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Abstract

:

Adenoviral vaccines have been at the front line in the fight against pandemics caused by viral infections such as Ebola and the coronavirus disease 2019. This has revived an interest in developing these vectors as vaccines and therapies against other viruses of health importance such as hepatitis B virus (HBV). Current hepatitis B therapies are not curative; hence, chronic hepatitis B remains the major risk factor for development of liver disease and death in HBV-infected individuals. The ability to induce a robust immune response and high liver transduction efficiency makes adenoviral vectors attractive tools for anti-HBV vaccine and therapy development, respectively. This review describes recent developments in designing adenoviral-vector-based therapeutics and vaccines against HBV infection.
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1. Introduction


Hepatitis B virus (HBV) infection continues to pose a serious global health problem. It is estimated that 296 million people globally are infected with HBV, with the highest prevalence occurring in regions such as sub-Saharan Africa, and east and southeast Asia [1]. In these endemic and hyperendemic areas, infants and children are the groups most at risk. Perinatal transmission from infected mothers to their newborn babies or horizontal transmission from infected family members to children are two primary mechanisms of HBV infection in these regions. While many infections acquired in adulthood are acute and successfully cleared by the immune system, the vast majority of infections that occur during infancy or early childhood become chronic, which increases the risk of developing life-threatening HBV-associated illnesses, such as cirrhosis and hepatocellular carcinoma (HCC) [2,3,4].



HBV belongs to the Hepadnaviridae family of viruses and carries a circular, partially double-stranded genome of ~3.2 kb. The genome includes four overlapping open reading frames (ORFs), namely polymerase (P), precore/core (C), surface (made up of pre-S1, pre-S2, and S regions), and the X region [5]. Following binding to the host sodium-taurocholate co-transporting polypeptide (NTCP) receptor and entry into the hepatocyte, viral polymerase converts the partially double-stranded relaxed circular DNA (rc-DNA) into covalently closed circular DNA (cccDNA), which remains in the nucleus as a stable minichromosome [6,7]. Additionally, HBV DNA may integrate into the host genome, which is a contributor to persistent HBV surface antigen (HBsAg) secretion and progression to HCC [8,9,10]. The diagnosis of acute and chronic HBV infection is dependent on the detection of viral biomarkers, with HBsAg being the primary clinical marker for HBV infection [11].



The current vaccine against HBV is made up of a recombinant HBV small surface antigen (S-HBsAg) and offers safe and effective protection against HBV infection [12]. However, this protein vaccine is less effective in those older than 40 years and in immune-compromised individuals [13,14]. As a result of the Coronavirus disease 2019 (COVID-19) pandemic, old and new vaccine strategies such as protein, inactivated viral strains, mRNA, and adenoviral vector (AdV)-based technologies have been extensively explored and offer promising outcomes [15,16]. Protein and inactivated strain vaccines have generally resulted in a lower overall protective efficacy in recent human trials as compared to nucleic-acid-based vaccines [17,18,19,20]. Nucleic-acid-based vaccines induce a more durable and broader immune response, with mRNA vaccines generally inducing the highest overall protective efficacy [17,19,20]. A strong innate response induced by AdVs makes them particularly interesting for vaccine development.



Available antiviral treatments include nucleotide/nucleoside analogs (NAs), which prevent HBV DNA synthesis, and immunomodulatory interferons (IFNs) [21]. Although these antivirals play a role in keeping viral infection under control, they rarely achieve complete virological cure because they do not act on the stable cccDNA. Use of gene therapy to impair viral replication using HBV-specific gene silencing, gene editing, and epigenome modifications has been a promising strategy. Common approaches to HBV gene silencing/editing involve the use of RNA interference (RNAi), transcription-activator-like effector nucleases (TALENs), or clustered regularly interspaced short palindromic repeats (CRISPRs) and CRISPR-associated protein (CRISPR/Cas) systems [22]. Despite the availability of potent anti-HBV gene therapeutics, finding safe and efficient delivery methods is the major challenge to clinical translation. Viral vectors such as lentiviral vectors, adeno-associated viral vectors (AAVs), and AdVs have shown promise in gene therapy [23]. AdVs are valuable for targeting HBV because of their inherent hepatotropism.




2. Adenoviruses as Vectors


Adenoviruses (Ads) belong to a family of Adenoviridae and are subdivided into five genera, of which human Ads fall under the mastadenoviridae. They are further subdivided into seven species named A to G, with almost 70 serotypes that can infect humans. Widely studied species C serotype 2 (Ad2) and serotype 5 (Ad5) cause infections of the upper respiratory system. Ads are non-enveloped, double-stranded DNA viruses with a genome of around 26 to 45 kb. The genome comprises two groups of genes that are either expressed before (early) or after (late) viral DNA replication. Among other functions, the early units (E1 to E4) encode proteins essential for viral genome replication, while the late region units (L1 to L5) encode proteins that form the viral capsid [24,25,26].



Three generations of AdVs have been developed through the deletion of various viral genes. First-generation AdVs were produced by deleting the E1 and/or E3 genes, which leaves these vectors unable to replicate [27,28]. In recent years, first-generation AdVs have shown promise in the development of vaccines against a range of infectious diseases, including influenza, Ebola, and COVID-19 [29,30,31]. Second-generation AdVs have E2 and/or E4 genes deleted along with E1 and/or E3. This not only increases the carrying capacity, but also reduces the potential cytotoxic effects that may come with viral gene expression [32,33]. Third-generation AdVs, also known as gutless or helper-dependent AdVs (HDAdVs), have all viral genes deleted from the viral genome. HDAdVs are attractive as vectors for gene therapy because of their higher transgene capacity, prolonged transgene expression, and a diminished immune stimulation [27,34].




3. Adenoviruses as Vaccine Vectors


Traditionally, vaccine design has focused on use of either attenuated versions of a particular pathogen or protein subunits. Although these have provided protection against a variety of life-threatening diseases, next-generation vaccine technologies have introduced the use of nucleic acids and viral vectors as good candidates [35]. Research into the use of Ads as vaccine vectors has been appealing to scientists and researchers for over 30 years. While the ability of Ads to induce both an innate and adaptive immune response in the hosts is not ideal for most therapeutic applications, this feature is useful for vaccine design [36,37]. Innate immune responses, produced soon after infection, are not antigen-specific and do not induce immunological memory. However, an AdV-induced adaptive immune response results in activation of B and T cell differentiation with the subsequent generation of immunological memory [38]. Conventional vaccines generally require adjuvants for activation of innate immunity. By contrast, AdVs contain structural components that are recognised by pattern recognition receptors (PRRs) to activate a robust innate immune response [39].



Although there is a paucity of information on the use of AdVs for developing anti-HBV vaccines, AdVs have successfully been developed as vaccines against other viruses. In a study conducted by Gao et al., the effect of an Ad5-based vaccine encoding hemagglutinin (HA) from the avian influenza virus H5N1 strain isolated from the 2003–2005 outbreak in Vietnam was evaluated (Table 1). Vaccination with full-length HA-encoding Ads induced cellular and humoral HA-specific immunity in mice and conferred protection against viral challenge. Additionally, considering the role that poultry plays in transmission of H5N1, the efficacy of this Ad5-based immunisation was tested on domestic chickens. It was found that all subcutaneously immunised birds that were boosted upon viral challenge were protected against infection [40]. Recently, the use of other AdV serotypes for vaccine design has gained attention, including Ad26, another human serotype, and ChAdOx1, a replication-incompetent simian AdV. Anywaine et al. performed a Phase I randomised clinical trial to evaluate the safety, tolerability, and immunogenicity of an Ad26-derived Ebola vaccine (Ad26.ZEBOV) in a heterologous two-dose regimen in adult volunteers from Tanzania and Uganda (Table 1). The results revealed that 21 days after the second vaccine dose, 100% and 87–100% of the participants demonstrated Ebola virus glycoprotein antibody responses and neutralising antibody responses, respectively [41]. The recent success of AdV vaccines against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has revived interest in using these vectors to protect against other viral infections.



Development of AdV-Based COVID-19 Vaccines and the Impact on Anti-HBV Vaccine Design


The recent COVID-19 pandemic has exacerbated the global demand for effective and rapid vaccine production. Hundreds of millions of dollars have now been invested in traditional vaccine technologies, such as live-attenuated and protein subunit vaccines, as well as mRNA and viral-vector-based vaccines [42,43,44]. SARS-CoV-2 is an enveloped virus consisting of a positive-sense RNA genome encoding Envelope, Membrane, Nucleocapsid, and Spike (S) proteins. Importantly, S binds to angiotensin-converting enzyme 2 (ACE2) and mediates viral entry into cells [44,45]. Replication-incompetent AdVs encoding the SARS-CoV-2 S protein have been essential to the SARS-CoV-2 pandemic response [37]. Easy adaptability, manufacturing, and storage capabilities make AdV vaccines suited to rapid response in a pandemic situation [35].



In 2020, at the height of the pandemic, a study published by Feng et al. revealed that a replication-defective recombinant Ad (Ad5-S-nb2) expressing S, induced S-specific antibody production and cell-mediated immune responses in rodents and nonhuman primates (Table 1) [46]. As the pandemic progressed, AdV-based vaccine research remained at the front line. The chimpanzee adenoviral vector (ChAdOx1)-based ChAdOx1 nCoV-19 vaccine (AZD1222), encoding the SARS-CoV-2 S protein, induced both humoral and cell-mediated immune responses, protection against lower respiratory tract infection in nonhuman primates, an increased spike-specific antibody response by day 28, and a neutralising antibody response after a booster dose in human participants (Table 1) [47]. An overall vaccine efficacy of 70.4% was observed in participants of a randomised, controlled trial [48]. Administration of the commonly known Janssen Ad26.CoV2.S vaccine, encoding the full-length SARS-CoV-2 S protein, showed that a single dose of Ad26.CoV2.S produced S-binding neutralising antibodies and strong humoral immune responses in the majority of the 805 vaccinated participants. It induced a 66.9% and 76.3% protective efficacy across participants of all age groups and in participants over the age of 60, respectively (Table 1) [17,49]. To avoid pre-existing immunity and allow vector re-administration, Lugonov et al. performed a prime boost phase 3 clinical trial using the Ad26- followed by the Ad5-derived vector expressing the full-length S protein. This regimen was well tolerated and 91.6% vaccine efficacy was observed at 21 days after the first dose with the Ad26 vector [19]. As clinical research into adenoviral vaccines for SARS-CoV-2 continues, it is likely that this vaccination technique will be adopted for immunisation against an array of pathogens in the future. One such infectious disease is hepatitis B.
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Table 1. Commonly used AdVs in anti-viral vaccine and immunotherapeutic development.
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Ad Vector

	
Target

	
Antigen Delivered

	
Key Findings

	
References






	
Ad5

	
Avian Influenza (H5N1)

	
Hemagglutinin (HA)

	

	
Cell-mediated and humoral HA-specific immunity in mice



	
Protection against viral challenge in mice and chickens






	
[40]




	
SARS-CoV-2

	
Spike protein

	

	
Spike-specific cell-mediated and humoral responses in rodents and nonhuman primates






	
[46]




	
HBV

	
Fusion protein including modified HBV core, polymerase, and envelope proteins

	

	
Production of HBV-specific splenic and intrahepatic T-cells



	
Cytokine production and induction of cytolysis



	
Reduction in circulating virus






	
[50]




	
Ad26

	
Ebola

	
Ebola virus glycoprotein

	

	
Glycoprotein-specific and neutralising antibody responses






	
[41]




	
SARS-CoV-2

	
Spike protein

	

	
Production of Spike-binding neutralising antibodies



	
Strong humoral immune response






	
[49]




	
ChAdOx1

	
SARS-CoV-2

	
Spike protein

	

	
Humoral and cell-mediated immune responses



	
Protection against lower respiratory tract infection in nonhuman primates



	
Increased spike-specific antibody responses



	
Neutralising antibody responses






	
[47]




	
HBV

	
Three full-length HBV antigens, including precore/core, polymerase, and surface

	

	
Enhanced T-cell responses in immunocompetent uninfected mice






	
[51]









While AdV-based vaccine research has made meaningful contributions to immunisation against SARS-CoV-2, it is important to note that there is a significant gap in application of AdVs to vaccination against HBV. There has, however, been progress in the fields of immunotherapeutics and therapeutic vaccine strategies using AdVs against HBV. This includes stimulating the immune system, after viral infection, to produce an antiviral response. For example, TG1050 is an Ad5-derived novel anti-HBV immunotherapeutic encoding a fusion protein comprising modified HBV Core, Polymerase, and select domains of Envelope proteins [50] (Table 1). A single dose of TG1050 induced splenic and intrahepatic HBV-specific T cells that produced cytokines and stimulated cytolysis, with the resultant reduction in circulating viral replication markers [50]. Recently, Chinnakannan et al. published their findings on the design and development of therapeutic ChAdOx1 and modified vaccinia Ankara (MVA) viral vectors against HBV (Table 1). Administration of ChAdOx1 encoding an HBV immunogen consisting of three full-length HBV antigens (precore/core, polymerase, and surface) followed by a heterologous MVA-boost vaccine produced enhanced T cell responses in immunocompetent uninfected mice. Polyfunctional CD8+ and CD4+ T cells produced cytokine combinations, including IFNγ, TNF-α, and IL-2 [51]. The success of anti-HBV AdV-based immunotherapeutics further emphasises the potential of AdVs to deliver HBV antigens to cells successfully. Additionally, as it has been established that AdV vaccines can induce both cell-mediated and humoral immune responses and that the basic method for production of these vaccines is easily adaptable, research into the use of AdVs to immunise against HBV is currently underway and is important for the advancement of HBV vaccine research.





4. Adenoviruses as Vectors of Gene Therapy against HBV


Because of their high liver tropism, AdVs are attractive for the development of gene therapies targeted to HBV. The reduction in HBV replication markers by higher than 90% in culture and in mice using first-generation AdVs expressing RNAi activators has been demonstrated [52]. However, strong vector-induced immune responses and short-term therapeutic effects in vivo have been observed. Delivery of anti-HBV RNAi activators using HDAdVs resulted in a prolonged therapeutic effect in vivo [53,54]. The dependence of viral persistence on functional cccDNA makes this HBV replication intermediate an ideal target for achieving a sterilising cure from HBV infection. cccDNA targeting using TALENs or CRISPR/Cas9-based therapies has shown promise [55,56,57,58]. These gene editors mediate sequence-specific deleterious mutations within the HBV DNA [22]. Although AdV-based anti-HBV TALEN delivery is not encouraging [59], promising outcomes when using AdVs to deliver anti-HBV CRISPR/Cas sequences have been reported [60,61].



A recent study by Kato et al. successfully demonstrated the efficacy of an AdV expressing a CRISPR/Cas9 system with eight guide RNAs (gRNAs) targeting the HBV X gene (HBx) [60]. In this study, use of an AdV was ideal as the increased carrying capacity of the AdV allowed for inclusion of 8 gRNAs and a large Cas protein-encoding sequence isolated from Streptococcus pyogenes, spCas9. This Cas9 protein recognises the protospacer adjacent motif (PAM) sequence 5`-NGG-3`, which is more common within the HBV genome. spCas9 is, therefore, preferred to Staphylococcus aureus-derived Cas9 (saCas9), which, although smaller than spCas9, uses the PAM sequence 5′-NNGRRT-3′, which is uncommonly found in the HBV genome [61]. A study by Schiwon et al. compared the efficacy of TALENs targeting HBV to a CRISPR/Cas9 system with three different gRNAs, delivered by an HDAdV [59]. The anti-HBV activity of the two gene editors was tested in both HepG2.2.15 and HepG2-NTCP cells. HepG2.2.15 cells contain stably integrated replication-competent HBV sequences [62], and HepG2-NTCP cells express human NTCP, which makes them susceptible to HBV infection in culture [63]. The levels of viral protein, RNA, and genome equivalents were compared. The results showed that the CRISPR/Cas9 system induced a far more significant reduction in viral protein secretion than the TALEN system, with a reduction of 54% and 45% in HBsAg and HBeAg secretion compared to no reduction with the TALEN system, respectively. This was supported by the 64% reduction in HBV transcripts seen in the CRISPR/Cas9-treated cells [59]. This AdV-mediated multiplex approach has therapeutic potential for targeting a diverse range of HBV genotypes or different targets to avoid viral escape, using one vector. Although the efficacy of AdV-based gene therapy is undeniably promising and HDAdVs reduce vector immune stimulation, capsid-induced innate immune response and pre-existing capsid-specific immunity remains a challenge. This has limited success on AdVs in gene therapy clinical trials [64,65]. The recent widespread use of AdV-based COVID-19 vaccines will further exacerbate the challenge of pre-existing immunity.



Overcoming AdV Immunity in AdV-Based Anti-HBV Gene Therapy


Extensive efforts have been put into developing strategies to overcome immune stimulation and avoid AdV clearance (Figure 1). Immune suppression before vector administration has been explored with promising outcomes [66,67]. However, this method is not favoured, because of the possibility of increased risk of infection by other pathogens. The possibility of using polyethylene glycol (PEG), a synthetic biocompatible compound, to diminish capsid-induced innate and adaptive immune responses has been heavily researched for targeting hepatitis B and other diseases. ‘PEGylated’ vectors have been shown to evade pre-existing immunity, mediate prolonged transgene expression, and reduce AdV toxicity in vivo [68,69,70]. Although multiple studies have shown that PEGylation can shield capsid proteins essential for viral entry, therefore reducing transduction efficiency [70,71,72], several other studies have illustrated that with optimised PEGylation approaches, transduction efficiency remains optimal in vivo [73,74,75]. The genetic modification of capsid epitopes by mutagenesis or direct clonal evolution is another strategy that may be used to generate clonal mutants that evade host immunity [76,77,78]. Importantly, some genetic modifications of the capsid can affect vector structural integrity and diminish transduction efficiency [79,80], while others have minimal effects on vector viability or infectivity [81]. These findings illustrate that understanding the biology of AdV and vector–host interactions are key to the development of chemical or genetic capsid modifications that yield highly efficient and safe AdVs. Using adenoviral serotypes with low seroprevalence in humans, such as Ad26, Ad11, and Ad35, present another alternative to avoiding pre-existing immunity. Several studies have shown that transduction efficiencies of these low-seroprevalence vectors are not affected by the immunity against Ad5, a highly prevalent serotype in human infections [82,83,84]. Although most of these strategies are yet to be tested for hepatitis B gene therapy, they can be easily translatable for the design of highly potent and safer anti-HBV therapeutics.





5. Conclusions


AdV’s higher transduction efficiency, which translates to a low dose requirement, easy manufacturing, and low storage costs, amongst other advantages, makes them a feasible option to combat viral infections, especially in low-income countries. Although strong immune stimulation by AdVs can prime a robust and long-lasting adaptive response, which is attractive for vaccine development, this feature may result in rare but severe adverse effects [85,86,87]. Significant progress has been made with diminishing AdV-mediated immune induction. Approaches that include chemical and/or genetic modifications of the capsid and deletion of all viral genes are not enough to avoid the AdV immunity obstacle. Trade-offs between immune evasion and loss of biological functionality also pose a challenge. Approaches that combine multiple strategies, e.g., chemical and genetic manipulation of the capsid, may offer a better solution [78,88,89]. For the foreseeable future, using low-seroprevalence Ads such as Ad26 and ChAdOx1 may be the best strategy to overcome pre-existing immunity.







Author Contributions


T.F. wrote the content on anti-HBV gene therapy development using AdVs, put the first draft together, and reviewed all the drafts. K.N. wrote the content on anti-HBV vaccine development using AdVs, put the first draft together, and reviewed all the drafts. P.A. reviewed the final draft and raised funds. M.B.M. conceptualised the idea, wrote the abstract and conclusions, reviewed all the drafts, and finalised the manuscript for submission. All authors have read and agreed to the published version of the manuscript.




Funding


Research in the Antiviral Gene Therapy Research Unit is supported by the South African National Research Foundation (Unique Grant Numbers: 120383), the Poliomyelitis Research Foundation, the South African Medical Research Council (SAMRC) through its Division of Research Capacity Development under the Research Capacity Development Initiative from funding received from the South African National Treasury, and extramural unit baseline funding from the South African Medical Research Council. The content and findings reported/illustrated are the sole deduction, view, and responsibility of the researcher and do not reflect the official position and sentiments of the SAMRC.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interests.




References


	



Alberts, C.J.; Clifford, G.M.; Georges, D.; Negro, F.; Lesi, O.A.; Hutin, Y.J.-F.; de Martel, C. Worldwide prevalence of hepatitis B virus and hepatitis C virus among patients with cirrhosis at country, region, and global levels: A systematic review. Lancet Gastroenterol. Hepatol. 2022, 7, 724–735. [Google Scholar] [CrossRef]

	



Amponsah-Dacosta, E. Hepatitis B virus infection and hepatocellular carcinoma in sub-Saharan Africa: Implications for elimination of viral hepatitis by 2030? World J. Gastroenterol. 2021, 27, 6025–6038. [Google Scholar] [CrossRef] [PubMed]

	



Iannacone, M.; Guidotti, L.G. Immunobiology and pathogenesis of hepatitis B virus infection. Nat. Rev. Immunol. 2021, 22, 19–32. [Google Scholar] [CrossRef] [PubMed]

	



Seto, W.-K.; Lo, Y.-R.; Pawlotsky, J.-M.; Yuen, M.-F. Chronic hepatitis B virus infection. Lancet 2018, 392, 2313–2324. [Google Scholar] [CrossRef]

	



McNaughton, A.; D’Arienzo, V.; Ansari, M.A.; Lumley, S.; Littlejohn, M.; Revill, P.; McKeating, J.; Matthews, P.C. Insights from Deep Sequencing of the HBV Genome—Unique, Tiny, and Misunderstood. Gastroenterology 2019, 156, 384–399. [Google Scholar] [CrossRef]

	



Schreiner, S.; Nassal, M. A role for the host DNA damage response in hepatitis B virus cccDNA formation—And beyond? Viruses 2017, 9, 125. [Google Scholar] [CrossRef]

	



Yan, H.; Zhong, G.; Xu, G.; He, W.; Jing, Z.; Gao, Z.; Huang, Y.; Qi, Y.; Peng, B.; Wang, H.; et al. Sodium taurocholate cotransporting polypeptide is a functional receptor for human hepatitis B and D virus. eLife 2012, 1, e00049. [Google Scholar] [CrossRef]

	



Péneau, C.; Imbeaud, S.; La Bella, T.; Hirsch, T.Z.; Caruso, S.; Calderaro, J.; Paradis, V.; Blanc, J.-F.; Letouzé, E.; Nault, J.-C.; et al. Hepatitis B virus integrations promote local and distant oncogenic driver alterations in hepatocellular carcinoma. Gut 2021, 71, 616–626. [Google Scholar] [CrossRef]

	



Tu, T.; Budzinska, M.A.; Vondran, F.W.R.; Shackel, N.A.; Urban, S. Hepatitis B Virus DNA Integration Occurs Early in the Viral Life Cycle in an In Vitro Infection Model via Sodium Taurocholate Cotransporting Polypeptide-Dependent Uptake of Enveloped Virus Particles. J. Virol. 2018, 92, e02007-17. [Google Scholar] [CrossRef]

	



Álvarez, E.G.; Demeulemeester, J.; Otero, P.; Jolly, C.; García-Souto, D.; Pequeño-Valtierra, A.; Zamora, J.; Tojo, M.; Temes, J.; Baez-Ortega, A.; et al. Aberrant integration of Hepatitis B virus DNA promotes major restructuring of human hepatocellular carcinoma genome architecture. Nat. Commun. 2021, 12, 6910. [Google Scholar] [CrossRef]

	



Hadziyannis, E.; Laras, A. Viral Biomarkers in Chronic HBeAg Negative HBV Infection. Genes 2018, 9, 469. [Google Scholar] [CrossRef] [PubMed]

	



Kao, J.-H. Hepatitis B vaccination and prevention of hepatocellular carcinoma. Best Pract. Res. Clin. Gastroenterol. 2015, 29, 907–917. [Google Scholar] [CrossRef] [PubMed]

	



Ende, C.V.D.; Marano, C.; Van Ahee, A.; Bunge, E.M.; De Moerlooze, L. The immunogenicity and safety of GSK’s recombinant hepatitis B vaccine in adults: A systematic review of 30 years of experience. Expert Rev. Vaccines 2017, 16, 811–832. [Google Scholar] [CrossRef] [PubMed]

	



Tian, Y.; Hua, W.; Wu, Y.; Zhang, T.; Wang, W.; Wu, H.; Guo, C.; Huang, X. Immune Response to Hepatitis B Virus Vaccine among People Living with HIV: A Meta-Analysis. Front. Immunol. 2021, 12, 745541. [Google Scholar] [CrossRef]

	



Tregoning, J.S.; Flight, K.E.; Higham, S.L.; Wang, Z.; Pierce, B.F. Progress of the COVID-19 vaccine effort: Viruses, vaccines and variants versus efficacy, effectiveness and escape. Nat. Rev. Immunol. 2021, 21, 626–636. [Google Scholar] [CrossRef]

	



Francis, A.I.; Ghany, S.; Gilkes, T.; Umakanthan, S. Review of COVID-19 vaccine subtypes, efficacy and geographical distributions. Postgrad. Med. J. 2021, 98, 389–394. [Google Scholar] [CrossRef]

	



Yan, Z.-P.; Yang, M.; Lai, C.-L. COVID-19 Vaccines: A Review of the Safety and Efficacy of Current Clinical Trials. Pharmaceuticals 2021, 14, 406. [Google Scholar] [CrossRef]

	



Vikkurthi, R.; Ansari, A.; Pai, A.R.; Jha, S.N.; Sachan, S.; Pandit, S.; Nikam, B.; Kalia, A.; Jit, B.P.; Parray, H.A.; et al. Inactivated whole-virion vaccine BBV152/Covaxin elicits robust cellular immune memory to SARS-CoV-2 and variants of concern. Nat. Microbiol. 2022, 7, 974–985. [Google Scholar] [CrossRef]

	



Logunov, D.Y.; Dolzhikova, I.V.; Shcheblyakov, D.V.; Tukhvatulin, A.I.; Zubkova, O.V.; Dzharullaeva, A.S.; Kovyrshina, A.V.; Lubenets, N.L.; Grousova, D.M.; Erokhova, A.S.; et al. Safety and efficacy of an rAd26 and rAd5 vector-based heterologous prime-boost COVID-19 vaccine: An interim analysis of a randomised controlled phase 3 trial in Russia. Lancet 2021, 397, 671–681. [Google Scholar] [CrossRef]

	



Polack, F.P.; Thomas, S.J.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Perez, J.L.; Pérez Marc, G.; Moreira, E.D.; Zerbini, C.; et al. Safety and efficacy of the BNT162b2 mRNA COVID-19 vaccine. N. Engl. J. Med. 2020, 383, 2603–2615. [Google Scholar] [CrossRef]

	



Lok, A.S.-F. Hepatitis B Treatment: What We Know Now and What Remains to Be Researched. Hepatol. Commun. 2018, 3, 8–19. [Google Scholar]

	



Bloom, K.; Maepa, M.B.; Ely, A.; Arbuthnot, P. Gene Therapy for Chronic HBV—Can We Eliminate cccDNA? Genes 2018, 9, 207. [Google Scholar] [CrossRef] [PubMed]

	



Bulcha, J.T.; Wang, Y.; Ma, H.; Tai, P.W.L.; Gao, G. Viral vector platforms within the gene therapy landscape. Signal Transduct. Target. Ther. 2021, 6, 53. [Google Scholar] [CrossRef] [PubMed]

	



Watanabe, M.; Nishikawaji, Y.; Kawakami, H.; Kosai, K.-I. Adenovirus Biology, Recombinant Adenovirus, and Adenovirus Usage in Gene Therapy. Viruses 2021, 13, 2502. [Google Scholar] [CrossRef] [PubMed]

	



Abudoureyimu, M.; Lai, Y.; Tian, C.; Wang, T.; Wang, R.; Chu, X. Oncolytic Adenovirus—A Nova for Gene-Targeted Oncolytic Viral Therapy in HCC. Front. Oncol. 2019, 9, 1182. [Google Scholar] [CrossRef] [PubMed]

	



McConnell, M.J.; Imperiale, M.J. Biology of adenovirus and its use as a vector for gene therapy. Hum. Gene Ther. 2004, 15, 1022–1033. [Google Scholar] [CrossRef]

	



Imperiale, M.J.; Kochanek, S. Adenovirus vectors: Biology, design, and production. Curr. Top. Microbiol. Immunol. 2004, 273, 335–357. [Google Scholar] [CrossRef]

	



Capasso, C.; Garofalo, M.; Hirvinen, M.; Cerullo, V. The evolution of adenoviral vectors through genetic and chemical surface modifications. Viruses 2014, 6, 832–855. [Google Scholar] [CrossRef]

	



Bockstal, V.; Gaddah, A.; Goldstein, N.; Shukarev, G.; Bart, S.; Luhn, K.; Robinson, C.; Anumendem, D.; Leyssen, M.; Douoguih, M. Assessments of different batches and dose levels of a two-dose Ad26.ZEBOV and MVA-BN-Filo vaccine regimen. NPJ Vaccines 2021, 6, 157. [Google Scholar] [CrossRef]

	



Matsuda, K.; Migueles, S.A.; Huang, J.; Bolkhovitinov, L.; Stuccio, S.; Griesman, T.; Pullano, A.A.; Kang, B.H.; Ishida, E.; Zimmerman, M.; et al. A replication-competent adenovirus-vectored influenza vaccine induces durable systemic and mucosal immunity. J. Clin. Investig. 2021, 131, e140794. [Google Scholar] [CrossRef]

	



Mendonca, S.A.; Lorincz, R.; Boucher, P.; Curiel, D.T. Adenoviral vector vaccine platforms in the SARS-CoV-2 pandemic. NPJ Vaccines 2021, 6, 97. [Google Scholar] [CrossRef] [PubMed]

	



Armentano, D.; Sookdeo, C.C.; Hehir, K.M.; Gregory, R.J.; George, J.A.S.; Prince, G.A.; Wadsworth, S.C.; Smith, A.E. Characterization of an Adenovirus Gene Transfer Vector Containing an E4 Deletion. Hum. Gene Ther. 1995, 6, 1343–1353. [Google Scholar] [CrossRef] [PubMed]

	



Engelhardt, J.F.; Ye, X.; Doranz, B.; Wilson, J.M. Ablation of E2A in recombinant adenoviruses improves transgene persistence and decreases inflammatory response in mouse liver. Proc. Natl. Acad. Sci. USA 1994, 91, 6196–6200. [Google Scholar] [CrossRef]

	



Brunetti-Pierri, N.; Ng, P. Helper-dependent adenoviral vectors for liver-directed gene therapy. Hum. Mol. Genet. 2011, 20, R7–R13. [Google Scholar] [CrossRef] [PubMed]

	



Jacob-Dolan, C.; Barouch, D.H. COVID-19 Vaccines: Adenoviral Vectors. Annu. Rev. Med. 2022, 73, 41–54. [Google Scholar] [CrossRef]

	



Tatsis, N.; Ertl, H.C.J. Adenoviruses as vaccine vectors. Mol. Ther. 2004, 10, 616–629. [Google Scholar] [CrossRef]

	



Coughlan, L.; Kremer, E.J.; Shayakhmetov, D.M. Adenovirus-based vaccines—A platform for pandemic preparedness against emerging viral pathogens. Mol. Ther. 2022, 30, 1822–1849. [Google Scholar] [CrossRef]

	



Shirley, J.L.; de Jong, Y.P.; Terhorst, C.; Herzog, R.W. Immune Responses to Viral Gene Therapy Vectors. Mol. Ther. 2020, 28, 709–722. [Google Scholar] [CrossRef]

	



Sakurai, F.; Tachibana, M.; Mizuguchi, H. Adenovirus vector-based vaccine for infectious diseases. Drug Metab. Pharmacokinet. 2022, 42, 100432. [Google Scholar] [CrossRef]

	



Gao, W.; Soloff, A.C.; Lu, X.; Montecalvo, A.; Nguyen, D.C.; Matsuoka, Y.; Robbins, P.D.; Swayne, D.E.; Donis, R.O.; Katz, J.M.; et al. Protection of mice and poultry from lethal H5N1 avian influenza virus through adenovirus-based immunization. J. Virol. 2006, 80, 1959–1964. [Google Scholar] [CrossRef]

	



Anywaine, Z.; Whitworth, H.; Kaleebu, P.; Praygod, G.; Shukarev, G.; Manno, D.; Kapiga, S.; Grosskurth, H.; Kalluvya, S.; Bockstal, V.; et al. Safety and Immunogenicity of a 2-Dose Heterologous Vaccination Regimen with Ad26.ZEBOV and MVA-BN-Filo Ebola Vaccines: 12-Month Data from a Phase 1 Randomized Clinical Trial in Uganda and Tanzania. J. Infect. Dis. 2019, 220, 46–56. [Google Scholar] [CrossRef] [PubMed]

	



Kis, Z.; Tak, K.; Ibrahim, D.; Papathanasiou, M.M.; Chachuat, B.; Shah, N.; Kontoravdi, C. Pandemic-response adenoviral vector and RNA vaccine manufacturing. NPJ Vaccines 2022, 7, 29. [Google Scholar] [CrossRef] [PubMed]

	



Kremer, E.J. Pros and Cons of Adenovirus-Based SARS-CoV-2 Vaccines. Mol. Ther. 2020, 28, 2303–2304. [Google Scholar] [CrossRef]

	



Shahzamani, K.; Mahmoudian, F.; Ahangarzadeh, S.; Ranjbar, M.M.; Beikmohammadi, L.; Bahrami, S.; Mohammadi, E.; Esfandyari, S.; Alibakhshi, A.; Javanmard, S.H. Vaccine design and delivery approaches for COVID-19. Int. Immunopharmacol. 2021, 100, 108086. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, P.; Yang, X.-L.; Wang, X.-G.; Hu, B.; Zhang, L.; Zhang, W.; Si, H.-R.; Zhu, Y.; Li, B.; Huang, C.-L.; et al. A pneumonia outbreak associated with a new coronavirus of probable bat origin. Nature 2020, 579, 270–273. [Google Scholar] [CrossRef]

	



Feng, L.; Wang, Q.; Shan, C.; Yang, C.; Feng, Y.; Wu, J.; Liu, X.; Zhou, Y.; Jiang, R.; Hu, P.; et al. An adenovirus-vectored COVID-19 vaccine confers protection from SARS-CoV-2 challenge in rhesus macaques. Nat. Commun. 2020, 11, 4207. [Google Scholar] [CrossRef]

	



Folegatti, P.M.; Ewer, K.J.; Aley, P.K.; Angus, B.; Becker, S.; Belij-Rammerstorfer, S.; Bellamy, D.; Bibi, S.; Bittaye, M.; Clutterbuck, E.A.; et al. Safety and immunogenicity of the ChAdOx1 nCoV-19 vaccine against SARS-CoV-2: A preliminary report of a phase 1/2, single-blind, randomised controlled trial. Lancet 2020, 396, 467–478. [Google Scholar] [CrossRef]

	



Voysey, M.; Clemens, S.A.C.; Madhi, S.A.; Weckx, L.Y.; Folegatti, P.M.; Aley, P.K.; Angus, B.; Baillie, V.L.; Barnabas, S.L.; Bhorat, Q.E.; et al. Safety and efficacy of the ChAdOx1 nCoV-19 vaccine (AZD1222) against SARS-CoV-2: An interim analysis of four randomised controlled trials in Brazil, South Africa, and the UK. Lancet 2021, 397, 99–111. [Google Scholar] [CrossRef]

	



Sadoff, J.; Le Gars, M.; Shukarev, G.; Heerwegh, D.; Truyers, C.; de Groot, A.M.; Stoop, J.; Tete, S.; Van Damme, W.; Leroux-Roels, I.; et al. Interim Results of a Phase 1-2a Trial of Ad26.COV2.S COVID-19 Vaccine. N. Engl. J. Med. 2021, 384, 1824–1835. [Google Scholar] [CrossRef]

	



Martin, P.; Dubois, C.; Jacquier, E.; Dion, S.; Mancini-Bourgine, M.; Godon, O.; Kratzer, R.; Lelu-Santolaria, K.; Evlachev, A.; Meritet, J.F.; et al. TG1050, an immunotherapeutic to treat chronic hepatitis B, induces robust T cells and exerts an antiviral effect in HBV-persistent mice. Gut 2015, 64, 1961–1971. [Google Scholar] [CrossRef]

	



Chinnakannan, S.K.; Cargill, T.N.; Donnison, T.A.; Ansari, M.A.; Sebastian, S.; Lee, L.N.; Hutchings, C.; Klenerman, P.; Maini, M.K.; Evans, T.; et al. The Design and Development of a Multi-HBV Antigen Encoded in Chimpanzee Adenoviral and Modified Vaccinia Ankara Viral Vectors; A Novel Therapeutic Vaccine Strategy against HBV. Vaccines 2020, 8, 184. [Google Scholar] [CrossRef] [PubMed]

	



Carmona, S.; Ely, A.; Crowther, C.; Moolla, N.; Salazar, F.H.; Marion, P.L.; Ferry, N.; Weinberg, M.S.; Arbuthnot, P. Effective inhibition of HBV replication in vivo by anti-HBx short hairpin RNAs. Mol. Ther. J. Am. Soc. Gene Ther. 2006, 13, 411–421. [Google Scholar] [CrossRef] [PubMed]

	



Mowa, M.B.; Crowther, C.; Ely, A.; Arbuthnot, P. Inhibition of hepatitis B virus replication by helper dependent adenoviral vectors expressing artificial anti-HBV pri-miRs from a liver-specific promoter. BioMed. Res. Int. 2014, 2014, 718743. [Google Scholar] [CrossRef]

	



Crowther, C.; Mowa, M.B.; Ely, A.; Arbuthnot, P.B. Inhibition of HBV replication in vivo using helper-dependent adenovirus vectors to deliver antiviral RNA interference expression cassettes. Antivir. Ther. 2014, 19, 363–373. [Google Scholar] [CrossRef] [PubMed]

	



Bloom, K.; Ely, A.; Mussolino, C.; Cathomen, T.; Arbuthnot, P. Inactivation of hepatitis B virus replication in cultured cells and in vivo with engineered transcription activator-like effector nucleases. Mol. Ther. J. Am. Soc. Gene Ther. 2013, 21, 1889–1897. [Google Scholar] [CrossRef] [PubMed]

	



Dong, C.; Qu, L.; Wang, H.; Wei, L.; Dong, Y.; Xiong, S. Targeting hepatitis B virus cccDNA by CRISPR/Cas9 nuclease efficiently inhibits viral replication. Antivir. Res. 2015, 118, 110–117. [Google Scholar] [CrossRef]

	



Stone, D.; Long, K.R.; Loprieno, M.A.; De Silva Feelixge, H.S.; Kenkel, E.J.; Liley, R.M.; Rapp, S.; Roychoudhury, P.; Nguyen, T.; Stensland, L.; et al. CRISPR-Cas9 gene editing of hepatitis B virus in chronically infected humanized mice. Mol. Ther. Methods Clin. Dev. 2021, 20, 258–275. [Google Scholar] [CrossRef]

	



Martinez, M.G.; Combe, E.; Inchauspe, A.; Mangeot, P.E.; Delberghe, E.; Chapus, F.; Neveu, G.; Alam, A.; Carter, K.; Testoni, B.; et al. CRISPR-Cas9 Targeting of Hepatitis B Virus Covalently Closed Circular DNA Generates Transcriptionally Active Episomal Variants. mBio 2022, 13, e0288821. [Google Scholar] [CrossRef]

	



Schiwon, M.; Ehrke-Schulz, E.; Oswald, A.; Bergmann, T.; Michler, T.; Protzer, U.; Ehrhardt, A. One-Vector System for Multiplexed CRISPR/Cas9 against Hepatitis B Virus cccDNA Utilizing High-Capacity Adenoviral Vectors. Mol. Ther. Nucleic Acids 2018, 12, 242–253. [Google Scholar] [CrossRef]

	



Kato, Y.; Tabata, H.; Sato, K.; Nakamura, M.; Saito, I.; Nakanishi, T. Adenovirus Vectors Expressing Eight Multiplex Guide RNAs of CRISPR/Cas9 Efficiently Disrupted Diverse Hepatitis B Virus Gene Derived from Heterogeneous Patient. Int. J. Mol. Sci. 2021, 22, 10570. [Google Scholar] [CrossRef]

	



Haeussler, M.; Concordet, J.-P. Genome Editing with CRISPR-Cas9: Can It Get Any Better? J. Genet. Genom. 2016, 43, 239–250. [Google Scholar] [CrossRef] [PubMed]

	



Sells, M.A.; Chen, M.L.; Acs, G. Production of hepatitis B virus particles in Hep G2 cells transfected with cloned hepatitis B virus DNA. Proc. Natl. Acad. Sci. USA 1987, 84, 1005–1009. [Google Scholar] [CrossRef] [PubMed]

	



Ni, Y.; Lempp, F.A.; Mehrle, S.; Nkongolo, S.; Kaufman, C.; Fälth, M.; Stindt, J.; Königer, C.; Nassal, M.; Kubitz, R.; et al. Hepatitis B and D Viruses Exploit Sodium Taurocholate Co-transporting Polypeptide for Species-Specific Entry into Hepatocytes. Gastroenterology 2014, 146, 1070–1083.e1076. [Google Scholar] [CrossRef] [PubMed]

	



Muruve, D.A.; Cotter, M.J.; Zaiss, A.K.; White, L.R.; Liu, Q.; Chan, T.; Clark, S.A.; Ross, P.J.; Meulenbroek, R.A.; Maelandsmo, G.M.; et al. Helper-dependent adenovirus vectors elicit intact innate but attenuated adaptive host immune responses in vivo. J. Virol. 2004, 78, 5966–5972. [Google Scholar] [CrossRef] [PubMed]

	



Xu, Z.; Tian, J.; Smith, J.S.; Byrnes, A.P. Clearance of adenovirus by Kupffer cells is mediated by scavenger receptors, natural antibodies, and complement. J. Virol. 2008, 82, 11705–11713. [Google Scholar] [CrossRef]

	



Fontanellas, A.; Hervas-Stubbs, S.; Mauleon, I.; Dubrot, J.; Mancheno, U.; Collantes, M.; Sampedro, A.; Unzu, C.; Alfaro, C.; Palazon, A.; et al. Intensive pharmacological immunosuppression allows for repetitive liver gene transfer with recombinant adenovirus in nonhuman primates. Mol. Ther. J. Am. Soc. Gene Ther. 2010, 18, 754–765. [Google Scholar] [CrossRef]

	



Ideguchi, M.; Kajiwara, K.; Yoshikawa, K.; Uchida, T.; Ito, H. Local adenovirus-mediated CTLA4-immunoglobulin expression suppresses the immune responses to adenovirus vectors in the brain. Neuroscience 2000, 95, 217–226. [Google Scholar] [CrossRef]

	



Crowther, C.; Ely, A.; Hornby, J.; Mufamadi, S.; Salazar, F.; Marion, P.; Arbuthnot, P. Efficient inhibition of hepatitis B virus replication in vivo, using polyethylene glycol-modified adenovirus vectors. Hum. Gene Ther. 2008, 19, 1325–1331. [Google Scholar] [CrossRef]

	



Wortmann, A.; Vohringer, S.; Engler, T.; Corjon, S.; Schirmbeck, R.; Reimann, J.; Kochanek, S.; Kreppel, F. Fully detargeted polyethylene glycol-coated adenovirus vectors are potent genetic vaccines and escape from pre-existing anti-adenovirus antibodies. Mol. Ther. J. Am. Soc. Gene Ther. 2008, 16, 154–162. [Google Scholar] [CrossRef]

	



Weaver, E.A.; Barry, M.A. Effects of shielding adenoviral vectors with polyethylene glycol on vector-specific and vaccine-mediated immune responses. Hum. Gene Ther. 2008, 19, 1369–1382. [Google Scholar] [CrossRef]

	



Hofherr, S.E.; Shashkova, E.V.; Weaver, E.A.; Khare, R.; Barry, M.A. Modification of adenoviral vectors with polyethylene glycol modulates in vivo tissue tropism and gene expression. Mol. Ther. J. Am. Soc. Gene Ther. 2008, 16, 1276–1282. [Google Scholar] [CrossRef] [PubMed]

	



Doronin, K.; Shashkova, E.V.; May, S.M.; Hofherr, S.E.; Barry, M.A. Chemical modification with high molecular weight polyethylene glycol reduces transduction of hepatocytes and increases efficacy of intravenously delivered oncolytic adenovirus. Hum. Gene Ther. 2009, 20, 975–988. [Google Scholar] [CrossRef] [PubMed]

	



Eto, Y.; Yoshioka, Y.; Ishida, T.; Yao, X.; Morishige, T.; Narimatsu, S.; Mizuguchi, H.; Mukai, Y.; Okada, N.; Kiwada, H.; et al. Optimized PEGylated adenovirus vector reduces the anti-vector humoral immune response against adenovirus and induces a therapeutic effect against metastatic lung cancer. Biol. Pharm. Bull. 2010, 33, 1540–1544. [Google Scholar] [CrossRef]

	



Croyle, M.A.; Le, H.T.; Linse, K.D.; Cerullo, V.; Toietta, G.; Beaudet, A.; Pastore, L. PEGylated helper-dependent adenoviral vectors: Highly efficient vectors with an enhanced safety profile. Gene Ther. 2005, 12, 579–587. [Google Scholar] [CrossRef] [PubMed]

	



Mok, H.; Palmer, D.J.; Ng, P.; Barry, M.A. Evaluation of polyethylene glycol modification of first-generation and helper-dependent adenoviral vectors to reduce innate immune responses. Mol. Ther. J. Am. Soc. Gene Ther. 2005, 11, 66–79. [Google Scholar] [CrossRef]

	



Myers, N.D.; Skorohodova, K.V.; Gounder, A.P.; Smith, J.G. Directed evolution of mutator adenoviruses resistant to antibody neutralization. J. Virol. 2013, 87, 6047–6050. [Google Scholar] [CrossRef] [PubMed]

	



Weklak, D.; Pembaur, D.; Koukou, G.; Jonsson, F.; Hagedorn, C.; Kreppel, F. Genetic and Chemical Capsid Modifications of Adenovirus Vectors to Modulate Vector-Host Interactions. Viruses 2021, 13, 1300. [Google Scholar] [CrossRef]

	



Prill, J.M.; Espenlaub, S.; Samen, U.; Engler, T.; Schmidt, E.; Vetrini, F.; Rosewell, A.; Grove, N.; Palmer, D.; Ng, P.; et al. Modifications of adenovirus hexon allow for either hepatocyte detargeting or targeting with potential evasion from Kupffer cells. Mol. Ther. J. Am. Soc. Gene Ther. 2011, 19, 83–92. [Google Scholar] [CrossRef]

	



Roberts, D.M.; Nanda, A.; Havenga, M.J.; Abbink, P.; Lynch, D.M.; Ewald, B.A.; Liu, J.; Thorner, A.R.; Swanson, P.E.; Gorgone, D.A.; et al. Hexon-chimaeric adenovirus serotype 5 vectors circumvent pre-existing anti-vector immunity. Nature 2006, 441, 239–243. [Google Scholar] [CrossRef]

	



Rojas, L.A.; Condezo, G.N.; Moreno, R.; Fajardo, C.A.; Arias-Badia, M.; San Martin, C.; Alemany, R. Albumin-binding adenoviruses circumvent pre-existing neutralizing antibodies upon systemic delivery. J. Control. Release Off. J. Control. Release Soc. 2016, 237, 78–88. [Google Scholar] [CrossRef]

	



Atasheva, S.; Emerson, C.C.; Yao, J.; Young, C.; Stewart, P.L.; Shayakhmetov, D.M. Systemic cancer therapy with engineered adenovirus that evades innate immunity. Sci. Transl. Med. 2020, 12, eabc6659. [Google Scholar] [CrossRef] [PubMed]

	



Geisbert, T.W.; Bailey, M.; Hensley, L.; Asiedu, C.; Geisbert, J.; Stanley, D.; Honko, A.; Johnson, J.; Mulangu, S.; Pau, M.G.; et al. Recombinant adenovirus serotype 26 (Ad26) and Ad35 vaccine vectors bypass immunity to Ad5 and protect nonhuman primates against ebolavirus challenge. J. Virol. 2011, 85, 4222–4233. [Google Scholar] [CrossRef] [PubMed]

	



Holterman, L.; Vogels, R.; van der Vlugt, R.; Sieuwerts, M.; Grimbergen, J.; Kaspers, J.; Geelen, E.; van der Helm, E.; Lemckert, A.; Gillissen, G.; et al. Novel replication-incompetent vector derived from adenovirus type 11 (Ad11) for vaccination and gene therapy: Low seroprevalence and non-cross-reactivity with Ad5. J. Virol. 2004, 78, 13207–13215. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, S.; Huang, W.; Zhou, X.; Zhao, Q.; Wang, Q.; Jia, B. Seroprevalence of neutralizing antibodies to human adenoviruses type-5 and type-26 and chimpanzee adenovirus type-68 in healthy Chinese adults. J. Med. Virol. 2013, 85, 1077–1084. [Google Scholar] [CrossRef] [PubMed]

	



Schultz, N.H.; Sorvoll, I.H.; Michelsen, A.E.; Munthe, L.A.; Lund-Johansen, F.; Ahlen, M.T.; Wiedmann, M.; Aamodt, A.H.; Skattor, T.H.; Tjonnfjord, G.E.; et al. Thrombosis and Thrombocytopenia after ChAdOx1 nCoV-19 Vaccination. N. Engl. J. Med. 2021, 384, 2124–2130. [Google Scholar] [CrossRef]

	



Raper, S.E.; Chirmule, N.; Lee, F.S.; Wivel, N.A.; Bagg, A.; Gao, G.P.; Wilson, J.M.; Batshaw, M.L. Fatal systemic inflammatory response syndrome in a ornithine transcarbamylase deficient patient following adenoviral gene transfer. Mol. Genet. Metab. 2003, 80, 148–158. [Google Scholar] [CrossRef]

	



Naghashzadeh, F.; Shafaghi, S.; Dorudinia, A.; Naji, S.A.; Marjani, M.; Amin, A.; Mohamadifar, A.; Noorali, S.; Kashani, B.S. Myocarditis following rAd26 and rAd5 vector-based COVID-19 vaccine: Case report. ESC Heart Fail. 2022, 9, 1483–1486. [Google Scholar] [CrossRef]

	



Korokhov, N.; Mikheeva, G.; Krendelshchikov, A.; Belousova, N.; Simonenko, V.; Krendelshchikova, V.; Pereboev, A.; Kotov, A.; Kotova, O.; Triozzi, P.L.; et al. Targeting of adenovirus via genetic modification of the viral capsid combined with a protein bridge. J. Virol. 2003, 77, 12931–12940. [Google Scholar] [CrossRef]

	



Kreppel, F.; Gackowski, J.; Schmidt, E.; Kochanek, S. Combined genetic and chemical capsid modifications enable flexible and efficient de- and retargeting of adenovirus vectors. Mol. Ther. J. Am. Soc. Gene Ther. 2005, 12, 107–117. [Google Scholar] [CrossRef]








[image: Genes 13 01941 g001 550] 





Figure 1. Strategies to avoid immune responses to adenoviral vectors (AdVs). AdVs may elicit both innate and adaptive immune responses to vector proteins. Strategies to evade these immune responses include genetic modification to the viral capsid, use of less prevalent Ad serotypes, shielding the viral capsid by PEGylation, removal of viral sequences to generate gutless AdVs, and administering immunosuppressive drugs before vector injection (created with Biorender.com). 






Figure 1. Strategies to avoid immune responses to adenoviral vectors (AdVs). AdVs may elicit both innate and adaptive immune responses to vector proteins. Strategies to evade these immune responses include genetic modification to the viral capsid, use of less prevalent Ad serotypes, shielding the viral capsid by PEGylation, removal of viral sequences to generate gutless AdVs, and administering immunosuppressive drugs before vector injection (created with Biorender.com).



[image: Genes 13 01941 g001]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  genes-13-01941


  
    		
      genes-13-01941
    


  




  





media/file3.png
Innate and adaptive
immune response against
AdV

=~
7

Cytokines. - eutralising antibodies

Strategies of immune evasion }

L

Capsid shielding Use of gutless  Immunosupression before

Genetic modifications  Use of less prevalent by PEGylation AdVs A At sarean

of the capsid Ad serotypes





media/file0.png





media/file2.jpg
Tnnate and adaptive
immune response aganst
AV

7 Neuralising anibodies

Strategies of immune evasion

1 1 1
I%E |:;.

Capsid shielding ~ Use of guless  Immunosupresion before
Genetic modifications  Use of less prevalent !
ofthe capsid pifosdaies by PEGylation Advs ‘Ad adminisiation





