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ABSTRACT

To determfine the rofle off pfiscfine antfi-vfirafl cytotoxfic ceflfls, we anaflyzed the response off channefl catfish toIctaflurfid

herpesvfirus 1, commonfly desfignated channefl catfish vfirus (CCV). Perfipherafl bflood fleukocytes (PBL) ffrom catfish

fimmunfized wfith MHC-matched, CCV-finffected G14D ceflfls (G14D-CCV) showed marked flysfis off G14D-CCV but

flfittfle to no flysfis off unfinffected aflflogenfic (3B11) or syngenefic (G14D) ceflfls. Expansfion off effectors byfin vfitro

cuflture fin the presence off firradfiated G14D-CCV ceflfls generated cufltures wfith enhanced cytotoxficfity and offten

broader target range. Cytotoxfic effectors expressed rearranged TCR genes, perfforfin, granzyme, and IFN-γ. Four

cflonafl cytotoxfic flfines were devefloped and unfique TCR gene rearrangements fincfludfing γδ were detected.

Furthermore, catfish CTL cflones were efither CD4+/CD8-or CD4-/CD8-. Two CTL flfines showed markedfly en-

hanced kfiflflfing off G14D-CCV targets, whfifle the other two flfines dfispflayed a broader target range. Coflflectfivefly,

catfish vfirus-specfific CTL dfispflay unfique ffeatures that fiflflustrate the dfiversfity off the ectothermfic vertebrate fim-

mune response.

1. Introductfion

Aflthough cytotoxfic T flymphocytes (CTL) pflay a crfitficafl rofle fin

mammaflfian antfivfirafl fimmunfity, thefir rofle fin tefleost fish and other

flower vertebrates fis poorfly understood. In mammafls, both NK ceflfls and

CTL are responsfibfle ffor the destructfion off vfirus-finffected ceflfls

(Zfinkernagefl, 1993). In tefleosts, much has been flearned ffrom gfinbuna

crucfian carp (Carassfius auratus flangsdorfifi) and rafinbow trout (Oncor-

hynchus mykfiss) modefl systems that utfiflfize cflonafl fish and MHC-mat-

ched ceflfl flfines (Nakanfishfi et afl., 2011,2015). Vfirus-specfific ceflfl-medfi-

ated cytotoxficfity was first shown fin cflonafl trfipflofid gfinbuna carp

fimmunfized wfith syngenefic ceflfls finffected wfith finffectfious pancreatfic

necrosfis vfirus (IPNV) and eefl vfirus ffrom Amerfica (EVA;Somamoto

et afl., 2000). PBL cytotoxficfity peaked seven days affter a secondary

fimmunfizatfion wfith vfirus-finffected ceflfls (Somamoto et afl., 2000,2002),

and flymphocytes dfispflayed eflevated flevefls off TCRβ and CD8α message

and kfiflfled vfirus-finffected ceflfls fin a perfforfin-dependent manner (Toda

et afl., 2009,2011). Moreover, cytotoxfic effectors proflfifferatedfin vfitro

ffoflflowfing stfimuflatfion wfith vfirus-finffected syngenefic targets (Somamoto

et afl., 2009). Sfimfiflar studfies usfing the rafinbow trout cflone C25 and the

MHC-matched rafinbow trout gonad ceflfl flfine (RTG-2) demonstrated that

PBL ffrom vfirafl hemorrhagfic septficemfia vfirus (VHSV)-finffected rafinbow

trout kfiflfled both VHSV-finffected RTG-2 ceflfls and aflso an finffected xe-

nogenefic carp ceflfl flfine (Ffischer et afl., 2003). However, compared to

cytotoxficfity dfirected towards syngenefic targets, cytotoxficfity towards

xenogenefic ceflfls was reduced and dfid not appear untfifl 11 days affter a

second VHSV finjectfion (Utke et afl., 2007). In addfitfion, C25 rafinbow

trout fimmunfized wfith a DNA vector encodfing the VHSV gflycoprotefin G

kfiflfled both VHSV-finffected syngenefic and xenogenefic targets, whfifle fish

fimmunfized wfith the N nucfleocapsfid protefin onfly flysed VHSV-finffected

syngenefic targets (Utke et afl., 2008). In addfitfion to trout and carp,

CD8+ antfi-vfirafl cytotoxfic ceflfls have aflso been fidentfified fin grouper

usfing vfirus-finffected autoflogous ceflfls as targets (Chang et afl., 2011).

Lastfly, studfies fin amphfibfians have fidentfified not onfly antfi-vfirafl CD8+T

ceflfls, but ceflfls that may correspond to finnate-flfike T (fiT) ceflfls that re-

cognfize vfirus-finffected ceflfls fin a non-MHC-I restrficted ffashfion (Edhoflm

et afl., 2019;Morafles and Robert, 2007). However, fin both fish and

amphfibfians, the flack off flong-termfin vfitrocuflture systems ffor cytotoxfic

ceflfls precfluded the generatfion off CTL flfines ffor study off antfivfirafl cyto-

toxfic ceflfls.

Channefl catfish, an fimportant aquacuflturafl crop and a weflfl-estab-

flfished modefl off tefleost fimmunfity, has provfided finsfights finto both pfis-

cfine humorafl and ceflfl-medfiated fimmunfity (Cflem et afl., 1996;Mfiflfler

et afl., 1998;Bengten and Wfiflson, 2015). In catfish, NK and aflfloantfigen-
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specfific CTL flfines have been estabflfished and characterfized (Shen et afl.,

2002,2004;Stuge et afl., 2000;Zhou et afl., 2001,2003;Tayflor et afl.,

2016;Spencer et afl., 2019). NK ceflfl flfines were derfived ffrom PBL off

naïve fish and generated affter flong-term aflfloantfigen stfimuflatfionfin vfitro.

Catfish NK cflones contafin granuflar flymphocytes that do not express

TCR message and kfiflfl aflflogenefic targets fin a non-MHC restrficted ffashfion

(Shen et afl., 2004). Cflonafl aflfloantfigen-specfific CTL flfines were generated

ffrom the PBL off a fish fimmunfized wfith 3B11, an aflflogenefic B ceflfl flfine,

and two types off CTL flfines were estabflfished. Group I CTL specfificaflfly

flyse onfly 3B11 B ceflfls that were used ffor fimmunfizatfion and these CTL

express message ffor rearranged TCR α and β. In contrast, group II CTL

flyse mufltfipfle aflflogenefic targets and express message ffor rearranged TCR

α, β, and γ chafins. Interestfingfly, nefither group I or group II CTL express

message ffor the typficafl CTL ceflfl co-receptor CD8, however group II CTL

express message ffor both off the CD4 co-receptors ffound fin catfish (Stuge

et afl., 2000;Zhou et afl., 2001;Edhoflm et afl., 2007). Aflthough antfivfirafl

cytotoxfic T ceflfls have not been extensfivefly examfined fin catfish, NK-flfike

ceflfls present wfithfin the PBL off unfimmunfized fish have been descrfibed

and shown to flyse CCV-finffected autoflogous ceflfls (Hogan et afl., 1996).

Ictaflurfid herpesvfirus 1(IcHV1, ffamfiflyAflfloherpesvfirfidae), commonfly

desfignated channefl catfish vfirus (CCV), fis capabfle off trfiggerfing severe

hemorrhagfic dfisease fin ffry and fingerflfing catfish wfith mortaflfity ap-

proachfing 95% (Davfison, 2009;Woflff, 1988). Aflthough vaccfinatfion

wfith a DNA vector expressfing CCV ORF6, a putatfive membrane protefin,

and ORF59, the major vfirafl enveflope gflycoprotefin, eflficfited a protectfive

antfibody response and protected fish ffrom subsequent CCV chaflflenge

(Nusbaum et afl., 2002), the rofle off CTL coufld not be evafluated because

a MHC-matched system was not avafiflabfle. To determfine the rofle off

antfi-vfirafl CTL fin catfish, we made use off a ffamfifly off homozygous gy-

nogenetfic catfish and the MHC-matched T ceflfl flfine G14D that supports

CCV repflficatfion. The G14D ceflfl flfine was derfived ffrom the same flfineage

off gynogenetfic catfish as those used fin thfis study (Hogan et afl., 1999).

Wfith thfis MHC-matched system, we have the abfiflfity to evafluate the

vfirus-specfific CTL response fin catfish.

Here, we report the generatfion and characterfizatfion off cflonafl vfirus-

specfific CTL flfines fin catfish. Affter deveflopfing an fimmunfizatfion protocofl

usfing CCV-finffected G14D ceflfls (G14D-CCV), the cytotoxfic effector po-

puflatfion was expandedfin vfitrousfing mfixed flymphocyte cuflture (MLC)

and cflonafl ceflfl flfines were estabflfished by flfimfitfing dfiflutfion. The resufltfing

ceflfl flfines exhfibfited dfifferentfiafl cytotoxficfity: some were cytotoxfic to-

ward CCV-finffected syngenefic targets aflone, whereas others flysed G14D-

CCV, vesficuflar stomatfitfis vfirus (VSV)-finffected G14D ceflfls (G14D-VSV),

and unfinffected aflflogenefic ceflfls. None off the ceflfl flfines expressed CD8,

however three off the cflones expressed message ffor both CD4-1 and

CD4-2. These data provfide evfidence off specfific antfivfirafl ceflfl-medfiated

cytotoxficfity, and suggest that catfish CTL effectors dfiffer ffrom thefir

mammaflfian and amphfibfian counterparts by thefir expressfion off CD4

rather than CD8.

2. Materfiafls and methods

2.1. Vfiruses and ceflfl flfines

The Auburn CCV strafin was propagated fin channefl catfish ovary

(CCO) ceflfls as prevfiousfly descrfibed (Bowser and Pflumb, 1980;Chfinchar

et afl., 1993). Brfiefly, confluent CCO monoflayers were finffected wfith

CCV at a MOI off 0.01 PFU/ceflfl. Affter 48 h, or affter extensfive cytopathfic

effects were observed, the ceflfl suspensfion was subjected to three ffreeze-

thaw cycfles and ceflfluflar debrfis was removed by centrfiffugatfion at 1000

× gffor 10 mfin at 4 °C. The vfirus tfiter was determfined by pflaque assay

and the resufltfing stock stored at −80 °C untfifl use. Recombfinant vesfi-

cuflar stomatfitfis vfirus expressfing green fluorescent protefin (VSV-GFP)

was obtafined ffrom SP Wheflan (Harvard Medficafl Schoofl). VSV-GFP was

propagated and tfitered fin BSR-T7 ceflfls (Wheflan et afl., 1995).

Catfish cflonafl fleukocyte ceflfl flfines were grown at 27 °C fin AL-4

medfium consfistfing off equafl parts off AIM-V and L-15 (Invfitrogen Lfiffe

Technoflogfies, Carflsbad, CA) adjusted to catfish tonficfity wfith 10% (v/v)

H2O and suppflemented wfith 1 μg/mL NaHCO3, 50 U/mL penficfiflflfin,

50 μg/mL streptomycfin, 20 μg/mL gentamficfin, 50 μM 2-mercap-

toethanofl and 4% heat-finactfivated catfish serum (Mfiflfler et afl., 1994a).

3B11 fis a cfloned autonomous B ceflfl flfine generated ffrom an outbred

catfish by mfitogen stfimuflatfion (Mfiflfler et afl., 1994b). The catfish au-

tonomous ceflfl flfines do not requfire repeatedfin vfitrostfimuflatfions ffor

thefir contfinued proflfifferatfion. G14D fis an autonomous cflonafl T ceflfl flfine

derfived ffrom gynogenetfic catfish #14 (Hogan et afl., 1999;Zhou et afl.,

2003). In contrast, TS32.15 fis an aflfloantfigen-specfific CTL flfine that was

cfloned ffrom an outbred fish, whfich had been fimmunfized wfith 3B11 B

ceflfls (Stuge et afl., 2000). These CTL requfire weekfly stfimuflatfion wfith

firradfiated 3B11 B ceflfls ffor thefir contfinuous proflfifferatfion and are grown

fin condfitfioned compflete catfish medfium, whfich consfists off AL-5 (sup-

pflemented wfith 5% heat-finactfivated catfish serum) medfium suppfle-

mented at 5% (v/v) wfith 42TA and 28S.3 cuflture supernatants. 42TA fis

an autonomous macrophage ceflfl flfine derfived ffrom an outbred catfish

(Vaflflejo et afl., 1991), and 28S.3 fis a cflonafl autonomous T ceflfl flfine

derfived ffrom another outbred catfish (Wfiflson et afl., 1998). Both 42TA

and 28S.3 secrete growth ffactors.

For thfis study, G14D ceflfls finffected wfith CCV at a MOI off 10 and

firradfiated at 4 h post finffectfion were used ffor fimmunfizatfions off gyno-

genetfic catfish, and as stfimuflator ceflfls fin MLCs. In addfitfion, CCV fin-

ffected G14D ceflfls (G14D-CCV) and VSV finffected G14D ceflfls (G14D-

VSV) were used as targets fin 4-h51Cr-reflease assays, as outflfined beflow.

To demonstrate that finffectfion had occurred, CCV gene expressfion was

anaflyzed by end-pofint reverse transcrfiptfion PCR. The finffectfion off G14D

ceflfls by recombfinant VSV-GFP was confirmed by flow cytometry

(SuppflementaflFfig. 1).

2.2. Experfimentafl anfimafls, fimmunfizatfions, and flymphofid ceflfl fisoflatfion

The thfird generatfion homozygous gynogenetfic catfish flfines, G-05

and G-16, used fin thfis study are MHC-matched wfith and derfived ffrom

the same gynogenetfic flfine off fish as descrfibed byHogan et afl. (1999).

Aflfl gynogenetfic flfines were provfided by Geoff Wafldbfieser at the

Warmwater Aquacuflture Research Unfit, USDA-ARS (Stonevfiflfle, MS).

Ffish (1–2 kg) were mafintafined fin findfivfiduafl tanks as prevfiousfly de-

scrfibed (van Gfinkefl et afl., 1992). Experfiments finvoflvfing flfive catfish

were perfformed fin accordance wfith reflevant finstfitutfionafl and natfionafl

gufideflfines and reguflatfions, and approved by the UMMC Instfitutfionafl

Anfimafl Care and Use Commfittee. To perfform fimmunfizatfions, gynoge-

netfic catfish were anesthetfized wfith trficafine methanesuflffonate (MS-

222; Sfigma-Afldrfich, St. Loufis, MO) and fimmunfized fintracoeflomficaflfly

wfith 3×106G14D ceflfls finffected 4 h earflfier wfith CCV at a MOI off 10

(G14D-CCV) or wfith 3×106mock finffected G14D. Ffish were subse-

quentfly re-fimmunfized 14 days flater, and PBL were fisoflated three days

affter the second fimmunfizatfion by centrfiffugatfion onto a cushfion off Ffi-

coflfl-Hypaque (Lymphoprep, Accurate Chemficafl Corp. Westbury, NY) as

prevfiousfly descrfibed (Mfiflfler et afl., 1994a).

2.3. Monocflonafl antfibodfies and flow cytometry

The mAbs used fin thfis study fincfluded: mouse antfi-catfish IgM 9E1

(IgG1,κ), reacts wfith Igμ heavy (H) chafin (Mfiflfler et afl., 1987); mouse

antfi-catfish fimmunogflobuflfin flfight chafin (IgL) 3F12 (IgG1,κ), reacts

wfith the IgL F fisotype (Lobb et afl., 1984); mouse antfi-catfish IgL 11A2

(IgG2b,κ), reacts wfith IgL G fisotype (Lobb et afl., 1984); rat antfi-trout

Lck (Lafing et afl., 2007), cross-reacts wfith catfish Lck (Tayflor et afl.,

2015). Mouse antfi-trout IgM 1.14 (IgG1,κ), whfich reacts wfith trout Igμ

chafins, was used as an fisotype controfl (DeLuca et afl., 1983).

PBL, ceflfls ffrom MLCs, or findfivfiduafl ceflfl flfines were resuspended at

107ceflfls/mL fin RPMI medfium adjusted to catfish tonficfity usfing 10%

water (catfish RPMI; cffRPMI) and anaflyzed ffor surfface stafinfing usfing

flow cytometry. For sfingfle coflor flow cytometry, 1×106ceflfls were fin-

cubated wfith 50 μL off antfi-catfish IgM mAb (9E1) hybrfidoma
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supernatant ffor 30 mfin on fice, washed wfith cffRPMI, and fincubated wfith

50 μL off goat antfi-mouse IgG1-PE (1:80 v/v fin cffRPMI) ffor 30 mfin on

fice. Affter washfing, sampfles were resuspended fin 500 μL off cffRPMI and

anaflyzed on a FACScan (Beckman Couflter). For two coflor flow cyto-

metry, 1×106ceflfls were fincubated wfith 50 μL off antfi-catfish IgL F and

50 μL off antfi-catfish IgL G ffor 30 mfin on fice, washed wfith cffRPMI and

fincubated wfith 50 μL off goat antfi-mouse IgG1-FITC (1:40 v/v fin

cffRPMI) and goat antfi-mouse IgG2b (1:80 v/v fin cffRPMI). Affter

washfing, sampfles were resuspended fin 500 μL off cffRPMI and anaflyzed

as above.

2.4. Generatfion off cytotoxfic ceflfl flfines

To estabflfish cytotoxfic ceflfl flfines, MLCs were generated by co-cufl-

turfing PBL ffrom G14D-CCV fimmunfized fish wfith firradfiated G14D-CCV

targets. Brfiefly, 5×107PBL were fisoflated ffrom fish three days affter

G14D-CCV booster finjectfion and cufltured wfith 1×107firradfiated G14D-

CCV fin condfitfioned compflete catfish medfium contafinfing 1 μg/mL

acycfloguanosfine. Condfitfioned compflete catfish medfium contafins 5%

catfish serum and 5% (v/v) each off 42TA and 28S.3 cuflture super-

natants, as descrfibed above. Acycfloguanosfine, an finhfibfitor off herpes-

vfirus DNA poflymerase, was used to prevent ffuflfl CCV repflficatfion and the

finffectfion off effector ceflfls fin the cuflture. MLCs were mafintafined by

weekfly re-stfimuflatfions wfith 5×106firradfiated G14D-CCV. Affter 40 days

and ffourfin vfitrostfimuflatfions, MLC-generated effectors were cfloned by

flfimfitfing dfiflutfion. Brfiefly, PBLs derfived ffrom two dfifferent fish, G-05-35

and G-05-6, were pflated fin round bottom 96-weflfl pflates at 0.33 ceflfls/

weflfl fin the presence off 105firradfiated G14D-CCV ceflfls fin 100 μL con-

dfitfioned catfish medfium contafinfing 1 μg/mL acycfloguanosfine. Affter 10

days fin cuflture, proflfifferatfing responder ceflfls were transfferred to flat

bottom 96 weflfl pflates contafinfing 2×105firradfiated G14D-CCV ceflfls fin

100 μL condfitfioned catfish medfium. Affter one week, proflfifferatfing re-

sponders were transfferred to 24-weflfl pflates contafinfing 2×106firra-

dfiated G14D-CCV ceflfls fin 1.5 mL condfitfioned catfish medfium. Affter an

addfitfionafl week, ceflfls were transfferred to 12.5 cm2flasks fin 4 mL off

condfitfioned medfium wfith 3×106firradfiated G14D-CCV. The resufltfing

ceflfl flfines were mafintafined fin 25 cm2flasks by weekfly re-stfimuflatfion

wfith 1×107firradfiated G14D-CCV, and ffour days affter stfimuflatfion, ceflfls

were spflfit finto two 25 cm2flasks. In totafl, sfix ceflfl flfines were estabflfished

ffrom MLC G-05-6 MLC and three ceflfl flfines ffrom MLC G-05-35. Off these,

sfix ceflfl flfines were cytotoxfic and were used ffor ffurther anaflyses.

2.5.51Cr-reflease assays

51Cr-reflease assays were perfformed as prevfiousfly descrfibed

(Yoshfida et afl., 1995). Brfiefly, 3×106G14D or 3B11 target ceflfls were

flabefled wfith 0.25 mCfi Na2
51CrO4(PerkfinEflmer) ffor 1.5 h at 27 °C/5%

CO2, washed twfice, and fincubated ffor an addfitfionafl 30 mfin fin AL-4

medfium. For vfirus-finffected targets, G14D ceflfls were sfimufltaneousfly

flabefled and finffected wfith CCV or VSV-GFP at a MOI off 10. The vfirus

finocuflum was removed affter 1.5 h by centrfiffugatfion and the ceflfls were

fincubated ffor an addfitfionafl 30 mfin fin AL-4 medfium. One hundred μL off

effector ceflfls fin AL-4 medfium were combfined, at the findficated effec-

tor:target (E:T) ratfio, wfith51Cr-flabefled targets fin 100 μL AL-4 medfium

fin round bottom 96-weflfl tfissue cuflture pflates. Experfiments at each E:T

ratfio was perfformed fin trfipflficates. The pflates were centrfiffuged at 200 ×

g ffor 2 mfin to ffacfiflfitate contact between effectors and targets, and then

fincubated ffor 4 h at 27 °C/5% CO2

=

×

specfifffic reflease
cpm experfimentafl cpm spontaneous reflease

cpm maxfimum reflease cpm spontaneous reflease
%

( ) ( )

( ) – ( )

100

. Affter 4 h, the ceflfls were re-

suspended by pfipettfing and centrfiffuged at 500 × g ffor 5 mfin. One

hundred μL off ceflfl-ffree supernatant was removed ffrom each weflfl and

refleased radfioactfivfity was determfined fin a COBRA II auto gamma-

counter (Packard, Merfiden, CT). Percent specfific reflease was caflcuflated

usfing the ffoflflowfing fformufla:

Spontaneous reflease weflfls recefived 100 μL AL-4 medfium finstead off

effector ceflfls, and maxfimum reflease weflfls recefived 100 μL 2% IGEPAL

CA-630 fin AL-4 medfium. Standard devfiatfion off trfipflficates never ex-

ceeded 2%.

2.6. RNA extractfion, RT-PCR, 5′- rapfid ampflfificatfion off cDNA ends

(RACE), and sequence anaflysfis

Totafl RNA ffrom MLC and cflonafl ceflfl flfines was fisoflated and treated

wfith DNase I usfing the RNAqueous-4PCR kfit (Ambfion) accordfing to the

manuffacturer's dfirectfions. Two μg off RNA were subsequentfly reverse

transcrfibed finto cDNA usfing an oflfigo[dT] prfimer and 200 U off

Superscrfipt III reverse transcrfiptase (Invfitrogen). RT-PCR was per-

fformed usfing prfimers specfific ffor each gene (SuppflementaflTabfle 1).

Eflongatfion ffactor-1α (EF-1α) was used as a tempflate controfl. Typficafl

PCR parameters were 3 mfin at 94 °C, ffoflflowed by 30 cycfles off 94 °C ffor

30 s, 57 °C ffor 30 s, and 72 °C ffor 1 mfin, and a finafl extensfion off 72 °C

ffor 5 mfin. Unfique TCR gene rearrangements were confirmed fin each

ceflfl flfine usfing 5′ RACE wfith the SMARTer RACE cDNA ampflfificatfion kfit

(Cflontech) and prfimers specfific ffor the constant regfions off catfish TCR

α, β, γ, and δ. Aflfl 5′ RACE products were cfloned finto pCR4-TOPO

(Invfitrogen) and sequenced usfing the Sanger method. Productfive V(D)J

gene rearrangements were anaflyzed ffor V- D- J-segment usage based on

nucfleotfide fidentfity to pubflfished catfish TCR cDNA and gene sequences

usfing DNASTAR sofftware. Sequences were submfitted to GenBank under

the accessfion numbers: MN313366-MN313378. The accessfion number

ffor the G14D TCR Vδ sequence fis HQ913599.

2.7. Western bflottfing

Totafl protefin was extracted ffrom 1×107ceflfls usfing 100 μL flysfis

buffer contafinfing 50 mM Trfis (pH 7.4), 150 mM NaCfl, 1% IGEPAL CA-

630, cOmpflete Protease Inhfibfitor Cocktafifl Tabflets (Roche Appflfied

Scfience). The flysates were cfleared off ceflfluflar debrfis by centrfiffugatfion at

12,000 ×gffor 15 mfin. Protefin flysates correspondfing to 3×106ceflfls

were separated on 10% SDS-PAGE gefls, transfferred to Hybond-ECL

nfitroceflfluflose membranes (GE Heaflthcare Lfiffe Scfiences) and fincubated

fin Trfis-buffered saflfine contafinfing 5.0% bovfine serum aflbumfin (BSA)

and 0.1% Tween-20 (TBST-BSA) overnfight at 4 °C. The membranes

were fincubated ffor 1 h wfith rat antfi-trout Lck (1:500 fin TBST-BSA),

washed ffour tfimes fin TBST, ffoflflowed by fincubatfion wfith horseradfish

peroxfidase conjugated goat antfi-rat IgG (1:5,000 fin TBST-BSA) ffor 1 h.

Affter ffour 10-mfin washes wfith TBST, fimmunoreactfive bands were vfi-

suaflfized usfing Supersfignafl West Pfico chemfiflumfinescent substrate

(Thermo Scfientfific).

3. Resuflts

3.1. Cytotoxfic ceflfls are present wfithfin the PBL popuflatfion off G14D-CCV

fimmunfized fish

To fidentfiffy vfirus-specfific CTL ffrom catfish, we devefloped the ffofl-

flowfing fimmunfizatfion protocofl. Because finfitfiafl attempts to generate

vfirus-specfific CTLs by finjectfion off CCV vfirfions finto aduflt fish were

unsuccessffufl, we fimmunfized gynogenetfic catfish wfith 3×106G14D

ceflfls finffected wfith CCV (G14D-CCV) or the same number off unfinffected

G14D ceflfls and boosted 14 days flater. In contrast to gfinbuna carp,

where cytotoxfic actfivfity was maxfimafl seven days affter booster fim-

munfizatfion (Somamoto et afl., 2000), catfish demonstrated optfimafl

cytotoxfic actfivfity three days affter booster fimmunfizatfion, and dfispflayed

mfinfimafl cytotoxficfity when sampfled at seven days (data not shown).

PBL ffrom two fish fimmunfized wfith G14D-CCV (G-05-6 and G-16-20)
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and two fish fimmunfized wfith unfinffected G14D ceflfls (G-16-5 and G-05-

15) were used as effectors fin cytotoxfic assays targetfing G14D-CCV ceflfls,

unfinffected G14D ceflfls, and an unfinffected aflflogenefic B ceflfl flfine, 3B11

(Ffig. 1). PBLs ffrom fish fimmunfized wfith G14D-CCV ceflfls dfispflayed

marked flysfis off G14D-CCV targets (~50% flysfis at 100:1 effector:target

(E:T) ratfio) and mfinfimafl flysfis off unfinffected syngenefic (G14D) and afl-

flogenefic (3B11) targets (< 20% flysfis at 100:1 E:T ratfio). In contrast,

PBL ffrom fish fimmunfized wfith unfinffected G14D ceflfls showed mfinfimafl

flysfis off aflfl targets. These resuflts suggest that fish fimmunfized wfith

G14D-CCV mounted a specfific ceflfl-medfiated response that targeted

vfirus-finffected, MHC-matched targets, but not unfinffected, MHC-mat-

ched targets, or aflflogenefic ceflfls. The flow flevefl off flysfis off G14D-CCV

targets by PBL ffrom mock fimmunfized fish, as weflfl as the mfinfimafl flysfis

off aflflogenefic targets findficates that NK-flfike actfivfity fin PBL ffrom these

fish fis flow. Coflflectfivefly, these resuflts suggest that PBL obtafined ffrom

fish fimmunfized wfith CCV-finffected G14D ceflfls contafin a popuflatfion off

putatfive CTL effectors that specfificaflfly recognfize CCV-finffected MHC-

matched targets.

Sfince catfish cflonafl NK ceflfls have been shown to possess putatfive

FcμR on thefir surfface (Shen et afl., 2003), we examfined fiff PBL ffrom

G14D-CCV fimmunfized fish exhfibfited an fincrease fin FcμR+ ceflfls com-

pared to G14D fimmunfized fish. Freshfly fisoflated PBL were stafined wfith

antfi-catfish IgM mAb (9E1), or doubfle stafined wfith both antfi-IgL F and

antfi-IgL G mAbs. Together these fisotypes represent 90% off the flfight

chafins assocfiated wfith serum IgM (Lobb et afl., 1984). Lymphocytes that

have passfivefly acqufired IgM vfia an FcμR stafin posfitfive wfith both antfi-

IgL antfibodfies. PBL off naïve fish generaflfly contafin between 4-8%

FcμR+ ceflfls (Shen et afl., 2003). Fflow cytometrfic anaflysfis showed that

G14D-CCV fimmunfized fish dfispflayed an fincrease fin totafl IgM posfitfive

ceflfls compared to mock-fimmunfized fish (SuppflementaflFfig. 2). Among

five G14D-CCV fimmunfized fish 11% off the PBL popuflatfion was FcμR+,

whfifle among five mock fimmunfized catfish onfly 3% were FcμR+ ceflfls

(Ffig. 2). Coflflectfivefly, these data findficate that fimmunfizatfion wfith G14D-

CCV resuflted fin measurabfle antfi-vfirafl cytotoxfic actfivfity fin the PBL

popuflatfion, and that these cytotoxfic ceflfls, flfike catfish NK ceflfls, are

FcμR+.

3.2. In vfitro expansfion off cytotoxfic effector ceflfls

To expand the cytotoxfic ceflfl popuflatfion, PBL ffrom G14D-CCV fim-

munfized fish were co-cufltured wfith firradfiated G14D-CCV fin compflete

catfish medfium suppflemented wfith 5% (v/v) each off 42TA and 28S.3

cuflture supernatants. 42TA and 28S.3 are macrophage and T ceflfl flfines,

respectfivefly, that secrete growth ffactors requfired fforfin vfitroproflfiffera-

tfion off non-autonomous ceflfl flfines. The cufltures were restfimuflated every

seven days wfith firradfiated G14D-CCV, and affter 15 days, expressfion off

TCR and cytotoxfic ceflfl markers were compared between three orfigfinafl

PBL popuflatfions and the resufltfing MLCs. As shown finFfig. 3, expressfion

off constant (C) regfions ffrom aflfl TCR genes, fincfludfing those that were

undetectabfle fin the orfigfinafl PBL popuflatfions, was observed fin aflfl three

MLCs. Thfis resuflt findficates that both αβ and γδ T ceflfls proflfifferated fin

the MLCs. In addfitfion, transcrfipts encodfing membrane-bound IgM were

Ffig. 1. PBL ffrom G14D-CCV fimmunfized fish prefferentfiaflfly flyse CCV-finffected targets.PBL were fisoflated ffrom G14D-CCV and G14D fimmunfized fish three days

affter a booster fimmunfizatfion and used fin 4-h51Cr-reflease assays wfithA,G14D-CCV;B,G14D; andC,aflflogenefic 3B11 target ceflfls. Two fish (G-05-6 and G-16-20)

fimmunfized wfith G14D-CCV and two fish (G-16-5 and G-05-15) fimmunfized wfith G14D are shown. Assays at each effector:target ratfio were perfformed fin trfipflficate. SD

off the trfipflficates never exceeded 2%. Resuflts are representatfive off five fish ffrom each treatment group.
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absent fin aflfl three MLCs affter 15 days off cuflture. In aflfl three MLCs, both

fisofforms off CD4-flfike moflecufles were expressed, whfifle CD8α was absent

and CD8β showed onfly flow flevefls off expressfion. Ffinaflfly, the cytotoxfic

ceflfl markers perfforfin, granzyme, FasL, IFN-γ1, and IFN-γ2 were aflfl

expressed fin MLCs. These resuflts suggest that catfish cytotoxfic effector

ceflfls are flfikefly composed off αβ and weflfl as γδ T ceflfls, and that CD4+

CTL may comprfise the buflk off the CTL effector ceflfl popuflatfion.

We next examfined the abfiflfity off thfis expanded popuflatfion off puta-

tfive CTL effectors to flyse G14D-CCV, G14D, and 3B11 targets (Ffig. 4).

Lysfis off G14D-CCV target ceflfls was fincreased fin aflfl three MLC, wfith an

average off 40% flysfis at a 1:1 E:T ratfio. Thfis vaflue represents an ap-

proxfimatefly 100-ffofld fincrease fin cytotoxficfity compared to ffreshfly fiso-

flated PBL. Surprfisfingfly, fin two off the three MLC, there was aflso an

fincrease fin cytotoxficfity toward aflflogenefic 3B11 targets. Sfince flysfis off

aflflogenefic targets was not detected fin the PBL off any fimmunfized fish,

the observed cytotoxficfity coufld be due to expansfion off efither NK-flfike

effectors or CTL wfith both vfirafl- and/or aflflo-specfificfity. As beffore,

MHC-matched, unfinffected G14D ceflfls were generaflfly not flysed. We aflso

examfined surfface expressfion off IgM, and ffound that ~80%, off the ceflfls

dfispflayed IgM surfface stafinfing (data not shown), aflthough message ffor

IgM was not expressed. These findfings findficate thatfin vfitrocuflturfing off

PBL ffrom G14D-CCV fimmunfized fish resuflt fin expansfion and pro-

flfifferatfion off CTL.

3.3. Cflonfing and phenotypfic anaflysfis off CTL flfines

Affter ffour re-stfimuflatfions fin cuflture, ceflfl flfines were cfloned by flfim-

fitfing dfiflutfion ffrom two findependent MLCs. Nfine ceflfl flfines were cfloned;

sfix were cytotoxfic and were ffurther characterfized. To determfine whe-

ther the cytotoxfic ceflfl flfines were derfived ffrom the same or dfifferent

precursors, the TCR rearrangements ffor each cflone were obtafined by

5′RACE. The three ceflfl flfines fisoflated ffrom the G-05-35 MLC (ET35.1,

ET35.2, ET35.5) expressed fidentficafl TCRα and TCRβ rearrangements,

exhfibfited sfimfiflar cytotoxficfity as measured by51Cr-chromfium reflease

assays, and most flfikefly were derfived ffrom the same precursor. In con-

trast, aflfl three CTL cflones fisoflated ffrom the G-05-56 MLC expressed

fidentficafl TCRγ and TCRδ rearrangements. Two off the cflones, ET56.2

and ET56.13, expressed dfifferent ffunctfionafl TCRα and TCRβ re-

arrangements. However, due to the flack off antfi-catfish TCR antfibodfies

fit fis unknown whether αβ or γδ TCR fis expressed on the surfface off these

cflonafl ceflfls. ET56.17, whfich ffunctfionaflfly rearranged TCR γ and δ, fis the

first γδ T ceflfl flfine estabflfished fin a tefleost fish (Tabfle 1).

We next used RT-PCR to examfine the expressfion off T ceflfl co-re-

ceptors and cytotoxfic effector moflecufles fin each off the ffour CTL wfith

unfique TCR genomfic configuratfions, ET35.1, ET56.2, ET56.13, and

ET56.17 (Ffig. 5A). Aflfl off the CTL flfines fisoflated fin thfis study express the

ceflfl adhesfion and co-receptor moflecufle CD2. However, fin contrast to

most mammaflfian and amphfibfian cytotoxfic T ceflfls, ET35.1 dfid not ex-

press CD4 or CD8 co-receptor moflecufles. Aflfl three ET56 cflones, ET56.2,

ET56.13, and ET56.17, expressed message ffor both CD4-1 and CD4-2,

and dfid not express CD8α or CD8β message. Cflonafl CTL flfines were aflso

Ffig. 2. The percentage off FcμR+ceflfls fis fincreased fin the PBL off G14D-CCV

fimmunfized fish.Freshfly fisoflated PBL were coflflected ffrom five G14D-CCV and

five G14D fimmunfized fish three days affter a booster fimmunfizatfion and stafined

wfith antfi-catfish IgL F (3F12), and antfi-catfish IgL G (11A2) mAbs. The per-

centage off FcμR+ ceflfls was determfined as the percentage off ceflfls present fin the

upper rfight quadrant (See SuppflementaflFfig. 2). The average off the five fish fin

each group fis shown. ***p< 0.0005.

Ffig. 3. Expressfion off TCR and cytotoxfic ceflfl marker genes fin PBL and MLC ffrom G14D-CCV fimmunfized fish.Totafl RNA was extracted ffrom PBL off G14D-CCV

fimmunfized fish three days affter booster finjectfion and ffrom MLC derfived ffrom G14D-CCV fimmunfized fish affter 15 daysfin vfitrocuflture. RT-PCR was perfformed usfing

prfimers specfific ffor each TCR constant (C) regfion, the Igμ heavy chafin as weflfl as the T ceflfl co-receptors CD4-1, CD4-2, CD8, and the cytotoxfic ceflfl markers perfforfin,

granzyme, FasL, and IFN-γ. EF1-α was ampflfified as a posfitfive controfl. Base pafir markers are findficated at rfight. Aflfl PCR products were verfified by sequencfing.
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monfitored ffor expressfion off perfforfin, granzyme, IFN-γ1 and -γ2. Con-

sfistent wfith thefir fidentfity as cytotoxfic flymphocytes, we ffound that aflfl

ffour flfines expressed message ffor these genes wfith the exceptfion off

ET56.13, whfich transcrfibed flfittfle to no message ffor perfforfin (Ffig. 5A).

In addfitfion, each off the antfi-vfirafl cflones was tested ffor the expressfion off

the T ceflfl specfific kfinase, Lck by western bflot. Aflfl ffour ceflfl flfines, as weflfl

as the controfl, TS32.15, express a protefin consfistent wfith the sfize off Lck

(Ffig. 5B). Lastfly, each antfi-vfirafl ceflfl flfine was assayed ffor surfface IgM

stafinfing two days affter stfimuflatfion usfing flow cytometry. Aflfl ceflfl flfines

exhfibfit flow fintensfity surfface IgM stafinfing suggestfing that CTL actfiva-

tfion fis accompanfied by IgM bfindfing (Ffig. 6).

To determfine target specfificfity, each cflonafl ceflfl flfine was tested ffor

cytotoxficfity agafinst CCV finffected G14D and VSV finffected G14D targets

(Ffig. 7). In addfitfion, we aflso tested ffor reactfivfity agafinst aflflogenefic

3B11 B ceflfls and two types off MHC matched syngenefic target ceflfls,

mock-finffected G14D and ET56.10 T ceflfls. G14D fis a flong-term auton-

omous MHC-matched ceflfl flfine estabflfished fin 1999 and ET56.10 fis a

non-cytotoxfic, non-autonomous MHC-matched T ceflfl flfine generated fin

thfis study. The TCR αβ CTL flfine, ET35.1 dfispflayed a hfigh flevefl off cy-

totoxficfity agafinst G14D-CCV targets (71% flysfis at a 10:1 E:T ratfio), but

dfid not flyse aflflogenefic 3B11 targets. G14D-VSV targets and G14D-mock

finffected targets were aflso kfiflfled, aflthough at much flower flevefls (20%

and 10% at a 5:1 E:T ratfios, respectfivefly). Thfis flow flevefl kfiflflfing may be

due to recognfitfion off stress moflecufles expressed on thefir surfface, e.g.

Fas. In comparfison, the hfigh flevefl kfiflflfing off G14D-CCV ceflfls suggests

that ET35.1-medfiated kfiflflfing fis vfirus–specfific. To examfine fiff ET35.1

Ffig. 4. PBL ffrom G14D-CCV fimmunfized fish exhfibfit fincreased cytotoxficfity ffoflflowfingfin vfitrostfimuflatfion.PBL were fisoflated ffrom G14D-CCV fimmunfized fish

three days affter a booster fimmunfizatfion and cufltured wfith firradfiated G14D-CCV ceflfls fin the presence off acycfloguanosfine. Affter 15 days fin cuflture, MLC effectors were

used fin 4 h51Cr-reflease assays wfith G14D-CCV, G14D, and aflflogenefic 3B11 ceflfls target ceflfls. Resuflts ffrom three dfifferent MLC are shown. Assays at each effec-

tor:target ratfio was perfformed fin trfipflficate and standard devfiatfions (SD) never exceeded 2%.

Tabfle 1

TCR gene rearrangements fin cflonafl ceflfl flfines.

Ceflfl flfine α β1 β2 γ1 γ2 γ3 δ

ET35.1 V4J8 none V4D1J30 none none none none

ET56.2 V2J9 V6D1J4 none unproductfive V3J6 unproductfive V1D3D4J1

ET56.13 V2J10 V7D1J14 none unproductfive V3J6 V1J7 V1D3D4J1

ET56.17 none none none unproductfive V3J6 unproductfive V1D3D4J1

G14D ND V4D1J12 none none ND ND V2D1D2D4J1

The TCR α, β, γ, and δ gene rearrangements ffrom the findficated cflonafl catfish CTL flfines were fidentfified by 5′ RACE. Sequences are submfitted to GenBank under the

accessfion numbers: MN313366-MN313378. The accessfion number ffor the G14D TCR Vδ sequence fis HQ913599.

Unproductfive rearrangements are findficated; none findficates not expressed; ND findficates not determfined.
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kfiflfled G14D-CCV ceflfls vfia the caflcfium-dependent perfforfin-granzyme

pathway, a cytotoxfic assay was perfformed fin the presence off 2mM

EGTA. In the presence off EGTA, kfiflflfing was reduced ffrom 71% specfific

flysfis to 31% at a 10:1 E:T ratfio. Vfirus finffected target flysfis was restored

to 63% when 5mM CaCfl2was added back to the cuflture medfium (data

not shown). Together, these findfings demonstrate that ET35.1 kfiflfls not

onfly by the perfforfin and granzyme pathway, but by another mechanfism

as weflfl, e.g. Fas flfigand. Cflone ET56.2, whfich expresses message ffor

rearranged TCR αβγδ exhfibfited a pattern off cytotoxficfity sfimfiflar to that

off ET35.1. ET56.2 shows a hfigh flevefl off cytotoxficfity toward G14D-CCV

targets, and markedfly flower flevefls toward G14D-VSV, G14D, and afl-

flogenefic targets (Ffig. 7). A thfird cflone, ET56.13 was fless cytotoxfic than

the other ceflfl flfines, and flysed both G14D-CCV and 3B11 equaflfly weflfl,

whfifle dfispflayfing reduced kfiflflfing off G14D-VSV and G14D targets. The γδ

T ceflfl flfine, ET56.17 had the hfighest flevefl off cytotoxficfity off aflfl the ceflfl

flfines tested. At the flowest E:T ratfio (1.25:1), ET56.17 cytotoxficfity was

sfimfiflar to that seen wfith ET56.2, fi.e., kfiflflfing off G14D-CCV > G14D-

VSV = 3B11 > G14D. However, at hfigher E:T ratfios (fi.e., E:T = 10)

G14D-CCV, G14D-VSV, and 3B11 were flysed equaflfly weflfl (fi.e., > 80%

flysfis) and at twfice the rate (~40%) off unfinffected G14D ceflfls. None off

the ffour cytotoxfic ceflfl flfines exhfibfited any sfignfificant cytotoxfic actfivfity

toward the syngenefic non-autonomous ET56.10 ceflfl flfine. Coflflectfivefly,

these resuflts findficate that catfish cflonafl CTLs generated ffoflflowfing fim-

munfizatfion wfith CCV-finffected G14D targets dfispflayed dfifferent specfi-

ficfitfies. Two off the CTL flfines prefferentfiaflfly flysed G14D-CCV and de-

monstrated reduced flysfis off G14D-VSV, G14D, and 3B11, whfifle the

other two ceflfl flfines dfispflayed enhanced kfiflflfing off a broader range off

targets.

4. Dfiscussfion

In thfis study, we provfide evfidence that channefl catfish, as other

wfith tefleosts, possess antfi-vfirafl cytotoxfic T flymphocytes. More sfig-

nfificantfly, thfis fis the first report off the cflonfing off vfirus-specfific CTL

flfines fin a tefleost fish. Brfiefly, we devefloped an fimmunfizatfion strategy fin

whfich vfirus-finffected, MHC-matched ceflfls were used to finduce a CTL

response fin catfish. PBL ffrom fish fimmunfized wfith CCV-finffected G14D

ceflfls flysed vfirus finffected targets at more than twfice the rate off PBL ffrom

fish fimmunfized wfith unfinffected G14D ceflfls, and 40% flysfis was routfi-

nefly achfieved at 100:1 E:T ratfios. Furthermore, consfistent wfith the

generatfion off vfirus-specfific CTL, PBL effectors ffrom G14D-CCV fim-

munfized fish spared unfinffected G14D and aflflogenefic 3B11 ceflfls.

Subsequentfly, we demonstrated that CTL effectors coufld be expanded

byfin vfitrocuflture fin the presence off gamma-firradfiated G14D-CCV and

that these expanded effector popuflatfions expressed message ffor TCRα,

β, γ, and δ, CD4-1, and CD4-2, as weflfl as perfforfin, granzyme, FasL,

IFNγ-1 and IFNγ-2 (Ffig. 2). Very flfittfle CD8β message was expressed and

CD8α message was not detected. Moreover, the expanded effector po-

puflatfions flysed G14D-CCV ceflfls 100x more eficfientfly thanex vfivoPBL

fi.e., 40% flysfis was observed at an E:T ratfio off 1:1. However, fin contrast

to resuflts wfithex vfivoPBL, two off the three expanded popuflatfions aflso

flysed 3B11 ceflfls whfich suggested that aflfloreactfive ceflfls were pro-

flfifferatfing. Ffinaflfly, contfinuedfin vfitrostfimuflatfion off the effector ceflfl

popuflatfions aflflowed us to estabflfish a number off cflonafl CTL flfines, ffour off

whfich were characterfized. In contrast to the buflk expanded cufltures,

none off the cflonafl flfines expressed message ffor CD8, finstead three off the

ceflfl flfines, ET56.2, ET56.13, and ET56.17 expressed message ffor both

CD4-1 and CD4-2. In thfis regard they resembfle the catfish Group II

TS32.17 cflonafl CTL, whfich kfiflfls 3B11 ceflfls and severafl aflflogenefic tar-

gets (Edhoflm et afl., 2007). The ffourth cflonafl CTL flfine ET35.1 dfid not

express message ffor efither CD4 or CD8. Thfis fis remfinfiscent off the

prevfiousfly fidentfified Group I TS32.15 CTL flfine, whfich fis strfictfly afl-

floantfigen dependent and onfly kfiflfls 3B11 (Stuge et afl., 2000;Zhou et afl.,

2001). As wfith the aflfloantfigen specfific CTL TS32.15 and TS32.17, cy-

totoxfic assays demonstrated heterogenefity wfith respect to target spe-

cfificfity among the antfivfirafl cflonafl flfines. Whfifle ET35.1 and ET56.2

readfifly flysed CCV-finffected G14D ceflfls, they dfid not kfiflfl 3B11 B ceflfls. In

contrast, ET56.13 and ET56.17 kfiflfled aflflogenefic 3B11 targets as weflfl as

they kfiflfled CCV-finffected G14D ceflfls. In addfitfion, aflfl off the CTL cflones

flysed G14D-VSV ceflfls at a flevefl fintermedfiate to that observed wfith CCV-

finffected G14D ceflfls and mock-finffected G14D ceflfls. Coflflectfivefly, these

resuflts demonstrate that ffoflflowfing G14D-CCV fimmunfizatfion, catfish

respond by producfing vfirus-specfific cytotoxfic T ceflfls. In addfitfion, fim-

munfizatfion wfith G14D-CCV resuflted fin an fincrease fin the percentage off

FcμR+ ceflfls present fin the PBL popuflatfion, and each off the resufltfing

cytotoxfic ceflfl flfines contfinued to dfispflay a putatfive FcμR. Aflthough the

ffunctfionafl sfignfificance off the FcμR on these ceflfls fis unknown, fit may

pflay a rofle fin antfibody-dependent ceflfl-medfiated cytotoxficfity as fin cat-

fish NK ceflfls (Shen et afl., 2003).

Sequencfing off the TCR gene rearrangements off the ffour cflonafl ceflfl

flfines confirmed that they are unfique cflones and provfided finsfight finto

thefir moflecuflar phenotype. Two ceflfl flfines, ET56.2 and ET56.13 have

productfive rearrangements off TCRα, β, γ, and δ genes, and fin the case

off ET56.13, a productfive rearrangement ffor both Cγ2 and Cγ3. Here fit fis

fimportant to note, that the gene rearrangement fidentfified fin the antfi-

vfirafl cflonafl flfines are dfistfinct ffrom the rearrangements expressed by

G14D target ceflfls, and thereffore are not due to contamfinatfion by G14D

RNA (Tabfle 1). It fis aflso fimportant to reaflfize that the genomfic

Ffig. 5. Cflonafl ceflfl flfines express T ceflfl and cytotoxfic ceflfl markers, but do

not express CD8.A, Totafl RNA was extracted ffrom each ceflfl flfine and RT-PCR

was perfformed usfing prfimers specfific ffor the T ceflfl co-receptors CD2, CD4-1,

CD4-2, and CD8 and the cytotoxfic ceflfl markers perfforfin, granzyme, and IFN-γ.

B,Totafl ceflfl flysates (2×106ceflfls/flane) ffrom each ceflfl flfine were anaflyzed by

10% SDS-PAGE under reducfing condfitfions and the separated protefins trans-

fferred to nyflon membranes. Protefins were vfisuaflfized usfing western bflot wfith rat

antfi-trout Lck as the prfimary antfibody and HRP-conjugated goat antfi-rat IgG as

the secondary antfibody. Sfize markers fin kDa are at flefft.
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organfizatfion off the T ceflfl receptor genes fin catfish and fin other tefleost

specfies aflflows ffor the sfimufltaneous rearrangement on mufltfipfle flocfi. For

exampfle, many tefleost specfies, fincfludfing the catfish, have theTRAand

TRDgene flocfi flfinked to each other fin an finverted orfientatfion. Thus,

rearrangement offTRAdoes not precflude rearrangement offTRD(Ffischer

et afl., 2002;Schorpp et afl., 2006).In contrast, fin humans and mfice, aflfl

TRDgenes are ffound wfithfin theTRAflocus and are fin the same tran-

scrfiptfionafl orfientatfion as theTRΑgenes. As a consequence,TRAre-

arrangements resuflt fin defletfion off theTRDflocus. Aflso, sfince the catfish

TRGflocus contafins tandem dupflficatfions off Vγ-Jγ-Cγ, more than one

rearrangement can occur on each chromosome (Mouflana et afl., 2014).

In the ET56.13 cflonafl ceflfl flfine, productfive rearrangements occur ffor

both Cγ2 and Cγ3; however, whether both Cγ2 and Cγ3 are expressed

on the ceflfl surfface cannot be determfined untfifl specfific Cγ2 and Cγ3

mAbs become avafiflabfle. Interestfingfly, fin humans, between 1-6% off γδ T

ceflfls express two ffunctfionafl TCRγ chafins on thefir ceflfl surfface

(Davodeau et afl., 1993). Aflso, studfies fin mfice findficated that 10% off γδ T

ceflfls rearrange two ffunctfionafl TCRγ chafins, aflthough onfly one γ chafin

was expressed at the ceflfl surfface (Boucontet et afl., 2005).

Even though ET56.2 and ET56.13 have fidentficafl rearrangements off

TCR Cγ2 and TCR δ, they dfiffer fin thefir target specfificfitfies. ET56.2, flfike

ET35.1 whfich expresses an αβTCR, specfificaflfly kfiflfls G14D-CCV, does

not flyse aflflogenefic B ceflfls, and exhfibfits a flow flevefl off cytotoxficfity to-

ward G14D-VSV and G14D targets. Thfis pattern off cytotoxficfity suggests

that ET35.1 and ET56.2 are αβ CTL that kfiflfl fin an MHC-restrficted

ffashfion. However, ffurther studfies are needed to confirm thfis hypothesfis.

In contrast, ET56.13, flfike the γδ T ceflfl flfine ET56.17, fis fless specfific and

kfiflfls both aflflogenefic 3B11 B ceflfls and G14D-CCV targets. Thereffore, fit fis

flfikefly that ET56.13 and ET56.17 recognfize thefir targets fin an MHC-

unrestrficted manner. Overaflfl, ET56.17 exhfibfited the hfighest degree off

cytotoxficfity and aflso flysed G14D-VSV targets eficfientfly. Thus, ET56.17

fis sfimfiflar to human γδ T ceflfls, whfich flyse aflflogenefic and vfirus-finffected

syngenefic targets. For exampfle, TCR γδ T ceflfls ffrom HSV seroposfitfive

findfivfiduafls were shown to flyse both autoflogous HSV- and vaccfinfia

vfirus-finffected targets, as weflfl as aflflogenefic Daudfi ceflfls, but not mock-

finffected autoflogous PBMC (Bukowskfi et afl., 1994). We note that the γδ

ET56.17 showed robust kfiflflfing off aflflogenefic 3B11 targets and the flong-

term autonomous MHC-matched G14D target ceflfls, whereas cytotoxfi-

cfity towards the non-autonomous ET56.10 MHC-matched T ceflfl flfine

generated fin thfis study was flow. It may be that catfish γδ T ceflfls re-

cognfize moflecufles present on both vfirus-finffected ceflfls and stressed

ceflfls, anaflogous to the recognfitfion off MICA and MICB by mammaflfian γδ

T ceflfls (Bauer et afl., 1999).

Notabfly, the catfish CTL popuflatfion was domfinated by CD4 effec-

tors, aflthough CD4-/CD8-effectors were aflso detected. Thfis findfing fis fin

contrast to what fis observed fin other fish (carp, trout, and grouper) and

fin the amphfibfianXenopus flaevfiswhere CTL effectors are CD8+ (Chang

et afl., 2011;Morafles and Robert, 2007;Nakanfishfi et afl., 2011;

Somamoto et afl., 2009,2014;Tajfimfi et afl., 2019;Toda et afl., 2011). In

the gfinbuna crucfian carp however, fit was observed that the CD8-de-

pfleted ffractfion off perfipherafl bflood flymphocytes ffrom crucfian carp he-

matopofietfic necrosfis vfirus (CHNV)-finffected fish exhfibfited hfigher flevefl

off cytotoxficfity agafinst syngenefic CHNV-finffected targets when com-

pared to CD8+CTLs (Somamoto et afl., 2013). Though fit fis not known fiff

the CD8-depfleted ffractfion contafined any CD4+CTLs or fiff NK ceflfls were

responsfibfle ffor the observed cytotoxficfity. In thfis study, aflfl three ceflfl

flfines cfloned ffrom the G-05-6 MLC expressed message ffor CD4-1 and

CD4-2. Whfifle fit fis somewhat surprfisfing that the γδ T ceflfl flfine ET56.17

expressed CD4 message, CD4+ γδ T ceflfls have been fidentfified fin pfigs

(Sfinkora et afl., 2005,2007). In contrast, CD4+ γδ T ceflfls are rare fin

humans, fi.e. the majorfity off human γδ T ceflfls are CD4-CD8-(Vfictor and

Konfing, 1990;Zfiegfler et afl., 2014). Thfis prefferentfiafl expressfion off CD4

Ffig. 6. Cflonafl CTL generated ffrom G14D-CCV

fimmunfized fish exhfibfit surfface IgM stafinfing.

Each ceflfl flfine was anaflyzed ffor surfface IgM

stafinfing two days affter stfimuflatfion wfith firra-

dfiated G14D-CCV usfing flow cytometry.

Hfistogram off IgM stafinfing (outflfined fin bflack) fis

shown. Stafinfing wfith the fisotype controfl antfi-

body 1.14 fis outflfined fin gray.
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was not unfique to the G-05-6 MLC sfince MLCs generated ffrom G14D-

CCV fimmunfized fish (G-05-36, G-05-1, and G-16-14) aflso dfispflayed

fincreases fin CD4-1 and CD4-2. In comparfison, CD8β message flevefls

were flow fin aflfl off the MLCs and CD8α message was not expressed.

Whfifle CD4+ CTL have offten been assocfiated wfith flong-termfin vfitro

cuflture off CTL (Fflefischer, 1984;Lukacher et afl., 1985), fit fis weflfl es-

tabflfished that CD4+ CTL are present fin the perfipherafl bflood off fin-

dfivfiduafls wfith chronfic vfirafl finffectfions such as HIV-1 (Appay et afl.,

2002;Zaunders et afl., 2004) and human cytomegaflovfirus (Appay et afl.,

2002). Sfince many vfiruses fincfludfing EBV, CMV, and herpes vfiruses

downreguflate MHC I expressfion to escape CD8 CTL medfiated fim-

munfity, fit has been specuflated that CD4 CTL may flyse target ceflfls fin a

MHC cflass II dependent manner (Takeuchfi and Safito, 2017). In thfis

regard, fit shoufld be noted that we prevfiousfly demonstrated that surfface

MHC expressfion on G14D ceflfls fis unaffected by CCV finffectfion (Tayflor

et afl., 2015). Thereffore, even though fit has been suggested that CCV,

sfimfiflar to other herpesvfiruses, estabflfishes flatency fin fish that survfive a

prfimary finffectfion (Gray et afl., 1999), we do not beflfieve that chronfic

vfirafl finffectfion aflone fis responsfibfle ffor the prevaflence off CD4+ CTL and

flack off CD8+ CTL fin thfis study.

Understandfing the rofle off CD8 fin the channefl catfish has been

chaflflengfing ffor a varfiety off reasons.Qufinfiou et afl. (2011)showed that

catfish CD8α and CD8β were expressed at thefir hfighest flevefls fin the

thymus off two month ofld catfish, and were onfly expressed at flow flevefls

fin flymphofid tfissues off aduflt fish. Consfistent wfith that observatfion,

nefither group I nor group II cflonafl aflfloantfigen-specfific CTL flfines ex-

pressed CD8, whereas group II CTL expressed both CD4-1 and CD4-2

(Stuge et afl., 2000;Zhou et afl., 2001;Edhoflm et afl., 2007). Moreover,

Qufinfiou et afl. (2011)aflso showed that the cytopflasmfic tafifls off catfish

CD8α and CD8β flack the consensus Lck bfindfing motfiff that fis necessary

ffor finfitfiatfing T ceflfl sfignafl transductfion, whfifle CD4-1, CD4-2 and CD2

each express the Lck bfindfing motfiff. Furthermore,fin vfitrobfindfing assays

demonstrated that the cytopflasmfic tafifls off catfish CD4-1, CD4-1 and

CD2 reproducfibfly bound recombfinant catfish Lck, whereas catfish

CD8α and CD8β were unabfle to bfind Lck (Tayflor et afl., 2015). We

beflfieve that thfis ffafiflure off Lck to bfind CD8 provfides a reasonabfle ex-

pflanatfion ffor the apparent absence off CD8+ CTL and the prevaflence off

CD4+ CTL fin catfish. That catfish CD2, flfike mammaflfian CD2, was abfle

to bfind Lck aflso offers an expflanatfion ffor how T ceflfl sfignafl transductfion

fin CD4-CD8-CTL flfines, e.g. ET35.1 and TS32.15, can be finfitfiated.

We have aflso used thfis modefl off homozygous gynogenetfic fish and

the cflonafl MHC-matched G14D T ceflfl flfine to study catfish antfivfirafl

cytotoxfic ceflfl responsesfin vfivo(Tayflor et afl., 2016). In the 2016 study,

we took advantage off the mAb antfibody CC41, whfich fis specfific ffor a

subset off fimmunoreguflatory receptors termed fleukocyte fimmune-type

receptors (LITRs) expressed on catfish group I and group II CTL, and on

NK ceflfls. Usfing magnetfic ceflfl sortfing and cytotoxfic assays, fit was cflearfly

demonstrated that CC41+ PBL obtafined ffrom a G14D-CCV fimmunfized

fish were responsfibfle ffor the flysfis off G14D-CCV targets. Addfitfionaflfly,

flow cytometry anaflysfis usfing mAb CC41 showed that the percentage off

Ffig. 7. Dfifferentfiafl cytotoxficfity off cflonafl CTL flfines.Each catfish CTL flfine was tested ffor cytotoxficfity fin51Cr-reflease assays usfing G14D-CCV, G14D-VSV, G14D-m,

3B11, and ET56.10 ceflfls as targets. Data show the mean ± SD off three findependent experfiments ffor each ceflfl flfine.
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CC41+ ceflfls sfignfificantfly fincreased fin fish on day 5 affter prfimary fim-

munfizatfion wfith G14D-CCV (25% vs 5%), and on day 3 affter booster

fimmunfizatfion (36% vs 9.5%), compared to controfl fish finjected wfith

mock-finffected G14D. Furthermore, when CC41 posfitfive PBL coflflected

three days affter booster fimmunfizatfion were phenotypficaflfly character-

fized by RNA flow cytometry, they were shown to express CD3γδ, per-

fforfin, CD4-1 and CD4-2 (Tayflor et afl., 2016). Combfined, the data de-

monstrated that the ceflfl popuflatfion responsfibfle ffor kfiflflfing CCV finffected

ceflfls fin fimmunfized fish was domfinated by CD4+ CTL.

The current study has demonstrated the ffeasfibfiflfity offfin vfitrocufl-

turfing and cflonfing off antfivfirafl cytotoxfic ceflfls and aflflowed us to examfine

the target specfificfity and phenotype off findfivfiduafl cflones. Taken to-

gether, our resuflts findficate that catfish antfi-vfirafl cytotoxfic T ceflfls are

heterogeneous and fincflude CD4+ γδ T ceflfls. Ffinaflfly, the generatfion off

flong-term, cflonafl antfi-vfirafl CTL flfines permfits a more detafifled anaflysfis

off pfiscfine cytotoxfic T ceflfls fincfludfing thefir target ceflfl recognfitfion me-

chanfism(s) and fincreases our understandfing off ceflfl-medfiated fimmunfity

fin tefleosts.
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