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A B S T R A C T

Lentiviral vectors (LV) are widely used vehicles for gene transfer and therapy in pre-clinical animal models and
clinical trials with promising safety and efficacy results. However, host immune responses against vector- and/or
transgene-derived antigens remain a major obstacle to the success and broad applicability of gene therapy. Here
we review the innate and adaptive immunological barriers to successful gene therapy, both in the context of ex
vivo and in vivo LV gene therapy, mostly concerning systemic LV delivery and discuss possible means to over-
come them, including vector design and production and immune modulatory strategies.

1. Introduction

Lentiviral vectors (LVs) are replication-defective hybrid enveloped
viral particles made by a minimal set of capsid proteins of the parental
virus (in most cases HIV), a surface protein of an unrelated virus (re-
ferred to as pseudotype) and a recombinant viral genome, comprising
the cis acting elements of the parental virus strictly required for gene
transfer purposes, and a transgene expression cassette of choice [1].
The vesicular stomatitis virus surface glycoprotein (VSV.G) is often
used to pseudotype LVs, as it confers high stability and wide tropism
[2,3]. LVs are emerging as powerful and versatile gene delivery ve-
hicles, by virtue of i) their ability to efficiently transfer genes into (i.e.
transduce) a variety of dividing and non-dividing cell types and stably
integrate their genome into the target cell chromatin, ii) their relatively
large cargo capacity and iii) the lower prevalence of immunity against
vector components in humans compared to that of other virus-derived
gene transfer vectors [4–7]. Currently, LVs are involved in 7% of all the
gene therapy clinical trials worldwide and in 19% of those for mono-
genic diseases (http://www.abedia.com/wiley/index.html – updated
April 2018). LVs have been exploited for gene therapy applications both
ex vivo, in which target cells are collected from the recipient, genetically
modified, and then infused back into the recipient, and in vivo, in which
LVs are directly administered into the recipient, either locally, such as
in the brain or the eye, or systemically to reach organs such as the liver
or the spleen [4]. While ex vivo LV gene therapy with hematopoietic
stem and progenitor cells (HSPCs) or T cells is in advanced clinical
testing [8–12], in vivo LV gene therapy is mostly at a pre-clinical stage
of development [13–15].

Immune responses directed towards LVs, transgene product, or both

may limit the efficacy and safety of gene therapy [16,17]. After ad-
ministration of the vector or vector-transduced cells, a primary immune
response against the LV envelope or capsid proteins can occur [18]; in
this case, it will likely limit re-administration of the same vector or cell
product, but it should not affect the efficacy and safety of the proce-
dure, as LV-derived antigens (Ags) are not maintained in the recipient.
Indeed, LV lack viral genes, thus viral proteins are not actively pro-
duced by LV transduced cells. On the contrary, immune reactivity
against vector components pre-existing to LV administration (such as
following exposure to the parental virus) may inactivate the vector,
inhibiting transduction, and/or attack transduced cells while still ex-
posing vector-derived Ags, as shown in some studies using adeno-as-
sociated virus (AAV) derived vectors [19,20]. Because humans are not
the natural hosts of VSV infection [21], it is highly unlikely to find
specific immunity against VSV.G in humans, although non-specific
cross reacting anti-VSV.G antibodies (Abs) may be present in humans
[22,23]. HIV-infected individuals may have LV-capsid specific im-
munity, but its impact on LV gene therapy has not been yet in-
vestigated. In a clinical trial, HIV-infected patients have been ad-
ministered with autologous T cells previously transduced with a LV
expressing an anti-HIV antisense RNA [24]. The reported persistence of
these LV-modified T cells for several years suggests that a pre-existing
anti-HIV immunity, if present, did not affect the transduced T cells,
although T cells were infused several days after exposure to LV and
expansion in culture, thus they may have been free of LV-derived Ags.
Interestingly, these patients received multiple infusions of LV-trans-
duced T cells and the second and third infusions appeared to increase
the graft size, again suggesting that anti-LV capsid or anti-VSV.G im-
mune responses were not induced in these patients after the first
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administration of LV-transduced T cells, probably because the LV-
transduced T cells did not carry over LV- or VSV.G-derived Ags.

The expression of transgene after LV gene therapy can induce a
primary anti-transgene product immune response, which can involve
both the humoral and cellular arms of the immune system. Anti-
transgene Abs can neutralize transgene activity and/or decrease its half-
life, in case of secreted transgenes, while cytotoxic T lymphocytes
(CTLs) directed against transgene-derived Ags may cause elimination of
transduced cells. Immunity against transgene-derived Ags may also be
pre-existing to the gene therapy, in some cases, such as in patients af-
fected by a monogenic disease and treated with a protein replacement
therapy [25]. Anti-transgene product immune responses may be detri-
mental to both the efficacy and safety of the LV gene therapy and
should be carefully monitored and avoided, except in those cases in
which anti-transgene product immunity is the scope of the intervention,
such as in genetic vaccine or some immunotherapy applications [26].

2. Immune responses to ex vivo LV gene therapy

Ex vivo cell-based LV gene therapy is not exempt by anti-vector or
anti-transgene product immune responses. While recipients are not di-
rectly exposed to LVs, carry-over of vector-derived Ags on infused cells
may induce primary anti-vector immune responses. LV-transduced T
cells, as mentioned above, are usually expanded in culture for several
days before administration, thus rapidly diluting vector-derived Ags.
Therefore, transduced T cells are unlikely to carry-over viral Ags and
induce anti-LV immune response by exposing LV-derived epitopes in
class-I major histocompatibility complex (MHC-I) at the time of injec-
tion [27,28]. However, it has been reported that some patients re-
ceiving LV-modified autologous T cells mounted an immune response
against the delivered transgene product, such as the murine portions of
chimeric antigen receptors (CARs) designed against tumor-associated
Ags, which limited the persistence of the CAR-expressing T cells [28].
Higher intensity lympho-depleting regimens were shown to reduce such
immune responses [28,29] and removal of the murine sequences may
also reduce their occurrence.

LV-transduced HSPCs are not cultured for as many days as T cells
after transduction, thus they may introduce viral Ags in the recipient

and induce anti-LV immune responses. The possible occurrence of such
responses remains to be clarified in pre-clinical models or clinical trials,
although it is not expected to directly interfere with the efficacy or
safety of the gene therapy, as transduced cells will dilute out LV-derived
Ags following administration to the recipient. Re-administration of the
transduced HSPCs is not required, as LV-modified HSPCs are main-
tained long-term. Moreover, in order to allow engraftment of trans-
duced HSPCs, patients are exposed to conditioning regimens, which are
often immune suppressive and thus reduce the likelihood of immune
responses at the time of transplant [10,11,30]. On the contrary, some
patients affected by monogenic diseases, such as lysosomal storage
diseases (LSD), and previously treated by enzyme replacement therapy,
may have already mounted cellular and/or humoral immune responses
against the therapeutic transgene product before the gene therapy,
which may jeopardize the efficacy and safety of the therapy. In this
case, careful pre-clinical modeling and the choice of an appropriate
lympho-depleting conditioning regimen might be crucial.

3. Immune responses to in vivo LV gene therapy

Gene transfer technology has made considerable advances in tar-
geting specific cell types and in the efficiency and regulation of trans-
gene expression; nevertheless, a major obstacle for achieving stable
therapeutic efficacy after in vivo LV gene therapy is the development of
specific immune responses, which can neutralize activity of the trans-
gene product and lead to the clearance of transgene expressing cells.
Local LV delivery facilitates access to target cells and reduces spread of
vector- and transgene-derived Ags, limiting immune responses, espe-
cially in immune privileged sites, such as the eye or the central nervous
system, even if, leaking of vector or transgene-derived Ags into the
bloodstream may initiate immune responses [18,13,15,31,32]. More
frequently disease correction requires delivery of a vector to immune-
competent organs and robust local or systemic expression of a ther-
apeutic protein. In the latter scenario, the capacity of LV to transduce
antigen presenting cells (APCs) [33] inherited from the parental virus
play a crucial role in the induction of innate and adaptive immune
responses against vector- or transgene-derived Ags, which may limit the
efficacy and safety of in vivo LV gene therapy (Fig. 1).

Fig. 1. Overview of the immune responses to LV systemic administration and possible strategies to modulate them.
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3.1. Innate immune responses to LV

The first line of defense against viral infections consists in the innate
immune response induced by the complement system, circulating and
tissue-resident phagocytes and APCs. VSV.G-pseudotyped LVs have
long been shown to be sensitive to complement-mediated inactivation
in human serum [22], likely due to the presence of cross-reacting not
neutralizing but complement-fixing anti-VSV.G Abs in humans. We
have recently shown that complement-mediated LV inactivation is LV-
dose dependent, and rapidly saturated at LV concentrations in the
serum samples similar to those expected in the circulation shortly after
infusion, based on the administered LV doses [34,14,35]. This finding
might thus explain the successful liver gene transfer obtained in dogs,
despite a similar neutralizing activity of LV as found in human sera.
Rather than preventing gene transfer to the intended target tissue,
complement activation may still have some detrimental consequences,
such as triggering innate responses, mediating phagocytosis of LV
through complement receptors and thus displacing vector from the
intended target, and, possibly, consumption of complement in the cir-
culation. Thus, it may be desirable to prevent such activation at least if
large amounts of particles are administered. We have also reported that
the lower the content of VSV.G on the LV surface, the more resistant
they are to complement-mediated inactivation, confirming the role of
VSV.G in determining LV sensitivity to complement [35]. Indeed, we
showed that complement-blocking Abs fully preserved LV infectivity in
human serum samples. Other groups have provided evidence that al-
ternative LV pseudotypes, co-display of complement-regulatory pro-
teins on LV particles, PEGylated VSV.G or VSV.G mutants generated by
directed evolution, can increase the resistance of LVs to complement-
mediated inactivation [36–39].

LV-binding Abs and activated complement components can opso-
nize LV particles for phagocytosis by liver and spleen macrophages and
APCs. These cells are also alert sensors of pathogen-associated mole-
cular patterns (PAMPs), conserved structures of microbial origin, such
as the LV RNA, which act as danger signals for the immune system and
promote inflammation, APC activation and productive Ag presentations
to the adaptive arms of the immune system [40–42]. Studies by others
and ourselves have shown that the LV RNA genome and the reverse
transcribed proviral DNA genome trigger the activation of innate im-
mune sensors, in particular plasmacytoid dendritic cells (pDCs), by
engaging Toll-like receptor (TLR) 3 and TLR7 induce a type-I interferon
(IFN) response [43–46]. We have reported a transient increase in some
pro-inflammatory cytokines in dogs upon portal vein LV administra-
tion, indicating LV-mediated activation of innate immunity and sub-
sequent inflammation [14]. We have more recently evaluated the cy-
tokine response to LV administration in mice and observed a rapid
transient increase of some pro-inflammatory cytokines, starting a few
hours after LV administration (unpublished data). These cytokines may
recruit inflammatory cells, interfere with the efficiency of cell trans-
duction, as well as, promote the initiation of the adaptive immune re-
sponse by activating APCs [44,46], thus promoting priming of Ag-
specific T cell responses [42].

Residual plasmid DNA used to produce LVs by transient transfection
of vector components and contaminating lab-grade and, to a lesser
extent, purified LV batches may contribute to the activation of innate
immune cells, due to its bacterial origin [14]. As the clinical application
of LV-based gene therapy continues to expand and eventually progress
to commercialization, it is likely that stable LV producer cell lines will
be preferred over transient transfection, to meet the scale and stan-
dardization requirements and, as a consequence, LV produced by stable
cell lines will lack contaminating plasmid DNA [35,47]. Proteomic
analysis of LV batches purified by a two-step chromatography process
(anion exchange and size exclusion) revealed the presence of a number
of producer-cell derived proteins, besides LV capsid-specific and the
VSV.G envelope proteins [48]. Whether these producer-cell proteins are
incorporated into virions or associated with debris originating from

producer cells remains to be clarified, nonetheless protein aggregates or
dying cells debris may represent additional pro-inflammatory stimuli.
For these reasons, the LV production/purification process is expected to
impact on the innate immune response following LV administration and
further optimization of LV manufacturing to reduce additional TLR
agonists is desirable, particularly for clinical-grade LV batches dedi-
cated to systemic administration.

Furthermore, to reduce the innate response evoked by LV, a growing
number of monoclonal antibodies (mAbs) or small molecular com-
pound are now available to selectively block/inactivate cytokines, re-
ceptors, and co-stimulatory molecules, or to deplete/inactivate a spe-
cific cell subset. Administration of blocking Abs specific for type-I IFNs
receptor (IFNaR1) [49–51], interleukin (IL)-6 and IL-6 receptor (IL-6R)
[52,53] and IL-1 [54,55] has been successfully used to modulate im-
mune responses in several settings and may be applied in the context of
in vivo LV gene therapy to reduce innate and adaptive immunity to LV-
encoded Ags. Our group showed that type-I IFNs inhibit transduction
efficiency, specifically within the liver, contribute to immune-mediated
clearance of transduced cells, and that LV gene transfer into IFNaR1−/
− mice leads to persistent xeno-antigen expression [44]. However, the
pleiotropic nature of the above-mentioned mediators needs to be taken
into consideration, when interfering with their pathways following LV
administration. As an example, IL-6, which is induced by IL-1, IL-2,
tumor necrosis factor (TNF-α), and IFNs and released mainly by
monocytes, but also by fibroblasts, endothelial, T, and B cells, plays a
role in different immune processes. IL-6 is involved both in innate re-
sponses as neutrophil activator and potent inducer of terminal macro-
phage differentiation and in adaptive responses as inducer of final
maturation stages of B lymphocytes and T cell growth and CTLs. Al-
though IL-1 and TNF-α induce each other and IL-6 synthesis, the latter
terminates this up-regulatory inflammatory cascade, suppressing IL-1
and TNF-α synthesis. Therefore, timing and duration of treatments
blocking pleiotropic cytokines of the innate immune system need to be
accurately considered to design combined therapy to achieve modula-
tion of adaptive responses after LV gene therapy.

Other drug-based strategies have been already explored to reduce
the acute inflammation induced by the activation of the innate response
after systemic LV administration. Dexamethasone (DEX, an anti-in-
flammatory glucocorticoid) is a widely used drug for the treatment of
transient and/or chronic inflammatory conditions. DEX and other cor-
ticosteroids have been tested in the context of viral vectors-mediated
gene transfer, specifically a short DEX regimen administration before/
after LV administration resulted in suppression of the innate response
mediators and a consequent increase of transduction [56,45]. However,
it remains to be defined whether this approach could also help in the
induction of transgene-encoded Ag-specific immune tolerance by LV.
How the innate immune response to systemic LV administration
changes according to the LV dose, pseudotype, method of production,
mouse strain or recipient species remains largely unexplored. Overall,
the known interactions of LVs with the innate immune system are
multiple and should be taken into careful consideration in designing
less immunogenic gene therapies which are more tolerated in the early
phases after administration and more likely to induce transgene-en-
coded Ag-specific immune tolerance.

3.2. Adaptive immune responses to LV

The second line of immune defense consists in the activation of the
adaptive immunity, both humoral and cell-mediated, that leads to the
generation of specific immune responses directed to vector- and
transgene-derived Ags (Fig. 1). The LV-derived viral Ags are expected to
induce a robust immune response against them, in both animal models
and humans, after systemic LV administration [18]. The immunological
memory of this immune response will likely hamper effective sub-
sequent re-administration of the same LV. Changing the LV pseudotype
may not be sufficient to evade such an immune response, due to the
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presence of capsid-derived Ags. However, a detailed characterization of
anti-LV immune responses after LV systemic delivery and of their role in
LV re-administration remains to be investigated in animal models.

LVs are enveloped viral particles, thus their surface acquires part of
the plasma membrane of producer cells, during the process of budding.
Since LVs are produced by cells of human origin, most LV membrane
proteins should be tolerated by humans. However, the polymorphic
MHC-I is a major trigger of allogeneic immune responses [57]. We have
recently shown that LVs carry the MHC-I of producer cells on their
surface and that human T cells are activated upon co-culture with LV
particles-exposed autologous human APCs, suggesting that an allo-
geneic immune response may occur in vivo after LV administration to
humans. To prevent the potential allogeneic immune response raised
against the MHC-I inadvertently co-delivered by the LV particles, we
have generated LVs devoid of MHC-I, by genetic inactivation of the
beta-2 microglobulin gene and subsequent impairment of MHC-I traf-
ficking to the membrane in LV producer cells. The resulting MHC-free
LVs maintained full infectivity but showed substantially reduced im-
munogenicity for human T cells [35].

3.3. Adaptive immune responses to the transgene product

The outcome of the immune response elicited towards transgene-
derived Ags following LV administration, ranging between active im-
munity, ignorance and active immune tolerance, can vary according to
a number of different factors, such as the nature of the transgene-pro-
duct itself, the LV dose, level and pattern of transduction and transgene
expression following LV administration, the local and systemic context
of immune modulatory cytokines and immune cell types, the genetic
background and type of mutation underlying the genetic disease of the
recipient. The primary structure of the vector-encoded protein and
haplotype of the host are essential elements for the immunogenicity of a
given transgene, determining also which and how many epitopes will
be presented to T cells. The degree of “novelty” of a certain transgene
can have strong impact on the induction of adaptive response. The
transgene product will be more likely tolerated as a consequence of
central tolerance process, if it shares homology to other self-Ags or it is
partially “known” to the recipient, depending on the disease-causing
mutation [58]. Another critical aspect is the final localization of the
transgene-encoded protein: secreted proteins are more accessible for
cells of the immune system and more susceptible to be detected, cap-
tured and presented for the induction of adaptive immunity [59].

VSV.G pseudotyping confers to LV the capacity to transduce a wide
spectrum of cell types, including macrophages and dendritic cells (DC).
Therefore, recipient APCs present transgene-encoded Ag and efficiently
prime Ag-specific CD8+ CTLs [60], which, once induced, can target the
transgene-expressing cells for killing. This property has been exploited
to trigger anti-tumor and anti-pathogen immunity by LV delivery of
tumor associated Ags or viral determinants [61,62]. Following pre-
sentation of transgene-derived Ags, B cells can proliferate and differ-
entiate, both into plasma cells (PC) that secrete high-affinity Abs spe-
cific for the transgene product, and to memory B cells, ready for a
secondary Ag encounter [63]. The development of neutralizing Abs
(nAbs) directed to the LV-encoded protein may enhance its clearance
through opsonization and/or inactivate its activity. These adaptive T
and B cell responses occur when naïve T and B cells recognize their
cognate Ag. APCs play a pivotal role in this process since they sample,
process, and present Ag epitopes in the context of MHC-I, and MHC-II
molecules to CD8+ T cells and CD4+ T helper cells, respectively. Upon
Ag recognition, T cell activation and differentiation depend on signal 1,
i.e. the strength of interactions of MHC and T cell receptor (TCR), signal
2, i.e. the co-stimulation, and signal 3, i.e. the cytokine milieu at
priming [64]. Given that LV particles, as most viruses and viral vectors,
may activate innate immune cells, they may aggravate the risk of im-
mune responses towards the transgene product because of induction of
inflammatory context at presentation.

The development of CTLs and Abs targeting the transgene product
represent one of the major hurdles for long-term in vivo transgene
maintenance and the success of the gene therapy. For this reason, in the
last decades, gene therapists have dedicated a lot of efforts to design
suitable viral vector platforms for in vivo gene transfer able to promote
long-term therapeutic levels of the transgene [33,65–68] sustained by
persistent transgene-product specific immunological tolerance. Im-
munological tolerance is a process required to maintain unresponsive-
ness of the immune system towards specific Ags. In nature, several
mechanisms are involved in promoting tolerance: passive tolerance, a
quiescent immunological state where T cells do not encounter their
cognate Ag or where effector T cells are deleted or anergized upon Ag
recognition. Conversely, active tolerance is a dynamic process whereby
regulatory T cells (FoxP3-expressing (Tregs) and type 1 regulatory,
(Tr1) cells) suppress immune responses in an Ag-specific and non-spe-
cific manner [69–71]. The liver, conjugating high synthetic and secre-
tory activity with a tolerogenic microenvironment, represents an op-
timal target organ for in vivo gene addition, to correct many metabolic
or hematologic genetic diseases, which often are caused by monogenic
defects of hepatic cells. The liver is one of the largest organs in the body
whose primary function is to “filter” and metabolize proteins and toxins
in the blood, therefore the liver is a unique immunological site where
circulating Ags and immune cells can meet. A distinctive trait of the
blood bound for the liver is the elevated concentration of inflammatory
bacterial and viral proteins that have been absorbed through the gut
mucosa. Ordinarily, the presence of stimulatory signals of this nature
induces potent inflammatory responses; however, normally the liver
remains immunologically quiescent. The fact that these stimulatory
agents do not induce robust, chronic immunity is mostly attributed to
the potent tolerogenic mechanisms developed by the liver to suppress
chronic inflammatory reactions. The tolerogenic activity of the liver is
partly attributed to the composition and diversity of APC and the high
levels of regulatory cytokines [72–74]. Notwithstanding the liver in-
trinsic pro-tolerogenic features, accumulated evidence by others and us
indicated that the pattern of transgene expression in different cell types
in vivo is a crucial factor governing the induction of tolerance rather
than immunity after in vivo gene therapy and that avoiding transgene
expression in APCs favors tolerance induction [43,17,5,75]. Over the
years, our group has exploited genetic regulatory elements to allow
stable and high levels of transgene expression selectively into hepato-
cytes, while minimizing off-target expression in APCs [66,76]. Hepa-
tocyte-restricted expression of coagulation factor IX (FIX) imposed by
hepatocyte-specific promoters, such as Enhanced Transthyretin (ET),
positive transcriptional regulation, and microRNA-142 target sequences
included in the LV, negative post-transcriptional regulation, allowed
stable reconstitution of FIX activity in mouse and dog models of he-
mophilia B, a coagulation disorder due to reduced or absent FIX activity
[77,14]. MicroRNA-142 target sequences incorporated in the vector 3′
untranslated region are meant to minimize off-target expression origi-
nating from the ET promoter in hematopoietic-lineage cells, such as
liver and spleen APC, thus reducing the likelihood of induction of im-
munity to the encoded Ag. Further studies in mouse models indicated
that stable transgene activity was achieved by induction of active im-
munological tolerance sustained by the action of Ag-specific Foxp3+

Tregs [78,79] in naïve, as well as in nAbs-positive hemophilia B mice
[80]. Later, the immuno-regulatory properties of the above-described
LV platform have been successfully exploited to control the develop-
ment of autoimmune type 1 diabetes (T1D) in non-obese diabetic
(NOD) mice [81]. The Baculovirus GP64 envelope protein, used as LV
pseudotype, has been shown to confer tropism restriction against he-
matopoietic-lineage cells, thus representing an additional layer of reg-
ulation to avoid LV transduction of APCs and improve targeting of
expression into hepatocytes to further promote or achieve tolerance to
transgene product [82,83]. The correlation between stable transgene
expression targeted to hepatocytes and induction of active Ag-specific
tolerance that was highlighted by applications of this LV platform is in
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line with previous evidences obtained by AAV vectors for liver gene
therapy, which also showed requirement for hepato-specific expression
to achieve long-term transgene expression and tolerance [65,75]. Be-
sides targeting hepatocytes, alternative combinations of transcriptional
and post-transcriptional regulatory elements to support cell type spe-
cific expression patterns, also involved in tolerance induction, have
been proposed for LV-mediated gene therapy of hemophilia A, a coa-
gulation disorder due to reduced or absent clotting factor VIII (FVIII)
activity. Targeting of FVIII expression to liver sinusoidal endothelial
cells (LSECs), one of the physiological source of FVIII, by endothelial-
specific vascular endothelial cadherin promoter and post-transcrip-
tional regulation achieved by incorporating binding sites for microRNA-
122 and microRNA-142 to control off-target expression in hepatocytes
and APC, respectively, enabled stable FVIII expression, prevented the
formation of nAbs and induced FVIII-specific immune tolerance [84].
Interestingly, a comparable tolerogenic outcome was achieved in some
mouse strains when FVIII expression was limited to macrophages and
conventional dendritic cells (cDC) in the liver and spleen by using LVs
with CD11b promoter and microRNA-126 binding sites, which reduce
FVIII expression in pDCs [85]. These data indicate that pDC play a di-
rect role not only in innate response to LV, but also in the induction of
anti-FVIII adaptive immune response. Therefore, microRNA-126 medi-
ated post-transcriptional regulation may represent an additional
strategy to reduce the immunogenicity of LV-mediated in vivo gene
therapy.

4. Immunomodulatory approaches to modulate adaptive immune
responses to transgene encoded Ag

Although LVs for in vivo gene transfer were improved in their design
to achieve stable transgene expression and tolerance in some experi-
mental settings, we should not consider it as universally applicable due
to the multiple and unpredictable obstacles towards clinical applica-
tion, which may drive the immune balance toward immunity.
Combination of factors such as the strength of innate responses trig-
gered by LV components and contaminants, genetic background of the
host (MHC I and II molecules), primary structure and final localization
of the LV-encoded protein may impact on the immunogenicity of gene
therapies. Thus, several possibilities of intervention may be considered
in combination with gene therapy to promote Ag-specific tolerance
(Fig. 1).

An actual strategy to favor tolerance induction is the modification of
the Ag primary structure to reduce its immunogenicity. The identifi-
cation and modification of immuno-dominant T cell epitopes have been
explored to design of less immunogenic FVIII proteins by substitution of
one or more anchor residues of MHC peptide-binding in multiple HLA
[86]. Similarly, modification of B cell epitopes through substitution of
surface-exposed amino acid is a promising approach to interfere with
FVIII attachment to Abs and memory B cells [87]. Additionally, the
fusion of proteins with the Fc region of immunoglobulins, designed to
extend the half-life, resulted also to be immunomodulatory [88,89]. It
has been shown that processing of Fc-Ag leads to presentation of Ag-
derived epitopes together with Fc-derived ones, which include epitope
sequences, termed Tregitopes able to promote immune tolerance acti-
vating and expanding Foxp3+ Tregs [90].

As mentioned above, professional APCs play a pivotal role in de-
termining the fate of immune responses directed to LV-encoded Ags
providing co-stimulation and pro-inflammatory signals, therefore
modulation/inhibition of APC co-stimulation may represent a potential
strategy to favor the induction of Ag-specific tolerance. Cytotoxic T
lymphocyte antigen 4 (CTLA-4)Ig is a fusion protein of the extracellular
domain of CTLA-4 and IgG1 that binds to both CD80 and CD86 and
prevents interaction of B7 proteins with their counterpart CD28 and
CTLA-4 expressed on T cells [91]. The humanized version, Abatacept is
approved for use in humans to treat Rheumatoid Arthritis and prevent
renal transplant rejection. CTLA-4Ig immunoregulation occurs through

CD28 pathway blockade that prevents initial T cell activation and ap-
pears to be dependent on Treg function and TGF-β [92]. CTLA-4Ig has
been successfully administered in mucopolysaccharidosis type-I (MPS-I)
cats following in vivo gene therapy with retroviral vectors, to suppress
CTL development and stably restore α-L-iduronidase (IDUA) expression
[93].

Promising results in the induction of Ag-specific Tregs mediated
tolerance in vivo have been obtained by conditioning the APC com-
partment with biocompatible nanoparticles carrying the Ag and an
immune-modulatory drug. Nanoplaticles loaded with Rapamycin, a
mTOR inhibitor that induces a tolerogenic DC phenotype capable of
inducing Treg differentiation and Ag-specific immune tolerance [94,95]
were co-administered with the Ag in mice to inhibit the development of
autoimmunity and in the prevention and abrogation of anti-FVIII neu-
tralizing humoral response in the context of a factor replacement
therapy [96,97]. However, there are contrasting reports regarding the
immune functions and inhibition of mTOR in DC, since it has been
shown to lead to pro- as well as anti-inflammatory T cell stimulation. In
the periphery, DCs sense the environment and once activated rapidly
produce pro-inflammatory signals and mTORC1 and mTORC2 activated
by TLR ligands participate to these responses, thus Rapamycin in-
hibiting mTOR leads to immune regulation. Conversely, after matura-
tion and migration to secondary lymphoid organs DC increase the ex-
pression of co-stimulatory and inhibitory molecules (such as PDL1) to
dampen and eventually terminate T cell activation. Therefore, at this
stage of the response mTOR inhibition may enhance Ag presentation,
co-stimulation and IL-12 production blocking PD-L1 and IL-10 expres-
sion thus intensifying the immune response [98]. Therefore, the timing
and route of Rapamycin-loaded nanoparticles administration needs to
be carefully considered to design an effective tolerogenic protocol to
support in vivo LV gene transfer.

Alternative nanotechnologies have been recently developed to ac-
tively regulate undesired responses in vivo. Nanoparticles coated with
peptides bound to MHC-II molecules triggers the generation and ex-
pansion of Ag-specific Tr1 cells, which drive the differentiation of B
regulatory cells in several mouse models [99]. This new technology is
potentially applicable to control immune response to the transgene
product; however, several limitations can be envisaged including the
identification of immune-dominant transgene-derived epitopes and its
MHC restriction.

Treg-based cell therapies for tolerance induction have been devel-
oped and translated in to the clinic for the treatment of autoimmunity
and in transplantation settings [100–102]. We showed that adminis-
tration of freshly isolated syngeneic polyclonal not activated Tregs was
not able to control the immune response the LV-encoded Ag in im-
munocompetent mice immunized by in vivo LV administration [103].
Ex-vivo expanded Tregs have been shown to be more suppressive
compared to freshly isolated Tregs [104]; adoptive transfer of ex vivo
expanded autologous polyclonal Tregs modulated immune responses in
gene and protein replacement therapies and the persistence of regula-
tion was due to induction of Ag-specific Tregs in vivo [105]. Therefore,
the generation of Ag-specific Tregs ex vivo can be exploited for tolerance
induction in combination with in vivo LV gene therapy. In this scenario
new strategies are now available either to impose a given Ag-specificity
to cells that already are Tregs via CAR or TCR gene transfer technology
[106–108], or to convert Ag-specific conventional T cells in regulatory
T cells by overexpressing Foxp3 and IL-10 [109–111].

The capacity of DCs to promote T cell activation or tolerance is the
rationale for DC-based cell therapy to promote immunity for cancer and
infectious diseases or tolerance in immune-mediated diseases, including
in vivo gene therapy (reviewed in [112]). Our group contributed to the
identification of IL-10 as key factor for promoting the differentiation of
potent tolerogenic DCs. We set up a protocol to differentiate tolerogenic
DCs, named DC-10, from peripheral blood monocytes cultured in the
presence of GM-CSF, IL-4, and IL-10. DC-10 expressing high levels of
HLA-G and IL-10 are potent inducers of allo-specific Tr1 cells
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[112,113]. Thus, it can also be envisaged the application of DC-10-
based cell therapy to restore tolerance to a given immunogenic trans-
gene-derived Ag, by converting T effector cells or naïve T cells to Ag-
specific Tr1 in vivo.

Alternative tolerogenic approaches compatible with in vivo LV gene
transfer can be designed to target directly T effector cell via selective
depletion/inactivation and possibly support conversion or de novo in-
duction of Ag-specific Tregs. In this scenario, non-Fc-binding anti-CD3
mAb (F(ab′)2) matches this requirement. This molecule has been shown
to be able to efficiently revert T1D in NOD and now reached advanced
clinical testing for the treatment of T1D patients. The anti-CD3 tol-
erogenic capacity develops initially by mediating antigenic down-
modulation of the T-cell receptor CD3 complex, preferential induction
of apoptosis in activated T-cells and induction of anergy in T cells, while
in a second phase, it promotes TGF-β–dependent generation of Tregs
[114–116]. Our group showed that a suboptimal dose of anti-CD3(F
(ab′)2) synergizes with LV-mediated hepatic expression of InsulinB 9-23
peptide in reverting T1D and re-stablishing tolerance, where treatment
with the LV alone was not sufficient [81]. Therefore, combined thera-
pies can be tailored to be associated to LV gene transfer in vivo to en-
force its tolerogenic effect.

5. Conclusions and perspectives

The in vivo induction of Ag-specific T regulatory cells is essential to
achieve a stable correction of an undesired immune response and a
persistent state of tolerance, after administration of a therapeutic Ag,
either by protein replacement therapy or gene therapy, as well as in
autoimmunity. Our growing understanding of the complexity of the
immune system and ability to steer it towards the tolerance side, will
allow us to couple the immune-modulatory features of late-generation
gene transfer vectors with targeted immune manipulation by refined
drugs and cell therapy strategies, to achieve stable activity of the
therapeutic transgene supported by a robust state of immune tolerance
and potentially apply these advanced therapeutic interventions to
prevent or revert immune mediated disorders.
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