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Abstract

:

Adenovirus-based gene transfer vectors are the most frequently used vector type in gene therapy clinical trials to date, and they play an important role as genetic vaccine candidates during the ongoing SARS-CoV-2 pandemic. Immediately upon delivery, adenovirus-based vectors exhibit multiple complex vector-host interactions and induce innate and adaptive immune responses. This can severely limit their safety and efficacy, particularly after delivery through the blood stream. In this review article we summarize two strategies to modulate Ad vector-induced immune responses: extensive genomic and chemical capsid modifications. Both strategies have shown beneficial effects in a number of preclinical studies while potential synergistic effects warrant further investigations.
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1. Introduction


While viruses have been evolutionary optimized to deliver their genes into host target cells with high specificity and efficiency, the hosts have developed complex defense mechanisms that limit or prevent such infections. To date, the most efficient gene transfer vectors are derived from viruses. As a consequence, to achieve safe and efficacious in vivo gene delivery by virus-based vectors a comprehensive understanding of the molecular mechanisms underlying antiviral immune reactions is mandatory. In addition, tools are needed to modify vectors appropriately with the aim to either prevent or exploit such immune reactions. The immune system is a complex and interwoven network with numerous different cell types and noncellular components being involved. It is divided into an innate and an adaptive arm. The innate immune response relies on a limited number of proteins and reacts within seconds or minutes after an infectious event. Innate immune responses are not antigen-specific and do not result in immunological memory. However, innate immune sensing creates an inflammatory environment that conditions adaptive immune responses. The adaptive parts of the immune system rely on clonal expansion of antigen-specific B- and T-cells and generate an immunological memory. Sensing of viral structures (e.g., capsid proteins) by the innate immune system may provoke tissue invasion of innate immune cells and release of inflammatory chemokines and cytokines. These events induce an inflammatory (and anti-viral) state in the respective tissue, resulting in decreased transduction and potential activation of adaptive immune responses. Activation of dendritic cells (DCs) and subsequent antigen-presentation is a critical step linking innate to adaptive immune responses.



Adenoviruses (Ad) are non-enveloped, icosahedral viruses with a ~35 kb linear double-stranded (ds) DNA genome [1,2]. They can infect many cell types including low-proliferative or quiescent cell populations and antigen-presenting cells (APC). The results of intensive research over decades now allow for controlled and defined modifications of the viral genome resulting in stable recombinant Ad vectors with a large cloning capacity (up to 36 kb). Moreover, Ad vectors can be produced on a large scale (>1 × 1012 particles/mL) while meeting clinical good manufacturing practice (GMP) standards. Given these numerous advantages Ad-derived vectors are currently the most commonly used vectors in gene therapy, cancer and vaccine clinical trials worldwide (http://www.abedia.com/wiley/vectors.php (accessed on 10 January 2021)). The first gene therapy/oncolytic products based on Ad were released already eighteen years ago [3] and, importantly, adenovirus vectors play an important role as genetic vaccines (and vaccine candidates) during the ongoing SARS-CoV-2 pandemic. In this review we will focus on two promising strategies to modulate Ad vector-induced immune responses: genetic approaches and chemical shielding. If not stated otherwise our presentation refers to human adenovirus type five. This is one of the best characterized adenovirus types, and, while its clinical applicability may still be limited, it significantly contributes to the fact that Ad vectors are an enduring toolbox for basic and applied research.




2. Adenovirus vector types based on human adenovirus type five


So-called first-generation (FG) vectors based on human adenovirus type five have a transgene capacity of up to 8 kilobases (kb) due to deletion of the E1 and/or E3 gene regions. These vectors exhibit strong short-term transgene expression in immune-competent individuals due to leaky expression of viral genes that triggers vector-directed immune responses. Viral gene products, and in some cases the transgene itself, influence cellular immune responses leading to extinction of gene expression [4,5]. Therefore, these vectors have great potential to be utilized as genetic vaccines. Additional deletion of E2 and/or E4 gene region (second-generation vectors) led to reduced viral gene expression [6]. This results in not only in reduced inflammatory responses [7,8,9] but also higher transgene capacity (up to 12 kb) and prolonged transgene expression [10]. A third generation of Ad vectors, devoid of all viral genes, have a cargo capacity of 36 kb. These so-called high-capacity (HC-Ad) or helper-dependent (HD-Ad) vectors exhibit low immunotoxicity and stable long-term transgene expression in several tissues (reviewed in [11]). However, despite the progress that has been made in successfully manipulating the adenoviral genome (see the following paragraphs), the safe and efficient application of Ad vectors is still limited and faces several obstacles. The harshest drawback in gene therapy was the death of a patient in a clinical trial in 1999. High doses of a second-generation Ad vector triggered strong inflammatory reactions and finally resulted in multi organ failure [12]. This incident demonstrated very early the need of a thorough understanding of host—vector interactions as a prerequisite for safe Ad-mediated gene therapy in humans.




3. Immune responses to Ad vectors


Systemic Ad vector administration for gene transfer purposes has been shown to result in quick vector sequestration from the blood stream. In mice an almost complete elimination of virus particles from the blood occurs within 30 min, with a half-life of less than 2 min [13]. The removal of Ad particles coincides with a release of proinflammatory factors such interleukin (IL)-6, tumor necrosis factor α (TNF α), IL-12, RANTES, and interferon γ induced protein 10 [14,15,16,17,18,19]. Most probably, the majority of the released chemokines and cytokines are produced in the spleen, whereas macrophages and dendritic cells (DCs) from the spleen have been shown to be key effector cells in innate immune response. Activation of innate immunity has been observed to be dose-dependent in rodents and nonhuman primates [15]. Administration of high Ad vector doses (up to 2 × 1012 vector particles) in human gene therapy trials led to elevated serum level of IL-6 und IL-1 [20,21,22]. Of note, data suggest that activation of innate immunity is largely independent of the transduction process itself: inactivated vector particles activated the innate immunity in a similar manner as biologically active particles [15]. Moreover, an acute inflammatory response was observed in nonhuman primates after high dose administration of a HD-Ad vector lacking all viral genes [23]. These observations suggest that activation of innate immunity rather relates to the Ad vector capsid proteins themselves than to viral gene expression. Importantly, the activation of complement system significantly contributes to activation of innate immune response [24]. Systemically administered Ad vectors activate the complement system via the classical pathway [25] as well as direct interaction of C3 with the capsid [26]. Of note, binding of complement factors to the capsid can also compete with binding of blood coagulation factor X (FX) [27]. Capsid-bound FX leads to sequestration of vectors in hepatocytes.



Ads and Ad-derived vectors are highly immunogenetic, and because human Ads (hAds) are ubiquitous, the serum prevalence to one or more types is nearly universal [28]. Therefore, the majority of humans have circulating antibodies against the common Ad types (including but not limited to Ad5) and infected individuals develop prolonged immunity to the virus [29]. The three structure-determining viral capsid protein are hexon, fiber and penton base [30]. Among those the most abundant capsid protein hexon contains so called hypervariable regions (HVR) which are type-specific [31] and are considered to harbor major immune determinants. Hence, anti-Ad antibodies predominantly target hexon [32,33,34,35], but may also be directed against penton [36] and fiber [33]. Circulating anti-Ad antibodies have an immediate impact on the therapeutic efficiency: besides significantly attenuating vector-mediated gene transfer efficiency [37], they also have been shown to worsen vector toxicity [38,39]. Bound to the viral capsid, antibodies mediate sequestration by Fc receptor (FcR)-positive cells including DCs [40], neutrophils [41], and tissue-resident macrophages [42], resulting in vector clearance and poor tissue transduction. The presence of pre-existing anti-Ad antibodies appears to stimulate a stronger innate immune response [42], rising serious concerns when high vector doses or sequential administration is needed. Besides the effects of neutralizing antibodies, Ad-specific T cells also contribute to the fading efficacy of Ad-derived vectors in individuals with pre-existing immunity [4]. Memory Ad-specific CD8+ and CD4+ T-cells have been shown to be responsible for elimination of target cells that express viral and transgene products [43,44,45].




4. Vector genome modifications to dampen immune responses


The construction of third-generation Ad vectors, also called helper-dependent (HD-Ad) or high-capacity (HC-Ad) Ad vectors, is based on extensive genetic modifications up to the deletion of all viral genes except for cis-acting elements needed for genome replication (ITR) and packaging (ψ). These global deletions offer high cloning capacity (~36 kb; high-capacity Ad vectors, HD-Ad) and enable delivery of multiple transgenes, complete genomic loci or at least large regulatory sequences to regulate e.g., tissue-specific transgene expression. Due to the lack of viral gene expression, HD-Ad exhibit prolonged transgene expression and reduced toxicity. For efficient DNA packaging a minimum vector size of 27 kb should be maintained [46,47], so deletions must be replaced by so-called stuffer DNA. First DNA stuffers originated from lambda phage, bacterial or yeast DNA [47]. Injection of lambda-stuffed HD-Ad in mice, however, resulted in only transient gene expression and cytotoxic T-cell (CTL) responses against peptides that were encoded by lambda stuffer DNA. Replacing the lambda DNA with intronic sequences from human hypoxanthine-guanine phosphoribosyltransferase (HPRT) gene resulted in prolonged gene expression and no induction of a CTL response was detected [48]. When choosing stuffer DNA and designing transgene expression cassettes, the intracellular part of innate immunity should also be considered. Toll-like receptors (TLR) are pattern recognition receptors of pathogen-derived ligands [49,50,51]. Four of ten known TLRs are described to recognize nucleic acids. Residing in endosomes or lysosomes, TLR9 detects dsDNA and can be activated by unmethylated CpG motifs [52,53]. Irrespective of encoding expression cassettes, HD-Ad were shown to activate TLR9 signaling in primary macrophages, indicating the impact of stuffer DNA on innate immunity. Moreover, TLR9 antagonists attenuated the acute inflammatory response in vivo [54].



In the following we will exemplarily highlight few promising studies addressing long-term transgene expression and immunogenicity of HD-Ad.



For treatment of hypercholesteremia in apolipoprotein E (apoE) deficient mice a first-generation Ad vector (FG-Ad) encoding the apoE cDNA as well as a HD-Ad harboring the genomic apoE locus were compared. After intravenous injection, FG-Ad resulted in transiently (28 days) decreased cholesterol serum level within normal range. In contrast, delivery of the apoE genomic locus using HD-Ad yielded stable reduction of cholesterol serum level for up to two and a half years. In addition, only FG-Ad induced elevated serum level of liver enzymes aspartate transaminase (AST) and alanine transaminase (ALT) indicating hepatoxicity, whereas there was no such evidence for HD-Ad. However, both vectors induced production of Ad-specific antibodies hindering re-administration [55]. Another study in rodents used HD-Ad to achieve liver-restricted expression of uridine diphospho-glucuronosyl transferase 1A1 (UGT1A1), an enzyme that is required for glucuronidation of bilirubin. A lack of UGT1A1 results in persistent unconjugated hyperbilirubinemia as seen in Crigler–Najjar (CN) syndrome. Systemic single-dose administration of HD-Ad encoding for UTG1A1 resulted in reduction of plasma bilirubin levels for more than 2 years. No acute liver toxicity and only transient thrombocytopenia was detected [56].



Similar findings were observed in clinically relevant large animal models. Liver-directed, HD-Ad-mediated expression of human α1-antitrypsin (hAAT) in baboons exhibited prolonged hAAT expression for > 1 year in two out of three animals. The third animal, however, had significantly lower hAAT serum levels due to antibody development targeting the hAAT protein. In contrast, when FG-Ad was used for hAAT delivery, transgene expression lasted for only 3–5 month. Here this was not due to antibody formation against hAAT, but development of Ad-specific CD4+ T-cells, resulting in the elimination of all transduced liver cells. A phenomenon that was not observed for HD-Ad [57]. One very remarkable study in terms of long-term gene expression demonstrated liver-restricted transgene expression for up to seven years in nonhuman primates after a single-dose administration of HD-Ad. Despite this success, authors observed a slow but steady decline in transgene expression that is probably due to a gradual loss of transduced cells because of physiologic liver turnover [58], highlighting a central problem in gene therapy. A life-long transgene expression in humans basically relies on two options; either (i) replicating, though preferably non-integrating, vector systems; or (ii) efficient vector re-administration, the latter being hampered by the development of anti-vector neutralizing antibodies (NABs) [58]. Despite the advantages of HD-Ad over FG-Ad, the viral capsid is identical and could induce acute inflammatory responses [12,23,59]. This acute toxicity is dose-dependent and, as discussed above, characterized by elevated serum level of proinflammatory cytokines as a consequence of innate immune system activation. Low vector doses result in low toxicity but unfortunately also in low tissue transduction. Vector doses required for efficient transduction however are accompanied with acute toxicity that increases with vector-doses. Shielding of the viral capsid may therefore help to overcome both fundamental obstacles, acute inflammatory response and development of neutralizing antibodies.




5. Chemical shielding to reduce unwanted surface interactions


An elegant method to prevent viral vectors from being recognized by both, innate and adaptive immune cells, is to equip the viral capsid with a “magic cap”. Pharmaceutical studies have shown before that polyethylene glycol (PEG) reduces antigenicity and immunogenicity of therapeutic protein compounds [60,61]. Thus, coupling capsid proteins to polymers such as PEG paved the way for various shielding strategies that are discussed below.



Due to the hydrophilic nature of covalently attached polymers like PEG and poly-N-(2-hydroxypropyl)methacrylamide (pHPMA), another important shielding moiety [62], polymer-modified vector particles in solution are surrounded by a stable water shell. The polymer molecules and their water shells shield the vectors particles from undesired vector-host-interactions by steric hindrance and, thus, reduce immune cell recognition. The chemical modifications are performed after production and purification of the virus avoiding the need of specific producer cell lines. Usually, polymers are coupled to ε-amine groups from lysine side groups that are randomly distributed on the capsid surface. By amine-specific PEGylation the vast majority of the 18,000 solvent-exposed lysine residues on the surface of an Ad5-based vector particle can be PEGylated so that a dense PEG shield is generated. Consistently, when performed for the first time in 1999, O’Riordan et al. demonstrated that PEGylated vector particles evaded neutralization both, in vitro by purified antihexon antibodies and in pre-immunized mice in vivo [63]. Croyle et al. analyzed Ad-specific CTL response and development of anti-Ad NABs after single-dose administration of PEGylated Ad vectors in mice. Consistent with findings of O’Riordan et al., PEGylated Ads mediated prolonged transgene expression and exhibited a decreased induction of Ad-specific CTLs. Analysis of cytokine profile revealed reduced Th1 responses but no difference in Th2 responses. However, Ad vector PEGylation still stimulated development anti-Ad NABs, albeit to a low extent, resulting in reduced transgene expression after sequential vector administration [64]. In a continuative study, Croyle et al. analyzed transgene expression in mice pre-immunized with native unshielded Ad. Despite high titers of neutralizing anti-Ad antibodies, delivery of PEGylated first-generation vectors resulted in significant transgene expression in the liver, although expression level were lower than those in animals who received a single-dose of unmodified Ad without pre-immunization. Further, duration of transgene expression was only slightly longer when PEGylated Ad vectors were delivered [65]. These findings highlight the role of newly synthesized viral and/or transgenic proteins in the elimination of transgene expression, as they are unaffected by PEGylation. However, PEGylation of Ad vectors not only prevents neutralization by pre-existing antibodies, but also association with Kupffer cells in vivo. Corroborating in vitro experiments using a murine macrophage cell line further demonstrated decreased IL-6 production upon incubation with PEGylated vectors and decreased vector particle uptake [66]. Outlining the importance of vector sequestration by macrophages for induction of innate immune responses, these findings suggest that PEGylation of Ad vectors might be valuable tool to alter vector interaction with innate immune cells, in particular macrophages.



After coupling, nonreactive ends of monovalent PEGs protrude from the capsid surface, while multivalent pHPMA molecules are linked to numerous reactive sites coupling the polymer to the viral capsid. Capsid shielding using pHPMA prevented vector particles from antibody neutralization [62] and binding to blood components [67], and resulted in prolonged blood circulation in vivo [68]. However, despite these beneficial effects, amine-directed polymer coupling is associated with some limitations. To achieve the above described benefits, large polymer moieties are required that might impair virus bioactivity. Further, because amine-directed coupling occurs randomly throughout the whole vector capsid surface, this approach does not allow for position or motif-specific shielding. Finally, polymer-modified vector particles show high heterogeneity even within one preparation.



A genetichemical concept for vector shielding overcoming some of these limitations was introduced by Kreppel et al. This concept based on the genetic introduction of cysteines in the capsid at solvent-exposed positions like fiber HI-loop [69], protein IX [70], and hexon hypervariable regions [71,72]. Although not naturally occurring, surface cystein-bearing Ad vectors are producible at high titers in conventional producer cells. The introduced cysteines allow specific coupling with thiol group-reactive moieties not only on certain capsomers, but also at different positions within a certain capsomer. The geneti-chemical approach allows one to study vector-host interactions in a position-specific manner and has been shown to overcome numerous obstacles for Ad vector design. Being the most abundant capsid protein, hexon is involved in many undesired interactions (e.g., neutralizing antibodies, FX-binding). Therefore, thiol-based modification strategies were so far predominantly applied to hexon. Coupling certain PEG moieties to HVR5 of hexon prevented Ad vector particles to interact with FX [71,73]. Ad vector particles carrying mutations in the fiber knob to inhibit binding to its natural receptor (CAR) and in HVR7 to prevent binding of FX, and being additionally equipped with a cysteine in HVR1 for position-specific PEGylation, were shown to evade antibody- and complement-mediated neutralization as well as scavenger receptor-mediated uptake, without loss of infectivity [72]. However, covalent shielding does have an impact on intracellular trafficking processes. Indeed, polymer coupling to the capsid surface via degradable disulfide-bonds resulted in higher infectivity compared to vector particles that were covalently coupled to a polymer [67]. Comparing irreversible versus bioresponsive shields based on pHPMA revealed that neither the mode of shielding nor co-polymer charge had an impact on cell entry but affected particle trafficking to the nucleus. Employing a bioresponsive shield with positively charged pHPMA co-polymers allowed for particle trafficking to the nucleus maintaining the high transduction efficiencies of Ad vectors in vitro and in vivo [74]. Most recently, a ‘stealth’ layer based on a hexon-binding single-chain antibody variable fragment (scFv) was successfully used to shield vector particles from neutralizing antibodies in vitro while maintaining its infectivity [75].



So far, these data indicate that shielding of viral capsids is a powerful tool to prevent interactions of the immune system with Ad vectors, circumventing antibody mediated neutralization and mitigating acute toxicity. Chemical capsid modifications of Ad vectors in general need to be performed in a way that does not interfere with intracellular trafficking of the vector particles or prevents particle disassembly after uptake into the target cells [70,76,77]. There are, however, applications such as vaccination where a purposeful activation of cellular and humoral immune responses are desired.




6. Exploiting adenoviral immunogenicity in vaccine development


As described above, Ads are highly immunogenic and can induce both, innate and adaptive immune responses. While this may lead to undesired side-effects in gene replacement strategies, these effects can be exploited for vaccination purposes. A successful vaccination strategy requires the induction of a cytokine profile orchestrating the maturation of B- and cytotoxic T-cells, resulting in a prolonged and boostable immune response. Naturally, Ad vectors cause lytic infections resulting in short antigen presentation time of individually infected cells, thereby potentially favoring a CD4+ immune response. Most Ad vectors currently used for vaccination in clinical and pre-clinical trials are FG-Ad (reviewed for example in [78]) and benefit from strong immune responses due to leaky expression of viral genes that contributes to the intrinsic adjuvant Ad vector immunogenicity. The current SARS-CoV-2 pandemic boosted the need of genetic vaccines and Ad-based vectors encoding the SARS-CoV-2 spike protein are advanced candidates [79,80,81,82,83]. In a clinical phase 2 trial a FG-Ad based vaccine has been shown to induce humoral and cellular immune response against the receptor binding domain (RBD) of SARS-CoV-2 spike protein [80]. However, transgene and viral gene products are presented competitively by MHC I and MHC II molecules, resulting in anti-Ad CTLs that recognize and eliminate Ad-transduced cells [84,85]. In terms of a strong anti-transgene immune response, it has been shown that HD-Ad might be superior to FG-Ad. Due to prolonged antigen expression and the lack of any viral gene expression, HD-Ad have been shown to induce strong anti-transgene T-cell and antibody responses [86,87,88,89] and resulted in lower tissue damage [88]. Additionally, NABs are a significant obstacle in both HD-Ad and FG-Ad vectored vaccination. Pre-existing NABs against one or more Ad types can be found in nearly all humans [28], and antibodies are generated with each vector administration. The combination of anti-Ad NABs and anti-Ad CTL has significant potential to impair transgene expression and generation of anti-transgene CTL.



Because shielding vector capsids with polymers such as PEG has been shown to evade recognition by innate immune cells, prevents vector particles from being trapped by Kupffer cells and macrophages, and protects from neutralizing antibodies [63,65,66], it might also be employable in Ad-mediated vaccination. Investigating the effect of Ad5 capsid PEGylation on antibody and T cell responses in mice, it was demonstrated PEGylated vectors are capable to efficiently induce both, humoral and cellular immune responses [90]. Also, PEGylated vectors enabled significant boosting in pre-immunized mice. Further, priming with PEGylated vectors enabled both, PEGylated and unmodified vectors to produce stronger immune responses [91]. However, both studies applied amine-directed polymer coupling and subsequently observed reduced infectivity of PEGylated vectors. Hence, new strategies in Ad-based vaccine development should consider position-specific shielding of selected capsomers. This might help to balance the need of maintaining particle infectivity while protecting from neutralizing antibodies.




7. Conclusions


Adenovirus vectors belong to the most immunogenic vectors. Thus, unwanted immune reactions need to be dampened and controlled in order to enable safe Ad vector-mediated gene delivery. Two major strategies have been employed for Ad vectors: (i) genome modifications that delete all viral genes to prevent immune reactions due to leaky virus gene expression from the vectors and (ii) capsid shielding strategies based on chemical capsid modifications. While Ad vectors devoid of all viral coding sequences have shown prolonged gene expression in animal models, chemically “stealthed” vectors exhibited dampened innate immune responses. By combining both approaches with constant results from the discovery of additional rare Ad types and Ad species, it appears very likely that improved gene transfer vectors, Ad-based genetic vaccines and oncolytics will be developed in the near future. Because Ad vector-based vaccines are currently an important tool to fight the COVID-19 pandemic, it might become of even higher relevance to develop novel strategies to circumvent pre-existing antivector immunity.
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