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Several viral vector-based gene therapy drugs have now
received marketing approval. A much larger number of addi-
tional viral vectors are in various stages of clinical trials for
the treatment of genetic and acquired diseases, with many
more in pre-clinical testing. Efficiency of gene transfer and abil-
ity to provide long-term therapymake these vector systems very
attractive. In fact, viral vector gene therapy has been able to
treat or even cure diseases for which there had been no or
only suboptimal treatments. However, innate and adaptive im-
mune responses to these vectors and their transgene products
constitute substantial hurdles to clinical development and
wider use in patients. This review provides an overview of the
type of immune responses that have been documented in
animal models and in humans who received gene transfer
with one of three widely tested vector systems, namely adeno-
viral, lentiviral, or adeno-associated viral vectors. Particular
emphasis is given to mechanisms leading to immune responses,
efforts to reduce vector immunogenicity, and potential solu-
tions to the problems. At the same time, we point out gaps in
our knowledge that should to be filled and problems that
need to be addressed going forward.
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Gene therapy can treat a variety of both inherited and acquired dis-
eases, and viral vectors have emerged as a preferred platform for
gene delivery. Once the viral genome is replaced with a therapeutic
gene cassette, stripping the virus of the replicative and pathogenic
traits, such vectors are well suited as gene transfer vehicles. An ideal
gene therapy vector should reliably and efficiently carry and deliver a
therapeutic gene to target cells and direct long-term therapeutic
expression. Viruses naturally satisfy these criteria, except that they
are prone to host immune responses, as the mammalian immune
system has evolved to recognize infectious agents. Past and ongoing
clinical trials have utilized several different viral vectors, including
adenovirus (Ad), adeno-associated virus (AAV), lentivirus (LV), mu-
rine g-retrovirus, and herpes simplex virus (HSV). Marketing
approval has been granted to two AAV-based therapies to treat a
form of congenital blindness (Luxturna) and spinal muscular atrophy
(Zolgensma), a g-retrovirus-based therapy for the primary immune
deficiency adenosine deaminase severe combined immunodeficiency
(ADA-SCID) (Strimvelis), an LV-based therapy for CD19-directed
genetically modified chimeric antigen receptor (CAR)-T cell immu-
notherapies for acute lymphoblastic leukemia and non-Hodgkin
lymphoma (Kymriah and Yescarta), and HSV-based oncolytic viro-
therapy for melanoma (Imlygic).1
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The suitability of a viral vector for a given application depends on
multiple factors, including target cells or tissues, tropism, use for
ex vivo versus in vivo gene transfer, packaging capacity, potential
for genome integration (and insertional mutagenesis), and also the
propensity for immunotoxicities. While LV vectors are now
preferred for ex vivo gene correction (in particular for gene transfer
to hematopoietic stem cells [HSCs]), AAV has emerged as the
preferred vector for in vivo gene transfer due to its favorable safety
profile compared to other vectors, ability to transduce a variety of
tissues, and availability of a large number of viral capsids with
different tropism.

Although the use of vectors derived from viruses takes advantage of
their refined evolutionary fitness to transduce human cells, these
advantages have co-evolved with an equally sophisticated human
immune system aimed at protecting host tissues by eliminating
foreign invaders perceived as dangerous. To the immune system,
certain components of viral vectors are indistinguishable from their
parent viruses (such as nucleic acids carried in a protein coat). Such
vectors are therefore subject to similar innate and adaptive immune
responses as wild-type viruses. Innate immune receptors, or pattern
recognition receptors (PRRs), detect viruses by recognizing
conserved molecular motifs such as unique nucleic acid conforma-
tions that trigger antiviral immunity (Figure 1). The virally derived
capsid or envelope proteins constitute foreign proteins that can
become the target of adaptive immune responses (Figure 2).
Furthermore, a therapeutic trasn transgene product that constitutes
a neo-antigen may be similarly targeted by both humoral and
cellular immune responses (Figure 2). Immune-mediated rejection
in viral gene therapy represents one of the most significant hurdles
to human gene therapy. A comprehensive understanding of the
processes underlying these deleterious responses directed against
both the viral vector and transgene product is critical for devel-
oping treatment modalities that mitigate immune-mediated rejec-
tion. A body of research has interrogated these mechanisms,
which are reviewed herein. We will focus on three widely utilized
and studied vector systems: Ad, AAV, and LV vectors (Figure 2;
Table 1).
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Figure 1. Innate Immune Sensing and Signaling Pathways that Contribute to Immune Responses to Different Viral Vectors

Note that the figure illustrates some of the most common pathways but is not meant to be exhaustive. Abbreviations are as follows: dsDNA, double-stranded DNA; NLPR3,

NACHT, LRR, and PYD domains-containing protein 3; ASC, adaptor protein apoptosis-associated speck-like protein containing CARD; Pro-casp 1, pro-caspase 1; IFNAR-1,

interferon a/b receptor 1; Jak1, Janus kinase 1; Tyk2, tyrosine kinase 2; Stat, signal transducer and activator of transcription; P, phosphoryl group; MDA5, melanoma differ-

entiation-associated protein 5; dsRNA, double-strandedRNA;RIG-I, retinoic acid-inducible gene-I;MAVS,mitochondrial antiviral signaling protein; STING, stimulator of interferon

genes; IRF, interferon response factor; cGAS, cyclic guanosinemonophosphate-AMPsynthase; TLR, Toll-like receptor; ISG, interferon-stimulated genes; IFN, interferon;MyD88,

myeloid differentiation primary response protein 88; NF-kB, nuclear factor k-light-chain-enhancer of activated B cells; and ssRNA, single-stranded RNA.
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Overview of Immune Responses to Viral Vectors

The immune system is comprised of a complex interwoven network
of multiple different cell types that collaborate to protect host tissues
from further infection and mobilize a cadre of effectors tailored to
specifically eliminate the invading pathogen. The cellular network
can be generally broken up into innate and adaptive arms. Innate im-
mune responses occur early, are not antigen specific, and do not result
in immunological memory. Adaptive immune responses are condi-
tioned by the inflammatory environment created by innate immune
sensing, rely on activation and clonal expansion of antigen-specific
(effector) B and T cell differentiation, and generate immunological
memory. Viral vectors share many commonalities with natural vi-
ruses but are distinctly different in that they are non-replicative, deliv-
ered in a single high-titer bolus, and introduced at an unnatural site.
So, although canonical immunological concepts can be applied, the
unwanted immune response to viral vectors also has inherently
unique aspects. Vector particles containing viral proteins that are
identical or similar to antigens that humans are exposed to as a result
of natural infection may be neutralized by antibodies upon injection
into in some humans because of pre-existing immunity. Recognition
of viral structures (e.g., capsids or nucleic acids) by innate immune
sensors may cause tissue infiltration by innate immune cells, may
trigger the production of interferon (IFN)-a/b (type 1 IFN, hereafter
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abbreviated as T1 IFN), thereby inducing an antiviral state in the tis-
sue and reducing transduction, and provides an activation signal for
adaptive immune responses. Activation of, and subsequent antigen
presentation by, dendritic cells (DCs) is a critical step in linking
innate to adaptive immunity, leading to activation/differentiation
and expansion of T cells. While major histocompatibility complex
(MHC) class I (MHC I)-restricted CD8+ T cells (cytotoxic T lympho-
cytes [CTLs]) are capable of lysing virally infected cells, MHC class II
(MHC II)-restricted CD4+ T cells provide help for optimal CD8+

T cell activation and for B cell activation, leading to antibody forma-
tion. T helper (Th) cells are also critical for generation of memory
responses.

Early Lessons from Ad-Based Vectors

Ad is one of the first viruses investigated as a potential gene therapy
vector and was also the subject of early failures for in vivo gene trans-
fer that highlight how pivotal host inflammatory responses are on the
durability of therapeutic gene expression and the overall safety of this
type of intervention.2 Early enthusiasm for Ad vectors was largely
based on their high transduction efficiency and packaging capacity.
However, robust transgene expression was met with an equally high
inflammatory response that resulted in transient expression and a po-
tential for severe immunotoxicity, resulting in the death of a patient.
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Figure 2. Examples of Molecular Structures and Antigens in Viral Vectors

that Are Recognized by Innate Immune Sensors or Targeted by Antigen-

Specific Adaptive (B and T Cell) Immune Responses

(A) Adenoviral vectors. (B) AAV vectors. (C) Lentiviral vectors. Abbreviations are as

follows: dsDNA, double-stranded DNA; TLR, Toll-like receptor; cGAS, cyclic gua-

nosine monophosphate-AMP synthase; IFN, interferon; APC, antigen-presenting

cell; CTL, cytotoxic T lymphocyte; dsRNA, double-stranded RNA; MDA5, mela-

noma differentiation-associated protein 5; pDC, plasmacytoid dendritic cell; and

ssRNA, single-stranded RNA.
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Because of their ability to effectively activate CD8+ T cells, subsequent
efforts shifted toward their use as vaccine carriers and in cancer gene
therapy.

Ad vectors contain an �36-kb double-stranded DNA genome pack-
aged into a viral protein capsid. Various viral genes are removed to
render the virus replication defective. It is also possible to remove
as viral coding sequences and produce “gutted” or “helper-depen-
dent” adenoviral vectors. Some serotypes such as AdHu5 efficiently
transduce a variety of cell types in vivo (with particularly high tropism
for hepatocytes), while serotypes infecting hematopoietic cells have
also been described. Upon transduction, the vector genome remains
episomal. Ad vectors activate a large spectrum of innate immune
pathways and have therefore been ideal tools to study innate immu-
nity to viruses.

Early Innate Responses to Systemically Delivered Ad

Hepatic gene transfer is achieved by intravenous injection of adeno-
viral vector. However, innate responses may occur within minutes to
hours, leading to blood pressure changes, thrombocytopenia, inflam-
mation, and fever.3 Dysregulation of coagulation can spread to
multiple organs and lead to DIC (disseminated intravascular coagu-
lation). Activation of vascular endothelial cells by Ad vectors results
in release of ultra-large-molecular-weight multimers of von Wille-
brand factor (vWF), a blood protein that is critical for platelet
adhesion. Ad vectors also activate platelets and induce exposure of
the adhesion molecule P-selectin and formation of platelet-leukocyte
aggregates, ultimately causing thrombocytopenia and thus a risk for
bleeding.4 Important cellular interactions occurring early after the
systemic Ad vector involve vascular and hepatic endothelial cells,
platelets, Kupffer cells, hepatocytes, and splenic macrophages (MFs)
and DCs.5

Once the virus is blood-borne, the hexon component of the adeno-
viral capsid binds to coagulation factor X (FX), as shown by Shayakh-
metov and colleagues.6,7 Viral particles decorated with FX activate
Toll-like receptor (TLR)4 on the surface of splenic MFs and thereby
trigger a nuclear factor kB (NF-kB)-dependent activation of inter-
leukin (IL)-1b, attracting polymorphonuclear leukocytes to the mar-
ginal zone of the spleen. These mechanisms, reflecting a co-evolution
of the immune and coagulation systems to defend against pathogens,
contribute to rapid clearance of the virus from the spleen. Upon de-
livery into a blood vessel, interactions with molecules and cells of the
blood and immune organs that survey the systemic circulation criti-
cally influence the response to Ad vectors. Besides binding to coagu-
lation proteins with g-carboxyglutamic acid (GLA) domains, adeno-
viral particles bind complement component C3 and natural
immunoglobulin (Ig)M antibodies, resulting for instance in neutro-
phil activation.8–12 Antibody-virus complexes can trigger inflamma-
tory cytokine and chemokine responses in macrophages through
the intracellular antibody receptor TRIM21.13–16 Interestingly, bind-
ing of FX appears to compete with adenoviral interactions with com-
plement and antibodies, shielding it from these components while
subsequently promoting TLR4 signaling in the spleen.17 Ad vectors
Molecular Therapy Vol. 28 No 3 March 2020 711
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Table 1. Overview of Viral Vectors and Their Immune Responses

Viral Vector Ad AAV LV

Virion and genome capsid; 36-kb dsDNA genome
capsid, %5-kb ssDNA genome
(or �2.5-kb scDNA genome)

enveloped virus containing capsid and
�10-kb ssRNA genome

Innate immunity

potent innate response, including
activation of vascular endothelial
cells and platelets, inflammatory
cytokine production, and macrophage
cell death

comparatively weak and transient
innate response; TLR9 signaling
promotes CD8+ T cell responses;
complement activation and other
immunotoxicities seen in some
patients receiving high-dose
systemic gene transfer

strong IFN-a/b response limits transduction
and drives adaptive responses

Immunity in human
population

pre-existing immunity to human
serotypes

pre-existing immunity varies
between serotypes and geographic
location

low pre-existing immunity

In vivo transduction of antigen-
presenting cells

efficient inefficient efficient

Use as a vaccine carrier
vaccine and cancer gene therapy
applications

limited
targeting of dendritic cells for vaccine
development

Adaptive immune responses
to vector

NAB formation; CD8+ T cell responses
to viral gene products (except for high-
capacity vectors)

NAB formation; CD8+ T cell
responses to capsid

NAB formation; possibly T cell responses
to envelope protein

Adaptive immune responses to
transgene product

efficient inducer of CD8+ T cell
responses; antibody formation possible

least efficient inducer of CD8+

T cells compared to Ad and LV;
risk of CD8+ T cell and antibody
responses highly variable depending
on vector design and dose, route
of administration, and host factors

efficient inducer of B and T cell responses
unless transgene expression is tightly
controlled by miRNA and promoter
and expression is professional APCs is
eliminated

dsDNA, double-stranded DNA; ssDNA, single-stranded DNA; scDNA, self-complementary DNA; TLR9, Toll-like receptor 9; IFN, interferon; NAB, neutralizing antibody; miRNA,
microRNA; APC, antigen-presenting cell.
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also interact with shed cellular receptors, the effect of which on im-
mune responses requires more extensive studies.18,19

Innate Sensing in Antigen-Presenting Cells

Gene transfer withAd results in innate inflammation at the site of gene
transfer and at high doses in macrophage death. Much of the innate
signaling in response to Ad was learned from studies of macrophages.
While primary receptors for Ad typically bind the fiber knob of the
capsid, RGD loops in the penton bind to secondary receptors such
as integrins. For example, splenic macrophages of the macrophage re-
ceptor with collagenous structure (MARCO) subset trap Ad.20 Bind-
ing to integrin b3 results in release of IL-1a, which in turn causes
signaling through the IL-1 receptor, production of chemokines, and
recruitment of other innate immune cells in order to kill virally in-
fected macrophages.21 Resident macrophages in the liver (Kupffer
cells) undergo necrotic cell death at high vector doses through amech-
anism that is not fully understood but that depends on IFN regulatory
factor 3 (IRF3).22Ad vectors also activate theNALP3 inflammasome, a
process that requires intracellular DNA sensing (independent of TLR9
and thus likely representing cytosolic sensing), results in IL-1b expres-
sion, and also leads to necrotic cell death.23 Cytosolic sensing of adeno-
viral DNA through cyclic guanosine monophosphate-AMP synthase
(cGAS; see “Immune Responses to LV Vectors” below for more detail
on this pathway) results in production of T1 IFN, which promotes an
antiviral state that can lead to transgene silencing in hepatic gene
712 Molecular Therapy Vol. 28 No 3 March 2020
transfer.24,25 Nonetheless, adenoviral DNA is also sensed through
the endosomal receptor TLR9, resulting, for example, in IL-6 produc-
tion during hepatic gene transfer and T1 IFN production in
plasmacytoid DCs (pDCs). Roles for other TLRs have also been
demonstrated. Finally, there are nuclear sensing mechanisms of
adenoviral DNA that can increase or decrease immunity.26,27

Adaptive Responses to Adenoviral Vectors and Transgene

Products

Pre-existing immunity to human Ad-derived vectors has led to the
development of alternative serotype vectors such as chimpanzee
Ads.28 As expected from viral vectors, adenoviral vectors elicit
neutralizing antibody (NAB) responses that prevent re-administra-
tion. Moreover, adenoviral vectors activate both conventional DCs
and pDCs and transduce DCs in vivo. Gene expression in DCs is
considered a major contributor to the generation of adaptive immune
responses to the transgene product and to viral gene products.29,30

Adenoviral vectors are particularly potent in inducing CD8+ T cell
responses, facilitated by potent induction of Th1 immunity.31 Elimi-
nation of all viral genes in high-capacity vectors and the use of tissue-
specific promoters or promoters that are weak in professional anti-
gen-presenting cells (APCs) are strategies that have been employed
to reduce T cell responses. Blockage of co-stimulatory pathways
that are required for B and T cell activation has also been successful
in pre-clinical studies.32,33 However, the potent innate response to
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adenoviral vectors substantially complicates translation of such ap-
proaches, and use of adenoviral vectors for in vivo gene transfer in
the treatment of genetic disease has been largely abandoned.

Immune Responses to AAV Vectors

AAV is a small non-enveloped parvovirus with a single-stranded
genome of about 5 kb that is naturally non-pathogenic and replication
defective. AAV vectors contain no viral coding sequences, elicit only
weak inflammatory or T1 IFN responses when compared to other vi-
ruses, and their V genomes persist mostly in episomal form. These
features contribute to a favorable safety profile, although immunotox-
icities may still occur following systemic delivery of very high
doses.34,35 AAV vectors are being widely tested in human gene ther-
apy trials for in vivo gene transfer to a large number of different tis-
sues and cells types, including the CNS, liver, skeletal and cardiac
muscle, eye, and lung. In addition to two US Food and Drug Admin-
istration (FDA)-approved products for treatment of Leber’s congen-
ital amaurosis (LCA) and spinal muscular atrophy (SMA), other
products have reached phase III trials as in liver-directed gene therapy
for hemophilia A and B.1,36

Pre-existing Immunity and NAB Formation

Initial marketing approval was for an ocular gene transfer with
limited vector doses using a subretinal route of injection. Likely facil-
itated by the immune privilege of the eye, vector administration to
one eye could be later on followed by contralateral gene transfer to
the second eye, and repeat administration to the same eye is also
possible.37,38 Other routes of in vivo vector administration are more
typically associated with formation of NABs that prevent re-adminis-
tration of vector. Furthermore, humans develop NABs to various se-
rotypes during childhood.35 Seroprevalence varies geographically,
and some humans have NABs against multiple serotypes, likely re-
flecting cross-reactivity. Some of the highest prevalences of NABs
are against AAV2, the serotype that is similar to AAVs present in
the human population, while the more diverse AAV5 has some of
the lowest prevalences. Overall, seroprevalences appear to vary
from 5% to 60%, depending on capsid.39 Prior to enrollment in a clin-
ical trial, human subjects are typically screened for pre-existing NAB
titers against the vector capsid, and only those with titers below a set
threshold are enrolled. There is ongoing debate as to what level of pre-
existing NABs may prevent gene transfer, depending on serotype,
dose, and route of administration.40–43 Methods such as addition of
“decoy” capsids (empty viral capsids that can bind the antibody) to
the vector product or plasmapheresis have been explored to overcome
or eliminate pre-existing NABs.44,45 Interestingly, pre-existing bind-
ing antibodies (that are not neutralizing) do not block gene transfer
but may alter biodistribution of the vector.46 Theoretically, repeat
administration of the AAV vector is possible by switching the capsid
sequence. However, such a strategy is complicated by the tendency of
humans to produce cross-reactive antibodies and by the need to
develop at least two products. An alternative approach is to apply
immunosuppression. One protocol uses antibody-mediated B cell
depletion combined with rapamycin, while rapamycin-containing
nanoparticles have been tested in animal models.47,48
CD8+ T Cell Responses to Capsid

In the first liver-directed gene therapy trial with AAV vectors (per-
formed with an AAV2 vector in patients with hemophilia B), a loss
of factor IX transgene expression and transient mild elevations of liver
enzymes in circulation were correlated with a CD8+ T cell response
against the viral capsid.49,50 This came as a surprise since none of
the animal models, including non-human primates, had shown
such a response and because AAV vectors are engineered to not ex-
press capsid antigen. However, it was later shown that hepatocytes
transduced with AAV present capsid antigen on their surface by
MHC I and can be targeted by capsid-specific CD8+ T cells.51 Multi-
ple epitopes have been identified in humans, some of which are
conserved among several serotypes.52 It is furthermore known that
AAV vector particles are prone to proteasomal degradation following
endosomal escape, which would then result in MHC I presentation of
capsid-derived peptides. Subsequent clinical trials have utilized liver
enzyme levels as a biomarker for the T cell response and employed
immunosuppression with steroid drugs (prednisolone) to counter
the response, which appears to be vector dose-dependent.53–55 This
immune suppression strategy was successful in several patients. How-
ever, T cell responses were not seen in all trials, raising questions
about the role of factors such as serotype, vector design, or
manufacturing method. It is also possible that hepatotoxicity seen
in some trials, such as for factor VIII (FVIII) expression, may not al-
ways be related to T cell responses but perhaps relate to overexpres-
sion of certain transgenes.56

It has been proposed that the lack of CD8+ T cell responses in animal
models is because they are not natural hosts for AAVs, while memory
T cells stemming from natural infection were activated in humans
(and that these may be present even in the absence of NABs). While
non-human primates harbor AAVs, their CD8+ T cells to capsid have
been found to be distinct in differentiation status and in their func-
tions from those in humans. However, more recent data suggest
that CD8+ T cell responses against capsid in patients following vector
administration reflect primary immune responses, while empty cap-
sids (not containing vector DNA) or vectors with genomes that have
been largely depleted of immune stimulatory CpG motifs primarily
stimulate memory CD8+ T cells.57 Studies inmice (and to some extent
in human cells) have shown that IFN-a/b production and priming of
CD8+ T cells in AAV gene transfer is dependent on TLR9 (an endo-
somal DNA receptor that is particularly stimulated by unmethylated
CpG sequences as found in viral or bacterial DNA; see below for
further details). Therefore, CpG depletion of expression cassettes is
one current approach to try and “deimmunize” AAV vectors. Data
from clinical trials suggest that CpG enrichment negatively affected
the outcome of liver-directed gene therapy for hemophilia.56,58

Recently presented data suggest that long-term FIX expression
despite CpG-enriched vector sequences may be associated at least
in some patients with polymorphism in the IL6R gene.59 Another
strategy is to remove tyrosine residues from the capsid that may be
phosphorylated, which in turn serves as a signal for ubiquitination
and proteasomal degradation. As a result, such modified capsids
may be less MHC I presented.60 Also, note that CD8+ T cell responses
Molecular Therapy Vol. 28 No 3 March 2020 713
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Figure 3. Model for the Immune Response Mechanism Against AAV Vectors

Cooperation between pDCs (that sense the AAV genome via TLR9 and produce T1 IFN), cDCs (that present antigen), and CD4+ T helper cells (that provide co-stimulation via

the CD40-CD40L pathway) leads to activation of CD8+ T cells. Antibody formation also depends on CD4+ T helper cells and is augmented by activation of moDCs, resulting in

IL-1b and IL-6 pro-inflammatory cytokine production, and is modulated by T1 IFN. Abbreviations are as follows: IFNAR-1, interferon a/b receptor 1; cDC, conventional

dendritic cell; pDC, plasmacytoid dendritic cell; IFN, interferon; TLR, Toll-like receptor; MyD88, myeloid differentiation primary response protein 88; MHC, major histo-

compatibility complex; moDC, monocyte-derived dendritic cell; and CD, cluster of differentiation.
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to AAV capsid can be observed in animals such as mice or non-hu-
man primates. However, the time course of their appearance in pe-
ripheral blood is very different from humans. Responses in mice
occur with 1–2 weeks, while 1 to several months are typical in hu-
mans. Furthermore, the response in the animals does not result in
destruction of transduced cells unless the T cells are further ex vivo
expanded and then adoptively transferred.60 These differences be-
tween the animal and human responses remain unresolved.

CD8+ T cell responses to AAV capsid have also been observed inmus-
cle-directed gene transfer. For example, a prolonged inflammatory
response was seen in muscle of patients who received AAV1 vector
for treatment of a1-antitrypsin deficiency.61 Interestingly, transgene
expression was somewhat reduced but not eliminated and seemed
to recover over time. Moreover, CD4+CD25+FoxP3+ regulatory
T cells (Tregs) infiltrated the tissue and likely contributed to the res-
olution of this immune response, while CD8+ T cells acquired a
phenotype resembling exhausted T cells.62 Similar observations
were made in muscle gene transfer for lipoprotein lipase deficiency.63

Innate Immunity and Links to Adaptive Responses

Innate immune responses in tissues transduced with AAV gene ther-
apy are relatively mild compared to other viruses, resulting in a rapid
(within 1–2 h) but often limited and highly transient (<12 h) immune
infiltration of macrophages, natural killer (NK) cells, and neutrophils
714 Molecular Therapy Vol. 28 No 3 March 2020
and expression of NF-kB-dependent pro-inflammatory cytokines and
T1 IFN. In the mouse liver, these responses are dependent on the en-
dosomal innate DNA receptor TLR9 and partially dependent on
Kupffer cells.64 In culture of human liver cells, TLR2-dependent cyto-
kine expression was observed in Kupffer cells.65 Therefore, the viral
genome and the capsid may contribute to innate immune recognition
of AAV. A recent report provides evidence that transduction of cells
with AAV vectors through a yet-to-be-defined mechanism results in
formation of double-stranded RNA (dsRNA), which can be sensed by
cytoplasmic dsRNA sensors such as MDA5, resulting in IFN-b
expression.66

AAV vectors activate T1 IFN expression in human and murine pDCs
but not in CD11chi conventional DCs (cDCs).67 T1 IFN production is
the result of TLR9-myeloid differentiation primary response protein
88 (MyD88) signaling in pDCs and promotes activation of CD8+

T cells. Hence, CD8+ T cell responses against transgene product or
capsid are markedly reduced in mice deficient in TLR9, MyD88, or
receptor of T1 IFN.67–69 Studies of cross-priming of AAV capsid-spe-
cific CD8+ T cells showed that pDCs and cDCs cooperate to achieve
CD8+ T cell activation (Figure 3). Sensing of the AAV genome by
TLR9 occurs in pDCs, while cDCs carry out the task of antigen pre-
sentation by MHC I.69 This process requires T1 IFN, which binds to
its receptor on cDCs, suggesting a direct effect of cytokine production
by pDCs on cDC activation.70 However, NK cells, which may
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indirectly mediate the effect of pDCs on cDCs, are not required. In
addition to T1 IFN, CD40-CD40L co-stimulation, which is carried
out by CD4+ Th cells, is required for cross-priming of CD8+ T cells
against AAV capsid.

TLR9-MD88 signaling and T1 IFN production can have amodulating
effect on antibody formation against capsid or transgene product but
is not as strictly required as for CD8+ T cell priming (although
MyD88 has an intrinsic role in B cells in Th1-dependent antibody
class switching).68,70,71 This is in contrast to CD4+ T help and related
co-stimulatory pathways, which are required for antibody formation
and could therefore potentially be targeted for prevention of both
T cell and antibody responses. A recent study investigating antibody
formation against AAV in healthy humans found that production of
IL-1b and IL-6 by circulating monocyte-derived DCs (moDCs) upon
pulsing with AAV particles or AAV capsid-derived peptides activated
B cells (Figure 3).72 Blockage of either cytokine suppressed antibody
formation against AAV in vitro and in vivo (in mice). While prior
studies found no correlation between the presence of NABs and
AAV-reactive IFN-g-producing CD8+ T cells in humans, this new
study found a good correlation between the presence of NABs and
with transforming growth factor a (TNF-a)-producing memory
CD8+ T cells. Interestingly, NK cells from seronegative individuals
seemed to respond to both AAV capsid and AAV capsid peptide
pools when stimulated in vitro. Studies in mice demonstrated a
unique ability of TLR9 agonists to activate antibody responses to
the transgene product in muscle gene transfer, which occurred
through induction of moDC responses that enhance activation of T
follicular helper T cells.73,74 Therefore, moDC activation is a driver
of T cell responses that promote antibody formation. Complement
may also be involved in NAB formation. For instance, AAV2 capsid
was found to bind to iC3b complement protein (which, however, did
not result in complement activation) and to complement regulatory
protein factor H, and C3 deficient mice had impaired antibody re-
sponses to capsid.75

Risks of Adaptive Responses to the Transgene Product

The risk of an antibody response to the transgene product is influ-
enced by many factors, including the underlying mutation in replace-
ment therapy for genetic disease, the route of vector administration/
target tissue, specific vector design, AAV serotype, and vector dose.
Additional host factors may include disease-specific aspects such as
tissue inflammation. For systemic delivery of proteins, muscle gene
transfer bears an elevated risk of B cell activation, which, for example,
complicates AAV delivery of antibodies against viruses that cause in-
fectious disease such as human immunodeficiency virus (HIV).76,77

Transient immune suppression protocols, in particular those that
preserve Tregs and promote tolerance, may prevent unwanted im-
mune responses in gene transfer to muscle and other organs.78–80

Risks of CD8+ T cell responses are also affected by multiple factors.
While AAV vectors gained popularity because of their inefficient acti-
vation of CTLs when compared to Ad vectors, thereby substantially
increasing the chance for long-term transgene expression, CD8+

T cell responses against dystrophin and in rare cases against a1-anti-
trypsin transgene products were nonetheless observed in patients.81,82

Some patients with Duchenne muscular dystrophy may actually have
pre-existing T cell immunity because of occasional endogenous dys-
trophin expression in revertant fibers.81 Because overexpression of
utrophin can partially compensate for lack of dystrophin, AAV vec-
tors expressing this “self-gene” that is widely expressed in muscle
may avoid these immune complications.83,84 a1-Antitrypsin defi-
ciency is typically caused by a missense mutation. Interestingly,
CD8+ T cell responses in rare human leukocyte antigen (HLA) types
may be directed not against an epitope that spans the mutation but
rather against a polymorphic sequence that may differ from the ther-
apeutic transgene.82

Given the link between TLR9 signaling and CD8+ T cell activation,
CpG depletion of the expression cassette has been incorporated
into vector design to reduce this risk.85 Interestingly, CD8+ T cell re-
sponses against the transgene product are often not fully functional in
muscle gene transfer in mice when using conventional vectors with
single-stranded DNA genome. They fail to eliminate the transduced
muscle, do not respond to boost vaccination, and upregulate immu-
noinhibitory molecules such as PD-1.86 Self-complementary vectors
(which can be generated by elimination of a nicking site in one of
the inverted terminal repeats [ITRs]), however, elicit more functional
responses, possibly because of enhanced TLR9 signaling and/or
different kinetics of transgene expression.64,87,88 These vectors do
not require second-stand synthesis and thus can more rapidly express
but can only be half the size of a conventional AAV genome in order
not to exceed the packaging limit.

Immune Tolerance Induction by Hepatic Gene Transfer

Even in the context of a gene deletion, long-term expression of a
secreted transgene product without antibody formation can be
achieved by hepatic gene transfer with AAV vectors. These observa-
tions reflect the ability of the liver environment to aid in tolerance
induction.89 Tolerance is induced through a combination of mecha-
nisms. Programmed cell death is required to delete effector T cells,
while induction of FoxP3+ Tregs is requisite for both induction and
maintenance of tolerance.90–94 The ability to induce tolerance and
the extent of Treg induction depend on levels of transgene expression.
Antigen presentation leading to Treg induction likely takes place in
liver-draining lymph nodes and in the environment of the liver itself,
which provides immunosuppressive cytokines and specialized cell
types capable of presenting antigen such as Kupffer cells, hepatic
DCs, and liver sinusoidal endothelial cells (LSECs).95,96 Additional
mechanisms include T cell anergy, T cell exhaustion, and suppression
of CD8+ T cell responses through IL-10 production.97–100 The domi-
nant nature of induced tolerance allows for introduction of the
therapeutic protein through gene transfer to other tissues or systemic
protein delivery such as in enzyme replacement therapy for storage
disorders.101,102 Hepatic-induced tolerance can also reverse pre-exist-
ing immune responses and may be synergistic with conventional
immunosuppression in treatment of autoimmune disease.90,103,104

Finally, hepatic gene transfer with microRNA (miRNA)-regulated
LV vectors can similarly induce immune tolerance (see below).105,106
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Figure 4. Strategy to Eliminate Transgene Expression from Lentiviral

Vectors in Professional Antigen-Presenting Cells

This approach can also be applied to other viral vectors such as AAV and adeno-

virus. (A) Incorporation of multiple repeats of a target for a miRNA that is highly

expressed in hematopoietic cells into the transcript of the transgene results in effi-

cient degradation of the transgene message, thereby preventing transgene

expression in an APC. (B) Transduction of a target cell for therapeutic gene

expression such as a hepatocyte that does not express the miRNA results in

transgene expression. Abbreviations are as follows: APC, antigen-presenting cell;

miRNA, micoRNA; mRNA, messenger RNA; and RISC, RNA-induced silencing

complex.
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Immunotoxicities

With the development of systemic gene therapies for neuromuscular,
neurodegenerative, and storage disorders, very large vector
doses, �1014 AAV vector genomes/kg, are being employed. The im-
mune mechanisms described above were typically not studied in this
range, and immunotoxicties are emerging in more recent pre-clinical
and clinical studies.107,108 Some of these may relate to AAV itself,
others to impurities in the product, and others to effects of the trans-
gene product. Complement activation has been reported in some pa-
tients treated with high-dose AAV9, albeit it is unclear whether this
follows the classical antibody-mediated pathway or direct binding
of virus to complement components.109 At such high-vector doses,
it is conceivable that cell surfaces are being decorated with virus
716 Molecular Therapy Vol. 28 No 3 March 2020
and targeted by antibodies. Broader toxicities, including thrombocy-
topenia, have also been reported in a patient treated for muscular dys-
trophy (https://www.genengnews.com). CD8+ T cell responses could
also be a cause of wider toxicity for instance in multi-organ or CNS
transduction.110 Substantially more studies are needed to address
these issues.

Immune Responses to LV Vectors

LV vectors are derived from human immunodeficiency virus (HIV)
and are capable of transducing non-dividing as well as dividing cells.
They are enveloped viruses that contain a single-stranded RNA
genome, which upon infection is reverse transcribed into DNA in
the host cell’s cytoplasm. After transport to the nucleus, stable inte-
gration into the host cell genome leads to long-term expression of
the transgene if the cell persists. LV vectors are popular for ex vivo
gene transfer to HSCs in the treatment of genetic disease and to
T cells for CAR-T cell therapy against cancer.111 They are also being
developed for in vivo gene transfer, e.g., to the liver, and integration-
deficient LV vectors have also been designed. In vivo gene transfer to
DCs is a more recent strategy in vaccine development. Pseudotyping
with vesicular stomatitis virus (VSV)-G is common, because this en-
velope protein allows LVs to efficiently infect a large variety of target
cells. However, VSV pseudotyped LV vectors do not infect B cells
which prompted the development of CD20-targeted envelopes that
contain a single variable fragment against CD20 fused to a measles vi-
rus envelope protein.112 Similarly, envelopes for specific targeting of
distinct subsets of B and T cells have been created.113,114

Innate Immune Responses against LV Vectors

While pre-existing immunity to LV in humans is low, efficacy of
in vivo hepatic gene transfer with LV vectors is generally limited by
several factors, including phagocytosis. To this end, incorporation
of human phagocytosis inhibitor CD47 into LV membrane reduces
uptake by phagocytic cells and increases distribution to hepato-
cytes.115 Another severely limiting factor is production of T1 IFN,
so that mice deficient in T1 IFN signaling show substantially higher
numbers of transduced hepatocytes.116 Similarly, pharmacological
suppression of IFN production (e.g., with dexamethasone) increases
transduction efficiency.117 Although LV vectors elicit weaker IFN-a
responses from pDCs compared to the parent HIV-I virus, it is
thought that pDCs play a key role in the T1 IFN response against
LVs. TLR7, the PRR that senses single-stranded RNA molecules in
endosomes, and TLR9 contribute to induction of T1 IFN.118,119 It
has been proposed that VSV-G protein-pseudotyped LV vectors
may contain tubulovesicular structures with DNA fragments that
promote TLR9 signaling.120 The strength of TLR7 and TLR9 down-
stream signaling is in part regulated by the mammalian target of
rapamycin (mTOR) pathway. Interestingly, work by Brown and
colleagues121 identified a miRNA (miR126, which has been known
to have a critical function in vascular endothelial cells during angio-
genesis) to be uniquely expressed in pDCs within the immune sys-
tem.122 In pDCs, miR126 targets a negative regulator of mTOR for
degradation. An overactive mTOR pathway is important for genera-
tion of pDCs and for TLR-mediated innate responses to nucleic acids

https://www.genengnews.com
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Figure 5. Potential Targets for Directed

Pharmacological Interventions to Prevent

Immunotoxicities and Lower the Risk of Innate and

Adaptive Immune Responses in Viral Vector Gene

Transfer

Immunoglobulins in red indicate blockage of a pathway

with a monoclonal antibody. Abbreviations are as follows:

cGAS, cyclic guanosine monophosphate-AMP synthase;

CTL, cytotoxic T lymphocyte; DC, dendritic cell; IL,

interleukin; INF, interferon; MDA5, melanoma differentia-

tion-associated protein 5; MF, macrophage; mTOR,

mammalian target of rapamycin; RIG-I, retinoic acid-

inducible gene I; Teff, effector T cell; TLR, Toll-like receptor;

and Treg, regulatory T cell. Receptor for a specific cytokine

is indicated with “R” after the cytokine name.
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and LV vectors in pDCs. Furthermore, one can take advantage of this
observation in vector design to avoid transgene expression in pDCs
by incorporation of target sequences into the transcript (see below).
However, blocking TLR7 or TLR9 signaling is insufficient to prevent
LV vectors from inducing IFN-a responses. This is likely because of
sensing of viral DNA genomes (which result from reverse transcrip-
tion) through a cytoplasmic mechanism that involves the cGAS-stim-
ulator of IFN genes (STING) pathway.123,124 cGAS is a cytosolic
sensor of DNA. Upon binding to DNA, the enzyme catalyzes the gen-
eration of cyclic guanosine monophosphate-AMP (cGAMP), which
binds to STING. STING predominantly localizes to the endoplasmic
reticulum (ER) and is a signaling adaptor for production of T1 IFN.
Re-localization to the Golgi apparatus triggers phosphorylation of
IRF3 via TBK1, leading to T1 IFN expression.

Adaptive Responses against LV Gene Transfer, miRNA

Regulation Strategy, and Tolerance Induction

LV vectors efficiently transduce professional APCs such as MFs and
DCs, which has been recognized to strongly promote immune re-
sponses against the transgene product. In fact, in vivo and ex vivo
transduction of DCs, e.g., using integration-deficient LV vectors, is
being exploited in vaccine development.125,126 In hepatic gene trans-
fer, use of a hepatocyte-specific promoter has not been sufficient to
entirely prevent expression in APCs and activation of immune
responses. In an elegant solution to this problem, Naldini and col-
leagues127 took advantage of miRNA regulation of transgene expres-
sion and incorporated multiple copies of a target for a miRNA
(miR142) that is highly expressed in hematopoietic cells, including
professional APCs (Figure 4). Combined with use of a hepatocyte-
specific promoter, CTL and antibody responses against the transgene
product were avoided. Moreover, immune tolerance to transgene
products such as GFP or factor IX was induced.128,129 CD8+ T cell
activation was abortive, while transgene product-specific CD4+

CD25+FoxP3+ Tregs were induced that actively suppressed immune
responses. Using such an optimized hepatocyte-restricted LV vector
expression insulin B chain, onset of type 1 diabetes could be prevented
in nonobese diabetic (NOD) mice.130 When combined with mono-
clonal antibody immunmodulation directed against CD3, reversal
of the autoimmune disorder was achieved.

Interestingly, Follenzi and colleagues131,132 showed an improved suc-
cess rate of tolerance induction to factor VIII (FVIII) in hemophilia A
mice when transgene expression was restricted to hepatic endothelial
cells (the normal site of FVIII biosynthesis), whichmerely required an
endothelial cell-specific promoter but not miRNA target sequences.
Additionally, this line of research identified transgene expression in
pDCs as a major driver of immune responses, while expression
restricted to myeloid cells may not result in immune responses.131,132

Another potential source of T cell responses against LV vectors is pro-
ducer cell-derived polymorphic MHC Imolecules. This, however, can
be eliminated by disruption of the b2-microglobulin gene in producer
cells, thereby generating MHC-free LV.133

Ex vivo gene transfer has been widely viewed as a way to avoid im-
mune responses. However, adaptive responses against gene-modified
cells can occur but may be mitigated by combined myeloablation and
immunosuppression regimens.134,135 Moreover, a recent study has
shown that enzyme replacement therapy for treatment of lysosomal
storage disorders (LSDs) may induce CD8+ T cells that can target
LV HSC gene therapy.136,137 Therefore, ex vivo gene therapy for
LSDs in patients with prior protein therapy may require adjunct
immunotherapy. Others are using ex vivo HSC gene transfer with
LV vectors to target transgene expression to megakaryocytes for pro-
tein delivery via platelets. This approach is designed to release pro-
teins such as FVIII upon platelet activation while otherwise “hiding”
the protein antigen from the immune system.138 Over time, platelet-
targeted expression may also induce immune tolerance.139

Conclusions

After decades of research, viral-based vectors are now becoming the
first clinically approved gene therapies, with AAV and LV vectors
increasingly taking the lead. However, immune responses against
Molecular Therapy Vol. 28 No 3 March 2020 717
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vectors and transgene products remain a hurdle to uniform efficacy. A
better understanding of these immune responses will lead to
improved vector designs and more targeted immune modulations.
This holds potential to expand gene therapy to a wider set of human
conditions. For instance, steroid drugs are currently widely employed
in systemic, hepatic, and ocular AAV gene therapy to counter inflam-
mation and antiviral CD8+ T cell responses. Lessons from CAR-T cell
therapy, where physicians learned to prevent cytokine release syn-
drome by inclusion of monoclonal antibodies in the immune modu-
lation regimen to counter IL-6 signaling , may be helpful in manage-
ment of immunotoxicities in viral vector gene therapy. Targeted
blockage of specific cytokines such as IL-1, IL-6, or T1 IFN, mono-
clonal antibodies that disrupt the complement cascade, co-stimula-
tion blockers, or transient mTOR inhibition may be tools in addition
to vector engineering to subdue deleterious innate and adaptive im-
mune responses (Figure 5).
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