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PREFACE 
 

The current thesis presents data obtained during my PhD research project, developed at 

Instituto de Medicina Molecular in the period of October 2005 to September 2008, 

under the supervision of Professor Doutor Pedro Simas (Faculdade de Medicina, 

Universidade de Lisboa). Part of this project was developed in collaboration with 

Doctor Philip Stevenson (Division of Virology, University of Cambridge), who 

received me in his laboratory from February to July 2008 and where the results 

presented in figures 5.1 to 5.4 were generated.  

 

This thesis is organized in 7 chapters, which are preceded by a summary written in 

Portuguese and an abstract. Before the description of the results, an introductory review 

of the subject is provided in chapter 1 and the aims of the work are also detailed at the 

end of chapter 1. In chapters 2, 3, 4 and 5 the original data obtained during this research 

project is presented and discussed. Final considerations, which integrate the results 

presented in previous chapters as well as future directions, are presented in chapter 6. 

Finally, chapter 7 concerns the description of the methodologies and materials 

employed to carry out the presented work. The publications that resulted from the 

research carried out throughout the duration of this project are included in appendix 1 to 

4.  

 

The data presented in this dissertation was purely the result of work carried out by 

me and it is clearly acknowledged in the text whenever data or reagents produced 

by others were utilized. This work has not been submitted for any degree at this or 

any university. 
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RESUMO 
 

A principal característica biológica dos herpesvírus é a sua capacidade de persistirem 

durante toda a vida do hospedeiro através do estabelecimento de infecções latentes. 

Durante a latência, os herpesvírus permanecem no núcleo da célula infectada sob a 

forma de um episoma, não havendo produção de viriões infecciosos. A expressão génica 

está limitada aos genes importantes para a manutenção do genoma viral e sobrevivência 

da célula hospedeira, permitindo ao vírus não ser reconhecido pelo sistema imunitário. 

No caso dos gama-herpesvírus, a fase de latência é estabelecida maioritariamente em 

células B e está associada ao desenvolvimento de doenças linfoproliferativas, fazendo 

com que o controlo destes vírus seja um objectivo clínico prioritário. Para persistirem 

nos hospedeiros, os gama-herpesvírus exploram o ciclo de vida normal das células B, 

induzindo a proliferação das células infectadas em centros germinativos e a sua 

posterior diferenciação em células B de memória de longa duração. Estes processos são 

controlados por proteínas virais que subvertem vias de sinalização da célula B ao 

regularem ou substituírem determinadas proteínas sinalizadoras. Assim, o estudo das 

proteínas modeladoras virais é de extrema importância, uma vez que estas têm um papel 

fundamental na patogénese dos gama-herpesvírus e estão potencialmente relacionadas 

com desenvolvimento de doenças linfoproliferativas. Os dois gama-herpesvírus 

humanos conhecidos até à data – vírus Epstein-Barr (EBV) e o vírus associado ao 

sarcoma de Kaposi (KSHV) – codificam proteínas membranares expressas durante a 

fase de latência que actuam como receptores constitutivamente activos, interferindo 

assim em vários aspectos da sinalização da célula B. Embora muitos estudos tenham 

abordado a função bioquímica destas proteínas, a estrita especificidade de hospedeiro 

dos gama-herpesvírus humanos tem limitado o estudo da função destas proteínas in 

vivo. Assim, um dos maiores desafios no estudo dos gama-herpesvírus consiste em 

relacionar a função bioquímica dos genes com o seu papel na infecção natural do 

hospedeiro. 

Neste estudo utilizou-se a infecção de ratinhos de laboratório com o herpesvírus de 

murganho 4 (MuHV-4) como modelo experimental determinar, in vivo, a importância 

que a modelação da função das células B tem para o estabelecimento e manutenção de 

latência no hospedeiro. O MuHV-4 é um parasita natural de roedores selvagens, 

geneticamente relacionado com os agentes patogénicos EBV e KSHV e, à semelhança 
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destes, infecta latentemente células B, induzindo a sua proliferação em centros 

germinativos. Este modelo animal tem, portanto, um grande potencial para a 

compreensão de factores virais e do hospedeiro relevantes para a patogénese de gama-

herpesvírus. Estudos bioquímicos realizados no nosso grupo demonstraram que a 

proteína M2 de MuHV-4 se encontra envolvida na modelação da função das células B. 

No entanto, M2, contrariamente às proteínas modelação de EBV e KSHV, não se 

comporta como um receptor celular constitutivamente activo, mas como uma proteína 

adaptadora. As funções adaptadoras de M2 promovem a formação de complexos 

celulares multi-proteicos que favorecem a aproximação entre enzimas e substratos, 

modelando deste modo vias de sinalização da célula B. Uma das vias de sinalização 

activadas por M2 é a via das proteínas Vav1/Rac1. M2, ao facilitar o encontro entre 

Vav1 e a cinase de tirosinas Fyn, induz a fosforilação de Vav1 por Fyn e, 

consequentemente, a activação da actividade catalítica de Vav1. Estudos recentes 

demonstraram que M2 está também envolvida na interacção e modulação da actividade 

de outras proteínas sinalizadoras, nomeadamente PI3K e PLCγ2. 

O presente estudo teve como principal objectivo relacionar a função molecular de M2, 

enquanto modeladora de vias de sinalização de células B, com o seu papel na infecção 

in vivo do hospedeiro. Para tal, construíram-se vírus recombinantes nos quais domínios 

de M2 importantes para a sua função molecular foram inactivados através de mutações 

pontuais. Inicialmente, construíram-se vírus recombinantes que contêm mutações na 

região rica em prolinas (M2P2) ou em dois resíduos de tirosina susceptíveis de 

fosforilação por Fyn (M2Y). Estes dois domínios foram identificados em estudos 

bioquímicos realizados pelo nosso grupo como sendo essenciais para a ligação e 

activação de Vav1. Para avaliar a importância biológica destes domínios procedeu-se à 

infecção intranasal de ratinhos com os vírus recombinantes e analisou-se o 

comportamento dos vírus durante a fase de infecção latente, por comparação com a 

infecção de ratinhos com o vírus selvagem (WT) ou o vírus M2FS, que não expressa a 

proteína M2. Os vírus foram caracterizados durante o estabelecimento e manutenção da 

fase de latência através de três ensaios independentes mas complementares. Através de 

ensaios de reactivação ex vivo avaliou-se a infecção latente em esplenócitos totais. A 

frequência de infecção em células B do centro germinativo, que constituem o principal 

reservatório de latência do vírus, foi determinada após purificação desta população por 

citometria de fluxo, combinando ensaios de diluição limite com PCR em tempo real. A 

realização de experiências de hibridação in situ em secções do baço permitiu localizar 



RESUMO 

xi 

as células infectadas e monitorizar a sua cinética de proliferação no interior dos 

folículos linfóides. Os resultados obtidos pelos três ensaios foram concordantes entre si 

e revelaram que os domínios funcionais de M2 analisados são fundamentais, durante o 

estabelecimento de latência, para uma eficiente colonização dos folículos linfóides e 

estabelecimento de reacções do centro germinativo. Além disso, o fenótipo apresentado 

pelos vírus recombinantes com mutações pontuais em M2 durante o estabelecimento de 

latência é indistinguível do fenótipo obtido com o vírus que não expressa M2. Este facto 

vem reforçar a importância fisiológica, na infecção latente de MuHV-4 em células B, da 

modulação de vias de sinalização da célula B por M2. 

A eliminação da expressão de M2 durante a fase de latência em ratinhos BALB/c 

origina dois fenótipos distintos: por um lado, durante o estabelecimento de latência, 

origina um atraso na colonização dos folículos e no início da proliferação das células 

infectadas nos centros germinativos; por outro lado, a longos tempos pós-infecção, 

observa-se um aumento exacerbado do número de células B do centro germinativo 

infectadas. Apesar da disrupção dos domínios funcionais de M2 reproduzir totalmente o 

comportamento do vírus que não expressa M2 durante o estabelecimento de latência, o 

fenótipo a longo prazo não é reproduzido. Assim, a longos tempos pós-infecção, os 

vírus recombinantes com mutações nos domínios funcionais de M2 comportam-se 

exactamente como o vírus WT. Estudos recentes realizados no nosso laboratório 

revelaram que esta incapacidade do vírus que não expressa M2 em cessar a proliferação 

das células do centro germinativo, não se deve a uma função molecular de M2 mas sim 

a um efeito imunológico. A proteína M2 contém um epítopo que é activamente 

reconhecido por células T citotóxicas (CTLs) e contribui para o controlo da infecção 

latente de MuHV-4. Na ausência do epítopo de M2, as células T citotóxicas não 

reconhecem as células infectadas e não conseguem controlar a amplificação da latência 

em células B do centro germinativo. 

Para verificar se todas as funções moleculares de M2 importantes para o 

estabelecimento de latência em células B tinham sido identificadas, construiu-se um 

vírus recombinante duplo, com mutações pontuais não só nos resíduos de tirosina de 

M2 mas também no seu epítopo. O fenótipo deste vírus foi analisado após infecção de 

ratinhos e comparado com o do vírus deficiente para a expressão de M2. O 

comportamento dos dois vírus foi exactamente o mesmo, tanto durante estabelecimento 

de latência como na infecção a longo prazo. Esta observação indica que os domínios de 

M2 importantes para o estabelecimento e manutenção da latência foram identificados: 
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através das tirosinas e da região rica em prolinas, M2 modula vias de sinalização da 

célula B de forma a promover uma eficiente colonização dos folículos linfóides; o 

epítopo reconhecido por CTLs torna M2 indirectamente responsável pelo nível de carga 

viral a longo prazo. 

Estudos bioquímicos recentes realizados no nosso laboratório demonstraram que os dois 

resíduos de tirosina fosforilados de M2 (Y120 e Y129) têm especificidades diferentes, 

ligando-se a moléculas sinalizadoras distintas. Além disso, a tirosina 120 parece ter um 

papel predominante, sendo essencial na ligação a Vav1, Fyn, PLCγ2 e PI3K. Para 

determinar a importância relativa das duas tirosinas durante a infecção in vivo de 

ratinhos, construíram-se novos vírus recombinantes com cada uma das tirosinas 

individualmente mutadas. Os resultados obtidos demonstraram que embora in vitro a 

tirosina 120 pareça ser mais importante na interacção com moléculas sinalizadoras, in 

vivo ambas as tirosinas são necessárias para o normal estabelecimento de latência. Este 

resultado sugere que a tirosina 129 interage com outras moléculas importantes para a 

modelação da função da célula B. 

Embora o alvo preferencial para o estabelecimento de latência de MuHV-4 sejam as 

células B, durante o estabelecimento da fase latente este vírus é também capaz de 

infectar células dendríticas e macrófagos. Assim, no presente trabalho pretendeu-se 

ainda avaliar a importância da função de M2 na infecção de células dendríticas e 

macrófagos. Para tal, infectaram-se culturas de células dendríticas ou de macrófagos 

com o vírus deficiente para expressão de M2 ou com o vírus WT e avaliou-se o 

estabelecimento de infecções líticas e latentes por imunofluorescência. Além disso, 

infectaram-se ratinhos com os mesmos vírus e analisou-se a infecção de células 

dendríticas e macrófagos dos nódulos linfáticos mediastinais pouco tempo após a 

infecção. Em ambos os casos não foram detectadas diferenças na infecção entre o vírus 

WT e o mutante deficiente para a expressão de M2, o que indica que M2 não parece 

desempenhar qualquer função molecular importante na infecção de células dendríticas e 

macrófagos. 

Em conclusão, este trabalho demonstrou que M2 funciona in vivo como uma proteína 

moduladora de vias de sinalização de células B e que esta função é fundamental na 

patogénese de MuHV-4, para uma eficiente colonização dos folículos linfóides durante 

o estabelecimento de latência. 

 

Palavras-chave: gama-herpesvírus; latência; célula B; M2 
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ABSTRACT 
 

The major biological characteristic of herpesviruses is their ability to establish life-long 

latent infections in specific cell types within their host. In particular, 

gammaherpesviruses typically colonise their hosts by driving the proliferation of 

infected B cells in germinal centres (GCs) and establishing a lifelong reservoir of 

latently infected memory B cells. These events are controlled by viral proteins that 

subvert host cell signalling pathways by regulating or replacing functionally specific 

signalling proteins. These viral proteins are of particular interest as they constitute key 

components of gammaherpesvirus pathogenesis and a potential link to virus associated-

oncogenic transformation. One of such proteins is the latency-associated M2 protein of 

murid herpesvirus-4 (MuHV-4). M2 has been shown to act as an adaptor molecule, 

mediating the assembly of multiprotein complexes that favour the interaction between 

enzymes and substrates, and thus mediate the modulation of B cell signalling pathways 

downstream of the B cell receptor (BCR).  The central aim of this research was to 

determine at which stage of the MuHV-4 viral life cycle M2 is performing these 

biochemical functions and how important they are for normal host colonization. To this 

end, recombinant viruses with disruptive mutations in M2 domains, which are essential 

for binding and modulating the activity of B cell signalling proteins, were engineered. 

The ability of these recombinant viruses to establish and maintain a latent infection was 

analysed upon intranasal infection of mice. Infection of mice with recombinant viruses 

resulted in a delay in the seeding of splenic follicles and in the expansion of latency in 

GC B cells. The role of M2 in MuHV-4 infection of other cell types, namely dendritic 

cells and macrophages, was also assessed. No evidence was found supporting a function 

for M2 in these cells. Overall, these studies reveal that M2 functions in vivo as a 

modulator of B cell signalling pathways and that this crosstalk is critical in the process 

of viral latency, for the efficient colonization of splenic follicles. 

 

 

Keywords: gammaherpesvirus; latency; B cell; M2 
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INTRODUCTION 
 

Herpesviruses are highly disseminated in nature. A long history of co-evolution with 

their hosts has placed these viruses amongst the most accomplished and ubiquitous 

pathogens. The main biological feature shared by all herpesviruses is their ability to 

persist for life in normal healthy individuals by establishing a latent infection, from 

which they periodically reactivate to disseminate to new hosts. During latency, 

herpesviruses persist in a non-infectious form, unnoticed by the immune system and 

causing minimal damage to their hosts.  

In the case of gammaherpesviruses, latent infection is established preferentially in B 

cells and is associated with several neoplastic diseases, making the control of these 

viruses an important clinical goal. B cells compose a very dynamic population that is, at 

specific stages of differentiation, prone to clonal expansion. However, usually these 

cells are short lived and have the tendency to enter apoptosis unless specific survival 

signals are provided. Therefore, to establish latency in B cells, gammaherpesviruses 

must express proteins that interfere with normal host cell developmental pathways in 

order to induce cell survival and proliferation. 

Understanding the mechanisms developed by gammaherpesviruses to subvert B cell 

function in its own profit will provide useful information about viral pathogenesis and 

facilitate the development of therapeutic strategies against these viruses. Moreover, 

studying virus/B cell interaction will increase the knowledge on essential processes of 

host cell biology and immune system.  

 

 

1.1. HERPESVIRUS 

1.1.1. General Properties 

Herpesvirus taxonomy has recently been updated with the creation of the order 

Herpesvirales that includes three families: Herpes-, Alloherpes- and 

Malacoherpesviridae. Mammalian herpesviruses belong to the Herpesviridae family, 

which also encompasses bird and reptile viruses. Bony fish and amphibian 
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herpesviruses have been classified as Alloherpesviridae, while a single invertebrate 

virus constitutes the family Malacoherpesviridae (Davison et al., 2009).  

Herpesviruses are highly disseminated in nature, with a large spectrum of animals 

harbouring at least one of these viruses and the most studied hosts being infected by 

several distinct herpesviruses (Davison, 2002). The family Herpesviridae is the largest 

and includes over 120 herpesviruses of which eight have been isolated from humans 

(Table 1.1) (Davison et al., 2009). Furthermore, herpesvirus are ubiquitous in the 

general population with most adults harbouring herpes simplex 1, varicella-zoster virus, 

human herpesviruses 6 and 7, and Epstein-Barr virus (Cohen, 2003, Davison & 

Clements, 2005). 

 

Table 1.1. Human herpesviruses (adapted from Davison & Clements, 2005). 

Virus Abbreviation ICTVa  
species name Subfamily Genome 

size (kb) 
Main site of 

latency 
Herpes simplex      

virus type 1 HSV1 Human 
herpesvirus 1 α 152 Sensory ganglia 

neurons 
Herpes simplex      

virus type 2 HSV2 Human 
herpesvirus 2 α 152 Sensory ganglia 

neurons 

Varicella-zoster virus VZV Human 
herpesvirus 3 α 125 Sensory ganglia 

neurons 

Epstein-Barr virus EBV Human 
herpesvirus 4 γ 172 B cells 

Human 
Cytomegalovirus HCMV Human 

herpesvirus 5 β 230 Myeloid lineage 
cells 

Human herpesvirus 6b HHV-6 Human 
herpesvirus 6 β 159/162 Myeloid lineage 

cellsc 

Human herpesvirus 7b HHV-7 Human 
herpesvirus 7 β 145/153 Salivary gland 

tissuesc 
Kaposi’s sarcoma-

associated herpesvirusb KSHV Human 
herpesvirus 8 γ ~141 B cells 

aInternational Committee on Taxonomy of Viruses 
bMore than one strain has been sequenced. 
cThe site of latent infection has not been completely clarified 

 

Herpesviruses are remarkably well adapted to their hosts, a characteristic that is 

probably the outcome of a very long co-evolutionary history (Davison, 2002). In fact, 

host-specific occurrence of herpesviruses and molecular phylogenetic studies suggest 

that herpesvirus speciation occurred at approximately the same time as did host 

speciation.  As a result of this adaptation, herpesvirus infection of a natural 

immunocompetent host is rarely fatal, therefore promoting the transmission of the 

viruses. Each herpesvirus is usually restricted in infection to a single species and 
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spreads from host to host by direct contact or by respiratory route (Davison, 2002, 

Davison & Clements, 2005, Roizman & Pellett, 2001). 

Herpesviruses are a very heterogeneous group, with widely differing biological 

properties, therefore the primary means of identifying a herpesvirus has been that of 

virion structure (Davison et al., 2009) (refer to Fig. 1.1 for details on virion 

architecture). These viruses are among the largest and most complex, with a genetic 

material composed of a linear, double stranded DNA molecule that varies in length from 

125 to 290 kb, and encodes between 70 (smallest genome) and 200 (biggest genome) 

genes (Roizman & Pellett, 2001).  

 

 
Figure 1.1. Schematic representation of a herpesvirion. Herpesvirions have a unique four-layered 
structure: a core containing the genetic material in the form of a torus is enclosed by an icosadeltahedral 
capsid containing 162 capsomers and 100 nm diameter with a hole running down the long axis. The 
nucleocapsid is surrounded by the tegument, an amorphous–like structure with variable size containing 
several viral-coded proteins, itself enveloped by a lipid bi-layer, derived from the host cell, with 
numerous glycoprotein spikes projecting from its surface. Herpesvirions can vary in size from 120 to 
nearly 200 nm, in part due to changes in the thickness of the tegument (figure extracted from Flint et al., 
2004). 
 

The most remarkable biological characteristic shared by all herpesvirus is the ability to 

establish a latent infection that ensures the maintenance of their genetic material for the 

life of the host. Most herpesvirus infections are not apparent, but if the host’s immune 

defences are compromised, effects can be devastating (Davison & Clements, 2005, Flint 

et al., 2004).  

All herpesviruses have the capacity to establish productive infection as well as to 

undergo latent infection. Upon transmission to a naive host, the virus first establishes a 

productive acute infection at the site of infection, usually the epithelium of a mucosal 

surface. During the lytic phase of a herpesvirus life cycle, there is a temporal order of 
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viral gene expression and the viral genome is replicated several times, leading to the 

production of infectious virion progeny and the death of the infected cell. This primary 

infection is rapidly resolved by host immune defences and results in effective immunity 

against reinfection (Cohen, 2003, Flint et al., 2004).  

The lytic infection is followed by a latent infection that lasts throughout the life of the 

host and is maintained in a specific set of cells. The cell type targeted is herpesvirus 

specific and the cell carrying the latent virus is usually different from those that harbour 

the productive infection. During a latent infection, usually asymptomatic, no infectious 

virus particles are detected in the host and the viral genome is maintained, as a circular 

episome, in the nucleus of the infected cell. Latency is characterized by sporadic 

reactivation episodes that are critical for the virus, ensuring the transmission of 

infectious virions to new hosts, as well as reinfection and establishment of latent 

infection in more cells of the same individual, thereby establishing a reservoir of 

infection for life. Reactivation may be spontaneous, or follow trauma, stress or other 

insults and is usually asymptomatic or has milder symptoms than the original acute 

infection. During latent infection, the expression of viral proteins is severely reduced to 

those required for maintenance of viral genome, manipulation of host cell function and 

evasion of the host immune system. Such strategies prevent or delay the elimination of 

the latently infected cell. By expressing few proteins during latency, herpesviruses limit 

the amount of foreign antigen produced, thereby reducing the chance of being detected 

by the host immune system (Cohen, 2003, Flint et al., 2004, Roizman & Pellett, 2001). 

 

The family Herpesviridae is further subdivided into three subfamilies, on the basis of 

preferential site of latency, among other biological characteristics, and DNA sequence 

homology:  Alphaherpesvirinae, Betaherpesvirinae and Gammaherpesvirinae (refer to 

Table 1.1 for human herpesvirus subfamily classification). Alfaherpesviruses maintain 

latency mainly in neurons of the sensory ganglia, betaherpesviruses are found latent 

preferentially in hematopoietic stem cells and cells of the myeloid lineage and, in 

gammaherpesviruses, latency is usually established in either B or T cells and is 

frequently associated with lymphoid tissue (Davison, 2002, Davison et al., 2009, 

Roizman & Pellett, 2001). 

 

Latency can be established in very diverse cellular environments depending upon the 

subfamily considered, which implies that many of the viral and cellular mechanisms 
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regulating latency are unique. Given that the work presented in this thesis focuses on the 

molecular pathogenesis of gammaherpesvirus latent infection, only this subfamily will 

be discussed in the following sections. 

 

1.1.2. The subfamily Gammaherpesvirinae  

Members of the subfamily Gammaherpesvirinae are widespread in nature. On the basis 

of DNA homology, this subfamily has recently been divided into four genera: the 

formerly assigned Lymphocryptovirus (or gamma1 group) and Rhadinovirus (or 

gamma2 herpesvirus) genera, and the recently created Macavirus and Percavirus 

genera. The genus Lymphocryptovirus infects only primates, while viruses of the genus 

Rhadinovirus have been found in rodents, leporids, bovines and a variety of primates. 

The lineage containing bovine, caprine, ovine and suid herpesviruses forms the genus 

Macavirus. Finally, the genus Percavirus is the largest, including equine and various 

carnivore viruses, and the only one to harbour non-mammalian herpesviruses, namely 

avian and reptilian viruses. Species in both of these last two genera were formerly 

assigned to the genus Rhadinovirus, which became more tightly demarcated (Davison et 

al., 2009, McGeoch et al., 2006).  

Gammaherpesviruses are host-range specific. All members of this subfamily are capable 

of replicating in vitro in lymphoblastoid cells and some also cause lytic infections in 

fibroblasts and epithelial cells. The gamma subfamily of herpesviruses is associated 

with the lymphoid tissue and latency is established mainly in either B or T cells 

(Davison & Clements, 2005). 

A striking property of all members of this subfamily is the ability to drive the 

proliferation of infected lymphocytes during the establishment and maintenance of a 

large reservoir of latent viral genomes (Stevenson, 2004). Gammaherpesvirus latency-

associated lymphoproliferation is central to host colonization but also underlies the vast 

majority of diseases associated with gammaherpesvirus. In fact, a hallmark of 

gammaherpesvirus is their ability to induce neoplasia in natural or experimental hosts, 

long after the initial infection has occurred (Barozzi et al., 2007, Damania, 2004).  

 

Two gammaherpesviruses that infect humans have been identified (Table 1.1), the 

Lymphocryptovirus Epstein-Barr virus (EBV) (Epstein et al., 1964) and the 

Rhadinovirus Kaposi’s sarcoma-associated herpesvirus (KSHV) (Chang et al., 1994). 
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Both human gammaherpesviruses establish latent infections mainly in B lymphocytes 

and are associated with a number of lymphoproliferative diseases of B and/or T cells, 

and with different types of malignancies, mainly in lymphoid cells (Table 1.2), which 

makes understanding and controlling EBV and KSHV major goals of 

gammaherpesvirus research. 

 

Table 1.2. Diseases linked to human gammaherpesviruses (adapted from Damania, 2004 and Cohen, 
2003) 

Gammaherpesvirus Associated diseases 
Non-malignant Malignant 

Epstein-Barr virus Infectious mononucleosis  Burkitt’s lymphoma 
Hairy leukoplakia of the tongue Hodgkin’s lymphoma 

 Post-transplant and AIDS-related 
lymphomas 

 X-linked lymphoproliferative syndrome
 T-cell lymphomas 
 Nasopharyngeal carcinoma 
 Gastric carcinoma 

Kaposi’s sarcoma-
associated herpesvirus

Multicentric Castleman’s disease Kaposi’s sarcoma 
 Primary effusion lymphomas 

 

1.1.3. Gammaherpesvirus latency in B cells 

B cells are a very dynamic population and at specific stages of their development, when 

appropriate signals are provided, have the ability to proliferate (reviewed in section 1.4). 

However, these cells are usually short lived and, without the correct survival and 

proliferation signals, are prone to die by apoptosis. Therefore, to persist successfully in 

B cells, gammaherpesviruses must exploit multiple cellular processes that ensure B cell 

survival and drive its proliferation. Gammaherpesviruses achieve this by expressing 

proteins that inhibit apoptotic pathways, manipulate cellular signal transduction 

pathways and drive cell cycle progression (Brinkmann & Schulz, 2006, Rajcani & 

Kudelova, 2003).  

Because B cells are induced to proliferate, during latency gammaherpesvirus must also 

express proteins that enable the replication and segregation of the viral episomes into 

the daughter cells (Rajcani & Kudelova, 2003) 

Additionally, viruses must deal with inherently hostile environment constantly 

presented in the host. Infection induces both innate and adaptive immune system 
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responses, in particular T cell responses (Redpath et al., 2001). Thus, to successfully 

persist in immunocompetent hosts, besides severely reducing gene expression during 

latency, gammaherpesviruses have developed sophisticated immune evasion strategies. 

Viral immunomodulators interfere with both innate and adaptive immune responses and 

many of them are analogues of cellular proteins, suggesting that they have been pirated 

from the host during viral evolution (Alcami & Koszinowski, 2000, Coscoy, 2007, 

Redpath et al., 2001, Stevenson, 2004, Vossen et al., 2002, Wiertz et al., 2007).  

Gammaherpesvirus latency is therefore a dynamic and constantly changing process. 

Having gammaherpesviruses and hosts a very long co-evolutionary history, the virus-

host balance presumably reflects a stable equilibrium of immune pressure versus 

modulation. Any changes in this balance can result in disease (Jerome, 2008, Redpath et 

al., 2001). 

 

B cells constitute a very complex population that is in constant renewal and change, 

therefore, to better understand the molecular mechanisms involved in 

gammaherpesvirus latent infection, it is first important to address some aspects of B cell 

development and biology. 

 

 

1.2. THE B CELL 

B cells, or B lymphocytes, are a highly dynamic and heterogeneous population, 

harbouring several distinct subpopulations. A striking property of B cells is their ability 

to mount a specific immune response against virtually any foreign antigen. This is 

possible because each individual B cell matures expressing a cell surface antigen 

receptor of a single specificity, generated by random recombination of variable receptor 

gene fragments. The resulting population of B lymphocytes collectively expresses an 

extensive repertoire of receptors with highly diverse antigen-binding sites. The function 

of the B cell antigen receptor, or B cell receptor (BCR), is to recognize and bind antigen 

in its native form, present outside the cells of the body, thus transmitting a signal that 

causes B cell activation. Structurally, the BCR is a membrane-bound form of the 

antibody (immunoglobulin, Ig) that the B cell secretes after activation and 

differentiation to plasma cell. The main effector function of B cells in the adaptive 

immunity is the secretion of antibodies. Antibodies bind pathogens or their toxic 
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products in the extracellular spaces of the body and engage specific immune 

mechanisms (Janeway et al., 2005).  

 

1.2.1. The development and survival of B cells  

B cells originate and develop primarily in the bone marrow, from a common lymphoid 

progenitor (Fig. 1.2). During the early stages of development, progenitor B cells 

undergo a programmed series of immunoglobulin gene rearrangement and assemble the 

B cell receptor that will determine the specificity of the individual lymphocyte. This 

phase is independent of antigen but is dependent on interactions with bone marrow 

stromal cells that provide signals through secreted growth factors and cell-surface 

molecules that bind to receptors on the B lymphocyte precursor cell (Fig. 1.2, first 

panel). If gene rearrangement is successful, a complete immunoglobulin B cell receptor 

is formed and the developing B cell is defined as an immature B cell. If a productive 

rearrangement is not made, the developing B cell dies (Janeway et al., 2005).  

The expression of a B cell receptor on the surface of the immature B lymphocyte is a 

hallmark in its development, because it can now detect ligands that bind to this receptor. 

From this stage, all the steps in B cell development are regulated by signals received 

through its antigen receptor. Initially the BCR is tested for its antigen-recognition 

properties against molecules in the immediate environment (Fig. 1.2, second panel). B 

cells whose receptors bind strongly to self antigens undergo receptor editing so that the 

self-reactive receptor specificity is deleted, or die by apoptosis (clonal deletion). This 

process is termed negative selection and induces the establishment of immunological 

tolerance to ubiquitous self antigens. Developing B lymphocytes whose receptors do not 

interact with self antigens, or bind them weakly, are allowed to survive and leave the 

bone marrow, and are transported in the blood to the peripheral lymphoid tissues, 

namely the spleen and lymph nodes (Janeway et al., 2005).  

The newly formed (NF) B cells are immature. They express high levels of IgM but little 

IgD, and need further interaction with their self ligands and neighbouring cells in the 

tissue to mature and survive. In the periphery, immature B cells suffer two distinct 

selection processes. They undergo a new step of negative selection, or peripheral 

tolerance, in which self-reactive cells that encounter autoantigens for the first time are 

eliminated or inactivated. In addition, B cells in the periphery also need to receive 

positive signals through their BCR in order to survive and further differentiate into 
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mature B cells. This process in known as positive selection and occurs in distinct areas 

of the secondary lymphoid organs, the lymphoid follicles, to which B cells are directed 

by the action of chemokines. The limited number of lymphoid follicles cannot 

accommodate high numbers of immature B cells released into the periphery each day 

and so there is continual competition for entry. If newly produced immature B cells fail 

to enter a follicle, their passage through the periphery is halted and they die. B cells that 

survive both selection processes mature to express IgD as well as IgM, and are defined 

as a follicular (Fo) B cell (Fig. 1.2, third panel) (Janeway et al., 2005). 

Mature B cells that have not encountered their specific antigen are referred to as naive B 

cells and circulate continually from the blood into the peripheral lymphoid tissues, 

where they receive survival or tonic signals in the lymphoid follicles. They can now be 

activated by encounter with specific foreign antigen in a secondary lymphoid organ and 

differentiate to become an effector antibody-secreting plasma cell or a memory cell 

(Fig. 1.2, fourth and fifth panels; section 1.2.2) (Janeway et al., 2005). 

 

 

 
Figure 1.2. The B cell life history. B cells are generated in the bone marrow from a lymphoid 
progenitor. During the initial phase of development, B cell progenitors rearrange their immunoglobulin 
genes, in an antigen-independent but bone marrow stomal cell-dependent process, giving rise to an 
immature B cell that expresses an antigen receptor in the form of IgM (first panel). This cell can now 
interact with antigens in the environment and undergoes the first part of its maturation process, negative 
selection in the bone marrow. During negative selection, immature B cells that are strongly stimulated by 
antigen die or are inactivated, therefore removing self-reactive B cells from the repertoire (second panel). 
In the third stage of the development, surviving B cells emerge into the periphery and home to secondary 
lymphoid organs were they suffer a second selection process (both positive and negative) and mature to 
express IgD as well as IgM (third panel). Mature B cells are activated by specific foreign antigen in a 
secondary lymphoid organ (forth panel). Activated B cells proliferate and differentiate into antibody-
secreting plasma cells or long-lived memory cells (fifth panel) (adapted from Janeway et al., 2005). 
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Lymphocyte maturation and survival is a highly dynamic and competitive process that 

is regulated by signals received through the antigen receptor. Of the about 2x107 IgM+ 

cells that are produced daily in the bone marrow, only 10% migrate to the periphery and 

of these only a third enter the mature B cell pool (Chung et al., 2003). In the absence of 

specific antigen stimulation, mature naive B cells survive for 6-8 weeks in mice.  

 

1.2.2. The activation and differentiation of B cells 

Antigens are presented to naive recirculating B lymphocytes as they migrate through the 

lymphoid tissue (Batista & Harwood, 2009). Upon recognizing a specific antigen on an 

activated antigen-presenting cell, usually a dendritic cell or a macrophage, the B cell 

migrates to the T cell zone of the lymphoid tissue where it becomes fully activated by 

interaction with antigen presenting cells and helper T cells (Th) (MacLennan, 1994).   

To become fully activated, the B cell requires two distinct signals: the first main signal 

is delivered by the BCR following cognate antigen stimulation while the second 

complementary signal is delivered by armed helper cells that recognize the same epitope 

(linked recognition). Helper T cells are a subset of CD4+ T lymphocytes mainly 

involved in providing activation and differentiation signals to B cells. Th cells require 

prior activation by professional antigen-presenting cells that display the same antigen, 

this way differentiating into armed Th cells. B cells can receive help from armed Th 

cells after the antigen bound by the BCR is internalized, processed and returned to the 

cell surface as peptides bound to major histocompatibility complex (MHC) class II 

molecules. The MHC:peptide complex is recognized by the T cell receptor (TCR) of the 

armed Th cell that binds the peptide originating a B:T cell conjugate. Formation of this 

conjugate induces the full activation of the B cell (Klein & Dalla-Favera, 2008, Mills & 

Cambier, 2003). 

The fully activated B lymphoblast can move to the lymphoid follicle, where it starts to 

proliferate and differentiate into centroblasts, thereby establishing a germinal centre 

(GC) reaction (Fig. 1.3, panel A). The centroblasts undergo clonal expansion in the dark 

zone of the germinal centre where they also activate the process of somatic 

hypermutation of the immunoglobulin genes, thereby creating antibody variants, some 

with improved affinity for the antigen. Centroblasts then differentiate into resting 

centrocytes and move to the light zone, where the modified antigen receptor is selected 

for improved affinity to the immunizing antigen, with help from follicular dendritic 
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cells and helper T cells. Germinal centre B cells with the highest affinity for the antigen 

receive survival signals from T helper cells and follicular dendritic cells and undergo 

repeated rounds of proliferation, mutation and selection. The remaining cells that do not 

receive the survival signals undergo apoptosis by default and are removed (Allen et al., 

2007a, Hauser et al., 2007, Klein & Dalla-Favera, 2008). Recent techniques that allow 

the visualization of immune cells in intact living tissue have shown that 

compartmentalization of the GC is often less well defined than this classical dark-zone 

light-zone pattern, with the movement between the light and the dark zone not always 

following the same direction and cell proliferation, as well as apoptosis, being 

sometimes detected in both zones (Allen et al., 2007b, Hauser et al., 2007, Schwickert 

et al., 2007). The trafficking between the dark and light zones appears to be mediated by 

a chemokine gradient, presumably established by stromal cells in the respective zones 

(Allen et al., 2004). 

A subset of centrocytes undergoes class switch recombination, replacing the originally 

expressed immunoglobulin heavy-chain constant region genes from IgD and IgM to 

either IgG, IgA or IgE (Fig. 1.3, panel A). Isotype switching alters the effector function 

of an antibody without changing its specificity for the antigen (Klein & Dalla-Favera, 

2008). Finally, selected GC B cells differentiate into either plasma cells or memory B 

cells and leave the germinal centre. Signals from helper T cells and cytokines are 

important for this differentiation step. 

Plasma cells constitute the effector cells, secreting high affinity antibodies, but have 

only a limited life-span and most of them eventually undergo apoptosis. Memory B 

cells persist after antigen has been eliminated and are the basis of immunological 

memory, ensuring a more rapid and effective response on a second encounter with a 

pathogen and thereby usually providing lasting protective immunity.   

 

1.2.3. Molecular events underlying B cell activation  

B cell signalling and activation is initiated in response to specific antigen recognition by 

the B cell receptor. The BCR is a multiprotein structure composed by an antigen 

binding subunit, the membrane immunoglobulin, and a signalling subunit, a disulfide-

linked heterodimer of the Igα and Igβ proteins, each containing a single 

immunoreceptor tyrosine-based activation motif (ITAM) within their cytoplasmic tail 

that initiates signal transduction (Dal Porto et al., 2004). Engagement of BCR by 
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antigen induces BCR aggregation in specialized membrane microdomains termed lipid 

rafts. These domains contain increased concentrations of Src-family kinases such as 

Lyn, Blk and Fyn, that phosphorylate the tyrosine residues of the ITAMs (Pierce, 2002). 

Phosphorylation of the ITAMs results in the activation of Syk kinase which, in turn, 

initiates the coordinated assembly of a signalosome, composed of adaptor proteins such 

as B cell linker (Blnk) and a variety of intracellular signalling molecules including Vav, 

phosphoinositide 3-kinase (PI3K), phospholipase C-γ2 (PLCγ2) and Bruton’s tyrosine 

kinase (Btk) (Dal Porto et al., 2004, Harwood & Batista, 2008).  

 

Generation of the phosphoinositide PIP3 by PI3K following BCR aggregation allows the 

recruitment and activation of effector proteins containing pleckstrin-homology (PH) 

domains. One of such proteins is the serine/threonine kinase Akt, which is activated by 

phosphorylation of key serine and threonine sites and translocates to the cytoplasm and 

nucleus where it interacts with proteins and transcription factors that control apoptosis 

and glycogen metabolism, thus promoting cell survival. It also activates nuclear factor-

kappa B (NF-κB), which in turn upregulates genes involved in B cell development and 

proliferation (Dal Porto et al., 2004) 

Recruitment of PLCγ2 to the plasma membrane-associated signalosome results in its 

phosphorylation and activation. Activated PLCγ2 cleaves membrane-associated 

phosphoinositide PIP2 into second messengers IP3 and DAG. DAG represents a 

classical activator of conventional protein kinase C (PKC) isotypes that regulate the 

mitogen-activated protein kinase (MAPK) family, which, in turn, phosphorylates 

different sets of transcription factors including c-Jun and p38. IP3 generation causes the 

mobilization of Ca2+ from intra and extracellular stores inducing the activation of 

transcription factors such as NF-κB and NFAT (nuclear factor of activated T cells) by 

atypical PKCs and Ca+2 calmodulin, respectively. (Dal Porto et al., 2004, Scharenberg 

et al., 2007).  

The Vav family of proteins, consisting of three isoforms – Vav1, Vav2 and Vav3 – also 

has a crucial role in B cell signalling. These proteins function as guanine nucleotides 

exchange factors (GEFs) for the Rho/Rac proteins, promoting, in a phosphorylation-

dependent manner, the GDP/GTP exchange, thereby accelerating the transition of those 

GTPases from their inactive (GDP-bound) to active (GTP-bound) states (Bustelo, 

2000). Following BCR stimulation, Vav proteins are activated by phosphorylation and 
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activate Rac1. Rac1 stimulates several effector proteins such as PIP5 kinase (PIP5K), 

p21 activated kinase (Pak1) and c-Jun NH2-terminal kinase (JNK), thus promoting 

extensive changes in intracellular pathways related to cytoskeletal change, mitogenesis, 

and cell survival (Etienne-Manneville & Hall, 2002). In addition to the activation of 

Rho/Rac GTPases, Vav proteins play a role in the activation of other signalling 

pathways, such as PLCγ2 and PI3K pathways, modulate the activity of the transcription 

factors NF-AT and NF-κB and increase Ca2+ levels. (Bustelo, 2000, Turner & 

Billadeau, 2002). Analyses of Vav-deficient mice have shown that Vav proteins play a 

key role in B lymphocyte development and proliferation. In Vav1 and Vav2 double 

knock-out mice, immature B cells fail to develop efficiently into mature B cells, 

although they are present in normal numbers within the bone marrow. Furthermore, 

these Vav1 and -2 null B cells also display impaired proliferation in response to BCR 

stimulation (Tedford et al., 2001).  

Ras GTPases are activated in response to BCR crosslinking, promoting the activation of 

the extracellular signal-regulated (ERK) MAPKs through stimulation of Raf1 

serine/threonine kinase. ERK proteins, in turn, modulate the activity of different 

transcription factors, altering the pattern of gene expression and promoting cell survival 

and proliferation. Vav proteins have also been implicated in the activation of Ras by 

direct activation of the GDP/GTP exchange factor RasGRP1 (Caloca et al., 2003). 

 

In summary, B cell activation triggers several interconnecting signalling pathways 

which modulate a variety of cellular processes, including reorganization of the 

cytoskeleton and regulation of gene expression to induce cell survival and proliferation.  

Furthermore, after triggering the signalling cascade, the ligand-BCR complex is 

internalized by the cell, processed within specific endosomal compartments and 

presented in complex with MHC class II molecules to recruit specific T cell help. This 

leads to full B cell activation through secreted cytokines and cell-cell interactions 

mediated by receptor pairs such as CD40-CD154. Thus, B cell activation is dependent 

on the intricate organization of both intracellular signalling pathways and intercellular 

communication (Dal Porto et al., 2004, Harwood & Batista, 2008). 
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1.3. EPSTEIN-BARR VIRUS  

Epstein-Barr virus, or EBV, was discovered more than 40 years ago in cultured tumour 

cells from patients with Burkitt’s lymphoma (Epstein et al., 1964). If the success of a 

pathogen is defined by the number and extent of hosts it infects, EBV is the most 

successful human pathogen because it is present in all populations, infecting more than 

95% of human beings for life (Kutok & Wang, 2006). Primary EBV infection generally 

occurs in the first decade of life and is usually asymptomatic. However, if the infection 

is acquired during adolescence or later, it can result in a self-limiting 

lymphoproliferative disease known as infectious mononucleosis (Henle et al., 1968, 

Kutok & Wang, 2006). After primary infection, which is rapidly controlled by the 

host’s immune system, the virus usually persists as a harmless passenger residing in a 

latent form in B cells. Each person carries approximately 5x105 infected B cells (Khan 

et al., 1996). A low level of active virus replication continues asymptomatically in EBV 

carriers, leading to virus secretion into the saliva and allowing transmission of EBV 

from one human to another through the oral route (Kutok & Wang, 2006).  

Despite the benign and uneventful nature of EBV infection in the majority of humans, 

the diseases caused by this virus (Table 1.2) indicate that the situation is finely 

balanced. In X-linked proliferative disease, persistence infection is not established 

because mutations in a single gene cause acute EBV infection to become a fatal disease. 

Furthermore, immunological disturbance can lead to deregulation and EBV-driven 

tumours in otherwise healthy carriers of the virus. Individuals that are immunosupressed 

due to organ transplantation or due to infection by HIV are at risk for EBV lymphomas 

that are aggressive and often fatal. EBV is also associated with malignancies in 

immunocompetent individuals, such as Burkitt’s and Hodgkin’s lymphomas (Kutok & 

Wang, 2006, Thorley-Lawson, 2005). 

 

EBV is the best studied gammaherpesvirus and a model of EBV latent infection has 

been proposed. The model is based mainly on the studies of Thorley-Lawson and 

colleagues which have isolated distinct human B cell subsets by flow cytometry and 

analysed the presence and frequency of EBV-infected cells by limiting dilution 

polymerase chain reaction (PCR) and the expression pattern of EBV-encoded genes by 

reverse transcription of RNA followed by PCR (reviewed in Thorley-Lawson, 2001, 

2004, 2005, 2008 and Küppers, 2003). This model, described in the following section, 
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reveals strategies that are believed to be common to all gammaherpesviruses that persist 

in B lymphocytes. 

 

1.3.1. The germinal centre model of EBV infection 

Accordingly to the biological model of infection proposed by Thorley-Lawson and co-

workers, EBV has developed an elegant strategy to achieve life-long asymptomatic 

persistence in memory B cells by hijacking cellular signalling pathways that control B 

cell survival, antigen-dependent activation, proliferation and differentiation (Fig. 1.3) 

(Dolcetti, 2007, Kuppers, 2003, Roughan & Thorley-Lawson, 2009, Thorley-Lawson, 

2001, Thorley-Lawson, 2005, Thorley-Lawson et al., 2008, Thorley-Lawson & Gross, 

2004). 

 

Following oral transmission, EBV transits the oropharyngeal epithelium and infects 

resting naive B cells. It is not clear whether EBV infects B cells directly or first 

establishes a productive infection within oropharyngeal epithelial cells, subsequently 

passing to subepithelial B cells through direct contact (Kutok & Wang, 2006). In naive 

B cells, EBV expresses the first latency programme, known as the growth programme 

(Table 1.3), which is characterized by the expression of full repertoire of EBV latent 

proteins, consisting of six EBV nuclear antigens (EBNAs) and three membrane proteins 

(latent membrane protein, LMP) (Babcock et al., 2000, Joseph et al., 2000). In culture, 

EBV immortalises resting human B cells by expressing the growth programme 

(Thorley-Lawson & Mann, 1985). In vivo, the growth programme drives a transient 

activation and proliferation of the B cell, without any additional external signal, thereby 

increasing the pool of EBV-infected cells. The proliferating blasts are postulated to 

migrate to the follicle where they establish a germinal centre reaction and switch the 

viral transcription programme to the default programme (Table 1.3) (Babcock et al., 

2000, Roughan & Thorley-Lawson, 2009).  

The default programme is characterized by the expression of only three proteins, (1) 

EBNA1 that is required to replicate the viral DNA, and (2) LMP1 and (3) LMP2A that 

mimic the survival and progression signals transmitted through the BCR and from 

helper T cells. Such signalling drives the differentiation of the latently infected B cell 

into a memory cell that leaves the germinal centre and enters the peripheral circulation 

(Babcock et al., 2000, Casola et al., 2004, He et al., 2003, Yates et al., 1985). In the 
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resting memory cell, the virus switches the transcription programme to the latency 

programme (Table 1.3), thereby shutting down all protein expression (Babcock et al., 

2000). This form of latency, where no viral proteins are expressed, is considered the 

“true” latency and allows the virus to persist for the lifetime of the host, without being 

pathogenic or visible to the immune system. All studies performed to date indicate that 

the cells carrying the truly latent virus are indistinguishable from a normal memory B 

cell until viral replication reactivates. The biggest challenge to this idea may come from 

the recently discovered herpesvirus-encoded microRNAs (miRNAs), which have been 

detected in latently infected cells and can regulate host cells infected with otherwise 

inactive viral genomes (Gottwein & Cullen, 2008).  

 

The latently infected memory B cells can reactivate the virus in response to normal 

physiological signal that drives the differentiation into a plasma cell  (Table 1.3) 

(Laichalk & Thorley-Lawson, 2005). The large amount of virus continually shed by 

healthy individuals suggests that the viruses released by plasma cells replicate at a 

secondary site, probably the epithelium surrounding Waldeyer’s ring (Thorley-Lawson 

et al., 2008). This form of replication is probably not required for persistence, only for 

spread, and it should be transient and rapid in order to maximize the opportunities for 

spread before the host’s immune system shuts replication down (Thorley-Lawson et al., 

2008). Because viral replication results in the death of the cell, there must exist a 

mechanism(s) for replacing truly latent cells so that the level of persistence does not 

decay during the life of the host. This could occur through new infection of naive B 

cells or occasional division of the truly latent cell (Hochberg et al., 2004). This memory 

B cell division is probably regulated by normal B cell homeostasis because there are no 

viral proteins expressed that could induce cell division. The only protein expressed 

during memory B cell division is EBNA1 (the EBNA only transcriptional programme, 

Table 1.3), which is required for viral DNA replication and segregation into daughter 

cells (Yates et al., 1985). 

 

The cycle of persistent EBV infection is controlled by the immune system, which 

targets latently infected blasts and lytically infected plasma cells mainly with cytotoxic 

T cells and free virions with neutralizing antibodies (Hislop et al., 2007, Thorley-

Lawson et al., 2008). 
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Figure 1.3. Normal B cell response and the parallel with EBV-driven response. (A) Normal B cell 
response. The epithelium of the tonsil continuously samples antigens entering the mouth. Underneath the 
epithelium, naive B cells that encounter cognate antigen become activated and migrate into a follicle 
where they receive further activation signals from dendritic cells and helper T cells (Th), and establish a 
germinal centre (GC) reaction. In the GC, the blast undergoes repeated rounds of rapid proliferation, 
associated with somatic hypermutation (SHM) and class switch recombination (CSR), followed by 
interaction with follicular dendritic and T cells to select those that bind the antigen best. Most cells die by 
apoptosis while the surviving ones differentiate into either a plasma cell or a memory B cell and leave the 
GC. Upon rechallenge with the antigen, memory B cells are quickly activated and differentiate into 
antibody producing plasma cells. (B) EBV-driven response. EBV traverses the epithelium and infects a 
naive B cell, where it expresses the growth transcription programme that causes the cell to become 
activated and proliferate as though it was responding to antigen. These cells migrate to the follicle where 
the viral transcription changes to the default programme and a GC reaction is established. In the GC, the 
default programme replaces the Th and antigen signals and drives the cells to differentiate into memory B 
cells that leave the follicle. In the periphery, all viral protein expression is shut down (the latency 
programme) and the latently infected cells and are maintained as a normal memory B cells. These 
memory B cells can occasionally divide to maintain the pool of latently infected cells, or become 
activated and differentiate into plasma cells, leading to the production of infectious virions and cell death. 
These virions can either infect a secondary tissue, where they are amplified and shed for transmission to 
new hosts, or reinfect naive B cells, restarting the cycle of infection (adapted from Thorley-Lawson, 2005 
and Klein & Dall-Favera, 2008). 
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Table 1.3. The EBV transcription programmes in normal B cells and tumours (from Thorley-Lawson, 
2005) 

Transcription 
programme Genes expresseda Infected normal B 

cell type Function Infected 
tumour type 

Growth EBNA1, 2, 3A, 3B, 3C, LP, 
LMP1, LMP2A and LMP2B

Naive Activate B cell Immunoblastic 
lymphoma 

Default EBNA1, LMP1 and 
LMP2A 

Germinal centre Differentiate activated 
B cell into memory 

Hodgkin’s 
disease 

Latency None Peripheral memory Allow lifetime 
persistence 

 

EBNA1 only EBNA1 Dividing 
peripheral memory

Allow virus in latency 
program cell to divide 

Burkitt’s 
lymphoma 

Lytic All lytic genes Plasma cell Replicate virus in 
plasma cell 

 

aDoes not include EBERs and miRNAs that have not been rigorously identified in all of the infected 
subtypes. 
 

The model described above explains how EBV is able to persist asymptomatically in the 

vast majority of invididuals: EBV infection in vivo does not induce limitless 

proliferation. Rather EBV uses the strategy of transiently activating infected B cells to 

become proliferating blasts because this is the only way the virus can convert these cells 

into long-lived resting memory cells. This strategy, however, is dangerous to both the 

host and virus because it risks the development of a potentially fatal neoplastic disease 

that could limit the period of time that the virus can spread to new hosts.  

EBV has been associated with a number of human diseases that generally fall into two 

categories: autoimmunity and cancer. While EBV association with autoimmune 

diseases remains controversial (Thorley-Lawson, 2005, Thorley-Lawson & Gross, 

2004), several evidences support the concept that EBV causes cancer. EBV encodes 

genes that promote B cell proliferation and, therefore, have potential as oncogenic risk 

factors. There is strong evidence for the association of EBV with many human tumours 

including immunoblastic lymphoma in immunosupressed patients, Burkitt’s lymphoma, 

Hodkin’s disease and nasopharyngeal carcinoma (Table 1.2). These tumours arise from 

specific stages in EBV life cycle (Table 1.3), when the infected cell cannot differentiate 

out of the cell cycle or if memory cells are accidently triggered into expressing the 

growth programme (Rickinson, 2002, Thorley-Lawson, 2005, Thorley-Lawson & 

Gross, 2004). 

EBV can also latently infect other cell types, such as epithelial cells, mesenchymal cells 

and T cells, as evidenced by association of EBV with tumours derived from these cell 

types (Table 1.2) (Kutok & Wang, 2006, Rickinson, 2002). 
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1.3.2. The functions of EBV-latency gene products 

During latency in B cells, gene expression is restricted to gene products necessary to 

maintain the viral episome and to drive the proliferation, protect and preserve the virus-

infected cell. EBV latency associated gene products include Epstein-Barr nuclear 

antigens (EBNA1, 2, 3A, 3B, 3C and LP), integral membrane proteins (LMP1, LMP2A 

and LMP2B) and various noncoding small RNAs (EBERs and miRNAs). 

 

The family of EBV nuclear antigens is critical for the maintenance of the viral episome, 

cellular transformation and avoiding infected cell recognition by the immune. EBNA1 

is a replication factor required for the maintenance and replication of the viral genome 

(Rajcani & Kudelova, 2003, Yates et al., 1985). It binds to the EBV latent replication 

origin (oriP), linking the viral genome to the cellular chromosome so that the virus is 

replicated in dividing cells as though it were part of the cellular genome. EBNA1 also 

plays a role in the transcriptional regulation of many viral and cellular genes involved 

cell growth and survival (Flavell et al., 2008, Leight & Sugden, 2000, Wood et al., 

2007) and several observations indicate that it might also contribute to cellular 

transformation (Humme et al., 2003, Wilson et al., 1996). In addition, EBNA1 also 

functions as an immunomodulatory protein. It contains Ala-Gly internal repeats that 

restrict messenger RNA translation of EBNA1 in cis and also inhibit antigen processing, 

thereby preventing antigen presentation by MHC class I molecules (Levitskaya et al., 

1995, Yin et al., 2003). As a result, EBV-positive B cells expressing only EBNA1 are 

not recognized by cytotoxic T lymphocytes (CTLs). 

EBNA2, the first protein to be expressed after in vitro infection of B cells, is a major 

transcriptional activator that turns on all latent viral genes during the growth control 

programme (Kieff & Rickinson, 2001). It is also responsible for the activation of many 

cellular genes including GC-associated genes. (Boccellato et al., 2007, Kaiser et al., 

1999, Maier et al., 2006, Spender et al., 2006, Zhao et al., 2006). EBNA2 is essential 

for cellular transformation (Cohen et al., 1989). 

EBNA-LP, or EBNA-5, is important for B lymphocyte immortalization by EBV and is a 

coactivator of EBNA-2-mediated transcriptional activation (Mannick et al., 1991, Peng 

et al., 2004, Peng et al., 2005, Sinclair et al., 1994). EBNA-LP has also been shown to 

interact with several cellular proteins (Dufva et al., 2001, Han et al., 2001, Kashuba et 

al., 2005, Szekely et al., 1995). 
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The three EBNA3 proteins are regulators of EBNA2 (Robertson et al., 1996). EBNA3A 

and -3C are essential for B cell transformation, whereas -3B has shown to be 

dispensable (Tomkinson & Kieff, 1992, Tomkinson et al., 1993). EBNA3C also 

promotes cellular proliferation by directly modulating the activity of several proteins 

involved in cell cycle regulation (Bajaj et al., 2008, Maruo et al., 2006). 

 

EBV latent membrane proteins, also designated terminal membrane proteins because of 

their location in the genome, mimic the physiological signals required for the survival, 

proliferation and differentiation of the B cell. They achieve this by interaction with 

several cellular signalling molecules resulting in the activation of a variety of 

intracellular signalling pathways required to steer the B cell through the germinal 

centre. 

LMP1 protein is an important oncoprotein of EBV. In vitro, LMP1 is essential for the 

proliferation of EBV-infected B cells and, in vivo, transgenic mice expressing LMP1 

under the control of immunoglobulin promoter develop B cell lymphomas (Kilger et al., 

1998, Kulwichit et al., 1998). 

Structurally, LMP1 is an integral membrane protein carrying six transmembrane 

domains, cytoplasmic amino- and carboxy-terminal domains and no significant 

extracellular domains (Liebowitz et al., 1986). The transmembrane domains are 

important to induce oligomerization of LMP1 complexes in lipid rafts (Yasui et al., 

2004). This clustering of LMP1 brings individual C-tails into proximity, creating 

suitable docking sites for a variety of signalling adaptor proteins and allowing LMP1 to 

act similarly to an active CD40 receptor (Gires et al., 1997, Kilger et al., 1998). So, 

despite the lack of significant sequence homology, functionally, LMP1 mimics a CD40 

receptor that is constitutively active.  

The CD40 receptor is a member of tumour necrosis factor (TNF) receptor family that is 

important for multiple steps in B cell responses after activation by its ligand, CD40L, 

present on the surface of helper T cells. Activated CD40 induces B cell survival and 

proliferation, GC and memory B cell differentiation as well as isotype-switching and 

affinity maturation (Bishop & Hostager, 2003). Thus, LPM1 delivers signals that would 

normally be delivered by helper T cells. 

Two regions of the intracellular tail of LMP1 are important for propagation of 

downstream signalling: the membrane proximal C-terminal activating region 1 

(CTAR1), which interacts with cellular TNFR-associated factor (TRAFs) adaptor 
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proteins, and the membrane distal CTAR2, which interacts with TNFR-associated death 

domain (TRADD) and with receptor interacting protein (RIP) (Brinkmann & Schulz, 

2006). Interaction of CTAR1 and CTAR2 with the adaptor molecules leads to the 

activation of a number of signalling pathways, resulting in several pleiotropic effects 

that will rescue B cells from apoptosis and promote its activation, growth and 

differentiation. These effects include modulating the activity of transcription factors 

such as NK-κB, AP-1, ATF-2 and STATs, remodelling actin filaments and upregulating 

adhesion molecules, anti-apoptotic proteins and cytokines (Brinkmann & Schulz, 2006, 

Damania, 2004). LMP1 is able to drive isotype switching and to downregulate the 

expression of the germinal centre regulatory transcription factor bcl-6, the signal for a 

memory cell to exit the germinal centre (Thorley-Lawson, 2005). 

In summary, by mimicking a constitutively active CD40 molecule, LPM1 renders the 

latently infected B cells independent of T cell help to proliferate and differentiate into 

memory B cells. 

 

The LMP2 gene is transcribed across the circularized viral genome (i.e. across the 

terminal repeats) from two distinct promoters, originating two protein isoforms, 

LMP2A and LMP2B (Laux et al., 1988). Both proteins are identical except for an 

additional N-terminal 119 aa cytoplasmic domain that is present in the LMP2A isoform. 

While LMP2B is expressed only during the growth programme of EBV latent infection, 

LMP2A is expressed both during the growth and default programmes and has been the 

focus of most studies. 

 
LMP2A is an integral membrane protein that, like LMP1, is localized in lipid rafts and 

modulates intracellular pathways in a ligand-independent manner. Structurally, LMP2A 

consists of cytoplasmic amino-terminal and carboxy-terminal domains linked by 12 

transmembrane sequences with no significant extracellular domain. The amino-terminus 

of LMP2A contains several tyrosines that are constitutively phosphorylated, two of 

which form an immunoreceptor tyrosine-based activation motifs (ITAM) that is also 

present in the B-cell antigen receptor (BCR) and plays a central role in signal 

transduction of this receptor (Beaufils et al., 1993). 

The BCR can transduce different levels of signalling (Monroe, 2006). Engagement by 

specific antigen leads to the activation of potent growth-promoting signalling cascades 

(refer to section 1.2.3 for details). In the absence of antigen, the BCR delivers a tonic or 
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non-proliferative signal that is essential for positive selection of B cells in the bone 

marrow and for survival of mature B cells in the periphery (refer to section 1.2.2 for 

details). This is the signal that LMP2A mimics because this protein does not cause B 

cells to grow and, unlike LPM1, is not required for B cell transformation (Kim & Yates, 

1993). However, in transgenic mice that do not express the BCR, expression of LMP2A 

rescues the B cells from death by providing survival and developmental signals capable 

of driving those cells out of the bone marrow into the peripheral immune system where 

they persist (Caldwell et al., 1998). These studies demonstrate that LMP2A is capable 

of replacing the survival signal that is usually provided by an intact BCR. 

At the molecular level, LMP2A associates with the tyrosine kinase Lyn (member of the 

Src family) that phosphorylates the tyrosine residues within the ITAMs leading to the 

recruitment of another tyrosine kinase, Syk, and activation of canonical BCR 

downstream signalling events (Brinkmann & Schulz, 2006, Rovedo & Longnecker, 

2008, Thorley-Lawson, 2001). These include entry into lipid rafts and activation of 

PI3K/AKT pathway that blocks TGF-β1 mediated apoptosis and promotes a cell-

survival signal (Dykstra et al., 2001, Fukuda & Longnecker, 2004, Swart et al., 2000). 

LMP2A also interacts with Nedd4-like ubiquitin protein ligase family resulting in 

ubiquitination of LMP2A and LMP2A-associated proteins, such as Lyn and Syk (Ikeda 

et al., 2003, Winberg et al., 2000).  

BCR signal transduction following BCR cross-linking is blocked in B cells infected 

with wild type EBV and normal in cells infected with an LMP2A deletion mutant 

(Miller et al., 1993). Therefore, another important function of LMP2A is the inhibition 

of normal BCR signalling. Studies suggest that LMP2A achieves this by blocking the 

translocation of the BCR into the lipid rafts and withdrawing the tyrosine kinases Lyn 

and Syk from the BCR and possibly targeting them from degradation (Dykstra et al., 

2001, Miller et al., 1994a). BCR signalling has been shown to induce EBV replication 

in latently infected cells and so the blocking of BCR signalling by LMP2A might be 

essential to maintain latency (Miller et al., 1994b). 

In summary, LMP2A provides signals for survival of the latently infected cell by 

mimicking the tonic signalling of the BCR and, at the same time, inhibits activation of 

the infected cell helping to maintain latency. 

 

Unlike LMP2A, LMP2B functions are poorly defined; therefore, its role in EBV latent 

infection is still largely unknown. B cells expressing LMP2B alone do not have any 
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defect in BCR signal transduction (Rovedo & Longnecker, 2007). This is in agreement 

with LMP2B not possessing the N-terminal domain present in LMP2A that is required 

for association with the signalling molecules. However, when LMP2A and LMP2B are 

co-expressed in B cells, LMP2B physically associates with LMP2A preventing its 

phosphorylation and restoring normal BCR signal transduction upon BCR cross-linking 

(Rovedo & Longnecker, 2007). Moreover, an EBV recombinant virus in which LMP2B 

is overexpressed is more prone to switch from its latent to its lytic form upon BCR 

cross-linking (Rechsteiner et al., 2008). Together, these results indicate that LMP2B 

negatively regulates the function of LMP2A in preventing the switch from latent to lytic 

EBV replication. 

 

During latency, EBV also expresses various noncoding small RNAs (EBERs and 

miRNAs). While the existence of EBERs has been known for decades and they have 

been the subject of several studies, viral miRNA have only recently been discovered and 

their function is still largely unknown. 

Epstein-Barr virus-encoded small RNAs 1 and 2 (EBER1 and 2) are the most abundant 

transcripts in latently infected cells (Rymo, 1979). EBERs are non-polyadenylated, 

untranslated RNAs about 170 nucleotides long, which stimulate the growth of infected 

cells and suppress cytotoxic T cells (Kitagawa et al., 2000). They exert various 

biological effects through direct interaction with several cellular proteins. Among them 

is the induction of the anti-inflammatory cytokine IL10 through RIG-I mediated IRF-3 

signalling (Kitagawa et al., 2000, Samanta et al., 2008) and the resistance to IFN-α-

induced apoptosis by interaction with PKR (Nanbo et al., 2002).  

Viral miRNAs have recently emerged has key regulators of host and viral gene 

expression, thereby modulating host physiology and viral life cycle. As miRNAs do not 

encode proteins, they cannot be targeted by known effectors of the immune system. 

Therefore, modification of the cellular environment through the use of miRNA might 

represent a novel and elegant mechanism of immune evasion evolved by EBV and other 

herpesviruses. EBV known microRNAs are grouped into two clusters, which are 

differentially expressed in different forms of latency (Gottwein & Cullen, 2008). The 

BART miRNA cluster contains 20 miRNA precursors within the introns of the BamA 

rightward transcripts (BART) and is expressed at low albeit detectable levels in EBV-

infected B cells, but expressed at very high levels in EBV-infected epithelial cells 

undergoing the default programme of viral latency (Cai et al., 2006b, Lo et al., 2007). 
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The BHRF1 cluster, found adjacent to BamH1 fragment H rightward open reading 

frame 1 (BHRF1) contains three miRNA precursors that are expressed at high levels in 

B cells undergoing the growth programme of latency (Cai et al., 2006b).  

A few studies that address the functions of EBV miRNAs have been published. miR-

BART-2 induces the degradation of EBV DNA polymerase BALF5 (Pfeffer et al., 

2004). Three other miRNAs from the BART cluster (miR-BART-1-5p; miR-BART-16 

and miR-BART-17-5p) are capable of downmodulating LMP1 protein expression, 

resulting in an increase in cellular sensitivity to apoptotic stimuli, as well as a decrease 

in the LMP1-mediated activation of NF-κB (Lo et al., 2007). miR-BART has recently 

been reported to downregulate the expression of PUMA (p53 up-regulated modulator of 

apoptosis) and increase cell survival following treatment with proapoptotic agents 

(Choy et al., 2008). The significance of these findings in the context of EBV infections 

remains unclear. 

 

 

1.4. KAPOSI’S SARCOMA-ASSOCIATED HERPESVIRUS 

Kaposis’s sarcoma-associated herpesvirus, or KSHV, is the most recently discovered 

human herpesvirus (Chang et al., 1994). KSHV is not ubiquitous and its presence in the 

population varies from 1-5% in Europe and North America to more than 60% in some 

sub-Saharan African countries. It is, however, the most frequent cause of malignancy 

among AIDS patients (Ganem, 2006, Moore & Chang, 2003). 

Similarly to other herpesviruses, KSHV establishes a persistent infection within their 

hosts by undergoing one of two alternative genetic life-cycle programmes after infection 

of host cells. The latent programme allows the virus to persist in a relatively stable and 

immunological silent mode, whereas the lytic programme enables the virions to be shed 

and transmitted to new hosts (Coscoy, 2007). Little is known about KSHV primary 

infection but studies indicate that it is benign in immunocompetent individuals, 

similarly to EBV infections at early age (Wang et al., 2001). The mechanisms behind 

latency are also largely unknown but healthy individuals seem to harbour KSHV in B 

lymphocytes (Ambroziak et al., 1995). Infection in other cell types has been reported for 

endothelium, monocytes and epithelial cells (Moore & Chang, 2003) 

KSHV is the etiological agent of Kaposi’s sarcoma (KS), which has a high rate of 

incidence among AIDS patients due to immunosupression as well as shared sexual risk 
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factors for infection between HIV and KSHV. In addition to KS, several 

haematological, predominantly B cell, disorders are associated with KSHV (Table 1.2). 

The two most well characterized are primary effusion lymphomas (PELs) and 

multicentric Castleman’s disease (MCD). Viral replication in PEL and KS tumour cells 

is tightly regulated, with the virus being held predominantly in a latent state. This 

finding is in agreement with latency playing an important role in the development of 

these tumours (Ganem, 2006, Moore & Chang, 2003). 

 

1.4.1. KSHV latency  

KSHV, analogous to EBV, uses B lymphocytes as reservoirs during latent infection and 

meets similar biological challenges during the establishment of persistent infections in a 

B cell environment. The mechanisms by which KSHV establishes and maintains latency 

are not as well studied as for EBV; most knowledge acquired so far comes from 

samples of KSHV-associated lymphoproliferative disorders. The overall strategy, 

however, is believed to be same – subversion of normal B cell developmental pathways 

to induce cell proliferation and achieve long-term persistence. 

 

As in EBV latency, few viral genes are expressed during KSHV latent infection. Those 

expressed are involved in genome maintenance and cell survival by affecting signalling 

pathways and manipulating the immune system. However, KSHV is unique because of 

its extensive molecular piracy of important cellular genes involved in cell cycle 

regulation and cell signalling, which are believed to be expressed during latency. Many 

of the cellular genes that are induced by EBV proteins have been captured and modified 

by KSHV during its evolution (e.g. Cyclin D and bcl-2) (Ackermann, 2006). Moreover, 

KSHV encodes a vast repertoire of immune evasion proteins, perhaps more than any 

other virus described to date – 25% of the KSHV proteins have been shown to regulate 

different aspects of the host’s immune system. These include several virally encoded 

chemokines and cytokines (e.g. vCCL1, vCCL2, vCCL3, vGPCR, vIL6) and proteins 

that suppress MHC-I presentation of viral epitopes (MIR1 and MIR2) (Coscoy, 2007). 
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1.4.2. KSHV proteins involved in the modulation of B cell 

function 

In contrast to EBV, KSHV does not immortalize B cells in vitro (Aguirre & Robertson, 

2000). However, it possesses functional homologues of the EBV latent proteins 

involved in the modulation of intracellular signalling pathways. 

One such modulatory protein, encoded by the first ORF of KSHV, is K1. K1 is a 

transmembrane glycoprotein containing a variable N-terminal extracellular domain and 

a short cytoplasmic tail at the C-terminus, linked by a single transmembrane region. K1 

is structurally similar to the BCR and, like EBV LMP2A, contains a functional ITAM in 

its cytoplasmic domain (Lee et al., 1998). However, while LMP2A mimics the tonic 

signal transduced by the BCR, K1 has been shown to constitutively transduce activation 

signals, functionally resembling EBV LMP1 (Lagunoff et al., 1999, Lee et al., 1998). 

This protein is expressed in PELs and MCD as well as in KS lesions (Damania, 2004). 

Transgenic K1 mice develop spindle-cell sarcomas and malignant plasmablastic 

lymphomas (Prakash et al., 2005, Prakash et al., 2002). B lymphocytes isolated from 

these transgenic mice show constitutive activation of NF-κB and Oct-2 transcription 

factors and enhanced Lyn activity.  

K1 has been shown to assemble a signalosome by recruiting a set of intracellular SH2-

containing signalling molecules that include Lyn, Syk, p85, PLCγ2, RasGAP and Vav. 

These interactions are mediated by two phosphorylated tyrosines in the ITAM and elicit 

downstream signal transduction. Signal transduction leads to lymphocyte activation as 

measured by increase of cellular tyrosine phosphorylation and intracellular calcium 

mobilization, activation of NF-AT and AP-1 transcription factor activities, and 

production of inflammatory cytokines (Lee et al., 2005). K1 also activates the PI3K/Akt 

pathway in B cells, enhancing cell survival signals and protecting cells from forkhead 

transcription factors (FKHR)- and Fas-mediated apoptosis (Tomlinson & Damania, 

2004). Recent evidence suggests that receptor signalling occurs not only at the cell 

membrane, but from intracellular compartments as well and that internalization of K1 is 

critical for its signalling functions (Tomlinson & Damania, 2008). 

Furthermore, K1 downregulates the expression of BCR complexes on the surface by 

retaining them in the endoplasmic reticulum (Lee et al., 2000, Tomlinson & Damania, 

2008). Using this strategy, K1 inhibits normal signalling from the BCR, similar to 

LMP2A of EBV, although the mechanisms used by the two proteins are different. 
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Because engagement of the BCR initiates multiple intracellular signals that often lead to 

apoptosis and is also associated with viral reactivation from latency, inhibition of BCR-

mediated signalling may provide a long-term survival advantage in vivo. 

Although the role of K1 for in vivo latent infection has not been totally cleared, its well 

characterized molecular functions suggest that K1 renders the infected cells independent 

of external stimuli to proliferate, while at the same time prevents potential adverse 

effects that may be associated with apoptosis or viral replication by inhibiting normal 

signalling from the BCR. 

 

K15 is located in an isologous genomic position to the EBV LMP2 gene and is also a 

signal modulator of the BCR, having been detected in B cells of MCD tumours and in 

latently infected PEL cell lines (Sharp et al., 2002). Multiple alternatively spliced 

transcripts are generated from the K15 gene but all share a common structure with a C-

terminal cytoplasmic region linked to a variable number of transmembrane domains (4 

to 12 domains) and the most prominent transcript cods for a protein with 12 

transmembranne domains (Choi et al., 2000, Glenn et al., 1999). 

The cytoplasmic domain of K15 contains several signalling motifs: a proline-rich motif 

that could potentially serve as an SH3-binding motif, a motif reminiscent of a tumour 

necrosis factor receptor-associated factor (TRAF) binding site and two potential SH2-

binding sites (Choi et al., 2000, Glenn et al., 1999). K15 shows structural and functional 

similarities to Epstein-Barr virus proteins LMP1 and LMP2A. Like LMP1, K15 

interacts with TRAF proteins and activates the MAP kinases JNK1 and Erk2, resulting 

in the activation of the transcription factors NF-κB and AP-1 (Brinkmann et al., 2003, 

Glenn et al., 1999). Reminiscent of LMP2A, K15 interacts via its C-terminal domain 

with several Src tyrosine kinases including Src, Fyn, Yes, Hck and Lck. This interaction 

results in K15 phosphorylation at a tyrosine residue within a putative SH2-binding 

domain which is critical for the activation of the above mentioned pathways 

(Brinkmann et al., 2003).  

In addition, K15 interacts with the antiapoptotic protein Hax1 in vitro and in vivo (Sharp 

et al., 2002) and induces the expression of multiple cytokines, chemokines and 

antiapoptotic genes (Brinkmann et al., 2007). K15 protein can localize to lipid rafts and 

has been implicated in downregulating BCR signalling through its conserved motifs 

(Brinkmann et al., 2003, Choi et al., 2000). 
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In summary, by antagonizing BCR signalling, K15 may play a role in maintaining viral 

latency and/or preventing apoptosis of the infected cells, while by activating MAPK and 

NF-κB pathways provides survival and proliferation signals to the latently infected cell. 

 

Analysis of these two KSHV latency-associated proteins indicates that, like with EBV, 

modulation of the BCR-signalling complex is essential for the establishment of latency 

and host colonization.  

 

The latency-associated nuclear antigen (LANA) is the major latent protein expressed in 

all forms of KSHV-associated malignancies, being a critical factor in the regulation of 

viral latency. It is a functional homologue of the protein EBNA1 of EBV and is 

therefore essential for the maintenance of the viral genome in replicating host cells 

(Ballestas et al., 1999). It also acts in a similar manner to EBNA1 preventing its own 

proteasomal degradation to minimize the generation of antigenic peptides (Zaldumbide 

et al., 2007).  

LANA modulates several pathways that regulate cell survival and growth by acting as a 

nuclear regulator of gene transcription and interacting with several cellular proteins 

(Verma et al., 2007). This includes binding and inactivating the tumour suppressor 

functions of Rb, p53 and VHL (Cai et al., 2006a, Friborg et al., 1999, Radkov et al., 

2000), silencing TGF-β type II receptor gene expression (Di Bartolo et al., 2008), 

stabilization and activation of the oncogenes c-Myc and ICN (intracellular activated 

Notch) (Lan et al., 2007, Liu et al., 2007) and stimulation of S-phase entry through 

stabilization of β-catenin and upregulation of cyclin D1 (Fujimuro et al., 2003). In 

agreement with these functions, expression of LANA in transgenic mouse generates 

activated, hyperproliferative B cells, and mice develop lymphomas (Fakhari et al., 

2006). LANA is essential for maintenance of latency by repressing the transcriptional 

activity of Rta, a KSHV immediate-early gene that activates lytic replication (Lan et al., 

2004). 

The multiple functions of LANA are critical for the maintenance and expansion of 

latency by playing several roles that include viral genome maintenance, immune system 

evasion, controlling the switch between viral latency and lytic replication and 

promoting the survival and proliferation of the latently infected cells. 
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In addition to the viral genes described above, other KSHV proteins have been detected 

in latently infected B cells that are involved in the prevention of apoptosis and cell 

survival and growth. These include vGPCR which has greatest sequence similarity to 

the cellular IL-8 receptor, vCyclin that is the viral homologue of cellular cyclinD, 

Kaposin, vIL6, vBcl-2 and vFLIP (Coscoy, 2007, Damania, 2004).  

 

Additionally, it has recently been reported that KSHV encodes at least 12 miRNAs that 

are expressed during latency (Gottwein & Cullen, 2008). Although the exact function of 

most of these miRNAs has not been determined, it is expected that they regulate the 

expression of host and viral genes thus modifying the cellular environment. KSHV 

miR-K12-11 is an ortholog of miR-155, a cellular miRNA that is expressed in activated 

B cells and up-regulated in several B cell malignancies and plays critical roles in B cell 

development (Rodriguez et al., 2007, Thai et al., 2007). Expression of physiological 

levels of miR-K12-11 or miR-155 results in the downregulation of an extensive set of 

common mRNA targets, including genes with known roles in cell growth regulation 

(Gottwein et al., 2007, Skalsky et al., 2007). This finding indicates that miR-K12-11 

exploits a pre-existing gene regulatory pathway, probably to induce the proliferation of 

the latently infected cell and potentially contributing to viral oncogenesis.  

 

At first glance, many of the molecular mechanisms of human gammaherpesviruses 

latency-associated transcripts appear well defined. However, given the restricted host 

range of these viruses, there is limited information to define a precise role for these 

transcripts in both the establishment and maintenance of latency in vivo. Therefore, the 

challenge is now to integrate the in vitro observations with the in vivo biology of the 

virus. 

 

 

 

 

 



CHAPTER 1 

32 

1.5. MURID HERPESVIRUS-4 

1.5.1. The need for an animal model 

Although many of the mechanisms employed by human gammaherpesviruses to 

establish and maintain latency appear well defined, most current knowledge is based 

upon in vitro studies relating to the molecular functions of the latency-associated 

proteins. Understanding the relevance of these proteins for host colonization as well as 

their dependence on interactions with other viral and host factors requires that they be 

studied in the context of both cell type and cell environment. Recent technical advances, 

such as the generation of a bacterial artificial chromosome comprising the entire 

EBV/KSHV genome, as well as identification of cell lines that support efficient viral 

replication, will certainly help to clarify some features of gammaherpesvirus infection 

but they will not replace the need to study host/virus interaction in the physiological 

context of natural infection in vivo. 

Studying human gammaherpesvirus pathogenesis remains therefore a challenge because 

these viruses have a very restricted host-range and although some primate species can 

be infected with EBV, these systems do not mimic a natural infection and, therefore, 

their use is limited. SCID mice engrafted with human lymphocytes has also been used 

to study gammaherpesvirus-associated malignancies, although these systems have 

limited use as models of latent viral infection (Blackman & Flano, 2002). 

These limitations were circumvented with the isolation of a murine gammaherpesvirus - 

murid herpesvirus-4 (MuHV-4) - that readily infects laboratory mice (Blaskovic et al., 

1980). The physiology of infection seems quite well conserved between MuHV-4 and 

the human gammaherpesviruses, with latent infection being established mainly in B 

lymphocytes (Sunil-Chandra et al., 1992b). This system provides a tractable small 

animal model for studying key aspects of gammaherpesvirus infection in a natural host, 

in particular for the dissection of the molecular mechanisms involved in the virus-host 

interaction (Simas & Efstathiou, 1998). It gives the opportunity to address in vivo the 

strategies used by gammaherpesviruses to subvert the normal host cell function, 

characterize the immune effector mechanisms that control a persistent 

gammaherpesvirus and the mechanisms that are used by the virus to evade them and, 

finally, assess the effectiveness of different therapeutic strategies (Stevenson & 

Efstathiou, 2005). Dissecting host and viral factors important for the outcome of the 
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viral infection is greatly facilitated by the availability of a variety of transgenic mice 

that lack key host proteins and by the fact that MuHV-4 genome can be readily 

manipulated for mutational analysis. 
 

The use of an animal model for a virus that infects B cells is also a useful 

immunological tool since it provides information on the biology and signalling of 

lymphocytes, namely on the signalling pathways involved in the different stages of B 

cell differentiation and how the transition between these stages is normally regulated in 

B cells. Furthermore, because gammaherpesviruses are tumour viruses, its study in vivo 

can be instrumental to our knowledge of the neoplastic process, be it virus related or 

not.  

 

1.5.2. MuHV-4 discovery and general properties 

The MHV-68 strain of murid herpesvirus-4 was first isolated from a bank vole 

(Clethrinomys glareolus) in Slovakia, in 1980, although its natural host is believed to be 

the wood mouse (Blasdell et al., 2003, Blaskovic et al., 1980). MuHV-4 behaves as a 

natural pathogen in conventional inbred strains where it persists without causing 

disease. In the laboratory mouse, primary infection is characterized by virus replication 

in lung epithelial cells and establishment of a latent infection in B lymphocytes (Fig. 

1.4) (Sunil-Chandra et al., 1992a, Sunil-Chandra et al., 1992b). The virus is also 

observed to persist in lung epithelial cells, dendritic cells and macrophages (Flano et al., 

2000, Stewart et al., 1998, Weck et al., 1999).  

 

In vitro, MuHV-4 has been shown to productively infect epithelial and fibroblast cells 

from a variety of species raging from chickens to primates and also to latently infect 

murine B cell lines such as NS0 (Sunil-Chandra et al., 1993, Svobodova et al., 1982). 

Furthermore, MuHV-4+ B cell lines have been established from tumours of infected 

mice, of which S11 is the best characterized (Usherwood et al., 1996b). Infection of 

primary B cells with MuHV-4 results in their activation and increased proliferation, 

however the cells do not become transformed and usually die within two weeks (Dutia 

et al., 1999b, Stevenson & Doherty, 1999). 

Sequence analysis demonstrated that MuHV-4 is clearly a gammaherpesvirus, more 

closely related to gamma2-herpesvirus genus (rhadinovirus), with a genome of 118kb of 
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unique DNA flanked by terminal repeats (Efstathiou et al., 1990, Virgin et al., 1997). 

Of the approximately 80 open reading frames (ORFs) found, most are homologues of 

other gammaherpesvirus or cellular genes. However, there are a number of ORFs 

encoded at the left end of the genome, termed M1-4, that are unique, having no obvious 

sequence relationship to virus or cellular genes recorded in sequence databases. 

MuHV-4 thus bears a close relationship with KSHV, also a rhadinovirus, with 

approximately 80% of its genes having homologues in KSHV (Virgin et al., 1997). 

MuHV-4 also resembles EBV both genetically and in many aspects of its pathogenesis, 

sharing epithelial and B cell tropisms, virus-driven B cell proliferation and an acute 

infectious mononucleosis syndrome (Blackman & Flano, 2002, Doherty et al., 2001, 

Nash et al., 2001, Simas & Efstathiou, 1998, Stevenson & Efstathiou, 2005). Thus, the 

strength of this model lies in its capacity to reproduce key features of 

gammaherpesvirus infection in a natural host, including primary lytic infection, 

establishment and maintenance of latency, and host immune control of acute and latent 

stages of infection. Moreover, MuHV-4 has been associated with increased frequencies 

of malignancies in mice, mainly lymphomas, but also other tumours of both lymphoid 

and non lymphoid origin (Sunil-Chandra et al., 1994, Tarakanova et al., 2005).  

 

1.5.3. The model of infection  

The natural route of MuHV-4 infection is currently unknown. However, since natural 

herpesvirus transmission usually occurs by mucosal infection, intranasal inoculation is 

believed to reproduce the physiological route.  

Mice inoculated intranasally with MuHV-4 establish a productive infection in alveolar 

epithelial cells, with some mononuclear cells in the lung also being positive for late 

virus gene expression (Fig. 1.4) (Sunil-Chandra et al., 1992a). This lytic infection is 

accompanied by bronchiolitis and is resolved within 10 to 12 days by the host immune 

response, with CD8+ T cells playing a prominent, but not exclusive, role. In young 

infected mice, low titres of infectious virus can also be detected sporadically during this 

period in the heart, kidney, major lymphoid organs (spleen, thymus and mesenteric 

lymph nodes), adrenal glands and whole blood (Cardin et al., 1996, Sunil-Chandra et 

al., 1992a).  

From the lungs the virus spreads via lymph nodes to the spleen, where it establishes 

latency mainly in B lymphocytes (Rochford et al., 2001, Simas & Efstathiou, 1998, 
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Sunil-Chandra et al., 1992b). Latent infection in the spleen is characterized by an initial 

proliferation of the infected B cells and consequent amplification of the latent virus, 

reaching maximum numbers around 14 days post-infection (pi), and decreasing 

thereafter to reach low but steady state levels of latently infected cells that persist 

throughout the entire life of the host (Fig. 1.4) (Cardin et al., 1996, Simas & Efstathiou, 

1998). MuHV-4 persistent infection has also been demonstrated in other tissues, 

including lungs, peripheral blood and bone marrow (Cardin et al., 1996, Flano et al., 

2003, Stewart et al., 1998) Three other cell types have also been implicated in latency - 

lung epithelial cells, dendritic cells, and macrophages - but B cells are undoubtedly the 

major site of MuHV-4 latency (Flano et al., 2000, Marques et al., 2003, Stewart et al., 

1998, Weck et al., 1999). 

The peak of latent infection is accompanied by a transient splenomegaly and 

lymphadenopathy (Sunil-Chandra et al., 1992a) which are due not only to the 

proliferation of the latently infected B cells, but also to a large increase in CD4+ and 

CD8+ T cells, and are dependent on CD4+ T cells (Ehtisham et al., 1993, Usherwood et 

al., 1996a).  This phase of infection is also accompanied by high levels of non-virus-

specific antibodies and CD8+ cells in the peripheral blood thus resembling the infectious 

mononucleosis (IM) caused by EBV (Blackman et al., 2000, Tripp et al., 1997). 

However, unlike the human IM in which the majority of T cells in the peripheral blood 

are oligoclonal outgrowths of lytic virus-specific T cells and most are specific for a 

single EBV lytic epitope, MuHV-4-induced IM results in the selective expansion of 

Vβ4+CD8+ T cells (Hardy et al., 2000, Tripp et al., 1997). These cells are MHC 

independent and have recently been shown to be activated by a secreted viral protein, 

M1, in a manner reminiscent of a viral superantigen (Evans et al., 2008).  

Interestingly, in agreement to what has been proposed for EBV, the establishment of a 

latent infection does not require a prior productive infection. In fact, latency is 

established in lung B cells immediately after respiratory inoculation, as early as 3 days 

after infection, supporting the hypothesis that viral infection of B lymphocytes is a 

concurrent event with the ongoing lytic infection of the mucosal epithelium (Flano et 

al., 2005a). Furthermore, recombinant viruses that cannot undergo lytic proliferation 

still establish latency in mice (Flano et al., 2005a, Moser et al., 2006). However, lytic 

replication seems to be required for virus trafficking and establishment of latency in the 

spleen, since latent viruses were only detected at the primary site of infection. One 
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possibility is that virus replication is necessary to induce an immune response that the 

virus utilizes to traffic throughout the mouse. 

 

 
 
Figure 1.4. Model of MuHV-4 infection. After intranasal infection (i.n.) of inbred mice, MuHV-4 
establishes a productive infection in the respiratory tract that peaks at around day 5 and is cleared to 
undetectable levels by 10-12 days post infection (pi). From the lung, the virus disseminates to the 
lymphoid tissue, with latent virus being first detected in the lymph nodes and later in the spleen, mainly in 
B cells. During latent infection in the spleen there is an amplification of latent virus that reaches 
maximum levels at around 2 weeks pi and afterwards decreases to reach low steady-state levels of latently 
infected cells that persist during for the life-time of the host. From the spleen, the virus further 
disseminates to other sites probably via infected memory B cells (adapted from Stevenson, 2002). 
 

1.5.4. Immune responses to MuHV-4 infection 

Gammaherpesviruses present a moving target for the host defences as they traffic from 

the lung to the lymphoid organs and from a lytic to a latent infection. Furthermore, 

shutdown of virus gene expression during latency and the multiple immune evasion 

strategies employed by the viruses make it very difficult for the immune system to 

intervene during latency (Stevenson & Efstathiou, 2005). Knowledge about the 

immunological mechanisms active against these viruses has benefited greatly from the 

availability of an animal model that allows the infection of transgenic mice bearing 

selective defects in the immune system with MuHV-4. The main conclusion from these 
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studies is that the effective control of these complex viruses probably requires all the 

components of immunity. 

 

Cytokines are very important to control MuHV-4, with a variety of these molecules 

(e.g. IL-6, IL-10 and IFN-γ) being produced in substantial amounts following infection  

(Doherty et al., 2001). The importance of type I interferon  (IFN α and β) signalling in 

controlling MuHV-4 infections is evidenced by the inability of type I IFNR-/- mice to 

resolve primary lytic infection resulting in death and by the reactivation of MuHV-4 

from latency upon IFNα/β depletion from wild type mice (Barton et al., 2005, Dutia et 

al., 1999a). Also, MuHV-4 has developed strategies to inhibit the activity of these 

cytokines during infection (Liang et al., 2004, Weslow-Schmidt et al., 2007). 

Abrogation of type II interferon responses in mice has no effect on the acute phase of 

MuHV-4 infection, but persistent MuHV-4 replication emerges several weeks after 

infection. The latter promotes a CD8+ T cell dependent lethal inflammatory disorder 

consisting of lymphocytic infiltrates in multiple organs and fibrotic changes in the 

spleen, lymph nodes, and lung (Dutia et al., 1997, Ebrahimi et al., 2001, Steed et al., 

2006). Thus, IFN-γ  is a key regulator of chronic infection, blocking gammaherpesvirus 

reactivation from latency in a cell-specific manner (Steed et al., 2007). 

 

Adaptive immunity plays a major role in controlling latent infection. CD4+ T cells have 

a dual role in MuHV-4 infection. On the one hand, their help is critical for latency 

amplification because the exploitation of host germinal centre by the virus is CD4+ T 

cell dependent (details in section 1.5.5). In the absence of CD4+ T cells, infected B cells 

show impaired proliferation in the germinal centres, there is a reduced amplification of 

latency and no splenomegaly (Ehtisham et al., 1993, Kim et al., 2003, Usherwood et al., 

1996a). On the other hand, these cells play an important role in immune surveillance 

against the virus because they are needed to mature the antibody response to the virus 

by driving B cell proliferation and differentiation and, most importantly, for antiviral 

cytokine activity, in particular IFN-γ (Christensen et al., 1999, Sangster et al., 2000, 

Stevenson & Doherty, 1999). CD4+ T cell-deficient mice are able to control the acute 

infection in the lung but although they appear healthy for 2 to 3 months, these mice are 

prone to viral reactivation and develop severe chronic lung disease and eventually die, 

despite the presence of normal virus-specific CD8+ T cells (Belz et al., 2003, Cardin et 
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al., 1996, Ehtisham et al., 1993). A recent report has shown that CD4+ T cell-mediated 

activation of dendritic cells, through CD40-CD40L interactions, is also essential for 

effective long-term control of MuHV-4 (Giannoni et al., 2008). Vaccination with 

gp15067–83, a MuHV-4 lytic CD4+ T cell epitope which accounts for more than 10% of 

total MuHV-4-specific CD4+ T cells, resulted in some reduction of virus replication in 

the respiratory tract of mice challenged intranasally, though there was no effect on the 

extent of latency in the lymphoid tissue (Liu et al., 1999) 

The CD4-dependent, polyclonal B cell activation is accompanied by a massive class-

switched Ig response, much of which is clearly not virus specific (Stevenson & Doherty, 

1998). Virus-specific antibodies are slower to develop and have been shown to be 

important for controlling persistent infection (Gangappa et al., 2002a, Stevenson et al., 

1999b). MuHV-4 is predominantly cell associated in vivo, so antibody probably acts to 

enhance NK cell and macrophage function rather than neutralizing virions (Kim et al., 

2002, Stevenson & Efstathiou, 2005). 

 

The cells detected in brochoalveolar lavages during lytic infection are mainly CD8+ T 

lymphocytes, suggesting the important role of cytotoxic cells in the control of primary 

acute infection. In fact, their depletion increases while their priming reduces the levels 

of infectious viruses in the lungs following intranasal infection (Ehtisham et al., 1993, 

Stevenson et al., 1999a, Stevenson et al., 1999b). CD8+ T cells specific for more that 20 

MuHV-4 epitopes have been identified, most derived from early and late lytic antigens 

(Gredmark-Russ et al., 2008). Lytic antigen-specific CD8+ T cells can reduce latency 

amplification but fail to prevent normal long term latent load or chronic, low level lytic 

replication, even when boosted to very high levels (Belz et al., 2000, Stevenson et al., 

1999a). Nevertheless, CD8+ T cells do play a role during latent infection because CTL-

depleted mice show a consistent rise in the levels of latently infected cells in the spleen, 

suggesting an inability to control virus-driven proliferation of the latently infected cells 

(Stevenson et al., 1999b). In β2-microglobulin-deficient mice that lack traditional CD8+ 

T cell, MuHV-4 infection is associated with an increased incidence of B cell 

lymphoproliferative diseases (Tarakanova et al., 2005). Vaccination with a latent CD8+ 

T cell epitope and the adoptive transfer of latent antigen-specific CD8+ T cells clearly 

reduced latency amplification, but during long-term latency normal viral loads were 

established anyway (Usherwood et al., 2000, Usherwood et al., 2001).  
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This relatively small contribution that CD8+ T cells apparently have in the control of 

latent infection is probably due to dominance of viral evasion over CD8+ T cell function 

(Stevenson & Efstathiou, 2005). Disruption of CD8+ T cell evasion results in a 

significant reduction of viral latent load (Bennett et al., 2005, Bridgeman et al., 2001, 

Stevenson et al., 2002).  MuHV-4 developed at least three mechanisms to subvert CD8+ 

T cell function during latent infection in B cells. The K3 protein promotes the 

degradation of MHC class I and TAP, thus preventing the presentation of viral epitopes 

to CD8+ T cells (Boname et al., 2004, Boname et al., 2005, Boname & Stevenson, 

2001). The episome maintenance protein, ORF73, like EBNA1, limits epitope 

presentation to CD8+ T cells in cis (Bennett et al., 2005). Finally, M3 is a secreted 

protein that binds to a broad range of chemokines blocking effective CD8+ T cell 

recruitment into the lymphoid tissue during latency amplification (Bridgeman et al., 

2001, Parry et al., 2000).  

The role of the massive expansion of activated Vβ4+CD8+ T cells during the peak of 

latent infection is not totally clear (Tripp et al., 1997). Recent studies suggest that it 

may be a backup mechanism to control viral infection when classical CD8+ T cell 

recognition fails. In fact, in a mouse model lacking MHC class I molecules, chronic 

MuHV-4 infection is controlled by a robust expansion of unconventional MHC class I-

independent CD8+ T cells (Braaten et al., 2006). In C57BL/6 mice infected with K3-

deficient MuHV-4, that lacks a critical CTL-evasion mechanism, or in BALB/c mice 

infected with the wild type virus, there is minimal expansion of CD8+Vβ4+ T cells 

probably because classical recognition takes over (Evans et al., 2008, Stevenson et al., 

2002). A recent report indicates that Vβ4+CD8+ T cells are induced by a viral secreted 

protein, M1, and that they facilitate viral latency by suppressing virus reactivation by 

means of long-term IFN-γ production (Evans et al., 2008).  

 

1.5.5. Latency-associated tropism 

In 1992, Sunil-Chandra and co-workers provided the first evidence demonstrating that 

B cells are the main reservoir of MuHV-4 latently infected cells. As detailed in section 

1.2, B cells are a very heterogeneous population that reside in the organism in different 

differentiation stages. So, since this initial discovery, many studies were performed in 

order to identify the anatomical and sub-anatomical regions in which latency is 

established (Bowden et al., 1997, Simas et al., 1999) and also to analyse the viral latent 
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load of the different B cell populations, as well as other cellular populations (Flano et 

al., 2000, Flano et al., 2003, Flano et al., 2002, Marques et al., 2003, Rochford et al., 

2001, Willer & Speck, 2003). These studies demonstrated that several B cell subsets, 

and other cell types, are infected during the establishment of latency. However, the 

majority of infected cells are located in the spleen and lymph nodes and correspond to B 

cells that are proliferating in a germinal centre. This proliferation leads to the 

amplification of the viral latent load that reaches maximal levels at two to three weeks 

pi. After this period, most GCs regress and there is a consequent decline in the levels of 

latency to a low steady state that persist during the entire life of the host. The major 

reservoirs of long-term latency are germinal centre and memory B cells (Flano et al., 

2002, Marques et al., 2003). 

Recent studies demonstrated the critical role of GC B cell proliferation and 

differentiation into memory B cells for the long-term persistence of MuHV-4 (Kim et 

al., 2003, Moser et al., 2005). Although several B cell subsets can be initially infected 

by MuHV-4, only the ones that access a germinal centre and differentiate into memory 

B cells are capable of maintaining long-term MuHV-4 latent infection (Kim et al., 

2003).  These observations imply similarities with the proposed model for EBV latency,   

indicating that MuHV-4 is also exploiting the normal B cell developmental pathways in 

order to achieve latency in the long-lived memory B cells. It is believed that the first 

cells to be latently infected by the virus are re-circulating naive B cells. These naive B 

cells, through an unknown but virus-driven mechanism, are activated and migrate to the 

B cell follicles within the spleen and lymph nodes, where they establish a GC reaction. 

The virus takes advantage of the GC to expand the pool of latently infected cells and 

later to induce the differentiation of the infected cells into long-lived memory B cells 

that are believed to leave the GC and enter the peripheral circulation.  

Several reports indicate that virus-driven activation, proliferation and differentiation of 

latently infected B cells are independent of cognate antigen stimulation but dependent of 

CD4+ T cell help (Kim et al., 2003, Sangster et al., 2000, Stevenson & Doherty, 1999). 

In fact, exposing B cells to MuHV-4 in vitro causes generalized B cell activation, 

proliferation and differentiation to IgM producing cells (Stevenson & Doherty, 1999). 

The in vivo infectious process is also associated with increased B cell activation 

together with a non-specific rise in total serum IgG, which is absent in CD4+ depleted 

animals (Stevenson & Doherty, 1998, Stevenson & Doherty, 1999). Furthermore, in 

CD40+CD40- chimeric mice, infected CD40+ B cells selectively entered germinal 
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centres and differentiated into isotype switched memory B cells while latency was 

progressively lost in the CD40- B cells, which cannot receive signals from CD4+ T cells 

and failed to proliferate in the germinal centre and become memory B cells (Kim et al., 

2003). These findings highlight a fundamental difference between the human 

lymphocryptovirus EBV and the murid rhadinovirus MuHV-4. While EBV expresses a 

protein (LMP1) that mimics CD40 signalling serving as a surrogate for CD4+ T cell 

help, MuHV-4, and likely the human rhadinovirus KSHV, do not encode a structural 

homologue of this protein and are dependent on normal T cell help to enter the GC 

reaction and differentiate into memory B cell.  

 

How MuHV-4 reactivates from latency and re-enters the lytic cycle remains to be 

understood. The observation that memory B cells are reservoirs of long-term latency 

and knowledge relating to EBV reactivation suggests that recirculating memory B cells 

can become activated upon physiological stimuli. Activated memory B cells 

differentiate into plasma cells, in which the virus reactivates and re-enters the lytic 

cycle, with the production of new virions. Although most studies fail to detect 

productive lytic infection at late times after infection, several observations support that 

reactivation occurs throughout long-term infection: (i) the detection of early lytic 

transcripts in infected memory B cells (Flano et al., 2002) (ii) the continued presence 

throughout infection of activated CD4+ and CD8+ T cells specific for virus lytic cycle 

proteins (Belz & Doherty, 2001, Flano et al., 2001); (iii) the detection in the peripheral 

blood of latently infected naive-recirculating B cells (Flano et al., 2003); (iv) the 

presence, during long-term infection, of latently infected newly-formed (NF) naive B 

cells and GC B cells (Marques et al., 2003). Thus, de novo infection of NF B cells at 

late times would cause their activation, giving rise to latently infected GC B cells. 

Alternatively, these long-term latently infected GC B cells could arise directly from 

latently infected memory B cells that upon stimulation migrate to the spleen to 

proliferate, acquiring a GC phenotype. Proliferation in the GC would give rise to new 

latently infected memory B cells thus renewing the pool of latently infected cells. 

  

Although B cells are the major cellular reservoir of MuHV-4 latency, this virus is also 

able to establish latency in other cell types. Intranasal infection of B cell-deficient mice 

with MuHV-4 results in the establishment of latency in the lung mucosal epithelia 

(Stewart et al., 1998, Usherwood et al., 1996c). However, in these mice, MuHV-4 is 
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unable to establish a latent infection in the spleen indicating that B cells are important 

for the dissemination of the virus from the lung to other tissues, namely the spleen.  

Macrophages have been identified as the major reservoir of MuHV-4 latency following 

intraperitoneal (i.p.) infection of B-cell deficient and wild-type mice (Weck et al., 

1999). However, these studies were performed with large doses of viruses being 

delivered to the intraperitoneal cavity and did not clarify the contribution of 

macrophages for MuHV-4 latency under more physiological conditions. 

More recent studies have shown that following intranasal infection, although the B cell 

population harbours the highest frequency of latent virus, latent infection is also 

associated with macrophages and dendritic cells (Flano et al., 2000, Flano et al., 2003, 

Marques et al., 2003). Furthermore, dendritic cells are colonized by the virus very early 

in infection (Flano et al., 2005b). However, during long-term infection, latency is 

observed exclusively in B cells (Marques et al., 2003). It remains to be clarified whether 

these latently infected non-B cell populations play any important role in pathogenesis, 

but it has been proposed that the MuHV-4 infection of dendritic cells is a mechanism of 

viral immune evasion (Flano et al., 2005b) and/or a strategy to promote viral 

dissemination (Smith et al., 2007) 

 

In summary, it is clear that MuHV-4 is exploiting and manipulating the normal B cell 

life cycle in order to establish and maintain a long-term persistence in the infected host. 

This strategy offers an obvious advantage to the virus since infection is not dependent 

on rare encounters with antigen specific naive B cells. In addition, virus-driven 

proliferation of GC B cells facilitates the amplification of viral episomes and the 

subsequent generation of a large pool of latent genomes in long lived memory B cells. 

This viral strategy resembles the model proposed for EBV latency, indicating that 

although there is a degree of genetic divergence between these viruses, namely 

divergence in the latency-associated genes, the overall strategy of infection is the same. 

Thus, it is possible that gamma1-(EBV) and gamma2-(MuHV-4) target many of the 

same cellular pathways although they use different mechanisms to achieve the same 

effects. 
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1.5.6. MuHV-4 latency associated transcripts 

The ability of MuHV-4 to subvert the B cell life cycle requires that the virus encodes in 

its genome proteins capable of modulating the B cell developmental pathways, in 

particular pathways triggered upon BCR activation. 

The human herpesviruses EBV and KSHV have been shown to express proteins capable 

of mimicking activated B cell receptors, rendering B cell activation, proliferation and 

differentiation independent of external stimuli. These proteins include LMP1 and 

LMP2A of EBV, that mimic the functions of the B cell surface receptors BCR and 

CD40, respectively, and K1 and K15 of KSHV that have been shown to modulate signal 

transduction pathways paralleled to those activated by BCR recognition of cognate 

antigen (sections 1.3.2 and 1.4.2).  MuHV-4 does not encode any protein with sequence 

homology to the EBV and KSHV membrane proteins, suggesting that the precise 

mechanisms by which this virus achieves latency are different. 

 

The overall aim of our group has been to dissect the strategies used by MuHV-4 to 

modulate host cell function, in particular, the basic molecular mechanisms involved in 

induction of GC B cell proliferation and further differentiation into memory B cells. 

Therefore, we first identified the latency-associated transcripts that are expressed in the 

different splenic populations in particular in the GC B cells, and that can be predicted to 

be orchestrating biological programmes to subvert the host B cell function (Marques et 

al., 2003).  

Several ORFs were shown to be transcribed during the establishment of latency, 

including M1, M2, M3, M4, M8, M9, M11, K3, ORF72, ORF73 and ORF74 (Marques et 

al., 2003). Furthermore, the pattern of transcription in B cells is selective and dependent 

upon the differentiation status of the B cell, which reflects the possibility of different 

latency programmes, as occurs with EBV. 

 

ORF73 expression in proliferating GC B cells is consistent with its homology with EBV 

EBNA1 and KSHV LANA, both being essential for virus episome maintenance in 

dividing cells (Ballestas et al., 1999, Yates et al., 1985). The crucial role of ORF73 was 

evidenced by the observation that establishment of splenic latency is impaired in mice 

infected with a recombinant virus with this ORF disrupted (Fowler et al., 2003, 

Moorman et al., 2003b). Like its human counterparts, ORF73 acts as an immune 
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evasion protein, limiting epitope presentation to CD8+ T cells (Bennett et al., 2005). 

Recent work performed in our group demonstrates that ORF73 is also capable of 

modulating the NF-κB signalling pathway by promoting NF-κB family member 

p65/RelA poly-ubiquitination and subsequent proteasomal degradation (Rodrigues et 

al., 2009). Infection with ORF73 recombinant viruses that can no longer mediate RelA 

degradation rendered these viruses incapable of inducing lymphoproliferation in GC B 

cells and prevented persistent infection in mice, suggesting that by mimicking GC 

physiological inhibition of NF-κB, ORF73 promotes the development of MuHV-4 

driven GC-like reactions to expand the host pool of latently infected cells (Rodrigues et 

al., 2009). 

As cited earlier (section 1.5.4), M3 and K3 are both immune evasion proteins that 

prevent CD8+ T cell activity by downregulating MHC class I glycoproteins and 

blocking chemokine signalling, respectively (Stevenson, 2004). Therefore, their 

expression in the proliferating GC B cells is critical to avoid the elimination of the 

infected cells by the host immune system. In agreement, disruption of either protein 

severely abrogates latency amplification (Bridgeman et al., 2001, Stevenson et al., 

2002). 

M11 and ORF74 expression was detected in newly formed B cells but not in GC B 

cells. This selective gene expression may indicate that these genes act in concert to 

promote cell survival and for inducing their activation and migration into B cell follicles 

to proliferate in a GC. In the GC, other host or viral factors may provide the appropriate 

survival and proliferation signals and expression of these genes can be shut off. 

Likewise, M11 presents sequence homology with the cellular bcl-2 and, like its cellular 

counterpart, has been shown to inhibit apoptosis in vitro (Ku et al., 2008, Roy et al., 

2000, Wang et al., 1999). Disruption of M11 in vivo causes reduced latency 

amplification and pathogenicity, although the long-term latency is unaffected (de Lima 

et al., 2005, Gangappa et al., 2002b). ORF74 encodes a functional chemokine receptor, 

homologue to the KSHV G-protein coupled receptor (vGPCR), that has a growth 

transforming potential in vitro, indicating that it may function in vivo to induce the 

migration and proliferation of the latently infected cells (Verzijl et al., 2004, Wakeling 

et al., 2001). Upon chemokine binding, this CXCR2 homologue promotes the activation 

of several signalling pathways including PI3K/Akt, MAPK and NF-κB (Lee et al., 

2003, Verzijl et al., 2004). However, disruption of ORF74 had no significant impact in 
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the establishment of latency in vivo, with the infected cells showing only a deficit in the 

reactivation from latency (Lee et al., 2003, Moorman et al., 2003a). 

ORF72 is common to several gamma2-herpesviruses and encodes a cyclin D 

homologue which was shown to be a potent oncogene, promoting cell cycle progression 

in primary lymphocytes (van Dyk et al., 1999). Disruption of ORF72 has no significant 

effect in the establishment of a normal latent load, but leads to a deficit in the 

reactivation from latency in vitro (Hoge et al., 2000, Upton & Speck, 2006, van Dyk et 

al., 2000). Furthermore, in B cell-deficient mice, v-cyclin D is required for the 

maintenance of latency (van Dyk et al., 2003). 

M1 is a unique viral gene of unknown function that exhibits sequence homology to a 

poxvirus serine protease inhibitor. Disruption of M1 has no impact in the establishment 

of latency but causes a severe increase in the efficiency of ex vivo reactivation from 

latency (Clambey et al., 2000, Simas et al., 1998). Recently, it was shown that this 

property is related with the ability of M1 to stimulate, in a manner reminiscent of a virus 

superantigen, the Vβ4+ CD8+ T cell population that in turn suppresses virus reactivation 

by means of long-term IFN-γ production (Evans et al., 2008). M4 is another MuHV-4 

unique gene of unknown function which encodes a secreted glycoprotein (Evans et al., 

2006). Expression of this gene is critical for the amplification of the viral load during 

the establishment of latency (Evans et al., 2006, Geere et al., 2006, Townsley et al., 

2004).  

The role(s) of both M8 and M9 in the GC reaction is not immediately apparent and the 

functions of their gene products still have to be addressed. M8 is predicted to encode a 

posttranscriptional regulator, given its homology with ORF57 of KSHV and EBV-M 

transactivator (Mackett et al., 1997). By homology with KSHV and HVS counterparts, 

M9 is postulated to encode a capsid protein (Nash et al., 2001), and its detection during 

the latent stage of infection may reflect a low level of background lytic replication that 

is below the limit of detection of the current assays. 

Analogous to EBV and KSHV, MuHV-4 also encodes at least nine miRNAs (miR-M1-

1 to miR-M1-9) which are predicted to be expressed during latency and modulate key 

aspects of the virus lifecycle (Pfeffer et al., 2005). However, different to EBV and 

KSHV miRNAs, MuHV-4 miRNAs are expressed from tRNA-specific pol III 

promoters. Uncharged viral tRNAs were found to be expressed in the spleens of latently 

infected mice and have been used as a marker to study the kinetics viral latency 

(Bowden et al., 1997, Simas et al., 1999).The discovery that MuHV-4 miRNA are 
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expressed from the tRNA primary transcripts indicates that these tRNA-like molecules 

may be non-functional remnants from the miRNA promoter region (Pfeffer et al., 

2005). Studies to address the role of MuHV-4 miRNAs during infection are currently 

being performed in our group. 

 

The relevance of the M2 protein for the latency phase of MuHV-4 is the main focus of 

this thesis. Therefore, the molecular functions of this latent protein will be described in 

detail in the following section. 

 

1.6. M2 PROTEIN 

M2 was initially classified as a latency-candidate gene on the basis of its genomic 

position. M2 is located at the left end of MuHV-4 genome, a region that contains four 

MuHV-4 unique ORFs (M1-4) as well as eight viral tRNAs and at least nine miRNAs 

(Pfeffer et al., 2004, Virgin et al., 1997). Among the gammaherpesviruses, this region is 

very divergent and is known to encode latency-associated and transforming proteins 

(Virgin et al., 1999).  

In an initial study to identify MuHV-4 latency-associated genes, a nested reverse 

transcriptase PCR strategy was used to screen for the presence of candidate viral 

transcripts in intraperitoneally infected mice (Virgin et al., 1999). M2 transcripts were 

consistently detected in splenocytes and peritoneal exudate cells (PECs) during latency, 

while in lytically infected fibroblasts transcription of M2 was barely detectable. In an 

independent study, Husain and colleagues confirmed that M2 is a latency-associated 

gene by showing that it is expressed in the latently infected murine B cell lymphoma 

line S11 and in splenocytes of intranasally infected wild type mice during the 

establishment of latency, but once again not in lytically infected fibroblasts (Husain et 

al., 1999). Two posterior studies demonstrated that M2 gene is expressed during the 

establishment of latency in the spleen in several B cell subsets, including the germinal 

centre where it is one of the most expressed ORFs, and also late during infection in GC 

B cells (Flano et al., 2002, Marques et al., 2003). These data imply that M2 may play a 

pivotal role during latency. 

 

The M2 transcript is composed of two exons that, upon splicing, produce a 192 amino 

acid-long protein (Fig. 1.5) (Husain et al., 1999). This protein is unique, bearing no 
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discernible homology to any other viral or cellular proteins existent in the databases. 

Furthermore, it has no obvious conserved domains or intracellular localization signals 

and examination of its primary structure reveals only the presence of multiple proline-

rich domains and potential phosphorylation sites (Figure 1.4). 

 

MAPTPPQGKIPNPWPGGCSQNPVLWGDGTDGNYRPSEPWILGQVPCDQRFPHPSGNKNSSSTSGGR

PQRPPLPRTRFPKTIRRGFNKLRSTLKSPWKPRPSPVPSPEEVNPAGSPEENIY*ETANSEPVY*IQ

PISTRSLMMLDSGSTDSPENLGPPTRPLPKLPNQHPMNPEIRLPIIPPSKCHKGFVEWGEE 

 
Figure 1.5. Primary sequence of the M2 protein. The proline residues organized in PxxP motifs (P 
represents a proline residue and x any amino acid) are shown in green and underlined, and two tyrosine 
residues with the potential to be phosphorylated by kinases are shown in red and with an asterisk. The H-
2Kd-restricted epitope is shown in blue. 
 

An epitope was identified in the M2 protein (M284-92/Kd) that is recognized by CD8+ T 

cells from H-2Kd infected mice (Husain et al., 1999). Furthermore, a CTL line that 

recognizes this epitope was able to kill S11 cells, indicating that M2 expressing cells 

constitute a target for immune response during latency (Husain et al., 1999). A study 

defining the kinetics of the M291-99/Kd T cell response showed that the induction of this 

cell population is B cell dependent, transient and apparently prompted by the rapid 

increase in latently infected cells around day 14 after intranasal infection, (Usherwood 

et al., 2000). It was also shown that life-long memory is established to this epitope. 

Adoptive transfer of M2-specific CD8+ T cells impaired the expansion of latency that 

normally occurs in the spleen during the second week post-infection, supporting the 

idea that this latent antigen-specific immune response plays a role in controlling the 

initial “burst” of latently infected cells. The level of latency in the long term was, 

however, unaffected (Usherwood et al., 2000). Moreover, vaccination with the M2 

antigen severely reduced the load of latently infected cells in the initial stages of latent 

infection, but did not prevent reaching normal long-term latency levels (Usherwood et 

al., 2001).  

These observations indicate that M2-specific CTLs are important for the subsiding of 

the amplification of latency in the spleen, perhaps by controlling the proliferation of 

M2-expressing GC B cells, but cannot mediate total clearance of infected cells. During 

latency, CD8+ T cell depletion was shown to result in increased splenic latent load 

(Stevenson et al., 1999b), however whether this increase corresponds to continued 

proliferation of latently infected cells in germinal centres was not clarified. 
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The use of recombinant viruses deficient for identified latency-associated genes has 

been an important tool to understand how the expression of these genes affects the 

overall establishment of a normal latent load. In 2002, Jacoby and co-workers published 

the first study characterizing the in vivo infection of a recombinant virus that does not 

express a functional M2 protein. Following intranasal infection, mutation of M2 did not 

affect the acute phase of virus replication, but caused a severe decrease in the 

establishment of latency in the spleen, as determined by the frequency of splenocytes 

positive for viral genome. Moreover, these cells displayed a defect in reactivation from 

latency when compared to the wild type. However, long term latency was not affected 

by disruption of M2, in respect to both the number of infected cells and the reactivation 

from latency. Upon intraperitoneal infection, the results were strikingly different, with 

the M2-deficient virus behaving exactly has the wild type in the course latent infection  

(Jacoby et al., 2002). A more recent study from the same group showed, however, that 

reducing the inoculating dose of virus administered intraperitoneally reveals a defect in 

the initial establishment and reactivation from latency in splenocytes in the absence of 

M2 (Herskowitz et al., 2005), demonstrating that M2 plays a role in establishment of 

latency independently of the inoculation route used. 

An independent study from Macrae and colleagues, published in 2003, revealed results 

mostly similar to the above. M2 deletion abrogated the expansion of latency normally 

seen in the spleen two weeks after infection of mice, but did not impair the 

characteristic Vβ4+CD8+ T cell mononucleosis. However, unlike the above studies, 

disruption of M2 did not affect the ability of the virus to reactivate from latency. Long-

term latency establishment was also not impaired and, in addition, mice inoculated with 

the M2 mutant virus presented higher frequencies of infection at late time points than 

the wild type infected ones, suggesting that M2 is important to control the proliferation 

of latently infected cells. Finally, these authors showed that in B cells, M2 protein is 

localized predominantly in the cytoplasm and plasma membrane (Macrae et al., 2003). 

 

The two above studies clearly demonstrate that M2 plays a major role during the 

establishment phase of latency in the spleen, however, all the analysis were performed 

in total splenocytes and the effect of M2 disruption in the individual populations was 

not addressed. In a recent work from our group, a detailed phenotypical analysis of an 

M2-defective virus (M2FS) was performed, addressing the latent infection in the 

different splenic regions and several spleen cell subsets (Simas et al., 2004). Using in 
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situ hybridization to monitor virus latency within splenic follicles during the 

establishment of latency, it was shown that disruption of M2 resulted in a reduced 

number of infected follicles. Notably, the mean number of latently infected cells per 

infected follicle was equivalent between the M2 mutant virus and the wild type. In 

addition, total B, GC and memory B cells were isolated by flow cytometry and the 

frequency of virus genome-positive cells was determined by limiting dilution combined 

with real-time PCR. In agreement with the previous studies, during the establishment of 

latency the frequency of M2FS DNA-positive cells in all cell populations analysed was 

significantly lower compared to the wild type. This deficit resulted in a concomitant 

decrease in the levels of reactivation competent M2FS virus indicating, in agreement 

with the study by Macrae et al. (2003), that M2 expression does not affect reactivation 

from latency. In clear contrast, at late times post-infection, disruption of M2 resulted in 

an increase in the frequency of virus-positive total B cells and GC B cells. Furthermore, 

the percentage of infected follicles and the mean number of infected cells per follicle 

late during infection were severely increased in the M2-disrupted virus (Simas et al., 

2004). Notably, this sustained high level of viral persistence did not result in a 

concomitant increase in the frequency of infection in memory B cell. 

 

Taken together, these findings are consistent with M2 playing a crucial role in two 

distinct steps of the GC reaction. During the establishment of latency, M2 is required 

for efficient colonization of splenic follicles but apparently is not necessary for 

expansion of latently infected GC B cells. Late in infection, M2 seems to be signalling 

the overall cessation of virus-driven expansion of infected GC B cells and promoting 

transition of latently infected cells into the long-lived memory B cell compartment. 

Despite this critical role in latency, the molecular functions of M2 responsible for the 

observed phenotype were at this point unclear. The changes that M2 disruption originate 

in the normal latency suggest that this protein is manipulating the B cell signalling 

pathways in order to induce the initial activation of the infected B cell and to promote 

the entry in the memory compartment. This strategy had previously been demonstrated 

for several gammaherpesvirus proteins, such as the EBV LMP1 and LMP2A and the 

KSHV K1, which interfere with different aspects of the host normal cellular signalling 

by mimicking the normal function of the B cell or CD40 receptors (see sections 1.3.2 

and 1.4.2). Thus, to complement the in vivo work and understand the molecular 

functions of M2 during latent infection, biochemical studies were performed in order to 
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identify the M2 cellular partners and dissect the precise molecular mechanisms 

involved.  

 

The first biochemical study was published by Liang and co-workers, in 2004, and 

demonstrated that M2 is capable of inhibiting the interferon-mediated signal 

transduction. M2 interacts, through its central positively charged region, with the 

cellular p32 acidic protein resulting in its translocation to the nucleus in fibroblasts. 

Furthermore, M2 effectively induced the downregulation of STAT1 and STAT2 

proteins, probably through interaction with p32, thereby inhibiting the IFN-α/β and 

IFN-γ-mediated transcriptional activation (Liang et al., 2004). Interferons constitute one 

of the major defences mounted by the host immune system against viral infection and, 

in particular, both type I and type II IFNs have been shown to be important for 

controlling MuHV-4 infection (see section 1.5.4). Therefore, by antagonizing IFN-

mediated host immunity, M2 may be protecting the latently infected cells from 

elimination.  

In a more recent study by the same authors, another nuclear function was ascribed to 

M2 - the deregulation of DNA damage signal transduction (Liang et al., 2006). Upon 

viral infection, besides IFN production, the other major defence mounted by the 

immune system consists in the induction of apoptosis. During viral replication, the large 

amounts of exogenous and unusual genetic material produced is recognized by the cells 

as DNA damage stress, eliciting a DNA damage signal transduction that induces cell 

cycle arrest and ultimately apoptosis. M2 was shown to interact with ATM, a key 

regulator of DNA damage signalling, with the DDB1/COP9/cullin DNA repair system, 

and also with histone proteins. These interactions blocked DNA damage-sensing 

activity as well as DNA damage repair activity, thereby rendering the cells resistant to 

DNA damage-induced apoptosis. 

These results indicate that, by antagonizing IFN and apoptosis signalling, M2 is 

probably protecting cells with latent MuHV-4 infection, or cells undergoing 

reactivation, from host immunity. However, the relevance of these functions for the in 

vivo latent infection has not been demonstrated and, furthermore, they do not seem 

compatible with the M2 localization in the cytoplasm and plasma membrane of B cells. 

Low expression of M2 has also been detected in lytically infected fibroblasts (Marques 

et al., 2003), in which M2 is localized in the nucleus (Liang et al., 2004), as well as in 

the lungs of infected mice during acute phase of infection and in dendritic cells during 
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the establishment of latency (Marques et al., 2003, Usherwood et al., 2000). Therefore, 

M2-mediated inhibition of IFN and apoptosis signalling may be relevant in these other 

cell populations. 

 

In our group, we have also searched for putative intracellular targets of the M2 protein, 

but a different method was followed. Using M2 as bait to screen a yeast two hybrid B 

cell cDNA library derived from latently infected mice, it was demonstrated that M2 

interacts with Vav1 protein (Madureira et al., 2005). This protein belongs to the Vav 

oncoprotein family of signalling molecules which is composed of three highly 

homologous proteins, namely Vav1, -2 and -3 (Turner & Billadeau, 2002). Subsequent 

yeast two-hybrid interaction studies, confirmed in vivo in B cells by co-

immunoprecipitation assays, showed that M2 binds to Vav1 and Vav2, but not Vav3. 

Furthermore, immunofluorescence assays have shown that M2 and Vav co-localize in 

the justamembranar region of B cells. The M2/Vav interaction is of particular interest 

since Vav proteins play an important role in B cell development, survival and 

proliferation. Following stimulation of the antigen receptors, Vav is rapidly 

phosphorylated/activated and is critical for the coordination of signals from the B cell 

receptor and CD19 co-receptor with the downstream signalling pathways (see section 

1.2.3). 

Moreover, data from our laboratory as demonstrated that M2 acts as an adaptor protein 

recruiting the Src kinase family member Fyn to promote Vav tyrosine phosphorylation, 

in a BCR-independent manner, resulting in the activation of its catalytic activity 

(Rodrigues et al., 2006). These molecular activities of M2 have been mapped to two 

regions of the M2 protein, a proline rich domain in the C terminal region and to two 

tyrosines (Y120 and Y129) that are phosphorylation sites (Rodrigues et al., 2006). 

Preliminar evidence indicates that M2 may utilize targets in the cell other than the Vav 

family. 

 In the immature B cell line WEHI-231, M2 promotes cell proliferation and survival 

(Madureira et al., 2005). Furthermore, M2 expression in primary B cells enhanced their 

survival, proliferation and differentiation in culture (Siegel et al., 2008). In addition, M2 

expressing B cells secreted high levels of IL-10 that is necessary for M2-induced 

proliferation of B cells in vitro.  
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Taken together, these results suggest that M2 might have an important role in the 

dissemination and maintenance of latency by modulating B cell receptor-mediated 

signalling events through Vav to promote B cell activation, survival, proliferation, 

and/or differentiation. Similar strategies have been employed by other 

gammaherpesvirus. For example, the LMP2A of EBV and the K1 of KSHV mimic a 

constitutively activated BCR. Although in these viruses B cell signalling events are 

manipulated at the receptor level while MuHV-4 influences the signalling downstream 

of the BCR, the overall result is equivalent implying that the latency-associated proteins 

exhibit convergent functions to allow the exploitation of the B cell developmental 

pathways. The relevance of these functions for the in vivo latent infection of the human 

gammaherpesviruses could not been determined due to strict species specificity.  

 

 

1.7. AIMS 

A major challenge in understanding the pathogenesis of gammaherpesvirus is to relate 

the biochemical functions of viral proteins to their roles in natural infection. 

Gammaherpesviruses are known to harbour proteins that modulate B cell signalling 

pathways but the importance of these functions for normal host colonization and where 

exactly they act in the viral life cycle has not been clarified. The primary aim of this 

thesis was to relate the molecular function of M2 as a modulator of B cell signalling to 

its role in MuHV-4 latent infection of mice. To achieve this, MuHV-4 recombinants 

with disruptive mutations in M2 functional domains were generated and the phenotype 

of these viruses was characterized following in vivo infection of mice.  

Another aim of this research was to determine whether M2 also encoded a function 

important for MuHV-4 infection of dendritic cells and macrophages. To this end, the 

phenotype of dendritic cell and macrophage infected with an M2 null virus was 

analysed.  
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Proline-rich region and phosphorylated regions of M2 

are required for the normal establishment of latency 
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PROLINE-RICH AND PHOSPHORYLATED REGIONS OF M2 ARE 

REQUIRED FOR THE NORMAL ESTABLISHMENT OF LATENCY 
 

2.1. INTRODUCTION 

M2 is a latency-associated protein of MuHV-4 and has been the subject of several 

studies. Some of these studies have analysed, in vivo, the role of M2 in natural infection 

of mice (Herskowitz et al., 2005, Jacoby et al., 2002, Macrae et al., 2003, Simas et al., 

2004) while others have addressed, in vitro, the biochemical functions of this protein 

(Liang et al., 2006, Liang et al., 2004, Madureira et al., 2005, Pires de Miranda et al., 

2008, Rodrigues et al., 2006). The major challenge now consists in relating the 

biochemical functions of M2 to its role in natural infection. Thus, the aim of the 

research described in this chapter is to ascribe an in vivo phenotype to specific domains 

of M2 known to be critical for its molecular function. 

 

In vivo studies by Jacoby et al. (2002) and Macrae et al. (2003) have demonstrated that 

M2 is essential for the transient rise of latently infected cells, which is normally 

observed during the establishment of latency in the spleen. Further investigations by our 

group confirmed the importance of M2 during early infection of the spleen (Simas et 

al., 2004). In particular, it was shown that M2 is required for the efficient colonization 

of splenic follicles but dispensable for the expansion of latently infected cells in the 

germinal centre (Simas et al., 2004). Furthermore, this study also demonstrated that late 

in infection, disruption of M2 results in sustained proliferation of latently infected GC B 

cells (Simas et al., 2004). Thus, M2 seems to be important for two distinct steps of the 

germinal centre reaction: during the establishment of latency, for the efficient 

colonization of splenic follicles, and later in infection for the overall cessation of the GC 

reaction. 

M2 is a unique protein with no clear homology to any known viral or eukaryotic 

proteins. Thus, to investigate the molecular functions of M2 that would be responsible 

for the latency phenotype, biochemical experiments aiming at identifying intracellular 

partners of M2 were carried out by our group. Results obtained show that M2 is an 

adaptor molecule capable of interacting with a number of proteins involved in 

intracellular signalling (Pires de Miranda et al., 2008, Rodrigues et al., 2006). In 
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particular, it was demonstrated that M2 acts as a scaffold protein bringing together Src-

family kinases such as Fyn, and Vav proteins, a family of guanine exchange factors for 

Rho/Rac proteins that are activated by phosphorylation upon BCR stimulation and play 

crucial roles in lymphocyte signalling (Rodrigues et al., 2006). Two regions of M2 are 

essential for coordination of the M2/Vav1/Fyn trimolecular complex: 1) a C-terminal 

proline-rich region (PRR), containing three PxxP motifs (amino acids 153-172), that 

binds to the Src homology domains 3 (SH3) of Vav1 and Fyn; and 2) a region 

containing two tyrosine residues phosphorylated by Src family kinases (Y120,Y129) that 

is capable of interacting with SH2 domains of Vav1 and Fyn (Rodrigues et al., 2006). 

Assembly of this trimolecular complex leads to Vav1 hyperphosphorylation (Y174) and 

stimulation of its catalytic activity towards Rac1, in a B cell receptor-independent 

manner (Pires de Miranda et al., 2008, Rodrigues et al., 2006).  

 

Taken together, these results indicate that the modulation of Vav activity by M2 may 

play an important role during MuHV-4 latent infection by driving the activation and/or 

differentiation of the latently infected B cells in the absence of cognate antigen 

recognition. Thus, in order to further characterize the relevance of M2 during the latent 

phase of MuHV-4 infection and directly investigate the biological significance of 

modulation of B cell signalling in gammaherpesvirus pathogenesis, MuHV-4 mutants 

with the PRR or the phosphorylated regions of M2 disrupted were engineered, and their 

phenotypes upon infection of BALB/c mice were analysed. M2 recombinant viruses 

were examined during the establishment and maintenance of latency by three 

independent, although complementary assays. Ex vivo explant co-culture assays were 

performed in total splenocytes to evaluate the ability of the viruses to reactivate from 

latency. Flow cytometry combined with limiting dilution and real time-PCR to detect 

viral DNA positive cells were applied to determine the frequency of infection of splenic 

GC B cells, which are the major latency reservoir and were previously shown to be 

essential for amplification of viral load during the establishment of latency. Finally, in 

situ hybridization of splenic sections with viral miRNAs allowed the identification of 

virally infected cells within the spleen and monitoring the proliferation kinetics of the 

infected cells within the splenic follicles. 
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2.2. RESULTS 

2.2.1. Generation and characterization of recombinant viruses 

harbouring point mutations in M2  

MuHV-4 recombinant viruses with point mutations on specific domains of M2 

identified by biochemical studies to be important for the binding and activation of Vav 

were generated (Fig. 2.1, panel A). In M2Y recombinant virus, the M2 gene was 

modified so that the encoded protein contains the phosphosites Y120 and Y129 mutated to 

phenylalanines (Fig. 2.1, panel A). Biochemical studies have shown that the mutated 

M2Y protein cannot become phosphorylated and that the interaction with Fyn and Vav1 

is reduced, to a much larger extent in the case of Fyn. Furthermore, in the absence of 

these two tyrosine residues, M2 cannot trigger the activation of the Vav1/Rac1 pathway 

(Rodrigues et al., 2006). To ensure that the eventual phenotypic alterations in the M2Y 

virus are due to the disrupted domain and not the consequence of mutations accidentally 

introduced elsewhere the viral genome, a revertant virus (M2Y-R) in which the M2Y 

locus was restored to wild type status was generated. 

An independent recombinant virus, M2P2, was generated by L. Rodrigues in our group. 

This virus contains the three PxxP motifs of the proline-rich region disrupted by 

replacement of proline residues at positions 158, 160, 163 and 167 by alanines (Fig. 2.1, 

panel A). Disruption of the proline-rich region in vitro renders M2 unable to bind and 

activate Vav1, and attenuates the association with Fyn.  

 

MuHV-4 recombinants and the correspondent revertant viruses were generated using a 

previously described methodology (Adler et al., 2000), which utilizes MuHV-4 cloned 

as a bacterial artificial chromosome (BAC). This technique allows the maintenance of 

the viral genome as a BAC in Escherichia coli and the site-directed mutagenesis of the 

genome by homologous recombination (Adler et al., 2003). The generation and initial 

characterization of these recombinant viruses are described in detail in Materials and 

Methods. Notably, verification of the introduced mutations, in the two recombinants 

and in the M2Y revertant, was carried out by sequencing across the M2 ORF in the 

BAC vector. The genomic structure of generated viruses was verified by examination of 

restriction enzyme digestion profiles of E. coli-derived BAC DNA (data not shown).  
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Infectious viruses were reconstituted by transfection of BAC-DNA into BHK-21 

fibroblasts. Since MuHV-4 containing BAC sequences is attenuated in vivo compared to 

the wild type (Adler et al., 2001), these sequences were removed by propagating the 

viruses in fibroblasts expressing Cre recombinase. In the MuHV-4-BAC, the BAC 

sequences are flanked by loxP sites and the expression of Cre recombinase from the 

cellular genome results in efficient excision of the BAC sequences during growth. 

Genome integrity of the mutant viruses and M2Y revertant, in the region subjected to 

homologous recombination, was further analysed by PCRs across the HindIII-E region 

of reconstituted viral DNA (Fig. 2.1, panel B). The stability of the introduced mutations 

was checked in viruses recovered from latently infected spleens, by sequencing the M2 

gene in viral high weight molecular DNA extracted from at least five different mice. 

This analysis confirmed the retention of the engineered point mutations following in 

vivo infection.  
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Figure 2.1. Characterization of the recombinant viruses used in this study. Point mutations were 
introduced in M2, resulting in specific amino acid (aa) alterations in the expressed protein. (A) M2 aa 
sequence alignment of the viruses used in this study. M2 aa sequence of the wild type MuHV-4 virus is 
represented at the top. For the other viruses, conserved aa residues are represented by dots while altered 
aa residues are shown by the corresponding new letter. In the M2FS virus, a single nucleotide was 
inserted into the second codon of M2 ORF, generating a frame-shift and a premature stop codon 26 aa 
downstream from the start codon (Simas et al., 2004).  M2Y recombinant virus codes for a M2 protein 
with tyrosines (Y) 120 and 129 substituted by phenylalanines (F). M2P2 mutant virus produces a M2 
protein with prolines (P) 158, 160, 163 and 167 mutated to alanines (A). (B) PCR analysis of recombinant 
viral DNA to confirm genome integrity in the HindIII-E region. High molecular mass DNA was purified 
from lytically infected BHK-21 fibroblasts. A schematic illustration of MuHV-4 genome as well as 
amplicon genomic coordinates and size for each PCR are shown. ORFs are represented as shaded arrows 
and the eight viral tRNAs are shown as small arrow heads. PCR products were electrophoresed on a 0.8% 
agarose gel and stained with ethidium bromide. Markers consisting of a 1 Kb Plus DNA ladder 
(Invitrogen) are shown to the left of each virus. 
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2.2.2. Analysis of M2 expression 

Reverse transcription followed by PCR (RT-PCR) was used to confirm that the 

mutations introduced in M2 do not affect its transcription. Previous data showed that 

M2 mRNAs are expressed during lytic replication in fibroblasts (Marques et al., 2003). 

BHK-21 fibroblasts were infected with wild-type or mutant viruses at a multiplicity of 

infection (MOI) of 5 pfu/cell, total cellular RNA was recovered at 12 hours post-

infection (pi) and analysed by RT-PCR. As shown in Fig. 2.2, spliced M2 transcripts 

were readily detected in fibroblasts infected with any of the recombinants as well as 

with the wild type virus, confirming that point mutations in the M2 locus do not alter 

gene transcription.  

 

 

 
 

Figure 2.2. Mutations introduced in the recombinant viruses do not affect transcription of M2. 
BHK-21 cells were infected with the indicated viruses at 5 pfu/cell. Total RNA was extracted after 12 
hours and subjected to RT-PCR to detect M2 expression. PCR products were electrophoresed on a 1.25% 
agarose gel and stained with ethidium bromide. Primers genomic coordinates are 4208 to 4227 and 5833 
to 5849, spanning the intron from coordinates 4610 to 5814. Product size is 436 bp. 
 

 

To verify that the mutations introduced into M2 do not affect its expression or stability, 

attempts were made to detect M2 protein following infection of fibroblasts with wild 

type or recombinant viruses. Analysis of M2 expression was performed by immune 

precipitation of total cellular lysates prepared from the infected cultures and subsequent 

immunoblotting, using a rabbit polyclonal anti-M2 antibody. M2 could not be detected 

in any of the infected cultures (results not shown). The latter is consistent with M2 

being a latency protein and although M2 transcripts can be detected in lytically infected 

fibroblasts, these are found at very low abundance. Therefore, M2 expression was next 

analysed in latently infected cells, which are known to express higher levels of M2 

mRNAs (Marques et al., 2003). GC B cells or total B cells were isolated by flow 

cytometry from spleens of MuHV-4-infected mice during latency expansion (14 days 

pi) and subjected to anti-M2 immunoprecipitation followed by immunobloting, as 

above. Once again, M2 could not be detected in cells from mice infected with either the 

M2
WT  M2FS M2Y M2P2 Mock  

436 bp
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wild type or the recombinant viruses (results not shown). These negative results can be 

explained on the basis that latent proteins are usually expressed at very low levels, 

which are further reduced in total cell lysates due to our inability to isolate pure 

populations of cells that are latently infected. Nevertheless, in previous studies by our 

group, cell lines were transfected with expression vectors harbouring either wild type or 

the mutant versions of M2 protein. Total cell lysates were obtained and the presence of 

M2 protein was assessed by immunoblot analysis using anti-M2 antibodies. Under these 

conditions, both M2Y and M2P2 were detected in the cell lysates at the same level as 

the wild type M2, indicating that the introduced mutations do not affect M2 expression 

or stability (Rodrigues et al., 2006). 

 

 

2.2.3. M2 recombinant viruses display normal growth in vitro 

The kinetics of viral replication of the recombinant viruses was compared to that of the 

WT virus by a multistep growth curve in permissive BHK-21 fibroblasts (Fig. 2.3). All 

the viruses showed identical growth kinetics, which is in agreement with previous 

studies demonstrating that M2 is dispensable for lytic replication in vitro (Jacoby et al., 

2002, Macrae et al., 2003, Simas et al., 2004). These studies have also demonstrated 

that M2-deficient mutants display normal acute phase replication kinetics in lung tissue 

following intranasal infection of mice. Since M2 seems to be important only during 

latent infection (Jacoby et al., 2002, Macrae et al., 2003, Simas et al., 2004), analysis of 

the recombinant viruses in vivo will focus on the latent stage of MuHV-4 pathogenesis.  



CHAPTER 2 

62 

 
Figure 2.3. M2 mutant viruses grow normally in vitro. Multi-step growth curves were constructed for 
mutant, wild-type and revertant viruses by infection of BHK-21 monolayers at low multiplicity (0.01 
pfu/cell). At the indicated times post-infection, samples were harvested, freeze-thawed and the titres were 
determined by plaque assay on monolayers of BHK-21 cells. 
 

 

2.2.4. Phosphosites and PRR are required for the establishment 

of normal latency levels  

Following lytic replication in the alveolar epithelial cells, MuHV-4 seeds the lymphoid 

tissue, namely the spleen and lymph nodes, establishing a latent infection (Sunil-

Chandra et al., 1992a). Latent infection in the spleen is characterized by a transient 

expansion of infected cells that peak around two weeks post-infection (pi) and decrease 

quickly thereafter to reach low levels of latency that remain stable for life (Cardin et al., 

1996, Flano et al., 2003, Marques et al., 2003, Sunil-Chandra et al., 1992b).  

 

To analyse the effect of disrupting the PRR or the phosphosites of M2 in MuHV-4 

latent phase of infection, BALB/c mice were infected via intranasal route with mutant or 

revertant viruses and the latent load in the spleen was examined by quantification of ex-

vivo reactivation-competent viruses by infectious centre assay. For comparative 

purposes, two other viruses were included in the analysis: WT virus that expresses a 
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fully functional M2 protein and M2FS virus (Simas et al., 2004), which contains a 

frame-shift mutation in the second codon of the M2 and therefore controls for the total 

absence of M2. The latter virus was used to distinguish whether the phosphosites and 

the PRR mutants were responsible for either the totality or just a subset of the functions 

previously ascribed to M2 during latent infection (Herskowitz et al., 2005, Jacoby et al., 

2002, Macrae et al., 2003, Simas et al., 2004). 

 

Infectious centre assay is a well established assay in which single cell suspensions are 

prepared from the harvested spleens and co-cultured with permissive fibroblast cells. 

The presence of latent virus in the initial splenocyte population is revealed by the 

observation of cytopathic effects (cell lysis plaques) on fibroblast monolayers. Unless 

preformed infectious virus is present at the time of harvest, the cytopathic effect (cpe) 

can only result from viral reactivation from latency. Thus, to confirm that the results 

obtained for each virus reflect a truly latent infection, spleen samples must also be 

analysed for the presence of pre-formed infectious viruses. To this end, replicate 

samples are subjected to freeze-thawing, which disrupts the cells and therefore any 

possibility of reactivation from latency, but does not inactivate pre-formed virus. 

Replicating viruses are then detected by incubation with permissive cells, which are 

later examined for the presence of cpe.  

 

All viruses were evaluated, at day 14 and 21 post-infection (pi), for their ability to 

establish and expand a latent load in the spleen, and at day 50 pi for their ability to 

maintain a long-term persistence. The results obtained are shown in Fig. 2.4. The wild 

type virus presented the expected peak of infection at day 14 pi, with latent infection 

subsiding thereafter to become undetectable by day 50 pi. In contrast, both M2Y and 

M2P2 viruses showed a M2FS-like pattern of infection during the establishment of 

latency. This was characterised by an approximately 100-fold reduction in the number 

of infectious centres at day 14 pi when compared with the WT virus. There was a 

subsequent increase in latent infection at day 21 pi, with all recombinant viruses 

presenting approximately 5-fold more reactivation-competent viruses than the WT virus 

(Fig. 2.4). In contrast, during long-term latency, the behaviour of M2P2 and M2Y 

viruses became divergent from the M2FS virus. While M2FS-infected mice still 

displayed a consistently high level of reactivation-competent viruses at day 50 pi, M2P2 

and M2Y latent viruses were below the limit of detection (Fig. 2.4). This phenotype is 
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undistinguishable from the WT MuHV-4, which also becomes undetectable by day 50 

pi (Fig. 2.4).  

The revertant virus, M2Y-R, in which the M2Y locus was restored to wild type status, 

did not show any defects in the course of infection, indicating that the phenotypic 

changes observed with the M2Y mutant were intrinsic to this locus and not the 

consequence of mutations elsewhere in the viral genome (Fig. 2.4). Furthermore, no 

pre-formed infectious viruses could be detected at any time-point and for any of the 

viruses analysed, indicating that splenic infection was only latent (Fig. 2.4). 

 

These results indicate that the phosphosites and the PRR of M2 are responsible for 

engaging cellular responses important for the establishment, but not maintenance, of 

latency. 

 

 

 
   
Figure 2.4. Activation of Vav proteins by M2 is necessary for the establishment of normal levels of 
latency in the spleen. BALB/c mice were intranasally inoculated with 104 plaque forming units (pfu) of 
the indicated viruses. At the indicated times pi, spleens were removed and single cell splenocyte 
suspensions were prepared. The latent load in each sample was quantified by ex vivo reactivation assay 
(closed symbols) and pre-formed infectious viruses were analysed by plaque assay (open symbols). Each 
point represents the infectious centre titre of an individual mouse. Horizontal bars indicate arithmetic 
means. ND denotes that viral plaques were not detected and the dashed line indicates the limit of 
detection of the assay. At day 14 pi, M2FS, M2Y and M2P2 latent loads were significantly lower than 
WT latent load (P<3.3x108, by one tail Student’s t-test). At day 21 pi, M2FS, M2Y and M2P2 infectious 
centre titres were significantly higher than those of the WT (P<0.005). At day 50 pi, only M2FS had a 
latent load significantly different from the WT (P=9.3x107). WT and M2Y-R latent loads were never 
significantly different during the course of infection (P>0.06).  
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2.2.5. Disruption of M2 functional motifs results in delayed 

expansion of latently infected GC B cells 

MuHV-4, like the human gammaherpesviruses, uses B lymphocytes as the main target 

for latent infection. Analysis of the different splenic B cell subpopulations during 

latency demonstrated that GC B cells constitute the main viral reservoir during the 

establishment of a latent infection and that these cells are also essential for the 

maintenance of long-term latency (Flano et al., 2002, Kim et al., 2003, Marques et al., 

2003). To assess whether the deficit in the establishment of latency exhibited by the M2 

mutant viruses reflected a phenotype in GC B cells, the frequency of virus genome-

positive cells in this subpopulation was determined by limiting dilution combined with 

real-time PCR as originally described by Marques et al. (2003). 

BALB/c mice were infected with the different viruses and at days 14, 21 and 50 pi 

spleens were harvested. Splenocyte suspensions were prepared and stained with two cell 

surface markers: anti-B220 antibody and peanut agglutinin (PNA) lectin. GC B cells 

were isolated using a high-speed cell sorter, by enriching for B220+PNAhi cells (Fig. 

2.5). For each time point and virus analysed, the degree of purity of the isolated 

population as well as the percentage of total spleen that it represented were assessed 

(Table 2.2). The purity of the sorted population was always higher than 98%. GC B 

cells reached maximum levels at day 14 pi, corresponding to 6-9% of total spleen and 

decreased thereafter to reach, at 50 days pi, levels lower than 3% in all viruses except 

M2FS, in which the GC population still accounted for almost 5% of total spleen (Table 

2.2). 

 

 
Figure 2.5. Representative staining of the GC B cell population purified by FACS. Following 
intranasal infection of BALB/c mice with 104 pfu of each virus, single cell suspensions from pools of 5 
spleens were stained with anti-B220 antibody and PNA lectin. GC B cell population was purified using a 
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BD FACSAria Flow Cytomoter (BD Biosciences), by selecting cells that express B220 (B220+) and 
avidly bind PNA (PNAhi).  
Purified GC B cells were then subjected to 2-fold serial dilutions, with 8 replicates per 

dilution, and lysed. Cell lysates were analysed by real-time PCR for the presence of 

viral genomes, using the fluorescent TaqMan methodology with primers and probe 

specific for the M9 ORF (Table 2.1).  

 

 

Table 2.1. Primers and probe used to detect MuHV-4 DNA.  

Oligonucleotide Sequence Genomic coordinatesa

Upper primer 5’-GCCACGGTGGCCCTCTA-3’ 94176-94192 
Lower primer 5’-CAGGCCTCCCTCCCTTTG-3 94140-94157 
Probe 5’-6-FAM-CTTCTGTTGATCTTCC–MGB-3’b 94159-94174 

aAccording to GenBank accession no U97553. 
bOligonucleotide with fluorophore (6FAM) and quencher (MGB) covalently attached to the 5’- and 3’-ends, 
respectively. 
 

 

The frequency of virus DNA+ cells (f) was calculated according to the single-hit Poison 

Model (SHPM) by maximum likelihood estimation (Bonnefoix et al., 2001) (refer to 

materials and methods for details on the estimate of f). This model assumes that one 

limiting cell of one cell subset is necessary and sufficient for generating a positive 

response and can be graphically illustrated by plotting the fraction of negative wells on 

a logarithmic scale against the number of cells per well (Fig. 2.6). To evaluate the fit of 

the SHPM to our limiting dilution experiments, a statistical slope test according to 

Bonnefoix et al. (2001) was employed (refer to materials and methods, section 

7.2.10.2).  In all the experiments performed, the linear log-log regression model did not 

reject the SHPM, indicating that the SHPM adequately fits the observed data. 
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Figure 2.6. Graphical representation of limiting dilution data generated to estimate the frequency 
of MuHV-4 infection in GC B cells of mice infected with WT virus at day 14 post-infection. The 
fraction of negative PCR reactions is plotted on a logarithmic scale against the number of cells per well 
(open circles). The prediction equation of the regression line (continuous line) is –log(μi)=0.3177xi, 
where 0.3177 is the cell frequency f estimated by the maximum likelihood method according to the 
SHPM. Upper and lower dotted lines represent regression lines with slope corresponding to the upper and 
lower values of the 95% confidence interval for f. 
 

The frequencies of infection obtained for wild type and revertant viruses during 

establishment and maintenance of latency in GC B cells (Table 2.2 and Fig. 2.7) are 

approximately 10-fold higher than those previously reported (Marques et al., 2003, 

Simas et al., 2004). The change in the value range in this experiments when compared 

with previous published work, is due to the higher sensitivity of the real-time 

methodology performed here. Noteworthy, this change in sensitivity affects the total 

values but not the fold difference in the frequencies of viral DNA positive cells for WT 

virus when compared to M2FS (compare current manuscript and Simas et al., 2004). In 

fact, as previously reported, during the establishment of latency at day 14 pi, the 

frequency of M2FS DNA-positive cells was approximately 10-fold lower in comparison 

with those of WT or revertant viruses (Table 2.2 and Fig. 2.7). Likewise, infection with 

recombinant viruses harbouring disruptive mutations in the PRR and phosphosites of 

M2 resulted in a similar reduction in the frequency of latently infected GC B cells at 14 

days pi At day 21 pi, however, while the frequency of GC B cells infected with WT or 

M2Y-R viruses was already decreasing, both M2Y and M2P2-infected mice presented a 

peak in the frequency of virus DNA+ GC B cells (Table 2.2 and Fig. 2.7). These data are 

in agreement with results from ex vivo reactivation assay (Fig. 2.4), reinforcing the 

importance of M2 functional domains for the normal establishment of infection in the 
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spleen and, furthermore, they indicate that disruption of M2 docking sites results in a 

delay in the expansion of latently infected GC B cells rather than a deficit.  

Analysis of M2FS infected mice at 50 days pi confirmed the previous observations that 

the absence of M2 leads to an increased latent load in GC B cells (Table 2.2 and Fig. 

2.7) (Simas et al., 2004). This phenotype, however, is not related to the proline-rich and 

phosphorylated regions of M2 since both M2Y and M2P2 displayed normal latency 

levels at 50 days pi (Table 2.2 and Fig. 2.7). 

 

 

Table 2.2. Frequency of viral genome-positive GC B cellsa. 

Days   
p.i. Virus Reciprocal frequencyb of viral  

DNA+ GC B cells (95% CI)
 
 %Cellsc %Purityd Total no. 

of cellse 
No. of viral   
DNA+ cellsf 

14 WT  3 (2-6) 5.7 99.6 1.1 x10
7
 3,666,667 

 M2FS 61 (39-142)  5.7 99.0 1.1 x10
7
  180,328 

 M2Y 23 (15-53) 7.8 99.0 1.6 x10
7
  608,696 

 M2P2 26 (17-60) 8.9 98.0 1.8 x10
7
 692,308 

 M2Y-R 6 (4-13) 6.8 99.5 1.4 x10
7
 2,333,333 

21 WT  79 (51-175) 6.0 99.6 1.2 x10
7
 151,899 

 M2FS 6 (4-12) 6.0 99.9 1.2 x10
7
 2,000,000 

 M2Y 13 (8-29) 6.8 99.4 1.4x107 1,042,367 

 M2P2 10 (7-21) 4.1 98.4 8.2 x10
6
 820,000 

 M2Y-R 51 (32-119) 4.9 99.2 9.8 x10
6
 192,157 

50 WT  148 (92-380) 2.1 98.2 4.2 x10
6
 28,378 

 M2FS 8 (6-17) 4.9 99.2 9.8 x10
6
 1,225,000 

 M2Y 128 (77-381) 1.5 98.6 3.0 x10
6
 23,437 

 M2P2 256 (169-527) 2.6 98.2 5.2 x10
6
 20,233 

 M2Y-R 78 (52-162) 1.7 98.5 3.4 x10
6
 43,897 

a Data were obtained from pools of five spleens. 
b Frequencies were calculated by limiting-dilution analysis with 95% confidence intervals (CI). 
c The percentage of GC B cells from total spleen was estimated by fluorescence-activated cell sorting (FACS) analysis. 
d The purity of sorted cells was determined by FACS analysis. 
e The total number of cells was estimated from the percentage of the total spleen, based on an estimate of 2 x 108 cells/spleen. 
f The number of latently infected cells was based on the frequency of latency within GB B cells and the estimated total number of 
cells.  
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Figure 2.7. M2 interaction motifs are important for an efficient colonization of splenic GC B cells. 
BALB/c mice were intranasally infected with 104 pfu of the indicated viruses. At 14, 21 or 50 days pi GC 
B cells were purified and the frequency of cells positive for viral genome was determined by limiting 
dilution followed by real-time PCR. Data were obtained from pools of five spleens per group. Bars 
represent the frequency of viral DNA positive cells with 95% confidence intervals.   
 

 

2.2.6. Modulation of Vav activity by M2 is necessary for normal 

kinetics of latency in splenic follicles 

A previous study from our group showed that the decreased latent load observed during 

the establishment of latency for the M2FS mutant was related to an ineffective 

colonization of B cell follicles (Simas et al., 2004). To verify that the infection profile 

obtained for M2Y and M2P2 viruses was also linked to the residency of the virus in the 

germinal centre, the presence of each virus within splenic follicles was monitored by in 

situ hybridization using a probe specific for MuHV-4 tRNAs and miRNAs (Bowden et 

al., 1997, Pfeffer et al., 2005). These transcripts are abundantly expressed in the GC and 

constitute an important marker for latency, providing useful means to analyse the 

colonization, expansion and cessation kinetics of latent infection in the GCs (Bowden et 

al., 1997, Simas et al., 1999). The antisense riboprobe used for in situ hybridization 

experiments was prepared in vitro from the pEH1.4 plasmid which contains the 1.4 kb 

HindIII-EcoRI subfragment of HindIII-E encoding viral tRNAs (vtRNAs) 1 to 4 and 

viral miRNAs (vmiRNAs) miR-M1-1 to -6, as described in materials and methods. 

Mice were infected with the different viruses as before and at the indicated times after 

infection spleens were dissected, fixed and paraffin-embedded. Spleen sections were 

made and processed for in situ hybridization with viral tRNA/miRNAs specific 

riboprobes. At least four spleens and six sections per spleen were analysed per virus and 

time point. Pictures of representative spleen sections from each group of animals were 
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taken (Fig. 2.8, panel A) and the percentage of positive follicles (with at least one 

vmiRNA/vtRNA+ cell) and positive follicles with expansion (with more than ten 

vmiRNA/vtRNA+ cells) was quantified (Fig. 2.8, panel B). 

Mice infected with either wild type or M2Y-R viruses showed the expected pattern of 

infection (Fig. 2.8A,B) (Simas et al., 1999). This pattern was characterized by the 

detection of large clusters of infected cells within GCs at day 14 post-infection that 

reflect cellular proliferation and, thereby, expansion of the latently infected cell pool 

(Fig. 2.8A, panels a,e). At day 21 post-infection, sharp declines were observed in the 

total number of infected GCs and in the number of GCs that were associated with the 

presence of large clusters of latently infected cells. This pattern reflects the cessation of 

the virus driven GC B cell proliferation (Fig. 2.8A, panels f,j; and Fig. 2.8B). At later 

periods (day 50), infection became confined to a reduced number of cells scattered 

within secondary follicles, a phenotype that correlates with the maintenance phase of 

latent infection (Fig. 2.8A, panels k,o). The kinetics and pattern of infection in the 

spleens of mice inoculated with M2FS was as previously reported (Simas et al., 2004). 

After infection with this virus, there was a deficit in the number of infected follicles as 

well as in the number of positive cells within each follicle at day 14 pi when compared 

to WT virus (Fig 2.8A, panel b and Fig. 2.8B). Maximal numbers of large clusters of 

infected GC B cells were reached only at day 21 post-infection (Fig. 2.8A, panel g). 

High levels of latent infection were still observed at day 50 post-infection (Fig. 2.8A, 

panel l), where almost 100% of the vmiRNA/vtRNA-positive follicles presented large 

clusters of infected cells (Fig. 2.8B). In the case of infections by M2Y and M2P2 

viruses, there was also a reduced number of vmiRNA/vtRNA positive follicles at day 14 

post-infection (Fig. 2.8A, panels c,d). This deficit reflected both a decreased number of 

infected follicles as well as a low number of positive follicles with large clusters of 

latently infected cells when compared to wild type virus (Fig. 2.8B). Similar to M2FS 

pattern of infection, at day 21 pi cells latently infected with M2Y and M2P2 viruses had 

already begun to proliferate and large clusters of infected cells were visible within the 

follicles (Fig. 2.8A, panels g,h,i). Furthermore, the percentage of positive follicles was 

similar to that obtained for the WT virus at day 14 pi (Fig.2.8B), indicating that the 

recombinant viruses have a delay in the expansion of latency rather than a deficit. At 

later periods after infection, however, the levels of M2Y and M2P2 infected cells 

declined, reaching values equivalent to those observed in the case of wild type and the 

M2Y-R viruses (Fig. 2.8A, panels m,n).  
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Figure 2.8. Modulation of Vav activity is required for normal kinetics of latency in the germinal 
centre. BALB/c mice were intranasally infected with 104 pfu of the indicated viral genotypes. At the 
indicated days after infection, spleens were dissected and processed for in situ hybridization with viral 
miRNA and tRNA specific riboprobes. (A) Panels show representative spleen sections from each group 
of animals at 14 (panels a to e), 21 (panels f to j) and 50 (panels k to o) days pi. (B) Mean percentage ± 
SEM of vmiRNA/vtRNA+ follicles (open bars) and positive follicles with large clusters of 
vmiRNA/vtRNA+ cells (filled bars). Six sections per mouse and at least 4 mice per group were counted at 
each time point. Follicles were scored positive if they contained at least one positive vmiRNA/vtRNA cell 
and positive with expansion if they contained more than ten vmiRNA/vtRNA+ cells.  
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Taken together, these results indicate that the PRR and the phosphotyrosine sites of M2 

work coordinately during infection in vivo, where they play essential roles in the M2 

functions linked to an efficient colonization of splenic follicles. However, these motifs 

are not related to the increased persistence observed in the absence of M2 during long-

term latency (Simas et al., 2004). 

 

 

2.2.7. M2 early phenotype is not affected by dose of infection or 

mouse strain 

Above experiments demonstrated that M2 docking motifs are important but not 

absolutely required for the establishment of latency. In fact, although M2Y and M2P2 

present a delayed kinetics of latency establishment in the spleen, normal long-term 

latent loads are still achieved. In these experiments, a 104 pfu of virus were used and 

there was the possibility that inoculating mice with such high doses of virus might be 

masking a more severe phenotype of the M2 mutants with lower inocula of virus. For 

instance, previous data by Herkowitz and co-workers demonstrated that high dose 

intraperitoneal inoculation with a M2 knockout virus results in the establishment of a 

normal latency load, but decreasing the inoculation dose administered intraperitoneally 

revealed a splenic B cell latency (Herskowitz et al., 2005). Thus, to assess whether the 

dose of infection contributes to the ability of the M2 mutants to establish latency in the 

spleen, BALB/c mice were intranasally infected with decreasing amounts of either WT 

or M2Y viruses (starting with 103 pfu). At 14 days pi, total splenocytes were subjected 

to an ex vivo reactivation assay (Fig. 2.9A). Results show that upon low-intranasal 

inoculation, M2Y recombinants were still able to establish a latent infection in the 

spleen (Fig. 2.9, panel A). Furthermore, reducing the virus load resulted in a 

concomitant decrease in the number of WT and M2Y latent viruses, indicating that the 

phenotype of M2 recombinants is independent of infective dose. 

 

M2 knockout viruses show a long-term latency phenotype in BALB/c mice but not in 

C57BL/6 mice (Jacoby et al., 2002, Simas et al., 2004) (further details in chapter 3). To 

assess whether the acute latency deficit presented by M2 recombinant viruses 

engineered in this study is affected by host H2 haplotype, C57/BL6 mice were infected 
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intranasally with 104pfu of WT, mutants or recombinant viruses and, at day 14 pi, latent 

viral load was quantified by ex vivo reactivation assay (Fig. 2.9, panel B). During the 

establishment of latency in the spleen of C57BL/6 mice, both M2P2 and M2Y behaved 

as the M2 deletion mutant (M2FS), presenting an approximately 100-fold deficit in the 

number of reactivation-competent viruses when compared to the WT or M2Y-R viruses 

(Fig2.9, panel B). These results are indistinguishable from those obtained in BALB/c 

mice (Fig. 2.4), indicating that the M2 early phenotype, unlike the latter phenotype, is 

not dependent on host H2 haplotype. 

 
Figure 2.9. M2 early phenotype is independent of infective dose and mouse strain. (A) BALB/c mice 
were intranasally infected with the indicated amounts of WT or M2Y viruses and, at day 14 pi, latent load 
was quantified by ex vivo reactivation. (B) C57/BL6 mice were intranasally infected with 104 pfu of the 
indicated viruses and, at day 14 pi, total splenocytes were subjected to ex vivo reactivation assay. Each 
point represents the infectious centre titre from an individual mouse. Horizontal bars indicate arithmetic 
means. The dashed line indicates the limit of detection of the assay. 
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2.3. DISCUSSION 

In this study, the role of M2 specific domains in the pathogenesis of MuHV-4 was 

evaluated by generating mutant viruses with each of the domains disrupted. These 

domains, a proline-rich region and two tyrosines capable of being phosphorylated by 

Src-family kinases, have been shown to be essential for the modulation of Vav-

dependent B cell signalling in vitro (Rodrigues et al., 2006). Vav proteins play a very 

important role in B cells, integrating signals from the B cell receptor and CD19 co-

receptor with downstream signalling pathways, which are essential for B cell 

development, survival and proliferation (Turner & Billadeau, 2002). Because the 

effective colonization of the host by MuHV-4 requires the activation and proliferation 

of B lymphocytes, the biological significance M2-Vav interaction was investigated 

using a well established mouse model. 

 

Mutations introduced in M2 did not alter transcription of M2 and, as previously reported 

for M2-null viruses, did not affect the ability of the virus to cause productive lytic 

infection (Jacoby et al., 2002, Macrae et al., 2003, Simas et al., 2004). Instead, evidence 

is provided that in vivo, both the phosphotyrosine and the PRR motifs of M2 are critical 

for the establishment of latency in germinal centres, in particular for the normal kinetics 

of latency expansion within the GC. Thus, infection of mice with recombinant viruses 

harbouring disruptive mutations in M2 functional domains resulted in reduced levels of 

ex vivo reactivation competent viruses during the establishment of latency in the spleen 

at 14 days pi but not at 21 days pi. Furthermore, in situ hybridization to monitor virus 

latency within splenic follicles together with analysis of the frequency of infection in 

GC B cells showed that disruption of M2 docking sites causes a delay in the seeding of 

splenic follicles and in the expansion of latently infected GC B cells, rather than a 

deficit. That is, M2 recombinant viruses presented a delay entering splenic follicles but 

once infected, GC B cells were able to expand at the same level as WT infected ones.   

These results are in agreement with previous studies in that M2 is important during the 

establishment of latency (Jacoby et al., 2002, Macrae et al., 2003, Simas et al., 2004). 

However, those studies reported that M2 null viruses were unable to cause the transient 

peak of virus latency that normally occurs in the spleen around 14 days pi. In 

contradiction, the present study shows that M2 mutant viruses, including the M2 null 
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virus (M2FS), are also able to induce a transient rise in latently infected cells but that 

this rise is delayed about a week. 

 

Functional domains analysed in this chapter were identified because of their role in the 

binding and activation of Vav1 (Pires de Miranda et al., 2008, Rodrigues et al., 2006). 

Thus, the fact that disruption of these domains causes a delay in the normal kinetics of 

latency expansion in splenic follicles indicates that the modulation of Vav pathway by 

M2 is important for the efficient colonization of the spleen, more precisely of splenic 

follicles. Once the spleen is colonised, however, modulation of this pathway by M2 

seems to be dispensable for the expansion of latently infected GC B cells. Moreover, the 

observation that the phenotypes obtained by the M2Y and M2P2 are identical, further 

strength the idea regarding the coordinated action of these two docking sites during the 

activation of Vav in the host cell.  

 

Interestingly, the current study also revealed that the infection of mice with M2Y and 

M2P2 viruses does not recapitulate the overall biological program of the M2 protein 

during MuHV-4 latency. Thus, in contrast to what is observed with a M2 frame shift 

mutant virus, the infection with M2Y and M2P2 viruses does not result in the induction 

of persistent uncontrolled proliferation of infected GC B cells. These results indicate 

that other regions of M2 mediate this later stage of the MuHV-4 pathogenic programme. 

In fact, recent investigations from our group revealed that the long-term phenotype of 

the M2FS virus is not due to a molecular function of M2 but to an immunological 

effect. M2 contains an epitope that is actively recognized by CD8+ T cells and 

contributes to the control of latently infected cells (Husain et al., 1999, Usherwood et 

al., 2000, Usherwood et al., 2001). In the absence of M2, CD8+ T cells are not primed 

efficiently and cannot control the amplification of latency in GC B cells (Marques et al., 

2008) (further details in chapter 3). 

 

The results obtained during the current study and by Marques et al. (2008) are in 

apparent contradiction with former results obtained by our group (Rodrigues et al., 

2006). Experiments previously carried out in the laboratory revealed that infection of 

vav1-/- or vav2-/- mice with WT MuHV-4 virus resulted in a normal establishment of 

latency, but abnormally high levels of latently infected GC B cells were observed 

during long term persistence (Rodrigues et al., 2006). These data gave an indication that 
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M2-Vav interaction is required for the cessation of the GC reaction but is not important 

for the initial establishment of latency. Current results argue against these conclusions. 

Vav1 and Vav2 have been reported to have overlapping functions in B cells (Doody et 

al., 2001, Tedford et al., 2001), which can explain the absence of phenotype during the 

establishment of latency in Vav single knockout mice. Being M2 able to interact with 

both Vav1 and Vav2 (Rodrigues et al., 2006), it is possible that during the establishment 

of latency in B cells, Vav1 can compensate for the absence of Vav2 and vice versa. 

Moreover, Vav knockout mice present defects in several immune functions, including 

impaired T cell responses (DeFranco, 2001, Turner & Billadeau, 2002, Tybulewicz, 

2005), which are critical for the control of latently infected cells. The abnormally high 

levels of persistence in GC B cells can, therefore, be ascribed to the inability of the 

immune system to control latency amplification. These findings highlight the 

importance of the current study and alert for the danger of drawing conclusions from 

direct analysis of MuHV-4 infection of mice with impaired immunological responses to 

the virus. 

 

Recent results from our laboratory indicate that the proline-rich region and phosphosites 

of M2 are also involved in the interaction with other signalling molecules. This 

indicates optimal colonization of splenic follicles requires the modulation of additional 

B cell signalling pathways by M2, besides the Vav1/Rac1 pathway (further details in 

chapter 4). 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 3 

Disruption of phosphosites and CTL epitope recapitulates 

the dual phenotype obtained in the absence of M2 
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DISRUPTION OF PHOSPHOSITES AND CTL EPITOPE 

RECAPITULATES THE DUAL PHENOTYPE OBTAINED IN THE 

ABSENCE OF M2 
 

3.1. INTRODUCTION 

An unusual feature of M2 knockout phenotype in BALB/c mice is that despite acute 

latency deficit, long-term latency is increased (Simas et al., 2004). In the previous 

chapter, the acute latency phenotype has been related with the ability of M2 to modulate 

B cell signalling pathways. By mutating only the M2 amino acid residues critical for its 

interaction with host cell signalling proteins, the acute latency phenotype was 

reproduced but not the long-term sustained proliferation in GC B cells. This indicates 

that the later phenotype is related to another region of M2. In fact, a recent investigation 

carried out in our group has demonstrated that this later phenotype was due to the 

disruption of an epitope that is critical for CD8+ T cell-mediated control of latently 

infected cells (Marques et al., 2008). In this chapter, to address whether the M2 regions 

important for the establishment and maintenance of latency have been identified, the 

phenotype of an M2 double mutant, with both a functional region of M2 and the CD8+ 

T cell-epitope disrupted was evaluated.  

 

CD8+ T cells recognize specific peptide fragments derived from cytosolic protein 

antigens (epitopes) that are displayed on the surface of cells by major histocompability 

(MHC) class I molecules (Janeway et al., 2005). Once fully activated, CD8+ T cells 

differentiate into cytotoxic CD8+ T cells (CTLs) that kill cells displaying foreign 

epitopes. MHC molecules are encoded in a large cluster of genes that is inherited as a 

group or haplotype, which in the mouse are known as the H-2 genes. Each MHC 

molecule can bind a wide variety of different peptides but the different MHC variants 

each recognize specific sets of peptides. Because the MHC is polygenic and highly 

polymorphical, the range of peptides that can be presented to T cells is further extended. 

Since laboratory mice are inbred, each strain is homozygous and has a unique haplotype 

which is identified by a small letter (e.g. the MHC haplotype of BALB/c mice is H-2d). 

Mice class I MHCs consist of three major loci, K, D and L (Janeway et al., 2005). 
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S. M. Husain and co-workers demonstrated, in 1999, that M2 contains an H-2Kd-

restricted CD8+ T cell epitope, M284-99, that is actively recognized by CTLs from 

latently infected BALB/c mice (Fig. 3.1) (Husain et al., 1999). CD8+ T cells specific for 

this epitope are transiently induced, in a B cell dependent manner, reaching a peak 18 

days after infection (Usherwood et al., 2000). Adoptive transfer of M2-specific CD8+ T 

cells significantly reduced the transient rise of latently infected cells observed in the 

spleen during the establishment of latency but did not affect the long-term load 

(Usherwood et al., 2000).  Moreover, vaccination with M2 antigen also did not preclude 

reaching normal long-term latency levels despite a severe decrease in latent loads was 

observed earlier in infection (Usherwood et al., 2001). However, the impact of M2 

recognition on the steady state viral load has not been defined. 

 

 
 

Figure 3.1. Amino acid sequence of the M2 H-2Kd restricted CD8+ epitope. The anchor residues, 
which are specific residues through which the peptide fragment binds to the MHC molecules, are shown 
in blue. These residues are identical or structurally related for all peptides that bind the same MHC 
molecule, but differ for peptides that bind different MHC variants. 
 

CD8+ T cells are known to be important for the control of gammaherpesvirus infection, 

and evidence suggests that latency is primarily controlled by latent antigen-specific 

CD8+ T cell (Hislop et al., 2007). CTL-depleted mice show a consistent rise in the 

levels of latently infected cells in the spleen (Stevenson et al., 1999) and, although the 

cell population responsible for this increase was not identified, it is most likely caused 

by an inability to control virus-driven proliferation of the latently infected GC B cells. 

  

Strikingly, although M2 knockouts show an acute latency deficit in both BALB/c and 

C57BL/6 mice, the elevated long-term latent load is seen only in BALB/c mice (Jacoby 

et al, 2002, Macrae et al. 2003, Simas et al., 2004 and Figs. 2.3 and 2.9B). These 

observations, together with the described role of M2 epitope in the control of latency 

amplification in BALB/c mice, were the basis to a study to address whether the M2 

knockout later phenotype was caused by an inability of CD8+ T cells to control latently 

infected cells (Marques et al., 2008). M2FS and WT long-term viral loads were 

compared in different H-2d (BALB/c, DBA/2 and B6.C.H-2d) and non-H-2d (H-2b 

G N K L R S TF L COO-H3N+
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C57BL/6 and H-2q FVB) mice (Marques et al., 2008). Only H-2d mice showed an M2-

dependent long-term phenotype, indicating that M2 expression reduces the long-term 

latent load in an H-2-restricted manner. To confirm that the H2-restricted difference in 

long-term latent load was due to the recognition of M2 epitope, recombinant viruses 

with the epitope anchor residues disrupted were generated (Marques et al., 2008). 

Mutation of the anchor residues rendered the new peptide unable to bind Kd-MHC class 

I molecules, inhibiting the presentation of this M2-derived epitope and preventing the 

generation of H-2Kd-GFNKLRSTL-specific CD8+ T cells. Acute latency titres were 

unaffected by these mutations, indicating that M2 molecular function was not affected 

but, in contrast, long term titres of the anchor residue mutants were increased in 

BALB/c mice, like those of the M2FS virus. Furthermore, re-introducing the epitope 

into an ectopic site reversed the phenotype and depleting CD8+ T cells increased the 

WT latent load to levels identical of the anchor residue mutants (Marques et al., 2008). 

In summary, these data confirmed that recognition by specific CTLs of M2 infected GC 

cells is a requirement for controlling the proliferation of latently infected cells in H-2d 

mice. 

 

Given these results, a recombinant virus with point mutations in M2 protein that 

abrogate both the previously described M2 molecular functions and the recognition of 

M2-expressing cells by the immune system was generated. This recombinant was 

expected to recapitulate the M2-null virus phenotype both at early and long times after 

infection, and thus confirm that all the M2 motifs important for the establishment and 

maintenance of latency in the spleen have been identified. Viruses were intranasally 

administered to BALB/c mice as before and analysed during the establishment and 

maintenance of latency by ex vivo reactivation assay and in situ hybridization of splenic 

sections with viral miRNA/tRNA-specific probes. 
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3.2. RESULTS 

3.2.1. Generation and characterization of M2 mutant virus with 

disrupted phosphosites and H-2Kd epitope 

To test whether disruption of M2 phosphosites and H-2Kd-restricted CD8+ T cell 

epitope could recapitulate the M2-null virus (M2FS) phenotype in BALB/c mice, the 

M2YF85A recombinant virus was constructed using the BAC methodology described in 

the previous chapter and in Materials and Methods (Fig. 3.2). This virus contains both 

tyrosines (positions 120 and 129) shown to be important for the modulation of B cell 

signalling mutated to phenylalanines and the epitope anchor residue at position 85 

mutated from phenylalanine to alanine (Fig. 3.2A). Previous studies have demonstrated 

that disruption of this anchor residue is sufficient for preventing the generation of H-

2Kd-GFNKLRSTL-specific CD8+ T cells (Marques et al., 2008). The M2YF85A 

mutant was reverted by restoring position 85 to phenylalanine, and positions 120 and 

129 to tyrosines (M2YF85AR). 

 

DNA structures of the mutant viruses were verified by PCR of reconstituted virus DNA 

within the region of homologous recombination (Fig. 3.2, panel B), DNA sequencing 

and examination of restriction enzyme digestion profiles e of E. coli-derived BAC 

DNA. The stability of the introduced mutations was further checked in viruses 

recovered from latently infected spleens confirming the retention of the engineered 

point mutations. Spliced M2 transcripts could be readily detected in RNA extracted 

from fibroblasts infected with each of the viruses, confirming that the mutations did not 

affect transcription of M2 (Fig. 3.2, panel C).  
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Figure 3.2. Construction and characterization of M2YF85A and M2YF85AR viruses. Point 
mutations were introduced in M2 gene, resulting in specific amino acid alterations in the expressed M2 
protein. (A) Alignment of the M2 amino acid sequence of the viruses used in this study. WT M2 sequence 
is shown on top and for the other viruses conserved aa residues are represented by dots while altered aa 
residues are shown by the corresponding new letter. (B) High molecular weight DNA from MuHV-4 
infected BHK-21 cells was checked by PCR for genome integrity in the HindIII-E region. A schematic 
representation of HindIII-E region and amplicon coordinates for each PCR are shown. PCR products were 
electrophoresed on a 0.8% agarose gel and stained with ethidium bromide. Markers consisting of a 1 Kb 
Plus DNA ladder (Invitrogen) are shown to the left of each virus. (C) BHK-21 cells were infected with 
the indicated viruses at 5 pfu/cell. Total RNA was extracted after 12 hours and subjected to RT-PCR to 
detect M2 expression. PCR products were electrophoresed on a 1.25% agarose gel and stained with 
ethidium bromide. Primers genomic coordinates are 4208 to 4227 and 5833 to 5849, spanning the intron 
from coordinates 4610 to 5814. Product size is 436 bp. 
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3.2.2. Disruption of M2 phosphosites and CTL epitope 

recapitulates the acute latency deficit and the long-term 

latency increase observed in the absence of the protein 

 

M2YF85A virus and its revertant (M2YF85AR) were analysed following intranasal 

infection of BALB/c mice by ex vivo reactivation assay in total splenocytes. Analysis 

was performed during the establishment (14 and 21 days pi) and maintenance (50 days 

pi) of latency, always in comparison with WT and M2FS viruses. 

The latency titres of the M2YF85A recombinant were indistinguishable from the M2FS 

virus both during the establishment and the maintenance of latency (Fig. 3.3). This was 

characterized by a significant latency deficit compared to the WT at 14 days pi, 

consistent with both phosphosites having an important role in acute latency 

amplification. But by 50 days pi, when WT latent virus could not be detected, M2FS 

and M2YF85A titres were maintained high, consistent with M2 epitope recognition 

having a major impact on long-term viral load (Fig. 3.3). Furthermore, the revertant 

virus (M2YF85AR) behaved as the WT virus during the course of latent infection, 

indicating that phenotypic changes observed with the M2YF85A mutation were 

intrinsic to this locus and not the consequence of mutations elsewhere in the viral 

genome (Fig. 3.3) 
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Figure 3.3. M2YF85A recombinant behaves as M2FS virus during the establishment and 
maintenance of latency. BALB/c mice were intranasally infected (104 pfu) and at 14, 21 or 50 days pi 
spleens were removed and titrated for latent virus by infectious centre assay. Each point shows the titre of 
one mouse. Horizontal lines indicate arithmetical means. The dashed line represents the limit of assay 
detection and ND denotes that viral plaques were not detected. Pre-formed infectious virus, as measured 
by parallel titration of equivalent frozen/thawed samples, was always below the limit of detection of the 
assay. Infectious centre titres of the M2YF85A virus were always similar to those of M2FS (d14 P=0.31; 
d21 P=0.28 and d50 P=0.15, by Student’s t test). Revertant virus (M2YF85AR) titres were also not 
significantly different from WT (d14 P=0.08; d21 P= 0.04 and d50 P= 0.18). M2FS and M2YF85A 
showed significantly lower latency loads than WT by 14 days pi (M2FS p=0.006; M2YF85A p=0.005). 
At 50 days pi, M2FS and M2YF85A showed a significant increase in titres compared to WT (M2FS 
p=0.001; M2YF85A p=0.002). 
 

 

3.2.3. M2 mutant virus with disrupted phosphosites and H-2Kd 

epitope has the same kinetics of latency in the germinal 

centre as the M2-null virus 

Next viral miRNA/tRNA expression in spleen sections was analysed by in situ 

hybridization in order to investigate the role of the introduced mutations in the 

formation of infected germinal centres and later in the cessation of the expansion of 

latently infected GC B cells. The results obtained are in agreement with the ex vivo 

reactivation assays (Fig. 3.4). Thus, WT and M2YF85AR viruses showed a strong 

signal within most splenic follicles during acute latency (14 days pi) that decreased 

overtime reaching barely detectable levels at 50 days pi (Fig. 3.4). In contrast, the 

M2FS- and M2YF85A-infected mice had a weak signal early in infection but a very 

strong signal at later time points. At 21 and 50 days pi, both M2FS and M2YF85A 

mutants had more and bigger vmiRNA/vtRNA+ germinal centres than the WT or 

revertant viruses, confirming that disruption of M2 recognition by CD8+ T cells allows a 

sustained proliferation of latently infected B cells.  

Lo
g 

pf
u

/ 1
07

sp
le

no
cy

te
s

days pi:

1

3

4

ND

14        21        50

WT M2YF85AM2FS M2YF85AR

2

0

14        21        50 14        21        50 14        21        50



CHAPTER 4 

86 

 
Figure 3.4. M2YF85A recapitulates the kinetics of M2FS latency in splenic follicles. BALB/c mice 
were intranasally infected as shown and spleen sections hybridized with vmiRNA/vtRNA-specific 
riboprobes. (A) Representative spleen sections from each group of animals. Dark staining cells express 
vmiRNA/vtRNAs. All sections are magnified x200 and counter stained with haematoxylin. (B) 
Mean±SEM percentage of splenic follicles positive for vmiRNA/vtRNA expression (open bars) and 
positive with large clusters of vmiRNA/vtRNA+ cells (filled bars). Six sections per mouse and at least 
four mice per group were counted at each time point. Follicles were scored positive if they contained at 
least one vmiRNA/vtRNA+ cell and positive with expansion if they contained more than ten 
vmiRNA/vtRNA + cells. 
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3.3. DISCUSSION 

In this chapter, the ability of an M2 recombinant virus with disrupted binding activity to 

B cell signalling proteins and a disruption in the H-2Kd-restricted CD8+ T cell epitope to 

establish and maintain a long-term latent infection in BALB/c mice was evaluated. Both 

assays used – infectious centre assay and in situ hybridization with viral miRNA/tRNA-

specific probes – were concurrent in that the M2YF85A recombinant fully recapitulates 

the phenotype obtained in the absence of M2. This was characterized by reduced levels 

of splenic latency during the establishment of latency due to reduced numbers of 

infected GCs and an inability to control the lymphoproliferative amplification of latent 

viruses in GC B cells during long-term infection.  

This later phenotype confirms the results previously obtained by S. Marques 

demonstrating that the increased long-term persistence observed in M2FS infected H-2d 

mice is not caused by abrogation of an M2 molecular function but rather by an 

immunological effect (Marques et al., 2008). The absence of M2 epitope results in 

deficient CTL clearance of infected cells proliferating in the GC. Thus, the long-term 

latency load of MuHV-4 depends both on host and viral factors and can be determined 

by the recognition of a single CTL epitope. During the establishment of latency, the 

presence of CTL antigens should not interfere with the viral load because during this 

period, viral evasion severely limits CD8+ T cell function. Viral evasion is promoted 

mainly by the viral proteins M3 and K3 that are highly expressed during latency 

amplification (Rice et al., 2002, Stevenson et al., 2002).  

 

Overall the results obtained in this chapter confirm that the M2 motifs important for the 

establishment and maintenance of latency in the spleen have been identified: through 

the phosphosites and proline rich region, M2 modulates B cell signalling pathways in 

order to promote latency amplification; the CTL epitope, in the appropriate host MHC 

haplotype, renders M2 indirectly responsible for setting the long-term viral load.  

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 4 

Both phosphotyrosines of M2 contribute to the 

efficient colonization of germinal centres 
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BOTH PHOSPHOTYROSINES OF M2 CONTRIBUTE TO THE 

EFFICIENT COLONIZATION OF GERMINAL CENTRES 
 

4.1. INTRODUCTION 

In chapter 2, the phenotypes of MuHV-4 recombinant viruses harbouring disruptive 

mutations in the proline-rich region or in the phosphorylated region of M2 were 

analysed. It was demonstrated that these two regions, involved in the activation of Vav 

proteins, are essential for the early steps of MuHV-4 latency. 

 

The phosphorylated region of M2 contains two tyrosine residues (Tyr120 and Tyr129) 

susceptible to phosphorylation. It was previously shown that an M2 mutant protein 

(M2Y) containing two missense mutations on tyrosine residues 120 and 129 could not 

be phosphorylated by Fyn and could not mediate Vav1 activation (Rodrigues et al., 

2006). To identify the exact acceptor site of the phosphate group, M. Miranda has 

recently generated two M2 mutant proteins with either the Y120 (M2Y120F mutant) or 

the Y129 (M2Y129F mutant) residues mutated to phenylalanine (Pires de Miranda et 

al., 2008). Experiments were performed in order to investigate the phosphorylation 

status and the functional capability of these M2 mutant proteins at the biochemical and 

signalling level. Interestingly, these experiments revealed that Y120 is the predominant 

tyrosine phosphorylated by Fyn, being required for the formation of the M2/Vav1/Fyn 

complex and for M2-dependent activation of Vav1 (Pires de Miranda et al., 2008). In 

the absence of Y120, M2 is still phosphorylated but only at basal levels and M2-

dependent phosphorylation of Vav1 is also drastically reduced. In contrast, the 

M2Y129F mutant displayed only marginal defects.  

 

Furthermore, the study of the signalling properties of M2 and its mutants in B cells 

provided evidence suggesting that this protein may also manipulate other B cell 

signalling molecules (Pires de Miranda et al., 2008). To identify these new putative M2 

targets, F. Lopes has performed pull down experiments with M2 phosphorylated 

peptides containing either phosphorylated Y120 (Y*120) or Y*129 (Lopes et al., 

unpublished). Several proteins that bound to the peptides were identified by MALDI-

TOF. The results obtained revealed that M2 can indeed bind to endogenous proteins 
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other that Vav1 and Fyn. In addition, although both M2 phosphotyrosines seem to be 

involved in the binding to intracellular molecules, they have different specificities, 

targeting distinct endogenous proteins. While tyrosine 120 seems to be implicated in the 

assembly of a multiprotein complex that includes Vav1/2, phospholipase C gamma 2 

(PLCγ2), phosphoinositide 3 kinase (PI3K), Fyn and other Src kinases such as Lyn and 

Yes, and the adaptor protein NCK1, tyrosine Y129 seems to be involved in the binding 

to PLCγ1, PLCγ2, protein-tyrosine phosphatase SHP2 and PI3K. Remarkably, all of the 

identified proteins are involved in the transduction of signals following BCR 

stimulation (see chapter 1.2.3 and (Dal Porto et al., 2004, Niiro & Clark, 2002), 

reinforcing the notion that M2 is playing a role in the modulation of B cell signalling. 

Ongoing work is being performed by F. Lopes in order to confirm these interactions in 

vivo and determine whether the correspondent signalling pathways are being modulated.  

 

Thus, although the results obtained in chapter 2 were ascribed to the abrogation of M2-

mediated activation of the Vav/Rac1 pathway, it is now clear that other signalling 

pathways are likely to be involved in the subversion of B cell function by M2 during the 

establishment of latency. Given that the interaction of M2 with the signalling molecules 

is differentially mediated by its two phosphoryrosines (Y120 and Y127), the 

contribution of each tyrosine towards MuHV-4 pathogenesis in vivo was evaluated. 

Recombinant viruses with each tyrosine individually mutated to phenylalanine were 

generated and their ability to establish and maintain latency was analysed following 

intranasal infection of BALB/c mice. 
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4.2. RESULTS 

4.2.1. Generation and characterization of M2 recombinant 

viruses 

To assess the physiological outcome of the interactions between M2 and the different 

signalling molecules in a context of in vivo infection, two recombinant viruses with 

single point mutations within M2 were generated (Fig. 4.1, panel A). The M2Y120F 

virus encodes an M2 protein with tyrosine 120 mutated to phenylalanine while in the 

M2Y129F mutant virus, the tyrosine at position 129 has been substituted by 

phenylalanine (Fig. 4.1, panel A)  

 

MuHV-4 recombinant viruses were generated by homologous recombination of the 

viral genome in E. coli, as described in chapter 2 and in detail in Materials and 

Methods. The genomic structure of mutant viruses was verified by PCR of reconstituted 

virus DNA within the region of homologous recombination (Fig. 4.1, panel B) and 

analysis of restriction enzyme profile of E. coli-derived BAC DNA. Furthermore, the 

presence of site-specific point mutations in each recombinant virus as well as the 

absence of unwanted mutations was confirmed by DNA sequencing across the M2 

region in the BAC plasmid. 

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 3 

94 

 
 
Figure 4.1. Construction and verification of the genomic structure of M2Y120F and M2Y129F 
viruses. Point mutations were introduced in the M2 gene by homologous recombination of the viral 
genome cloned as a BAC, resulting in specific amino acid (aa) substitutions in the produced M2 protein. 
(A) Schematic representation of the HindIII-E region of MuHV-4 genome, with aa sequence of the M2 
region subjected to mutation depicted. M2 sequence in WT MuHV-4 is represented in the top, while 
recombinant virus similarities to WT M2 are represented by dots and, when appropriate, the altered aa 
residue is shown. (B) High molecular weight DNA from MuHV-4 infected BHK-21 cells was checked by 
PCR for genome integrity in the HindIII-E region. Amplicon coordinates for each PCR are shown. PCR 
products were electrophoresed on a 0.8% agarose gel and stained with ethidium bromide. Markers 
consisting of a 1 Kb Plus DNA ladder (Invitrogen) are shown to the left of each virus. 
 

 

The stability of the introduced mutations was further checked in viruses recovered from 

latently infected spleens confirming the retention of the engineered point mutations. 

Spliced M2 transcripts could be readily detected in RNA extracted from fibroblasts 

infected with each of the viruses, confirming that the mutations did not affect 

transcription of M2 (Fig. 4.2).  
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Figure 4.2. Analysis of M2 transcription during lytic infection in cultured cells. BHK-21 cells were 
infected with the indicated viruses at 5 pfu/cell. Total RNA was extracted after 12 hours and subjected to 
RT-PCR to detect M2 expression. Primers genomic coordinates are 4208 to 4227 and 5833 to 5849, 
spanning the intron from coordinates 4610 to 5814. Product size is 436 bp. 
 

 

4.2.2. M2 tyrosine residues 120 and 129 both play an important 

role in the establishment of latency in the spleen  

To characterize the role of the introduced mutations during the establishment and 

maintenance of latency, BALB/c mice were intranasally infected with each virus and 

the latent load in the spleen was examined by quantification of reactivation-competent 

virus by infectious centre assay. For comparative purposes the viruses analysed 

included the M2Y120F and M2Y129F single mutants alongside wild type MuHV-4 and 

the previously described M2Y mutant that has both phosphotyrosines mutated to 

phenylalanines. M2Y virus was used as a control to distinguish whether each tyrosine 

was responsible for the totality or just a subset of the functions previously ascribed to 

the interaction with Vav during the establishment of latency (M2Y behaves as M2FS 

during this period). 

As expected, 14 days after infection mice infected with M2Y recombinant virus 

presented a significant defect in latent load compared to what was found for the WT 

virus (Fig. 4.3, panel A). Strikingly, in mice infected with either M2Y120F or 

M2Y129F viruses there was also a significant reduction in infectious centre titres 

compared to WT MuHV-4, although neither mutation completely recapitulated the 

latency deficit obtained in the absence of both tyrosines. Furthermore, deletion of 

tyrosine 129 seemed to have a slightly higher effect than deletion of tyrosine 120.  

By day 21 post-infection, all M2 mutants presented a small but significant increase in 

titres compared to wild type (Fig. 4.3, panel A). During long-term latency, the 

phenotype of the individual tyrosine mutants was indistinguishable from the WT, which 

was already expected since the M2Y mutant also displays normal latency levels at day 

50 pi (Fig. 4.3, panel A). 

M2 436 bp
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To exclude the possibility that the observed effects in M2Y120F and M2Y129F mutant 

viruses were due to rearrangements outside M2 gene, a second independent recombinant 

was engineered for each virus (M2Y120Fi and M2Y129Fi). These viruses were 

analysed at day 14 pi by ex-vivo reactivation assay, in parallel with M2Y120F and 

M2Y129F viruses (Fig. 4.3, panel B). No significant difference was detected in the 

number of infectious centres of each mutant and the correspondent independent mutant. 

These results indicate that both phosphosites of M2 are playing a role during the 

establishment of latency in the spleen. 

 
Figure 4.3. Normal establishment of latency in the spleen is dependent on both phosphosites of M2. 
BALB/c mice were intranasally infected with 104 pfu of the inficated viruses and, at the indicated days pi, 
reactivatable latent viruses in the spleen were measured by infectious centre assay. Titres of preformed 
infectious viruses were negligible in all spleen samples. Each circle represents an individual mice and the 
horizontal bar represents the mean titre per group of animals. ND denotes that viral plaques were not 
detected and the dashed line indicates the limit of detection of the assay. (A) M2Y120F, M2Y129F and 
M2Y viruses showed a significant reduction in titres compared to WT 14days pi (P<0.02 by Student’s t-
test). At 21 days pi, all mutant viruses presented a small but significant increase in the number of 
reactivation-competent viruses compared to WT (P<0.05). (B) Infectious centre titres of the independent 
mutant viruses (M2Y120Fi and M2Y129Fi) were not significantly different from the correspondent 
mutant viruses (M2Y120F and M2Y129F, respectively) (P=0.07 and P=0.13, respectively). 
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4.2.3. Latency amplification in the splenic follicles is delayed in 

the absence of either Y120 or Y129 

Next, the role of the introduced mutations in the ability of MuHV-4 to colonise splenic 

follicles and induce the expansion of latency in GCs was investigated by assaying viral 

miRNA/tRNA expression in spleen sections by in situ hybridization (Fig. 3.4). 

M2Y120F and M2Y129F mutant viruses showed a significant reduction in the number 

of vmiRNA/vtRNA+ splenic germinal centres at 14 days pi compared to that of the WT 

virus (Fig. 4.4B). There were both a smaller percentage of vmiRNA/vtRNA+ follicles 

and reduced levels of vmiRNA/vtRNA+ cells inside each infected follicle (Fig. 4.4A, 

panels a-d and Fig. 4B). This was consistent with a failure of cells latently infected with 

M2Y virus to be expanded in the germinal centres 14 days pi, although, once again, the 

deficit in latency expansion observed for the single tyrosine mutants was not as 

pronounced as that obtained for the double tyrosine mutant. 

In contrast to the events during the early establishment of latency, at 21 days pi the 

mean percentage of positive follicles was higher for spleens from mice infected with 

M2Y120F, M2Y129F or M2Y mutants in comparison with spleens from mice infected 

with WT MuHV-4 (Fig. 4.4B). Notably, at this time post-infection, the number of 

vmiRNA/vtRNA+ cells per follicle was very high for all mutant viruses, indicating that 

the latently infected cells had already begun to proliferate (Fig. 4.4A, panels f,g,h).  

Once again, there was no difference in splenic follicles colonization between mutant 

and WT viruses at later times (Fig. 4.4A, panels i-l and Fig. 4.4B). 

 

The results obtained demonstrate that tyrosine residues 120 and 129 are both important 

for the colonization of splenic follicles by MuHV-4 and that the absence of either 

tyrosine results in a delay in the expansion of latently infected cells within the GC. 
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Figure 4.4. Delayed splenic follicles colonisation by MuHV-4 viruses lacking M2 tyrosine residues. 
BALB/c mice were infected intranasally with 104 pfu of WT or M2 mutant MuHV-4 viruses, and spleen 
sections were hybridized in situ with a probe specific for viral miRNA/tRNAs. (A) Representative 
sections showing vmiRNA/vtRNA+ cells in splenic follicles of mice infected with WT and M2 mutant 
viruses. Dark staining indicates cells positive for viral encoded miRNA/tRNAs. All sections are 
magnified x200 and counter stained with haematoxylin. (B) Mean percentage ± SEM of 
vmiRNA/vtRNA+ follicles (open bars) and positive follicles with large clusters of vmiRNA/vtRNA+ cells 
(filled bars). Six sections per mice and at least 4 mice per group were counted at each time point. Follicles 
were scored positive if they contained at least one vmiRNA/vtRNA+ cell and positive with expansion if 
they contained more than ten vmiRNA/vtRNA+ cells. 
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4.2.4. Delayed amplification of latency within splenic follicles 

corresponds to a delayed expansion of GC B cells 

As a further measure of latency, the frequency of viral genome-positive cells in the GC 

B cell population during the establishment of latency was quantified using the 

previously described limiting dilution rtPCR method. 

As expected, at 14 days pi the frequency of M2Y DNA-positive cells was 

approximately 10-fold lower in comparison with WT (Fig. 4.5 and Table 4.1). At 21 

days pi, the frequency of virus DNA positive GC B cells in M2Y-infected mice 

increased, contrasting with the decrease in WT MuHV-4-infected cells. Again, 

examination of recombinant viruses harbouring mutations in Y120 or Y129 revealed 

that both mutations had a significant impact in the establishment of latency in GC B 

cells, fully recapitulating the phenotype observed for M2Y virus at both time points 

measured. Thus, these results are in agreement with the in situ hybridization analysis 

and shown that the infected cells expanding in the splenic follicles correspond to GC B 

cells. 

 

 

 
Figure 4.5. Normal kinetics of expansion of latently infected GC B cells requires both M2 tyrosines. 
BALB/c mice were infected as previously and, at 14 or 21 days pi, frequency of viral infection in purified 
GC B cells (B220+/PNAhigh) was determined by limiting dilution and real-time PCR. Purity of sorted 
population was always >98%. Data were obtained from pools of five spleens per group. Bars represent 
the frequency of viral DNA positive cells with 95% confidence intervals.  
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Table 4.1. Frequency of genome-positive GC B cellsa. 

Days    
p.i. Virus Reciprocal frequencyb of viral  

DNA+ GC B cells (95% CI)
 
 %Cellsc %Purityd Total no. 

of cellse 
No. of viral    
DNA+ cellsf 

14 WT  3 (2-8) 6.5 98.8 1.3x10
7
 3,790,229 

 M2Y 40 (26-85) 6.3 99.9 1.3x10
7
 314,795 

 M2Y120F 47 (29-127) 6.7 98.7 1.3x10
7
 280,524 

 M2Y129F 43 (26-121) 6.4 98.7 1.3x10
7
 297,070 

21 WT  85 (55-185) 5.7 99.7 1.1x10
7
 134,271 

 M2Y 13 (8-29) 6.8 99.4 1.4x10
7 1,042,367 

 M2Y120F 17 (11-37) 6.0 99.9 1.2x10
7
 703,443 

 M2Y129F 19 (12-46) 6.2 99.7 1.2x10
7
 647,638 

a Data were obtained from pools of at least five spleens. 
b Frequencies were calculated by limiting-dilution analysis with 95% confidence intervals (CI). 
c The percentage of GC B cells from total spleen was estimated by fluorescence-activated cell sorting (FACS) analysis. 
d The purity of sorted cells was determined by FACS analysis. 
e The total number of cells was estimated from the percentage of the total spleen, based on an estimate of 2 x 108 cells/spleen. 
f The number of latently infected cells was based on the frequency of latency within GB B cells and the estimated total number of 
cells.  
 

Taken together, these results show that tyrosines 120 and 129 are both important for the 

normal kinetics of establishment of latency in the spleen. This indicates that the 

modulation of Vav1 activity by M2 is indeed required for normal kinetics of latency in 

GC B cells, but also that additional signalling molecules are need to be modulated by 

M2, through tyrosine 129 in addition to tyrosine 120, to promote an efficient 

colonization of splenic follicles. 

 

 

4.3. DISCUSSION 

In chapter 2, it was demonstrated that an M2 recombinant virus with both 

phosphotyrosines disrupted presents a strong defect in acute latency amplification. In 

this chapter, the contribution of each phosphotyrosine to the function of M2 in the 

context of a latent MuHV-4 infection in vivo was evaluated.  Recombinant viruses with 

the tyrosines individually mutated to phenylalanines were generated and characterized 

with respect to the establishment of latency in the spleen by three independent but 

complementary assays: ex vivo reactivation assays to measure latent infection in total 

splenocytes, in situ hybridization analysis to identify virally infected cells within the 

spleen and flow cytometry coupled to limiting dilution and real time PCR to quantify 

the frequency of viral DNA positive GC B cells in the spleen. Results from the three 
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assays are in agreement and reveal that mutation of either tyrosine results in a delay in 

the establishment of latency in the spleen, in particular in the seeding of splenic follicles 

and amplification of the GC B cell population. Thus, both Y120 and Y129 constitute 

functionally important motifs during the establishment of latency. 

 

Results obtained previously with MuHV-4 recombinants harbouring disruptive 

mutations in the proline-rich region or both phosphosites of M2 were ascribed solely to 

the disruption of the Vav1/Rac1 pathway. However, recent experiments revealed that 

only tyrosine 120 is involved in the activation of Vav proteins (Pires de Miranda et al., 

2008). The striking phenotype obtained following infection with both single tyrosine 

mutant viruses demonstrates the importance of both tyrosines and supports the 

hypothesis that M2 is a multifunctional protein interacting with a number of cellular 

proteins. In fact, unpublished work performed by F. Lopes indicates that M2 may utilize 

targets in the cell other than the Vav family of proteins. M2 partners identified so far 

include PI3K, PLCγ2 Vav1, Vav2 and the Src-tyrosine kinases Fyn and Lyn. These 

proteins are involved in cell signalling and all participate in a multimolecular complex 

known as BCR signalosome (Fruman et al., 2000). Although in vitro results already 

obtained indicate that tyrosine 120 has a predominant role in the assembly of this 

molimolecular complex, data presented in this chapter demonstrate that in vivo both 

tyrosines are important and, furthermore, mutation of tyrosine 129 has a slightly higher 

effect on the establishment of latency than mutation of tyrosine 120. 

 

The B cell signalosome is a stable signalling complex that is assembled at the cytosolic 

side of the plasma membrane upon BCR engagement and that bridges the B cell 

receptor with multiple signalling pathways, thus regulating the biologic outcomes of B 

cell function and development (Fruman et al., 2000, Scharenberg et al., 2007). 

Assembly of this signalosome is mediated by adaptor molecules, such as the B cell 

linker (Blnk) or the B cell adaptor for PI3K (BCAP), which are phosphorylated after 

BCR ligation by BCR-associated protein tyrosine kinases (Fu et al., 1998, Kurosaki, 

2002, Okada et al., 2000). Tyrosine phosphorylation of adaptor molecules provides 

docking sites for SH2-containing effector molecules that, in turn, permits the 

phosphorylation and/or activation of their respective signalling pathways (Kurosaki, 

2002). It is therefore likely that M2 is mimicking a constitutively active adaptor 

molecule and assembling a B cell signalosome in the absence of BCR stimulation. 
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Ongoing work by F. Lopes is trying to confirm biochemically these interactions and 

access the effect in the respective signalling pathways.  

 

Several unique gammaherpesvirus proteins harbour tyrosine residues that are involved 

in binding SH2 domain-containing proteins and have been shown to modulate 

lymphocyte signalling pathways parallel to those activated by BCR recognition of 

cognate antigen  (Grande et al., 2007). These include EBV latent membrane protein 2A 

(LMP2A), KSHV proteins K1 and K15, and rhesus rhadinovirus R1 protein (Brinkmann 

et al., 2003, Damania, 2004). In particular, KSHV K1 protein has been shown to 

assemble a signalling complex containing most of the proteins that were identified as 

M2 binding proteins, modulating their activity and ultimately inducing the activation of 

the downstream pathways (Lee et al., 2005). Moreover, these interactions with cellular 

signalling proteins occur through two phosphorylated tyrosines that belong to a single 

ITAM and also display different specificities. However, testing the relevance of these 

amino acids in the context of a natural host infection has not been done due to the lack 

of amenable animal model systems. Although M2 tyrosines are not part of an ITAM 

consensus sequence, they are functionally homologous to K1 tyrosines, both eliciting 

downstream signalling transduction and targeting different cellular proteins. 

 

The current study constitutes the first report in which the significance of individual 

tyrosine residues present in a gammaherpesvirus signalling protein was tested in the 

context of a natural infection. Results obtained indicate that both tyrosine residues of 

MuHV-4 M2 protein are responsible for transducing signals that promote the migration 

of the latently infected B cell to B cell follicles where it establishes a GC reaction, 

thereby expanding the pool of latently infected cells. 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 5 

Characterization of M2 function in MuHV-4 

infected dendritic cells and macrophages  
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CHARACTERIZATION OF M2 FUNCTION IN MUHV-4 

INFECTED DENDRITIC CELLS AND MACROPHAGES 
 

5.1. INTRODUCTION 

In the previous chapters, the importance of M2 functional domains for the establishment 

of latency in the spleen, specifically in splenic B cells, was analysed. However, MuHV-

4 is also able to latently infect other cell types besides B cells, including dendritic cells 

(DCs) and macrophages (Flano et al., 2000, Flano et al., 2003, Marques et al., 2003, 

Weck et al., 1999). Recent studies suggest that these cell types may play a more 

important role during the early steps of latency establishment than initially thought 

(Flano et al., 2005, Hochreiter et al., 2007, Rosa et al., 2007, Smith et al., 2007, 

Weslow-Schmidt et al., 2007). Several viral proteins are known to be multifunctional 

and being M2 an adaptor molecule capable of interacting with a number of cellular 

proteins, it is possible that M2 is also involved in the functional modulation of MuHV-

4-infected DCs and macrophages.  

 

Activation of dendritic cells and macrophages is critical for the initiation of both innate 

and adaptive immune responses against viruses (Redpath et al., 2001). Mobilization of 

antiviral innate immunity by DCs and macrophages occurs via multiple pathways, 

namely chemokine-mediated attraction, cytokine-mediated activation and contact-

dependent activation. In adaptive immunity, both macrophages and DCs act as antigen-

presenting cells (APCs), mediating the activation of B and T lymphocytes (Janeway et 

al., 2005, Larsson et al., 2004). Viruses from several different families interfere with 

host immune response by infecting DCs and macrophages and employing an array of 

mechanisms that disrupt their functional activity (Larsson et al., 2004, Redpath et al., 

2001). These mechanisms include the interference with antigen-presentation pathways 

to prevent surface expression of MHC-peptide complexes and co-stimulatory 

molecules, interference with IFN signalling, modulation of the production and secretion 

of many cytokines and chemokines and inhibition of maturation, migration and/or 

viability of the infected cell (Larsson et al., 2004, Redpath et al., 2001, Wiertz et al., 

2007).  
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Thus, the participation of DCs and macrophages in antiviral responses can be severely 

compromised if they become infected. Furthermore, evidence is accumulating that viral 

pathogens can use DCs and macrophages not only to subvert the antiviral immune 

response but also to disseminate viral infection throughout the body of the host (Palucka 

& Banchereau, 2002). HIV virus has evolved ways to infect and exploit macrophages 

and dendritic cells as a means to efficiently disseminate to other tissues such as the 

lymph nodes, where infection is transmitted to CD4+ T cells (Carter & Ehrlich, 2008, 

Wu & KewalRamani, 2006). Interestingly, HIV Nef protein, which is a non-enzymatic 

adaptor protein involved in the modulation of Vav1/Rac1 and other signalling pathways 

in T cells (Fackler et al., 1999), is also involved in virus transmission from DCs to 

CD4+ T cells by up-regulating DC-SIGN expression and promoting clustering of CD4+ 

T cells around the infected DCs (Sol-Foulon et al., 2002). Varicella-Zoster virus also 

infects DCs, altering their immune function. Furthermore, evidence indicates that this 

virus is hijacking DCs in order to disseminate in the host and transmit to T cells 

(Abendroth et al., 2001, Morrow et al., 2003). 

 

Regarding the human gammaherpesvirus EBV, although B cells constitute its major 

latency reservoir, in vitro experiments have shown that this virus is able to inhibit the 

development of dendritic cells by infecting their monocyte precursors and inducing their 

apoptosis (Guerreiro-Cacais et al., 2004, Li et al., 2002). KSHV is able to infect a 

variety of cell types in vivo, including B cells, macrophages and dendritic cells (Moore 

& Chang, 2003, Rappocciolo et al., 2006). A study has demonstrated that dendritic cells 

from KSHV-infected patients are functionally impaired in their ability to induce T cell 

proliferation (Stebbing et al., 2003). Furthermore, KSHV-infected DCs undergo 

incomplete maturation and have defective antigen-presenting function and altered 

pattern of cytokine production (Cirone et al., 2007, Rappocciolo et al., 2006).  

 

Like its human counterparts, the murine gammaherpesvirus MuHV-4 uses B cells as the 

major latency reservoir but is also able to latently infect other cell subsets, including 

epithelial cells, macrophages and DCs (Flano et al., 2000, Flano et al., 2003, Marques et 

al., 2003, Stewart et al., 1998, Weck et al., 1999).  During the establishment of latency 

in the spleen, both DCs and macrophages harbour significant levels of latent virus, 

although long term latency is restricted primarily to B cells (Flano et al., 2000, Flano et 

al., 2003, Marques et al., 2003). Latency in the lungs of WT mice is also established in 
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dendritic cells and macrophages, although long term latency in the lungs is only 

maintained in B cells (Flano et al., 2003). Given the possibility that MuHV-4 is 

infecting DCs and macrophages as a strategy for usurping their function, recent studies 

have examined the specific consequences of DC and macrophage infection by MuHV-4, 

both in vivo and in vitro.  

In vivo studies have demonstrated that respiratory dendritic cells are colonized very 

early in infection, harbouring high frequencies of viral DNA during the first week of 

infection (Flano et al., 2005). This early infection of DCs was both latent and 

productive, with episomal (latent) and linear (lytic) viral DNA being detected in lung 

DCs as early as day 3 after infection (Flano et al., 2005). In vitro studies with bone 

marrow-derived DC cultures have shown that MuHV-4 is able to infect immature DCs 

both latently and productively (Flano et al., 2005, Smith et al., 2007), whilst mature 

DCs appear to resist infection (Smith et al., 2007). MuHV-4 infection did not induce 

DC maturation, as assessed by analysis of cell surface expression of co-stimulatory and 

MHC molecules, as well as secretion of pro-inflamatory cytokines (Flano et al., 2005, 

Hochreiter et al., 2007, Smith et al., 2007). Furthermore, lytic and latently infected DC 

could not be induced to mature in response to IFN-γ activation signal (Smith et al., 

2007). Response to LPS was, however, normal in latently infected DCs while in 

lytically infected DCs this maturation signal triggered cell death, indicating that lytic 

infection is incompatible with DC activation (Smith et al., 2007).  

MuHV-4 infected DCs have been shown to inhibit T cell activation (Flano et al., 2005). 

Lytically infected DCs inhibited, in a K3-dependent manner, MHC class I-restricted 

antigen presentation, protecting the infected DC against CTL-mediated lysis (Smith et 

al., 2007). Furthermore, MuHV-4-infection of DCs induced the production of the  

immunosuppressive cytokine IL-10, which is also involved in the inhibition of T cell 

activation (Flano et al., 2005). Analysis of infected mice revealed increased levels of 

IL-10 expression in DCs, and absence of IL-10 decreased viral load during the 

establishment and maintenance of latency (Flano et al., 2005, Peacock & Bost, 2001).  

 

Much less is known about MuHV-4 infection and functional modulation of 

macrophages. It has not been examined whether macrophages, like respiratory DCs, are 

an early reservoir of latency. A recent study from Rosa et al. (2007) has shown that, like 

with bone marrow-derived DCs, MuHV-4 is able to infect macrophages cultures both 

lytically and latently. Furthermore, lytic MuHV-4 infection of macrophages resulted in 
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K3-dependent down-regulation of antigen presentation by MHC class I  molecules, 

reduced endocytosis and impaired responses to LPS (Rosa et al., 2007). Similarly to 

DCs, macrophages from MuHV-4 infected mice have been shown to produce increased 

levels of the immunosupressor cytokine IL-10 (Peacock & Bost, 2001).  

 

The above described studies provide evidence that MuHV-4 infection of DCs and 

macrophages modulates their function, supporting the possibility that infection of these 

cells is a viral evasion strategy that may confer selective advantage for the virus. 

Besides limiting the priming of antiviral immunity, Smith and co-workers have 

suggested that, in a manner similar to HIV (Wu & KewalRamani, 2006), infection and 

functional modulation of DCs might reflect a strategy to promote viral dissemination 

(Smith et al., 2007). After getting infected in the periphery, where lytic infection is 

abundant, DCs would migrate to the draining lymph nodes that are enriched in B cells. 

In these tissues, viral reactivation would allow the transmission of MuHV-4 to B cells, 

which are the long term reservoir of MuHV-4 (Smith et al., 2007).  

 

Besides K3 (Rosa et al., 2007, Smith et al., 2007), no other viral factors contributing to 

the infection and functional modulation of DCs and macrophages have been identified. 

Interference with DC/macrophage activation is likely to be mediated by a viral 

protein(s) that modulates intracellular pathways involved in DC/macrophage activation. 

Several evidences make M2 a good candidate for this function. First, M2 has been 

shown to be expressed in MuHV-4-infected bone-marrow derived DC cultures (Flano et 

al., 2005) and in splenic DCs from latently infected mice (Marques et al., 2003). 

Second, M2 is able to bind and modulate the function of several intracellular proteins 

involved in B cell signalling (Pires de Miranda et al., 2008, Rodrigues et al., 2006). 

Third, in vitro studies have shown that M2 is able to subvert IFN-α/β and IFN-γ 

responses by downregulating STAT1 and STAT2 (Liang et al., 2004). This is of 

particular importance since MuHV-4 infected DCs presented impaired response to IFN-

γ (Smith et al., 2007). Fourth, M2-expressing B cells have been shown to secrete high 

levels of IL-10 (Siegel et al., 2008). The same effect was seen in MuHV-4 infected DCs 

and macrophages (Flano et al., 2005, Peacock & Bost, 2001). 

 

Thus, in order to evaluate the role of M2 in MuHV-4 infection of DCs and 

macrophages, two different approaches were followed. First, the importance of M2 
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expression during in vitro infection of DC and macrophage cultures was analysed. Raw 

cells, peritoneal macrophages and bone marrow-derived DCs were infected with WT or 

M2 deletion (M2FS) viruses and the establishment of lytic and latent infections was 

evaluated by immunofluorescence. Second, the role of M2 in the early infection of DCs 

and macrophages during in vivo infection of mice was analysed. BALC/c mice were 

intranasally infected with either WT or M2FS viruses and, 3 to 6 days after inoculation, 

mediastinal lymph node (MLN) DCs and macrophages were subjected to limiting 

dilution coupled with real time PCR to quantify the frequency of viral DNA+ cells and 

to ex vivo reactivation/plaque assay to measure the level of latent and lytic infection. 

 

 

5.2. RESULTS 

5.2.1. M2 is not important for in vitro MuHV-4 infection of 

dendritic cells  

Dendritic cells were generated from bone marrow precursors of naive C57BL/6 mice as 

described in detail in Materials and Methods. Bone marrow precursors were cultured in 

the presence of granulocyte/macrophage colony-stimulating factor (GM-CSF) to 

stimulate proliferation of DCs. After 7 days in culture, the degree of purity, immature 

phenotype and responsiveness to maturation signals of the population were evaluated by 

flow cytometric analysis of cell surface expression of CD11c (a DC marker) and CD86 

(a maturation marker), with or without prior LPS treatment (Fig. 5.1A). More than 90% 

of the population corresponded to immature DCs (CD11c+; CD86low) which upregulated 

the CD86 co-stimulatory marker in response to LPS treatment (Fig. 5.1A). 

To investigate the consequences of M2 depletion in MuHV-4 infection of DCs, DC 

cultures were infected with either the M2FS-BAC+ virus that does not express M2 or 

with the M2FSR-BAC+ virus, in which the M2FS locus was restored to the wild type 

status (Simas et al., 2004). Both viruses retained the loxP-flanked BAC cassette (Adler 

et al., 2000) that includes eGFP under a human cytomegalovirus IE-1 promoter, so that 

DC infection could be tracked by eGFP expression. The HCMV promoter is known to 

operate independently of the rest of the MuHV-4 genome and infected cells are not 

necessarily GFP+ (Smith et al., 2007). However, despite underestimating the total 
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number of infected cells, HCMV IE1 promoter activity gives a good relative indication 

of infection in different populations (Rosa et al., 2007, Smith et al., 2007). 

DC cultures were infected with a multiplicity of infection of 5 pfu/cell and, 18 hours 

after infection, the percentage of eGFP+ cells was measured by flow cytometry (Fig. 

5.1B). M2FSR-BAC+-infected cultures contained 18% eGFP+ DCs (Fig. 5.1B). This 

value is in agreement with the results obtained by Smith and co-workers for wild-type 

virus-infected DCs, under the same conditions (Smith et al., 2007). Results obtained for 

the M2FS-BAC+ virus were very similar (21% eGFP+ cells), indicating that there are no 

major differences in the total number of infected cells (Fig. 5.1B).  

MuHV-4 infection of DCs fails to induce cellular maturation and evidence suggests that 

this is a virus-driven phenomenon (Hochreiter et al., 2007, Smith et al., 2007). To test 

the hypothesis that M2 is interfering with DC activation, cell activation in M2FS-BAC+- 

and M2FSR-BAC+-infected cultures was monitored by cell surface analysis of CD86 

co-stimulatory molecule (Fig. 5.1C). The results obtained for M2FS and M2FSR viruses 

were once again identical. CD86 expression was not upregulated after infection with 

M2FS-BAC+ or M2FSR-BAC+ (Fig. 5.1C) indicating that, under these conditions, M2 

is not important for blocking DC activation. 
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Figure 5.1. FACS analysis of MuHV-4-infected bone marrow-derived dendritic cells. (A) Cells were 
generated from C57BL/6 mouse bone marrow precursors in the presence of GM-CSF and harvested after 
7 days in culture. Cells were treated or not with LPS (300 ng/ml) for 6h, stained with anti-CD11c and 
anti-CD86 mAbs and analysed for cell surface expression of CD11c (DC surface marker) and CD86 
(maturation marker). (B) DC cultures were left uninfected or infected with 5 pfu/cell of M2FS-BAC+ or 
M2FSR-BAC+ viruses for 18h. Infection was evaluated by flow cytometric analysis of eGFP expression. 
The percentage of cells in each quadrant is shown. C. DC cultures were left uninfected or infected as in 
B., gated on CD11c+ cells and analysed for eGFP expression and cell surface CD86+ expression. The 
percentage of cells in each quadrant is shown. 
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Although the above results seem to indicate that M2 expression is not important for 

infection or activation status of DCs, BAC-eGFP expression does not distinguish lytic 

from latent infection. Because viral gene expression, in particular M2 expression, varies 

significantly between these two states, DC phenotypes can also be different and 

therefore results from mixed populations can be misleading. This is true for MuHV-4 

K3 that down-regulates MHC class I-restricted antigen presentation in productively 

infected DCs, but in unfractionated infected cultures antigens appear to be presented 

normally (Flano et al., 2005, Smith et al., 2007).  

 

To test the impact of M2 in MuHV-4 lytic and latent infection of DCs separately, capsid 

distribution alongside with eGFP expression were analysed by immunofluorescence in 

M2FS-BAC+ and M2FSR-BAC+-infected DC cultures. Incoming MuHV-4 capsids 

migrate to the nuclear margin but remain perinuclear, whereas newly expressed capsids 

assemble inside the nucleus. Thus, strong intranuclear staining for ORF65 capsid 

component indicates lytic infection whereas scattered perinuclear ORF65 capsid 

staining reflects input virions only and is a strong indication of latent infection (Smith et 

al., 2007).  

 

DCs were plated onto coverslips and infected with either M2FS-BAC+ or M2FSR-

BAC+ for 24 hours. Cells were then fixed, permeabilized and stained with an anti-

ORF65 monoclonal antibody (Fig. 5.2A). In agreement with previous results obtained 

for MuHV4-BAC+ virus (Smith et al., 2007), M2FSR-BAC+ infected cultures 

harboured a mixture of lytic and latent infected DCs, and BAC-eGFP expression did not 

correlatewith either lytic of latent infection (Fig. 5.2A). Significant numbers (>10%) of 

the following staining patterns were observed in the infected DC cultures: cells with 

strong ORF65 nuclear staining expressing eGFP, which are lytically infected (Fig. 5.2A, 

Arrow A); cells with strong intranuclear ORF65 staining and very weak or absent eGFP 

expression, which are also lytically infected (Fig. 5.2A, Arrow B); cells with punctuate 

perinuclear ORF65 staining expressing eGFP, which are latently infected (Fig. 5.2A, 

Arrow C) and cells with punctuate perinuclear ORF65 staining that do not express 

eGFP, which are probably also latently infected (Fig. 5.2A, Arrow D). Perinuclear 

ORF65 staining was more common than strong intracellular staining indicating, in 

agreement with former studies (Smith et al., 2007), that the M2FSR-BAC+ virus was 
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mainly latent in DCs. Deletion of M2 had no effect in viral lytic or latent DC infection, 

with the four above described staining patterns also being present in M2FS-BAC+ 

infected cultures (Fig. 5.2A). Furthermore, the levels of lytic vs latent infection were 

also similar to those obtained in M2FSR-BAC+ infected cultures. 

 

The effect of M2 in DC activation by exogenous signals was next studied. DC cultures 

were infected with either M2FS-BAC+ or M2FSR-BAC+ for 18 hours, treated with LPS 

for another 6 hours and analysed for distribution of ORF65 capsid component and eGFP 

expression (Fig. 5.2B). Once again M2FS-BAC+ and M2FSR-BAC+ had the same 

behaviour. This was characterized by an increase in eGFP expression by latently 

infected cells, consistent with  HCMV promoter being activated by LPS  and a 

significant reduction in the number of lytically infected cells, consistent with DC 

activation inducing the death of lytically infected cells (Smith et al., 2007) (Fig. 5.2B).  

Thus, the results obtained in this section indicate that M2 expression is not relevant for 

in vitro infection of bone marrow-derived dendritic cells. 
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Figure 5.2. M2 is not required for lytic or latent MuHV-4 infection of dendritic cells. Bone marrow-
derived DCs were plated into coverslips, infected with M2FS-BAC+ or M2FSR-BAC+ viruses (3 pfu/cell; 
18h) and then left untreated (panel A) or treated with LPS (300 ng/ml) for 6 hours. Cells were fixed, 
permeabilized and stained for ORF65 capsid component with mAb MG-12B8 plus Alexa 586-coupled 
goat anti-mouse IgG pAb (red). In addition, cells were stained with DAPI (blue) for nucleus visualization. 
eGFP was visualized directly (green). Arrow A, cells with strong nuclear ORF65 staining and positive for 
eGFP expression; Arrow B, cells with strong nuclear ORF65 staining that do not express eGFP; Arrow C, 
cells with perinuclear ORF65 staining and positive for eGFP expression; cells with perinuclear ORF65 
staining and without eGFP expression. 
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5.2.2. M2 does not play a role in in vitro MuHV-4 infection of 

macrophages  

The role of M2 in in vitro macrophage infection was also evaluated. Both Raw264.7 

macrophage cell line and peritoneal macrophages from C57BL/6 mice were tested. Like 

in DCs, MuHV-4 infection of macrophages can be either lytic or latent, with a 

predominance of latent infection (Rosa et al., 2007). Furthermore, in macrophages the 

HCMV IE1 promoter is also regulated independently of the rest of the cell and MuHV-

4-BAC+ infected macrophages can be eGFP+ or eGFP- when supporting either lytic or 

latent infection (Rosa et al., 2007). 

 

Raw264.7 macrophages were infected with either M2FS-BAC+ or M2FSR-BAC+ 

(3pfu/cell) for 18h and lytic/latent infection was observed by immunofluorescence after 

staining for the ORF65 capsid component (Fig 5.3). The results obtained for M2FS-

BAC+ and M2FSR-BAC+-infected cultures were indistinguishable, consisting in a 

mixture of uninfected cells, latently infected cells and lytically infected cells. In Fig. 5.3 

are visible cells with strong intracellular staining, either eGFP+ or eGFP- that 

correspond to lytically infected cells and eGFP+ macrophages with very faint punctuate 

perinuclear ORF65 staining correspond to latently infected cells.  

 

Peritoneal macrophages were obtained by peritoneal lavage of naive C57BL/6 mice as 

described in detail in Material and Methods, infected with M2FS-BAC+ or M2FSR-

BAC+ and processed for immunofluorescence analysis of lytic and latent infection as 

described above. Once again, M2 expression was shown to be dispensable for normal 

MuHV-4 infection of peritoneal macrophages, with M2FS-BAC+- or M2FSR-BAC+- 

infected cultures presenting similar numbers of latently infected cells, lytically infected 

and uninfected cells (Fig. 5.4). 

Thus, the results obtained in this section indicate that M2 is not important in in vitro 

MuHV-4 infected macrophages. 

 

 

 

 



CHAPTER 5 

116 

 

 
Figure 5.3. M2 is not required for lytic or latent MuHV-4 infection of Raw264.7 macrophages. 
Raw264.7 cells were infected with 3 pfu/cell of M2FS-BAC+ or M2FSR-BAC+ for 18 hours, then fixed, 
permeabilized and stained with anti-ORF65 mAB (MG-12B8) plus Alexa 586-coupled goat anti-mouse 
IgG pAb (red). Nuclei were counterstained with DAPI (blue). eGFP was visualized directely (green). 
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Figure 5.4. M2 is not required for lytic or latent MuHV-4 infection of peritoneal macrophages. 
Peritoneal macrophages obtained from naive C57BL/6 mice were infected with either M2FS-BAC+ or 
M2FSR-BAC+ (3 pfu/ 18h) and analysed by immunofluorescence after staining with anti-ORF65 capsid 
component mAb (MG-12B8) plus Alexa 568-coupled goat anti-mouse IgG pAb (red). Nuclei were 
counterstained with DAPI (blue). eGFP was visualized directely (green). 
 

 

5.2.3. M2 is not relevant for early in vivo infection of dendritic 

cells and macrophages  

Although the studies in the previous sections failed to find a role for M2 during DC and 

macrophage infection by MuHV-4, in vitro infection does not reproduce many of the 

features of host/virus interaction. Therefore, to complement the in vitro studies, the role 

of M2 in DCs and macrophages was also analyzed during natural MuHV-4 infection of 

mice. Analysis was performed at days 3, 4 and 6 post-infection because these cells have 

been proposed to play an important role during the very early steps of host colonization 

(Flano et al., 2005, Rosa et al., 2007, Smith et al., 2007) and also because at later time 

points exchange of virus between cell populations could originate misleading results.  

BALB/c mice were intranasally infected with 104 pfu of either WT or M2FS viruses 

and, at the indicated times after infection, mediastinal lymph nodes (MLNs) were 

removed. MLNs are the principal homing site for antigen presenting cells exiting the 

lungs, the primary site of MuHV-4 lytic replication, and are known to be latently 

infected earlier than the spleen (Cardin et al., 1996, Stevenson et al., 1999). MLN 

suspensions were prepared and stained with anti-B220, anti-CD11c and anti-CD11b 

antibodies. Using a high-speed cell sorter, the following populations were isolated: DCs 
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(B220-CD11c+), macrophages (B220-CD11b+CD11c-,) and B cells (B220+) (Fig. 5.5). B 

cells were also included in the analysis because they are the major reservoir of latent 

MuHV-4 in the spleen. For each time point and virus analysed, the degree of purity of 

the isolated population as well as the percentage of total MLN that it represented were 

assessed (Table 5.1). The frequency of viral DNA-positive cells in each population was 

determined by limiting dilution combined with real-time PCR, as described in Chapter 2 

and Materials and Methods.  

 
Figure 5.5. Mediastinal lymph node cell populations analysed in this study. Following intranasal 
infection of BALB/c mice with 104 pfu of MuHV-4, single cell suspension from pools of MLNs from at 
least ten mice were stained with anti-B220, anti-CD11c or anti-CD11b antibodies. Using a FACS Aria 
cytometer, MLN cells were separated into B cell (B220+), DC (B220-CD11c+) and macrophage (B220-

CD11c-CD11b+) populations. 
 

Results obtained are represented in Table 5.1 and Fig. 5.6. At 3 days pi, no virus DNA 

could not be detected in the MLN populations analysed from either WT or M2FS-

infected mice. The only exception were DCs from M2FS-infected mice, which 

harboured a frequency of infection of 1 in 425 cells, but because this value is higher 

than the limit of detection of the assay performed with DCs from WT-infected mice, no 

conclusions can be drawn. By day 5 pi, virus had already reached the mediastinal lymph 

nodes and viral genome was detected in all the populations analysed (Table 5.2 and Fig. 

5.6). DCs harboured the highest frequency of infection, followed by macrophages and 
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finally B cells.  However, in the three populations analysed, there were no significant 

differences in the levels of infection between WT and M2FS-infected mice. At day 6 pi, 

the frequency of infection increased in all MLN populations analysed, but the relative 

values between them were maintained (Table 5.1 and Fig. 5.6). Once again, the 

frequencies of infection of dendritic cells, macrophages and B cells from M2FS virus-

infected mice were very similar to those obtained from WT virus-infected mice. 

 
Table 5.1. Frequency of MuHV-4 infection in MLN dendritic cells, macrophages and B cellsa. 

Days        
p.i. Virus Cell population Reciprocal frequencyb of viral  

DNA+ GC B cells (95% CI)
 
 %Cellsc %Purityd 

3 WT Dendritic cells ≥3258 0.2 52.3 

  Macrophages >14916 0.8 61.8 

  B cells >124906 16.1 98.8 

 M2FS Dendritic cells 425 (272-980) 0.3 64.9 

  Macrophages ≥33434 0.8 89.1 

  B cells >57394 20.6 98.4 

5 WT Dendritic cells 261 (154-869) 0.5 77.8 

  Macrophages 2562 (1714-5071) 1.1 85.4 

  B cells 6233 (3919-15223) 34.7 94.8 

 M2FS Dendritic cells 115 (68-387) 0.4 80.1 

  Macrophages 5592(3354-16790) 0.9 91.5 

  B cells 10178 (6418-24578) 28.5 97.8 

6 WT Dendritic cells 111 (67-335) 0.2 84.9 

  Macrophages 1633 (1045-3729) 0.7 92.7 

  B cells 3667 (2280-9366) 33.8 99.7 

 M2FS Dendritic cells 52 (31-143) 0.4 79.0 

  Macrophages 942 (573-2637) 0.9 91.5 

  B cells 4634 (3040-9735) 35.9 98.6 
a Data were obtained from pools of MLNs from at least ten mice. 
b Frequencies were calculated by limiting-dilution analysis with 95% confidence intervals (CI). 
c The percentage of each population from MLN was estimated by FACS analysis. 
d The purity of sorted cells was determined by FACS analysis. 
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Figure 5.6. M2 is not required for efficient colonization of mediastinal lymph node dendritic cells 
and macrophages. BALB/c mice were infected with 104 pfu of WT (open bars) or M2FS (filled bars) 
viruses and, at the indicated times pi, frequency of viral infection in purified MLN dendritic cells, 
macrophages and B cells was determined by limiting dilution and real time PCR. Data were obtained 
from MLN pools of at least ten animals. Bars represent the frequency of viral DNA positive cells with 
95% confidence intervals. 
 

The above results do not distinguish between latent and lytic genomes. Therefore, the 

nature of the infection of MLN cell populations was next investigated. Sorted 

populations were analysed for the presence of reactivation-competent viruses and pre-

formed infectious viruses by infectious centre assay and plaque assay, respectively, as 

described in Chapter 2 and in Materials and Methods. None of the populations analysed 

contained detectable pre-formed infectious viruses. In contrast, the presence of latent 

viruses was readily detected in DCs and, once more, no differences between WT- and 

M2FS-infected DCs were detected. The levels of latent viruses in macrophages and B 

cells were very close to the limit of detection of the assay and therefore no conclusions 

could be drawn. 
 

Table 5.2. Quantification of reactivation competent virus and preformed infectious virus in mediastinal 
lymph node populations at day 5 pi. 

Virus Cell populationa Virus (pfu)/106 cells  as determined by: 
ICAa PAb 

WT Dendritic cells 49 <12 
 Macrophages 3 <3 
 B cells 6 <4 

M2FS Dendritic cells 77 <19 
 Macrophages <5 <5 
 B cells <4 <4 

aData were obtained from pools of MLNs from at least 10 mice. 
bICA, infectious centre assay, gives the number of reactivation-competent viruses. 
cPA, plaque assay. Preformed infectious virus was not detected and the values indicate the limit of detection, taking into account the 
maximum number of cells used in this assay. 
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5.3. DISCUSSION 

Recent studies have provided evidence supporting an important role for dendritic cells 

and macrophages during the early establishment of latency by MuHV-4 in mice (Flano 

et al., 2005, Rosa et al., 1981, Smith et al., 2007). In this chapter, the hypothesis that 

M2 plays a role in the infection of dendritic cells and macrophages by modulating their 

function was tested. However, no evidence was found supporting a role for M2 in the in 

vitro lytic or latent infection of bone-marrow derived DCs, Raw macrophage cell line or 

explanted primary macrophages. Furthermore, results from in vivo experiments also 

indicate that M2 is dispensable for early infection of mediastinal lymph node dendritic 

cells and macrophages. The nature of the infection in these cell populations, i.e. whether 

cells where latently or lytically infected, could not be fully characterized due to the limit 

of detection of the viral assays performed. 

 

Nevertheless, the in vivo results obtained confirmed that mediastinal lymph node cells 

become infected as soon as day 5 pi (Cardin et al., 1996). Furthermore, contrasting with 

latent infection in the spleen that is mainly associated with B cells (Marques et al., 

2003), this study demonstrated that during early infection of mediastinal lymph nodes, 

DCs and macrophages harbour higher levels of viral DNA than B cells. DCs constituted 

the principal virus target, with a frequency of infection at least 20 fold higher that the B 

cell population. These results provide, therefore, further evidence supporting the 

relevance of dendritic cells and macrophages during the early establishment of latency. 
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GENERAL DISCUSSION 
 

Gammaherpesviruses exploit normal B cell biology in order to establish life-long latent 

infections within their hosts. To favour such process, these viruses express proteins that 

interfere with host cell signalling machinery, promoting B cell activation, survival, 

proliferation and differentiation, in the absence of cognate antigen recognition 

(Damania, 2004). This strategy offers several advantages to the virus: infection is not 

dependent on rare encounters with antigen-specific naive B cells; exploitation of the GC 

reaction facilitates the amplification of viral genome and subsequent access to the long-

lived memory B cell compartment where the virus persist for the life of the host 

(Thorley-Lawson, 2001). The human gammaherpesvirus EBV expresses two proteins, 

LMP1 and LMP2, that mimic the function of the B cell receptor and CD40 receptor, 

respectively, contributing to the activation and development of naive B cells. Likewise, 

KSHV proteins K1 and K15 interfere with different aspects of normal host cell 

signalling by acting as constitutively active receptors (Damania, 2004). Although many 

studies have addressed the functions of these proteins, due to the restricted host range 

tropism of the human gammaherpesvirus, their role in vivo has not been fully 

demonstrated. Thus, the major challenge in understanding gammaherpesviruses consists 

in relating the biochemical functions of genes to their roles in natural infection.     

 

In this thesis, infection of laboratory mouse with murid herpesvirus-4 (MuHV-4) was 

used as an experimental model to study host/virus interaction in vivo. In particular, the 

importance of gammaherpesvirus modulation of B cell function for the establishment 

and maintenance of latent infection was addressed. MuHV-4 does not encode in its 

genome transmembrane proteins similar to those encoded by human gammaherpesvirus. 

Therefore other proteins must exist, codified by MuHV-4 genome, which modulate 

normal B cell biology independently of external signals. A series of evidences from our 

group indicate that M2 is one of such proteins. Unlike EBV and KSHV proteins, which 

manipulate the B cell signalling events at receptor level, M2 influences signalling 

pathways downstream of the B cell receptor. Experiments carried out in the laboratory 

have demonstrated that M2 is an adaptor molecule, mediating the assembly of a 

multiprotein complexes that favour the interaction between enzymes and substrates and 

mediate the activation of B cell signalling pathways independently of BCR stimulation 
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(F. Lopes, unpublished results, Pires de Miranda et al., 2008, Rodrigues et al., 2006). In 

particular, M2 has been shown to activate the Vav1/Rac1 pathway. M2 acts as a 

scaffold protein bringing together Vav1 and tyrosine kinase Fyn, facilitating Vav1 

phosphorylation by Fyn and the consequent activation of Vav1 downstream targets 

(Pires de Miranda et al., 2008, Rodrigues et al., 2006). M2 also interacts with other 

signalling molecules involved in the transduction of signals from the BCR. These 

include Lyn, PLCγ2, PI3K and SHP2 (F. Lopes, unpublished results). Ongoing work is 

trying to address if M2 can also modulate the correspondent signalling pathways. 

Studies are also being performed in order to determine whether M2 is assembling a big 

signalosome composed of several signalling molecules or whether several smaller 

protein complexes with different partners are being assembled. Preliminary evidences 

indicate that M2 is assembling all signalling molecules in a rather big signalosome and 

that PI3K and PLCγ2 pathways are also being modulated. Interestingly, KSHV K1 

protein has been shown to assemble a signalling complex containing most of the 

proteins that were identified as M2 binding proteins, modulating their activity and 

ultimately inducing the activation of the downstream pathways (Lee et al., 2005). This 

shows that although human and murine gammaherpesviruses latency-associated 

proteins are structurally very dissimilar, they exhibit convergent functions to allow the 

exploitation of the B cell developmental pathways. 

 

This thesis set out to identify the relevance of M2 modulating B cell signalling 

pathways for normal host colonization and where this function acts in viral life cycle. 

The adopted strategy consisted in generating MuHV-4 recombinants with disruptive 

mutations in M2 domains important for its molecular functions and characterizing the 

recombinants upon in vivo infection of mice. The first viruses to be engineered 

contained disruptions in M2 proline-rich region (M2P2) or phosphorylated region 

harbouring two phosphotyrosines (M2Y). These domains had been identified due to 

their essential role in the modulation of Vav1-dependent B cell signalling (Rodrigues et 

al., 2006). Characterization of recombinant viruses revealed that both domains are 

equally important during the establishment of latency in the spleen for the effective 

colonization of follicles. After colonization of splenic follicles with latently infected 

cells, M2 expression appears to be dispensable for cell proliferation. In fact, infection of 

mice with M2P2 or M2Y viruses results in a delay in the normal kinetics of latency 

expansion rather than a deficit. Furthermore, this phenotype was indistinguishable from 
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the phenotype obtained with an M2 knock-out virus. The fact that both recombinants 

with point mutations in M2 functional domains recapitulate the early phenotype 

presented a virus that does not express M2 virus reinforces the physiological 

importance, for the establishment of latent MuHV-4 infection in B cells, of the 

modulation of B cell signalling proteins by M2.  

 

Surprisingly, disruption of M2 functional domains does not recapitulate the entire 

latency phenotype that is obtained in the absence of M2. While disruption of M2 results 

in persistent uncontrolled proliferation of infected GC B cells, mutation of M2 

functional motifs does not affect long-term latency. Both M2Y and M2P2 viruses 

presented levels of long-term infection indistinguishable from the WT.  When the long-

term phenotype of the M2 knock-out virus was first identified, it was suggested that M2 

should encode a function important for the cessation of the virus-driven GC reaction 

and entry of infected cells intro the memory B cell pool (Simas et al., 2004). Results 

obtained in the current study induced the formulation of a new hypothesis that was 

confirmed by S. Marques in our group: the abnormally high levels of viral persistence 

obtained in BALB/c mice in the absence of M2 are not due to a molecular function of 

this protein but rather to an immunological effect (Marques et al., 2008). M2 contains a 

H2-Kd-restricted epitope that is actively recognized by CTLs during the course of 

infection in H2d mice and contributes to the control of latently infected cells (Husain et 

al., 1999, Usherwood et al., 2000, Usherwood et al., 2001). In the absence of M2, CD8+ 

T cells are not primed efficiently and cannot control the amplification of latency in GC 

B cells (Marques et al., 2008). Accordingly, infection of mice with a recombinant virus 

in which the M2 epitope was disrupted reproduces the long-term sustained proliferation 

in GC B cells but not the acute latency phenotype (Marques et al., 2008). 

Characterization of an M2 double-mutant, with both the phophotyrosine functional 

region and the CTL-epitope disrupted, revealed that this virus fully reproduces the 

phenotype obtained in the absence of M2, both during acute and long-term latency. This 

indicates that the M2 motifs important for the establishment and maintenance of latency 

in the spleen have all been identified: through the phosphosites and proline-rich region, 

M2 modulates B cell signalling pathways in order to promote efficient B cell follicles 

colonization; the CTL epitope, in the appropriate host MHC haplotype, renders M2 

indirectly responsible for setting the long-term viral load.  
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In vitro studies performed by M. Miranda and F. Lopes revealed that the two tyrosines 

(Y120 and Y129) within the phosphoregion of M2 have different specificities, targeting 

distinct signalling proteins (Miranda et al., 2008, F. Lopes, unpublished results). 

Furthermore, immunoprecipitation experiments in B cell cultures revealed that tyrosine 

120 has a prevailing role in the assembly of the multimolecular complex being the 

predominant tyrosine involved in the interaction with Vav1, PLCγ2, PI3K and Fyn. 

Despite this predominant in vitro role, in vivo results with recombinant viruses 

harbouring single point mutations in each tyrosine revealed that both tyrosines are 

important during the establishment of latency. This indicates that tyrosine 136 may 

interact with additional proteins that are important for the modulation of B cell 

signalling during the establishment of latency. Good candidates are SHP-2 and PLCγ1 

that were shown to bind the M2 peptide containing tyrosine 136 by pull-down assays, 

although these interactions have not been confirmed in vivo. 

 

In summary, work presented in this thesis demonstrated that M2 functions in vivo as a 

modulator of B cell signalling and that this function is important during the 

establishment of latency for an efficient colonization of splenic follicles. However, the 

precise effect that M2 expression has on latently infected B cells remains to be 

understood. B cells are required for trafficking MuHV-4 infection from the lungs to the 

spleen (Stewart et al., 1998, Usherwood et al., 1996). The delay in the colonization of 

splenic follicles observed in the absence of M2 could be due to an inefficient infection 

of B cells in the lung or inefficient trafficking of latently infected cells from the lungs to 

the spleen. Unpublished results from S. Marques indicate WT and M2 knock-out 

viruses harbour the same levels of infected lung B cells. Thus, M2 seems to be 

dispensable for initial B cell infection. Rather, this protein is probably important for 

providing the activation signals, usually triggered upon BCR cross-linking, that will 

induce the trafficking of the latently infected B cell to the spleen and subsequent 

homing to B cell follicles. Significantly, PI3-K, one of the molecules interacting with 

M2, has been shown have an essential function in B cell homing to secondary lymphoid 

organs (Oak et al., 2007). 

Results obtained in this thesis also suggest that after colonization of splenic follicles 

with latently infected cells, M2 is not necessary for expansion of latently infected GC B 

cells. However, M2 has been shown to be expressed not only in pre-GC B cells (newly 

formed and follicular B cells) but also in GC B cells, indicating that M2 also plays a 
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role in the GC reaction. Furthermore, the pathways modulated by M2 are involved not 

only in the activation and survival of lymphocytes but also in driving their proliferation 

(DeFranco, 2001, Fruman et al., 1999, Hashimoto et al., 2000). Moreover, in vitro 

studies showed M2 expression in B cell cultures drives cell proliferation (Madureira et 

al., 2005, Siegel et al., 2008). These observations suggest that M2 may also be 

important for the proliferation of latently infected B cells in GCs. It is possible that, in 

mice infected with M2 recombinants, latently infected cells expanding in the GCs are 

actually responding to the viral infection. That is, while WT viruses are able to infect 

resting naive B cells and provide the activation signals needed to induce B cell 

trafficking to splenic follicles and proliferation in the GC, M2 recombinants need to get 

a “lift” from B cells that become activated by specific viral antigens and proliferate in 

GCs as part of normal immune response against the virus. This hypothesis is supported 

by the observation that, in MuHV-4 infected mice, massive non-virus-specific IgG 

response is seen within 2 weeks post-infection, whereas significant virus-specific IgG 

levels are not detected until around 20 days after infection (Stevenson & Doherty, 1998, 

Stevenson & Doherty, 1999). Thus, the kinetics of total serum IgG correlates well with 

the expansion of WT-infected GC B cells, while the proliferation of M2 recombinant-

infected GC B cell seems to accompany the development of virus-specific IgG. 

To clarify this issue, it would be interesting to infect SWHEL transgenic mice with WT 

or M2 recombinant viruses and characterize latent infection in these mice. In SWHEL 

mice, 40-60% of B cells are specific for hen egg lysosyme (HEL) (Phan et al., 2003). 

Anti-HEL B cells are able to proliferate, undergo somatic hypermutation and class 

switch recombination in response to HEL but not other antigens. Analysis of latently 

infected, HEL-specific B cell populations in MuHV-4 infected, HEL-naive mice will 

give an indication whether cell activation and proliferation is being driven by MuHV-4. 

If the hypothesis is correct, WT virus will be able to drive the activation and 

proliferation of HEL-specific B cells, but M2-recombinant viruses will not. 

 

In normal B cell-developmental pathways, B cells need cognate T cell help in order to 

colonize the follicles and drive the GC reaction (details in section 1.2.2). T cells provide 

survival and activation signals to B cells through a unique structure that is created 

between the two cells and is termed immunological synapse (IS) (Mills & Cambier, 

2003). IS formation requires cytoskeletal polarization and redistribution of cell surface 

molecules towards the cell-cell interface (Friedl et al., 2005, van der Merwe, 2002). 
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Interestingly, the signalling molecules modulated by M2, besides participating in the 

transduction of signals from the BCR, also play a role in the formation and maintenance 

of the immunological synapse. Therefore, F. Lopes from our group has performed 

investigations in order to determine if M2 was also playing a role in IS formation. In 

vitro experiments with cultures of M2-transfected B cells and T cells demonstrated that 

when an IS is formed between a B cell and a T cell, M2 is specifically recruited to the 

contact zone, where it co-localizes with Vav1. Furthermore, M2 polarization is 

dependent on the assembly of the signalosome since neither M2P2 nor M2Y polarized 

to the contact zone between the B cell and the T cell. It is therefore possible that 

assembly of the signalosome by M2 is inducing a pre-synaptic state in the B cell that 

reduces the threshold or even replaces the need for cognate T cell help. Experiments are 

currently being performed by F. Lopes to clarify this issue.  

 

Even when an in vivo phenotype and a biochemical function are known, linking the two 

is not necessarily straightforward. In this thesis, modulation of B cell signalling 

pathways by M2 has been related to an efficient colonization of splenic follicles and 

establishment of a GC reaction. However, the precise mechanism by which M2 exerts 

this effect still needs clarification. Further dissecting this phenotype would benefit 

greatly from the ability to isolate pure populations of latently infected cells. Several 

attempts have been made in our group to tag latently infected cells. Viruses were 

engineered to express reporter molecules, but either the promoters used were too weak 

to tag the infected cells or the viruses were severely attenuated in their ability to 

establish latency. A good new candidate is a recombinant virus that expresses eGFP 

from an intergenic region, under the control of the M3 promoter. This virus was 

engineered in Dr. Philip Stevenson’s laboratory and is identical to the M3-LUC virus 

that effectively tagged lytically and latently infected cells (Milho et al., 2009), except 

that eGFP is expressed instead of luciferase. Preliminary studies by FACS and 

immunohistochemistry have identified a population of eGFP+ cells in the spleen and 

MLNs of latently infected mice.   

Tagging cells latently infected with MuHV-4 or M2-recombinant viruses will permit 

studying the behaviour of latently infected cells in vivo, using multiphoton intravital 

microscopy (Cahalan & Parker, 2008, Hauser et al., 2007). In particular, infected B 

cells in lymphoid organs can be analysed regarding their localization, movement, 

proliferation and interaction with other cells such as helper T cells and follicular 
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dendritic cells. Furthermore, infected cell populations can be examined by FACS 

regarding a range of cell surface markers to characterize in detail in which stage of B 

cell development these cells are. FACS purification of different B cell subpopulations 

latently infected with the virus will allow the use of DNA microarray technology or 

proteomic approaches to identify cellular targets that are being modulated by the virus 

at each specific stage of the viral life cycle. By comparing WT and M2 recombinant 

viruses, the precise effect that M2 has in each cell population can be defined.  
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MATERIALS AND METHODS 
 

7.1. MATERIALS 

7.1.1. General reagents 

Analytical or molecular biology grade chemicals were obtained from Sigma, Merck, 

Fluka, Roche, Calbiochem, Bio-Rad, Difco and Invitrogen. Molecular biology reagents 

and enzymes were obtained from Roche, Fermentas, Invitrogen, Promega, New 

England Biolabs and Stratagene. Tissue culture reagents were obtained from Gibco 

BRL. Oligodeoxynucleotides were synthesized by MWG.  

 

7.1.2. Antibodies 

Antibodies for flow cytometry and peanut agglutinin lectin were obtained from BD 

Pharmingen and Vector laboratories, respectively.  

Anti-M2 polyclonal serum (Madureira et al., 2005) and anti-rabbit IgG-horseradish 

peroxidase linked antibody (Amersham Biosciences) were used in Western-blot 

experiments. MG-12B8 anti-ORF65 monoclonal antibody (Gillet et al., 2006) and 

Alexa Fluor 568-conjugated goat anti-mouse IgG2a (Invitrogen) were used for 

immunofluorescence. 

 

7.1.3. Mice 

BALB/c and C57BL/6 mice used in this study were obtained from Instituto Gulbenkian 

de Ciência, Oeiras, Portugal. Animals were housed and subjected to experimental 

procedures in specific pathogen-free conditions, at the Instituto de Medicina Molecular 

animal facility, Lisbon, Portugal. 

 

7.1.4. Cell lines 

Baby hamster kidney (BHK-21) fibroblast cells were used for growing and titrating 

viral stocks, ex vivo reactivation and plaque assays, in vitro growth curves and 

analysis of M2 expression. 
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NIH 3T3 – Cre (Cre 3T3) cells were kindly provided by Dr Philip Steven (Division of 

Virology, Department of Pathology, University of Cambridge) and were used 

during the construction of recombinant MuHV-4 viruses, for removing the loxP-

flanked BAC cassette. This cell line was established by transduction of NIH 3T3 

cells with a retrovirus derived from Phoenix-ecotropic cells transfected with 

pMSCV-Cre-NEO (cre of bacteriophage P1 inserted into the EcoRI-XhoI sites of 

pMSCV-NEO) and selection with 1 mg/ml G418. 

 

Mouse macrophage cell line Raw264.7 was used for immunofluorescence assays after 

infection with MuHV-4.  

 

Peritoneal macrophages were obtained from C57BL/6 mice, as described in section 

7.2.5.2, and were also employed in immunofluorescence experiments. 

 

Bone marrow-derived dendritic cells were obtained from C57BL/6 mice (details in 

section 7.2.5.3) and used for immunofluorescence and flow cytometry analysis 

after infection with MuHV-4.  

 

7.1.5. Viruses 

Murid herpesvirus-4 (MuHV-4) used in this study belongs to the strain MHV-68 

(murine gammaherpesvirus 68) that was originally isolated by Prof. D. Baskovic 

(Blaskovic et al., 1980). Clone G2.4 was isolated from virus grown on BHK-21 cells by 

Dr Stacey Efstathiou (Efstathiou et al., 1990). 

 

Wild type (WT) virus used in animal experiments was derived from a genomic bacterial 

artificial chromosome (BAC) and was a kind gift from Dr Heiko Adler and Dr 

Ulricj Koszinowski. This virus is essentially MHV-68 clone G2.4 but contains a 

single loxP site (Adler et al., 2001, Adler et al., 2000). 

 

M2 frameshift (M2FS) virus was provided by Dr H. Adler and Dr S. Efstathiou. This 

virus contains an insertion of a single guanine between nucleotides (nt) 4603 and 

4604, immediately downstream from the ATG-start codon. Insertion of the 

additional guanine generated a new ApaI site, a frameshift and a premature stop 
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codon 78 nucleotides downstream from the transcription start site (Simas et al., 

2004). 

 

M2FSR was provided by Dr H. Adler and Dr S. Efstathiou. This virus was constructed 

from the parent M2FS virus and is a rescuant for ORF M2 (Simas et al., 2004). 

 

M2P2 was constructed by Dr Lénia Rodrigues in our laboratory and contains proline 

residues at positions 158, 160, 163 and 167 within M2 protein replaced by 

alanines. 

 

M2Y, M2Y-R, M2YF85A, M2YF85AR, M2Y120F, M2Y120Fi, M2Y129F and 

M2Y129Fi viruses were engineered in this study by mutagenesis of the virus 

genome in E. coli using the MHV-68 bacterial artificial chromosome (BAC) 

pHA3 (Adler et al., 2000), as described in detail in section 7.2.6. M2Y contains 

tyrosine residues at M2 positions 120 and 129 replaced by phenylalanines. In 

M2Y-R, the M2Y locus was restored to the wild type status. In M2YF85A, 

tyrosines 120 and 129 were mutated to phenylalanines and phenylalanine at 

position 85 was replaced by an alanine. M2YF85AR contains the M2YF85A locus 

restored to the wild type status. M2Y120F and M2Y120Fi contain the tyrosine 

residue at position 120 substituted by a phenylalanine, while M2Y129F and 

M2Y129Fi contain the tyrosine residue at position 129 replaced by a 

phenylalanine. 

 

7.1.6. Bacterial strains 

Plasmids were grown in E. coli strain XL1-Blue (Strategene) with the following 

genotype: recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F’ proAb lacIqZΔM15 

Tn10 (Tetr)]  

E. coli strain DH10B (Invitrogen), genotype F- mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZ 

ΔM15 ΔlacX74 recA1 endA1 araD139 Δ(ara, leu)7697 galU galK λ- rpsL (Strr) nupG, 

containing the MHV-68 BAC pHA3 (Adler et al., 2000) was provided by Dr H. Adler 

and Dr U. Koszinowski and was used for mutagenesis of MHV-68 BAC pHA3. 
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7.1.7. Plasmids 

pST76K-SR (shuttle vector) (Adler et al., 2000, Messerle et al., 1997) was a kind gift 

from Dr H. Adler and Dr U. Koszinowski. 

 

pHA3 is the MHV-68 genome cloned as a bacterial artificial chromosome (BAC) 

(Adler et al., 2000) and was kindly provided by Dr H. Adler and Dr U. 

Koszinowski. 

 

pEH1.4 is a pBluescript based plasmid containing the 1.4 kb HindIII-EcoRI 

subfragment of the HindIII-E MHV-68 fragment (nt 107 to 1518) cloned in an 

antigenomic orientation. This plasmid, constructed by Dr Rory Bowden, was used 

to detect viral tRNA 1 to 4 and viral miRNA miR-M1-1 to 6 transcripts by in situ 

hybridization. Plasmid was linearized with HindIII and DIG-labelled antisense 

probes were synthesised with T7 polymerase via the T7 phage promoter. 

 

pGBT9-M9 is a pGBT based plasmid (Clontech) containing MuHV-4 ORF M9. This 

plasmid was used as a positive control in all real time PCR reactions. 

 

7.2. METHODS 

7.2.1. Isolation and analysis of nucleic acids 

7.2.1.1. High molecular weight cellular/viral DNA extractions 

High molecular weight (HMW) DNA was extracted from virus infected BHK-21 cells. 

To this end, 10 cm dishes of cells with visible cytopathic effect (cpe) were harvested 

and centrifuged for 5 min at 1500 rpm. Pellet was resuspended in 500 μl of lysis buffer 

(10 mM Tris-HCl pH 8.0, 50 mM EDTA, 0.5% SDS and 20 μg/ml Proteinase K) and 

incubated overnight at 37ºC. The DNA solution was made up to a volume of 3 ml with 

MilliQ water. 

DNA samples containing protein and salts were purified by deproteinization using 

phenol/chloroform extraction and concentrated by ethanol precipitation. Typically, 

equal volume of TE-buffered phenol was added to the DNA solution, mixed well by 

vigorous shaking or vortexing and centrifuged at 3,500 rpm in a bench top centrifuge, 
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for 10 min at room temperature (RT). The upper aqueous phase containing DNA was 

transferred to a clean tube and re-extracted twice with an equal volume of chloroform. 

DNA solutions were precipitated using 0.1 volumes of 3M NaOAc or KOAc (pH 4-5) 

and 2.5 volumes of 100% ethanol. Samples were mixed well, left for 10 min at RT and 

HMW DNA was extracted by spooling onto a glass Pasteur pipette. DNA was washed 

with cold 70% ethanol, left for 10-20 min at RT to air-dry and then re-suspended in 

MilliQ water or TE. 

 

7.2.1.2. RNA extraction from animal cells 

RNA was extracted from virus infected BHK-21 cells. To this end, 6 cm dishes 

containing 106 to 3x106 BHK-21 cells were harvested and RNA was isolated from cell 

pellets using the RNeasy mini kit with the RNase-free DNase Set (Qiagen), according to 

manufacturer’s instructions. RNA samples were recovered into 30-50 μl RNase-free 

water and stored at -70ºC until further use. 

 

7.2.1.3. Plasmid DNA isolation 

Plasmid DNA was isolated from plasmid-containing E. coli strains (section 7.1.6) 

grown in Luria Bertani (LB) (tryptone 1%, yeast extract 0.5%, NaCl 1%) broth 

containing the appropriate antibiotic(s), using an alkaline lysis method modified 

accordingly to the scale of the preparation and plasmid size. Antibiotics were used at the 

following concentrations: 100 μg/ml ampicilin, 17 μg/ml chloramphenicol and 30 μg/ml 

kanamycin. 

 

Small scale plasmid preparation 

For small scale plasmid preparations (plasmid minipreps), 2-5 ml of LB broth cultures 

containing the appropriate antibiotic were inoculated from single bacterial colonies and 

incubated with shaking 12-18h at 37 or 30ºC. Cultures were pelleted by centrifugation 

for 10 min at 3,500 rpm. Plasmid DNA was obtained using the Wizard Plus SV 

Minipreps DNA purification System (Promega), by column purification of DNA 

prepared by alkaline lysis, according to manufacturer’s instructions. DNA was eluted in 

50-100 μl of MilliQ water and stored at -20ºC. 
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Medium scale plasmid preparation 

Cultures of plasmid-containing bacteria were prepared by inoculation of 5 ml LB broth 

cultures containing the appropriate antibiotic from single colonies and incubation with 

shaking 12-18h at 37 or 30ºC. Bacteria were sub-cultured 1:500 into 100 ml LB 

containing the appropriate antibiotic and incubated under the same conditions. Bacterial 

cultures were concentrated by centrifugation at 6,000 rpm for 15 min at 4ºC and DNA 

was obtained using the Qiagen Plasmid Midi Kit, following manufacturer’s instructions. 

DNA was re-suspended in 200 μl of MilliQ water and stored at -20ºC. 

 

Small scale BAC plasmid preparation 

10 ml of LB broth with chloramphenicol were inoculated from single bacterial colonies 

and incubated with vigorous shaking 12-18h at 37ºC. Bacteria were pelleted by 

centrifugation at 3500 rpm for 10 min at 4ºC. Pellet was resuspended in 200 μl of buffer 

P1 (50 mM Tris-HCl pH 8.0, 10 mM EDTA; from Qiagen) by pippeting. 300 μl of 

buffer P2 (200 mM NaOH, 1% SDS; from Qiagen) were added, suspension was mixed 

by gentle inversion and left at RT for 5 min. 300 μl of chilled buffer P3 (3.0 M KOAc 

pH 5.5; from Qiagen) were added, tubes were inverted to mix solution, incubated on ice 

for 15 min and centrifuged for 10 min at 13,000 rpm and 4ºC. Supernatant was 

transferred to a new tube, 1 ml of phenol/chloroform (1:1) was added and mixed by 

inversion. Mixture was left 5 min at RT and then centrifuged 10 min at 13,000 rpm and 

4ºC. Aqueous phase was recovered and precipitated with 0.7 volumes of isopropanol 

and left at RT for 5 min. BAC plasmid DNA was pelleted by centrifugation for 20 min 

at 13,000 rpm and 4ºC. Supernatant was discarded and the pellet was washed with 70% 

ethanol, centrifuged another 10 min, drained and air dried. DNA was resuspended in 50 

μl of TE (10mM Tris, 1mM EDTA, pH 8) supplemented with RNaseA (10 μg/ml) and 

stored at 4ºC. 

 

Large scale BAC plasmid preparation 

Confluent cultures of BAC plasmid-containing bacteria were prepared by inoculation of 

5 ml LB broth cultures supplemented with chloramphenicol from single colonies and 

incubating with shaking 12-18h at 37ºC. Bacteria were sub-cultured 1:500 into 500 ml 

LB chloramphenicol and for another 12-18 h at 37ºC with shaking. Bacteria were 

pelleted by centrifugation at 5,000 rpm for 15 min at 4ºC and BAC plasmid DNA was 
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isolated using BAC 100 plasmid purification kit (Nucleobond), according to 

manufacturer’s instructions. DNA was resuspended in 100 μl of TE (10mM Tris, 1mM 

EDTA, pH 8) supplemented with RNaseA (10 μg/ml) and stored at 4ºC. 

 

7.2.1.4. Quantification of nucleic acids 

DNA or ssRNA were quantified by UV spectrophotometry using a Nanodrop (ND-

1000) spectrophotometer. 

 

7.2.1.5. Restriction digestion 

Restriction endonuclease digestion of plasmids or PCR products was used either to 

prepare linear or insert purified DNA or to screen DNAs for a desired digestion profile 

or for the presence of inserts cloned in expression vectors. Restriction enzyme assays 

were performed using the appropriate restriction endonucleases and correspondent 

reaction buffers, according to manufacturer’s instructions. Volume of the reaction as 

well as amount of DNA and enzymes used depended on purpose of the assay. 

Digestion of plasmids or PCR products for subsequent ligation and cloning was 

performed for 1-4 h, with 5-10 μg of DNA and 1-10 U of restriction nuclease per μg of 

DNA, using the manufacturer’s recommended conditions in a volume of 50-100 μl. 

Diagnosis digestion was performed typically with 1 μg of DNA, 1-10 U of restriction 

nuclease, using the manufacturer’s recommended conditions, in a volume of 20-30 ml 

for 1-2 h. 

Multiple digestions of the same DNA were performed when possible with the same 

buffer; otherwise salt conditions were adjusted for subsequent digestion steps or DNA 

was re-purified in column. Restriction profile and completeness of the digestion were 

assessed by analytical agarose gel electrophoresis 

 

7.2.1.6. Analysis and isolation of DNA by gel electrophoresis 

Linear DNAs were size fractioned and visualized on ethidium bromide-stained agarose 

gels. Gels were prepared using 0.7-2% agarose and 0.5 μg/ml ethidium bromide in 1x 

TAE (40 mM Tris-acetate, 1mM EDTA, pH 8.0). DNA samples were mixed with the 

appropriate volume of DNA loading buffer (10 mM EDTA, 5% glycerol, 0.025% 

bromophenol blue and 0.025% xylene cyanol) prior to loading on wells at the end of the 
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gel. Samples were electrophoresed at 0.5-5.0 V/cm in 1x TAE buffer. DNA was 

visualised by UV transillumination. Size of DNA bands was estimated by comparison 

with linear DNA standards of known molecular weight (1 Kb plus DNA ladder, 

Invitrogen) run along with samples. 

Following analysis of DNA by agarose gel electrophoresis, as described above, DNA 

fragments of interest were purified by excision of the resolved bands from the gel and 

recovery on QIAquick gel extraction columns (Qiagen), according to manufacturer’s 

instructions. Typically, DNA was eluted in 50 μl and a fraction of the purified samples 

(usually 1/10 of the total volume of the eluate) was usually re-run on agarose gels, in 

order to check the purification of DNA. 

 

7.2.1.7. DNA sequencing 

Integrity of the plasmids constructed in this study was confirmed by sequencing the 

PCR-generated inserts. During recombinant virus construction, identification of mutant 

BAC clones was performed by sequencing across the M2 ORF in the BAC vector 

(section 7.2.6.2). Recombinant viruses were also sequenced in the region subjected to 

mutagenesis to confirm the retention of the engineered point mutations following in 

vivo infection. 

A reaction mixture was prepared, composed of 4 μl of Terminator Ready Reaction Mix, 

200-500 ng of plasmid DNA or 30-90 ng of PCR product, 3.2 pmol of sequencing 

primer and MilliQ water up to a volume of 10 μl. Samples were placed in a thermal 

cycler and subjected to a cycle sequencing reaction with the following steps: (1) initial 

denaturation (rapid thermal ramp to 96ºC; 96ºC for 1 min); (2) denaturation (rapid 

thermal ramp to 96ºC; 96ºC for 10 seconds (sec)); (3) primer annealing (rapid thermal 

ramp to 50ºC; 50ºC for 5 sec); (4) extension (rapid thermal ramp to 60ºC; 60ºC for 4 

min); steps  (2) to (4) were repeated for 25 cycles and samples were hold at 4ºC until 

ready to purify. 

DNA was precipitated by adding 0.1 volumes of 3M NaOAc, and 2.5 volumes of 100% 

EtOH. Samples were mixed, left at RT for 30 min and then centrifuged for 30 min at 

14,000 rpm and 4ºC. Pellet was washed with 250 ml 70% EtOH and centrifuged again 

for 15 min, at 14,000 rpm and 4ºC. Supernatant was carefully aspirated and pellet was 

air dried.  



MATERIALS AND METHODS 

143 

DNA was sequenced at the Sequencing Unit of Instituto Gulbenkian de Ciência, Oeiras, 

Portugal. DNA sequences were analysed and compared to sequences deposited in the 

NCBI (National Centre for Biological Information) database using the BioEdit 

Sequence Alignment Editor software. 

 

7.2.2. Polymerase Chain Reaction (PCR) and related methods 

7.2.2.1. Normal PCR 

Polymerase chain reaction was used for different purposes: (1) To amplify DNA regions 

from BAC plasmid or HMW DNA for subsequent verification of the introduced 

mutations in the recombinant viruses by sequencing; primers designed are specific for 

M2 gene and generate a fragment of 834 bp (Table 7.1), (2) To amplify and detect M2 

cDNA fragments obtained from reverse transcription; primers were designed to span the 

intron from coordinates 4610 to 5814 and amplify a fragment of 436 bp (Table 7.2). (3) 

To analyse genome integrity of the recombinant viruses in the region subjected to 

homologous recombination; primers used and size of the amplified fragments are 

represented in Table 7.3 and Fig. 2.1. 

The 50 μl PCR reaction mixture (made up in sterile water) consisted of 300 nM of each 

primer, 1x PCR buffer (Promega), 200 μM of each dNTP, 25 mM MgCl2, 1U of Taq 

DNA polymerase (Promega) and <100 ng of template DNA. DNA was amplified on a 

MyCycler thermal cycler (BioRad). PCR condition parameters were normally as 

follows: melting at 95ºC for 30 sec, annealing at 55ºC for 30 sec, and strand extension 

at 72ºC for 1 min/kb. The PCR set (typically 30 cycles) was preceded by a initial step of 

melting at 95ºC for 2 min, followed by a final step of strand extension at 72ºC for 10 

min. PCR products were analysed by gel electrophoresis to assess if the product had the 

expected size. PCR products used for subsequent sequencing reactions were purified 

with QIAquick PCR purification kit (Qiagen), according to manufacturer’s instructions.  

 
Figure 7.1. Primers used to amplify M2 gene.  

Oligonucleotide Sequence Genomic coordinatesa

Upper primer CTGGCTCTCCTAGGGTTGTAAAA 3900-3922 
Lower primer GTGTGGTCGAGACTGGAGGTTC 4713-4734 

aAccording to GenBank accession no U97553. 
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Figure 7.2. Primers used to detect M2 transcripts.  

Oligonucleotide Sequence Genomic coordinates
Upper primer GATTGGCTGGATATAGACTG 4208-4227 
Lower primer GTGAAGCGGTGTTACAG 5833-5849 

 
Figure 7.3. PCR reactions and primers used for analysing genome integrity of the recombinant viruses in 
the HindIII-E region 

PCR Oligonucleotide Sequence Genomic coordinates Amplicon (bp)

1 
Upper primer TCTCTGGTTCTGCAAAGCTT 92-111 

1596 Lower primer CTTAGGAGGTTACCGCACCT 1668-1687 

2 
Upper primer TAAACATGGGCCATTAAAAG 1970-1989 

2765 Lower primer GTGTGGTCGAGACTGGAGGTTC 4713-4734 

3 
Upper primer CTGGCTCTCCTAGGGTTGTAAAA 3900-3922 

2374 Lower primer ACCAGCAAGCTTTATCATT 6254-6273 

4 
Upper primer TCTCTGGTTCTGCAAAGCTT 92-111 

4244 
Lower primer CGTTAAAGTCCCCATGGAAGCC 4314-4335 

 

7.2.2.2. Overlapping PCR 

During construction of recombinant viruses, specific mutations were introduced in M2 

by overlapping PCR, composed of two steps. In the first step, mutagenic primers and 

flanking primers (Table 7.4) were used to generate two overlapping PCR products that 

contained the specific mutations in or near the overlapping regions (Fig. 7.1). In the 

second step, a new PCR was performed, using gel-purified PCR fragments from step 

one as template and the flanking primers also from step one. The new fragment 

comprised both the engineered mutations and two natural occurring restriction sites that 

were used for cloning the fragment into the shuttle vector after digestion with the 

appropriate enzymes.  

All PCR reactions were performed using the high fidelity Pfu DNA polymerase 

(Promega). Reaction mixes were prepared in a total volume of 50 μl and contained 300 

nM of each primer, 1x PCR buffer (Promega), 200 μM of each dNTP, 25 mM MgCl2, 

1U of Pfu and <100 ng of template DNA. DNA was amplified on a MyCycler thermal 

cycler (BioRad), under the following conditions: a melting step of 95ºC for 2 min, 

followed by 25-30 cycles of denaturation for 30 sec at 95ºC, annealing for 30 sec at 55-

57ºC (depending on the optimal annealing temperature for each specific set of primers) 

and extension for 3 min at 72ºC. A final extension step was performed for 10 min at 

72ºC. PCR products were analysed by gel electrophoresis (section 7.2.1.6) to assess if 

the product had the expected size.  
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7.2.2.3. Real time PCR 

Real time PCR was performed on an ABI Prism 7000 Sequence Detection System 

(Applied Biosystems) according to manufacturer’s instructions, using the fluorescent 

Taqman methodology. Primer/probe sets specific for MuHV-4 M9 gene were used 

(Table 2.1). Reactions were performed in a final volume of 25 μl, containing 2.5 μl of 

cell lysate, 200 μM of each primer, 300 μM of probe, 1x Platinum Quantitative PCR 

SuperMix-UDG (Invitrogen), 5 mM of MgCl2 and 1x Rox reference dye. The samples 

were subjected to a melting step of 95°C for 10 min followed by 40 cycles of 15 s at 

95°C and 1 min at 60°C. For every PCR reaction performed, standard curves were 

determined using serial dilutions of pGBT9-M9 plasmid, containing the target genomic 

region. pGBT9-M9 was efficiently detected and it was possible to reproducibly detect 

2.5 copies of pGBT9-M9. PCR results were analysed using the ABI Prism 7000 SDS 

Software Version 1.1 (Applied Biosystems). 

 

7.2.2.4. cDNA synthesis by reverse transcription 

RNA obtained from infected BHK-21 cells was reverse transcribed into cDNA and 

detected by PCR (section 7.2.2.1). cDNA was synthesised using the SuperScript III 

First-Strand Synthesis SuperMix for qRT-PCR (Invitrogen), according to 

manufacturer’s instructions: 1 μg of RNA was mixed with 10 μl of 2x RT reaction Mix 

(containing oligo(dT)20, random hexamers, MgCl2 and dNTPs), 2 μl of RT Enzyme Mix 

(containing SuperScript III reverse transcriptase and RNaseOUT Recombinant 

Ribonuclease Inhibitor) and DEPC-treated water up to a volume of 20 μl. Reaction 

mixtures were incubated for 10 min at 25ºC, followed by a step of 30 min at 50ºC. 

Reactions were terminated by incubating at 85ºC for 5 min. Samples were chilled on ice 

and RNA was degraded by adding 2U of E. coli RNase H and incubating for 20 min at 

37ºC. cDNA was stored at -20ºC until use. 

 

7.2.3. Cloning procedures 

7.2.3.1. Cloning of inserts into the shuttle vector 

Inserts were obtained by overlapping PCR (section 7.2.2.2), purified on QIAquick PCR 

purification columns (Qiagen), according to manufacturer’s instructions, and digested 

with BlnI and XhoI restriction endonucleases (section 7.2.1.5). Digested inserts were 
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then isolated by gel electrophoresis and purified from agarose gel using the QIAquick 

Gel Extraction Kit (Qiagen) (section 7.2.1.6). 

HindIII-E fragment of MuHV-4 (nt 107 to 6261) (Efstathiou et al., 1990) was cloned 

into the pST76K-SR plasmid by Dr S. Marques, originating the HindIII-E shuttle 

vector. This vector was linearized with with BlnI (HindIII-E nt 3908) and XhoI 

(HindIII-E nt 5361) restriction enzymes, creating compatible cohesive ends with the 

inserts. Digested vector was then isolated by gel electrophoresis and purified from 

agarose gel using the QIAquick Gel Extraction Kit (Qiagen) (section 7.2.1.6). 

Prepared inserts and vectors were ligated as described in section 7.2.3.2 and ligations 

were transformed into competent bacterial cells (section 7.2.3.3). DNA was isolated 

from colonies by plasmid miniprep (section 7.2.1.3) and plasmid structure was screened 

by restriction analysis with appropriate endonucleases (section 7.2.1.5).  

 

7.2.3.2. DNA ligation 

Digested inserts and vectors were ligated using T4 DNA ligase (Roche). Approximately 

100 ng of vector DNA were ligated with approximately 3-fold excess of insert in 20 μl 

reactions (made up in sterile water) containing 1x ligase buffer (Roche) and 1U of T4 

DNA ligase (Roche). Cohesive-end ligations were performed overnight at 14ºC. 

 

7.2.3.3. Bacterial transformation 

Preparation of competent cells 

Competent E. coli, strain XL1-Blue and strain DH10B containing MHV-68 BAC 

plasmid, were prepared according to the method of Chung et al. (1989). Briefly, a fresh 

overnight culture of bacteria was diluted 1/100 in LB (containing, when needed, the 

appropriate antibiotic) and incubated with vigorous shaking at 37ºC, until cells reached 

an OD600 nm of 0.3-0.4. Cell culture was centrifuged for 10 min at 2500 rpm and 4ºC, 

and pellet was resuspended in 1/20 of original volume of ice cold LB. Another 1/20 of 

original volume of 2xTSS (1x LB, 20% polyethylene glycol, 10% DMSO, 50 mM 

MgCl2) were added to the cells and 100 μl aliquots were made. Aliquots were quickly 

frozen by transferring the vials to dry ice immersed in ethanol. Competent cells were 

stored at -70ºC until further use. 
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Transformation of competent cells 

Competent E. coli were transformed by the heat shock method. Each aliquot was 

incubated on ice with for 30 min with 100 ng of plasmid DNA or 10 μl of ligation mix. 

Cells were heat shocked for 45 sec at 42ºC and subsequently chilled on ice for 2 min. 

750 μl of SOC medium (2% tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM MgCl2, 

10 mM MgSO4 and 20 mM glucose) were added to each vial and cells were incubated 

for one hour at 37 or 30ºC, with shaking. Cells were then spread on onto LB agar plates 

containing the appropriate antibiotic(s) and incubated at 37 or 30ºC, overnight or until 

colonies were visible. 

 

7.2.4. Protein methods 

7.2.4.1. Immune precipitation 

The presence of M2 in MuHV-4 infected BHK-21 cells or in total B cells or GC B cells 

from latently infected mice was analysed by immune precipitation, followed by 

separation of proteins by sodium dodecyl sulphate-polyacrylamide gel electrophoresis 

(SDS-PAGE) and immunoblotting using appropriate antibodies.  

Cells from latently infected mice (1x107 cells) or MuHV-4-infected BHK-21 fibroblasts 

(from a confluent 10 cm dish) were washed twice with PBS and disrupted with ice-cold 

lysis buffer containing 10 mM Tris-HCl (pH 7.4), 100 mM NaCl, 0.5% Nonidet P-40 

(Sigma) and a cocktail of protease inhibitors (Cφmplet, Roche Molecular 

Biochemicals). Samples were incubated on ice for 15 min and non-soluble material was 

removed by centrifugation at 13,000 rpm for 10 min, at 4ºC. Cleared supernatants were 

incubated with 5 μl of anti-M2 polyclonal serum for 2h at 4ºC, with rotation. Immune 

complexes were recovered by incubation with 25 μl of Protein A-Sepharose beads 

(Amersham Biosciences) for 1h at 4ºC, with rotation. Beads were recovered by 

centrifugation and washed 3 times with ice-cold lysis buffer. Proteins were eluted from 

beads in Laemmli’s sample buffer (50 mM Tris-HCl [pH 6.8], 10% glycerol, 2% SDS, 

5% β-mercaptoethanol, 0.1% bromophenol blue), boiled for 10 min, and then resolved 

by SDS-PAGE (section 7.2.4.2). 
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7.2.4.2. SDS-Polyacrylamide Gel Electrophoresis 

Protein samples prepared in Laemmli’s sample buffer and heated at 100ºC for 10 min 

were separated through SDS-PAGE in 1.5 mm mini-slab gels of the Bio-Rad mini-

protean II electrophoresis system. Resolving gel was prepared with 12% polyacrylamide 

(Acrylamide:bis-acrylamide 37.5:1, Bio-Rad), 375 mM Tris-HCl (pH 8.8), 0.1% SDS, 

0.1% APS and 0.04% TEMED. Stacking gel was prepared with 4% polyacrylamide, 

125 mM Tris-HCl (pH 6.8), 0.1% SDS, 0.1% APS and 0.1% TEMED. Electrophoresis 

was performed in running buffer (25 mM Tris-base, 192 mM glycine and 0.1% SDS), at 

100 to 150V until maximal resolution of protein bands. 

 

7.2.4.3. Immunoblotting 

After separation by SDS-PAGE as described above, proteins were transferred to 

nitrocellulose membranes (Protran, Schleider & Schuell BioScience) using a Trans-Blot 

Cell (Bio-Rad), assembled according to manufacturer’s instructions, in standard transfer 

buffer (25 mM Tris-base, 200 mM glycine and 10% methanol) for 2 h at constant 

current of 200 mAmp. Following electroblotting, any unoccupied protein binding sites 

on the membrane were blocked by incubation of the membrane in 5% (w/v) skimmed 

milk powder in PBS-T (PBS with 0.05% Tween 20) for 1 h at RT on a rocking 

platform. M2 protein was detected by incubating the membrane with anti-M2 serum 

(1/500 in blocking buffer) for 1 hour at RT, on a rocking platform. The membrane was 

then carefully washed with PBS-T (three washes, each involving 10-15 min incubation 

on a rocking platform) to remove unbound primary antibody. The protein-antibody 

interactions were detected by incubation of the membrane with horse-radish peroxidase-

conjugated anti-rabbit IgG (1:5000 in blocking buffer) for a maximum of 30 min at RT 

on a rocking platform. The membrane was then washed as described above, and the 

protein bands were visualised by chemiluminescence using the Supersignal West Pico 

Chemiluminescent substrate (Pierce), according to the manufacturer’s 

recommendations. 

 

7.2.4.4. Immunofluorescence 

For immunofluorescence analysis, cells were grown on coverslips in individual wells of 

a 24 well plate. Cells were infected as described in section 7.2.8.1 and, at 18 hours pi, 

monolayers were washed in PBS and fixed with 4% paraformaldehyde in PBS for 15 
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min at RT. After three washes in PBS, cells were permeabilized by incubation with 

0.1%Triton-X-100 in PBS for 15 min. Cell were washed twice in PBS-T and blocked 

for 1 h with 10% FCS in PBS-T. To detect MuHV-4 ORF65 capsid component, cell 

monolayers were incubated for 1 h with mAb 12B8 diluted 1:3 in blocking solution 

(primary antibody). Cells were subsequently washed in PBS-T three times and 

antibody-antigen interaction was detected by 1 h incubation with secondary Alexa 568-

conjugated goat anti-mouse IgG pAb (diluted 1:1000 in blocking solution). eGFP 

fluorescence was visualized directly. Following staining, cells were washed in PBS and  

were mounted in Prolong Gold antifade reagent with DAPI (Invitrogen). Fluorescence 

was visualized with an Olympus IX70 microscope and images were taken with a Retiga 

2000R camera line (QImaging) 
 

 

7.2.5. Cell culture and transfections 

7.2.5.1. Media and culture conditions 

BHK-21 cells were cultured in Glasgow minimum essential medium (GMEM) 

supplemented with 10% foetal calf serum, 2 mM L-glutamine, 100 U/ml of penicillin 

and streptomycin and 10% tryptose phosphate broth. 

Cre 3T3, Raw264.7 and peritoneal macrophages were maintained in Dulbecco’s 

modified Eagle’s medium (DMEM) containing 10% foetal calf serum, 2 mM L-

glutamine and 100 U/ml of penicillin and streptomycin.  

Dendritic cells were grown from bone marrow progenitors in RPMI medium 

supplemented with 10% heat inactivated foetal calf serum, 2 mM L-glutamine, 100 

U/ml of penicillin and streptomycin, 50 μM 2-mercaptoethanol and 7.5 ng/ml 

granulocyte macrophage-colony stimulating factor (GM-CSF) (PeproTech, Rocky Hill, 

NJ). 
All cell cultures were grown in a tissue culture incubator at 37ºC under 5% CO2. 
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7.2.5.2. Establishment of peritoneal macrophages cultures 

Peritoneal macrophages were obtained by peritoneal lavage of naive C57BL/6 mice 

with complete DMEM. After centrifugation at 1,200 rpm for 5 min, the cell pellets were 

washed once in PBS and resuspended in complete DMEM. Adherent macrophages 

monolayers were obtained by plating the cells in 24 well plates at ~105 cells/well. Cells 

not adherent to tissue culture plates after 45 min at 37ºC were discarded.  

 

7.2.5.3. Establishment of bone marrow-derived dendritic cells 

cultures 

Dendritic cells were obtained from bone marrow progenitors of naive C57BL/6 mice. 

Briefly, femurs and tibias were isolated from each mouse and all muscles were removed 

from bones. Both epiphyses were removed from each bone with a scissors and bone 

marrow was obtained by flushing out each of the shafts with complete RPMI using a 25 

G needle and a syringe. Particles were removed by passing the suspension through a 

100 μl cell strainer. Cells were first plated into 10 cm dishes for 30 min at 37ºC and the 

adherent (macrophage-rich) cells discarded. The remaining cells were cultured in a 6 

well dish, changing the medium every two days. After seven days the non-adherent cells 

were harvested and DC purity was analysed by FACS staining. 

 

7.2.5.4. Transfection of BHK-21 cells 

BHK-21 cells were transfected using FuGENE 6 transfection reagent from Roche, 

according to manufacturer’s instructions. Briefly, BHK-21 cells were grown to semi-

confluence in 6 cm dishes. 6 μl of FuGENE reagent were added to 200 μl of non-

supplemented GMEM, gently mixed and incubated for 5 min at RT. 2 μg of BAC DNA 

were added to the solution, gently mixed and incubated at RT for another 15 min. The 

obtained solution was drop wise added to semi-confluent cultures and cells were 

incubated in a tissue culture incubator at 37ºC with 5% CO2, until approximately 50% 

cpe was visible (3-5 days). 
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7.2.6. Recombinant viruses construction 

MuHV-4 recombinants and the correspondent revertant viruses were derived from a 

BAC-cloned MuHV-4 (Adler et al., 2001, Adler et al., 2000). Site-directed mutagenesis 

of MuHV-4-BAC genome was performed by homologous recombination in E. coli, 

using a two-step replacement procedure (Adler et al., 2003). Viral progeny was 

reconstituted by transfection of the recombinant BAC plasmid into eukaryotic cells. 

 

7.2.6.1. Shuttle vector cloning 

The first step in the generation of recombinant viruses is the construction of a 

recombination plasmid (shuttle plasmid) containing the desired mutation(s) flanked by 

sequences homologous to the integration site (2 to 3 kb on each side) (Fig 7.1).  

Mutations were generated by overlapping PCR (section 7.2.2.2), using the primers listed 

in table 7.4 (Fig. 7.1). The following point mutations were introduced on the M2 gene: 

T4221, 4228A in M2Y, T4228A in M2Y127F, T4221A in M2Y136F, and T4221, 4228A, A4353G 

and A4354C in M2YF85A. For construction of M2Y, M2Y127F and M2Y136F, genomic 

MuHV-4 DNA was used as a template in PCR1A and 1B. For construction of 

M2YF82A, M2F85A shuttle plasmid (Marques et al., 2008) was used as a template for 

PCR1A and B. Mutated genomic fragments were inserted into a HindIII-E fragment 

cloned in the pST76K-SR shuttle plasmid using BlnI (nt 3908) and XhoI (nt5361) 

restriction sites (Fig. 7.1 and section 7.2.3.1). The PCR-derived regions were sequenced 

to confirm the integrity of the mutations (section 7.2.1.6) 
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Figure 7.1. Schematic representation of the construction of a recombinant shuttle plasmid. 
Mutations in M2 gene were generated by a two step overlapping PCR. In the first step, mutagenic primers 
(b and c) and flaking primers (a and d) were used to generate two overlapping PCR products (1A and 1B). 
In the second step, a new PCR was performed, using PCR products 1A and 1B as template and flanking 
primers (a and d) from step one. The new fragment comprised both the engineered mutations (indicated 
by the cross) and two natural occurring restriction sites (BlnI and XhoI). The PCR product was digested 
with BlnI and XhoI restriction enzymes and inserted into the HindIII-E shuttle vector. 
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Figure 7.2. Primers used for introducing point-mutations into M2. 

Virus Oligonucleotide Sequence Genomic 
coordinates 

   
A

ll Flanking 
primers 

Upper CTGGCTCTCCTAGGGTTGTAAAA 3900-3922 

Lower AAATTCTGAGGCCAATGGAAAG 5606-5627 

M
2Y

 a
nd

 
M

2Y
F8

5A
 

Mutagenic 
primers 

Uppera GTTCACTGTTAGCAGTTTCAAAGATGTTTT
CTT 4228-4260 

Lowera CTAACAGTGAACCAGTCTTTATCCAGCCA
AT 4209-4239 

M
2Y

12
7F

 

Mutagenic 
primers 

Uppera GTTCACTGTTAGCAGTTTCAAAGATGTTT
TCTT 4228-4260 

Lowera CCTGAAGAAAACATCTTTGAAACTGCTAA
CAGTG 4231-4264 

M
2Y

13
6F

 

Mutagenic 
primers 

Uppera ATTGGCTGGATAAAGACTGGTTCACTGT
TAG 4209-4240 

Lowera CTAACAGTGAACCAGTCTTTATCCAGCC
AAT 4209-4239 

aaltered nucleotides are underlined and overlapping nucleotides are in bold. 

 

7.2.6.2. BAC mutagenesis in E. coli 

Recombinant shuttle plasmids were transformed into the DH10B E. coli strain 

containing the MuHV-4 BAC. Bacteria were plated on LB plates containing kanamycin 

(shuttle plasmid resistance marker) and chloramphenicol (BAC plasmid resistance 

marker) and incubated ON at 30ºC because the shuttle plasmid has a temperature-

sensitive replication mode. The shuttle plasmid encodes the recA protein that promotes 

the complete integration of the shuttle plasmid into the viral BAC genome by 

homologous recombination (Adler et al., 2003). Bacteria containing the cointegrate 

were selected by incubation ON at 43ºC on LB plates containing both antibiotics. 

Clones were replated on chloramphenicol-containing LB plates and grown for one day 

at 30ºC. Under these conditions, cointegrates can spontaneously resolve by homologous 

recombination to either wild type or mutant BAC plasmid. Bacteria harbouring a 

resolved cointegrate were selected by replating on LB plates containing 

chloramphenicol and 5% sucrose (counterselection against SacB encoded by the shuttle 

plasmid) and grown at 30ºC. Finally, colonies were plated in parallel on kanamycin- 

and chloramphenicol-containing plates and grown ON at 37ºC. Chloramphenicol-

resistant kanamycin-sensitive clones were characterized by PCR and subsequent 

sequencing to identify the mutant clones (sections 7.2.2.1 and 7.2.1.7). BAC plasmids 
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from mutant clones were isolated by small or large-scale BAC preparations (7.2.1.3), 

and their structure was verified by digestion with BamHI or EcoRI restriction enzymes 

(section 7.2.1.5) and analysis of the restriction patterns by agarose gel electrophoresis 

(7.2.1.6).  

To generate the revertant viruses, the wild type HindIII-E shuttle plasmid was 

transformed into DH10B cells containing the correspondent mutant BAC genome and 

subjected to the mutagenesis procedure described above. 

 

7.2.6.3. Virus reconstitution 

Mutant or revertant BAC DNA was transfected into BHK-21 cells using FuGENE 6 

(7.2.5.4). When approximately 50% cpe was visible, cells and media were harvested 

and subjected to a freeze-thawing cycle to disrupt the cells. 1 ml aliquots were made and 

stored at -70ºC until further use. The obtained viral aliquots constituted the BAC+ 

master stock. 

 

7.2.6.4. Removal of BAC sequences 

Cre 3T3 cells were infected with the BAC+ master stock (section 7.2.8.1) to remove the 

loxP-flanked BAC cassette. The obtained BAC+/- working stock was then subjected to 

limiting dilution in Cre 3T3 cells to obtain the BAC- virus. Briefly, 100 pfu of BAC+/- 

working stock were mixed with 106 Cre 3T3 cells and shaken at 37ºC for 1h in 10 ml of 

complete DMEM. 100 μl of mixture were added to each well of a 96-well plate. Cells 

were incubated at 37ºC until cpe was visible. Wells containing GFP- plaques (BAC-) 

were selected. Cells from selected wells were resuspended in culture supernatant and 

transferred to a 1.5 ml tube. Half of the obtained suspension was kept at -70ºC while the 

other half was added to 106 Cre 3T3 in 1 ml of complete DMEM and shaken at 37ºC for 

1 h. Cells were plated in a 6 well plate in 4 ml of DMEM and incubated until viral 

plaques appeared. Viral plaques were analysed by fluorescence microscopy to confirm 

that they were GFP-. Cells and media were harvested and centrifuged at 1,500 rpm for 5 

min. Pellet was resuspended in 1 ml supernatant and freeze-thawed. 250 μl aliquots 

were made and constituted the recombinant or revertant virus master stock. 
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7.2.6.5. Analysis of the stability of the introduced mutations 

following in vivo infection 

Spleens were dissected from mice at 14 days post-infection and single splenocyte 

suspension were obtained (section 7.2.8.5). Approximately 5x106 splenocytes were 

added to 5x105 BHK-21 cells in 5 ml of complete GMEM and mixed by inversion. The 

suspension was plated out in 6 cm dishes and incubated at 37ºC with 5% CO2. When 

cpe was visible cells were harvested, HMW DNA was extracted from infected cells 

(section 7.2.1.1) and used as template for a PCR to amplify the M2 gene (section 

7.2.2.1). PCR products were sequenced to analyse the retention of the engineered point 

mutations following in vivo infection (section 7.2.1.7). 

 

7.2.7. Animal experiments 

Female BALB/c or C57BL/6 mice (Instituto Gulbenkian de Ciência, Oeiras, Portugal) 

were delivered to Instituto de Medicina Molecular animal facility at least three days 

before infections with virus were carried out. 6 to 8-week old mice were inoculated 

intranasally, under the effect of light isofluorane anaesthesia, with the indicated 

amounts of virus (usually 104 pfu) in 20 μl of PBS. At different time points after 

infection, mice were killed by inhalation of CO2, and spleens or mediastinal lymph 

nodes were removed and processed for subsequent analysis. 

 

7.2.8. Viral assays 

7.2.8.1. Virus infection of cell cultures 

Cells were seeded in tissue culture or plates and grown to semi-confluence for low 

multiplicity of infection or to full confluence for high multiplicity of infection. Cell 

monolayers were adsorbed with virus suspension in 10% of the appropriate culture 

medium for 1 h at 37ºC, then covered with the remaining 90% of medium and incubated 

for the appropriate time. 

 

7.2.8.2. Preparation of virus working stocks 

Virus working stocks were grown by low multiplicity of infection of BHK-21 cells 

(0.001 pfu/cell) in 175 cm2 culture flasks. When approximately 50% cpe was visible (3-
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5 days), cells and supernatant were transferred to 50 ml tubes and centrifuged at 1,500 

rpm for 10 min. Cell-associated virus was resuspended in 2 ml of fresh medium, 

subjected to freeze-thawing, and kept at -70ºC in 200 μl aliquots. Supernatant-

associated virus was centrifuged at 15,000 rpm for 2h at 4ºC and pellet was resuspended 

in 2 ml of fresh medium. 150 μl aliquots were made and stored at -70ºC. Virus titres 

were determined by suspension assay. 

 

7.2.8.3. In vitro multi-step growth curves 

Low multiplicity growth curves were performed on confluent cell monolayers in 6-well 

plates. BHK-21 cells were infected at MOI of 0.01 pfu/cell and virus was allowed to 

adsorb for 1 h at 37ºC. Cells were washed in PBS and resuspended in fresh GMEM . At 

each time point after infection, cells and supernatant were harvested, subjected to 

freeze-thawing and kept at -70ºC. Virus titres were determined by suspension assay for 

duplicate plates. 

 

7.2.8.4. Plaque assay (suspension assay) 

Virus stocks and infectious virus in the spleen or mediastinal lymph nodes of infected 

mice were titrated by plaque assay (or suspension assay). Tissue homogenates were 

previously subjected to freeze-thawing to disrupt the cells. 5x105 BHK-21 cells were 

added to serial 10-fold dilutions of virus suspensions in 2 ml of complete GMEM and 

incubated for 1 h with shaking. 3 ml of complete GMEM were added and the 

suspension was plated out into 6 cm dishes. After 4 days incubation at 37ºC with 

5%CO2, cell monolayers were fixed with 10% formaldehyde in PBS and stained with 

0.1% toluidine blue. Viral plaques were counted using a magnifier lenses and virus 

titres were calculated from the number of viral plaques on duplicate dishes.  

 

7.2.8.5. Infectious centre assay 

Spleen and mediastinal lymph nodes were dissected from mice into 5 ml of complete 

GMEM and kept on ice for the majority of the procedure. Lymph nodes were pooled 

from 10 animals. Single cell suspensions were obtained by mechanical disruption and 

cell debris was removed by filtering through a 100 μl cell strainer. Cells were pelleted 

by centrifugation at 1,200 rpm and 4ºC for 5 min. Red blood cells were lysed by 
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incubation with 1 ml of red blood cell lysis buffer (154 mM ammonium chloride, 14 

mM sodium hydrogen carbonate, 1 mM EDTA pH 7.3) for 5 min on ice. 5 ml of 

complete GMEM were added, cells centrifuged and resuspended in 5 ml of fresh 

medium. 

An aliquot of 10 μl of the obtained cell suspension was transferred to a haemacytometer 

and the total number of splenocytes was determined by microscopy. 

10-fold serial dilutions starting with 107 cells were prepared from the cell suspensions 

and 5x105 BHK-21 cells were added. Final volume was made up to 5 ml with complete 

GMEM, suspension was mixed by inversion and plated out in 6 cm dishes. Plates were 

incubated for 5 days at 37ºC with 5%CO2, then fixed with 10% formaldehyde in PBS 

and stained with 0.1% toluidine blue. Viral plaques were counted using a magnifier 

lenses and infectious centres were determined from duplicate dishes. 

 

7.2.9. Flow cytometry 

7.2.9.1. Cell staining 

Staining of splenocytes 

Spleens were pooled from 5 animals into 5 ml of PBS with 2% FCS and kept on ice 

until mechanical disruption to obtain single splenocyte suspensions. Cell debris was 

removed by filtering through a 100 μl cell strainer. Red blood cells were lysed by 

incubation with red blood cell lysis buffer for 5 min on ice. Cell suspensions were 

washed in PBS 2%FCS and splenocytes were stained by incubation (30 min on ice in 

the dark) with PE-conjugated anti-B220 (CD45R, clone RA3-6B2) antibody and biotin-

conjugated peanut agglutinin (PNA) lectin. Unbound anti-B220 and PNA were removed 

by washing twice with PBS 2% FCS. PNA presence was detected by incubation with 

FITC-conjugated streptavidin during 30 min on ice. Cells were washed twice, 

resuspended in 5 ml of PBS 2% FCS and filtered through a 100 μl cell strainer to 

remove cell debris. 

 

Staining of mediastinal lymph node cells 

Mediastinal lymph nodes were pooled from 10 animals and single cell suspensions were 

prepared as described above. Before staining, single cell suspensions were incubated 

with 2.4G2 (anti-CD16/CD32[FcγIII/II receptor], rat IgG2b,κ, culture supernatant, BD 
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pharmingen). Cells were stained, under the conditions described above, with the 

following antibodies: anti-B220-PE, anti-CD11b-FITC (clone M1/70) and anti-CD11c-

APC (clone HL3). 

 

Staining of infected bone marrow-derived dendritic cells 

Dendritic cells exposed to eGFP+ viruses were washed in PBS and plated out into a 96 

well round-bottom plate (5x105 cells/well). For surface staining, cells were incubated 

(30 min, 4ºC) with anti-CD11c-APC (clone N418) and anti-CD86-PE (clone GL1). 

Cells were washed twice in PBS and resuspended in 300 μl PBS. 

 

7.2.9.2. Purification of cell populations 

Single cell suspensions stained with the appropriate antibodies, as described above, 

were enriched for the wanted populations using a FACSAria flow cytometer (BD 

Biosciences). The following enriched populations were obtained: B220+ for total B 

cells,B220+PNAhi for germinal centre B cells, B220-CD11c+ for dendritic cells, B220-

CD11c-CD11b+ for macrophages. Cells were recovered into 50% FCS in PBS and kept 

on ice until further analysis or use.  

 

7.2.9.3. Flow cytometry analysis 

Total splenocytes, mediastinal lymph node cells or enriched cell populations were 

analysed on a FACSAria flow cytometer and data was processed using the FACSDiva 

software (BD Biosciences) or Weasel software (The Walter and Eliza Hall Institute for 

Medical Research, Melbourne, Australia).  

Bone marrow-derived dendritic cells were analysed on a FACS Calibur flow cytometer 

and data was processed using the CellQuest software (BD Biosciences) or Weasel 

software. 

 

7.2.10. Limiting dilution analysis of infected splenocytes 

FACS-purified single cell suspensions were 2-fold serially diluted in PBS and 8 

replicates were made per dilution. Cells were lysed by incubation in lysis buffer (0.45% 

Tween-20, 0.45% NP-40, 3 mM MgCl2, 50 mM KCl, 10 mM Tris-HCl pH 8.3 and 0.5 

mg/ml Proteinase K) at 37ºC ON. Proteinase K was inactivated by incubation at 95ºC 
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for 5 min and the samples were analysed by real time PCR (section 7.2.2.3), with 

primer/probe sets specific for M9. For each cell dilution, the number of negative PCR 

reactions, corresponding to a failure to obtain an amplification curve during the PCR 

cycles, was determined. 

 

7.2.10.1. Statistical analysis of limiting dilution assay 

The frequency of virus DNA+ cells (f) was calculated according to the single-hit Poison 

Model (SHPM) by maximum likelihood estimation (Bonnefoix et al., 2001). This 

model assumes that one limiting cell of one cell subset is necessary and sufficient for 

generating a positive response.  

To evaluate the fit of the SHPM to our limiting dilution experiments, a method 

developed by Bonnefoix et al. (2001) was employed. This method consists in modelling 

the liming dilution data according to the linear log-log regression model fitting the 

SHPM (-log(log(μi))=log(f)+log(xi), where μi is the theoretical fraction of negative 

wells and xi is the number of cells plated in each replicate well) and checking this model 

by an appropriate slope test (Bonnefoix et al., 2001).  

Being f the frequency of virus DNA+ cells, the maximum likelihood of f is the value of f 

that maximizes the following function: 

 

log L log
n !

r ! n ! r !   log 1  

 
where log(L) is the natural logarithm of the likelihood function L, Pi  is given by Pi= 

exp(-fxi) according to the SHPM. k is the number of groups of replicate PCR reactions, 

numbered i=1, 2, 3,..., k, ni is the number of replicate reactions and ri is the number of 

observed negative reactions. 

The standard error of f was calculated as the square root of negative reciprocal of the 

second derivative of log(L): 

 

SE f
1

d log L /df  

 
The 95% confidence interval for f was calculated as 95% CI(f) = f ± 1.96SE(f) 
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7.2.11. In situ hybridization (ISH) 

7.2.11.1. Generation of digoxigenin UTP-labelled riboprobes 

Riboprobe used in this study was transcribed in vitro from pEH1.4 plasmid using a DIG 

RNA labelling kit T7/SP6 (Roche), according to manufacturer’s instructions: 1 μg of 

HindIII-linearized plasmid was transcribed in a 20 μl reaction containing 2 μl of 10x 

transcription buffer, 2 μl of 10x NTP labelling mixture, 1 μl of Protector RNase 

inhibitor and 2 μl of T7 RNA polymerase. Mixture was incubated for 2 h at 37ºC, then 2 

μl of DNase were added and incubated for 15 min at 37ºC to remove template DNA. 

Reaction was stopped by addition of 2 ml of 0.2 M EDTA (pH 8.0).  

RNA was precipitated by addition of 2.5 μl of 4 M LiCl and 75 μl of ice-cold 100% 

ethanol, and incubation at -70ºC for at least 30 min. RNA was centrifuged at 13,000 

rpm and 4ºC for 15 min, supernatant was discarded and pellet was washed with 50 μl of 

ice-cold 70% ethanol. Pellet was re-suspended in 100 μl MilliQ water and incubated for 

30 min at 37ºC. 20 μl aliquots were made and stored at -70ºC until required. 

Concentration of labelled RNA was analysed by spot test assay, according to 

instructions provided in the DIG RNA labelling kit manual (Roche). 

 

7.2.11.2. Preparation of tissue for ISH 

Spleens were dissected from groups of animals and fixed ON in 10% formalin at RT. 

They were then embedded in paraffin in Instituto de Embriologia e Histologia da 

Faculdade de Medicina de Lisboa, serial 5 μm sections were cut on a microtome 

(Leica) and mounted on Superfrost Plus slides (Menzel-Glazer). 

 

7.2.11.3. In situ hybridization 

In situ hybridization was performed as described by J. P. Simas et al. (1999). Sections 

were dewaxed in xylene for 20 min, rehydrated through graded ethanol solutions: 100% 

for 5 min, 100%, 90%, 70% and 50% for 2 min each and finally PBS for 5 min. 

Sections were fixed in 0.1% v/v gluteraldehyde for 30 min at 4ºC, washed twice in PBS 

for 5 min and then digested with 100 μl/ml of Proteinase K in 20 mM Tris pH 7.5 and 2 

mM CaCl2 for 8-10 min at 37ºC. Sections were rinsed in PBS, fixed in gluteraldehyde 

for 15 min, rinsed in PBS again, then acetylated with fresh 0.25% v/v acetic anhydride 
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in 0.1M triethanolamine while being stirred for 10 min. Sections were washed in 2xSSC 

(300 mM NaCl and 30 mM Tri-sodium-citrate) before being dehydrated through graded 

ethanol (50% to 100%) and left to dry. 

For 100 μl of probe mix, 2 μl of DIG-labelled riboprobe were mixed with 50 μl of 

deonised formamide, 5 μl of sonicated salmon sperm (10 mg/ml) and 5 μl of tRNA (10 

mg/ml). Mix was heated for 5 min at 80ºC then quenched on ice. 20 μl of 5x 

hybridization buffer, 1 μl of DTT (100 mM) and 100 U of Protector RNase inhibitor 

were added with MilliQ water to a final volume of 100 μl.  30 μl of probe mix were 

added to each section, covered with parafilm and incubated ON at 55ºC on a humidified 

incubator.   

After hybridization, probes were washed in 2x SSC and 10 mM Tris pH 7.5 and then in 

0.1x SSC and 10 mM Tris pH 7.5, for 15 min at RT with stirring. The stringency wash 

was for 30 min at 58ºC in 30% deionised formamide, 0.1x SSC and 10 mM Tris pH 

7.5., followed by rising in 0.1x SSC and 10 mM Tris pH 7.5 for 5 min at RT with 

stirring. 

Hibridised probe was detected with alkaline phosphatase (AP)-conjugated anti-DIG 

antibody. Sections were rinsed for 5 min in buffer 1 (100 mM Tris pH 7.5 and 150 mM 

NaCl), then blocked in blocking buffer (1% Boehringer Blocking Reagent in buffer 1) 

for 30 min at RT. Sections were then dried around the edges and incubated with 100 μl 

anti-DIG-AP antibody (1:500 in blocking buffer) in a humidified incubator at RT for 1 

h. Unbound antibody was removed by washing twice with buffer 1 for 15 min.  

Bound antibody was revealed by colorimetric detection with NBT. Sections were rinsed 

in buffer 3 (100 mM Tris pH 9.5, 100 mM NaCl and 50 mM MgCl2) for 10 min. Colour 

development was done in the dark incubating the sections in buffer 3 with NBT and X-

Phos for at least 2 h. Reaction was stoped by rising with distilled water. Sections were 

counter stained with 10% Mayer’s Haemalum and mounted with Aquatex (Merck). 
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Xosé R. Bustelo3*, J. Pedro Simas1,2*

1 Instituto de Microbiologia e Instituto de Medicina Molecular, Faculdade de Medicina, Universidade de Lisboa, Lisboa, Portugal, 2 Instituto Gulbenkian de Ciência, Oeiras,

Portugal, 3 Centro de Investigación del Cáncer and Instituto de Biologı́a Molecular y Celular del Cáncer, Consejo Superior de Investigaciones Cientı́ficas (CSIC), University

of Salamanca, Salamanca, Spain

Abstract

To establish latent infections in B-cells, gammaherpesviruses express proteins in the infected B-cells of the host that
spuriously activate signalling pathways located downstream of the B-cell receptor. One such protein is M2, a murine
gammaherpesvirus 68-encoded molecule that activates the Vav1/Rac1 pathway via the formation of trimolecular complexes
with Scr family members. Previous reports have shown that the formation of this heteromolecular complex involves
interactions between a proline rich region of M2 and the Vav1 and Fyn SH3 domains. Here, we show that the optimal
association of these proteins requires a second structural motif encompassing two tyrosine residues (Tyr120 and 129). These
residues are inducibly phosphorylated by Fyn in non-hematopoietic cells and constitutively phosphorylated in B-cells. We
also demonstrate that the phosphorylation of Tyr120 creates specific docking sites for the SH2 domains of both Vav1 and
Fyn, a condition sine qua non for the optimal association of these two signalling proteins in vivo. Interestingly, signaling
experiments indicate that the expression of M2 in B-cells promotes the tyrosine phosphorylation of Vav1 and additional
signaling proteins, a biological process that requires the integrity of both the M2 phosphotyrosine and proline rich region
motifs. By infecting mice with viruses mutated in the m2 locus, we show that the integrity of each of these two M2 docking
motifs is essential for the early steps of murine gammaherpesvirus-68 latency. Taken together, these results indicate that the
M2 phosphotyrosine motif and the previously described M2 proline rich region work in a concerted manner to manipulate
the signaling machinery of the host B-cell.
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Introduction

Gammaherpesviruses are amongst the most prevalent of human

pathogens owing to their ability to establish lifelong persistent

infections within their hosts [1]. Persistence is achieved through

the establishment of latent infection in conventional memory B

lymphocytes. To gain access to this cell type, gammaherpesviruses

have developed molecular mechanisms that promote B cell

activation in the absence of cognate antigen recognition [2].

Thus, host colonisation by gammaherpesvirus involves the

modulation of signalling pathways triggered upon B cell receptor

(BCR) activation. This strategy offers an obvious advantage to the

virus since infection is not dependent on rare encounters with

antigen specific naive B cells. In addition, virus driven proliferation

of germinal centre (GC) B cells facilitates the amplification of viral

episomes and the subsequent generation of a large pool of latent

genomes in long lived memory B cells [3]. Signalling from the

BCR complex is initiated when Src family kinases such as Fyn, Blk

and Lyn induce the phosphorylation of immunoreceptor tyrosine-

based activation motifs (ITAMs) located in the Iga and Igb
cytoplasmic tails. Tyrosine-phosphorylated ITAMs then recruit

the cytoplasmic Syk protein tyrosine kinase, leading to its

membrane translocation and the subsequent trans-phosphoryla-

tion of important B-cell signalling proteins such as Vav1, Vav2,

phospholipase C-c2 (PLC-c2) and phosphatidylinositol-3 kinase

(PI3K). In turn, these molecules promote the generation of a wide

spectrum of intracellular signals and biological responses that are

essential for the antigenic responses of B lymphocytes [4].

Several gammaherpesvirus proteins have been shown to

modulate signal transduction pathways paralleled to those

activated by BCR recognition of cognate antigen [2]. One such

protein is latent membrane protein (LMP) 2A encoded by Epstein-

Barr virus. This transmembrane protein contains two ITAM-like

sequences that, upon phosphorylation, can interact with Lyn [5].
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Functionally, LMP2A has been shown to drive B cell development

in vivo [6], thus mimicking the presence of a functional BCR [7].

Another example is provided by the Kaposi’s sarcoma-associated

herpesvirus (KSHV) K1 protein. This transmembrane protein also

contains a functional ITAM that mediates interactions with a large

cohort of signalling proteins, including Syk, Lyn, Vav1, PLC-c2

and PI3K [8–11]. Although many studies have addressed the

function of these proteins [12], due to the restricted host range

tropism of the human gammaherpesviruses, their role in vivo has

not been fully demonstrated. Therefore, we still lack studies that

can correlate the biochemical and biological properties of these

viral proteins with the different biological aspects involved in the

pathogenesis of those viruses in their host cells.

A suitable model to circumvent this problem is the use of

murine gammaherpesvirus 68 (MHV-68), because this pathogen

can infect laboratory mice [13,14]. Despite this difference in

tropism, MHV-68 can establish long term latent infection in

memory B cells upon amplification of viral episomes in GC B cells

[15–19]. During the establishment of latency by MHV-68 a

selective number of viral-encoded proteins are expressed that are

predicted to orchestrate biological programs in the host B cell [20].

One of these proteins is M2, a 192 amino acid-long polypeptide

that bears no sequence similarity to any other known protein [21].

One of the functions of M2 is to induce the phosphorylation and

activation of Vav1 and Vav2 in a BCR-independent, but Src

family-dependent manner [22]. Vav1 and Vav2 work as

phosphorylation-dependent guanosine nucleotide exchange factors

(GEFs) for members of the Rho/Rac family [23], a group of

GTPases involved in the regulation of cytoskeletal, mitogenic, and

antigenic responses [24]. The activation of Vav proteins by M2

requires the formation of a trimeric complex between these two

proteins and the tyrosine kinase Fyn [22], a process mediated by

the recognition of a M2 proline rich region (PRR) by the SH3

domains of both Vav and Fyn proteins [22]. Interestingly, we have

previously shown that the formation of this complex results also in

the phosphorylation of M2 on a region that contains two tyrosine

residues (Tyr 120 and Tyr 129) [22]. These results suggested that

in addition to protein interaction events, the function of M2 could

be modulated by phosphorylation-based signals. However, they

could not exclude the possibility that this phosphorylation was a

bystander defect derived from the close physical proximity of M2

and Fyn in the heteromolecular complex.

To investigate the possible implication of phosphorylation-

dependent effects in the functional cycle of M2, we performed in

this work experiments aimed at identifying the specific residues

that were phosphorylated by Fyn on M2. In addition, we

investigated the functional capabilities of M2 mutant proteins

lacking different combinations of these two putative phosphory-

lation sites at the biochemical and signalling level. To obtain

additional information about the regulatory properties of M2 in

vivo, we also compared the pathogenicity of M2 mutant viruses

with disrupted phosphorylation sites, with wild type MHV-68 and

with recombinant viruses bearing previously reported inactive M2

mutant proteins, such as an M2 frame shift mutant [17] and a

PRR-mutant version that cannot trigger the stimulation of the

Fyn/Vav1/Rac1 pathway [22]. Interestingly, these experiments

demonstrated that the phosphorylation of M2 on the tyrosine 120

is critical for the optimal assembly of the M2/Fyn/Vav1 complex

and, perhaps more importantly, for the activation of the latency

program of MHV-68 in infected mice. They also provided

evidence suggesting that the action of M2 in that pathogenic

program involves the manipulation of additional signalling

molecules within B-cells. Taken together, these results reveal

additional mechanistic aspects of the cross-talk established among

M2 and elements of the B-cell signaling machinery that are crucial

for the orchestration of specific biological programs linked to

gammaherpesvirus latency in the host B-cell.

Results
Phosphorylation of M2 on Tyr120 is required for Vav1
activation

We have previously shown that a M2 mutant protein (M2Y)

containing two missense mutations on tyrosine residues 120 and 129

(the amino acid residue positions used in this study for M2 refer to

the final spliced form of this protein, [25]) could not be

phosphorylated by Fyn in vivo or in vitro [22], indicating that these

residues were the actual Fyn targets in M2. To identify the exact

acceptor site of the phosphate group, we generated two M2 mutant

proteins in which either the Y120 (M2Y120F mutant) or the Y129

(M2Y129F mutant) residues were mutated to phenylalanine. To

monitor the phosphorylation of these mutants, these proteins were

expressed in COS1 cells in the presence of Myc-tagged Fyn,

immunoprecipitated, and subjected to immunoblot analysis with

anti-phosphotyrosine (PTyr) antibodies. As a control, we used COS1

expressing either the wild type or the previously described M2Y

mutant version of M2 [22]. These experiments revealed a graded

effect of the mutations in the total levels of M2 phosphorylation.

Thus, the M2Y129F mutant displayed only marginal defects on

tyrosine phosphorylation when compared to its wild type counter-

part (Fig. 1A, upper panel), indicating that this site is not the main

target of Fyn. In contrast, the phosphorylation of M2 was drastically

reduced and totally abolished in the case of the M2Y120F and the

M2Y mutant versions, respectively (Fig. 1A, upper panel). These

results indicate that the main phosphorylation site of M2 is Tyr120.

To investigate the effect of the Y to F mutations in the function

of M2, we used the above anti-M2 immunoprecipitates to monitor

the association of this protein with Fyn. Using anti-Myc

immunoblots, we observed that Fyn could co-immunoprecipitate

at similar levels with both wild type M2 and the M2Y129F mutant

protein. In contrast, its association with M2 was severely reduced

in the case of the M2Y120F mutant and totally abolished when co-

expressed with the M2Y mutant (Fig. 1A, second panel from top).

As previously described [22], Fyn was also tyrosine phosphorylated

in this complex as demonstrated by the detection of phospho-Fyn

in the anti-M2 immunoprecipitates derived from cells expressing

either the wild type or the M2Y129F versions (Fig. 1A, upper

panel). These results suggest that Y120 is involved in the physical

interaction of M2 with Fyn in vivo.

We examined next the role of these two M2 phosphorylation

sites in the coassembly of Fyn and Vav1 and the subsequent

phosphorylation of Vav1. To this end, we co-transfected COS1

cells with Vav1, Fyn and wild type M2 or M2 tyrosine mutants in

the indicated combinations, and examined Vav1 immunoprecip-

itates for the presence of Fyn and M2 proteins (Fig. 1B). While

wild type M2 and the M2Y129F mutant co-immunoprecipitated

equally well with Vav1, the interaction of both M2Y and

M2Y120F mutants with this GEF was significantly reduced

although, unlike the case of the interaction of Fyn with M2Y,

not completely abolished (Fig. 1B, top panel). Likewise, Vav1

associated optimally with Fyn when co-expressed with either wild

type M2 or the M2Y129F mutant. Instead, this complex was

partially or totally lost when M2 was replaced by the M2Y120F

and M2Y mutants in the transfections, respectively (Fig. 1B,

second panel from top). In agreement with these results, in vitro

kinase assays indicated that the optimal phosphorylation of Vav1

by Fyn could be only triggered by wild type M2 and M2Y129F

proteins but not by the rest of Y to F M2 mutants used in the study

(Fig. 1C). Taken together, our results indicate that Y120 is the
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primary phosphorylation residue involved in the formation of the

M2/Vav1/Fyn complex and in Vav1 phosphorylation.

Constitutive phosphorylation of M2 in B cells
In order to address the role of M2 phosphorylation in a more

physiological context, we next monitored the coassembly with Fyn

and Vav1 and the phosphorylation of M2 in A20 cells, a mouse B

cell lymphoma line expressing surface IgGs. To this end, M2 and its

phosphotyrosine mutants were ectopically expressed in these cells.

For comparative purposes, we also analyzed in these experiments the

binding properties and phosphorylation of M2P2, a previously

described M2 mutant protein that lacks the PRR involved in the

recognition of both Vav1 and Fyn [22]. The formation of

heteromolecular complexes was assessed by immunoblot analysis

of Fyn immunoprecipitates for the presence of Vav1 and M2

proteins. These results indicated that Y120 is the primary

phosphorylation residue involved in the formation of the M2/

Vav1/Fyn complex in B cells (Fig. 2A). Next, we examined the

phosphorylation levels of M2 proteins by anti-PTyr immunobloting

of M2 immunoprecipitates. Under these conditions, we observed

that wild type M2 was constitutively phosphorylated on tyrosine

residues even in the absence of BCR stimulation (Fig. 2B, upper

panel; data not shown). This constitutive phosphorylation could be

due to the relatively high basal levels of activation of this cell line

[26]. This phosphorylation was maintained upon mutation of the

Y129 residue but abolished in the case of the replacement of the

Y120 M2 residue (Fig. 2B, upper panel). As expected [22], the

elimination of the proline rich region eliminated the phosphorylation

of M2, as assessed by the lack of detectable phosphorylation levels in

the M2P2 mutant protein (Fig. 2B, upper panel). These results

indicate that the main phosphorylation site of M2 is Y120

independently of the cell type used. To analyze the impact of these

mutations in the activation of Vav1 in B-cells, we monitored by

immunoblot analysis the levels of phosphorylation of endogenous

Vav1 on tyrosine 174 in the transfected A20 cells. Phosphorylation of

this Vav1 site is a good reflection of its activation status, since it has

been shown before that this posttranslational modification induces a

conformational change in the Vav1 molecule that stimulates its

GDP/GTP exchange activity towards Rho/Rac proteins [27–29].

Furthermore, it has been previously shown that M2 induces Vav1

phosphorylation on this site and the concomitant activation of the

downstream Rac1 GTPase [22]. As shown in Fig. 2B, the

phosphorylation of Vav1 induced by the overexpression of M2 in

B-cells did not occur in the case of M2Y120F-transfected cells. As

previously described, Vav1 phosphorylation was also impaired when

the M2P2 mutant protein was expressed in A20 cells. In contrast, the

Y129F mutation did not affect the phosphorylation of the

endogenous Vav1 protein at the Y174 position (Fig. 2B).

To verify whether M2 could affect other intracellular proteins in

addition to Vav1, we analyzed total cell extracts from A20 cells by

anti-PTyr immunoblot to monitor the possible phosphorylation of

other B-cell proteins on tyrosine residues upon overexpression of

M2 and the indicated mutants. We observed that M2 and the

M2Y129F mutant induced the phosphorylation of several proteins

of approximately 52, 54, 56, 75, 95 (likely Vav1 itself) and

150 kDa (Fig. 2B, fifth panel from top). Interestingly, the

phosphorylation of these proteins was not observed in A20 cells

expressing either M2Y and/or M2P2 and significantly reduced in

the case of cells expressing the M2Y120F mutations (Fig. 2, fifth

panel from top). Taken together, these results show that Y120 is

the predominant phosphorylated tyrosine of M2 both in lymphoid

and non-hematopoietic cells. Moreover, they indicate that M2 is

also able to promote the BCR-independent phosphorylation of

Vav1 and an additional subset of cellular proteins. This effect is

totally dependent on the presence of both the Y120 residue and

the PRR of M2.

Figure 1. Y120 is the predominant tyrosine required for the formation of the M2/Vav1/Fyn complex and for M2-dependent
phosphorylation of Vav1. COS1 cells were transiently transfected with plasmids encoding the indicated proteins. (A,B) Cells were lysed and
clarified extracts incubated with either anti-M2 (A) or anti-Vav1 antibodies (B). Immunoprecipitates were analysed by western blot with the indicated
antibodies (right side of panels). Western blot analysis of a representative aliquot of total cell lysates (TCL) confirmed expression of proteins (bottom
panels). (C) Cell lysates were incubated with an anti-Vav1 antibody and the resulting immunoprecipitates subjected to an immunocomplex kinase
assay exactly as described previously [22]. Lower panel is an overexposure showing phosphorylation of M2 and its mutant forms. The position of
molecular weight markers is indicated on the right. 2, without; +, with; a, anti; IP, immunoprecipitation; p, phosphorylated; WB, western blot.
doi:10.1371/journal.pone.0001654.g001

M2 Phosphorylation and Latency

PLoS ONE | www.plosone.org 3 February 2008 | Volume 3 | Issue 2 | e1654



Phosphorylated M2 binds directly to Vav1 and Fyn SH2
domains

The observation that tyrosine phosphorylation regulates the

binding of Fyn and Vav1 to M2 was quite unexpected, since we had

shown before that the interaction of these proteins was mediated by

the M2 PRR [22]. We surmised that the involvement of the

phosphotyrosine M2 motif in this heteromolecular interaction could

be due to two different causes. On the one hand, it was possible that

tyrosine phosphorylation could induce a conformational change in

M2 that resulted in the exposure of the hidden PRR, thereby

facilitating the interaction of this second motif with the M2 target

proteins. On the other hand, it was also feasible that the

phosphorylation sites of M2 could serve as additional docking sites

for Vav1 and Fyn via interactions with the SH2 domains of these two

signalling proteins. To verify the former possibility, we assessed the

binding of several M2 mutants containing Y to D mutations at

positions 120 and 129 to Fyn and Vav1. These mutations mimic the

negative charge created by the incorporation of the phosphate group

on the tyrosine residue so, if the hypothesis of the conformational

change were correct, we expected that some of these mutants could

enhance the binding of Fyn and Vav1 to M2. However, we found

that the Y to D mutations induced effects identical to those elicited

by the Y to F missense mutations, indicating that the role of this

phosphorylation site was not due through conformation-dependent

effects (Fig. 3A,B, top panels).

To assess the second possibility, we first tested the hypothesis that

the SH2 domains of Fyn and Vav1 could bind M2 sequences

containing the phosphorylated Y120 residue. To this end, COS1 cell

lysates containing either the wild type or the SH2 mutant versions of

Fyn and Vav1 were subjected to pull-down experiments with

phosphopeptides (pY) containing either the phosphorylated Y120 or

Y129 residues. After binding, the association of Vav1 and Fyn to

these peptides was determined by immunoblot analysis. As a control

for the specificity of the possible interactions, we included parallel

pull-downs in which peptides were dephosphorylated by the YOP

phosphatase prior to the incubation with cell extracts. As shown in

Figure 4A (two top panels), the pY120 peptide, but not the pY129

peptide, could bind to both Fyn and Vav1. However, this interaction

was lost in the case of the SH2 mutants of Fyn and Vav1 (Fig. 4A,

two top panels) or when the dephosphorylated peptide was used in

the experiments (Fig. 4A, two top panels). These results indicate that

pY120 residue can act as an effective docking site for Vav1 and Fyn.

In order to assess if this interaction required other chaperone

proteins, we repeated these experiments using the isolated SH2

domains of Vav1 and Fyn purified from Escherichia coli as glutathione

S-transferase (GST) fusion proteins. As a negative control, we

performed similar pull-down experiments with the non-chimeric

GST protein. We found that the pY120 peptide could bind directly

both SH2 domains, but that the SH2 domain of Fyn bound more

efficiently than that of Vav1 (Fig. 4B). The phosphorylated peptide

failed to bind to GST (Fig. 4B), confirming the specificity of the

interactions. These differences could not be attributed to loading

artefacts, given that equivalent amounts of peptide and input GST

proteins were used in each pull down experiment.

Figure 2. Role of the phosphotyrosine M2 motif in B-lymphocytes. (A) TCLs from A20 cells expressing the indicated proteins were incubated
with anti-Fyn antibodies and subjected to western blot analysis using the indicated antibodies. As control, aliquots of the same TCLs were analyzed
with anti-Vav1 and anti-Myc antibodies to reveal the levels of endogenous Vav1 and ectopic M2 proteins present in these lysates. (B) M2-transfected
A20 cells were lysed and TCLs analyzed either by immunoprecipitation with anti-M2 antibodies followed by immunoblot with the indicated
antibodies (two upper panels) or by direct immunoblot with the indicated antibodies (rest of panels). The mobility of M2, Fyn and Vav1 proteins is
indicated by arrowheads. The mobility of M2-dependent phosphorylated cellular proteins is indicated by arrows (fifth panel from top). a, anti; IP,
immunoprecipitation; p, phosphorylated; WB, western blot.
doi:10.1371/journal.pone.0001654.g002
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Figure 3. Increased association of Fyn and Vav1 to phosphorylated M2 does not involve phosphorylation-dependent
conformational changes. (A,B) COS1 cells were transiently transfected with plasmids encoding the indicated proteins. After 48 h, cell extracts
were obtained and subjected to immunoprecipitation with either anti-M2 (A) or anti-Vav1 (B) antibodies. Immunoprecipitates were analyzed by
western blot with the indicated antibodies (right side of panels). Aliquots of the TCL used in the immunoprecipitations were analysed in parallel to
confirm expression of the appropriate proteins (bottom panel). 2, without; +, with; a, anti; IP, immunoprecipitation; WB, western blot.
doi:10.1371/journal.pone.0001654.g003

Figure 4. Phosphorylated M2 binds directly to SH2 domains of Fyn and Vav1. (A) COS1 cells were transiently transfected with plasmids
encoding the indicated proteins (top). Cell extracts were incubated with biotinylated peptides containing M2 sequences encompassing
phosphorylated (2) and YOP-mediated (+) dephosphorylated versions of residues 120 and 129. Complexes were recovered with streptavidin-coupled
agarose beads and analyzed by western blot using the indicated antibodies (right side of panels) to reveal the possible association of the indicated
versions of Fyn (top panel) and Vav1 (second panel from top). Western blot analysis of aliquots of TCL confirmed expression of proteins (three bottom
panels). (B) The phosphorylated Y120 peptide described in (A) was incubated with increasing amounts of the indicated GST fusions proteins purified
from bacteria. After binding, the peptide was recovered as indicated above and bound proteins identified by immunoblot analysis using anti-GST
antibodies (upper panel on the left). Aliquots of GST proteins were analyzed by western blotting (upper panel on the right). (C,D) COS1 cells were
transiently transfected with plasmids encoding the indicated proteins. Clarified lysates were incubated with anti-Vav1 (C) or anti-M2 (D) antibodies.
Immunoprecipitates were analyzed by western blotting using the indicated antibodies (left). Aliquots of TCL used in the immunoprecipitations were
analysed in parallel to confirm the expression of proteins used in this experiment (bottom panels). *, point mutation in the indicated domain of Fyn or
Vav1; 2, without; +, with; IP, immunoprecipitation; WB, western blotting.
doi:10.1371/journal.pone.0001654.g004
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To confirm that Vav1 binds to both phosphorylation sites and

the PRR of M2, we next compared the association of M2 with

wild type and mutant Vav1 proteins with inactivated SH2 and the

C-terminal SH3 domains either in the absence or presence of Fyn.

For these experiments, Vav1 N-terminal SH3 mutants were not

analyzed since we have previously shown that M2 only binds to

the C-terminal SH3 domain of Vav1 or Vav2 [22]. In the absence

of Fyn, the inactivation of the C-terminal Vav1 SH3 domain

markedly reduced the M2/Vav1 interaction (Fig. 4C, upper panel,

interaction observed only after longer exposure times, data not

shown), confirming our previous observations [22]. In contrast, the

inactivation of the Vav1 SH2 domain affected only marginally the

association of Vav1 with M2 under these conditions (Fig. 4C,

upper panel). This is consistent with the low phosphorylation levels

of M2 in the absence of Fyn (see above, Fig. 1C, lower panel). As

expected [22], co-expression of Fyn enhanced the interaction

between M2 and Vav1 (Fig. 4C, upper panel). Under these

conditions, a significant level of coimmunoprecipitation was

observed between M2 and SH2 and C-terminal SH3 mutants of

Vav1 (Fig. 4C, upper panel). Therefore, under conditions of

optimal M2 tyrosine phosphorylation, these two domains of Vav1

could efficiently establish physical contacts with the viral protein.

Consistent with previous results [22], we found that Fyn formed

part of the M2/Vav1 complexes (Fig. 4C, second panel from top).

This association could be detected regardless of the Vav1 protein

used (Fig. 4C, second panel from top), indicating that the

association between Vav1 and Fyn is made indirectly via the

scaffolding action of M2. As expected, Fyn also associated with the

phosphorylation sites and the PRR of M2, however, in this case

binding through the SH2 domain had a stronger influence

(Fig.4D, upper panel). Control immunoblots showed equivalent

expression levels of M2, Fyn and Vav1 proteins in the appropriate

samples (Fig. 4C,D). Taken together, these results indicate that

Fyn and Vav1 use two independent docking sites to associate

stably with M2.

The phosphosites and PRR of M2 contribute to the
establishment of latency in GC B cells but they are not
responsible for the full complement of M2 functions

In order to determine the functions of the identified phospho-

sites and the PRR of M2 in physiological context of latency in

vivo, we generated MHV-68 recombinant viruses in which the m2

gene was modified to contain the mutations in either the

phosphorylation motif or the PRR (designated vM2P2, with

proline residues at positions 158, 160, 163 and 167 mutated to

alanine). Given that the Y120F M2 mutant still displayed some

basal phosphorylation in some cell contexts (i.e., COS1 cells), we

decided to use in these experiments a virus encoding the M2Y

mutant (designated vM2Y, with tyrosine residues at positions 120

and 129 mutated to phenylalanine), a version of M2 that shows no

detectable phosphorylation even under conditions of Fyn overex-

pression (see above, Fig. 1A). Moreover, this mutant totally

disrupts the interaction with Fyn and the phosphorylation of B-cell

proteins (see above, Figs. 1A and 2), thus ensuring the total

blockage of the signals emanating from this M2 region. The DNA

structures of mutant viruses were verified by PCR, DNA

sequencing and examination of restriction enzyme digestion

profiles of Escherichia coli-derived BAC DNA and PCR of

reconstituted virus DNA. The stability of the introduced mutations

was further checked in viruses recovered from latently infected

spleens confirming the retention of the engineered point

mutations. Spliced M2 transcripts could be readily detected in

RNA extracted from fibroblasts infected with each of the viruses,

confirming that the mutations did not affect transcription of M2

(data not shown). These viruses were used to infect mice and

analysed for the previously shown functions of M2 in latency. In

addition, we used in this study a previously described M2 frame

shift mutant (vM2FS) that does not express this protein [17]. By

using this additional virus, we wanted to distinguish whether the

phosphosites and the PRR mutants were responsible for either the

totality or just a subset of the functions previously ascribed to M2

during B-cell infection [17,30–32]. To analyse the behaviour of

these viral mutants during latency, we infected Balb/c mice with

each of these viruses and monitored both the establishment and

the long-term latency of MHV-68 in B cells. To this end, we

subjected these animals to three independent, although comple-

mentary biological assays: ex vivo reactivation assays to measure

latent infection in total splenocytes, flow cytometry coupled to

limiting dilution and real time PCR to quantify the frequency of

viral DNA positive GC B cells in spleen, and in situ hybridization

analysis to identify virally infected cells within the spleen. Using

the former assay, we observed in the case of the wild type virus the

expected peak of infection at day 14 post-inoculation, with latent

infection subsiding thereafter to become undetectable at day 50

post-inoculation (Fig. 5) [33]. In contrast, the vM2Y and vM2P2

viruses showed a vM2FS-like pattern of infection during the

establishment of latency. This was characterised by an approxi-

mately 100-fold deficit of latent infection at day 14 post-

inoculation and a subsequent increase in infectious centres by

day 21 post-inoculation when compared with infections made with

wild type viruses (Fig. 5). No preformed infectious virus could be

detected by suspension assay of freeze-thawed spleen homogenates

at any time point and for any virus analyzed, indicating that

splenic infection was only latent. However, unlike the case of the

vM2FS mutant virus, the vM2Y and vM2P2 viruses became

undetectable during long-term latency (Fig. 5). A revertant virus

(vM2Y-R) in which the M2Y locus was restored to wild type status

did not show any defects in the course of infection, indicating that

phenotypic changes observed with the M2Y mutation were

intrinsic to this locus and not the consequence of mutations

elsewhere in the viral genome (Fig. 5). These results indicate that

the PRR and the phosphosites of M2 are responsible for engaging

the cellular responses important for the establishment, but not

maintenance, of latency.

To assess whether the deficit in the establishment of latency

exhibited by the M2 mutant viruses reflected a phenotype in GC B

cells, we determined the frequency of GC B-cells harbouring viral

genomes. In mice infected with vM2Y or vM2P2, the frequency of

viral genome-positive GC B cells only peaked at day 21 post-

infection (Table 1). This was in contrast with the frequencies of

viral genome-positive GC B cells in mice infected with wild type

virus and vM2Y-R, which reached maximal levels at day 14 post-

infection (Table 1). After longer post-infection periods (day 50),

only mice infected with vM2FS exhibited high frequencies of viral

genome-positive B cells (Table 1).

To verify that this infection profile was linked to the residency of

the virus in GC B cells, we monitored the presence of each of those

viruses by detecting transcripts corresponding to the MHV-68-

derived microRNAs using in situ hybridization, an assay that allows

the analysis of the expansion and cessation kinetics of latent

infection within GCs [13,18,34]. Mice infected with either wild

type or vM2Y-R viruses showed the expected pattern of infection

(Fig. 6A,B) [18]. This pattern was characterized by the detection of

large clusters of infected cells within GCs at day 14 post-infection

that reflect cellular proliferation and, thereby, expansion of the

latently infected cell pool (Fig. 6A, panels a,e). At day 21 post-

infection, we observed sharp declines in the total number of

infected GCs and in the number of GCs that were associated with

M2 Phosphorylation and Latency

PLoS ONE | www.plosone.org 6 February 2008 | Volume 3 | Issue 2 | e1654



the presence of large clusters of latently infected cells. This pattern

reflects the cessation of the virus driven GC B cell proliferation

(Fig. 6A, panels f,j; and Fig. 5B). At later periods (day 50), infection

became confined to a reduced number of cells scattered within

secondary follicles, a phenotype that correlates with the mainte-

nance phase of latent infection (Fig. 6A, panels k,o). The kinetics

and pattern of infection in the spleens of mice inoculated with

vM2FS was as previously reported [17]. Thus, after infection with

this virus, maximal numbers of large clusters of infected GC B cells

were reached only at day 21 post-infection (Fig. 6A, panel g). High

levels of latent infection were still observed at day 50 post-infection

(Fig. 6A, panel l), where almost 100% of the miRNA-positive

follicles presented with large clusters of infected cells (Fig. 6B). In

the case of infections by vM2Y and vM2P2, there was a reduced

number of miRNA positive follicles at day 14 post-infection

(Fig. 6A, panels c,d). This deficit reflected both a decreased

number of infected follicles as well as a low number of positive

follicles with large clusters of latently infected cells when compared

Table 1. Frequency of genome-positive GC B cellsa

Days
p.i. Virus

Reciprocal frequencyb of viral
DNA+ GC B cells (95% CI) %Cellsc

Total no. of
cellsd

No. of viral DNA-
positive cellse

14 WT 3 (2–6) 5.7 1.16107 3,666,667

M2FS 61 (39–142) 5.7 1.16107 180,328

M2Y 23 (15–53) 7.8 1.66107 608,696

M2P2 26 (17–60) 8.9 1.86107 692,308

M2Y-R 6 (4–13) 6.8 1.46107 2,333,333

21 WT 79 (51–175) 6.0 1.26107 151,899

M2FS 6 (4–12) 6.0 1.26107 2,000,000

M2Y 23 (14–58) 4.3 8.66106 373,914

M2P2 10 (7–21) 4.1 8.26106 820,000

M2Y-R 51 (32–119) 4.9 9.86106 192,157

50 WT 148 (92–380) 2.1 4.26106 28,378

M2FS 8 (6–17) 4.9 9.86106 1,225,000

M2Y 128 (77–381) 1.5 3.06106 23,437

M2P2 256 (169–527) 2.6 5.26106 20,233

M2Y-R 78 (52–162) 1.7 3.46106 43,897

aData were obtained from pools of at least five spleens.
bFrequencies were calculated by limiting-dilution analysis with 95% confidence intervals (CI).
cThe percentage of GC B cells from total spleen was estimated by FACS analysis.
dThe total number of cells was estimated from the percentage of the total spleen, based on an estimate of 26108 cells/spleen.
eThe number of latently infected cells was based on the frequency of latency within GB B cells and the estimated total number of cells.
doi:10.1371/journal.pone.0001654.t001

Figure 5. Activation of Vav proteins is necessary to the establishment of normal levels of latency in spleen. Balb/c mice were intranasally
infected with viruses of the indicated viral genotypes and latent load quantified by ex-vivo reactivation. Each point represents the infectious center titre
from an individual mouse. Horizontal bars indicate arithmetic means. The dashed line indicates the limit of detection of the assay.
doi:10.1371/journal.pone.0001654.g005
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to wild type virus (Fig. 6B). In this case, maximal levels of GC

infection were only observed at day 21 post-infection (Fig. 6A,

panels h,i). These levels declined thereafter and reached values

equivalent to those observed in the case of wild type and the

vM2Y-R viruses (Fig. 6A, panels m,n). Taken together, these

results indicate that the PRR and the phosphotyrosine sites of M2

work coordinately during infection in vivo, where they play

essential roles in the M2 functions linked to the establishment of

latency within GC B-cells. Furthermore, they suggest that the

functions of M2 related to latency maintenance are probably due

to other motifs of this molecule, raising the possibility that separate

regions of the M2 molecule regulate different branches of the

pathogenicity program of MHV-68.

Discussion

M2 is a MHV-68 encoded protein that modulates signalling

pathways linked to the establishment of viral latency in B cells. M2

contributes to the latency program through the manipulation of

key signal transduction pathways [22,35]. In order to do so, M2

Figure 6. Modulation of Vav activity is required for normal kinetics of latency in GC B cells. Balb/c mice were intranasally infected with
viruses of the indicated viral genotypes. Spleen sections were processed for in situ hybridization with miRNA riboprobes. (A) Representative spleen
sections from each group of animals. Dark staining indicates cells positive for viral encoded miRNAs. All sections are magnified at 6200 and counter
stained with haematoxylin. (B) Mean percentage 6 SEM of miRNA+ follicles (filled bars) and positive follicles with large clusters of miRNA-positive
cells (open bars). Six sections per mouse and at least four mice per group were counted at each time point. Follicles were scored positive if they
contained at least one positive miRNA cell and positive for expansion if they contained more than ten miRNA positive cells.
doi:10.1371/journal.pone.0001654.g006
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utilises different structural motifs present in its primary structure.

For example, it has been shown that the activation of the Vav

pathway requires the interaction of the M2 PRR with the C-

terminal SH3 domains of Vav1 and Vav2 proteins [22]. Likewise,

the M2-dependent down-modulation of the STAT pathway

requires a scattered motif distributed between the central basic

region and N-terminal amino acids of M2 [35,36]. Whether other

regions of M2 contribute to these or other functions remained to

be determined up to now. Here, we show that a tyrosine-

phosphorylated region of M2 constitutes a third M2 regulatory

motif that contributes to the establishment of MHV-68 latency in

B cells. This region contains two tyrosine residues (Tyr120 and

129) that are inducibly phosphorylated in ectopic systems by Fyn

and constitutively phosphorylated in the A20 B-cell line. By using

mutant proteins targeted in these two residues, we have

demonstrated that Tyr120 is the primary phosphorylation site of

M2 while Tyr129 contributes much less to the overall phosphor-

ylation of the protein. Interestingly, we have observed that this

new region and the M2 PRR need to work together in order to

activate optimally the Fyn/Vav1 pathway.

The structural dissection of these two motifs indicates that the

cooperative action of the phosphotyrosine residues and the PRR is

not mediated by major structural changes that expose putative

cryptic binding sites of the M2 molecule. Instead, we have

demonstrated that these two motifs work as independent docking

sites for the SH3 and SH2 domains of both Vav1 and Fyn. In

agreement with this view, we have observed that the optimal

binding of Fyn to M2 requires the presence of both the

phosphotyrosine and PRR motifs. Furthermore, we have also

shown that Vav1 proteins with non-functional C-terminal SH3 or

SH2 domains can still bind to M2, although at much lower levels

than those observed with the wild type protein. Supporting this

dual docking site model, we have also shown that the defective

interaction of the Vav1 SH3 mutant with M2 is rescued by the

overexpression of Fyn and the subsequent phosphorylation of M2.

The requirement of two independent motifs for the optimal

binding of Vav proteins to other partners is not unprecedented.

Thus, previous studies have shown that binding of Vav1 to Cbl-b

requires the SH2 and SH3 regions [37] and, of particular

relevance to the current study, it has been reported that the

binding of Vav2 (and presumably the rest of Vav family proteins)

to mDia/interacting protein requires the simultaneous engage-

ment of a tyrosine phosphorylation motif and a PRR [38].

The study of the signalling properties of M2 and its mutants in

B-cells has revealed that this protein may also use other B-cell

targets. Thus, we have shown that the enforced expression of M2

in A20 cells results in the tyrosine phosphorylation of five

additional proteins whose molecular weights range between 50

and 150 kDa. Consistent with our observations with Vav1 and

Fyn, we have observed that the mutation of M2 in either the

phosphotyrosine motif or the PRR disrupt these phosphorylation

events. Likewise, we have shown that the Y120 phosphorylation

residue has a much relevant biological role than the Y129 site in

this cellular response. These results underscore the concept that

the phosphotyrosine motif and the PRR of M2 exert intertwined

actions for the optimal manipulation of the B-cell signalling

machinery. At this moment, we do not know whether these

additional M2-dependent phosphoproteins are direct M2 binding

partners or, alternatively, downstream elements activated by either

Fyn or Vav1. Preliminary experiments favour the former

possibility, since we have observed by pull-down experiments that

M2 phosphopeptides can bring down some of those phosphopro-

teins. Thus, it is likely that, as in the case of the KSHV K1 protein

[9,11], M2 could mediate the formation of a complex signalosome

with a subset of B-cell signalling proteins. We are conducting

currently proteomic experiments to identify these new putative M2

targets.

The presence of two interacting motifs in the M2 structure

raises interesting regulatory possibilities. According to the previous

model of interactions of Vav1 and Fyn with the M2 PRR, it was

difficult to understand how the M2/Fyn/Vav1 complex could be

assembled, since Fyn and Vav1 will be binding to the same M2

PRR. The presence of two docking sites involved in this

interaction solves this problem, since it is possible that the trimeric

complex will be formed through the independent binding of Vav1

and Fyn to either the phosphotyrosine motif or the PRR. Given

that both proteins can bind to these two regions of M2, this

trimeric complex may form in different ways. For example, Vav1

could associate with the PRR or the phosphotyrosine motif when

Fyn is bound to the phosphotyrosine or PRR, respectively. In

favour of this hypothesis, we have observed that Fyn can be

detected in an M2-dependent manner in the anti-Vav1 immuno-

precipitates regardless of whether this GEF has inactivating

mutations in either the SH2 (that disrupts its association with

the M2 phosphotyrosine motif) or the C-terminal SH3 domain

(which blocks its association to the M2 PRR). However, we cannot

exclude the possibility that the trimeric complex could be also

formed with those two proteins binding simultaneously to the two

M2 docking sites. This alternative mechanism of assembly is only

feasible if M2 forms homodimers within the host cell. Preliminary

experiments conducted in our lab indicate that this is not the case

(data not shown). An issue that is still problematic according to this

model of interaction is the understanding of how Fyn becomes

associated with M2 in the first place. According to our present

results, Fyn only binds to M2 when both the PRR and the

phosphotyrosine domains are functional. If so, how is this complex

formed when M2 is non-phosphorylated? To solve this signalling

conundrum, we favour a model in which the association of Fyn

and M2 will entail two independent, and mechanistically separable

steps. In the first step, the initial binding of Fyn to M2 would be

triggered by the prior trans-phosphorylation of M2 by Fyn in the

absence of complex formation or, alternatively, by the binding of

Fyn to M2 molecules previously phosphorylated by other protein

tyrosine kinases. This trans-phosphorylation could occur in the

absence of direct physical interactions since the constitutive

localization of M2 in the plasma membrane makes it possible

the presence of other membrane-bound kinases in the neighbour-

hood [22]. This model is mechanistically similar to the binding of

Syk to the tyrosine-phosphorylated sequences of the Iga and Igb
ITAM regions. This initial phosphorylation step would lead to the

subsequent physical interaction of Fyn to either uncomplexed M2

proteins or to the M2/Vav1 complex, a result that would trigger

the subsequent phosphorylation of Vav1 by the associated kinase.

In any case, it is worth mentioning that M2 can be detected in

binary complexes with Vav1 and Fyn alone, indicating that M2

will display different forms of engagement during the establish-

ment of viral latency such as free forms, binary complexes with

either Vav1 or Fyn, and the trimeric M2/Vav1/Fyn complex.

This spectrum of states may be even larger if the additional

phosphoproteins triggered by M2 in B-cells also associate with M2

following Vav1- or Fyn-like mechanisms.

Our results with the Y to F M2 mutants also suggest that the

phosphorylation levels of the wild type M2 protein could be used

to induce different signalling outputs within the host cells. For

instance, we have observed that the phosphorylation pattern

induced by M2 in B-cells follows a gradient response, with a total

absence of signal in the case of the M2Y mutant, a low but

detectable signal elicited by the M2Y120F mutant, and the robust
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phosphorylation of B-cell proteins upon expression of the wild type

M2 protein. These results suggest that if M2 undergoes different

levels of phosphorylation in these two residues during the MHV-

68 infection, this information could be computed by the B-cell to

trigger intracellular signals of different intensity and/or to

stimulate distinct, signal-dependent biological programs. This

possibility would add further plasticity for the regulation of the

MHV-68 pathogenic program in the host cell. In this regard, it will

be interesting to generate phosphospecific antibodies to M2 in the

future to monitor the phosphorylation kinetics of M2 during the

different phases of MHV-68 latency in vivo.

The importance of these two M2 docking motifs for MHV-68

latency is further strengthened by the data derived from the

infection of mice with MHV-68 mutant viruses harbouring

different M2 mutants. This genetic strategy has confirmed in vivo

the important functional role of both the phosphotyrosine and the

PRR motifs for the establishment of MHV-68 latency in B cells.

Moreover, the observation that the phenotypes obtained by the

M2Y and M2P2 proteins are identical, further strengthens the idea

regarding the coordinated action of these two docking motifs

during the function of M2 in the host cell. Interestingly, the use of

this genetic strategy also revealed that the infection of mice with

vM2Y and vM2P2 viruses does not recapitulate the overall

biological program of the M2 protein during MHV-68 latency.

Thus, in contrast to what is observed with a M2 frame shift mutant

virus, we have observed that the infection of animals with those

viruses does not result in the induction of persistent uncontrolled

proliferation of infected GC B cells. These results indicate that

other regions of M2 mediate this latter stage of the MHV-68

pathogenic program. Whether this is due to additional, intrinsic

functions of M2 or to indirect causes, i.e. clearance of the virus by

the immune system, remains to be determined.

Collectively, our present data indicates that M2 functions as a

multidocking protein that promotes the spurious, BCR-indepen-

dent activation of the Vav1/Rac1 pathway and other intracellular

routes. Furthermore, we have demonstrated genetically that the

intracellular effects triggered by the concerted action of the

phosphotyrosine and PRR M2 motifs are essential for the

establishment of MHV-68 latency in GC B-cells but not for the

subsequent maintenance of long term latency, suggesting the

possibility that M2 could trigger distinct signalling branches that

contribute independently to different stages of the MHV-68

pathogenic program. Finally, the observation that M2Y and M2P2

disrupt MHV-68 latency raise the prospect of using phosphopep-

tides and/or PRR-containing peptides to block latency in vivo or,

alternatively, to use in pharmacological approaches to block the

activity of specific signalling pathways in B lymphocyte-based

diseases. Further studies linking the biochemical properties of M2

with the pathogenesis of MHV-68 should provide valuable insights

into the physiological role of this pathway for gammaherpesvirus

host colonization.

Materials and Methods
Plasmids

pCMV-Myc constructs, encoding wild type M2, M2Y and

M2P2 mutants, and pcDNA3-Vav1 expression plasmid encoding

wild type mouse Vav1, have been described previously [22,39].

pCMV-Myc-Fyn, encoding wild type mouse Fyn was generated by

subcloning the Fyn cDNA sequences from the corresponding

pCMV-HA expression construct [22]. pCMV-Myc constructs

encoding Y120F, Y129F, Y120D, Y129D and Y120,129D (2YD)

M2 mutants, and pCDNA3 encoding Vav1 with an inactivating

amino acid substitution (R696A) in the SH2 domain [40] or

encoding Fyn with an inactivating amino acid substitution

(R176K) in the SH2 [41,42] or (W119L) in the SH3 domains

[43], were generated by site directed mutagenesis using a

Stratagene Quickchange kit according to the manufacturer’s

instructions. A pCDNA3 encoding Vav1 with an inactivating

amino acid substitution (P833L) in the most C-terminal SH3

domain has been described [44]. A pGEX-2T construct encoding

the SH2 domain of Vav1 has been described [45]. The sequence

encoding the SH2 domain of mouse Fyn (residues 145–247) was

amplified by PCR and cloned into pGEX-6P-1 expression vector

(GE Healthcare). All constructs were verified by DNA sequencing.

Antibodies and fusion proteins
A rabbit polyclonal antibody to M2 has been described before

[22]. Other antibodies used in this work included phosphospecific

antibodies to Vav1 phospho-Y174 [46], a monoclonal antibody

against the c-Myc epitope (Invitrogen/Clontech), rabbit polyclonal

antibodies to Vav1 and Fyn (Santa Cruz), an anti-phosphotyrosine

monoclonal antibody (PY99, Santa Cruz) and a goat polyclonal

antibody to glutathione S-transferase (GE Healthcare). GST and

GST-SH2 fusion proteins were produced in Escherichia coli by

IPTG (isopropyl-B-D-thiogalactopyranoside) induction and puri-

fied with glutathione-sepharose beads using standard procedures.

Cells and transfections
COS1 and NIH3T3 cells were grown in Dulbecco’s modified

Eagle’s medium (DMEM) supplemented with 10% heat inactivat-

ed foetal bovine serum, 2 mM glutamine and 100 U/ml penicillin

and streptamicin. Baby hamster kidney cells (BHK-21) were

cultured in Glasgow’s modified Eagle’s medium supplemented as

described above plus 10% tryptose phosphate broth. For

immunoprecipitation and pull down assays, COS1 cells were

transfected with 2–4 mg of the indicated plasmids using the DEAE-

dextran method. A20 B cells were propagated in RPMI 1640

medium supplemented with 10% heat inactivated foetal bovine

serum, 2 mM glutamine and 100 U/ml penicillin and streptami-

cin. For transfection, 26107 A20 cells were electroporated (270 V,

500 mF) with 15 mg of plasmid DNA using a Bio-Rad gene pulser

and incubated for 24 h in supplemented RPMI.

Immunoprecipitation and in vitro kinase assays
Transfected COS1 or A20 B cells were rinsed twice in ice-cold

PBS and disrupted with ice-cold lysis buffer containing 10 mM

Tris-HCl pH7.4, 100 mM NaCl, 1mM NaF, 1 mM orthovana-

date, 0.5% NP-40 and Cwmplete protease inhibitors. Lysates were

clarified by centrifugation and incubated with 1 mg of antibodies

to either M2 or Vav1 or Fyn for 2 h at 4uC. A20 B cell lysates

were precleared with protein-G conjugated Sepharose beads (GE

Healthcare), prior to incubation with anti-M2 serum. Immune-

complexes were recovered by incubation with protein G-

conjugated Sepharose beads for 45 min at 4uC. After 3 washes

with ice-cold lysis buffer, proteins were eluted in reducing

Laemmli’s buffer, resolved by SDS-PAGE, transferred to nitro-

cellulose and immunoblotted with the indicated antibodies. For in

vitro kinase assays, Vav1 immunoprecipitates were obtained as

described above, washed twice in lysis buffer, and then subjected

to an in vitro kinase assay as previously described [22]. Proteins

were eluted in reduced Laemmli’s buffer and resolved by SDS-

PAGE. Gels were fixed, dried and subjected to autoradiography.

Pull-down experiments
N-terminal biotinylated, tyrosine phosphorylated (pY) peptides

corresponding to a region of M2 incorporating Y120 (SPEENI-

pYETANSE) and Y129 (ANSEPVpYIQPIST) were purchased
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from Sigma. A non-phosphorylated version of the Y120 peptide

was obtained by incubation with 50 U of YOP tyrosine phosphatase

(New England Biolabs), for 30 min at 30uC. The enzyme was

inactivated by the addition of 1 mM orthovanadate. For pull-down

experiments, 10 mg of each peptide were incubated with clarified cell

lysates or purified GST proteins overnight at 4uC. Peptide complexes

were recovered with 20 ml of streptavidin-conjugated Sepharose

beads (GE Healthcare) for 1 h at 4uC. After 3 washes in lysis buffer,

proteins were eluted from the beads in reducing Laemmli’s buffer,

resolved by SDS-PAGE, transferred to nitrocellulose and analysed

by western blot with the indicated antibodies.

Generation of recombinant viruses
MHV-68 vM2Y (with tyrosine residues at positions 120 and 129

mutated to phenylalanines) and vM2P2 (with proline residues at

positions 158, 160, 163 and 167 mutated to alanines) viruses were

generated by mutagenesis of the viral genome cloned as a bacterial

artificial chromosome (BAC) [47,48]. The following point

mutations were introduced on the M2 gene by overlapping PCR

using MHV-68 genomic DNA as a template: T4221, 4228A in

vM2Y and G4108, 4120, 4129, 4135C in vM2P2. PCR products were

inserted into the HindIII E MHV-68 fragment cloned in the

pST76K-SR shuttle plasmid [17], using BlnI (nt 3908) and XhoI (nt

5361) restriction sites. The PCR-derived regions were sequenced

to confirm the integrity of the mutations. Recombinant HindIII E

shuttle plasmids were transformed into an Escherichia coli strain

(DH10B) containing the wild type MHV-68 BAC (pHA3).

Following a multi-step selection procedure, recombinant BAC

clones were identified by DNA sequencing. To generate a vM2Y

revertant virus (vM2Y-R), the wild type HindIII E pST76K-SR

shuttle plasmid was transformed into DH10B cells containing the

mutant BAC genome. All viruses were reconstituted by transfec-

tion of BAC DNA into BHK-21 cells using FuGENE 6 (Roche

Molecular Biochemicals). The loxP-flanked BAC cassette was

removed by viral passage through NIH Cre 3T3 cells and limiting

dilution to obtain GFP-negative viruses.

Analysis of recombinant viruses
Groups of 6- to 8-week old female BALB/c mice (Instituto

Gulbenkian de Ciência, Portugal) were inoculated intranasally

with 104 p.f.u. in 20 ml of PBS under halothane anaesthesia. At 14,

21 or 50 days post-infection, spleens were removed and processed

for subsequent analysis. Titres of infectious virus were determined

by suspension assays of freeze-thawed spleen homogenates using

BHK-21 cells. Latent virus load was quantified by using explant

cocultures of single-cell suspension splenocytes with BHK-21 cells.

Plates were incubated for four (suspension assays) or five (coculture

assays) days, then fixed with 10% formal saline and counterstained

with toluidine blue. Viral plaques were counted with a microscope.

The frequency of MHV-68 genome-positive GC B cells was

determined by limiting dilution combined with real-time PCR,

essentially as previously described [20]. GC B cells (B220+; PNAhi)

were obtained from pools of five spleens using a BD FACSAria

Flow Cytometer (BD Biosciences). The purity of sorted cells was

always .98%. Real-time PCR was performed on a ABI Prism

7000 Sequence Detection System (Applied Biosystems) according

to the manufacturer’s instructions, using the fluorescent Taqman

methodology. It is important pointing out that the change in the

value range in these experiments when compared with previous

published work using the Light Cycler apparatus from Roche

Molecular Biochemicals, is due to the higher sensitivity of the real-

time PCR methodology performed here. Noteworthy, that this

change in sensitivity affects the total values but not the fold

difference in the frequencies of viral DNA positive cells for wild

type MHV-68 when compared to vM2FS. In fact, if we compare

the fold changes in the present and previous manuscripts, they are

actually very similar (compare current manuscript and [20]).

Primer/probe sets used were specific for the MHV-68 M9 gene (59

primer: GCCACGGTGGCCCTCTA; 39 primer: CAGGCCTC-

CCTCCCTTTG; probe: 6-FAM-CTTCTGTTGATCTTCC–

MGB). Samples were subjected to a melting step of 95uC for

10 min followed by 40 cycles of 15 s at 95uC and 1 min at 60uC.

In situ hybridization with a digoxigenin-labelled riboprobe

encompassing both MHV-68 vtRNAs and microRNAs 1 to 4

was performed on formalin-fixed, paraffin-embedded spleen

sections, as previously described [49]. Probes were generated

by T7 transcription of a pEH1.4 using a commercial kit from

Roche Molecular Biochemicals, according to the manufacturer’s

instructions.
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Abstract

The pathogenesis of persistent viral infections depends critically on long-term viral loads. Yet what determines these loads is
largely unknown. Here, we show that a single CD8+ T cell epitope sets the long-term latent load of a lymphotropic gamma-
herpesvirus, Murid herpesvirus-4 (MuHV-4). The MuHV-4 M2 latency gene contains an H2-Kd -restricted T cell epitope, and
wild-type but not M22 MuHV-4 was limited to very low level persistence in H2d mice. Mutating the epitope anchor residues
increased viral loads and re-introducing the epitope reduced them again. Like the Kaposi’s sarcoma–associated herpesvirus
K1, M2 shows a high frequency of non-synonymous mutations, suggesting that it has been selected for epitope loss. In vivo
competition experiments demonstrated directly that epitope presentation has a major impact on viral fitness. Thus, host
MHC class I and viral epitope expression interact to set the long-term virus load.
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Introduction

Gamma-herpesviruses characteristically persist in lymphocytes.

Since the pool of latent genomes is constantly drained by viral

reactivation, it must be replenished by virus-driven lymphoprolif-

eration; this in turn is limited by host T cells; the steady-state viral

load reflects an equilibrium of these fluxes. Viral loads are

remarkably constant in one individual, yet vary hugely between

them [1]. What determines the set point? Such questions are

difficult to address without animal models. Murid herpesvirus-4

(MuHV-4) is one of the best established. It is genetically closer to

Kaposi’s sarcoma associated herpesvirus (KSHV) than to Epstein-

Barr virus (EBV), but shares with EBV a lymphoproliferative

infectious mononucleosis syndrome [2] and persistence in memory

B cells [3–5]. The pathogenesis of KSHV infection is presumably

similar. The steady state MuHV-4 latent load does not appear to

reflect the inoculating virus dose [6], suggesting that it is set instead

by host and viral genetic polymorphisms.

Both host immunity and viral evasion contribute to MuHV-4

pathogenesis. Evasion dominates during acute latency amplification.

The MuHV-4 K3 protein promotes this [7] by degrading MHC class

I heavy chains and TAP [8,9]. K3 is transcribed in latently infected

germinal centre B cells [7], but also functions in lytically infected

myeloid cells [10,11], which are present in lymphoid tissue [4] and

are probably an important source of the viral M3 chemokine binding

protein [12,13]. The quantitative contribution of M3 to CD8+ T cell

evasion remains controversial [14,15]. However, it is clearly capable

of such a role [16]. M4 is another secreted lytic gene product that

promotes latency amplification [17,18]. Thus, K3 may act both

directly and by allowing lytically infected cells to protect latently

infected cells in trans [19]. The MuHV-4 ORF73 episome

maintenance protein has a further cis-acting CD8+ T cell evasion

mechanism, equivalent to that of EBV EBNA-1 [20,21], that is again

vital for host colonization [22].

Despite immune evasion, virus-driven lymphoproliferation is

brought under control by 3–4 weeks post-infection, at least in part

by CD8+ T cells [23–25]. H2d mice mount a CD8+ T cell response

against the M2 latency gene product at this time [26]. EBV latent

loads and associated pathologies are similarly controlled by CD8+

T cells that recognize viral latent antigens [27,28]. EBNA-1-

specific CD4+ T cells can also suppress EBV lymphoproliferation

in vitro [29,30], but whether equivalent recognition occurs in vivo is

unclear [31]: even optimized latent CD4+ T cell epitope

expression has little effect on MuHV-4 host colonization [32].

Most evidence would therefore suggest that gamma-herpesvirus

latency is controlled principally by latent antigen-specific CD8+ T

cells [27,28]. Vaccination with the M2 latency epitope has little

effect on MuHV-4 latency establishment [33] because viral

evasion dominates this setting. However, the impact of M2

recognition on the steady state viral load has not been defined.

The balance of immunity and evasion could be subtly different

here, for example if M3 function is now blocked by antibody.

M2 itself promotes acute latency amplification [34–36] by

modulating Vav-dependent B cell signaling [37,38]. The EBV

LMP-2A [39,40] and KSHV K1 [41,42] have equivalent roles. M2

also has anti-interferon and anti-apoptotic functions [43,44],

although what these contribute to latency is unclear. An unusual

feature of the M2 knockout phenotype in BALB/c (H2d) mice is that

despite an acute latency deficit, long-term latency is increased [36].

C57BL/6 mice (H2b), which are not known to recognize an M2

epitope, show the same acute latency deficit, but not the long-term

increase [34]. Here we show that although M2 itself promotes acute
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latency establishment, its H2-Kd-restricted CD8+ T cell epitope is a

major negative determinant of the long-term viral load. The

reduction in latency associated with M2 expression required both

its CD8+ T cell epitope and an appropriate host restriction element.

Thus, host MHC class I polymorphisms interact with viral latency

gene expression to determine the steady state gamma-herpesvirus

load.

Results

Long-term latency depends on viral M2 expression and
host H2 haplotype

Our starting point were the observations that MuHV-4 M2

knockouts show an acute latency deficit in both BALB/c and

C57BL/6 mice, but an elevated long-term latent load only in

BALB/c mice [34,36]; and that mutating only the M2 amino acid

residues critical for its interactions with Vav and Fyn [37,38]

reproduces the acute latency deficit but not the long-term increase

[37]. We hypothesized that a lack of H-2Kd-restricted epitope

presentation might contribute significantly to the M2 knockout

phenotype. We tested this further by comparing M22 (vM2FS; a

previously described M2 frame shift mutant [36]) and M2+ (vWT)

viral loads in different H2d and non-H2d mice (Figure 1).

At 14 days post-infection, both H2d and non-H2d mice showed

an M2-dependent latency deficit, consistent with M2 having an

important role in acute latency amplification, when viral evasion

limits CD8+ T cell function [7,14,22]. But by 50 days post-

infection, when reactivatable wild-type virus was barely detectable

in BALB/c mice (H2d), M22 virus titres were maintained and now

exceeded those of the wild-type. In contrast, long-term vWT titres

in C57BL/6 mice (H2b) were equivalent to those of the M2

mutant; DBA/2 mice (H2d) were similar to BALB/c; FVB-N

(H2q) were similar to C57BL/6; and B6.C mice, where the H2d

locus has been backcrossed onto a C57BL/6 background, were

similar to BALB/c. M2 expression therefore increased the acute

latent load independent of H2 type and reduced the long-term

latent load in an H2-restricted manner: low long-term latency

levels correlated with the H2d haplotype.

Generation of M2 mutant viruses with altered H-2Kd

epitopes
Residues 84–92 of M2 contain its H-2Kd-restricted T cell

epitope, GFNKLRSTL [26]. We tested whether the recognition of

this epitope could explain the H2-restricted difference in long-term

M22/M2+ latent loads by mutating its anchor residues to alanines,

either the phenylalanine at position 85 (vM2F85A) or the leucine at

position 92 (vM2L92A). We reverted the vM2F85A mutant in two

ways: first conventionally, by restoring position 85 to phenylala-

nine (vM2F85AR), and second by re-introducing the

GFNKLRSTL epitope ectopically at the M2 C-terminus

(vM2F85AEPI). All these viruses showed an otherwise intact M2

locus, normal in vitro growth and normal replication in infected

lungs (Figure 2A–C). Intracellular IFN-c staining of CD8+ T cells

from infected mice (Figure 2D) showed that either anchor residue

mutation prevented the generation of H-2Kd-GFNKLRSTL-

specific CD8+ T cells, and that re-introducing the epitope into its

ectopic site restored the response.

Long-term latent loads of M284–92 anchor residue
mutants

The acute (d14) latency titres of the anchor residue mutants in

BALB/c mice were indistinguishable from the wild-type (Figure 3).

Thus, there was no evidence that the point mutations affected M2

function. This was consistent with neither residue 85 nor residue

92 being crucial for the M2 Vav/Fyn interaction [37,38]. The C-

terminal GFNKLRSTL epitope insertion also had no appreciable

impact on latency establishment. At d14 post-infection, the impact

of epitope presentation is limited by viral evasion. But in contrast

to these normal acute titres, the long-term titres of the anchor

residue mutants were increased, like those of the vM2FS mutant,

while those of the vM2F85AR, vM2F85AEPI viruses were low, like

those of the wild-type. Thus, the presence of a presentable epitope

in M2 had a major impact on the long-term viral load.

Lower latency loads due to M284–92 epitope expression
are CD8+ T cell linked

The increase in long-term viral load following CD8+ T cell

epitope disruption implied that CD8+ T cell function helps to set

this load in BALB/c mice. To confirm this, we depleted CD8+ T

cells from vWT infected BALB/c mice by injection of anti-CD8

monoclonal antibody (MAb). Importantly, depletion was initiated

at 11 days post-infection, which is after the resolution of lytic

infection but prior to the peak H-2Kd-GFNKLRSTL-specific

CD8+ T cell response. The last MAb injection was performed at

d19. Latent loads were analysed at d21 post-infection (Figure 4).

The variability in titer between depleted mice probably reflected

incomplete depletion, as post-infection depletions are often less

efficient than pre-infection (our unpublished data), and the efficacy

of depletion in individual mice infected with vWT or vM2F85AEPI

correlated with viral load. Nevertheless, mice infected with the

anchor residue mutants had significantly higher splenic latent

loads than mice infected with epitope-expressing viruses before

depletion, and not after CD8+ T cell depletion. CD8+ T cells were

therefore responsible for the low latent loads of vWT and

vM2F85AEPI.

Increased germinal centre B cell colonization by MuHV-4
lacking M284–92 epitope anchor residues

In situ hybridization for viral tRNA expression, a marker of

lymphoid colonization [45,46] (Figure 5A–B), showed similar

results to the explant co-culture assays. Thus, the wild-type signal

was high acutely (d14) but low long-term; the vM2FS mutant had

a low acute signal but was higher at later times; the anchor residue

mutants had high signals both acutely and long-term; and re-

introducing the GFNKLRSTL epitope reduced the long-term

signal back to wild-type levels. The vM2F85A and vM2L92A

Author Summary

Persistent viruses present a major challenge to the
immune response. Gamma-herpesviruses are a prime
example, and the archetypal family member, Epstein-Barr
virus (EBV), has been studied for many years. A major
unanswered question with EBV is why long-term virus
loads—a key pathogenesis outcome—vary so widely
between individuals. As most EBV studies are necessarily
descriptive, the murid gamma-herpesvirus MuHV-4 pro-
vides an important focus of pathogenesis research. Here,
we used MuHV-4 to address what determines long-term
gamma-herpesvirus loads. We find a major role for a single
MHC class I–restricted latency epitope. This reflects that
latency-associated viral immune evasion and transcription-
al silencing create a unique setting, in which the pool of
possible epitopes is small enough for epitope loss to have
a significant impact on viral fitness. Our data suggest that
polymorphisms in viral latency genes and in host HLA class
I together determine long-term viral loads.

CD8+ T Cell Epitope Sets Latent Load
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mutants had both more viral tRNA+ germinal centres (Figure 5B)

and bigger viral tRNA+ germinal centres (Figure 5A), consistent

with the idea that disrupting CD8+ T cell recognition of M2

allowed more extensive proliferation of latently infected B cells.

We have previously correlated the higher long-term latent loads

of M22 MuHV-4 in BALB/c mice with increased frequencies of

viral genome+ germinal centre B cells [36]. We tested whether this

applied also to the anchor residue mutants by subjecting flow

cytometrically sorted germinal centre B cells to limiting dilution,

PCR-based viral genome detection (Figure 5C). The frequency of

viral genome+ B cells was higher for the wild-type than for the

vM2FS mutant at 14 days post-infection, and lower at 50 days

post-infection; the vM2F85A and vM2L92A mutants showed high

frequencies of viral genome+ B cells at both time points; and the

vM2F85AR (data not shown) and vM2F85AEPI revertants were

similar to the wild-type. Moreover, even at 133 days post-infection

1 in 19 GC B cells carried M2F85A DNA. At this time the

frequency of M2F85AR DNA+ GC B cells was 1 in 5274. Thus, the

colonization of germinal centre B cells matched the total viral load

in the spleen, with early colonization depending on M2 function

and late colonization depending on T cell epitope presentation.

Evidence for M2 positive selection
M2 is positionally homologous to the KSHV K1. In so far as

both modulate B cell antigen receptor signalling [37,38,41,42],

they are also functionally homologous. Thus, it might be expected

that MuHV-4 and KSHV share a latency program where M2 or

K1 accounts for much of the presentable latent antigen. There is

indirect evidence that this matters for K1: DNA sequence

comparison between KSHV strains suggests that K1 has been

positively selected for amino acid diversity [47]. A comparison of

MuHV-4 with a closely related herpesvirus recovered from a

shrew [48] shows the same phenomenon: M1, M3, M4 and ORF4

have non-synonymous to synonymous mutation ratios of 0.20–

0.27, while M2 has a ratio of 1.01 (Andrew Davison, personal

communication).

In order to gain more direct evidence for M2 immune selection,

we co-infected BALB/c mice with epitope+ and epitope2 viruses,

Figure 1. Long-term MuHV-4 latent loads depend on viral M2 expression and host H2 haplotype. Mice were infected intranasally with
wild-type (vWT) or M22 (vM2FS) viruses. At d14 or d50 post-infection spleens were removed and titrated for reactivation-competent virus by explant
co-culture with BHK-21 cells. Each point shows the titre of one mouse. The horizontal bars show arithmetic means. The dashed horizontal line
represents the limit of assay detection. Pre-formed infectious virus, as measured by the parallel titration of equivalent frozen/thawed samples, was
below the limit of assay detection. At d50 post-infection the vM2FS latent load was significantly higher than the vWT latent load in BALB/c (P = 0.011)
and DBA/2 (P = 361025) and close to significance in B6.C.H2d (P = 0.056), but not in C57BL/6 (P = 0.228) and FVB-N (P = 0.347) by a one-tailed
Student’s t-Test. This was also confirmed by combining all data from H2d mouse strains (P,0.0001) but not from non-H2d mice (P = 0.71) using a 2-
way non-parametric ANOVA Friedman’s test. Data were reproducible over two independent experimental groups.
doi:10.1371/journal.ppat.1000177.g001

CD8+ T Cell Epitope Sets Latent Load

PLoS Pathogens | www.plospathogens.org 3 October 2008 | Volume 4 | Issue 10 | e1000177



Figure 2. MuHV-4 latent epitope mutants show normal in vitro and in vivo replication. A. High molecular weight DNA from MuHV-4-
infected BHK-21 cells was checked by PCR for genome integrity in the HinDIII-E region. A schematic representation of the MuHV-4 genome and
amplicon coordinates for each PCR is shown. B. BHK-21 cells were infected (0.01 PFU per cell) with the indicated viruses, washed in PBS and virus
replication with time was monitored by plaque assay. C. BALB/c mice were intranasally infected with 104 PFU of the indicated viruses. At the
indicated days post-infection lungs were removed and titrated for infectious virus by plaque assay. Each point represents the titre of an individual
mouse. Horizontal lines indicate arithmetic means. None of the mutants showed a deficit relative to the wild-type (p.0.5 by 1-way non-parametric
ANOVA Kruskal-Wallis Test). D. Splenocytes of BALB/c mice infected with viruses of the indicated genotypes were stimulated in vitro with either
M284–92 (black bars) or EGFP200–208 as a control (white bars) in the presence of Brefeldin A, then stained for intracellular interferon-gamma. The data
show the percentage of CD8+ T cells responding to peptide at each time point (arithmetic means6SEMs from 3 independent measurements). *,
p,0.05 using a 1 tailed Student’s t-test.
doi:10.1371/journal.ppat.1000177.g002
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and quantified by real-time PCR viral genome loads in germinal

centre B cells using virus-specific primers (Figure 6). For co-

infection experiments, aliquots of the same viral preparations were

used to formulate viral mixes that contained equal amounts of

infectious units of each virus of interest, i.e. 56103 PFU of each

viral genotype, as determined by plaque assay. At d14 post-

infection, there was little difference between vWT and vM2F85A,

but by d50 vM2F85A accounted for .95% of the viral genomes.

vM2F85AEPI and vM2F85A gave a similar result, the proportion of

vM2F85A genomes increasing with time, while mixed vM2F85A and

vM2L92A loads remained equivalent. Thus, viruses lacking M2

epitope presentation contributed disproportionately to long-term

host colonization in BALB/c mice. The advantage of epitope null

viruses over vWT was H2d-dependent, since it was not observed in

Figure 3. The presence of a CD8+ T cell epitope in M2 sets the MuHV-4 long-term latent load. BALB/c mice were intranasally infected (104

PFU) and at 14, 21, 50 or 80 days post-infection spleen removed and titrated for reactivation-competent virus by explant co-culture. Each point shows
the titre of one mouse. Horizontal lines indicate arithmetic means. The dashed horizontal line represents the limit of assay detection. Pre-formed
infectious virus, as measured by parallel titration of equivalent frozen/thawed samples, was below the limit of detection of the assay. At d50 and d80
post-infection vM2F85A and vM2L92A showed significantly higher latency loads than vWT: d50, vM2F85A p = 0.021, vM2L92A p = 0.012; d80, vM2F85A

p = 0.007, vM2L92A p = 0.001; using 1 tailed Student’s t-Test with p values shown when false discovery rate correction for multiple testing (FDR) was
,0.05. Data were reproducible over two independent experimental groups.
doi:10.1371/journal.ppat.1000177.g003
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C57BL/6 mice co-infected with vWT and vM2F85A. Here, vWT

accounted for the majority of MuHV-4 genomes at all times.

Discussion

Gamma-herpesvirus infections encompass complex combina-

tions of cell types, anatomical sites, viral gene expression patterns

and immune effector functions. This has made elusive a

comprehensive understanding of how host immunity and viral

evasion interact. Nevertheless, a consensus picture is now

emerging. The long-term latent viral load is a key outcome, since

it correlates with virus shedding [1] and probably also with disease.

Maintained episomes replicate in step with normal cell division

[49]. However, compensating for reactivation-associated latent

genome loss requires a more complex program of virus-driven

lymphoproliferation. This opens up another front between host

immunity and viral evasion.

Lytic reactivation could itself potentially re-seed latency, and

this seems to be important in B cell-deficient mice [50]. However,

these mice lack both the major MuHV-4 latency reservoir and

virus-specific antibody, and consequently have an infection quite

different to that of wild-type mice. The severe latency deficiency of

viruses lacking episome maintenance [51,52] argues that as with

EBV [53], MuHV-4 persistence in immunocompetent hosts

depends on lymphoproliferation. The efficiency with which

proliferating B cells present CD8+ T cell targets must therefore

also be important. The protection of B cells expressing M2 by K3

is probably only partial. The data presented here show that the

impact of CD8+ T cell immunity can depend on a single epitope,

consistent with epidemiological evidence of epitope selection in the

EBV EBNA-3 [54,55] and the KSHV K1 [47].

The importance of a single latency epitope for MuHV-4

contrasts with lymphocytic choriomeningitis virus infection, where

removing an immunodominant CD8+ T cell target simply brings

out subdominant epitopes [56]. This may reflect that lymphocytic

choriomeningitis virus does not suppress MHC class I-restricted

antigen presentation, making the pool of possible epitopes larger.

C57BL/6 mice illustrate what can happen when classical CD8+ T

cell recognition of a key MuHV-4 target fails. Rather than overt

disease, a back-up mechanism of non-classical Vb4+CD8+ T cell

recognition comes into play [17,57]. The higher latent loads of

C57BL/6 mice despite massive CD8+Vb4+ T cell expansion

suggest this mechanism is not particularly efficient, and in C57BL/

6 mice infected with K3-deficient MuHV-4 [7] or in BALB/c

mice infected with the wild-type [17] CD8+Vb4+ T cell expansion

is minimal, presumably because classical recognition takes over.

However, non-classical recognition appears to provide a safety net

when host genetics or viral evasion limit normal antigen

presentation.

Unlike the fairly consistent and predictable effects of an attack

on the cellular antigen presentation machinery or a silencing of

viral transcription/translation, the interaction between viral

epitope loss and host MHC class I diversity creates unstable and

hard-to-predict outcomes. For example, the most pathogenic virus

variant may be quite different between different out-bred hosts.

Epitope selection may even allow gamma-herpesviruses contracted

from close relatives to establish higher average latent loads than

those from MHC class I-incompatible strangers. The data

presented here argue that small variations in key viral latency

genes can have major impacts on pathogenesis, and must therefore

be considered in any attempt to understand the infection of

individual hosts.

Materials and Methods

Cell culture and viruses
NIH-3T3-CRE cells [7] were grown in Dulbecco’s modified

Eagle’s medium (DMEM) supplemented with 10% fetal bovine

serum, 2 mM glutamine, 100 U/ml penicillin and 100 mg/ml

streptomycin. Baby hamster kidney cells (BHK-21) were cultured

in Glasgow’s modified Eagle’s medium supplemented as above

plus 10% tryptose phosphate broth. Murid gammaherpesvirus 4

(MuHV-4) strain 68 was used in this study [58]. To prepare viral

stocks, low multiplicity infections (0.001 PFU per cell) of NIH-

Figure 4. M284–92 epitope expression and CD8+ T cells are
linked in setting splenic latent loads. BALB/c mice were
intranasally infected with the indicated viruses (104 PFU) and at 11,
13, 15, 17 and 19 days post-infection anti-CD8 monoclonal antibody
(MAb) was intraperitoneally injected. At 21 days post-infection spleens
were removed for analysis. Control mice are d21 infected littermates
that were not injected with MAb. A. Schematic diagram of the
experimental setting. B. Splenocytes were stained for CD8. The data
show the percentage of CD8+ T cells of total lymphocytes (arithmetic
means6STDV) in depleted mice (black bars) and control mice (white
bars). C. Splenocytes were titrated for reactivation-competent virus by
explant co-culture. Each point shows the titre of one mouse. Black
symbols represent data for CD8+ T cell depleted mice, white symbols
represent data for control mice. Horizontal lines indicate arithmetic
means. Data were reproducible over two independent experimental
groups.
doi:10.1371/journal.ppat.1000177.g004
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Figure 5. Increased germinal center B cell colonization by MuHV-4 lacking M284–92 epitope anchor residues. BALB/c mice were
intranasally infected as shown and spleen sections hybridized with viral tRNA-specific riboprobes. A. Representative spleen sections from each group
of animals. Dark staining cells express viral tRNAs. Arrows indicate example positive cells. All sections are magnified 6200 and counter stained with
haematoxylin. B. Mean6SEM percentage of splenic follicles positive for viral tRNA expression. Six sections per mouse and three mice per group were
counted at each time point. Follicles were scored positive if they contained at least one viral tRNA positive cell. At d50 post-infection vM2F85A and
vM2L92A showed significantly higher latency loads than vWT (p = 0.002 and p,0.001; using a 1 tailed Student’s t-Test), whereas vM2F85AEPI showed
no significant difference (p = 0.45). C. BALB/c mice were intranasally infected with 104 PFU of the indicated virus. At 14 or 50 days post-infection,
reciprocal frequencies of viral infection in flow cytometrically purified germinal center (B220+PNAhigh) B cells were determined by limiting dilution and
real time PCR. Spleens were pooled from 5 mice per group. Bars show the frequency of viral DNA positive cells with 95% confidence intervals.
doi:10.1371/journal.ppat.1000177.g005
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3T3-CRE or BHK-21 cells were harvested after 4 days and titred

by plaque assay [59].

Recombinant viruses
The vM2FS [36], vM2F85A, vM2L92A and vM2F85AEPI viruses

were derived from BAC-cloned MuHV-4 [60]. The M2F85A and

M2L92A mutations were generated by overlapping PCR: A4353G,

A4354C substituted alanine for phenylalanine at M2 position 85,

and A4332G, A4333C substituted alanine for leucine at position 92.

Mutated genomic fragments were inserted into a HinDIII-E

genomic clone [61] cloned in pST76K-SR shuttle plasmid [60]

using BlnI (nt 3908) and XhoI (nt 5362) restriction sites. To

generate vM2F85AEPI, a genomic HinDIII/XhoI fragment (nt

4029–5362) was PCR-amplified from an M2F85A template and

cloned into pSP72 (Promega). Genomic co-ordinates 3846–4029

were then amplified, using the primer 59-AAAAAGCTTAGGG-

GATTCAATAAACTTAAGTCGACGTTATAACAGTGAAG-

GTGCTAACGCAGAA-39 and cloned into the same vector as a

BglII/HindIII fragment, thereby attaching the amino acid

residues KLRGFNKLRSTL to the M2F85A C-terminus. This

construct was again subcloned into the HinDIII-E shuttle plasmid

using BlnI/XhoI restriction sites. A vM2F85A revertant virus

(vM2F85AR) was generated using a wild-type HinDIII-E genomic

clone. All PCR-derived regions were sequenced to confirm the

integrity of the mutations. Each HinDIII-E shuttle plasmid was

transformed into DH10B E.coli containing the wild type MuHV-4

BAC. Following recombination, mutated BAC clones were

identified by DNA sequencing. The integrity of each BAC was

confirmed by restriction digestion with BamHI and EcoRI. All

viruses were reconstituted by transfecting BAC DNA into BHK-21

cells using FuGENE 6 (Roche Molecular Biochemicals). The loxP-

flanked BAC cassette was then removed by viral passage through

NIH-3T3-CRE cells. The integrity of each reconstituted virus was

checked by PCR of viral DNA across the HinDIII-E region. The

stability of the introduced mutations was confirmed by viral DNA

sequencing across M2, both prior to infection and using viruses

recovered from infected mice.

In vivo infections and virus assays
6- to 8-week old BALB/c, C57BL/6, DBA/2, FVB-N (Instituto

Gulbenkian de Ciência, Portugal) and B6.C.H2d mice (kindly

provided by C. Penha-Gonçalves, Instituto Gulbenkian de

Ciência, Portugal) were inoculated intranasally with 104 PFU of

MuHV-4 under isofluorane anaesthesia. At different days post-

infection, lungs or spleens were removed for post-mortem analysis.

Titres of infectious virus were determined by plaque assay of

freeze-thawed tissue homogenates on BHK-21 cells. Latent virus

loads were quantified by explant co-culture of freshly isolated

Figure 6. MuHV-4 lacking the H2-Kd-restricted M2 CD8+ T cell epitope is positively selected in a H2d host. BALB/c or C57BL/6 mice were
intranasally infected with equal amounts of the indicated viruses, 104 PFU in total. At 14, 21 or 50 days post-infection germinal centre (B220+PNAhigh)
B cells were recovered from pools of al least three spleens by flow cytometric sorting. The copy number of each viral genome was then measured by
quantitative PCR using primers specific for each viral genome. Each sample was assayed in triplicate. Black bars denote the percentage of M2F85A or
vM2F85AEPI genomes in the total genome load. Error bars show 95% confidence intervals.
doi:10.1371/journal.ppat.1000177.g006
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splenocytes with BHK-21 cells. Plates were incubated for 4 (plaque

assays) or 5 (explant co-culture assays) days, then fixed with 4%

formal saline and counterstained with toluidine blue for plaque

counting.

CD8+ T cell depletions
MuHV-4 infected BALB/c mice were depleted of CD8+ T cells

by 5 intraperitoneal injections of 200 mg of monoclonal antibody

YTS 169.4 [62]. Blood samples or splenocytes from depleted or

control mice were stained with APC-conjugated anti-CD8a and

phycoerythrin-conjugated anti-CD4 (BD Pharmingen) and ana-

lysed on a FCAScan Flow Cytometer using CellQuest software

(Becton Dickinson Immunocytometry systems).

In vitro T cell stimulation
Spleen cells (1–26106) were stimulated (6 h, 37uC) with 1 mM

GFNKLRSTL (M284–92) or HYLSTQSAL (EGFP200–208) pep-

tides (SIGMA-Genosys, Haverhill, UK) in RPMI supplemented

with 10% fetal bovine serum, 2 mM glutamine, 100 U/ml

penicillin, 100 mg/ml streptomycin, 50 mM 2-mercaptoethanol,

10 U/ml recombinant murine IL-2 (PeproTech, UK) and 10 mg/

ml Brefeldin A. The cells were then washed in PBS/10 mg/ml

Brefeldin A, blocked with anti-CD16/32 mAb, stained with APC-

conjugated anti-CD8a (BD Pharmingen), washed twice, fixed in

2% paraformaldehyde (30 min, 4uC), washed once, permeabilized

with 0.5% saponin, washed once, stained with a phycoerythrin-

conjugated anti-interferon-gamma mAb (BD Pharmingen) and

washed twice. All cells were analysed on a BD FACSCanto Flow

Cytometer using FACSDiva software (BD Biosciences).

Limiting Dilution analysis
The frequency of MuHV-4 genome-positive germinal centre B

cells was determined by limiting dilution and real-time PCR [37]:

B220+PNAhigh B cells were recovered from pools of five spleens using

a BD FACSAria Flow Cytometer (BD Biosciences) and serially two

fold diluted. Eight replicates of each dilution were analysed by real

time PCR (ABI Prism 7000 Sequence Detection System, Applied

Biosystems). The primer/probe sets were specific for the MuHV-4

ORF65 gene (59 primer: GCCACGGTGGCCCTCTA; 39 primer:

CAGGCCTCCCTCCCTTTG; probe: 6-FAM-CTTCTGTTG-

ATCTTCC–MGB). Samples were subjected to a melting step of

95uC for 10 min followed by 40 cycles of 15 s at 95uC and 1 min at

60uC. Real-time PCR data was analysed on the ABI Prism 7000

software. The purity of sorted cells was always greater than 97.5%.

In situ hybridization
In situ hybridization with a digoxigenin-labelled riboprobe

encompassing MuHV-4 vtRNAs 1–4 and microRNAs 1–6 was

performed on formalin-fixed, paraffin-embedded spleen sections

[46]. Probes were generated by T7 transcription of a pEH1.4

(Roche Molecular Biochemicals). Positive follicles were scored

using a Leica DM 5000B microscope.

Viral genome quantification
Splenic germinal centre B cells (B220+PNAhigh) were obtained

from pools of three spleens using a BD FACSAria Flow Cytometer

(BD Biosciences) and lysed overnight in 0.45% Tween-20, 0.45%

NP-40, 2 mM MgCl2, 50 mM KCl, 10 mM Tris-HCl pH = 8.3 and

0.5 mg/ml Proteinase K. Individual viral genomes (vM2F85A/vWT;

vM2F85A/vM2L92A; vM2F85A/vM2F85AEPI or vM2F85AEPI/vWT)

were quantified by real time PCR (RotorGene 6000 5-plex HRM,

Corbett Research), using a labeled probe specific for M2 and a

common primer plus mutant-specific primer. vM2F85A/vWT viral

mix: probe- 6-FAM-CATGGGGACTTTAACGTCGACC-

TAAGTT-TMR; common primer-GGTTAACTTCTTCAG-

GACTTGGTACA; M2F85A specific primer-TCCTAAAACCA-

TAAGAAGGGGAGC; WT specific primer-TTTCCTAAAAC-

CATAAGAAGGGGATT; vM2F85A/vM2L92A viral mix: probe- 6-

FAM-TCCCCTTCTTATGGTTTTAGGAAAGCGA-TMR;

common primer-CATCCCTCAGGAAATAAAAACAGTTC;

M2F85A specific primer-GGCTTCCATGGGGACTTTAA;

M2L92A specific primer-GCTTCCATGGGGACTTTGC;

vM2F85A/vM2F85AEPI or vM2F85AEPI/vWT viral mixes: probe- 6-

FAM-CCCCATGAACCCTGAGATACGTCTTCCT-TMR;

common primer-TGGCTCGACTGACAGTCCAGA; M2F85A and

WT specific primer ACCTAAGTTTATTGAATCCCCTAAGC;

M2F85AEPI specific primer-GTCGACCTAAGTTTATT-

GAATCCCCT (all primers and probes from TIBMolbiol). Samples

were subjected to a melting step of 95uC, 5 min followed by 45 cycles

of 15 s at 95uC and 45 s at 65uC. The wild-type, M2F85A, M2L92A or

M2F85AEPI HinDIII-E shuttle plasmids were used as templates to

derive standard curves. Real-time PCR data was analysed using

Rotor-Gene 6000 Series Software.

Statistical analysis
Data comparisons between different infection groups were

performed using Student’s t-Test, Friedman’s Test or the Kruskal-

Wallis Test as appropriate. For limiting dilution analysis 95%

confidence intervals were determined as previously described [36].
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Luciferase-based imaging allows a global view of microbial pathogenesis. We applied this

technique to gammaherpesvirus infection by inserting a luciferase expression cassette into the

genome of murine herpesvirus-4 (MuHV-4). The recombinant virus strongly expressed luciferase

in lytically infected cells without significant attenuation. We used it to compare different routes of

virus inoculation. After intranasal infection of anaesthetized mice, luciferase was expressed in the

nose and lungs for 7–10 days and in lymphoid tissue, most consistently the superficial cervical

lymph nodes, for up to 30 days. Gastrointestinal infection was not observed. Intraperitoneal

infection was very different to intranasal, with strong luciferase expression in the liver, kidneys,

intestines, reproductive tract and spleen, but none in the nose or lungs. The nose has not

previously been identified as a site of MuHV-4 infection. After intranasal infection of non-

anaesthetized mice, it was the only site of non-lymphoid luciferase expression. Nevertheless,

lymphoid colonization and persistence were still established, even at low inoculation doses. In

contrast, virus delivered orally was very poorly infectious. Inoculation route therefore had a major

impact on pathogenesis. Low dose intranasal infection without anaesthesia seems most likely to

mimic natural transmission, and may therefore be particularly informative about normal viral gene

functions.

INTRODUCTION

Gammaherpesviruses are highly prevalent and cause
considerable disease. A major challenge in combating this
disease is to understand natural infection, for example how
gammaherpesviruses first enter their hosts. Neither Epstein–
Barr virus (EBV) nor Kaposi’s sarcoma-associated herpes-
virus (KSHV) are easy to analyse, because their infections
are largely limited to humans. Gammaherpesviruses that
allow experimental in vivo analysis can therefore tell us a
great deal. Murine herpesvirus-4 (MuHV-4) (Nash et al.,
2001; Stevenson & Efstathiou, 2005) currently provides the
most accessible model. The archetypal MHV-68 strain came
from a bank vole (Myodes glareolus) (Blaskovic et al., 1980).
However, MuHV-4 has also been isolated from yellow-
necked mice (Apodemus flavicollis) (Kozuch et al., 1993),
and closely related viruses have been isolated from a shrew
(Crocidura russula) (Chastel et al., 1994) and from wood
mice (Apodemus sylvaticus) (Blasdell et al., 2003), suggesting

that MuHV-4-like viruses have wide host ranges. Although
MuHV-4 has not been isolated from house mice (Mus
musculus), the natural correlate of inbred laboratory strains,
its benign persistence in laboratory mice contrasts with the
high pathogenicity or marked attenuation generally shown
by herpesviruses in xenogenic hosts (Stevenson et al.,
2002a). There is serological evidence that MuHV-4 (or a
close relative) naturally infects house mice (Mistrikova et al.,
2000), and MuHV-4 major histocompatibility complex
(MHC) class I degradation (Boname & Stevenson, 2001;
Lybarger et al., 2003), transporter associated with antigen
processing (TAP) degradation (Boname et al., 2004),
complement inhibition (Kapadia et al., 1999) and chemo-
kine binding (Parry et al., 2000; van Berkel et al., 2000) all
work in laboratory mice. Such immune evasion functions
are typically species-specific, for example MuHV-4 K3
downregulates MHC class I expression poorly in rat cells
(our unpublished data). MuHV-4 infection of laboratory
mice therefore seems to provide a reasonable pathogenesis
model.

Experimental MuHV-4 infection typically employs intra-
nasal virus inoculation under general anaesthesia. This
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leads to a lytic infection of lung alveolar epithelial cells that
is controlled within 2 weeks (Nash & Sunil-Chandra,
1994). Virus meanwhile seeds to lymphoid tissue and
drives the proliferation of latently infected B cells. This
peaks at 2 weeks post-infection (p.i.) and is controlled by
4 weeks. A predominantly latent infection of memory B
cells (Flano et al., 2002) then persists. In addition to
intranasal infection, MuHV-4 has been given intraperito-
neally (Weck et al., 1996), subcutaneously (Raslova et al.,
2001), intravenously (Sunil-Chandra et al., 1992), orally
(Blaskovic et al., 1984), intracerebrally (Terry et al., 2000)
and by gavage (Peacock & Bost, 2000). Its capacity to infect
many different anatomical sites corresponds to a broad
tropism for different fibroblast and epithelial cell lines
(Gillet et al., 2007a).

All inoculation routes lead to B-cell infection, and latently
infected B cells can in theory transport MuHV-4 from any
one site to any other. It is therefore often assumed that the
different modes of infection are fairly equivalent. However,
the peak of B-cell colonization coincides with a strong
CD8+ T-cell response (Stevenson et al., 1999a) that limits
lytic spread (Stevenson et al., 1999b), and there is evidence
from EBV that latently infected B cells recirculate mainly
through their site of initial infection (Laichalk et al., 2002).
The exposure of different epithelial and fibroblast popula-
tions to MuHV-4 infection may therefore depend strongly
on inoculation route. Even without a direct comparison, it
is clear that inoculation route can affect experimental
outcomes. For example, intraperitoneal MuHV-4 infection
led to the conclusion that B cells support acute lytic
replication and macrophages support long-term latency
(Weck et al., 1996), whereas after intranasal infection,
macrophage colonization is transient and B cells provide
the long-term latent reservoir (Sunil-Chandra et al., 1992).

A major impetus to establishing a realistic form of
experimental MuHV-4 infection has been the finding that
in vitro and in vivo virus neutralization are quite different
(Gillet et al., 2007b). The implication is that to understand
neutralization, we must also understand host entry. Global
imaging provides one way to compare different infection
routes. Here we imaged MuHV-4 lytic gene expression by
luciferase expression and charge-coupled-device camera
scanning (Hutchens & Luker, 2007). After intranasal virus
inoculation without anaesthesia, luciferase expression was
limited to the nose and superficial cervical lymph nodes
(SCLN), but still established a persistent infection. In
contrast, orally delivered virus was poorly infectious. The
nose therefore seems a likely physiological route of host
entry. Studies of infection by this route may give new
insights into MuHV-4 gene functions.

METHODS

Mice. Female BALB/c mice were infected with MuHV-4 when 6–
12 weeks old. Intranasal infections with anaesthesia were in 30 ml
aliquots, those without were in 5 ml. All experiments conformed to
local animal ethics regulations; those in Cambridge also followed

Home Office Project Licence 80/1992. For luciferase imaging, mice

were injected intraperitoneally with luciferin, anaesthetized with

ketamine/xylazine or isoflurane, then scanned with an IVIS Lumina

(Caliper Life Sciences). In preliminary experiments we used the

manufacturer’s recommended dose of 150 mg luciferin g21. In later

experiments this was reduced to 2 mg/mouse without noticeably less

signal. Signal intensity was fairly constant between 3 and 10 min after

injection. Mice were routinely imaged after 5 min. For quantitative

comparisons, we used Living Image software (Caliper Life Sciences)

to obtain the maximum radiance (photons per s per cm2 per

steradian, i.e. photons s21 cm22 sr21) over each region of interest,

relative to a negative control region.

Cells. Baby hamster kidney (BHK-21) cells, NIH-3T3 cells, NIH-

3T3-CRE cells (Stevenson et al., 2002b) and NIH-3T3-TET50 cells

were propagated in Dulbecco’s modified Eagle’s medium

(Invitrogen) supplemented with 2 mM glutamine, 100 U penicillin

ml21, 100 mg streptomycin ml21 and 10 % fetal calf serum. NIH-

3T3-TET50 cells were made by serially transducing NIH-3T3 cells

with three retroviruses: one expressed ORF50 from a promoter with

doxycycline-responsive (TRE) promoter; one expressed constitu-

tively a transcriptional suppressor with doxycycline-inactivated

TRE-binding; and one expressed constitutively a transcriptional

activator with doxycycline-activated TRE-binding. All together

allowed doxycycline-inducible ORF50 expression. The ORF50

coding sequence was amplified by PCR from infected cell cDNA

and cloned into pREV-TRE (Clontech). The TRE-binding tran-

scriptional suppressor was excised from pTET-tTS (Clontech) with

EcoRI/ClaI, the ClaI site was blunted with T4 DNA polymerase and

the fragment was ligated into the EcoRI-blunted XhoI sites of

pMSCV-IRES-PURO. The TRE-binding transcriptional activator

was from pREV-TET-ON (Clontech). Each plasmid was transfected

into 293T cells together with the pEQPAM3 packaging plasmid

(Persons et al., 1998). Retroviruses were collected after 48 and 72 h,

and added to cells with 6 mg polybrene ml21. Triply transduced cells

were selected with puromycin+hygromycin+G418.

Viruses. The luciferase coding sequence plus polyadenylation signal

was removed from pGL4.10 (Promega) by digestion with BglII/SalI

and cloned into the BamHI/SalI sites of pSP73, downstream of a

500 bp MuHV-4 M3 promoter (May et al., 2005a). M3-luciferase-

polyA was then excised with BglII/SalI, blunted with Klenow

fragment DNA polymerase and cloned into the blunted MfeI site

(genomic co-ordinate 77 176, GenBank accession no. U97553) of a

BglII MuHV-4 genomic clone (co-ordinates 75 338–78 717), again in

pSP73. The expression cassette plus genomic flanks was subcloned

into the BamHI site of the pST76K-SR shuttle vector and

recombined into a MuHV-4 bacterial artificial chromosome (BAC;

Adler et al., 2000). An ORF50-deficient derivative was made by

cloning a HincII genomic fragment (co-ordinates 63 844–70 433)

into the HincII site of pUC9 (New England Biolabs), with the

BamHI site of pUC9 at the 70 433 end of the insert. This was cut

with BsmI (67 792) and ClaI (69 177) to remove most of ORF50 exon

2 (67 661–69 376), blunted and dephosphorylated with Antarctic

alkaline phosphatase (New England Biolabs). The eGFP coding

sequence from pEGFP-N3 (Clontech) was ligated in place of the

removed fragment. EGFP plus its genomic flanks was then excised

using a genomic KpnI site (66 120) and the BamHI site in pUC9,

cloned into the BamHI/KpnI sites of pST76K-SR, and recombined

into the M3-LUC BAC. M3-LUC virus was recovered by transfecting

BAC DNA into BHK-21 cells. For in vivo experiments, its loxP-

flanked BAC/eGFP cassette was removed by passage through NIH-

3T3-CRE cells. Virus stocks were grown in BHK-21 cells (Coleman et

al., 2003). ORF502M3-LUC virus was recovered by transfecting BAC

DNA into NIH-3T3-TET50 cells and propagated by treating the cells

with doxycycline.
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Viral infectivity assays. Virus stocks were titrated by plaque assay

on BHK-21 cells (de Lima et al., 2004), or on doxycycline-treated

NIH-3T3-TET50 cells for ORF502M3-LUC. Cell monolayers were

incubated with virus (2 h, 37 uC), overlaid with 0.3 % carboxy-

methylcellulose, and 4 days later fixed and stained for plaque

counting. Infectious virus in lungs was measured by freeze–thawing

the lungs and homogenizing them in 1 ml complete medium prior to

plaque assay. Latent virus was measured by infectious centre assay (de

Lima et al., 2004): spleen cells were co-cultured with BHK-21 cells,

then fixed and stained for plaque counting after 4 days. Plaque assay

titres of freeze–thawed lymphoid homogenates were always ,1 % of

infectious centre assay titres, so the latter essentially measured

reactivable latent virus.

Viral genome quantification. Viral genome loads were measured by

real-time PCR (Gaspar et al., 2008). DNA from organs (50–80 ng) was

used to amplify MuHV-4 genomic co-ordinates 4166–4252 (Rotor Gene

3000; Corbett Research). The PCR products were quantified by

hybridization with a TaqMan probe (genomic co-ordinates 4218–4189)

and converted to genome copies by comparison with a standard curve of

cloned plasmid template amplified in parallel. Cellular DNA was

quantified in parallel by amplifying part of the adenosine phosphoribosyl

transferase gene (forward primer 59-GGGGCAAAACCAAAAAAGGA-39,

reverse primer 59-TGTGTGTGGGGCCTGAGTC-39, probe 59-TGCCTA

AACACAAGCATCCCTACCTCAA-39).

Southern blotting. Viral DNA was extracted by alkaline lysis (Coleman

et al., 2003), digested, electrophoresed and transferred to nylon

membranes (Roche Diagnostics). A [32P]dCTP-labelled probe

(APBiotech) was generated by random primer extension (DECAprime

II kit; Ambion). Membranes were hybridized with probe (65 uC, 18 h),

washed in 30 mM sodium chloride, 3 mM sodium citrate, 0.1 % SDS

solution at 65 uC and exposed to X-ray film.

In vitro luciferase assays. Cells were washed twice in PBS, then

lysed in 1 % Triton X-100 (15 min, 4 uC). Cell debris was pelleted

(13 000 g, 5 min) and supernatants incubated in 20 mM glycylgly-

cine, 20 mM potassium phosphate buffer (pH 7.8) with 1 mM

dithiothreitol, 10 mM MgSO4, 3 mM EGTA, 2.5 mM ATP and

100 mM luciferin. The light emission of triplicate samples was

detected by luminometry (Hewlett Packard).

ELISA. MuHV-4 virions were recovered from infected cell super-

natants by ultracentrifugation, disrupted with 0.05 % Triton X-100 in

50 mM sodium carbonate buffer (pH 8.5), and coated onto MaxiSorp

ELISA plates (Nunc). The plates were washed three times in PBS

containing 0.1 % Tween 20, blocked with 2 % BSA in PBS 0.1 %

Tween 20, then incubated with threefold serum dilutions from

MuHV-4-exposed mice (1 h, 23 uC). The plates were then washed

four times in PBS 0.1 % Tween 20, incubated (1 h, 23 uC) with

alkaline phosphatase-conjugated goat anti-mouse IgG-Fc pAb

(Sigma), washed five times, and developed with nitrophenylpho-

sphate (Sigma). Absorbance was measured at 405 nm (Bio-Rad).

RESULTS

Generation and in vitro analysis of MuHV-4
expressing luciferase

An ideal luciferase reporter would mark both lytically and
latently infected cells. However, high level latent gene
expression is probably incompatible with normal host
colonization for a gammaherpesvirus: most EBV-infected
cells express no latency genes at all (Thorley-Lawson,

2001); both EBV and MuHV-4 limit antigen presentation
from their episome maintenance proteins by low turnover
(Yin et al., 2003; Bennett et al., 2005); and bypassing this
evasion severely attenuates MuHV-4 latency (Bennett et al.,
2005). Autonomous promoters such as that of the human
cytomegalovirus (HCMV) IE1 gene (Rosa et al., 2007;
Smith et al., 2007) may therefore expose latently infected
cells to unphysiological CD8+ T-cell recognition. This
would explain why HCMV IE1-driven reporter gene
expression is associated with marked in vivo MuHV-4
attenuation (Adler et al., 2001).

We therefore aimed for lytic reporter gene expression, using
as a promoter an ectopic copy of the 500 bp upstream of the
MuHV-4 M3, an abundant early/late lytic gene (van Berkel et
al., 1999). In situ detection of M3 mRNA in infected
lymphoid tissue (Simas et al., 1999) and a latency
establishment deficit of MuHV-4 M3 mutants (Bridgeman
et al., 2001) suggest that M3 might also be transcribed in
latency. However, other early lytic transcripts are detectable in
spleens (Marques et al., 2003) – B cells even drive a substantial
lytic antigen-specific CD8+ T-cell response (Stevenson et al.,
1999a) – and the latency deficit of M3 mutants may simply
reflect that lytically infected cells no longer secrete M3 to
provide bystander protection for their latently infected
neighbours (Rice et al., 2002; Stevenson, 2004).

The luciferase expression cassette was inserted between the
polyadenylation signals of ORFs 57 and 58 (Fig. 1a). Southern
blotting (Fig. 1b) confirmed the predicted structures of
recombinant viral genomes. Infected cells showed strong
luciferase expression (Fig. 1c). M3-LUC viruses showed no in
vitro lytic replication defect (Fig. 1d). Since ORF57 is essential
for lytic replication (Song et al., 2005) and ORF58 contributes
to inter-cellular viral spread (May et al., 2005b), luciferase
expression appeared not to compromise the functions of
neighbouring genes. Gp48 expression, which is ORF58-
dependent, was also normal (data not shown).

We tested whether M3-LUC luciferase expression depended
on the ORF50 lytic transactivator by generating an ORF50-
deficient derivative (Fig. 1e). This was propagated in
complementing NIH-3T3-TRE50 cells and then tested for
luciferase expression in non-complementing BHK-21 cells. At
0.1 p.f.u. cell21, ORF50 disruption reduced the luciferase
signal by 98–99 %. At 1 p.f.u. cell21 the reduction was 80 %.
Inhibiting viral DNA replication with phosphonoacetic acid
had no effect on luciferase expression (data not shown). Thus,
luciferase expression corresponded mainly to early lytic gene
expression, with some additional ORF50-independent expres-
sion at high multiplicity infection. In vivo cells may differ from
transformed cell lines in viral transcription, but it seemed
unlikely that luciferase expression would reveal latent
infection. We considered it to mark early lytic gene expression.

In vivo analysis of MuHV-4 expressing luciferase

We have previously shown that M3 promoter-driven
ovalbumin or eGFP expression has a minimal effect on
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MuHV-4 replication in vivo (Smith et al., 2006). M3-LUC
viruses similarly showed normal replication after intranasal
inoculation (Fig. 2a). We selected M3-LUC2.1 for further
analysis. We infected anaesthetized mice intranasally, then
monitored luciferase expression by luciferin injection and
charge-coupled-device camera scanning (Fig. 2b). In
preliminary experiments, removing the fur from mice
prior to imaging had little effect on the signal obtained.
Therefore in subsequent experiments no fur was removed.
At the peak of lytic replication (5–7 days p.i.), a strong
signal was visible in the thorax and the nose. At the peak of
latency amplification (13–14 days p.i.), luciferase signals
were weak or undetectable in the thorax and nose, but
strong in the neck. Some mice also showed a weaker
abdominal signal.

Ex vivo imaging of dissected organs (Fig. 3) established the
sources of the live images. The thoracic signal came from
the lungs; the abdominal signal came from the spleen; and
the neck signal came from the SCLN, particularly the most
rostral node that lies alongside the salivary glands. The
mediastinal (subthymic) and deep cervical LN showed
weaker signals. Despite strong signals from nose and lungs,
we saw no signal from the intervening trachea or main
bronchi. Although MuHV-4 has been reported to infect
mice after inoculation into the stomach (Peacock & Bost,
2000), and at least some of a 30 ml intranasal inoculum is
likely to be swallowed, we saw no sign of intestinal
infection. A signal was occasionally observed (10–20 % of
mice) in the liver at day 7 (Fig. 3) and in abdominal LN at
day 10–14 (data not shown). This could have reflected

Fig. 1. Generation of MuHV-4 expressing luciferase. (a) A 2 kb luciferase-polyA cassette was placed downstream of a 500 bp
M3 promoter, in a MfeI restriction site between ORFs 57 and 58. Relevant restrictions sites are shown. (b) Viral DNA was
digested with EcoRI or HindIII and probed with the 75 338–78 717 BglII clone shown in (a). The luciferase expression cassette
changes a 14.9 kb EcoRI band to 5.5 kb+12.0 kb, and a 14.5 kb HindIII band to 6.8 kb+10.1 kb. M3-LUC1.6 and M3-
LUC2.1 are independently generated recombinant viruses. (c) BHK-21 cells were left uninfected or infected overnight (1 p.f.u.
cell”1), then lysed and assayed for luciferase expression. Each bar shows the mean±SD of triplicate cultures. (d) BHK-21 cells
were infected with wild-type or M3-LUC MuHV-4 (0.01 p.f.u. cell”1, 2 h), washed with PBS to remove unbound virions, then
incubated at 37 6C. The infectious virus in each culture was measured by plaque assay. (e) BHK-21 cells were infected with
wild-type MuHV-4, the M3-LUC2.1 recombinant or its ORF50” derivative. Luciferase expression was assayed 18 h later by
luminometry. Each bar shows mean±SD of five replicate infections. The ORF50” cultures contained no replication-competent
virus by plaque assay.
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some intestinal infection. But it could also have reflected
contiguous spread from the lungs and diaphragm or
systemic virus spread via B cells. Other abdominal organs,
such as the kidneys and reproductive tract, were con-
sistently negative.

Quantification of luciferase signals

Luciferase signals were quantified as the maximum
radiance (photons s21 cm22 sr21) over a region of
interest – typically one dissected organ. Fig. 4 shows a
time-course after intranasal infection. Occasional mice
showed no signal even at peak average time points.
Tracking individual mice showed that none remained
uninfected. Rather the kinetics of luciferase expression

varied; total signals over the whole time-course were
similar. This possibly reflected variation in inoculum dose
to the lung: some virus may have been trapped in nasal
sinuses or coughed up after recovery from anaesthesia.
SCLN signals were the most long-lived, sometimes
persisting even at day 25 p.i. But generally all sites were
negative by day 30.

Several caveats apply to live imaging. Overlying tissues
clearly reduced light transmission, as neck signals were
evident ventrally but not dorsally, and the dissected organs
signals were stronger than live images. This limits the
interpretation of fine quantitative differences. Mediastinal
LN and deep cervical LN signals were only evident after
dissection because they were obscured by those of the lungs
and SCLN. Very strong signals sometimes gave secondary
reflections. For example, in the day 14 ventral view (Fig.
2b), the neck signal is reflecting off the incisors: after
dissection, no mouth signal was observed. However, there
was generally a good correlation between live images and
dissected organ signals.

Since luciferase expression corresponded to early lytic gene
expression, a lack of signal did not necessarily imply a lack
of infection: tightly maintained viral latency might be
missed. The lytic antigen-specific CD8+ T-cell responses
generated by 7–10 days p.i. (Stevenson & Doherty, 1998)

Fig. 3. Luciferase signals from isolated organs after intranasal
MuHV-4 infection. Mice equivalent to those in Fig. 2(b) were
dissected and their organs imaged ex vivo. Each image is
representative of data from at least five mice, and shows either a
standard photograph (Photo) or that photograph overlaid with the
luciferase signal (Photo+LUC). The colour scheme for relative
signal intensity is as for Fig. 2.

Fig. 2. In vivo infection by luciferase-expressing MuHV-4. (a) M3-
LUC1.6 and M3-LUC2.1 were compared with wild-type MuHV-4
for their capacity to colonize mice after intranasal infection. Lytic
replication was tested by plaque assay of lungs after 5 days.
Latency establishment was tested by infectious centre assay of
spleens after 13 days. Each point shows the titre of one mouse.
There was no significant difference between each virus. (b) Mice
were infected intranasally (104 p.f.u.) with M3-LUC2.1 MuHV-4
under general anaesthesia, and then injected with luciferin and
imaged every 3–4 days. Images show a representative mouse at
day 7 and 14 p.i. The signal in the mouth was atypical and probably
corresponds to the strong neck signal reflecting off the incisors.
The scale bar shows photons s”1 cm”2 sr”1.
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would also be expected to suppress luciferase expression.
Nevertheless, luciferase signals appeared to match quite
well the results of other assays (Sunil-Chandra et al., 1992):
an acute lytic infection in the lung (day 4–10) progressed to
a subacute infection of lymphoid tissue (day 10–25), and
both were largely resolved by day 30. Although MuHV-4
does not show significant productive infection in lymphoid
tissue after intranasal inoculation (Nash & Sunil-Chandra,
1994), luciferase signals here were entirely consistent with
evidence of early lytic gene expression (Stevenson et al.,
1999a; Liu et al., 1999; Marques et al., 2003). Thus, early
lytic luciferase expression revealed both productive lytic
replication and acute lymphoid colonization.

Intraperitoneal infection

Many MuHV-4 pathogenesis studies have used intraper-
itoneal infection rather than intranasal (Speck & Virgin,

1999). Understanding the relationship between these
infections is therefore important for integrating existing
pathogenesis data into a coherent whole. Luciferase
expression patterns after intraperitoneal or intranasal
M3-LUC inoculations were markedly different (Fig. 5a).
At day 4 after intraperitoneal inoculation, there was a
strong signal from the abdominal cavity and none from the
nose or lungs. At the same time after intranasal
inoculation, there was a strong signal from the lungs and
none from the abdomen. By 10 days after intraperitoneal
inoculation, there was still no signal from the lungs. The
abdominal signal had decreased, and the only spread was to
the mediastinal LN, which receive lymphatic drainage from
the peritoneal cavity; the strong SCLN signal associated
with intranasal infection remained weak or absent.

Ex vivo imaging (Fig. 5b) showed that the abdominal signal
of intraperitoneal infection had many sources, including the
liver, spleen, kidneys and reproductive tract. The gut was
also patchily positive, presumably reflecting serosal infec-
tion. Therefore, although MuHV-4 reached lymphoid tissue
by either route, the distributions of lytic infection were
almost mutually exclusive; in neither case did infected B cells
appear to seed major new non-lymphoid sites of lytic gene
expression. Even the spleen signals differed: intraperitoneal
infection showed strong luciferase expression early on,
consistent with productive infection (Weck et al., 1996),
while intranasal infection showed later, weaker expression,
consistent with a predominantly latent infection. These data
explained why intraperitoneal and intranasal infections have
given such different phenotypes, for example with M11
knockouts (Gangappa et al., 2002; de Lima et al., 2005).

Different infection doses

We next tested different inoculation doses via the intranasal
route with general anaesthesia (Fig. 6). High dose infection
(105 p.f.u.) gave a luciferase signal in the lung that peaked at
4–7 days. After low dose infection (102 p.f.u.) the signal
peaked at 8–11 days and was generally less extensive. Both
infections led to lymphoid colonization. Thus, beyond more
virus giving more extensive early lytic replication, there was
little difference between low and high doses, consistent with
infectivity assays (Tibbetts et al., 2003). Luciferase signals in
the nose were uncommon after low dose infection,
presumably because all the infectious particles ended up in
the lungs. SCLN signals were also weak, implying that this
site is colonized principally via the upper respiratory tract.

Intranasal infection without anaesthesia

The prominent luciferase signals in noses after intranasal
inoculation suggested that host entry might occur via the

Fig. 4. Quantification of luciferase signals from isolated organs
after intranasal MuHV-4 infection. Mice were infected intranasally
(104 p.f.u.) with M3-LUC. At each time point, at least five mice per
group were dissected for ex vivo organ imaging. Each point shows
the maximum radiance value for one mouse. The horizontal dashed
lines mark an arbitrary sensitivity threshold, chosen to minimize the
chance of artefactual signals such as secondary light reflections.

Fig. 5 Comparison of intranasal and intraperitoneal MuHV-4 infections. (a) Mice were inoculated intranasally or
intraperitoneally with 104 p.f.u. of M3-LUC, then monitored for luciferase expression. Representative pairs of mice are
shown. (b) Mice were dissected at 4 or 10 days after intraperitoneal virus inoculation to identify the source of the live imaging
signals. The colour scheme for relative signal intensity is as for Fig. 2.
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upper respiratory tract as well as via the lungs, where it has
mostly been studied to date. We tested this by intranasal
infection without anaesthesia (Fig. 7). As before, the
anaesthetized controls showed strong luciferase signals in
lungs and less consistent signals in the nose (Fig. 7a, b).
Infection then spread to the SCLN and spleen. Non-
anaesthetized mice given the same virus dose showed a
strong signal in the nose and none in the lungs. Thus,
infection did not reach the lungs without anaesthesia. Non-
anaesthetized mice also showed no luciferase signal in the
spleen. However, their SCLN signals were at least as strong
as those of anaesthetized mice. The lack of spleen signal

presumably reflected that it was colonized relatively late in
infection, when lytic antigen-specific CD8+ T-cell
responses were strong. Real-time PCR quantification of
viral genomes (Fig. 7c) established that virus delivered to
the nose still established normal persistence in both the
SCLN and spleen.

Oral infection

We also tested oral infection (Fig. 8). A 104 p.f.u. inoculum
with general anaesthesia gave no luciferase signal in 3/5
mice. What mice were infected showed the typical lung-
dominated pattern of intranasal infection (Fig. 8a),
suggesting aspiration of the oral inoculum. A 106 p.f.u.
inoculum without anaesthesia gave luciferase signals in 5/8
mice. This time, the infected mice had the typical pattern
of nose infection (Fig. 8b), suggesting that here some of the
oral inoculum reached the nose. Thus, there was no
evidence of host entry by the oral route: normal infection
was established if virions reached the nose or lung, but
there was no infection if they did not.

Lower dose infections without anaesthesia – reducing the
chance of inadvertent respiratory tract contamination –
gave no luciferase signal (0/10 mice for 103 p.f.u.; 0/24
mice for 50 p.f.u.), even when we imaged dissected organs.
In contrast, a 10 p.f.u. intranasal inoculum without
anaesthesia gave strong luciferase signals in 12/12 mice. A
lack of infection by 50 p.f.u. of oral virus was confirmed by
ELISA for virus-specific serum IgG at 1 month post-
exposure (Fig. 8c). PCR of spleen cell DNA for viral
genomes at 15 days after oral inoculation was also
completely negative in 6/6 mice (,5 viral genome copies
per 80 ng DNA). Thus in adult mice, oral MuHV-4 was
poorly infectious.

DISCUSSION

How do herpesviruses enter their hosts? We compared
different modes of experimental MuHV-4 infection,
aiming to establish a plausible correlate of natural
transmission for adult mice. For an anatomically complete
view, we monitored infection by luciferase expression from
the viral genome. Analysis of the standard intranasal
infection model validated this approach. Thus, strong
luciferase expression in the lung, weaker expression in
lymphoid tissue, then quiescence, matched the consensus
picture from other assays of productive viral replication in
the lung, latency amplification with some lytic gene
expression in lymphoid tissue, then immune control.
Different modes of virus inoculation gave markedly
different patterns of luciferase expression. Intranasal
inoculation under general anaesthesia gave strong expres-
sion in the nose and lungs and weaker expression in
lymphoid tissue; intraperitoneal inoculation gave strong
expression in multiple abdominal organs, including the
spleen, and none in the respiratory tract; intranasal

Fig. 6. High dose and low dose intranasal infections. Mice were
infected intranasally with M3-LUC (102 or 105 p.f.u.) under
general anaesthesia, then live-imaged for luciferase expression
every 3–5 days. Each point corresponds to one mouse. The
horizontal dashed lines mark an arbitrary sensitivity threshold.
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Fig. 7. Intranasal infection with and without anaesthesia. (a) Mice were infected intranasally with M3-LUC (104 p.f.u.), either
awake or while anaesthetized, then imaged for luciferase expression every 3–5 days. Each point corresponds to one mouse.
The horizontal dashed lines mark an arbitrary sensitivity threshold. (b) Representative images from the data summarized in (a).
(c) At 1 month p.i., mice were analysed for viral genome loads in the spleen and SCLN by real-time PCR. The top panel shows
the cellular control (APRT), the middle panel the MuHV-4 M2 gene, and the bottom panel the M2 load normalized by APRT.
Each point corresponds to one mouse. There was no statistically significant difference between mice given anaesthesia (Inf.
lung) or not (Inf. nose).
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inoculation without anaesthesia gave expression in just the
nose and draining lymphoid tissue; and oral inoculation
gave no expression at all. Normal transmission is
presumably mucosal. The nose – but not the lung – is
therefore a likely point of normal host entry.

The poor infectivity of oral MuHV-4 was surprising, as
human gammaherpesviruses are thought to transmit orally
via saliva. MuHV-4 may use nasal entry because noses
feature more prominently in murine social life. The
nasopharynx may also be important for human gamma-
herpesvirus transmission: there is little evidence for a
specifically oral EBV or KSHV entry route, and EBV
infection notably predisposes to nasopharyngeal carcin-
oma.

The limited lytic spread of MuHV-4 from the nose might
be seen as suboptimal for host colonization. However,
gammaherpesvirus epidemiology indicates that transmis-
sion depends more on long-term virus shedding than
primary lytic infection, and this correlates with the latent
load (Yao et al., 1985). MuHV-4 latency is relatively
independent of the extent of primary lytic infection
(Stevenson et al., 1999c; Coleman et al., 2003). It depends
much more on latency-associated lymphoproliferation
(May et al., 2004). Extensive primary lytic spread might
even be counter-productive by providing a powerful
immune stimulus and by predisposing the host to disease.
Thus, gammaherpesviruses may have evolved to infect their
hosts without extensive lytic spread.

The apparent failure of intranasal MuHV-4 to infect the
oropharynx or trachea, and of oral MuHV-4 to infect
anywhere, suggest that incoming virions cross epithelia by
specialized routes. Although MuHV-4 virions readily infect
most epithelial cells in vitro, their strong dependence on

heparan sulphate for cell binding (Gillet et al., 2008) raises
questions about epithelial infection in vivo, as here heparan
sulfate is predominantly basolateral rather than apical
(Hayashi et al., 1987). In vitro epithelial infection may
correspond more to host exit, when virions would emerge
from B cells to infect basolaterally. Notably, MuHV-4
infects confluent, polarized in vitro epithelial monolayers
much less well than subconfluent monolayers (our
unpublished data).

An important task now is to identify the cell types targeted
in the nose. This is not necessarily straightforward: high
dose inocula may reach non-physiological sites, low dose
inocula are inherently hard to track, and once there is viral
replication, histology may fail to distinguish host entry
from exit. Entry via the nose may be qualitatively different
to that via the lungs or the peritoneal cavity. The latter
both contain abundant macrophage populations without
an epithelial barrier, and peritoneal macrophages at least
are quite readily infected (Rosa et al., 2007). A related
question is how incoming virions reach B cells. This may
occur submucosally or in lymph nodes. The strong
luciferase signals in SCLN following nasal infection argued
for a significant lymphatic transport of infectious virions to
this site. One precedent for such transport is normal
immune priming (Belz et al., 2007). A role for dendritic
cells in B-cell infection would therefore not be surprising.
The present study provides a basis for further understand-
ing by identifying the nose as an entry point and the SCLN
as the major associated lymphoid target.
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Antibodies readily neutralize acute, epidemic viruses, but are less effective against more indolent

pathogens such as herpesviruses. Murid herpesvirus 4 (MuHV-4) provides an accessible model

for tracking the fate of antibody-exposed gammaherpesvirus virions. Glycoprotein L (gL) plays a

central role in MuHV-4 entry: it allows gH to bind heparan sulfate and regulates fusion-associated

conformation changes in gH and gB. However, gL is non-essential: heparan sulfate binding can

also occur via gp70, and the gB–gH complex alone seems to be sufficient for membrane fusion.

Here, we investigated how gL affects the susceptibility of MuHV-4 to neutralization. Immune sera

neutralized gL” virions more readily than gL+ virions, chiefly because heparan sulfate binding now

depended on gp70 and was therefore easier to block. However, there were also post-binding

effects. First, the downstream, gL-independent conformation of gH became a neutralization

target; gL normally prevents this by holding gH in an antigenically distinct heterodimer until after

endocytosis. Second, gL” virions were more vulnerable to gB-directed neutralization. This

covered multiple epitopes and thus seemed to reflect a general opening up of the gH–gB entry

complex, which gL again normally restricts to late endosomes. gL therefore limits MuHV-4

neutralization by providing redundancy in cell binding and by keeping key elements of the virion

fusion machinery hidden until after endocytosis.

INTRODUCTION

Most vaccines depend on eliciting neutralizing antibodies
(Zinkernagel & Hengartner, 2006). Herpesvirus carriers
remain infectious despite making antibody responses.
Preventing herpesvirus infections by vaccination is there-
fore a difficult challenge. We are using murid herpesvirus 4
(MuHV-4) to understand gammaherpesvirus neutraliza-
tion. MuHV-4 binds to cells via heparan sulfate, using
either gp70, a product of ORF4 (Gillet et al., 2007a), or
gH–gL (Gillet et al., 2008a). Immune sera can block cell
binding (Gill et al., 2006), but they block membrane fusion
poorly, allowing opsonized virions to infect macrophages
and dendritic cells via IgG Fc receptors (Rosa et al., 2007).
Bypassing cell-binding blocks in this way is not unique to
MuHV-4 (Inada et al., 1985; Maidji et al., 2006).

How might herpesvirus membrane fusion be blocked
better? Answering this means understanding how fusion
works. Virus-specific glycoproteins, such as herpes simplex
virus gD, can modulate fusion (Avitabile et al., 2007;

Atanasiu et al., 2007) and some herpesviruses can express
alternative fusion complexes by using different accessory
glycoproteins (Borza & Hutt-Fletcher, 2002; Wang &
Shenk, 2005), but the core machinery, comprising the
gH–gL heterodimer and gB (Browne et al., 2001), is
conserved. MuHV-4 membrane fusion is pH-dependent
and occurs in late endosomes (Gillet et al., 2008b). Fusion
is associated with conformation changes in both gH and gB
(Gillet et al., 2008b, c). gB probably switches between pre-
and post-fusion states, like the structurally homologous
vesicular stomatitis virus glycoprotein G (Roche et al.,
2007), but gH is different. It switches from a gL-dependent
to a gL-independent conformation in late endosomes
(Gillet et al., 2008c), implying that gH and gL dissociate.
Yet gL2 virions, which constitutively express the down-
stream form of gH (‘gH-only’), remain infectious; indeed,
they show premature rather than impaired membrane
fusion (Gillet et al., 2008c). It therefore appears that gH
changes from gH–gL to gH-only before engaging in fusion.

Not only is gH different in gL2 virions: gB also shows
conformational instability. This is consistent with a knock-
on effect of the change in gH, as gH–gL and gB are
associated in the virion membrane (Gillet & Stevenson,
2007a). A link – probably intramembrane – is maintained
between gH and gB, even without gL (Gillet & Stevenson,
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2007a), but any extracellular interaction must change, as
the gH–gL and gH-only conformations are antigenically
very different (Gill et al., 2006). The gB N terminus covers
part of gH–gL, and deleting it also seems to destabilize gB
(Gillet & Stevenson, 2007b). This region may therefore
bridge the gB and gH–gL extracellular domains.

The gB and gH conformation changes present problems for
antibodies that would block membrane fusion (Gill et al.,
2006; Gillet et al., 2006). First, antibodies must act
indirectly, either by blocking conformation changes
(probably the major mechanism for gH–gL) or by causing
steric hindrance (probably the major mechanism for gB)
(Gillet et al., 2008b). Second, they must remain attached to
their targets in late endosomes and compete with
conformation changes that are energetically favourable at
low pH. With glycan shielding (Gillet & Stevenson, 2007b)
and poor immunogenicity (Gillet et al., 2007b) also
factored in, it is perhaps unsurprising that complete
MuHV-4 neutralization is so hard.

The central roles of gL in MuHV-4 cell binding and membrane
fusion suggest an additional role for it in virion neutralization.
Whether gL itself is a neutralization target is unknown, but
gH–gL is the major mAb-defined target on wild-type virions
(Gill et al., 2006). This neutralization operates downstream of
cell binding, presumably by inhibiting the post-endocytic
dissociation of gL from gH. Disrupting gL would remove gH–
gL as a target, but could instead reveal other gH epitopes. In
order to understand how gL affects neutralization, we
compared the infectivity of gL+ and gL2 virions after
exposure to immune sera or mAbs. Our results explain some
of the resistance of wild-type MuHV-4 virions to neutraliza-
tion and shed new light on herpesvirus entry.

METHODS

Mice, sera and mAbs. Female C57BL/6 or BALB/c mice (Harlan
UK) were infected intranasally with MuHV-4 when 6–8 weeks old, in
accordance with local ethics and Home Office Project Licence 80/
1992. Immune sera were collected and mAbs were derived at least
3 months later. For the latter, spleen cells were taken 3 days after an
intraperitoneal virus boost and fused to NS0 myeloma cells (Köhler &
Milstein, 1975). Hybrids were selected with azaserine and typed for
virion glycoprotein recognition (Gillet et al., 2007b). Antibodies were
concentrated by ammonium sulfate precipitation, dialysed against
PBS, isotyped by ELISA (Sigma) and quantified by Mancini assay
(Mancini et al., 1965). They are listed in Table 1.

Cells and viruses. BHK-21 fibroblasts (ATCC CCL-10), NMuMG
epithelial cells (ATCC CRL-1636), RAW-264 macrophages (ATCC
TIB-71), 293T cells (ATCC CRL-11268), CHO–gH cells (Gill et al.,
2006) and CHO–gp70 cells (Gillet et al., 2007a) were grown in
Dulbecco’s modified Eagle’s medium (DMEM) with 2 mM gluta-
mine, 100 U penicillin ml21, 100 mg streptomycin ml21 and 10 %
fetal calf serum. NS0 cells and the hybridomas derived from them
were grown in RPMI medium, supplemented as for DMEM. MuHV-4
was propagated in BHK-21 cells (de Lima et al., 2004). Cell debris was
removed by low-speed centrifugation (1000 g, 10 min) and virions
were recovered from supernatants by high-speed centrifugation
(38 000 g, 90 min). gp702 (Gillet et al., 2007a), gL2 (Gillet et al.,
2007c, 2008c) and gM–enhanced green fluorescent protein (eGFP)-

tagged (Gillet et al., 2006) MuHV-4 mutants have been described
previously. The gL2STOP, gL2DEL and gL2DEL-STOP mutants
used here are all phenotypically equivalent. 293T cells were
transfected with expression plasmids for glycosylphosphatidylinositol
(GPI)-linked forms of gH, gL and gH–gL (Gill et al., 2006; Gillet et al.,
2008a) by using Fugene-6 (Roche Diagnostics).

Virus titres and neutralization assays. MuHV-4 was titrated by
plaque assay (de Lima et al., 2004). After incubation with virus (2 h,
37 uC), BHK-21 cell monolayers were overlaid with 0.3 % carboxy-
methylcellulose and 4 days later fixed and stained in 4 % formalde-
hyde/0.1 % toluidine blue. Viruses with an eGFP expression cassette

(Adler et al., 2000) were alternatively titrated by eGFP expression. Cells
were exposed to virus overnight in phosphonoacetic acid (100 mg
ml21) to prevent infection spreading. RAW-264 cells were further
treated with LPS (6 h, 100 ng ml21) to activate the eGFP expression
cassette maximally (Rosa et al., 2007). The proportion of infected cells
in each culture was determined by flow cytometry. BHK-21 or
NMuMG cells were infected at 0.1–0.3 p.f.u. per cell and RAW-264 cells
at 1–3 p.f.u. per cell to give 20–60 % eGFP+ cells, eGFP titres being
typically 2-fold higher than plaque titres for BHK-21 cells and 10-fold
higher for BHK-21 than for RAW-264 cells. Virus titres were calculated
by assuming each eGFP+ cell to be a single hit. For neutralization,

viruses were incubated with dilutions of serum or mAb (2 h, 37 uC)
before being added to the cells and assayed for infectivity as above. All
sera were pooled from at least three mice. The sera within each
experiment were equivalent in ELISA titre for IgG binding to Triton
X-100-disrupted virions (Stevenson & Doherty, 1999).

Immunofluorescence. MuHV-4 virions (3 p.f.u. per cell) were
exposed or not to antibody (2 h, 37 uC) then bound to cells on glass
coverslips (2 h, 4 uC). The cells were then washed three times in PBS
to remove unbound virions, and shifted to 37 uC to allow
endocytosis. After incubation at 37 uC, the cells were fixed in 4 %
paraformaldehyde (30 min), permeabilized with 0.1 % Triton X-100
(15 min) and stained with virus-specific mAbs plus Alexa 488-
conjugated goat anti-mouse IgG1 (Invitrogen) and Alexa 568-
conjugated goat anti-mouse IgG2a. Nuclei were counterstained with
DAPI (4,6-diamidino-2-phenylindole). Fluorescence was visualized
with a Leica SP2 confocal microscope and analysed with ImageJ.

None of the mAbs stained uninfected cells detectably.

Flow cytometry. Transfected or MuHV-4-infected cells (2 p.f.u. per
cell, 18 h) were trypsinized, washed in PBS and incubated (1 h, 4 uC)
with MuHV-4-glycoprotein-specific mAbs, followed by fluorescein-

conjugated rabbit anti-mouse IgG pAb (Dako Cytomation) or Alexa
633-conjugated goat anti-mouse IgG (Invitrogen). The cells were
washed in PBS after each incubation and analysed on a FACScalibur
(BD Biosciences).

Immunoblotting. Virions were lysed and denatured by heating

(95 uC, 5 min) in Laemmli’s buffer, resolved by SDS-PAGE and
transferred to PVDF membranes. The membranes were probed with
the ORF17 capsid antigen-specific mAb 150-7D1 plus horseradish
peroxidase-conjugated rabbit anti-mouse IgG pAb (Dako
Cytomation), followed by ECL substrate development (Amersham
Pharmacia Biotech).

RESULTS

A lack of gL increases MuHV-4 susceptibility to
neutralization by immune sera

We first compared the susceptibility of gL+ and gL2

virions to neutralization by sera from mice infected with
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wild-type MuHV-4 (Fig. 1a). gL2 virions were consistently
more susceptible than gL+ virions. This applied to
independently derived mutants and not to a gL+ revertant
(Fig. 1b). gL2 mutants were also more susceptible to
neutralization by sera from mice infected with gL2 MuHV-
4 (Fig. 1c).

The greater neutralization of gL” MuHV-4
depends largely on antibodies to gp70

MuHV-4 binds to heparan sulfate via gH–gL or gp70. gL2

virions can only bind via gp70, so a possible explanation
for their greater susceptibility to neutralization was that
immune sera more readily blocked cell binding. We tested

this by neutralizing wild-type, gL2 or gp702 virions with
sera from wild-type-immune, gL2-immune or gp702-
immune mice (Fig. 2). Sera from mice infected with
knockout viruses should selectively lack antibodies against
the knocked out gene product. All sera were pooled from at
least three mice and had equivalent ELISA titres for
detergent-disrupted wild-type virions.

We know from hybridoma analysis that even pooled mice
show quite different neutralizing-antibody responses.
However, the basic hierarchy between different viruses
and sera was very reproducible: the neutralizations of gL2

virions by gp702-immune sera and of gp702 virions by
gL2-immune sera were consistently poor, and eight out of

Table 1. MuHV-4-specific mAbs

mAb Target Isotype Reference Neutralization*

gL” gL+

T1G10 gp70 SCR1 IgG2a Gill et al. (2006) +++ 2

T2B11 gp70 SCR1 IgM Gillet et al. (2007a) +++ 2

LT-6E8 gp70 SCR2 IgG2b Gillet et al. (2008a) +++ 2

LT-1E3 gp70 SCR3 IgG1 This paper 2 2

T3B8 gp70 SCR4 IgG1 Gillet et al. (2007a) 2 2

58-16D2 gp70 SCR4 IgG2a Gillet et al. (2007a) 2 2

LT-4D11 gp70 SCR4 IgG2a This paper 2 2

230-4A2 gH–gL IgG2a Gillet et al. (2008a) 2 +

8F10 gH–gL IgG2a Gillet et al. (2008a) 2 +

7E5 gH–gL IgG2a Gill et al. (2006) 2 ++

7D6 gH–gL IgG2a Gill et al. (2006) 2 ++

T7G7 gH–gL IgG2a Gill et al. (2006) 2 ++

T2C12 gH–gL IgG2a Gill et al. (2006) 2 ++

GB-6E11 gH–gL IgG2b This paper 2 ++

MG-1A2 gH-only IgG1 Gillet et al. (2007d) ++ 2

MG-2E6 gH-only IgG2a Gillet et al. (2007d) ++ 2

MG-9A3 gH-only IgG2a Gillet et al. (2007d) ++ 2

MG-9B10 gH-only IgG2b Gillet et al. (2007d) ++ 2

MG-4A12 gH-only IgG2a This paper ++ 2

LT-5D3 gH-only IgG2a This paper ++ 2

8C1 pan-gH IgG2b Gill et al. (2006) 2 2

47-3D2 gL IgG3 This paper 2 2

47-5G10 gL IgM This paper 2 2

T7F5 gp150 IgG2a Gill et al. (2006) 2 2

3F7 gN IgG2a May et al. (2005) 2 2

MG-12B8 Capsid ORF65 IgG2a Gillet et al. (2006) 2 2

BH-6D3 Capsid ORF25 IgG1 Gaspar et al. (2008) 2 2

150-7D1 Capsid ORF17 IgG2a Gillet et al. (2007d) 2 2

MG-2C10 gB IgM Gillet et al. (2006) ++ ++

BN-6B5 gB IgM Gillet et al. (2008b) ++ +

BH-8F4 gB IgM Gillet et al. (2008b) ++ +

GB-7D2 gB IgG2a This paper + 2

T7H9 gB IgG2a Lopes et al. (2004) + 2

SC-9E8 gB IgG2a This paper +++ ++

MG-4D11 gB IgG2a Gillet et al. (2006) + 2

BN-1A7 gB IgG2a Gillet et al. (2008b) + 2

*Defined as a plaque-titre reduction of at least 50 %, and graded arbitrarily as weak (+), medium (++) or strong (+++).
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eight wild-type-immune serum pools neutralized gL2

virions better than wild-type virions. In Fig. 2(a), whilst
wild-type-immune serum neutralized gL2 virions only
marginally better than wild-type virions, the result was
clearly different from that for gp702-immune serum,
which neutralized gL2 virions less well than wild-type
virions. The difference was more obvious in Fig. 2(b),
where the ratios of serum to virus were lower. gp70-specific
antibodies therefore appeared to be a major reason for gL2

virions being more susceptible to neutralization.

The converse was true, to a lesser degree, of gp702 virions:
they were neutralized poorly by gL2-immune sera, which

lack antibodies to gH–gL. As MuHV-4 neutralization by
immune sera correlates with a block to cell binding (Gill et al.,
2006) and this requires either gp70 or gH–gL, but not both
(Gillet et al., 2008a), it was surprising that gL2-immune and
gp702-immune sera still neutralized wild-type virions quite
well (Fig. 2a, b). This presumably reflects that immune sera
can also neutralize in other ways. For example, some mice
mount gB-specific neutralizing responses (Gillet et al., 2006).
Antibodies specific for abundant virion glycoproteins could
also hinder infection sterically. This would explain why gL2-
immune sera neutralized wild-type virions better than they
neutralized gp702 virions: gp70 is normally highly abundant
and immunogenic (Gillet et al., 2007b), but would be missing
from gp702 virions.

Immune sera neutralize gL” virions poorly for
macrophage infection

Although immune sera block MuHV-4 fibroblast and
epithelial-cell infections quite well, they tend to enhance
dendritic-cell and macrophage infections via IgG Fc
receptors (Rosa et al., 2007). This reflects that Fc receptor
binding allows opsonized virions to bypass blocks to
conventional cell binding. The infection enhancement
depends mainly on antibodies to gp150 (Gillet et al.,
2007b); the chief inhibitory antibodies recognize gH–gL
(Gillet et al., 2007d).

The greater gL2 virus neutralization observed for BHK-21
fibroblasts did not apply to RAW-264 macrophages
(Fig. 2b). Very large amounts of immune serum reduced
wild-type infection, lower amounts increased it, gp702

virions were similar, and gL2 virions showed marked
infection enhancement even at serum doses virtually
abolishing BHK-21 cell infection. The neutralization

Fig. 1. gL deficiency makes MuHV-4 vulnerable to neutralization
by immune serum. (a) Wild-type or gL”STOP virions (100 p.f.u.)
were incubated (2 h, 37 6C) with sera from BALB/c mice infected
6 months earlier with wild-type MuHV-4. The virus/serum mixtures
were then plaque-assayed on BHK-21 cells. Titres are expressed
relative to virus without antibody. By scoring each virus as more
than or less than the mean titre of both at each serum dilution and
performing a x2 test on all data points, gL disruption was found to
increase neutralization significantly (P,0.05). Three more serum
pools all gave the same result. (b) gL+ (wild-type, gL”DEL-STOP
revertant) and gL” (gL”DEL-STOP, gL”STOP) virions (100 p.f.u.)
were incubated (2 h, 37 6C) with immune sera from C57BL/6
mice infected 6 months earlier with wild-type MuHV-4, then
plaque-assayed on BHK-21 cells. Titres are expressed relative to
virus without antibody, as in (a). Both gL” viruses were neutralized
significantly better than either gL+ virus (P,0.05). (c) Wild-type
and gL” virions (100 p.f.u.) were incubated with sera from BALB/c
mice infected 9 months earlier with either wild-type or gL” MuHV-
4, then plaque-assayed on BHK-21 cells. Titres are expressed
relative to virus without antibody. The gL” virus was neutralized
significantly better than gL+ for both sera (P,0.05). Two more
serum pools both gave the same result.
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differences between gL2-immune and gp702-immune sera
for different virions were also greatly reduced with RAW-
264 cells. These data indicated further that the strong
neutralization of gL2 virions for BHK-21 cell infection by
wild-type-immune and gL2-immune sera reflected mainly
a better block of cell binding.

The striking enhancement of gL2 RAW-264 cell infection
by immune sera should not be overinterpreted. gL2 viruses
showed capsid protein : p.f.u. ratios approximately 3-fold
higher than for gL+ (Fig. 2c), i.e. gL2 viruses were 3-fold
less infectious by plaque assay. gL2 and gL+ virus eGFP+

titres were proportionate to their plaque titres. Therefore,

Fig. 2. The greater neutralization of gL” virions depends mainly on antibodies to gp70. (a) EGFP+ wild-type, gL” (gL”DEL-
STOP) and gp70” virions (100 p.f.u.) were incubated (2 h, 37 6C) with sera from C57BL/6 mice infected 3 months before with
wild-type, gL” or gp70” MuHV-4, then plaque-assayed on BHK-21 cells. Titres are expressed relative to virus without antibody.
Two further experiments gave equivalent results. (b) In a similar experiment to (a), the virus/serum mixtures were split between
BHK-21 cells and RAW-264 cells, and infection was measured by flow cytometry of eGFP+ expression 24 h later. Note that
the eGFP-based assay requires more virus, so the p.f.u. (ml serum)”1 for each virus is 100 times higher in (b) than in (a). Each
point shows the result for 104 cells. Every visible difference between viruses or sera at each dilution was statistically significant
by Student’s t-test (P,0.001). Three further experiments gave equivalent results. The data are grouped by virus to allow
comparison with naive sera. However, all the data are from one experiment and are therefore directly comparable. Thus, it can be
seen that gL” serum neutralized gL”.wild-type.gp70” virus for BHK-21 cell infection. (c) gL” and gL+ virus stocks were
compared for ORF17 virus capsid content per p.f.u. by immunoblotting.
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gL2 virions showed approximately 3-fold less infectivity for
RAW-264 cells without antibody than did gL+ virions. The
main gL-dependent infection deficits are reduced binding to
BHK-21 cells (Gillet et al., 2007c) and premature membrane
fusion in NMuMG cells (Gillet et al., 2008c). Opsonization
would overcome any macrophage-binding deficit and could
alleviate any premature membrane fusion by diverting
virions into different endosomes. Such effects would restore
gL2 infectivity back towards wild-type levels. Thus, it is
difficult to compare degrees of gL+ and gL2 infection
enhancement. Our conclusion from RAW-264 cell infec-
tions was simply that gL+ and gL2 virions showed much
less difference in neutralization when their dependence on
heparan sulfate for cell binding was reduced.

gL” virion neutralization maps to the gp70 N-
terminal domains

Immune sera contain complex mixtures of immunoglobu-
lin specificities and isotypes. We therefore used mAbs to
define gp70-directed gL2 virion neutralization more
precisely (Fig. 3a; Table 1). gp70 comprises four short
consensus repeats (SCRs 1–4) and an S/T-rich cytoplasmic
domain (Kapadia et al., 1999). As with the homologous
protein of the Kaposi’s sarcoma-associated herpesvirus
(Mark et al., 2006), heparan sulfate binding maps to gp70
SCRs 1–2 (Gillet et al., 2007a). We identified mAb-
recognition sites on gp70 by staining cells transfected with
membrane-anchored gp70 C-terminal truncation mutants,
as described previously (Gillet et al., 2007a). The most
effective gL2-virus-neutralizing mAb, LT-6E8, recognized
SCR2; T2B11 and T1G10, which also neutralized, recog-
nized SCR1; mAbs specific for SCRs 3–4 did not neutralize
(Fig. 3a). gp70-directed neutralization therefore mapped to
the same domains as heparan sulfate binding.

Fig. 3. Neutralization of gL+ and gL” virions by gp70-specific
mAbs. (a) EGFP+ wild-type (WT) and gL”DEL-STOP (gL”) virions
were incubated with mAbs specific for gp70 domains SCR1,
SCR2, SCR3 or SCR4. Each virus/antibody mixture was then split
between BHK-21 cells and RAW-264 cells. Infection was assayed
24 h later by flow cytometry of viral eGFP expression and is
expressed relative to virus alone. Each mAb is representative of at
least two recognizing the same domain. (b) An Fc fusion of gp70
domains SCR1+SCR2 was incubated with heparin, immune
serum (50 ml) or mAbs (100 mg), then used to stain NMuMG cells.
The dashed lines show staining with no Fc fusion or with the Fc
fusion protein alone. Each bar shows the median (±standard error
of the median) fluorescence intensity for 1000 cells. Each visible
difference between fluorescence intensities was statistically
significant by Student’s t-test (P,0.001). (c) eGFP+ wild-type
(WT) and gL”DEL-STOP (gL”) virions were incubated with mAbs
specific for the heparan sulfate-binding sites of gH–gL (230-4A2)
and gp70 (LT-6E8), then split between BHK-21 cells and RAW-
264 cells. Infection was assayed 24 h later by flow cytometry of
viral eGFP expression and is expressed relative to infection with
virus alone. Each visible difference between antibodies at each
dilution was statistically significant by Student’s t-test (P,0.001).
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mAb T2B11 blocks cell binding by IgG Fc fusions that
contain the gp70 heparan sulfate-binding site (Gillet et al.,
2007a). LT-6E8 was also effective (Fig. 3b). A fusion of SCR
domains 1 and 2 was used here. LT-6E8 also blocked cell
binding by SCR1–2–3–Fc and SCR1–2–3–4–Fc (data not
shown). Inhibition of SCR1–2–Fc binding by soluble
heparin is shown for comparison. Immune sera caused
some non-specific inhibition of cell binding, but wild-type-
immune and gL2-immune sera were clearly more effective
than gp702-immune or naive sera. Surprisingly, mAb
T1G10 failed to block SCR1–2–Fc cell binding even though
it neutralized gL2 virions. Its epitope may have a different
relationship to the heparan sulfate-binding site between the
Fc-linked and virion forms of gp70. Overall, gp70-directed
neutralization appeared to target either heparan sulfate
binding or a very closely linked function.

No gp70-specific IgG mAb blocked RAW-264 cell infection
by gL2 virions (Fig. 3a). This was again consistent with
gp70-directed neutralization blocking cell binding, and
therefore being unable to block infection when IgG Fc
receptors provided an alternative binding route. In
contrast, the gp70-specific IgM mAb T2B11 inhibits
RAW-264 infection by wild-type MuHV-4 moderately
(Rosa et al., 2007), presumably because its bulk causes
steric hindrance and RAW-264 cells lack high-affinity Fc m
binding. gp70-specific IgGs generally enhanced gL+ RAW-
264 cell infection better than gL2 RAW-264 cell infection.
Interestingly, SCR1/2-specific IgGs gave the best enhance-
ment. Such antibodies may mimic the orientation of
normal ligand binding and so optimally recruit the virion
fusion machinery.

We then tested neutralization by mAb LT-6E8 in
combination with mAb 230-4A2 (Gillet et al., 2008a),
which blocks heparan sulfate binding by gH–gL–Fc (Fig.
3c). LT-6E8 only inhibited wild-type MuHV-4 infection of
BHK-21 cells when combined with 230-4A2. 230-4A2
alone inhibited moderately, presumably because it also
stabilizes gH–gL to inhibit membrane fusion; it was much
more inhibitory when combined with LT-6E8 to block
heparan sulfate binding by both gH–gL and gp70. RAW-
264 cell infection resisted this inhibition. Thus, mAbs LT-
6E8 and 230-4A2 recapitulated the hierarchical effects of
immune sera (Fig. 2): 230-4A2 was analogous to gp702-
immune sera (no LT-6E8-type response), LT-6E8 to gL2-
immune sera (no 230-4A2-type response) and both mAbs
together to wild-type-immune sera. These data further
supported the idea that immune sera inhibit fibroblast
infection mainly by blocking heparan sulfate binding.

gH-only is a neutralization target on gL” virions

Although the major neutralization difference between gL+

and gL2 virions mapped to heparan sulfate binding by
gp70, this did not rule out other additional effects. In
particular, the vulnerability of fibroblast infection to cell-
binding blocks and the complexities of RAW-264 cell
infection by opsonized gL+ and gL2 virions would have

made post-binding inhibitions by immune sera hard to
identify. We therefore explored gL-dependent neutraliza-
tion further by testing mAbs from MuHV-4-infected mice
for preferential neutralization of gL2 virions. We identified
five mAbs: four were equivalent to LT-6E8, recognizing
gp70, and were therefore not analysed further. However,
LT-5D3 (Fig. 4a, b) recognized gH-only, the gH antigenic
form expressed by gL2 virions (Gillet et al., 2007c). Other
gH-only specific mAbs also neutralized gL2 virions
(Fig. 4c). They enhanced gL2 virus infection of RAW-
264 cells at low doses and inhibited it, albeit weakly, at high
doses (Fig. 4d), a pattern similar to that of gH–gL-specific
mAbs with wild-type virions (Gillet et al., 2007d).

gH–gL-directed neutralization of wild-type virions occurs
after binding (Gill et al., 2006). This was apparent from
staining cells for ORF25 major capsid antigen with mAb
BH-6D3. Fig. 5(a) shows NMuMG cell entry by non-
neutralized gL+ and gL2 virions, with gN co-staining for
comparison. Incoming gL+ virion capsids migrated to the
nuclear margin, whereas gL2 capsids remained scattered in
the cytoplasm (Gillet et al., 2008c). Note that BH-6D3
stains both perinuclear capsids and those still in intact
virions at the cell surface. Pre-treating gL+ virions with
mAb T2C12 (gH–gL-directed neutralization) blocked the
accumulation of perinuclear capsids (Fig. 5b). Virions were
still endocytosed, but membrane fusion was presumably
blocked (Gill et al., 2006). Neither 8C1 (pan-gH, non-
neutralizing) nor MG-4A12 (gH-only) inhibited gL+

capsid transport. gL2 neutralization was more difficult to
analyse because gL2 capsids do not migrate to the nuclear
margin. However, the MG-4A12 infection block clearly
occurred after virion binding and endocytosis. Such a block
was consistent with gH-only normally appearing only after
endocytosis, with gH–Fc showing no detectable cell
binding (Gillet et al., 2008a) and with gH-only-specific
mAbs inhibiting RAW-264 cell as well as BHK-21 cell
infections (Fig. 4c).

gL” virions are vulnerable to gB-directed
neutralization

Although none of the mAbs selected for preferential gL2

virion neutralization recognized gB, such a specificity could
easily have been missed, as few BALB/c mice make good
gB-directed neutralizing responses (Gillet et al., 2006).
Several established gB-specific mAbs showed gL-dependent
neutralization (Fig. 6a, b). Indeed, only MG-2C10, an IgM
that binds to the gB N terminus (Gillet et al., 2006),
neutralized gL2 and gL+ virions similarly. BN-6B5, which
recognizes a distinct epitope (Gillet et al., 2008b), was
substantially more effective against gL2 virions (Fig. 6a).
BN-1A7, an IgG2a mAb whose epitope overlaps that of BN-
6B5, did not neutralize wild-type virions, but had some
effect against gL2. SC-9E8, which recognizes a different
epitope in the N-terminal half of gB, was 10-fold more
effective against gL2 virions than against gL+. mAb T7H9
(Fig. 6b) recognizes an epitope just C-terminal to that of
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MG-2C10; BH-8F4 is similar to BN-6B5; GB-7D2 has not
been mapped; MG-4D11 recognizes the C-terminal half of
gB (Gillet et al., 2006). All of these mAbs, as well as 10

others with unmapped gB epitopes, neutralized gL2 virions
better than gL+. Thus, gL2 virions were vulnerable to gB-
directed neutralization across multiple sites. This was due

Fig. 4. gL” virus neutralization by mAbs specific for gH. (a) The specificity of mAb LT-5D3 was determined by flow cytometry of
BHK-21 cells either uninfected (UI) or infected with wild-type (WT) (2 p.f.u. per cell, 18 h) or gL”DEL-STOP (gL”) (2 p.f.u. per
cell, 48 h) viruses. We used different infection timings to equalize glycoprotein expression, as the cell-binding deficit of gL”

virions makes their cell-surface glycoprotein expression lower for a given level of infection. The background fluorescence (nil)
was consequently somewhat higher for the gL” infection. mAbs 8C1 and 8F10 provide staining controls. We also stained CHO
cells expressing a GPI-linked gH extracellular domain without gL. CHO cells expressing gp70 and the gp70-specific mAb LT-
6E8 provided staining controls. (b) eGFP+ wild-type or gL”DEL-STOP virions were mixed with mAb LT-5D3 (2 h, 37 6C), then
added to BHK-21 cell monolayers. eGFP expression was assayed 18 h later by flow cytometry of 104 cells. (c) gL+ or gL”

virions (100 p.f.u.) were incubated (2 h, 37 6C) with mAbs against gH–gL (T7G7, 7E5) or gH-only (MG-1A2, MG-2E6), then
used to infect BHK-21 cells. Plaque titres are expressed relative to those with virus and no antibody. gH–gL-specific mAbs
neutralized gL+ virions significantly, but not gL”, and vice versa for gH-only-specific mAbs. The data are from one of three
equivalent experiments. (d) eGFP+ wild-type and gL”DEL-STOP virions were incubated with gH-only-specific mAbs (MG-
9B10, MG-9A3) or a non-neutralizing gp150-specific control (T7F5), then split between BHK-21, NMuMG and RAW-264
cells. Viral eGFP expression was assayed by flow cytometry 24 h later, and is expressed relative to virus-only controls. The
dashed line for RAW-264 cells shows this as 100 %.
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neither to gL2 virions containing less gB, nor to a
conformational difference in gB (Gillet et al., 2007c).

gL itself does not appear to be a significant
neutralization target

The MuHV-4 gL is small – approximately 19 kDa – and
probably lies close to the virion membrane (Gill et al.,
2006). It is therefore unlikely to be easily accessible. We
derived two gL-specific mAbs. Both stained 293T cells
transfected with a membrane-anchored form of gL (Fig.
7a) and stained BHK-21 cells infected with wild-type but
not gL2 MuHV-4 (Fig. 7b). Immunofluorescence of
infected NMuMG cells showed gL expression in a
distribution consistent with the endoplasmic reticulum

(Fig. 7c). Our gL-specific mAbs neutralized neither wild-
type nor gp702 virions. Fig. 7(d) shows representative data.
Also, they did not block cell binding by gH–gL–Fc (data
not shown). These results were consistent with gL contrib-
uting to cell binding and membrane fusion only via gH.

DISCUSSION

gL is a small but important component of the herpesvirus
entry machinery (Roop et al., 1993). The MuHV-4 gL folds
gH for heparan sulfate binding (Gill et al., 2006), then
dissociates from gH after endocytosis to allow membrane
fusion (Gillet et al., 2008c). Both cell binding and
membrane fusion are potential neutralization targets, and
gL substantially influenced the fate of antibody-exposed

Fig. 5. gH-directed virus neutralization visualized by immunofluorescence. (a) NMuMG cells were incubated with wild-type or
gL”DEL virions (2 h, 4 6C), washed with PBS, incubated further at 37 6C for the times indicated, then fixed, permeabilized and
stained for ORF25 (capsid) and gN. Each image is representative of .80 % of the cells examined (n.100). (b) The same assay
was applied to gL+ (wild-type, gL+DEL-revertant) and gL” (gL”DEL, gL”DEL-STOP) virions preincubated (2 h, 37 6C) with
mAbs T2C12, 8C1 or MG-4A12 or with no antibody (nil). The cells were incubated with virion–antibody complexes (2 h, 4 6C),
washed with PBS, incubated further to allow endocytosis (2 h, 37 6C), then fixed and stained for ORF25.

Fig. 6. gB-directed neutralization of gL” and gL+ MuHV-4. (a) EGFP+ wild-type or gL”DEL-STOP virions were incubated with
gB-specific mAbs (2 h, 37 6C) then added to BHK-21 cell monolayers. The cells were assayed for viral eGFP expression by
flow cytometry 18 h later. Each value (104 cells) is expressed relative to the no-antibody control. All visible differences between
viruses at each antibody dilution were statistically significant by Student’s t-test (P,0.001). (b) The same assay was applied to
more gB-specific mAbs.
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virions. The major quantitative effect was on cell binding:
blocking the heparan sulfate interaction of gp70 blocked
the binding of gL2 but not gL+ virions. Therefore, a
possible explanation for the redundancy of MuHV-4
heparan sulfate binding – something common to many
herpesviruses – is antibody evasion.

Disrupting gL also made the gH-only conformation of gH
a neutralization target. This supported the idea that gH-
only, although downstream of gH–gL, is still pre-fusion
(Gillet et al., 2008c). Thus, gL limits gH-directed
neutralization to inhibiting the gH–gL to gH-only
transition. Antibody binding to gL-dependent gH epitopes
or compound gL–gH epitopes would stabilize gH–gL.

Antibodies specific for gL alone are unlikely to neutralize
unless gL also changes its conformation significantly when
it dissociates from gH. The recognition of both virus-
infected cells and recombinant gL by our gL-specific mAbs
implied that it does not. Accordingly, they did not
neutralize.

Finally, gL disruption made multiple gB epitopes better
neutralization targets. This presumably reflected the same
molecular events as the previously observed gL-dependent
conformational instability of gB (Gillet et al., 2008c).
However, the gB on extracellular gL2 virions is conforma-
tionally normal – its instability manifests only after
endocytosis (Gillet et al., 2008c), and gL2 virions were

Fig. 7. No significant neutralization by gL-specific mAbs. (a) mAbs were used to stain 293T cells either untransfected (UT) or
transfected with GPI-linked forms of gH, gL or gH–gL (gHL). (b) BHK-21 cells were left uninfected (UI) or infected with wild-
type (gL+) MuHV-4 for 18 h or gL”DEL-STOP (gL”) MuHV-4 for 48 h. As in Fig. 4(a), different timings were used to equalize
the glycoprotein expression of the gL” and gL+ infections, giving slightly higher autofluorescence for gL”. (c) NMuMG cells
were infected with gM–eGFP+ MuHV-4 (2 p.f.u. per cell, 18 h), then fixed, permeabilized and stained (red) for capsid (ORF65,
mAb MG-12B8), gH-only (mAb MG-9B10), gH–gL (mAb T2C12) or gL (mAb 47-5G10). gM–eGFP appears green. Nuclei
were counterstained with DAPI (blue). Red–green colocalization appears yellow. (d) Wild-type, gL”DEL-STOP (gL”) and
gp70” viruses (100 p.f.u.) were incubated with mAbs, then plaque-assayed on BHK-21 cells. Titres are expressed relative to
no-antibody controls.
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susceptible not to new gB-specific antibodies, but to those
also recognizing gL+ virions. Therefore the greater
vulnerability of gL2 virions to gB-directed neutralization
appeared to reflect a greater exposure of its normal, pre-
fusion form.

Several lines of evidence indicate that disrupting gL
destabilizes gB by abolishing an extracellular interaction
between gB and gH–gL. First, the gH–gL and gB
extracellular domains are both unstable when expressed
alone, gH–gL becoming gH-only (Gillet et al., 2008a) and
gB adopting mainly its post-fusion form (Gillet et al.,
2008b). Second, gH–gL associates with gB and, although
their strongest link is probably intra-membrane (Gillet &
Stevenson, 2007a), it is hard to envisage how their
extracellular domains could avoid being associated too.
Third, the gB N terminus hides and so presumably contacts
part of gH–gL (Gillet & Stevenson, 2007b). As gB is
trimeric (Heldwein et al., 2006), each gB spike could
contact three copies of gH–gL; if gH–gL were also
multimeric, a two-dimensional lattice could form, and
such clustering would allow gH–gL to hide an appreciable
portion of gB. gL dissociation would then prime virions for
fusion by both changing gH and revealing gB. Normally
this would happen in late endosomes. A lack of gL would
trigger it sooner, making pre-fusion gB accessible to
antibody. Such a model would explain why most gB-
specific mAbs that neutralize wild-type virions are IgMs
(Gillet et al., 2008b): wild-type virions express some gH-
only (Gillet et al., 2007c), implying that some gB is
accessible; IgMs could bind one or two vulnerable gBs
extracellularly, then use their remaining arms to bind
newly revealed gBs in late endosomes.

A complete definition of MuHV-4 entry awaits gB–gH–gL
and gB–gH crystal structures, but already some points seem
clear. First, the gH–gL–gB composite presents epitopes
from both gB and gH–gL. The gH–gL heparan sulfate-
binding site defined by mAb 230-4A2 is not made more
accessible by deleting the gB N terminus (Gillet &
Stevenson, 2007b), and the N-terminal gB epitope defined
by MG-2C10 was not revealed better by deleting gL. These
must therefore be surface features. Second, when gL is lost,
multiple epitopes on both gB and gH–gL are revealed,
indicating a large-scale change. Third, the partial availabil-
ity of these epitopes on wild-type virions implies that not
all entry complexes are the same, perhaps because not all
gH is bound to gL.

What are the implications for neutralization-based vac-
cines? As immunodominant viral antigens work against
neutralization (Gillet et al., 2007b), one priority is to
identify minimal expression systems for key epitopes. An
example is gH and gL fused together, which stably present
native gH–gL epitopes (Gillet et al., 2007d). gB-specific
neutralizing IgMs are probably an unrealistic vaccine goal.
However, reconstitution of the epitope of SC-9E8, a
neutralizing IgG, may allow a similar approach with gB.
Our increasing understanding of MuHV-4 entry makes it a

suitable model to test the value of neutralization in a
persistent infection.
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