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RESUMEN 

El virus vaccinia modificado de Ankara (MVA) es una cepa altamente atenuada del 

virus vaccinia (VACV) y uno de los vectores más prometedores utilizados para generar 

vacunas recombinantes frente a varias enfermedades infecciosas. Sin embargo, se 

necesitan vacunas basadas en MVA novedosas, más eficientes y optimizadas, capaces 

de inducir mejores respuestas inmunitarias celulares y humorales específicas del 

antígeno. Por lo tanto, el objetivo principal de esta Tesis es mejorar la inmunogenicidad 

del vector MVA mediante diferentes enfoques: i) fortalecer el promotor del VACV que 

dirige la expresión del antígeno heterólogo, ii) delecionar un gen del MVA con un 

supuesto papel inmunosupresor, y iii) diseño racional del antígeno heterólogo para 

optimizar su expresión y presentación. Estas modificaciones se han aplicado en primer 

lugar a vectores MVA que expresan antígenos del VIH-1 para demostrar si se observa 

un aumento en la inmunogenicidad específica frente al VIH-1 en ratones inmunizados; 

y, en segundo lugar, para generar una nueva vacuna basada en MVA frente al patógeno 

emergente virus Zika (ZIKV), para tratar directamente de correlacionar un beneficio en 

la mejora de las respuestas inmunitarias específicas frente al ZIKV con protección frente 

a un desafío con ZIKV en un modelo de ratón. 

Como primera modificación para mejorar la inmunogenicidad frente a antígenos del 

VIH-1, un nuevo promotor sintético del VACV, denominado LEO160, diseñado y 

optimizado para potenciar la expresión de genes heterólogos a tiempos tempranos, se 

insertó en un vector MVA que expresa el antígeno gp120 del VIH-1. Los resultados 

mostraron un aumento en la expresión y liberación celular de la proteína gp120 del VIH-

1 in vitro, y un incremento de las respuestas inmunitarias celulares y humorales 

específicas frente a gp120 en ratones inmunizados, en comparación con el candidato 

vacunal MVA-B que expresa la proteína gp120 del VIH-1 bajo el control del promotor 

sintético temprano/tardío usado convencionalmente. 

 La segunda modificación consistió en la deleción del gen A40R del MVA, que codifica 

una proteína con una supuesta función inmunosupresora. Por lo tanto, la deleción y 

posterior reinserción del gen A40R del MVA en el candidato vacunal MVA-B, que 

expresa varios antígenos del VIH-1, demostró su papel inmunosupresor tanto in vitro 

como in vivo. En ratones inmunizados, el candidato vacunal MVA-B que carece del gen 

A40R incrementó las respuestas inmunitarias celulares y humorales específicas frente 

al VIH-1, en comparación con el virus parental MVA-B. 

Finalmente, ambas estrategias (el fortalecimiento del promotor del VACV y la 

deleción de genes inmunosupresores del VACV) se combinaron junto con un diseño 

racional para optimizar la expresión y presentación de los antígenos estructurales del 
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ZIKV para generar un nuevo candidato vacunal basado en MVA frente al ZIKV, MVA-

ZIKV. MVA-ZIKV expresó altos niveles de partículas similares al virus e indujo robustas 

respuestas inmunitarias celular y humoral específicas frente al ZIKV en ratones 

inmunizados, que correlacionaron con la capacidad de controlar la replicación del ZIKV 

después de un desafío con ZIKV en un modelo de ratón susceptible.  

Estos hallazgos demuestran la importancia de desarrollar nuevas vacunas basadas 

en MVA más optimizadas, capaces de mejorar las respuestas inmunitarias celular y 

humoral específicas del antígeno, y de aumentar su eficacia. 
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SUMMARY 

Modified vaccinia virus Ankara (MVA) is a highly attenuated vaccinia virus (VACV) 

strain, and one of the most promising vectors used to generate recombinant vaccines 

against several infectious diseases. However, novel, more efficient and optimized MVA-

based vaccines able to induce better antigen-specific cellular and humoral immune 

responses are needed. Thus, the main aim of this Thesis is to enhance the 

immunogenicity of the MVA vector by using different approaches: i) strengthening the 

VACV promoter that drives the expression of the heterologous antigen, ii) deleting an 

MVA gene with a supposed immunosuppressive role, and iii) rational designing of the 

heterologous antigen for optimizing its expression and presentation. These modifications 

have been applied first, to MVA vectors expressing HIV-1 antigens to demonstrate 

whether an enhancement in the HIV-1-specific immunogenicity is observed in immunized 

mice; and second, to generate a novel MVA-based vaccine against the emerging 

pathogen Zika virus (ZIKV), to directly try to correlate a benefit in the improved ZIKV-

specific immune responses with protection against ZIKV challenge in a mouse model. 

As the first modification to improve the immunogenicity against HIV-1 antigens, a 

novel VACV synthetic promoter, termed LEO160, designed and optimized to enhance 

the expression of heterologous genes at early times, was inserted in an MVA vector 

expressing the HIV-1 gp120 antigen. The results showed an increase in the expression 

and cell release of HIV-1 gp120 protein in vitro and an enhancement in the Env-specific 

cellular and humoral immune responses in immunized mice, compared to the MVA-B 

vaccine candidate expressing the HIV-1 gp120 protein under the control of the widely 

used synthetic early/late (sE/L) promoter. 

The second modification consisted in the deletion of the MVA A40R gene, encoding 

a protein with a presumed immunosuppressive function. Thus, deletion and subsequent 

reinsertion of the MVA A40R gene in the MVA-B vaccine candidate, expressing several 

HIV-1 antigens, demonstrated its immunosuppressive role both in vitro and in vivo. In 

immunized mice, the MVA-B vaccine candidate lacking the A40R gene enhanced the 

HIV-1-specific cellular and humoral immune responses. 

Finally, both strategies (increasing VACV promoter strength and deleting 

immunosuppressive VACV genes) were combined together with a rational design for 

optimize expression and presentation of ZIKV structural antigens to generate a novel 

MVA-based vaccine candidate against ZIKV, MVA-ZIKV. MVA-ZIKV expressed high 

levels of virus-like particles and induced robust ZIKV-specific cellular and humoral 

immune responses in immunized mice that linked with the ability to control ZIKV 

replication after a ZIKV challenge in a susceptible mouse model. 
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These findings prove the importance of develop novel MVA-based vaccines more 

optimized, able to enhance the antigen-specific cellular and humoral immune responses 

and to increase its efficacy. 
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1. INTRODUCTION 

1.1. Vaccinia virus 

Vaccinia virus (VACV) is the prototype species of the Orthopoxvirus (OPV) genus, 

among whose members is included Variola virus (VARV), the causative agent of 

smallpox. OPV genus belongs to the Poxviridae family, which comprises complex 

enveloped viruses with double-stranded DNA genome that replicate entirely in the 

cytoplasm of infected cells [1]. 

VACV was the agent most commonly used as a vaccine against smallpox by the 

World Health Organization (WHO) eradication program. Smallpox is the only human 

disease that has been eradicated worldwide through human intervention, starting at the 

end of the XVIII century when Edward Jenner in the United Kingdom proved that the 

inoculation with cowpox (another OPV), called variolation, in a healthy individual 

prevented the subsequent infection with VARV and the development of smallpox. The 

expansion of the variolation process all over the world during the following 200 years 

culminated when the WHO declared the eradication of the smallpox in 1980. Near four 

decades since the eradication of smallpox, VACV continues to be a focus of intensive 

research because its many interactions with the host cell and the immune system have 

provided tremendous insights into virology, cell biology and immunology. More 

importantly, in 1982 VACV was developed as an expression vector [2,3] and, from then, 

it has become a recombinant expression vector widely used for the development of 

vaccines [4–8]. Nowadays, attenuated VACV strains such as modified vaccinia virus 

Ankara (MVA), one of the most promising poxvirus vectors, are widely used as improved 

vaccine candidates against several prevalent and emerging infectious diseases, probing 

to be extremely safe, and highly immunogenic and protective against several pathogens. 

1.1.1. Genomic structure 

VACV has a linear AT-rich (67%) double-stranded DNA of about 190 kbp, which has 

relatively low inter-gene spacing and noncoding regions [9]. The two DNA strands are 

covalently linked at the termini by incompletely base-impaired loops into one continuous 

molecule [9]. At either end of the genome there are inverted terminal repeat (ITR) regions 

that consist of identical but oppositely orientated sequences which play a key role during 

DNA replication (Fig. 1) [10,11]. VACV genetic nomenclature was adopted from the 

Copenhagen (COP) strain in which the open reading frames (ORFs), about 200, were 

named according to their relative position (left or right) in the 16 fragments (A to P) 

produced upon digestion with HindIII restriction endonuclease [12]. The central 

conserved region of the genome contains the genes responsible for essential functions 
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such as replication and assembly, while the left and right variable terminal regions 

contain non-essential genes, such as those related to host-virus interactions and immune 

evasion (Fig. 1). 

 

Figure 1. Genomic organization of the VACV genome. The DNA genome is divided into 
a central conserved region and two variable terminal regions (left and right) and consists 
in 16 regions named from A to P, containing about 200 ORFs. Two sets of 70 bp tandemly 
repeated sequences are located 2 and 4 kbp from the 5´and 3´ends and are covalently 

linked to form a hairpin. Adapted from [12]. 

1.1.2. Virion structure 

VACV particles are large (360 x 270 x 250 nm), brick-shaped virus particles with lack 

of symmetry (Fig. 2). Infective VACV produces two forms of virions, the mature virion 

(MV) and the enveloped virion (EV), that have different structures, locations, abundance 

and roles in the virus life-cycle [13,14]. The MVs are enveloped by an outer layer and an 

inner lipid membrane, while the EVs have an additional outer plasma-membrane-derived 

envelope containing viral and cellular proteins (absent in the MV) [1,14]. Inside the 

virions, the genomic DNA, structural proteins and transcriptional enzymes are located, 

covered by a core wall [15] (Fig. 2). 

During the replication cycle, two more intracellular forms are produced: i) the 

intracellular enveloped virion (IEV) that is formed through the wrapping of an assembled 

MV by a Golgi-derived lipid membrane, and ii) the cell-associated enveloped virion (CEV) 

that is formed when the IEV fuses to the cell membrane prior to release. 
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Figure 2. Structure of the infective VACV particles. Left panel: Mature virion (MV) and 
enveloped virion (EV). Adapted from “© ViralZone 2016, Swiss Institute of Bioinformatics 
(https://viralzone.expasy.org/174). Right panel: Cryo-electron microscopy sections (top) 
and volumetric representation (bottom) of an MV using tomographic reconstruction. 
Adapted from [15]. 

1.1.3. Life cycle 

VACV infects a wide variety of cells and its replication cycle takes place entirely in the 

cytoplasm of the infected cell. As illustrated in Fig. 3, the viral infection cycle takes place 

in four steps: i) entry, ii) uncoating, iii) gene expression and DNA replication, and iv) virion 

assembly and release. i) Virion entry differs between the different virion forms and could 

be by direct fusion to the plasma membrane, assisted by a complex of several viral 

proteins; or through macropinocytosis into acidified endosomes. In the case of EVs, the 

additional membrane is disrupted before entry using a non-fusogenic mechanism that is 

dependent on cellular and viral surface proteins [16]. ii) Following entry, the virions are 

transported through microtubules to be uncoated in the viral factories, where they loss 

viral lipids and viral genome is exposed to the DNA exonucleases [17,18]. iii) Viral 

factories are the hotspots of viral DNA replication within the cytoplasm and are 

established early during the infection [9,19]. About 50% of the replicated DNA is 

packaged into new virions [20]. During gene expression viral genome transcription is 

highly regulated and takes place in three stages: early, intermediate and late [12,21–23]. 

Within 20 minutes after entry, viral proteins are produced [21], and the enzymes and 

transcription factors packaged into the core of the virions come together to carry out early 

transcription of about half of the viral genome. The mRNAs thus produced encode 

proteins that are involved in host antiviral response modulation, DNA replication and 

intermediate gene transcription [1]. Intermediate transcription occurs simultaneously with 

DNA replication and encodes factors necessary for late transcription [24]. Finally, late 

transcription of genes encoding structural proteins, virulence factors and other enzymes 

is carried out. iv) Newly formed virions undergo various changes until they reach the final 
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EV or MV forms. Spherical immature virions (IVs) are first formed in the viral factories 

where they mature into MVs after the proteolytic processing of some of the viral proteins 

and core condensation [25]. Most MVs stay in the cytoplasm until they are released 

following cell lysis, while a small fraction is transported through the Golgi, where they 

acquire a second membrane to form the IEVs. The IEVs are transported again by 

microtubules to the plasma membrane and released as EVs by membrane fusion or 

projected to adjacent cells through actin tails [26,27]. 

Figure 3. Overview 
of the VACV life 
cycle. Enveloped 
virions (EV, 1) and 
mature virions (MV, 
2) bind to and enter 
the cell, releasing 
the core into the 
cytoplasm. The core 
is translocated (3) by 
microtubules (MT) 
deeper into the cell 
to a perinuclear site. 
Production of early 
mRNAs (4) leads to 
uncoating of the 
core, releasing of the 
genome (5) and 
following replication 
of the viral genome 
(6), the production of 
intermediate (7) and 
late mRNAs (8). 
These mRNAs are 
translated into 
structural proteins 
and early gene 

transcription machinery (9). Within the viral factories, a single genome interacts with the early 
transcription machinery plus structural proteins and these are assembled within membrane 
crescents to form immature virions (IV, 10). The IV undergoes nucleoprotein condensation and 
proteolytic cleavages of structural proteins to form the MV (11). Many MVs build up in the cell and 
are released upon cell lysis (12). However, a small proportion undergo further morphogenesis, 
transported on MT to sites of wrapping (13) by the trans-Golgi network (TGN) or early endosomes, 
wrapped by a double membrane to form intracellular enveloped virions (IEV, 14). IEVs are 
transported to the cell surface on MT (15) where the outer membrane fuses with the plasma 
membrane (16) to form cell-associated enveloped virions (CEV) on the cell surface. Actin 
polymerisation beneath the CEV forms actin tails (17), driving CEV towards neighbouring cells or 
releasing EVs that can infect either neighbouring or distant cells. Adapted from [27].  
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1.1.4.  Effect of VACV on host cells 

VACV induces early changes in cell morphology, adhesion properties and metabolism 

that eventually results in death of infected cells. These changes are called cytopathic 

effects and include inhibition of host protein synthesis, alterations to the extracellular 

matrix and adhesion properties, microtubules modification and cell rounding, and virus-

induced cell motility. 

1.1.4.1. Innate immune response to VACV 

Like other viruses, VACV infection of mammalian cells is sensed by pattern 

recognition receptors (PRRs) and leads to an innate immune response that restricts virus 

replication and induces an adaptive immunity that finally gets rid of infection. To 

counteract this immune response and prevent virus elimination, VACV encoded 

numerous immune modulators that block several pathways of the innate immune system, 

including complement, macrophages, natural killer (NK) cells, and soluble mediators 

such as interferons (IFNs), other cytokines and chemokines [28,29]. Among these VACV 

immune modulators is of relevant importance the immune modulation of IFN, a group of 

secreted glycoproteins with potent antiviral effects. The IFN response is initiated upon 

sensing of viral pathogen-associated molecular patterns (PAMPs) by host cell PRRs, 

including Toll-like receptors (TLRs), retinoic acid inducible gene I (RIG-I)-like receptors 

(RLRs), such as RIG-I and melanoma differentiation antigen 5 (MDA-5) (that detect 

foreign cytoplasmic RNA) and putative cytosolic dsDNA sensors [30]. Engagement of 

PRRs induces signalling cascades that culminate in the activation of transcription factors 

(TFs), such as IFN-regulatory factors (IRF) 3 and IRF7, nuclear factor (NF)-κB and 

activator protein 1 (AP-1), their translocation into the nucleus and transcription of genes 

encoding type I IFNs (notably IFN-β), cytokines and chemokines [30]. IFNs are secreted 

from the cell and engage their cognate receptor on the same cell (autocrine signalling) 

or neighbouring cells (paracrine signalling), and thereby initiate the Janus kinase 

(JAK)/signal transducer and activator of transcription (STAT) signalling cascades, that 

activates transcription of IFN-stimulated genes (ISGs) by binding to IFN-stimulated 

response elements (ISREs) present in the promoters of these genes. IFN induces the 

coordinated expression of several hundred ISGs, and some ISGs products encode PPRs 

as well as TFs, feeding an amplification loop resulting in the generation of an anti-viral 

state in the cells. Other ISGs encode proteins with direct anti-viral activity that catalyse 

cytoskeletal remodelling, trigger apoptosis, induce shut-down of protein synthesis, 

stimulate the expression of major histocompatibility complex (MHC) class I molecules on 

the surface of the cell and elicit more pro-inflammatory cytokines [30].  
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VACV is able to inhibit the IFN response at multiple levels: a) secreting proteins from 

the infected cell, called decoy IFN receptors, that capture IFNs in solution or on the cell 

surface to prevent engagement of IFN receptors by IFNs; b) blocking signal transduction 

induced by IFNs when binding to their receptors within the JAK/STAT pathway; c) 

inhibiting IFN-induced antiviral proteins such as Mx proteins, protein kinase R (PKR) and 

2’-5’-oligoadenylate synthase (OAS); and d) restricting the production of IFN. VACV 

blocks the IFN induction by minimizing the production of PAMPs, such as dsRNA, or its 

recognition by PRRs; inhibiting host protein synthesis; and by blocking the PRR-induced 

signalling pathways that activate TFs leading to IFN induction, such as IRF3 and NF-κB 

signalling pathways [28,29] (Fig. 4).  

 

Figure 4. VACV 
antagonism of 
IFN signalling 
pathway. VACV 
is sensed by 
PRRs within the 
cytosol or in 

endosomes 
triggering signal 
cascades that 
lead to activation 
of TFs NF-kB, 
IRF3, IRF7 and 
AP-1. TFs enter 
the nucleus and 

stimulate 
transcription of 
the IFN-β gene 

that is then secreted from the cell and binds IFN receptors (IFN-R) on the same or adjacent 
cells triggering the activation of the JAK/STAT pathway. As result, the IFN-stimulated gene 
factor 3 (ISGF3) complex is assembled in the nucleus and, finally, leads the transcription 
of hundreds of antiviral ISGs, such as Mx proteins, PKR and OAS. The positions at which 
some VACV proteins can inhibit the production or action of IFN are shown by red stars. 
Adapted from [28]. 

1.1.4.2. Adaptive immune responses to VACV 

1.1.4.2.1. Humoral responses 

Antibodies (Abs) secreted by B cells in response to VACV infection are very important 

to clear the infection. Anti-VACV Abs can bind directly to VACV particles, causing 

aggregation and inhibiting virus binding and entry to cells, initiate complement-mediated 

lysis or opsonisation, or bind to infected cells, leading to Ab-dependent cell-mediated 

cytotoxicity (ADCC). The anti-VACV Ab response is primarily CD4+ T cell-dependent [31] 

and is predominantly of an IgG2a isotype [32]. IgM appears by 7 days post-infection (p.i.) 
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and IgG by day 14 [33] and Ab levels peak around 6 weeks p.i. [34,35] and can be 

maintained for more than 3 months [35,36] in mouse models. Vaccination studies in 

humans demonstrate that a strong Ab response is elicited after primary vaccination. Abs 

are not detected before day 10 post-vaccination [37,38] but are apparent by day 13/14 

[39] and Ab levels continue to rise until approximately day 28 [39,40]. Re-vaccination 

elicits a more rapid Ab response, with Ab levels peaking approximately day 14, 

considerably earlier than after primary immunisation and, furthermore, re-vaccination 

also boosts previous Ab levels [37,39,40]. Ab levels decrease slowly to a steady level 

but are long-lived, being maintained up to 50 years post-vaccination [41,42]. 

1.1.4.2.2. Cellular responses 

In mice, both CD4+ and CD8+ T cell responses are elicited following VACV infection 

[31]. A kinetic analysis of infection shows that VACV induces a potent primary CD8+ T 

cell response as well as long-term memory responses in vivo [43]. As early as day 5 p.i., 

an IFN-γ positive CD8+ T cell response is detected and peaked at day 7, with 30% of 

CD8+ T cells in the spleen being VACV-specific. There is also a strong cytotoxic T cell 

response by day 7 [43]. The CD4+ T cell response displayed similar kinetics to that of 

CD8+ T cells but at lower frequencies [43]. The response peaked at day 7 p.i., with 3% 

of the CD4+ T cell being VACV-specific. When compared to CD8+ T cells, a higher 

percentage of CD4+ T cells produced IL-2, demonstrating an increased proliferative 

response compared to the CD8+ T cell compartment. This is consistent with CD4+ T cells 

acting as T helper cells. Although the response declines by approximately 90% by day 

30, it is maintained for over 300 days [43]. In humans, strong CD4+ and CD8+ T cell 

responses are elicited following smallpox vaccination. In general, CD8+ T cell responses 

are of a greater magnitude (2- to 4-fold higher) after immunisation [44,45], but CD4+ T 

cell responses are maintained for a greater length of time at higher frequencies 

[41,44,45]. VACV-specific CD4+ T cells are detected in the majority (82-100%) of 

individuals vaccinated up to 75 years previously, unlike CD8+ T cell responses [41,44]. 

1.2. Modified vaccinia virus Ankara (MVA) 

MVA was developed by the attenuation of the Turkish smallpox vaccine 

Chorioallontoic VACV Ankara (CVA) after more than 570 serial passages in chicken 

embryo fibroblast (CEF) cells [46]. The process involved the loss of about 30 kbp of 

genetic components mainly from the left and right terminal regions of the genome, 

involving genes non-essential for replication, for example, those responsible for host 

immune modulations [47]. The resulting MVA virus has limited replication ability in 

mammalian cell types but produces early and late viral proteins as in permissive cells 

[48], although there is a block in virion assembly, avoiding the cell-to-cell spread of the 
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virus [49,50]. The safety of MVA as a vaccine vector was established when used for 

smallpox vaccination by the Bavarian State Vaccine Institute in extensive clinical trials in 

Germany in more than 120,000 individuals until 1980, without any serious adverse 

events reported [51].   

1.2.1. Recombinant MVA as vaccine vector 

Recombinant MVA vectors have played an important role as vaccine candidates 

against several infectious diseases and cancer [52–56], because they combine the 

safety of a killed virus vaccine, due to their impaired replication capacity in mammalian 

cells, with the immunogenicity of a live virus vaccine. The great efficacy of recombinant 

MVA vectors in developing antigen-specific immune responses is due to the expression 

gene products within cells that are efficiently presented by both MHC class I and class II 

molecules, leading to the activation of CD4+ and CD8+ T cells, and to the induction of 

robust anti-viral responses, as happen with other VACV strains (see section 1.1.4.), that 

make MVA acts as an adjuvant itself [57,58]. 

There are also several characteristics that make recombinant MVA vectors excellent 

vaccine candidates: a) the packing flexibility of the genome, which allows the insertion 

of up to 25 kbp of foreign DNA without loss of infectivity, b) the lack of persistence or 

genomic integration in the host due to their cytoplasmic replication, c) the ability to induce 

both antibody and cytotoxic T cell immune responses against the heterologous antigens 

with long-lasting immunity after a single inoculation, d) the stability of freeze-dried 

vaccine, e) its ease of manufacture and administration and f) the low prevalence of anti-

vector immunity in the global population due to the interruption of smallpox vaccination 

after the WHO declared its eradication in 1980 [52–56]. 

1.2.2. Enhancing MVA vaccine vector immunogenicity 

Despite the good safety and immunogenicity profiles exhibited by recombinant MVA 

vectors, novel optimized and more efficient MVA vaccine vectors able to induce an 

enhanced magnitude, breadth, polyfunctionality, and durability of the immune responses 

to exogenously expressed antigens are desirable. Thus, several strategies have been 

developed to enhance the immunogenicity and efficacy of the MVA-based vaccine 

candidates [59], such as: 

1.2.2.1. The use of optimized prime/boost immunization protocols  

One of the most commonplace methods of immunization designed to improve the 

immune responses generated by MVA-based vaccines is to follow a multiple dose 

prime/boost strategy. The use of heterologous prime/boost protocols that combine an 

MVA vector (either as prime or as boost agent) with other vaccine agent such as DNA 
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[60–63], protein [64,65], virus-like particles (VLPs) [66], or other recombinant viral 

vectors, like adenovirus (Ad) or vesicular stomatitis virus (VSV) [67,68], are shown to 

improve the antigen-specific immune responses in different animal models. Furthermore, 

the use of heterologous prime/boost protocols including MVA vector have also 

demonstrated in human clinical trials to be able to induce potent T and B cell responses 

against various pathogens as, for example, human immunodeficiency virus (HIV)-1 [69–

71], hepatitis C virus (HCV) [72], Plasmodium falciparum (the causative agent of malaria) 

[73,74], Ebolavirus (EBOV) [75], and respiratory syncytial virus (RSV) [76]. 

1.2.2.2. Enhance the virus promoter strength 

It has been shown that the levels of the heterologous antigens expressed (and placed 

under the control of a VACV promoter) from poxvirus vectors correlates with the 

magnitude of the antigen-specific immune responses in mice [77]; and timing of antigen 

expression also influence the type (T CD4+ or CD8+), quantity, quality and durability of 

the antigen-specific immune responses [78]. Thus, the optimization of the virus promoter 

strength is an ideal strategy to increase the expression of the heterologous antigens at 

very early times p.i. [78–81]. Moreover, since the efficiency with which an antigen is 

processed and presented on the surface of infected cells influences its recognition [82], 

the timing of expression of heterologous antigens from the MVA vector is very important 

to induce robust antigen-specific T cell immune responses [78]. Considering that 

immunodominance is defined as the phenomenon whereby only a small fraction of all of 

the possible epitopes from a particular pathogen elicits an specific immune response 

[83], it is possible to modulate such immunodominance hierarchy changing the timing 

and the quantity of antigen production [84]. In fact, it has been described that in VACV 

90% of the most recognized antigens by CD8+ T cells were ranked in the top of 50% in 

terms of mRNA expression [85], and there is a positive correlation between viral gene 

expression and immunodominance hierarchy after a second immunization due to a 

mechanism of cross-competition between T cells specific for early and late viral epitopes 

[86]. Traditional VACV promoters with both early and/or late activity have been used to 

direct the expression of foreign antigens to ensure that adequate expression levels are 

present at the appropriate time for induction of strong antigen-specific immune 

responses [87]. However, novel VACV promoters able to improve the expression and 

immunogenicity of the foreign antigens are needed. Thus, the search for novel potent 

VACV promoters has been expanding through different approaches such as designing 

in silico based on early and late consensus motifs observed in native poxvirus promoters, 

generating hybrid early-late synthetic promoters, using tandem promoters present 
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naturally in VACV, or designing new potent promoters by using bioinformatic analysis 

[87]. 

1.2.2.2.1. The new synthetic Late-Early Optimized VACV promoter 

LEO160 

Among the different novel synthetic VACV promoters studied, the new synthetic Late-

Early Optimized (LEO)160 promoter, designed by using bioinformatic analysis (Fig. 5), 

is of particular interest to this work. This promoter significantly enhance the expression 

levels of the foreign antigen in vitro, correlating with an in vivo enhancement in the 

antigen-specific T cell immune responses [88,89]. 

 

Figure 5. Scheme of the synthetic LEO160 promoter. Late promoter element (29 
nucleotides; green); early promoter motif (15 nucleotides; red), and a 160-nucleotide 
spacer (consisting in several multicloning sites; black) are shown. The nucleotide sequence 
of the different motifs of the promoter is indicated on the right. Adapted from [88]. 

1.2.2.3. Deletion of MVA immunomodulatory genes 

In order to improve the host immune responses to vaccination, one of the strategies 

is the deletion of MVA genes that are involved in the modulation of host immunity [29,57]. 

This strategy has been extensively developed during the last years with the generation 

of several MVA-based vaccine candidates against HIV/acquired immune deficiency 

syndrome (AIDS) containing deletions in single or multiple MVA immunomodulatory 

genes that antagonize host anti-viral immune responses. The overall results obtained 

from preclinical studies in immunized mice [90–94], and non-human primates 

[95,96] showed a significant immunological benefit with an enhancement in the 

immunogenicity against HIV-1 antigens when compared with their parental MVA-based 

vaccines without deletions. For example, a single deletion of the MVA C6L gene, 

encoding an inhibitor of the type I IFN signalling pathway, in the genome of an MVA-

based vaccine candidate against HIV/AIDS expressing several HIV-1 antigens (termed 

MVA-B) enhanced the overall HIV-1-specific immune responses, with an increase in the 

magnitude, polyfunctionality, and durability of HIV-1-specific CD4+ and CD8+ T cell 

responses [91]. Moreover, responses against HIV-1 antigens were further enhanced 

when MVA C6L and K7R genes, encoding type I IFN inhibitors, were deleted in 

combination in the genome of MVA-B [93]. Furthermore, based on those results on MVA-

based vaccine candidates against HIV/AIDS lacking MVA immunomodulatory genes, 



33 

 

novel optimized recombinant MVA vectors lacking the MVA immunosuppressive genes 

C6L, K7R, and A46R and expressing chikungunya virus (CHIKV) or EBOV antigens 

have been generated, induced potent antigen-specific B and T cell immune responses 

in immunized mice and protected against challenge with the corresponding viral 

pathogen in susceptible mouse models [97,98].  

However, MVA still contains several genes with unknown, known or suggested 

immunomodulatory functions, which could be deleted in order to try to increase the 

immune responses against the heterologous antigens expressed by the MVA-based 

vaccine candidates. Among them, the A40R gene, encoding a C-lectin membrane 

protein with an unknown function is of relevant importance to this work. 

1.2.2.3.1. VACV A40R gene 

The VACV A40R gene from Western Reserve (WR) strain encoded a type II 

membrane glycoprotein (A40) that is expressed early during infection and form higher 

molecular mass complexes under non-reducing conditions [99]. A40 protein is expressed 

on the cell surface but is not incorporated into intracellular MVs or extracellular EVs [99]. 

Moreover, although the role of A40 protein is still unknown, it shares amino acid similarity 

(about 20%) to the complementarity determining region (CDR) domain of C-type animal 

lectins, such as the rat Clr-b, the NKG2 proteins, CD94 and DC-SIGN [99]. C-type lectins 

are a group of Ca2+-dependent (C-type) carbohydrate-binding (lectin) proteins that are 

very important in pathogen recognition and immunity [100]. MVA A40 protein (MVA 152R 

gene) is identical to WR A40 protein from amino acid residues 1 to 154, but the last five 

residues of WR A40 protein are replaced with 14 unrelated residues in the MVA A40 

protein. 

It has been described that the deletion of A40R gene attenuates VACV strain WR, 

following intradermal inoculation of mice, showing that A40 has a role in virulence [101]. 

On the other hand, other studies affirmed that A40 is an early protein that is quantitatively 

sumoylated (a stably and infection-independent addition of a 20-kDa size peptide termed 

SUMO-1 that is mediated by cellular components) to prevent its own aggregation and 

allows the sumoylated protein to associate with the viral replication sites [102,103]. The 

small amount of non-modified A40 protein may play a putative role in the VACV life cycle 

joining the cytosolic side of the rough endoplasmic reticulum (ER) and inducing the 

proper apposition of several ER cisternae before they fuse to generate the ER envelope 

that surround the viral replication sites [103]. However, the role of the sumoylated A40 

protein still remains unclear, although it was suggested that it could be involved in the 

process of replication itself or in the late transcription that is known to occur at VACV 
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replication sites [103]; in that case VACV A40R gene would be essential for VACV life 

cycle.  

1.2.2.4. Optimize the foreign heterologous antigen 

Another approach to improve the immunogenicity of MVA-based vaccine candidates 

is the optimization of the expressed foreign antigen, for example by human codon 

optimization (a widely used strategy) or by antigen rational design. There are various 

strategies to optimize the heterologous antigen expression, for example: to insert an N-

terminal signal peptide in the transgene in order to increase the antigen expression and 

secretion [104,105], or to engineer the transgene to produce the heterologous protein in 

a certain form or conformation, such as being a released form, remaining intracellular, 

or with an specific ternary or quaternary structure, such as the case of VLPs [98,106–

108]. Moreover, in the last few years, a great number of novel optimizations in the HIV-

1 envelope (Env) protein have been developed, searching mainly the generation of more 

native-like Env trimer antigens able to induce higher levels of broadly neutralizing 

antibodies (bNAbs) against HIV-1 [108–112], and some of these novel HIV-1 Env 

immunogens have been inserted in MVA vectors with promising results [108–110]. 

Of particular interest in this Thesis is the HIV-1 and Zika virus (ZIKV) immunogen 

optimization. On the one hand, in our laboratory, an MVA-based vaccine candidate 

against HIV/AIDS (termed MVA-B) expressing HIV-1 gp120 (engineered to be produced 

as a cell-released product) and Gag-Pol-Nef (GPN, as an intracellular polyprotein) 

antigens from clade B, has been previously generated in order to improve the antibody 

and T cell immune responses, respectively [113]. Mice immunized with MVA-B have 

shown good levels of HIV-1-specific T cellular and humoral immune responses [91–

93,113,114]. Importantly, MVA-B have shown a good immunological behaviour in 

prophylactic and therapeutic phase I clinical trials [115–121] reinforcing its use as a 

promising HIV/AIDS vaccine candidate. On the other hand, in many vaccines against 

several flavivirus, including ZIKV, the immunogen is optimized by the co-expression of 

the ZIKV premembrane (prM) and envelope (E) structural proteins in order to form and 

secrete VLPs. These VLPs resemble the virus structure and are able to elicit excellent 

immune responses [122–126]. 

The aim of this doctoral Thesis is the generation of novel optimized MVA-based 

vaccine candidates by using one or more of the approaches described above to enhance 

the immunogenicity against two viral pathogens, such as HIV-1 and ZIKV.  

1.3. HIV/AIDS 

Human immunodeficiency virus (HIV) was discovered as the causal agent of acquired 

immune deficiency syndrome (AIDS) in 1983 [127]. HIV is a lentivirus that belong to 
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Retroviridae, a unique family of viruses that uses a reverse transcriptase (RT) enzyme 

to produce DNA from the positive sense single-stranded RNA (ssRNA) genome that they 

carry within [128,129]. AIDS is a condition in which progressive failure of the immune 

system allows life-threatening opportunistic infections and cancers to thrive. In most 

cases, HIV is transmitted person-to-person by contaminated blood or body fluids. Vertical 

transmission can also occur from an infected mother to her infant during pregnancy, 

during childbirth by exposure to her blood or vaginal fluids, and through breast milk.  

The HIV virion consists in an enveloped particle of about 100 nm in diameter. The 

cone-shaped core includes two copies of the positive sense single-stranded RNA 

genome, the enzymes RT, integrase (IN) and protease (PR), some minor proteins, and 

the major core protein [130] (Fig. 6a). The HIV genome has 9.2 kbp in length and 

encodes 15 viral proteins. From the 5'- to 3'-ends of the genome are found the Gag (for 

group-specific antigen), Pol (for polymerase), and Env (for envelope glycoprotein) genes 

(Fig. 6b). The Gag gene encodes a polyprotein precursor, Pr55Gag, that is cleaved by 

the PR to the mature Gag proteins matrix (also known as MA or p17), capsid (CA or 

p24), nucleocapsid (NC or p7), and p6, a non-structural protein involved in viral assembly 

and release. Furthermore, two spacer peptides, p1 and p2, are also generated upon 

Pr55Gag processing. The Pol-encoded enzymes are initially synthesized as part of a 

large polyprotein precursor, Pr160GagPol, whose synthesis results from a rare 

frameshifting event during Pr55Gag translation. The individual Pol-encoded enzymes, 

PR, RT, and IN, are cleaved from the Pr160GagPol precursor by the viral PR. The Env 

glycoproteins are also synthesized as a polyprotein precursor, gp160, that is processed 

by the cellular furin protease during Env trafficking to the cell surface, unlike the Gag and 

Pol precursors, which are cleaved by the viral PR. The gp160 precursor processing 

results in the generation of the surface Env glycoprotein gp120 and the transmembrane 

glycoprotein gp41. The gp120 protein contains the determinants that interact with the 

CD4 receptor and coreceptors in the cell surface, while gp41 anchors the gp120/gp41 

complex in the membrane, and contains domains that are critical for catalyzing the 

membrane fusion reaction between viral and host lipid bilayers during virus entry. In 

addition to the Gag, Pol, and Env genes, HIV-1 also encodes a number of regulatory and 

accessory proteins. Tat is critical for transcription from the HIV-1 long terminal repeat 

(LTR) and Rev plays a major role in the transport of viral RNAs from the nucleus to the 

cytoplasm. Vpu, Vif, Vpr and Nef have been termed "accessory" or "auxiliary" proteins 

to reflect the fact that they are not required for virus replication but are needed for correct 

virion formation [130,131] (Fig. 6).  
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Figure 6. HIV structure and genome organization. (a) Representation of the HIV virion 
structure, showing the two copies of the positive sense single-stranded RNA genome and 
the rest of proteins. The size of the virion is about 100 nm. Enveloped structural proteins 
gp120 and gp41; core structural proteins Capsid, Nucleocapsid and Matrix; Enzymes (RT, 
RNAse and IN), RNA and phospholipid bilayer are indicated. (b) Scheme of the HIV 
genome and its processing to render the different viral proteins, including core structural 
proteins (MA, CA, NC and p6), enzymes (PR, RT and IN), envelope structural proteins 
(gp120 and gp41), and various regulatory proteins and elements (vif, vpr, tat, rev, vpu and 
nef). LTR: long terminal repeat. Adapted from www.cronodon.com 

 

HIV is classified into two groups: i) HIV-1, which is responsible for the majority of the 

widespread AIDS pandemic, and ii) HIV-2, which is the mild or less virulent version 

confined to specific regions of West Africa. There is only a 40-60% homology at the 

nucleic acid and amino acid level between HIV-1 and HIV-2, being HIV-2 more closely 

related to a simian retrovirus, simian immunodeficiency virus (SIV), with which it shares 

about 75% nucleic acid sequence homology. The HIV-1 virus shows high genetic 

diversity owing largely to the error-prone RT enzyme, the selective immune pressure 

from the host and the replication process (including recombination events and the high 

turnover rate of the virus) [132]. In general, HIV-1 is grouped into three phylogenetic 

forms: main or “M” (which is responsible for the majority of the infections), outlier or “O” 

and non-M/O or “N”. The M phylogenetic form is further classified into nine subtypes or 
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clades (A, B, C, D, F, G, H, J and K) and, into different circulating recombinant forms 

(CRFs) and several unique recombinant forms (URFs), derived from recombination 

between viruses of different subtypes, [133,134].  

1.3.1. HIV/AIDS epidemiology and impact on public health 

The AIDS pandemic caused by the HIV-1 has spread worldwide, with high impact and 

severity in human health, since its first description in 1981. The number of new infections 

and deaths caused by AIDS are increasing each year, and is particularly dramatic in 

developing and undeveloped countries. According to United Nations Programme on 

HIV/AIDS (UNAIDS) in 2017 there were approximately 36.9 million people worldwide 

living with HIV/AIDS, and it is estimated that 1.8 million persons became newly infected 

worldwide each year, with about 5,000 new infections per day (1% are children under 15 

years). In 2017, 940,000 people died from AIDS-related illnesses worldwide (442 in 

Spain).  

In the last years a great advance in antiretroviral therapy (ART) has been achieved 

but, in 2017, only 41%  of  people living with HIV-1 were accessing ART. Without 

treatment, average survival time after infection with HIV-1 is estimated to be 9 to 11 

years, depending on the HIV-1 subtype. HIV-1 diversity impacts virtually every aspect of 

the HIV/AIDS pandemic, including disease progression and transmission, pathogenesis, 

vaccine development, immune response and escape and response to ART and drug 

resistance [130]. The different HIV-1 subtypes and recombinants have also distinct 

global distribution patterns and among them, clade B is the most disseminated variant, 

being the causative agent in approximately 11% of all cases of HIV/AIDS worldwide. 

HIV-1 clade B emerged in Kinshasa (Democratic Republic of Congo, Africa) and was 

then introduced through the Caribbean into the United States of America (USA), where 

the incidence of HIV-1 clade B infection increased exponentially in the population. Then, 

the virus disseminated and became established in other regions, including Europe, Asia, 

Latin America, and Australia [130].  
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Figure 7. Geographic distribution of HIV-1 subtypes and recombinants. HIV-1 
subtypes (A, B, C, D, F, G, H, J, and K), circulating recombinant forms (CRFs) (CRF01_AE, 
CRF02_AG, CRF03_AB, and other CRFs) and unique recombinant forms (URFs) are 
represented by a different colour. The size of the pie charts corresponds to the relative 
number of people living with HIV/AIDS in that particular region. Each pie chart showed the 
proportion of the different HIV-1 subtypes or viral recombinants circulating in that particular 
region. HIV-1 clade B represents the 11% of the global infections, and the majority of all 
the HIV-1 infections in Europe and the Americas. Adapted from [133]. 

1.3.2. HIV/AIDS vaccine development 

While ART (more than 30 antiretroviral drugs are available at this moment) has 

drastically decreased the number of deaths associated to HIV/AIDS and  a containment 

of global transmission simultaneously with a survival increase in HIV-1-infected 

individuals is reported [135], an effective vaccine able to prevent HIV-1 infection is a 

global health priority and the only way to eradicate the disease. 

The main facts that make difficult the development of an efficacious vaccine against 

HIV/AIDS include: the rapid establishment of hard to clear infections, the integration of 

the HIV-1 genome into the host genome favouring the formation of latent viral reservoirs, 

the high mutation rate of the viral RT that makes HIV-1 population exist as a collection 

of closely related viral genomes known as quasispecies, the high diversity and structure 

of the envelope glycoprotein that limits the ability to elicit bnAbs, and the tropism of the 

virus for CD4+ T cells facilitating infection, spread, and persistence [136]. 
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Six HIV-1 vaccine efficacy phase IIb or III clinical trials have been conducted until 

now, targeting the different arms of the immune response, humoral and cellular systems, 

through distinct approaches (Table 1). However, five of them failed and showed no 

protection. Only the phase III RV144 “Thai Trial”,  using four priming injections of a 

recombinant canarypox vector vaccine expressing Env from subtypes B/E and Gag/Pro 

from subtype B (ALVAC-HIV) plus two booster injections of a recombinant glycoprotein 

120 subunit vaccine from subtypes B/E (AIDSVAX B/E), reach a modest vaccine efficacy 

of 31,2% of protection [137]. For the first time an HIV/AIDS showed some degree of 

protection. 

Trial Name Phase Year Participants Vaccine 
Immune 

Response 
Efficacy 

AIDSVAX 
B/E 

(VAX003) 
III 

1999-
2003 

2546 
Env gp120 

(B/E) 
Humoral 

Abs. 
No 

protection
AIDSVAX 

B/B 
(VAX004) 

III 
1998-
2003 

5417 
Env gp120 

(B/B) 
Humoral 

Abs. 
No 

protection

HVTN502 
(STEP) 

IIb 
2004-
2007 

3000 
MRKAd5 Gag-

Pol-Nef 
Cellular 

Stopped 
T cell 

pressure

HVTN503 
(Phambili) 

IIb 2007 801 
MRKAd5 Gag-

Pol-Nef (B) 
Cellular 

Stopped 
T cell 

pressure

RV144 III 
2003-
2006 

16402 
ALVAC-HIV + 
AIDVAX B/ E 

rgp120

Cellular + 
Humoral 

31.2% 
protection 

HVTN505 IIb 
2009-
2017 

504 
DNA, rAd5 (A, 

B, C) 
Cellular + 
Humoral 

No 
protection 

 Table 1. HIV/AIDS human efficacy phase IIb and III clinical trials completed. Ad5 = 
Human Adenovirus 5; HVTN = HIV Vaccine Trials Network; MRK = Merck; r = recombinant 
form. 

Although modest, the reduced infection risk achieved by the RV144 phase III clinical 

trial demonstrated the need of inducing both arms of the immune system, humoral and 

cellular, to obtain an effective vaccine against HIV/AIDS. The overall information 

obtained from all these trials, supports that vaccine protocols based on just viral vectors 

or heterologous viral vector prime/protein boost protocols appearing to perform better 

than multi-dose protein-based vaccines [136,138]. Moreover, the RV144 results 

highlighted the use of poxvirus vectors as promising HIV/AIDS vaccine candidates. Thus, 

novel optimized poxvirus-based vaccines against HIV/AIDS are desirable. 

1.4. Zika virus 

Zika virus (ZIKV) is a mosquito-borne virus from the family Flaviviridae and the genus 

Flavivirus [139], closely related with other mosquito-borne viruses with public health 

importance such as Japanese encephalitis virus (JEV), West Nile virus (WNV), dengue 
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virus (DENV), and yellow fever virus (YFV). The viral particle has 50 nm in diameter and 

contains an inner nucleocapsid composed of a linear positive sense, single-stranded 

RNA genome (of approximately 11 kbp in length) and multiple copies of the viral capsid 

(C) protein and an outer host cell-derived lipid bilayer bearing 180 copies each of two 

proteins: the viral membrane (M) protein [a cleavage product of the prM protein) and the 

E protein [140,141] (Fig. 8). The ORF encodes a large polyprotein of 3,423 amino acids 

which is cleaved by viral and cellular proteases into 10 individual proteins: three 

structural proteins located at the N-terminal region that form the infectious virion (C, 

prM/M, and E), and seven non-structural proteins, located at the C-terminal region, which 

are involved in viral replication (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) 

[140,141] (Fig. 8). ZIKV E protein is the major protein involved in receptor binding and 

fusion, and  data from ZIKV-infected patients indicate that is the main target of the 

majority of neutralizing Abs [142]. 

 

Figure 8. ZIKV structure and genome organization. ZIKV is an enveloped, icosahedral 
virus whose capsid has around 50 nm in diameter. Virions contain a linear single-stranded 
positive sense RNA genome [ss(+)RNA] inside an inner nucleocapsid formed by the capsid 
protein. The envelope, membrane protein and capsid protein are also indicated. Below the 
virion, the genomic polyprotein and its processing is represented. The ss(+)RNA encodes 
a large polyprotein that is cleaved by viral and cellular proteases into 10 individual proteins: 
three structural proteins, located at the N-terminal region, that form the infectious virion (C, 
prM/M, and E), and seven non-structural proteins, located at the C-terminal region, that are 
involved in viral replication (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5). Adapted 
from [143]. 

1.4.1. ZIKV epidemiology and impact on public health 

ZIKV is transmitted to humans primarily through the bite of infected mosquitoes from 

genus Aedes, mainly by A. albopictus and A. aegypti, both widely distributed throughout 

the tropical and subtropical regions of the world, with the habitat of A. albopictus 

extending further into cool temperate regions [140,141]. Furthermore, ZIKV can also be 
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transmitted from mother to child during pregnancy or spread through sexual contact, 

breastfeeding, or blood transfusion [140,141]. The multiple modes of ZIKV transmission 

make it difficult to develop control strategies against the pathogen. 

ZIKV was discovered in Uganda in 1947, but was confined for the first 60 years to an 

equatorial zone across Africa and Asia [140,141]. However, in 2007 a ZIKV outbreak 

emerged in Yap Island, in the Western Pacific Ocean, and between 2013-2014 a second 

larger outbreak spread eastward to French Polynesia and other Pacific Islands. Finally 

the virus reached Latin America in 2015, and disseminated further to North America in 

2016, with 500,000–1,500,000 suspected cases of ZIKV infection reported in the 

Americas, and more than 4,300 cases of microcephaly [144]. As a consequence, the 

WHO declared the Public Health Emergency of International Concern from 1 February 

to 18 November 2016. Actually, ZIKV is circulating in the Americas, Southeast Asia, and 

the Pacific Islands, and represents a potential pandemic threat [140,141] (Fig. 9). In 

addition, since early 2015, there have been an increasing number of travel-related 

imported ZIKV cases in non-endemic countries and it is predicted that a large portion of 

the tropical and sub-tropical regions of the globe will have suitable environmental 

conditions for ZIKV mosquito transmission. Thus, there is currently a high risk of 

introducing and establishing new autochthonous transmission in these areas [140,141].    

 

Figure 9. Map of high- and low-risk areas for ZIKV infection. The risk areas for ZIKV 
infection and transmission are shown in different colours. ZIKV has spread to 84 countries 
in the Americas, Africa and Asia. South and Southeast Asia and Oceania are at high risk 
for future outbreaks and, despite the decreasing trend of ZIKV infection in the Americas, 
seasonal transmission comprises a possible threat in southern parts of North America and 
also in China and Europe. Adapted from [145]. 
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In most cases ZIKV infection causes no symptoms or only a mild self-limiting illness, 

but recent epidemiological studies derived from outbreaks in 2007 and 2015-2016 linked 

ZIKV infection to a rising number of concerning severe neurological diseases, including 

Guillain-Barré syndrome (GBS) and microcephaly  in neonates that were exposed in 

utero [140,141]. In addition, it is now accepted that a wide range of severe congenital 

conditions (such as brain calcifications, arthrogryposis, ophthalmologic alterations, 

spinal deformities, among others) are develop as a result of in utero ZIKV exposure 

[146,147].  

Until this moment, there are no antiviral treatments available to control ZIKV infection. 

However, a great labor has been made to search for antiviral candidates. Different 

strategies and methodologies have been used, from testing specific compounds with 

known antiviral activity in other virus models, to libraries composed of hundreds of 

bioactive molecules (many of them already approved for human), and several molecules 

targeting viral and cellular components (including nucleoside analogues, nucleoside 

synthesis inhibitors, drugs targeting viral enzymes, anticancer and anti-inflammatory 

molecules, antibiotics, antiparasitics, among others) have been tested [148], but none of 

them have been approved for use in ZIKV infection until now.  

1.4.2. ZIKV vaccine development 

The development of a safe and efficacious vaccine against ZIKV is critical given the 

rapid dissemination of the virus and the severe neurological and teratogenic sequelae 

associated with ZIKV infection [140]. The success previously obtained using vaccines 

against related flaviviruses such as JEV, YFV, and tick-borne encephalitis (TBEV), have 

demonstrated that recombinant vaccines expressing the viral E protein were able to 

induce antibody responses that correlate with complete protection [149,150]. Thus, 

following a similar design, in recent years several vaccine candidates against ZIKV have 

been developed, and some of them entered in phase I or II clinical trials [151,152]. 

However, there are no approved vaccines to prevent ZIKV infection. These vaccine 

candidates include various technologies and approaches, such as inactivated ZIKV, 

recombinant viral vectors, DNA plasmid vaccines, mRNA-based vaccines, and peptide-

based vaccines; with most of them based on the whole inactivated organism or in 

vectored expression of prM and E structural proteins, as occurred with other flaviviral 

vaccines [151,152]. 
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2. OBJECTIVES 

Due to the relevance of the poxvirus vector MVA as a vaccine candidate against 

several infectious diseases, there is a major interest in the optimization of this vector to 

achieve the most effective control of pathogens. Thus, the objectives of the Thesis are 

aimed at the immunological optimization of MVA-based vaccine candidates against 

HIV/AIDS by enhancing VACV promoter strength and by deleting immunosuppressive 

MVA genes. Additionally, these modifications were applied to a novel optimized MVA 

vector to generate a vaccine against ZIKV with the aim to demonstrate whether efficacy 

was obtained after challenge with ZIKV in a mouse model of disease.  

 

The specific objectives are: 

 

1) Generate and characterize the immunogenicity of a novel MVA vector containing 

an optimized stronger VACV promoter that controls the expression of a model antigen, 

HIV-1 gp120 protein. 

 

2) Improve the immunogenicity of the HIV/AIDS vaccine candidate MVA-B by 

deleting the MVA A40R gene and define the immunomodulatory role of the A40 protein.  

 

3) Develop a novel optimized MVA-based vaccine candidate against ZIKV (MVA-

ZIKV) expressing the structural prM and E proteins and producing virus-like particles. 

Define the immunogenicity and efficacy of MVA-ZIKV in immunized mice.  
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3. MATERIALS AND METHODS 

3.1. Materials 

3.1.1. Cell lines 

The following cell lines have been used in this work: 

- CEF: Primary chicken embryo fibroblast cells obtained from pathogen-free 11-

day-old eggs (MSD, Salamanca, Spain).  

- DF-1: Spontaneously immortalized CEF cell line (ATCC® CCRL-12203™). 

- HeLa: Immortalized human epithelial cervix adenocarcinoma cells (ATCC® 

CCL-2™). 

- Vero cells: Kidney epithelial cell line from African green monkey (ATCC® 

CCCL-81™). 

- THP-1: Human monocytic cell line (ATCC® TIB-202™). 

3.1.2. Culture media 

CEF, DF-1 and HeLa cells were grown in Dulbecco´s modified Eagle medium (DMEM, 

Gibco) supplemented with non-essential amino acids (0.1 mM, Sigma-Aldrich), L-

Glutamine (2 mM, Merck), streptomycin (100 μg/ml, Sigma-Aldrich), penicillin (100 U/ml, 

Sigma-Aldrich), fungizone (0.5 μg/ml, Gibco), gentamycin (0.05 μg/ml, Sigma-Aldrich) 

and 10% of heat-inactivated fetal calf serum (FCS, Gibco) for CEF and DF-1 cells or 

10% newborn calf serum (NCS, Sigma-Aldrich) for HeLa cells. For virus infections 

DMEM-2% FCS or DMEM-2% NCS was used after the virus adsorption.  

Vero cells were grown in Eagle’s minimal essential medium (EMEM) and 5% heat-

inactivated fetal bovine serum (FBS, Linus), as previously described [153].  

THP-1 cells were grown in Roswell Park Memorial Institute (RPMI-1640, Gibco) 

medium supplemented with HEPES pH 7.4 (10 mM, Merck), β-mercaptoethanol (10 µM, 

Sigma-Aldrich), L-glutamine (2 mM, Merck) and 10% FCS. 

DMEM-Hi glucose medium (Sigma-Aldrich), supplemented with 4500 mg/l glucose 

and sodium bicarbonate, and without L-glutamine and sodium pyruvate was used for 

virus infections where proteins in the supernatant were quantified. 

 All the cells were maintained at 37ºC in a humidified air atmosphere with 5% carbon 

dioxide (CO2) and 95% humidity. 

3.1.3. Bacteria 

Escherichia coli bacterial strains DH5α (CNB) or DH10β (New England Biolabs) were 

used for bacterial transformations, in the generation of clones during the construction of 

recombinant plasmid DNAs. In all these cases, the media used for growing the bacteria 

was Luria-Bertani (LB) containing 1% bacto-tryptone (BD Biosciences), 1% NaCl 
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(Sigma-Aldrich) and 0.5% yeast extract (BD Biosciences) at pH 7 [154], in the presence 

of 100 μg/ml of the selection antibiotic ampicillin (Roche). 

3.1.4. Oligonucleotides 

The following oligonucleotides have been used in this work: 

Oligonucleotide Sequence (5´→ 3´) Template 

Oligonucleotides used for check mycoplasma contamination 

Myc A (F) GGCGAATGGGTGAGTAACACG Mycoplasma genome 

Myc B (R) CGGATAACGCTGCGACCTATG Mycoplasma genome 

Oligonucleotides used for amplify and/or sequence the MVA genome 

TK-L (F) TGATTAGTTTGATGCGATTC TK left flank 

TK-R (R) TGTCCTTGATACGGCAG TK right flank 

HA-2 (F) GATCCGCATCATCGGTGG HA left flank 

HA-MVA (R) TGACACGATTACCAATAC HA right flank 

Oligonucleotides used for generation of plasmid pGem-RG-ΔA40R 

and characterization of MVA-B ΔA40R 

LFA40R-AatII-F ACGTTTGACGTCATAGAAAAATATAA A40R left flank 

LFA40R-XbaI-R TACACCGCACGACAATGAACAAACAT A40R left flank 

LF’A40R-EcoRI-F ACGTTTGAAGTCATAGAAAAATATAA A40R left flank 

LFA40R-ClaI-R TACACCGCACGACAATGAACAAACAT A40R left flank 

RFA40R-ClaI-F AGAAAAAATAAATATCGCGTACCG A40R right flank 

RFA40R-BamHI-R CCATGAGGATCCAGTAAAATTAACAG A40R right flank 

Oligonucleotides used for generation of plasmid pHA-A40R 

and characterization of MVA-B ΔA40R-rev 

LFA40R-XmaI-F TCCCCCCGGGATGAACAAACATAAGAC A40R gene right flank

RFA40R-SacII-R 
AGGCCGCGGTTATTTTTTTCTAAAACACT

C 
A40R gene right flank 

Oligonucleotides used for MVA-LEO160-gp120 characterization 

gp120BX08-F ATGGACCGCGCCAAGCTGCTGCTG HIV-1BX08 gp120 (Env) 

gp120BX08-R 
TCAGCGCTTCTCGCGCTGCACCACCCT

CCT 
HIV-1BX08 gp120 (Env) 

gp120BX08-intF1 
 

ACAGCAGCAGCGGCAAGGAG HIV-1BX08 gp120 (Env) 

gp120BX08-intR1 GCCCACCTCCTGCCACATGTTGAT HIV-1BX08 gp120 (Env) 

gp120BX08-intR2 GCAGCAGCAGCAGCAGCAGCAGC HIV-1BX08 gp120 (Env) 

gp120BX08-intR4 TGTCGTAGGCCTTGGCGTCGG HIV-1BX08 gp120 (Env) 

Oligonucleotides used for MVA-ZIKV characterization 

ZIKV-F GCTAGCGCCACCATG ZIKV insert (prM-E) 

ZIKV-R 
CAGGATCATTTAAATAGATCTATGCATT

CAGGCGGACACGGCGGTGC 
ZIKV insert (prM-E) 
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ZIKV-F (new) 
GAGCTAGCTCGAGTTTAAACTGCAGGT

CGACGCCACCATGGGAGCCGATAC 
ZIKV insert (prM-E) 

ZIKV-R (new) 
CAGGATCATTTAAATAGATCTATGCATT

CAGGCGGACACGGCGGTGC 
ZIKV insert (prM-E) 

ZIKV-intF1 GTCCTACAGCCTGTGTACCGCCGC ZIKV insert (prM-E) 

ZIKV-intR1 ACGGCCATCTGAGCTG ZIKV insert (prM-E) 

ZIKV-intR2 TGGTGGGAAGCTGATGGCCTCGCCGG ZIKV insert (prM-E) 

Oligonucleotides used for quantitative Real-Time RT-PCR 

gp120BX08 sense GGCGAGTTCTTCTACTGCAAC HIV-1BX08 gp120 (Env) 

gp120BX08 antisense CCTCGCTGTTGGTCTCGT HIV-1BX08 gp120 (Env) 

ZIKV sense AARTACACATACCARAACAAAGTGGT ZIKV NS5 

ZIKV antisense TCCRCTCCCYCTYTGGTCTTG ZIKV NS5 

E3L sense CGGAGCTGTACACCATAGCA VACV E3L  

E3L antisense TATTGACGAGCGTTCTGACG VACV E3L  

chGAPDH sense ATCAAGAGGGTAGTGAAGGCTGCT Chicken GAPDH 

chGAPDH antisense TCAAAGGTGGAGGAATGGCTGTCA Chicken GAPDH 

HPRT sense GAACGTCTTGCTCGAGATGTG Human HPRT 

HPRT antisense CCAGCAGGTCAGCAAAGAATT Human HPRT 

IFNβ sense GATTCATCTAGCACTGGCTGG Human IFNβ 

IFNβ antisense CTTCAGGTAATGCAGAATCC Human IFNβ 

IFIT1 sense TTGCCTGGATGTATTACCAC Human IFIT1 

IFIT1 antisense GCTTCTTGCAAATGTTCTCC Human IFIT1 

IFIT2 sense ACAAGGCCATCCACCACTTTAT Human IFIT2 

IFIT2 antisense CCCAGCAATTCAGGTGTTAACA Human IFIT2 

MDA-5 sense GTGCATGGAGGAGGAACTGT Human MDA-5 (IFIH1) 

MDA-5 antisense GTTATTCTCCATGCCCCAGA Human MDA-5 (IFIH1) 

TNFα sense CACCACTTCGAAACCTGGGA Human TNFα 

TNFα antisense CACTTCACTGTGCAGGCCAC Human TNFα 

MIP-1α sense TGGTCAGTCCTTTCTTGG Human MIP-1α (CCL3) 

MIP-1α antisense GCAGAGGAGGACAGCAAG Human MIP-1α (CCL3) 

RANTES sense CGCTGTCATCCTCATTGCTA Human RANTES (CCL5) 

RANTES antisense GCACTTGCCACTGGTGTAGA Human RANTES (CCL5) 

RIG-I sense AGGAAAACTGGCCCAAAACT Human RIG-I (DDX58) 

RIG-I antisense TTTCCCCTTTTGTCCTTGTG Human RIG-I (DDX58) 

Table 2. Oligonucleotides used in the present work. F=Forward, R=Reverse. Y = T or 
C, R = A or G. GAPDH=Glyceraldehyde-3-phosphate dehydrogenase gene. 
HPRT=Hypoxanthine phosphoribosyl transferase gene. IFNβ=Interferon beta gene. 
IFIT1=Interferon induced protein with tetratricopeptide repeats-1 gene. IFIT2=Interferon 
induced protein with tetratricopeptide repeats-2 gene. MDA-5 (IFIH1)=Melanoma 
differentiation-associated protein-5 gene (Interferon induced with helicase C domain-1). 
TNFα=Tumour necrosis factor alpha gene. MIP-1α (CCL3)=Macrophage inflammatory 
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protein-1 alpha gene (Chemokine C-motif ligand-3). RANTES (CCL5)=Regulated upon 
activation normal T cell expressed and secreted (Chemokine C-motif ligand-5). RIG-I 
(DDX58)=Retinoic acid inducible gene-I (DEAD box helicase-58). 

3.1.5. Antibodies 

The antibodies used in this work are described in the table below: 

Antibody Characteristics Source 

Primary Antibodies 

Rabbit α WR 
Polyclonal, against proteins from the VACV WR 

strain 
CNB 

Rabbit α E3 Polyclonal, against VACV E3 protein CNB 

Rabbit α β-actin Monoclonal, against cellular β-actin Cell Signaling 

Rabbit α gp120 Polyclonal, against HIV-1 gp120 protein CNB 

Rabbit α gag p24 Polyclonal, against HIV-1 p24 protein CNB 

Mouse α E Monoclonal, against ZIKV envelope protein BioFront Tech 

Rabbit α prM Polyclonal, against ZIKV prM protein GeneTex 

Rabbit α Calnexin 
 

Polyclonal, against cellular calnexin Enzo Life Sciences 

Secondary Antibodies 

Goat α Rabbit-HRP 
Polyclonal, against rabbit IgG, conjugated with 

horseradish peroxidase (HRP) 
Sigma-Aldrich 

Goat α Mouse-HRP 
Polyclonal, against mouse IgG, conjugated with 

horseradish peroxidase (HRP) 
Sigma-Aldrich 

Goat α Human-HRP 
Polyclonal, against human IgG, conjugated with 

horseradish peroxidase (HRP) 
Sigma-Aldrich 

Conjugated Antibodies (Immunofluorescence) 

Goat α Rabbit-Alexa 
488 

Polyclonal, against rabbit IgG, conjugated with 
Alexa Fluor® 488 

ThermoFisher 

Goat α Rabbit-Alexa 
594 

Polyclonal, against rabbit IgG, conjugated with 
Alexa Fluor® 594 

ThermoFisher 

Goat α Mouse-Alexa 
488 

Polyclonal, against mouse IgG, conjugated with 
Alexa Fluor® 488 

ThermoFisher 

Conjugated Antibodies (Flow Cytometry) 

Rat α Mouse CD107a-
FITC 

Monoclonal, against mouse CD107a conjugated 
with FITC (Fluorescein), Clone 1D4B 

BD Biosciences 

Hamster α Mouse CD3e 
-PE-CF594 

Monoclonal, against mouse CD3e conjugated with 
PE-CF594, Clone 145-2C11 

BD Biosciences 

Rat α Mouse CD4-
PECy7 

Monoclonal, against mouse CD4 conjugated with 
PECy7, Clone RM4-5 

BD Biosciences 

Rat α Mouse CD8a-
V500 

Monoclonal, against mouse CD8a, conjugated with 
V500, Clone 53-6.7 

BD Biosciences 

Rat α Mouse CD127-
PerCPCy5.5 

Monoclonal, against mouse CD127 conjugated 
with PerCPCyanine5.5, Clone A7R34 

eBioscience 
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Rat α Mouse CD62L-
Alexa700 

Monoclonal, against mouse CD62L conjugated 
with Alexa Fluor 700, Clone MEL-14 

BD Biosciences 

Rat α Mouse CD4-APC-
Cy7 

Monoclonal, against mouse CD4, conjugated with 
APC-Cy7, Clone GK1.5 

BD Biosciences 

Rat α Mouse IL-2-APC 
Monoclonal, against mouse IL-2, conjugated with 

APC, Clone JES6-5H4 
BD Biosciences 

Rat α Mouse IFNγ-
PECy7 

Monoclonal, against mouse IFNγ, conjugated with 
PECy7, Clone XMG1.2 

BD Biosciences 

Rat α Mouse TNFα-PE 
Monoclonal, against mouse TNFα, conjugated with 

PE, Clone MP6-XT22 
eBioscience 

Rat α Mouse CD4-
Alexa700 

Monoclonal, against mouse CD4, conjugated with 
Alexa Fluor700, Clone RM4-5 

BD Biosciences 

Rat α Mouse CD44-
PECy5 

Monoclonal, against mouse CD44, conjugated with 
PECy5, Clone IM7 

BioLegend 

Armenian Hamster α 
Mouse CD154(CD40L)-

Biotin 

Monoclonal, against mouse CD154(CD40L), 
conjugated with Biotin, Clone MR1 

BD Biosciences  

Mouse α Biotin-FITC 
Monoclonal, against Biotin (Avidin, conjugated with 

FITC), Clone SB58c 
Southern Biotech 

Rat α Mouse CXCR5-
PE-CF594 

Monoclonal, against mouse CXCR5, conjugated 
with PE-CF594, Clone 2G8 

BD Biosciences 

Rat α Mouse IL-4-Alexa 
Fluor 488 

Monoclonal, against mouse IL-4, conjugated with 
Alexa Fluor 488, Clone 11B11 

BD Biosciences 

Rat α Mouse IL-21-APC 
Monoclonal, against mouse IL-21, conjugated with 

APC, Clone FFA21 
eBioscience 

Armenian Hamster α 
Mouse PD1(CD279)-

APC-eFluor780 

Monoclonal, against mouse CD279 (PD1), 
conjugated with APC-eFluor780, Clone J43 

eBioscience 

Rat α Mouse 
CD16/CD32 (Fc block) 

Monoclonal, against mouse CD16/CD32,Clone 
2.46

BD Biosciences 

Table 3. Antibodies used in the present work. α= anti.  

3.1.6. Peptides and proteins 

3.1.6.1. Peptides  

Different peptide pools were used in the ICS assays: 

- HIV-1 peptide pools, with each purified peptide at 1 mg/ml per vial, were provided 

by BEI Resources (National Institute of Allergy and Infectious Disease, National Institutes 

of Health, USA). The peptides covered the Env, Gag, Pol, and Nef proteins present in 

the consensus sequence of HIV-1 clade B as consecutive 15-mers overlapping by 11 

amino acids. The HIV-1BX08 gp120 protein was spanned by the Env-1 (60 peptides) and 

Env-2 (61 peptides) pools. The HIV-1IIIBGPN fusion protein was spanned by the following 

pools: Gag-1 (55 peptides), Gag-2 (50 peptides), GPN-1 (56 peptides), GPN-2 (56 

peptides), GPN-3 (56 peptides) and GPN-4 (56 peptides). For immunological analysis 

we grouped the peptides in three main pools: Env, Gag and GPN. The Env-pool 
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comprises Env-1 + Env-2; Gag-pool comprises Gag-1 + Gag-2; and GPN-pool comprises 

GPN-1 + GPN-2 + GPN-3 + GPN-4. 

 - A ZIKV envelope (E) peptide pool of the ZIKV PRVABC59 strain (GenPept: 

AMZ03556), with each purified peptide at 1 mg/ml per vial, was obtained through BEI 

Resources (National Institute of Allergy and Infectious Disease, National Institutes of 

Health, USA). The peptides spanned the entire ZIKV E protein as consecutive 15-mers 

overlapping by 12 amino acids. The ZIKV-E pool comprises ZIKV-E1 (54 peptides), 

ZIKV-E2 (55 peptides) and ZIKV-E3 (55 peptides). 

3.1.6.2. Proteins 

The HIV-1 gp120 envelope protein from isolate Bx08 (750μg/μl, CNB) was used for 

Enzyme Linked Immunosorbent Assays (ELISAs).. 

3.1.7. Plasmids 

3.1.7.1. Plasmid transfer vectors used for the generation of MVA 

recombinant viruses 

Plasmid transfer vectors were used for the insertion of a heterologous sequence or 

the deletion of a VACV gene in the MVA genome. Cells were first infected with the 

parental MVA virus and then transfected with these plasmids. After that, the recombinant 

MVA viruses were selected after consecutive plaque purification steps. 

3.1.7.1.1. Plasmid transfer vector used for the deletion of MVA A40R 

gene in the MVA-B genome: pGem-RG-ΔA40R wm 

The plasmid transfer vector pGem-RG-ΔA40R wm contains: the right flanking region 

of the MVA A40R gene, the gene for dsRed2 fluorescent marker, the left flanking region 

of the MVA A40R gene, the gene for red-shifted green fluorescent protein (rsGFP) 

fluorescent marker, another left flanking region of the MVA A40R gene, and the ampicillin 

gene used for the bacterial selection (Fig. 10). It was used for the generation of the MVA-

B ΔA40R deletion mutant by homologous recombination between the flanking regions of 

the MVA A40R gene during the infection/transfection process. The letters “wm” stand for 

“without markers”, indicating that the final recombinant virus lacks the markers used for 

its selection, dsRed2 and rsGFP. The plasmid transfer vector pGem-RG-ΔA40R wm was 

obtained by sequential cloning of MVA A40R flanking sequences into plasmid pGem-

Red2-GFP wm (termed pGem-RG wm) (4,540 bp), whose generation was previously 

described [92]. The MVA-B genome was used as the template to amplify by PCR the left 

flank of the A40R gene (352 bp) with oligonucleotides LFA40R-AatII-F and LFA40R-

XbaI-R (containing AatII and XbaI restriction sites, respectively) (see Table 2). The left 

flank was digested with AatII and XbaI and cloned into plasmid pGem-RG wm, which 
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had previously been digested with the same restriction enzymes, to generate plasmid 

pGem-RG-LFsA40R wm (4,859 bp). Then, the repeated left flank of the A40R gene (352 

bp) was amplified by PCR from the MVA-B genome with oligonucleotides LF′A40R-

EcoRI-F and LF′A40R-ClaI-R  (containing EcoRI and ClaI restriction sites, respectively) 

(see Table 2), digested with EcoRI and ClaI, and inserted into EcoRI/ClaI-digested 

pGem-RG-LFsA40R wm to generate plasmid pGem-RG-LFdA40R wm (5,170 bp). 

Finally, the right flank of the A40R gene (372 bp) was amplified by PCR from the MVA-

B genome with oligonucleotides RFA40R-ClaI-F and RFA40R-BamHI-R (containing ClaI 

and BamHI restriction sites, respectively) (see Table 2), digested with ClaI and BamHI, 

and inserted into ClaI/BamHI-digested pGem-RG-LFdA40R wm plasmid. The resulting 

plasmid transfer vector generated was termed pGem-RG-A40R wm (5,512 bp), and its 

correct construction was confirmed by DNA sequence analysis. 

 

Figure 10. Scheme of pGem-RG-ΔA40R wm plasmid transfer vector. Contains: the 
right flanking region of the MVA A40R gene (RF A40R), the dsRed2 fluorescent marker 
gene (Red2), the left flanking region of the MVA A40R gene (LF A40R), the rsGFP 
fluorescent marker gene (GFP), another left flanking region of the MVA A40R gene 
(LF’A40R), and the ampicillin gene used for the bacterial selection. 

3.1.7.1.2. Plasmid transfer vectors used for the insertion of heterologous 

DNA in the MVA backbone 

These plasmid transfer vectors contains: the left flanking region of the MVA thymidine 

kinase (TK) or hemagglutinin (HA) genes, the β-galactosidase (β-gal) or β-glucuronidase 

(β-gus) genes (as selectable markers), the repeated left flanking region of the MVA TK 

or HA genes, the corresponding heterologous sequence under the control of a synthetic 

VACV promoter and cloned into a multiple cloning site (MCS), the right flanking region 

of the MVA TK or HA genes and the ampicillin gene used for the bacterial selection. The 

plasmid transfer vector used for the insertion of heterologous antigens in the MVA TK 

locus is termed pCyA, and its generation was previously described [155], and the plasmid 
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transfer vector used for the insertion of heterologous antigens in the MVA HA locus is 

termed pHA, and its generation was previously described [98] (Fig. 11). 

 

Figure 11. Scheme of the MVA insertional plasmids. Contains: the left flanking region 
of the MVA TK (TK-L) or HA (HA-L) genes, the β-gal or β-gus genes (as selectable 
markers), the repeated left flank of the MVA TK or HA genes, the multiple cloning site 
(MCS), the right flank of the MVA TK or HA genes, and the ampicillin gene used for the 
bacterial selection. 

The plasmid transfer vectors constructed in this work to insert heterologous 

sequences in the MVA genome are: 

 pLZAW1-LEO160-gp120: Used to generate the MVA-LEO160-gp120 recombinant 

virus. Directs the insertion of the HIV-1 gp120 sequence (clade B, isolate Bx08, 

GenBank accession number: GQ855765.1), under the control of the novel synthetic 

VACV LEO160 promoter into the TK locus of MVA. Obtained by inserting the HIV-

1BX08 gp120 sequence into the pLZAW1-LEO160 plasmid [88] that contains the novel 

synthetic VACV LEO160 promoter by using GeneArt Subcloning and Plasmid 

Services (ThermoFischer Scientific). Contains the HIV-1BX08 gp120 sequence under 

the control of the novel synthetic VACV LEO160 promoter introduced in a MCS 

between the MVA TK-L and TK-R flanking regions, and the selectable marker genes 

for ampicillin and β-gal. The β-gal gene (LacZ) is inserted among two repetitions of 

the left TK flanking region, allowing their deletion from the final recombinant virus by 

homologous recombination after consecutive plaque purification steps. The resulting 

plasmid pLZAW1-LEO160-gp120 (9,217 bp) was confirmed by DNA sequence 

analysis. 

 pHA-A40R: Used for the insertion of the MVA A40R gene into the VACV HA locus of 

the MVA-B ΔA40R recombinant virus to generate the MVA-B ΔA40R-rev revertant 

virus. To construct the plasmid transfer vector pHA-A40R (7,126 bp), the MVA A40R 

gene (526 bp) was amplified by PCR from the MVA-B genome with oligonucleotides 
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LFA40R-XmaI-F and RFA40R-SacII-R (containing XmaI and SacII restriction sites, 

respectively) (see Table 2), digested with XmaI and SacII restriction enzymes, and 

then inserted into the XmaI/SacII-digested pHA plasmid (6,600 bp) [98]. Thus, pHA-

A40R contains the MVA A40R gene under the control of the viral sE/L promoter 

introduced in an MCS between the MVA HA-L and HA-R flanking regions, and the 

selectable marker genes for ampicillin and β-gus. The β-gus gene is inserted among 

two repetitions of the left HA flanking region, allowing their deletion from the final 

recombinant virus by homologous recombination after consecutive plaque purification 

steps. The resulting plasmid pHA-A40R was confirmed by DNA sequence analysis. 

 pLEOLZ-ZIKV: Used to generate the MVA-ZIKV recombinant virus. Directs the 

insertion of the ZIKV cassette under the control of the novel synthetic VACV LEO160 

promoter into the TK locus of MVA ΔC6L/K7R/A46R-GFP. Initially, the ZIKV cassette 

comprising the ZIKV precursor membrane (prM) and envelope (E) structural genes, 

preceded by the last 18 amino acids of the C-terminal hydrophobic stretch of the C 

protein (that acts as a signal peptide for the proper translocation of the prM protein 

into the lumen of the ER) (isolate Z1106033, GenBank accession number: KU312312) 

was chemically synthesized and codon optimized for human cell expression and then 

was subcloning into the pCyA plasmid transfer vector [155] by GeneArt Subcloning 

and Plasmid Services (ThermoFischer Scientific), to generate the plasmid transfer 

vector termed pCyA-ZIKV. Then, pLEOLZ-ZIKV plasmid was obtained by amplifying 

the ZIKV cassette from the pCyA-ZIKV plasmid with oligonucleotides ZIKV-F (new) 

and ZIKV-R (new) (see Table 2) and subcloning it into the pLEOLZ plasmid, 

previously digested with PstI and BglII restriction enzymes, using the Gibson 

Assembly method [156]. The plasmid transfer vector pLEOLZ was obtained 

substituting the VACV E/L promoter presented in the pCyA plasmid for the LEO160 

promoter [88] by using GeneArt Subcloning and Plasmid Services (ThermoFischer 

Scientific). The resulting plasmid pLEOLZ-ZIKV (9,657 bp) was confirmed by DNA 

sequence analysis. 

3.1.7.2. Plasmids used for vaccination 

The various plasmid DNAs used for vaccination are: 

 pcDNA3.0(+) (Invitrogen): Mammalian expression vector used as such for 

vaccination and also for the insertion of heterologous antigens described below. The 

plasmid contains an MCS after the cytomegalovirus (CMV) promoter and an ampicillin 

resistance gene for selection. 
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 pCMV (Invitrogen): Mammalian expression vector used as such for vaccination and 

also for the insertion of heterologous antigens described below. The plasmid contains 

a MCS after the CMV promoter and a kanamycin resistance gene for selection. 

 pCMV-gp120BX08: Plasmid expressing the HIV-1gp120BX08 protein. Kindly provided by 

Sanofi-Pasteur. Used for prime vaccination in heterologous prime/boost protocols. 

 pCMV-GPNIIIB: Plasmid expressing the GPNIIIB polyprotein. Previously described in 

[113]. Used for prime vaccination in heterologous prime/boost protocols. 

3.1.8. Viruses 

3.1.8.1. MVA viruses 

VACV used in this work are based on the parental highly attenuated MVA strain and 

are detailed as follows: 

 MVA-WT: Attenuated MVA wild-type (WT) strain, kindly provided by Dr. G. Sutter 

(University of Munich, Germany). It was obtained from the CVA strain after 586 serial 

passages in CEF cells [46], and was used as the parental virus for the generation of 

several recombinant MVA vectors and as a vector control in mice immunization 

protocols. 

 MVA-B: MVA containing the HIV-1 gp120 antigen (clade B, isolate Bx08) and the 

GPN polyprotein (clade B, isolate IIIB) inserted into the TK locus [113]. 

 MVA-GFP: MVA recombinant virus containing the GFP gene into the TK locus [88]. 

Used as parental virus for the generation of MVA-LEO160-gp120. 

 MVA ΔC6L/K7R/A46R-GFP: MVA recombinant virus containing the GFP gene into 

the TK locus and lacking the immunomodulatory VACV genes C6L, K7R, and A46R 

[97]. Used as parental virus for the generation of MVA-ZIKV. 

 MVA-B ΔA40R: MVA containing the HIV-1 gp120 antigen (clade B, isolate Bx08) and 

the GPN polyprotein (clade B, isolate IIIB) inserted into the TK locus and lacking the 

MVA A40R gene. MVA-B ΔA40R was generated using MVA-B as parental virus and 

pGem-RG-A40R wm as the plasmid transfer vector employing an 

infection/transfection protocol (see section 3.2.4.2). 

 MVA-B ΔA40R-rev: MVA-B ΔA40R containing the MVA A40R gene inserted into the 

HA locus. MVA-B ΔA40R-rev was generated using MVA-B ΔA40R as parental virus 

and pHA-A40R as the plasmid transfer vector employing an infection/transfection 

protocol (see section 3.2.4.2).  

 MVA-LEO160-gp120: MVA containing the HIV-1 gp120 antigen (clade B, isolate 

Bx08) inserted into the TK locus and placed under the control of the synthetic VACV 

LEO160 promoter. MVA-LEO160-gp120 was generated using MVA-GFP as parental 
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virus and pLEO160-gp120 as the plasmid transfer vector employing an 

infection/transfection protocol (see section 3.2.4.2). 

 MVA-ZIKV: MVA containing the ZIKV prM and E structural genes preceded by a 

signal peptide (isolate Z1106033, derived from an Asian lineage virus, isolated from 

a patient in Suriname at the onset of the late-2015 expansion of the virus in the 

Americas; GenBank accession number: KU312312) [157],. The ZIKV genes were 

inserted into the TK locus and the parental MVA contains deletions in the 

immunomodulatory VACV genes C6L, K7R, and A46R [97]. MVA-ZIKV was 

constructed using MVA ΔC6L/K7R/A46R-GFP as parental virus and pLEOLZ-ZIKV 

as a plasmid transfer vector employing an infection/transfection protocol. 

3.1.8.2. ZIKV viruses 

ZIKV PA259459 strain was used for the MVA-ZIKV challenge study. ZIKV PA259459 

and ZIKV FSS13025 strains were used for performing the plaque reduction neutralization 

(PRNT) assays. Both ZIKV strains were isolated from an infected human in Panama in 

2015 and in Cambodia in 2010, respectively. Both ZIKV strains were propagated using 

Vero cells and titrated in semisolid agarose medium, as previously described [158]. 

3.1.9. Animals/mice 

Female Balb/cOlaHsd mice (6 to 8 weeks old) used for immunogenicity assays were 

purchased from Envigo Laboratories and stored in the animal facility of the CNB (Madrid, 

Spain). The immunogenicity animal studies were approved by the Ethical Committee of 

Animal Experimentation (CEEA) of the CNB (Madrid, Spain) and by the Division of 

Animal Protection of the Comunidad de Madrid (PROEX 331/14) and were conducted at 

the CNB.  

IFNAR-/- mice (6 weeks old) used for the ZIKV efficacy assay were kindly provided by 

Javier Ortego, Centro de Investigación en Sanidad Animal (CISA)- Instituto Nacional de 

Investigación y Tecnología Agraria y Alimentaria (INIA). The efficacy animal study was 

approved by the CEEA of Instituto Nacional de Investigación y Tecnología Agraria y 

Alimentaria (INIA, Madrid, Spain) and by the Division of Animal Protection of the 

Comunidad de Madrid (PROEX 187/17) and were conducted in the biosafety level 3 

laboratory at CISA-INIA (Madrid, Spain). 

All animal procedures were conformed to international guidelines and to the Spanish 

law under the Royal Decree (RD 53/2013). Animals were maintained and handled 

according to the recommendations of the CNB-CSIC and CISA-INIA institutional Ethics 

Committees. 
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3.1.10. Buffers 

The following buffers have been used in the present work: 

- PBS 1X: NaCl 137 mM, KCl 2.7 mM, Na2PO4 8 mM and KH2PO4 1.5 mM. 

- PBS staining: PBS 1X, BSA 0.5%, FCS 1%, sodium azide 0.0065% and EDTA 2 

mM. 

- IB Buffer: PBS 1X, FCS 2% and EDTA 2mM 

- Protein loading buffer (Laemmli 1X): Tris-HCl 50 mM pH 6.8, Sodium dodecyl 

sulfate (SDS) 2%, β-mercaptoethanol 5%, glycerol 10% and bromophenol blue 0.012%.  

- DNA loading buffer: Xylene-cyanol 0.25%, glycerol 30% and bromophenol blue 

0.25%. 

- Electrophoresis buffer for Sodium dodecyl sulfate polyacrylamide gel 

Electrophoresis (SDS-PAGE): Tris 25 mM, glycine 192 mM and SDS 0.1%. 

- Transfer buffer for SDS-PAGE: Tris 25 mM, glycine 192 mM and methanol 20%, pH 

8.3. 

- TBE: Tris-Borate 90 mM pH 8.3 and EDTA 2 mM.  

- Proteinase K buffer: Tris-HCl 50 mM pH 8.0, EDTA 100 mM, NaCl 100 mM and SDS 

1%. 

3.2. Methods 

3.2.1. RNA manipulation techniques 

Total RNA was isolated using the RNeasy Kit (Qiagen GmbH, Hilden, Germany), 

according to the manufacturer’s recommendations. RNA and DNA concentrations were 

measured using a NanoDrop® ND-1000 full-spectrum spectrophotometer (Thermo 

Scientific). 

Reverse transcription of up to 1000 ng of RNA to cDNA was performed with the 

QuantiTect reverse transcription Kit (Qiagen GmbH, Hilden, Germany), according to the 

manufacturer’s recommendations. 

3.2.1.1. Quantitative real-time RT-PCR  

Up to 20 ng of cDNA template and 0.6 mM of the corresponding oligonucleotides in 

10 μl of RNase water were mixed with the same volume of Power SYBR green PCR 

Master Mix (ThermoFisher Scientific), following manufacturer’s recommendations. 

Quantitative PCR protocol, performed with a 7500 Real-Time PCR system (Applied 

Biosystems), consisted of two initial steps of 2 min at 50°C and 10 min at 95°C, followed 

by 40 cycles of 15 seconds at 95°C and 1 min at 60°C. Specific gene expression was 

represented relative to the expression of the cellular HPRT gene and/or the VACV E3L 

gene in arbitrary units (A.U.) using the 2-ΔΔCt method [159] 
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3.2.2. DNA manipulation techniques 

3.2.2.1. PCR 

DNA amplification using PCR was carried out for the molecular cloning of genes of 

interest into a plasmid backbone or to check the insertion/deletion of genes in the MVA 

backbone. In all cases, about 10-50 ng of template DNA was used along with 0.4 mM of 

the corresponding oligonucleotides, 1–2.5 units of Phusion® High Fidelity polymerase 

(NewEngland Biolabs) with its corresponding buffer and 0.2 mM of each of the four 

deoxyribose nucleoside triphosphates (dNTPs) (Roche Diagnostics GmbH). Annealing 

temperature and extension time varied depending on the reaction conditions (melting 

temperature of the oligonucleotides and length of the target fragment, respectively). The 

reactions were carried out in a VeritiTM 96-well thermocycler (Applied Biosystems). 

3.2.2.2. DNA detection 

DNA fragments were mixed with SYBR Safe 1% (Conda), as binding dye, loaded in 

1% agarose gel, separated though electrophoresis and, finally, detected using a GEL 

Doc 2000 UV Transilluminator System (Bio-Rad). 

3.2.2.3. Cloning DNA fragments into a plasmid vector 

Cloning of inserts into plasmid vectors to generate pGem-RG-ΔA40R wm and pHA-

A40R plasmid transfer vectors were carried out using standard molecular cloning 

procedures described in [154].  

Gibson Assembly Master Mix (New England Biolabs) protocol was used, according to 

manufacturer´s instructions, for pLEOLZ-ZIKV plasmid construction. 

In the case of pLAZW1-LEO160-gp120, pLEOLZ and pCyA-ZIKV, cloning processes 

were performed by GeneArt Subcloning and Plasmid Services (Thermo Fisher 

Scientific).  

3.2.2.4. DNA purification 

Purification of DNA fragments amplified by PCR or extracted from agarose gels was 

carried out using the Wizard genomic DNA purification Kit (Promega) following 

manufacturer´s instructions. 

Plasmid DNA purification during the molecular cloning process was performed using 

the standard alkaline lysis protocols [154] from 2 ml of cultures of positive bacterial 

clones. Larger quantities of purified plasmid DNA (for use in transfections and generation 

of other plasmid vectors through molecular cloning) were obtained using the Plasmid 

Maxi Kit (Qiagen) following manufacturer´s protocol. Plasmid DNAs used in in vivo 

experiments were purified using the Endofree Plasmid Mega Kit (Qiagen) following 

manufacturer´s instructions. 
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Purification of genomic DNA from infected cells was performed as follows: when 

infected cells exhibited extensive cytopathic effect, the monolayer was recovered and 

centrifuged (3000 rpm for 5 min) and the pellet was stored at -20ºC until use. For DNA 

extraction, the pellet was thawed, resuspended in Tris-HCl 50 mM pH 8.0 and 200 µg/ml 

of Proteinase K (Roche) was added in its corresponding buffer, followed by 1 hour (h) of 

incubation at 55ºC. Next, 40 µg/ml of RNase A (PanReac AppliChem) was added and 

incubated at 37ºC for 30 min. Then, saturated NaCl was added, the mixture was 

centrifuged (13,000 rpm for 10 min at 4ºC), the supernatant was collected and mixed 

with isopropanol (1:0.7 v/v ratio) and centrifuged (10,000 rpm for 10 min at room 

temperature, RT). The precipitated DNA was allowed to dry and was then resuspended 

in 30 µl of sterile distilled H2O. The concentration of the purified DNA was measured 

using NanoDrop (Thermo Scientific, USA). The DNA thus obtained was used to check 

for the correct insertion/deletion of the gene of interest using PCR and sequencing. 

3.2.3. Protein manipulation techniques 

3.2.3.1. Electrophoresis and Western blotting 

Protein samples from cell extracts were analyzed using one dimensional 

electrophoresis on polyacrylamide gels in the presence of SDS according to the standard 

protocols described previously [154]. The percentage of acrylamide in the gels varied 

according to the molecular weight of the proteins of interest. The samples were prepared 

with loading buffers (Laemmli 1X-β-mercaptoethanol) and denatured at 95ºC for 10 min 

prior to loading. The manufacturer´s protocol from Mini Trans-Blot® Cell (Bio-Rad) was 

followed for the transfer of protein samples from the electrophoretic gels to nitrocellulose 

membranes (GE Healthcare). The nitrocellulose membrane and filter papers (Whattman-

3MM®) were moistened in transfer buffer and mounted in the transfer system with the 

nitrocellulose membrane. The transfer was carried out at 200-400 mA during 50 min. The 

successful transfer was verified using Ponceau staining (0.2% Ponceau in 3% TCA; 

Sigma-Aldrich). The nitrocellulose membrane was then blocked in 5% skimmed milk 

solution prepared in PBS-1X-0.05% Tween20 (Sigma-Aldrich) (PBS-T) at RT for 1 h with 

subtle agitation. The corresponding primary antibodies, prepared at the desire dilution in 

the blocking buffer, were used for overnight incubation of the membrane at 4ºC. 

Following four washes with PBS-T, the membrane was incubated with the proper 

secondary antibody (appropriate dilutions were prepared in the same blocking buffer) for 

60 min at RT and later washed four times with PBS-T. The membranes were revealed 

using the ECL western blotting detection reagent (Amersham) according to the 

manufacturer´s instructions and detected in a ChemiDoc™ Imaging System (Bio-Rad). 
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3.2.3.2. Protein quantification by Enzyme Linked Immunosorbent Assay 

(ELISA) 

To quantify the protein secreted to supernatants from infected cells, 100 mm diameter 

culture dishes (Falcon) of HeLa cells were infected with MVA recombinant viruses and 

incubated with 12 ml of DMEM-Hi glucose medium (Sigma-Aldrich) for different periods 

of time at 37ºC. Then, supernatants were centrifuged at 1500 rpm for 5 min to clarify 

them and concentrated using Amicon® Ultra-15 Centrifugal Filters (Millipore). Next, 96-

well plates (NUNC MaxiSorp™, Thermo Fisher Scientific) were coated with concentrated 

supernatants and, at the same time, with serial dilutions (in PBS) of the purified protein 

of interest at known concentrations in order to have a standard curve. Plates were 

incubated at 4ºC overnight and, the next day, blocked for 1 h with 5% skimmed milk 

prepared in PBS-T, following by three washes with PBS-T. Next, an appropriate dilution 

of the antibody of interest was prepared in PBS-T and added to the protein coated plates 

for 90 min at RT. Then, the plates were washed three times again with PBS-T and 1/1000 

dilution of the corresponding secondary antibody was added to the wells and incubated 

for 1 h at RT. Finally, after another washing step, the plates were developed by adding 

100 µl of 3,3’,5,5’ Tetramethylbenzidine (TMB) substrate (Sigma-Aldrich) and the 

reaction was stopped by adding 50 µl of 1 M H2SO4. The absorbance was read at 450 

nm. 

3.2.3.3. Confocal immunofluorescence 

Microscope cover glasses of 12 mm diameter (Marienfield) were put in 24-well plates 

and then HeLa cells were seeded. Next day, infections were performed at 0,5 PFU/ml 

for 18-24 h in cells grown at 80% confluency. Cell membranes and Golgi were labeled 

using Wheat Germ Agglutinin (WGA) probe (conjugated to the red fluorescent dye Alexa 

Fluor® 555) (ThermoFisher) for 20 min at 37ºC. Then, cells were fixed with 4% 

paraformaldehyde for 15 min at RT and incubated for 15 min at RT with NH4Cl 0.05 M in 

order to quench fluorescence. Next, the plates were washed twice with PBS and cells 

were blocked with PBS-10% FCS or blocked and permeabilized with PBS-0.05% 

saponin-10% FCS for 30-60 min at RT. The corresponding primary antibodies (see 

section 3.1.5) were incubated in PBS-5% FCS (non-permeabilized samples) or in PBS-

0.05% saponin-5% FCS (permeabilized samples) for 2 h or 24 h at 4ºC. Then, cells were 

washed twice with PBS and blocked again before incubation with the corresponding 

secondary antibodies (see section 3.1.5) for 1 h at RT. After three washes with PBS, 

4′,6′-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich) was used for 15 min at RT to stain 

the cell nuclei. Following three more washes with PBS plus one wash with distilled water, 

cover glasses were mounted in 76x26mm microscope slides (Menzel-Glaser) using 
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ProLong™ Gold Antifade Mountant (ThermoFisher). Images of sections of the cells were 

taken with a Leica TCS SP5 microscope and processed using LAS X Core software 

(Leica Microsystems) with the assistance of Silvia Gutiérrez and Ana Oña from the CNB 

Confocal Immunofluorescence Service. 

3.2.3.4. Virus-like particles (VLPs) purification  

Supernatants obtained from cells infected with MVA-ZIKV were collected and 

concentrated by ultracentrifugation through a 20% sucrose (Merck) cushion at 

25,000 rpm for 2 h at 4ºC in a Beckmann SW28 rotor. Then, the pellet was resuspended 

in 1 ml of PBS 1X and loaded into a 20–60% w/v sucrose gradient and ultracentrifuged 

at 35,000 rpm for 18 h at 4ºC in a Beckmann SW41 rotor. Fractions of 500 μl were taken 

and the amount of protein and sucrose density was analysed by refractometry. The 

fraction with higher amount of protein was then dialysed through a 0.025-µm-pore-size 

membrane filter (Merck Millipore) for 12 h at RT to eliminate sucrose and inorganic salts. 

3.2.3.5. Electron microscopy 

Electron microscopy of ZIKV VLP samples obtained as indicated in section 3.2.3.4 

was performed with the assistance of Cristina Patiño from the CNB Electron Microscopy 

Service. Briefly, 20 µl of the purified VLP sample was adsorbed to carbon-coated 

collodion films mounted on 400-mesh/inch nickel grids (Aname) and then stained with 

2% uranyl acetate (Aname) for 30 s at RT. For immunogold technique, after the 

adsorption, grids were incubated with the primary antibody, M α ZIKV E (BioFront Tech, 

diluted 1:20 in PBS-1%BSA) for 15 min at RT, and then washed four times with PBS1x 

for 2 min. After blocking with PBS-1%BSA for 5 min, grids were incubated with an anti-

IgG secondary antibody coupled to 10-nm colloidal gold beads (GAM Au 10 nm, 

BBInternational; diluted 1:40 in PBS-1%BSA) for 15 min at RT. Finally, grids were 

washed 5 times with PBS1x for 1 min and 3 times in distilled water for 1 min before being 

stained with 2% uranyl acetate (Aname) for 30 s at RT. Pictures were taken using a 

transmission electron microscope (JEOL JEM-1011) equipped with an ES1000W 

Erlangshen charge-coupled-device (CCD) camera (Gatan Inc.) at an acceleration 

voltage of 40 to 100 kV. 

3.2.4. Viral protocols 

3.2.4.1. Infections 

All the viruses were stocked at -80ºC and thawed in a 37ºC bath before their use. 

Once thawed, the viruses were vortexed, sonicated (three cycles of 10 second sonication 

with a 10 s pause using the S-3000-010 Misonix Sonicator (Misonix Inc) and vortexed 

again before use them to infect cells. The proper multiplicity of infection (MOI) of virus 
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was then mixed with the minimum volume of DMEM (without serum) and added to cover 

the cell monolayer. After 1 h of adsorption at 37ºC the inoculum was removed and fresh 

DMEM-2%FCS medium with was added. The time that the different infections were 

maintained varied with the objective of the infection, an also did the way the cells were 

harvested. 

3.2.4.2. Generation of MVA recombinant viruses 

To generate the MVA recombinant viruses an standardized infection/transfection 

protocol was performed [160], with some modifications. DF-1 cells grown to 70-80% 

confluency in a 60-mm plate (Nunc) were infected at 0.01 PFU/cell with the MVA parental 

virus. At the mean time a DNA-Lipofectamine 2000 (ThermoFisher) mixture was made 

by mixing up to 10 µg of the corresponding plasmid transfer vector with the proper 

volume (1.5 µl/µg DNA) of lipofectamine 2000 reagent (Invitrogen) in OPTIMEM (Gibco) 

during 20 min at RT. After 1 h of virus adsorption, the inoculum was removed, the cells 

were washed twice with OPTIMEM and incubated with 1 ml of the mixture DNA-

lipofectamine for 4-6 h at 37ºC with 5% CO2. Then, the mix was removed, cells were 

washed twice with OPTIMEM and then were incubated with DMEM-2% FCS at 37ºC with 

5% CO2. The cells were harvested when extensive cytopathic effect was observed, 

centrifuged (1500 rpm for 5 min), resuspended in 500 µl of DMEM and lysed using three 

freeze-thaw cycles. The viral extract obtained was sonicated before use, as described 

previously. Next, DF-1 cells grown in 6-well plates (Nunc) were infected for 1 h with serial 

dilutions of this virus extract and then 3 ml of 1:1 agar (1.4%)-DMEM 2X-4% FCS was 

added and incubated at 37ºC with 5% CO2. In the cases of plasmid transfer vectors 

containing β-Gal [161,162] or β-Gus as selectable markers [161,162], at 48 hours post-

infection (h.p.i) 1.2 mg/ml of 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-Gal, 

Sigma-Aldrich) or 0.8 mg/ml of 5-bromo-4-chloro-3-indolyl-beta-D-glucuronic acid (β-

Gus, Sigma-Aldrich) in 1 ml of agar (1.4%)-DMEM 2X-4%FCS (1:1) were added. After 

24 h, those plaques that corresponded to the MVA recombinant viruses became blue 

and were picked and resuspended in 500 µl of DMEM. The process of blue plaque 

selection was repeated three times followed by three more rounds of selection of plaques 

without colour, corresponding to those viruses that have lost the selection marker gene 

(Fig. 12a). 

On the other hand, in the case of the plasmid transfer vectors containing dsRed2 (red) 

and rsGFP (green) fluorescent markers, red/green or green fluorescent plaques were 

first picked (corresponding to the recombinant viruses) resuspended in 500 µl of DMEM 

and used as inoculum for further rounds of purification in DF-1 cells. The purification 

process of red/green plaque selection was repeated twice, followed by two more rounds 
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of green plaque selection, and two rounds of selection of plaques without colour (Fig. 

12b).  

Finally, in both cases, the isolated MVA recombinant viruses obtained were used to 

generate the first intermediate stock (referred to as “P1 stock”) that was then successive 

scale up to generate the master seed virus or working stock (referred to as “P2 stock”). 

On the other hand, in the case of the plasmid transfer vector with dsRed2 (red) and 

rsGFP (green) fluorescent markers, red/green or green fluorescent plaques 

corresponding to the recombinant viruses were picked, resuspended in 0.5 ml of DMEM 

and used as inoculum for further rounds of purification in DF-1 cells. The purification 

process of red/green plaque selection was repeated twice followed by two more rounds 

of green plaque selection and two of plaques without colour (Fig. 11b).  

Finally, in both cases, the isolated recombinant viruses obtained were used to 

generate the first intermediate stock (referred to as “P1 stock”) that was then successive 

scale up to generate the master seed virus or working stock (referred to as “P2 stock”).  

 

Figure 12. Generation of MVA recombinant viruses. (a) Using a plasmid transfer vector 
containing β-gal (LacZ) or β-gus genes as selectable markers. After infection/transfection 
in DF-1 cells, three rounds of plaque purification were performed selecting blue plaques (β-
gal+ or β-gus+), followed by another three rounds selecting plaques without colour (no 
marker) to finally generate the MVA recombinant virus. (b) Using a plasmid transfer vector 
with dsRed2 and rsGFP as selectable markers. After infection/transfection in DF-1 cells, 
two rounds of plaque purification were performed selecting red/green plaques (dsRed2+, 
GFP+), followed by two rounds selecting green plaques (GFP+), and two rounds selecting 
plaques without colour (no marker) to finally generate the MVA recombinant virus. 

3.2.4.3. MVA characterization 

Biological characterization of MVA recombinant viruses was carried out in vitro using 

the P2 stock and is detailed as follows: 

 The correct insertion/deletion of the corresponding genes in the resulting MVA 

recombinant viruses and their purity was checked by PCR and DNA sequencing, while 

the correct expression of the corresponding heterologous antigens was confirmed by 

using Western blotting. 
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 Virus titrations were carried out according to standard protocols previously described 

[163]. Briefly, 6-well plates of DF-1 cells were infected with serial dilutions of the virus. 

At 30-40 h.p.i., the medium was removed and the cells were fixed using 1:1 methanol-

acetone mixture and the titer was determined using an immunostaining assay. Plates 

were incubated with rabbit anti-VACV polyclonal antibody (diluted 1:1,000 in PBS-3% 

FCS) during 1 h at RT; then washed three times with PBS 1X and incubated for 1 h 

at RT with goat anti-rabbit HRP-conjugated secondary antibody (diluted 1:1,000 in 

PBS-3% FCS). After one additional wash with PBS 1X, the plates were revealed using 

3,3′-diaminobenzidine tetrahydrochloride (DAB; Sigma-Aldrich), as HRP substrate, 

with hydrogen peroxide (30%, Sigma-Aldrich) and nickel sulphate (NiSO4, 3%, Sigma-

Aldrich). The plaques were counted and the viral titer was referred as PFU/ml (Fig.13). 

 

Figure 13. Immunostaining titration of MVA in DF-1 cells. DF-1 cells were infected with 
serial dilutions of MVA. After 30-40 h.p.i. cells were fixed and an immunostaining assay 
was performed using anti-VACV polyclonal antibody (diluted 1:1,000) as primary antibody, 
and goat anti-rabbit HRP-conjugated (diluted 1:1,000) as secondary antibody. The plates 
were revealed using 3,3′-diaminobenzidine tetrahydrochloride (DAB) as HRP substrate, 
with hydrogen peroxide (30%) and nickel sulphate (NiSO4). The plaques (dark dots) were 
counted and the viral titer expressed as PFU/ml. 

 To study the virus growth profile, DF-1 cells were seeded on 12-well plates and then 

infected at 0.01 PFU/cell with the corresponding viruses for 1 h at 37ºC, following 

which the inoculum was removed and DMEM-2% FCS was added. At various h.p.i. 

(0, 24, 48, 72 and 96 h.p.i.), the infected cells were recovered and lysed through three 

freeze-thaw cycles and sonication. The infectious virus was determined using the 

titration techniques described above. 

3.2.4.4. Virus purification 

Purification of recombinant MVA viruses through sucrose (Merk) gradient was carried 

out using previously described methods [164–166]. Briefly, CEF cells were infected at 

0.01 PFU/cell with the corresponding viruses. When cytopathic effect was achieved, cells 

were harvested, centrifuged (2,000 rpm for 10 min at 4ºC) and the pellet was washed 

once with PBS 1X and resuspended in Tris-HCl 10 mM pH 9.0. Next, two cycles of 

sonication/centrifugation (three 10 second pulses/1,800 rpm for 5 min) were performed. 

The supernatant from each cycle was centrifuged (20,000 rpm for 60 min at 4ºC, in SW28 
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rotor (Beckman) over a 36% sucrose cushion in 10 mM Tris-HCl pH 9.0. The pellet 

obtained was recovered and centrifuged over another sucrose cushion under the same 

conditions. The purified virus was resuspended in 10 mM Tris-HCl pH 9.0 and was 

titrated and checked for contamination (bacteria in LB agar plate, fungi in blood agar 

plate and mycoplasma through PCR), and stored in small aliquots at -80ºC until further 

use. 

3.2.4.5. ZIKV viral titer measurement 

ZIKV viral titers present in serum samples from immunized mice were determined on 

Vero cells grown in EMEM-5% FBS. Serum samples were serially 10-fold diluted and 

200 µl were added on Vero cell monolayers grown in 24-well plates. After 4 h of virus 

adsorption at 37°C, cells were overlaid with 3,2% of carboxymethylcellulose medium 

containing 10% FBS and incubated at 37°C for 7 days. Then, cells were stained with 1% 

amido black staining solution (Sigma-Aldrich), dried at RT and the plaques were counted. 

On the other hand, ZIKV RNA was automatically extracted from serum samples using 

QIAmp® Viral RNA Mini Kit (Qiagen) and a QIAcube apparatus (Qiagen). The amount 

of viral RNA was determined by real-time fluorogenic RT-PCR in a Rotorgene 3000 

equipment (Corbett Research) using the High Scriptolls-Quantimix Easy probes kit 

(Biotools) and a primer set (ZIKV sense and ZIKV antisense, see Table 2) and probe (6-

carboxyfluorescein-CTYAGACCAGCTGAAR-Black Berry Quencher) specific for ZIKV 

[167]. Genomic equivalents to PFU/ml were calculated by comparison with 10-fold serial 

dilutions of ZIKV RNA extracted from previously titrated samples. The amount of ZIKV 

infectious particles in serum samples from infected mice was also determined by titration 

of 10-fold dilutions of serum samples in Vero cells grown in semisolid agarose medium. 

3.2.5. Immunizations and immunological methods 

3.2.5.1. Animal/mouse immunizations 

Two different immunization protocols were carried out in order to assay the 

immunogenicity or efficacy of the different vaccine candidates: i) homologous 

prime/boost regimen, that  involved the injection 1 or 2 x 107 PFU of MVA virus per mouse 

given via intra-peritoneal; and ii) heterologous prime/boost regimen, that  involved the 

injection of 100 μg of DNA per mouse given via intra-muscular route and 1 or 2 x 107 

PFU of MVA virus per mouse given via intra-peritoneal. All inoculum preparations were 

made in endotoxin-free PBS (Gibco). At the end of each immunization study, the 

corresponding animals were sacrificed using CO2. The following samples were extracted 

from the animals to analyze the antigen-specific immune responses:  
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 Blood. Peripheral blood was extracted directly from the heart, or alternatively from 

cheek bleeding, of the mice, incubated 1 h at 37ºC and stocked overnight at 4ºC. 

Then, to obtain the serum, coagulated whole blood samples were centrifuged at 3,600 

rpm for 20 min at 4ºC.  

 Spleen. Once extracted from mice, spleens were homogenized mashing them 

through 40 µm cell strainers (Falcon) and then, red blood cells were lysed with NH4Cl 

0.1M. Pelleted cells, after removing fat tissue, were final passed through a Falcon® 

40 µm pore size cell strainer to obtain a uniform single-cell suspension.  

 Popliteal draining lymph nodes. Once extracted from mice, lymph nodes were 

homogenized and passed through a Falcon® 40 µm pore size cell strainer to obtain 

a uniform single-cell suspension. 

3.2.5.2. Intracellular cytokine staining (ICS) 

 Analysis of antigen-specific T cell responses 

Antigen-specific T cell responses were analyzed by flow cytometry and ICS using 

previously described protocols [90,91,93,97]. Briefly, 4x106 splenocytes were stimulated 

with 5 μg/ml of specific (HIV-1 or ZIKV) peptides (see section 3.1.6.1.) along with 1 µl/ml 

GolgiPlug (BD Biosciences), anti-CD107a-FITC (BD Biosciences, diluted 1/300), Protein 

Transport Inhibitor BD GolgiPlug (BFA, 1X; BD Biosciences) and monensin (1X; 

eBioscience), using RPMI-10% FCS for 6 h at 37ºC in a 96-well plate. Next, live cells 

were stained for cellular viability using the LIVE/DEAD Fixable Violet Dead Cell Stain Kit 

(ThermoFisher) for 20 min at 4ºC. Then, after being washed twice with IB buffer, cells 

were stained for the surface markers using 50 μl of the corresponding antibodies CD3-

PE-CF594, CD4-APC-Cy7, CD8-V500, CD127-PerCPCy5.5 and CD62L-Alexa700 

diluted following manufacturer’s instructions for 20 min at 4ºC. After being washed again 

two times with IB buffer, splenocytes were fixed and permeabilized with BD 

Cytofix/Cytoperm™ solution Kit (BD Biosciences) for 20 min at 4ºC and rested overnight 

in IB buffer. The day after, cells were washed with Permwash 1X (BD Biosciences) and 

the Fc receptors were blocked with 25 μl of anti CD16/CD32 (FcBlock) antibody diluted 

1:1000 in Permwash 1X for 5 min at 4ºC. Finally, the cells were stained intracellularly for 

cytokines using 25 μl of intracellular antibodies IFN-γ-PE-Cy7, IL-2-APC and TNF-α-PE 

(diluted following manufacturer’s instructions) for 20 min at 4ºC and washed then twice 

in IB buffer after loaded them in 200 μl of IB buffer after being passed through a GALLIOS 

flow cytometer (Beckman Coulter). Data analysis was carried out using FlowJo software 

(Tree Star. Inc).  
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 Analysis of T follicular helper (Tfh) responses 

For the analysis of Tfh response, 1-4x106 splenocytes were stimulated with 5 µg/ml 

of Env peptide pools and/or 0.5 µg/ml of Env gp120 protein along with 1 µl/ml GolgiPlug 

(BD Biosciences), anti-CD154(CD40L)-Biotin/Avidin-PE, BFA (1X; BD Biosciences) and 

monensin (1X; eBioscience), using RPMI 1640 media (10% FCS) for 6 h in a 96-well 

plate at 37ºC. Next, live cells were stained using Fixable Viability Stain (FVS) 520 (BD 

Biosciences) for 20 min at 4ºC and then. Then, after being washed twice with IB buffer, 

cells were stained for the surface markers using 50 μl of the corresponding antibodies 

CD4-Alexa 700, PD1(CD279)-APC-Efluor780 and CD8-V500 diluted following 

manufacturer’s instructions for 20 min at 4ºC. After being washed again two times with 

IB buffer, splenocytes were fixed and permeabilized with BD Cytofix/Cytoperm™ solution 

Kit (BD Biosciences) for 20 min at 4ºC and rested overnight in IB buffer. The day after, 

cells were washed with Permwash 1X (BD Biosciences) and the Fc receptors were 

blocked with 25 μl of anti CD16/CD32 (FcBlock) antibody diluted 1:1000 in Permwash 

1X for 5 min at 4ºC. Finally, the cells were stained intracellularly for cytokines using 25 

μl of intracellular antibodies IL-4-FITC, IFNγ-PECy7 and IL-21-APC (diluted following 

manufacturer’s instructions) for 20 min at 4ºC and washed then twice in IB buffer after 

loaded them in 200 μl of IB buffer after being passed through a GALLIOS flow cytometer 

(Beckman Coulter). Data analysis was carried out using FlowJo software (Tree Star. Inc).  

3.2.5.3. Antibody measurement by ELISA 

To analyze the antibody levels in the serum of immunized animals, ELISA assays 

were performed. 96-well plates (NUNC MaxiSorp™, Thermo Fisher Scientific) were 

coated with 2 μg/ml of the corresponding purified protein (see section 3.1.6.2) in PBS 

and incubated at 4ºC overnight. The next day, the plates were blocked for 2 h at RT with 

5% skimmed milk prepared in PBS-0,05%Tween20. Next, the plates were washed three 

times with PBS-0,05%Tween20, and 50μl of serial dilutions of the serum samples diluted 

in PBS-0,05% Tween20-1% skimmed milk were added. After 1.5 h of incubation at RT, 

the plates were washed three times with PBS-0,05%Tween20 and incubated with 50 μl 

of the appropriate anti-IgG antibody conjugated with HRP (diluted 1:1000 in PBS-0,05% 

Tween20-1% skimmed milk) for 1 h at RT. Finally, after another washing step, the plates 

were developed by adding 100 µl of TMB substrate (Sigma) and the reaction was 

stopped by adding 50 µl of 1 M H2SO4. The absorbance was read using a EZ Read 400 

microplate reader (Biochrom) at 450 nm. 

3.2.5.4. Plaque reduction neutralization (PRNT) assay  

Titers of neutralizing antibodies against ZIKV present in the sera of immunize mice 

were determined by a PRNT assay using Vero cells, as previously described [168]. 
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Briefly, heat-inactivated pooled serum samples were diluted in EMEM and filtered 

through 0.22 μm filters. Neutralization was performed by incubating a fixed amount (100 

PFU of PA259459 or FSS13025 ZIKV strains) with two-fold serial dilutions of each serum 

(starting from 1:20) for 1 h at 37ºC. Then, the mixture was adsorbed for 1 h to 

subconfluent Vero cell monolayers grown in 6-well plates. After virus adsorption, culture 

medium was removed and cells, overlaid with semisolid agarose medium, were 

incubated for 72 h, fixed, and stained with 0.5% crystal violet solution (Sigma-Aldrich) in 

methanol (Merck). Titers of neutralizing antibodies were expressed as the reciprocal of 

the serum dilution that inhibited plaque formation by 50% (PRNT50) or 90% (PRNT90), 

relative to samples incubated with negative control sera.  

3.2.6. Statistical methods 

Student’s T test was used for protein and antibody measurement to establish the 

differences between two groups. 

For statistical analysis of cytokine/chemokine expression, one-way analysis of 

variance (ANOVA) with Tukey’s honestly significant difference (HSD) post hoc tests was 

applied.  

The statistical significance of neutralization measurements (PRNT90) in Balb/c sera 

from immunized mice was determined by an unpaired t-test, and in IFNAR-/- mice by an 

ANOVA analysis applying Bonferroni’s correction for multiple comparisons. The 

statistical significance of viremia was also determined by an ANOVA analysis applying 

Bonferroni’s correction for multiple comparisons. 

Statistical analysis of the ICS data was realized as previously described [92,169], 

using an approach that corrects measurements for the medium response (RPMI), with 

calculation of confidence intervals and P values. Only antigen response values 

significantly larger than the corresponding RPMI values are represented. Background 

values were subtracted from all values used to allow analysis of proportionate 

representation of responses. 
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4. RESULTS 

4.1. An MVA vector expressing HIV-1 envelope gp120 protein under the 

control of a potent VACV promoter as a promising strategy in 

HIV/AIDS vaccine design 

One of the main approaches to improve the MVA immunogenicity focuses on 

optimizing poxviral promoters that drive the expression of the heterologous antigens 

encoded within the recombinant MVA vector genome. In our laboratory, it has previously 

been described a novel optimized VACV synthetic promoter, LEO160, that was able to 

increase in immunized mice the specific CD4+ and CD8+ T cell memory immune 

responses elicited by the MVA-LACK vaccine candidate against the Leishmania 

homologue of activated C kinase (LACK) antigen, an intracellular antigen, due to a very 

early times of expression of the heterologous antigen [88]. Therefore, in this Thesis the 

first modification to be introduced into the MVA genome to enhance the expression and 

immunogenicity of a selected foreign antigen is the optimization of the virus promoter 

strength. 

4.1.1. Generation and in vitro characterization of MVA-LEO160-gp120 

Thus, to study if this novel LEO160 promoter was also able to increase the expression 

levels and the immune responses of a soluble antigen, such as the HIV-1 gp120 protein, 

in comparison with the HIV/AIDS vaccine candidate MVA-B that expresses HIV-1 gp120 

under the VACV sE/L promoter [113], a novel MVA vector expressing the HIV-1 envelope 

gp120 protein (clade B, isolate Bx08) under the control of the synthetic VACV LEO160 

promoter was generated (termed MVA-LEO160-gp120), as described in Materials and 

Methods (Fig. 14). Briefly, the HIV-1 gp120BX08 gene was subcloned downstream of the 

LEO160 promoter in the VACV insertional pLZAW1 plasmid transfer vector, to generate 

the plasmid transfer vector pLZAW1-LEO160-gp120, which contains the LacZ gene for 

transient selection of the insertion, and it was used to generate the MVA-LEO160-gp120 

recombinant virus following standard procedures (see Materials and Methods, section 

3.2.4.2). 
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Figure 14. Scheme of the MVA-LEO160-gp120 genome map. The central conserved 
region and the variable left and right terminal regions are shown. The HIV-1 gp120 gene 
(from the clade B isolate Bx08) placed under the control of the LEO160 virus promoter and 
inserted within the MVA TK viral locus (J2R gene) is indicated. TK-L= TK left flanking 
region, TK-R= TK right flanking region. The LEO160 promoter nucleotide sequence is 
included in Fig. 5 (section 1.2.2.2.1.). 

The correct presence of the VACV LEO160 promoter and the HIV-1 gp120 gene in 

the MVA-LEO160-gp120 recombinant virus was analyzed by PCR using 

oligonucleotides annealing in the VACV TK-flanking regions (Fig. 15a), and was also 

confirmed by DNA sequencing (data not shown). The virus growth kinetics in cultured 

permissive chicken DF-1 cells of the novel MVA-LEO160-gp120 recombinant virus and 

MVA-B (used as control) were similar (Fig. 15b), proving that the insertion of the VACV 

LEO160 promoter and the HIV-1 gp120 gene does not relapse MVA vector replication 

under permissive conditions. The correct expression of the heterologous HIV-1 gp120 

protein was studied by Western blot in cell extracts from DF-1 cells, mock infected or 

infected with MVA-LEO-160-gp120, MVA-B, or MVA-WT using a specific rabbit 

polyclonal anti-gp120 antibody. The results demonstrated that MVA-LEO160-gp120 

correctly expressed the HIV-1 gp120 protein (Fig. 15c). Moreover, to ensure that the 

encoded HIV-1 gp120 protein is stably expressed from the MVA genome and its 

expression can be maintained though long-time passages, MVA-LEO160-gp120 was 

grown in DF-1 cells infected at low MOI for 9 consecutive passages (Fig. 15d) and at 

passage 9, 28 individual virus plaques were isolated (Fig. 15e). The expression of the 

HIV-1 gp120 protein was determined in cell extracts by Western blot, revealing that MVA-

LEO160-gp120 efficiently expresses the HIV-1 gp120 protein at all passages (Fig. 15d) 

and that 100% of the plaques at passage 9 correctly expressed the HIV-1gp120 protein 

(Fig. 15e), demonstrating the high genetic stability of MVA-LEO160-gp120).  
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Figure 15. In vitro characterization of MVA-LEO160-gp120. (a) PCR analysis of MVA 
TK locus. Viral DNA was extracted from DF-1 cells mock infected or infected at 5 PFU/cell 
with MVA-WT, or MVA-LEO160-gp120. DNA from pLZAW1-LEO160-gp120 plasmid 
transfer vector was used as positive control for LEO160-gp120 insert. Primers spanning 
the TK locus-flanking regions were used for PCR analysis of the LEO160-gp120 transgene 
inserted within the TK locus. DNA products corresponding to the MVA TK gene and the 
gp120 insertion are indicated on the right. Molecular size markers (1-kb ladder) with the 
corresponding sizes (base pairs) are indicated on the left. PCR amplification schemes are 
placed below. (b) Viral growth kinetics. Monolayers of permissive DF-1 cells were infected 
at 0.01 PFU/cell with MVA-B or MVA-LEO160-gp120. At different times post-infection (0, 
24, 48, and 72 h.p.i.) cells were collected and virus titers in cell lysates were quantified by 
plaque immunostaining assay with anti-VACV antibodies. The mean ± standard deviations 
of two independent experiments are shown. (c) Expression of HIV-1 gp120 protein. 
Western blot analysis of the HIV-1 gp120 protein detected in cells extracts of DF-1 cells 
mock infected or infected with MVA-B, MVA-LEO160-gp120, or MVA-WT, using a 
polyclonal anti-gp120 antibody (1: 3,000, CNB). Antibodies against VACV E3 (1:1,000, 
CNB) and β-actin (1:1,000, Cell Signaling) were used as viral and cellular loading controls, 
respectively. The proteins detected are indicated on the right and the protein molecular 
weight (in kDa) is indicated on the left. (d and e) Stability of MVA-LEO160-gp120. MVA-
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LEO160-gp120 (P2 stock) was continuously grown in DF-1 cells to passage 9 and at 
passage 9, 28 individual plaques were picked. Virus stocks from each passage (d) and 
from the 28 individual plaques at passage 9 (e) were used to infect cells and the expression 
of HIV-1 gp120 protein was determined by Western blotting. Rabbit anti-VACV E3 protein 
antibody was used as a VACV loading control. The proteins detected are indicated on the 
right and the protein molecular weight (in kDa) is indicated on the left. 

4.1.2. MVA-LEO160-gp120 increases the expression and cell release of 

HIV-1 envelope gp120 antigen 

To determine whether MVA-LEO160-gp120 could enhance the expression levels of 

HIV-1 gp120, in comparison to MVA-B, DF-1 (permissive) and HeLa (non-permissive) 

cells were infected with MVA-B and MVA-LEO160-gp120 at a MOI of 5 PFU/cell for 2 h, 

4 h, 6 h and 24 h. Then, total RNA was isolated and mRNA levels of HIV-1 gp120 were 

determined by quantitative RT-PCR. The results showed that MVA-LEO160-gp120 

significantly increased HIV-1 gp120 transcription compared to MVA-B at all times 

analyzed (Fig. 16), in both cell types, DF-1 (Fig. 16a) and HeLa cells (Fig. 16b). 

Noticeable are the differences observed in mRNA levels at early times post infection, 

highlighting the robust increase in gene expression achieved by the LEO160 promoter.  
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Figure 16. MVA-LEO160-gp120 enhances the mRNA levels of HIV-1 gp120, compared 
to MVA-B. (a) DF-1 (permissive) or (b) HeLa (non-permissive) cells were mock infected or 
infected with MVA-B, or MVA-LEO160-gp120 at 5 PFU/cell. At 2, 4, 6 and 24 h.p.i., RNA 
was extracted, and HIV-1 gp120 expression was analyzed by real-time qRT-PCR. Results 
are expressed as the ratio of HIV-1 gp120 to endogenous HPRT mRNA levels. A.U.= 
arbitrary units. P values indicate significant response differences between MVA-B and 
MVA-LEO160-gp120 at the same hour (*, p<0.05; **, p<0.005, ***, p<0.001). Data are 
means ± standard deviations of triplicate samples from one experiment and are 
representative of two independent experiments in each cell type. 

In order to compare the HIV-1 gp120 protein expression between MVA-B and MVA-

LEO160-gp120, total protein was extracted at different time points (2, 4, 6 and 24 h) from 

HeLa cells infected at 5 PFU/cell with MVA-B or MVA-LEO160-gp120. Equal amounts of 

protein were loaded on SDS-PAGE and the HIV-1 gp120 protein levels were detected 

by Western blot (Fig. 17). The results showed that MVA-LEO160-gp120 increased the 

expression levels of HIV-1 gp120 protein, compared with MVA-B (Fig. 17a). Furthermore, 

the band intensity was quantified using Image Lab software and the expression of HIV-

1 gp120 protein was normalized to VACV E3 protein (VACV constitutive early protein) to 

show that the difference in heterologous antigen expression was the result of distinct 

promoter strengths, and not to different virus infective capacities. The results showed 

that MVA-LEO160-gp120 induced a significantly increased gp120 production compared 

with MVA-B at all time points analyzed (Fig. 17b), correlating with the previous results of 

mRNA levels (Fig. 16). 
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Figure 17. In vitro HIV-1 gp120 expression driven by LEO160 promoter. (a) HIV-1 
gp120 expression in HeLa cells infected at 5 PFU/cell with MVA-B or MVA-LEO160-gp120 
at 2, 4, 6 and 24 h.p.i. VACV E3 was used as a VACV loading control. (b) Bars showed the 
ratio of HIV-1 gp120 protein to VACV E3, after quantification of the corresponding band 
intensities represented in panel a, using Image Lab software. A.U. values showed the 
mean ± SEM of two independent experiments. (*, p<0.05; **, p<0.005). 

To further analyze whether there were differences in cell released of soluble HIV-1 

gp120 protein to the extracellular medium, supernatants derived from HeLa cells infected 

with MVA-B or MVA-LEO160-gp120 were collected at early times post-infection (2 and 

4 h) and concentrated using Amicon® Ultra-15 Centrifugal Filters (Millipore). The total 

amount of HIV-1 gp120 protein present in the supernatants was quantified by ELISA 

using a standard curve of purified HIV-1 gp120BX08 protein. The results showed that MVA-

LEO160-gp120 released more soluble HIV-1 gp120 to the extracellular medium than 

MVA-B at early times post-infection (Fig. 18). At later times post-infection (6 and 24 h) 

there were no significant differences between MVA-LEO160-gp120 and MVA-B in the 

total amount of HIV-1 gp120 protein released to the supernatant (data not shown). 

 

Figure 18. MVA-LEO160-gp120 releases more HIV-1 gp120 protein to the extracellular 
medium than MVA-B. Hela cells were infected with MVA-B or MVA-LEO160-gp120 at 5 
PFU/cell for 2 and 4 h. Next, supernatants were concentrated and the amount of HIV-1 
gp120 protein was determined by ELISA. Data are means ± standard deviations of 



81 

 

duplicate samples from one experiment and are representative of two independent 
experiments. (***, p<0.001). 

These in vitro results with virus-infected cells of different origins (chicken and human) 

confirmed that the VACV LEO160 promoter positively enhances the expression of the 

antigen HIV-1 gp120. 

4.1.3. MVA-LEO160-gp120 increases the magnitude of Env-specific T cell 

immune responses in mice 

To determine whether the increased HIV-1 gp120 early expression observed in vitro 

in cells infected with MVA-LEO160-gp120 could drive an enhancement in the Env-

specific T cell responses in vivo, the HIV-1 Env-specific CD4+ and CD8+ T cell immune 

responses induced in mice immunized with MVA-B and MVA-LEO160-gp120 were 

analyzed. A DNA prime/MVA boost immunization protocol, in which mice received 100 

μg of DNA prime by intramuscular (i.m.) route and 14 days later were boosted with 2 x 

107 PFU of MVA viruses by intraperitoneal (i.p.) route, was used; as this protocol 

amplifies the levels of T and B cell responses compared to the homologous MVA 

prime/MVA boost immunization [113,170]. Animals primed with sham DNA (DNA-ϕ) and 

boosted with non-recombinant MVA-WT were used as a control group. Adaptive Env-

specific CD4+ and CD8+ T cell immune responses elicited by the different immunization 

groups (DNA-gp120/MVA-B, DNA-gp120MVA-LEO160-gp120, and DNA-ϕ/MVA-WT) 

were measured 10 days after the boost by ICS assay, after the stimulation of splenocytes 

with a pool of Env peptides that spanned the HIV-1 gp120 from an HIV-1 clade B 

consensus sequence (Fig. 19).  

 

Figure 19. Immunization schedule. Groups of 6–8-week-old female mice (n = 5) received 
100 μg of DNA prime by intramuscular (i.m.) route; 14 days later, the animals were boosted 
with 2 x 107 PFU of MVA viruses by intraperitoneal (i.p.) route. At 14 days post-boost, mice 
were sacrificed, and the spleens were processed for ICS assay and sera harvested for 
ELISA to measure the cellular and humoral adaptive immune responses against HIV-1 Env, 
respectively. 
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The magnitude of the total HIV-1 Env-specific CD4+ (Fig. 20a) and CD8+ (Fig. 20b) T 

cell adaptive immune responses (determined as the sum of the individual responses 

producing IFN-γ, TNF-α, and/or IL-2 cytokines, as well as the expression of CD107a on 

the surface of activated T cells as an indirect marker of cytotoxicity) was significantly 

greater in the DNA-gp120/MVA-LEO160-gp120 immunization group than in DNA-

gp120/MVA-B, with both vaccinated groups triggering an overall Env-specific immune 

response mediated mainly by CD8+ T cells  (Fig. 20a and 20b).  

Furthermore, the quality of the Env-specific T cell adaptive immune responses was 

characterized in part by the pattern of cytokine production and its cytotoxic potential. 

Thus, on the basis of the production of CD107a, IFN-γ, TNF-α, and IL-2 from HIV-1 Env-

specific CD4+ and CD8+ T cells, 15 different HIV-1 Env-specific CD4+ and CD8+ T cell 

populations could be identified (Fig. 20c and 20d). As shown in Fig. 20c (pie charts), 

Env-specific CD4+ T cell responses were similarly polyfunctional in both vaccinated 

groups, with around 80% of the CD4+ T cells exhibiting 2 or more functions. CD4+ T cells 

producing CD107a-IFN-γ-TNF-α-IL-2, CD107a-TNF-α-IL-2 or IFN-γ-TNF-α-IL-2 were 

the most induced populations elicited by both vaccinated groups, but DNA-gp120/MVA-

LEO160-gp120 induced a significantly greater percentage of these major populations 

than DNA-gp120/MVA-B (Fig. 20c, bars). On the other hand, as shown in Fig. 20d (pie 

charts), DNA-gp120/MVA-B and DNA-gp120/MVA-LEO160-gp120 have a similar 

polyfunctional profile of Env-specific CD8+ T cell responses, with 85% and 87% of the 

CD8+ T cells exhibiting 2 or more functions, respectively. CD8+ T cells producing 

CD107a-IFN-γ-TNF-α was the most abundant population elicited by both vaccinated 

groups, but once again DNA-gp120/MVA-LEO160-gp120 induced a significantly greater 

increase in the percentage of this population, and others, than DNA-gp120/MVA-B (Fig. 

20d, bars). 
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Figure 20. Immunization with DNA-gp120/MVA-LEO160-gp120 enhances the 
magnitude of HIV-1 Env-specific CD4+ and CD8+ T cell adaptive immune responses. 
Splenocytes were collected from mice (n=5 per group) immunized with DNA-φ/MVA-WT, 
DNA-gp120/MVA-B or DNA-gp120/MVA-LEO160-gp120, 10 days after the last 
immunization. Next, HIV-1 Env-specific CD4+ and CD8+ T cell adaptive immune responses 
triggered by the different immunization groups were measured by ICS assay following the 
stimulation of splenocytes with an Env peptide pool (comprising Env-1 + Env-2 + Env-3 
peptide pools). Values from unstimulated controls were subtracted in all cases. P values 
indicate significant response differences between the DNA-gp120/MVA-B and DNA-
gp120/MVA-LEO160-gp120 immunization groups (**, p<0.005; ***, P<0.001). (a and b) 
Overall percentages of Env-specific CD4+ (a) and CD8+ (b) T cells. The values represent 
the sum of the percentages of T cells producing CD107a and/or IFN-γ and/or TNF-α and/or 
IL-2 against the Env peptide pool. (c and d) Polyfunctional profiles of Env-specific CD4+ 
(c) and CD8+ (b) T cells. All of the possible combinations of responses are shown on the x 
axis, while the percentages of T cells producing CD107a and/or IFN-γ and/or TNF-α and/or 
IL-2 against the Env peptide pool are shown on the y axis. Responses are grouped and 
colour coded on the basis of the number of functions (4, 3, 2, or 1). The pie charts 
summarize the data. Each slice corresponds to the proportion of the total Env-specific CD4+ 
and CD8+ T cells exhibiting 1, 2, 3, or 4 functions (CD107a and/or IFN-γ and/or TNF-α 
and/or IL-2).  
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4.1.4. MVA-LEO160-gp120 enhances the magnitude of Env-specific T 

cells with an effector memory phenotype 

It has been described that HIV-1-specific T cells of a mature effector memory 

phenotype are more frequently detectable in HIV-1 controllers than in HIV-1 progressors 

[171–173]. Thus, next we determined the memory phenotype of HIV-1 Env-specific CD4+ 

and CD8+ T cells by measuring the expression of the CD127 and CD62L surface 

markers, which allow the definition of the different memory subpopulations: T central 

memory (TCM, CD127+/CD62L+), T effector memory (TEM, CD127+/CD62L−), and T 

effector (TE, CD127-/CD62L−) cells [174], and determined as the sum of the individual 

responses producing CD107a, IFN-γ, TNF-α, and/or IL-2 obtained for the Env peptide 

pool (Fig. 21). The results showed that in both vaccinated groups, Env-specific CD4+ and 

CD8+ T cells were mainly of the TEM phenotype, followed by the TE phenotype. 

However, immunization with DNA-gp120/MVA-LEO160-gp120 induced a significantly 

greater increase in the percentage of Env-specific CD4+ and CD8+ TEM and TE cells 

than immunization with DNA-gp120/MVA-B (Fig. 21).  

 

Figure 21. Phenotypic profile of Env-specific CD4+ and CD8+ T cells. Percentages of 
TCM, TEM, and TE HIV-1 Env-specific CD4+ and CD8+ T cells producing CD107a and/or 
IFN-γ and/or TNF-α and/or IL-2 against Env peptide pool 10 days after the last 
immunization, in the adaptive phase. Values from unstimulated controls were subtracted in 
all cases. P values indicate significant response differences between the DNA-gp120/MVA-
B and DNA-gp120/MVA-LEO160-gp120 immunization groups (***, p<0.001). 

4.1.5. MVA-LEO160-gp120 increases the magnitude of Env-specific CD4+ 

T follicular helper (Tfh) cell responses 

The development of HIV-1 bNAbs has been previously correlated with the frequency 

and quality of CD4+ T follicular helper (Tfh) cells [175,176]. This subpopulation of T helper 

cells is involved in the development and sustaining of germinal center (GC) interactions, 

an essential crosstalk that promotes the generation of long-lived high affinity humoral 

immunity. Since, the interaction between Tfh and B cells is mediated both by cell-
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associated and soluble factors, including CD40L (CD154), ICOS, IL-21, IL-10 and IL-4 

[177], the HIV-1 Env-specific response of this specific cellular subset was studied in the 

spleen of immunized mice at 10 days after the last immunization. Thus, splenocytes were 

non-stimulated (RPMI) or stimulated ex vivo for 6 h with gp120Bx08 protein plus Env 

peptide pool. Frequencies of total CD4+ T cells with Tfh phenotype (CXCR5+, PD1+) were 

significantly higher in animals immunized with DNA-gp120/MVA-LEO160-gp120 than in 

those immunized with DNA-gp120/MVA-B; in both cases the frequencies were lower 

than in animals of control group DNA-ϕ/MVA-WT (Fig. 22a). Afterwards, the HIV-1 Env-

specific Tfh response was evaluated by quantifying the CD4+ Tfh cells that produced 

CD40L and/or IL-21 and/or IL-4 and/or IFN-γ. Since about 70% of the CD4+ Tfh cells 

obtained in the non-stimulated (RPMI) or stimulated (with the gp120Bx08 protein plus the 

Env peptide pool) conditions were positive for IL-21, whereas in the CD4+ non-Tfh 

population only 2% of the cells were IL-21+, the Env-specific Tfh response was finally 

established by analyzing the percentage of CD4+ Tfh cells that produced IFN-γ and/or 

IL-4 and/or CD154 after stimulation, in comparison with non-stimulated cells (Fig. 22b). 

The results showed that the magnitude of the HIV-1 Env-specific Tfh response induced 

by animals immunized with DNA-gp120/MVA-LEO160-gp120 was significantly higher 

than in animals immunized with DNA-gp120/MVA-B (Fig. 22b). 

 

Figure 22. Env-specific Tfh cell immune responses. Mice (n=5) were immunized with 
DNA-gp120/MVA-B, DNA-gp120/MVA-LEO160-gp120 or DNA-φ/MVA-WT. At 10 days 
after the last immunization, Env-specific CD4+ Tfh cell immune response was studied in 
splenocytes. (a) Magnitude of the CD4+ T cells with Tfh phenotype (CXCR5+, PD1+) 
measured by ICS assay in non-stimulated (RPMI) splenocytes. All the data are 
background-subtracted (***, p < 0.001). (b) Magnitude of the Env-specific CD4+ Tfh cells. 
The total value in each group represents the sum of the percentages of CD4+ Tfh cells 
producing IFN-γ and/or IL-4 and/or CD40L against gp120BX08 protein plus Env peptide pool. 
Data are background (RPMI)-subtracted. 
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4.1.6. MVA-LEO160-gp120 enhances the levels of antibodies against 

HIV-1 gp120 

Since both the cellular and humoral arms of the immune system are thought to be 

necessary to control HIV-1 infection [178], the humoral responses elicited after 

immunization with DNA-gp120/MVA-B and DNA-gp120/MVA-LEO160-gp120 were also 

analyzed, quantifying by ELISA the total IgG levels of antibodies against HIV-1 Env 

protein (clade B, isolate Bx08) in pooled sera obtained from mice 10 days postboost (Fig. 

23). The results showed that DNA-gp120/MVA-LEO160-gp120 elicited significantly 

higher levels of total IgG anti-gp120 antibodies than DNA-gp120/MVA-B.  

 

Figure 23. Humoral immune responses elicited by DNA-gp120/MVA-B and DNA-
gp120/MVA-LEO160-gp120 against HIV-1 gp120 protein. Levels of Env-specific total 
IgG binding antibodies were measured by ELISA in pooled sera from mice immunized with 
DNA-gp120/MVA-B, DNA-gp120/MVA-LEO160-gp120 or DNA-φ/MVA-WT (n=5) 10 days 
after the last immunization. Mean absorbance values (measured at 450 nm) and standard 
deviations of duplicate pooled serum dilutions are represented. P values indicate significant 
differences in antibody levels between the DNA-gp120/MVA-B and DNA-gp120/MVA-
LEO160-gp120 immunization groups at each serum dilution (***, p<0.001).   
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4.2. Improving the immunogenicity of the HIV/AIDS vaccine 

candidate MVA-B by deletion of the MVA A40R gene: Immune 

regulatory role of MVA A40 protein 

MVA vectors have the advantage as vaccine candidates to induce a potent innate 

immune response that makes them act as an adjuvant itself [57,58]. Although MVA strain 

has lost several genes during its evolution in cell culture, it still contains numerous 

immunomodulatory genes, commonly located in the variable left and right terminal 

regions, some of which still have an unknown function [57]. Thus, one of the most 

promising strategies to improve the immunogenicity of the MVA vectors is the deletion 

of one or more immunomodulatory genes [59]. One of these genes, the MVA A40R gene, 

is located at the right terminal region of the MVA genome and has amino acid similarity 

to the CDR domain of C-type animal lectins, fact that suggest an immunomodulatory role 

that, nonetheless, is still not proved. Therefore, in this Thesis the second modification to 

be introduced into the MVA genome to enhance the immunogenicity of selected foreign 

antigens is the deletion of the suggested immunomodulatory MVA A40R gene. 

4.2.1. Generation and in vitro characterization of MVA-B ΔA40R 

To determine whether the VACV gene A40R might have an immunomodulatory role 

that, in turn, could influence the immunogenicity profile of antigens delivered from a 

poxvirus vector, we deleted A40R from the HIV/AIDS vaccine candidate MVA-B 

(expressing HIV-1 Env, Gag, Pol, and Nef antigens from clade B) [113], generating the 

MVA-B deletion mutant termed MVA-B ΔA40R (see Materials and Methods) (Fig. 24).  

 

Figure 24. Scheme of the MVA-B ΔA40R genome map. The central conserved region, 
and the left and right terminal regions are shown. The deleted A40R gene is indicated. The 
HIV-1 GPN (from isolate IIIB) and gp120 (from isolate BX08) clade B sequences driven by 
the VACV sE/L promoter inserted within the TK viral locus (J2R) are indicated. TK-L= TK 
left flanking region, TK-R= TK right flanking region. Adapted from [179]. 

The correct presence of the HIV-1 antigens and the proper occurrence of the A40R 

deletion was confirmed by PCR of the VACV TK and A40R viral loci (Fig. 25a and 25b, 
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respectively), and was also validated by DNA sequencing (data not shown). Analysis by 

Western blotting demonstrated that MVA-B ΔA40R expressed HIV-1BX08 gp120 and HIV-

1IIIB GPN antigens similarly as the parental MVA-B (Fig. 25c). Moreover, the growth 

kinetics of parental MVA-B and deletion mutant MVA-B ΔA40R in cultured permissive 

DF-1 cells were similar (Fig. 25d), confirming that the MVA A40 protein is not required 

for MVA replication.  

 

Figure 25. Generation and in vitro characterization of MVA-B ΔA40R. PCR analysis of 
the MVA TK (a) and A40R (b) loci. Viral DNA was extracted from DF-1 cells mock infected 
or infected at 5 PFU/cell with MVA-WT, MVA-B, or MVA-B ΔA40R. Primers spanning TK 
and A40R flanking regions were used for PCR analysis of the TK and A40R loci, 
respectively. DNA products corresponding to the parental virus (WT) and the A40R deletion 
mutant are indicated on the right. Molecular size markers (1-kb ladder) with the 
corresponding sizes (base pairs) are indicated on the left. PCR amplification schemes are 
placed below. (c) Expression of HIV-1BX08 gp120 and HIV-1IIIBGPN proteins. DF-1 cells 
were mock infected or infected at 5 PFU/cell with MVA-WT, MVA-B, or MVA-B ΔA40R. At 
24 h.p.i., cells were lysed in Laemmli buffer, fractionated by 8% SDS-PAGE, and analyzed 
by Western blotting with rabbit polyclonal anti-gp120 antibody or polyclonal anti-gag p24 
serum. A rabbit anti-β-actin antibody was used as a protein loading control. Rabbit anti-
VACV early E3 protein antibody was used as a VACV loading control. The proteins 
detected are indicated on the right and the protein molecular weight (in kDa) is indicated 
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on the left. (d) Viral growth kinetics in DF-1 cells. DF-1 cells were infected at 0.01 PFU/cell 
with MVA-B or MVA-B ΔA40R. At different times (0, 24, 48, and 72 h.p.i.) cells were 
collected and virus titers of cell lysates were quantified by plaque immunostaining assay 
with anti-VACV antibodies. The mean and standard deviations of two independent 
experiments is shown.  

4.2.2. Deletion of MVA A40R gene enhances the MVA-B innate immune 

responses in human macrophages 

The production of type I IFN, pro-inflammatory cytokines and chemokines is an 

important initial step in the induction of antiviral immunity [57,180]. Thus, to study 

whether MVA A40 protein impact on innate immune responses, human THP-1 

macrophages were mock infected or infected for 3 and 6 h with MVA-WT, MVA-B, and 

MVA-B ΔA40R at 5 PFU/cell, and analyzed by quantitative real-time RT-PCR the mRNA 

expression levels of type I IFN (IFN-β), type I IFN-induced genes (IFIT1 and IFIT2), the 

viral dsRNA sensor MDA-5, the proinflammatory cytokine TNF-α, and the chemokine 

MIP-1α. The results showed that, compared to parental MVA-B, MVA-B ΔA40R 

significantly upregulated the mRNA levels of IFN-β, IFIT1, IFIT2, MDA-5, and MIP-1α, 

but does not affect the mRNA expression of TNF-α (Fig. 26), showing an enhancement 

in the innate immune responses. The enhanced mRNA values of MVA-WT over MVA-B 

vectors is likely due to some suppressive effect exerted by the expressed HIV-1 proteins 

[181]. These results suggested an immunosuppressive function of MVA A40 protein. 

 

Figure 26. MVA-B ΔA40R upregulates the levels of type I IFN, proinflammatory 
cytokines and chemokine expression, compared to parental MVA-B. Human THP-1 
macrophages were mock infected or infected with MVA-WT, MVA-B, or MVA-B ΔA40R at 
5 PFU/cell. At 3 and 6 h.p.i., RNA was extracted, and IFN-β, IFIT1, IFIT2, MDA-5, TNF-α, 
MIP-1α, and HPRT mRNA levels were analyzed by RT-PCR. Results are expressed as the 
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ratio of the gene of interest to HPRT mRNA levels. A.U., arbitrary units. P values indicate 
significant response differences between the MVA-B and MVA-B ΔA40R at the same hour 
(*, p<0.05; ***, p<0.001). Data are means ± standard deviations of triplicate samples from 
one experiment and are representative of two independent experiments. 

4.2.3. MVA-B ΔA40R increases the magnitude of HIV-1-specific T cell 

adaptive immune responses 

Given the apparent immunosuppressive role of the VACV A40 protein in impairing the 

innate immune responses in human macrophages, we next asked whether deletion of 

VACV A40R from MVA-B could have an impact on the immunogenicity of the vector. 

Therefore, to study in vivo the effect of the A40R deletion on the HIV-1-specific T cellular 

immunogenicity elicited by the HIV/AIDS vaccine candidate MVA-B, we next analyzed 

the HIV-1-specific CD4+ and CD8+ T cell immune responses induced by MVA-B ΔA40R 

in Balb/c mice immunized with a DNA prime/MVA boost immunization protocol, as this 

protocol amplifies the levels of T and B cell responses, while the homologous MVA 

prime/MVA boost immunization triggers lower responses [113,170]. Mice received 100 

μg of DNA prime by i.m. route and 14 days later were boosted with 2 x 107 PFU of MVA 

viruses by i.p. route. Animals primed with sham DNA (DNA-ϕ) and boosted with non-

recombinant MVA-WT were used as a control group.,. Adaptive HIV-1-specific CD4+ and 

CD8+ T cell immune responses elicited by the different immunization groups (DNA-

B/MVA-B, DNA-B/MVA-B ΔA40R, and DNA-ϕ/MVA-WT) were measured 10 days post-

boost by ICS assay, after the stimulation of splenocytes with pools of peptides (Env, 

Gag, and GPN peptide pools) that spanned the HIV-1 Env, Gag, Pol, and Nef antigens 

from an HIV-1 clade B consensus sequence.  

The magnitude of the total HIV-1-specific CD4+ and CD8+ T cell adaptive immune 

responses (determined as the sum of the individual responses producing IFN-γ, TNF-α, 

and/or IL-2 cytokines, as well as the expression of CD107a on the surface of activated 

T cells as an indirect marker of cytotoxicity; obtained for the Env, Gag, and GPN peptide 

pools) was significantly greater in the DNA-B/MVA-B ΔA40R immunization group than in 

DNA-B/MVA-B (2.3 and 1.4-fold times higher, respectively), with both vaccinated groups 

triggering an overall HIV-1-specific immune response mediated mainly by CD8+ T cells 

(91% and 95%, respectively) (Fig. 27a).  

The pattern of HIV-1-specific T cell adaptive immune responses showed that CD4+ 

and CD8+ T cell responses were directed mainly against the Env pool in both vaccinated 

groups, with CD8+ T cell responses broadly distributed among Env, Gag, and GPN (Fig. 

27b). However, DNA-B/MVA-B ΔA40R significantly enhanced the magnitude of Env-

specific CD4+ T cell responses and Env- and GPN-specific CD8+ T cell responses (Fig. 

27b). Moreover, HIV-1-specific CD4+ T cells producing IFN-γ, TNF-α or IL-2 and HIV-1-
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specific CD8+ T cells producing CD107a or IFN-γ were the most induced populations in 

both vaccinated groups, with DNA-B/MVA-B ΔA40R inducing a significantly greater 

magnitude of those populations (data not shown). 

Furthermore, the quality of the HIV-1-specific T cell adaptive immune response was 

characterized in part by the pattern of cytokine production and its cytotoxic potential. 

Thus, on the basis of the production of CD107a, IFN-γ, TNF-α, and IL-2 from HIV-1-

specific CD4+ and CD8+ T cells, 15 different HIV-1-specific CD4+ and CD8+ T cell 

populations could be identified (Fig. 27c and 27d). As shown in Fig. 27c (pie charts), 

HIV-1-specific CD4+ T cell responses were similarly polyfunctional in both vaccinated 

groups, with around 90% of the CD4+ T cells exhibiting 2 or more functions. CD4+ T cells 

producing CD107a-IFN-γ-TNF-α-IL-2, and IFN-γ-TNF-α-IL-2 were the most induced 

populations elicited by both vaccinated groups, with DNA-B/MVA-B ΔA40R inducing a 

significantly greater percentage of most of the CD4+ T cells exhibiting 4, 3, 2, or 1 

functions than DNA-B/MVA-B (Fig. 27c, bars). On the other hand, as shown in Fig. 27d 

(pie charts), DNA-B/MVA-B and DNA-B/MVA-B ΔA40R have a similar polyfunctional 

profile of HIV-1-specific CD8+ T cell responses, with 80% and 83% of the CD8+ T cells 

exhibiting 2 or more functions, respectively. CD8+ T cells producing CD107a-IFN-γ-TNF-

α, and CD107a-IFN-γ were the most abundant populations elicited by both vaccinated 

groups, with DNA-B/MVA-B ΔA40R inducing, once again, a significantly greater increase 

in the percentage of those populations than DNA-B/MVA-B (Fig. 27d, bars). 
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Figure 27. Immunization with MVA-B ΔA40R enhances the magnitude of HIV-1-
specific CD4+ and CD8+ T cell adaptive immune responses. Splenocytes were collected 
from mice (n=4 per group) immunized with DNA-φ/MVA-WT, DNA-B/MVA-B or DNA-
B/MVA-B ΔA40R 10 days after the last immunization. Next, HIV-1-specific CD4+ and CD8+ 
T cell adaptive immune responses triggered by the different immunization groups were 
measured by ICS assay following the stimulation of splenocytes with different HIV-1 
peptide pools (Env, Gag, and GPN). Values from unstimulated controls were subtracted in 
all cases. P values indicate significant response differences between the DNA-B/MVA-B 
ΔA40R and DNA-B/MVA-B immunization groups (***, p<0.001). Data are from one 
experiment representative of three independent experiments. (a) Overall percentages of 
HIV-1-specific CD4+ and CD8+ T cells. The values represent the sum of the percentages 
of T cells producing CD107a and/or IFN-γ and/or TNF-α and/or IL-2 against Env, Gag, and 
GPN peptide pools. (b) Percentages of Env, Gag, and GPN HIV-1-specific CD4+ and CD8+ 
T cells. Frequencies represent the sum of the percentages of T cells producing CD107a 
and/or IFN-γ and/or TNF-α and/or IL-2 against Env, Gag, or GPN peptide pools. (c and d) 
Polyfunctional profiles of HIV-1-specific CD4+ (c) and CD8+ (d) T cells. All of the possible 
combinations of responses are shown on the x axis, while the percentages of T cells 
producing CD107a and/or IFN-γ and/or TNF-α and/or IL-2 against Env, Gag, and GPN 
peptide pools are shown on the y axis. Responses are grouped and colour coded on the 
basis of the number of functions (4, 3, 2, or 1). The pie charts summarize the data. Each 
slice corresponds to the proportion of the total HIV-1-specific CD4+ and CD8+ T cells 



93 

 

exhibiting 1, 2, 3, or 4 functions (CD107a and/or IFN-γ and/or TNF-α and/or IL-2) within the 
total HIV-1-specific CD4+ and CD8+ T cells.  

4.2.4. MVA-B ΔA40R improves HIV-1-specific T cell memory immune 

responses 

Memory T cell responses might be critical for protection against HIV-1 infection [182–

185], and the durability of a vaccine-induced T cell response is an important feature since 

long-term protection is a requirement for prophylactic vaccination. Thus, we next 

analyzed the HIV-1-specific T cell memory immune responses elicited by the different 

immunization groups 53 days after the boost, following the same ICS assay described in 

the adaptive phase.  

Similar to the results obtained in the adaptive phase, the magnitude of the total HIV-

1-specific CD4+ and CD8+ T cell memory immune responses was again significantly 

greater in the DNA-B/MVA-B ΔA40R immunization group than in DNA-B/MVA-B (2- and 

2-fold times higher, respectively), with both vaccinated groups triggering an overall HIV-

1-specific immune response mediated mainly by CD8+ T cells (Fig. 28a).  

The pattern of HIV-1-specific T cell memory immune responses showed that CD4+ 

and CD8+ T cell responses were directed mainly against the Env pool in both vaccinated 

groups, with both CD4+ and CD8+ T cell responses broadly distributed among Env, Gag, 

and GPN (Fig. 28b). However, DNA-B/MVA-B ΔA40R significantly enhanced the 

magnitude of Env- and GPN-specific CD4+ T cell memory responses and Env-, Gag- and 

GPN-specific CD8+ T cell memory responses (Fig. 28b). Furthermore, HIV-1-specific 

CD4+ T memory cells producing TNF-α or IL-2 and HIV-1-specific CD8+ T memory cells 

producing CD107a, IFN-γ, or TNF-α were the most induced populations in both 

vaccinated groups, with DNA-B/MVA-B ΔA40R inducing a significantly greater 

magnitude of those populations (data not shown). 

The quality of the HIV-1-specific CD4+ and CD8+ T cell memory immune responses 

was characterized as described above (section 4.2.3.) (Fig. 28c and 28d). HIV-1-specific 

CD4+ T cell memory responses were more polyfunctional in the group immunized with 

DNA-B/MVA-B ΔA40R than in DNA-B/MVA-B, with 77% and 49% of the CD4+ T cells 

exhibiting 2 or more functions, respectively (Fig. 28c, pie charts). CD4+ T cells producing 

CD107a-IFN-γ-TNF-α-IL-2, IFN-γ-TNF-α-IL-2, and CD107a-IFN-γ-TNF-α were the most 

induced populations elicited by both vaccinated groups, with DNA-B/MVA-B ΔA40R 

inducing a significantly greater percentage of these populations (Fig. 28c, bars). On the 

other hand, as shown in Fig. 28d (pie charts), HIV-1-specific CD8+ T cell memory 

responses were also more polyfunctional in the group immunized with DNA-B/MVA-B 

ΔA40R than in DNA-B/MVA-B, with 93% and 88% of the CD8+ T cells exhibiting 2 or 
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more functions, respectively. CD8+ T cells producing CD107a-IFN-γ-TNF-α-IL-2, 

CD107a-IFN-γ-TNF-α and CD107a-IFN-γ were the most abundant populations elicited 

by both vaccinated groups, with DNA-B/MVA-B ΔA40R, once again, inducing a 

significantly greater increase in the percentage of those populations than DNA-B/MVA-

B (Fig. 28d, bars).  

 

Figure 28. Immunization with MVA-B ΔA40R enhances the magnitude of HIV-1-
specific CD4+ and CD8+ T cell memory immune responses. Splenocytes were collected 
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from mice (n=4 per group) immunized with DNA-φ/MVA-WT, DNA-B/MVA-B or DNA-
B/MVA-B ΔA40R 53 days after the last immunization. Next, HIV-1-specific CD4+ and CD8+ 
T cell memory immune responses triggered by the different immunization groups were 
measured by ICS assay as described in the legend to Fig. 27. Values from unstimulated 
controls were subtracted in all cases. P values indicate significant response differences 
between the DNA-B/MVA-B ΔA40R and DNA-B/MVA-B immunization groups (***, 
p<0.001). Data are from one experiment representative of two independent experiments. 
(a) Overall percentages of HIV-1-specific CD4+ and CD8+ T cells. The values represent the 
sum of the percentages of T cells producing CD107a and/or IFN-γ and/or TNF-α and/or IL-
2 against Env, Gag, and GPN peptide pools. (b) Percentages of Env, Gag, and GPN HIV-
1-specific CD4+ and CD8+ T cells. Frequencies represent the sum of the percentages of T 
cells producing CD107a and/or IFN-γ and/or TNF-α and/or IL-2 against Env, Gag, or GPN 
peptide pools. (c and d) Polyfunctional profiles of HIV-1-specific CD4+ (c) and CD8+ (d) T 
cells. All of the possible combinations of responses are shown on the x axis, while the 
percentages of T cells producing CD107a and/or IFN-γ and/or TNF-α and/or IL-2 against 
Env, Gag, and GPN peptide pools are shown on the y axis. Responses are grouped and 
colour coded on the basis of the number of functions (4, 3, 2, or 1). The pie charts 
summarize the data. Each slice corresponds to the proportion of the total HIV-1-specific 
CD4+ and CD8+ T cells exhibiting 1, 2, 3, or 4 functions (CD107a and/or IFN-γ and/or TNF-
α and/or IL-2) within the total HIV-1-specific CD4+ and CD8+ T cells.  

4.2.5. MVA-B ΔA40R enhances HIV-1-specific T cells with an effector 

memory phenotype in the adaptive and memory phases 

It has been described that HIV-1-specific T cells of mature effector memory phenotype 

are more frequently detectable in HIV-1 controllers than in HIV-1 progressors [171–173]. 

Thus, next we determined the phenotype of the adaptive and memory HIV-1-specific 

CD4+ and CD8+ T cells by measuring the expression of the CD127 and CD62L surface 

markers, which allow the definition of the different memory subpopulations: T central 

memory (TCM, CD127+/CD62L+), T effector memory (TEM, CD127+/CD62L−), and T 

effector (TE, CD127-/CD62L−) cells [174], and determined as the sum of the individual 

responses producing CD107a, IFN-γ, TNF-α, and/or IL-2 obtained for the Env, Gag, and 

GPN peptide pools (Fig. 29). The results showed that in both vaccinated groups, 

adaptive and memory HIV-1-specific CD4+ and CD8+ T cells were mainly of the TEM 

phenotype, followed by the TE phenotype. However, immunization with DNA-B/MVA-B 

ΔA40R induced a significantly greater increase in the percentage of adaptive and 

memory HIV-1-specific CD4+ and CD8+ TEM and TE cells (Fig. 29a and 29b). 

Representative flow cytometry plots of memory HIV-1-specific CD8+ T cells against Env, 

Gag, and GPN peptide pools are shown in Fig. 29c. 
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Figure 29. Phenotypic profile of adaptive and memory HIV-1-specific CD4+ and CD8+ 
T cells. Percentages of TCM, TEM, and TE HIV-1-specific CD4+ and CD8+ T cells 
producing CD107a and/or IFN-γ and/or TNF-α and/or IL-2 against Env, Gag, and GPN 
peptide pools in the adaptive (a) and memory (b) phases. Values from unstimulated 
controls were subtracted in all cases. P values indicate significant response differences 
between the DNA-B/MVA-B ΔA40R and DNA-B/MVA-B immunization groups (***, 
p<0.001). (c) Representative flow cytometry phenotypic profile plots of memory HIV-1-
specific CD8+ T cell responses against Env, Gag, and GPN peptide pools. 

4.2.6. MVA-B ΔA40R enhances the levels of antibodies against HIV-1 

gp120 

Since cells infected with MVA-B release monomeric gp120 [113], and both the cellular 

and humoral arms of the immune system are thought to be necessary to control HIV-1 

infection [178], we next analyzed the humoral immune responses elicited after 

immunization with DNA-B/MVA-B and DNA-B/MVA-B ΔA40R, quantifying by ELISA the 

total IgG and subclass IgG1, IgG2a, and IgG3 levels of antibodies against HIV-1 Env 

(clade B, isolate Bx08) in pooled sera obtained from mice 10 and 53 days postboost (Fig. 

30). The results showed that DNA-B/MVA-B ΔA40R elicited significantly higher levels of 

total IgG anti-gp120 antibodies than DNA-B/MVA-B, in the adaptive and memory phases 

(Fig. 30a). Furthermore, the analysis of the IgG subtypes showed that DNA-B/MVA-B 

ΔA40R induced significantly higher levels of IgG1, IgG2a, and IgG3 anti-gp120 

antibodies than DNA-B/MVA-B (Fig. 30b), with IgG1 levels higher than IgG3 and IgG2a 

levels, indicating a Th2 response.  
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Figure 30. Humoral immune responses elicited by MVA-B and MVA-B ΔA40R against 
HIV-1 gp120 protein. Levels of gp120-specific total IgG (a), and isotypes IgG1, IgG2a, and 
IgG3 (b) binding antibodies were measured by ELISA in pooled sera from mice immunized 
with DNA-B/MVA-B, DNA-B/MVA-B ΔA40R B or DNA-φ/MVA-WT (n=4, at each time point) 
10 days (left panels) or 53 days (right panels) after the last immunization. Mean absorbance 
values (measured at 450 nm) and standard deviations of duplicate pooled serum dilutions 
are presented. P values indicate significant differences in antibody levels between the 
DNA-B/MVA-B and DNA-B/MVA-B ΔA40R immunization groups (*, p<0.05; ***, p<0.001) 
at each dilution. Data are from one experiment representative of three independent 
experiments.  

4.2.7. Generation of a revertant MVA-B ΔA40R-rev virus expressing high 

levels of MVA A40 protein 

To further confirm the immunosuppressive role of the MVA A40 protein and to ensure 

that any phenotypic difference seen with MVA-B ΔA40R was not due to mutations 

elsewhere in the virus genome, a revertant virus termed MVA-B ΔA40R-rev was 

constructed by reinserting the MVA A40R gene into the VACV HA locus (VACV A56R 

gene) of the MVA-B ΔA40R virus, and placed the A40R  gene under the control of the 

VACV sE/L promoter. We selected this synthetic promoter due to the inability to detect 
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the A40 protein expression, by confocal immunofluorescence and Western blot, from its 

own promoter in MVA-infected cells using two different anti-A40 antibodies (generously 

provided by Drs. Geoffrey L. Smith and Jacomine Krijnse-Locker).  

PCR analysis with primers annealing within HA flanking regions confirmed the correct 

reintroduction of the A40R gene in MVA-B ΔA40R (Fig. 31a), which was further 

confirmed by DNA sequencing (data not shown). Furthermore, the growth kinetics of 

MVA-B ΔA40R-rev in cultured permissive DF-1 cells was similar to that of MVA-B and 

MVA-B ΔA40R, confirming that the reintroduction of the MVA A40R gene does not affect 

MVA replication (Fig. 31b). 

Next, the study of the VACV A40R mRNA expression by quantitative real-time RT-

PCR showed that, while the deletion mutant MVA-B ΔA40R does not express A40R 

mRNA, MVA-WT, MVA-B and revertant MVA-B ΔA40R-rev viruses expressed VACV 

A40R mRNA (Fig. 31c). Interestingly, MVA-B ΔA40R-rev expressed the highest levels 

of VACV A40R mRNA (7.5-, and 5-fold higher than MVA-WT or MVA-B, at 3 and 6 h.p.i., 

respectively) (Fig. 31c), probably due to the stronger effect of the VACV sE/L promoter, 

in comparison with the natural A40R virus promoter. This higher expression of VACV 

A40R mRNA triggered by MVA-B ΔA40R-rev correlated with higher levels of VACV A40 

protein (Fig. 31d). The presence of two bands in the western blot using the anti-A40 

antibody is compatible with different post-translational modifications, being the upper 

band compatible with the full-length glycosylated A40 protein. Expression of A40 protein 

from cells infected with MVA-B or MVA-WT was not detected by Western blotting, 

indicating low levels of A40 protein expression under regulation of its natural promoter.  
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Figure 31. Generation and in vitro characterization of MVA-B ΔA40R-rev virus. (a) 
PCR analysis of the HA locus. Viral DNA was extracted from DF-1 cells mock infected or 
infected at 5 PFU/cell with MVA-WT, MVA-B, MVA-B ΔA40R, or MVA-B ΔA40R-rev. 
Primers spanning HA flanking regions were used for PCR analysis of the HA locus. DNA 
products corresponding to the parental virus (WT) HA gen without or with the insertion of 
the A40R gene are indicated on the right. Molecular size markers (1-kb ladder) with the 
corresponding sizes (base pairs) are indicated on the left. PCR amplification schemes are 
placed below. (b) Viral growth kinetics in DF-1 cells. DF-1 cells were infected at 0.01 
PFU/cell with MVA-B, MVA-B ΔA40R, or MVA-B ΔA40R-rev. At different times (0, 24, 48, 
and 72 h.p.i.) cells were collected and virus titers of cell lysates were quantified by plaque 
immunostaining assay with anti-VACV antibodies. (c) mRNA levels of VACV A40R gene. 
Human THP-1 macrophages were mock infected or infected with MVA-WT, MVA-B, MVA-
B ΔA40R or MVA-B ΔA40R-rev at 5 PFU/cell. At 3 and 6 h.p.i., RNA was extracted, and 
VACV A40R and E3L mRNA levels were analyzed by RT-PCR. Results are expressed as 
the ratio of the VACV A40R gene to E3L mRNA levels. A.U. arbitrary units. P values 
indicate significant response differences between the different viruses at the same hour 
(***, p<0.001). Data are means ± standard deviations of duplicate samples from one 
experiment and are representative of two independent experiments. (d) Expression of 
VACV A40 protein. DF-1 cells were mock infected or infected at 5 PFU/cell with MVA-WT, 
MVA-B, MVA-B ΔA40R, or MVA-B ΔA40R-rev. At 24 h.p.i. cells were lysed in Laemmli 
buffer, fractionated by 8% SDS-PAGE, and analyzed by Western blotting with rabbit 
polyclonal anti-A40 antibody. On the right is indicated the position of the VACV A40 protein. 
The sizes (in kDa) of standards (Precision Plus protein standards; Bio-Rad Laboratories) 
are indicated on the left.   

Previous studies reported that VACV WR A40 protein is expressed at the cell surface 

[99]. Thus, the expression and intracellular localization of the VACV MVA A40 protein 

expressed by MVA-B ΔA40R-rev was next studied by confocal immunofluorescence 

microscopy in non-permissive HeLa cells. Therefore, cells were infected with MVA-B, 

MVA-B ΔA40R and MVA-B ΔA40R-rev for 18 h and then non-permeabilized or 

permeabilized fixed cells were stained with a polyclonal antibody against VACV A40 

protein and the specific WGA probe to label the cell surface and Golgi reticulum (Fig. 

32). The results showed that in non-permeabilized cells A40 protein (in green) was 

expressed in cells infected with MVA-B ΔA40R-rev and, as expected, co-localized with 

the cell membrane, whereas it was not detected in cells infected with MVA-B and MVA-
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B ΔA40R (Fig. 32a). On the other hand, in permeabilized cells A40 protein (in green) 

was expressed in cells infected with MVA-B ΔA40R-rev with a diffused cytoplasmic 

pattern; and again, no detection of A40 protein was observed in cells infected with MVA-

B and MVA-B ΔA40R (Fig. 32b). 
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Figure 32. Immunofluorescence of A40 protein. HeLa cells were infected at 0.5 PFU/cell 
with MVA-B, MVA-B ΔA40R and MVA-B ΔA40R-rev and at 18 h.p.i. non-permeabilized (a) 
or permeabilized (b) fixed cells were stained with WGA probe conjugated to the fluorescent 
dye Alexa Fluor 594 (red) and a rabbit anti-A40 polyclonal antibody further detected with 
an anti-rabbit secondary antibody conjugated with the fluorochrome Alexa Fluor 488 
(green). Cell nuclei were stained using DAPI (blue). Scale bar: 10 μm.  

Moreover, expression analysis by quantitative real-time RT-PCR showed that MVA-B 

ΔA40R-rev expressed similar levels of HIV-1BX08 gp120 mRNA (relative gp120:HPRT 

expression levels) than MVA-B and MVA-B ΔA40R (Fig. 33a). Furthermore, analysis by 

Western blotting showed that MVA-B ΔA40R-rev expressed similar HIV-1BX08 gp120 and 

HIV-1IIIB GPN protein levels than MVA-B and MVA-B ΔA40R (Fig. 33b). These results 

confirmed that the expression of HIV-1 antigens was not modified because of the 

reintroduction and overexpression of the MVA A40R gene.  
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Figure 33. HIV-1 antigens expression. (a) mRNA levels of HIV-1BX08 gp120 gene. Human 
THP-1 macrophages were mock infected or infected with MVA-WT, MVA-B, MVA-B 
ΔA40R, or MVA-B ΔA40R-rev at 5 PFU/cell. At 3 and 6 h.p.i., RNA was extracted, and HIV-
1BX08 gp120 and endogenous HPRT mRNA levels were analyzed by RT-PCR. Results are 
expressed as the ratio of the HIV-1BX08 gp120 gene to HPRT mRNA levels. A.U., arbitrary 
units. Data are means ± standard deviations of duplicate samples from one experiment and 
are representative of two independent experiments. (b) Expression of HIV-1BX08 gp120 and 
HIV-1IIIBGPN proteins. DF-1 cells were mock infected or infected at 5 PFU/cell with MVA-
WT, MVA-B, MVA-B ΔA40R, or MVA-B ΔA40R-rev. At 24 h.p.i., cells were lysed in Laemmli 
buffer, fractionated by 8% SDS-PAGE, and analyzed by Western blotting with rabbit 
polyclonal anti-gp120 antibody or rabbit anti-gag p24 serum. Rabbit anti-β-actin antibody 
was used as a protein loading control. Rabbit anti-VACV early E3 protein antibody was 
used as a VACV loading control. The proteins detected are indicated on the right and the 
protein molecular weight (in kDa) is indicated on the left. 

4.2.8. Reintroduction of MVA A40R gene in MVA-B ΔA40R inhibits 

innate immune responses in vitro 

Next, to confirm whether the reintroduction of VACV A40R gene in MVA-B ΔA40R 

restores the previously enhancement in type I IFN innate immune responses (see Fig. 

26) and to further demonstrate the immunosuppressive role of VACV A40 protein, we 

infected human THP-1 macrophages for 3 h and 6 h with MVA-WT, MVA-B, MVA-B 

ΔA40R, and MVA-B ΔA40R-rev at 5 PFU/cell, and analyzed by quantitative real-time 

RT-PCR the mRNA expression levels of the innate immune related genes affected 

previously by the VACV A40R deletion, such as IFN-β, IFIT1, IFIT2, MDA-5, and MIP-

1α (see Fig. 26). Interestingly, the results showed that, compared to parental MVA-B 

ΔA40R and MVA-B, MVA-B ΔA40R-rev significantly downregulated the mRNA levels of 

IFN-β, IFIT1, IFIT2, MDA-5, RIG-I, and MIP-1α (Fig. 34). Moreover, MVA-B ΔA40R-rev 

downregulated the mRNA levels of others genes not affected by the deletion of VACV 

A40R gene in MVA-B ΔA40R, such as TNFα and RANTES, while it does not affect the 

mRNA expression of the endogenous cellular gene HPRT (Fig. 34). These results 
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confirm the immunosuppressive role of the VACV A40 protein, and strongly suggest that 

acts by blocking the type I IFN pathway. 

 

Figure 34. MVA-B ΔA40R-rev downregulated the mRNA levels of type I IFN, 
proinflammatory cytokines and chemokines. Human THP-1 macrophages were mock 
infected or infected with MVA-WT, MVA-B, MVA-B ΔA40R, or MVA-B ΔA40R-rev at 5 
PFU/cell. At 3 and 6 h.p.i., RNA was extracted, and IFN-β, IFIT1, IFIT2, MDA-5, TNF-α, 
MIP-1α, RANTES, RIG-1, HPRT and VACV E3L mRNA levels were analyzed by RT-PCR. 
Results are expressed as the ratio of the gene of interest to VACV E3L mRNA levels. A.U., 
arbitrary units. P values indicate significant response differences between MVA-B, MVA-B 
ΔA40R, and MVA-B ΔA40R-rev at the same hour (**, p<0.005; ***, p<0.001). Data are 
means ± standard deviations of triplicate samples from one experiment and are 
representative of two independent experiments. 

4.2.9. Reintroduction of MVA A40R gene in MVA-B ΔA40R impairs 

adaptive HIV-1-specific CD4+ T cell immune responses 

Next, to know whether the reintroduction of VACV A40R gene in MVA-B ΔA40R could 

restore HIV-1-specific T cell immunogenicity (see Figs. 27 and 28), we analyzed the 

adaptive HIV-1-specific CD4+ and CD8+ T cell immune responses induced by MVA-B 

ΔA40R-rev in mice at 10 days after the last immunization, following the same DNA 

prime/MVA boost immunization protocol described before (see section 4.2.3).. The 

magnitude of the total HIV-1-specific CD4+ T cell adaptive immune responses induced 

by the DNA-B/MVA-B ΔA40R-rev immunization group was similar to that induced by the 
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DNA-B/MVA-B group, but significantly lower than that induced by DNA-B/MVA-B ΔA40R 

(Fig. 35a), confirming that the reintroduction of VACV A40R gene in MVA-B ΔA40R 

restores the magnitude of the adaptive HIV-1 specific CD4+ T cell immune responses. 

The pattern of HIV-1-specific CD4+ T cell adaptive immune responses was similar in all 

immunization groups, being mainly directed against the Env pool (Fig. 35b, upper panel), 

with DNA-B/MVA-B ΔA40R-rev group restoring the Env-specific CD4+ T cell immune 

responses to levels similar to those induced by DNA-B/MVA-B. The polyfunctionality of 

HIV-1-specific CD4+ T cell adaptive immune responses was also similar in all 

immunization groups, with 84-90% of the CD4+ T cells exhibiting 2 or more functions 

(Fig. 35c).  

However, the magnitude of the total HIV-1-specific CD8+ T cell adaptive immune 

responses induced by DNA-B/MVA-B ΔA40R-rev was similar to that induced by DNA-

B/MVA-B ΔA40R (Fig. 35a). The pattern of HIV-1-specific CD8+ T cell adaptive immune 

responses was similar in all immunization groups, being mainly directed against the Env 

pool, followed by Gag and GPN (Fig. 35b, lower panel). In detail, DNA-B/MVA-B ΔA40R-

rev induced similar or higher levels of Env- and GPN-specific CD8+ T cells than DNA-

B/MVA-B ΔA40R immunization group, and restores the Gag-specific CD8+ T cell immune 

responses to levels similar to those induced by DNA-B/MVA-B (Fig. 35b, lower panel). 

The polyfunctionality of HIV-1-specific CD8+ T cell adaptive immune responses was also 

similar in all immunization groups, with around 50-60% of the CD8+ T cells exhibiting 2 

or more functions (Fig. 35d).  
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Figure 35. Immunization with MVA-B ΔA40R-rev impairs the magnitude of HIV-1-
specific T cell adaptive immune responses. Splenocytes were collected from mice (n=4 
per group) immunized with DNA-B/MVA-B, DNA-B/MVA-B ΔA40R, DNA-B/MVA-B ΔA40R-
rev or DNA-φ/MVA-WT, 10 days after the last immunization. Next, HIV-1-specific T cell 
adaptive immune responses triggered by the different immunization groups were measured 
by ICS assay as described in the legend to Fig. 27. Values from unstimulated controls were 
subtracted in all cases. P values indicate significant response differences between 
immunization groups (**, p<0.005; ***, p<0.001). (a) Overall percentages of HIV-1-specific 
CD4+ and CD8+ T cells. The values represent the sum of the percentages of T cells 
producing CD107a and/or IFN-γ and/or TNF-α and/or IL-2 against Env, Gag, and GPN 
peptide pools. (b) Percentages of Env, Gag, and GPN HIV-1-specific CD4+ (upper panel) 
and CD8+ (lower panel) T cells. Frequencies represent the sum of the percentages of T 
cells producing CD107a and/or IFN-γ and/or TNF-α and/or IL-2 against Env, Gag, or GPN 
peptide pools. (c and d) Polyfunctional profiles of HIV-1-specific CD4+ (c) and CD8+ (d) T 
cells. All of the possible combinations of responses are shown on the x axis, while the 
percentages of T cells producing CD107a and/or IFN-γ and/or TNF-α and/or IL-2 against 
Env, Gag, and GPN peptide pools are shown on the y axis. Responses are grouped and 
color coded on the basis of the number of functions (4, 3, 2, or 1). The pie charts summarize 
the data. Each slice corresponds to the proportion of the total HIV-1-specific CD4+ or CD8+ 

T cells exhibiting 1, 2, 3, or 4 functions (CD107a and/or IFN-γ and/or TNF-α and/or IL-2) 
within the total HIV-1-specific CD4+ or CD8+ T cells 
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4.3. A vaccine based on an MVA vector expressing ZIKV structural 

proteins controls ZIKV replication in mice 

After confirm that the HIV-1-specific immune responses were improved by modifying 

promoter strength or by deleting immunomodulatory VACV genes in MVA vaccine 

candidates against HIV/AIDS, the next step was to prove whether these modifications 

could be applied to novel MVA vectors against other viral diseases and can confer an 

advantage as candidate vaccines. Thus, ZIKV pathogen was selected, as it is 

responsible for severe human disease, particularly in new-borns due to microcephaly, 

and because the efficacy of vaccination against a ZIKV challenge can be demonstrated 

in a mouse model. 

4.3.1. Generation and in vitro characterization of MVA-ZIKV  

An optimized MVA-based vaccine candidate encoding for the ZIKV prM-E structural 

genes (termed MVA-ZIKV) that could activate the ZIKV-specific B and T cell immune 

responses was designed and generated (Fig. 36). ZIKV prM-E structural genes of the 

ZIKV isolate Z1106033 (Suriname; the most contemporary American isolate available at 

the time this work was initiated) [157], were inserted into the VACV TK locus of an 

optimized parental MVA (termed MVA-Δ-GFP) containing deletions in the VACV 

immunomodulatory genes C6L, K7R, and A46R [97,98]. Furthermore, the expression of 

the ZIKV antigens was placed under the control of the transcriptional novel optimized 

synthetic LEO160 promoter [88,89] (see the Results section 4.1 and Materials and 

Methods) (Fig. 36). 

 

Figure 36. Scheme of the MVA-ZIKV genome map. The ZIKV signal peptide (sp) 
following by the ZIKV prM-E structural genes (isolate Z1106033) are driven by the novel 
VACV synthetic pLEO160 promoter and are inserted within the VACV TK viral locus (J2R). 
The deleted VACV C6L, K7R, and A46R genes are indicated. TK-L= TK left flanking region, 
TK-R= TK right flanking region. 
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The correct generation of MVA-ZIKV was analyzed by PCR using oligonucleotides 

annealing in the VACV TK-flanking regions that demonstrated the proper insertion of the 

ZIKV prM-E structural genes within the genome of MVA-ZIKV, with no parental MVA 

virus contamination (Fig. 37a). Moreover, the correct nucleotide sequence of the ZIKV 

prM-E genes inserted in the VACV TK locus was further confirmed by DNA sequencing 

(data not shown).  

To demonstrate that MVA-ZIKV constitutively expresses and correctly processes the 

ZIKV prM-E polyprotein into prM and E structural proteins, we performed a Western blot 

analysis of cell extracts from MVA-infective permissive chicken DF-1 cells, mock infected 

or infected with MVA-ZIKV, parental MVA-Δ-GFP, or attenuated MVA-WT using specific 

antibodies that recognize the ZIKV prM and E proteins. The results proved that MVA-

ZIKV correctly expressed the ZIKV prM-E polyprotein that was properly processed 

leading to the ZIKV prM and E proteins of expected molecular sizes (Fig. 37b). The 

presence of two bands in the western blot using the anti-ZIKV E antibody is compatible 

with the production of different ZIKV E protein species that differ in post-translational 

modification [186], being the upper band compatible with the full-length glycosylated E 

protein.  

 

Figure 37. Generation and in vitro characterization of MVA-ZIKV. (a) PCR analysis of 
the VACV TK locus. Viral DNA was extracted from DF-1 cells mock infected or infected at 
5 PFU/cell with MVA-ZIKV, MVA-Δ-GFP, or MVA-WT. Primers spanning the TK locus-
flanking regions were used for PCR analysis of the ZIKV genes inserted within the TK locus. 
DNA products are indicated on the right and a molecular size marker (1-kb ladder) with the 
corresponding sizes (base pairs) is indicated on the left. PCR amplification schemes are 
placed below. (b) Expression of ZIKV prM and E proteins. DF-1 cells were mock infected 
or infected at 5 PFU/cell with MVA-ZIKV, MVA-Δ-GFP, or MVA-WT. At 24 h.p.i., cells were 
lysed, fractionated by 8% SDS-PAGE, and analyzed by Western blotting. The proteins 
detected are indicated on the right and the protein molecular weight (in kDa) is indicated 
on the left. 

To analyze whether expression of ZIKV prM-E structural proteins affects MVA 

replication in cell culture, we evaluated the growth kinetics of MVA-ZIKV and MVA-WT 

in permissive DF-1 cells. Both viruses had a similar kinetics of viral growth (Fig. 38), 
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demonstrating that the constitutive expression of ZIKV prM-E structural proteins does 

not weaken MVA vector replication under permissive conditions. Moreover, similarly to 

parental MVA-WT and, as expected, MVA-ZIKV is a viral vector that does not replicate 

in human HeLa cells (Fig. 38). 

  

Figure 38. Viral growth kinetics of MVA-ZIKV. Monolayers of permissive DF-1 or non-
permissive HeLa cells were infected at 0.01 PFU/cell with MVA-WT or MVA-ZIKV. At 
different times postinfection (0, 24, 48, and 72 h.p.i.), virus titers in cell lysates were 
quantified by a plaque immunostaining assay. The mean and standard deviations of two 
independent experiments is shown. 

Next, to ensure that MVA-ZIKV is stable and the insert can be maintained in the viral 

genome without the loss of the sequence encoding the ZIKV prM-E structural genes, 

MVA-ZIKV was grown in DF-1 cells infected at low MOI for 9 successive passages, and 

expression of the ZIKV prM and E proteins was determined by Western blotting (Fig. 

39a). The results revealed that MVA-ZIKV efficiently expresses the ZIKV prM and E 

proteins after consecutive passages. Moreover, analysis by Western blot of the 

expression of the ZIKV E protein in 24 individual plaques isolated from MVA-ZIKV at 

passage 9 showed that 100% of the plaques correctly expressed the ZIKV E protein (Fig. 

39b), demonstrating the high genetic stability of MVA-ZIKV. 
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Figure 39. Stability of MVA-ZIKV. MVA-ZIKV (P2 stock) was continuously grown in DF-1 
cells to passage 9 (a) and at passage 9, 24 individual plaques were picked (b). Virus stocks 
from each passage and from the 24 individual plaques were used to infect cells and the 
expression of ZIKV prM and E proteins was determined by Western blotting in cell extracts. 
Rabbit anti-VACV E3 protein antibody was used as a VACV loading control. The proteins 
detected are indicated on the right and the protein molecular weight (in kDa) is indicated 
on the left. 

Flavivirus prM and E proteins are synthesized at the ER [187]. Thus, the expression 

and intracellular localization of the ZIKV E protein expressed by MVA-ZIKV was studied 

by confocal immunofluorescence microscopy in non-permissive HeLa cells infected with 

MVA-ZIKV and MVA-WT using an antibody against ZIKV E protein and a specific 

antibody to detect ER (anti-Calnexin). The results showed that at 24 h.p.i. ZIKV E protein 

(in green) was highly expressed from MVA-ZIKV-infected cells and, as expected, co-

localized with the ER (Fig. 40a, right panel). Moreover, to determine whether ZIKV E 

protein could be detected on the cell surface, HeLa cells were infected with MVA-ZIKV 

and permeabilized and non-permeabilized cells were analyzed by confocal 

immunofluorescence microscopy using an antibody against ZIKV E protein and the WGA 

probe to label the surface of fixed cells (Fig. 40b). While the infected-cell membrane was 

well observed using the WGA probe, labeling of ZIKV E protein was not detected. These 

results indicate that, as expected, the ZIKV E protein is not present on the surface of 

infected cells, and suggest that is release to the medium.  
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Figure 40. Immunofluorescence analysis of the expression of ZIKV E protein by MVA-
ZIKV. (a) Detection of ZIKV E protein in the ER. HeLa cells were infected at 0.5 PFU/cell 
with MVA-ZIKV or MVA-WT for 24 h. Then, permeabilized cells were labeled with an anti-
ZIKV E monoclonal mouse antibody and an anti-calnexin antibody. Anti-ZIKV E was 
detected with a mouse secondary antibody conjugated with the fluorochrome Alexa Fluor 
488 (green). Anti-calnexin was detected with a rabbit secondary antibody conjugated with 
Alexa Fluor 594 (red). Cell nuclei were stained using DAPI (blue). The degree of co-
localization of E and calnexin proteins is shown on the right by the yellow color. Scale bar: 
10 μm. (b) Immunofluorescence analysis of ZIKV E protein in the cell membrane. HeLa 
cells were infected at 0.5 PFU/cell with MVA-ZIKV and at 24 h permebilized (upper panels) 
or non-permebilized (lower panels) fixed cells were stained with WGA probe conjugated to 
the fluorescent dye Alexa Fluor 594 (red) and a mouse monoclonal anti-ZIKV E antibody 
further detected with a mouse secondary antibody conjugated with the fluorochrome Alexa 
Fluor 488 (green). Cell nuclei were stained using DAPI (blue). Scale bars: 5 μm and 8 μm.. 

4.3.2. MVA-ZIKV produced VLPs  

It has been described that coexpression of flaviviral prM and E proteins results in the 

production of VLPs [also termed subviral particles (SVPs)] [186,188–191]. Thus, to test 

whether MVA-ZIKV could form VLPs, we investigated their presence in the supernatant 

of infected cells. Therefore, HeLa cells were infected with MVA-ZIKV and MVA-WT and 

at 18 h.p.i., supernatants were concentrated by pelleting through a 20% sucrose cushion. 

The analysis by western blot of the concentrated supernatants demonstrated the 

presence of ZIKV M and E proteins, confirming their release to the medium (Fig. 41a). 

Moreover, the detection of a mature M protein suggests that fully-assembled VLPs could 

be produced (Fig. 41a).  
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Thus, next we loaded the concentrated supernatants into a 20-60% w/v sucrose gradient 

and after ultracentrifugation, fractions were taken and the amount of protein and sucrose 

density was analyzed (Fig. 41b). A single peak of protein, determined by measurement 

of the absorbance of each fraction at 280 nm, exhibited a density about 1.18 g/cm3 (42% 

of sucrose) estimated by refractometry analysis. This value is comparable to that 

exhibited by other VLPs from different flaviviruses [192–195].  

 

Figure 41. ZIKV VLPs purification. (a) Western blot analysis of the ZIKV proteins detected 
in cells extracts (P) or in supernatants (S) concentrated through a 20% sucrose cushion 
and derived from HeLa cells infected with MVA-ZIKV or MVA-WT. The proteins detected 
are indicated on the right and the protein molecular weight (in kDa) is indicated on the left 
(b) Amount of protein and sucrose density in fractions obtained after ultracentrifugation of 
MVA-ZIKV-concentrated supernatants loaded into a 20–60% w/v sucrose gradient. The 
amount of protein in each fraction was determined by spectrophotometry measuring the 
absorbance at 280 nm (A280). The sucrose density in each fraction was determined by 
refractometry. Arrow indicates the fraction (14) analyzed by electron microscopy. 

The protein peak fraction was then analyzed by negative staining and transmission 

electron microscopy to evaluate whether VLPs were observed (Fig. 42a). The results 

showed that MVA-ZIKV formed smooth spherical particles of similar size (around 50 nm) 

and morphology than ZIKV VLPs produced by other ZIKV vaccines expressing prM-E 

genes [186,188,191,196] (Fig. 42a). Immunogold electron microscopy demonstrated the 

presence of ZIKV E protein on the surface of these structures, confirming that these 

particles were ZIKV VLPs (Fig. 42b). 
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Figure 42. Detection by electron microscopy of VLPs produced by MVA-ZIKV. 
Negative-stained (a) or anti ZIKV E immunogold-stained (b) transmission electron 
microscopy images of purified ZIKV VLPs contained in the fraction 14 of the MVA-ZIKV 
gradient shown in Fig. 41b. Arrows indicate the VLPs detected in a lower magnification 
image of the immunogold-stained assay. Scale bar: 50 nm or 100nm. 

4.3.3. MVA-ZIKV is highly immunogenic in immunocompetent mice  

Neutralizing antibodies against ZIKV are critical to control ZIKV infection [197–199]. 

Thus, to evaluate the ability of MVA-ZIKV to induce neutralizing antibodies against ZIKV, 

we determined the PRNT against ZIKV in serum samples obtained at 10 days post-boost 

from Balb/c mice immunized with MVA-ZIKV or MVA-WT (negative control group), 

following a homologous MVA prime/MVA boost immunization protocol in which mice 

were immunized with 1 × 107 PFUs of MVA-WT or MVA-ZIKV by the i.p. route and two 

weeks later received a second dose of 2 × 107 PFUs of MVA-WT or MVA-ZIKV. The 

results showed that individual serum obtained from mice immunized with MVA-ZIKV 

neutralized ZIKV (PA259459 strain, from Panama) in a dilution-dependent manner (Fig. 

43a), compared to serum from MVA-WT-immunized animals where no neutralization was 

observed. The elicited mean-value antibody titers induced by MVA-ZIKV neutralized 

90% of ZIKV (PRNT90) at a dilution of 1/50 (Fig. 43b).  
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Figure 43. Induction of neutralizing antibodies by MVA-ZIKV in immunocompetent 
mice. Balb/c mice were immunized with MVA-ZIKV/MVA-ZIKV or MVA-WT/MVA-WT and 
10 days after the last immunization ZIKV-specific humoral immune responses were 
analyzed (see Materials and Methods). (a) Percentage of ZIKV plaque reduction. Data 
represent the percentage of ZIKV plaque reduction, determined by a PRNT assay, from 
each individual serum sample at different serial dilutions. (b) ZIKV-neutralizing antibody 
titers. Data represent the reciprocal of the serum dilution that inhibited plaque formation by 
90% (PRNT90), relative to samples incubated with negative control sera. Dashed line 
indicates the limit of detection (LOD) of the neutralization assay (1/20 dilution). The 
statistically significant difference between both groups is indicated (*, p< 0.05).  

Although the specificity of CD8+ T cell responses varies among ZIKV strains, CD8+ T 

cells might play a protective role against ZIKV infection [200–203]. Therefore, to 

investigate in detail the capability of MVA-ZIKV to stimulate T cellular immune responses 

against ZIKV, we next evaluated the ZIKV-specific T cell immune responses elicited by 

MVA-ZIKV in Balb/c mice immunized following a homologous prime/boost immunization 

protocol. ZIKV E-specific CD4+ and CD8+ T cell immune responses induced by MVA-

WT/MVA-WT and MVA-ZIKV/MVA-ZIKV immunization groups were measured at 10 

days post-boost by an ICS assay, after the stimulation of splenocytes with ZIKV-specific 

peptide pools spanning the entire ZIKV E protein. The results showed that immunization 

with MVA-ZIKV stimulated robust ZIKV-E-specific CD8+ T cell immune responses 

(determined as the percentage of ZIKV E-specific CD8+ T cells producing IFN-γ, TNF-α, 

and/or IL-2 cytokines, as well as the expression of CD107a on the surface of activated 

T cells as an indirect marker of cytotoxicity) (Fig. 44a). MVA-ZIKV elicited total ZIKV-

specific immune responses mediated mostly by CD8+ T cells, with very low levels of 

ZIKV-specific CD4+ T cells (Fig. 44a). ZIKV-specific CD8+ T cells produced mainly 

CD107a, followed by similar levels of IFN-γ and TNF-α, and to a minor extent IL-2 (Fig. 

44b).  

The quality of the ZIKV-specific T cell immune response was defined by the pattern 

of cytokine production (IFN-γ, TNF-α, and/or IL-2) and its cytotoxic potential (CD107a). 
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Thus, the most representative ZIKV-specific CD8+ T cell populations induced by MVA-

ZIKV were those producing CD107a + IFN-γ + TNF-α (triple), CD107a + IFN-γ (double) 

and CD107a (single), with a high polyfunctional pattern represented by 57% of CD8+ T 

cells having two, three, or four functions (Fig. 44c). 

Moreover, we also determined the phenotype of the ZIKV-specific CD8+ T cells by 

evaluating the presence of CD127 and CD62L surface markers, which define memory 

subpopulations: T central memory (TCM; CD127+/CD62L+), T effector memory (TEM; 

CD127+/CD62L−), and T effector (TE; CD127−/CD62L−) T cells [174]. The results showed 

that immunization with MVA-ZIKV induced ZIKV-specific CD8+ T cells with a phenotype 

of TEM (70%) and TE (30%) (Fig. 44d). 

 

Figure 44. MVA-ZIKV induced robust CD8+ T cell responses in mice. Balb/c mice were 
immunized as in Fig. 43. (a) Overall magnitude of ZIKV-specific CD4+ and CD8+ T cells. 
The values represent the sums of the percentages of T cells producing CD107a and/or 
IFN-γ and/or TNF-α and/or IL-2 against the ZIKV E protein peptide pool. P values indicate 
significantly higher responses in comparison of MVA-ZIKV/MVA-ZIKV to MVA-WT/MVA-
WT (***, p< 0.001). (b) Pattern of ZIKV-specific CD8+ T cell immune responses in MVA-
ZIKV-vaccinated mice. Frequencies were calculated by reporting the number of CD8+ T 
cells producing CD107a, IFN-γ, TNF-α or IL-2. (c) Polyfunctional profile of ZIKV-specific 
CD8+ T cell immune responses in MVA-ZIKV-vaccinated mice. Those T cell populations 
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with a positive response are shown on the x axis, while the percentages of CD8+ T cells 
producing CD107a and/or IFN-γ and/or TNF-α and/or IL-2 against the ZIKV E peptide pool 
are shown on the y axis. Responses are grouped and coded on the basis of the number of 
functions (4, 3, 2, or 1). The pie charts summarize the data, with each slice corresponding 
to the proportion of ZIKV-specific CD8+ T cells exhibiting one, two, three, or four functions 
within the total population of ZIKV-specific CD8+ T cells. (d) Phenotypic profile of ZIKV-
specific CD8+ T cells in MVA-ZIKV-vaccinated mice. CD127 and CD62L expression was 
used to identify naive, TCM, TEM and TE subpopulations. Each slice corresponds to the 
proportion of each ZIKV-specific CD8+ T cell subpopulations within the total ZIKV-specific 
CD8+ T cells producing CD107a and/or IFN-γ and/or TNF-α and/or IL-2. 

4.3.4. MVA-ZIKV controls viral replication in a challenged mouse model 

The efficacy of MVA-ZIKV as a vaccine candidate against ZIKV was studied in mice 

deficient in the α/β interferon receptor (IFNAR-/-), a suitable susceptible mouse model for 

ZIKV [204,205]. Thus, six weeks old IFNAR-/- mice were immunized by i.p. route with 

MVA-ZIKV (one or two doses) or MVA-WT (one dose; use as a control), at days 0 and/or 

14. At day 28 mice were challenged with 104 PFUs of ZIKV (PA259459 strain, from 

Panama). Blood was obtained at days 13 and 27 (before prime) to analyze the 

neutralizing antibodies in sera, and 2 and 3 days after virus challenge to analyze viremia 

(Fig. 45).  

 

Figure 45. Inoculation scheme of the efficacy study of MVA-ZIKV. Groups of IFNAR-/- 
mice (n=10 mice/group) were immunized with 2 x 107 PFUs of MVA-WT (one dose, at day 
0) or MVA-ZIKV (one or two doses, at days 0 and 14, respectively) by the i.p. route. Twenty 
eight days after the first immunization, mice were challenged with 104 PFUs of ZIKV 
(PA259459, strain Panama) via the i.p. route. Mice were bleed at day 13, 27, 30 and 31 to 
measure anti-ZIKV neutralizing antibody titers or viremia. 

The results showed that one or two doses of MVA-ZIKV elicited good neutralizing 

antibody titers against ZIKV PA259459 strain, with a second dose significantly increasing 

the ZIKV neutralization titer (PRNT90) to around 110 (Fig. 46a). Furthermore, 

neutralization of another ZIKV strain from the Asian lineage (FSS13025, Cambodia 

2010) using serum samples obtained after two doses of the MVA-ZIKV vaccine showed 

similar results (PRNT90 149 ± 77), confirming that the elicited neutralizing antibodies 

could also neutralize other ZIKV strains. Next, the MVA-ZIKV efficacy was analyzed in 

immunized mice after challenge with ZIKV. Intraperitoneal infection of adult IFNAR-/- mice 

(10 weeks old) with the ZIKV American strain PA259459 did not induce severe body 
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weight loss or mortality, but induced viremia (Fig. 46b, c). Along this line, the MVA-ZIKV 

efficacy, defined as the capacity to control ZIKV replication, was evaluated at days 2 and 

3 post-challenge determining in serum ZIKV viremia by quantitative RT-PCR (Fig. 46b) 

and presence of ZIKV infectious virus by plaque assay (Fig. 46c). The results showed 

that MVA-ZIKV-vaccinated mice control ZIKV replication as index of significant reduction 

in levels of ZIKV RNA (Fig. 46b) and of infectious virus (Fig. 46c), compared to the control 

group MVA-WT. One or two doses of MVA-ZIKV reduced the ZIKV viremia and infectious 

virus by 2.5-4 logs, while MVA-WT-immunized mice developed ZIKV infection, with high 

levels of ZIKV RNA and of infectious virus that peaked at day 2 post-challenge (Fig. 46b 

and c).  

 

Figure 46. Efficacy of MVA-ZIKV in immunocompromised susceptible IFNAR-/- mice. 
(a) ZIKV-neutralizing antibody titers (PRNT90) detected at 13 and 27 days post-prime 
immunization in sera (n=5) of animals immunized with one dose of MVA-WT or one or two 
doses of MVA-ZIKV. Titers of neutralizing antibodies against ZIKV PA259459 strain were 
determined by a PRNT assay and are expressed as the reciprocal of the serum dilution 
that inhibited plaque formation by 90% (PRNT90), relative to samples incubated with 
negative control sera (from day 1 pre-prime). Dashed line indicates the limit of detection 
(LOD) of the neutralization assay (1/20 dilution). The statistically significant difference 
between the groups is indicated (****, p< 0.0001). (b) ZIKV RNA viremia after challenge. 
Blood samples were collected at days 2 (n = 5) or 3 (n = 5) post-challenge, and ZIKV RNA 
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viremia was analyzed by quantitative real-time PCR (PFU equivalents/ml). Graph shows 
mean with each point representing an individual mouse. P values indicate significantly 
higher responses between the different groups (*, p< 0.05; **, p< 0.005). (c) ZIKV infectious 
virus after challenge. Blood samples were collected at days 2 (n=5) or 3 (n=5) post-
challenge, and ZIKV infectious virus was analyzed by a plaque assay (PFUs/ml). Graph 
shows mean with each point representing an individual mouse. P values indicate 
significantly higher responses between the different groups (***, p< 0.001, ****, p< 0.0001). 
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5. DISCUSSION 

The aim of this Thesis is to improve the immunogenicity of the poxvirus MVA vector 

through several specific genetic modifications, such as enhancing virus promoter 

strength; deletion of immunomodulatory VACV genes; and optimizing antigen 

presentation. These modifications have been introduced in MVA vectors expressing HIV-

1 antigens in order to prove in mouse models an improved HIV-1-specific 

immunogenicity. Furthermore, to demonstrate efficacy of some of these vectors, we have 

tested the ability of an optimized MVA vector lacking three VACV immunomodulatory 

genes and with a stronger virus promoter, for its capacity to induce in mice 

immunogenicity (T cell and neutralizing antibody responses) and protection against a 

human emerging pathogen, ZIKV. 

The highly attenuated MVA poxvirus strain has several characteristics that make it an 

excellent vector to be use as a vaccine, such as: 1) it can insert up to 25 kpb of foreign 

DNA without loss of infectivity, thanks to the high packing flexibility of its genome; 2) it 

express high levels of the inserted heterologous antigen(s); 3) it has an exclusively 

cytoplasmic replication, which impede persistence in host cells or genomic integration; 

4) it can induce both antibody and cytotoxic T cell immune responses against the 

heterologous antigen(s) with long-lasting immunity after a single inoculation; 5) it is stable 

when manufactured as freeze-dried vaccine; 6) it is relatively easy and cheap to produce 

and transport; and 7) it has the advantage over other vector-based vaccines, such as 

adenovirus, of a low prevalence of anti-VACV antibodies in the global population as the 

smallpox vaccination was interrupted following its eradication in 1980 [55,56,206]. 

Moreover, MVA recombinant vaccines combined the safety of a killed virus vaccine, due 

to their impaired replication capacity in human cells, with the immunogenicity of a live 

virus vaccine, through a great ability to induce antigen-specific immune responses due 

to the expression of gene products within the cells that are efficiently presented by both 

MHC class I and class II pathways, leading to potent activation of antigen-specific CD4+ 

and CD8+ T cells, and induction of robust humoral responses [55,56,206]. All these 

advantages make recombinant MVA vectors important vaccine candidates against 

several infectious diseases and cancer [52–56]. Nonetheless, more efficient and 

optimized MVA vector-based vaccines able to enhance antigen-specific T cellular and 

humoral immunogenicity are desirable [59]. 
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5.1. Novel optimized MVA-based vaccine candidates against 

HIV/AIDS 

Many recombinant poxvirus vectors (such as MVA, NYVAC, canarypox, and folwpox 

viruses) expressing different HIV-1 antigens have been widely used in several human 

clinical trials in the last few years, proving that they are safe and immunogenic, inducing 

HIV-1-specific cellular and humoral immune responses [55,62,207–209]. In fact, the 

recombinant canarypox vector vaccine ALVAC-HIV, expressing Env from subtypes B/E 

and Gag/Pro from subtype B combined with recombinant gp120 subunit vaccine from 

subtypes B/E (AIDSVAX B/E) is actually the only effective HIV/AIDS vaccine candidate, 

which showed a 31.2% protective effect in the RV144 phase III clinical trial [137].   

A number of prophylactic and therapeutic HIV-1 vaccines at different stages of 

development are currently in the HIV/AIDS pipeline. Among them, various MVA-based 

vaccine candidates have been tested in human clinical trials, both as a single 

immunogen (such as the HIV/AIDS vaccine candidate MVA-B, generated in our 

laboratory), or in combination with other vaccine vectors, reinforcing the value of MVA 

vectors as vaccine candidates against HIV/AIDS (Table 4).  

Vaccine Trial number Phase Characteristics Reference
Recombinant MVA vectors as single immunogen

MVA-B (EnvBX08/GPNIIIB) NCT00679497 I 

Safe, well tolerated and 
elicited strong and durable 

T cell and antibody 
responses. 

[115–121] 

MVA Mosaic HIV NTC02218125 I 

Safe and well tolerated. 
Cellular and humoral 
cross-clade immune 

responses. 

[210] 

Recombinant MVA vectors in combination with different immunogens 
Ad26 Mosaic HIV prime. 

Ad26 Mosaic HIV or MVA 
Mosaic HIV and/or clade C 
gp140/aluminum phosphate 

boost 

NCT02315703 I/II Robust immune responses  [211] 

DNA-HIV (EnvCN54/GPNZM6) 
prime. 

MVA-C/rgp140CN54/GLA-AF 
adjuvant boost 

NCT01922284 I 

Potent cellular immune 
responses. 

No impact on the 
magnitude of CN54gp140-
specific systemic antibody 

responses. 

[212] 

Ad35-GRIN/MVA.HIVconsv 
with/without pSG2. 

HIVconsv DNA with/without 
electroporation

NTC02099994 I/II 

Well tolerated. Robust 
CD8+ T-cell responses to 

many normally 
subdominant epitopes 

[213] 

DNA Nat-B env or DNA 
CON-S env or DNA Mosaic 

env prime, MVA-CMDR 
boost 

NCT02296541 I 

Safe and immunogenic. 
Neutralizing antibodies in 

peripheral, moderate 
ADCC activity.

[214] 

LIPO-5 or MVA HIV-B or 
DNA-GTU®-Multi HIV B 
prime and Lipo-5 or MVA 

HIV-B boost 

NCT02038842 I/II 

Safe and immunogenic. 
HIV-specific sustained 
CD8+ and CD4+ T-cell 

responses. 

ClinicalTrials.gov 
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Table 4. Clinical trials in the HIV/AIDS pipeline that include MVA vectors. GRIN= 
Gag/RT/IN/Nef. MVA-CMDR= recombinant MVA-HIV vaccine expressing env/gag/pol 
inserts derived from a CRF01_AE HIV-1 isolate. LIPO-5= mixture of 5 HIV-lipopeptides. 
Adapted from [215]. 

However, besides the proved suitability of MVA recombinant vectors as vaccine 

candidates against HIV/AIDS, the efficacy elicited by these candidates in human clinical 

trials is still modest, and the immunogenicity against HIV-1 antigens limited. Thus, more 

efficient and optimized MVA-based HIV/AIDS vaccines able to enhance HIV-1-specific 

cellular and humoral immunogenicity are desirable [59]. In this Thesis we have applied 

two promising strategies to enhance the immunogenicity of MVA-based vaccines against 

HIV/AIDS:  

5.1.1. Enhancing VACV promoter strength: Generation of MVA-

LEO160-gp120 

One of the approaches more recently applied to increase the immunogenicity of MVA 

recombinant vectors is the use of stronger VACV promoters to enhance the expression 

of foreign antigen(s) inserted in the MVA genome [59,87]. Poxviral promoters contains 

different sequence motifs that can be classified into early, intermediate, and late, 

depending on the expression timing during poxvirus infection [22,23]. The modification 

of the promoter sequence is an excellent approach to control transgene expression; for 

example, some have both early and late elements, allowing their ORFs or recombinant 

antigens to be expressed early in the virus infection and late after the viral genome 

replication. In the last few years, a number of poxviral promoters have been tested in 

recombinant MVA vectors, to increase recombinant antigen expression and, 

potentially, enhance antigen-specific immune responses [77,78,88,89,216,217]. 

Among them, one of the most promising is the novel synthetic VACV LEO promoter, 

which was previously designed in our laboratory using bioinformatic approaches and 

contains a late motif followed by an optimized immediate-early motif that allowed the 

transcriptional control of a heterologous antigen. The LEO promoter enhanced GFP 

expression and the magnitude of GFP-specific CD8+ T cells in immunized mice [89]. 

Further improvement of the LEO promoter was achieved by elongating from 38 to 160 

nucleotides the spacer sequence between the promoter elements and the transgene 

transcriptional start site (termed LEO160 promoter), thus improving antigen-specific 

memory CD4+ and CD8+ T cell responses in immunized mice, as tested with GFP or 

the Leishmania antigen LACK [88]. Thus, considering the strength of the LEO160 

promoter in inducing better early expression of the intracellular GFP and LACK 

antigens, and improving antigen-specific cellular immune responses in immunized 

mice, this promoter modification was introduced in the context of an MVA-based 
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HIV/AIDS vaccine candidate. Therefore, the first genetic modification introduced in the 

genome of the MVA vector during this Thesis was the insertion of the novel VACV 

optimized LEO160 promoter to try to enhance the expression and immunogenicity of the 

HIV-1 gp120 antigen from clade B. The recombinant virus MVA-LEO160-gp120 was 

generated to define the role of the LEO160 promoter strength in the early expression 

and secretion of the soluble HIV-1 gp120 antigen, and to test whether gp120-specific 

cellular and humoral immune responses could be enhanced. 

When a new promoter or insertion site is inserted within any viral vector the 

demonstration of the genetic stability of the transgenes should be tested, because 

several reports have suggested that the promoter used and/or the insertion site could 

affect the stability of the recombinant transgene [218–220]. Although genetic stability 

data were absent in previous LEO promoter reports [88,89], here the high genetic 

stability of MVA-LEO160-gp120 is demonstrated through long-term passages in cell 

culture showing high levels of expression of the HIV-1 gp120 antigen during all the 

passages. 

The temporal expression of HIV-1 gp120 under the control of the LEO160 promoter 

was studied and the results showed that the mRNA transcription levels of HIV-1 gp120 

and the total HIV-1 gp120 protein production in cells infected with MVA-LEO160-gp120 

was significantly upregulated at all times studied compared with cells infected with the 

HIV/AIDS vaccine candidate MVA-B, that express simultaneously the HIV-1IIIB GPN as 

an intracellular polyprotein and HIV-1BX08 gp120 as a cell-released product from HIV-1 

clade B isolates under the control of the widely used sE/L promoter [221]. These results 

confirm the previous results obtained by [88,89], and are in agreement with various 

recent studies reporting that new early promoters increase the expression of 

heterologous antigen under their transcriptional control [78,216,217], when compared to 

the early and late p7.5 promoter (p7.5), one of the first VACV promoters described [222], 

and to the widely used synthetic VACV sE/L promoter  [221]. 

Moreover, the analysis of the HIV-1 gp120 secretion to the extracellular media 

showed a significant enhancement at early times post-infection in cells infected with 

MVA-LEO160-gp120, compared to MVA-B-infected cells; confirming that the LEO160 

promoter can also enhance the cell release of a soluble antigen, such as HIV-1 gp120.  

Few comparative studies have reported about the choice of transgene promoter or 

insertion site and heterologous antigen secretion in vitro from poxviral vectors, but some 

reports have associate an increase in the secretion of an MVA transgene with an 

enhanced transgene-specific immune responses [104]. Thus, next to determine whether 

the enhanced levels of HIV-1 gp120 expressed by MVA-LEO160-gp120 observed in 
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cultured cells could correlate with an increased magnitude of HIV-1-specific T cellular 

and humoral immune responses in vivo, a DNA-gp120 prime/MVA boost immunization 

protocol was performed in mice, as this regimen has been stablished to increase the 

antigen-specific T cell and humoral immune responses over homologous immunization 

vectors [113,170]. Compared to DNA-gp120/MVA-B, DNA-gp120/MVA-LEO160-gp120 

significantly enhanced the magnitude of the adaptive HIV-1 gp120-specific CD4+ and 

CD8+ T cell immune responses. Similar results were obtained using a homologous 

MVA/MVA immunization regimen but, as expected, the elicited HIV-1 gp120-specific 

CD4+ and CD8+ T cell responses magnitudes were lower (data not shown). Apart from 

the results obtained from previous reports of our lab with the novel LEO promoter, many 

other reports confirmed a positive correlation between enhanced early expression 

triggered by MVA vectors and increased T cellular immunogenicity [77,78,216,218]. In 

particular, a previous report of MVA recombinants expressing either enhanced GFP or 

chicken ovalbumin, each under the control of a hybrid early-late promoter (pHyb) 

compared with the widely used 7.5 and sE/L promoters, have demonstrated that a 

stronger immediate-early neoantigen expression by a poxviral vector results in superior 

induction of neoantigen-specific CD8+ T cell responses [78], and were able to stimulate 

potent recall responses after repeated boosters providing an advantage in the context of 

homologous vaccination regimes and immunotherapy [216]. Furthermore, in the field of 

MVA-based HIV/AIDS vaccine candidates, a previous report has already correlated a 4 

to 7-fold enhanced expression of HIV-1 Env antigen driven by the stronger mH5 promoter 

with a significant increase in Env-specific CD4+ (1 to 2-fold) and CD8+ T (3 to 5-fold) cell 

responses [77]. This results are in agreement with the results obtained with the MVA-

LEO160-gp120, in which an up to 9-fold increase expression of HIV-1 gp120 antigen 

correlate with a increase in Env-specific CD4+ (1.5-fold) and CD8+ T (3-fold) cell 

responses 

The increase in HIV-1 gp120-specific CD4+ and CD8+ T cell responses obtained with 

the DNA-gp120/MVA-LEO160-gp120 immunization could be of relevant importance, 

because several studies indicate that the HIV-1-specific cellular response goes some 

way towards controlling HIV-1 infection, although it fails ultimately to deal with virus 

infection [223]. Vaccines that can stimulate both CD4+ and CD8+ T cell responses to HIV-

1 may be able to control the virus early in infection before it causes major immune 

damage, as was demonstrated with the partially efficacy obtained in the RV144 trial 

[137].  

Additionally, when evaluating the HIV-1-specific cellular immune responses, it is also 

important to consider the phenotype of the T cells elicited, because a fast acquisition of 



126 

 

TEM and TE phenotypes in the adaptive phase could be important in the development 

of the T cell memory responses and in the mounting of a more effective immunity during 

a primary pathogen encounter, as the presence of TEM cells has been correlated with 

protection in the macaque-simian immunodeficiency virus model [224,225]. In this 

Thesis, both immunization groups elicited mainly HIV-1 gp120-specific T cells of a TEM 

phenotype, followed by a TE phenotype; again, DNA-gp120/MVA-LEO160-gp120 

significantly enhanced the magnitude of these T cell populations, which is a positive cell 

marker for HIV-1 protective responses. 

Furthermore, it has been identified a CD4+ T cell population, named Tfh cells, which 

is responsible for providing help to B cells [226]. Since then a deep research of this T 

cell subpopulation has been done in the context of HIV-1 infection and vaccine 

development [176]. Circulating HIV-1-specific IL-21+ Tfh cells were found at higher 

frequencies in sera from participants in the partially protective ALVAC+AIDSVAX 

(RV144) HIV/AIDS clinical trial compared to the non-protective DNA+Ad5 clinical trial, 

thus correlating protective antibody responses with elevated percentages of this CD4+ T 

cell subtype [227]. Moreover, in HIV-1-infected patients it has been reported a correlation 

between the frequencies of circulating Tfh cells and the induction of bNAbs [228], and in 

HIV-1 controllers higher percentages of circulating Tfh cells have been associated with 

the induction of HIV-1-specific antibodies in functional assays favouring preserved 

memory B cell responses [229]. Given the central role for the Tfh cell response in 

inducing protective responses against HIV-1, the percentages of total and HIV-1 gp120-

specific Tfh cells elicited by the recombinant MVA-LEO160-gp120 in comparison with 

the MVA-B vaccine candidate were studied. The results obtained in immunized mice 

showed that the overall magnitude of HIV-1-gp120-specific Tfh cell response was 

significantly higher in splenocytes from animals receiving DNA-gp120/MVA-LEO160-

gp120 immunization compared with the group immunized with DNA-gp120/MVA-B, 

disclosing the ability of the LEO160 promoter to increase also the HIV-1-gp120-specific 

response of this important cell subtype. These findings are in agreement with recent 

results from our laboratory that suggest that MVA-based vectors might represent an 

advantageous platform to potentially activate HIV-1-specific Tfh cell responses 

[108,230].  

Although the positive correlation between the heterologous antigen expression in the 

MVA system and the improvement of the T cell (particularly CD8+) responses has been 

well documented [77,78,88,216,218], none of these reports have found difference in the 

levels of neo-antigen-specific antibodies independently of the promoter used [216]. This 

result was attributed to the fact that during VACV infection the late and intermediate 
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genes have shown to be the preferred targets for antibody responses [79,80], but the 

factors that regulate and determine the antibody responses from MVA expressed genes 

are still not well defined. Here, when HIV-1-specific humoral immune responses elicited 

in serum samples from immunized animals were analysed by ELISA, the data revealed 

that DNA-gp120/MVA-LEO160-gp120 immunization protocol enhanced the levels of total 

IgG binding antibodies against HIV-1 gp120 protein compared to DNA-gp120/MVA-B. 

The more efficient production of anti-Env-specific antibodies seen may be due to the 

higher expression of HIV-1 Env in infected cells, as the modest but significant higher total 

IgG HIV-1 Env binding antibody levels observed in mice immunized with DNA-

gp120/MVA-LEO160-gp120 is consistent with the higher levels of gp120 observed in 

MVA-LEO160-gp120-infected cells. Even though, it is suggested that in MVA 

immunizations antibodies are mainly induced against late poxviral antigens [231], here 

an enhancement in the antigen-specific antibody responses obtained by an early 

stronger transgene expression is shown. Although a previous report using a promoter 

optimization within the VACV replicative strain LC16m8 expressing HIV-1 Env found an 

increased production of anti-HIV-1 Env-specific antibodies when the stronger SFJ1-10 

promoter was used, compared with the widely used p7.5 [217], this is the first time that 

this phenomenon is described for a recombinant MVA vector. Higher levels of total IgG 

in serum could be an important parameter associated with the protective effect induced 

by HIV/AIDS vaccine candidates, because studies on the RV144 vaccine regimen 

revealed that the protection against HIV-1 infection was directly correlated with the 

level of IgG antibodies specific for the HIV-1 gp120 V1V2 region [137,232].   

In summary, the results obtained demonstrate how VACV promoter strength 

modification can be use to enhance the levels of HIV-1 gp120 soluble protein in cells 

infected with an MVA vector. In vivo, the magnitude of the HIV-1 gp120-specific CD4+ 

and CD8+ T cell immune responses and the levels of anti-gp120 antibodies were also 

increased, demonstrating the enhanced immune properties of this promoter. Thus, 

based on its capacity to increase heterologous antigen expression in vitro and antigen-

specific CD4+ and CD8+ T cell responses in vivo, the novel synthetic VACV LEO160 

promoter is a promising prototype to be used in the design of novel future poxvirus-

based vaccine vectors.  

5.1.2. Deletion of an expected immunomodulatory MVA gene: 

Generation of MVA-B ΔA40R 

Another promising strategy developed to enhance the immune response induced by 

MVA vectors, is the removal of one or more VACV immunomodulatory genes that are 

still present in the MVA genome [28,29,57]. Several recombinant MVA vectors 
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expressing HIV-1 antigens and containing deletions in different immunomodulatory 

VACV genes have been generated, and were able to enhance the immune responses to 

HIV-1 antigens in animal models [90–94,96,233].  

Therefore, the second genetic modification introduced in the genome of the MVA 

vector during this Thesis was the deletion of the VACV A40R gene, a C-type lectin 

homolog whose immunomodulatory role was previously not known. The role of the 

VACV gene A40R is controversial. On one hand, several studies from Dr. G.L. Smith 

group reported that the VACV WR A40R gene encodes a type II membrane 

glycoprotein that shares amino acid similarity to the CDR domain of C-type lectins 

(including NK cell receptors, the human IgE receptor and CD69) and it is expressed 

early during infection on the cell surface, but is not incorporated into IMVs or EEVs 

[99]. C-type lectins are key players in pathogen recognition and innate immunity [100], 

and, in this regard, the A40 protein might have a role in interfering the host response 

to infection. Moreover, the localization of A40 protein at the cell surface suggest that 

it may modulate the immune response interacting at the plasma membrane level with 

signaling pathways and/or with other cells, but there is no evidence for any of these 

interactions. Interestingly, deletion of VACV A40R gene from the VACV WR strain, 

showed a modest attenuation after intradermal inoculation of mice, which could 

perhaps reflect an immunomodulatory role for this protein [101]. On the other hand, 

other reports affirmed that VACV A40 is an early protein that is partially SUMO-1-

modified and associated with the viral “mini-nuclei” [103]. Although the small amount 

of non-sumoylated A40 protein might have a role in the VACV life cycle joining the 

cytosolic side of the ER and inducing the proper apposition of several ER cisternae 

before their fusion to generate the ER envelope that surrounds the viral replication 

sites, the role that sumoylated A40 protein could play in the VACV life cycle still 

remains unknown. Other options are that A40 protein could participate in the process 

of replication itself or in the late transcription happening at VACV replication sites, 

becoming A40 essential for VACV life cycle [102]. However, nothing was previously 

known about the immune function of this VACV gene. 

Consequently, to evaluate whether the VACV A40 protein has an immunomodulatory 

role an MVA recombinant vector lacking the VACV A40R gene was generated from the 

HIV/AIDS vaccine candidate MVA-B (termed MVA-B ΔA40R). The results showed that 

A40R deletion has no effect on virus growth, demonstrating that VACV A40R gene is not 

essential for VACV life cycle, differing on what was suggested by others [102].  

As the loss of immunomodulatory genes in the MVA backbone impairs the innate 

immune response to this vector [90,93,94], the first step to elucidate the supposed 
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immunomodulatory role of the MVA A40R gene was to study the innate immune 

responses in THP-1 human macrophages infected with MVA-WT, parental MVA-B and 

MVA-B ΔA40R deletion mutant. The results showed that, compared to parental MVA-B, 

MVA-B ΔA40R significantly enhanced the expression of several genes involved in the 

type I IFN signaling pathway such as IFN-β, IFIT1, IFIT2, as well as the pro-inflammatory 

chemokine MIP-1α and the viral dsRNA sensor MDA-5, suggesting that MVA A40 protein 

could have an immunomodulatory role blocking innate immune responses during virus 

infection. Moreover, since it has been described that innate immune responses play a 

critical role in the control and resolution of HIV-1 infection, providing signals for the 

efficient priming of the adaptive branch of immune response [234]; these results could 

prove and advantage of this recombinant vector as HIV/AIDS vaccine candidate. 

To further define whether VACV A40 could impair the immune system in vivo, a DNA 

prime/MVA boost immunization protocol was performed in mice to compare adaptive and 

memory immune responses to HIV-1 antigens induced by parental MVA-B and the 

deletion mutant MVA-B ΔA40R. Results showed that DNA-B/MVA-B ΔA40R 

immunization group significantly enhanced the magnitude of the overall adaptive and 

memory HIV-1-specific CD4+ and CD8+ T cells producing CD107a, IFN-γ, TNF-α, and/or 

IL-2 compared to DNA-B/MVA-B. These results further suggest the immunosuppressive 

role of VACV A40 protein, as deletions of well-known immunosuppressive VACV genes 

from MVA or NYVAC vectors expressing HIV-1 antigens behave similarly 

[90,91,237,238,92–96,233,235,236]. Furthermore, both immunization groups elicited an 

adaptive and memory HIV-1-specific T cell immune response with a similar 

polyfunctional profile and mainly with TEM and to a lesser extent TE phenotypes. 

However, again MVA-B ΔA40R significantly enhanced the magnitude of those 

populations, an important and relevant feature because the presence of TEM has been 

correlated with protection in the macaque-simian immunodeficiency virus model 

[224,225], as we stated previously in the promoter optimization discussion section. 

Moreover, adaptive and memory CD4+ T cell immune responses were directed mainly 

against Env in both immunization groups. However, in contrast to other MVA-B deletion 

mutants previously characterized (with deletions in C6L, C6L-K7R and A41L-B16R MVA 

genes), where a pattern of GPN-specific CD8+ T cell immune responses was mainly 

induced [91–93], MVA-B ΔA40R triggered CD8+ T cell immune responses preferentially 

directed against Env, similarly as the MVA-B deletion mutant lacking the N2L gene, 

encoding for a nuclear inhibitor of IRF3 [90]. The biological relevance of this T cell 

immune shift is not known.  
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The analysis of the gp120-specific humoral immune responses at the adaptive and 

memory phases showed that DNA-B/MVA-B ΔA40R immunization induced higher levels 

of total IgG, IgG1, IgG2a, and IgG3 anti-gp120 antibodies than DNA-B/MVA-B. This 

enhancement may be mediated by the increases in innate immune responses and, as 

discussed before, it could be a positive immune parameter, as it has been described that 

IgG avidity and ADCC activity inversely correlated with infection indicating that these 

antibodies could have contributed to the observed protection in the RV144 phase III 

clinical trial [232]. 

To finally demonstrate that the in vivo effects triggered by MVA-B ΔA40R in 

immunized mice were due to the deletion of the MVA A40R gene, and to confirm the 

previously suggested immunosuppressive role exerted by the MVA A40R gene, a 

revertant virus,  termed MVA-B ΔA40R-rev, was generated by reintroducing the MVA 

A40R gene into the MVA HA locus of MVA-B ΔA40R under the transcriptional control of 

the sE/L virus promoter. The MVA-B ΔA40R-rev expressed the MVA A40R gene at 

higher mRNA levels (7-fold) than MVA-B or MVA-WT, which subsequently allowed to 

amplify the signal of the A40 protein during virus infection. In the MVA-B or MVA-WT 

viruses the protein levels of A40 were very low since the rabbit polyclonal antibody anti-

A40 used could not detect the A40 protein by Western blot, while in MVA-B ΔA40R-rev-

infected cells A40 protein was readily detected. For these experiments, we used the 

same antibody that was described in the first report of the A40 protein from the WR strain 

[99]. The Western blot with this anti-A40 antibody detected three major bands at 18, 28 

and 35 kDa. It has been suggested that the 18 kDa form correspond with the 

unglycosylated A40 protein whereas the 28 and 35 kDa forms (together with a 38 kDa 

form that was not detected here) correspond with the N- and O-linked glycosylated forms 

of A40 [99]. The over-expression of A40 by MVA-B ΔA40R-rev provided also the means 

to follow the subcellular localization of the A40 protein. The immunofluorescence 

analysis of MVA-B ΔA40R-rev-infected HeLa cells detected the A40 protein at the cell 

surface membrane in non-permeabilized cells, and as punctuate cytoplasmic structures 

in permeabilized cells that appear to colocalize with the Golgi network and exocytic 

vesicles. These results were similar to the results obtained previously by the group of 

G.L. Smith [99] and reinforce the membrane localization of A40 protein, in contrast to 

what stated the group of Jacomine Krijnse-Locker [103]. 

Importantly, the qRT-PCR experiments showed that mRNA levels of IFN-β, IFIT1, 

IFIT2, MDA-5, and MIP-1α in MVA-B ΔA40R-rev–infected human THP-1 macrophages 

were lower than those induced by MVA-B ΔA40R or MVA-B. Interestingly, MVA-B 

ΔA40R-rev was able to impair the mRNA levels of other cytokines that were not affected 
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by the deletion of the A40R gene in the recombinant MVA-B ΔA40R, such as TNFα and 

RANTES, and the viral sensor RIG-I; but other constitutive cellular gene, HPRT, and the 

heterologous gp120 gene mRNA levels were not affected, suggesting that A40 only 

blocks innate immune sensing genes. The clear decrease in the levels of cytokines and 

chemokines induced by the revertant virus MVA-B ΔA40R-rev, expressing high mRNA 

levels of VACV A40R gene and of A40 protein, confirm their immunosuppressive 

function. However, at what level of the innate signaling pathways acts the A40 protein is 

still unknown, although the results suggest that blocks the type I IFN signaling pathway. 

Moreover, the enhancing effect on adaptive HIV-1 specific CD4+ T cell immune 

responses observed in mice immunized with MVA-B ΔA40R was restored to levels 

similar to MVA-B when the MVA A40R gene was reintroduced in the MVA-B ΔA40R 

backbone, confirming in vivo the immunosuppressive function of VACV A40 protein. 

However, this phenomenon was not observed for the HIV-1 specific CD8+ T cell immune 

responses, where MVA-B ΔA40R and MVA-B ΔA40R-rev induced similar levels. This 

could be explained by the over-expression of the A40 in the MVA-B ΔA40R-rev 

recombinant virus, as shown in in vitro experiments from the impact on cytokine mRNA 

levels elicited by over-expression of A40R gene, and/or by the abrogation of the MVA 

HA gene (A56R) when A40R was re-inserted in this locus. The HA protein is not an 

essential VACV protein, but contributions of HA to VACV virulence have not been fully 

elucidated. In fact, a vector lacking the VACV HA gene (A56R) (along with a series of 

other gene deletions) resulted in virus attenuation and was able to reduce the size of 

breast cancer tumors in a nude mouse model when compared with the parental virus 

without HA deletion [239]. 

Overall, these findings revealed the immunomodulatory role of A40R, proving that its 

deletion or over-expression from the MVA-B vector modulates cytokine expression in 

infected macrophages and alters the magnitude and quality of adaptive and memory 

HIV-1-specific CD4+ and CD8+ T cell immune responses, as well as the gp120-specific 

humoral immune responses. Thus, as it is provided in this thesis, the MVA A40R gene 

plays an immunomodulatory function acting at various levels, with its deletion enhancing 

innate, adaptive and memory HIV-specific immune responses, while its overexpression 

has a negative effect on innate and adaptive CD4+ T cell immune responses, being less 

effective over CD8+ T cell responses. There was also some effect of A40 protein over 

humoral responses. All these results together with the membrane localization in infected 

cells and the significant similarity of A40 to C-type lectins like NKG2A and DC-SIGN, 

suggest that the immune function of A40R could be exerted by: 1) mimicking native host 
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lectins, or 2) modulating recognition of VACV-infected cells by cells of the immune 

system and, consequently, interrupting host immune responses to the viral infection. 

In summary, the consequence of deleting the A40R gene in the HIV-1 vaccine 

candidate MVA-B is an enhancement of the immunogenicity of this vector, hence, we 

have established an important strategy for the optimization of MVA vectors as vaccines. 

5.2. Immunogenicity and efficacy of an optimized MVA-based 

vaccine candidate against ZIKV: MVA-ZIKV 

The promising results obtained previously with the use of the novel strong LEO160 

promoter or the deletion of an immunomodulatory VACV gene in the context of an MVA-

based vaccine against HIV/AIDS showed that these strategies could be successfully 

applied for the design of future novel MVA-based vaccine candidates against HIV/AIDS 

or other infectious diseases. Thus, in the third part of this Thesis a novel MVA-based 

vaccine candidate against ZIKV, lacking several immunomodulatory VACV genes (C6L, 

K7R, and A46R), and expressing under the control of the stronger VACV LEO160 

promoter the ZIKV prM and E antigens optimized to be released and assembled as VLPs 

(a third genetic improvement) was generated. The aim of this study was to demonstrate 

that the immune responses induced in an animal model following vaccination correlate 

with protection after a challenge in the context of an emerging viral disease different from 

HIV/AIDS. 

ZIKV is an important emerging flavivirus transmitted by infected mosquitoes from the 

genus Aedes that can cause severe complications in humans. The virus has caused 

recent outbreaks of the disease worldwide and their future expansion to novel 

geographical areas is highly possible [140,141]. Although several ZIKV vaccine 

candidates have been generated using different strategies [151,152], actually no 

licensed vaccine exists. These vaccines have been tested in animals in preclinical trials 

and in early phase I or II human clinical trials, but although they are immunogenic many 

of them required numerous immunizations, have high costs of manufacturing or require 

the use of chemical adjuvants. Therefore, novel strategies are necessary to achieve 

potent and long-lasting protective immune responses, with less immunizations, better 

safety profile, and lower costs of vaccine production. An ideal ZIKV vaccine should 1) be 

safe, especially for women of child-bearing age; 2) be stable and cost effective to 

manufacture, as ZIKV is endemic in developing countries; 3) avoid the addition of 

chemical adjuvants to minimize associated-risks; 4) be effective against all circulating 

ZIKV strains; and 5) be able to induce a rapid onset of protective levels of neutralizing 

anti-ZIKV antibodies as well as T cell responses to control the replication of the virus. 
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MVA-ZIKV possesses many of the characteristics needed for an ideal vaccine against 

ZIKV. MVA-ZIKV is replication competent in avian cells but replication deficient in human 

cells, making it safe for humans, including immunocompromised individuals, children and 

elderly. Moreover, a recent study in pregnant macaques immunized with an MVA vector 

showed no adverse or teratogenic effects [240], opening the possibility of its use in 

pregnant women, which could be highly relevant in ZIKV vaccination because of severe 

sequelae of ZIKV infection during pregnancy. Additionally, as it has been discussed 

above, MVA vectors induce strong innate responses during vaccination acting itself as 

an adjuvant [57] and eliminating the need of other chemical adjuvants, thus minimizing 

reactogenicity and adverse effects caused by these synthetic substances [241,242], and 

promoting a better activation of the immune system [180]. Furthermore, MVA vaccines 

can be produced easily in primary avian cells, the most common cells used in the good 

manufacturing practice of MVA lots, and the cost of production and manufacture is low, 

which is of relevant importance in developing countries, the more affected with the ZIKV 

epidemic. Therefore, the use of an MVA vector expressing ZIKV antigens, such as the 

MVA-ZIKV reported here, is a promising approach against ZIKV. In addition, as 

mentioned before, the MVA-ZIKV vaccine candidate developed has a MVA genome 

more optimized than its parental MVA-WT, due to additional deletions in three MVA 

immunomodulatory genes (C6L, K7R, and A46R), whose deletion enhanced in 

immunized mice the HIV-1-specific cellular and humoral immune responses induced by 

a MVA vector expressing Env, Gag, Pol and Nef HIV-1 antigens [93]. Furthermore, one 

dose of a vaccine against CHIKV based on MVA with these three deletions and 

expressing CHIKV structural antigens (termed MVA-CHIKV) protected 100% of animals 

against CHIKV infection in mice and nonhuman primates [97,243]. Recently, this 

optimized MVA vector was used to generate MVA-based vaccines that protected against 

EBOV infection in a susceptible mouse model [98], reinforcing the use of this vaccine 

platform against emerging viruses, like CHIKV, EBOV and ZIKV.  

The MVA-ZIKV vaccine candidate expresses the ZIKV prM and E structural genes of 

the ZIKV isolate Z1106033 (derived from an Asian lineage virus, isolated from a patient 

in Suriname). Although there are three main ZIKV lineages (East African, West African, 

and Asian-American) [244], up to date, only one ZIKV serotype has been established 

[190]. Thus, MVA-ZIKV vaccine should be potentially effective against different ZIKV 

strains, due to low heterogeneity between ZIKV lineages. In fact, the results 

demonstrated that elicited neutralizing antibodies from MVA-ZIKV were effective against 

a different ZIKV strain of the Asian lineage. The E protein is the main ZIKV protein 

involved in receptor binding and fusion, while the M protein is a small protein that is 
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hidden under the E protein layer [245,246]. The prM and E proteins are, together with 

the inactivated whole viruses, the flaviviral proteins more widely used as vaccine 

antigens showing an excellent capacity to protect against these family of virus, including 

ZIKV [151,152]. Recent studies comparing in mice and nonhuman primates the efficacy 

of diverse vectored-based vaccines against ZIKV, showed that live-attenuated 

adenoviral vectors are one of the most potent approaches, even in long-term studies 

[197,247,248]. Moreover, the combination of a robust humoral and cellular immune 

responses elicited by a adenovirus expressing prM-E ZIKV antigens were able to induce 

sterilizing protection against ZIKV infection in mice [249,250], which is very important for 

the vertical transmission because ZIKV seems to replicate more efficiently in fetal tissue, 

especially at earlier gestational stages [251]. These results confirm the advantage of live-

attenuated recombinant vaccines, a case that can be extrapolated to the MVA-ZIKV 

vaccine developed here.  

Another advantage of the MVA-ZIKV vaccine candidate is that it expresses high levels 

of ZIKV prM and E antigens, as observed by Western blot and/or immunofluorescence. 

This high expression is due to the presence in the MVA vector of the optimized strong 

VACV LEO160 promoter which suitability as approach to increase the antigen-specific 

immunogenicity has been discussed above in section 5.1.1 and demonstrated in 

previous reports [88]. As happened with the MVA-LEO160-gp120 recombinant vector, 

MVA-ZIKV is highly stable in cell culture, maintaining the expression of ZIKV antigens at 

least during 9 continuous passages at low MOI, with 100% of the plaques picked at 

passage 9 expressing the correct size ZIKV antigens. 

The ZIKV E protein expressed by MVA-ZIKV co-localized with the ER (the place 

where prM-E protein is translocated to dimerize), supporting their correct subcellular 

localization. Furthermore, the apparent absence of the ZIKV E protein in the cell 

membrane of the MVA-ZIKV-infected cells suggests that the E protein is not exposed in 

the outer membrane but released to the medium. Moreover, we have detected the 

presence of the ZIKV E protein and the mature M protein in supernatants of cells infected 

with MVA-ZIKV, confirming their release to the medium. Remarkably, the analysis by 

immunogold electron microscopy of the purified supernatants demonstrated that MVA-

ZIKV produced VLPs, similarly to other ZIKV and flavivirus vaccines expressing the prM-

E genes [186,188,191,196].  

The adaptive immune response against ZIKV plays an essential role in regulating 

ZIKV infection and preventing the spread of the virus to key organs, like the brain and 

testes [200,248], especially when type I IFN response is reduced, as in human ZIKV 

infection [252]. It has been described that neutralizing antibody titers higher than 10 
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correlated with protection after vaccination with most of the licensed flavivirus vaccines 

[253], and adoptive transfer studies suggest that vaccine-elicited antibodies, even at low 

titers, are sufficient for protection against ZIKV challenge in mice and nonhuman 

primates [197–199,254]. MVA-ZIKV induced after 2 doses and at 10-13 days post-boost, 

neutralizing antibody titers by PRNT50 higher than 200 in in immunocompetent Balb/c 

mice (data not shown). Similar levels of neutralizing antibody titers induced by a 

inactivated ZIKV vaccine were shown to conferred passive protection against virus 

replication in the AG129 mouse model [255]. The potent generation of neutralizing 

antibodies by MVA-ZIKV could be favored by the production of VLPs, which are 

efficiently recognized by the B cells [256], leading to an MHC-II upregulation that will 

promote the production of high levels of neutralizing antibodies against ZIKV. VLPs are 

highly immunogenic and therefore are very important to improve the ZIKV-specific 

immune responses in vivo, as it has been reported with VLPs from ZIKV or other viruses 

that induced high titers of neutralizing antibodies which correlate with protection 

[186,188,191,196,257].  

Regarding the T cell response to ZIKV infection, to date relatively little is known. It has 

been recently shown that adoptive transfer of ZIKV-specific CD8+ T cells prevented 

disease in immunocompromised susceptible mice, while CD8+ T cell suppression 

increased susceptibility to ZIKV infection [200,202]. Moreover, ZIKV-specific CD8+ T 

cells were shown to traffic to the brain, where they protected against not only ZIKV 

infection but also DENV infection [202]. Given the neurotropism of ZIKV and its presence 

in fetal brain tissues and cerebrospinal fluid in both humans and animal models 

[251,258], CD8+ T cells may have a key role in clearing ZIKV from the central nervous 

system (CNS) and, thus, in preventing or mitigating neurological complications. A recent 

study in pregnant macaques infected with ZIKV and then treated with a cocktail of ZIKV-

neutralizing human monoclonal antibodies (mAbs) at the peak of viremia, showed that 

while the mAbs can be effective in clearing the virus from the maternal sera of treated 

nonhuman primates, it is not sufficient to fully stop vertical transmission [259]. This 

finding suggest the importance of CD8+ T cell immune response against ZIKV infection, 

especially when the immune system integrity is compromised, as during pregnancy 

[260]. These results suggest that a vaccine eliciting ZIKV-specific CD8+ T cell responses 

could contribute effectively at preventing disease and clearing the virus from the CNS. 

Up to now only few vaccine candidates have described the induction of ZIKV-specific T 

cell responses towards E protein; reporting mainly a modest activation 

[197,198,248,261], except for one adenoviral vectored vaccine candidate expressing 

ZIKV M-E antigens that elicited a robust cellular response after only one dose, although 
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the magnitude of the response was very dependent of the dose [250]. MVA-ZIKV using 

to vaccinate immunocompetent mice, was able to induce potent and polyfunctional ZIKV-

specific CD8+ T cell immune responses, as natural ZIKV infection does [202], indicating 

that MVA-ZIKV could be a promising vaccine candidate against ZIKV. On the other hand, 

the low CD4+ T cell response that we observed was consistent with a report where 

appearance of CD4+ T cell responses in ZIKV-infected rhesus monkeys was not found 

until production of antibodies and CD8+ T cell responses, at 2 weeks post-infection [262].  

Next, to analyze whether the potent T cell and humoral antibody responses achieved 

by MVA-ZIKV correlate with protection against ZIKV infection, a type I IFN receptor-

knockout mouse model (IFNAR-/-) was used to perform efficacy assays, as current 

immunocompetent mouse models for ZIKV are not susceptible to viremia or lethal 

outcome. IFNAR-/-  mice are  extensively used as a challenge model for ZIKV vaccine 

candidates [204,205]. As it happened in immunocompetent Balb/c mice, IFNAR-/- mice 

immunized with one or two doses of MVA-ZIKV produced good titers of ZIKV-neutralizing 

antibodies (against ZIKV PA259459 strain or against other isolates such as FSS13025) 

and controlled ZIKV viral replication after a challenge with live ZIKV PA259459 strain 

Panama, representative of the circulating virus during the American epidemic. After the 

challenge, IFNAR-/- mice (10 weeks old at the moment of challenge) did not loss body 

weight or have mortality during 15 days post-challenge. This results are consistent with 

data obtained in adult IFNAR-/- mice (10-11 weeks old) challenged with other ZIKV strains 

belonging to the same genetic lineage than PA259459 strain that did not develop disease 

and had higher survival rates than young mice challenged with the same ZIKV strain 

[204,205,263–265]. Accordingly, this non-lethal challenge model was selected for the 

evaluation of vaccine efficacy because it resembles better the ZIKV infection in humans, 

which usually provokes a mild disease that does not result fatal. 

The control of ZIKV infection obtained after administration of one or two doses of 

MVA-ZIKV was in the range between 2.5 and 4 log virus reduction, highlighting the 

efficacy of the vaccine. We do not know the contribution of B and T cell responses in the 

control of ZIKV infection in this mouse model. However, considering the potent ZIKV-

specific CD8+ T cellular immunogenicity and humoral immune responses induced by 

MVA-ZIKV in the immunocompetent mouse model, we suggest that in a similar way, 

neutralizing antibodies and CD8+ T cells should both contribute to the effective reduction 

of viral load observed in IFNAR-/- mice and this vaccine would be an effective approach 

to protect against ZIKV. Further studies will be needed to define in this system the 

independent role of B and T cell responses elicited by MVA-ZIKV in virus protection. 

Remarkably, the fact that MVA-ZIKV induced antibodies that can neutralize other ZIKV 
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strain (FSS13025, Cambodia 2010), the high homology among ZIKV structural proteins 

from different isolates and the existence of only one ZIKV serotype [190] support that the 

protection observed could be likely extended to other different ZIKV strains.  

In summary, a novel and promising ZIKV vaccine candidate named MVA-ZIKV was 

successfully developed. MVA-ZIKV was able to produce VLPs and induced in mice ZIKV-

specific neutralizing antibodies and a potent CD8+ T cell immune response, being 

strongly effective in reducing ZIKV viremia after a challenge with ZIKV.  

 

Overall this Thesis show that poxviral vectors, and in particular MVA, are promising 

vaccine candidates against a wide range of pathogens, including HIV-1 and ZIKV, 

because they are able to elicit balanced antigen-specific cellular and humoral immune 

responses to counteract the infection. The several genetic modifications introduced in 

the MVA vector (enhancing promoter strength, deleting immunomodulatory viral genes 

and optimizing the expression of genes from selected pathogens), reinforce the idea that 

development of novel optimized MVA vectors is the way to follow in order to improve the 

immunogenicity and efficacy of these vectors as vaccines. 

  



139 

 

 

  



141 

 

6. CONCLUSIONS 

1) The MVA-LEO160-gp120 recombinant virus, containing the HIV-1 gp120 gene 

under the control of the novel synthetic VACV LEO160 promoter, triggered in infected 

cells higher HIV-1 gp120 mRNA and protein levels than clinical vaccine candidate MVA-

B. 

2) Mice immunized with DNA-gp120/MVA-LEO160-gp120 induced an enhancement 

in the Env-specific CD4+ and CD8+ T cell and Tfh immune responses, and in the levels 

of total IgG binding antibodies against gp120, in comparison to DNA-gp120/MVA-B. 

These results revealed the strength of the novel synthetic VACV LEO160 promoter and 

confirmed a positively correlation of an increased in vitro HIV-1 gp120 expression with 

an in vivo enhancement of Env-specific T cell and humoral immune responses.  

3) The MVA-B ΔA40R deletion mutant, lacking the MVA A40R gene from the 

HIV/AIDS vaccine candidate MVA-B, triggered in infected human macrophages an 

enhancement in the innate immune responses, in comparison to parental MVA-B, 

suggesting an immunosuppressive role of the MVA A40 protein. 

4) Mice immunized with DNA-B/MVA-B ΔA40R induced an increase in the 

magnitude of adaptive and memory HIV-1-specific CD4+ and CD8+ T cell immune 

responses and in the levels of antibodies against HIV-1 gp120, in comparison to DNA-

B/MVA-B, reinforcing the suggested immunosuppressive role of the MVA A40R gene. 

5) A revertant virus, termed MVA-B ΔA40R-rev, constructed by reinserting the MVA 

A40R gene into the HA locus of the MVA-B ΔA40R genome, and placed under the control 

of a VACV synthetic early/late promoter expressed high mRNA and protein A40 levels. 

In infected human macrophages, MVA-B ΔA40R-rev significantly reduced the mRNA 

levels of several innate immune related genes, confirming the immunosuppressive role 

of the MVA A40 protein, and strongly suggesting that acts blocking the type I IFN 

pathway. 

6) Mice immunized with DNA-B/MVA-B ΔA40R-rev induced lower levels of adaptive 

HIV-1-specific CD4+ T cell immune responses than DNA-B/MVA-B ΔA40R, and similar 

to parental DNA-B/MVA-B regimen, confirming the immunosuppressive role in vivo of 

the MVA A40 protein. 

7) A novel vaccine candidate against ZIKV, termed MVA-ZIKV, based on an 

optimized MVA vector lacking three VACV immunomodulatory genes (C6L, K7R, and 

A46R) and containing the ZIKV structural prM and E genes under the control of the 

stronger synthetic VACV LEO160 promoter was successfully generated. MVA-ZIKV 

correctly expressed and processed the ZIKV structural prM and E proteins that were 

assembled as VLPs, being released from the infected cells. 
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8) In immunocompetent mice immunized with an MVA-ZIKV/MVA-ZIKV prime/boost 

regimen, robust ZIKV-specific CD8+ T cell immune responses and high levels of 

neutralizing antibodies were induced. 

9) In an immunocompromised susceptible mice model, MVA-ZIKV was able to 

control ZIKV infection after administration of one or two doses; supporting the advantage 

of optimized recombinant MVA-based vaccines against emerging diseases, such as 

Zika. 
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7. CONCLUSIONES 

1) El virus recombinante MVA-LEO160-gp120, que contiene el gen gp120 del VIH-

1 bajo el control del nuevo promotor sintético LEO160del VACV indujo en células 

infectadas mayores niveles de ARNm y de proteína de gp120 del VIH-1 que el candidato 

vacunal clínico MVA-B. 

2) Ratones inmunizados con DNA-gp120/MVA-LEO160-gp120 indujeron un 

aumento en las respuestas inmunitarias de células T CD4+ y CD8+ y de Tfh específicas 

frente a Env y en los niveles de anticuerpos IgG de unión a gp120, en comparación con 

DNA-gp120/MVA-B. Estos resultados revelaron la potencia del nuevo promotor sintético 

LEO160 del VACV y confirmaron una correlación positiva entre una mayor expresión in 

vitro de gp120 del VIH-1 con un aumento in vivo de las respuestas inmunitarias de 

células T y humorales específicas frente a Env.  

3) El mutante de deleción MVA-B ΔA40R, que carece del gen A40R del MVA en el 

candidato vacunal MVA-B frente a VIH/SIDA, indujo en macrófagos humanos infectados 

un aumento de las respuestas inmunitarias innatas en comparación con el parental 

MVA-B, sugiriendo un papel inmunosupresor de la proteína A40 del MVA. 

4) Ratones inmunizados con DNA-B/MVA-B ΔA40R indujeron un incremento en la 

magnitud de las respuestas inmunitarias de células T CD4+ y CD8+ específicas frente a 

VIH-1 en fase adaptativa y de memoria, y en los niveles de anticuerpos frente a gp120 

del VIH-1, en comparación con DNA-B/MVA-B, reforzando el papel inmunosupresor 

sugerido del gen A40R del MVA. 

5) Un virus revertiente, denominado MVA-B ΔA40R-rev, generado mediante la 

reinserción del gen A40R del MVA en el locus HA del genoma de MVA-B ΔA40R, y 

situado bajo el control del promotor sintético temprano/tardío del VACV, expresó altos 

niveles de ARNm y proteína de A40. En macrófagos humanos infectados, MVA-B 

ΔA40R-rev redujo significativamente los niveles de ARNm de varios genes relacionados 

con la inmunidad innata, confirmando el papel inmunosupresor de la proteína A40 del 

MVA, y sugiriendo fuertemente que actúa bloqueando la ruta del IFN tipo I. 

6) Ratones inmunizados con DNA-B/MVA-B ΔA40R-rev indujeron menores niveles 

de respuestas inmunitarias de células T CD4+ específicas frente a VIH-1 que DNA-

B/MVA-B ΔA40R, y similares al régimen parental DNA-B/MVA-B, confirmando el papel 

inmunosupresor in vivo de la proteína A40 del MVA. 

7) Se generó satisfactoriamente un nuevo candidato vacunal frente al ZIKV, 

denominado MVA-ZIKV, basado en un vector MVA optimizado que carece de tres genes 

inmunomoduladores del VACV (C6L, K7R y A46R) y que contiene los genes 

estructurales prM y E del ZIKV bajo el control del potente promotor sintético LEO160 del 
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VACV. MVA-ZIKV expresó y procesó correctamente las proteínas estructurales prM y E 

del ZIKV que se ensamblaron como VLPs, liberándose de las células infectadas. 

8) En ratones inmunocompetentes inmunizados con un régimen prime/boost MVA-

ZIKV/MVA-ZIKV se indujeron respuestas inmunitarias robustas de células T CD8+ 

específicas frente a ZIKV y altos niveles de anticuerpos neutralizantes. 

9) En un modelo inmunocomprometido susceptible de ratones, MVA-ZIKV fue 

capaz de controlar la infección por ZIKV después de la administración de una o dos 

dosis, apoyando la ventaja de vacunas recombinantes optimizadas basadas en MVA 

frente a enfermedades emergentes, como Zika  
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