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Gene transfer using adeno-associated viral (AAV) vectors has made tremendous progress in the last decade and has achieved cures of debilitating diseases such as hemophilia A and B. Nevertheless, progress is still being hampered by immune responses against the AAV capsid antigens or the transgene products. Immunosuppression designed to blunt T cell responses has shown success in some patients but failed in others especially if they received very high AAV vectors doses. Although it was initially thought that AAV vectors induce only marginal innate responses below the threshold of systemic symptoms recent trials have shown that complement activation can results in serious adverse events. Dorsal root ganglia toxicity has also been identified as a complication of high vector doses as has severe hepatotoxicity. Most of the critical complications occur in patients who are treated with very high vector doses indicating that the use of more efficient AAV vectors to allow for dose sparing or giving smaller doses repeatedly, the latter in conjunction with antibody or B cell depleting measures, should be explored.
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Introduction

Gene transfer using vectors based on adeno-associated viruses (AAV) has achieved lessening of symptoms or even cures of diseases caused by single gene defects such as Leber’s congenital amaurosis, a congenital form of blindness (1), or hemophilia B due to loss-of-function mutations within the gene encoding coagulation factor 9 (2). Although AAV vectors are poorly immunogenic and persist in mice, dogs, and nonhuman primates for many years (3–5), humans injected with large doses mount T and B cell responses against the AAV capsid or even the transgene product. T cells can lead to rejection of transduced cells (6, 7) while B cells if they produce AAV neutralizing antibodies prevent successful reapplication of the vector (8). Even worse if antibodies neutralize a soluble transgene product, they may interfere with traditional protein therapies (9).

Immune mediated rejection of AAV vector transduced cells can in part be prevented by immunosuppressants given during or shortly after gene transfer (2). Immunosuppressive drugs have improved the outcome of AAV-mediated gene transfer, but some patients fail to respond and still reject the AAV-transduced cells (10–12) while others do not need the drugs but receive them as it still impossible to predict which patients will or will not mount destructive immune responses.

Although we have gained over the last two decades a better understanding of innate and adaptive immune responses to natural infections with AAV or AAV vector-mediated gene transfer using different serotypes applied at various doses to different organs some basic questions remain unanswered.

This manuscript reviews the different types of immune responses that are elicited by AAVs and how they translate into lack of efficacy or even worse toxicity (Figure 1).




Figure 1 | Immune responses and toxicity to AAV vectors. The graph shows the different type of immune responses that are elicited upon injection of AAV vectors. Toxicities are underlined and listed next to the components of the immune responses that contribute or may (?)contribute to the adverse events. The following abbreviations are used within the figure: CpG, unmethylated CpG motifs; C1 and C3, complement factors 1 or 3; DCs, dendritic cells; DRG, Dorsal root ganglia, dsRNA, double stranded RNA; MAC, membrane attack complex; MHC, major histocompatibility complex; NK cells, natural killer cells, TMA, thrombotic microangiopathy,? – remains to be tested in more detail.





Basic biology of AAVs and AAV vectors

AAVs are dependoviruses that naturally infect primates and other species where they can replicate with the assistance of a helper virus such as an adenovirus. As a genus they have a wide host cell range for both resting and dividing cells although different serotypes of AAVs or AAV vectors have a more restricted tropism; for example, in humans AAV1 vectors have high tropism for muscle while AAV2 vectors readily infects lung and brain cells (13). Tropism may differ between species: AAV8 vectors more efficiently infect mouse than human hepatocytes (14). AAV infections are asymptomatic, and the virus persist for the lifetime of an individual. Nevertheless, AAVs are immunogenic as they stimulate detectable B and T cell responses (15). As induction of long-lived adaptive immunity depends on antigen-presenting cells that require prior maturation driven by inflammatory signals AAV infections must be able to trigger innate immune responses that upon a natural infection may in part be driven by the helper virus.

AAVs carry a single stranded DNA genome with two open reading frames (ORFs) encoding regulatory proteins as well as the capsid antigens. The genome is flanked by invert terminal repeat (ITR) sequences. In AAV vectors the two ORFs are deleted and replaced with an expression cassette for a therapeutic protein or RNA; during viral production the deleted sequences as well as essential sequences from a helper virus are provided in trans. Upon injection antigens from the capsids of AAV vectors are present in the inoculum but they, unlike the transgene product, are not actively produced by the transduced cells. This is turn limits the duration of presentation of capsid antigens to the immune system till the proteins are degraded, which according to clinical trial results may take months (16).



Immunology 101 as it pertains to AAVs and AAV vectors


Innate responses

Viruses or viral vectors carry either within their antigens or their genome pathogen-associated molecular patters (PAMP), which are absent in mammals and therefore recognized as threats by so-called pathogen recognition receptors (PRR), which are located on the cell surface, within endosomes or the cytosol (17). Expression of certain types of PRRs such as Toll-like receptors (TLR) is commonly cell-type specific; for example, TLR2 is expressed by macrophages but not dendritic cells while TLR3 has the opposite expression pattern (18). Binding of a PAMP to a PRR initiates a signaling cascade that ultimately results in activation of transcription factors such as nuclear factor kappa B (NF-kB), activator protein 1 (AP-1), interferon regulatory factors (IRF)-3 and -7 (19). This initiates production of inflammatory mediators such as cytokines and chemokines, maturation of dendritic cells into professional antigen presenting cells and activation of other cells of the innate immune system such as natural killer cells, macrophages and neutrophiles. Viruses can also elicit inflammatory responses by initiating an unfolded protein response that is typically triggered as a reaction to endoplasmic reticulum (ER) stress. AAV vectors expressing for example the coagulation factor VIII trigger an ER stress response due to overexpression of this protein; ER stress in turn is likely to promote activation of AAV- or FVIII-specific immune responses (20). In most cases innate immune responses are non-antigen-specific, their activation is short-lived, and they lack ‘memory’ so that a 2nd exposure to the same pathogen elicits very similar responses.

Complement, which is part of the innate immune system but relies in some respects on effector molecules of the adaptive immune system provides a crucial defense mechanism against viruses. It can kill or neutralize viruses directly, it can aggregate viruses, promote their phagocytosis by leukocytes, and in concert with virus-specific antibodies kill infected cells thereby stopping production of new viral progeny (21). Three pathways can activate complement to form through several step the so-called membrane attack complex (MAC) (22). In the classical pathway antigen-antibody complexes activate the C1 complex, which then splits both C2 and C4 into a and b. C4b and C2b form a complex called C3 convertase that cleaves C3 into a and b; the latter together with the C4bC2b complex digests C5 into a and b. C5b binds to C6, C7, C8, and C9 to form the MAC. In the lectin pathway viral carbohydrates bind to the mannose binding lectin (MBL)/ficolin- mannose-associated serine protease 1 (MASP) complex, which activates the C1 complex. Some viruses activate the alternative complement pathway. This pathway constantly converts at low levels C3 to C3a and C3b. Normally complement inhibitory factors H and I inactivate C3b preventing full activation of the pathway. Some viruses bind to C3b leading to cleavage of complement factor B into a and b. Bb binds to C3 forming an alternative C3 convertase which can that cleave C3 into a and b which results in full complement activation (23). Activated complement initiates an inflammatory reaction (24), serves as a powerful attractant for neutrophiles, triggers coagulation pathways (25), damages endothelial cells (26) and activates platelets, which can lead to microvascular injuries and thrombus formation (27). AAV vectors bind to complement factor C3 but as was shown for AAV8 vectors also elevate complement inhibitory factors H and I; it is therefore assumed that AAV vectors do not directly activate the alternative complement pathway (28).



Adaptive immune responses

Antigen-specific adaptive immune responses come up more slowly than innate responses and depending on the antigenic load, site of antigen exposure and strength of the inflammatory reaction can take one to several weeks before they become detectable in blood. B cells recognize linear or conformational epitopes on soluble or surface-bound antigens. Naïve B cells initially differentiate into short-lived plasma cells, which mainly produce IgM antibodies that have not undergone affinity maturation. With the help of follicular T helper cells antigen-exposed B cells then form germinal centers where they undergo class-switching and affinity maturation followed by differentiation into long-lived plasma cells and memory B cells. Long-lived plasma cells home to lymphatic tissues and bone marrow, the latter provides them with a niche where they can survive for decades. Memory B cells mainly stay within lymph nodes or spleens. Upon reencounter of their antigen, they either proliferate and undergo additional rounds of affinity maturation or they assume effector function and start secreting antibodies. Memory antibody responses typically come up faster than primary responses, peak responses are higher and more sustained, and antibodies show increased avidity to their cognate antigen. They are also less dependent on T cell help, which is essentially for induction of primary affinity matured antibody responses (29–31).

T cell are activated by small peptides that a generated upon intracellular degradation of viral proteins. Peptides bind to MHC molecules and are then transported to the cell surface where those associated to MHC class I molecules are recognized by CD8+ T cells while peptides bound to MHC class II molecules trigger a CD4+ T cell response. MHC class I molecules are present on most cells while MHC class II molecules are only expressed by cells of the immune system such as macrophages, dendritic cells, and B cells. Upon activation depending on the type of the inflammatory reaction and the strength of T cell receptor (TcR) signaling CD4+ T cells differentiate into different subsets, i.e., Th1 cells, which promote CD8+ T cell responses, Th2 cells,which drive B cell activation, Th17 cells, which induce strong inflammatory responses and activate neutrophiles, Th22 cells, which play a role in protecting skin against infections and regulatory T cells (Tregs), which dampen effector T cell responses and are crucial to maintain tolerance against self-antigens (32, 33).

Activation of naïve CD8+ T cells in general requires help from CD4+ T cells and mature dendritic cells that present the MHC class I – peptide complexes together with co-stimulators such as CD80 or CD86, which bind to CD28 on T cells. Naïve CD8+ T cells can be stimulated by directly infected dendritic cells or for viruses that are unable to infect these crucial antigen presenting cells by a process called cross-presentation (34). CD8+ T cells are exquisitely sensitive to antigen and as few as 2-4 MHC class I – peptide complexes can trigger a response (35).

After activation CD8+ T cells switch their metabolism towards glycolytic energy production. This switch is essential to generate fully functioning effector T cells (36) as it supports the T cells’ rapid proliferation and provides building blocks for dividing cells and effector molecules. Upon activation CD8+ T cells migrate to the infected tissue where they release anti-viral cytokines such as interferon (IFN)-g or lyse antigen-expressing cells through the release of perforin and granzyme B. Once the antigen-expressing cells have been removed, most activated CD8+ T cells undergo apoptosis, the remaining cells differentiate into different subsets of memory cells: effector memory cells circulate, they are still partially activated and can commence effector functions immediately without further proliferation; central memory cells home to lymph nodes, they are ‘resting cells’ and upon encounter of their antigen proliferate before they become effector cells. Tissue resident memory cells can be found in nearly all tissues; they provide rapid local protection by immediately assuming effector functions once they encounter their cognate antigen (37).

Chronic infections during which viral loads remain high lead to so-called T cell exhaustion: T cells upregulated co-inhibitory molecules on their surface, change their metabolism from glycolytic energy production to fatty acid oxidation, undergo irreversible epigenetic changes, lose functions, and eventually die (38, 39). Persistent infection where viruses either go into latency or remain present at only very low levels do not lead to T cell exhaustion but can cause an inflated immune response (40).

Recall of memory CD8+ T cells is less stringent than activation of a primary response. Memory CD8+ T cells can be stimulated by antigen presented without co-stimulators and no longer require T cell help (41). Nevertheless, the memory CD8+ T cells’ antigen threshold for activation is slightly higher than that for naïve T cells (42).




Immune responses and toxicity to AAV vectors

Immune responses and associated adverse events are directly linked to AAV vector doses and in part to mode of application. Low to moderate doses, such as those injected for correction of ocular diseases or hemophilia B using for the latter an optimized transgene product, commonly fail to induce detectable T cell responses although they may stimulate AAV capsid-specific antibody responses (2, 43). AAV vectors given to immune-privileged sites such as the brain or immunosuppressive microenvironments such as the liver (44) are less likely to trigger strong responses than vectors given systemically or to the muscle. It is likely but remains to be proven that age may also play a role as the elderly experience declines in functions of their innate and adaptive immune system (45). Innate responses such as complement activation has resulted in significant toxicity following AAV gene transfer, but most adverse events are linked to adaptive responses. T and B cell responses to transgene products have been reported but more commonly the adaptive immune system reacts to antigens of the AAV capsid. Although most humans, except for very young children, are likely to have immunological memory to AAV capsid antigens it is unknown if recall of these cells is at the root of the problems encountered upon AAV gene transfer or if primary responses to the high vector doses are to blame. This knowledge needs to be gained as it affects which immunosuppressive regimens can blunt the AAV-specific immune responses and allow for sustained transgene product expression. Many of the drugs that are being explored such as rapamycin, an mTOR inhibitor, will block stimulation of naïve cells of the adaptive immune system without affecting recall responses (46, 47). In the same token reducing inflammatory signals by modifying the PAMPs of the AAV vectors may reduce primary responses but will have limited effects on reactivation of memory cells (48).


Innate responses

Compared to other viruses, AAVs or vectors based on AAVs, only elicit modest inflammatory responses, which can be triggered by TLR9 binding to unmethylated CpG sequences within the vectors’ genome (49), by a PAMP within the capsid proteins that binds to TLR2 (50) and potentially by double stranded RNA, which could interact with melanoma differentiation-associated protein 5 (MDA5, ref. 51), a helicase of the RIG-I-like receptor family, that serves as a cytoplasmic PRR. TLR2 and TLR9 are expressed by monocytes and macrophages. Myeloid dendritic cells are positive for TLR2 while plasmacytoid dendritic cells, a rich source for type I IFN, are positive for TLR9. MDA5 is ubiquitously expressed. Blockade of innate PRR activation by AAV’s PAMPs blunts primary but not secondary immune responses (48, 51–53). The most practiced approach has been removal of CpG rich sequences from the AAV vectors’ genome. Animal studies have shown that a reduction of the vectors’ CpG motifs blunts CD8+ T cell responses without modifying B cell responses (52). The ITRs are very rich in CpG sequences that cannot be modified so that complete CpG depletion of the AAV vectors’ genome may not be feasible (54).

The modest innate immune responses that are triggered by AAV vectors might suffice to drive adaptive immune responses but thus far they have not been linked to the direct and early toxicity in clinical trials that are triggered by other viral vectors such as adenovirus vectors. Such vectors, even if used as vaccines at modest doses, elicit within 8-24 hours grade 1-3 systemic reaction in many patients (55) while the high doses used for gene therapy have resulted in death due to hyperactivation of the innate immune system (56). Nevertheless, with higher and higher doses of AAV vectors entering clinical trials, innate immune response may join the list of immune responses that can cause serious adverse events in gene transfer recipients.



Complement responses

In some young patients, high doses of AAV equal or above 5 x 1013 vg/kg have resulted in thrombotic microangiopathies (TMA) with hemolytic anemia, low platelet counts, and hemolytic uremic syndrome (HUS) leading to kidney damage (57–59) even if vectors were given with steroids. The use of AAV vectors for correction of spinal muscular atrophy (SMA) in over 1400 individuals caused 9 cases of TMA in girls between the ages of 4 months to 4 years. In a trial for treatments of Duchenne muscular dystrophy (DMD) injection of an AAV9 vector expressing mini-dystrophin resulted in TMA in 4 out of 15 male recipients between the ages of 7-12 years. In all cases symptoms started 6-12 days after gene transfer. Most patients were treated successfully with plasmapheresis, steroids, hemodialysis, platelet transfusion and eculizumab, a complement inhibitor. Notwithstanding, one patient each in the SMA and the DMD treatment groups died due to TMA complications. Primary TMA is caused by genetic or acquired defects that affect complement regulation. Secondary TMA is caused by activation of complement due to other pathological conditions such as malignancies, drugs, infections, autoimmunity, etc. Infections that can induce secondary TMA include those with influenza viruses, SARS-CoV-2 or B19, a parvovirus that is related to AAV (60, 61).

TMA following AAV gene transfer was associated with pathological activation of complement. Some viruses such as SARS-CoV-2 carry motifs that can activate the lectin pathway of complement (62). This pathway is unlikely to be involved in TMA following AAV gene transfer. The classical pathway of complement activation requires binding of the AAV vector to an antibody. Induction of an IgM response upon AAV gene transfer not only by traditional unswitched B cells but also by B1 and marginal zone (MZ) B cells can occur very rapidly within 3 to 4 days and as IgM is a potent activator of complement these early antibodies could bind AAV and initiate TMA. This would require that by the time antibodies have been produced AAV particles are still accessible in blood or interstitial fluids. Studies in animals with bioluminescent AAV particles have shown that AAV is taken up very rapidly by cells (63) and once the virus has penetrated a cell membrane it is shielded from antibodies casting doubt on this pathway of complement activation in TMA patients. Alternatively, the classical pathway of complement activation could be triggered by pre-existing AAV-binding antibodies; although most AAV gene transfer trials only enroll recipients without detectable AAV neutralizing antibodies, this does not necessarily preclude presence of low levels of binding antibodies or even of naturally occurring IgM that could bind to AAV vectors with low affinity. Activation of the alternative pathway of complement should also be reconsidered. As mentioned above AAV is known to bind to C3 (28) and the simultaneous upregulation of complement inhibitory factor I and H may not suffice to block activation of the pathway by high vector doses. Nevertheless, the kinetics of onset of TMA, which was detected at the earliest by day 6 after gene transfer, argues against activation of the alternative complement pathway by the AAV vector inoculum.



B cell responses

AAV-specific B cell responses can be induced by natural infections, or they can be stimulated or recalled by AAV gene transfer. But for the potential contribution of AAV-induced antibodies to complement activation and TMA, this immune response does not harm the patient but precludes successful AAV-mediated gene transfer by neutralizing the vectors before they can deliver their payload. Mutations of the vector’s capsid to avoid its neutralization have been tried (64, 65) with albeit limited success as many of the antibodies bind to domains that are crucial for transduction (65). Empty AAV particles have been use as antibody decoys (66), but this approach may increase induction of T cell responses (48). Plasmapheresis including approaches that selectively remove AAV-specific antibodies have allowed for successful AAV transduction in animals with pre-existing neutralizing antibodies (67). Similar results were obtained upon treatment with Imlifidase (IdeS), a streptococcal cysteine protease, that can cleave IgG into F(ab’)2 fragments and Fc (68, 69).

Induction of neutralizing antibodies to a secreted transgene product could be very harmful as such antibodies could complicate traditional protein therapy. Stimulation of this response seems to depend on route of vector application. Hepatic transfer of AAV vectors expressing factors VIII or IX, which is the route of administrated for correction of hemophilia, has thus far not resulted in transgene product-neutralizing antibodies, which may in part reflect the inhibitory effects of Tregs, long-lasting protein therapy that resulted over time in tolerance and the careful selection of patients excluding those with a history of inhibitor formation (70). In contrast at least in animals, intramuscular injection of an AAV vector expressing F.IX resulted in formation of inhibitors (71).

Animal studies showed that primary antibody responses to a transgene product can be blocked or at least blunted by immunosuppressive treatments with for example rapamycin and ibrutinib (72). Nevertheless, immunosuppression would be required for lengthy periods of time or even for the lifespan of the gene transfer recipients, which considering the drugs’ impact on sensitivity to infections may not be a viable option.



T cell responses

In early gene therapy trials for correction of hemophilia B, AAV vector recipients initially developed levels of F.IX that sufficed to lessen their symptoms but then about 4 weeks later developed a subclinical transaminitis that was accompanied by increases in circulating AAV-specific T cells and loss of transgene product expression (6). T cells were further characterized as belonging to the CD8+ T cell subset and it was thought that their reflected a recalled memory response of T cells that had been induced by a previous natural infection (7). Subsequent trials carefully monitored the patients after gene transfer and treated increases in liver enzymes with steroids which abrogated T cell responses and allowed for sustained F.IX expression (2, 73). In trials for neuromuscular diseases, which require substantially higher doses of AAV vectors given intravenously, hepatotoxicity was more severe in some patients. About a third of the recipients of Onasemnogene abeparvovec, an FDA approved AAV9 vector therapy for SMA, showed liver damage associated with an inflammatory reaction comprised mainly of CD8+ T cells (74). Thus far all patients recovered after treatment with steroids (74, 75).

Although CD8+ T cells are the most likely cause for the liver damage upon systemic AAV gene transfer, the hypothesis that the effector cells are derived from a memory cell pool should be revisited. In most hemophilia patients, responses come up very slowly, which is more typical for a primary than a secondary T cell response. Furthermore, in most AAV patients, activation of T cells can be blocked by prednisolone given either at the time of gene transfer or once transaminases increase. Studies with other antigens have shown that steroids act by affecting the T cells’ ability to switch to glycolytic energy production; this blocks activation of naïve CD8+ T cells and memory CD8+ T cells with low but not high affinity receptors (76). Considering that the CD8+ T cell response in AAV gene transfer recipients is driven by limited amounts of antigen derived from the capsid proteins of the input virus particles that degrade slowly over several weeks to months it is hard to imagine that liver toxicity is caused by T cells directed to epitopes, which only bind with low affinity to MHC class I molecules.



Potential role of immune responses in other adverse events caused by AAV gene transfer


Fatal hepatoxicity

In a trial for treatment of X-linked myotubular myopathy, four patients with pre-existing liver disease died several weeks following AAV gene transfer. The patients did not respond to immunosuppressive drugs and their livers showed no evidence of cellular infiltrates, which led to the conclusion that direct vector or transgene product toxicity rather than T cells caused the fatal liver damage. I would like to point out that even a discreet T cell response within the portal and periportal areas of the liver could damage liver circulation (77) that could become fatal in patients with pre-existing liver disease. Any AAV gene transfer trial that requires very high doses of vector should include a careful monitoring of AAV capsid-specific T cells in blood to assist in the analysis of potential serious adverse events and such data are not available for the XLMTM trial.



Dorsal root ganglia (DGR) toxicity

Studies in nonhuman primates showed that intrathecal, intracerebroventricular, intra-cisterna magna and to a less extent intravenous transfer of high doses of AAV vectors could result in DGR toxicity, which was not blunted by immunosuppression. Most animals remained asymptomatic but showed upon euthanasia histologic lesions within the central and peripheral nervous system with axonal degeneration, neuronal cell damage accompanied by B and T cell infiltrates (78). Subsequent studies showed that DGR toxicity in nonhuman primates could be blocked by transfer of micro (mi)RNA138 which reduces transgene expression in neurons suggesting that direct toxicity of the transgene product rather than immune mechanisms mediated this adverse event (79).

DRG toxicity was also observed in clinical trials. In one trial 2 patients with familial amyotrophic lateral sclerosis (ALS) and mutations in the gene encoding superoxide dismutase 1 (SOD1) were treated with a single intrathecal infusion of an AAV vector encoding a microRNA targeting SOD1. One patient, who was treated with prednisolone as of the day of gene transfer, showed increases in circulating AAV capsid-specific T cells by about 4 weeks after treatment and concomitantly developed neurological symptoms which according to MRI scans were consistent with DRG toxicity. A second patient was given a more aggressive immunosuppressive regimen; his T cell responses were low and came up later, he developed no neurological symptoms, and his MRI was unremarkable (80–82).

In another trial two patients under immunosuppression were given an rhAAV10 vector expressing survival motor neuron 1 intravenously for treatment of SMA type 2 and again one of the patients developed DRG toxicity (80). It is feasible but at this point unknown if in humans adaptive immune responses such as AAV-specific CD8+ T cells contribute to DRG.




Myocarditis in DMD patients

As described above, an inflammatory milieu is essential to trigger adaptive immune responses and upon AAV gene transfer this is triggered by PAMPs present on or in the AAV vectors. Some disease such as DMD are characterized by increased secretion of pro-inflammatory cytokines by muscle infiltrating leukocyte responding to muscle fiber degeneration (83) which may worsen immune mediated adverse events. This is especially worrisome if the exacerbated inflammation affects the heart muscle. Indeed in a phase Ib trial by Pfizer myocarditis was observed in 2 DMD patients after they received an AAV9 vector expressing mini dystrophin; one of the patients died (https://pharmaphorum.com/news/myocarditis-case-mars-sarepta-dmd-gene-therapy-readout/). In a second trial by Sarepta Therapeutic using an AAVrh74 vector for mini dystrophin 1 out of 20 patients also developed myocarditis (https://investorrelations.sarepta.com/news-releases/news-release-details/sarepta-therapeutics-investigational-gene-therapy-srp-9001), which resolved upon steroid treatment. Although the etiology of AAV vector-induced myocarditis is not yet fully understood is seems feasible that the inflammatory milieu of the damaged muscle tissues in DMD patients favors induction of an immune response to the AAV vectors’ transgene product or alternatively that the added inflammatory reaction induced by the AAV vectors promotes auto-reactive T cell responses to muscle cells.




Conclusions

Immune system-mediated toxicity continues to challenge successful gene transfer by AAV vectors especially when high doses are required to correct the targeted genetic disease. Immunosuppression, which could be further optimized, has been used successfully to blunt some of the AAV vector-induced immune responses but in other cases has failed. Even more worrisome are some of the more recently described serious or even fatal adverse events such as TMA, fulminant hepatoxicity or myocarditis. TMA is caused by excessive complement activation, but it remains unknown how this pathway is activated upon AAV gene transfer and if genetic variants that affect the complement system played a role. T cell-mediated severe hepatoxicity upon systemic transfer of very high doses of AAV vectors is to be expected by the fatalities observed in patients with pre-existing liver damage may have had a different etiology as remains to be investigated in more detail.

There is no easy pathway to avoid immune-mediated toxicity in response to transfer of very high doses of AAV vectors; our immune system has evolved over the eons to view viruses as threats and responds accordingly by getting rid of them and the cells they have infected. Every war causes collateral damage and the battles the immune system wages against viruses or AAV vectors are no exception. At this stage our focus may have to shift away from the use of excessively high AAV vector doses. Our efforts should concentrate on developing vectors that can more efficiently transduce cells, achieve higher transgene product expression or deliver transgene with higher activity (84); either approach would allow for dose sparing. At the same time the field should explore immunosuppressive regimens that selectively block B cell responses to AAV gene transfer. Preventing induction of AAV neutralizing antibodies following gene transfer by either inhibiting B cell activation or by removing such antibodies from the circulation would permit repeated administration of lower doses of AAV vectors to replace the currently used bolus approach (85).
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