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Characterization and Expression of Three Immune-Related 

ORFs from Cyprinid Herpesvirus 3 (CyHV3) 
 
 
 
ABSTRACT 
 
 
 Cyprinid herpesvirus 3 is a recently recognized species in the family 

Alloherpesviridae (order, Herpesvirales) representing an emerging group of viruses 

found as the cause of epidemic mortality in cultured and wild populations of common 

carp and koi.  Cyprinid herpesvirus 3 (CyHV3) is a large double stranded DNA virus 

with a genome of approximately 295 kbp with 156 unique open reading frames (ORFs).  

A total of 15 core genes of CyHV3 have homologs found in the related ictalurid 

herpesvirus 1 (IcHV1).  Among the newly identified nonconserved ORFs of CyHV3 are 

three putative immune-related genes that may provide interesting insights into  potential 

immunomodulatory functions as related to the severity of the disease induced by CyHV3.  

Furthermore, an understanding of these putative gene functions may improve our 

understanding of  host (carp) antiviral immune responses that have yet to be described.  

The series of studies represents the initial characterization and expression of ORFs 4, 12, 

and 134 from CyHV3 that share homologies, respectively, with three key 

immunomodulatory genes, two tumor necrosis factor receptor superfamily members 

(TNFRSF) TNFRSF-14 and TNFRSF-1b, and the cytokine interleukin-10.   
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 Rapid amplification of cDNA ends and subsequent amplification of mRNA with 

primers designed to the untranslated regions from CyHV3 infected KF-1 cells produced 

transcripts that were not spliced for ORFs 4 and 12.  The c-terminal portion of ORF 4 and 

entire cDNA sequence of ORF 12 shared highest amino acid identities to counterpart 

homologs belonging to the murinae subfamily at 26.4 % for ORF 4, and 30.6 % for  

ORF 12.  The coding sequences for both CyHV3 ORFs aligned with the cysteine rich 

domains, which are the hallmark of TNFRSF family members.  Taqman real-time PCR 

detected a significant increase in transcription for both ORFs from KF-1 between 6 h and 

6 d post CyHV3 infection.   Both TNFRSF-like homologs when exposed to 

cycloheximide and phosphonoformic acid indicated delayed-early transcription kinetics.  

Polyclonal antibody from genetically immunized mice detected expressed proteins of 

approximately 38 kDa and 16 kDa for ORFs 4 and 12 preferentially in the cell lysates of 

293T and a 38 kDa ORF 4 protein band from cell lysates of infected koi fin (KF-1) cells 

by western blotting.  

 ORF 134 is encoded by two exons and shares 20.4 % amino acid identity to koi 

IL-10.  Transcription of this viral homolog is also significantly increased (p < 0.05) from 

KF-1 cells between 6 h and 6 d post CyHV3 infection.  Administration of cycloheximide 

and phosphonoformic acid to infected KF-1 cells in vitro indicated delayed-early 

transcription kinetics as assayed by real-time PCR.  Successful CyHV3 and koi IL-10 

expression in mammalian cell lines as c-terminal 6x HIS tagged constructs was detected 

by the presence of approximately 21 - 25 kDa proteins for CyHV3 IL-10 and 18 kDa for 

koi IL-10 in supernatants of transfected cells.  Western blotting with rabbit polyclonal 

antibodies to bacterial expressed c-terminal 6x HIS tagged CyHV3 IL-10 protein detected 
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a prominent 18 kDa viral IL-10 band from the supernatant of CyHV3 infected but not 

uninfected KF-1 cells.  Compared to koi IL-10, mammalian expressed viral IL-10  

may have the ability to suppress koi TNF α 1 and 2 mRNA transcription and increase 

TNF α 3 transcription from LPS exposed head kidney macrophage suspensions.  

 Evaluation of the 5.8S, 18S, and 28S as candidate housekeeping genes in CyHV3 

KF-1 infected cells exposed to cycloheximide and phosphonoformic acid was conducted. 

The 18S gene was chosen as the most suitable for the real-time PCR evaluation of 

transcription kinetics of CyHV3 ORF 4, 12, and 134 using the comparative delta delta Ct 

method. The use of the 18S gene for normalization of Ct values obtained from CyHV3 

infected KF-1 cells under the conditions of this study should be applicable to examine 

temporal regulation of transcripts from other CyHV3 ORFs which have yet to be 

characterized. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 vi

TABLE OF CONTENTS   
 
 
Title page  ……………………………………………………………………i 
 
Acknowledgments ……………………………………………………………………ii 
 
Abstract  ……………………………………………………………………iii 

 
Table of Contents ……………………………………………………………………vi 
 
List of Figures  ...…………………………………………………………………vii 

 
Introduction  …………………………………………………………………….1 

 
Literature Review …………………………………………………………………….2 
            
Chapter 1   Characterization and Expression of the Cyprinid herpesvirus 3        17  

(CyHV3) IL-10-like ORF 134       
 Abstract      ………………………………………...17 
 Introduction      ………………………………………...18 
 Materials and Methods   …………………………………….…..19 
 Results       ………………………………………...37 
 Discussion      ………………………………………...44 
 Literature Cited     ………………………………………...53 

       
Chapter 2  Characterization and Expression of the Cyprinid herpesvirus 3        71 

(CyHV3) TNFRSF-like members ORFs 4 and 12 
 Abstract      ………………………………………...71 
 Introduction      ………………………………………...72 
 Materials and Methods   ………………………………………...73 
 Results       ………………………………………...85 
 Discussion      ………………………………………...90 

   Literature Cited     ………………………………………...96 
 

Chapter 3 Examination of 5.8S, 18S, and 28S as candidate housekeeping      111 
  genes for real-time transcription analyses of CyHV3 exposed to  
  CHX (cycloheximide) or PFA (phosphonoformic acid) in vitro 

Abstract       …………………………………….…111 
Introduction       ……………………………………….111 
Materials and Methods    ……………………………………….113 
Results             ...……..………………………………118 
Discussion       .………………………………………120 

   Literature Cited      …………………………….…………124
   

Conclusions  ……………………………….……………………………….…130 



 vii

 
LIST OF FIGURES   
 
Chapter 1 
 
Table 1.1  Primer and probe sequences       57  
Figure 1.1 Multiple alignment of CyHV3 and Koi IL-10   59 
Table 1.2 Amino acid identities of CyHV3 and Koi IL-10   60 
Figure 1.2 Unrooted Phylogenetic Tree of CyHV3 and Koi IL-10  61 
Figure 1.3 Hydropathy plots of CyHV3 and Koi IL-10    62 
Figure 1.4 Log10 fold transcription of CyHV3 IL-10 from 6 hours   63 

to 6 days 
Figure 1.5 Log10 fold transcription of CyHV3 IL-10 exposed to   64 

CHX and PFA     
Figure 1.6 pND-IL-10 expression in Telo-Rhesus Fibroblasts   65 
Figure 1.7 Western blots of transfected and native CyHV3 IL-10  66 
Figure 1.8 Log10 fold transcription of Koi TNF α 1 - 3 exposed to pND 69 

expressed CyHV3 and  Koi IL-10 
 
Chapter 2 
 
Table 2.1 Primer and probe sequences       99  
Figure 2.1 Coding sequence of ORF 4 and multiple alignments of   100 

ORF 4 and 12 
Table 2.2  Amino acid identities of ORF 4 and 12    103 
Figure 2.2 Hydropathy plots of ORF 4 and 12     104 
Figure 2.3 Log10 fold transcription of ORF 4 and 12 from 6 hours             105  

to 6 days 
Figure 2.4 Log10 fold transcription of ORF 4 and 12 exposed to             106 

CHX and PFA 
Figure 2.5 pND-ORF4 and pND-ORF 12 expression in Telo-Rhesus   108 

Fibroblasts 
Figure 2.6 Western blots of transfected and native ORF 4 and 12  109 
 
 
Chapter 3 
 
Table 3.1 Primer and probe sequences      127 
Figure 3.1 cDNA samples exposed to CHX and PFA    128 
Figure 3.2 Raw Ct values of 5.8S, 18S, and 28S     129 
 
 
 
 
 



 

 

1

 
INTRODUCTION 

 

 Worldwide attention to a serious disease resulting in mass mortalities of koi 

(Cyprinus carpio koi) and common carp (Cyprinus carpio carpio), started in 1998 as 

outbreaks occurred in Israel, the mid-Atlantic region of the USA, and in Germany.  All 

levels of the industry were affected as fish died from farms, retail facilities, and private 

owners.  The rapid spread and ability of this disease to infect koi of all ages prompted 

investigations to identify the etiological agent.   Koi associated with these outbreaks were 

sent to our laboratory.  Electron micrographs from host tissue revealed virions with 

characteristic herpesvirus size and architecture (Hedrick et al. 2000) and the pathogen 

was referred to as koi herpesvirus (KHV).  Another designation shortly followed from 

studies by Ronen et al. (2003) in Israel who preferred the term carp nephritis and gill 

necrosis virus (CNGV).    

 The development of the koi fin (KF-1) cell line and the successful propagation of 

KHV allowed further molecular analyses and infection studies.  Recent sequencing of the 

entire genome (Aoki et al. 2007) and selected genes from two other cyprinid 

herpesviruses, cyprinid herpesvirus 1 (CyHV1) and cyprinid herpesvirus 2 (CyHV2) 

from common carp and goldfish, respectively, indicates that KHV represents a third  

virus in this assemblage best designated as cyprinid herpesvirus 3 (CyHV3)  

(Waltzek et al. 2005).    

 Of particular interest to the current studies was the presence of three  

immune-related CyHV3 genes, ORFs 4 and 12 with apparent amino acid sequence 

homologies to TNFRSF members and ORF 134, a viral interleukin-10 homolog  



 

 

2

(Aoki et al. 2007).  Understanding of fish immunology and its specific components has 

improved vastly within the past few years with the discovery, sequence characterization, 

and tissue expression of many immune-related genes bearing similarities to counterparts 

found in endothermic vertebrates (Savan and Sakai 2006, Randelli et al. 2008).  Detailed 

functional analyses of components and signaling pathways of the fish immune system are 

still forthcoming.  The recent sequencing of the CyHV3 genome provides the opportunity 

to investigate specific open reading frames and their involvement in the pathogenesis of 

viral infections in koi and common carp.  The characterization of these immune related 

viral genes may also provide unique insights into the evolution and emergence of CyHV3 

compared to other herpesviruses as well as uncovering potential vaccine applications to 

stem the spreading negative global impacts of the virus on cultured and wild populations 

of koi and common carp.       

 

LITERATURE REVIEW    

 

Herpesviruses 

 

 The Herpesvirales represents a very large order of at least 130 DNA viruses that 

infect vertebrate and at least one invertebrate hosts (Davison et al. 2009).  The current 

taxonomic classification divides members into three families, the Herpesviridae 

representing viruses found in mammals, birds and reptiles, the Alloherpesviridae   

from fish and amphibians and the Malacoherpesviridae from bivalve mollusks  
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(Davison et al. 2009).  The common structural architecture that unifies viruses grouped in 

the Herpesvirales (herpesviruses) is the approximately 100-110 nm diameter 

icosadeltahedral capsid that is surrounded by a protein tegument layer and an envelope of 

glycoprotein spikes.  Housed within the capsid is the linear double stranded DNA 

genome and associated proteins constituting the core of the virion (Minson et al. 2000).  

 The genomes of mammalian and bird herpesviruses range from 133 kbp for 

bovine herpesvirus 2 to 248 kbp for human herpesvirus 5.  Arrangement of the genome 

can consist of one long continuous DNA or it may additionally contain regions of 

repeated sequences, which occur at the terminal ends or internally within the DNA, 

dividing the genome into separate regions of nonrepeated sequences.  The segments  

of repeated regions can be arranged as direct repeats or in inverted orientation and  

may be composed of numerous smaller reiterations or larger 100 bp repeats  

(Roizman and Pellett 2001).  Of the 70 - 200 open reading frames described from 

mammalian and bird herpesviruses, approximately 40 of them are conserved and 

arranged in 7 gene blocks.  These encode for proteins involved in viral replication, 

nucleic acid metabolism, protein processing, or consist of virion structural components 

(Minson et al. 2000). 

The host range of individual viruses tends to be restricted, suggesting an intimate 

co-evolutionary adaptation with their hosts (Davison 2002).  Herpesviruses usually cause 

severe infections when the immune system is compromised, undeveloped, or a 

herpesvirus inadvertently infects the wrong host (human infection with cercopithecine 

herpesvirus 1) (Huff and Barry 2003).  Transmission occurs vertically or horizontally and 

can disseminate via aerosols or contact with bodily fluids or tissues containing infectious 
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virions excreted by the host. Upon entry into target cells by interaction with specific host 

cell receptors, lytic replication ensues within the nucleus, followed by egression and 

spread of the herpesvirus.   In humans, clinical manifestations can be asymptomatic or 

range, in addition to common symptoms of general malaise, from cutaneous lesions 

(human herpesvirus 1, 2, 3, 6, 7, and 8) to a variety of inflammatory and proliferative 

(cancerous) responses (human herpesvirus 4, 5 and 8) (Smith 1994, Whitley 2001, 

Kruegar and Ablashi 2003, Ward 2005, Horenstein et al. 2008).  Latency is another 

feature of herpesviruses, where only a small subset of viral genes are expressed until 

viruses are once again reactivated.  

 

Cyprinid herpesvirus 3 (CyHV3) 

 

 Investigations by our laboratory in September 1998 of koi tissues from   

epidemics in USA and Israel confirmed CyHV3 as the etiological agent.  Development of 

the KF-1 cell line allowed isolation and characterization of the virus both in vitro and 

in vivo.  Examination of infected gill and liver by electron microscopy revealed virions 

approximately 180 - 230 nm in diameter.  The micrographs also depicted nucleocapsids 

110 nm in diameter surrounded by a tegument and envelope layer (Hedrick et al. 2000, 

Hedrick et al. 2005).  Sequencing of three CyHV3 strains (Japan, Israel, and USA) by 

Aoki et al. (2007) resulted in genomes of approximately  295 kbp.  Each end contains a 

direct terminal repeat of 22 kbp with 8 open reading frames.  The intervening unique 

sequence is composed of 148 ORFs.  There are 15 genes that show homology to the 

channel catfish virus, IcHV1, encoding for products believed to be involved in nucleotide 
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metabolism, DNA replication and packaging, and virion structural components.  Among 

the nonconserved ORFs are putative immune-related genes, a variety of enzymes  

(e.g. kinases, proteases, and others), glycoproteins, and some of unknown function.  

Phylogenetic analyses of ORFs encoding for helicase, DNA polymerase, an 

intercapsomeric protein, and the major capsid protein demonstrate that CyHV3 is more 

closely related to cyprinid herpesvirus 1, which causes lethal systemic disease in young 

common carp and koi, and the goldfish hematopoietic necrosis virus, cyprinid 

herpesvirus 2, than to IcHV1  (Waltzek et al. 2005).  Evolutionary analyses of CyHV3 

with other fish and amphibian herpesviruses are currently underway to further refine their 

phylogenetic relationship (Waltzek et al. 2009, in press).  

   CyHV3 can cause high mortalities of between 85 % - 100 % in both young  

and adult common carp and koi at permissive temperatures between 17 - 28 °C  

(Gilad et al. 2003, Ilouze et al. 2006).  Infection trials of koi by intraperitoneal (i.p.) 

injection or bath exposure resulted in behavioral changes such as loss of appetite and 

lethargy 3 - 4 days post-exposure (dpe), disequilibrium at ~ 4 dpe, followed by 

respiratory distress and death 3 - 4 days after these initial signs.  Early involvement of the 

epidermis of the skin and gills is suggested by focal to more diffuse discolorations and 

hyper secretion of mucus that can cloud the water in ponds or tanks during acute episodes 

of CyHV3 infection (Hedrick et al. 2005).  At 23 °C, gill pathology (hyperplasia, 

necrosis, fusion of secondary lamellae) was more prominent in bath exposed versus koi 

injected i.p. with the virus, suggesting that the virus initially replicates in the gills and 

spreads systemically to the main internal target organs, the kidney and spleen, which may 

result in organ enlargement and cellular necrosis.  Liver, intestine, brain and heart may 
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also be involved during infection with evidence of individual cell and more focal necrosis 

with virus-infected cells demonstrating swelling of the cytoplasm and the nucleus  

which may demonstrate a pronounced margination of chromatin (Hedrick et al. 2000).  

Sampling of experimental bath exposed koi with CyHV3 by taqman real-time PCR was 

able to detect viral DNA in target organs and mucus as early as 1 dpe and persistence of 

virus at lower copy numbers up to 64 dpe (Gilad et al. 2004).  Detection of virions by 

electron microscopy in circulating white blood cells observed in the gills suggests a 

potential route by which the virus reaches internal target organs (Hedrick et al. 2000, 

Pikarsky et al. 2004).  Recent work by Costes et al. (2009) through the use of a bacterial 

artificial chromosome CyHV3 construct with a luciferase cassette supports the role of the 

skin as a major portal of virus entry.   In addition to carp actively shedding virus, 

reservoirs of infection or vectors suggested for CyHV3 between outbreaks include carp 

and goldfish carriers as well as fish droppings (Dishon et al. 2005, El-Matbouli et al. 

2007). Genes transcribed during latency have yet to be described for CyHV3, but 

permissive temperature plays a major role in infection and appears to be associated with 

reactivation of persistent virus or viral transcription. Reactivation of CyHV3 from 

common carp survivors was demonstrated several months after the first outbreak and 

coincided with water temperatures rising above permissive levels (St-Hilaire et al. 2005).  

The authors indicate that a naïve population was not required for reactivation of the 

persistent virus.  These results were also in agreement with the findings of Dishon et al. 

(2007) that demonstrated viral replication and gene transcription halted at a 

nonpermissive temperature (30 °C) but reactivation of gene transcription occurred when 

the infected common carp brain (CCB) cell line was shifted back to 22 °C.   
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 Detection methods currently available for CyHV3 or to its exposure  

include at least 7 PCR tests, taqman real-time PCR, loop-mediated isothermal 

amplification (LAMP), and at least 2 enzyme-linked immunosorbent assays (ELISA)  

(Ronen et al. 2003, Gilad et al. 2004, Adkison et al. 2005, Hedrick et al. 2005 and  

refs. therein, El-Matbouli et al. 2007).  Prevention measures are handled by quarantine, 

killing infected carp, and disinfection of equipment or housing facilities.  The use of 

temperature manipulation has also been used by producers to increase anti-viral 

immunity or survival of CyHV3 exposed fish (Gilad et al. 2003, Ronen et al. 2003).  

Vaccine studies thus far have concentrated on the use of attenuated CyHV3 isolates 

(Ronen et al. 2003, Perelberg et al. 2005). 

 

 
An Overview of Immunomodulation by Mammalian Herpesviruses During Primary 

Infection and Comparisons to Anti-viral Immunity in Teleosts 
 
  

The evolutionary pressures for a virus to survive the complex defenses of the host 

immune system are evident in the numerous immune-related homologs that have been 

identified in members of the Herpesvirales (Raftery et al. 2000).  The large genomes of 

herpesviruses (and poxviruses) allow for genes that are not required for viral replication 

(Haig 2001). Herpesviruses encode for gene products that can counteract both innate and 

adaptive immune responses of the host to facilitate replication, dissemination, and 

persistence.  Interestingly, the viral immune homologs studied from mammalian 

herpesviruses demonstrate the unique relationship each virus has with its host as the gene 

products appear to immunomodulate aspects of the immune system that, left unchecked, 
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would negatively impact the particular life cycle of the virus (Haig 2001 and refs. 

therein).  The following gives an overview of innate and adaptive immunity.  For each 

arm of the immune response, mammalian defenses are covered first with examples of 

immunomodulation by mammalian herpesviruses.  Putative immune counterparts that 

may have a role in teleost anti-viral immunity follow next as comparisons.       

 The first encounter with host immune defenses involves components of the innate 

immune system that are non-antigen specific and important during the first hours of 

infection.  In mammalian hosts, after overcoming anatomical barriers such as the skin, 

mucus produced by mucous membranes, and entry into target cells, herpesviruses are 

subject to an onslaught of inflammatory cytokine production, complement activation, 

apoptotic responses, and the activation of macrophages and natural killer cells  

(Kuby 1997, Haig 2001, Abbas and Lichtman 2005).  Initially, inflammatory cytokines 

(IL-1, TNF, IFN-type 1) and chemokines (IL-8) are produced by infected cells to 

promote vascular permeability,  recruitment of effector proteins (complement, antibodies) 

and inflammatory cells (natural killer cells and macrophages).  Natural killer (NK) cells 

are important in recognizing and killing host cells infected by intracellular viruses, which 

usually leads to a downregulation of MHC class I receptors.  Macrophages once activated 

can phagocytose virus or virus-infected cells.  IFN γ production by NK and IL-12 and 

TNF α by macrophages can stimulate each other’s activities and maintain inflammatory 

responses (Haig 2001, Ellerman-Eriksen 2005).   

 Mammalian herpesviruses immunomodulate the innate immune system by  
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co-opting communication signals and subsequent effector responses or functions of host 

immune components.  The following demonstrates just a few examples of such 

immunomodulation (reviewed in Evans 1996, Tortorella et al. 2000, Haig 2001,  

Alcami et al. 2002, Vossen et al. 2002). Virally encoded ORF products exert their effects 

extracellularly by binding inflammatory cytokines such as the macrophage colony 

stimulating factor (EBV, BARF1), chemokines (MHV68, M3), or complement proteins 

(HSV1, glycoprotein gC1).  Mimicry is another mechanism as seen by imitation of host 

cell receptors (KSHV, ORF 74; HCMV US27, US28, and UL33, all viral chemokine 

receptors), chemokines (HHV6, U83), and cytokines (HHV8, K2 an IL-6 homolog).  

Interfering with apoptosis (HHV8, K13; HCMV, UL37; EBV, LMP1), interferon 

signaling (HSV, US11; HHV8, IRF), or inhibiting natural killer cell activity as an MHC 

class I homolog (HCMV, UL18; MCMV, m144) are other strategies to avoid innate 

immune defenses.   

In fish, mucus is an important first defense barrier covering the skin, gills and gut.  

It is sloughing continuously to deter pathogens (Roberts 2001).  Complement, 

inflammatory cytokines (IL-1, TNF α, IL-8, IFN-type1, IFN γ, and IL-12), macrophages, 

and natural killer-like cells are also present in the repertoire of the innate immune 

responses in fish (Roberts 2001, Savan and Sakai 2006).  The innate immune response 

may be more important in fish than endothermic vertebrates due to the temperature 

dependent nature of the specific immune response.  The response may occur weeks after 

primary exposure to a pathogen that may be capable of causing deaths in a matter of days 

(Ellis 2001).  Additionally, in poikilothermic vertebrates, antibody affinity maturation  
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and memory, and lymphocyte proliferation are slower compared to homeotherms  

(Whyte 2007).   

 Bridging the innate and adaptive (antigen specific) arms of the immune response 

in mammals, are the dendritic cells (DC) which comprise < 1 % of lymphoid cells and 

can be broadly classified as conventional or plasmacytoid DCs (Masson et al. 2008).  

Conventional DCs can migrate from peripheral skin and mucosal tissues into regional 

lymph nodes, remain as residents in lymphoid organs, or differentiate into monocyte-

derived DCs in response to inflammatory signals in tissues.  Plasmacytoid DCs can 

rapidly produce type I interferons to limit viral infections.  After infection by viruses or 

coming into contact with exogenous viral antigens from host infected cells, DCs can 

present antigens to naïve T and B cells with the help of other stimulatory signals in 

segregated areas of lymph nodes. Antigens are presented on MHC class I molecules to 

CD4+ T cells or MHC class II molecules to CD8+ T cells to initiate cell-mediated 

immunity (Abbas and Lichtman 2005, Masson et al. 2008).  CD4+ T cells then activate 

macrophages by producing IFN γ or stimulate B cells for antibody production via IL-4, 

IFN γ and CD40L (activated T cell membrane protein) engaging CD40 on B cell 

surfaces.  CD8+ T cells, with stimulation by IL-12, can exert cytotoxic effects  

by apoptosis or perforin / granzyme-mediated mechanisms in virally infected cells.   

 Mammalian herpesviruses have evolved to immunomodulate adaptive immune 

responses by interfering with various aspects of antigen presentation, IgG antibody 

responses, and cytokine production from lymphocytes (reviewed in Haig 2001).  

Examples demonstrate modulation of MHC class I (HHV8, K3 and K5; MCMV, m4 and 

m6; HCMV, US2, US3, and US11), MHC class II (HCMV, US2; HSV,ORF14 ), and 
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antigen processing (EBV, EBNA-1; HCMV, US6).  HSV glycoproteins E and I may be 

involved in inhibition of immune complex formation to prevent antibody-dependent 

cellular cytoxicity.  The HCMV IL-10 homolog was shown by Chang et al. (2004) to 

alter DC functions by inhibiting of LPS-induced DC maturation, reducing DC migration, 

and inhibiting pro-inflammatory cytokine production (IL-6, IL-12, and TNF α).      

Teleosts (bony fish) are the earliest vertebrate group, along with cartilaginous 

fish, to have an acquired immune system with analogous B and T lymphocytes, MHC, 

and involvement of memory (Rombout et al. 2005).  Genes encoding for CD4 have been 

identified in fugu and trout and similarly CD8 has been characterized from salmon, trout, 

and sea bream, but cell markers are not yet available for either of these nor for MHC 

class I or II (Randelli et al. 2008 and refs. therein).  Recently, immunohistochemical 

studies revealed stained DC-like cells in the spleen of Atlantic salmon and rainbow trout 

and a few cells in the head kidney of Atlantic salmon (Lovy et al. 2009, in press). 

Positive cells were identified with a commercially available antibody for the protein 

langerin, which is used as a highly specific marker for human Langerhans DCs that are 

located primarily in the epidermis.  Lymph nodes are absent in fish. Instead 

melanomacrophage centers, containing aggregates of pigmented macrophages, found  

in kidney and spleen may be primitive equivalents of germinal centers of higher 

vertebrates where B cells undergo rapid proliferation after antigen stimulation  

(Agius and Roberts 2003).  Like mammals, fish produce IgM and IgD antibodies but  

also IgT in rainbow trout and IgZ in zebrafish (Hansen et al. 2005, Danilova et al. 2005).   

As in mammals, homologous cytokines of the adaptive immune response are found  

in fish (IL-2, IL-4, IL-10, IL-12, IL-15, IL-21, IL-22, and IL-26, reviewed in  
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Savan and Sakai 2006, Randelli et al. 2008), although the functional aspects of these 

immune mediators in most cases have not been demonstrated. 

  The evolutionary success of herpesviruses in numerous hosts demonstrates their 

remarkable ability to survive the onslaught of anti-viral responses following infection.  

Although specific mechanisms are forthcoming, the following studies provide a first 

glimpse of three potential players in immunomodulation of anti-CyHV3 defenses in carp.  

 

 
 

Abbreviations:  EBV, Epstein Barr Virus; MHV68, Murine Gammaherpesvirus 68; 
HSV1, Herpes Simplex Virus 1; KSHV, Kaposi’s Sarcoma Herpesvirus; HCMV, Human 
Cytomegalovirus; HHV6, Human Herpesvirus 6; RhCMV, Rhesus Cytomegalovirus; 
HHV8, Human Herpesvirus 8; MCMV, Murine Cytomegalovirus  
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CHAPTER 1                                                   

 

Characterization and Expression of the Cyprinid herpesvirus 3 (CyHV3) IL-10-like 
ORF 134 

 

Abstract 

 Cyprinid herpesvirus 3 (CyHV3) is the cause of worldwide episodes of mass 

mortality among common carp and koi.  Recent genome sequencing of the virus has 

permitted further investigation into genes likely responsible for the high virulence of the 

virus.  An IL-10-like homolog, open reading frame ORF 134 of CyHV3, was found to 

encode for a singly spliced transcript with two exons and a predicted 179 aa soluble 

polypeptide.   This CyHV3 IL-10 (vIL-10) shared a 20.4 % aa identity with common carp 

and koi IL-10 (kIL-10) and 14.2 - 23.1 % aa identities with other fish, mammalian, and 

herpesvirus IL-10s.  Transcription increased significantly between 6 h to 6 d as measured 

by taqman real-time PCR in CyHV3-infected koi fin (KF-1) cells.  Treatment of cells 

with cycloheximide and phosphonoformic acid indicated delayed-early transcription 

kinetics.  The C-terminus 6x HIS tagged vIL-10 and kIL-10 were expressed in both 

mammalian and bacterial expression systems.  Western blotting with rabbit polyclonal 

antibodies to bacterial expressed protein confirmed the presence of an  ~ 18 kDa protein 

for vIL-10 in supernatant from KF-1 infected cells.  Mammalian expressed vIL-10  

(15 ng) demonstrated slightly greater inhibition of koi TNF α 1 and 2 transcription 

compared to kIL-10 (15 ng) in LPS exposed koi head kidney suspensions.  These studies 

provide the first insights into the potential role of vIL-10 of a herpesvirus of fish.  
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Introduction 

 Interleukin-10 (IL-10) is a multifunctional cytokine that exhibits both 

immunosuppressive and immunostimulatory effects on cells of hematopoietic lineage.  

Fiorentino et al. (1989) first identified IL-10 as a soluble factor from murine Th2  

cells that inhibited proinflammatory cytokine production in murine Th1 cells.    

Discovery of BCRF1, the IL-10 homolog found in Epstein-Barr virus followed shortly 

after (Hsu et al. 1990, Moore et al. 1990).   Investigations with IL-10 deficient mice 

exhibiting prolonged and excessive intestinal or tissue inflammatory responses  

suggested that IL-10 functioned primarily as a negative regulator of inflammation  

(Kuhn et al. 1993, Berg et al. 1995, Rennick et al. 1995).  The importance of IL-10 

regulating the immune response during infection is evident in numerous studies which 

show many viral and intracellular  bacterial pathogens either inducing production of host 

IL-10 or mimicking a subset of cellular  IL-10 functions via a pathogen encoded IL-10 

homolog (reviewed by Redpath et al. 2001).   

 Human IL-10 (hIL-10) is an ~ 178 amino acid secreted cytokine produced by a 

variety of cell types, including activated macrophages.  It functions as a noncovalent 

homodimer that binds to two cell surface receptors, IL-10R1 and, with decreased affinity, 

to an accessory IL10-R2 (Lang et al. 2002, Mocellin et al. 2004).  Subsequent activation 

of the IL-10 receptors are thought to induce a signal transduction pathway resulting in 

phosphorylation and activation of STAT1 and STAT3 transcription factors that ultimately 

inhibit proinflammatory cytokine production via STAT responsive gene products 

(Finbloom and Winestock 1995).  A STAT3 independent mechanism may also play a role 

upon early exposure to IL-10 as Williams et al. (2004) demonstrated inhibition of TNF α 
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mRNA accumulation in LPS stimulated human macrophages as early as 20 min.  TNF α 

is an important pro-inflammatory cytokine produced by activated macrophages and 

lymphocytes.  It’s diverse effector functions include apoptosis and expression of other 

genes that participate in early inflammatory and acquired immune responses to both viral 

and bacterial pathogens (Rahman and McFadden 2006). 

IL-10 homologs have also been discovered in several freshwater and marine 

species (Savan et al. 2003, Zou et al. 2002, Inoue et al. 2005, Zhang et al. 2005, 

Buonocore et al. 2007).  These studies have focused on sequence characterization and 

expression analyses but functional studies establishing IL-10’s involvement in fish 

immune responses are still forthcoming. The presence of a viral IL-10-like (vIL-10) open 

reading frame (ORF) in the cyprinid herpesvirus 3 (CyHV3) genome (Aoki et al. 2007) 

represents a unique opportunity to investigate a cellular cytokine homolog from a fish 

pathogen.  This study provides initial characterization and a first-look into potential 

inhibition of koi TNF α transcription by CyHV3 IL-10. 

 

Materials and Methods 

 

Virus and cell line.   

Low passage stocks of a U.S.A. strain of CyHV3 were kept frozen in aliquots  

at - 80 °C until use.  The koi fin (KF-1) cell line, developed in our laboratory  

(Hedrick et al. 2000), was used for infections in (T-12.5, T-25, T-75, or T-175 cm2 flasks 

or in 12, 24, or 48-well plates) for random amplification of cDNA ends (RACE), 

transfection and Taqman real-time polymerase chain reaction (PCR) studies.  The KF-1 



 

 

20

cells were maintained at 20 °C or room temperature in Minimal Essential Media (MEM) 

supplemented with 7.5 % fetal bovine serum (FBS), L-glutamine (200 mM), penicillin 

(5,000 U / ml), streptomycin (5,000 µg / ml), and 7.5 % Na2CO3 .  The FBS content for 

the MEM was reduced to 2 % following CyHV3 infection in flasks; and in tissue culture 

plates 1 M HEPES was added for increased buffering capacity.   

 Real-time PCR was used to examine the effects of  cycloheximide (CHX)  

(Sigma, St. Louis, MO) or phosponoformic acid (PFA) (Sigma, St. Louis, MO) on vIL-10 

transcription.  The  KF-1 cells were grown in 175 cm2 flasks and infected with a passage 

6  CyHV3.  After 2 wk, cytopathic effects were evident and supernatant was clarified at 

3,581 x g rpm  at 18 °C for 20 min.  The supernatant was centrifuged at 95,354 x g for  

1 h 15 min at 19 °C.  The virus pellet was resuspended in 2 % MEM HEPES, 

homogenized with a 27 g needle and aliquots frozen at - 80 °C.  A plaque forming unit 

assay was performed on a frozen aliquot to assess infectious virus concentrations.  

Briefly, the aliquot was serially diluted tenfold in 2 % MEM HEPES and 0.1 ml of each 

dilution was placed into triplicate wells of a 24-well plate with monolayers of KF-1 cells.  

Virus-induced plaques were counted following staining of KF-1 cells with a crystal violet 

(0.6 %) formaldehyde (60 %) solution at 7 d post infection.  Remaining aliquots from the 

freezer were used to infect 24-well plates seeded with KF-1 cells at a MOI of 0.2 for 1 h 

in 2 % MEM HEPES at 20 °C.  Duplicate wells of KF-1 cells in 24-well plates were used 

for each time point at 6 and 12 h and daily from 1 - 6 d.  The treatment groups included  

a) CyHV3 only and b) CyHV3 with either CHX (250 µg / ml) at 6 h and 12 h or PFA 

(500 µg / ml) at 1 - 6 d.  Stock PFA was 0.2 µm filter sterilized and reconstituted in 

molecular grade water prior to use.  For KF-1 cells treated with CHX or PFA, 
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maintenance media was removed and the chemicals were added 1 h prior to virus 

inoculation.  After incubation for 1 h at 20 °C, 2 % MEM HEPES was added to each 

well.  Plates were maintained at 20 °C until total RNA was collected at designated time 

points. 

 

Vectors and constructs.   

The pGEM-T easy (Promega, Madison, WI)) vector was used for maintaining, 

subcloning, and sequencing of all 5’ and 3’ RACE, untranslated region (UTR), and  

real-time PCR primer and probe products.  Products were gel purified with QIAEXII 

(QIAGEN, Valencia, CA) after PCR amplification and ligated to the pGEM-T easy 

vector for several hours on ice or overnight at - 5.5 °C before transforming into DH5 α 

subcloning efficiency competent cells (Invitrogen, Carlsbad, CA).  Transformants were 

screened by PCR from TYE or LB plates containing ampicillin (100 µg / ml) and X-gal 

(80 µg / ml).  Colonies sent for sequencing were streaked for isolation on TYE  

(with 100 µg / ml of ampicillin) and frozen at - 80 °C as glycerol stocks or subject to 

plasmid purification with QIAGEN’s QIAprep kit.  All sequencing was conducted at 

Davis Sequencing (Davis, CA) on an ABI 3730 DNA sequencer.  Sequences were 

analyzed with BioEdit Sequence Alignment Editor (Hall 1999), Clustal W  

(Larkin et al. 2007), ProtParam (Gasteiger et al. 2005), NetNGlyc 1.0 (Gupta et al., in 

preparation), Signal P 3.0 (Bendtsen et al. 2004), and primers were designed using 

NetPrimer (Premier Biosoft International). 

 The pND vector, generously provided by Dr. Peter Barry (University of 

California, Davis, CA), containing an human CMV enhancer / promoter and intron A 
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sequence, was used for constructing mammalian expression vectors for transfections and 

immunization of mice.  Primers (Table 1.1) were designed to contain a 5’ Nhe I or  

3’  Apa I  restriction enzyme cut site to insert the vIL-10  or kIL-10 cDNA sequences into 

the corresponding sites in the pND vector resulting in pND-vIL-10 or pND-kIL-10.  The 

reverse primers also contained a 6x-HIS tag for expression at the c-terminus of the  

vIL-10 and  kIL-10 proteins.  An extra histidine in the vIL-10 cDNA  and an extra stop 

codon in the kIL-10 were eliminated to facilitate expression of the 6x HIS tag.  The 

cycling conditions of 94 °C for 30 s, 56 °C for 30 s, and 68 °C for 1 min 40 s were used 

to amplify vIL-10 and kIL-10 with platinum Pfx DNA polymerase (Invitrogen, Carlsbad, 

CA) from pGEM-T easy vectors harboring cDNA templates for 40 cycles after a holding 

stage at 94 °C for 2 min.   Reaction mixtures contained the following final 

concentrations: 278 ng of template, 1 mM MgSO4, 1x Pfx amplification buffer, 0.8 mM 

of each dNTP, 0.8 µM of each primer, 0.75 U of Pfx DNA polymerase, and molecular 

biology grade water to 50 µl.  After gel purification of the amplicons with the QIAEX II 

kit (QIAGEN, Valencia, CA), 3’ adenines were added to 25 µl of gel purified products 

with 2 mM of MgCl2 , 1x PCR buffer, 0.1 mM dATP, 0.5 U of Taq polymerase 

(Invitrogen, Carlsbad, CA), and molecular water to 50 µl at 72 °C for 15 min, prior to 

ligation into pGEM-T easy, DH5 α transformation, and plasmid purification as described 

above.  A total of 5 µg of pGEM-T easy with the cDNA inserts or empty pND was then 

double digested with 15 U of Apa I (NEB), 12.5 U of Nhe I (NEB), 1x NEBuffer 4, and 

water to 50 µl (25 °C for 4 h, 16 °C for 4 h, and 65 °C for 25 min) prior to another round 

of ligation and DH5 α transformation.  Ampicillin resistant colonies were screened by 

cloning, streaked for isolation, plasmid purified, and sequenced.  Plasmids were purified 
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on a large scale with the Endofree plasmid Maxi kit (QIAGEN, Valencia, CA) and eluted 

in Tris EDTA (TE) buffer (pH 8.0) for transfections or in PBS (pH 7.4) for mice DNA 

immunizations. 

Both vIL-10 and kIL-10 were additionally expressed with a c-terminus 6x-HIS 

tag from the bacterial vector pQE-70 (QIAGEN, Valencia, CA) for rabbit immunization.  

Production of larger quantities of antigen with the pQE-70 vector was conducted for two 

reasons.  The first was to facilitate quantification of vIL-10 and kIL-10 from nucleofected 

telomerized Rhesus Fibroblasts (Telo-RF) supernatants for real-time PCR. Determination 

of secreted protein concentrations was required to examine potential effects of vIL-10 or 

kIL-10 on koi  TNF α 1 - 3 transcription in a dose dependent manner.  The second was to 

provide ample amount of bacterially expressed vIL-10 and kIL-10 for immunizations of  

New Zealand white rabbits.  Rabbit polyclonal antibodies were used for western 

detection of vIL-10 from CyHV-3 infected KF-1 cells (not detected by pAb from 

genetically immunized mice) and immunostaining of infected koi tissue sections.  A 

fragment of the cDNA for each protein, less the hydrophobic regions containing 

predicted signal peptides, was amplified with Pfx DNA polymerase (Invitrogen, 

Carlsbad, CA, Carlsbad, CA) and primers with Sph I and Bgl II sites (Table 1.1).  

Reaction conditions were:  150 ng of template, 1 mM MgSO4, 1x Pfx amplification 

buffer, 0.3 mM of each dNTP, 0.6 µM of each primer, 0.75 U of Pfx DNA polymerase, 

water to 50 µl (94 °C for 2 min, and 40 cycles at 94 °C for 30 s, 60 °C for 30 s, and 68 °C 

for 1 min 40 s).  3’ adenines were added to gel purified amplicons as described above, 

ligated into pGEM-T easy, and transformed into DH5 α before digesting 4 - 5 µg of 

purified  plasmids and 2.5 - 5 µg of pQE-70 with 30 U of Bgl II (NEB), 1x NEBuffer 3, 
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molecular water to 150 µl (37 °C for 2 - 8 h).  Bgl II was inactivated with QIAQUICK 

columns (QIAGEN, Valencia, CA) per manufacturer’s instructions.  Fragments were then 

cut with 30 - 50 U of Sph I (NEB) in 1x NEBuffer 2, and water to 150 µl (37 °C for 2 h 

and heat inactivated at 65 °C for 20 min).  The digested products were gel purified and 

ligated into de-phosphorylated pQE-70 before transforming SG or M15 cells (QIAGEN, 

Valencia, CA) and screening ampicillin resistant colonies.  All clones sent for sequencing 

were streaked for isolation and plasmid purified with QIAGEN’s QIAprep kit. 

 

Head kidney macrophages.   

Macrophage suspensions from head kidney of koi were prepared for reverse-

transcriptase (RT-PCR) of koi TNF α 1 - 3 isoforms and real-time PCR.  Koi  

(Cyprinus carpio koi) between 0.3 - 1.1 kg were maintained at the University of 

California, Davis Center for Aquatic Biology and Aquaculture.   Koi were kept in 130 L 

aquaria receiving ~ 20 °C single-pass well water at 0.8 L / min.  Fish were fed a 

commercial diet at 1 % body weight per day.  Koi were euthanized with an overdose of 

benzocaine and bled from the caudal vein and the head kidney was immediately removed 

with sterile instruments.  The tissue was placed in isolation media which contained  

L-15, 2 % fetal bovine serum (FBS), 1 % penicillin / streptomycin (10,000 U / ml and 

10,000 µg / ml, respectively), and 0.4 % heparin (2,500 U / ml in L-15).  A cell 

suspension was prepared by passing the kidney tissues through a 100 - 200 µm mesh with 

a glass pestle in isolation media, prior to layering on a discontinuous 34 and 51 % Percoll 

gradient (Sigma, St. Louis, MO).  The band at the interface was collected after 

centrifugation  
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at 400 x g  for 25 min at 18 °C.  Cells from the band were collected by centrifugation  

at 1000 x g for 15 min at 18 °C, following removal of supernatant and resuspended  

in washing medium which contained L-15, 0.1 % heat-inactivated FBS, and 1 %  

penicillin / streptomycin (10,000 U / ml and 10,000 µg / ml).  Cells from an additional 

centrifugation of 900 x g for 15 min at 18 °C were resuspended in washing medium and 

an aliquot with trypan blue counted to adjust viable cells to 1 x 107 / ml.  Tissue culture 

plates (24 or 48 well) were seeded with 1.25 x 106 - 6 x 106 cells / ml and incubated at 

room temperature from 3 h to overnight.  Non-adherent cells were removed with three 

washes in washing media and incubated overnight at room temperature in maintenance 

media which contained L-15, 5 % heat-inactivated FBS, 0.5 % penicillin / streptomycin  

(10,000 U / ml and 10,000 µg / ml) and 1.4 % 1 M HEPES.  Head kidney macrophages 

were exposed for 1 – 8 h to 10 - 25 µg  / ml of lipopolysaccharide (LPS) from 

Escherichia coli 026:B6 (Sigma, St. Louis, MO).  The LPS was reconstituted in washing 

media for RT-PCR or in unsupplemented L-15 for real time PCR prior to total RNA 

extraction.   

For examining effects of vIL-10 or kIL-10 activity on koi TNF α 1 - 3 

transcription, macrophages were isolated from adult koi from a population that had been 

tested and demonstrated as free of anti-CyHV3 serum antibodies which is currently the 

best method of identifying CyHV3-free koi populations.  Macrophage suspensions in  

24-well plates were subjected to the following treatments for 4 h prior to total RNA 

extraction and real-time PCR analyses: a) maintenance media only, b) 10 µg / ml LPS,  

c) supernatants containing 15 ng or 150 ng of vIL-10, d) 15 or 150 ng of kIL-10, or  
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e) an empty pND vector.  Supernatants from cells transfected with the empty pND vector 

were administered in volumes identical to the high (pND [high]) and low (pND [low]) 

concentrations of vIL-10. Supernatants with pND expressed IL-10 proteins or the  

empty pND vector were collected from Telo-RF after using a slight modification of  

the protocol from the Basic Nucleofector kit for primary mammalian fibroblasts  

(Amaxa, Gaithersburg, MD).  DNA was added to nucleofector solution prior to mixing 

with Telo-RF cells just before transfection. 

 

RNA, cDNA, RACE, RT-PCR, PCR.    

Total RNA was extracted for RACE and real-time PCR experiments using Trizol 

(Invitrogen, Carlsbad, CA).  Media was removed from CyHV3 infected cells in 12-well 

plates or T-25 flasks exhibiting CPE before adding 1 - 2 ml Trizol for 5 min.  Chloroform 

(200 µl per 1 ml of Trizol) was added for phase separation.  The aqueous phase was 

subject to a second round of Trizol and chloroform before precipitating RNA in isopropyl 

alcohol and washing in 75 % ethanol.   The RNA pellet was resuspended  

in water, concentration measured by absorbance at 260 nm  / 280 nm, and frozen at  

- 80 °C.  First-strand cDNA synthesis was carried out in conjunction with primers and 

BD powerscript reverse transcriptase for 1.5 h based on BD SMART technology  

(BD Biosciences, San Jose, CA).   First-strand reaction products were diluted in    

Tricine-EDTA buffer, heated 72 °C for 7 min before amplifying 2.5 µl of 3’ or 5’ cDNA 

with the following final concentrations: 0.02 µM gene-specific primer, 5 µl of a universal 

primer mix, 5 µl 10x PCR buffer, 2 mM MgCl2, 0.2 mM of each dNTP, 0.2 U platinum 

taq polymerase (Invitrogen, Carlsbad, CA), and water to 50 µl.  After a holding stage of  
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94 °C for 1 min 30 s, products were amplified for 30 cycles (94 °C for 30 s, 60 °C for  

30 s, and 72 °C for 2 min 30 s), with a final step at 72 °C for 7 min, gel purified with 

QIAEX II, streaked for isolation, cloned into pGEM-T-Easy, and clones sent for 

sequencing (Davis Sequencing, Davis, CA).   To confirm cDNA sequences, primers were 

designed to untranslated regions (UTR) (Table 1.1) and products amplified from the 5’ 

first-strand cDNA, with 0.02 µM of UTR specific primers, using the same final 

concentration of PCR reagents and cycling conditions.  Gel purified amplicons were also 

cloned and sent for sequencing. 

 Total RNA for performing TNF α and kIL-10 RACE was obtained from koi head 

kidney placed in 10 ml of isolation media (described above) on ice.  Cells from the head 

kidney were collected by passing the tissue through a 60 µm mesh using a sterile glass 

pestle.  A total of 50 µl of the crude cell suspension was place into each well of a 12-well 

plate prior to exposure for 1 h or 3 h to 40 µg / ml LPS (026:B6).  Trizol extracted total 

RNA were subject to first round RACE as previously described with the modification of 

annealing at 65 °C for 30 s and extending at 72 °C for 2 min for a total of 40 cycles.  

Products were diluted 1:50 in tricine-EDTA and 5 µl used for 30 cycles of nested PCR.  

All nested PCR conditions and final concentrations were the same as the first round 

except for using 0.2 µM of a nested gene specific primer (Table 1.1) and a nested 

universal primer (BD Biosciences, San Jose, CA).  Inserts from clones were sequenced as 

previously described.  

For RT-PCR of koi TNF α isoforms and real-time studies, media was removed 

from LPS 026:B6 treated cells in 24-well tissue-culture plates, 0.5 ml of Trizol was added 

to each well, and samples frozen at - 80 °C prior to extraction.  The aqueous phase was 
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subject to a second round of Trizol (250 µl) and chloroform (200 µl) before precipitating 

in isopropyl and washing with 75 % ethanol.  Total RNA was measured by absorbance at 

260 nm / 280 nm.  For transcription studies, total RNA was normalized to 100 ng / 10 µl 

for CHX / PFA studies or 500 ng / 10 µl of RNAse free water for TNF α RACE.  All  

10 µl of total RNA was then treated with 1 µl of Dnase (SIGMA, St Louis, MO), 

according to manufacturer’s directions.  Superscript III Reverse Transcriptase 

(Invitrogen, Carlsbad, CA) was used to generate cDNA from total RNA using per 

reaction, a mixture of 200 ng of oligo (dT)12-18  (Invitrogen, Carlsbad, CA) and 125 ng of 

random primers (Invitrogen, Carlsbad, CA), 1 µl of a 10 mM dNTP mix (10 mM of each 

dNTP), and 0.5 µl of Rnasin (Promega, Madison, WI),  4 µl of first strand buffer, 1 µl of 

0.1 M DTT, and 1 µl of water.  Tubes were incubated in a thermocycler at 25 °C for  

5 min, 50 °C for 1 h, and heat inactivated at 70 °C for 15 min.  Before storing first strand 

cDNA samples at - 20 °C, 80 µl of Rnase free water was added.  To assess koi TNF α 

isoforms, primers based on common carp sequences (Table 1.1) were used with 0.2 mM 

MgCl2, 10 x PCR buffer, 0.05 mM of each dNTP, 0.8 µM of each primer, and 0.1 U of 

platinum taq polymerase (Invitrogen, Carlsbad, CA). After an incubation at 94 °C for  

2 min, 40 cycles were used at 94 °C for 30 s, 53 °C for 30 s, 72 °C for 1.5 min, and one 

final holding stage at 72 °C for 7 min.  Prior to using cDNA for real time analyses, beta 

actin primers designed to span exons 2 and 3 from Cyprinus carpio (Table 1.1) were used 

to examine any visible genomic DNA contamination.  Using common carp beta actin 

specific primers, the same PCR conditions were used except for annealing at 55 °C  

for 30 s and extending at 72 °C for 1 min.  Clones were plasmid purified in the  

pGEM-T-easy and sent for sequencing as described. 
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Transfections.  

The cDNA of vIL-10 and kIL-10 with c-terminal 6x histidine (HIS) tag sequences 

were inserted into the pND expression vector for mammalian transfections. The aims of 

transfection were threefold:  1) to verify expression of the target genes for 

characterization by Western blotting, 2) for genetic immunization of  mice to produce 

polyclonal antibodies (pAb) for immunostaining of infected koi tissues,  and 3) to obtain 

biologically active proteins to examine potential functional effects on koi TNF α 1 - 3 

transcription in koi head kidney macrophages by taqman real-time PCR.   

Mammalian expression vectors pND-vIL-10, pND-kIL-10, or empty pND, as a 

control, were transfected in Telo-RF or human embryonic kidney (293T) cell lines  

for protein characterization or taqman real-time PCR studies.  Telo-RF cells  

(1 x 106 per reaction) were nucleofected with 5 µg of endotoxin free purified pND 

plasmids (1 µg / µl) using optimized conditions with the Basic Nucleofector Kit for 

Primary Mammalian Fibroblasts (AMAXA, Gaithersburg, MD).   The GFP plasmid  

(3 µg) included in the kit was also transfected alongside pND vectors as a positive 

control.  After pulsing, cells were rested for 20 min in Dulbecco’s modified Eagle 

Medium (DMEM) supplemented with 5 % of a 1:1 mixture of FBS / enriched super calf 

serum, 2 mM glutamine, 100 U of penicillin, 100 µg /ml streptomycin, and 100 µg /ml 

G418 at 37 °C under 5 % CO2 .   

 The 293T cells were transfected with 1 µg of endotoxin purified pND-vIL-10, 

pND-kIL-10, or empty pND using FuGENE 6 (Roche, Indianapolis, IN).  Plasmids and 

cells were incubated in Fugene 6 (37 ° C, 5 % CO2 for 5 h) before rinsing cells in PBS 
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(pH 7.4) and adding DMEM (10 % of a 1:1 FBS / enriched super calf serum, 2 mM 

glutamine, 100 U penicillin, 100 µg / ml streptomycin). 

At 1 - 3 days after transfection and confirmation of green fluorescence for the 

positive control, clarified supernatant and cells rinsed with HBSS were frozen in aliquots 

at - 80 °C before processing with Cell Lytic M (SIGMA, St. Louis, MO) and EZ View 

Red HIS-Select HC Nickel Affinity Gel (SIGMA, St. Louis, MO).  An alternate cell lysis 

protocol was also used for some transfections.   Pelleted cells were washed 2x with PBS 

(pH 7.4) before lysis with 0.5 % Triton X / PBS.  Pellets resting on ice were vortexed 

every 10 min before centrifuging (365 x g for 15 min) and saving the cell lysate 

supernatant or initial transfected cell supernatant for western blotting, immunostaining, or 

taqman real-time PCR.   

 

Bacterial expression.   

The vIL-10 and kIL-10 target solubility was determined from cultures grown with 

slight modifications to the QIAExpressionist handbook protocol.  Briefly, cells harboring 

the pQE-70 plasmid and cDNA fragments were grown overnight at 37 °C in  

10 ml of LB media (100 µg ampicillin and 25 µg kanamycin).   A total of 50 ml of LB 

media with both antibiotics were then seeded with 2.5 ml of overnight bacterial cultures 

and incubated at 37 °C for  ~ 1 h.  Cells were then induced for 4.5 h with a final 

concentration of 1 mM IPTG (Eppendorf, Westbury, NY).  Samples from the culture 

were centrifuged prior to and post induction and cell pellets were frozen at - 20 °C in 

sample buffer (SIGMA, St. Louis, MO) for SDS-PAGE analyses.  Remaining induced 
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cultures were pelleted and resuspended in PBS (pH 7.4), frozen in a dry ice / ethanol 

bath, and thawed in cold water.  Cells were sonicated (6 x 10 s with 10 s pauses at  

200 W), centrifuged (10,000 x g for 20 min), and the soluble supernatant and insoluble 

cell fractions frozen at - 20 °C in 2x sample buffer for SDS-PAGE and further 

purification.  Production was scaled up to 3 L for rabbit immunizations. 

 Expressed proteins from the insoluble fractions were batch purified in columns 

with Ni-NTA agarose (QIAGEN, Valencia, CA) under denaturing conditions.   Fractions 

were lysed in 6 M GuHCl, 100 mM NaH2PO4, 10 mM Tris HCl (pH 7.2), centrifuged 

(10,000 x g for 25 min), and the cleared lysate (supernatant) mixed with Ni-ATA agarose 

for 1 h on a rocking platform at room temperature.  The lysate-resin mixture was loaded 

into a column with subsequent washing and elution (5 ml, 2x each) with an immidazole 

gradient (10 mM, 100 mM, 300 mM, and 500 mM) in 6 M GuHCl (pH 7.2).  Eluted 

fractions were collected, diluted 1:5 with water before precipitating with equal volumes 

of 10 % TCA, and reconstituting the precipitate in 0.07 % 0.5 M NaOH vol / vol in 2x 

Laemmli sample buffer for SDS-PAGE analyses.   

 Selected eluates containing the protein of interest were combined, desalted, and 

concentrated in PBS (pH 7.4) using an Amicon Ultra-15 centifugal filter device 

(Millipore, Bedford, MA) with a 3 K nominal molecular weight limit.  Briefly, filter units 

were washed with centrifugation in 4 ml of PBS (pH 7.4) prior to spinning protein eluates 

at 2,275 x g until the filtrate passed through the filter unit.  The retentate was washed 

twice by centrifugation with 10 ml of PBS (pH 7.4) before final resuspension in PBS 

(pH 7.4).  A dounce homogenizer was used to make a uniform suspension and the protein 

concentration determined by a Lowry assay.      
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Immunizations.   

All protocols used for animal studies were approved by the Institutional Animal 

Care and Use Committee of the University of California Davis.  UC Davis is fully 

accredited by the Association for Assessment and Accreditation of Laboratory Animal 

Care.  Female Balb / c mice (Charles River Laboratories, Wilmington, MA) were  

divided into two groups, five mice per group, and immunized with either pND-vIL-10 or 

pND-kIL-10 in PBS (pH 7.4).   A total of 50 µg, in 50 µl, and 10 µg, in 100 µl, were 

administered intradermally at the dorsal base of the tail and intramuscularly in the 

quadriceps of each mouse, respectively, with 25 g needles.  Mice were injected at week  

0, 3, 6, 40, and 42 after intraperitoneal administration of 0.1 ml of pentobarbital 

(Nembutal; 6 mg / ml) per 10 g of body weight.  Test-bleeds were collected from the 

lateral saphenous vein or from the tail for analyses by western blotting and 

immunostaining.   

The vIL-10 and kIL-10 bacterially expressed antigens were used to generate 

polyclonal antibodies in female New Zealand white rabbits (Harlan, Indianapolis, IN) 

with the UC Davis Comparative Pathology Laboratory Antibody Service.  Rabbits were 

injected SQ with 1 mg of antigen in 250 µl PBS (pH 7.4) with complete Freund’s 

adjuvant followed by two boosts at 4 and 6 wk with 300 µg in 250 µl of PBS (pH 7.4) 

with incomplete Freund’s adjuvant.  Rabbits were exsanguinated 3 wk after the second 

boost.  Sera were analyzed by western blotting and immunostaining.  
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SDS-PAGE and Western blotting.   

 Sample buffer (2x) (Sigma, St. Louis, MO) for SDS-PAGE was added to all 

samples which were then heated for 5 min at 95 °C - 100 °C prior to loading on freshly 

made or precast polyacrylamide Tris-HCl gels (Bio Rad, Hercules, CA) of varying 

percentages.  Each gel included a Benchmark pre-stained protein ladder (Invitrogen, 

Carlsbad, CA) or Pageruler unstained protein ladder (Fermentas, Glen Burnie, MD) in 

running buffer (0.025 M tris base, 0.192 M glycine, 40 ml 10 % SDS).  After 

electrophoresis at 200 V for 35 - 45 min, proteins in gels were either stained with 0.1 % 

Coomassie R-250 (Bio-Rad, Hercules, CA) or transferred to PVDF (Millipore, Bedford, 

MA) in Towbin transfer buffer (0.025 M tris base, 0.192 M glycine, 14.5 % methanol).   

 PVDF strips were either stained with 0.1 % Amido black or suspended in  

5 % non-fat dried milk / PBS (pH 7.4) prior to western blotting.  Strips were washed 3x 

(5 min each) in 0.05 % Tween / PBS (pH7.4) prior to a 1.5 h incubation with one of 

several primary antibodies diluted in 1 % BSA / PBS (pH 7.4):  murine monoclonal  

anti-polyhistidine antibody (Sigma, St. Louis, MO), murine polyclonal anti-vIL-10 or 

anti-kIL-10, or rabbit polyclonal anti-vIL-10 or anti-kIL-10.  After washing 3x (5 min), 

one of several alkaline phosphatase conjugated secondary antibodies diluted in wash 

reagent was applied for 1 h:  goat anti-mouse IgG, Fc specific (Sigma, St. Louis, MO); 

goat anti-mouse IgG, Fab specific (Sigma, St. Louis, MO); goat anti-rabbit IgG, whole 

molecule (Sigma, St. Louis, MO).  After three more washes (5 min), strips were 

developed with NBT / BCIP (Roche, Indianapolis, IN), rinsed with double distilled water, 

and air dried.   
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Taqman real-time PCR.    

Primer Express 3.0 (Applied biosystems, Foster City, CA) was used to design real 

time primers (Eurofins MWG Operon, Huntsville, AL) and corresponding MGB probes 

(Applied Biosystems, Foster City, CA) (Table 1.1).  To confirm correct amplification 

with taqman primers, PCR was conducted and amplicons were obtained with 0.1 U of 

Invitrogen’s platinum taq polymerase, 2 mM MgCl2, 1x PCR buffer, 0.05 mM of each 

dNTP, 0.8 µM of each F and R primer for CHX / PFA studies (94 °C for 2 min, 40 cycles 

at 95 °C for 30 s, 55 °C for 30 s, and 72 °C for 30 s).  For TNF experiments, the PCR 

cycling conditions were (94 °C for 2 min, 40 cycles at 95 °C for 15 s, 60 °C for 30 s,  

72 °C for 30 s, and one round at 72 °C for 7 min). 

Amplicons were gel purified with QIA EX II (Qiagen, Valencia, CA) and cloned 

into the pGEM T-easy vector (Promega, Madison, WI).  Purified plasmids were sent for 

sequencing (Davis Sequencing) to confirm amplification of the correct sequence. The 

Step One Real-Time PCR System (Applied Biosystems, Foster City, CA) was used to 

carry out real-time runs on 48-well reaction plates.  Each reaction consisted of a total 

volume of 12 µl using 1 µl of cDNA, 6 µl of Universal Mastermix (Applied Biosystems, 

Foster City, CA), 400 nM of the forward and reverse primer, 80 nM of MGB probe, and 

4.4 µl of water.  Reaction plates were centrifuged at 1,305 x g until all bubbles were 

removed from the samples.  All runs were performed using the following conditions with 

the Step One system: a holding stage of 50 °C for 2 min, 95 °C for 10 min, and 40  

cycles at 95 °C for 15 s followed by a combined annealing and extension step at 60 °C 

for 1 min.  
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Standard curves were prepared from cDNA with a tenfold serial dilution in 

concentrations ranging from 200 ng - 0.02 ng or 400 ng - 0.04 ng.  Negative control wells 

containing just water were run alongside the standard curve samples.  Standard curves 

were run in triplicate and efficiencies of all primers examined at a manually set threshold. 

Changes in fold transcription were determined for each treatment group by the  

2-∆∆Ct comparative method where ∆∆Ct = Ct, time x – Ct, virus only at 6 h  for CHX and PFA 

experiments and ∆∆Ct = Ct, treatment – Ct, media only  for koi TNF α 1 - 3 transcription studies 

in koi head kidney macrophage suspensions.  The 18S and 40S11 genes were used to 

normalize Ct values for vIL-10 transcription and koi TNF α transcription experiments, 

respectively.  The 18S gene was chosen as the most stable housekeeping gene compared 

to 5.8S and 28S (see Chapter 3).  The 40S11 varied the least among all treatment groups 

in koi TNF α transcription studies and had expression levels similar to the TNF α genes 

and thus it was used to normalize all target Ct values. 

 

Immunostaining.  

Nucleofected Telo-RF cells were immunostained with DAB in 96-well plates to 

confirm expression of vIL-10 and kIL-10 from the pND vector.  Cells were fixed with 

either 4 % paraformaldehyde (mixed 1:1 with PBS, 30 min) or with cold (- 20 °C) 

methanol  (10 min) followed by 1:1 methanol / acetone (- 20 °C) for 1 min.  All washes 

consisted of PBS / 0.1 % Tween.  After washing (2x for 15 min), plates were blocked for 

1 h with 1 % BSA / PBS, washed (2x for 15 min), and incubated for 1 h with a dilution 

series of a murine anti-poly histidine monoclonal antibody (R&D Systems, Minneapolis, 

MN; or SIGMA, St. Louis, MO) in  PBS / 0.1 % Tween.  Plates were blocked with 5 % 
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sheep serum / PBS for 1 h, washed (3x for 10 min), and incubated for 1 h with a dilution 

series of horse-radish peroxidase (HRP) conjugated sheep anti-mouse antibody (Sigma, 

St. Louis, MO) in PBS.  After subsequent washing (3x for 10 min), plates were 

developed with DAB (Vector Laboratories, Burlingame, CA) and rinsed with de-ionized 

water.    

 Non-infected and infected KF-1 cells on glass coverslips in 24-well tissue  

culture plates were fixed for 10 min in ice cold acetone / methanol (60 / 40) and frozen  

at - 20 °C.  Cells were immunostained using the protocol described above except the 1 % 

BSA / PBS block was applied for 2 h, the 5 % sheep serum  / PBS block was applied for 

40 min, and pooled mice sera was used as the primary antibody at 1:100. 

 Standard paraffin embedded and sectioned tissues collected from control and 

CyHV3 bath exposed koi were kindly provided by Dr. Trace Peterson (Oregon State 

University, Corvallis, Oregon).  The investigator was blinded to collection time points.  

Embedded sections were de-paraffinized and stained with the Immunohisto Peroxidase 

Detection Kit (Pierce, Rockford, IL) and DAB (Vector laboratories, Burlingame, CA).  

Briefly, sections were de-paraffinized in xylene (3x for 5 min), and an ethanol gradient  

(100 % 2x; 95 % 2x; 85 % - 30 % 1x for 5 min each) on a shaking platform, and 

rehydrated in two changes of sterile double distilled water.  Staining and washing 

procedures were then carried out with the Pierce kit’s reagents and solutions except for 

final application of DAB (Vector Laboratories, Burlingame, CA) prepared according to 

manufacturer’s instructions.  Polyclonal rabbit anti-vIL10 and kIL-10 from terminal 

bleeds were placed (30 min at 1:50 or 1:200) on slides before washing, incubation  
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(30 min at 1:500 or 1:700) with a biotin labeled goat anti-rabbit IgG (H+L) (Thermo 

Scientific, Rockford, IL), followed by another wash and incubation (30 min at 1:750 or 

1:1000) with streptavidin HRP conjugate (Thermo Scientific, Rockford, IL).  DAB was 

applied for 5 - 10 min before washing 2x with wash buffer.    

 

Statistics.      

Statistical analysis software (SAS 9.1.3, SAS Institute, Cary, NC) was used to 

analyze taqman real-time data.  Normality was examined with the Shapiro-Wilk test and 

a W-statistic < 0.95 or a p-value < 0.05 was considered significant.  The Levene test was 

used to examine homoscedasticity.  Linear fold expression values were log10 transformed, 

winsorized, and weighted when required before using either a one-way or mixed-model 

analysis of variance (ANOVA).  Post-hoc comparisons were conducted on least squares 

means of log10  transformed fold transcription values.  P-values < 0.05 were considered 

significant.   

 

   

Results 

 

Sequence Analyses of CyHV3 IL-10 (vIL-10).    

ORF 134 is located on the long unique sequence of the genome; and the reverse 

strand of the genome encodes for CyHV3 IL-10 (vIL-10).  Rapid amplifcation of cDNA 

ends (RACE) of vIL-10 from total RNA extracted from infected KF-1 cells yielded 

untranslated regions (UTR) of approximately 53 and 25 basepairs (bp) for the 3’ and 5’ 
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ends, respectively.  The cDNA transcript consists of a single splice site joining exon 1 

(372 bp) and exon 2 (165 bp), which encode for a 179 aa product predicted to be  

20.1 kDa in size by ProtParam (Gasteiger et al. 2005).   Poly-adenylation started 20 bp 

downstream from the poly-adenylation site of the vIL-10 transcript.    

Multiple alignment of the full coding sequence with IL-10 homologs from other 

fish, mammalian, and herpes viruses revealed that the vIL-10 had a 20.4 % aa identity to 

common carp and kIL-10 (Figure 1.1, Table 1.2).  RACE and PCR from the UTR of total 

RNA extracted from head kidney macrophages showed kIL-10 had 93.8 % identity to 

common carp IL-10.  Identities of vIL-10 with other fish species ranged from  

16.4 - 23.1 % and 14.2 % - 19.4 % when compared to mammalian and other herpes aa 

sequences.  The vIL-10 sequence contained all four cysteines involved in forming   

di-sulphide bridges, which are conserved in all the IL-10 homologs.  The Prosite IL-10 

family signature sequence [KQS] - x(4) - C - [QYCS] - x(4) - [LIVM](2) - x - [FLR] - 

[FYT] - [LMVR] - x - [DERTI] - [IV] - [LMF] is based around the second conserved 

cysteine (Sigrist et al. 2002).  For vIL-10, the motif based on the multiple alignment in 

Figure 1.1 differs slightly from the Prosite motif as S - x(4) - C - D - x(4) - V - L - x -  

M - N - I - x - I - L.  The kIL-10 exhibited the following motif N - x(4) - C - H - x(4) - I -

L - X - F - Y - L - x - T - I - L  with an N in place of [KQS] and an H for [QYCS]. Two 

potentially  N-linked glycosylation sites were predicted for vIL-10 with NetNGlyc 1.0 

(Gupta et al, in preparation), which are absent in kIL-10.   

An unrooted phylogenetic tree comparing the complete coding sequences of IL-10 

homologs from mammalian, herpesvirus, and fish show vIL-10 did not cluster with  
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kIL-10, not unlike human CMV IL-10 and ovine HV2 IL-10, which were separately 

clustered from their host IL-10 counterparts (Figure 1.2).  A 17 aa signal peptide was 

predicted by SignalP 3.0 (Bendtsen et al. 2004).  The overall hydrophobicity of vIL-10 

shared a similar pattern compared to kIL-10 (Figure 1.3) with the signal peptide 

occurring in a hydrophobic region.     

 

Transcription kinetics of CyHV3 IL-10 (vIL-10).    

There was a highly significant increase in vIL-10 in KF-1 cells between 6 h to 6 d 

post CyHV3 infection (p < 0.0001, Figure 1.4).   The significant increases in vIL-10 

transcription occurred in the earlier (6 h – 2 d) and later time points (4 - 6 d) of infection 

while a decrease was observed during the mid time points post infection (2 - 4 d).      

Post-hoc comparisons of the least squares means revealed a significant increase  

(p < 0.05) between all time points except between days 2 and 3, 3 and 4, and 2 and 5.   

 Analyses of total RNA extracted from CyHV3 infected KF-1 cells reveal that the 

protein synthesis inhibitor, cycloheximide, significantly inhibited vIL-10 transcription at 

both 6 (p < 0.0001) and 12 h (p = 0.0161) compared to the CyHV3 infected untreated 

control cells (Figure 1.5 A).  The effect of phosphonoformic acid on CyHV3 transcription 

of vIL-10 during the infection showed a significant (p < 0.05) decrease compared to 

untreated KF-1 infected cells (Figure 1.5 B) at each time point over the 6 d of 

observation.  This compound, which has been shown to inhibit DNA replication of 

herpesviruses (Oberg 1989), caused a progressive decrease in fold change of vIL-10 

transcription over time.  The largest decrease was observable at 6 d compared to the virus 

only control cells.   
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Mammalian expression of CyHV-3 IL-10 (vIL-10) with the pND vector.    

 Both vIL-10 and  kIL-10 HIS-tagged fusion proteins were expressed in 

transfected Telo-RF cells seeded in 96-well plates after optimizing chromogenic  

immunostaining with a secondary horseradish peroxidase (HRP) conjugated antibody 

(Ab) and 3, 3’ - diaminobenzidine (DAB).  Trials first examined two different primary 

anti-HIS antibodies and two different cell fixation methods.  Under the conditions of our 

trials the R&D Systems murine monoclonal Ab (IgG1 α 6x HIS, catalog # MAB050) was 

more sensitive in detecting vIL-10 in transfected cells compared to the monoclonal α HIS 

Ab from SIGMA (product number H1029).   Background staining was considerably 

reduced  by introducing an extra 1 h blocking step with 5 % heat inactivated sheep serum 

in 1x PBS before applying the secondary Ab (data not shown).   

The  R&D primary Ab was selected for immunostaining of both vIL-10 and   

kIL-10 transfected Telo-RF cells as fixed with either 4 % paraformaldehyde (1:1 with  

1x PBS, 30 min) or with - 20 °C cold methanol (10 min) followed with - 20 °C cold 1:1 

methanol / acetone (1 min).  A more intense staining reaction was observed with cells 

fixed with 4 % paraformaldehyde than those with methanol / acetone.  Confirmation of 

protein expression was demonstrated by staining of protein as concentrated in areas just 

outside of the nucleus of the Telo-RF cells transfected with vIL-10 and kIL-10  

(Figure 1.6).  In general, the primary anti HIS (1:500) and secondary HRP antibodies 

(1:100) stained kIL-10 more intensely than vIL-10.  The monoclonal anti-polyhistidine 

Ab (SIGMA) was able to detect both HIS purified IL-10 proteins in the supernatant but 

not the cell lysates of Telo-RF cells nucleofected with pND-vIL-10 and pND-kIL-10 
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(Figure 1.7 A).  For vIL-10, two bands appeared with one at ~ 25 kDa and a second 

sharper band at ~ 23 kDa.  The kIL-10 formed a sharp band at ~ 19 kDa.  There was no 

evidence of bands for these proteins detected by the HIS ab in either the supernatant or 

cell lysate preps from the pND (empty vector) control group.  

 To determine if the EZ view HIS resin was interfering with detection of the IL-10 

proteins in the cell lysates, 293T cells were transfected with the same expression vectors.  

Lysates were prepared with the Triton X detergent instead of Cell Lytic M and not 

purified with Ni affinity resin.  A sharp 18 kDa band in both the supernatant and cell 

lysates appeared for kIL-10 (Figure 1.7 B) but no bands were present for vIL-10.  Pooled 

sera from mice genetically immunized with pND-vIL-10 and pND-kIL-10 were also able 

to detect similar sized proteins from nucleofected Telo-RF cells.  The cells from a 

different transfection were lysed with Triton X and not subject to the HIS resin 

purification.  Two proteins at 21 and 23 kDa for vIL-10 were detected in only the 

supernatant.  An 18 kDa protein was present in supernatant and slightly larger 20 kDa 

proteins were found in cell lysates for kIL-10 (Figure 1.7 C).  All protein bands were 

confirmed by western blotting with the monoclonal HIS Ab.  Although mice pAb was 

able to detect IL-10 expression from both the Telo-RF and 293T cell lines, neither  

non-pooled or pooled mice pAb detected vIL-10 or kIL-10 from CyHV3 infected KF-1 

cells by western blotting. 

 

Bacterial expression of CyHV3 IL-10 (vIL-10) with the pQE-70.   

Initially, a 22 kDa c-terminus HIS tagged hepatitis NS3 antigen (SIGMA), 

serially diluted at concentrations from 50 ng - 500 ng, was run alongside nucleofected 
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Telo-RF supernatants for western blotting.  The monoclonal HIS antibody (SIGMA) at a 

1:150 dilution confirmed presence of c-terminal HIS tagged IL-10 proteins but was 

unable to detect the hepatitis antigen at any concentration (data not shown).  Bacterial 

production of similarly sized HIS tagged IL-10 proteins, if recognized by the monoclonal 

HIS antibody, would serve as alternate reference proteins for quantifying vIL-10 and  

kIL-10.  IPTG induced both vIL-10 and kIL-10 and formed  ~ 18 kDa bands in sonicated 

insoluble fractions.  Lowry protein determinations demonstrated that the 3 L bacterial 

cultures yielded 7.3 µg / ul and 12.51 µg / ul of viral and host IL-10 respectively, from 

concentrated eluted fractions.  Serial dilutions of the bacterially expressed proteins  

(10 ng - 100 ng) run alongside nucleofected Telo-RF supernatants for western blotting 

were recognized by the monoclonal HIS antibody (1:300).  Supernatants were estimated 

to contain 0.66 ng / µl of vIL-10 and 2.66 ng / µl of kIL-10 and they were used for real 

time PCR TNF α 1 - 3 transcription studies.  

Rabbits injected with denatured proteins produced antibodies (rabbit pAb) that 

detected bacterial expressed proteins of the expected ~ 18 - 25 kDa size.  There was slight 

cross-reactivity with rabbit anti-vIL-10 (1:400) also detecting kIL-10, but there was a 

much stronger response to bacterial expressed vIL-10.  Prebleed sera did not react with 

either protein.  The rabbit pAb also detected mammalian expressed vIL-10 and kIL-10 

from nucleofected Telo-RF cells that were of the same sizes detected with pooled mice 

pAb in both supernatant and cells purified with HIS resin (Figure 1.7 C, D).  Faint  

~ 18 kDa bands were also detected from supernatant of CyHV3 infected KF-1 cells with 

rabbit anti-vIL-10 (1:200) that were not detected with rabbit prebleed sera.  At 1:150, the 

same bands were detected with greater intensity in the supernatant of CyHV3 infected 
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KF-1 cells (Figure 1.7 E, F).  Although a band at ~ 20 kDa was seen in infected cells 

lysed with Triton X, it is doubtful that this represents vIL-10 as it was also present in cell 

lysates of uninfected cells at both 1:200 and 1:150 dilutions of the rabbit anti-vIL-10.   

Very faint 18 kDa bands in the supernatant of the uninfected KF cells visible with a 1:200 

dilution of rabbit polyclonal antibodies were not visible using a 1:150 dilution, possibly 

due to weak cross-reactivity. 

 

Immunostaining of CyHV3 IL-10 (vIL-10) from infected KF-1 cells and koi tissues.    

Both CyHV3 infected KF-1 cells and tissues from koi with CyHV3 infections 

were examined with DAB chromogenic immunostaining.  Pooled mouse pAb was unable 

to detect vIL-10 from KF-1 cells exhibiting CPE 7 d post CyHV3 infection.  Tissue 

sections from CyHV3 infected and noninfected koi were also examined by 

immunostaining with rabbit pAb.  There was no specific vIL-10 staining detected in 

infected or uninfected tissue sections of gill and kidney (data not shown).  Slightly darker 

non-specific staining was evident in what appeared to be chloride cells of the gills.  

 

Functional effects of vIL-10 and kIL-10 on koi TNF α 1-3 transcription.    

 For all koi TNF α genes, 4 h of exposure of head kidney macrophages to  

10 µg / ml of LPS caused a significant change in fold transcription compared to the 

media only control (Figure 1.8).  Post-hoc comparisons of log10 least squares means 

(LSM) revealed significant increases in TNF α 1 (p = 0.002) and TNF α 2 (p = 0.0015) 

and interestingly, a significant decrease in TNF α 3 transcription (p = 0.0027).   The pND 

control group was used to determine if any effects would result from adding supernatant 



 

 

44

from Telo-RF cells nucleofected with  an empty vector to head kidney macrophages.  The 

pND supernatant decreased TNF α 1 and conversely increased TNF α 2 and 3 

transcription at 4 h as compared to LPS treatments.  These changes however, were not 

significant (p > 0.05).    

Taking into account transcriptional differences seen with pND control 

supernatant, both the mammalian expressed vIL-10 and kIL-10 did have effects on 

transcription of the TNF α isoforms.  However, these changes were not significant  

(p > 0.05) according to post-hoc comparisons of least squares means (LSM).  The effects 

of vIL-10 resulted in larger decreases in TNF α 1 and 2 and larger increases in TNF α 3 

transcription compared to kIL-10.  There did not appear to be a dose dependent 

relationship with higher concentrations of vIL-10 producing greater changes. Supernatant 

containing 15 ng of kIL-10 appeared to increase TNF α transcription of all three 

isoforms.  For TNF α 1 and 2, it increased transcription to levels greater than that 

observed with LPS.  The 150 ng kIL-10 treatment showed a decrease for all TNF 

isoforms compared to 15 ng of kIL-10.  Additionally transcription levels were decreased 

to levels very similar to or below that of pND [high] for TNF α 1 (Figure 1.8 A) or  

TNF α 2 and 3 (Figure 1.8 B, C), respectively.   

 

Discussion 

 
The importance of IL-10 and its potential role in the pathology of viral disease  

has been well documented with Epstein-Barr virus (EBV), human cytomegalovirus 

(HCMV), and the Orf poxvirus that encode their own functional IL-10 homologs 

(Stewart et al. 1994, Haig et al. 2002, Chang et al. 2004).  The CyHV3 IL-10 (vIL-10) 
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characterized from infected KF-1 cell transcripts coded for a putative 20.1 kDa protein 

with a 20.4 % aa identity to common carp kIL-10.  The kinetics of vIL-10 transcription in 

CyHV3 infected KF-1 cells are similar to delayed-early genes as found in other 

herpesviruses.  Both vIL-10 and kIL-10 proteins were detected by western blotting and 

immunostaining following expression in mammalian and bacterial systems.  Polyclonal 

antibodies (pAb) prepared in mice and rabbits detected the expressed proteins by western 

blotting and  the soluble native vIL-10 from the supernatant of CyHV3 infected KF-1 

cells but not by immunostaining of infected fish tissues.  Initial trials failed to 

demonstrate a functional role for the mammalian expressed vIL-10 and kIL-10 on the 

transcription of koi TNF α 1 - 3 in isolated head kidney macrophages from koi.   

Sequencing of vIL-10 from infected KF-1 cells and kIL-10 from head kidney 

suspensions produced cDNA encoding for 179 aa  proteins of  20.1 and 20.9 kDa, 

respectively.  The presence of two exons of vIL-10 differs from that of common carp, 

zebrafish, fugu, and rainbow trout IL-10 which, like human IL-10 (hIL-10), consist of 

five exons (Savan et al. 2003, Inoue et al. 2005, Zhang et al. 2005).  Although the ovine 

herpesvirus 2 (OvHV2) IL-10 represents one example of a gammaherpesvirus with the 

same number of exons as its host (Jayawardane et al. 2008), several other herpesvirus  

IL-10s, like vIL-10, are encoded by a decreased number of exons.  Simian CMV, HCMV 

and EBV are respectively composed of 4, 3, or only a single exon.  It is presumed that 

virus homologs of cellular genes are captured from their hosts and though the exact 

mechanisms of capture are unknown, one hypothesis is that introns are lost during the 

conversion of host cell RNA into cDNA by retroviruses prior to or during incorporation 

into the viral genome (Haig 2001, Alcami 2003, Pestka et al. 2004).    
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Comparisons of aa identity between vIL-10 and kIL-10 revealed divergence 

between the two proteins. Although the identity of vIL-10 to kIL-10 is only 20.4 %, we 

can see from the unrooted phylogenetic tree (Figure 1.2) that other herpes viral IL-10 

homologs such as OvHV2 and HCMV do not necessarily cluster with their host 

counterparts.  HCMV has a divergent sequence compared to hIL-10 with a reported aa 

identity of only 27 % (Lockridge et al. 2000).  Interestingly, despite low sequence 

homology, the overall structural topology is similar between the two cytokines and 

HCMV IL-10 has been shown to have effector functions of comparable potency to  

hIL-10  on dendritic cell maturation and activation (Chang et al. 2004).  HCMV IL-10 

and hIL-10 were also shown to bind sIL-10R1 with similar affinity (Jones et al. 2002).  

This is in contrast to EBV IL-10 which has a ~ 20-fold reduction in affinity for sIL-10R1 

despite a 90 % aa identity to hIL-10.  Although kIL-10 matches the IL-10 family 

signature sequence more closely than vIL-10, hydrophobicity patterns may indicate 

similarity in 3-D conformation for these two cytokines. It will be interesting to see as 

more database entries become available for IL-10s encoded by fish and related viral 

homologs if greater similarities among poikilothermic sequences become evident for 

motifs or structural conformation. 

  Real-time PCR was used to examine vIL-10 transcription kinetics in infected  

KF-1 cells and was able to detect vIL-10 as early as 6 h post-infection.  This assay was 

chosen due to the advantages of needing smaller amounts of starting material and 

increased sensitivity for measuring cytokine mRNA.  Cytokine mRNA can often  

be expressed at low quantities and thus difficult to measure at the protein level 

(Leutenegger et al. 1999, Giulietti et al. 2001, Stordeur et al. 2002).  Herpesviruses 
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demonstrate temporal regulation of gene transcription which can be classified as 

immediate early (IE or α), early (E or β), delayed-early (leaky-late or γ1), or true late  

(L or γ2) .   Studies have shown that IE genes do not require de novo protein synthesis in 

order to be transcribed and even in the presence of a protein synthesis inhibitor, like 

cycloheximide, transcription takes place.  Early genes can be transcribed in the presence 

of a selective viral DNA polymerase inhibitor such as phosphonoformic acid since 

transcription does not depend on viral replication.  Genes of the true L category do 

require viral DNA synthesis and therefore are inhibited in the presence of a compound 

such as phosphonoformic acid, while delayed-early genes are transcribed in lower 

quantities during inhibition of viral replication (van Santen 1991, Preston et al. 1998).  

Cycloheximide strongly inhibited vIL-10 transcription at 6 h and 12 h while PFA 

inhibited transcription at each time point from 1 - 6 d post infection to levels 

approximately equivalent to vIL-10 transcribed between 6 - 12 h in the absence of PFA.  

This tentatively suggests a temporally regulated pattern of delayed-early gene 

transcription kinetics.  Although this is the first reported investigation of real-time PCR  

vIL-10 transcription with CHX and PFA, further studies comparing vIL-10 transcription 

with other classically described temporally regulated herpesvirus genes, such as 

thymidine kinase (an early gene) or a structural glycoprotein (a true late gene), are 

required for comparative classification.   

 There was variability in the monoclonal antipolyhistidine antibody (Ab) 

recognizing the 6x HIS tagged IL-10 proteins by western blotting analyses from 

mammalian cells.  The kIL-10 was identified in both Telo-RF and 293T cells lysed  
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with Triton X as a single ~ 18 kDa protein band which is close to the expected size of 

17.7 kDa of a mature HIS-tagged product with a cleaved signal peptide.  The vIL-10 

could not be detected in any of the cell lysates of either cell line with either the HIS Ab or 

pooled mice polyclonal Ab (pAb). However, two vIL-10 bands, one at ~ 21 - 23 kDa and 

another at ~ 23 - 25 kDa were identified from nucleofected Telo-RF supernatant.  The 

resulting bands are larger than the predicted 19 kDa of a mature (cleaved signal peptide)  

HIS-tagged vIL-10 product.  These bands were more diffuse compared to the sharper  

~ 18 kDa kIL-10 HIS-tagged bands detected in both Telo-RF and 293T supernatants.  

The larger diffuse vIL-10 bands may be due to different posttranslational processing such 

as glycosylation, compared to kIL-10, which does not encode for any N-linked 

glycosylation sites.  Lin et al. (2008) investigated HCMV IL-10 isoforms from 293FT 

cells transiently expressing the isoforms with pEF–myc-his vectors and resulting western 

blots revealed double bands approximately 3 kDa apart.  In their studies, tunicamycin 

inhibited glycosylation and decreased the presence of the larger bands which were 

thought to be glycosylated by one oligosaccharide.   

 Rabbits immunized with bacterial recombinant vIL-10 and kIL-10 produced pAb 

which confirmed, by western blotting, similar sized bands for that expected for both the 

cytokines as produced in the supernatant of nucleofected Telo-RF cells.  Rabbit pAb also 

detected single ~ 18 kDa bands from CyHV3 infected KF-1 supernatant collected 10 d 

post-infection (dpi).  These bands were not detected by rabbit prebleed or pooled sera 

from mice genetically immunized with pND-vIL10.  This size is very close to the 

predicted 18.2 kDa for mature vIL-10 natively expressed without a 6x HIS epitope tag.  
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The double bands evident in transiently expressed vIL-10 from Telo-RF were not 

apparent with native CyHV3 expressed vIL-10 (Figure 1.7 E, F).  Detection of a sharp  

~ 18 kDa protein was detected with sera from one rabbit and may indicate lack of 

glycosylation of natively expressed vIL-10.  There was recognition, from a second rabbit, 

of a more diffuse protein band around 18 kDa, but this sera also demonstrated more  

non-specific background binding.   

Several attempts were made to detect vIL-10 in cell lysates prepared from 

naturally infected KF-1 cells or transfected mammalian cell lines by western blotting.  

Despite the use of different cell lysis protocols and attempts with a monoclonal  

anti-HIS Ab and pAb from two different animals, vIL-10  was not identified in KF-1 

infected cell lysates.  It appears that vIL-10 protein is secreted readily into supernatants 

of KF-1 cells infected in vitro and in mammalian cell lines transfected with pND-vIL-10 

expression vectors.  It is possible that quantities of intracellular vIL-10 proteins are low 

since HIS purification with Ni affinity resin did not allow detection of vIL-10 from cell 

lysates of nucleofected Telo-RF cells with a monoclonal HIS antibody that detected  

vIL-10 in supernatant.  Low quantities of intracellular IL-10 may also be one contributing 

factor that hampered attempts to detect vIL-10 by immunostaining.  Naturally infected 

KF-1 cells were sampled 7 dpi when vIL-10 transcripts are likely to be present at 

significantly higher levels as indicated by real-time PCR results.   CyHV3 infected koi 

tissue sections for immunostaining were also collected from koi that appeared to undergo 

high mortality compared to uninfected controls but vIL-10 could not be detected with 

rabbit polyclonal antibody. 



 

 

50

Inhibition  of TNF α 1and 2 transcription by vIL-10 and kIL-10 in LPS treated 

(10 µg / ml) koi head kidney macrophages was not significant.  The increase of TNF α 3 

transcription by high (150 ng) and low (15 ng) concentrations of vIL-10 and the low  

(15 ng) concentration of kIL-10 was unexpected. TNF α 1 - 3 were recently discovered in 

common carp and the presence of cytokine isoforms as found in carp and rainbow trout 

are thought to be a result of genome duplication common in fish (Saeij et al. 2003,  

Savan and Sakai 2004).  Common carp TNF α 1 and 2 are more similar to each other 

with a reported 80 % amino acid identity, while TNF α 3 has 72.1 % and 75.8 % aa 

identities to TNF α 1 and 2, respectively. Transcription analyses of TNF α in primary 

head kidney phagocytes or macrophage cell lines from rainbow trout and common carp 

have been conducted with the aid of LPS stimulation (Saeij et al. 2003, Zou et al. 2002, 

Laing et al. 2001).  After stimulation of common carp head kidney phagocytes 

suspensions with 20 µg / ml of LPS for 4 h, TNF α 2 demonstrated higher transcription 

compared to TNF α 1 (Saeij et al. 2003).  Another study revealed that TNF α 3 had 

higher transcription levels compared to TNF α 1 and 2 in head kidney tissues sampled 

from unstimulated carp (Savan and Sakai 2004).  In our studies, the lower concentration 

of vIL-10 (15 ng) added to head kidney macrophages resulted in a greater decrease of 

TNF α 1 and 2 transcription compared to both low and high doses of kIL-10  

(Figure 1.8 A - B).  Administration of the higher concentration of kIL-10 (150 ng) 

appeared to have a dose dependent effect on transcription of all three TNF α 1 - 3 

isoforms.  LPS had an opposite effect on TNF α 3 and decreased transcription compared 

to the media only control (Figure 1.8 C).  Both high and low concentrations of vIL-10 

and the low concentration of kIL-10 increased TNF α 3 transcription.  It is currently 
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unknown if there are differences or to what extent each carp TNF α isoform individually 

contributes to immune responses against CyHV3 infections in carp.   The findings of this 

study indicate a slight differential regulation of host TNF α isoform transcription by  

vIL-10 compared to kIL-10.  Presumably vIL-10 initially interacts with kIL-10 cell 

surface receptors although these have not yet been functionally characterized in fish and 

exact regulatory mechanisms need further investigation.                                                                                       

Our studies characterized and confirmed the expression of the first IL-10  

homolog described from a fish herpesvirus.  The approximately 20 kDa size and 

divergence of this viral cytokine from its host counterpart are similar to viral IL-10s  

that have been described for mammalian herpesviruses such as HCMV and OvHV2 

(Lockridge et al. 2000, Jayawardane et al. 2008).  It is tempting to speculate that the 

significant increase in transcription during early stages of lytic infection in KF-1 cells 

suggests a potential immunomodulatory role for vIL-10 during CyHV3 infection of koi 

and common carp.  Although inflammatory cytokine or chemokine suppression by  

herpes IL-10 homologs have been demonstrated in other studies (Spencer et al. 2002, 

Chang et al. 2004, Jayawardane et al. 2008) there did not appear to be significant effects 

seen with inhibiting TNF α transcription in koi head kidney macrophages by mammalian 

expressed vIL-10 and kIL-10.  Further functional analyses are warranted to determine 

other possible roles for vIL-10 in CyHV3 pathology and the extent to which vIL-10 

immunomodulation differs between herpesviruses of fish or mammalian hosts, which 

have a more developed adaptive immune system (Plouffe et al. 2005 and refs. therein).  

Studies are underway in our laboratory to elucidate potential involvement of vIL-10 in 
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CyHV3 pathogenesis in vivo with bacterial artificial chromosome (BAC) knockout 

constructs.   
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Table 1.1      Primer and probe sequences

Construct / amplicon Primer / probe (5' to 3')

pND vector
     vIL-10 Fwd tctgctagcCAACTTCACTCCAACCATGTTCC

Rev tatgggcccTCAatggtgatggtgatgATGTTTGCGCTTGGTTTTCATG
     kIL-10 Fwd tctgctagcAACGAAAGAGGATTGAAGAATGG

Rev tatgggcccCTAgtgatggtgatgatgGTGCTTGCCTCTCTTTGATGCC

pQE-70 vector
     vIL-10 Fwd AACGGCATGCTGATCGGACAAACACCCCAACTT

Rev GGTTAGATCTATGTTTGCGCTTGGTTTTCATGTTC
     kIL-10 Fwd TTACGCATGCCAGTGAGACTGAAGGAGCTCCGTT

Rev GCCCTAGATCTGTGCTTGCCTCTCTTTGATGCCAA

RACE (gene specific)
     vIL-10 (1st round) 3' TCCTTGCAGTGCTACTAACCGC

5' GTCTCCAATTTCGTCCACTTCG
     vIL-10  (nested) 3' TCGGGGTGCCCCAGCTAC

5' GATAGGCGGCTGTCACATTGG
     kIL-10 (1st round) 3' CCTTGAGATCGCCAGCATAAAGAACTCG

5' CTCCTTCAGTCTCACTGGAAAGCCCTCCAC
     kIL-10 (nested) 3' GCCATGGGAGAGCTTGATATCCTCTTTAAGT

5' GCAGTCGACTCTTCTGCACTGCGC
     TNF α 1 - 3 (1st round) 3' TCTACAGCCAGGTGTCTTTCCACATCA  

5' TGTTGAGCGTGAAGCAGACAGC
     TNF α 1 - 3 (nested) 3' GGAAGTCATGCATGTGAGCCATGCA

5' CCACACACCCACCAGACTGCTGACTT

     TNF α  2 5' Rev2 GTGGAAAGACACCTGGCTGTAG
5' Rev4 CACCTGAAACAAAAGCCTGG

RT-PCR
     TNF α 1 and 3 Fwd1 ATGATGGATCTTGAGAGTCTG  

Rev1 CATAAAGCAAACACCCCAAAG

     TNF α 1 Fwd2 CAGCTTCTTGAAGAAGGAG1

Rev1 CATAAAGCAAACACCCCAAAG
     TNF α 2 Fwd3 CAGTTTCTTGAAGAAGGAGCGC

Rev2 GTGGAAAGACACCTGGCTGTAG
     TNF α 2 Fwd3 CAGTTTCTTGAAGAAGGAGCGC

Rev4 CACCTGAAACAAAAGCCTGG

UTR PCR
     vIL-10 Fwd CAACTCCAACTTCACTCCAACCAT

Rev GGGTATGGTTTTTATTGAAAGATGTGG
     kIL-10 Fwd CTAGAAGAAACGAAAGAGGATTGAAGAATGG

Rev CAATAAGTTAAAGGATGAAGTCCATTTGTGCC

PCR
     beta-actin2 Fwd GACAGCTACGTTGGTGATGA

Rev GAGTCCATCACGATACCAGT
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Table 1.1 continued

Construct / amplicon Primer / probe (5' to 3')

Taqman Real-Time PCR
     vIL-10 Probe (FAM) - TAGTTAACTGTCGAGACTTT - (MGBNFQ)

Fwd GACAACCTGAGTAGACTCCATCAAAA

Rev CCAGTGTGGTAAATCTTCGCATT
     TNF α 1 Probe (FAM) - CATATGAACCTAAAGTGTCTAC - (MGBNFQ)

Fwd GGCAGCCATCCATTTAATAGGT
Rev TTCTTTTTCCAGTCCAGGGTTTT

     TNF α 2 Probe (FAM) - AGGTGCATATGACCCTGA - (MGBNFQ)
Fwd CCAAGGTTGCCATCCATTTAA
Rev CTGTTTCCAATCTAGGTTGTCCTTACA

     TNF α 3 Probe (FAM) - CTGCCACTGCTGTCT - (MGBNFQ)
Fwd GCTGGCTGTGGCACTGTGT
Rev TGATTGTTCTTGTTGAGCGTGAA

     18S Probe (FAM) - TGAAATTCTTGGACCGGCG - (MGBNFQ)
Fwd TCGTATTGCGCCGCTAGAG
Rev CTTTCGCTTTCGTCCGTCTT

     40S Probe (FAM) - AGACGGGACTACTTGC - (MGBNFQ)

Fwd AGATGCAGAGGACCATCGTCAT
Rev ACGGTTGTACTTGCGGATGTAA

1 Savan and Sakai (2004) Fw (de) primer
2 Developed by Dr. Tomofumi Kurobe (UC Davis, Davis, CA)
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                A     B  
                 
human IL-10                  MHSSALLCC--LVLLTGVRASPGQGTQSENSCTHFPGNLPNMLRDLRDAFSRVKTFFQM-KDQLDNLLLK 67   
EBV IL-10                    -MERRLVVT--LQCLVLLYLAPECG--GTDQCDNFP----QMLRDLRDAFSRVKTFFQT-KDEVDNLLLK 60   
EHV2 IL-10                   MFRASLLCC--LVLLAGVWADNKYDSESGDDCPTLPTSLPHMLHELRAAFSRVKTFFQM-KDQLDNMLLD 67   
equine IL-10                 MHSSALLCY--LVFLAGVGASRDRGTQSENSCTHFPTSLPHMLHELRAAFSRVKTFFQM-KDQLDNMLLN 67   
murine IL-10                 MPGSALLCC--LLLLTGMRISRGQYSREDNNCTHFPVGQSHMLLELRTAFSQVKTFFQT-KDQLDNILLT 67   
silver carp IL-10            MIFSRVIFS-ALVMLLLSESAQCRRVDCKSECCSFVEGFPVRLKELRSAYREIQRFYES-NDDLEP-LLN 67   
zebrafish IL-10              MIFSGVILS-ALLTLLLCDCAQSRRVECKTDCCSFVEGFPLRLRELRSAYKEIQKFYES-NDDLEP-LLN 67   
rainbow trout IL-10          MSPCSLLLSLLLAAALQCEHAQCRRVPCSDRCCSFVEGFPVRLKELRTAFSTIRDYYEA-NDELETSLLD 69   
Japan. spotted puffer IL-10  MTPGS-LLS--VLLLLCCACTVWCAALCNNRCCSFVEGFPARLKMLRENYSQIRDYYEA-NDDLDIVLLD 66   
green spotted puffer IL-10   MPGRT-LLS--VLLLLSSSCAVWCATLCNNRCCSFLEGFPARLKVLRENYSNIREYYEA-NDDLDLVLID 66   
white seabass IL-10          MTPRSLLLS--ILVVLSFFCTVWCSPMCNNQCCRFVEGFPGMLRQLRADFTEIQDFYEA-NDDLDAALLD 67   
common carp IL-10            MVFSGVILS-ALVMFLLSDSAQCRRVDCKTDCCSFVEGFPVRLKELRSAYREIQNFYES-NDDMEP-LLD 67   
koi IL-10                    MVFSGVILS-ALVMFLLSDSAQCRRVDCKTDCCSFVEGFPVRLKELRSAYREIENFYES-NDDMEP-LLD 67   
CyHV3 IL-10                  -----MFLAVLLTATIFFEARGAPATTPKDSCVYLIGQTPQLLRQLRNAYQAIIGADGSGVDEDDMPIYP 65   
Clustal Consensus                  .    :                   *  :              :  :         : :  :      
 
 
         B                 C                              D  
 
human IL-10                  ESLLEDFKG-YLGCQALSEMIQFYLEEVMPQAENQDPD----IKAHVNSLGENLKTLRLRLRRCHRFLPC 132  
EBV IL-10                    ESLLEDFKG-YLGCQALSEMIQFYLEEVMPQAENQDPE----AKDHVNSLGENLKTLRLRLRRCHRFLPC 125  
EHV2  IL-10                  GSLLEDFKG-YLGCQALSEMIQFYLEEVMPQAENHSTDQ---EKDKVNSLGEKLKTLRVRLRRCHRFLPC 133  
equine IL-10                 GSLLEDFKG-YLGCQALSEMIQFYLEEVMPQAENHGPD----IKEHVNSLGEKLKTLRVRLRRCHRFLPC 132  
murine IL-10                 DSLMQDFKG-YLGCQALSEMIQFYLVEVMPQAEKHGPE----IKEHLNSLGEKLKTLRMRLRRCHRFLPC 132  
silver carp IL-10            ENVQQNINS-PYGCHVMNEILRFYLETILPTAVQKNHL---HPKTPIDSIGSIFQDLKRDMVKCRKYFSC 133  
zebrafish IL-10              EDIKHNINS-PYGCHVMNEILHFYLETILPTALQKNPLK--HSTTPIDSIGNIFQELKRDMVKCKRYFSC 134  
rainbow trout IL-10          EGILHHLKS-PVGCHAMDSILKFYLDTVLPTAMNNRTQNNNDFKSPIDSIGNIFHELKKEIVQCRNYFSC 138  
Japan. spotted puffer IL-10  QSIVDTFKT-PFACHLMDGILRFYLDSVLPRALATVTAETRNLKPHVESIQQIFDQLKIEVTNCKHYFAC 135  
green spotted puffer IL-10   QSIVESFKT-PFACHVMDGILKLYLDSVLPRALASVTVETRDLQPHVESIQQILDQLKTEVNNCKHFFAC 135  
white seabass IL-10          QTVEDTLKT-PFACHAINSILEFYLSTVLPTAMAGVTEDTKDLKPHMESIQQIFDQLKSDVTRCRHYFKC 136  
common carp IL-10            ENVQQNINS-PYGCHVMNEILRFYLDTILPTAVQKDHL---HSKTPINSIGNIFQDLKRDMRKCRNYFSC 133  
koi IL-10                    ENVQQNINS-PYGCHVMNEILRFYLDTILPTAAQKDHL---HSKTPINSIGNIFQDLKRDILKCRNYFFC 133  
CyHV3 IL-10                  SDVMNELASTSVACDAIKKVLTMNIG-ILPNVTAAYPD----KKSEVDEIGDNLSRLHQNIVNCRDFLKC 130  
Clustal Consensus              : . :     .*. :. :: : :  ::  .              ::.: . :   :  : .*: :: *    
 
 
               E                     F 
 
human IL-10                  ENKSKAVEQVKNAFNK-LQEKGIYKAMSEFDIFINYIEAYMTMKIRN-------- 178  
EBV IL-10                    ENKSKAVEQIKNAFNK-LQEKGIYKAMSEFDIFINYIEAYMTIKAR--------- 170  
EHV2  IL-10                  ENKSKAVEQVKSAFSK-LQEKGVYKAMSEFDIFINYIEAYMTTKMKN-------- 179  
equine IL-10                 ENKSKAVEQVKSAFSK-LQEKGVYKAMSEFDIFINYIEAYMTTKMKN-------- 178  
murine IL-10                 ENKSKAVEQVKSDFNK-LQDQGVYKAMNEFDIFINCIEAYMMIKMKS-------- 178  
silver carp IL-10            KN-PFEFATIKNSYEK-MKEKGVYKAMGELDMLFKYIEQYLASKREKH------- 179  
zebrafish IL-10              QN-PFEVNSLKNSYEK-MKEKGVYKAMGELDLLFRYIEQYLASKRVKH------- 180  
rainbow trout IL-10          KK-PFDINEFISSYEK-MQDKGLYKAMGELDLLFNYIEEYLVSKRRKH------- 184  
Japan. spotted puffer IL-10  KN-RFDINVLNSTYTK-MEDKGLYKAMGELDLLFNYIENYLASKRRRNVA----- 183  
green spotted puffer IL-10   KN-QFDMNTLTSAYTQAMQEKGLFKAMGELDLLFNYIEMYMSSKTHRNKA----- 184  
white seabass IL-10          KH-HFDINTLNSTYTQ-MESKGLYKAMGELGLLFNYIETYMASKQHRNHAASV-- 187  
common carp IL-10            QN-PLEIASIKNSYEK-MKEKGVSKAMGELDILFKYIEQYLASKRVKHL------ 180  
koi IL-10                    QN-PFEFASIKNSYEK-MKEKGVYKAMGELDMLFKYIEQYLASKRGKH------- 179  
CyHV3 IL-10                  EDLPHWHQMAENYKEK------PMQGFSEMDFVFQSVEKFLVAKDVKNMKTKRKH 179  
Clustal Consensus            :.         .   :        :.:. :.:.:. :  ::                  
 
 
 
 
Figure 1.1  Multiple alignment of CyHV3 and koi Il-10 homologs with other vertebrate and herpes IL-10 
coding sequences. Underlined amino acids indicate predicted signal sequences. Identical amino acids are 
shaded black and the four conserved cysteines involved in forming di-sulphide bridges are indicated by 
the asterisks (*).  The clustal W 2.0 consensus sequence indicates conservative (:) or semi-conservative 
(.) amino acid substitutions.  The six α-helices as determined by the crystal structure of human  
IL-10 are represented with letters (A - F) and the amino acid residues involved in binding with the 
soluble IL-10R1 (Zdanov 2004) are shaded in grey along with corresponding amino acids in CyHV3 and koi 
IL-10. The IL-10 family signature sequence (Prosite) is bolded in italics and two putative N-linked 
glycosylation sites (N-X-S / T)in CyHV3 IL-10 are underlined in bold. The splice site between the C and R 
is marked with an arrow for CyHV3 IL-10. Accession numbers from the NCBI database are as follows:  human, 
NM_000572; EBV, P03180; EHV2, S59624; equine; EU438771; murine, NM_010548; silver carp, DQ058296; 
zebrafish, AY887900; rainbow trout, BAD20648; Japanese spotted puffer, AJ539537; green spotted puffer, 
AJ544898; white seabass, AM268529; common carp, AB110780.          
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Table 1.2  Sequence identity of CyHV3 and koi IL-10 amino
acid coding sequence with other IL-10 members.  Bioedit 7.0.9.0
(Hall 1999) was used to calculate percent identities from the 
multiple alignment in Figure 1.1 

          Sequence CyHV3 IL-10 Koi IL-10

human 19.4 27.6
EBV 17.9 27.0
EHV2 16.7 26.9
equine 17.3 27.6
murine 14.2 25.4
silver carp 20.9 86.5
zebrafish 21.3 78.3
rainbow trout 23.1 55.9
Japanese spotted pufferfish 16.4 43.2
green spotted pufferfish 16.4 38.7
white seabass 17.5 40.4
common carp 20.4 93.8
koi 20.4 100.0
CyHV3 IL-10 100.0 20.4
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Figure 1.2  Unrooted phylogenetic tree of vertebrate and herpes IL-10 amino acid sequences aligned with Clustal W 
2.0.  The neighbor-joining method was used  and sequences were bootstrapped 10,000 times.  Accession numbers 
from the NCBI database are as follows:  Human, NM_000572; EBV, P03180; Human CMV, AF202536 ;  
Rhesus, NM_001044727; Rhesus CMV, AF200417; Cercopithecine HV5, AF202534; Equine; EU438771; 
Equid HV-2, S59624; Sheep, U11421; Ovine HV2, NC_007646; Murine, NM_010548; Silver carp, DQ058296; 
Zebrafish, AY887900; Rainbow trout, BAD20648; Japanese spotted puffer, AJ539537; Green spotted puffer, 
AJ544898; White seabass, AM268529; Common carp, AB110780. 
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Figure 1.3  Kyte and Doolittle (1982) hydropathy plot of CyHV3 IL-10 and Koi  
IL-10 constructed with BioEdit 7.0.9.0 (Hall 1999) and a window size = 9.  Values 
greater than zero increase in hydrophobicity up to a maximum mean value of 4.6. 
Values less than zero increase in hydrophilicity to the mean value of – 4.6.      
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Figure 1.4 Least squares means represented as log 10 of fold transcription of CyHV3 
ORF 134 from 6 h to 6 d.  Fold transcription values are calibrated to 6 h and were 
analyzed with a one-way ANOVA using SAS 9.1 (SAS institute, Cary, NC).   
P-values < 0.05 were considered significant.  Error bars are standard error of the LSM 
values.  The LSM at 6 h has a value of zero.  
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Figure 1.5  Least squares means of log10 fold transcription of CyHV3 ORF 134 exposed to (A) 250 µg / ml 
cycloheximide (CHX) or (B) 500 µg / ml phosphonoformic acid (PFA) in vitro.  Total RNA from infected 
KF-1 cells were collected at designated time points.  Treated groups are shown next to the untreated KF-1 
infected controls.  The 6 h virus only control served as a calibrator for all fold expression values and data 
were analyzed with a mixed-model ANOVA using SAS 9.1.3 (SAS institute, Cary, NC).  Comparisons 
between the two treatments for all time points in both (A) and (B) were significant (p-values < 0.05).  Error 
bars are standard error of the LSM values. The LSM value in graph (A) at 6 h has a value of  zero for ORF 
134 without CHX.         
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Figure 1.6  Immunostaining of nucleofected telomerized Rhesus fibroblasts with the empty pND 
vector (A), or vector with a CyHV3 IL-10 (B) or koi IL-10 insert containing a c-terminus 6x-HIS 
tag (C).  A murine monoclonal anti HIS Ab at 1:500 (R&D systems) and 1:100 of a secondary 
sheep anti-mouse HRP-conjugated Ab (SIGMA) were used with DAB (Vector Laboratories). 
Examples of protein expression are marked with arrows.   
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Figure 1.7  Western blots to (A) pND expressed CyHV3 (vIL-10) and Koi IL-10  
(kIL-10) from transfected Telo-RF, lysed with Cell Lytic M (SIGMA) and purified with 
HIS resin (SIGMA).  C = cell lysate and S = supernatant. (B) pND expressed kIL-10 
from transfected 293T cells not purified with HIS resin.  (C) Pooled sera from genetically 
immunized mice to pND expressed vIL-10 and kIL-10 from cell lysates [C] and 
supernatant [S], without HIS purification. The last two lanes are from a pND only 
transfection.   (D)  Polyclonal antibody from rabbits immunized with purified bacterial 
CyHV3 or koi IL-10 denatured  antigen and transfected Telo-RF purified with HIS resin: 
pND = empty vector, C = pND-vIL-10, and K  = pND-kIL-10. (E) Rabbit sera (1:200) or 
at (F) (1:150) to native vIL-10 from uninfected and infected KF-1cells. 
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Figure 1.8  Least squares means representing log10 fold transcription of  TNF α 1 (A),  
TNF α 2 (B), and TNF α 3 (C) from koi head kidney macrophage suspensions after 4 h 
of exposure to media only, LPS (10 µg / ml), or LPS (10 µg / ml) with supernatant 
containing vIL-10,  kIL-10, or control supernatant from Telo-RF cells nucleofected with 
the empty pND vector.  The media only group with LSM values of zero, served as a 
calibrator for all other treatment groups.  One-way ANOVA and post-hoc comparisons of 
least squares means (log10) were conducted with SAS 9.1 (SAS institute, Cary, NC).  A 
p-value of < 0.05 is considered significant (*).  Error bars are standard error of the LSM 
values. Results are representative of two independent experiments (total number of fish,  
n = 5 for TNF α 1 and n = 6 for TNF α 2 and 3).   
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CHAPTER 2                                                   

 

Characterization and Expression of the Cyprinid herpesvirus 3 (CyHV3) 
TNFRSF-like members ORFs 4 and 12 

 

 

Abstract 

Studies of mammalian herpesviruses have identified numerous 

immunomodulatory products that facilitate survival and persistence in the advent of the 

host’s immune responses.  Among fish herpesviruses, recently classified with amphibians 

in the newly organized family Alloherpesviridae, two cyprinid herpesvirus 3 (CyHV3) 

tumor necrosis factor receptor superfamily-like (TNFRSF) homologs, ORFs 4 and 12, 

have been discovered.  Each ORF encodes for a single exon with predicted peptide 

products of 313 and 128 aa for ORF 4 and 12 respectively.  Both contain cysteine rich 

domains which are the hallmark of TNFR / NGFR family members.  The c-terminus of 

ORF 4 shares a 26.4 % aa identity with the Rattus TNFRSF-14 homolog and ORF 12, a 

30.6 % aa identity with murine TNFRSF-1b.  Both are significantly (p < 0.05) transcribed 

between 6 h and 6 d in CyHV3 infected KF-1 cells.  Cycloheximide (CHX) and 

phosphonoformic acid (PFA) significantly inhibited transcription but low detectable 

levels for both ORFs in the presence of PFA indicate delayed-early transcription kinetics.  

Mammalian expression of c-terminal 6x HIS tagged ORF 4 and 12 with the pND vector 

produced approximately 38 - 40 kDa and 16 kDa protein bands respectively in Telo-RF 

and 293T.  Pooled pAb from mice genetically immunized with pND-ORF4 detected a  
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38 kDa protein in the cell lysates but not supernatant of CyHV3 infected KF-1 cells by 

western blotting. This represents the first characterization of two homologs from a fish 

herpesvirus that may have a role in modulating TNFRSF-like responses during CyHV3 

infection in carp. 

 

Introduction 

 Tumor necrosis factor receptors are type I transmembrane proteins with one to  

six extracellular cysteine rich domains of approximately 40 amino acids. Each domain 

consists of 6 highly conserved cysteines that participate in the formation of di-sulphide 

bridges (Rahman and Mc Fadden 2006).  TNFRSF members and their ligands are 

important in orchestrating diverse cellular immune responses to pathogens.  TNFRSF-1b 

(TNFR-2), is found on many cell types but more abundantly on endothelial and 

hematopoietic cells.  Upon binding TNF or interacting with TNFRSF-1a, some of the 

many effector functions of TNFRSF-1b include proliferation of murine cytotoxic  

T cells, increased sensitivity to bacterial pathogens, and reduced antigen-induced  

T cell apoptosis (Herbein and O’Brien 2000).  TNFRSF-14 (HVEM) is expressed  

mainly in peripheral blood leukocytes such as B and T lymphocytes and monocytes 

(Kwon et al. 1997, Marsters et al. 1997).  When the ligand LIGHT binds to TNFRSF-14, 

this activates T cells while inhibition of T cells occurs upon binding of the BTLA ligand 

(Cheung et al. 2005).  Additionally it has been shown to mediate herpes simplex virus 

entry into activated human T cells (Montgomery et al. 1996).  After ligand binding, both  

TNFRSF-1b and 14, engage in signal transduction pathways that lead to the activation of 

transcription factors and ultimately specific effector responses.   
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Involvement of TNFRSF members and their ligands in antiviral defenses are 

evident as viruses are able to modulate almost every aspect of TNF biology.  Viral 

encoded proteins can interfere with ligand-receptor interactions and inhibit apoptosis at 

several levels including blocking caspase activation, inhibition or induction by 

mitochondrial regulation, and modulating transcription factors such as NF-κB  

(Benedict 2003, Rahman and McFadden 2006). Specific examples for each one of these 

modulation strategies have been well documented with members of the family 

Herpesviridae.  The first observation of TNFRSF-like encoded open reading frames 

(ORFs) from a herpesvirus that infects fish was reported with the sequencing of the 

cyprinid herpesvirus 3 (CyHV3) genome (Aoki et al. 2007).  To date, sequence analyses 

and tissue expression patterns have been described for TNFRSF-1a and 1b in the 

Japanese flounder, and for TNF decoy receptor homologs in rainbow trout, brook trout, 

conger eel and the cartilaginous banded dogfish (Bobe and Goetz 2000, Liu et al. 2002, 

Park et al. 2003, Inoue et al. 2008, Tsutsui et al. 2008).  Although TNFRSF members 

have yet to be described in carp, this study provides initial characterization of two 

TNFRSF-like homologs encoded by CyHV3.   

                                                                                                                                                                                                                          

Materials and Methods 

Virus and cell line.   

Low passage stocks of a U.S.A. strain of CyHV3 were kept frozen in aliquots     

at - 80 °C until use.  The koi fin (KF-1) cell line, developed in our laboratory  

(Hedrick et al. 2000), was used for infections in (T-12.5 or T-25, T-75 flasks or T-175 

cm2 in 12, 24 or 48-well plates) for random amplification of cDNA ends (RACE), 
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transfection and Taqman real-time polymerase chain reaction (PCR) studies.  The KF-1 

cells  were maintained at 20 °C or room temperature in Minimal Essential Media (MEM) 

supplemented with 7.5 %  fetal bovine serum (FBS), L-glutamine (200 mM), penicillin 

(5,000 U / ml), streptomycin (5,000 µg / ml), and 7.5 % Na2CO3 .  The FBS content for 

the MEM was reduced to 2 % following CyHV3 infection in flasks and tissue culture 

plates.  The media for plates also included 1 M HEPES for increased buffering capacity. 

 Real-time PCR was used to examine the effects of   cycloheximide (CHX) 

(Sigma, St. Louis, MO) or phosponoformic acid (PFA) (Sigma, St. Louis, MO) on ORF 4 

or 12 transcription.  The KF-1 cells were grown in 175 cm2 flasks and infected with a 

passage 6 CyHV3.  After 2 wk, cytopathic effects were evident and supernatant was 

clarified at 3,581 x g at 18 °C for 20 min.  The supernatant was centrifuged at 95,354 x g  

for 1 h 15 min at 19 °C.  The viral pellet was resuspended in 2 % MEM HEPES, 

homogenized with a 27 g needle and aliquots frozen at - 80 °C.  A plaque forming unit 

assay was performed on a frozen aliquot to assess infectious virus concentrations.  

Briefly, the aliquot was serially diluted tenfold in 2 %  MEM HEPES and 0.1 ml of each 

dilution was placed into triplicate wells of  a  24-well plate with monolayers of KF-1 

cells.  Virus-induced plaques were counted following staining of KF-1 cells  with a 

crystal violet (0.6 %) formaldehyde (60 %) solution at 7 d post infection.  Remaining 

aliquots from the freezer were used to infect 24-well plates seeded with KF-1 cells at a 

MOI of 0.2 for 1 h in 2 % MEM HEPES at 20 °C.  Duplicate wells of KF-1 cells in  

24-well plates were used for each time point at 6 h and 12 h and daily from 1 - 6 d.  The 

treatment groups included a)  CyHV3 only and b) CyHV3 with either CHX (250 µg / ml) 

at 6 h and 12 h or PFA (500 µg / ml) on 1 - 6 d.  Stock PFA was 0.2 µm filter sterilized 
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and reconstituted in molecular grade water prior to use.  For KF-1 cells treated with CHX 

or PFA,  maintenance media was removed and the chemicals were added 1 h prior to  

virus inoculation.  After  1 h at 20 °C, 2 % MEM HEPES was added to each well.  Plates 

were maintained at 20 °C until total RNA was collected at designated time points. 

 

Vectors and constructs.   

The pGEM-T easy (Promega, Madison, WI)) vector was used for maintaining, 

subcloning, and sequencing of all 5’ and 3’ RACE, untranslated region (UTR), and  

real-time PCR primer and probe products.  Products were gel purified with QIAEXII 

(QIAGEN, Valencia, CA) after PCR amplification and ligated to the pGEM-T easy 

vector for several hours on ice or overnight at - 5.5 °C before transforming into DH5 α 

subcloning efficiency competent cells (Invitrogen, Carlsbad, CA).  Transformants were 

screened by PCR  from TYE or LB plates containing ampicillin (100 µg / ml) and X-gal 

(80 µg / ml).  Colonies sent for sequencing were streaked for isolation on TYE  

(with 100 µg / ml of ampicillin) and frozen at - 80 °C as glycerol stocks or subject to 

plasmid purification with QIAGEN’s QIAprep kit.  All sequencing was conducted at 

Davis Sequencing (Davis, CA) on an ABI 3730 DNA sequencer.  Sequences were 

analyzed with BioEdit Sequence Alignment Editor (Hall 1999), Clustal W and  

Clustal X 2.0 (Larkin et al. 2007), ProtParam (Gasteiger et al. 2005), NetOGlyc 3.1 

(Julenius et al. 2005), NetNGlyc 1.0 (Gupta et al, in preparation), Phobius  

(Kall et al. 2004), SignalP 3.0 (Bendtsen et al. 2004), and primers were designed using 

NetPrimer (Premier Biosoft International). 
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 The pND vector, generously provided by Dr. Peter Barry (University of 

California, Davis, CA), containing an human CMV enhancer / promoter and intron A 

sequence, was used for constructing mammalian expression vectors for transfections and 

immunization of mice.  Primers (Table 2.1) were designed to contain a 5’ Nhe I or  

3’ Apa I restriction enzyme cut site to insert the ORF 4 or 12 cDNA sequences into the 

corresponding sites in the pND vector resulting in pND-ORF4 or pND-ORF12.  The 

reverse primers also contained a 6x-HIS tag for expression at the c-terminus of the viral 

proteins. The cycling conditions of 94 °C for 30 s, 56 °C for 30 s, and 68 °C for  

1 min 40 s were used to amplify ORF 4 and 12  with platinum Pfx DNA polymerase 

(Invitrogen, Carlsbad, CA) from  pGEM-T easy vectors harboring cDNA templates for 

40 cycles after a holding stage at 94 °C for 2 min.  Reaction mixtures contained the 

following final concentrations: 278 ng of template, 1 mM MgSO4, 1x Pfx amplification 

buffer, 0.8 mM of each dNTP, 0.8 µM of each primer, 0.75 U of Pfx DNA polymerase, 

and molecular biology grade water to 50 µl.  After gel purification of the amplicons with 

the QIAEX II kit (QIAGEN, Valencia, CA), 3’ adenines were added to 25 µl of gel 

purified products with 2 mM of MgCl2 ,  1x PCR buffer, 0.1 mM dATP, 0.5 U of Taq 

polymerase (Invitrogen, Carlsbad, CA), and molecular water to 50 µl at 72 °C for 15 min 

prior to ligation into pGEM-T easy, DH5 α transformation, and plasmid purification as 

described above.  A total of 5 µg of  pGEM-T easy with the cDNA inserts or empty pND 

was then double digested with 15 U of Apa I (NEB), 12.5 U of Nhe I (NEB),  

1x NEBuffer 4, and water to 50 µl (25 °C for 4 h, 16 °C for 4 h, and 65 °C for 25 min) 

prior to another round of ligation and DH5 α transformation.  Ampicillin resistant 

colonies were screened by cloning, streaked for isolation, plasmid purified, and 
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sequenced.  Plasmids were purified on a large scale with the Endofree plasmid Maxi kit 

(QIAGEN, Valencia, CA) and eluted in Tris EDTA (TE) buffer (pH 8.0) for transfections 

or in PBS (pH 7.4) for mice DNA immunizations. 

 A fragment of the cDNA for ORFs 4 and 12, less the hydrophobic regions 

containing predicted signal peptides, was inserted in frame with the c-terminus 6x HIS 

tag sequence in the bacterial vector pQE-70 (QIAGEN, Valencia, CA).  Bacterially 

expressed proteins were prepared for rabbit immunizations.  The cDNA fragments were 

amplified with Pfx DNA polymerase (Invitrogen, Carlsbad, CA, Carlsbad, CA) and 

primers with Sph I and Bgl II sites (Table 2.1).  Reaction conditions were:  150 ng of 

template, 1 mM MgSO4, 1x Pfx amplification buffer, 0.3 mM of each dNTP, 0.6 µM of 

each primer, 0.75 U of Pfx DNA polymerase, water to 50 µl (94 °C for 2 min, and 40 

cycles at 94 °C for 30 s, 60 °C for 30 s, and 68 °C for 1 min 40 s).  3’ adenines were 

added to gel purified amplicons as described above, ligated into pGEM-T easy, and 

transformed into DH5 α before digesting 4 - 5 µg of purified plasmids and 2.5 - 5 µg  

of pQE-70 with 30 U  of Bgl II (NEB), 1x NEBuffer 3, molecular water to 150 µl  

(37 °C for 2 - 8 h).  Bgl II was inactivated with QIAQUICK columns (QIAGEN, 

Valencia, CA) per manufacturer’s instructions.  Fragments were then cut with 30 - 50 U 

of Sph I (NEB) in 1x NEBuffer 2, and water to 150 µl (37 °C for 2 h and heat inactivated 

at 65 °C for 20 min).  The digested products were gel purified and ligated into  

de-phosphorylated pQE-70 before transforming SG or M15 cells (QIAGEN,  

Valencia, CA) and clone screening ampicillin resistant colonies.  All clones sent for 

sequencing were streaked for isolation and plasmid purified with QIAGEN’s QIAprep 

kit. 
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RNA, cDNA, RACE, RT-PCR, PCR.    

Total RNA was extracted for RACE and  real-time PCR experiments using Trizol 

(Invitrogen, Carlsbad, CA).  Media was removed from CyHV3 infected cells in a T-25 

flask or 12-well plates exhibiting CPE before adding 1 - 2 ml Trizol for 5 min.  

Chloroform (200 µl per 1 ml of Trizol) was added for phase separation.  The aqueous 

phase was subject to a second round of Trizol and chloroform before precipitating RNA 

in isopropyl alcohol and washing in 75 % ethanol.   The RNA pellet was resuspended in 

water, concentration measured by absorbance at 260 nm / 280 nm, and frozen at  

- 80 ° C.  First-strand cDNA synthesis was carried out in conjunction with primers and 

BD powerscript reverse transcriptase for 1.5 h based on BD SMART technology  

(BD Biosciences, San Jose, CA).   First-strand reaction products were diluted in  

Tricine-EDTA buffer, heated 72 °C for 7 min before amplifying 2.5 µl of 3’ or 5’ cDNA 

with the following final concentrations: 0.02 µM gene-specific primer, 5 µl of a universal 

primer mix, 5 µl 10x PCR buffer, 2 mM MgCl2, 0.2 mM of each dNTP, 0.2 U platinum 

taq polymerase (Invitrogen, Carlsbad, CA), and water to 50 µl.  After a holding stage of  

94 °C for 1min 30 s, products were amplified for 30 cycles (94 °C for 30 s, 60 °C for  

30 s, and 72 °C for 2 min 30 s), with a final step at 72 °C for 7 min, gel purified with 

QIAEXII, streaked for isolation, cloned into pGEM-T-Easy, and clones sent for 

sequencing (Davis Sequencing, Davis, CA).   To confirm cDNA sequences, primers were 

designed to untranslated regions (UTR) (Table 2.1) and products amplified from the  
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5’ first-strand cDNA, with 0.02 µM of UTR specific primers, using the same final 

concentration of PCR reagents and cycling conditions.  Gel purified amplicons were also 

cloned and sent for sequencing. 

 

Transfections.  

 The vectors pND-ORF4, pND-ORF12, or empty control pND were transfected in 

telomerized Rhesus Fibroblasts (Telo-RF) or human embryonic kidney 293T (293T) cell 

lines for protein characterization or real-time PCR studies.  Telo-RF cells  

(1 x 106 cells per reaction) were nucleofected with 5 µg of endotoxin free purified pND 

plasmids  (1 µg / µl) using optimized conditions with the Basic Nucleofector Kit for 

Primary Mammalian Fibroblasts (AMAXA, Gaithersburg, MD).  The GFP plasmid  

(3 µg) included in the kit was also transfected alongside pND vectors as a positive 

control.  After pulsing, cells rested  for 20 min in Dulbecco’s modified Eagle Medium 

(DMEM) supplemented with 5 % of a 1:1 mixture of FBS / enriched super calf serum,  

2 mM glutamine, 100 U of penicillin, 100 µg / ml streptomycin, and 100 µg / ml G418 at 

37 °C under 5 % CO2.    

 The 293T cells were transfected with 1 µg of endotoxin purified pND-ORF4, 

pND-ORF12, or empty pND using FuGENE 6 (Roche, Indianapolis, IN ).  Plasmids and 

cells were incubated in Fugene 6 (37 °C, 5 % CO2 for 5 h) before rinsing cells in PBS 

(pH 7.4) and adding DMEM (10 % of a 1:1 FBS / enriched super calf serum,  

2 mM glutamine, 100 U penicillin, and 100 µg / ml streptomycin). 

At 1 - 3 days after transfection and after confirmation of green fluorescence for 

the positive control, clarified supernatant and cells rinsed with HBSS were frozen in 
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aliquots at - 80 °C  before processing with Cell Lytic M (SIGMA, St. Louis, MO) and EZ 

View Red HIS-Select HC Nickel Affinity Gel (SIGMA, St. Louis, MO).  An alternate 

cell lysis protocol was also used for some transfections.   Pelleted cells were washed 2x 

with PBS (pH 7.4) before lysis with 0.5 % Triton X / PBS.  Pellets resting on ice were 

vortexed every 10 min before centrifuging (365 x g for 15 min) and saving the cell lysate 

supernatant or initial transfected cell supernatant for western blotting, immunostaining, or 

taqman real-time PCR.   

 

Bacterial expression.  

ORF 4 and 12 target solubility was determined from cultures grown with slight 

modifications to the QIAExpressionist handbook protocol.  Briefly, cells harboring the 

pQE-70 plasmid and cDNA fragments were grown overnight at 37 °C in 10 ml of LB 

media (100 µg ampicillin and 25 µg kanamycin).   A total of 50 ml of LB media with 

both antibiotics were then seeded with 2.5 ml of overnight cultures and incubated at  

37 °C for  ~ 1 h.  Cells were then induced for 4.5 h with a final concentration of 1mM 

IPTG (Eppendorf, Westbury, NY).  Samples from the culture were centrifuged prior to 

and post induction and cell pellets were frozen at - 20 °C in sample buffer (SIGMA,  

St. Louis, MO) for SDS-PAGE analyses.  Remaining induced cultures were pelleted and 

resuspended in PBS (pH 7.4), frozen in a dry ice / ethanol bath, and thawed in cold water.  

Cells were sonicated (6 x 10 s with 10 s pauses at 200 W), centrifuged (10,000 x g for  

20 min), and the soluble supernatant and insoluble cell fractions frozen at  

- 20 °C in 2x Laemmli sample buffer for SDS-PAGE and further purification.  Production 

was scaled up to 3 L for potential rabbit immunizations. 
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 Expressed proteins from the insoluble fractions were batch purified in columns 

with Ni-NTA agarose (QIAGEN, Valencia, CA) under denaturing conditions.   Fractions 

were lysed in 6 M GuHCl, 100 mM NaH2PO4, 10 mM Tris·Cl (pH 7.2), centrifuged  

(10,000 x g for 25 min), and the cleared lysate (supernatant) mixed with Ni-ATA agarose 

for 1 h on a rocking platform at room temperature.  The lysate-resin mixture was loaded 

into a column with subsequent washing and elution (5 ml, 2x each) with an immidazole 

gradient (10 mM, 100 mM, 300 mM, and 500 mM) in 6 M GuHCl (pH 7.2).  Eluted 

fractions were collected, diluted 1:5 with water before precipitating with equal volumes 

of 10 % TCA, and reconstituting the precipitate in 0.07 % 0.5 M NaOH vol / vol in 2x 

sample buffer for SDS-PAGE analyses.   

   

Immunizations.    

All protocols used for animal studies were approved by the Institutional Animal 

Care and Use Committee of the University of California Davis.  UC Davis is fully 

accredited by the Association for Assessment and Accreditation of Laboratory Animal 

Care.   Female Balb / c mice (Charles River Laboratories, Wilmington, MA) were 

divided into two groups, five mice per group, and immunized with either pND-ORF4 or  

pND-ORF12 in PBS (pH 7.4).   A total of 50 µg, in 50 µl, and 10 µg, in 100 µl, were 

administered intradermally at the dorsal base of the tail and intramuscularly in the 

quadriceps of each mouse, respectively, with 25 g needles.  Mice were injected at week 0, 

3, 6, 40, and 42 after intraperitoneal administration of 0.1 ml of pentobarbital  
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(Nembutal; 6 mg / ml) per 10 g of body weight.  Test-bleeds were collected from the 

lateral saphenous vein or from the tail for analyses by western blotting and 

immunostaining. 

 

SDS-PAGE and Western blotting.    

Sample buffer (2x) (Sigma, St. Louis, MO) for SDS-PAGE was added to all 

samples which were then  heated for 5 min at 95° C - 100° C prior to loading on freshly 

made or precast polyacrylamide Tris-HCl gels (Bio Rad, Hercules, CA) of varying 

percentages.  Each gel included  a Benchmark pre-stained protein ladder (Invitrogen, 

Carlsbad, CA) or Pageruler unstained protein ladder (Fermentas, Glen Burnie, MD) in 

running buffer (0.025 M tris base, 0.192 M glycine, 40 ml 10 % SDS).  After 

electrophoresis at 200 V for 35 - 45 min, proteins in gels were either stained in  

0.1 % Coomassie R-250 (Bio-Rad, Hercules, CA) or transferred to PVDF (Millipore, 

Bedford, MA) in Towbin transfer buffer (0.025 M tris base, 0.192 M glycine,  

and 14.5 % methanol).   

 PVDF strips were either stained with 0.1 % Amido black or suspended in  

5 % non-fat dried milk / PBS (pH 7.4) for western blotting.  Strips were washed 3x  

(5 min each) in 0.05 % Tween / PBS (pH7.4) prior to a 1.5 h incubation with one of 

several primary antibodies diluted in 1 % BSA / PBS (pH 7.4):  murine monoclonal  

anti-polyhistidine antibody (Sigma, St. Louis, MO); murine polyclonal anti-ORF4 or 

anti-ORF12.  After washing 3x (5 min), either the goat anti-mouse IgG, Fc specific 

(Sigma, St. Louis, MO) or goat anti-mouse IgG, Fab specific (Sigma, St. Louis, MO) 

alkaline phosphatase conjugated secondary antibody diluted in wash reagent was applied 
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for 1 h. After three more washes (5 min), strips were developed with NBT / BCIP 

(Roche, Indianapolis, IN), rinsed with double distilled water, and air-dried.   

 

Taqman real-time PCR.    

Primer Express 3.0 (Applied Biosystems,  Foster City, CA) was used to design 

real time primers (Eurofins MWG Operon, Huntsville, AL) and corresponding MGB 

probes (Applied Biosystems, Foster City, CA) (Table 2.1).  To confirm correct 

amplification with taqman primers, PCR was conducted and amplicons were obtained 

with 0.1 U of Invitrogen’s platinum taq polymerase, 2 mM MgCl2, 1x PCR buffer,  

0.05 mM of each dNTP, 0.8 µM of each F and R primer (94 °C for 2 min, 40 cycles at  

95 °C for 30 s, 55 °C for 30 s, and 72 °C for 30 s).   

Amplicons were gel purified with QIA EX II (Qiagen, Valencia, CA) and cloned 

into the pGEM T-easy vector (Promega, Madison, WI).  Purified plasmids were sent for 

sequencing (Davis Sequencing) to confirm amplification of the correct sequence. The 

Step One Real-Time PCR System (Applied Biosystems, Foster City, CA) was used to 

carry out real-time runs on 48-well reaction plates.  Each reaction consisted of a total 

volume of 12 µl using 1 µl of cDNA, 6 µl of Universal Mastermix (Applied Biosystems, 

Foster City, CA), 400 nM of the forward and reverse primer, 80 nM of MGB probe, and 

4.4 µl of water.  Reaction plates were centrifuged at 1,305 x g  until all bubbles were 

removed from the samples.  All runs were performed using the Step One system as 

follows: a holding stage of 50 °C for 2 min, 95 °C for 10 min, and 40 cycles at 95 °C for 

15 s followed by a combined annealing and extension step at 60 °C for 1 min.  
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Standard curves were prepared from cDNA with a tenfold serial dilution in 

concentrations ranging from 200 ng - 0.02 ng.  Negative control wells containing just 

water were run alongside the standard curve samples.   Standard curves were run in 

triplicate and efficiencies of all primers examined at a manually set threshold. Changes in 

fold transcription were determined for each treatment group by the 2-∆∆Ct comparative 

method where ∆∆Ct = Ct,time x – Ct, virus only at 6 h  for viral transcription and CHX and PFA 

experiments.  The 18S gene was chosen as the most stable housekeeping gene as 

compared to 5.8S and 28S (see Chapter 3) and used for normalizing Ct values.. 

 

Immunostaining.   

Nucleofected Telo-RF cells were immunostained with DAB in 96-well plates to 

confirm expression of ORF 4 and ORF 12 from the pND vector.  Cells were fixed with   

4 % paraformaldehyde (mixed 1:1 with PBS).  All washes consisted of PBS / 0.1 % 

Tween.  After washing (2x 15 min), plates were blocked for 1 h with 1 % BSA / PBS, 

washed (2x 15 min), and incubated for 1 h with a dilution series of a murine  

anti-poly-histidine monoclonal antibody (R&D Systems, Minneapolis, MN) in  

PBS / 0.1 % Tween.  Plates were blocked with 5 % sheep serum in PBS for 1 h, washed 

(3x 10 min), and incubated for 1 h with a dilution series of horse-radish peroxidase 

(HRP) conjugated sheep anti-mouse antibody (Sigma, St. Louis, MO) in PBS.  After 

subsequent washing (3x 10 min), plates were developed with DAB (Vector Laboratories, 

Burlingame, CA) and rinsed with de-ionized water.    

 Non-infected and infected KF-1 cells on glass coverslips in 24-well tissue  

culture plates were fixed for 10 min in cold acetone / ethanol (60 / 40) and frozen at  
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- 20 °C.  Cells were immunostained using the protocol described above except the 1 % 

BSA  / PBS block was applied for 2 h, the 5 % sheep serum /  PBS block was applied for 

40 min, and pooled mice sera was used as the primary antibody at 1:100. 

   

 

Statistics.      

Statistical analysis software (SAS 9.1.3, SAS Institute, Cary, NC) was used to 

analyze taqman real-time data.  Normality was examined with the Shapiro-Wilk test and 

a W-statistic  < 0.95 or a  p-value < 0.05 was considered significant.  The Levene test was 

used to examine homoscedasticity.  Linear fold expression values were log10 transformed, 

winsorized, and weighted when required before using either a one-way or mixed-model 

analysis of variance (ANOVA).  Post-hoc comparisons were conducted on least squares 

means of log10 transformed fold transcription values.  P-values < 0.05 were considered 

significant.   

 

Results 

 

Sequence Analyses of CyHV3 TNFRSF-like members ORFs 4 and 12.    

 ORF 4 is located within each of the ~ 22 kbp direct terminal repeats of the 

genome and ORF 12 is located within the intervening long unique sequence.  Rapid 

amplification of cDNA ends (RACE) products from total RNA extracted from CyHV3 

infected cells produced UTRs approximately 72 and 104 basepairs (bp) for the 5’ and 3’ 

transcripts of ORF 4, and 27 and 594 bp for ORF 12.  Both TNFRSF-like members 
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consist of a single exon.  The 939 bp exon of ORF 4 and 384 bp exon of ORF 12 encode 

for a 313 and 128 aa  products, respectively.  ORF 12 is encoded on the reverse strand of 

CyHV3.  ProtParam (Gasteiger et al. 2005) predicted ORF 4 to be 34.9 kDa and 12 to be 

14.0 kDa in size.  Polyadenylation (polyA) for ORF 4,  started ~ 12  bp downstream from 

the poly-adenylation (polyA) signal and ~ 16 bp downstream for ORF 12 which shares a 

polyA signal with ORF 11.   

 A BLAST search on the NCBI database for ORF 4 revealed that the c-terminal 

half of this gene shared amino acid identities with TNFRSF-14-like homologs (also 

known as herpesvirus entry mediator, HVEM).  Multiple alignment with vertebrate 

homologs showed ORF 4 contained many conserved cysteines involved in forming  

di-sulphide bridges within cysteine rich domains (CRD) (Figure 2.1 A, B).  These 

modules usually contain approximately 40 residues with 6 conserved cysteines and are 

hallmarks of TNFR family members (Locksley et al. 2001).  The partial sequence of  

ORF 4 showed a 26.4 % aa identity with Rattus TNFRSF-14 homolog and 21 % and  

23.1 % to salmon and zebrafish respectively.  Comparisons to human and rhesus 

homologs showed a 22.7 % identity (Table 2.2 A).  A hydrophobic signal peptide 16 aa 

in length was predicted by SignalP 3.0 (Bendtsen et al. 2004).  The portion of ORF 4 that 

aligns with the CRDs of vertebrate homologs shows a similar hydrophobic pattern to the 

Rattus TNFRSF-14 (Figure 2.2 A, B).   

 Similarly, ORF 12 aligns with three CRDs of vertebrate homologs of TNFRSF-1b 

family members (Figure 2.1 C).  Prosite (Sigrist et al. 2002) identified two CRDs in    

ORF 12 each containing the TNFR / NGFR family cysteine-rich signature sequences 

between amino acids 26 - 61 and 64 - 105.  Six cysteines within each domain are 
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predicted to be involved in di-sulphide bonding.  Amino acid identity was 30.6 % with 

the murine TNFRSF-1b homolog and ranged from 27.3 - 29.9 % with other mammalian 

sequences (Table 2.2 B).  An 18 aa hydrophobic signal peptide sequence was predicted 

(SignalP 3.0).  The hydrophobicity pattern of ORF 12 was similar  to the human 

TNFRSF-1b soluble variant, which was much closer in length to ORF 12, (Figure 2.2 C).   

 

Transcription kinetics of CyHV3 TNRSF-like members ORFs 4 and 12.    

Transcripts from total RNA extracted from CyHV3 infected KF-1 cells at  

MOI = 0.2 were analyzed by taqman real-time PCR between 6 h to 6 d.  The most stable 

endogenous housekeeping gene chosen for normalization with the comparative delta delta 

Ct method was 18S (Chapter 3).  ORFs 4 and 12, after calibration to virus only samples 

at 6 h, showed a highly significant increase in change fold transcription between 6 h to  

6 d (p < 0.0001, Figure 2.3).   Both genes had significant increases (p < 0.05) in 

transcription from 6 h to 2 d when comparing least squares mean (LSM) values.  Between  

2 - 4 d, there was  a slight increase in transcription for ORF 4 and a decrease for ORF 12.  

Significant increases (p < 0.05) in transcription resumed for both TNFRSF members from 

4 to 6 d.   

 Exposure of CyHV3 infected KF-1 cells in vitro to CHX or PFA was  

conducted to analyze potential temporal regulation of ORF 4 and 12 transcription.   

CHX (250 µg / ml) was able to significantly inhibit transcription of both genes at 6 and 

12 h with a stronger inhibition apparent for ORF 4 at both time points (Figure 2.4 A, C).  

PFA (500 µg / ml) inhibited transcription of both genes during the course of the infection, 

but significant inhibition did not begin until 2 d (p = 0.0225) for ORF 4 while for ORF 12  
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(p = 0.0018), inhibition began immediately at 1 d (Figure 2.4 B, D).  For both genes, the 

greatest inhibition in relation to the virus only control groups began at 4 d.   

 The very strong inhibition of these genes by cycloheximide suggests that neither 

of these two TNFRSF members are immediate early genes.  In this study, PFA did inhibit 

both genes but transcription was detectable at levels equivalent to those occurring 

between 12 h - 1 d for ORF 4, or 6 - 12 h for ORF 12.  This suggests these TNFRSF-like 

members display delayed-early kinetics. 

 

Mammalian expression of CyHV3 TNFRSF-like members with the pND vector.   

Nucleofection of Telo-RF cells with pND containing ORF 4 or ORF 12 cDNA 

and a c-terminus 6x histidine tag was conducted to characterize expressed proteins and to 

obtain murine polyclonal antibodies (pAb) for immunostaining infected koi tissues.   

Chromogenic immunostaining with 3, 3’- diaminobenzidine (DAB) demonstrated 

expression of both TNFRSF-like members.  Applying the monoclonal anti 6x-HIS  

(R&D Systems, 1:500) and secondary horseradish peroxidase conjugated sheep  

anti-mouse (SIGMA, 1:100) antibodies with DAB showed strong staining of ORF 4 and 

12 throughout  the Telo-RF cells compared to cells transfected with the empty pND  

(Figure 2.5).  

 After confirming pND expression of both genes, cell lysates and supernatant from 

nucleofected Telo-RF were processed with the Cell Lytic M lysis buffer (SIGMA, St. 

Louis, MO) and HIS purified with a nickel affinity chromatography resin (SIGMA).   

Western blotting with a monoclonal HIS Ab (SIGMA) revealed two protein bands 
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~ 40 kDa for ORF 4 in both cell lysate and supernatant, however there appeared to be 

protein bands of similar sizes detected when comparing the supernatant taken from  

Telo-RF cells nucleofected with just the empty pND vector (Figure 2.6 A).  For ORF 12, 

a very strong 17 kDa band and a more faint 18 kDa appeared in the supernatant.  A very 

faint 16 kDa band appeared in the cell lysate.  Supernatant and cell lysates from the pND 

control did not have these bands detected with the HIS Ab (Figure 2.6 A).   Expression 

was also examined with 293T cells transfected with FuGENE 6 (Roche, Indianapolis, 

IN).  Cells were lysed with Triton X in the absence of HIS affinity chromatography.   

Strong bands in cell lysates appeared for both ORF 4 (~ 40 kDa) and ORF 12 (~ 15 kDa) 

(Figure 2.6 A).   

 Pooled pAb from mice immunized with the pND vectors containing ORF 4 or 12 

cDNA, were able to detect 38 kDa and 16 kDa protein bands for each gene, respectively.  

The proteins were present in transfected 293T cells lysed with Triton X and were not 

detected with pooled prebleed sera.  These proteins were also confirmed with a HIS 

monoclonal Ab (Figure 2.6 B).  Pooled mice pAb did not detect any protein from 

supernatants.   

 To examine expression of these genes in KF-1 cells,  noninfected control or 

CyHV3 infected cells were lysed with Cell Lytic M (SIGMA) or with Triton X detergent.  

Pooled murine polyclonal Ab detected a 38 kDa band only in infected cell lysates 

prepared with Triton X lysis buffer for ORF 4 (Figure 2.6 C).  ORF 12 did not have any 

bands visible in infected cell lysate preps.  Supernatant from CyHV3 infected KF-1 cells 

did not reveal any protein bands for either genes. 

 



 

 

90

Bacterial expression of CyHV3 TNFRSF-like members with the pQE-70 vector. 

Production of larger quantities of antigen purified under denaturing conditions 

was attempted with the pQE-70 vector for immunization of New Zealand White rabbits.  

Neither proteins were successfully purified in large scale quantities required for rabbit 

immunizations.  A small scale batch purification of ORF 4 and 12 revealed that ORF 4 

was not inducible with IPTG and ORF 12 did reveal an induced band ~ 15 kDa in the 

insoluble fraction on a SDS gel, however this band was larger than the expected  

13.3 kDa.  Sequences of inserts for both TNFRSF-like genes were reconfirmed a second 

time and were found to be in frame with the c-terminus 6x HIS tag of the pQE-70 vector.   

 

Immunostaining of TNFRSF-like proteins from infected KF-1 cells.   

After exhibiting CPE 7 d post-infection, chromogenic DAB staining with pooled 

mice pAb revealed positive staining in KF-1 cells, fixed with 60:40 acetone : ethanol 

compared to noninfected control cells for ORF 4.  There was, however, no visible 

difference in staining between control and infected cells for ORF 12 (data not shown). 

 

 

Discussion 

 

Pressures to avoid TNF-family ligand responses to viral infections have resulted 

in virally encoded products that mediate these defense mechanisms at many levels 

(reviewed in Benedict 2003, Benedict et al. 2003, Rahman and McFadden 2006).  Two 

putative TNFRSF-like members from CyHV3, ORF 4 and ORF 12, demonstrated 
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homologies to TNFRSF-14 and TNFRSF-1b respectively.  Similar to genes that are 

temporally regulated in mammalian herpesviruses, the transcripts for both ORFs revealed 

delayed-early kinetics.  Although the pQE-70 bacterial expression system was unable to 

produce sufficient quantities of antigen required for rabbit immunization, western 

blotting with pAb from genetically immunized mice identified both TNFRSF-like 

homologs from two mammalian cell lines.  Native ORF 4 was also identified in CyHV3 

infected KF-1 cell lysates by pooled murine pAb.  

Interestingly, both ORFs 4 and 12 shared the highest homology with 

corresponding homologs from the murinae subfamily at 26.4 % for ORF 4 and 30.6 % for 

ORF 12.  Identities for both ORFs to other fish and / or vertebrate homologs were not too 

different in comparison to the murinae sequences.  The low homology is not unusual as 

viral proteins are subject to high mutation rates and unlike RNA viruses that generally 

have more than 80 % aa identity with their host counterparts, DNA viruses are apt to 

have lower than 40 % amino acid identity with host homologs (Murphy 1994, Evans 

1996).  Crystal structure analyses of the 3D conformation of these gene products will 

help determine potential residue involvement in ligand or signaling pathways.  The 

presence of many cysteines in CRDs in ORF 4 and 12 may indicate di-sulphide bonding 

but further comparisons are needed to establish functional and structural differences 

between fish TNF receptors with mammalian counterparts.  In Japanese flounder, the 

intracellular portion of TNFRSF-1b did not exhibit similarities to other known proteins 

(Park et al. 2003). To what extent this reflects differences in ligand interactions and 

intracellular signaling compared to higher vertebrates has yet to be established.   
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Temporal regulation of herpesvirus gene transcription can be classified as 

immediate early (IE or α), early (E or β), delayed-early (leaky-late or γ1), or true late  

(L or γ2).   Studies have shown that IE genes do not require de novo protein synthesis in 

order to be transcribed and even in the presence of a protein synthesis inhibitor, like 

CHX, transcription can take place (van Santen 1991, Preston et al. 1998).  The action of a 

compound like PFA can help determine if genes  in a herpesvirus infection might be 

expressed early or late.  Early genes can be transcribed in the presence of a selective viral 

DNA polymerase inhibitor such as phosphonoformic acid since transcription does not 

depend on viral replication.  Genes of the true L category do require viral DNA synthesis 

and therefore are inhibited in the presence of a compound such as phosphonoformic acid 

(Oberg 1989 and refs. therein).  Transcripts for both TNFRSF members in CyHV3 

infected KF-1 cells were detected as early as 6 h by real-time PCR .  The significant 

increase of ORF 4 and 12 transcription was  inhibited by CHX between 6 and 12 h and by 

PFA between 1 - 6 d post infection.  The inhibition of ORF 4 by PFA appeared to 

increase by 6 d, while inhibition decreased early on but leveled off by 5 d for  

ORF 12.   Despite the strong inhibition of PFA the transcripts were detectable at low 

levels, which were similar to that seen around 12 h without any treatment, indicating 

delayed-early transcription kinetics using a real-time PCR assay.  Expression of these 

TNFRSF-like members would certainly be beneficial to CyHV3 during lytic replication if 

these gene products possessed immunomodulatory functions that abrogated antiviral 

immune responses.  As an example, the TNFRSF-14 homolog HCMV UL144 is 

detectable by western blotting very early in infection of fibroblasts and may modulate 

host immune responses by binding BTLA to inhibit T cell responses or activating NFκB, 
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a pathway common in regulating proinflammatory cytokines such as TNF, IL-1, and toll 

like receptors (Benedict et al. 1999, Cheung et al. 2005, Poole et al. 2006).      

 Mammalian expression with pND-ORF4 or pND-ORF12 were successfully 

expressed in cell lysates of Telo-RF and 293T but Ni affinity pull-down was required to 

see bands for ORF 12, and possibly for ORF 4, in the supernatant of Telo-RF.  Protein 

bands from both ORFs were larger for the c-terminal 6x HIS tagged products         

without their signal peptides at 38 - 40 kDa for the predicted 34 kDa for ORF 4, and       

15 - 16 kDa for ORF 12 predicted to be 13 kDa.  The expressed products may have been  

post-translationally modified as ORF 4 contains one N-linked glycosylation (Asn-X-Ser) 

site and ORF 12 contains one threonine predicted to be an O-linked glycosylation site.  

Similarly, native ORF 4 was detected in KF-1 cell lysates by pAb from genetically 

immunized mice, but supernatant did not reveal any ORF 4 protein band.  Murine pAb 

could not detect native ORF 12 in either infected KF-1 cell lysates or supernatant.  It 

appears that ORF 4 and 12 are not  readily secreted into the supernatants of transfected 

mammalian cells or infected KF-1 cells. Additonally, these proteins may be  present at 

levels below detection by western blotting using murine pAb from mice which were 

genetically immunized and boosted four times.   Pooled murine pAb also had  

trouble detecting ORF 12 from infected KF-1 cells by immunostaining.  Neither  

TNFRSF members were predicted to contain transmembrane domains with Phobius  

(Kall et al. 2004).   It is not known if these ORF products exert modulatory effects 

intracellularly although HCMV UL144 was shown to be retained within the cell and 

activated NFκB via a TNFR-activated factor 6 dependent manner (Benedict et al. 1999, 

Poole et al. 2006).   
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Bacterial expression of ORF 4 and 12 were not possible on a large scale with the 

pQE-70 expression system to immunize rabbits.  The aim was to obtain a larger volume 

of antibodies and stronger responses by presenting denatured antigen in quantities that 

may be larger than that offered by genetic immunization of mice.  Regions of cDNA that 

may interfere with bacterial expression were removed according to manufacturer’s 

recommendations.  These included the hydrophobic region (signal peptides in this study) 

which often are toxic to bacterial cells.  Additionally, the sizes of ORF 4 and 12 may 

have been near the large and small limits for optimal protein production.  Although the 

ORF 12 construct was 13.3 kDa it may be beneficial to attempt bacterial expression with 

a vector, like the pQE-40 that fuses the target protein with the poorly immunogenic 

murine DHFR protein, since proteins smaller than 10 kDa are not stable and may be 

subject to protease degradation in E. coli (The QIAexpressionist 2003).   

 The presence of two TNFRSF-like homologs and a third cytokine IL-10 homolog, 

with potential to modulate TNF α 1 - 3 transcription (Chapter 1), may indicate the 

importance of antiviral responses involving TNFRSF members and their ligands during 

CyHV3 infections.  The findings of this study characterized the transcription and 

expression of two newly described TNFRSF-like members from a herpesvirus infecting 

koi and common carp.  The significant increase in transcription of both of these genes 

early on in KF-1 cells may suggest a putative role for these receptor homologs during 

infection.  It was not determined if the cellular retention of the native ORF 4 protein 

indicates a possible link to an intracellular function that aids the survival of CyHV3 in the 

host.  Further investigations are required to elucidate the involvement of ORFs 4 and 12 

during CyHV3 infections and to determine if these proteins bear functional resemblance 
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to the immunomodulatory activities that have been described in their mammalian 

counterparts.   
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Table 2.1      Primer and probe sequences

Construct / amplicon Primer / probe (5' to 3')

pND vector
     ORF 4 Fwd tctgctagcCTCTTCTAAAAACAAAACACCAAACATG

Rev tatgggcccCTAatggtgatggtgatgatgGAGCTCCTCGTGCTTGAGCTC

     ORF 12 Fwd tctgctagcTTCTCAAACCATGAAGCTGCTTG

Rev tatgggcccTCAatggtgatggtgatgatgACTTCTCTTTGGTTTTCTGCACATATTC

pQE-70 vector
     ORF 4 Fwd AATTGCATGCTGGACGTGTCTGAGTGGTACTTTCGT

Rev TTCCAGATCTCTCCTCGTGCTTGAGCTCCAG

     ORF 12 Fwd AACCGCATGCAAGCCAAACCAACTAGACACTCATCA

Rev GGCTAGATCTCTTTGGTTTTCTGCACATATTCGTCCC

RACE (gene specific)
     ORF 4 3' CATCTGCCTGGAGCTCAAGC

5' CTGCTTGTTGCTGTGAGAGTCA

     ORF 12 3' TGGCCGCAAAGTCGTAAAGG

5' GGCCACCGGAACATTTGTC

UTR PCR
     ORF 4 Fwd CAACAGCAGCAAAGAACCCAAAG

Rev1 CACACAAGTACACATTAACAGTAAACAGTACAG

Rev2 CAGTAGTAGCCGTGGTCTGGGTC

    ORF 12 Fwd CTCCGACTTGATTTCTTCTCAAACC

Rev CTGCTGCGCACAGTGACGAG

PCR
     beta-actin1 Fwd GACAGCTACGTTGGTGATGA

Rev GAGTCCATCACGATACCAGT

Taqman Real-Time PCR
     ORF 4 Probe (FAM)-CTGCGACAGGTTTGA-(MGBNFQ)

Fwd GACTTGTGCGACGTCTGCAA

Rev ACGCCGGCTGGTGAGA

     ORF 12 Probe (FAM)-CGAGACTGAGCTTCAG-(MGBNFQ)

Fwd CATGCGGTGAGACGGAATACT

Rev GCTGGCACTTCTGACAGCATT

     18S Probe (FAM)-TGAAATTCTTGGACCGGCG-(MGBNFQ)

Fwd TCGTATTGCGCCGCTAGAG

Rev CTTTCGCTTTCGTCCGTCTT

     40S Probe (FAM)-AGACGGGACTACTTGC-(MGBNFQ)

Fwd AGATGCAGAGGACCATCGTCAT

Rev ACGGTTGTACTTGCGGATGTAA

1 Developed by Dr. Tomofumi Kurobe (UC Davis)
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CyHV3  ORF 4   MFKLLMLVLCSACALCNKPLMKVPDAPPPQVPPPPQMRRAVVDLEQMVADAYALDVSEWY 60   
 
CyHV3  ORF 4   FRPTYEHRCPNGFGSYGWVEDFMVATCDSHSNKQRELYGLDADRKMTHKWSMVIREHNES 120  
 
CyHV3  ORF 4   RTVSDLCDVCNPCDRFEYLSPAGVCCKPCYPGYYAVQHCATAHTASVCEACPVGTYKSNA 180  
 
CyHV3  ORF 4   HVGTTSHLELCMDHHECPKNTHPRDGVFEASAVQDVFCDPDHGYYCPAIQEGASCSLVSG 240  
 
CyHV3  ORF 4   AKWAGCYPGSYIFKFPTREASAVCATCDSEKEHIYISKSGLAKCILHTKCERVQEKGSLN 300  
 
CyHV3  ORF 4   KDTICLELKHEEL        313   
 
 

(A) 
 
 
         CRD 1  
            
human                  ------------MEPPGDWGPPPWRSTPRTDVLRLVLYLTFLGAPCYAPALP-SCKEDEY 47   
rhesus                 ------------MEPPGGWGSPPRRPAPKADFLTLVLYLTFLGSPCYAPALP-SCKEDEY 47   
salmon                 --------------------------------MPVSFRSSFRDMI--IPASGNKCGPAEY 26   
zebrafish              --------------------------------MTIVRTSILLVVFCTLPRSGNACGPSEY 28   
murine (Rattus)        MGLLACSVLIKKMEPLPGWESSPWS--RADNTFRLVPCVFLLNLLQCISAQP-LCRQEEF 57   
CyHV3  ORF4 (partial)  -------------------------------------------------CNP--CDRFEY 138    
Clustal Consensus                                                                 :     
 
     CRD 1         CRD 2 
 
human                  PVGS-ECCPKCSPGYRVKEACG-ELTGTVCEPCPPGTYIAHLNG-----LSKCLQCQMCD 100  
rhesus                 PVGS-ECCPKCGPGFHVRQACG-EQTGTVCEPCSPGTYIAHFNG-----LSKCLQCQMCD 100  
salmon                 KSNTGQCCPMCGKGLVVRKDCT-LESSTSCIPCTGQTYMNAANG-----LAKCFPCSPCD 80   
zebrafish              KSAAGECCPMCSVGSIVRSDCS-GDSSTTCKPCPPGTFMNEPNG-----LYKCFPCRNCA 82   
murine (Rattus)        SVGD-ECCPMCNPGYHVKQVCS-EHTGTVCAPCPPQTYTAHANG-----LSKCLPCGVCD 110  
CyHV3  ORF4 (partial)  LSPAGVCCKPCYPGYYAVQHCATAHTASVCEACPVGTYKSNAHVGTTSHLELCMDHHECP 198   
Clustal Consensus                      . .      :.:   . .   :    :          :          
 
       CRD 2 
 
human                  PAMGLR-ASRNCSRTENAVCGCSPGHFCIVQDG-DHCAACR--AYATSSPGQRVQKGGTE 156  
rhesus                 PAMGLR-TSRNCSTTANALCGCSPGHFCIIQDG-DHCAACR--AYATSSPGQRVQKGGTE 156  
salmon                 PGQGLF-ILMTCTSTSNSICHVQNGYYCTSSSAGNECTFAL--RHTLCSPGQRVKVPGTK 137  
zebrafish              EDQGLY-IQSKCTTMQDSICDVLNDHYCIELSN-QQCSHAV--RHSICKAGQETKTQGTK 138  
murine (Rattus)        PDMGLL-TWQECSSWKDTVCRCISGYFCENQDG-GACSTCL--PHAACPPGQRVQKRGTY 166  
CyHV3  ORF4 (partial)  KNTHPRDGVFEASAVQDVFCDPDHGYYCPAIQEGASCSLVSGAKWAGCYPGSYIFKFPTR 258  
Clustal Consensus                 .:   : .     .::    .     :       : . . .            
 
 
 
human                  SQDTLCQNCPPG---TFSPNGTLEECQHQTKCS-WLVTKAGAGTSSSHWVWWFLSGSLVI 212  
rhesus                 SQDTLCQNCPPG---TFSSNGTLEECQHGTKCSKWLVTEAGPGTSSFRWVWWFLSGTLIV 213  
salmon                 TTDTMCEECQHG---SYSQHG--VNCTAWTDCESIGQYKIEDGSQTRDVVCRKSLRNRVI 192  
zebrafish              NTDTVCVDCAPG---FYSPSG--INCTKWTNCSAINEIQTGNGSFVKDVTCTPKSRERYG 193  
murine (Rattus)        SHDTVCADCLTG---TFSLGGTQEECLPWTKCS-TFQREVKHGTSSTDTTCSFQTFYIVV 222  
CyHV3  ORF4 (partial)  EASAVCATCDSEKEHIYISKSGLAKCILHTKCERVQEK----GSLNKDTICLELKHEEL- 313  
Clustal Consensus        .::           :   .   :     . .          :                    
 
 
 
human                  VIVCSTVG---LIICVKRRKPRGDVVKVIVSVQRKRQEAEGEATVIEALQAPPDVTTVAV 269  
rhesus                 IVIVGLIL---GLICVKRRKSRGDVVKVIVSVQRKRQEAEGEAIVTEALQAPPDITTVAV 270  
salmon                 VLVPSSVFLFVVIIFVLS---------VTKENQPSPKLPVEETGFQTFTSGGRRAS---- 239  
zebrafish              LICSVTLSVAVIILFISSN-----LFSKCRENLTNAVQETVDSNMTISNSTPEEINEQ-- 246  
murine (Rattus)        VIVGVAIVGAGVVVFLLRKQRQRHTSIVASELEAFQQEQQEDAIRFPVIEVGPSVT---- 278  
 
 
 
human                  EETIPSFTGRSPNH 283  
rhesus                 EETEPAFTGRS--- 281  
salmon                 -------------- 239  
zebrafish              -------------- 246  
murine (Rattus)        -EEEAAFNCMNSG- 290   
 
 
 
 
 
 

(B) 
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human precursor        MAPVAVWAALAVGLELWAAAHALPAQVAFTPYAPEPGSTCRL--REYYDQTAQMCCSKCSPGQHAKVFCT 68   
human soluble variant  MAPVAVWAALAVGLELWAAAHALPAQVAFTPYAPEPGSTCRL--REYYDQTAQMCCSKCSPGQHAKVFCT 68   
rhesus                 MAPAAVWAALAVGLELWAAGHALPAQVAFTPYAPEPGGTCRL--REYYDQTAQMCCSKCPPGQHAKVFCT 68   
porcine                MAPAAVWAALTVGLQLWAAGRAVPSQAVFMPYAPELGSSCRLPLKEYYDTKAQMCCSKCPPGFRIQTSCN 70   
bovine                 MAPTAFWAALAVGLQFWAAGRAVPAQAVFTPYIPEPGSSCRQ--QEYYNQKIQMCCSKCPPGYRVQSLCN 68   
canine                 ---------MAVLPSLFQA-----TQLPYVP-DPELGSSCQQ--SEYFDQRTQMCCSMCPPGSHARLFCT 53   
murine                 MAPAALWVALVFELQLWATGHTVPAQVVLTPYKPEPGYECQIS-QEYYDRKAQMCCAKCPPGQYVKHFCN 69   
CyHV3  ORF 12          ---MKLLVILGLGLCYLAVQA-----------KPTRHSSCGET--EYYETELQKCCQKCQPGTKFKSVCT 54   
Clustal Consensus               : .      .                    *       ::     **  *      :  *.    
 
 
 
human precursor        KTSDTVCDSCED-STYTQLWNWVPECLSCGSRCSSDQ-VETQACTREQNRICTCRPGWYCALSKQEG-CR 135  
human soluble variant  KTSDTVCDSCED-STYTQLWNWVPECLSCGSRCSSDQ-VETQACTREQNRICTCRPGWYCALSKQEG-CR 135  
rhesus                 KTSDTVCDSCED-STYTQLWNWVPECLSCGSRCSSDQ-VETQACTREQNRICTCRPGWYCALSKQEG-CR 135  
porcine                RTSDTVCGSCES-STYTQLWNSVSACFSCNSRCSSDQ-VETQACTPKQNRICSCKPGWYCTLGRQEG-CR 137  
bovine                 MTLDTICASCES-STYTQLWNLVTACFSCNSRCSSDQ-VETQACTTKQNRICTCKPGWYCTLGRQEG-CR 135  
canine                 KTSNTVCARCEN-STYTQLWNWVPECLSCGSRCGADQ-VETQACTREQNRICSCKSGWYCTLRRQGG-CR 120  
murine                 KTSDTVCADCEA-SMYTQVWNQFRTCLSCSSSCTTDQ-VEIRACTKQQNRVCACEAGRYCALKTHSGSCR 137  
CyHV3  ORF 12          KDSPTVCEACVAGSTYSATHNYYENCFSCD-KCSGGRKVVKEQCTPTKNTVCGCQGDY--EMKTVGG-TN 120  
Clustal Consensus           :*  *      :        *: *.  *  .:    . *   :  :* *. .    :       .    
 
 
 
human precursor        LCAPLRKCRPGFGVARPGTETSDVVCKPCAPGTFSNTTSSTDICRPHQICNVVAIPGNASMDAVCTSTSP 205  
human soluble variant  LCAPLRKCRPGFGVARP--DLS------------------------------------------------ 155  
rhesus                 LCAQLRKCRPGFGVARPGTETSDVVCKPCAPGTFSNTTSSTDICRPHQICHVVAIPGNASMDAVCTSTSP 205  
porcine                LCMALRKCSPGFGVTKPGTATSDVVCAPCAPGTFSSTLSSTDTCRPHRICSSVAIPGTARMDAVCTSESP 207  
bovine                 LCVALRKCGPGFGVAKPGTATTNVICAPCGPGTFSDTTSYTDTCKPHRNCSSVAIPGTASTDAVCTSVLP 205  
canine                 LCAPLRRCRPGFGVAKPGTATSDVVCAPCAPGTFSNTTSSTDTCRPHRICSSVAVPGNASVDAVCSPAPP 190  
murine                 QCMRLSKCGPGFGVASSRAPNGNVLCKACAPGTFSDTTSSTDVCRPHRICSILAIPGNASTDAVCAPESP 207  
CyHV3  ORF 12          MCRKPKRS-------------------------------------------------------------- 128  
Clustal Consensus       *    :.                 *                                                 
       *    
 
 
human precursor        TRSMAPGAVHLPQPVSTRSQHTQPTPEPSTAPSTSFLLPMGPSPPAEGS----TGDFALPVGLIVGVTAL 271  
human soluble variant  ---------------------------------------------------------------------- 155  
rhesus                 TRSMAPGAVHLPQPVSTRSQHTQPTPAPSTAPGTSFLLPVGPSPPAEGS----TGDIVLPVGLIVGVTAL 271  
porcine                TLNVAQG------PAPTRSQRMEPTPGPSVAPSTAPLPPMTPSPPSPPVEGLNTGNISLPIGLIVGVTAM 271  
bovine                 TRKVARG------PATTRSQHMEPTLGPSTAPSTFFLLPKVPSPPSSPVEQPNTGNISLPIELIVGVTAL 269  
canine                 TVRTAPRPASTRQPGSTQPRPAEPTPGPSTPPRTSVLFPAVPSPPAEGLS---TGDISLPIGLIVGVTTL 257  
murine                 TLSAIPRTLYVSQPEPTRSQPLDQEPGPSQTP--SILTSLGSTPIIEQST---KGGISLPIGLIVGVTSL 272  
 
 
 
human precursor        GLLIIGVVNCVIMTQVKKKPLCLQREAKVPHLPADKARGTQGPEQQHLLITAPSSSSSSLESSASALDRR 341  
human soluble variant  ---------------------------------------------------------------------- 155  
rhesus                 GLLIIGVVNCVIMTQVKKKPLCLQRETKVPHLPADKARGAQGPEQQHLLTTVPSSSSSSLESSASALDRR 341  
porcine                GLLIIVLVNCVIMTQKKKKPFCLQGDAKVPHLPAKKARSVPGPEQQHLLTTAPSSSSSSLESSASAPDRR 341  
bovine                 GLLLIVVVNCVIMTQKKKKPFCLQGDAKVPHLPANKAQGAPGPEQQHLLTTAPSSSSSSLESSTSSTDKR 339  
canine                 GLLLIGLVNCVIVTQKKKKPFCLQGEAKVPHLPADKAHGGPGPEQQHLLTTAPSSSSSSLESAASSADGR 327  
murine                 GLLMLGLVNCIILVQRKKKPSCLQRDAKVPHVPDEKSQDAVGLEQQHLLTTAPSSSSSSLESSASAGDRR 342  
 
 
 
human precursor        APTRNQPQAPGVEAS-GAGEARASTGSSDSSPGGHGTQVNVTCIVNVCSSS--DHSSQCSSQASSTMGDT 408  
human soluble variant  ---------------------------------------------------------------------- 155  
rhesus                 APTRNQPQAPGAEKASGAGEARASTGSSDSSPGGHGTQVNVTCIVNVCSSS--DHSSQCSSQASSTTGDT 409  
porcine                APTPSQLQAPGADKTSGSGEARASSSSSESSSGSHGTQVNVTCIVNVCSSS--DHSSQCPSQASSTR-DT 408  
bovine                 APTRSQLQSPGVEKASTSGEAQTGCSSSEASSGGHGTQVNVTCIVNVCSGP--DHSSQCPSQAGSTR-DT 406  
canine                 APPRAQPPAPGTGKAHGSGEAQASSSSSEPSCGGHGTQVNVTCIVNVCSSSGSDHGPQCSSQASHTTGDV 397  
murine                 APPGGHPQARVMAEAQGFQEARASSRISDSSHGSHGTHVNVTCIVNVCSSS--DHSSQCSSQASATVGDP 410  
 
 
 
human precursor        DSSPSESPKDEQVPFSKEECAFRSQLETPETLLGSTEEKPLPLGVPDAGMKPS------------- 461  
human soluble variant  ------------------------------------------------------------------ 155  
rhesus                 DASPSGSPKDEQVPFSKEECAFRSQLETPETLLGSTGEKPLPLGVPDAGMKPS------------- 462  
porcine                DASPSSSPKDEQVPFSKEERPFQPQPGAPETLLQSPEEKPLPLGVPDAGMKPS------------- 461  
bovine                 DASTPNSPKEEQVPFSKEERPFQSQPGAPETLLQGLEEKPLPLGVPDAGMKPS------------- 459  
canine                 DAGPSSSPDDQQVPFSQEECPFQFQPGALETLLENPEDKPLPLGVPDAGMKSS------------- 450  
murine                 DAKPSASPKDEQVPFSQEECPSQSPCETTETLQS--HEKPLPLGVPDMGMKPSQAGWFDQIAVKVA 474  
 
 
 
 
 

(C) 

CRD 3 

CRD 1         CRD 2                 CRD 3 

 CRD 1 
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Figure 2.1  Coding sequence of CyHV3 ORF 4 (A) is shown with predicted signal peptide 
underlined and the sequence used for multiple alignment bolded. The predicted N-linked 
glycosylation site is underlined and bolded.  Multiple alignments of ORF 4 (B) and  
ORF 12 (C) with related TNFRSF members.  Clustal X 2.0 was used for multiple alignments 
(Larkin et al. 2007). Identical residues are shaded in grey, conservative amino acid 
substitutions are marked by a colon (:) and semi-conservative amino acid substitutions by 
a period (.).  Peptide signal sequences are underlined and cysteine rich domains (CRD) 
for the human sequences, as defined by Prosite (Sigrist et al. 2002), indicated by a 
black line. For ORF 4, murine CRD 1 and 2 are underlined with a dotted line. Horizontal 
grey bars directly above a sequence represent the TNFR / NGFR cysteine family signature 
sequence (Prosite).  Cysteines involved in forming di-sulphide bridges are shown bolded 
for ORF 4 or with bolded asterisks (*) for ORF 12. The bolded and underlined T for ORF 12 
at the end of CRD1 is a predicted O-linked glycosylation site. Accession numbers for the 
aligned sequences with ORF 4 from the NCBI database are as follows: Human HVEM, U70321; 
Rhesus, XP_001086457; Salmon, NP_001135338.1; Zebrafish, XM_001338052; and Murine, 
EDL81279.1.  The NCBI accession numbers for ORF 12 are:  Human TNFRSF1b precursor, 
NP_001057;  Human soluble variant, ACF47651.1; Rhesus, XP_001105753.1; Porcine, 
NP_001090910.2; Bovine, NP_001035580.1; Canine, XP_544562.2; and Murine, EDL29730.1.      
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Table 2.2  Percent amino acid identities of ORF 4 (A) and ORF 12 (B) with aligned residues of related TNFRSF members.  For 
ORF 4, residues aligned with the partial sequence bolded in Figure 2.1 (A) were used.  Residues aligned with the entire sequence 
of ORF 12 were used in calculating percent identities.  NCBI accession numbers are listed in Figure 2.1 

(A)

Sequence human rhesus salmon zebrafish murine (Rattus)

human
rhesus 87.4
salmon 32.0 32.0
zebrafish 31.0 30.5 49.4
murine (Rattus) 52.8 52.0 35.9 33.8
ORF 4 (partial) 22.7 22.7 21.0 23.1 26.4

(B)

Sequence hum precursor hum soluble rhesus porcine bovine canine murine

hum precursor
hum soluble 100.0
rhesus 96.5 96.5
porcine 71.0 71.0 72.4
bovine 70.6 62.2 71.3 80.6
canine 62.2 62.2 61.5 55.1 54.5
murine 59.3 59.3 61.3 57.5 57.2 44.1
ORF 12 29.4 29.4 28.7 29.9 28.0 27.3 30.6

(B) 

(A) 
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       (A) 

 
       (B) 

     
        (C) 
 
 
Figure 2.2  Kyte and Doolittle(1982) hydropathy plot of CyHV3 ORF 4 (A), partial CyHV3 
ORF 4 aligned with the murine TNFRSF 14 (B), and CyHV3 ORF 12 aligned with the soluble 
variant of human TNFRSF 1b (C).  Clustal X 2.0 (Larkin et al. 2007) was used for 
alignments and BioEdit 7.0.9.0 (Hall 1999) to construct plots with a window size = 9. 
Values increase in hydrophobicity up to a maximum mean value of 4.6 and increase in 
hydrophilicity to the mean value of – 4.6.     
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Figure 2.3  Least squares means of log10 fold transcription of CyHV3 ORF 4 (A) and ORF 12 (B) from 6 h 
to 6 d.  Fold transcription values are calibrated to 6 h and were analyzed with a one-way ANOVA using 
SAS 9.1 (SAS institute, Cary, NC).  P-values < 0.05 were considered significant.  The LSM at 6 h have 
values equal to zero.  Error bars are standard error of the LSM values. 
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Figure 2.4  Least squares means of log10 fold transcription of CyHV3 ORF 4 (A, B) and  ORF 12 (C, D) 
exposed to 250 µg / ml cycloheximide (CHX) or 500 µg / ml phosphonoformic acid (PFA). Treated groups 
are shown next to the untreated KF-1 infected controls for each time point.  The 6 h virus only control 
served as a calibrator for all fold transcription values and data were analyzed with a mixed-model ANOVA 
using SAS 9.1.3 (SAS institute, Cary, NC).  All treatments at each time point for (A - D) were significant  
(p-values < 0.05) except for 1 d in (B) marked by an X.  Error bars are standard error of the LSM values. 
The LSM values, which do not have a visible bar in the graphs at 6 h, have values equal to zero.            
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Figure 2.5  Immunostaining of nucleofected telomerized Rhesus fibroblasts with the pND vector 
(A), or vector with a CyHV3 ORF 4 (B), or ORF 12 insert (C) containing a c-terminus 6x-HIS 
tag. A murine monoclonal anti HIS Ab at 1:500 (R&D systems) and 1:100 of a secondary sheep 
anti-mouse HRP-conjugated Ab (SIGMA) were used with DAB (Vector Laboratories). Examples 
of protein expression are marked with arrows.   

(A) 

(B) 

  (C) 
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(A)     

  
(B) 
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      (C)  
 
    
 
Figure 2.6  Western blots of pND expressed ORF 4 and ORF 12 in (A) Telo-RF from 
cell lysates = C and supernatant = S and in 293T cells using a monoclonal 6X HIS 
antibody.  (B) Pooled sera from genetically immunized mice to pND expressed ORF 4 
and 12 in 293T cells.  (C)  Pooled murine pre-bleed and polyclonal antibody to native 
ORF 4 from control and infected CyHV3 KF-1 cells. 
 
 
 
 
 
 
 
 
 
 



 

 

111

 
CHAPTER 3 

 

Examination of 5.8S, 18S, and 28S as candidate housekeeping genes for real-time 
transcription analyses of CyHV3 exposed to CHX (cycloheximide) or                  

 PFA (phosphonoformic acid) in vitro 
 

 

Abstract 

An important requirement for comparative real-time PCR is the use of an 

endogenous gene that is stable under the experimental conditions under investigation. A 

taqman real-time PCR assay was developed to determine if the 5.8S, 18S, or 28S gene 

would be suitable as a housekeeping gene for the comparative delta delta Ct method for 

analyzing transcription kinetics of cyprinid herpesvirus 3 (CyHV3) open reading  

frames (ORFs). CyHV3 infected koi fin (KF-1) cells were exposed to cycloheximide 

(250 µg / ml) for 6 and 12 h and to phosphonoformic acid (500 µg / ml) for 1-6 d  

post-infection.  The 18S gene was the most suitable housekeeping gene for all treatment 

groups.  This ribosomal candidate should be applicable in future real-time transcription 

kinetics analyses of  CyHV3 ORFs from KF-1 cells in vitro.   

 

Introduction 

 CyHV3 is a herpesvirus that can cause mortalities near 100 % in common carp, 

and koi, the ornamental form of common carp.  Outbreaks have been reported worldwide 

with devastating losses of aquacultured carp (Pokorova et al. 2005).  Recently reports  

of infection have also occurred in wild common carp in the U.S. and Japan  
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(Northwest Indiana Times 2005, Takashima et al. 2005).  The sequencing of the 

approximately 295 kbp genome of three CyHV3 strains has provided an opportunity to 

further characterize the 156 open reading frames, from which 15 are considered to be 

“core” genes with homologs to the related ictalurid herpesvirus 1 (IcHV1) which infects 

channel catfish (Aoki et al. 2007).  Temporal regulation of gene expression has been well 

documented with herpes simplex virus 1 and regulation appears to be conserved within 

the Herpesviridae family (Roizman and Pellet 2001a).  Classification of the numerous 

CyHV3 ORFs and their regulation have yet to be defined. 

 Of particular interest in this study was how candidate housekeeping genes from 

the KF-1 cell line would be affected by the protein synthesis inhibitor cycloheximide 

(CHX) and by phosphonoformic acid (PFA), an inhibitor of viral DNA synthesis.  These 

compounds have been used to temporally classify gene transcription of herpesviruses  

in the broad categories of immediate early (IE or α), early (E or β), delayed-early  

(leaky-late, early-late, partial-late, or γ1 ), and true-late (L or γ2) (Oberg 1989 and refs. 

therein, van Santen 1991, Preston et al. 1998).   During lytic replication of infected cells, 

IE viral gene products include promoter transactivators that regulate the expression of E 

and L genes.  IE genes do not require de novo protein synthesis and are expressed in the 

presence of CHX.  Early genes, in the presence of compounds like PFA are expressed 

since they do not require viral DNA synthesis and are involved in replication of viral 

DNA.   Late genes, include viral proteins involved in virion structural assembly, may 

either be partially expressed (delayed-early) or not expressed (true-late) during inhibition 

of viral DNA synthesis (van Santen 1991, Roizman and Pellet 2001b).   
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 Real-time PCR offers several advantages when examining mRNA transcription. 

This assay allows for smaller quantities of starting material, potential for high throughput, 

and increased sensitivity in detecting mRNA that may be expressed at extremely low 

levels in cells or tissues  (Giulietti et al. 2001, Leutenegger 2001, Huggett et al. 2005).  It 

has become the method of choice to quantify mRNA cytokine transcription when 

products at the protein level may barely be detected (Stordeur et al. 2002).  A 

requirement for use of the delta delta Ct comparative quantification method is that 

targeted genes of interest be normalized to a housekeeping gene that is stable under the 

specific experimental conditions of the study.  To address this, taqman real-time PCR 

was used to investigate transcription kinetics of the ribosomal 5.8S, 18S, and 28S genes 

from KF-1 cells infected with CyHV3 in the absence or presence of CHX and PFA.   

 

Materials and Methods 

 

Virus and cells. 

The KF-1 cell line in 175cm2 flasks were used to propagate a passage 6 CyHV3. 

Cells were maintained at 20 °C with 2 % MEM (minimal essential media, 2 % fetal 

bovine serum).  After 2 wk,  cytopathic effects were evident and supernatant was  

clarified at  3,581 x g at 18 °C for 20 min.  The supernatant was centrifuged at 95,354 x g 

for 1 h 15 min at 19 °C.  Viral pellets were resuspended in 2 % MEM HEPES, 

homogenized with a 27 g needle and aliquots frozen at - 80 °C.  A plaque forming unit 

assay was performed on a frozen aliquot to assess infectious virus concentrations.  

Briefly,  the aliquot was serially diluted tenfold in 2 % MEM HEPES and 0.1 ml of each 
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dilution placed into triplicate  wells of a 24-well plate with monolayers of  KF-1 cells.  

Cells were maintained at 20 °C and stained with a crystal violet (0.6 %) formaldehyde 

(60 %) solution at 7 d post-infection. Plaques were counted and averaged.  Remaining 

aliquots were used to infect 24-well plates seeded with KF-1 cells at an MOI of 0.2 for  

1 h in 2 % MEM HEPES at 20 °C.   

 

Treatments. 

Duplicate wells of KF-1 cells in 24-well plates were used for each time point at  

6 and 12 h, and each day between 1 - 6 d.  The treatment groups included a) a control 

mock infected with 2 % MEM HEPES; b) CyHV3 only; c) CyHV3 and either  

250 µg / ml of CHX (SIGMA, St. Louis, MO) at 6 and 12 h, or 500 µg / ml of PFA 

(SIGMA, St. Louis, MO) for 1 - 6 d; d) CHX (250 µg / ml) at 6 and 12 h or PFA  

(500 µg / ml) only for 1 - 6 d.  Stock PFA was 0.2 µm filtered sterilized and reconstituted 

in molecular grade water before use.  For KF-1 cells receiving CHX or PFA, maintenance 

media was removed and cells treated for 1 h prior to virus inoculation or mock infection.  

Cells were incubated with virus or maintenance media for another 1 h at 20 °C prior to 

adding 2 % MEM HEPES.  Plates were maintained at 20 °C until total RNA was 

collected at designated time points. 

 

RNA extraction, cDNA, and PCR. 

For each time point, cells from duplicate wells were exposed to 0.5 ml of Trizol 

(Invitrogen, Carlsbad, CA) and frozen at - 80 °C until total RNA was extracted from all 

samples simultaneously.  Total RNA was measured by absorbance at 260 nm / 280 nm 
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and normalized to 100 ng / 10 ul of RNAse free water.  All 10 µl of total RNA was then 

treated with 1 µl of Dnase (SIGMA, St. Louis, MO), according to manufacturer’s 

directions.  Superscript III Reverse Transcriptase (Invitrogen, Carlsbad, CA) was used to 

generate cDNA from 100 ng of total RNA, using per reaction, a mixture of 200 ng of 

oligo (dT)12-18  (Invitrogen) and 125 ng random primers (Invitrogen, Carlsbad, CA), 1 µl 

of a 10 mM dNTP mix (10mM of each dNTP), and 0.5 ul of Rnasin (Promega, Madison, 

WI ),  4 µl of first strand buffer, 1 µl of 0.1 M DTT, and 1 µl of water.  Tubes were 

incubated in a thermocycler at 25 °C for 5 min, 50 °C for 1 h, and heat inactivated at  

70 °C for 15 min.  Before storing first strand cDNA samples at - 20 °C, 80 µl of Rnase 

free water was added. Prior to using cDNA for real time analyses, beta actin primers 

designed to span exons 2 and 3 from Cyprinus carpio were used to examine any visible 

genomic DNA contamination.  After incubation at 94 °C for 2 min, 40 cycles were used 

for 30 s at 94 °C, 30 s at 55 °C, 1 min at 72 °C with taq polymerase (Invitrogen, 

Carlsbad, CA).   

 Preliminary studies of cDNA using primer sets designed to amplify potential 

candidate reference genes were conducted with platinum taq polymerase (Invitrogen, 

Carlsbad, CA) for 25 to 35 cycles at the PCR conditions listed above.  Primers were 

designed to genes from NCBI database sequences for Danio rerio peptidyl prolyl 

isomerase A (PPI), Cyprinus carpio sequences for GAPDH, 40S S11 protein, elongation 

factor (EF1), alpha tubulin, ribosomal protein L13, RNA polymerase II (RPII), and the 

ribosomal genes for 5.8S, 18S, and 28S.   
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Real-Time Taqman PCR. 

Primer Express 3.0 (Applied Biosystems, Foster City, CA) was used to design 

real time primers (MWG) and a corresponding MGB probe (Applied Biosystems, Foster 

City, CA) to sequences for the 5.8S, 18S, and 28S genes (Table 3.1).  Amplicons from 

the primers were obtained with 40 cycles at the PCR conditions listed above except for 

using platinum taq polymerase at a shortened extension step of 30 s.  Amplicons were gel 

purified with QIA EX II (Qiagen, Valencia, CA) and cloned into the pGEM T-easy 

vector (Promega, Madison, WI).  Purified plasmids were sent for sequencing (Davis 

Sequencing, Davis, CA) to confirm amplification of the correct sequence.  The Step One 

Real-Time PCR System (Applied Biosystems, Foster City, CA) was used to carry out 

real-time runs on 48-well reaction plates.  Each reaction consisted of a total volume of  

12 µl with 1 µl of cDNA, 6 µl of Universal Mastermix (Applied Biosystems, Foster City, 

CA), 400 nM of the forward and reverse primer, 80 nM of MGB probe, and 4.4 µl of 

water.  Reaction plates were centrifuged at 1,305 x g  until all bubbles were removed 

from the samples.   All runs were performed using a holding stage of 50 °C for 2 min;  

95 °C for 10 min; and 40 cycles at 95 °C for 15 s followed by a combined annealing and 

extension step at 60 °C for 1 min.  

Standard curves were prepared from cDNA with a tenfold serial dilution in 

concentrations ranging from 200 ng – 0.02 ng.  Negative control wells containing water 

only were run alongside the standard curve samples.  Standard curves were run in 

triplicate and efficiencies of all primers examined at a manually set threshold. 
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Fold transcription values were determined for each treatment group  

by a derivation of the 2-∆∆Ct, or 2-∆C′t where ∆Ct = Ct, time x – Ct, time at 6 h or 1 d.  

(Livak and Schmittgen 2001). 

 

Statistical Analyses. 

Fold transcription values as described above were log10 transformed to meet 

normality assumptions, analyzed by analysis of variance (ANOVA), and winsorized and 

weighted when required.  Normality and homogeneity of variances were checked with 

the Shapiro-Wilks and Levene tests.  Least squares means analyses were used to further 

examine differences in fold transcription values.  A p-value of < 0.05 was considered 

significant.  Analyses were performed with SAS 9.1.3 (SAS Institute Inc., Cary, NC)    

Analyses were conducted for all treatment groups at 6 and 12 h and at 1 - 6 d.  

The Ct values were calibrated respectively to 6 h  or 1 d for each treatment group. To 

determine how small differences in fold transcription were between specific  

time and treatment factors, the inverse log of least squares mean values were examined.  

Changes in fold transcription are compared to a baseline value equal to 1.0.  A third 

analyses was conducted examining virus with treatment (CHX or PFA) and virus only. 

Fold transcription values for all time points (6 h to 6 d) were calibrated to the Ct values 

obtained at 6 h for virus only for each ribosomal gene.  The earliest time point at 6 h is 

chosen since examination of viral transcription over time would be compared to the first 

time point.  Similarly, any inhibitory effects of CHX or PFA on viral transcription would 

also be compared to the earliest time point of viral transcription not receiving any CHX 

or PFA treatment. 
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Results  

 

Preliminary examination of candidate housekeeping genes  

 After amplification at 25 cycles, there were noticeable differences of mRNA 

transcription.  A few test cDNA samples of uninfected cells amplified at 25 cycles either 

revealed lack of visible bands, weak bands or nonspecific binding for EF1, PPI, alpha 

tubulin, L13, and RPII.  These primer sets were run a second time for 30 or 40 cycles 

with similar results (data not shown).  The presence of stronger bands in uninfected KF-1 

cells for the GAPDH, 40S, 18S, and 28S candidates at 25 cycles and 5.8S at 35 cycles 

prompted examination of cells exposed to CHX or PFA. The GAPDH and 40S  

genes appeared to have more variable bands compared to the ribosomal genes  

(Figure 3.1 A - E) for these treatment groups.  To confirm the absence of genomic DNA 

after DNAse treatment, common carp primers for beta actin, designed to an exon-exon 

junction, and for glucokinase were tested on a subset of samples from virus infected 

cDNA for all time points.  There were no visible bands for both primer sets (data not 

shown).  It was decided to proceed with the ribosomal 5.8S, 18S, and 28S genes for real 

time analyses with all cDNA samples.   

 

Transcription of 5.8S, 18S, and 28S for 6 and 12 hours  

The raw Ct values for all treatments for the ribosomal genes during 6 - 12 h show 

that 5.8S is present at lower concentrations with threshold cycles near 30 compared to 

18S and 28S which have threshold cycles closer to 12.5 (Figure 3.2 A).   After converting 

raw Ct values for the 6 and 12 h time points into linear fold transcription values and  
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log10 transformation of the data, the ANOVA revealed there were no significant 

differences (p < 0.5) contributed by time, the four treatments overall, or by any 

interaction between time and treatments for all three ribosomal genes.  Over time 

between 6 and12 h, the ribosomal targets 5.8S, 18S, and 28S respectively revealed a 1.88, 

1.24, and 1.05 change in fold transcription for all treatment groups combined (uninfected, 

virus, virus + CHX, or CHX).  Analyses of individual treatment groups compared to the 

uninfected control group, showed that the virus only group and CHX treatment had 

smaller changes in fold expression than virus + CHX for all three ribosomal candidate 

genes.  The 18S candidate had the smallest change in fold expression (1.06) for virus 

versus virus + CHX for 6 and 12 h combined.   

 

Transcription of 5.8S, 18S, and 28S for Days 1 - 6 

Similar ranges of raw Ct values were seen for all three genes exposed to the 

treatment groups for days 1 - 6 (Figure 3.2 B).  A weighted ANOVA for the six-day time 

course revealed no significant difference for time or an interaction between time and 

treatment for any of the ribosomal genes.  There was however varying significance for  

all treatment groups combined. The 5.8S gene had a highly significant difference  

(p = 0.0004), followed by 28S (p = 0.0013), and 18S  (p = 0.0425).  To determine 

differences in fold transcription occurring among individual treatment groups, a closer 

look at virus only, PFA only, or virus + PFA compared to uninfected cells during 1 - 6 d 

was examined with least squares mean values.   Significant changes (p < 0.05) in fold 

transcription for 5.8S and 28S occurred for all of the three treatment groups compared  
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to uninfected cells.  For 18S, this gene exhibited smaller changes for these same 

comparisons between 1 - 6 d.  The only significant p-value (p = 0.0430) for 18S, as 

compared to uninfected cells, occurred with the PFA treatment. Interestingly, all three 

ribosomal genes show very small changes in fold transcription of 1.06 (5.8S), 1.05 (18S), 

and 1.17 (28S) when comparing virus to virus + PFA between 1 - 6 d.   

 

Expression of 5.8S, 18S and 28S for CyHV3, CyHV3 + CHX, and CyHV3 + PFA 

 Another comparison was examined by analyzing fold transcription values for 

three treatments combined: virus only, virus + CHX, and virus + PFA.  ANOVA analyses 

of log10 transformed fold transcription values resulted in nonsignificant p-values for all 

three ribosomal genes for the factors of time, treatment, or interaction between time and 

treatment.  The 18S housekeeping gene demonstrated the largest p-values for time  

(p = 0.82181) and interaction between time and treatment (p = 0.9770) as compared to  

5.8S (time, p = 0.3371; time * treatment, p = 0.5486) or 28S (time, p = 0.0798;  

time * treatment, p = 0.1027). 

 

Discussion  

 

The aim of this study was to find a suitable housekeeping gene(s) for real-time 

analyses of CyHV3 gene transcription in vitro.   Initial examination of mRNA candidates 

did not appear to be stably transcribed as compared to the ribosomal genes transcribed in 

KF-1 cells.  Potential changes in transcription can be affected at many levels including 

interactions with the virus, the length of infection, or the CHX and PFA treatments, 
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which were used in this investigation.  The 18S gene appeared to be the most stably 

transcribed in spite of these factors.   

Instability of classical housekeeping genes for real-time pcr studies have been 

reported for beta-actin and GAPDH which appear to be regulated depending on the 

experimental setup, the tissues examined, or length of viral infection in vitro  

(Radonic et al. 2004, Radonic et al. 2005).  Similar occurrences can be seen with  

real-time assays involving fish.  Beta-actin was suitable for zebrafish developmental time 

course studies while GAPDH was unsuitable.  GAPDH was also unsuitable for zebrafish 

tissue real-time analyses and studying cDNA in adult Atlantic salmon or for salmon 

undergoing smoltification (Olsvik et al. 2005, Tang et al. 2007).  Preliminary 

examination of mRNA transcription of several candidates, including GAPDH, in KF-1 

cells treated with CHX or PFA similarly did not appear stable under the conditions of this 

study.  

In viral infections the extent to which the virus usurps control over gene transcription 

in host cells may subsequently down or up regulate transcription of potential 

housekeeping genes.  Eukaryotic host RNA polymerase II normally transcribes mRNA 

precursors, a majority of small nuclear RNA, as well as micro RNAs, while RNA 

polymerase I transcribes pre-ribosomal RNA that is processed into mature 5.8S, 18S, and 

28S rRNA.  Although several herpes encoded proteins are responsible for viral gene 

transcription, in herpes simplex type 1 (HSV1), the immediate early ICP27 and early 

ICP8 proteins bound RNA polymerase II 3 and 5 h after infection of human epidermoid 

(HEp-2) cells, respectively (Zhou and Knipe 2002).  Additionally, it was demonstrated 

with HSV1 that different cellular genes are regulated to different degrees according to the 
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viral gene products involved (Spencer et al. 1997).  It is not currently known to what 

extent different CyHV3 encoded products may inhibit mRNA transcription in KF-1 cells 

but this may possibly have a role in the reduced transcription of mRNA housekeeping 

candidates in our preliminary examinations. 

When developing a herpesvirus transcriptional assay, the effects of CHX and PFA 

treatments are factors that should be considered when examining housekeeping 

candidates.  Cycloheximide (actidione) is an antibiotic protein synthesis inhibitor that 

blocks incorporation of amino acids during translation and has been shown to bind to the 

eukaryotic 80S ribosome (Cummins and Rusch 1966 and refs. therein, Stocklein and 

Piepersberg 1980).  Due to effects on inhibiting protein translation, cycloheximide may 

block endonucleases involved in processing pre-rRNA and therefore processing of 18S 

(by a rapid effect), and 5.8 and 28S rRNA (Hadjiolova et al. 1993).  By comparison, 

phosphonoformic acid (foscarnet sodium) has a different mechanism of action by binding 

viral DNA polymerases and selectively blocking the pyrophosphate binding site that is 

required for incorporation of an incoming dNTP during DNA synthesis.  Inhibition of 

host DNA polymerases may occur with PFA, but this requires higher concentrations 

(Frank and Cheng 1985,  Oberg 1989).  Low concentrations of PFA have been shown to 

have inhibitory effects on RNA polymerases for the influenza virus (Oberg 1989).  

Despite these reported effects of CHX and PFA on ribosomal or DNA processing, in 

CyHV3 infected KF-1 cells, 18S appeared to have the most stable transcription when 

evaluating the potential effects of CHX or PFA as compared to the 5.8S or 28S genes. 

Overall, changes of carp ribosomal RNA transcription at the viral and / or treatment 

level were more evident at 1 - 6 d than at 6 and 12 h for 5.8S and 28S.   The most stable 
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of all three candidates at 6 and 12 h or between 1 - 6 d appeared to be the 18S gene.  

Comparing virus only and virus + CHX or PFA in a combined analyses between 6 h to  

6 d, 18S had the least significant difference in  fold transcription for time or interaction 

between time and treatment.  Similarly, Nystrom et al. (2004) also demonstrated 18S as 

the most suitable, compared to beta-actin or GAPDH, for studying HSV1 gene expression 

with or without acyclovir from infected human lung fibroblasts.  Another study also 

compared the 18S gene to six other candidates, and it  was the only housekeeping gene to 

be constantly expressed in Atlantic salmon kidney cells infected with the infectious 

salmon anemia virus (Jorgensen et al. 2006).   

 Although the use of 18S requires extraction of total RNA, it is recommended as 

the most appropriate for analyzing CyHV3  transcription kinetics in KF-1 cells in vitro 

using the comparative delta delta Ct method.  In the context of the experimental 

conditions used in this study, this housekeeping candidate  can be used to characterize 

unknown CyHV3 genes in our effort to understand the roles of newly described 

homologs which may have a role in CyHV3 pathology. 
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Table 3.1      Primer and probe sequences

Construct / amplicon Primer / probe (5' to 3')

Taqman Real-Time PCR
     5.8S Probe (FAM)-AGCTAGCTGCGAGAAC-(MGBNFQ)

Fwd CTCGTGCGTCGATGAAGAAC

Rev CAATGTGTCCTGCAATTCAACA

     18S Probe (FAM)-TGAAATTCTTGGACCGGCG-(MGBNFQ)

Fwd TCGTATTGCGCCGCTAGAG

Rev CTTTCGCTTTCGTCCGTCTT

     28S Probe (FAM)-AGTCTAACGCACGCGC-(MGBNFQ)

Fwd CGTCTTGAAACACGGACCAA

Rev GCTCGGAGACACCCTTTGAC
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Figure 3.1.  Conventional PCR amplification of uninfected KF-1 cDNA samples exposed 
to 250 µg / ml CHX (6 and 12 h) or 500 µg / ml PFA (1 - 6 d) for (A) GAPDH, (B) 40S,   
(C) 5.8S, (D) 18S, and (E) 28S.  Ribosomal candidates appear to be less affected by the 
treatments. A total of 25 cycles was used for all primer sets except for 5.8S which used 
35 cycles. The lanes from left to right represent replicate samples per time point from  
6 h to 6 d. 
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(A)  
 

         
(B) 

 
Figure 3.2.  Raw Ct values for all treatments during (A) 6 and 12 h and (B) 1 - 6 d.  
Boxes represent the 75th and 25th percentiles with the whiskers representing the maximum 
and minimum values.  The median is indicated by the horizontal line and the mean by + 
and outliers by small squares. 

  All Treatment Groups for 6 and 12 h 

     All Treatment Groups for 1 - 6 d 
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CONCLUSIONS 

 

1. ORF 134 encodes for a predicted 20.1 kDa 179 aa polypeptide transcribed from 

two exons joined by a single splice site.  The 5’ and 3’ UTR are approximately 25 

and 53 basepairs (bp) respectively. 

 

2. Multiple alignment of ORF 134 revealed a 20.4 % aa identity to koi and common 

carp IL-10 and 16.4 - 23.1 % and 14.2 - 19.4 % aa identity to other fish and 

mammalian or herpesvirus IL-10 homologs.  Despite the low homology, Kyte and 

Doolittle hydrophobicity plots suggest a similar overall structural topology 

between CyHV3 and koi IL-10. 

 

3. Normalized to 18S, and calibrated to 6 h, CyHV3 IL-10 transcripts significantly 

increased in KF-1 cells infected in vitro (MOI = 0.2) as demonstrated by taqman 

real-time PCR between 6 h to 6 d. 

 

4. The protein synthesis inhibitor, cycloheximide (250 µg / ml), significantly 

inhibited vIL-10 transcription at 6 and 12 h (p < 0.05) compared to untreated   

KF-1 cells.  Phosphonoformic acid (500 µg / ml) also significantly inhibited    

vIL-10 transcripts between 1 - 6 d of treatment, but low levels of transcripts were 

still detectable suggesting delayed-early transcription kinetics. 
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5. Nucleofection of Telo-RF and transfection of  293T cells with pND-vIL-10 or 

pND-kIL-10 successfully expressed c-terminal 6x HIS tagged proteins, but results 

were variable for western blotting detection dependent on the primary and 

secondary antibodies used, cell lysis protocol, and purification with or without Ni 

affinity resin.  The vIL-10 protein did not appear to be present in quantities high 

enough for western detection in mammalian cell lysates without HIS resin 

purification but was present in supernatants. 

 

6. Mammalian expression of 6x HIS tagged vIL-10 appeared in supernatant as 

double protein bands by western blotting which may indicate recognition by  

Telo-RF cells of the N-linked glycosylation site(s) present in vIL-10.  KIL-10 did 

not appear to be glycosylated.  

 

7. Genetic immunization of female Balb / c mice primed and boosted 4 times with 

pND-vIL-10 or pND-kIL-10 yielded pAb that detected both vIL-10 and k IL-10 in 

nucleofected Telo-RF supernatant.  Murine pAb could not detect native vIL-10 by 

western blotting or immunostaining in CyHV3 KF-1 infected cells. 

 

8. Immunization of female New Zealand white rabbits with bacterially expressed 

and purified c-terminal 6x HIS tagged vIL-10 and kIL-10 produced pAb able to 

detect vIL-10 and kIL-10 in nucleofected Telo-RF supernatant and vIL-10, with 

decreased affinity, in CyHV3 infected KF-1 supernatant by western blotting.   
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9. Rabbit pAb was unable to detect vIL-10 in CyHV3 infected koi tissue sections 

prepared for DAB immunostaining. 

 

10.  After 4 h of exposure, LPS (10 µg / ml, 026:B6) significantly (p < 0.05) 

stimulated koi TNF α 1 and 2 transcription but significantly (p < 0.05) decreased 

TNF α 3 transcription in head kidney suspensions as measured by taqman       

real-time PCR.  The low concentration of 15 ng of vIL-10 appeared to have 

greater inhibition of TNF α 1 and 2 transcription compared to 15 ng of  kIL-10 

although this was not statistically significant.  There appeared to be dose 

dependent responses to kIL-10 but not vIL-10 for decreasing TNF α 1 or 2 

transcription.   For TNF α 3, both high (150 ng) and low (15 ng) concentrations of 

vIL-10 and low (15 ng) concentration of kIL-10 increased transcription. 

Administration of the high concentration (150 ng) of kIL-10 resulted in a 

transcription decrease compared to 15 ng of kIL-10. 

 

11.  TNFRSF-like members ORFs 4 and 12 are each encoded by single exons that 

predict a 34.9 kDa 313 aa and a 14.0 kDa 128 aa product respectively.  The 5’ and 

3’ UTRs of ORF 4 was approximately 72 and 104 bp and 27 and 594 bp for    

ORF 12. 
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12. BLAST searches with the NCBI database show sequence similarities for the        

c-terminal end of ORF 4 with TNFRSF-14 (HVEM) members with a 26.4 % aa 

identity to the Rattus TNFRSF-14 homolog and 21 % and 23 % to salmon and 

zebrafish respectively.  ORF 12 shared 30.6 %  aa identity to the murine  

TNFRSF-1B homolog and 27.3 - 29.9 % with other mammalian TNFRSF-1b. 

 

13. Both ORFs 4 and 12 had significant increases in transcription in CyHV3 infected 

KF-1 cells between 6 h – 6 d as demonstrated by taqman real-time PCR, 

normalized to 18S and calibrated to 6 h. 

 

14. CHX (250 µg / ml) and PFA (500 µg / ml) significantly (p < 0.05) inhibited 

transcription of both ORFs 4 and 12.  Transcripts were still detectable at low 

levels in the presence of PFA suggesting delayed-early transcription kinetics. 

 

15. Mammalian expression with c-terminal 6x HIS tagged pND-ORF4 and  

pND-ORF12 were detected by western blotting with the monoclonal α HIS ab in 

cell lysates of nucleofected Telo-RF cells and transfected 293T cells, but only 

ORF 12 protein  bands appeared in the supernatant of Telo-RF after pull-down 

with a Ni resin.  
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16. Polyclonal sera from genetically immunized female Balb / c mice confirmed the 

presence of 38 kDa and 16 kDa protein bands for ORFs 4 and 12 respectively 

from transfected 293T cell lysates.  Pooled polyclonal murine sera was able to 

detect native ORF 4 as a 38kDa band from CyHV3 infected  KF-1 cell lysates.  

Murine pAb was unable to detect ORF 12 from infected KF-1 cell lysates or 

supernatant. 

 

17. ORFs  4 and 12 could not be purified successfully in large scale batches required 

for rabbit immunizations using the pQE-70 bacterial expression vector.   

 

18. ORF 4 but not ORF 12 was detected 7 d post infection from infected KF-1 cells 

with pooled murine pAb and chromogenic DAB immunostaining.  

 

19. A taqman real-time PCR assay was used to examine potential housekeeping genes 

for examining transcription kinetics of CyHV3 ORFs exposed to CHX  

(250 µg / ml) at 6 and 12 h and PFA(500 µg / ml) between 1 - 6 d.  18S was the 

most stable as compared to 5.8S or 28S from CyHV3 infected KF-1 cells 

receiving CHX or PFA.  

 

 
 
 
 
 
 
 
 




