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Discovery and characterization of a novel chemokine binding 

protein of varicella zoster virus that enhances chemokine activity 

Víctor González Motos 

Varicella zoster virus (VZV) is a highly prevalent human alphaherpesvirus that 

establishes latency in neurons of the peripheral ganglia. Primary infection starts at 

the respiratory mucosa and following replication in epithelial cells VZV infects 

leukocytes and uses them to spread systemically causing varicella or chickenpox. 

The main symptom of chickenpox is a general skin rash caused when VZV reaches 

the skin from the basolateral layer and replicates causing blisters that release cell-

free virus to the environment. During primary infection VZV infects and establishes 

latent infection in neurons, either following retrograde transport from the skin or 

directly from leukocytes. Years later reactivation may happen and newly synthetized 

viral particles travel through the axons in an anterograde transport, reaching the skin 

and causing a dermatome-localized and painful skin rash known as herpes zoster or 

shingles. Infection and modulation of leukocyte activity is critical for VZV systemic 

spread, colonization of ganglia and subsequent pathogenicity. Despite this, whether 

VZV modulates leukocyte recruitment and migration was not known.  

Chemokines are a family of small, basic cytokines that regulate and orchestrate 

leukocyte migration to the site of infection, playing an essential antiviral role. Due to 

this, herpesviruses have developed several strategies to modulate chemokine 

activity, one of the most important, the expression of viral chemokine binding proteins 

(vCKBP). These proteins, with no or very low sequence homology to cellular 

chemokine receptor or among themselves, interact with chemokines and interfere 
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with their function, modulating the migration of leukocytes during infection. However, 

this strategy was not described for VZV before this project.  

Since chemokines are essential to direct leukocyte migration and VZV uses 

leukocytes to spread throughout the host, the main objective of this project was to 

determine whether VZV expresses any vCKBP able to interfere with leukocyte 

migration. To achieve this goal, we focused on VZV glycoproteins, in particular 

glycoprotein C (gC), a type I transmembrane glycoprotein of unknown function. 

The ectodomain of gC (rSgC) was expressed with the baculovirus expression system 

and purified by affinity chromatography. By using Surface Plasmon Resonance, we 

showed that rSgC interacts with a broad range of chemokines with nanomolar affinity. 

This resulted in an enhancement of chemokine activity, resulting in more leuokocyte 

migration using transwell experiments. rSgC also bound to the cell surface by 

interacting with glycosaminglycans (GAGs), a feature previously found in other 

vCKBP. We determined the rSgC domains involved in the interaction with 

chemokines and GAGs. The mechanism of action of gC does not require interaction 

with GAGs but with the chemokine and signaling through its receptor. Interestingly, 

gC chemokine activity was also confirmed in the context of VZV.  

Overall, this constitutes the discovery of the first vCKBP in VZV. Since gC enhances 

chemokine activity and thereby leukocyte migration we suggest that it may facilitate 

the recruitment and subsequent infection of leukocytes enhancing VZV systemic 

spread and pathogenicity. 
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Entdeckung und Charakterisierung eines neuen Chemokin-

bindenden und -aktivität steigernden Proteins des Varizella-Zoster-

Virus 

Víctor González Motos 

 

Das Varizella-Zoster Virus (VZV) ist ein sehr prävalentes humanes Alphaherpesvirus, 

dessen Latenz in den Neuronen der peripheren Ganglien etabliert ist. Die primäre 

Infektion erfolgt über die Atemwegsschleimhaut gefolgt von der viralen Replikation in 

Epithelzellen, von wo aus das Virus die Leukozyten infiziert und sich systemisch 

ausbreitet. Diese systemische Ausbreitung führt zum klassischen Ausbruch von 

Varizella-Zoster, den  sogenannten Windpocken. Symptomatisch werden 

Windpocken als Hautausschlag wahrgenommen, welcher durch die Replikation von 

VZV ausgehend von der basolateralen Schicht der Hautzellen verursacht wird. 

Darauffolgend bilden sich die typischen Bläschen, die unzählige Viruspartikel 

enthalten, und das Virus weiter verbreiten. Während der primären Infektion werden 

die Viruspartikel retrograd von der Haut weg oder durch Leukozyten schließlich zu 

den Neuronen transportiert. Diese werden infiziert und ermöglichen dem Virus eine 

Latenz zu entwickeln. Bei einer Reaktivierung, nach einer unbestimmten Zeit, können 

neu synthetisierte virale Partikel entstehen, die wiederum anterograd zu den 

Hautzellen transportiert werden und lokal einen schmerzvollen Hautausschlag 

verursachen, welcher auch als Herpes Zoster oder als Gürtelrose bekannt ist. Die 

Infektion und die Modulierung von Leukozyten ist ein essentieller Bestandteil der 

systemischen Virusverbreitung und der Kolonisierung der Ganglien und somit der 
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Pathogenität von VZV. Bisher gab es keine Beweise über die Beeinflussung von 

Leukozyten hinsichtlich der Rekrutierung und der vermehrten Migration durch VZV. 

Chemokine gehören zu der Familie der kleinen, basischen Zytokine und spielen eine 

wichtige antivirale Rolle. Sie sind für das Zusammenspiel, Regulierung und Migration 

von Leukozyten verantwortlich. Aufgrund dessen haben Herpesviren diverse 

Strategien entwickelt, die die Aktivität von Chemokinen beeinflussen. Eine der 

wichtigsten Strategien ist die Expression von viralen Chemokin-bindenden Proteinen 

(vCKBP). Diese Proteine haben wenig bis keine Sequenzhomologie zu den 

zellulären Chemokin-Rezeptoren oder zu den eigenen viralen Proteinen. 

Hauptsächlich verhindern die vCKBP die Funktionen von Chemokinen und 

beeinflussen die Migration von Leukozyten zum Ort der Infektion. Diese Eigenschaft 

der viralen Beeinflussung wurde zuvor beim VZV noch nie untersucht. 

Es ist bekannt, dass Chemokine essentiell für die zielgerichtete Leukozytenmigration 

sind, und da VZV Leukozyten nutzt um eine systemische Infektion hervorzurufen, 

liegt die Theorie nahe, dass VZV vCKBP für eine virale Ausbreitung nutzen könnte.  

Deshalb war es eines der Ziele dieser Arbeit, herauszufinden, ob VZV  vCKBP 

exprimiert und damit die Leukozytenmigration beeinflusst. Um dieses Ziel zu 

erreichen fokussierten wir uns auf VZV Glykoproteine, genauer gesagt auf 

Glykoprotein C (gC). Hierbei handelt es sich um ein Typ 1 Transmembran-

Glykoprotein, dessen Funktion bisher unbekannt war. 

Die Ektodomäne von gC (rSgC) wurde über das Baculovirus Expressionssystem 

exprimiert und über die Affinitätschromatographie aufgereinigt. Des Weiteren haben 

wir die Methodik der Oberflächenplasmonenresonanzspektroskopie verwendet und 

herausgefunden, dass rSgC mit einem weiten Spektrum an Chemokinen im 

nanomolaren Bereich interagiert. In Transwell-Experimenten hat rSgC in Gegenwart 
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von Chemokinen die Migration von Leukozyten gesteigert. Des Weiteren konnten wir 

eine Interaktion zwischen rSgC und Glykosaminglykane (GAGs) auf Zelloberflächen 

beobachten, welche auch bei anderen vCKBP’s gesehen wurde. Das Wirkprinzip von 

gC benötigte nicht die direkte Interaktion mit GAGs, jedoch war die Bindung zu 

Chemokinen und deren Bindung an ihre Rezeptoren nötig, um die gesteigerte 

Aktivität zu beobachten. Diese Chemokinaktivität von gC konnte auch im viralen 

Kontext mit VZV beobachtet werden. 

Zusammenfassend führen die Ergebnisse dieser Arbeit zur Entdeckung eines vCKBP 

des Varizella- Zoster Viruses. Wir vermuten, dass das Virus durch gC und die 

Bindung zu Chemokinen das Rekrutieren und die folgende Infektion von Leukozyten 

begünstigt, welches wiederrum die systemische Verbreitung und Pathogenität von 

VZV erhöht. 
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1. INTRODUCTION 

1.1. Herpesviruses 

The Herpesviridae family is formed by enveloped viruses containing double stranded 

DNA (dsDNA) genome with the ability to establish latency in specific cell types. 

Members of this family have been discovered in all animal species investigated so 

far. Together with the Allo- and Malacoherpesviridae they form the order 

Herpesvirales. The first documented observation in humans dates back to the ancient 

Greek, when Hippocrates, the father of medicine, named the herpesvirus infection 

herpein (to creep) because of the spreading nature of the herpetic skin lesions. 

However, it would take several centuries until Emile Vidal in 1893 realized that these 

lesions were contagious. Years later, in the XX century, Ernest Goodpasture1 proved 

in 1925 that herpesviruses were able to spread through the nerves and 46 years 

later, Jack Stevens and Marjorie Cook discovered latent virus in the spinal ganglia2. 

The first anti-viral drug (Acyclovir) to treat herpesvirus skin lesions developed by 

Gertrude Elion became available already in 19813. 

Based on their phylogeny and biology, the members of the Herpesviridae family can 

be classified in three different subfamilies: Alphaherpesvirinae, Betaherpesvirinae 

and Gammaherpesvirinae. There are nine different, highly prevalent human 

herpesvirus species:  

 

- Alphaherpesvirinae: Herpes simplex virus 1 and 2 (HSV-1 and HSV-2) and 

varicella zoster virus (VZV), also known as human herpesviruses 1, 2 or 3 

(HHV-1, HHV-2 and HHV-3 respectively). 

- Betaherpesvirinae: Citomegalovirus (CMV), also known as human herpesvirus 

5 (HHV-5) and herpesviruses 6A, 6B and 7 (HHV-6A, HHV-6B, HHV-7). 
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- Gammaherpesvirinae: Epstein-Barr virus (EBV), also known as human 

herpesvirus 4 (HHV-4) and Kaposi’s sarcoma-associated herpesvirus (KSHV), 

also known as human herpesvirus 8 (HHV-8). 

 

A feature that is considered a hallmark of herpesviruses is their ability to stablish a 

latent infection in a specific type of cell. In the case of mammalian 

alphaherpesviruses, these cells are the neurons of the sensory and autonomic 

branches of the peripheral nervous system.  

1.1.2. Varicella zoster virus infection 

VZV is a human specific alphaherpesvirus whose primary infection is the causative 

agent of chickenpox (also known as varicella). The virus enters the host through 

aerosols and infects the respiratory mucosa in close proximity to the tonsillar lymph 

nodes4,5. At some point, VZV reaches the tonsillar or other regional lymph nodes 

through unknown mechanisms (Fig. 1.1). However, as the virus is able to infect and 

modulate dendritic cells, they have been suggested as being the first immune cells in 

encountering the virus and the ones bringing it to the lymph node6-8. During this 

process, VZV infects T-cells and uses them to spread systemically throughout the 

organism, establishing primary viremia, reaching the liver and spleen where virus 

amplification takes place. As a result, secondary viremia occurs and VZV infected T-

cells migrate to the skin promoting the infection of epithelial cells and causing the 

typical skin vesicular rash of varicella or chickenpox4,5,9,10 (Fig. 1.1). The time from 

primary infection to the appearance of the first symptoms is around 10-21 days. This 

long incubation period is something very characteristic of VZV.   

The skin rash forms vesicles containing newly synthesized viral particles that 

eventually are released to infect new hosts. During the course of the disease, VZV 
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infects and establishes latency in neurons of the sensory (trigeminal and dorsal root 

ganglia, TG and DRG respectively) and autonomic branches of the peripheral 

nervous system (PNS)11. This process can occur either by axonal infection of 

peripheral nerve endings followed by retrograde axonal transport of the virus to the 

cell body in the ganglion, or upon transport of VZV to the ganglion by leukocytes, 

something confirmed for the DRG but not still for TG12. The virus remains latent 

predominantly in neurons11,13,14 although it has been detected also in satellite 

associate cells15. After some time and under conditions that are still not well 

understood, the virus might reactivate, starting the production of new viral particles 

that reach the skin by axonal anterograde transport. This causes the second 

manifestation of VZV known as herpes zoster disease, characterized by painful skin 

rash located in the dermatome innervated by the infected ganglia (Fig. 1.1). The virus 

can also reactivate causing disease and pain without skin rash, in a process known 

as zoster sine herpete16. Also mild or asymptomatic reactivations might happen 

under stress situations as well as other complications17.  

The most common complication is known as post herpetic neuralgia (PHN), a 

situation characterized by chronic pain after healing18. Also, in some occasions, 

herpes zoster can appear in areas next to the eye and the resulting inflammation can 

lead to blindness (herpes zoster ophtalmicus)19. Although rare, other complications 

such as bacterial infection of skin lessions or pneumonia can happen. More severe 

complications are possible such as encephalitis if the virus access the central 

nervous system, vasculophaties if the virus infects the vessels that innervate the 

central nervous system, increasing thereby the risk of having an ischemic infarction 

as well as aneurism20 and myelopathies when is affecting the spinal cord21. Most of 

these rare complications happen in immunocompromised patients, which manifest 

the importance of the immune system in controlling the VZV infection.  
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1.1.3. Varicella zoster virus structure 

Like all herpesviruses, 4 different components form the VZV viral particle: the 

envelope, tegument, capsid and core (Fig. 1.2). The envelope is the outer component 

and is formed by a cell membrane lipid bilayer that contains viral glycoproteins. The 

virus acquires the lipid bilayer from a trans-golgi network-derived endosome of the 

infected cell22. Beneath this membrane we can find the tegument, a region containing 

different types of proteins involved in several functions such as intracellular transport, 

assembly and egress of viral capsids, regulation of gene and protein expression and 

immune modulation. The tegument surrounds an icosahedral protein capsid formed 

by 162 capsomers (hexameric and pentameric) that contains the double stranded 

DNA genome inside. The genome is protein-coated forming the core of the viral 

particle. The total diameter size of the virus is around 180 – 200 nm23,24.  

 

Figure 1.1. Schematic representation showing VZV life cycle. VZV primary infection 
starts at the respiratory mucosa. By an unknown mechanism, VZV infects T-cells at the 
tonsils and uses them to spread systemically, reaching the skin and causing the chickenpox 
skin rash. During this process, the virus infects neurons from the peripheral ganglia and 
establishes a latent infection. Years later, reactivation may happen and the newly 
synthetized viral particles may reach the skin, causing a localized and painful skin rash 
known as herpes zoster. 
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The genome sequence of VZV Dumas strain was determined by Davison and Scott 

in 198625. Since then, 5 different clades have been identified by analyzing VZV 

sequences obtained worldwide26. The genome is around 125 kilobases (kb) long, 

being the human herpesvirus with the smallest genome, and contains 71 open 

reading frames (ORF), three of them repeated (ORF62, 63 and 64, which are equal 

to 71, 70 and 69 respectively) (Fig. 1.3). Its sequence can be divided in a unique long 

region (UL) of ~ 105.000 base pair (bp) and a unique short region (US) of ~ 5000 bp, 

being each one bounded by a terminal and internal repeat, long and short 

respectively (TRL/IRL and TRS/IRS) (Fig. 1.3). VZV has a linear genome that can 

circularize and become an episome inside the nucleus of the cell due to unpaired 

bases present at the end of the genome. Due to the dual orientation of the US, there 

are two different isomers of VZV genomes in infected cells. The UL however, tends to 

be oriented always in the same direction13,27.  Two origins of replications (Ori) can be 

found in VZV sequence localized within the intergenic region comprised between 

ORF62 and ORF63 and ORF70 and ORF71. These regions correspond to the 

internal and terminal repeats, respectively. An alternate sequence of A and T located 

Membrane 

Core (dsDNA) 

Tegument 
Envelope 
proteins 

Capsid 
 

 

 

 

Figure 1.2. Schematic representation of VZV viral particle showing its main 

characteristics: envelope, tegument and core. Abbreviations: dsDNA, double stranded 
DNA. 
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at the center of 45 bp palindrome sequence characterizes the regions where the 

ORIs localize28,29.  

 

 

 

 

 

1.1.4. VZV infectious cycle 

1.1.4.1. Varicella zoster virus cell entry 

Alphaherpesvirus cell entry is mediated by a conserved mechanism that involves the 

activity of a complex formed by glycoprotein B (gB), H (gH) and L (gL) and, 

Figure 1.3. Schematic representation of VZV circularized genome with all open 

reading frames (ORF). The highlighted ORFs are the first one (ORF0) and the last one 
(ORF71), including the ORFs that encode for VZV glycoproteins. Genome represented in 
the clockwise direction. ORF9 is represented to avoid counting confusion due to the 
existence of ORF9a. The direction of the arrow indicates the transcription direction of each 
ORF. Abbreviations: TR, terminal  repeat; US, unique short region; IR, internal repeat; UL, 
unique long region; ORF, open reading frame; Ori, Origin of replication. 
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depending on the virus, other complementary proteins. During the first step, the virus 

attaches to the surface of the cell in a process mediated by gB30,31 and its affinity for 

heparan sulphates, allowing the viral particle to interact with glycosaminoglycans 

(GAGs) present on the surface of the cell32 (Fig. 1.4). Again, depending on the virus, 

other glycoproteins can have a role in this process. For example, it has been 

described that glycoprotein C (gC) in HSV shows also high affinity for heparan 

sulphates and participates in this process33-35. Although it has been speculated 

whether VZV gC can or not interact with GAGs, it has been shown that gC is not 

essential for virus entry34-36. But GAGs interactions are not sufficient for viral entry as 

there is the need to interact with one or more receptors to trigger the internalization of 

the viral particle. In the case of HSV, this interaction is mediated by glycoprotein D 

(gD) which also recruits the fusion complex (gB, gH and gL) to enter inside the 

cell37,38. Although VZV also requires the gB, gH and gL fusion complex to enter inside 

the cell, this process is a bit more complex as the virus lacks gD.   

Similar to HSV, VZV has two different ways to spread: by cell-free virus infection and 

by cell-to-cell infection. On one hand, VZV produces a high number of cell-free viral 

particles in vivo in the skin, which makes VZV a highly infectious pathogen39. Active 

viral particle secretion has been confirmed ex vivo in cells such as neurons and T 

cells and viral particles have been detected in skin lesions by electron microscopy40-

43. On the other hand however, the virus spreads in a restricted cell-to-cell 

mechanism in vitro probably due to its high fusogenic activity and its low viral particle 

production. The difficulty in obtaining high-titer cell-free VZV in vitro has complicated 

the study of many aspects of VZV biology, including cell entry, transport, assembly 

and egress. The lack of cell-free virus in vitro has been attributed to targeting of viral 

particles to the late endosomal for degradation before they escape the cell, producing 
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morphological aberrant and defective viral particles22,44. This fact has complicated the 

identification of the receptor used by the virus to enter the cell. Thus, there are some 

studies that have shown the importance of cation-independent mannose 6-phosphate 

receptor (M6PR) for the cell-free virus infection process but also in the retention of 

viral particles inside the cells. On one side, VZV gB, gE, gH, and gL contain mannose 

6-phophate groups and the infectivity of the virus can be inhibited by adding 

mannose 6-phophate into the media45. On the other side, mutants lacking the M6PR 

cannot be infected with cell-free virus but through cell-to-cell spread, but interestingly, 

infected cells produce cell-free virus42. This interesting paradox seems to be due to 

the implication of M6PR in the main viral egress pathway and its main function in the 

transport of mannose 6-phosphate vesicles from the Golgi to the lysosome. It has 

been hypothesized that the interaction of this receptor with the mannose 6-phosphate 

groups in VZV glycoproteins, targets the vesicles containing viral particles to the 

lysosome for degradation. There are two M6PR identified, the 46 kilodalton (kDa) 

cation-dependent MPR (CD-MPR) and the 300-kDa cation-independent MPR (CI-

MPR) also known as insulin-like growth factor-II (IGF-II) receptor, being the last one 

the one used by VZV42,45,46. 

Some studies have also shown the importance of gE in the cell-to-cell spread as lack 

of gE expression impairs syncytia formation, a hallmark of VZV infection. The 

interaction of this glycoprotein with the insulin-degrading enzyme (IDE), a 

metalloprotease present in the cytosol of all cells, was shown to be important not only 

during cell-to-cell spread but also for the cell-free virus infection as inhibiting its 

function or its interaction with gE impairs virus infectivity47-50. However, it is not known 

in which step of the replication cycle gE encounters and interacts with IDE and it also 

remains unclear the function of IDE in the biology of VZV.  
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In addition, another possible receptor candidate is myelin associated glycoprotein 

(MAG), a protein mainly expressed in neuronal tissues. In these cells, gE is not 

essential for cell-to-cell spread as the interaction of gB with MAG in conjunction with 

gH and gL, induces cell fusion independently of gE51.  

Therefore, the complexity in the VZV cell entry and its broad cell tropism suggests 

the possibility of different receptors and spreading strategies depending on the 

infected cell type. This hypothesis is supported by the finding of active viral particle 

secretion in some cells types like neurons, T cells or epithelial cells40,41,52. 

1.1.4.2. VZV unpacking 

Upon entry, the viral particle is transported to the nucleus by microtubule transport 

where it injects the viral DNA through the nuclear pores (Fig. 1.4)53. During 

microtubule transport, some tegument proteins are released in the cytoplasm while 

others are transported to the nucleus before viral protein production depending on 

their function. The reason for this is the large repertoire of functions that tegument 

proteins have inside the cell such as immune evasion, viral and cell gene expression, 

microtubule transport and viral assembly and egress of viral particles. Some of these 

proteins transported to the nucleus are the immediate early (IE) IE4, IE62 and IE63, 

encoded by ORF4 and the duplicated ORF62/ORF71 and ORF63/ORF70, 

respectively. Other regulator proteins such as ORF9, ORF10, ORF11 and ORF12 or 

the viral kinases ORF47 and ORF60 involved in the phosphorylation of viral 

transcription factors, are also found in the tegument among other proteins24,54. 
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1.1.4.3. VZV gene expression 

Like in all herpesviruses, VZV genes are classified as immediate early genes (IE or 

alpha), early genes (beta) and late genes (gamma) depending on their expression 

kinetics and sensitivity to DNA replication inhibitors53,55 (Fig. 1.4). VZV has four IE 

genes known as IE4, IE61, IE62 and IE63. Three of these proteins (IE4, IE62 and 

IE63) are in the tegument of the viral particle27. The IE genes are the first to be 

expressed after recircularization of the VZV DNA and before “de novo” protein 

synthesis and DNA replication. Its expression is regulated by the tegument proteins 

ORF10 protein, IE4 and IE6256, being IE4 and IE62 also involved in the 

transactivation of early and late genes. Actually, IE62 is considered to be the major 

transactivator protein of VZV due to its high promoter promiscuity. It interacts with 

other cellular transcriptional factors recognizing and activating the expression of viral 

and cellular genes57. In contrast, the tegument protein IE63 is thought to be 

expressed during VZV latency and inhibits transcription of several viral and cellular 

genes, IFN-α response and neuronal apoptosis58-61. IE61 is also involved in gene 

expression regulation but also in immune evasion as its disrupts the promyelocytic 

leukemia protein (PML) nuclear bodies which has antiviral functions62,63. The IE 

proteins activate the expression of the early genes that produce proteins involved in 

DNA replication (Fig. 1.4). In this group of proteins we can find the two subunits of 

the viral DNA polymerase encoded by ORF16 and ORF28, the origin of replication 

binding protein encoded by ORF51 and other proteins involved in DNA replication 

such as DNA binding proteins (i.e., ORF29 encodes for a single stranded DNA 

binding protein), the viral thymidine kinase (ORF36) or the ribonucleotide reductase 

(ORF18 and ORF19) among others. Other early genes include regulatory proteins 

such as the viral kinases ORF47 and ORF6653. As the viral DNA replicates, IE62 
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accumulates next to it, in specific nuclear domains that increase in size and reach up 

to 75-90% of the nucleus by twelve hours post infection (hpi)54. Next, the expression 

of late genes that encode for the structural viral proteins as well as other proteins 

involved in the last steps of the viral cycle takes place (Fig. 1.4). In this group of 

genes we can find the structural nucleocapsid proteins (ORF21 and ORF40) as well 

as proteins involved in the construction of the viral particle (ORF33.5) or in DNA entry 

in to the viral capsid (ORF54). The late genes can be divided into leaky-late (γ1) 

genes and true late (γ2) genes depending on when they are expressed. The leaky-

late genes are expressed at very low levels at early stages of the infection but DNA 

replication upregulates their expression at late time points64. These genes are 

normally involved in DNA encapsidation. In contrast, true late genes are only 

expressed once the DNA has replicated and are normally related to maturation and 

egress of the newly synthesized viral particles. How the late gene expression is 

regulated is still not fully understood although there are some hypotheses suggesting 

that DNA conformation or DNA binding proteins can have an important role65.  

1.1.4.4. VZV assembly and egress 

Newly synthesized alphaherpesvirus particles bud into the perinuclear cisterna and 

get a temporary envelope from the inner nuclear membrane that is lost when it fuses 

with the outer nuclear membrane, releasing the viral particle in to the cytosol22,66. 

Meanwhile, the viral glycoproteins are sent to the trans-Golgi network (TGN) for 

maturation (Fig. 1.4). Long cisternae structures that mediate viral envelopment are 

formed from the TGN, with a concave and a convex face that separate viral from 

cellular proteins respectively. This concave face gets coated with viral tegument 

proteins that interact with the cytosolic tails of the viral glycoproteins67. The viral 

particle attach to it getting the viral envelope while the convex face forms a transport 
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vesicle68 (Fig. 1.4). The possible interaction between the mannose 6-phosphate 

groups from VZV glycoproteins and M6PR also present in the vesicle may target 

these vesicles to the late endosomal pathway for lysosome degradation reducing the 

amount of infectious virus released into the extracellular media42.  

 

 

 

 

 

Something interesting observed by electron microscopy in human melanoma cells is 

the presence of viral particles accumulated on the surface of infected cells. These 

viral particles are not uniformly distributed over the surface of the infected cells but 

organized in long structures called viral highways69. However, very low number of 

these viral particles are fully complete, being most of them formed by envelopes 

without viral capsid inside, called light particles (L-particles), and positive for some 

Figure 1.4. Schematic representation showing the VZV replication cycle. Virus attach to 
the cell surface by interacting with GAGs. During this stage, viral glycoproteins trigger 
membrane fusion or endocytosis of the viral particle by interacting with a cell surface 
receptor. After membrane fusion, the capsid is released into the cytoplasm and transported 
to the nucleus using microtubules. Viral DNA is injected through the nuclear pore and 
expression of IE, E and L genes and DNA replication takes place. Newly synthetized DNA is 
encapsulated and viral particles adquire a temporary envelope on their way between the 
inner nuclear membrane and the outer nuclear membrane, releasing the capsid into the 
cytosol. Final viral envelope takes place at the trans-Golgi network and viral particles are 
released. Expression of viral glycoproteins at the cell surface induces the fusion with other 
cells, allowing the virus to spread in a cell-to-cell manner. 
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VZV glycoproteins such as glycoprotein B, E and I (gB, gE and gI respectively)70,71. 

These viral particles emerged at the basis of actin-dependent filipodia71.  

1.1.4.5. VZV spread among humans 

As previously described, it is possible to detect infectious cell-free virus in the fluids 

from chickenpox skin lesions43. It is believed that skin peeling generates aerosols 

from these fluids containing viral particles that will be eventually inhaled, starting the 

infection process in the next host.  

1.1.5. VZV glycoproteins 

VZV encodes for 9 different glycoproteins expressed at late points of infection and 

known as gB (ORF31), gC (ORF14), gE (ORF68), gH (ORF37), gI (ORF67), gK 

(ORF5), gL (ORF60), gM (ORF50) and gN (ORF9)56.  

1.1.5.1. Glycoprotein B (gB) 

ORF31 is one of the most conserved genes among herpesviruses. It encodes for a 

type I transmembrane glycoprotein known as glycoprotein B, with 931 amino acids 

(aa) and a molecular weight of 120-140 kDa72. The protein can be found on the 

surface of infected cells and viral particles. gB has a large and conserved ectodomain 

that shows high affinity for GAGs and plays an important role in cell surface virus 

attachment30,31. In contrast to HSV, the ectodomain of gB contains a furin protease 

cleavage site between amino acids 491 - 494 that is needed for protein maturation, 

generating two highly glycosylated disulfide linked heterodimers after cleavage73,74. 

An essential fusion loop can be also found in gB ectodomain but requires the 

interaction with gH and gL to induce membrane fusion. All three glycoproteins 

together form the minimal fusion complex of VZV13. The cytosolic C-tail of gB 
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contains an immunoreceptor tyrosin-based inhibition motif (ITIM) that regulates 

syncytia formation by a mechanism dependent in Y881 phosphorilation75. 

1.1.5.2. Glycoprotein C (gC) 

Encoded by ORF14, gC is a type I transmembrane glycoprotein with a molecular 

weight of 75-105 and 560 aa. However, these parameters may variate among 

different strains due to differences on the N-terminal domain. The protein, with a 

signal peptide predicted by SignalIP 4.1 Server, is anchored at the plasma 

membrane of infected cells and viral particles by a single transmembrane domain 

encompassing amino acids 532 to 554 approximately. Prediction software TMHMM 

Server v. 2.0 localized the N-terminus outside the cell forming a large ectodomain of 

approximately 510 aa while the C-terminus region is predicted to have a very small 

cytosolic domain containing 6 aa in total. This protein is predicted to be highly 

glycosylated, containing a high number of O-glycosylated residues at the N-terminus 

of the ectodomain while in the C-terminus only 4 asparagines are predicted to be N-

glycosylated76. The ectodomain of gC contains at the N-terminus the repeated 

sequence TSAATRKPDPAVAP known as repeated domain 2 (R2D) due to the fact 

that there are up to five repeated sequences in the VZV genome. In this case, the 

number of repetitions in R2D variates among different VZV strains but in the VZV 

Dumas model strain used in this study we have observed up to 7 and a half 

repetitions with some variations at the fifth threonine. This amino acid alternates with 

a serine in the repetitions 2, 3, 4, 6 and 8 affecting very probably the glycosylation 

pattern. The R2D is predicted to be highly disordered and its function is currently 

unknown. In contrast, the C-terminus of the gC ectodomain contains a predicted 

immunoglobulin-like domain (IgD) suggesting a role in protein-protein interaction. 
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VZV gC shares 30% aa identity with its HSV-1 homologue, a better characterized gC 

that shows high affinity for heparan sulphate and promotes virus attachment to cell 

surface33. HSV gC also has an immunomodulatory role since it interacts with the 

complement subunit C3b inhibiting its activation77-79. Interestingly, a secreted form of 

HSV-1 gC has been described as a product of an alternative splicing80. However, 

none of these characteristics have been studied in VZV gC and its function still 

remains a mystery. The difference in sequence identity when compared with HSV gC 

may indicate also different roles for VZV gC in the context of infection.  

It has been suggested to have a role in GAG binding and cell attachment. Also, it 

seems to play an important role in viral pathogenesis. In this context, the lack or 

reduction of expression of gC in some strains affects negatively the virulence of the 

virus. One good example of this is the reduction of gC expression in the attenuated 

vaccine strain (v-Oka) compared to the parental Oka strain (p-Oka)81,82. In 

concordance with that, the lack of gC expression attenuates the virus in human skin 

implants in the severe combined immunodeficiency (SCID) mouse and in human fetal 

skin organ culture83,84. In the same context, it is also known that ORF14 is not 

essential in vitro as its protein expression tends to be lost after several passages, 

suggesting a role more related to host interaction36,81,83. Despite all these indications, 

the function of gC was still unknown at the beginning of this project.   

1.1.5.3. Glycoprotein E (gE) 

gE is a highly conserved protein among herpesviruses, essential in VZV and the 

most abundant protein in VZV infected cells. Encoded by ORF68, it is a type I 

transmembrane glycoprotein with 623 aa localized at the viral particle and plasma 

membrane of infected cells. It has a large ectodomain and one predicted 
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transmembrane domain at the C-terminus. At the N-terminus there is a non-

conserved sequence that binds to IDE and is essential for replication, cell-to-cell 

spread, secondary envelopment and skin infection47-50,85,86. gE forms an heterodimer 

with gI after their synthesis in the endoplasmic reticulum, whose interaction depends 

on the first cysteine rich region of the gE ectodomain. The gE/gI complex is essential 

for gE maturation and trafficking, cell-to-cell spread and secondary envelopment67,87-

89. Like its homologues in other herpesviruses, gE has a high affinity for the Fc region 

of immunoglobulin G, acting therefore as an Fc receptor with immunomodulatory 

potential by interfering with the antibody response90. In the cytosolic region, VZV gE 

contains motifs that direct endocytosis and export from the endoplasmic reticulum 

through the trans-Golgi91-96.  

1.1.5.4. Glycoprotein H (gH) 

gH is a 841 aa long glycoprotein, highly conserved among herpesviruses, anchored 

at the plasma membrane of infected cells and at the viral particle by a single 

transmembrane domain. In VZV this protein is encoded by ORF37 and is essential 

for virus replication as is part of the fusion complex together with gB and gL97, being 

the last one an scaffold chaperon protein important for gH transport, maturation and 

membrane expression98. For long time, gH has been suggested to be a fusogenic 

protein as cells transfected with gH/gL complex form large polykaryocytes with 

several nucleus99-102. However, the crystal structure of gH modeled in α-herpesvirus 

has no similarity with any previous viral fusogen. gH has three different domains 

known as DI, DII and DIII being DI the domain that interacts with gL through β-sheets 

structures103,104. Also, VZV DI has been described to be important for skin tropism 

and infection. DII, in contrast, seems to be important for gH architecture while DIII 

stability is essential for cell membrane fusion97.  
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1.1.5.5. Glycoprotein I (gI) 

ORF67 encodes for gI, a type I transmembrane glycoprotein with 354 aa and a 

molecular weight around 37 kDa. gI is important for virus envelopment. Mutations on 

its C-terminal regions cause an aberrant tegument coating of all concave and convex 

faces of the envelopment cisternae, preventing therefore proper viral envelopment. 

As tegument proteins interact with the cytosolic domains of the viral glycoproteins 

during egress, it may be possible that other viral glycoproteins are aberrantly 

distributed in the envelopment cisternae, suggesting a possible function of gI in the 

distribution of viral glycoproteins67. Although this may seem quite critical for the virus, 

it is not lethal as the viral nucleocapsids can still infect other cells through cell-to-cell 

spread. However, it has been described that gI seems to be essential in some cells 

such as Vero cells, skin cells or T-cells, as its lack inhibits virus replication105,106. 

Interestingly, ORF67 mutants show also an aberrant cell surface distribution of gE. 

While in the wild type virus gE seems to be expressed in a diffuse manner, gI 

mutants show gE expression in patches, suggesting, not only a regulation of 

distribution in the envelopment cisternae but also at the cell surface107. Also, as 

previously described, gI forms a complex with gE on the surface of infected cells and 

behaves as an Fc receptor. The complex gE and gI as well as gE alone cycle 

between the membrane and the TGN. However, it is not known whether internalized 

gI goes to the TGN or not89,108 

1.1.5.6. Glycoprotein K (gK) 

Encoded by ORF5, gK is a 688 aa glycoprotein with 6 predicted transmembrane 

domains, indispensable for virus replication, that can be found in infected cells and 

viral particles. Due to its hydrophobic nature, gK has not been properly studied in 
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VZV but based on HSV and pseudorabies virus (PRV) studies whose gK homologs 

are 28% and 33% of amino acid identity respectively, it is believed that gK plays an 

important role in membrane fusion regulation and viral particle formation109,110. 

1.1.5.7. Glycoprotein L (gL) 

gL is a small glycoprotein of 159 aa and a molecular weight around 18 kDa encoded 

by ORF60. Despite its sequence variation among herpesvirus, gL has a conserved 

scaffold and chaperon activity that is important for gH maturation and cell surface 

expression98. The interaction between these two glycoproteins forms the complex 

gH:gL, whose mechanism of action is still not clearly understood although in all 

herpesvirus families it has been associated with membrane fusion and cell-to-cell 

spread99.  

1.1.5.8. Glycoprotein M (gM) 

Encoded by ORF50, gM is a conserved glycoprotein among herpesviruses, with eight 

predicted transmembrane domains and 435 aa. This protein has four short 

extracellular domains and five intracellular domains with a long C-terminal cytosolic 

tail. It is localized at the surface of the viral envelope and infected cells as well as at 

the trans-golgi network where viral envelopment takes place111.  

gM is considered not essential for alphaherpesviruses as deletions on its gene do not 

affect virus growth. However, although its function is still poorly understood, in all 

herpesviruses gM forms a disulfide-linked complex with gN whose lack of expression 

affects negatively virus egress and assembly112.   
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1.1.5.9. Glycoprotein N (gN) 

gN is encoded by ORF9a and as described previously, it forms a complex with gM. In 

VZV, gN is a very small glycoprotein with 87 aa and 7 kDa localized at the surface of 

infected cells and according to our prediction using TMHMM Server v. 2.0 software, 

only one transmembrane domain. Similar to gM, ORF9a seems to be not essential 

but its deletion affects the virus growth and its ability to induce syncytia formation113.  

1.1.6. VZV latency 

As previously described, VZV DNA is able to persist in the host in a dormant state 

called latency. The cells where the virus stablishes latency are the peripheral 

neurons, either sensory neurons from the DRG and TG or autonomic neurons.   

Latency is a main concern as the immune system cannot detect latently infected cells 

and therefore the virus cannot be eliminated from the host completely. VZV can 

remain latent for years, and reactivate later in life causing secondary infection such 

as herpes zoster and others mentioned above (see section “1.1.2. Varicella zoster 

virus infection” and Fig. 1.4). 

1.1.6.1. Establishment of latency  

The factors and mechanisms involved in latency establishment and maintenance are 

still not fully understood. In contrast to HSV, the lack of suitable animal and in vitro 

models and the problems to achieve good viral titers in VZV have complicated the 

research on this virus. Since VZV is highly restricted in non-human cells, the use of 

human neurons is required to study VZV latency. 

During latency, the VZV genome is found as an episome in the nucleus of infected 

neurons. At this infection stage viral gene expression is dramatically restricted and 
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only IE63 has been found to be expressed at early times post-mortem in human 

TG114. As previously described, IE63 is a tegument protein that has been found to 

play an important role in inhibiting transcription, IFN-α cell response and apoptosis in 

vitro58,60,61. However, it has been also reported that post-mortem time affects viral 

expression, very probably because of cellular stress. Because of this reason, is 

difficult to extrapolate results obtained in post-mortem tissues with the in vivo 

situation114. Some studies also reported the immune detection of IE63 among other 

proteins in post-mortem human ganglia115,116. However, two indepdendent studies 

performed by Zerboni L. and Ouwendijk WJ. in 2012 showed that mouse and rabbit 

antibodies react to blood type A antigens in neurons causing a false positive 

result12,59.  

Interestingly, a VZV transcript commonly expressed in latent infected TG neurons 

has been recently discovered. This transcript, partially antisense to ORF61, has been 

named VZV latency transcript (VLT). The protein expressed by this transcript can be 

detected in the nucleus and cytosol with late kinetics and its functions is unknown. 

However, the VLT transcript was able to inhibit the expression of IE61, a 

transactivator for VZV lytic genes, which may suggest a possible role in VZV latency 

maintanance117.  

Despite their limitations some studies performed with rodents have provided valuable 

information on VZV neuronal infection and latency in vivo. Using the SCID mouse 

model xenotransplanted with human DRG, the group of Ann M. Arvin showed VZV 

productive infection during 3-4 weeks53. Then, infection progresses to a non-

productive stage where VZV genomes show low transcription of IE63. This suggests 

that VZV may be able to establish latency in the absence of an adaptive immune 

response. However, reactivation from this model has not been documented yet.  



27 

 

Another research showed that VZV is also able to stablish latency in the enteric 

nervous system (ENS). Gastrointestinal surgically removed samples from autopsy 

revealed that VZV DNA and transcripts were present in the ENS118. The use of the 

guinea pig model showed that the virus can reach the ENS by axonal transport or by 

direct transport in lymphocytes during viremia118. 

There is also a rigorous research in developing realistic and reliable in vitro models 

as well. These models imply the culture of neurons obtained from fetal sensory 

ganglia or neurons differentiated from pluripotent stem cells14,119,120. A recent latency 

and reactivation model has been published by Markus et al., 2015 using neurons 

derived from human embryonic stem cells. According to the researchers, latency was 

induced by infecting the cells in the presence of acyclovir and using very low viral titer 

of cell-free virus, or by infecting the axons of the neurons. During this stage, 

transcripts from all VZV genomic regions including IE63 were detected but at much 

lower degree when compared with the productive infection121. No infectious virus was 

obtained unless reactivation was induced. VZV latency from axonal infection using 

neurons derived from human embryonic stem cells was also confirmed by Tomohiko 

Sadaoka in 2016122.  

1.1.6.2. Reactivation 

Reactivation is the process by which a latent viral genome is induced to produce 

infectious viral particles. The factors involved in this process are still poorly 

understood although it is known that immune suppression, in particular T-cell 

depletion, plays an important role123. VZV reactivation occurs more often in 

individuals of advanced age with the consequent decline in immune cells124, but also 

in individuals undergoing immunosuppressive therapy or in HIV positive patients125.  
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Although very little is known regarding the stimuli that lead to reactivation, the role of 

growth factors and phosphatidil-inositol kinase 3 (PI3K) has been confirmed. 

Therefore, removal of growth factors or inhibition of the Pl3K signaling pathway, a 

pathway triggered when the receptor TrkA interacts with nerve growth factor (NGF), 

results in VZV reactivation121. These pathways are also important for HSV latency 

and are linked to stress pathways126,127. Interestingly, using human neurons, 

Tomohiko Sadaoka showed that the vaccine strain (VOKA) was able to stablish 

latency, but was less efficient in reactivation122. This may be one of the reasons why 

the vaccine strain is less virulent than its parental strain in vivo. 

1.1.7. Prevention and treatment 

Nowadays, VZV is the only human herpesvirus with two licensed vaccines against it. 

Both vaccines are based on an attenuated isolate (VOKA) generated by passaging 

the POKA strain in primary guinea pig embryo fibroblasts and human diploid 

cells128,129. The vaccine is effective and safe and provides protection against 

chickenpox. In addition, a second vaccine also based on VOKA is available to protect 

against herpes zoster130. However, the VZV VOKA can cause varicella after 

vaccination, although milder than wild type strains131. Also the vaccine virus can 

stablish latency and the risk of reactivation exists, although a lower rate of 

reactivation is observed in vaccinated individuals132. The high production costs and 

the lower protection (50% of the vaccinated individuals) of the zoster vaccine133, 

motivates research in VZV latency in order to develop more effective vaccines able to 

protect against chickenpox and herpes zoster and avoid the establishment of viral 

latency in the host. Currently a gE subunit vaccine is already in clinical trials for the 

prevention of herpes zoster, showing a good tolerance and a better immune 

response when compared to the live attenuated vaccine (VOKA)134. 
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In most of the cases, chickenpox happens during childhood and normally is 

associated with low morbility and mortality. Only a supportive treatment based in anti-

inflammatory drugs is administrated to improve the comfort of the patient during the 

progress of the disease. However, chickenpox symptoms are more severe when it 

happens in teenagers and adults. In this case, treatment with acyclovir is 

recommended to reduce the duration of the disease. In case of immunocompromised 

patients, antiviral treatment is mandatory135.  

As previosly described, herpes zoster lesions however, tend to be very painful and 

can last for 2-4 weeks. In addition, some patients develop PHN that can persist for 

months or years. In this case, the treatment with acyclovir or other antivirals such as 

valacyclovir, famciclovir and brivudin has shown a reduction in the duration of the 

skin rash and the PHN135. 

1.1.8. VZV interaction with the immune response  

Cells have also evolved antiviral responses to silence viral genome expression. This 

is the case of PML nuclear bodies, also called ND10. These proteic nuclear 

structures are localized in interchromosomic regions and they play a very important 

role in several different processes such as viral infection, apoptosis, cellular stress, 

oncogenesis, DNA repair and integrity, regulation of gene expression and chromatin 

structure. Replication of VZV DNA triggers an anti-viral response mediated by a 

protein localized at the PML bodies known as speckled protein (SP100). This protein 

plays an antiviral role as it binds specifically to hypomethilated CpG regions (VZV has 

22 833 CpG islands) of the DNA and activates HDaxx, a protein that recruits histone-

modifying enzymes that suppress the transcription of these genomic areas, very 

abundant in HSV and VZV genomes136,137. At the same time, PML have six different 
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isoforms, being the fourth one able to interact with ORF23, a VZV capsid protein. 

This interaction sequesters the viral capsids preventing their nuclear egress and 

therefore the progress of the infection138. Herpesviruses have however, evolved 

mechanisms to antagonize PML activity. HSV encodes the viral transactivator ICP0, 

an immediate-early regulatory protein that induces the proteasomal degradation of 

the PML, increasing therefore the expression of the viral genome139. The ICP0 

homologue in VZV is ORF61 that in contrast to ICP0, does not induces degradation 

but disruption of PML nuclear bodies63,140.  

VZV is also able to interfere with the nuclear factor kappa-light-chain-enhancer of 

activated B cells (NFκB) pathway, involved among other functions in immune 

response and inflammation, by sequestering NFκB proteins in the cytoplasm141. 

Interestingly, VZV interference with the NFκB pathway has been suggested to be the 

mechanism behind the inhibition of expression of intercellular adhesion molecule 

(ICAM-1) in keratinocytes8. This protein, expressed by the influence of pro 

inflammatory cytokines in keratinocytes, interacts with the leukocyte function antigen 

1 (LFA1) expressed by T-cells and has a role in the migration of these cells in the 

tissue8,142,143. 

The induction of an adaptive T-cell immune response against VZV is critical to fight 

the infection. In this process, the major histocompatibility complex (MHC) I and II play 

an essential role in the establishment of an efficient CD8 and CD4 T-cell response, 

respectively, by presenting VZV antigens to the T-cells. MHC-I is expressed in all cell 

types of the organism and presents antigens coming from inside the cell. On the 

other side, MHC-II which presents antigens coming from outside the cell, is 

expressed in specific antigen-presenting cells and its expression is enhanced by IFN-

γ. VZV has evolved mechanisms to interfere with both MHC I and II activities, that 
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involve the downregulation of MHC-I and the inhibition of MHC-II gene expression. 

Downregulation of MHC-I is caused by its retention in the Golgi compartments144. 

Although it is still not completely clear, it seems that ORF66 might be involved in this 

mechanism8,145. In contrast, VZV inhibits the expression of MHC-II by interfering with 

the Janus kinase/signal transducers and activators of transcription (Jak/STAT) 

pathway induced by IFN-γ, inhibiting the expression of interferon stimulated genes 

(ISG)146. 

As previously described, the first contact with VZV normally happens at the mucosa 

of the respiratory track after the virus enters the host through aerosols. At this initial 

step, the first immune response against the virus is mediated by the intrinsic and 

innate immune response and is mainly based on IFN-α and natural killer (NK) cells 

activity147. IFN-α is secreted by infected cells and activates viral immune responses 

in surrounding cells. On the other side, NK cells can eliminate infected cells, but also 

secrete interferon-γ (IFN-γ) which enhances the expansion of antigen specific T-cells 

in order to control virus spread148. VZV has developed intracellular mechanisms to 

suppress the innate immune response. As previously described, IE63 is able to block 

IFN-α response by inhibiting the phosphorylation of the eukaryotic factor 2, interfering 

with the signaling pathway58. At the same time, IE62 inhibits the production of IFN-β 

by inhibiting the phosphorylation of IFN regulatory factor 3 (IRF3)149. With similar 

consequences, ORF47 atypically phosphorylates IRF3 preventing its homo-

dimerization and therefore the activation of IFN stimulated genes150. IRF3 

degradation is also induced by IE6162. Another VZV protein that interferes with the 

IFN responses is ORF66 which following IFN-γ stimulation, inhibits STAT1 blocking 

the IFN signaling pathway and avoiding the activation of (ISG)151.  
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Like IFN, chemokines belong also to the cytokine family. Chemokines participate in 

modulating the immune response by regulating the migration of several immune cell 

types. Due to their relevance in cell migration, a characteristic used by VZV to spread 

inside T-cells, we proceed to explain the biology of chemokines in the next section.  
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1.2. Chemokines 

Chemokines are a family of small (8-14 kDa), basic cytokines that regulate the 

development, maturation, homing, survival and migration of different types of cells 

upon interaction with the cell surface receptor on the target cell in homeostatic or 

inflammatory contitions152. Nowadays there are approximately 50 human chemokines 

and 20 chemokine receptors discovered153. Despite chemokines having a very 

variable amino acid sequence that ranges from 20% to 90% identity, they all share a 

very similar basic tertiary structure: a disordered N-terminal domain of 6-10 amino 

acids essential for receptor activation, followed by an N-loop, a 310 helix, three-

stranded β-sheet and a C-terminal α-helix. The structure of the protein is stabilized by 

1-3 disulfide bonds between conserved cysteines (Fig. 1.5). Depending on how these 

cysteines are organized at the N-termini, chemokines can be classified in four 

different families: CXC-, CC-, C- and CX3C-, where X represents any amino acid 

between the conserved N-terminal cysteines154,155. 

 

 

 

 

 

 

 

Figure 1.5. Schematic representation 

of the four types of chemokine 

structure. C-, CC-, CXC-, and CX3C-. 
Abbreviations: C, cysteine; X, any amino 
acid. 
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1.2.1. Chemokine oligomerization and GAGs binding: chemotactic gradient 

Most of the chemokines have oligomerization capability, forming quaternary 

structures such as dimers, tetramers or even much more complex oligomers. When 

chemokines of the same type and family oligomerize, we talk about homo-

dimerization. In contrast, when chemokines of different types and families 

oligomerize, the term hetero-oligomerization is used. Chemokine oligomerization is 

critical to stablish a chemotactic gradient, something essential for chemokine 

migration in vivo. For this reason, although it is known that the chemokine monomeric 

form has the highest affinity for the chemokine receptor; chemokines that do not 

oligomerize cannot induce migration in vivo even when they are totally active in 

vitro156,157.  

For the establishment of a chemotactic gradient, chemokines bind to large 

polysaccharide molecules present at the cell surface and extracellular matrix, known 

as GAGs. GAGs are formed by a repeated disaccharide unit that consist of an amino 

sugar N-acetylglucosamine or N-acetylgalactosamine or derivates along with an 

uronic sugar or galactose. GAGs are classified in four different groups, the three 

sulfated group heparan sulfate, chondroitin sulfate and dermatan sulfate, and the 

non-sulfated group hyaluronic acid. Chemokines interact with GAGs through the 

consensus sequence BBXB (where B is a basic amino acid and X is any amino acid), 

a very common motif present in proteins that bind to the GAG heparin158. These 

complex sugars are relevant for the presentation of the chemokine to the receptor. At 

the same time, even when some chemokines are able to interact with GAGs as 

monomers159, GAGs mediate chemokine oligomerization, a process that combines 

the affinity of single molecules by avidity effect, increasing the final affinity for GAGs 

and stabilizing the oligomer upon GAGs interaction160,161. Depending on the 
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chemokine family and the GAG type, the interaction and the affinity can differ 

dramatically, resulting in a broad range of complex possibilities, from chemokines 

that bind to specific types of GAGs preferably, to GAGs that bind preferably different 

oligomeric states of the same chemokine155. GAG-binding and chemokine 

oligomerization allows the concentration of the chemokine in specific areas of the cell 

surface, providing directionality of the signal and establishing the chemotactic 

gradient155,162,163. For this reason, and similarly to oligomerization mutants, 

chemokine GAGs binding mutants are fully active in vitro, but unable to induce 

migration in vivo157. Chemokine gradient dynamics depends on the type of GAGs 

expressed in the tissue and the ability of the chemokine to homo- or hetero-

oligomerize. 

As a result of hetero-oligomerization and GAGs binding features, chemokines have 

developed synergism between them, being able to modulate and diversify the cell 

responses. Hetero-oligomerization modifies the affinity of the complex for different 

types of GAGs and receptors and, at the same time, regulates chemokine activity by 

displacing the amount of free chemokine monomers that are available to interact with 

the receptor153.  

Chemokine oligomerization, GAGs interaction and synergism provide specificity to 

the chemokine network, something relevant for the chemotaxis of immune cells. 

1.2.2. Chemokine receptors  

Chemokines interact with receptors that can be found in all types of cells but all of 

them are expressed differentially in leukocytes. These receptors activate different 

intracellular pathways upon interaction with the chemokine that regulate cell survival 

and migration along with cell gene and protein expression, cytoskeleton 
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rearrangement and cell surface expression of receptor and adhesion proteins. 

Chemokine receptors are rhodopsin-like seven-transmembrane receptors that belong 

to the γ subfamily and they can be differentiated in two types depending on which 

mechanisms they use to promote the intracellular signal: G protein-coupled receptors 

(GPCR) and atypical chemokine receptors (ACKR)164.  

1.2.2.1. G protein-coupled receptors (GPCR) 

There are 20 discovered GPCR chemokine receptors and their intracellular signaling 

pathways have been very well studied and characterized.  

Upon interaction with the chemokine, a conformational change is induced in the 

GPCR structure that results in the activation of an intracellular heterotrimeric protein 

known as G protein. This protein is formed by three subunits known as Gα, Gβ and 

Gγ that associate with the conserved DRYLAIV motif localized in the second 

intracellular loop of the receptor, and anchored at the cellular membrane through 

hydrophobic structures. After activation, a GDP is exchanged by a GTP in the Gα 

subunit, inducing the dissociation of the Gβγ dimer subunits (Fig. 1.6). Both, the Gα-

GTP and the dimer Gβγ can activate downstream effectors that will induce a cell 

response. The system is inactivated when GTP is hydrolyzed into GDP due to the 

enzymatic activity of Gα, causing the association of the different G protein subunits 

again. There are different types of Gα, Gβ and Gγ subunits that may affect directly 

the activated effectors and therefore the final cell response165,166.  

The Gβγ dimer regulates phospholipase C (PLC), which induces the generation of 

diacylglycerol (DAG) and inositol 1,4,5 triphosphate (IP3). These secondary 

messengers increase the concentration of Ca2+ which results in the activation of 

protein kinase C (PKC) among other cellular kinases, activating the mitogen activated 
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protein kinases (MAPK) that regulate gene expression, cell survival, proliferation and 

migration167,168 (Fig. 1.6). Gβγ also regulates the PI3K which results in the activation 

of the protein kinase B (PKB), also known as Akt (Fig. 1.6). Akt regulates cell survival 

and apoptosis through different pathways such as NFκB. Akt also regulates 

metabolism and protein translation through the mechanistic target 

of rapamycin (mTOR). PI3K also activates the focal adhesion kinases (FAK) and the 

small GTPases such as Rho, Cdc42 and Rac, essential in the regulation of integrin 

activity, cytoskeleton and cell polarity, critical for migration169 (Fig. 1.6). 

The Gα subunit regulates adenylyl cyclase activity which produces cyclic adenosine 

monophosphate (cAMP), essential component for the protein kinase A (PKA) 

activation (Fig. 1.6). PKA phosphorylates the cAMP response element binding protein 

(CREB), a transcription factor that regulates gene expression by interacting with the 

cAMP response elements (CRE), an specific sequence in some gene promoters170.  

cAMP also activates the exchange protein activated by cAMP (EPAC) and 

subsequently Rap1, essential in integrin regulation171,172. Gα also regulates the 

tyrosine-protein kinase Src which results in the activation of the small GTPase Ras 

activating again the MAPK pathway173 (Fig. 1.6).  

Some chemokines also activate the JAK/STAT pathway independently of G protein, 

regulating gene expression174 (Fig. 1.6).   

GPCR activity is also regulated by a family of kinases known as G protein-coupled 

receptor kinases (GRKs). These proteins phosphorylate serine and threonine 

residues located at the C-termini of the GPCR after G protein has been activated and 

dissociated from the receptor. This causes the recruitment of β-arrestin which inhibits 

G protein coupling with the receptor and induces its internalization together with the 
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interacting chemokine (Fig. 1.6). After endocytosis, the receptor is degraded in the 

lysosome in a process known as downregulation, or recycled back to the membrane 

in a process known as resensitization175.  

 

 

 

1.2.2.2. Atypical chemokine receptors (ACKR) 

Previously named as scavengers or decoy receptors, atypical chemokine receptors 

lack the motif DRYLAIV which makes them unable to trigger a G protein-dependent 

signal pathway. As a consequence, even when these receptors are able to bind 

chemokines with high affinity, they are unable to induce cellular migration. However, 

they still conserve the β-arrestin sites recruitment and as a consequence, it is 

Figure 1.6. Schematic representation of intracellular chemokine GPCR signaling 

pathways upon chemokine interaction. The activation of the GPCR activates the coupled 
G-protein subunits (α, β and γ) and thereby several intracellular downstream effectors. 

These pathways converge at the nucleus where they regulate gene expression inducing 
cellular response. The system is active until GTP is hydrolyzed to GDP or until β-arrestin 

induces the internalization of the receptor. 
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believed that these receptors scavenge chemokine from the extracellular media in 

order to tune the chemotactic gradient. 

Most of these receptors are expressed in non-leukocyte cells and up to know, four 

have been discovered in mammalians: ACKR1 or Duffy antigen receptor for 

chemokines (DARC), ACKR2 or D6, ACKR3 or CXCR7/RDC1 and ACKR4, also 

known as CC chemokine receptor-like 1 (CCRL1). There are also two other receptors 

known as CCRL2 and PITPNM3 waiting for functional confirmation as ACKR5 and 

ACKR6176. All of them have variations of the DRYLAIV with exception of ACKR1 

which has a completely lack of this motif. 

1.2.3. Coordination of the chemokine response  

Although experiments in vitro showed that chemokine monomers already induce a 

signal through chemokine receptors and therefore a cell response, in vivo the system 

is far from being this simple. For instance, not only chemokines oligomerize but also 

chemokine receptors can homo or hetero-oligomerize diversifying the ligand and 

signal activity range177 and regulating several processes including: (i) receptor 

trafficking; (ii) receptor specificity and binding affinities; (iii) interaction with cytosolic 

adaptor proteins and activation of cellular responses (iv) allosteric regulation of 

chemokine and receptor interaction.  

Another fact to have in mind is the high promiscuity of the system as most of the 

receptors can interact with several chemokines as well as most of the chemokines 

can also interact with more than one receptor178. In addition, the localization of the 

receptor in the cellular membrane and the expression of GAGs subpopulations can 

have an influence on the chemokine gradient as well as the ligand and signal activity. 

And all these processes can be influenced by post-translational modifications on the 
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chemokine and on the receptor179. As a consequence, it is obvious that the system is 

regulated at very different levels, from the establishment of the chemotactic gradient 

where GAG and chemokine dimerization activity are essential, to chemokine receptor 

activity where localization, clustering and signaling capacities are critical. All these 

features are essential to coordinate a cell response to a specific stimulus and its 

failure explains the appearance of different immunologic disorders as well as 

negative effects in other systems of the organism180,181. 
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1.3. Viral modulation of chemokine activity  

Some of the members of the double stranded DNA virus families Poxviridae and 

Herpesviridae have developed strategies to modulate the migration of cells by 

interfering with the chemokine network.  

The expression of viral chemokines and receptors is a very common 

immunomodulatory strategy in Herpesviridae. Chemokine genes can be accidentally 

“stolen” from the host at some point of the viral cycle, becoming then a viral gene 

subjected to nature selection in the virus genome182. As a consequence, the 

accumulated mutations on these genes modify their activity making them excellent 

viral immune modulators. For example, viral chemokines genes might have lost their 

regulatory expression sequences impeding control by the host. At the same time, 

mutations may also have affected the chemokine ability to interact with the receptor 

increasing its promiscuity for other receptors and inducing therefore several signals 

at the same time. As a result, the expression of viral chemokines interferes with the 

host chemokine network by inducing suppressive immune responses or by 

competing for the receptor with the host chemokines, modulating therefore immune 

responses, cell migration, survival and proliferation. Therefore, these chemokine 

genes “stolen” by the virus have become viral factors that help the virus to escape 

the immune system by dysregulating the host chemokine network. For example, the 

genes UL146, UL147 and UL128 in the human CMV genome encode also for three 

chemokine-like proteins, showing the first ones limited sequence identity to the CXC- 

chemokine family while the last one has been suggested to be related to the CC- 

chemokine family183. UL146 for example is able to trigger the receptors CXCR1 and 

CXCR2 inducing the migration of neutrophils which have been suggested to be used 

by CMV for spreading inside the host183. Viral chemokines, similar to the human 
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chemokines CCL1, CCL2 and CCL3, are also present in the KSHV genome 

modulating the type of the host immune response184-188.  

A similar phenomenon is observed with chemokine receptors. By selection pressure 

once in the viral genome, “stolen” receptor genes may lose their host regulatory 

sequences becoming constitutively active or more promiscuous, increasing the 

amount of ligands that they can interact with due to mutations in their ligand binding 

pocket182. At the same time, viral chemokine receptors compete with host receptors 

for binding chemokines as well as reduce the concentration of the chemokine in the 

extracellular media by chemokine internalization. Altogether this allows the virus to 

dysregulate the immune response and increase its probabilities to spread. Examples 

of these proteins are the KSHV ORF74, a constitutively active chemokine receptor 

that can interact with CXC- and CC- chemokine families inducing cell responses189. 

US28 expressed by HCMV is also another viral chemokine receptor that interacts 

with CX3CL1 and several members of CC- chemokine family such as CCL2, CCL3, 

CCL4 and CCL5 depleting their concentration in the extracellular media190-192. Many 

of these viral chemokines and chemokine receptors are virulence factors190.  

There is however, a third strategy to modulate chemokine activity, which involves the 

expression of chemokine receptors that do not have homology with host proteins. 

These receptors are known as viral chemokine binding proteins (vCKBP) and their 

lack of homology with the host receptor or other vCKBP suggest that they have been 

subjected to a parallel evolution process193. Among their main characteristics, these 

proteins are usually secreted although some of them have been also identified as 

structural proteins localized at the surface of infected cells and viral particles194-197. 

Some vCKBP exhibit high affinity for GAGs, a feature that seems to be essential for 

their activity197-199. vCKBP have been discovered in the Herpesviridae and Poxviridae 
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family, being poxviruses experts in this strategy. Interestingly, this immunomodulatory 

strategy has been also discovered in much more complex organisms such as the 

parasite Schistosoma mansoni and the tick200,201. Examples of these proteins in 

poxviruses are M-T7 expressed by Myxoma virus or 35kDa/T1 expressed by ortho- 

and leporipoxviruses195. The first of these examples, M-T7, is a viral IFN-γ receptor 

that can interact with chemokines from the CXC-, CC- and C- families through the 

GAGs binding site and inhibit their activity202,203 (Fig. 1.7). One of the most studied 

vCKBP is 35kDa/T1, a protein that in contrast with M-T7, binds exclusively members 

from the CC- chemokine family204,205. 35kDa/T1 binds the chemokine through the 

receptor binding pocket, inhibiting its interaction with the receptor and therefore 

abrogating its activity195,206 (Fig. 1.7). Another protein expressed in this case by 

variola virus is the protein cytokine response modifier B (CrmB), a TNF-α receptor 

whose C-terminal domain known as smallpox virus-encoded chemokine receptor 

(SECRET) has affinity for chemokines and inhibits their activity207. Actually, four 

different genes present in different orthopoxviruses and similar to CmrB have been 

identified named as CrmC, CrmD and CmrE190. The SECRET domain is present in 

the C-terminal domain of CrmB and CrmD and in other genes that lack the TNF-

binding domain, termed SECRET containing proteins. The SECRET domain interacts 

with CC- and CXC- chemokine families although only with an small subset of 

chemokines. In addition, CmrB and CmrD show low affinity for C- and C3XC- 

chemokine families respectively195,207.  

The first vCKBP discovered in herpesvirus was M3, expressed by murine herpesvirus 

68 (MHV-68)194. This soluble protein binds a broad range of chemokines from all 

families and inhibits migration activity by blocking the receptor- and GAG-binding 

sites of the chemokine208,209 (Fig. 1.7). Another vCKBP is R17 expressed by rodent 
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herpesvirus Peru (RHPV). This protein binds with high affinity chemokines from the 

CC- and C- family and inhibits their migratory properties by sequestering the 

chemokine on the cell surface GAGs and avoiding therefore its interaction with the 

receptor198 (Fig. 1.7). vCKBP proteins have been found also among human 

herpesviruses. Human CMV expresses a vCKBP known as pUL21.5 that binds CCL5 

with high affinity inhibiting its interaction with the receptor210 (Fig. 1.7).  

 

 

 

 

 

A protein that is particular interesting among animal alphaherpesviruses because of 

its chemokine immunomodulatory activity is glycoprotein G (gG). gG is able to 

interact with high affinity with members from the CXC-, CC- and C- chemokine 

families. However, depending on the virus and the specie, some differences have 

Figure 1.7. Schematic representation of leukocyte chemotactic migration and vCKBP 

activity. Secreted chemokines bind to the cell surface GAGs and are presented to the 
receptor of the leukocytes rolling on the surface of endothelial cells. The interaction with the 
receptor triggers intracellular signals that induce the migration of the leukocyte into the 
tissue. vCKBP modulate chemokine binding to GAGs or receptor by interacting with the 
chemokine through the receptor binding pocket, GAGs binding pocket or both (bold). 
Examples all three situations are shown. Abbreviations: GAG, glycosaminoglycan; GPCR, 
G-coupled chemokine receptor; vCKBP, viral chemokine binding protein. Image obtained 
from V. González-Motos et al., 2016 Cytokine and Growth Factors Reviews. 
https://doi.org/10.1016/j.cytogfr.2016.02.007.  
Creative Commons Attribution-NonCommercial-No Derivatives License (CC BY NC ND).  
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been reported regarding the chemokines that can interact with195. Chemokine binding 

activity has been detected in several animal viruses expressing this protein including 

bovine herpesvirus 1 and 5 (BoHV-1 and 5)196, equine herpesvirus 1 (EHV-1)196,211, 

infectious laryngotracheitis virus (ILTV)212, felid herpesvirus 1 (FeHV-1)213 and 

pseudorabies virus (PRV)214. The interaction between gG expressed by animal 

alphaherpesviruses and the chemokine inhibits chemokine activity by blocking the 

interaction of the chemokine with its receptor195 (Fig. 1.7).  

Interestingly, this effect was totally the opposite in HSV-1 and 2. gG from HSV 

enhances chemokine migration by rearranging the localization of the chemokine 

receptor on the cell surface of the target cells. The GAG binding activity of gG seems 

to allow the protein to attach to the cell surface and reorganize the lipid raft 

distribution, increasing the presence of the receptor in GM3 ganglioside-rich regions. 

At the same time, gG modifies the homo-dimerization of the receptor changing the 

intracellular signaling proteins slowing down the receptor internalization. As a result, 

there is an increase of the signal, causing therefore an enhancement of chemokine 

activity215,216. Although it still remains a mystery why HSV would need to increase 

leucocyte migration, this is not the only surprise discovered in this protein. It has 

been also observed that gG from HSV-1 and HSV-2 can interact with neurotrophic 

factors, and in the case of HSV-2, enhance their activity inducing the growth of the 

free-nerve endings. It has been suggested that the increase in the free-nerve endings 

growth would improve the probabilities of this neurotropic virus to reach the neurons 

and establish latency217. Also, it is known that chemokine receptors are also 

expressed in neurons, being involved in pain modulation, and under certain 

circumstances, chemokines induce neurite outgrowth218,219. This results point to the 
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fact that HSV is not only able to modulate the immune system, but the nervous 

system as well, a characteristic that would be very useful in a neurotropic virus.  

In contrast to M3 or R17, HSV gG is a transmembrane protein that in the case of 

HSV-2 but not HSV-1, is subjected to an extracellular proteolytic cleavage on its 

ectodomain releasing to the extracellular medium the chemokine and neurotrophic 

binding domain215,217,220,221. Interestingly, the only alphaviruses found to not express 

this protein are VZV and Marek’s disease virus195.  
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1.4. Goals of this study 

Despite the relevance of leukocyte migration in VZV spread and, thereby, 

pathogenesis, there are no reports addressing whether VZV modulates leukocyte 

migration by interfering with the chemokine network. As previously described, all the 

immunomodulatory strategies described in VZV are based on interfering with 

intracellular mechanisms. To our knowledge, no research has been conducted to 

investigate whether VZV modulates extracellular elements of the immune response. 

However, due the important role of the immune system in VZV viral cycle and the 

evidences of chemokine modulation by evolutionary related viruses, the main 

objective and goal of this research is to determine whether VZV expresses a vCKBP 

that can modulate chemokine activity and thereby leukocyte migration. Upon 

successful completion of this objective we will focus on achieving the following aims:  

(i) To determine the functional activity of the interactions. 

(ii) To characterize vCKBP-chemokine interactions at the molecular level. 

(iii) To determine the role of the vCKBP in the context of VZV infection. 

(iv) To characterize the molecular mechanism(s) of action of the vCKBP.  
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2. METHODS AND MATERIALS 

2.1. Organisms 

2.1.1. Bacteria 

Strain Genotype Source/Reference 

DH5-α F- endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR 
nupG purB20 φ80dlacZ∆M15 ∆(lacZYA-

argF)U169, hsdR17(rk
-mk

+)λ-). 

 
Antonio Alcamí 

DH10-
BAC 

F– mcrA ∆(mrr-hsdRMS-mcrBC) φ80lacZ∆M15 
∆lacX74 recA1 endA1 araD139 ∆(ara, leu)7697 
galU galK λ– rpsL nupG/bMON14272/pMON7124 

Life technologies, 
Invitrogen 

GS1783 DH10B 1 cl857 ∆(cro-bioA)<>araC-PBADI-sceI Nikolaus 
Osterrieder222 

 

2.1.2. Mammalian cells 

Cell line Cell type Source/Reference 

ARPE-19 Human retinal pigment epithelial cells Martin Messerle 
CHO-K1 Chinese hamster ovarian epithelial cells Antonio Alcamí 

CHO-pgsA745 Chinese hamster ovarian epithelial cells 
(GAG mutant). 

Antonio Alcamí223 

CHO-pgsB-618 Chinese hamster ovarian epithelial cells 
(GAG mutant). 

Antonio Alcamí224 

CHO-pgsD677 Chinese hamster ovarian epithelial cells 
(GAG mutant). 

Antonio Alcamí225 

Jurkat T cell E6.1 Human leukaemia T lymphocyte cells Martin Messerle 
MeWo Human melanoma epithelial skin cells ATCC (VA, USA) 

MonoMac-1 Human leukaemia monocyte cells Antonio Alcamí 
MRC-5 Human lung fibroblast cells Martin Messerle 

Primary tonsillar 
cells 

Isolated from human patients Ulrich Kalinke 

THP-1 Human leukaemia monocyte cells Martin Messerle 
 

2.1.3. Insect cells 

Cell line Cell type Source 

Hi-5 Ovarian cells from Trichoplusia ni Antonio Alcamí 
S2 Drosophila melanogaster embryo macrophage-like 

cells 
Thomas Krey 
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2.1.4. Viruses 

Virus Information Source/Reference 

Baculovirus 
Insect cell recombinant virus 

Bacmid-derived 
Antonio Alcamí 

VZV Dumas strain VZV clinical isolate Andrew Davison 
VZV HJO strain VZV clinical isolate Helmut Fickenscher 

VZV pOka strain BAC-derived parental Oka strain 
Nikolaus 

Osterrieder226 

VZV pOka-gC-mGFP 
BAC-derived parental Oka strain 
with mGFP as a reporter marker 
fused to gC C-terminal region. 

Carina Jürgens227 

VZV pOka-∆gC-mGFP 
BAC-derived parental Oka strain 

with mGFP as a reporter marker in 
substitution of gC. 

Carina Jürgens227 

VZV pOka-HA-gC 
BAC-derived parental Oka strain 
with a gC HA-flagged at the N-

terminal region. 
Benedikt Kaufer228 

 

2.2. Materials and Reagents 

2.2.1. Antibiotics and selection markers 

Antibiotic Used concentration Source 

Ampicillin 100 µg/ml Sigma-Aldrich 
Chloramphenicol 17 µg/ml Carl Roth 

Gentamicin 7 µg/mL Panreac Applichem 
Kanamycin 50 µg/mL Serva 
Tetracyclin 10 µg/mL Sigma-Aldrich 

5-Bromo-4-chloro-3-indolyl ß-D-
galactopyranoside 

(X-Gal) 
50 mg/ml Calbiochem 

Isopropyl β-D-1-thiogalactopyranoside 
(IPTG) 

0.5 mM Panreac Applichem 

 

2.2.2. DNA vectors 

Vector Antibiotic resistance Source 

Bacterial Artifitial Chromosome (BAC) 
Chloramphenicol Nikolaus 

Osterrieder Kanamycin (cassette) 

DH10BAC 
Tetraciclin 

Antonio Alcamí Gentamicin 
Kanamycin 

pFastBac-Mel Ampicilin Antonio Alcamí 
pGEM-T Ampicilin Promega 
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2.2.3. Enzymes 

Enzyme Source 

DNAse I Promega 
Ligase T4 Promega 
KpnI New England Biolabs 
NarI New England Biolabs 
NcoI New England Biolabs 
NheI New England Biolabs 
SphI New England Biolabs 
XbaI New England Biolabs 

Pertussis toxin (PTX) Tocris 
Pfu Ultra High-Fidelity DNA polymerase AD Agilent 

Proteinase K Qiagen 
Reverse transcriptase (qScript Flex cDNA Kit) Quanta Bio 

Taq DNA polymerase New England Biolabs 
 

2.2.4. Kits 

Kit Source 

Lipofectamin 2000 Thermo Fisher Scientific 
NucleoBond BAC 100 Macherey-Nagel 
Nucleospin Plasmid Macherey-Nagel 

pGEMT-Easy Promega 
QIAquick Gel Extraction Kit Qiagen 

QIAquick PCR Purification Kit Qiagen 
RNeasy Mini Kit Qiagen 

 

2.2.5. Cell culture media and reagents 

Medium/Reagents Source 

DMEM Thermo Fisher Scientific (Gibco) 
DMEM-F12 Thermo Fisher Scientific (Gibco) 

DMEM/Nutrient mixture F-12 Ham Sigma-Aldrich 
Fetal bovine serum (FBS) Thermo Fisher Scientific (Hyclone) 

Insect Xpress Lonza 
L-Glutamine Cytogen 

Opti-MEM Reduced serum medium Thermo Fisher Scientific (Gibco) 
X-VIVO15 free serum medium Lonza 

PBS Cytogen 
Penicillin/Streptomycin Cytogen 

RPMI 1640 Thermo Fisher Scientific (Gibco) 
Trypan blue 0.4% Thermo Fisher Scientific (Gibco) 

Trypsin-EDTA Solution Merkmillipore 
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2.2.6. Cell culture conditions 

Cell line Medium Incubation 

MeWo and MRC-5 

DMEM 
+ 10% FBS 
+ 1% L-Glutamine 
+ 1% Penicillin/Streptomycin 

37°C in Hera Cell 
240 humidified 

incubator with 5% 
CO2. 

ARPE-19 

DMEM-F12 
+ 10% FBS 
+ 1% L-Glutamine 
+ 1% Penicillin/Streptomycin 

37°C in Hera Cell 
240 humidified 

incubator with 5% 
CO2. 

CHO-K1 and GAG-
mutants pgsD677, 

pgsA745 and pgsB-
618 CHO cells. 

DMEM/Nutrient mixture F-12 Ham 
+ 10% FBS 
+ 1% L-Glutamine 
+ 1% Penicillin/Streptomycin 

37°C in Hera Cell 
240 humidified 

incubator with 5% 
CO2. 

Hi-5 adherent cells 

Insect Xpress 
+ 10% FBS 
+ 1% L-Glutamine 
+ 1% Penicillin/Streptomycin 

28°C in Heraeus 
incubator model B-
5060 EK-CO2 insect 

cell incubator. 

Hi-5 suspension cells 

Insect Xpress 
+ 10% FBS 
+ 1% L-Glutamine 
+ Penicillin/Streptomycin 

28°C, 120 rpm 
shacking in 

Certomat BS-1 
insect cell incubator. 

Hi-5 adherent + 
baculovirus infection 

Insect Xpress 
+ 2% FBS 
+ 1% L-Glutamine 
+ 1% Penicillin/Streptomycin 

28°C in Heraeus 
incubator model B-
5060 EK-CO2 insect 

cell incubator. 

Hi-5 suspension + 
baculovirus infection 

Insect Xpress 
+ 2% FBS 
+ 1% L-Glutamine 
+ 1% Penicillin/Streptomycin 

28°C 120 rpm 
shacking in 

Certomat BS-1 
insect cell incubator. 

Jurkat T E6.1, 
MonoMac-1, THP-1 

RPMI 1640 
+ 10% FBS 
+ 1% L-Glutamine 
+ 1% Penicillin/Streptomycin 

37°C in Hera Cell 
240 humidified 

incubator with 5% 
CO2. 

 

2.2.7. Other reagents 

Reagent Source 

Acetic acid, 100% J.T. Baker 
Acetic acid for Biacore (pH = 5) GE Healthcare Life Sciences 

Agar Carl Roth 
Agarose Bio rad 

All blue prestained protein standards Bio rad 
AMD3100 octahydrochloride hydrate Sigma-Aldrich 

Ammonium persulfate (APS) Sigma-Aldrich 

Aqua (Ultra clean water) Braun 
Bacto Yeast Extract BD 
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Biotynilated Heparin Thermo Fisher Scientific 
Bromo Phenol Blue Sigma-Aldrich 

Bovine serum albumin (BSA) PAA 
Calcium Chloride (CaCl2) Panreac Applichem 

Cell titer 96 Promega 
Coomassie Brilliant Blue R-250 Panreac Applichem 

D(+) Sucrose Carl Roth 
Dimethyl sulfoxide (DMSO) Carl Roth 
Deoxynucleotides (dNTPs) Promega 

1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide-HCL 
(EDC) 

Thermo Fisher Scientific 

Ethylendiamin-tetraaceticacid-disodiumsalt-dihydrate 
(EDTA) 

Carl Roth 

Ethanol ChemSolute 
Ethanolamine 1 M GE Healthcare Life Sciences 

Ethidium bromide solution (10mg/ml) Sigma-Aldrich 
Glycerol Carl Roth 
Glycin Carl Roth 

HBS-EP 10x GE Healthcare Life Sciences 
Heparin Sigma-Aldrich 

Heparin Agarose Sigma-Aldrich 
Hydrochloric acid (HCl) Riedel de haën 

Imidazole Panreac Applichem 
Lenti-X concentrator CloneTech 

Magnesium Chloride (MgCl2) Carl Roth 
Methanol J.T. Baker 

Milk powder Carl Roth 
N,N′-Hexamethylene bis(acetamide) (NBS) Sigma-Aldrich 

Ni-NTA Agarose Qiagen 
Nycodenz Axis-Shield PoC 

Oligonucleotides Sigma-Aldrich 
Polyethylene glycol (PEG) 8000 Sigma-Aldrich 

Sepharose CL-4B Sigma Aldrich 
Sodium chloride (NaCl) Panreac Applichem 

Sodium dihydrogen phosphate monohydrat 
(NaH2PO4 + H2O) 

Carl Roth 

Sodium dodecyl sulfate (SDS) Carl Roth 
Sodium hydroxide (NaOH) Panreac Applichem 

Sodium phosphate dibasic (Na2HPO4) Sigma Aldrich 
Tetramethylethylenediamine (TEMED) Panreac Applichem 

Tryptone Panreac Applichem 
Tris Carl Roth 

Tween 20 Sigma-Aldrich 
Unstained protein standard Bio rad 

2-Mercaptoethanol Sigma-Aldrich 
2-Propanol Sigma-Aldrich 

30 % Acrylamide/BIS 29:1 Bio rad 
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2.2.8. Antibodies 

2.2.8.1. Primary Antibodies 

Antibody Clone Use/Dilution Description Source Number 

Anti-his 13/45/31 
WB/1:1000 

FACs/10 µgr/ml 
Mouse IgG1 

mAb 
Dianova DIA-900 

Anti-gC R2D 14.12 
WB/1:5000 

FACs/10 µgr/ml 
Mouse IgG1 

mAb 
Capri - 

Anti-gE 68.03 WB/1:5000 
Mouse IgG1 

mAb 
Capri - 

Anti-Penta His - 
WB/1:1000 

FACs/10 µgr/ml 
Mouse IgG1 

mAb 
Qiagen 34660 

Anti-HA - WB/1:1000 Rabbit mAb Cell Signal 3724 

Anti-GFP - WB/1:5000 
Mouse IgG2  

mAb 
Santa Cruz Sc-9996 

 

 

2.2.8.2. Conjugated Antibodies 

Antibody Clone Use/Dilution Description Source Number 

Anti-mouse IgG 
Alexa Fluor 488 

- 1:2000 
Goat IgG 

pAb 

Thermo 
Fischer 

Scientific 
A11029 

Anti-CXCR4-PE 12G5 
FACs/ 

10 µL/106 cells 
Mouse 

IgG2b mAb 
R&D 

Systems 
FAB170P 

Anti-rabbit IgG-
IRDye 680 

- WB/1:10000 Goat LI-COR 
926-

68071 
Anti-mouse IgG-

IRDye 800 
- WB/1:5000 Goat LI-COR 

926-
32210 

 
 

 

2.2.9. Equipment 

Equipment Function Source 

12 and 24 well cell culture plate Culture cells Greiner 
311DS Bacteria incubator Labnet 

Accu-Jet Pro (Pipette boy) Standard work Brand 
Amicon Ultra-0.5/15 - 3 and 10 

kDa cut-off 
Concentration and dialysis 

of proteins 
Merkmillipore 

Avanti J-25 Centrifuge Beckman Coulter 
Axiovert 40 CFL Light microscope Zeiss 

Abbreviations: WB, western blot; FACS, flow cytometry; mAb, monoclonal antibody; pAb, 
polyclonal antibody. 
 

Abbreviations: WB, western blot; FACS, flow cytometry; mAb, monoclonal antibody. 
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BIAcore X100 
Analysis of direct 

interactions between 
molecules 

GE Healthcare 

Centramate T-Series Casette 10 
and 30 kDa cut-off 

Tangencial flow filtration 
system 

Pall 

Certomat BS-1 Insect cell incubator Sartorius 
ChemoTx Disposable 
Chemotaxis System 

Chemotaxis migration 
plate 

Neuroprobe 

Digital dry block heater Heat Block VWR 
Erlenmeyer 150 and 500 ml Cell culture Duran Group 

Extend Precision balance Sartorius 
Falcon tubes 15 and 50 ml Standard work Greiner 

FC500 series Flow cytometer Beckman Coulter 

Gel iX20 Imager DNA gels Imaging 
INTAS Science 

Imaging 
Glass plates Acrylamide gels Bio rad 

Hera Cell 240 Mammalian cell incubator 
Thermo Fisher 

Scientific 

Hera safe 377 and 423 Cell culture hood 
Thermo Fisher 

Scientific 

Heraeus Fresco 17 Table centrifuge 
Thermo Fisher 

Scientific 
Heraeus B-5060 EK-CO2 Insect cell incubator Heraeus 

Heraeus Multifuge 3SR+ Table centrifuge 
Thermo Fisher 

Scientific 

Horizontal Apparatus 
Agarose gel 

electrophoresis 
Bio rad 

Imager LAS3000 Coomassie gels Imaging Fujifilm 
Inkubator 1000 Incubator with agitator Heidolph 

Innova 40 Bacteria incubator Eppendorf 
Inolab pH/Cond 720 pH meter WTW 

KMO 2 basic Magnetic stirrer IKA 
Mastercycle nexus gradient PCR thermocyclator Eppendorf 

Masterflex peristaltic pump 
Tangencial flow filtration 

system 
Thermo Fisher 

Scientific 
Micropipette tips Standard work Nerbeplus 

Mini Trans-Blot Cell Blotting chamber Bio rad 
Mini-PROTEAN Tetra Cell SDS-PAGE Bio rad 

Minitron Bacteria incubator Infors-ht 
Myseq system Genome sequencing Illumina 
Nanodrop 1000 DNA/RNA quantification PeqLab 

Neubauer Cell Counting Chamber Marienfeld 
Nitrocellulose blotting membrane Western blot GE Healthcare 

Nunc MicroWell Plates with 
Nunclon Delta Surface 

96 well cell culture plate 
Thermo Fisher 

Scientific 
Observer Z1 Axio Fluorescence microscope Zeiss 

Odyssey Western blot Imaging LI-COR 
Optima L-90K Ultracentrifuge Beckman Coulter 
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PCR SingleCap 8er-SoftStrips 
0.2 ml, farblos 

PCR tubes Biozym 

Petri dish 92x16 mm with cams Bacteria culture Sarstedt 
Pipetman Micropipette Gilson 

PowerPac Basic Power Supply Electrophoresis Bio rad 
Reax Top Vortex Heidolph 

Safeseal tubes 0.5, 1.5 and 2 ml Standard work Sarstedt 
Serological pipette tip Standard work Sarstedt 

Short plates Acrylamide gels Bio rad 
Slide-A-Lyzer Dialysis Cassette 
3500 MWCO 0.5-3 ml Capacity 

Dialysis Cassette 
Thermo Fisher 

Scientific 
Sonorex RK100 Sonicator Bandelin 

Synergy 2 Plate reader BioTek 
TC Dish 100 and 150, Standard Cell culture plate Sarstedt 
TC Flask T25 and T75 Standard, 

Vent. Cap 
Cell culture flask Sarstedt 

TC-platte 6 well Standard 6 well cell culture plate Sarstedt 
TE412 Balance Sartorius 

Thermomixer Comfort Heat block Eppendorf 
Titramax 1000 Agitator Heidolph 

Water bath Sample heating 
P-D 

Industriegesellschaft 
mbH 

Wide Mini-Sub Cell GT DNA electrophoresis Bio rad 
 

2.2.10. Software 

Software Source 

Adobe Illustrator CS4 Adobe 
AxioVision Rel. 4.8 Zeiss 

Biacore X100 Control Software GE Healthcare Sciences 
Biacore X100 Evaluation Software GE Healthcare Sciences 

BioEdit BioEdit 
Clone Manager Sci-Ed Software 

GraphPad Prism 5 GraphPad Software 
ImageJ National Institute of Health 

Interproscan 5 EMBL-EBI 
Kaluza 1.1 Beckman and Coulter 

Microsoft Office Microsoft 
NNSPLICE 0.9 Berkeley Drosophila Genome Project 

Phyre2229 Imperial College London 
SignalIP 4.1 Server CBS 
Superfamily 1.75230 Cambridge 
TMHMM Server v. 2.0 CBS 
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2.2.11. Cytokines 

Recombinant human cytokines used in SPR experiments (TNF-α, IFN-α, IFN-β, IFN-

λ1, IFN-λ2, IFN-γ, IFN-ω, Chemerin, IL1α, IL1β, IL1ra, IL2, IL3, IL4, IL5, IL6, IL7, IL9, 

IL10, IL11, IL12, IL15, IL16 (129 aa), IL17, IL20, IL21, IL22, IL23, IL24, IL27 and 

IL31) were obtained from Peprotech and were reconstituted in 1x PBS with 0.1% 

BSA as a carrier protein. Also, recombinant human chemokines used in SPR 

experiments (CXCL1, CXCL2, CXCL3, CXCL4, CXCL5, CXCL6, CXCL7, CXCL8, 

CXCL9, CXCL10, CXCL11, CXCL12α, CXCL12β, CXCL13, CXCL14, CXCL16, 

CCL1, CCL2, CCL3, CCL4, CCL5, CCL7, CCL8, CCL11, CCL14 (66 aa), CCL14 (72 

aa), CCL15, CCL16, CCL17, CCL18, CCL19, CCL20, CCL21, CCL22, CCL23, 

CCL24, CCL25, CCL26, CCL27, CCL28, CX3CL1 and XCL1), or in chemotaxis 

experiments (CXCL12α, CCL2, CCL3, CCL5 and CCL7) were obtained from 

Peprotech and were reconstituted in 1x PBS with 0.1% BSA as a carrier protein. 

CXCL12α-AF647 was obtained from Almac. Met-CCL5 (receptor antagonist) and 

CCL5-E66A (oligomerization mutant) were kindly provided by Amanda E. I. 

Proudfoot. 
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2.3. Methods 

2.3.1. Cloning 

The coding sequences corresponding to the ectodomain of VZV Dumas strain 

glycoproteins gB, gC, and gI, encoded by ORF31, ORF14 and ORF67 respectively 

and the ectodomain of PRV gG encoded by US4 were amplified and cloned in 

pFastBac-Mel215. The Genbank accession number for the Dumas strain and PRV are 

NC_001348.1 and NC_006151.1 respectively. The glycoprotein gene identification 

numbers (ID)s are 1487662 (gB), 1487660 (gC), 1487689 (gI) and 2952520 (gG). 

The sequences were cloned, without their putative signal peptide but in frame with 

the honeybee melittin signal peptide present in the vector. Also, two independent gC 

truncated forms corresponding to the N-terminal and C-terminal domains, R2D 

(amino acids 23–151) and IgD (amino acids 140–531), respectively, were cloned 

using the same strategy. To clone all constructs in pFastBac-Mel the restriction sites 

NarI and KpnI or NcoI and SphI were used. All final constructs encoded the honey 

bee melittin signal peptide followed by an N-Terminal His-tag and the amplified VZV 

and PRV genes. The VZV DNA was purified and amplified from MRC-5 cells infected 

with VZV Dumas Strain25 (a gift of Andrew Davison) while PRV gG DNA was 

amplified from pRSETB-1 provided by Abel Viejo-Borbolla214.  
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Gene/Protein Type Primer 
Restriction 

enzyme 

ORF31/gB 
For 5’-tattatggcgccgttgtgtcggtctctccaagc-3’ NarI 
Rev 5’-tatttacgtacgttacccaaatgggttagataaaaa-3’ SphI 

ORF14/gC 
For 5’-tatggcgcccccacacccgtaagtataact-3’ NarI 
Rev 5’-tatttaggtaccttaaacggaaaatgtagtggc-3’ KpnI 

ORF14/R2D 
(aa 23-151) 

For 5’-tatggcgcccccacacccgtaagtataact-3’ NarI 
Rev 5’-tatttaggtaccaaaaggtggttgtgaatg-3’ KpnI 

ORF14/IgD 
(aa 140-531) 

For 5’-tatggcgcccccgcagccaacacccaa-3’ NarI 
Rev 5’-tatttaggtaccttaaacggaaaatgtagtggc-3’ KpnI 

ORF67/gI 
For 5’-tattatggcgccatcttcaagggcgaccac-3’ NarI 
Rev 5’-aattatcgtacgttattctggaggatcattaaggga-3’ SphI 

US4/gG PRV 
For 5’-ttaccatgggagccagagaggcccctcgggag-3’ NcoI 
Rev 5’-aatgcatgctcagtgctgggccgtctccccggc-3’ SphI 

 

 

Lack of mutations in all constructs was ensured by using high fidelity polymerase and 

sequencing. The following primers were used to sequence the constructs: 

 

All cloning experiments were performed in DH5α. 

 

Sequence Type Primer 

pFastBac-Mel primers 
For 5’-ggagataattaaaatgataaccatctcgc-3’ 
Rev 5’-attttatgtttcaggttcagggg-3’ 

pUC/M13 
For 5’-gttttcccagtcacgac-3’ 
Rev 5’-tcacacaggaaacagctatgac-3’ 

ORF31/gB 

For 5’-tattatggcgccgttgtgtcggtctctccaagc-3’ 
For 5’-gtagttcgcgatgagtatgc-3’ 
Rev 5’-tatttacgtacgttacccaaatgggttagataaaaa-3’ 
Rev 5’-ggcttcctcctttacacatt-3’ 

ORF14/gC 

For 5’-tatggcgcccccacacccgtaagtataact-3’ 
For 5’-tatggcgcccccgcagccaacacccaa-3’ 
Rev 5’-tatttaggtaccttaaacggaaaatgtagtggc-3’ 
Rev 5’-tatttaggtaccaaaaggtggttgtgaatg-3’ 
Rev 5’-tgcgtatgtctgtccggt-3’ 

ORF14/R2D (amino 
acids 23-151) 

For 5’-tatggcgcccccacacccgtaagtataact-3’ 
Rev 5’-tatttaggtaccaaaaggtggttgtgaatg-3’ 

ORF14/IgD (amino acids 
140-531) 

For 5’-tatggcgcccccgcagccaacacccaa-3’ 
Rev 5’-tatttaggtaccttaaacggaaaatgtagtggc-3’ 
Rev 5’-tgcgtatgtctgtccggt-3’ 

Abbreviations: R2D, repeated domain 2; IgD, immunoglobulin-like domain. 

Abbreviations: R2D, repeated domain 2; IgD, immunoglobulin-like domain. 
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2.3.2. Plasmid-DNA isolation from E.coli 

Plasmid-DNA was isolated from 5 ml bacteria cultures, containing the desired 

plasmid, grown overnight at 37°C and 180 rpm shacking using a Minitron bacteria 

incubator in homemade Luria-Bertani broth (LB) medium (10 g tryptone, 5 g NaCl 

and 5 g bacto yeast extract in 1 L) with the appropriate selection antibiotics. The 

plasmid was isolated following the manufacturer’s protocol from Nucleospin Plasmid 

kit and DNA concentration was determined using a Nanodrop 1000. 

2.3.3. Polymerase chain reaction (PCR) 

Amplification of DNA sequences was performed by PCR with PfuUltra High-Fidelity 

DNA polymerase AD to reduce the probability of introducing undesired mutations. 

DNA from VZV Dumas strain25 was used as template. The reaction was performed 

using the thermocyclator Mastercycler Nexus Gradient.  

PfuUltra High-Fidelity DNA polymerase AD PCR mixture with final concentrations: 

Component Volume 

H2O 40.6 µl 
PfuUltra HF reaction buffer AD (1x) 5 µl 

dNTPs (0.2 mM each) 0.4 µl 
Forward primer (0.2 µM) 1 µl 
Reverse primer (0.2 µM) 1 µl 

PfuUltra High-Fidelity DNA polymerase AD 
(2.5 units) 

1 µl 

DNA template (100 ngr) 1 µl 
Total 50 µl 

 

PfuUltra High-Fidelity DNA polymerase AD Thermocyclator parameters: 

Stage Number of cycles Temperature Time 

1 1 95 °C 1 minute 

 
2 

 
30 

95°C 30 seconds 
58-60 °C 30 seconds 

72°C 1 minute/Kb 
3 1 72°C 10 minutes 
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To screen for positive bacteria clones, a PCR using Taq DNA Polymerase was 

performed using a thermocyclator Mastercycler Nexus Gradient.  

Taq DNA polymerase PCR mixture with final concentrations: 

Component Volume 

H2O 40.75 µl 
Standard Taq Reaction Buffer (1x) 5 µl 

dNTPs (0.2 mM each) 1 µl 
Forward primer (0.2 µM) 1 µl 
Reverse primer (0.2 µM) 1 µl 

Taq DNA polymerase (1.25 units) 0.25 µl 
DNA template (100 ngr) 1 µl 

Total 50 µl 

 

Taq DNA polymerase Thermocyclator parameters: 

Stage Number of cycles Temperature Time 

1 1 95 °C 1 minute 

 
2 

 
35 

95°C 30 seconds 
58-60 °C 30 seconds 

68°C 1 minute/Kb 
3 1 68°C 10 minutes 

 

2.3.4. Restriction digest 

Restriction digest reactions were done in 20 µl final volume using 3-5 µgr DNA and 

10 units of the restriction enzyme. Digestions were incubated at 37°C for 1-2 hours in 

a digital dry block heater and inactivated by heat shock according to manufacturer 

indications.   

2.3.5. Agarose gel electrophoresis 

DNA from restriction enzyme digestions or PCR was run in 1% agarose gels at 100 V 

for 30 minutes. Agarose was weighted using a TE412 balance and diluted in Tris (40 

mM), acetic acid (20 mM) and EDTA (500 mM) buffer (TAE) with 0.5 µg/ml ethidium 
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bromide and pictures were taken in UV light to visualize stained DNA using a Gel 

iX20 Imager. 

2.3.6. DNA purification 

When needed, DNA from enzymatic reactions or agarose gels electrophoresis was 

purified using QIAquick PCR Purification Kit or QIAquick Gel Extraction Kit 

respectively, according to manufacturer protocol.  

2.3.7. RNA purification and RT-PCR 

RNA from mock- or VZV HJO-infected cells was purified using RNeasy Mini Kit, 

according to the manufacturer’s protocol. DNA was degraded by incubating for 30 

minutes at 37°C using DNAse I. Next, RNA was transformed to complementary DNA 

(cDNA) using the reverse transcriptase enzyme (qScript Flex cDNA Kit from Quanta 

Bio) and cDNA was used in conventional PCR. The qScript Flex cDNA Kit mixture 

with final concentrations is described in detail in the next tables (x value depends on 

y value): 

Component Volume 

H2O x µl 
Oligo dT (1x) 2 µl 

Random primers (1x) 2 µl 
RNA template (1000 ng) y µl 

Total 15 µl 

 

First, the RNA is incubated with the random primers and the oligo dT at 65°C for 5 

minutes to open the RNA structure and 4°C for 2 minutes to keep it linear. Next we 

added the reverse transcriptase and the enzyme buffer and incubated at 42°C for 90 

minutes and at 85°C for 5 minutes to inactivate the enzyme. 

 

Component Volume 

Reverse Transcriptase 1 µl 
Buffer (1x) 4 µl 

Total 20 µl 
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2.3.8. Ligation 

Ligations were performed using 5 units of T4 DNA ligase enzyme in a final volume of 

10 µl, incubating 24 hours at 16°C in a thermomixer comfort heat block or 48 hours at 

4°C. To determine the amount of DNA used for each ligation, the following formula 

was used: 

��	������ = 	
��		
����� ∗ ��	������

��	
�����
∗ �����	
�����: ������	(3: 1) 

 

To ligate in pGEM-T, which is a vector with thymidine cohesive edges, DNA inserts 

were incubated first with Taq DNA Polymerase at 70°C and in presence of 0.2 mM of 

dATPs for 30 minutes using a thermomixer comfort heat block. 2 µl of this reaction 

were used in the ligation protocol of pGEM-T Easy kit. In all cases ligations were 

transformed in DH5α or DH10BAC by heat shock. 

2.3.9. Generation of chemically competent bacteria 

DH5α or DH10BAC were cultured overnight at 37°C and 180 rpm shacking, in 5 ml 

LB-Medium, using a Minitron bacteria incubator. This culture was used to inoculate 

100 ml of LB-medium and further incubated in same conditions as above until the 

culture reached an OD 600 between 0.3 and 0.4. Next, bacteria were centrifuged at 

2000 G for 10 minutes using a Heraeus Multifuge 3SR+, and the precipitate was 

dissolved in TSS solution (10% PEG 8000, 5% DMSO and 50 mM MgCl2, pH: 6.5 

adjusted with HCl 0.1 N using a Inolab pH/Cond 720 pH-meter). Finally, bacteria 

were aliquoted in 200 µl, frozen instantly with liquid nitrogen and stored at -80°C. 
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2.3.10. Transformation of chemically competent bacteria 

200 µl of competent DH5α or DH10Bac were transformed with the desired plasmids 

by heat shock. Bacteria were kept on ice for 10 minutes prior and after adding 250 ng 

of plasmid-DNA. Next, they were incubated for 45 seconds at 42°C using a digital dry 

block heater and very fast transferred to ice were they were incubated for 5 minutes. 

Following incubation on ice, bacteria were resuspended in 400 µl of fresh LB-medium 

and incubated at 37°C with 180 rpm shaking for 45 minutes (for DH5 α) or 4 hours 

(for DH10BAC) using a Minitron bacteria incubator. Finally, cell cultures were 

centrifuged for 15 minutes at 1500 G using a Heraeus Multifuge 3SR+ centrifuge, 

and the precipitate was resuspended in 100 µl LB-medium, plated on LB-agar (1 L of 

LB medium with 7 g of agar)  plate in the presence of antibiotics and incubated 

overnight at 37°C using a Minitron bacteria incubator. For pGEM-T and DH10BAC, 

the LB-agar plates also contained X-Gal and IPTG to facilitate the identification of 

positive clones. In these vectors, the cloned construct is inserted into the β-

galactosidase gene whose expression is stimulated by IPTG, disrupting therefore its 

expression only in positive clones. Because of this, negative clones will express the 

β-galactosidase enzyme, degrading the X-Gal of the media and producing a residue 

with a very intense blue colour. On the contrary positive clones will remain white as 

the cloned construct disrupts the β-galactosidase gene, preventing the expression of 

the enzyme and therefore making these clones unable to degrade X-Gal. 

2.3.11. Generation of recombinant baculovirus 

2.3.11.1. Isolation of baculovirus DNA from DH10BAC 

pFastBac-Mel constructs were transformed in DH10BAC as explained above, 

producing a recombination with the baculovirus bacmid-DNA genome carried by 
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DH10BAC bacteria, leading to a recombinant baculovirus bacmid-DNA genome 

expressing the construct cloned in pFastBac-Mel. Positive clones were selected with 

50 µg/ml kanamycin, 7 µg/ml gentamycin and 10 µg/ml tetracycline in the presence of 

50 mg/ml X-Gal and 0.5 mM IPTG. Recombinan baculovirus DNA was isolated after 

growing positive clones overnight in 5 ml LB-media with the appropriate selection 

antibiotic markers, at 37°C and 180 rpm shacking, using a Minitron bacteria 

incubator. NucleoBond BAC 100 kit was used following manufacturer’s protocol until 

the neutralization step. Upon addition of the neutralization buffer, samples were 

centrifuged at 11000 G using a Heraeus Fresco 17 centrifuge and DNA was 

precipitated by mixing the supernatant with 800 µl of isopropanol and incubated on 

ice for 10 minutes. Next, samples were centrifuged again for 15 minutes and washed 

with cold 70% ethanol twice. Finally, samples were centrifuged again for 2 minutes, 

ethanol was removed and the pellet was let to air-dry for a few minutes. DNA was 

resuspended in 50 µl of water overnight at 4°C and DNA concentration was 

measured using a nanodrop 1000. 

2.3.11.2. Generation and amplification of recombinant baculovirus 

1 µg of recombinant baculovirus DNA was transfected in Hi-5 cells supplemented 

with 10% FBS by using the Lipofectamin 2000 kit according to manufacturer’s 

protocol. After 72 hours incubation at 28ºC, supernatants were collected, centrifuged 

at 200 G to remove cell debris and stored at 4ºC. Protein expression in cell lysate 

and supernatant was confirmed by western blotting using a previously described anti 

His-tag antibody in a ratio 1:1000 (section 2.2.8.1). Recombinant baculovirus (P0) 

was amplified by infecting subsequently p100 and p150 Hi-5 adherent subconfluent 

plates at a low multiplicity of infection (MOI) and incubating for 5 days at 28ºC to 

generate P1 and P2, respectively. Baculovirus stocks were stored at 4°C protected 
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from light. Infections with baculovirus were performed without turning on the light of 

the hood since baculoviruses are light-sensitive. Positive expressing baculovirus 

were amplified and titrated using the method described by Brett D. Lindenbach and 

based on the Reed & Muench methodology231. This method is used to determine the 

50% endpoint dilution, the concentration of a compound or pathogen with an effect 

on half of the test sample unit. In the case of a pathogen, the 50% tissue culture 

infectious dose (TCID50), which quantifies the amount of virus required to cause an 

infection in half of the test population, is used. In our case, Hi-5 adherent cells were 

infected in a 96 well plate using serial dilutions of baculovirus per column using a 

dilution factor of 10. After 5 days of incubation, cumulative cytopathic effect-

containing wells were counted for each dilution (Fig 2.1).  

 

 

 

 

  

 

 

 

 

 

Figure 2.1. Baculovirus titration.  Cytophatic effect observed in a representative 96-well 
plate inoculated with Hi-5 insect cells, infected with 10 fold serial dilutions of the recombinant 
baculovirus and incubated for 5 days. The X shows the well with cytophatic effect. 

 
Baculovirus serial dilution  

Full cytopathic 
effect 

Half cytopathic 
effect 

No cytopathic 
effect 
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The proportional distance (PD) dilution was determined for the concentration closer 

to the 50% endpoint (half cytophatic effect), providing an estimation of the dilution 

between the two flanking concentrations where half of the wells are infected. The PD 

must be over 0 but equal to or less than 1 and is calculated with the following 

formula:  

�� = 	
(%	���������	��	����	��������	���
�	50%)	! 	50%

(%	���������	��	����	��������	���
�	50%) ! (%	���������	��	����	��������	����"	50%)
 

 

As the value must be over 0, we can discard the proportional distance from row 8. 

Next, we corrected by the dilution factor (logarithm of the dilution step), which in our 

case is the concentration 10-6 for row 7, using the next formula: 

log10	TCID50	=	log10	10-6	–	(PD	×	log10dilution	factor)	

log10	TCID50	=	-6	–	(0.29*1)	=	-6-0.29	=	-6.29	

A dilution of 10-6.29 contains one TCID50 of virus. 

By correcting this value by the volume used, we can have the TCID50/ml:  

10-6.29/inoculum	(0.1	ml)	=	10-5.29	

1 ml diluted 10-5.29 contains one TCID50 of virus 

TCID50/ml of not diluted sample = 105.29 

Plaque forming units (PFU) of baculovirus were determined by applying a Poisson 

distribution as described by ATCC, where TCID50/ml is estimated to be equivalent to 

0.7 PFU/ml, allowing us to determine an approximate baculovirus PFU/ml titer.  
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PFU/ml	=	105.29	*	0.7	=	1.3e105	

2.3.11.3. Concentration of recombinant baculoviruses 

When the titter was lower than 1 × 107 PFU/ml, a maximum of six P2 aliquots were 

concentrated by ultracentrifugation at 80000 G for 1.5 hours at 4°C using a cushion 

of 25% sucrose. Pellets were resuspended in maximum 1ml of Insect Xpress. 

2.3.12. Expression of recombinant proteins 

100 µl of amplified baculovirus stock were used to express recombinant proteins in 

small scale by infecting one million Hi-5 adherent cells on a 6-well plate and 

incubating for at least 72 hours at 28ºC. Kinetics of protein expression was 

determined by western blot using a mouse anti-his tag antibody with supernatant and 

cell lysate samples collected at different times pi to determine the most efficient time 

to purify each protein. With the exception of gC whose most efficient time was 84 

hours, the rest of the constructs were purified after 72 hours of incubation. 

2.3.13. Purification of recombinant proteins 

35 ml of amplified viral stock or 1 ml of concentrated P2 stock were used to express 

and purify large amounts of recombinant protein by infecting 500 ml of Hi-5 

suspension cells at a concentration of 1 million/ml with an moi of 1-5 and incubating 

during 84 hours for gC but 72 hours for the other constructs, at 28ºC in a flask on a 

rotating surface at 120 rpm. Next, supernatant was collected and centrifuged at 4ºC 

at 200 G for 10 minutes in a Heraeus Multifuge 3SR+ centrifuge and at 6360 G for 45 

minutes in an Avanti J-25 centrifuge to remove cell debris. Final solution was 

concentrated up to 40 ml and dialyzed in 100 mM phosphate buffer (20 mM NaH2PO4 

+ H2O and 81 mM Na2HPO4) with 10 mM imidazole using tangential filtration with 
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Centramate T-Series Casettes (10 kDa cut-off for R2D or 30 KDa cut-off, for gC and 

IgD). Ni-NTA was added and incubated overnight at 4ºC under stirring. Following 

binding to the Ni-NTA, the resin-containing solution was loaded onto a column and 

beads were washed with 100 mM phosphate buffer containing 20 mM imidazole. 

Next, protein was eluted with 100 mM phosphate buffer containing 40 mM, 60 mM, 

100 mM and 250 mM imidazole in triplicates. Protein purity was assessed by sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) followed by 

Coomassie staining. Samples not pure enough were re-incubated with Ni-NTA beads 

in phosphate buffer containing 30 mM imidazole, washed with phosphate buffer 

containing 40 mM imidazole, and eluted with phosphate buffer containing 60 mM, 

100 mM, 250 mM and 500 mM imidazole. Proteins were concentrated and dialyzed in 

PBS with Amicon Ultra-0.5 (10 kDa cut-off for gC and IgD and 3 kDa cut-off for R2D), 

or only dialyzed with Slide-A-Lyzer Dialysis Cassette 3500 MWCO 0.5-3 ml Capacity. 

Following dialysis the purity and concentration of the recombinant proteins was 

assessed by running the samples together with a BSA standard of known 

concentration in SDS-PAGE followed by Coomassie staining. After taking the picture 

with an Imager LAS3000, the intensity of the bands was measured by ImageJ. The 

amount of purified protein was determined by comparing the intensity values with the 

BSA standard curve whose protein concentration was known. 

2.3.14. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

When needed, protein samples were separated by molecular weight using SDS-

PAGE. Samples were prepared in loading buffer (0.6 M Tris-HCl pH: 6.8, 0.715 M β-

mercaptoethanol, 25% glycerol, 2% SDS and 0.1% bromophenol blue). Next, 

samples were boiled for 1 minute on a digital dry block heater and centrifuged (11000 

G) using a table centrifuge Heraeus Fresco 17 prior loading them in the gel. 
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Polyacrylamide gels were run using 30 V/gel during 40 minutes in running buffer (1% 

SDS, 25 mM Tris and 192 mM Glycine) using a Mini-PROTEAN Tetra Cell 

electrophoresis chamber connected to a PowerPac Basic power supply. Gels were 

prepared in two sections being the first one the stacking (were the proteins are 

loaded and concentrated prior to separation) and the second one the running (were 

the proteins are separated). The running section was usually done with a 

concentration of 12% acrylamide although other concentrations (8%, 10%) were used 

depending on the molecular weight of the proteins. The pH of the running gel was 

8.8. The stacking gel was always prepared with 5% acrylamide concentration at a pH 

of 6.8. Mixture for running and stacking gels: 

 

In order to know the molecular weight of the proteins in the samples, a standard 

protein ladder with known molecular weight from Biorad was loaded as control. 

Unstained protein standard was used for gels that would be stained with Coomassie. 

In contrast, All blue pre-stained protein standard was used for gels that would be 

used in western blot.  

2.3.15. Coomassie staining 

2.5 g of Coomassie brilliant blue R-250 were diluted in 1 L final volume containing 

45% methanol and 10% acetic acid. SDS-PAGE gels were stained with the 

Coomassie solution for 2 hours and destained with a destaining solution containing 

Running 12% 

Reagent Volume 

30 % Acrylamide/BIS 29:1 2 ml 
Tris 1 M HCl pH 8.8 2 ml 

SDS 10% 0.05 ml 
APS 10% 0.025 ml 
TEMED 0.005 ml 

H2O Milli-Q 0.920 ml 

Stacking 5% 

Reagent Volume 

30 % Acrylamide/BIS 29:1 0.284 ml 
Tris 1 M HCl pH 6.8 0.216 ml 

SDS 10% 0.0166 ml 
APS 10% 0.0116 ml 
TEMED 0.0016 ml 

H2O Milli-Q 1.16 ml 



71 

 

45% of methanol and 10% acetic acid. Different washes were performed and finally 

gels were placed in 5% methanol and 7% acetic acid solution for re-hydration. 

Pictures were taken using the Imager LAS3000. 

2.3.16. Western blotting 

When needed, gels were blotted for 1 hour at 4°C in blotting buffer containing 20% 

methanol, 25 mM Tris and 192 mM Glycin using Mini Trans-Blot Cell blotting 

chamber and a PowerPac Basic power supply at 100 V to transfer proteins to a 

nitrocellulose membrane. Membranes were blocked for 1 hour at room temperature 

or overnight at 4°C using 5% milk solution prepared in PBS with 0.1% tween 20. 

Antibodies were diluted in 2.5% milk solution prepared also in PBS with 0.1% tween 

20. Membranes were incubated with the first antibody for 1 hour at room temperature 

or overnight at 4°C and with the secondary antibody 1 hour at room temperature. 

PBS with 0.1% tween 20 was used to wash the membrane after every antibody 

incubation step and two washing steps with only PBS were performed at the end to 

remove any traces of tween 20. Secondary antibodies were diluted 1:5000 for anti-

mouse IgG-IR Dye 800 and 1:10000 for anti-rabbit IgG-IRDye 680. Pictures were 

taken with Odyssey (LI-COR). 

2.3.17. Surface Plasmon Resonance (SPR) technology 

SPR is an optical technic to measure direct interactions between two molecules in 

real time. The interaction of a mobile molecule (analyte) with a fixed one (ligand) on a 

metallic film surface, changes the refraction index of the film, measured by a sensor. 

The light goes through a prism and reflects on the metallic film with a certain angle 

named resonance angle. At a certain resonance angle, the electrons in the film start 

to resonate and light is absorbed by them. The absorption of light by the resonating 
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electrons (called surface plasmons) causes a reduction of intensity in the light beam 

which appears as a black band, measured by a sensor. The interaction of the analyte 

with the ligand present on the surface alters the refraction index of the surface, 

causing a change in the reflection angle and therefore the displacement of the black 

band which can be measured. Therefore, the interaction can be characterized 

depending on how much this angle changes, without the need for labelling 

molecules. The machine that we used to perform these experiments is the Biacore 

X100 (G&E Healthcare). 

The changes in the reflection angle are proportional to the amount of mass bound 

onto the surface of the film. High amount of mass causes a high change on the 

reflection angle while low amount of mass will barely have an effect, allowing to 

determine if an interaction is happening or not. At the same time, when the analyte 

dissociates from the ligand, the reflection angle goes back to its original position as 

the refraction index of the surface is restored. Measuring these changes in real time 

allows the determination of the kinetics of the interaction. Very strong interactions 

require more time to dissociate and therefore the reflection angle will need more time 

to go back to its original position. In contrast, very weak interactions dissociate very 

fast causing a fast change in the reflection angle. The amount of units bound on the 

surface of the chip is measured in response units (RU). As a control, every chip has 

two flow cells called Fc1 and Fc2. Ligands are normally coupled on Fc2 while Fc1 is 

used as a blank control to discard unspecific binding of the analyte to the surface of 

the chip.   

During the binding process, Biacore was configurated to take three measurements at 

different time points to monitor the interactions. The first one is taken 70 seconds 

after the cycle has started but 10 seconds before the injection of the analyte, and 
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measures the original refraction index and reflection angle, and is called baseline 

(baseline step). The next one is taken 160 seconds after the cycle has started but 10 

seconds before the end of the analyte injection, and measures the number of RU 

bound on the surface of the chip (binding step). Finally, the last measurement is 

taken 190 seconds after the cycle has started, measuring the number of RU that 

remain on the chip after Biacore has stopped injecting the analyte. This last read 

gives information about the strength of the interaction between the two molecules 

(stability or dissociation step). Therefore, interactions with the surface are divided in 

three steps: baseline, binding and stability or dissociation. Afterwards the surface of 

the chip can be regenerated to remove any remaining ligand from its surface.  

When an interaction takes places, the baseline changes as mass is binding to the 

ligand immobilised on the metallic film surface and the refraction index changes. 

When the surface is saturated, the refraction index reaches a new stable value, 

observed as a new baseline in the graph. Finally, during the stability step, molecules 

dissociate and the baseline returns to its original value. 

In our project, purified rSgC, R2D and IgD were covalently coupled on Biacore X-100 

biosensor chips to determine by SPR technology whether they interact with human 

cytokines and chemokines, and characterize the affinity constants of these 

interactions.  

2.3.17.1. Covalent immobilization of purified, recombinant proteins for SPR 

Protein coupling was performed on Biacore X-100 CM4 and CM5 chips. Both chips 

have two chambers (Fc1 and Fc2) with a gold surface (metallic film) coated with 

carboxymethylated dextran groups were the protein is immobilized. Dextran is the 

substrate used for the immobilization. Depending on the chemical properties of the 
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molecule, other substrates are available. The number of dextran and carboxyl groups 

variates among different chips and determines the amount of protein that can be 

immobilized, being CM5 the chip with higher dextran groups used in this project. 

rSgC, R2D and IgD were amine-coupled on the Fc2 of a CM5 or CM4 BIAcore X-

100, in all cases according to manufacturer indications. First, we tested the 

concentration of the ligand and its interaction profile with the surface in order to 

predict whether there is enough ligand to immobilize the desired number of RU 

(PreConc) (Fig. 2.2). Next, the surface of the chip was cleaned with 50 mM NaOH 

wash and then activated by adding a mixture of 1-ethyil-3-(3-

dimethylaminopropyl)carbodiimide (EDC) and N-hydroxysuccinimide (NHS) which 

modifies the dextran carboxymethyl groups to N-Hydroxysuccinimide esters (Fig. 

2.2). Next, the ligands or recombinant proteins were injected at pH 5.0, which 

charges the dextran groups negatively since it is above the pKa of the carboxyl 

groups, while at the same time charges the proteins positively as this pH is below 

their isoelectric points (8.42, 9.75 and 6.72 for rSgC, R2D and IgD, respectively). The 

attraction between opposite charges ensures the interaction of the proteins with the 

dextran groups. The N-Hydroxysuccinimide esters stablish covalent links with the 

free amine groups of the protein. Finally, the N-Hydroxysuccinimide esters that 

remained active were inactivated by adding 1 M ethanolamine pH 8.5 (Fig. 2.2).  

Deciding the amount of RU that must be immobilized is important in kinetics 

experiments to ensure the fidelity of the calculated constants. Kinetics experiments 

were performed with the CM4 chips. To determine the amount of protein needed for 

each construct, the following formula was used:  

B��C����	D����	E����� =
F��������	"���ℎ�	������

F��������	"���ℎ�	�������
∗ B��� 
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Maximum response (Rmax): 100 

Molecular weight analyte: Chemokines are around 9 kb.  

Molecular weight ligand: rSgC (72.5 Kb), IgD (55 Kb) and R2D (22.5 Kb). 

 

The final number of RU coupled in the CM4 chips were 774.8 for rSgC, 611 for IgD 

and 245.7 for R2D (Rmax < 100 RU). 

 

 

 

 

Note: Remember, in Biacore the ligand is always the molecule that is immobilized on 

the sensor chip whereas the analytes are the molecules that are injected in the 

flowing buffer to address whether they interact with the ligand. 

 

 

Figure 2.2. Biacore sensorgram showing the immobilization protocol step by step. 
The preconcentration step (preconc) determines if there is enough ligand to achieve the 
desired immobilization level. The baseline represents the signal obtained when there is no 
ligand bound to the chip. NaOH cleans the surface while EDC/NHS activates it. Biacore 
injects different volumes of the ligand to achieve the desired immobilization level. Finally, the 
chip is deactivated with ethanolamine. Abbreviations: RU, response units; s, seconds. 
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2.3.17.2. Binding screening and determination of the kinetics of interactions 

using SPR 

Chemokines and cytokines reconstituted in PBS containing 0.1% BSA were injected 

at 100nM in HBS-EP buffer (10 mM HEPES, 150 mM, NaCl, 3 mM EDTA, 0.005% 

(v/v) surfactant P20, pH 7.4) at a flow rate of 30 µl/minute for screening experiments 

(90 seconds contact time, 60 seconds dissociation). To determine the kinetics 

parameters (association rate constant (Ka), dissociation rate constant (Kd) and 

dissociation constant (KD) of the positive interacting molecules, multi-cycle kinetics 

experiments were performed by injecting different concentrations of the analyte at 30 

µl/minute to reduce mass transfer (180 seconds contact time, 600 seconds 

dissociation). The chip surface was regenerated after each analyte injection with 10 

mM glycine–HCl pH 2.0. For very strong interactions, additional regeneration steps 

were carried out.  

All BIAcore sensorgrams were analysed with Biacore X100 Evaluation Software. The 

bulk refractive index changes and systemic artefacts were removed by subtracting 

the reference flow cell responses and the average response of a blank injection from 

all analyte curves, respectively. To determine kinetic values, curves were fitted to a 

1:1 Langmuir model.  

2.3.17.3. rSgC-GAG binding screening using SPR technology  

A BIAcore SA chip was used to couple 252 RU of biotinylated heparin using the SA-

biotin capture protocol. Following the injection of immobilization buffer (1M NaCl and 

50 mM NaOH), biotinylated heparin in H2O was injected. After heparin 

immobilization, the chip surface was regenerated by injecting 50 mM NaOH, 1M 

NaCl, 50% isopropanol. rSgC heparin binding specificity was assessed by injecting 
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rSgC at a concentration of 1.8 ng/µl and at a flow rate of 10 µl/minute (90 seconds 

contact time, 60 seconds dissociation). The protein was injected alone or together 

with different amounts of heparin at a rSgC:heparin ratio (w:w) of 1:0; 1:0.1; 1:0.5; 

1:1; 1:10; 1:100; 1:1000. 

2.3.18. Heparin pull-down assay 

VZV recombinant glycoproteins expressed in Hi-5 supernatants were incubated for 

1.5 h at 4°C with heparin-sepharose beads in a final volume of 425 µl. Binding 

specificity was assessed by adding 0.1 to 2 mg of soluble heparin to compete the 

binding reaction. Agarose beads lacking heparin were used as negative control. 

Heparin pull-down mixture: 

Component Volume 

Insect cell supernatant 25 µl 
Heparin beads 10 µl 

Binding buffer (0.2% BSA in PBS) 390 µl 
 

After supernatant incubation, beads were washed three times with cold PBS and 

pulled down by centrifuging 1 minute at 11000 G with a Heraeus Fresco 17 

centrifuge. Bound proteins were eluted from the beads with denaturalizing loading 

buffer for SDS-PAGE. The presence of the recombinant proteins was detected by 

Western blotting using an anti His-tag antibody. To ensure that similar amounts of all 

recombinant proteins were used in the assay, all supernatants were also analysed by 

Western blotting prior to the pulldown. 

2.3.19. Chemotaxis assays 

Migration experiments were performed with Jurkat, THP-1, MonoMac-1, or human 

tonsillar leukocytes, at a concentration of 5x106 cell/ml, using the 96-well ChemoTx 

System plate (transwell). 125000 cells were placed in the upper chamber in RPMI 
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1640 containing 1% FBS droplets and separated from the lower chamber by a 3 µm 

(for MonoMac-1 cells and tonsil leukocytes) or 5 µm filter (Jurkat cells and THP-1). 

The lower chamber was filled with RPMI 1640 media containing different chemokine 

concentrations, alone or in combination with purified recombinant VZV rSgC, R2D, 

IgD, PRV rSgG or with PBS containing cell-free VZV. Similar amounts of cell-free 

VZV were used, determined by protein expression and viral titration. RPMI 1640 

media, recombinant protein alone diluted in RPMI 1640 media, or cell-free virus alone 

in PBS, were used as control. Depending on the cell type, migration experiments 

were incubated for 2 – 3 hours at 37°C. Then, the droplets were removed from the 

upper chambers and the filter was rinsed with PBS. The plates were centrifuged at 

170 G for 2 minutes with a Heraeus Multifuge 3SR+ centrifuge and the filters 

removed. An standard curve with known cell numbers was seeded on the empty 

periphery wells (0.025 µl/well) of the plate and all wells were stained with 5 µl of 

CellTiter 96 aqueous one solution cell proliferation assay and incubated for 1.5 h at 

37°C, with 5% CO2. Absorbance was measured at 490 nm using a Synergy 2 plate 

reader and values were compared with the standard curve absorbance values to 

quantify cell migration. Due to the low reactivity of THP-1 and tonsil primary 

leukocytes to CellTiter96, the number of migrated cells in these experiments was 

determined by counting, using a light microscope. To characterize the mechanism of 

gC activity on cell migration, Jurkat T cells were incubated overnight with 0.1 µg/ml 

Pertussis Toxin (PTX) or 15 minutes with 6.3 nM AMD3100 both in RPMI 1640 media 

with 1% FBS prior to the chemotaxis experiment. The cells were not washed after 

drug incubation to avoid receptor reactivation232. To discard any possible effect of 

non-proteinaceous elements, rSgC protein preparation was incubated with proteinase 

K at a concentration of 60 nM at 44°C for 30 minutes followed by heat-inactivation 

(95°C during 20 minutes).  
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2.3.20. Proteinase K incubation 

Purified protein was degraded by incubating 100 nM and 200 nM of protein with 200 

ng of proteinase K (Qiagen) at 45°C for 30 minutes. Next, protease was inactivated 

by incubating at 95°C for 20 minutes. 

2.3.21. Cell binding assays 

2.3.21.1. rSgC cell-surface binding 

The cells CHO-K1 and CHO-pgsB-618, CHO-pgsD677 and CHO-pgsA745 (CHO-

618, CHO-677 and CHO-745, respectively) were detached with PBS-EDTA 4 mM 

and incubated with 100 ngr of purified rSgC, M3 and rSgG2 for 20 minutes at 4°C. 

Alternatively, to normalize the number of molecules according to the molecular 

weight of each sample, CHO-K1 and CHO-618 were incubated with 1.5 µM of 

purified rSgC, IgD, R2D, M3 and rSgG2 also for 20 minutes at 4°C. Next, cells were 

washed three times with cold PBS and incubated with 10 µg/ml of anti His-tag 

antibody followed by incubation with 4 µg/ml of alexa fluor 488-conjugated anti 

mouse antibody. Three washing steps with PBS at 4°C were carried out after each 

antibody incubation steps. The cells were collected and detected with a FACS FC500 

and analysed using Kaluza 1.1. 

2.3.21.2. Chemokine cell-surface binding 

Jurkat T-cells were incubated with 2 nM, 5 nM and 10 nM CXCL12α-AF647 in 

RPMI1640 Media with 1% FBS at room temperature for 1 hour in the presence or 

absence of rSgC chemokine:vCKBP at a molar ratio of 1:200. The cells were washed 

with PBS 1x containing 0.9 mM CaCl2 and 0.49 mM MgCl2 and analysed by flow 

cytometry. The cells were collected and detected with a FACS FC500 and analysed 

using Kaluza 1.1.  
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2.3.22. CXCR4 expression and internalization assays 

CXCR4 expression and internalization was analysed by flow cytometry in Jurkat T-

cells, THP-1 cells or MM1 cells. 3·105 cells in 1% FBS-containing RPMI 1640 

medium were mock treated or incubated with 2.5 nM, 5 nM and 15 nM of CXCL12α 

in the presence or absence of rSgC, PRV-SgG or M3 at a chemokine:vCKBP molar 

ratio of 1:200 for different time points. After incubation, the cells were washed with 

ice-cold PBS, and incubated with PBS containing 2% FBS and 2% BSA to block 

unspecific antibody binding. CXCR4 was detected by incubating the cells with PE-

conjugated anti-CXCR4 for 1h at 4ºC (10 µl/1·106 cells). Finally, the cells were 

washed and analysed by flow cytometry using a FACS FC500 and Kaluza 1.1 

software.  

2.3.23. Generation of recombinant VZV lacking ORF14 expression by en 

passant mutagenesis 

Mutations in VZV genome were introduced using the BAC technology and en-

passant mutagenesis222,233. This technique is based on the Red recombination 

system from λ phages and the endonuclease I-SceI originating from Saccaromyces 

cerevisiae. The system, composed of three different components (Exo, Beta and 

Gam), uses dsDNA cassette to perform a recombination between sequences with 

high homology and an I-SceI excisable selection marker (kanamycin resistance 

gene) to select the successful clones. First, the 5’-3’ exonuclease activity of Exo 

generates a single stranded DNA from the cassette. The resulting single-stranded 

DNA (ssDNA) is annealed to complementary sequences by Beta, in that case to the 

BAC complementary target sequence, resulting in a recombination event. To 

increase the efficiency of the system, Gam prevents the degradation of the ssDNA by 

blocking the RecBCD helicase-nuclease complex of Escherichia coli. This technique 
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was used to generate two different VZV mutants on ORF14 based on the infectious 

BAC of pOka strain previously generated226. On one side, ORF14 was completely 

removed and substituted by monomeric GFP (mGFP)-cassette (BAC-pOka-∆gC-

mGFP), generating therefore a virus unable to express gC but that expresses mGFP 

under the control of ORF14 promoter. On the other side, mGFP was fused to the 

cytosolic domain of gC by inserting the mGFP-cassette (BAC-pOka-gC-mGFP) at the 

end of the coding region of ORF14. The mGFP cassettes were generated by PCR 

using the plasmid pEP-mGFP-in234 as a template, which already has a kanamycin 

selection marker (KanR). Two mGFP cassettes were generated using the following 

primers:   

Mutant Type Primer 

HSV2 control 3 For 5‘-gtagcgttgccaatgatg-3‘ 
KanR Rev 5‘-gccagtgttacaaccaattaacc-3‘ 

VZV control 1 Rev 5‘-aaggggagcgtggatgtgtc-3‘ 
VZV control 2 For 5‘-cggtgaattatcctgccaag-3‘ 
VZV control 3 Rev 5‘-acggacctatcacctattcg-3‘ 

BAC-pOka-
∆gC-mGFP 

For 
5’-

tttatttaaggggagcgtggatgtgtcaataaaaaccaggatggtgagcaa
gggcgagga-3’ 

Rev 
5’-

aataaaatgatatacacagacgcgtttggttggtttctgtttacttgtacagctc
gtccatg-3’ 

BAC-pOka-gC-
mGFP 

For 
5’-

tatcgcagttatcgcaaccctatgcatccgttgctgttcagcagcagcagca
gcaatggtgagcaagggcgagga-3’ 

Rev 
5’-

aaaatgatatacacagacgcgtttggttggtttctgtttacttgtacagctcgtc
catg-3’ 

 

The first recombination introduced a mGFP-Kanamycin resistance (KanR) cassette in 

ORF14. After selection of successful positive clones by incubating them in the 

presence of chloramphenicol (17 µg/ml) and kanamycine 50 µg/ml, I-SceI expression 

was induced by incubating the clones in 1% L-arabinose containing media for 1 hour. 

I-SceI cleavage allows a second recombination that removes the KanR and restores 
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the mGFP gene on the target DNA. This second recombination was induced by 

incubating for 15 minutes at 42°C. Finally, 2 hours of incubation at 32°C gave the 

bacteria time to repair the BAC. Second recombinant clones were selected by 

incubating them in LB-agar plates in the presence of chloramphenicol (17 µg/ml) and 

L-arabinose for 24 hours at 32°C. 

The whole process was done in the E. coli strain GS1783. Successful recombination 

and lack of undesired mutations were confirmed by restriction analysis (NheI + XbaI 

double digest) and Illumina sequencing of the viral genomes using the MiSeq system. 

The generation of the VZV recombinant viruses was performed in our laboratory by 

Carina Jürgens under the supervision of Kai A. Kropp227.  

2.3.24. BAC-DNA isolation from E. Coli 

Bacteria with the desired BAC-DNA were cultured overnight at 32°C and 180 rpm 

shacking in 5 ml LB-medium with chloramphenicol (17 µg/ml) in an Inkubator 1000 

bacteria incubator. 0.5 ml from this starter culture were used to inoculate 250 ml of 

LB-medium containing the appropriate antibiotics and further incubated overnight at 

32°C and 180 rpm shacking in an Innova 40 bacteria incubator. BAC-DNA was 

isolated using the kit NucleoBond BAC 100 according to manufacturer’s protocol and 

used for subsequent experiments.  

2.3.25. Reconstitution of BAC wild type and recombinant viruses 

To reconstitute infectious recombinant viruses, the wild type and recombinant 

isolated BACs were transfected in MeWo and ARPE19 cells using Lipofectamin 2000 

in a 6-well plate (10 µl Lipofect + 10-50 µl of BAC-VZV DNA), resulting in the VZV 

pOka strain or the recombinants pOka-HA-gC, pOka-∆gC-mGFP and pOka-gC-

mGFP. Lipofect-DNA complexes were produced in Opti-MEM and dripped onto 
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subconfluent (~80%) MeWo or ARPE19 cells. After 24 hours medium was changed 

and cells were incubated with maintenance splits of cells every week until formation 

of viral cytopathic effect was observed. The expression of gC in VZV pOka and 

pOka-HA-gC in MeWo cells was addressed by western blotting using the previously 

described mouse monoclonal anti gC R2D antibody and rabbit anti HA antibody, 

respectively (Section 2.2.8.1). Finally, the expression of mGFP in VZV pOka-∆gC-

mGFP and pOka-gC-mGFP transfected cells, was observed in the fluorescence 

microscopy and detected together with gC and gE by western blotting using the 

previously described mouse monoclonal commercial antibody for GFP and the 

mouse monoclonal antibodies for gC and gE generated by collaborators235 (Section 

2.2.8.1).  

2.3.26. Generation of cell-free VZV 

VZV pOka and VZV pOka-∆gC-mGFP cell-free virus were isolated from 10 p150 

dishes infected MeWo cells at 90-100% confluency when 30-50% of cells showed 

cytopathic effect. Cells were washed and harvested with cold PBS and sonicated (3 

times during 15 seconds with a 15 seconds ice-interval) on ice with a Bandelin 

Sonorex RK100 sonicator. Then, samples were centrifuged for 15 minutes at 1,000 G 

and 4°C and supernatants were transferred to a new tube where they were mixed 

with ice cold Lenti-X concentrator following a 1:4 Lenti-X:supernatant ratio. The 

solution was incubated in ice for 2 hours and viral particles were precipitated by 

centrifuging during 45 minutes at 1500 g and at 4°C. Precipitate was resuspended in 

cold PBS and centrifuged through a 10% (w/v) Nycodenz cushion in PBS at 34766.4 

G and 4°C. The resulting pellet was resuspended in PBS, aliquoted and stored at -

80°C. All centrifugation steps were performed in a Heraeus Multifuge 3SR+ 

centrifuge. 
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2.3.27. Fluorescence Microscopy 

250.000 MeWo cells/well were seeded in a 12 well plate. The following day, cells 

were infected with VZV pOka, VZV pOka-∆gC-mGFP or VZV pOka-gC-mGFP by 

adding 125.000 MeWo infected cells and incubated for 48 hours. Pictures were taken 

at 48h, 72h and 96h hpi using an Observer Z1 Axio fluorescence microscope and 

analysed with AxioVision Rel. 4.8 software from Zeiss. 

2.3.28. VZV replication kinetics 

VZV MeWo infected cells were seeded on ARPE-19 cells at a confluency of 80%  

(equivalent to 100 plaque forming units (PFU)/well) in a 24 well plate. Cells were 

incubated for 6 days and every 24 hours one well was trypsined, aliquoted and frozen 

in liquid nitrogen. To freeze the cells, cultures were washed twice with PBS and 

detached from the plate by using 100 µl trypsin-EDTA solution (GIBCO) for 5 min. 

400 µl medium (DMEM+20% FBS) were added and the cells were collected and 

combined with 500 µl medium + DMSO (DMEM + 20% FBS + 20% DMSO). The cells 

were displayed in cryo-tubes and frozen using an isopropanol chamber followed by 

transfer to liquid nitrogen. To titrate the different VZV cultures, 250 µl from each 

sample was seeded after thawing and removal of DMSO, on subconfluent ARPE-19 

cells in 5-fold dilution series and incubated for 4 days prior to counting plaques. 

Titration experiments were performed by Kai A. Kropp. 

2.3.29. Negative staining of cell-free VZV 

For negative staining, carbon and Formvar-film coated 400 mesh copper grids (Stork 

Veco) were used to ardsorb 5 µl of cell-free VZV preparations for 15 minutes in a 

dark humid chamber. Following PBS and distilled water washes, preparations were 

negative stained using two drops (10 µl and 10 seconds each) of 2% (w/v) uranyl 
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acetate and dryed by incubating for 30 minutes at 37°C or over night at room 

temperature. Finally, samples were analyzed with a Morgani (FEI, Einthoven, 

Netherlands) transmission electron microscope at 80kV. This part of the work was 

performed by Anne Binz and Rudolf Bauerfeind (Institute of Virology and Research 

Core Unit for Laser Microscopy, respectively, Medizinische Hochschule Hannover, 

Hannover, Germany). 

2.3.30. Statistical analysis.  

The significant value (P value) was calculated by performing unpaired Student T-test 

using GraphPad Prism. 
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3. RESULTS 

3.1. The discovery and functional characterization of a novel vCKBP 

in VZV 

3.1.1. Selection of candidate proteins in the VZV genome that could act as 

vCKBP 

As described in the introduction, modulating T-cell activity, especially migration, is 

essential for VZV spread and pathogenicity4,5,236. To modulate T-cell activity, viruses 

can take over the intracellular signaling pathways of the infected cells or try to 

interfere with the extracellular signals that regulate the immune response. 

Herpesviruses are experts in controlling infected cells but, recently, it was also 

described that some herpesviruses interfere with the chemokine network by 

expressing vCKBP, a group of proteins that interact with and modulate chemokine 

activity, dysregulating therefore the chemokine-mediated cell migration194-196,198,237. 

These proteins, expressed also by poxviruses and higher order organism like ticks200, 

have very little or no sequence homology with host chemokine receptors, which 

suggests that they don’t originate from the host but that they have been subjected to 

an alternative parallel evolution process. They tend to be non-essential type I 

transmembrane or secreted proteins that act as virulence factors. Some of them 

show high affinity for GAGs. Examples of these proteins are M3 from MHV68238 or 

gG from animal herpesviruses196, being gG from human herpesviruses HSV-1 and 

HSV-2, the only vCKBP discovered to date that increases chemokine activity215. By 

taking these proteins as models for a vCKBP and considering the importance of 

controlling T-cell activity for VZV, we wondered whether VZV could express a 

vCKBP. VZV does not encode US4, the gene expressing gG239. Therefore, if VZV 
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expressed a vCKBP it would be a novel vCKBP not present in other herpesviruses. 

To address this question, we looked for predicted type I transmembrane or secreted 

proteins, of unknown function and that may behave as virulence factors. We 

performed a literature search and looked in the VZV Dumas strain genome for genes 

predicted to encode for transmembrane or secreted proteins and analyzed their 

sequences using the software SignalIP 4.1 Server and TMHMM Server v 2.0. This 

search resulted in the identification of 7 VZV glycoproteins: gB, gC, gE, gH, gI, gL 

and gN, encoded by ORF31, ORF14, ORF68, ORF37, ORF60, ORF67 and ORF9a, 

respectively. The Genebank accession number for the Dumas strain is NC_001348.1 

and the glycoprotein gene IDs are 1487662, 1487660, 1487709, 1487668, 1487692, 

1487689 and 4711773, respectively. From these proteins, only gL had a signal 

peptide and no transmembrane domain. However, according to the literature, it is not 

clear whether gL is secreted or not99,102. On the other hand gB, gC, gE, gH, gI and 

gN were identified as type I transmebrane proteins as they had one transmembrane 

domain, a signal peptide and the N-terminus located at the predicted extracellular 

region. After an exhaustive search in the literature to confirm the roles and activities 

of these proteins (which have been already described in the introduction), only gN 

and gC were found to not have any described function yet, being gN the most 

unknown VZV glycoprotein. From the rest of the glycoproteins, gB, gE and gI were 

used as controls due to their relevance in VZV life cycle. Interestingly, although no 

specific function was found for gC, it was described by Jennifer F. Moffat as a non-

essential protein that behaves as a virulence factor in skin83. Consistent with these 

results, it was also described that the attenuated VZV vOka vaccine strain expresses 

lower amounts of gC240. Finally, other reports also showed that gC is expressed with 

very late kinetics during the infection cycle and that after some passages in vitro, 

expression seems to be reduced241-243. We also took into account that the homologue 
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of gC in HSV and PRV interacts with GAGs and modulates complement 

activity35,77,244-246. After considering all this information, we concluded that gC was the 

best candidate in fulfilling the criteria to be considered a possible immunomodulatory 

protein: type I transmembrane or secreted protein of unknown function that acts as a 

virulence factor. Therefore, we addressed whether VZV gC interacted with different 

cytokine families, especially chemokines. To answer this question, we cloned the 

ectodomain of gC (rSgC: 23-531 aa) (Fig. 3.1A) into a baculovirus expression vector 

used to generate a recombinant baculovirus expressing secreted gC upon infection 

of insect cells. gC expressed in insect cells was purified by affinity chromatography, 

and chemokine binding screening was performed using SPR technology. 

3.1.2. Expression of VZV gC in insect cells 

VZV Dumas strain DNA was obtained from MRC-5 infected cells after incubating with 

proteinase K to destroy the viral capsid proteins, and used in a PCR to amplify the 

ORF14 region encoding for gC ectodomain (67 – 1593 bp, gC Dumas strain) as 

previously described (see materials and methods) (Fig. 3.1B). The resulting DNA 

construct was cloned in the pFastBac-Mel vector using NarI and KpnI restriction sites 

(Fig. 3.1C)215. The resulting plasmid was sequenced to confirm the lack of undesired 

mutations.  

The final construct, consisting of the pFastBac-Mel vector expressing ORF14 67 – 

1593 bp region downstream the coding sequence of the honeybee melittin signal 

peptide and an N-terminal His-Tag under the control of the polyhedron promoter and 

flanked by Tn7R and Tn7L transposons regions, was transformed in DH10Bac (Fig. 

3.1C). The Tn7R and Tn7L mediated the recombination and insertion of the construct 

with the mini-attTn7 attachment site on the baculovirus bacmid contained in 

DH10Bac, producing a recombinant baculovirus bacmid expressing the gC 
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ectodomain (rSgC) coding sequence. Insertion of the recombinant DNA disrupted the 

expression of the LacZ gene present in the baculovirus bacmid, allowing us to select 

for recombinant, positive clones by colorimetry in a plate with the corresponding 

antibiotics, IPTG and X-Gal. Recombinant bacmids were purified and transfected in 

Hi-5 adherent insect cells to produce the recombinant baculovirus. Positive 

expression of the gC ectodomain fused with His-Tag at the N-terminus was 

determined by western blotting using anti-his tag antibody (Fig 3.1D).  
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Figure 3.1. Cloning of gC ectodomain. Schematic representation of VZV full-length gC 
protein and the designed construct containing the honeybee melittin signal peptide followed 
by a histidine tag and the recombinant soluble gC ectodomain (rSgC). The numbering 
corresponds to amino acids in gC (Dumas strain) (A). PCR product after amplifying the 
coding sequence of gC ectodomain (arrow) (B). Schematic representation of the final 
plasmid pFastBac-Mel containing the gC ectodomain (C).  Western blot showing the 
expression of rSgC in the supernatant of insect cells after recombinant baculovirus bacmid 
transfection using a mouse anti-His tag antibody. Molecular weight in kDa. (D). 
Abbreviations: SP, signal peptide; TMB, transmembrane domain; CD, cytoplasmic domain; 
HM, honeybee melittin signal peptide; His, histidine tag; rSgC, recombinant secreted gC 
ectodomain. 
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Supernatant with rSgC-expressing baculovirus was used to amplify and subsequently 

titrate baculovirus using the method described by Brett D. Lindenbach and based on 

the Reed & Muench methodology231 (see materials and methods section). 

3.1.3. rSgC expression in insect cells 

The expression of rSgC in insect cells was measured at different time points post 

infection (p.i.) to determine the best time point for protein purification (Fig. 3.2).  

 

 

 

The best expression was observed at 96 hpi (Fig. 3.2). However, at this time point 

high mortality was observed among insect cells due to baculovirus infection. Due to 

our concerns about protease activity mediated by the release of proteases by dead 

cells, we decided to use 84 hpi for rSgC purification.  

3.1.4. rSgC purification by affinity chromatography 

To purify recombinant proteins, 450 ml of Hi-5 suspension insect cells were infected 

with the recombinant baculovirus at a high MOI and supernatant was harvested at 84 

hpi. The MOI represents the ratio of infectious particles/cell. 

Supernatant was concentrated by tangential filtration through a filter with a cutoff of 

10 kDa and rSgC was purified using affinity chromatography (Fig. 3.3A). Sometimes, 

the protein was subjected to a subsequent purification process by affinity 

chromatography increasing the stringency in order to further clean the protein sample 

(Fig. 3.3B). Finally, the purified protein was concentrated using amicons, dialyzed in 

100 
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50 

24 48 72 96 Figure 3.2. Expression of rSgC in insect cells. 

Western blot using anti-His tag antibody showing the 
expression of rSgC in baculovirus infected Hi-5 insect 
cells supernatant at different time points (24, 48, 72 and 
96 hpi). Molecular weight in kDa. 
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PBS and subjected to SDS-PAGE followed by Coomassie staining. The purity of the 

preparations was routinely very high.  
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Figure 3.3. Purification of rSgC from the supernatant of infected insect cells. Insect 
cell supernatant from Hi-5 cells infected with recombinant baculovirus was filtered, 
concentrated and incubated with nickel beads. Beads were washed and eluted with 
increasing concentrations of imidazol. Gels showing different stages of the purification and 
quantification process following SDS-PAGE and Coomassie staining of proteins (A-C). 
Samples from the input and subsequent steps of the first purification are shown (A).  
Second purification performed using the samples from the first purification as input and  
increasing imidazol concentration (B). Protein quantification by comparing purified rSgC with 
a standard curve of BSA (100 ng, 200 ng, 500 ng, 1000 ng, 2000 ng and 5000 ng) (C). The 
band corresponding to gC is indicated with and arrow. Molecular weight in kDa. 
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The intensity of the bands was measured and the protein amount was quantified by 

comparing the intensity of rSgC with a BSA standard curve using the software 

ImageJ (Fig. 3.3C). 

3.1.5. VZV rSgC binds chemokines with high affinity 

rSgC was covalently coupled onto a Biacore CM5 (not shown) and CM4 chip using 

amine coupling chemistry (Fig. 3.4A). A chemokine binding screening was performed 

with a chemokine library of 43 different, commercially available human chemokines, 

showing that rSgC was in fact, able to interact with a broad range of different types of 

chemokines (Table 3.2 and Fig 3.4A-D, 3.5 and 3.6). Positive interactors were 

CXCL1, CXCL2, CXCL4, CXCL6, CXCL9, CXCL10, CXCL11, CXCL12α, CXCL12β, 

CXCL13, CXCL14, CCL5, CCL13, CCL17, CCL18, CCL19, CCL20, CCL21, CCL22, 

CCL25, CCL26, CCL27 and CCL28. Also, the chemokines CXCL16, CCL1, CCL2, 

CCL7, CCL8, CCL11, CCL16 and CCL27 were found to interact weakly with rSgC 

according to the SPR results, so we kept them as not clear positive or negative. No 

interactions were found between rSgC and the chemokines CCL3, CCL4, CCL14, 

CCL15, CCL23, CXCL3, CXCL5, CXCL7, CXCL8, CX3CL1 and XCL1. Interactions 

were measured in response units (RU), a unit proportional to the analyte’s 

concentration on the surface of the chip (see materials and methods). These results 

indicate that rSgC was able to interact with CXC- and CC- chemokine subfamilies but 

not with the CX3C- and XC- subfamilies.  

In most cases, analytes were easily identified as negative or positive interactors, 

labeled in Table 3.1 and 3.2 as (-) or (++) respectively. Examples of that are CCL3 or 

CCL15 as negative or CCL5 or CXCL13 as positive. However, in some occasions, 

the interactions were difficult to classify due to bulk or low RU binding, for example 

CCL2 or CXCL8 (Fig. 3.4B and 3.4C).  
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In order to characterize these interactions, we studied the curvature of the 

sensorgram and determined the kinetics parameters by SPR using the multicycle 

kinetics protocol together with the clear binders (see materials and methods) (Table 

3.1 and Fig. 3.4E). Results showed that the kinetics parameters were strong for some 
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A B 

Figure 3.4. rSgC binds chemokines.  Chemokine binding screening with rSgC immobilized 
on a Biacore chip. Positive and negative interactions are shown. Chemokine concentration 
was 100 nM flowing at 30 µl/min. The arrow indicates the end of injection (A-D). Multicycle 
kinetics analysis using different concentrations of CXCL12α to determine the kinetics 
parameters of rSgC-CXCL12α interaction. The fitted curves (black) represent the calculated 
software prediction based on how the chemokine interacts with the surface of the chip (E). 

Abbreviations: RU, response units; s, seconds. 
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of these interactions that produced very low amount of RU during the screening (i.e., 

CCL2). We called them low binders, and only CCL1 remained unclear. We labeled 

them as (+) and (+/-), respectively (Table 3.1 and 3.2). 

Chemokine Binding Ka (1/Ms) Kd (1/s) KD (M) t(1/2)s 

CXCL12α ++ 1,60E+07 0,004293 2,69E-10 160,7268 
CXCL13 ++ 2,83E+07 0,007548 2,67E-10 91,41494 

CCL2 + 1,73E+05 0,001012 5,84E-09 681,8182 
CCL13 + 2,20E+06 0,005165 2,34E-09 133,5915 
CCL19 + 1,43E+07 0,001723 1,21E-10 400,4643 
CCL3 - n.d. n.d. n.d. n.d. 
CCL15 - n.d. n.d. n.d. n.d. 

CX3CL1 - n.d. n.d. n.d. n.d. 
 

 

 

During the binding screening, three measurements were taken to determine the 

number of RU at the baseline, during the binding step and at the dissociation step. In 

order to represent the entire chemokine library screening in a visual way, we have 

plotted the RU from the binding step (Y-axis) and stability step (X-axis) on two 

different graphs for CCL- family (Fig 3.5) and CXC-, CX3CL- and C- family (Fig 3.6). 

Therefore, a high RU value in binding but low in stability would suggest a very weak 

interaction and therefore a very low binding affinity. In contrast, interactions with 

similar RU values in binding and stability suggest strong or high affinity interactions.   

 

 

 

 

Table 3.1. Kinetic parameters for some of the positive interactors. Positive analytes 
were interacting with rSgC with high affinity. Abbreviations: Ka (1/Ms), association rate 
constant; Kd (1/s), dissociation rate constant; KD, dissociation constant; t(1/2)s, complex 
half-life time; (++), positive; (+), positive but low binder; (-), negative; n.d., not determined. 
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Figure 3.5. rSgC SPR chemokine screening. Dot-graph showing the binding and stability 
values of the CCL- chemokine family with rSgC, using SPR technology. The red dot shows 
the mock control. Abbreviations: RU, response units. 
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Figure 3.6. rSgC SPR chemokine screening. Dot-graph showing the binding and stability 
values of the chemokine families CXCL-, CX3CL- and C- with rSgC, using SPR technology. 
Protein immobilization was confirmed with mouse anti-gC (R2D) antibody. The red dot 
shows the mock control. Abbreviations: RU, response units. 
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Receptor Chemokine rSgC Receptor Chemokine rSgC Receptor Chemokine rSgC 

CCR1 

CCL3 - 

CXCR1 

CXCL5 - 

ACKR1 

CCL2 + 

CCL4 - CXCL6 ++ CCL5 ++ 

CCL5 ++ CXCL8 - CCL7 + 

CCL7 + 

CXCR2 

CXCL1 ++ CCL11 ++ 

CCL8 + CXCL2 ++ CCL13 ++ 

CCL13 ++ CXCL3 - CCL14 (66 aa) - 

CCL14 (66 aa) - CXCL5 - CCL14 (72 aa) - 

CCL14 (72 aa) - CXCL6 ++ CCL17 ++ 

CCL15 - CXCL7 - CXCL5 - 

CCL16 - CXCL8 - CXCL6 ++ 

CCL23 - 

CXCR3a 

CXCL9 ++ CXCL8 - 

CCR2 

CCL2 + CXCL10 ++ CXCL11 ++ 

CCL5 ++ CXCL11 ++ CXCR4? CXCL14 ++ 

CCL7 + 

CXCR3b 

CXCL4 ++ 
 

  

CCL8 + CXCL9 ++ 
   

CCL13 ++ CXCL10 ++ 
   

CCL16 - CXCL11 ++ 
   

CCR3 

CCL4 - 
CXCR4 

CXCL12α ++ 
   

CCL5 ++ CXCL12β ++ 
   

CCL7 + CXCR5 CXCL13 ++ 
   

CCL11 ++ CXCR6 CXCL16 + 
   

CCL13 ++ XCR1 XCL1 - 
   

CCL15 - CX3CR1 CX3CL1 - 
   

CCL24 ++ 

ACKR2 

CCL2 + 
   

CCL26 ++ CCL3 - 
   

CCL28 ++ CCL4 - 
   

CCR4 
CCL17 ++ CCL5 ++ 

   

CCL22 - CCL7 + 
   

 
CCR5 

CCL3 - CCL8 + 
   

CCL4 - CCL11 ++ 
   

CCL5 ++ CCL13 ++ 
   

CCL7 + CCL14 (66 aa) - 
   

CCL16 + CCL14 (72 aa) - 
   

CCR6 CCL20 ++ CCL17 ++ 
   

CCR7 
CCL19 ++ CCL22 - 

   

CCL21 ++ 

ACKR3 

CXCL11 ++ 
   

CCR8 
CCL1 +/- CXCL12α ++ 

   

CCL18 ++ CXCL12β ++ 
   

CCR9 CCL25 ++ 

ACKR4 

CCL19 ++ 
   

CCR10 
CCL27 + CCL21 ++ 

   

CCL28 ++ CCL25 ++ 
   

 

Table 3.2. rSgC SPR 

chemokine screening. 

Table showing positive (++), 
weak positive (+) and 
negative (-) interactions of 
rSgC with different 
chemokines in relation with 
the receptor they interact 
with. (+/-) indicates not clear 
yet. In the case of CXCL14, 
its receptor is still not clear 
as there are contradictory 
reports290,291. 
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In order to understand the possible role of rSgC, we grouped the chemokines 

according to the receptor they interact with (Table 3.2). We noticed that rSgC 

interacted with ligands from a broad range of receptors. Interestingly, approximately 

half of these positive interactors also bind atypical chemokine receptors. 

3.1.6. VZV rSgC enhances chemokine activity 

To address the functional relevance of the interactions between rSgC and the 

different chemokines, we performed chemotaxis experiments using transwell devices. 

We used three different suspension cell lines related to the immune system: the 

human leukemic CD4 T-cell line (Jurkat T-cell) due to the relevance of T-cells in the 

VZV viral cycle, and the monocitic cell lines Monomac-1 (MM1) and THP-1. In order 

to know their reactivity to certain chemokines, we first performed a chemokine 

migration screening at different concentrations. The chemokines where selected 

according to published reports and to their rSgC binding properties. Jurkat T-cells 

migrated towards CXCL12α and CXCL12β (Fig. 3.7A), showing a maximum of 

migration at 6 nM (Fig. 3.7F). When the concentration increased further, the number 

of migrated cells was reduced, indicative of the cells entering the desensitization 

phase. CXCL12α also induced the migration of MM1 cell line (Fig. 3.7B and 3.7C). 

Also, MM1 slightly migrated towards CCL3 and CXCL3 (Fig. 3.7B). Finally, THP-1 

cell line showed migration towards CCL2, CCL3 and CCL7 (Fig. 3.7D and 3.7E).  
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When we performed chemotaxis experiments in the presence of rSgC, we observed 

that the migration curve of Jurkat T-cells (Fig. 3.8A), MM1 (Fig. 3.8B) and THP-1 

(Fig. 3.8C-E) shifted towards lower concentrations of chemokine. This effect was 

observed in the migration experiments performed with CXCL12α (Fig. 3.8A and 

3.8B), CCL7 (Fig. 3.8C), CCL2 (Fig. 3.8D) and CCL5 (Fig. 3.8E), all of them 

chemokines that interact with rSgC. However, no enhancement of migration was 

observed when we tested rSgC with the negative interactor CCL3 indicating that 
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Figure 3.7. Chemokine migration 

screening of Jurkat, MM1 and THP-1 cells. 

Transwell experiment measuring the 
migration of Jurkat T-cells (A), MM1 (B,C) 

and THP-1 (D, E) towards increasing 
concentrations (5 nM, 10 nM and 20 nM) of 
different chemokines during 1.5 h (A) or 3 h 
(B-E). Migration of Jurkat cells towards 
increasing concentrations of CXCL12α during 
1.5 h (F). Plots show one representative 
assay out of at least three for Jurkat and two 
for MM1 and THP-1 performed in triplicate. 
Error bars represent standard deviation.  
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Figure 3.8. Migration of different cell lines in 

the presence of rSgC. Transwell experiments 
showing the migration of Jurkat (A) and MM1 
(B) cells towards increasing concentrations of 
CXCL12α in the presence or absence of rSgC. 
Transwell experiments showing the migration 
of THP-1 in response to CCL7 (C), CCL2 (D), 
CCL3 and CCL5 (E) alone or together with 
rSgC. All experiments were performed with a 
molar ratio of 1:200 (ck:rSgC). rSgC alone was 
used to determine the chemotactic properties 
of rSgC. In all graphs the number of migrated 
cells is plotted versus the chemokine 
concentration. Plots show one representative 
assay performed in triplicate out of at least 
three independent experiments (A, B, D, E) 

and one independent experiment (C). Error 
bars represent standard deviation. *P<0.05; 
**P<0.005; ***P<0.0005. 

 

interaction between the chemokine and rSgC is required for this activity (Fig. 3.8E). 

This occurred despite THP-1 being as responsive to CCL3 as to CCL5. These results 

show that rSgC potentiates chemokine activity and that interaction with the 

chemokine is required, as is the case for rSgG from HSV-1 and HSV-2215.  
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The chemokine activity of low binders (+) such as CCL7 or CCL2, was also 

enhanced by rSgC resulting in higher migration of THP-1 cells (Fig. 3.8C and 3.D), 

confirming therefore that rSgC interacts with these analytes. No difference in rSgC 

activity was observed when comparing the results obtained with chemokines from the 

CC- and CXC- subfamilies bound by rSgC. Enhancement of migration was rSgC 

dose-dependent (Fig. 3.9A) and protein denaturalization with proteinase K (Fig. 3.9A) 

resulted in no enhancement of migration, indicating that the enhancement was not 

due to a non-proteinaceous contaminant like LPS (Fig. 3.9A).  

 

 

 

 

 

 

 

Enhancement of migration was not observed when PRV rSgG, a vCKBP with 

inhibitory chemokine activity was used214,237 (Fig. 3.9B). PRV rSgG was expressed 

and purified using the same methodology as for rSgC, showing that the employed 

methodology was not responsible for the enhancement of chemokine activity 

observed with rSgC. Finally, rSgC alone did not induce chemotaxis, indicating that 

enhancement of chemokine activity was probably not due to rSgC signaling 

independently through another receptor (Fig. 3.8 and 3.9B). 
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Figure 3.9. Migration of Jurkat T-cells in the presence of rSgC. rSgC-dose dependent 
chemokine enhancement following a ratio chemokine:rSgC of 1:33, 1:66 and 1:270. rSgC 
activity can be neutralized by degrading rSgC with proteinase K (A). Enhancement of 
CXCL12α activity is specific for rSgC but not PRV rSgG (molar ratio of ck:vCKBP of 1:200). 
rSgC and PRV rSgG alone were used as controls (B). Plots show one representative assay 
performed in triplicate out of at least two independent experiments (A, B). Error bars 
represent standard deviation. *P<0.05; **P<0.005; ***P<0.0005. 



103 

 

3.1.7. VZV rSgC increases the migration of primary human tonsillar leukocytes 

by enhancing chemokine activity 

As previously described, VZV enters the host through the respiratory tract and 

replicates in epithelial cells, in close proximity to the tonsils, one of the secondary 

lymphoid tissue where VZV may infect leukocytes, mainly T cells. These infected T  

cells express activation, memory and skin markers and its migration capability is not 

affected by the infection4,5,236. In fact, using the severe combined immunodeficiency 

mouse model with human skin grafts (SCID hu-mice), it has been reported that these 

infected T cells travel to the skin where they mediate the infection of epithelial cells 

resulting in the characteristic varicella rash247. Due to the important role of these cells 

in the context of VZV infection and spread, and to determine whether the results 

obtained with cell lines could be reproduced using primary human cells of key 

importance in VZV biology, we performed chemotaxis assays with primary human 

tonsillar leukocytes. First we addressed the chemokine reactivity of these cells by 

performing a chemotactic experiment with several chemokines at different 

concentrations (Fig. 3.10A).  
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Figure 3.10. Chemokine migration of primary tonsillar cells in the presence of rSgC. 

Chemokine response screening of primary tonsillar leukocytes showing their ability to 
migrate in response to increasing concentrations of CXCL12α (5, 10 and 20 nM) (A). The 
migration curve of primary tonsillar leukocytes in response to CXCL12α shifted to the left in 
the presence of rSgC following a molar ratio of ck:rSgC of 1:200 (B). Plots show one 
representative assay performed in triplicate out of at least two (A) and three (B) independent 
experiments. Error bars represent standard deviation. *P<0.05; **P<0.005; ***P<0.0005. 
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This experiment revealed that CXCL12α induced the migration of primary human 

tonsillar leukocytes (Fig. 3.10A). Next, we addressed rSgC activity in migration 

experiments using CXCL12α with the primary human tonsillar leukocytes. Similar to 

the experiments with the cell lines, the results showed that rSgC enhanced 

chemokine activity when compared to the CXCL12α alone control (Fig. 3.10B), 

suggesting that rSgC is a novel vCKBP that enhances chemokine activity. These 

results are in strong concordance with the previously described VZV model and 

indicate that VZV may modulate the cell migration capability to spread systemically. 

3.1.8. VZV rSgC binds to the cell surface through a GAG-dependent interaction 

Since some of the vCKBP also have high affinity for GAGs due to their relevant role 

in tuning the chemokine gradient, we addressed whether VZV gC also interacted with 

GAGs, as does its homologue in HSV34. To answer this question, we performed a 

cell surface binding experiment using the CHO-K1 cell line and the GAG-deficient 

mutants CHO-pgsA745 (CHO-745), CHO-pgsB-618 (CHO-618) and CHO-pgsD677 

(CHO-677)223-225,248 (table 3.3). 

Type Mutation Deficient Activity GAGs phenotype 

CHO-K1 none none Wild type 
pgsD-677 N-acetylglucosaminyltransferase 

and glucuronyltransferase 
deficient activity 

Heparan and chondroitin 
sulphate syntesis 

Heparan and 
chondroitin sulphate 

deficient 
pgsB-618 galactosyltransferase I deficient Cannot transfer the first 

galactose (second sugar) in 
the GAG synthesis 

No GAGs 

pgsA-745 xylosyltransferase deficient Cannot transfer the first 
sugar in the GAG synthesis 

No GAGs 

 

 

CHO-K1 and GAG-deficient mutant cells were incubated with purified rSgC at 4°C 

Next, cells were washed and cell surface binding was measured by FACS. As 

Table 3.3. Brief description of the CHO cell lines (wild type and GAG-deficient mutants) used 
in this project. 
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positive and negative controls, we used rSgG from HSV-2 and M3 from MHV68, 

respectively208,216. Interestingly, rSgC bound to the cell surface of CHO-K1 but not to 

the GAG-deficient CHO-618, CHO-677 and CHO-745 cell lines (Fig. 3.11), indicating 

that rSgC interaction with the cell surface required GAG expression.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To confirm whether rSgC bound GAGs we carried out a pull-down experiment using 

heparin beads and rSgC present in insect cell supernatant. rSgC bound to the 

Figure  3.11. Interaction of rSgC 

with the cell surface is mediated 

by GAGs. FACS histograms 
showing the interaction of 100 ng 
of purified protein VZV rSgC, 
HSV-2 rSgG (positive control) and 
MHV-68 M3 (negative control) 
with the cell surface of CHO-K1 
wild type cell line and the GAG-
deficient mutants CHO-618, CHO-
677 and CHO-745. In black CHO-
K1 cells incubated with PBS. In 
red CHO-K1, CHO-618, CHO-677 
and CHO-745 incubated with the 
protein. Cells were washed 
extensively prior to antibody 
detection. Protein binding to cell 
surface was detected using a 
mouse anti-his tag antibody 
followed by incubation with a goat 
anti-mouse alexa fluor 488 
conjugated antibody. Dead cells 
were labelled with 7AAD and 
discarded when gating. One 
representative experiment out of 
at least three independent 
experiments is shown. 

CHO-K1 
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CHO-745 

M3 rSgC rSgG 
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heparin beads –but not to beads lacking heparin- in an specific manner, as binding 

was competed by adding soluble heparin (Fig. 3.12A). VZV rSgB and rSgI were used 

as a positive30,216 and negative controls respectively.  

 

 

 

 

 

 

 

 

 

All proteins used as controls were also expressed in insect cells and present in insect 

cell supernatant. To determine whether the interaction between rSgC and heparin 

was direct we performed SPR using biotinylated heparin coupled on a SA chip and 

running purified rSgC as an analyte (Fig. 3.12B). rSgC bound to immobilized heparin 

indicating a direct interaction that could be competed by adding increasing amounts 

of soluble heparin, confirming the specificity of the reaction.  

3.1.9. Identification of functional domains within VZV gC 

VZV gC ectodomain has two remarkable domains according to its amino acid 

sequence. At the N-terminal region there is the repeated sequence R2D, that consist 
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Figure 3.12. Interaction of rSgC with heparin. Western blot showing the interaction of 
rSgB (top blot), rSgC (middle blot) and rSgI (bottom blot) with heparin beads using an anti-
his tag antibody. rSgB and rSgI were used as positive and negative controls, respectively. 
Binding was competed by adding soluble amounts of heparin (0.1, 0.5, 1 and 2 mg). One 
representative experiment out of at least three independent experiments is shown. 
Molecular weight in kDa (A). Graph showing the interaction of rSgC with biotinylated heparin 
on a SA chip. Binding was competed by adding soluble heparin (B). Abbreviations: gp, 
glycoprotein; Hep, Heparin; RU, response units.  
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of a tandem repeat of fourteen amino acids (TSAASRKPDPAVAP)82, whose number 

of repetitions varies among different viral strains. The VZV Dumas, pOka and HJO 

strains used in this project contains seven and a half repetitions and the function of 

this region is still unknown (Fig. 3.13).  

 

 

 

 

 

 

 

By contrast, in the C-terminal region of the protein two immunoglobulin-like domains 

(IgD) are predicted when using the software products Superfamily 1.75; Interproscan 

5 and Phyre2. Immunoglobulin domains are normally involved in protein-protein 

interaction, including many related with immune system activities. To determine the 

relevance of each domain in rSgC activity, two truncated forms of rSgC, containing 

either the R2D (amino acids 23–151) or the IgD (amino acids 140–531), were 

expressed and purified using the same protocol as used for rSgC (Fig. 3.13). Like 

rSgC, all constructs were tested in GAG-binding experiments, SPR technology and 

chemotaxis experiments. 

 

 

Figure 3.13. Schematic representation of full-length gC, showing the repeated domain 

and the immunoglobulin-like domains, and the two generated deletion constructs. 
The amino acid sequence of the repeated domain is shown. The numbering corresponds to 
amino acids in gC (Dumas strain). In all constructs the signal peptide of gC was substituted 
by that of honeybee melittin. All constructs contain an N-terminal histidine tag to facilitate 
purification by affinity chromatography. Abbreviations: SP, signal peptide; HM, honeybee 
melittin; TMB, transmembrane domain; CD, cytoplasmic domain; His, Histidine tag; 
Repeated D, repeated domain; Ig, immunoglobulin. 

Repeated 
Domain 
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3.1.9.1. Expression and purification of R2D and IgD 

The IgD and R2D regions were amplified by PCR 

using as template the VZV Dumas strain DNA. Both 

amplimers were cloned in pFastBac-Mel using NarI 

and KpnI restriction sites resulting in a construct 

containing the coding sequence of these gC 

domains downstream the honeybee melittin signal 

peptide sequence and a his tag under the control of 

the polyhedron promoter and flanked by the 

transposon regions Tn7R and Tn7L. As performed 

with ORF14 ectodomain, both constructs were 

transformed in DH10Bac in order to generate a 

recombinant baculovirus bacmid whose transfection 

in Hi5 cells generated two recombinant 

baculoviruses expressing the R2D or IgD domain, 

respectively (Fig. 3.14A). Following the same 

protocol used with rSgC, both recombinant 

baculoviruses were amplified, titrated and used to 

infect a large culture of Hi-5 insect cells in order to 

express both protein domains and purify them (Fig. 

3.14B).  

3.1.9.2. VZV gC IgD interacts with chemokines 

The purified truncated forms (R2D and IgD) of gC ectodomain were independently 

coupled on CM4 Biacore chips using the same protocol as for rSgC and an SPR 

chemokine binding screening was performed. 
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Figure 3.14. Expression of the 

two gC deletion constructs 

used in this study. Western 
blot showing the expression of 
rSgC and the two deletion 
constructs R2D and IgD in the 
supernatant of baculovirus-
infected Hi-5 insect cells 
following transfection of 
pFastBac-Mel-His-Tag 
rSgC/R2D/IgD VZV using a 
mouse anti-his tag antibody (A). 
SDS-PAGE and Coomassie 
staining showing the final 
purified IgD (left panel) and R2D 
(right panel) deletion mutants 
(B). Molecular weight in kDa. 
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Figure 3.15. IgD SPR chemokine screening. Dot-graph showing the interaction and 
stability of the CCL- chemokine family with IgD using SPR technology. The red dot 
shows the mock control. Abbreviations: RU, response units. 
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 Figure 3.16. IgD SPR chemokine screening. Dot-graph showing the binding and 
stability values of the chemokine families CXCL-, CX3CL- and C- with IgD, using SPR 
technology. The red dot shows the mock control. Abbreviations: RU, response units. 
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Receptor Chemokine IgD Receptor Chemokine IgD Receptor Chemokine rSgC 

CCR1 

CCL3 - 

CXCR1 

CXCL5 - 

ACKR1 

CCL2 + 

CCL4 - CXCL6 ++ CCL5 ++ 

CCL5 ++ CXCL8 - CCL7 + 

CCL7 + 

 
CXCR2 

CXCL1 ++ CCL11 ++ 

CCL8 + CXCL2 ++ CCL13 ++ 

CCL13 ++ CXCL3 - CCL14 (66 aa) - 

CCL14 (66 aa) - CXCL5 - CCL14 (72 aa) - 

CCL14 (72 aa) - CXCL6 ++ CCL17 ++ 

CCL15 - CXCL7 - CXCL5 - 

CCL16 - CXCL8 - CXCL6 ++ 

CCL23 - 

CXCR3a 

CXCL9 ++ CXCL8 - 

CCR2 

CCL2 + CXCL10 ++ CXCL11 ++ 

CCL5 ++ CXCL11 ++ CXCR4? CXCL14 ++ 

CCL7 + 

CXCR3b 

CXCL4 ++ 
 

  

CCL8 + CXCL9 ++ 
   

CCL13 ++ CXCL10 ++ 
   

CCL16 - CXCL11 ++ 
   

 
CCR3 

CCL4 - 
CXCR4 

CXCL12α ++ 
   

CCL5 ++ CXCL12β ++ 
   

CCL7 + CXCR5 CXCL13 ++ 
   

CCL11 ++ CXCR6 CXCL16 + 
   

CCL13 ++ XCR1 XCL1 - 
   

CCL15 - CX3CR1 CX3CL1 - 
   

CCL24 ++ 

ACKR2 

CCL2 + 
   

CCL26 ++ CCL3 - 
   

CCL28 ++ CCL4 - 
   

CCR4 
CCL17 ++ CCL5 ++ 

   

CCL22 - CCL7 + 
   

CCR5 

CCL3 - CCL8 + 
   

CCL4 - CCL11 ++ 
   

CCL5 ++ CCL13 ++ 
   

CCL7 + CCL14 (66 aa) - 
   

CCL16 - CCL14 (72 aa) - 
   

CCR6 CCL20 ++ CCL17 ++ 
   

CCR7 
CCL19 ++ CCL22 - 

   

CCL21 ++ 

ACKR3 

CXCL11 ++ 
   

CCR8 
CCL1 + CXCL12α ++ 

   

CCL18 ++ CXCL12β ++ 
   

CCR9 CCL25 ++ 

ACKR4 

CCL19 ++ 
   

CCR10 
CCL27 + CCL21 ++ 

   

CCL28 ++ CCL25 ++ 
   

 

Table 3.4. IgD SPR 

chemokine screening. 

Table showing positive (++), 
weak positive (+) and 
negative (-) interactions of 
IgD with different 
chemokines. In the case of 
CXCL14, its receptor is still 
not clear as there are 
contradictory reports290,291. 
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SPR chemokine binding screening showed that IgD interacted with a broad range of 

chemokines in a similar way as rSgC (Fig. 3.15, 3.16 and 3.17). As mentioned before 

(3.1.4. “VZV rSgC binds chemokines with high affinity”) it was not clear whether some 

chemokines (i.e., CCL1) interacted with rSgC. When CCL1 was tested with IgD, a 

clear positive interaction was observed, whereas the negative interactors (i.e., CCL3) 

remained negative.  In contrast, R2D did not bind chemokines. However, when the 

R2D-containing chip was tested later low binding for some chemokines was observed 

(not shown). This binding increased with time (something not observed for IgD or 

rSgC, where negative interactors remained negative) and was probably due to 

protein aggregation or precipitation, something characteristic of proteins containing 

repeated sequences. Most of the positive interactions showed similar kinetics than 

the ones obtained with rSgC (Table 3.1 and table 3.4), indicating that the IgD is 

responsible for chemokine interaction.  

Chemokine Binding Ka (1/Ms) Kd (1/s) KD (M) t(1/2)s 

CXCL12α ++ 1.26E+07 0.001601 1.27E-10 432.8545 
CXCL13 ++ 2.64E+06 0.001496 5.67E-10 463.2353 

CCL2 + 2.14E+05 0.001297 6.05E-09 534.3099 
CCL13 + 1.30E+07 0.003887 2.99E-10 178.2866 
CCL19 + 1.37E+07 0.001608 1.18E-10 430.9701 
CCL3 - n.d. n.d. n.d. n.d. 

CCL15 - n.d. n.d. n.d. n.d. 
CX3CL1 - n.d. n.d. n.d. n.d. 

 

 

 

3.1.9.3. VZV rSgC R2D is required for GAG interaction 

To determine which of the rSgC domains interacts with GAGs, we repeated the cell 

surface experiment using the CHO-K1 and CHO-618 cells. Cells were incubated with 

Table 3.4. Kinetic parameters for some of the positive interactors. Positive analytes 
were interacting with IgD with high affinity. Abbreviations: Ka (1/Ms), association rate 
constant; Kd (1/s), dissociation rate constant; KD, dissociation constant; t(1/2)s, complex 
half-life time; (++), positive; (+), positive but low binder; (-), negative; n.d., not determined. 
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purified M3, rSgC and its truncated forms R2D and IgD at a concentration of 1.5 µM. 

M3 and rSgC were used as negative and positive controls, respectively208, and cell 

surface binding was analyzed by FACS. Results showed that the R2D was required 

for GAG interaction as IgD did not interact with the cell surface of the CHO-K1 (Fig. 

3.17).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.17. Interaction of rSgC 

with GAGs is mediated by R2D. 

FACs histograms showing the 
interaction of purified protein rSgC 
(positive control), R2D, IgD and 
MHV-68 M3 (negative control) with 
the cell surface of CHO-K1 wild 
type cells (left panels) and the 
GAG-deficient cells CHO-618 (right 
panels). In black CHO-K1 cells 
incubated with PBS. In red CHO-K1 
and CHO-618 incubated with the 
protein. Protein binding to the cell 
surface was detected using a 
mouse anti-his tag antibody and 
goat anti-mouse alexa fluor 488 
conjugated antibody. Dead cells 
were labelled with 7AAD and 
discarded when gating. One 
representative experiment out of 
three independent experiments is 
shown. 
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Also, R2D still showed cell surface binding, although reduced when compared to the 

full ectodomain rSgC. This interaction was not observed when the construct was 

tested with the GAG-deficient cell line CHO-618 (Fig. 3.17), indicating that GAGs 

mediate this process. 
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3.2. Charaterization of the role of gC in the context of VZV infection 

3.2.1. Insights on a possible secreted version of gC during VZV infection 

Although is not a feature described for all vCKBP, some of these proteins express 

soluble isoforms, presumably in order to act not only locally but in other cells as well. 

A good example of this phenomenon is HSV gG. In this case, HSV-1 and HSV-2 

encode for gG, a type I transmembrane protein located at the plasma membrane of 

infected cells and at the viral particle237. However, gG from HSV-2 has a soluble form 

produced when the ectodomain is cleaved by an unknown mechanism, releasing an 

N-terminal fragment responsible for chemokine binding, to the extracellular 

medium220. On the contrary, HSV-1 gG does not produce a soluble form and its 

ectodomain is responsible for chemokine interaction237. In order to address whether 

VZV gC has a soluble isoform, we characterized the expression of gC during 

infection. MeWo cells were infected with VZV pOka or HJO strain and cell lysate and 

supernatant were collected at different times points and analyzed by western blotting. 

ORF14 expression was detected in the cell lysate at 48, 72 and 96 hpi. In some 

experiments, gC was weakly detected in the supernatant at late time points although 

it was difficult to reproduce these results under the conditions used in the experiment. 

In some occasions, the band was more clear while in other experiments we had to 

increase the green channel intensity in order to see gC in the supernatant (Fig. 3.18). 

At the same time, a weaker band was also detected in the mock with a similar 

molecular weight even when the cells were not presenting any cytopathic effect. 

Therefore, it is difficult to confirm that the band detected in the supernatant of 

infected cells was gC (Fig. 3.18). 
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Normally, we cultured the cells in DMEM containing 10% FBS (complete medium). In 

some experiments the presence of BSA complicated the visualization of gC which 

runs at a similar pace. In order to try to visualize properly gC in the supernatant, we 

cultured the cells in FBS-free medium (EX-VIVO15) (not shown) or FBS-reduced 

medium (Opti-MEM) (Fig. 3.18). However, this affected the virus spread as syncytia 

were smaller when compared to cells infected using complete medium. To solve this 

handicap, we performed a heparin pull-down assay with the 96 hpi supernatant from 

mock or VZV HJO MeWo infected cells using heparin beads. The western blot of the 

heparin pull-down revealed the presence of gC in the supernatant at late time points 

Figure 3.18. Expression 

of gC in VZV infected 

cells. Western blot of 
Mock (upper pannels) 
and VZV HJO infected 
MeWo cells (bottom 
pannels) to detect the 
expression of gC in the 
supernatant (middle and 
right pannels) and cell 
lysate (left pannels) after 
48, 72 and 96 hpi. The 
green channel from the 
supernatant blot was 
enhanced using ImageJ 
(Right panels). VZV gC 
was detected with a 
mouse anti gC R2D 
antibody. Abbreviations: 
CE, cell extract; SN, 
supernatant. Pictures 
from one representative 
experiment out of three 
independent 
experiments. Molecular 
weight in kDa. 
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of infection as well as its interaction with heparin in the context of infection as shown 

with the purified rSgC (Fig. 3.19).  

 

At the same time, as we were not sure whether there were alternatives forms of gC 

that our antibody may not recognize, we infected MeWo cells with the pOka-HA-gC 

BAC-derived VZV strain, kindly provided by Benedikt B. Kaufer, and analyzed gC 

expression in cell lysate and supernatant by western blotting using a rabbit anti-HA 

tag and a mouse anti-gC antibody. To improve the conditions to visualize the gC 

bands in the supernatant as well as a proper virus spread and gC expression, we 

infected the cells using complete medium and collected the supernatant and cell 

lysates at 48, 72 and 96 hpi. Alternatively, we substituted the complete medium for 

EX-VIVO15, 48 hours post infection, when syncytia were large and the virus had 

spread throughout the culture. The western blot showed expression of gC at late 

times post-infection, showing a band around 75 kDa positive for both antibodies 

being in this occasion a bit higher than the one detected in HJO. (Fig. 3.20A and 

3.20B; red arrow). Also, in this occasion two extra, different HA-positive bands of 

(100 kDa and 50 kDa) were detected in the cells cultured with the complete media 

(Fig. 3.20A), while in cells incubated with EX-VIVO15 only the extra 100 kDa band 

was detected (Fig. 3.20B). Only the 100 kDa HA positive band was detected in the 

supernatant.  

75 

50 
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250 

30 

Figure 3.19. Heparin pull-down of gC from VZV infected cells. 

Western blot following heparin pull-down of gC from the 
supernatant of VZV HJO infected MeWo cells after 96 hpi with 
complete medium. gC was detected using a mouse anti-gC 
antibody. One representative experiment out of two independent 
experiments is shown. Molecular weight in kDa. 
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The fact that these HA-positive bands are not detected with the anti-gC antibody 

suggests that they lack the R2D as this is the antigen recognized by this antibody. 

Therefore, these results suggest the possible existence of a post translationally 

modified gC or an alternative splicing of the gene that encodes for this protein, giving 

different isoforms of the same protein with different molecular weights, and possibly 

producing a soluble isoform (Fig. 3.20).  
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Figure 3.20. Expression of gC in VZV infected cells. Western blot of VZV pOka-HA-gC 
infected MeWo cells cultured with complete medium (A) or EX-VIVO15 medium after 48 
hpi (B). Panels show the expression of HA-gC in cell extract (CE) and supernatant (SN) at 
48, 72 and 96 hpi. In both cases detection was performed with a mouse anti-gC antibody 
(green) and a rabbit anti-HA tag antibody (red). Yellow indicates co-localization of both 
antibodies (red arrow). Molecular weight in kDa. 
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3.2.2. Investigation on the possible existence of gC splice variants 

Due to our latest results with VZV pOka-HA-gC, we addressed whether an alternative 

splicing in ORF14 was responsible of the different HA-positive bands. An alternative 

splicing has been also described in the gC homologue gene of HSV-1 and 2, a 

protein with a 30% amino acid identity with VZV gC that interacts and inhibits the 

complement element C3b77. Lenka Sedlackova showed in her study that HSV-1 gC 

has a soluble isoform produced by an alternative splicing that changes the C-terminal 

region resulting in a secreted version of HSV gC80. To answer this question, the 

ORF14 and the adjacent gene ORF13 sequences of VZV HJO and Dumas strains 

were used with the NNSPLICE 0.9 predictor software from the Berkeley Drosophila 

Genome Project webpage. This software predicted the existence of two donor and 

three acceptor splice sites with high significance (Fig. 3.21).  

 

 

 

 

 

 

Figure 3.21. Schematic representation of predicted spliced donor and acceptor sites in 

VZV ORF14 and at the 3’ end of ORF13. Diagram showing the splice sites predicted by 
NNSPLICE 0.9 Software in ORF14. Note that the genes are represented in the orientation 
present in the VZV genome and the gC protein is represented accordingly, in a C-terminus to 
N-terminus orientation. In red the donor splicing sites and in green the acceptor splicing sites 
are shown, with the base pair and the score numbers indicated. Above each prediction site 
the predicted score is represented. Abbreviations: CD, cytoplasmic domain; TMB, 
transmembrane; Ig, immunoglobulin; bp, base pair; aa, amino acid. 

Score: 
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To confirm the existence of these predicted splice sites, RNA was extracted from 

infected MeWo cells at 72 and 96 hpi and RT-PCR was performed. The results 

obtained when using primers amplifying only ORF14 showed a higher band 

corresponding to the expression of the full gene, but also a lower band (Fig. 3.22). 

When we used primers encompassing ORF14 together with the adjacent gene 

ORF13, again two bands were detected, although their expression was very weak. 

These results may indicate the existence of different mRNAs and therefore there is 

the possibility that a splice variant without a transmembrane domain exists (Fig. 

3.22).  

 

 

 

 

These bands were purified, cloned and their sequence was analyzed. The resulting 

sequence contains the ORF14 gene lacking the R2D domain, suggesting that 

splicing took place between the first predicted donor site and an acceptor site not 

predicted by NNSPLICE 0.9, and localized 132 bp downstream the first predicted 

acceptor site. The rest of the sequence was identical to ORF14, including the region 

that encodes for a transmembrane domain and the codon stop, suggesting that the 

newly identified spliced isoform is not secreted (Fig. 3.23).  

Figure 3.22. Detection of two mRNAs variants in ORF14 gene. PCR amplification of total 
RNA or cDNA obtained following RT, showing the expression of β-actin (positive control) 
(left panel) and two different mRNAs in ORF14 gene, one inside OR14 (middle panel) and 
one reaching ORF13 coding sequence (right panel). White arrow, mRNA variant; red arrow, 
full mRNA. 
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Something to remark is that the full sequence was also lacking some repeats. It has 

been described that depending on the VZV strain, the number of repeats in R2D may 

variate249. In our case, according to HJO genome, gC must have seven and a half 

repeated regions, the same that VZV Dumas strain. However, in our results we have 

only detected two and a half. Although we cannot discard that our particular HJO 

isolate is lacking some repeats, something to take into account is the derived 

complications of repeated sequences in PCR. It has been described that repeated 

tandems are problematic in PCR due to their high probability of recombination which 

leads to repeat deletions250. Actually, during our VZV Dumas gC cloning process, we 

noticed the existence of several clones with differences in the number of repetitions 

in this region, being sometimes particularly complicated to obtain the full protein. 

However, we have never obtained a protein lacking the full R2D during cloning. 

Because of this reason, we think that the clones showing lower number of repeats 

obtained from the upper band are caused by PCR complications while the clones 

where non-existence of the R2D was confirmed, is caused by an splicing process. 

Something that supports also this last theory is that the clones without R2D were 

always lacking the same sequence while the clones lacking some repeats were 

showing a random pattern (Fig. 3.23).  

 

 



122 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.23. Representation of the observed spliced variants. Diagram showing the 
confirmed splicing sites (black) and the predicted splicing sites by NNSPLICE 0.9 Software in 
ORF14, being red the donor splicing sites and green the acceptor splicing sites. gC with the 
confirmed splicing site has been represented lacking the R2D. Note that the genes are 
represented in the orientation present in the VZV genome and the gC protein is represented 
accordingly, in a C-terminus to N-terminus orientation (A). Amino acid sequence predicted 
from the cDNA sequence obtained previously in RT-PCR using the ORF14 and ORF13 
primers (Fig. 3.22, right panel). The upper sequence corresponds to the upper band from the 
RT-PCR while the bottom sequence is the bottom band from the RT-PCR. Green represents 
the signal peptide, red the transmembrane domain and grey the spliced region. The asterisks 
indicate the presence of the stop codon (B). Abbreviations: CD, cytoplasmic domain; TMB, 
transmembrane; Ig, immunoglobulin; bp, base pair; aa, amino acid. 

B 

A 



123 

 

3.2.3. Characterization of a gC-GFP and gC-deletion-GFP reporter VZV pOka 

virus  

To further characterize gC expression and activity in the context of infection, we used 

two recombinant VZV pOka viruses that were generated and kindly provided by 

Carina Jürgens with the supervision of Dr. Kai A. Kropp in our laboratory using BAC 

technology and en passant mutagenesis (see materials and methods). A monomeric 

green fluorescent protein (mGFP) reporter gene was introduced in the viral genome 

of both viruses between the 19352 bp and the 20071 bp. In one case fused to the C-

terminal region of gC (pOka-gC-mGFP) and in the other case substituting the gC 

gene for mGFP gene (pOka-∆gC-mGFP) (Fig. 3.24A). This latter virus was 

previously described251.  

These viruses were characterized at different levels. Recombinant genomes were 

subjected to restriction analysis (not shown). Digested DNA was run in a 0.5% 

agarose gel and digestion pattern was compared with the one predicted by Clone 

Manager Professional 9 Software. Next, viral DNA was sequenced by Akshay 

Dhingra (Institute of Virology, MHH) using next generation sequencing with an 

Illumina MySeq sequencer. The sequencing showed no alterations in the VZV 

genome with the exception of the mutations introduced by Carina Jürgens. These 

results can be found in Carina’s thesis227. Finally, Dr. Kai A. Kropp showed that the 

introduction of the mutations in the VZV genome did not hinder the replication 

kinetics of the pOka-∆gC-mGFP virus when compared to the parental one. The 

results of these experiments are published in González-Motos et al., 2016251. 
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gC expression was detected in ARPE19 cells infected with VZV pOka-gC-mGFP 

using a mouse anti-gC and a mouse anti-GFP antibody. Lack of gC expression in the 

pOka-∆gC-mGFP was demonstrated by western blot. Bands corresponding to gC 

(approx. 75 kDa) and gC-GFP (approx. 100 kDa) were observed with the anti-gC 
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Figure 3.24. Generation and characterization of recombinant viruses lacking gC 

expression or expressing gC-GFP. Schematic representation of the VZV pOka genome 
showing the location of ORF14 within the UL region and the two recombinant viruses 
generated (A). Western blot of ARPE19 cell lysates at 96 hpi with VZV pOka wild type or the 
two VZV mutants pOka-gC-mGFP and pOka-∆gC-mGFP. gC and GFP were detected using 
a mouse anti gC R2D antibody and mouse anti GFP antibody, respectively. Detection of gE 
expression was used as a loading control to show similar levels of another VZV protein in 
the mutated viruses. Molecular weight is shown in kDa (B). Abbreviations: UL, unique long 
region; US, unique short region; mGFP, monomeric green fluorescent protein; bp, base 
pairs. 
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antibody in the cell lysates of cells infected with the wild type pOka and pOka-gC-

mGFP viruses, respectively. When an anti-GFP antibody was used GFP was 

detected at approximately 30 kDa in the pOka-∆gC-mGFP sample, whereas in the 

cells infected with pOka-gC-mGFP three bands of approx. 35, 150 and 250 kDa were 

detected. This result may indicate that gC-GFP is subjected to some protein cleavage 

or posttranslational modification that we cannot explain. In contrast, cells infected 

with VZV pOka-∆gC-mGFP only expressed mGFP (Fig. 3.24B).  

Expression of gC was also observed by immunofluorescence when using MeWo cells 

infected with VZV pOka-∆gC-mGFP and VZV pOka-gC-mGFP. Infected cells showed 

massive syncytia formation at 48 h post infection (Fig. 3.25) with a ring-shape nuclei 

arrangement (not shown)251.  

GFP expression could be observed at 48 hours post infection with the recombinant 

viruses. Cells infected with VZV pOka-∆gC-mGFP, showed GFP expression 

distributed uniformly along all syncytia while, in contrast, cells infected with VZV 

pOka-gC-mGFP, showed GFP expression at the center (Fig. 3.25 red arrow)  and 

cell membrane of syncytia (Fig. 3.25, white arrow). Our data corroborate previous 

studies showing that gC is expressed at the plasma membrane of infected cells242.  
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3.2.4. gC present in VZV cell free virus enhances chemokine activity  

To determine the function of VZV gC in the context of infection, we first used in 

migration experiments with Jurkat cells, supernatant from non-infected or WT pOka 

or pOka-∆gC-mGFP infected MeWo cells. However, we observed that the 
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Figure 3.25. Expression of gC in VZV infected cells. Fluorescence pictures showing the 
expression of mGFP or gC-mGFP in MeWo infected cells with VZV pOka-∆gC-mGFP or 
VZV pOka-gC-mGFP. Below the fluorescence pictures DIC is shown. Scale bar: 100 µm. 
White arrow indicates cell membrane while red arrow indicates center of syncytia. One 
representative experiment out of three is shown. 
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supernatant from non-infected cells enhanced chemokine activity through unknown 

factors (Fig. 3.26).  

 

 

 

 

 

 

 

 

 

We tried also reducing the FBS to 2% and with FBS-reduced and FBS-free medium 

such as Opti-MEM or EX-VIVO15, respectively. As before, VZV did not spread as 

well in these media as with DMEM 10% FBS. Another problem observed when using 

supernatant from infected cells is that the amount of gC detected in the supernatant 

was always very low. 

In order to find a way to test if gC can enhance chemokine activity in the context of 

the infection, WT pOka and pOka-∆gC-mGFP cell-free virus were purified and 

characterized by western blotting. To this end, we adapted a novel protocol from our 

collaborators Werner Ouwendijk and Georges Verjans (Erasmus Medical Center, 

Rotterdam, The Netherlands; see materials and methods). Results showed gC 

expression in WT pOka cell free virus but not in pOka-∆gC-mGFP. mGFP was 
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Figure 3.26. Jurkat T-cell migration in the presence of supernatants from non-infected 

or infected MeWo cells. Transwell migration experiment of Jurkat T-cells in response to 
0.5 nM of CXCL12α, in the presence of supernatant from mock or VZV pOka (wild type and 
pOka-gC-mGFP or pOka-∆gC-mGFP) infected MeWo cells. Each column represents (from 
left to right) a ten-fold dilution of the supernatant. Error bars represent standard deviation. 
**P<0.005; ***P<0.0005. One representative experiment out of three is shown. 
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detected in this latter virus. However, both viruses expressed gE, which was used in 

this experiment as a loading control (Fig. 3.27A and 3.27C). Cell-free virus was 

further characterized by electron microscopy by Dr. Rudolf Bauerfeind and Anne 

Binz, showing that VZV particles of both viruses (pOka-∆gC-mGFP and pOka WT) 

were similar in shape, size and morphology (Fig. 3.27D). 
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Figure 3.27. Migration of Jurkat T-cells in the presence of cell-free virus. Transwell 
experiment showing migration of Jurkat T-cells in response to increasing concentrations of 
CXCL12α (3 nM and 4 nM), in the presence of cell-free VZV pOka wild type or ∆gC-GFP 
(A). Western blot of cell-free virus showing the expression of gC (B) and gE (B, C) in the 
viral particle using a mouse anti gC R2D and anti gE antibody respectively. Negative 
staining and representative electron microscopy picture of cell-free pOka-WT or pOka-∆gC-
mGFP (VZV WT and VZV ∆gC-mGFP, respectively) subjected to negative staining. Arrows 
point to enveloped virions, arrowheads to capsids (D). Scale bar: 200 nm. Plots show one 
representative assay out of three performed in triplicate. Error bars represent standard 
deviation. *P<0.05; **P<0.005  
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Next, purified WT pOka and pOka-∆gC-mGFP cell-free virus were used in migration 

experiments with Jurkat T-cells in the presence of increasing amounts of CXCL12α. 

The results of this experiment showed that none of the purified virus was chemotactic 

on its own (Fig. 3.27A). This is reminiscent of the results obtained when using 

purified rSgC, which enhanced chemokine activity but was not chemotactic in the 

absence of the chemokine (Fig. 3.8 and 3.9). However, when we performed the 

migration experiment in the presence of the chemokine, an enhancement of 

chemokine migration was observed for both viruses, being this enhancement more 

pronounced when the chemokine was in the presence of the wild type virus than the 

deletion mutant (Fig. 3.27A). These results show that VZV gC enhances chemokine 

activity in the context of the viral particle, but that other unknown factors might be 

involved in this process as pOka-∆gC-mGFP did not lose its chemokine enhancing 

activity completely. 
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3.3. What is the molecular mechanism underlying VZV gC activity 

As described in the introduction, chemokines interact with G protein-coupled 

receptors that upon activation transduce the signal to downstream effector proteins 

that modulate the cell response. Chemokines and chemokine receptors can interact 

with themselves or with other proteins, forming homo and heterodimers that modulate 

chemokine activity, resulting in the enhancement or inhibition of the activity of specific 

chemokines. For example, the heterodimerization of CXCL8 with CXCL4 has been 

described to enchance the migration in the cell line Baf3 (bone marrow-derived pro-

B-cells)252,253. Heterodimerization can also happen between members of different 

chemokine families. For example, the heterophilic interaction of CCL5 with CXCL4 

enhances the arrest of monocytes on the activated endothelium252,254. Enhancement 

of migration results by changes in the sensitivity of the system. For example, it has 

been shown that the heterodimerization of CXCL13 with CCL19 and CCL21 activates 

CCR7, the receptor for CCL19 and CCL21, at lower concentrations, causing an 

enhancement of chemokine acitivity255,256. But in this synergism between chemokines 

and chemokine receptors, there is still third player known as GAGs. Cell surface 

GAGs interact with chemokines and determine their localization, tuning the gradient 

and modulating their homo- and heterodimerization. Depending on the GAG 

population and the GAG-chemokine affinity, different chemokines bind to specific 

tissues depending on the environmental conditions, helping therefore in tuning the 

chemokine response257. GAGs therefore concentrate certain chemokines in some 

regions and mediate the oligomerization of these chemokines and their presentation 

to the receptor. Also, the competition of the chemokines to bind GAGs affects the 

concentrations of free chemokine which subsequently has an impact on the receptor 

activation. One example of this was discovered by Folkert Verkaar, who found that 
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CXCL13 and CXCL12α compete for GAG binding with CCL19, rising the 

concentration of free chemokine, which subsequently could activate more 

receptors258. Therefore, not only the interaction between the chemokine and its 

receptor is important, but also the affinity of the chemokine for GAGs, other 

chemokines and, potentially, other receptors. 

Because of the importance of chemokines, receptors and GAGs, the molecular 

mechanism of several vCKBP are based on them. For example, according to the 

research by Nadia Martinez-Martin216, gG from HSV-1 and 2 increases chemokine 

activity by binding to the cell surface through GAGs and rearranging the lipid raft 

distribution, which interestingly leads to an increase of CXCR4 in GM3-rich 

gangliosides present at the leading edge. This results in a prolonged presence of the 

receptor at the cell surface following chemokine interaction and therefore, a 

sustained signaling. Basically, gG reduces receptor internalization, increasing the 

signaling time and therefore enhancing chemokine activity. It also increases 

chemokine receptor clustering at the plasma membrane and the amount of bound 

chemokine216. In contrast, M3 from MHV-68 binds chemokines through their receptor 

binding pocket, preventing the interaction with the receptor and inhibiting thereby 

chemokine activity194. Similarly, vCKBP-2 expressed by poxviruses also inhibits 

chemokine activity by competing with receptor binding259. Another alternative is the 

suggested mechanism for M-T7, a vCKBP expressed by myxoma virus that binds 

chemokines through the GAG-binding domain preventing the correct chemokine 

localization and therefore disrupting the chemokine gradient202. Therefore, to 

understand the molecular mechanism of VZV gC activity, we first compared gC 

activity with previously described vCKBP in the literature.  
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3.3.1. Interaction with GAGs is not required for enhancement of chemokine 

activity by VZV gC  

As previously described, most of vCKBP have also GAG binding activity and for 

some of them, this is an essential feature to modulate chemokine activity due to the 

relevance of GAGs in chemokine function198,199. The results obtained with the 

truncated constructs of rSgC, allowed us to determine the importance of GAG 

interaction for rSgC activity in vitro, as IgD binds chemokines but not GAGs. To 

address this question, we performed a migration experiment with human leukemic 

CD4 T-cell line Jurkat and increasing concentrations of CXCL12α in the presence of 

rSgC and IgD (Fig. 3.28).  

 

 

 

 

 

 

 

This experiment revealed that, despite the lack of interaction with GAGs, IgD still 

enhanced chemokine activity in vitro as efficiently as rSgC (Fig. 3.28). Nevertheless, 

the relevant role of GAGs in chemotaxis may not be properly reflected when using 

transwell experiments, a phenomenon already shown with some mutated 

chemokines that do not bind GAGs156,157. Whereas these chemokines induced 

Figure 3.28. Jurkat T-cell migration in the presence of rSgC and IgD. Chemotactic 
migration of Jurkat T-cells in response to increasing concentrations of CXCL12α in the 
presence of purified rSgC (positive control) or IgD at a molar ratio (chemokine:protein) of 
1:200. rSgC alone was used as a control. Plot shows one representative assay performed 
in triplicate out of at least three independent experiments. Error bars represent standard 
deviation. ***P<0.0005. 
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migration in vitro they were inactive in vivo. A similar role for GAG interaction has 

been shown for an interferon (IFN) binding protein expressed by vaccinia virus. A 

mutated version of this protein that is deficient in GAG-binding could block IFN 

activity only in vitro but not in vivo 260.  

3.3.2. Enhancement of CXCL12α activity by rSgC depends on the chemokine 

receptor, CXCR4 

As previously described, there are synergistic chemokines. Some of these act 

through independent receptors whose signaling cascades converge resulting in 

enhanced signaling and migration. In this case, chemokine-chemokine interaction is 

normally not required. Therefore, we wondered whether the complex rSgC could 

activate another receptor leading to chemotaxis independent of the chemokine 

receptor. To determine this hypothesis, we first treated the human leukemic CD4 T-

cell line Jurkat with pertussis toxin (PTX) to inhibit GPCR. This treatment inhibited 

migration upon incubation with CXCL12α alone or in presence of rSgC (Fig. 3.29A), 

suggesting that G protein-coupled receptor signaling pathway is required for the 

process.  
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Figure 3.29. Jurkat T-cell migration in the presence of inhibitors. Transwell migration 
experiment of Jurkat T-cells in response to increasing concentrations of CXCL12α (1-2 nM), 
in the presence of 0.1 µg/ml of PTX (A) or 6.3 nM AMD3100 (B) and rSgC following a 
chemokine:rSgC molar ratio of 1:200. Plots show one single experiment performed in 
triplicate. Error bars represent standard deviation. *P<0.05; **P<0.005; ***P<0.0005. 
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To confirm whether the receptor of CXCL12α was involved or whether there were 

other G-protein coupled receptors involved, we treated the cells with AMD3100, an 

antagonist for CXCR4, prior to performing the chemotaxis experiment. As a result, 

again no migration was observed neither with chemokine alone or chemokine with 

rSgC, when CXCR4 was inhibited, indicating that gC chemokine enhancement needs 

CXCR4-induced signaling pathway for its activity and that is not signaling through 

other receptors (Fig. 3.29B). 

Alternatively, after confirming with Biacore that the receptor antagonist Met-CCL5261 

provided by Amanda Proudfoot interacts with rSgC (not shown) and IgD (Fig. 3.30A 

and table 3.5), we incubated THP-1 cells with CCL5 wild type or the receptor mutant 

in the presence or not of IgD with a molar ratio of 1:200 (chemokine:IgD). This 

experiment confirmed that chemokine receptor signaling was required for IgD activity 

as Met-CCL5 showed interaction with IgD in the Biacore (Fig. 3.30A), but no 

migration was observed when incubated with the cells (Fig. 3.30B).  
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Figure 3.30. Signaling through the chemokine receptor but not chemokine 

oligomerization is required for gC activity. Biacore sensorgram showing the interaction of 
CCL5 and the mutants E66A and Met-CCL5 with IgD coupled on a CM4 chip. The kinetic 
difference between the wild type chemokine and the mutants suggests a change in the way 
the chemokine interacts with rSgC/IgD, caused by the modifications introduced on the 
chemokine. The arrow indicates the end of the injection (A). Transwell migration experiment 
of Jurkat T-cells in response to increasing concentrations of CCL5 wild type and the mutants 
E66A and Met-CCL5, in the presence of IgD following a chemokine:IgD molar ratio of 1:200. 
Plot shows one representative assay performed in triplicate out of at least two representative 
experiments (B). Error bars represent standard deviation. *P<0.05; **P<0.005; ***P<0.0005. 
Abbreviations: RU, Response Units; s, seconds. 
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In addition, when we tested the oligomerization mutant CCL5-E66A, which is totally 

active in vitro and interacts with rSgC (not shown) and IgD (Fig. 3.30A and table 3.5), 

we observed chemokine activity enhancement, indicating that chemokine 

oligomerization was not required for IgD chemokine enhancement in vitro (Fig. 

3.30B). 

Due to the slow binding of CCL5 to rSgC, Biacore was not able to calculate with high 

reproducibility the kinetics parameters for this interaction. However, we could 

determine the kinetic parameters for the interaction between CCL5 mutants Met-

CCL5 and CCL5 E66A and rSgC, both showing a faster interaction that the wild type 

chemokine.  

 

 

 

3.3.3. Modulation of CXCR4 internalization by rSgC 

After confirming that the chemokine receptor was involved in rSgC activity, we 

addressed whether rSgC acted in a similar way as HSV rSgG, the only vCKBP 

discovered prior to this work that enhances chemokine activity195. HSV rSgG delays 

the internalization of the chemokine receptor, enhancing its signaling216. To address 

this question, we incubated Jurkat T-cells with increasing concentrations of CXCL12α 

during a constant time in the presence or not of rSgC in a molar ratio of 1:200 and 

detected CXCR4 at the plasma membrane by FACS. 

Chemokine Characteristics Binding Ka (1/Ms) Kd (1/s) KD (M) t(1/2)s 

CCL5 Wild type ++ n.d. n.d. n.d. n.d. 

Met-CCL5 CCR1, CCR3, and 
CCR5 antagonist 

++ 1.170E+7 5.119E-4 4.374E-11 1353.78 

E66A CCL5 Dimeric ++ 6.025E+6 0.001997 3.315E-10 347.02 

Table 3.5. Interaction of CCL5 wild type, Met-CCL5 and CCL5 E66A mutants with rSgC. 
Kinetic parameters of the interaction between rSgC and CCL5 mutants. Abbreviations: Ka 
(1/Ms), association rate constant; Kd (1/s), dissociation rate constant; KD, dissociation 
constant; t(1/2)s, complex half-life time; (++), positive; n.d., not determined. 
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The experiment showed no major changes in receptor internalization when rSgC was 

present (Fig. 3.31A). Similar results were obtained when receptor internalization was 

measured at different time points after incubating the cells with a constant 

concentration of CXCL12α in the presence or not of rSgC in a molar ratio of 1:200 

(Fig. 3.31B). As negative controls M3 from MHV68 and rSgG from PRV were used. 

All results were analyzed by FACs using an anti-CXCR4-PE antibody. These results 

indicate that even when rSgC is acting in a similar way as HSV rSgG, its molecular 

mechanism is not related to the internalization of the receptor, suggesting that more 

than one mechanism may exist to enhance chemokine activity.  
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Figure 3.31. CXCR4 expression at the cell surface of Jurkat T-cells after incubation 
with increasing concentrations (2.5 nM and 5 nM) of CXCL12α during 30 minutes (A) or 
with 5 nM CXCL12α during increasing time intervals (B). In both experiments the effect of 
rSgC was addressed by incubating the chemokine with a molar ratio of 1:200 
(chemokine:rSgC). As negative controls M3 (A) and PRV rSgG (A, B) were used at the 
same molar ratio as rSgC. CXCR4 was detected with a mouse anti-CXCR4-PE conjugated 
antibody and PE signal was measured by FACS.  
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Figure 3.32. Interaction of 

CXCL12α with cell surface. 

FACS histograms showing the 
interaction of alexa fluor 647 
fluorescently-tagged 
CXCL12α in the presence of 
purified rSgC at a molar ratio 
of chemokine:rSgC 1:200 with 
the cell surface of Jurkat T-
cells. One representative 
experiment out of three 
replicates is shown. 

 

3.3.4. Modulation of chemokine binding to the cell surface 

As an alternative hypothesis, we wondered whether gC modulated the interaction of 

the chemokine with GAGs or the chemokine receptor, displacing or increasing 

therefore the amount of chemokine bound on the cell surface. This molecular 

mechanism is also performed by HSV gG, increasing the amount of chemokine 

bound to the leukocyte surface216. To address this hypothesis, we incubated Jurkat 

T-cells with a fluorescently labelled chemokine, CXCL12α-AF647, in the presence or 

abscence of rSgC at a molar ratio of 1:200 (chemokine:rSgC) and analyzed the 

fluorescence signal on the cell surface by FACs (Fig. 3.32).  

 

 

 

 

 

 

 

 

The experiment showed no differences in fluorescence signal in the presence of 

rSgC when compared to the no rSgC control, indicating therefore that rSgC does not 

increase CXCL12α binding to the cell surface and that this is not part of rSgC 

mechanism of action (Fig. 3.32). 
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3.4. rSgC interacts with cytokines 

Chemokines are proteins that belong to the cytokine family, a large group of small 

proteins that are essential in intra- and extracellular communication, coordinating the 

innate and adaptive immune responses. In addition to the chemokine group, several 

other cytokines play key roles in inflammation, immune system modulation and 

antiviral response. Among them are the interleukins (IL), IFN or tumor necrosis factor 

alpha (TNF-α). ILs are essential for the activation or suppression of immune 

responses but also for the development and maturation of the immune system 

among other cell types. IFNs are secreted by infected cells and upon interaction with 

their receptors in neighboring cells induce the expression of antiviral genes that 

initiate the immune response, in order to avoid virus spread. TNF-α is a very 

important protein in acute and systemic inflammation that can be produced by 

several cell types and, upon interaction with its receptor, induces the expression of a 

broad range of cytokines. Because of this, some viruses modulate the activity not 

only of chemokines but also of other cytokines, being a good example of this the 

Poxviridae family. For example vaccinia virus expresses the viral cytokine binding 

proteins B15R, B18R and B28R that bind and block interleukin-1β262,263, type I 

IFN264,265 and TNFα266, respectively. In the case of Myxoma virus, the previus 

described vCKBP M-T7 interacts not only with chemokines but also with IFN-γ267. 

Also, as previosly described, variola virus expresses the protein cytokine response 

modifier B (CrmB), a TNFα receptor able to interact with chemokines and inhibit their 

activity through the SECRET domain localized at the C-terminal region207. Three 

other genes present in different orthopoxviruses have been identified similar to CmrB 

named as CrmC, CrmD and CmrE190. The SECRET domain, also present in CrmD 

and other genes lacking the TNF-binding domain, shows a high homology folding 
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with other vCKBP such as the cowpox virus protein vCC-1 and the vaccinia virus A41 

protein, despite its low sequence identity between these proteins268. Also, 

herpesviruses encode for proteins that bind other molecules apart than chemokines. 

As already described, HSV gC has been found to bind and inhibit C3b77 while SgG 

from HSV-2 binds several neurotrophic factors and enhances the activity of nerve 

growth factor (NGF)217. Therefore, we addressed whether VZV rSgC interacts with 

other cytokines. To answer this question, an SPR screening with different cytokine 

libraries was performed using the rSgC CM4 coupled chips. 

3.4.1. Interleukins, TNF-α and chemerin 

SPR binding screening results showed that from a library of 24 cytokines, including 

22 interleukins, TNF-α and chemerin, rSgC interacted with IL17, IL21 and IL27 but 

not with IL1α, IL1β, IL1RA, IL2, IL3, IL4, IL5, IL6, IL7, IL9, IL11, IL12, IL15, IL16 (128 

aa), IL20, IL22, IL23, IL24, IL31, Chemerin and TNF-α (Fig. 3.33 and table 3.6). In 

contrast to the chemokines screening, cytokines were easier to identify as positive 

(+) or negative (-). 

 

 

  

 

 

 

 

B A 

Figure 3.33. Interaction of different cytokines with rSgC. Biacore sensorgram showing 
the interaction of different cytokines with rSgC coupled on a CM4 Biacore chip (A, B). The 
arrow indicates the end of the injection  Abbreviations: RU, Response Units; s, seconds. 
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3.4.2. Interferons 

When we tested the three types of IFN in SPR binding screening, results showed that 

rSgC interacted with IFN-β, IFN-ω, IFN-γ, IFN-λ1, IFN-λ2, but not with IFN-α (Fig. 

3.34A and 3.34B). Due to the relevance of IFN in viral infections, the kinetics of these 

interactions were characterized showing very high affinities (Fig. 3.34B and Table 

3.7).  

As previously described, IFNs are essential proteins for the organism to content virus 

infection and mount an efficient immune response. Because of this, several viruses 

try to inhibit IFN activity and express different proteins for this role. Since rSgC 

interacts with the three types of IFN, these results suggest a possible IFN modulatory 

activity of VZV mediated by gC. More experiments need to be carried out in order to 

determine this hypothesis and characterize the role of these interactions in the 

context of the infection. 

 

Interleukin rSgC Interleukin rSgC 

IL1-α - IL15 - 

IL1-β - 
IL16 (128 

aa) - 

IL1RA - IL17 ++ 
IL2 - IL20 - 
IL3 - IL21 ++ 
IL4 - IL22 - 
IL5 - IL23 - 
IL6 - IL24 - 
IL7 - IL27 ++ 
IL9 - IL31 - 
IL11 - TNF-α - 
IL12 - Chemerin - 

Table 3.6. rSgC SPR cytokine screening. Table showing positive (++) and negative (-) 
interactions of rSgC with different cytokines. 
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Chemokine Binding Ka (1/Ms) Kd (1/s) KD (M) t(1/2)s 

IFN-α - n.d. n.d. n.d. n.d. 
IFN-β ++ 1,26E+06 0,002555 2,03E-09 270,06 
IFN-γ ++ 1,86E+06 8,12E-04 4,37E-10 849,44 

IFN-λ1 ++ 5,10E+05 5,26E-04 1,03E-09 1312,04 
IFN-λ2 ++ 7,14E+05 0,001757 2,46E-09 392,71 
IFN-ω ++ n.d. n.d. n.d. n.d. 

B 

A 

Figure 3.34 Interaction of IFN with rSgC. Biacore sensorgram showing the interaction of 
different IFN to rSgC coupled on a CM4 Biacore chip (A). Multicycle kinetics analysis using 
different concentrations of IFN-γ to determine the kinetics parameters of rSgC-IFN-γ 
interaction. The fitted curves (black) represent the calculated software prediction based on 
how the cytokine interacts with the surface of the chip (B). The arrow indicates the end of 
the injection. Abbreviations: RU, Response units; s, seconds.  

Table 3.7. Kinetic parameters for some of rSgC-IFN positive interactions. Positive 
analytes interacted with rSgC with high affinity. Abbreviations: Ka (1/Ms), association rate 
constant; Kd (1/s), dissociation rate constant; KD, dissociation constant; t(1/2)s, complex 
half-life time; (++), positive; (-), negative; n.d., not determined. 
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4. DISCUSSION 

VZV primary infection begins in the epithelial cells of respiratory tract in close 

proximity to the tonsils, where the virus infects T-cells and other leukocytes using 

them to systemically disseminate throughout the organism5. Given the importance of 

leukocytes for VZV spread and taking into account the role of the chemokine network 

in regulating cell migration, the aim of this project focused on determining whether 

VZV expresses a vCKBP that might modulate this process. To achieve this objective 

we selected a viral glycoprotein candidate that presumably may be involved in 

chemokine interaction and modulation. This selection was performed using the 

following criteria found in other vCKBP: (i) non-essential type I transmembrane or 

secreted protein that (ii) acts as a virulence factor and (iii) that may have high affinity 

for GAGs. Based on these features, we selected VZV gC as the most prominent 

candidate to act as a vCKBP in VZV.  

4.1. VZV gC is a vCKBP 

The results obtained in this study show that the ectodomain of VZV gC bound a 

broad range of chemokines with high affinity. These interactions enhanced 

chemokine activity in transwell migration experiments, independently of the cell type 

used. The domain involved in these interactions localized at the C-terminal region of 

the gC ectodomain where two immunoglobulin-like domains are predicted. In 

contrast, the N-terminal region of gC did not interact with chemokines tested. Partial 

binding to the R2D chip was observed when the chip was tested later on time. This 

aberrant behavior was not observed either with rSgC or IgD. Moreover, unpublished 

data from our lab in collaboration with Thomas Krey (Institute of Virology, Hannover 

Medical School) showed that the combination of the two immunoglobulin domains, 
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but not each of them in isolation, is required for enhancement of chemokine activity. 

Immunoglobuling-like structures have also been described in other viral cytokine and 

chemokine binding proteins. For example, the vaccinia virus Western Reserve gene 

B18R encodes for an IFN receptor with three immunoglobulin-like domains265. The 

same applies to the poxvirus fowlpox virus, whose IFN-γ binding protein contains 

also an immunoglobulin-like domain269. An immunoglobulin-like fold has been also 

described in the vCKBP R17 and M3, expressed by the gamma herpesviruses rodent 

herpesvirus Peru and MHV-68, respectively193,270.  

The broad range of chemokines that rSgC interacts with is probably an indicator of 

the need of VZV to modulate the immune system. For example, some chemokines 

found to interact with rSgC are related with inflammatory responses. CCL2, CCL8, 

CCL7 and CCL13 belong to the monocyte chemoattractant protein (MCP) family and 

induce the migration of monocyte, T and NK cells271. CCL5 (also known as RANTES) 

recruits T-cells, macrophages, eosinophils and basophils, and in collaboration with 

IFN-γ, activates and regulates NK cell proliferation272. The interaction of rSgC with 

these chemokines may indicate that VZV modulates the inflammatory response at 

the infection site. Also, although not tested in migration experiments, CXCL9, 

CXCL10 and CXCL11 are ligands of CXCR3, a receptor expressed by activated T-

cells, memory T-cells and NK cells273. The expression of this group of chemokines is 

regulated by IFN-γ which is also produced by T-cells and NK cells274. This group of 

chemokines is involved in cell-mediated immunity so it would be interesting to 

determine whether rSgC can modulate this immune response by interacting with 

these chemokines. At the same time, is also important to remark the role of IFN-γ in 

the inflammatory response, a cytokine that also interacts with rSgC among other 

IFNs, interactions that have not been characterized yet.   
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Other chemokines that interact with rSgC are involved in homeostatic functions such 

as CXCL12α, a ligand of CXCR4. The signaling axis CXCL12α/CXCR4 has been 

intensively studied due to their implications in HIV and cancer. Physiologically, 

CXCL12α is involved in hematopoiesis, development of the central nervous system 

and the lymphoid tissue, through the induction of cell migration, survival and 

proliferation275.  

When compared with other vCKBP discovered in herpesviruses, rSgC stands out by 

its broad range of chemokine ligands, in a similar way than M3194. Actually, the only 

difference reported between this two vCKBP besides their selectivity in the 

chemokines they interact with, is that rSgC interacts with members from the CXC- 

and CC- chemokine family while M3 is able to interact with members from the four 

chemokine families although the affinity for CXC- chemokines is lower238.  

Some differences and similarities are observed when we compare rSgC and gG. 

Described in BoHV-1 and 5, EHV-1, ILTV, FeHV-1, PRV and HSV-1 and 2, gG 

interacts with members of the C-, CC- and CXC- chemokine families196,214,237, having 

in common with rSgC the CC- and CXC- chemokine families. However, the number 

of chemokines that rSgC can interact with is much higher than gG. Actually, in the 

case of gG, there is an specific selectivity that depends on the virus and host specie 

as for example, gG from HSV-1 and 2 can bind CCL18, CCL25, CCL26, CCL28, 

CXCL9, CXCL10, CXCL11, CXCL12α, CXCL12β, CXCL13 and CXCL14, but only gG 

from HSV-2 binds CCL22237. Another example of this selectivity can be found when 

we compared EHV-1 gG and BoHV gG. Both can interact with the CXC- and CC- 

family but however, BoHV gG binds with higher affinity CC- chemokines while in 

contrast, EHV-1 gG shows similar binding to both chemokine families196. When 
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comparing with rSgC, we can see that the VZV vCKBP interacts with CC- and CXC- 

chemokine families with similar affinities in a similar way than HSV or EHV-1 gG.  

The other vCKBP discovered in herpesviruses are R17 expressed by RHVP and 

pUL21.5 expressed by human CMV. In the case of R17, the protein can interact with 

the C- and CC- chemokine family, sharing only this last one with rSgC. Among the 

chemokines tested for R17, is interesting to observe that only CCL3 and CCL4 are 

bound by R17 and not by rSgC198. Finally, the case of pUL21.5 is difficult to compare 

with rSgC as this vCKBP has been only tested with one chemokine, CCL5210. 

Therefore, it would be interesting to check how broad the binding range of pUL21.5 is 

by using an extensive chemokine library, and compare the results with rSgC. 

Similarities and differences are observed when we compared rSgC with other vCKBP 

discovered in other herpesviruses. Among the differences we can see that depending 

on the virus and the host, these vCKBP have evolved to interact with different 

chemokine partners. However, even when the chemokine ligands are different, 

something very interesting to remark is their effect. While most of the vCKBP inhibit 

migration, rSgC enhances it, a feature only observed in gG from HSV-1 and 2. Very 

probably, the similarities and differences among these vCKBP respond to different 

immunomodulatory strategies related to each host and viral infection in particular.  

4.2. gC interacts with GAGs 

We have also observed that VZV rSgC interacts with GAGs present on the surface of 

the cell. This interaction is mediated by R2D, localized at the N-terminal region of the 

rSgC ectodomain as its loss resulted in lack of GAG binding. This activity has been 

also described for other vCKBP such as HSV gG or rodent herpesvirus Peru 

R17198,216. In the case of B18, a soluble type I IFN receptor expressed by some 
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poxviruses, GAG-binding is essential to block IFN in vivo although no effect was 

observed in vitro214. The high affinity for GAGs described for some vCKBP probably 

reflects the fact that GAGs are essential molecules in chemotaxis. They modulate 

and tune the chemotactic gradient by interacting with chemokines mediating their 

oligomerization and presentation to the receptor. Although we have found that rSgC 

interacts with GAGs, we could prove that this interaction is not required for rSgC 

activity in vitro, as the GAG-binding deficient IgD construct showed similar activity as 

the full-length ectodomain. However, it is possible that interaction with GAGs is 

required for gC activity in vivo. In this regard, CCL2, CCL4 and CCL5 mutants that 

cannot interact with GAGs display full activity in vitro when compared to their wild 

type counterparts, but are deficient in chemotaxis in vivo157. Due to the fact that 

GAGs also mediate chemokine oligomerization, a similar situation happens when we 

test oligomerization mutants in vitro157,163. These differences in the results obtained 

between the in vitro and the in vivo systems are due to the simplicity of the 

experiments in vitro, when compared to the in vivo situation. In experiments 

performed in vitro, chemokines that cannot oligomerize or interact with GAGs, can 

still reach and activate the receptor of the target cell, inducing therefore migration. 

However, in vivo there are many other variables influencing the activity of a 

chemokine, such as different cell types expressing different receptors that can 

interact and remove chemokine from the extracellular media, or flowing fluid that can 

wash chemokine away if it is not properly bound to the cell surface. Therefore, more 

experiments are needed to show the relevance of GAGs in gC chemokine-

modulating activity, as in vivo this protein may be able to interact and modulate 

chemokine oligomerization and gradient formation.  
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4.3. Viral particles expressing gC enhance chemokine activity 

The effect of gC was confirmed not only with in vitro purified recombinant protein, but 

also in migration experiments containing purified viral particles expressing gC. 

Although in that case, partial enhancement was also observed in the gC deficient 

virus, suggesting that other possible mechanisms may be involved in chemokine 

enhancement activity. Among these possible mechanisms we cannot discard that 

other viral glycoproteins present on the surface of the viral particle may play a role in 

shaping gC activity or by interacting with the receptor inducing therefore other signals 

that my affect chemokine migration.  

Cell-free virus production has been proven at the skin rash lesions but not in other 

tissues of the organism yet39. Based on our results, we hypothesize that during 

infection, the expression of gC by infected cells may increase the effect of the 

secreted chemokines during the inflammation process, increasing the migration and 

arrival of immune cells to the site of infection. Even though it seems a little bit 

contradictory that a virus wants to increase the migration of immune cells to the place 

of infection, a similar phenomenon has been described for other viruses. As already 

mentioned, HSV gG also enhances leukocyte migration through potentiating 

chemokine activity. Another example is UL146 expressed by HCMV276. Since VZV 

uses T-cells and other leukocytes to propagate inside the organism and reach skin 

cells and neurons247, attraction of leukocytes to the site of infection may facilitate 

virus spread. This may also occur following VZV replication in basal keratinocytes 

since attraction of T cells may facilitate secondary spread247. Given the late kinetics 

expression of gC241-243, its effect in chemokine migration may happen when virions 

are already formed and ready to infect new cells. Therefore, the arrival of immune 

cells mediated by gC activity would increase the probabilities of the virus to infect T-
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cells and spread systemically, reaching the skin from the basolateral layer and 

causing the chickenpox skin rash. Interestingly, the relevance of gC has been 

previously reported in skin infection, as viruses that do not express gC have 

problems to spread in the skin83. In that context, not only migration is essential but 

also integrins and tight junctions between cells, as they are regulated by chemokines 

among other signaling proteins277,278. gC may increase, not only chemotactic 

migration, but also how the surrounding cells reorganize the tissue in order to 

facilitate this migration. Finally, is important to take in mind that chemokines are also 

involved in pain279,280, a very common symptom in patients with herpes zoster, where 

chemokine enhancement may be involved281. Further experiments are required in 

order to determine the role of gC in the context of the infection. 

4.4. What is the molecular mechanism of gC? 

To try to decipher the mechanism of action of rSgC we followed previous research 

carried out with HSV gG and synergistic chemokines216. HSV gG enhances 

chemokine activity by several mechanisms: it interacts with the chemokine but also 

with the GAGs present at the surface of the cell. This ability allows the protein to bind 

and concentrate the amount of chemokine at the cell surface. At the same time, gG 

reorganizes the distribution of lipids rafts, increasing the expression of the chemokine 

receptor in these regions and affecting its homo-dimerization. This fact changes the 

intracellular signaling proteins of the receptor and slows down its internalization. All 

together causes an stronger signal that is prolonged in time, increasing the migration 

of the cells216. Based on our results, we tried to determine whether rSgC shares with 

HSV gG the same molecular mechanisms to enhance chemokine activity. However, 

we could not observe an increase in chemokine binding to the cell surface in 

presence of rSgC. In addition, the chemokine receptor internalization did not differ 
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remarkably when rSgC and the chemokine were incubated together with the cells. 

These results indicate that although rSgC and gG enhance chemokine activity, their 

molecular mechanism differs, probably due to a parallel evolution of the chemokine 

enhancement activity in these proteins.   

When we talk about chemokine enhancement we have to take in mind that there are 

different mechanisms used by synergistic chemokines to potentiate the activity of 

other chemokines. For example, different receptors can be activated by different 

chemokines in the same cell, generating two different signals that converge in a 

much more potent signal255,257,282,283. This mechanism does not require the physical 

interaction between the chemokines involved. Another possibility to induce 

chemokine synergism occurs when the chemokines compete for GAG interactions, 

affecting the amount of free chemokine that is available to bind the receptor. 

Therefore, a chemokine can displace another chemokine that was previously bound 

to GAGs, increasing the amount of the free chemokine and the activation of the 

target cells258. Finally, chemokines can homo- and hetero-dimerize as well as 

chemokine receptors. Chemokine oligomerization affects the affinity of the complex 

for GAGs and receptors, modifying therefore the signals triggered on the target 

cell254,255,284. At the same time, receptor oligomerization diversifies the chemokines 

that the receptor complex can bind but also the signaling intracellular partners, 

amplifying therefore the range of possible responses177. Another possibility not tested 

in this project involves the modulation of ACKR signaling. ACKR receptors do not 

signal through G protein because they lack the DRYLAIV motif. One of the most 

relevant functions of these receptors is binding and internalizing chemokine from the 

extracellular media in order to regulate the amount of chemokine that is available for 

the GPCR, tuning the chemotactic gradient and the generated signal. For example, 
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ACKR1 expressed by endothelial cells binds and internalizes extracellular 

chemokines creating a gradient that promotes neutrophil migration176. ACKR3 is 

essential in shaping the chemotactic gradients that induce cell migration during 

development, as well as in tuning the receptor signal by heterodimerizing with 

CXCR4 and promoting the internalization of extracellular CXCL12α176,285. Also, 

ACKR4 is involved in tuning the gradient of CCL19 and CCL21 in the lymphatic 

node286. Therefore, affecting the activity of these receptors may modify the gradient 

formation and the amount of signal generated by the GPCR, affecting therefore the 

cell migration in an indirect way. And it is of special interest to remark that several of 

the proteins that rSgC interacts with, are ligands for all four chemokine atypical 

receptors. For example, CXCL12α interacts with CXCR4 as described previously, but 

also with ACKR3, receptor that turns out to interact also with CXCL11287. If future 

experiments are able to prove an effect of rSgC in CXCL11 activity, it would be 

interesting to check whether this is due to ACKR3, as rSgC may be able to modify 

the receptor activity by interacting with its ligands, modulating the gradient and 

therefore the migration. This hypothesis may also work for other chemokines used in 

this project such as CCL2, CCL5 and CCL7, as among all the receptors they interact 

with, these inflammatory chemokines also interact with ACKR1 and ACKR2287. And in 

addition, ACKR can oligomerize with GPCR which links this possible mechanism 

again with receptor oligomerization. 

Based in our results, rSgC is not signaling through any other receptor as inhibition of 

CXCR4 abrogates all migration in Jurkat T-cells. Moreover, rSgC does not induce 

migration on its own. However, due the wide range of possibilities that may explain 

the molecular mechanism of rSgC, further experiments are required to answer this 

question.  
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4.5. Is gC secreted? 

Some cytokine and vCKBP described in other viruses are secreted by infected cells, 

in order to act not only in the cell expressing the protein but also in other cells of the 

tissue. Examples of this are M3 expressed by MHV-68 or R17 expressed by rodent 

herpesvirus Peru194,198, the γ-IFN or the TNF-α receptors expressed by the vaccinia 

virus266,288. The gG from HSV-1 and HSV-2 is another vCKBP that in the case of 

HSV-2, is cleaved by an extracellular protease, releasing the chemokine binding 

domain to the extracellular media215,220,221. Based on these findings, we addressed in 

this project whether there is any soluble version of VZV gC by analyzing the 

supernatant of infected cells. Our results showed very low amount of protein in the 

extracellular medium at very late time points of infection. This extracellular protein 

was in fact able to interact with GAGs as we were able to pull it down using heparin 

beads, which suggest that the protein was active. The molecular weight of this 

protein was very similar to the one detected in cell lysate, reason why further 

experiments are required to determine whether gC present in the supernatant is the 

result of active secretion or the release of gC following cell death. Our negative 

results in finding splice variants of ORF14 lacking the sequence that encodes for the 

transmembrane domain of gC, reinforces this last hypothesis. Moreover, whether this 

released protein binds chemokines and enhances their activity is unknown as factors 

secreted by the cells affected the reproducibility of our experiments.  

Interestingly we have been able to identify alternative splice mRNAs variants from 

ORF14 with differences localized at the N-terminal, indicating the existence of 

possible gC variants differing on the presence or absence of the R2D. This fact would 

affect directly the binding of our monoclonal antibody to the protein, indicating that 

alternative gC isoforms lacking R2D may not be detected. Something that supports 
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this hypothesis is the detection of HA-tagged gC in the supernatant that is not 

detected when we use the anti R2D antibody. Actually, two HA-tagged gC positive 

bands were detected in VZV HJO infected cells that were not positive for R2D. The 

molecular weight of these bands was drastically different to the gC band positive for 

both antibodies. This supports the possibility of other alternative splice variants 

outside the region amplified by our primers. And as the higher HA-gC positive band 

was detected in cell lysate but also supernatant of infected cells, this may indicate 

that splicing may not only happen at the N-terminal region but that it may happen as 

well at the C-terminal region resulting in a soluble protein. This mechanism to 

express a soluble version of a transmembrane protein has been described in the 

homologous gC protein of HSV-1 and 280. This protein with high affinity for heparan 

sulphates34,223 plays an immunomodulatory role as it can bind and inhibit the 

complement component C3b77,78,289. Therefore, more experiments are required to 

explain the presence of gC in the supernatant of infected cells and to understand the 

role of this protein in the context of the infection. 

 

Overall, we have identified in this project a novel vCKBP in VZV that can play a 

crucial role in spreading the virus in the organism. Our results showed that the 

ectodomain of VZV gC can interact with a broad range of chemokines, enhancing 

their capability to induce cell migration. However, further investigations are required 

to confirm the role of gC in the context of infection. 
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