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Abstract

:

Helper-dependent adenoviral (HDAd) vectors that are devoid of all viral coding sequences are promising non-integrating vectors for gene therapy because they efficiently transduce a variety of cell types in vivo, have a large cloning capacity, and drive long-term transgene expression without chronic toxicity. The main obstacle preventing clinical applications of HDAd vectors is the host innate inflammatory response against the vector capsid proteins that occurs shortly after intravascular vector administration and result in acute toxicity, the severity of which is dose dependent. Intense efforts have been focused on elucidating adenoviral vector–host interactions and the factors involved in the acute toxicity. This review focuses on the recent acquisition of data on such interactions and on strategies investigated to improve the therapeutic index of HDAd vectors.
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1. Introduction


Adenoviruses (Ad) are the most commonly used vectors in human clinical trials and approximately 75% of these trials are directed to cancer treatment [1]. Replication-defective Ad vector expressing p53 is now widely used in China for therapy of cancer. Ad vectors are also used to treat cardiovascular diseases, such as artery diseases, angina, and ischemia. In addition, they have been employed as a genetic vaccine to treat or prevent infections.



Ad have a non-enveloped icosahedral capsid containing a linear double-stranded DNA genome of ~30–40 kb. Up to now, at least 55 different human Ad (species A–G) have been reported and they are generally associated in immunocompetent patients with subclinical or self-limiting diseases of the airways, eyes, and gastrointestinal tract. Ad vectors most commonly used for clinical trials and experimental gene therapy applications, including helper-dependent adenoviral (HDAd) vectors, are derived from serotypes 2 (Ad2) and 5 (Ad5) of subgroup C (reviewed in [2]). The Ad genome is flanked by inverted terminal repeats (ITRs) which are the only sequences required in cis for viral DNA replication. A cis-acting packaging signal, required for encapsidation of the genome, is located near the left ITR. The Ad genome can be roughly divided into two sets of genes: the early region genes (E1A, E1B, E2, E3, and E4) that are expressed before DNA replication and the late region genes (L1 to L5) that are expressed to high levels after DNA replication. First generation Ad (FGAd) vectors typically have foreign DNA inserted in place of early region 1 (E1). E1-deleted vectors are replication deficient and are propagated in E1 complementing cells such as 293 [3]. Transgene expression by FGAd vectors is only transient in vivo because of acute and chronic toxicity secondary to low levels of viral gene expression from the vector backbone [4]. In contrast, HDAd vectors are devoid of all viral coding sequences and can drive long-term transgene expression in the absence of chronic toxicity [5]. These vectors can be generated through the Cre/loxP system [6] and are produced in large amounts through the method developed by Palmer and Ng [7,8,9].



HDAd vectors hold great potential for a large number of therapeutic applications including both inherited and acquired diseases [10,11,12,13], and genetic vaccination [14]. Moreover, they are promising vectors for cancer immunotherapy, as discussed in the paper by Suzuki in this special issue [15]. Previous reviews [5,16,17] have focused on the wide range of preclinical applications of HDAd vectors whereas the scope of this paper is to present the general features of HDAd vectors, the recent acquisitions on Ad vector-host interactions, and the strategies to overcome the problem of vector-induced acute toxicity.




2. Intravascular Delivery of Ad Vectors


Intravascular delivery of Ad vectors is performed to target the liver or in the context of cancer gene therapy to achieve larger vector distribution to the tumor site(s). Moreover, the liver is a very attractive target for gene therapy because it is the affected organ in several genetic and acquired diseases and it can be used as a factory organ for systemic delivery through the circulation of vector-encoded therapeutic proteins. Inherited liver diseases are logical disease targets but several studies have also uncovered the opportunity to treat non-Mendelian diseases by liver-directed gene therapy. Expressing specific genes into hepatocytes can induce immune tolerance towards antigens that may be exploited for treatment of the deleterious consequences of immune response (e.g., inhibitor formation in hemophilias) or autoimmune disorders [18,19,20]. For example, hepatic expression of a brain protein has been shown to be protective against neuroinflammation in a mouse model of multiple sclerosis [21].



Several examples of liver-directed gene therapy using HDAd in monogenic disease animal models have clearly shown long term transgene expression and phenotypic correction in the absence of chronic toxicity, thus supporting the potential of HDAd for clinical applications [22,23,24,25]. Importantly, these results have also been recapitulated in clinically relevant large animal models [26,27,28,29,30] in which multi-year transgene expression has been shown [31,32]. A major factor limiting the use of these vectors in the clinic is the acute toxicity they elicit when injected systemically at high doses. The toxic response elicited by intravenously injected FGAd or multiply deleted Ad is biphasic: transduction by these early generation Ad vectors causes chronic toxicity due to viral gene expression from the vector backbone (late phase) and also results in acute toxicity (early phase). The acute response occurs within hours after vector administration and presents as a “cytokine storm” with rapid and massive elevations of serum pro-inflammatory cytokines consistent with activation of the innate inflammatory immune response. The activation of this acute response and its severity is dose-dependent [33,34,35,36], lasts for 24–48 h post-injection, and is independent of viral gene expression [37]. Indeed, the death of a partial ornithine transcarbamylase (OTC)-deficient patient, who developed a systemic inflammatory response syndrome, disseminated intravascular coagulation and multi-organ failure, was attributed to the acute toxicity from intravascular injection of a second generation (E1- and E4-deleted) Ad vector [38]. Although HDAd vectors do not cause the late phase of toxicity because they are devoid of viral genes, they can still elicit the early phase of toxicity [37,39].



The activation of the acute inflammatory response by systemic Ad injection is multifactorial and is observed in both rodents and nonhuman primates given comparable (on a per kg basis) systemic high doses of Ad vectors. However, mice are much more tolerant than nonhuman primates to high vector doses [34,35,40]. Differences in the innate immunity, interactions with blood cells, and hepatic microarchitecture might all contribute to the differences in the severity of the responses between species and highlight the limitations of rodents as model for investigation of the acute toxicity.



In recent years, new and important knowledge has been gained on Ad-host interactions and their role in activation of the innate immunity. According to the early model of the 1990s, Ad5 infection is dependent upon receptors for attachment (the coxsackie and adenovirus receptor, CAR) and entry (αv integrins) [41,42,43]. While this mechanism is still valid for in vitro infection, it does not apply to in vivo infection, at least in the liver. Ad5-mediated hepatocyte transduction occurs independently of viral association with CAR and integrins [44,45]. Following intravascular injection, Ad particles are attacked by plasma proteins that have profound effects on vector tropism and biodistribution. In the bloodstream, coagulation factor X (FX) and VII (FVII) bind to Ad particles [46,47,48,49]. Binding to FX occurs with extremely high affinity and might function as a bridge facilitating the attachment of Ad5 to cells: the γ-carboxyglutamic acid domain of FX binds to Ad5 hexon protein and the serine protease domain of FX binds cell-surface heparan sulfate proteoglycans [50] (Figure 1). Notably, this interaction is also involved in hepatocyte gene transfer in nonhuman primates [51]. Electron cryomicroscopy studies have shown that FX binds within cavities formed by trimeric hexon proteins and interacts with Ad5 hexon hypervariable regions [52]. FX is required for Ad5 vectors to transduce hepatocytes in vivo: mutations in the hexon protein or FX ablation by warfarin treatment [53,54,55] both resulted in hepatocyte de-targeting and negligible hepatocyte transduction [46]. In contrast to species C serotypes Ad5 and Ad2, species B Ad35 and species D Ad26 have weak-to-no binding to FX and do not transduce efficiently the liver [56].



Within the bloodstream, Ad particles can activate the complement cascade independently from antibodies [57,58] and directly bind complement factors that neutralize Ad infectivity by interfering with binding to cells [48,59]. Interestingly, FX protects Ad5 from complement and allows efficient hepatocyte transduction [59] (Figure 1). Ablation of FX-Ad binding had no effect on liver transduction in mice lacking antibodies or complement components, thus questioning the hypothesis that FX is required for Ad5 binding to hepatocytes in vivo [59]. Based on these recent data, engineering non-FX-binding Ad vectors would not be effective for liver de-targeting as previously proposed [60], because such vectors could be exposed to increased attack by complement and may therefore have suboptimal transduction efficiency. Following macrophage internalization of FX decorated Ad particles, intracellular FX triggers activation of innate immunity via TLR4/NFKB pathway and thus, plays a role in the acute toxicity [61]. Besides TLR4 [61], other Toll-like Receptors (TLRs) are involved in Ad induced innate response, including TLR9 that senses vector dsDNA [62,63], TLR3 [64], and TLR2 [65,66].



Following intravenous Ad injection, there is a nonlinear dose response to hepatic transduction, with low doses yielding very low to undetectable levels of transgene expression, but with higher doses resulting in disproportionately high levels of transgene expression. Kupffer cells that express multiple receptors for antibodies and complement are responsible for this nonlinear dose response because they avidly sequester bloodborne Ad particles [67,68] (Figure 1). Vector uptake by Kupffer cells is detrimental for therapeutic applications because it reduces hepatocyte infection at clinically safer vector doses and by limiting tumor viral uptake it decreases the efficacy of intravenously injected Ad in patients with metastatic cancers [69,70,71]. Natural or preexisting neutralizing antibodies are involved in vector clearance by Kupffer cells [59,72] through opsonization of vector particles that enhance Fc-receptor mediated vector uptake. Antibodies can also bind indirectly to viral particles through binding to complement factor C3 [73]. Antibody-virus complexes activate the classical complement proteins C1, C2, and C4 [57,59]. Complement activation result in covalent binding of C3 fragments to viral capsid and Ad particle uptake by Kupffer cells via Complement Receptor Ig-superfamily (CRIg) that regulate death of these cells in the liver [74] (Figure 1).



Following uptake of bloodborne Ad particles, Kupffer cells undergo rapid pro-inflammatory necrotic death that is controlled by interferon-regulatory factor 3 (IRF3) [75,76,77,78]. Ad uptake by Kupffer cells and their necrosis appear to play a protective role and may represent a defensive suicide strategy preventing disseminated virus infection [61]. Consequently, for the host that lacks this macrophage population, even a sublethal virus infection may be detrimental for survival. Mice depleted of tissue macrophages by clodronate liposomes showed in fact higher virus DNA burden, greater hepatotoxicity, and increased lethality [61]. Moreover, intravenously injected Ad5 causes a rapid hemodynamic response presenting with hypotension, hemoconcentration, tissue edema, and vasocongestion [77,79] that is dependent, at least in part, on upregulation in macrophages of platelet-activating factor (PAF), a known shock inducer lipid signaling molecule [79].



The observation that administration of polyinosine, as well as other polyanionic ligands, into mice prior to Ad intravenous injection drastically reduces Ad accumulation in Kupffer cells and increases hepatocyte gene transfer [73,80], has led to the recognition of scavenger receptor-A (SR-A) and scavenger receptor expressed on endothelial cells type I (SREC-I) on both Kupffer cells and endothelial cells as mediators of Ad vector uptake [81,82,83] (Figure 1).
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Figure 1. Schematic representation of the liver microarchitecture and the hurdles to efficient Ad vector-mediated hepatocyte gene therapy. Systemic delivery of Ad vector particles is hampered by binding of plasma proteins, Kupffer cell uptake, and limited permeability of endothelial cells. In the bloodstream, coagulation factor X (FX) binds with high affinity to the Ad capsid and protects from IgM and complement binding. Complement receptors bind to complement proteins bound either directly or indirectly to Ad particles. Vector particles osponized by pentameric IgM, monomeric IgG, or complement factors are recognized by different receptors (FcR, CR) on Kupffer cells. Kupffer cells and endothelial cells also express SR-A and SREC-I that bind Ad5 particles based on negative-charge interactions. The size of liver sinusoidal fenestrations affects the efficiency of Ad-mediated hepatocyte transduction. Abbreviations: HPSG, heparan sulfate proteoglycans; FX, factor X; FcR, Fc-receptor; SR-A, scavenger receptor-A; SREC-I, scavenger receptor expressed by endothelial cells 1; CR, complement receptors. 
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The presence of endothelium fenestrations in the liver permits transduction of hepatocytes by Ad vectors whereas other tissues that lack such fenestrations are poorly transduced [84,85]. Nevertheless, several studies in animal models suggest that the diameter of liver endothelial fenestrations has species- and strain-specific differences in size (e.g., ~141 nm in C57BL/6 mice, 124 nm in Dutch Belt rabbits, and ~103 nm in NZW rabbits) and plays an important role in the efficiency of Ad-mediated hepatocyte transduction [86,87,88]. Ad5 particles have a diameter of 93 nm with protruding fibers of 30 nm [87] whereas the diameter of human liver fenestration is ~107 nm and thus, the relative smaller size of liver fenestrations may represent an obstacle for hepatocyte transduction in humans [88].



Systemic administration of high doses of Ad vectors likely results in widespread transduction of a large number of various extrahepatic cell types (e.g., blood cells, endothelium, spleen, and lung) which are also important barriers to efficient hepatocyte transduction. Over 90% of Ad vectors bind to human erythrocytes ex vivo [89] through the CAR that is expressed on erythrocytes from humans but not from mice or rhesus macaques [90]. Furthermore, erythrocytes from humans but not from mice bear the complement receptor 1 (CR1) which binds Ad5 in the presence of antibodies and complement [90]. Although the liver takes up more vector than any other organ following systemic injection, the total amount of vector, on a vector genome copy number per μg DNA basis, is abundantly distributed throughout the body in mice [35], in nonhuman primates [34,91], and in a human patient [38].




3. Strategies to Improve HDAd Therapeutic Index


Given the potential of HDAd vectors for gene therapy, several groups have investigated various strategies to overcome the obstacle of acute toxicity. Because the severity of the acute response is dose-dependent and appears to correlate with extrahepatic systemic vector dissemination, one of these strategies aimed at targeting the vector to the liver thereby allowing the use of lower vector doses. This has been accomplished using physical approaches aiming at preferential hepatocyte transduction. One such strategy was to deliver the HDAd into surgically isolated livers to limit systemic exposure and resulted in greater hepatocyte transduction compared to intravenous injection and no chronic toxicity in nonhuman primates [27]. A follow-up of this method reported that transgene expression had persisted for up to 7 years without long-term adverse effects [31]. Over this long observation period, that is more than half the life span of most captive baboons that were used in the study [92], transgene expression showed a gradual decline that is consistent with the nuclear status of HDAd vector genome and the low hepatocyte turn-over. Within the nuclei of the transduced cells, the HDAd genome is episomal and it is lost during cell division [93]. Notably, the frequency of HDAd genome integration is low [94] and thus, the likelihood that Ad vector integration would result in the inactivation of genes or activation of proto-oncogenes is relatively low.



To overcome the limitations due to the invasiveness of the surgical delivery method, a minimally invasive, percutaneous balloon occlusion catheter-based method was then developed to achieve preferential hepatocyte transduction. In this method, a sausage-shaped balloon is inflated in the inferior vena cava to occlude the hepatic venous outflow and the HDAd is injected directly into the liver via the hepatic artery. This vector delivery method resulted in high levels of transgene expression compared to peripheral intravenous injection in nonhuman primates using clinically relevant low doses [26,29]. Furthermore, this high-level transgene expression persisted for several years in the absence of chronic toxicity at levels that would be therapeutic, at least for hemophilia B [29,31,95].



In another approach, effective dose reduction was achieved by direct injections of HDAd into the liver parenchyma that resulted in improved efficacy and reduced toxicity. Direct vector injections into liver parenchyma is a relatively simple and flexible technique that is similar to the procedure accomplished routinely for liver biopsies and is performed in humans for treatment of hepatic metastases [96]. However, the absolute number of hepatocytes that can be transduced by this method is limited [97] and thus, this approach is unsuitable for diseases requiring a large number of transduced hepatocytes to obtain clinically relevant benefits. Nevertheless, it remains attractive for liver diseases affecting discrete hepatic regions, such as liver metastases, for delivery of secreted therapeutic genes, and for disorders requiring a small percentage of hepatocyte correction to obtain phenotypic improvements, such as Crigler–Najjar syndrome [97,98].



Kupffer cell depletion by pre-treatment with gadolinium chloride, dichloromethylene biphosponate, or clodronate lyposomes prior to vector injection result in enhanced hepatocyte transduction [68,99,100,101], but applications of these agents is limited by their side effects [100,102,103,104]. Inhibition of SR-A and SREC-I mediated uptake of Ad vectors by Kupffer and endothelial cells results in increased hepatocyte transduction and is another attractive option to increase the vector therapeutic index [83].



Genetic or chemical modifications or a combination of these changes to the viral capsid is another strategy that has been investigated to evade Kupffer cell uptake. Given that Ad-Kupffer cell interaction is mediated by the hypervariable loops of the virus hexon protein, Ad vectors have been genetically modified to disrupt such interactions. A chimeric vector in which the hypervariable region of Ad5 is replaced with that of Ad6 showed reduced Kupffer cell uptake, higher levels of liver transduction, and reduced hepatotoxicity compared to Ad5 vector [105]. The hypervariable regions of Ad5 have also been modified with cysteine residues to enable blocking of these sites with polyethylene glycol (PEG). After intravenous injection, targeted PEGylation of hypervariable regions increased vector-mediated hepatocyte transduction [82]. Site-specific coupling of 5K PEG or transferrin to hexon capsid protein of Ad vectors also improved liver transduction [106,107] whereas decoration of viral particles with higher molecular weight 20K PEG de-targeted vectors from both hepatocytes and Kupffer cells [107,108]. Nevertheless, as explained above, these modifications might also make the vector more prone to complement binding and thus less effective for liver de-targeting [59].



In addition, “masking” the viral capsid has also been reported to attenuate the severity of the innate inflammatory response. Systemic administration of non-specific PEGylated Ad into mice resulted in 50%–70% reduction of serum IL-6 compared to unPEGylated vector without compromising hepatic transduction [109,110,111]. Although the above studies showed that hepatic transduction in mice was not affected by PEGylated HDAd, this was not the case in nonhuman primates where hepatic transduction was reduced [112], emphasizing that caution should be taken in extrapolating results from rodents to larger animals and humans.




4. Human Applications of HDAd


There was a single case of intravascular administration of an HDAd vector into a human patient; however, this study has not been published in a peer-reviewed format and much of the details are not available. From what is known, a hemophilia A patient received by intravenous injection 4.3 × 1011 vp/kg of a HDAd expressing factor VIII (FVIII) [113]. This subject developed grade 3 liver toxicity, marked increase in IL-6, thrombocytopenia, and laboratory signs of disseminated intravascular coagulopathy, but all these values returned to baseline by day 19 post-infusion. Unfortunately, no evidence of FVIII expression was detected [113].



HDAd has recently been used in an ex vivo clinical trial to treat anemia in patients with chronic kidney failure [114]. In this phase I-II study, dermal fibroblasts were removed from the skin of patients, transduced ex vivo with an HDAd expressing erythropoietin (EPO), and implanted under local anesthesia in the subcutaneous tissue in an autologous manner. To achieve the pre-determined blood levels of EPO, a precise number of HDAd transduced cells was implanted. There were no adverse events in this trial and hemoglobin levels were sustained for up to one year after a single treatment with the HDAd transduced cells [114]. This trial also demonstrates that HDAd can be manufactured under cGMP for a human clinical trial.




5. Conclusions


HDAd are attractive vectors for gene therapy particularly given their ability to drive long-term transgene expression with no chronic toxicity and with low risk of insertional carcinogenesis. To date, in small and large models, including nonhuman primates, HDAd transduced hepatocytes (as well as all other target cell types examined) are not eliminated by the immune system and result in multi-year transgene expression. Nevertheless, whether this holds true for humans is not known at the present time, particularly in consideration of the outcomes of the AAV clinical trials for hemophilia B that resulted in a CTL immune response against AAV-transduced hepatocytes [115,116].



The dose-dependent activation of the innate inflammatory response by viral capsids remains an important concern for those applications requiring systemic intravenous injection of high vector dose to achieve clinically relevant benefits. A significant amount of data on vector biodistribution, toxicity, and efficacy has been generated through studies performed in small animal models and clearly these studies have led to increased knowledge in the field. However, the translational relevance of several of these findings requires further validation in larger animal models that more closely predict human outcomes. The multitude of host factors interacting with Ad particles has highlighted a series of unforeseen and intriguing mechanisms that illustrate the complexity of Ad vector-host interactions. Importantly, these studies have identified potential molecules that could be targeted to avoid vector scavenging and degradation by macrophages with the goal of achieving efficient gene transfer to hepatocytes or tumors. Pharmacological approaches directed towards these targets in combination with advancements in vector targeting or de-targeting, or with physical methods, such as balloon catheter-assisted delivery, would result in more efficient and safer gene delivery with potential for clinical applications.
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