0.05, GO

Term fusion, and GO Tree interval 3-8.

Supplementary Table S4. List of GO Immune System Process terms identified in the
transcriptomic analysis of HK-RBCs from VHSV-challenged rainbow trout using P <0.1, GO Term
fusion, and GO Tree interval 3-8.

Supplementary Table S5. Complete list of common DEGs from both PB-RBCs and HK-RBCs
identified in the transcriptomic analysis from mock- and VHSV-challenged rainbow trout. THE
Second sheet lists DEGs found exclusively in PB-RBCs identified in the transcriptomic analysis

of mock- and VHSV-challenged rainbow trout.

Supplementary Table S6. List of GO Immune System Process terms identified in the
transcriptomic analysis of common DEGs from both PB-RBCs and HK-RBCs from VHSV-

challenged rainbow trout using P-value <0.05, GO Term fusion and GO Tree interval 3-8.

Supplementary Table S7. List of GO Immune System Process terms identified in the
transcriptomic analysis of DEGs found exclusively in PB-RBCs from VHSV-challenged rainbow
trout using P <0.05, GO Term fusion, and GO Tree interval 3-8.

Supplementary Table S8. Complete list of DEPs identified in PB-RBCs from VHSV-challenged
rainbow trout. Listed proteins represent those with P-value <0.05, >2 PSMs, and a fold-change

greater or less than 1.5.

Supplementary Table S9. List of GO Immune System Process and GO Biological Process terms
identified in the proteomic analysis of PB-RBCs from VHSV-challenged rainbow trout using P-
value <0.05, GO Term fusion, and GO Tree interval 3-8.
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Nucleated red blood cells: Immune cell
mediators of the antiviral response

Ivan Nombela, Maria del Mar Ortega-Villaizan*
IBMC, Miguel Hernandez University, Elche, Spain

* mortega-villaizan@umbh.es

Introduction

The involvement of nucleated red blood cells (RBCs) as immune response cell mediators is a
novel topic of research. RBCs are the most abundant cell type in the bloodstream and are best
known for their roles in gas exchange and respiration. In mammals, mature RBCs are flexible,
oval, biconcave disks that lack cell nuclei, organelles, and ribosomes (reviewed in Moras et al.
2017 [1]). In nonmammalian vertebrates, RBCs are oval, flattened, biconvex disks with a cyto-
skeleton composed of a marginal band of microtubules and a cell nucleus and organelles in
their cytoplasm [2], which allow them to de novo synthesize proteins and molecules in response
to stress and stimuli. In the recent past, a set of biological processes related to immunity-such
as phagocytosis [3], antigen presentation [3], and interleukin-like production [4-7]-have been
reported in nucleated RBCs from different species. However, elucidating the role of RBCs dur-
ing viral infections is an emergent research topic of great interest. Here, we provide a brief over-
view of the novel role of nucleated RBCs against viral infections.

Viral pathogen-associated molecular patterns (PAMPs) induce pattern-
recognition receptor (PRR) signaling in nucleated RBCs

Nucleated RBCs are implicated in the immune response to viral infections based on their
response to viral PAMPs through various PRR signaling pathways. Among these receptors, the
expression of Toll-like receptor 3 (TLR3) and TLR9-which are endosomal TLRs that recognize
viral double-stranded RNA (dsRNA) and nonmethylated viral 5-C-phosphate-G-3’ (CpG)-con-
taining DNA, respectively-and retinoic acid-inducible gene I (RIG-I)-a member of the RIG-I-
like receptor (RLR) family that interacts intracellularly with viral dsSRNA-have been reported in
rainbow trout RBC:s [5, 8] and Atlantic salmon [9], respectively. Chicken RBCs constitutively
express tlr3 and tIr21, which is a homolog of mammalian TLR9 [5, 10]. Stimulation of these
receptors with their corresponding PAMPs leads to the activation of signaling networks that
induce the transcription of a set of genes, resulting in a characteristic immune response.

The activation of these receptors by viral pathogens induces expression of the interferon
system [11, 12]. Stimulation of rainbow trout RBCs with polyinosinic:polycytidylic acid (poly
I:C, a molecule structurally similar to dsRNA) induces the de novo synthesis of mRNAs from
immune genes such as chemokine (C-C motif) ligand 4 (ccl4), interferon-o. (ifn-ar), and myxo-
virus resistance gene (mx) [5]; and in chickens, RBCs respond to poly I:C by upregulating type
IIEN (ifnl) and interleukin-8 (il-8) genes [10]. Moreover, the infectious pancreatic necrosis
virus (IPNV)-a dsRNA virus-has been reported to stimulate the expression of #lr3, ifnl and
mx genes [13]. The piscine orthoreovirus (PRV) also increases the expression of rig-I, mx, and
ifn-a genes in Atlantic salmon RBCs [6].
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The roles that other members of the RLR family, such as melanoma differentiation-associ-
ated protein 5 (MDAS) or probable ATP-dependent RNA helicase DExH-box helicase 58
(LGP2), assume in RBCs are still unknown. In addition, we still do not know if RBCs express
other PRRs that recognize viral genomic RNA, such as TLR7 or TLR8. While IFNT1 is thought
to play a similar role in mammalian and nonmammalian species and induce similar sets of
genes [14], the extent of nucleated RBCs’ involvement in the global organism IFN1 response
and how RBCs’ involvement influences defense against viral infections remain to be defined.

Nucleated RBCs may be capable of inducing an adaptive immune response

Nucleated RBCs are linked to the adaptive immune response. Major histocompatibility com-
plex I (MHCI) plays a key role in the antigen presentation of intracellular pathogens, which
initiates adaptive immunity mechanisms. MHCI is expressed on the surface of RBCs from
rainbow trout [15], Atlantic salmon [6], African clawed frogs [16], and chickens [17]. How-
ever, to date, it has only been reported that PRV infection induces genes involved in antigen
presentation via MHCI in salmon RBC:s [6] and that poly I:C upregulates gene ontology (GO)
categories related to antigen processing, antigen presentation, and MHCI receptor activity in
rainbow trout RBCs [18].

Molecules bearing the immunoreceptor tyrosine-based activation motif (ITAM), which is
contained in certain transmembrane proteins of the immune system and is important for sig-
nal transduction in immune cells, are known markers of hematopoietic and immune cells
[19]. ITAM-bearing molecules are expressed on rainbow trout RBCs [20]. Further, Epstein-
Barr virus G-protein-coupled receptor 2 (EBI2) plays a critical role in the regulation of T cell-
dependent antibody responses and provides a mechanism to balance short- versus long-term
antibody responses [21]. EBI2 is highly expressed in rainbow trout young RBCs [22]. The pres-
ence of these molecules in nucleated RBCs may indicate a role of these cells in the adaptive
immune response. However, the function of these molecules on RBCs and their effect on the
antiviral adaptive immune response remain to be studied.

Nucleated RBCs trigger diverse immune responses against viral aggression

Three viruses from different families that infect or replicate inside nucleated RBCs have been
identified: (i) infectious salmonid anemia virus (ISAV) from the Orthomyxoviridae family
with single-stranded RNA (ssRNA) [7], (ii) PRV from the Reoviridae family with dsRNA [6,
23], and (iii) erythrocytic viral infections, reviewed in Paperna and Alves de Matos [24]. Fig 1
schematically summarizes the response of nucleated RBCs to these viruses. Unfortunately,
information on the immune response of RBCs to erythrocytic viral infections is not available.

A study of nucleated RBCs from ISAV-infected Atlantic salmon first demonstrated the abil-
ity of RBCs to induce an immunological response against a viral pathogen. This response was
characterized by the induction of ifn-a in hemagglutinated RBCs [7]. Recently, it has been
shown that PRV also can induce the expression of ifn-a—in addition to mx, protein kinase
RNA-activated (pkr) [6], viperin, and interferon-stimulated gene 15 (isgl5) [25] antiviral
genes—in PRV-challenged Atlantic salmon RBCs.

Recently, Nombela and colleagues demonstrated that nucleated RBCs can generate immune
responses to viruses despite not being infected. Rainbow trout RBCs are nonpermissive to viral
hemorrhagic septicemia virus (VHSV) [26] and infectious pancreatic necrosis virus (IPNV)
infections [13], likely due to the inability of VHSV and IPNV to replicate in ex vivo purified
rainbow trout RBCs. This phenomenon is known as nonproductive or abortive infection in
nonpermissive cells and occurs when a virus enters a host cell and some or all viral compo-
nents are synthesized but nonproductive or defective viruses are ultimately released because
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Fig 1. Schematic representation of teleost nucleated RBC immune responses against different infective (target:
RBCs) or noninfective (target: other cell types) viral pathogens. ifr-a, interferon-o; IL-8, interleukin-8; isgl5,
interferon-stimulated gene 15; mx, myxovirus resistance gene; pkr, protein kinase RNA-activated; RBC, red blood cell.

https://doi.org/10.1371/journal.ppat.1006910.g001

the host cell is nonpermissive or inhibits the replication of the virus. Previously, abortive infec-
tion in a macrophage cell line was linked with the constitutive expression of the antiviral Mx
protein by macrophages [27]. Similarly, high levels of constitutive Mx transcripts and protein
have been identified in rainbow trout RBCs (Fig 2), suggesting a possible mechanism for
aborted or halted infections in RBCs [13, 26]. Nevertheless, rainbow trout RBCs can develop
diverse immune responses to VHSV halted replication, a process characterized by global pro-
teome downregulation-mainly of proteins from the proteasome and RNA stability processes—
increased expression of IL-8 and B-defensin 1, decreased expression of genes related to the
IFN1 pathway, and an antioxidant response [13]. In the case of IPNV aborted infection in rain-
bow trout RBCs, there was an increase in the expression of ifnl, mx, interferon regulatory fac-
tor 7 (irf7), and pkr genes, followed by upregulation of Mx protein expression [13]
(summarized in Fig 1).

Considering their ability to produce immune proteins related to interferon, pro-inflamma-
tory cytokines, antimicrobial peptides, proteasome [26], and autophagy [28] pathways, nucle-
ated RBCs likely are able to trigger an immune response similar to that of their leukocyte
counterparts by activating diverse immune mechanisms to complement the protection against
infection conferred to the host organism.

MERGED

Fig 2. Constitutive expression of Mx antiviral protein in rainbow trout nucleated RBCs. Immunofluorescence
images of Mx protein expression in nucleated RBCs. FITC: Mx protein expression; DAPI: nuclei. Images were
obtained using an INCell Analyzer 6000 Cell imaging system (GE Healthcare, Little Chalfont, United Kingdom).
DAPI, 4°,6-diamidino-2-phenylindole; FITC, Fluorescein-5-isothiocyanate; Mx, myxovirus resistance gene; RBC, red
blood cells.

https://doi.org/10.1371/journal.ppat.1006910.9002
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Nucleated RBCs can mount immune responses against nonviral pathogens

The RBCs of mammalian and nonmammalian vertebrates are hosts for approximately 40 genera,
including protists, prokaryotes, and viruses [18, 29]. Few blood infections of fish, amphibians,
reptiles, and birds have proven pathogenicity, in contrast to the many known intraerythrocytic
mammalian pathogens [29]. To date, few studies have reported diverse immune responses of
nucleated RBCs to this broad spectrum of pathogens.

As previously described, the immune response against viruses is generally associated with
the expression of IFN1 and ISGs. In response to bacterial lipopolysaccharide (LPS), rainbow
trout RBCs upregulate the expression of tumor necrosis factor receptor-like (tnfr-like), oxida-
tive-stress response 1 (oxsrl), irfl, and mhcl genes. Several reports have shown that hemoglo-
bin, the most abundant protein of RBCs, has antibacterial activity and can elicit antimicrobial
activity through reactive oxygen species production when under pathogen attack [30]. In rain-
bow trout, acid-soluble extracts from RBCs showed antibacterial activity against a variety of
bacteria, including Planococcus citreus and Escherichia coli [31]. In the presence of the fungus
Candida albicans, rainbow trout [3], and chickens [4], RBCs performed innate immunity func-
tions, using phagocytosis to bind and engulf C. albicans and present to macrophages. Ulti-
mately, little is known regarding the immune response triggered by nucleated RBCs against
the broad range of pathogens that infect them.

Nucleated RBCs are future targets for vaccines

Human non-nucleated RBCs have long been investigated for the transportation of drugs or
antigens through the blood [32, 33]. Proteomic studies of human [34] and nonhuman primate
species [35] aim to further characterize the biology of human RBCs and identify future targets
for newer-generation vaccines, especially against malaria. Because of the ability of nucleated
RBCs to generate and modulate immune responses, development of a new generation of vac-
cines targeting membrane receptors or intracellular molecules of nucleated RBCs capable of
triggering and stimulating the antiviral immune response is a promising and exciting field.
Such vaccines may contribute greatly to organism survival, given the large volume of RBCs
and their fast distribution through the organism. However, additional proteomic studies of
nucleated RBCs are needed to identify potential therapeutic targets.

Acknowledgments

Special thanks are due to Prof. Henny Gevers for helping with English editing. We would also
like to thank the two anonymous reviewers for their valuable comments and suggestions.

References

1. Moras M., Lefevre S.D., and Ostuni M.A., From Erythroblasts to Mature Red Blood Cells: Organelle
Clearance in Mammals. Front Physiol, 2017. 8: p. 1076. https://doi.org/10.3389/fphys.2017.01076
PMID: 29311991

2. Glomski C.A., Tamburlin J., and Chainani M., The phylogenetic odyssey of the erythrocyte. Ill. Fish, the
lower vertebrate experience. Histol Histopathol, 1992. 7(3): p. 501-28. PMID: 1504472

3. PassantinoL, etal., Fishimmunology. I. Binding and engulfment of Candida albicans by erythrocytes of
rainbow trout (Salmo gairdneri Richardson). Immunopharmacol Immunotoxicol, 2002. 24(4): p. 665-78.
https://doi.org/10.1081/IPH-120016050 PMID: 12510797

4. Passantino L, et al., Antigenically activated avian erythrocytes release cytokine-like factors: a con-
served phylogenetic function discovered in fish. Immunopharmacol Immunotoxicol, 2007. 29(1): p.
141-52. https://doi.org/10.1080/08923970701284664 PMID: 17464774

5. MoreraD, etal., RNA-Seq reveals an integrated immune response in nucleated erythrocytes. PLoS
ONE, 2011. 6(10): p. €26998. https://doi.org/10.1371/journal.pone.0026998 PMID: 22046430

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006910  April 26,2018 4/6

218



@PLOS | PATHOGENS

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

Dahle M.K, et al., Transcriptome analyses of Atlantic salmon (Salmo salar L.) erythrocytes infected with
piscine orthoreovirus (PRV). Fish Shellfish Immunol, 2015. 45(2): p. 780-90. https://doi.org/10.1016/j.
fsi.2015.05.049 PMID: 26057463

Workenhe S.T, et al., Infectious salmon anaemia virus replication and induction of alpha interferon in
Atlantic salmon erythrocytes. Virol J, 2008. 5: p. 36. https://doi.org/10.1186/1743-422X-5-36 PMID:
18307775

Rodriguez M.F, et al., Characterization of Toll-like receptor 3 gene in rainbow trout (Oncorhynchus
mykiss). Immunogenetics, 2005. 57(7): p. 510-9. https://doi.org/10.1007/s00251-005-0013-1 PMID:
16086174

Wessel O, et al., Piscine orthoreovirus (PRV) replicates in Atlantic salmon (Salmo salar L.) erythrocytes
ex vivo. Vet Res, 2015. 46: p. 26. https://doi.org/10.1186/s13567-015-0154-7 PMID: 25888832

St Paul M, et al., Chicken erythrocytes respond to Toll-like receptor ligands by up-regulating cytokine
transcripts. Res Vet Sci, 2013. 95(1): p. 87-91. https://doi.org/10.1016/j.rvsc.2013.01.024 PMID:
23433682

Robertsen B, The interferon system of teleost fish. Fish Shellfish Immunol, 2006. 20(2): p. 172-91.
https://doi.org/10.1016/).fsi.2005.01.010 PMID: 15939626

Zou J, Bird S, and Secombes C, Antiviral sensing in teleost fish. Curr Pharm Des, 2010. 16(38): p.
4185-93. PMID: 21184657

Nombela |, et al., Infectious pancreatic necrosis virus triggers antiviral immune response in rainbow
trout red blood cells, despite not being infective. F1000Research, 2017. 6: p. 1968. https://doi.org/10.
12688/f1000research.12994.2 PMID: 29333244

Schultz U, Kaspers B, and Staeheli P, The interferon system of non-mammalian vertebrates. Dev
Comp Immunol, 2004. 28(5): p. 499-508. https://doi.org/10.1016/j.dci.2003.09.009 PMID: 15062646

Sarder M.R, et al., The MHC class I linkage group is a major determinant in the in vivo rejection of allo-
geneic erythrocytes in rainbow trout (Oncorhynchus mykiss). Immunogenetics, 2003. 55(5): p. 315-24.
https://doi.org/10.1007/s00251-003-0587-4 PMID: 12879308

Nedelkovska H, et al., Effective RNAi-mediated beta2-microglobulin loss of function by transgenesis in
Xenopus laevis. Biol Open, 2013. 2(3): p. 335—42. https://doi.org/10.1242/bio.20133483 PMID:
23519478

Delany M.E, et al., Cellular expression of MHC glycoproteins on erythrocytes from normal and aneu-
ploid chickens. Dev Comp Immunol, 1987. 11(3): p. 613-25. PMID: 3678561

Morera D and MacKenzie S.A, Is there a direct role for erythrocytes in the immune response? Vet Res,
2011. 42(1): p. 89.

Humphrey M.B, Lanier L.L, and Nakamura M.C, Role of ITAM-containing adapter proteins and their
receptors in the immune system and bone. Immunol Rev, 2005. 208: p. 50-65. https://doi.org/10.1111/
j.0105-2896.2005.00325.x PMID: 16313340

Ohashi K, et al., A molecule in teleost fish, related with human MHC-encoded G6F, has a cytoplasmic
tail with ITAM and marks the surface of thrombocytes and in some fishes also of erythrocytes. Immuno-
genetics, 2010. 62(8): p. 543-59. https://doi.org/10.1007/s00251-010-0460-1 PMID: 20614118

Gatto D, et al., Guidance of B cells by the orphan G protein-coupled receptor EBI2 shapes humoral
immune responses. Immunity, 2009. 31(2): p. 259-69. https://doi.org/10.1016/j.immuni.2009.06.016
PMID: 19615922

Gotting M and Nikinmaa M.J, Transcriptomic Analysis of Young and Old Erythrocytes of Fish. Front
Physiol, 2017. 8: p. 1046. https://doi.org/10.3389/fphys.2017.01046 PMID: 29311976

Finstad O.W, et al., Piscine orthoreovirus (PRV) infects Atlantic salmon erythrocytes. Vet Res, 2014.
45: p. 35. https://doi.org/10.1186/1297-9716-45-35 PMID: 24694042

Paperna | and Alves de Matos A.P, Erythrocytic viral infections of lizards and frogs: new hosts, geo-
graphical locations and description of the infection process. Annales de Parasitologie Humaine et Com-
parée, 2016. 68(1): p. 11-23.

Haatveit H.M, et al., Viral Protein Kinetics of Piscine Orthoreovirus Infection in Atlantic Salmon Blood
Cells. Viruses, 2017. 9(3): p. 49.

Nombela |, et al., Identification of diverse defense mechanisms in rainbow trout red blood cells in
response to halted replication of VHS virus. F1000Research, 2017. 6: p. 1958. https://doi.org/10.
12688/f1000research.12985.2 PMID: 29527292

Pham P.H, et al., Differential effects of viral hemorrhagic septicaemia virus (VHSV) genotypes IVa and
Vb on gill epithelial and spleen macrophage cell lines from rainbow trout (Oncorhynchus mykiss). Fish
Shellfish Immunol, 2013. 34(2): p. 632—40. https://doi.org/10.1016/}.fsi.2012.12.004 PMID: 23257204

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006910  April 26,2018 5/6

219



@PLOS | PATHOGENS

28. Pereiro P, et al., Nucleated Teleost Erythrocytes Play an Nk-Lysin- and Autophagy-Dependent Role in
Antiviral Immunity. Frontiers in Immunology, 2017. 8: p. 1458. https://doi.org/10.3389/fimmu.2017.
01458 PMID: 29163526

29. Davies A.J and Johnston M.R, The biology of some intraerythrocytic parasites of fishes, amphibia and
reptiles. Adv Parasitol, 2000. 45: p. 1-107. PMID: 10751939

30. JiangN, etal., Respiratory protein-generated reactive oxygen species as an antimicrobial strategy. Nat
Immunol, 2007. 8(10): p. 1114-22. https://doi.org/10.1038/ni1501 PMID: 17721536

31. Fernandes J.M and Smith V.J, Partial purification of antibacterial proteinaceous factors from erythro-
cytes of Oncorhynchus mykiss. Fish Shellfish Immunol, 2004. 16(1): p. 1-9. PMID: 14675829

32. Cremel M, et al., Red blood cells as innovative antigen carrier to induce specific immune tolerance. Int J
Pharm, 2013. 443(1-2): p. 39—49. https://doi.org/10.1016/}.ijpharm.2012.12.044 PMID: 23305866

33. Muzykantov V.R, Drug delivery by red blood cells: vascular carriers designed by mother nature. Expert
Opin Drug Deliv, 2010. 7(4): p. 403-27. https://doi.org/10.1517/17425241003610633 PMID: 20192900

34. D’Alessandro A and Zolla L, Proteomic analysis of red blood cells and the potential for the clinic: what
have we learned so far? Expert Rev Proteomics, 2017. 14(3): p. 243-252. https://doi.org/10.1080/
14789450.2017.1291347 PMID: 28162022

35. Moreno-Perez D.A, et al., The Aotus nancymaae erythrocyte proteome and its importance for biomedi-
cal research. J Proteomics, 2017. 152: p. 131-137. https://doi.org/10.1016/j.jprot.2016.10.018 PMID:
27989940

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006910  April 26,2018 6/6

220



