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Abstract 

Viral vectors are the vaccine platform of choice for many pathogens that have thwarted 

efforts towards control using conventional vaccine approaches. Although the STEP trial 

encumbered development of recombinant human adenovirus vectors only a few years ago, 

replication-deficient simian adenoviruses have since emerged as a crucial component of 

clinically effective prime-boost regimens. The vectors discussed here elicit functionally 

relevant cellular and humoral immune responses, at extremes of age and in diverse 

populations. The recent Ebola virus outbreak highlighted the utility of viral vectored vaccines 

in facilitating a rapid response to public health emergencies. Meanwhile, technological 

advances in manufacturing to support scale-up of viral vectored vaccines have helped to 

consolidate their position as a leading approach to tackling ‘old’ and emerging infections. 

  



Introduction 

Recombinant viral vectors are a powerful technology for delivering heterologous antigens 

that combine the best features of other vaccine modalities, with minimal disadvantages. 

Their capacity to infect cells and express encoded antigens that may be shed into the 

extracellular milieu or directed to host intracellular processing pathways ensures highly 

efficient induction of both humoral and cytotoxic (CD8+) T cell responses. This provides a 

key advantage over subunit vaccines, since CD8+ T cells are essential for the elimination of 

intracellular pathogens. Viral vectors have intrinsic adjuvant properties, as they express 

diverse pathogen-associated molecular patterns (PAMPs) which activate innate immunity. 

Targeted gene deletion is a widely used strategy to reduce or eliminate the replicative 

capacity of viral vectors, which ensures safety for human use without loss of potency. 

However, some replication-competent viral vectors can also be given safely and may provide 

equivalent potency at lower doses. The main drawback of viral vector vaccines is that they 

may be rendered ineffective by pre-existing or de novo adaptive immune responses to 

antigenic targets within the vector itself. Strategies to overcome this include the use of 

higher doses, tolerability permitting, and heterologous prime-boost vaccine regimens. 

 

Their development  of viral vectors as vaccine platforms has continued unabated, in 

response to the need for new or improved vaccines against known and emerging pathogens. 

Two viral vectored vaccines are now licensed for human use and others are likely to follow, 

as the utility of this technology for a rapid response to global health threats is now clearly 

recognised. We highlight here the most significant progress in the development of viral 

vectored vaccines in the past five years and the steps taken to address obstacles to their 

deployment, together with important insights into mechanisms of protective immunity 

gained from clinical trials. 

 

Pushing the boundaries: immunogenicity across diverse infectious diseases, populations 

and age groups 

Proof of concept for heterologous prime-boost vaccinations was first demonstrated over a 

decade ago, with experimental vaccines for malaria using DNA and Modified Vaccinia Virus 

Ankara (MVA) vectors [1,2]. These early promising results have since been eclipsed by the 

success of regimens incorporating recombinant adenoviruses as the priming vaccine, thanks 

to their vastly superior capacity to induce potent cellular and humoral responses. Pre-

existing vector-specific immunity, the main drawback of human adenoviruses, has been 



effectively circumvented by substitution with replication-deficient (E1-deleted) chimpanzee 

adenoviruses (ChAds). ChAd63, the first simian adenovirus vector to enter clinical trials, has 

now been tested in ~1500 individuals [3] (Table 1). A critical result was the finding that 

prime-boost immunisations with ChAd63- and MVA-vectored P. falciparum malaria vaccines 

targeting the pre-erythrocytic stage conferred significant protection against both controlled 

human malaria infection in naïve volunteers and natural infection in malaria-exposed adults. 

Protection was correlated with high frequencies of antigen-specific CD8+ T cells [4,5]. 

Following this, spectacular immunogenicity of other ChAd (ChAd63, ChAd3, PanAd3, 

ChAdOx1) prime / MVA boost regimens in humans has been demonstrated for HIV-1, 

hepatitis C virus (HCV), influenza and respiratory syncytial virus (RSV) immunogens [6–9] 

(Table 1).  

 

These studies have been conducted largely in healthy young adults to minimise risk in early 

stage trials. Encouragingly, a recombinant MVA vaccine was shown to induce comparable 

cellular immune responses to influenza antigens in adults aged >65 years, a target group in 

which poor immunogenicity is frequently observed [10]. This is an important finding, as 

alternative approaches have included higher doses or potent adjuvants, both of which carry 

the risk of unacceptable reactogenicity [11,12]. Indeed, MVA may provide sufficient intrinsic 

adjuvant effect, as humoral and cellular responses to licensed (split virion) vaccines were 

enhanced when co-administered with the MVA-NP+M1 vaccine [13].  

 

Promising results have also emerged from studies in children <5 years, a key population for 

which malaria and tuberculosis vaccines are urgently needed. In the past decade, MVA has 

been extensively evaluated in infants, young children and adolescents as a candidate vaccine 

in prime-boost regimens for P. falciparum malaria, tuberculosis and HIV-1, with no 

associated safety concerns [14–17]. It was recently demonstrated for the first time that 

ChAd prime-MVA boost regimens can elicit antigen-specific CD8+ T cells in infants as young 

as 1 week old at similar frequencies to those described in adults (Afolabi M. et al., abstract 

no. 363, 64th Annual Meeting of the American Society of Tropical Medicine and Hygiene, 

2015). In addition, IgG antibody titres were 20-fold higher in 10 week-old infants than in 

adults in the same population. The tuberculosis vaccine candidate, MVA85A, was found to 

boost antigen-specific CD4+ T cells in BCG-vaccinated infants; unfortunately this did not 

translate to protective efficacy when assessed in a proof-of-concept trial in South Africa [16]. 

As the magnitude of 85A-specific T cell responses was lower than in adult vaccinees, these 



results highlighted the need to assess more potent viral vectors. Human adenovirus 35, a 

rare serotype, has since been tested as a boosting vector for delivery of Mycobacterium 

tuberculosis antigens in BCG-vaccinated infants in the same population. A two-dose regimen 

of this vaccine not only induced polyfunctional antigen-specific CD4+ T cells but also CD8+ T 

cells [18].  

 

Viral vectored vaccines move into the fast lane 

The 2014 West African Ebola virus outbreak accelerated viral vectored vaccines through 

safety and efficacy testing in transcontinental consortia to identify best-in-class vaccines 

with unprecedented speed (Figure 1). Replication-competent vesicular stomatitis virus has 

taken centre stage as a recombinant Zaire Ebola glycoprotein vaccine (VSV-ZEBOV) following 

Phase III clinical trial results from endemic areas that demonstrated remarkable efficacy and 

impressive antibody titres [19]. However, long-term safety post-vaccination is uncertain, 

particularly given the finding of VSV viraemia in almost all, and secondary arthritis in up to 

22% of vaccinees [20]. In contrast, the replication-deficient ChAd3 EBO Z GP vaccine has a 

less reactogenic adverse event profile and induces durable CD8+ T cell responses as well as 

neutralising antibodies [21]. Boosting with an MVA Ebola vaccine with different intervals 

between priming and boosting immunisations affects the kinetics and magnitude of induced 

immunity, suggesting that different regimens could be tailored for use in outbreak control or 

preventative mass vaccination campaigns (Figure 2).  

 

If approved, VSV-ZEBOV will be the third viral vectored vaccine to be licensed. The Japanese 

encephalitis (JE) vaccine ChimeriVax-JE (IMOJEV®) and the tetravalent dengue vaccine, 

Dengvaxia® comprise a Yellow Fever virus (YFV) encoding two JE viral proteins or four 

dengue (premembrane and envelope) proteins, respectively. ChimeriVax-JE was first 

licensed in 2010 in Australia and had an excellent safety and immunogenicity profile in 

children ≥12 months [22]. Dengvaxia® was recently licensed in Mexico and Brazil in children 

and adults aged 9-45 years, following demonstration of serotype-specific efficacy of 42-78% 

(up to 95% against severe disease) in phase III trials [23–25].    

 

 

Towards identification of functionally relevant immune responses 

The systemic T cell responses elicited by viral vectored vaccines are of sufficiently high 

magnitude to enable a dissection of the qualitative aspects that may be important for 



protective immunity. A dominant effector memory phenotype is evident in antigen-specific T 

cell populations induced by recombinant adenoviruses and poxviruses across vector 

serotypes, vaccine antigens and animal species [26][7][3]. Phenotypic analyses are now 

routinely complemented with unbiased systems biology approaches, which were 

instrumental in identifying predictive gene signatures of efficacy for the yellow fever vaccine 

[27]. These have revealed an important role of adenovirus-driven innate immune signalling 

in the induction of potent CD8+ T cell responses which is dominated by type 1 interferons, 

together with evidence of a highly conserved transcriptional programme of CD8+ T cell 

differentiation similar to memory responses evoked by persistent viruses [28,29].  

 

Attenuated replicative capacity and lack of persistence in vivo are major determinants of the 

safety of poxviral vectored vaccines. However, an undesirable consequence of this is the 

short duration of transgene expression, which may result in ineffective immune responses 

against persistent pathogens such as human immunodeficiency virus (HIV-1). By contrast, a 

vaccine deploying a persistent Rhesus CMV vector conferred long-term control and 

ultimately clearance of simian immunodeficiency virus (SIV) in 60% of vaccinated animals, 

providing the first evidence that a T cell-based vaccine strategy could abort an AIDS virus 

infection [30]. Key differences from ‘conventional’ viral vectored vaccines that induce 

anamnestic T cell responses and have so far failed to provide long-term protection against 

HIV-1/SIV were that this CMV-SIV vaccine sustained a long-term effector memory T cell 

response which was exceptionally broad and comprised non-canonical T cells [31,32]. 

Whether this can be recapitulated in humans is uncertain but efforts are underway to 

identify CMV vectors that are sufficiently attenuated for safe human use. 

 

Experience with a ChAd3-vectored Ebola vaccine candidate highlighted the capacity of 

recombinant adenovirus vaccines to elicit neutralising antibodies to the Mayinga Ebolavirus 

strain of a similar magnitude to the replication-competent VSV vaccine [21]. Replication-

competent adenoviral vectors can improve the immunogenicity of licensed subunit vaccines 

when used to prime antibody responses against, for example, avian (H5N1) influenza, as was 

reported for an oral adenovirus type 4-vectored vaccine [51]. Encouraging data are emerging 

for other viral vectored vaccines, including ChAd63/MVA RH5, which protected Aotus 

monkeys from malaria and elicited parasite growth inhibitory activity in vitro and 

PanAd3/MVA-RSV, which elicited RSV-specific neutralising activity in adults [33][9][34]. In 

the macaque model, human adenovirus 26 encoding SIV Gag/Pol/Env followed by Env 



protein-in-adjuvant boost protected 50% of vaccinated animals against repeated mucosal 

heterologous SIV challenge; protection was correlated with multiple Env-specific Fc-

mediated antibody functions [35].  

 

Until recently, poxvirus vectors were not considered to be a robust platform for induction of 

transgene-specific antibodies. However, a post-hoc analysis of the Rv144 trial, which 

evaluated a recombinant canarypox HIV-1 prime / Env subunit boost regimen, showed that 

non-neutralising Env V1/V2-specific antibodies may have contributed to protection from 

HIV-1 acquisition [36].  

 

In a step change from traditional vaccinology, adeno-associated viruses (AAV) are being 

evaluated as vectors for delivery of genes encoding viral entry inhibitors to prevent HIV-1 

infection. AAV-expressed broadly neutralising antibodies or receptor-blocking molecules 

persisted in vivo over several months and conferred protection against repeated 

simian/human immunodeficiency virus challenge in non-human primates [37,38]. The 

isolation of more than 100 novel serotypes and the possibility of cell-free production using 

directed evolution make AAVs an attractive candidate for antibody-gene delivery [39].  

 

Fulfilling potential: technical advances supporting commercially viable manufacturing and 

deployment 

Limited capacity to deliver vaccines at scale and in resource-limited settings is a perceived 

disadvantage of viral vectored vaccines but technologies to address this are already in place 

for replication-deficient adenoviruses [40]. Viral vector production for pre-clinical studies is 

increased by repression of the transgene during production, typically by use of a cell line 

that constitutively expresses a tetracyline repressor. However such cell lines were previously 

not GMP compliant. Procell92® is a Good Manufacturing Practice (GMP)-compliant cell line 

that incorporates a tet repressor expression cassette to enable efficient virus production 

[41]. ChAd-vectored Leishmania and hepatitis C vaccine candidates have been produced in 

this cell line and are entering first-in-human trials (EudraCT 2012-005596-14; EudraCT 2016-

000983-41). 

 

Until recently, recombinant MVA production was dependent entirely on propagation in 

primary chicken embryo fibroblasts derived from pathogen-free eggs, which has limited 

scalability. A novel duck retinal cell line, AGE1.CR.pIX, is now available and has been adapted 



to grow in serum-free medium [42]. Yields are greater than with primary chicken fibroblasts. 

The first clinical vaccine lot to be produced using this technology was an MVA Ebola Zaire 

vaccine which entered a phase I clinical trial in 2015 (EudraCT 2015-000593-35). 

 

Deployment of viral vectored vaccines may also be accelerated by improvements in vector 

immunogenicity to enable reductions in dosing. Fusion of MHC class II invariant chain to HCV 

or P. falciparum immunogens expressed by ChAd and MVA vectors increased the magnitude 

of the transgene-specific T cell responses by at least two-fold in non-human primates 

[43,44]. The safety and immunogenicity of this technology will be assessed in a first-in-

human trial in 2016 (EudraCT 2016-000983-41). For poxviruses, deletion of viral 

immunomodulatory genes, use of alternative promoters to optimise transgene expression 

and combination with adjuvants are being explored (reviewed in [45])[46]. Finally, 

alternative formulations to eliminate cold-chain requirements, such as nanopatch, which 

combines needle-free delivery and thermostability, and stabilizing buffers are continually 

evolving [47][48]. 

 

Conclusions and future directions 

Given the overlapping epidemiology of many human pathogens, anti-vector immunity 

remains a potential challenge if the same vectors are to be used for different targets in a 

given population. However, it is not insurmountable. Typical doses of most adenoviral 

vectors are capable of readily overcoming naturally acquired anti-vector immunity to the 

majority of vaccines, with the exception of now little-used common human adenovirus 

serotypes. Most of the widely used vectors are designed to be replication-incompetent and 

their immunogenicity is not affected by lack of replication due to anti-vector immunity. 

Simultaneous administration of multiple vectors encoding different antigens is one possible 

solution when anti-vector immunity is an issue. Although there is the potential for immune 

interference, as was observed when ChAd63 and MVA separately encoding the P. falciparum 

blood-stage antigens MSP-1 and AMA-1 were co-administered, it remains to be established 

whether this phenomenon is specific to particular antigens [49]. Simultaneous contralateral 

administration of two different vectors, ChAd3 and ChAd63, encoding HCV and HIV-1 

immunogens respectively, has recently been assessed in a phase I trial, with excellent safety 

and no evidence of significant immune interference (Hartnell F. et al., abstract no. LBP507, 

The International Liver ConferenceTM 2016, EASL). Furthermore, the pool of viral vectors is 

expanding; a new ChAd vector from species Human adenovirus E, ChAdOx1 (derived from 



Y25) has recently been developed for delivery of Rift Valley Fever (RFV), human influenza 

and tuberculosis antigens and has proven to be safe and immunogenic in a first-in-human 

trial [8,50–52] (Table 1). There is also the potential to target several pathogens with a single 

vaccine, depending on the insertion capacity of the vector (≤6.5 kb in E1-/E3-deleted 

adenoviruses; >10 kb for orthopoxviruses). However, this requires careful assessment to 

ensure that vector instability and antigenic competition are minimised. Importantly, the 

same vector can be reused in the same vaccinee if a suitable dosing interval is allowed: for a 

malaria antigen in the first clinical trial of a simian adenovirus, reuse of the same vector after 

6-12 months allowed effective re-boosting [3]. This likely reflects the poor durability of anti-

vector responses that are often outcompeted by responses to the insert in heterologous 

prime-boost regimens. 

 

In conclusion, in the past five years we have witnessed remarkable progress in viral vectored 

vaccine development for human infectious diseases. Adenoviral vectors, yellow fever virus 

vectors and poxvirus vectored vaccines have moved centre-stage and there are many other 

candidates that may yet surpass them. Given their versatility, potency and safety viral 

vectors will remain an important tool of modern medicine for the foreseeable future. 
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Highlighted references 

*5. In this trial, 67% efficacy against P. falciparum infection was observed in Kenyan adults 

vaccinated with ChAd63- and MVA-vectored ME-TRAP. 

**19. High level of efficacy of a replication-competent viral vectored vaccine against Ebola 

virus.  

**24. Demonstration of efficacy of a chimeric tetravalent dengue vaccine in over 20 

thousand children, with a high level of protection against severe disease and against 

serotypes 3 and 4, in particular. 



*28. Demonstrates conserved transcriptional programming induced by adenovirus vectors in 

mice and humans 

*32. Describes unique features of CD8+ T cell responses elicited by Rhesus CMV-vectored 

SIV vaccine, including those restricted by HLA-E. 

*47. Demonstration that the combination of two highly desirable qualities for novel vaccines 

(thermostability and needle-free) are feasible for viral vectored vaccines, making them 

highly suitable for cost-effective deployment. 

  



Figure Legends 

 

Figure 1. Time line of MVA EBO Z GP production 

MVA EBO Z GP was manufactured in a cell-line not previously used for human vaccine 

production. Despite being a “first-in-human” study, the vaccine was produced, released and 

approved for trial use in around six-months. Use of a new cell line for MVA production 

required additional discussion with the UK regulator (MHRA) regarding suitable release 

assays (http://www.ox.ac.uk/news/2015-05-13-new-study-ebola-vaccine-candidates). 

 

Figure 2. Effect of prime-boost interval on immune response kinetics and magnitude 

Shorter prime-boost intervals induce high frequencies of antigen-specific T cells, similar in 

magnitude to 3 - 8 week interval regimes. However, peak antibody responses are 

substantially reduced by shorter intervals, as are functional measures such as neutralising 

capability [53]. 

 



Table 1 Summary of clinical trials of replication-deficient chimpanzee adenovirus-vectored vaccines 

 

Vector Disease Insert/Antigen Trial Phase Age-group Country N*  

ChAd63 

Malaria 

ME-TRAP I and II Adults, children, 

infants, neonates 

UK, Kenya, The Gambia, 

Burkina Faso, Senegal. 

1005 [4][3][54] 

CSP I and II Adults UK, Ireland. 96 [55][56] 

MSP-1 I and II Adults UK 65 [49][54] 

AMA-1 I and II Adults UK 60 [49][33][57] 

PvDBP I Adults UK 24 NCT01816113 

RH5 I Adults UK 24 NCT02181088 

Pfs25 I Adults UK 24 NCT02532049 

HIV 

HIVconsv (Gag, Pol, Vif, Env) I Adults UK 116 [6][58]NCT02362217 

NCT01712425 

NCT02425241 

ChAd3 

HCV 
NSmut (NS3, NS4A, NS4B, NS5A, 

NS5B) 

I and II Adults UK, USA, Ireland, Switzerland. 446 [7][58]NCT01436357 

NCT02362217 NCT02568332 

Ebola 
Glycoprotein (Ebolavirus Zaire 

+/- Sudan) 

I, II and III Adults and children UK, Switzerland, USA, Senegal, 

Mali, Uganda, Liberia. 

4500** [19][20][21][59][60][61] 

NCT02354404 NCT02344407 

PanAd3 RSV F, N, M2-1 I Adults UK 70 [9]NCT01805921 

ChAOx1 Influenza NP, M1 I Adults UK 87 [8] 

 Tuberculosis 85A I Adults UK 42 NCT01829490 



For ongoing trials, “N” refers to target enrolment numbers indicated on clinicaltrials.gov, accessed 29th February 2016. 

* For Phase II studies, participants receiving placebo are not included in total.   

** Excluding the PREVAIL trial in Liberia, which aims to recruit 28170 participants randomised to receive either ChAd3-EBO Z, VSVG-ZEBOV or placebo. 

https://clinicaltrials.gov/ct2/home

