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Adeno-associated virus (AAV) vectors are considered efficient
vectors for gene transfer, as illustrated by recent successful clin-
ical trials targeting retinal or neurodegenerative disorders.
However, limitations as host immune responses to AAV capsid
or transduction of limited regionsmust still be overcome. Here,
we focused on locoregional (LR) intravenous perfusion vector
delivery that allows transduction of large muscular areas and
is considered to be less immunogenic than intramuscular
(IM) injection. To confirm this hypothesis, we injected 6 cyno-
molgus monkeys with an AAV serotype 8 (AAV8) vector en-
coding for the highly immunogenic GFP driven by either a
muscle-specific promoter (n = 3) or a cytomegalovirus (CMV)
promoter (n = 3). We report that LR delivery allows long-
term GFP expression in the perfused limb (up to 1 year) despite
the initiation of a peripheral transgene-specific immune
response. The analysis of the immune status of the perfused
limb shows that LR delivery induces persisting inflammation.
However, this inflammation is not sufficient to result in trans-
gene clearance and is balanced by resident regulatory T cells.
Overall, our results suggest that LR delivery promotes persist-
ing transgene expression by induction of Treg cells in situ and
might be a safe alternative to IM route to target large muscle
territories for the expression of secreted therapeutic factors.

INTRODUCTION
Recombinant adeno-associated virus (rAAV) is now considered an
efficient and successful gene therapy vector, as illustrated by recent
US Food and Drug Administration (FDA) and European Medicines
Agency (EMA) approvals for the treatment of neurodegenerative,
retinal, or metabolic disorders.1–3 This vector also showed great
promises for the treatment of muscular dystrophies, including
Duchenne muscular dystrophy (DMD)4,5 or limb-girdle muscular
dystrophy type 2D (LGM2D).6,7 At first, some of these clinical trials
used the intramuscular (IM) route for vector delivery, but this mode
of administration showed some limits. Actually, IM delivery does not
allow to achieve therapeutic efficacy due to transduction of limited re-
gions and is often associated with immune responses to the vector
660 Molecular Therapy: Methods & Clinical Development Vol. 20 March
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and/or the transgene product in animal models and patients.8–14

The intravenous (i.v.) route is currently used for these disorders in
several clinical trials (NCT03368742,15 NCT03375164,16 and
NCT0336250217 [DMD] and NCT0319946918 [X-linked myotubular
myopathy (XLMTM)]) but requires high vector doses (up to 3e14
viral genomes/kilogram [vg/kg]) to achieve a therapeutic effect that
might lead to liver dysfunction, as recently described in nonhuman
primates (NHPs)19 but also in 3 XLMTM patients,20 or to renal
impairment, as observed in 1 DMD patient.21 These adverse events
were attributed to an activation of the innate system post-dosing.
As an alternative, the locoregional (LR) i.v. perfusion can be used
to target large muscle territories. This method consists of transiently
isolating the limb from the general circulation using an atraumatic
tourniquet. The vector is then injected under pressure, allowing
rAAV extravasation in the limb, leading to transduction of large
areas, as described in dogs and NHPs after a single LR injection.22–24

Interestingly, the LR delivery is considered more efficient and less
immunogenic than the IM route.25,26 Our group and others reported
that LR delivery is (1) well tolerated,27,28 (2) allows sustained trans-
gene expression25,29,30 in animal models, and (3) results in a better
vector distribution in muscles compared to IM delivery.23,28 More
importantly, we recently showed that LR delivery of a rAAV1 allows
long-term transgene expression up to 5 years post-dosing in NHPs
without any immune response to the transgene product and in
absence of any immune-suppressive regimen,26 although, in this pre-
vious study, we used a rAAV1 known to present limited vector
spreading, a muscle-specific desmin promoter to limit gene expres-
sion in muscle cells, and a low dose of vector (1e11 vg/kg). All these
factors (serotype, dose, and promoter) may explain why we did not
observe an immune response to the transgene product.
2021 ª 2021
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1. Experimental groups

Animal Vector Promotor
Mode of
delivery

Dose (vg/
kg)

Endpoint
(months)

Mac 1
scAAV2/8-
GFP

desmin LR 7e12 13

Mac 2
scAAV2/8-
GFP

desmin LR 7e12 12

Mac 3
scAAV2/8-
GFP

desmin LR 7e12 9

Mac 4
scAAV2/8-
GFP

CMV LR 7e12 12

Mac 5
scAAV2/8-
GFP

CMV LR 7e12 12

Mac 6
scAAV2/8-
GFP

CMV LR 7e12 1

Ctrl IM
scAAV2/8-
GFP

CMV IM 7e12 14

IM, intramuscular; LR, locoregional intravenous delivery; vg/kg, viral genome/kilogram
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To confirm and understand the low immunogenicity of the LR delivery
and its ability to induce long-term transgene expression in cynomolgus
monkeys, we challenged this administration route by usingmore immu-
nogenic conditions and an AAV serotype 8 (AAV8) that is (1) less sero-
prevalent thanAAV1, (2) used to targetmuscles for the secretion of ther-
apeutic factors,28,31 and (3) used in clinical trials.18 We chose to work
with a higher dose (7e12 vg/kg) of a self-complementary (sc) instead
of a single-stranded (ss) rAAV8 vector, a setting described to be more
immunogenic.32,33The sc rAAV8vectorused encodes for the greenfluo-
rescent protein (GFP) reported to be highly immunogenic in large ani-
malmodels.34,35We also tested a tissue-specific desminpromoter (n=3)
versus an ubiquitous cytomegalovirus (CMV) promoter (n = 3).

Here, we described that, even under highly immunogenic conditions,
LR delivery of rAAV in cynomolgus monkeys induced long-term
transgene expression. Surprisingly, the GFP expression wasmaintained
up to 1 year post-dosing, despite a peripheral anti-transgene humoral
response and a GFP-specific CD8 T cell response. This peripheral
response was associated with the detection of muscle-infiltrated cells,
including CD4T cells and CD8 T cells butmore importantly regulatory
T cells (Tregs). An in-depth analysis of the immune status of the in-
jected limb at early (day 7 to day 90) and long-term (up to 1 year)
time points post-injection showed that rAAV LR injection leads to per-
sisting expression of inflammatory signals. These signals in addition to
GFP expression seem to mimic a chronic inflammation that would be
regulated by Tregs in situ. Overall, these data confirm that LR delivery
induces long-term expression of the transgene without inducing a dele-
terious T cell response.

RESULTS
Locoregional delivery allows long-term GFP expression in

perfused limb

In contrast to the IM route, LR administration of an AAV vector leads
to long-term transgene expression, as reported by our group and
Molecular
others.24–26,29 To confirm that this mode of delivery is less immuno-
genic, we injected 6 monkeys with a sc rAAV8 vector encoding for the
GFP described to be highly immunogenic in NHPs.34,35 The expres-
sion of the GFPwas driven by a desminmuscle-specific promoter (n =
3) or a CMV ubiquitous promoter (n = 3; Table 1). All monkeys
received a dose of 7e12 vg/kg and were followed for up to 1 year
except for Mac 6. This monkey showed a pain in the perfused limb,
probably due to a higher LR-induced vector extravasation and subse-
quent high level of GFP expression described to be toxic in mon-
keys.34,36 Therefore, for ethical reasons, this animal was euthanized
at 1 month post-dosing. The vector biodistribution was analyzed by
quantitative PCR (qPCR) in perfused and contralateral limbs (Fig-
ure 1A). As previously described after LR delivery, the analysis
showed a broad biodistribution of the vector in the injected limb
with 0.01 to 1 vg per diploid genome (vg/dg), depending on the mus-
cle analyzed. Higher vector copy numbers were detected in Mac 6
muscles with 2.2 vg/dg in the tibialis and up to 20 vg/dg in the gastroc-
nemius muscle, but the tissues were collected at 1 month post-dosing
in contrast to the other monkeys. The statistical analysis did not show
a significant difference between the NHPs (Mann-Whitney test). As
expected, vector genomes were detected in contralateral muscles
but at lower levels (between 0.01 and 0.29 vg/dg) and also in periph-
eral organs (including liver, spleen, and inguinal lymph nodes; not
shown), an observation that is probably due to the release of the tour-
niquet. In addition to the vector biodistribution, the GFP expression
was analyzed by immunostaining in the perfused limb over time (Fig-
ure S1) and at necropsy (Figure 1B). The GFP was detected at day 30
and persisted up to 1 year post-dosing in all monkeys injected with
either desmin or CMV promoters. GFP relative expression was also
detected by qRT-PCR in the contralateral limb (not shown). As antic-
ipated, the intensity of transgene expression was higher in the CMV
group compared to the desmin group.

Sustained transgene expression despite humoral and cellular

responses to the transgene product

In our previous studies, we reported a persisting transgene expression
after LR delivery without detection of an anti-transgene immune
response.25,26 To confirm these results, we also analyzed the immune
response to the transgene product in our model by assessing humoral
and cellular immune responses to the GFP (Table 2). Surprisingly,
and in contrast to our previous model, we detected in all monkeys
high titers of anti-GFP immunoglobulin G (IgG) antibodies (titer >
327,680; Table S1) and an interferon-g (IFN-g)-positive response
when peripheral blood mononuclear cells (PBMCs) collected at
different time points post-dosing were restimulated with an overlap-
ping peptide library spanning the GFP sequence with a response
observed earlier for the CMV promoter compared to the desmin
(day 14 versus day 45, respectively; data not shown). To understand
the fact that GFP expression persisted over time despite the induction
of a specific host immunity, we characterized this immune response.
We first investigated whether the cellular response was mediated by
either CD8 or CD4 T cells. To do so, an IFN-g ELISpot assay was per-
formed on total, CD4-depleted, and CD8-depleted splenocytes iso-
lated at day 60 post-dosing (Table 2; Figure 2). The efficiency of
Therapy: Methods & Clinical Development Vol. 20 March 2021 661
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Figure 1. GFP expression in perfused limb up to 1 year

post-injection

Nonhuman primates were injected LR with a scAAV8-Des-

GFP (n = 3) or a scAAV8-CMV-GFP vector (n = 3) (7e12 vg/

kg). Muscles were harvested at necropsy. (A) Detection of

viral genome by qPCR in muscles from perfused limb (4

muscles are represented for each animal) and from

contralateral limb (3 muscles are represented for each ani-

mal). vg/dg, viral genome/diploid genome. Lines represent

the median. The dotted line represents the qPCR limit of

quantification (0.0007 vg/dg). No significant statistical dif-

ference is observed between the nonhuman primates

(Mann-Whitney test). (B) GFP expression in perfused limb

determined by immunostaining is shown. Scale bar:

100 mm. *Mac 6 was euthanized 30 days after dosing.
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each depletion was evaluated by flow cytometry (Figure 2A). These
depletions showed that all the animals developed a specific anti-
GFP T cell response mediated by CD8 T cells (e.g., by CD4-depleted
splenocytes) except for Mac 2. Results obtained on total splenocytes
confirmed the results obtained on PBMCs at necropsy (Table 2; Fig-
ure 2B). To further determine whether this cellular immunity was a
conventional effector CD8 T cell response, we performed an inter-
leukin-2 (IL-2) ELISpot assay on splenocytes isolated at day 60
post-injection as well (Table 2). IL-2 was not secreted by neither total
splenocytes, CD4, nor CD8 T cells after GFP stimulation, except for
Mac 2. The absence of IL-2 secretion in response to transgene peptide
stimulation suggests that CD8 T cell response could not be conven-
tional, as IL-2 is usually described to promote CD8 effector
response.37,38

Detection of regulatory T cells in the perfused limb

A recent study suggested that, in animal models, the characterization
of muscle-infiltrated cells following rAAV delivery would be more
relevant than the analysis of peripheral immune response to under-
stand the absence of a deleterious T cell response.39 Therefore, we per-
formed a hematoxylin-phloxin-saffron (HPS) staining on perfused
and contralateral muscles sections to analyze the presence of mono-
nuclear cell infiltrates. Muscle-infiltrated cells were detected in all
monkeys up to 12months post-injection in perfused limb (Figure 3A),
662 Molecular Therapy: Methods & Clinical Development Vol. 20 March 2021
but not in contralateral limb (Figure S2). In the
perfused limb, we noticed these cell infiltrates
and some centranucleated fibers, suggesting a
possible muscle regeneration. However, no harm-
ful inflammation was observed because viral ge-
nomes are still detected at necropsy (Figure 1A).
During regular clinical examinations, we did not
observe any muscle wasting in any monkey over
time. To verify that mononuclear cell infiltrates
were not associated to fibrosis or adiposis, we per-
formed a picrosirius red staining. A localized
fibrosis was detected in the perimysium in
perfused limb in all monkeys but was comparable
to muscle collected on an uninjected control
monkey (Figure S3), suggesting it was not related to gene transfer.
An in-depth characterization of muscle-infiltrated cells by immuno-
histochemistry showed the presence of both CD3+ CD4+ T cells and
CD3+ CD8+ T cells (Figures 3B and 3C, respectively). Sustained
transgene expression despite the detection of CD4 and CD8 T cells
in addition to a transgene-specific peripheral immune response sug-
gests the initiation of an immunemodulation mechanism in situ. Two
cell populations responsible for the absence of a deleterious immune
response have been described in AAV gene transfer: regulatory T cells
(CD3+CD4+FoxP3+ cells) and exhausted T cells (CD3+CD8+PD-
1+).39–41 In this study, we performed an immunostaining on muscle
collected at necropsy to verify the presence of these cells in the in-
jected limb to explain long-term GFP expression. Infiltrated regulato-
ry T cells (CD4+Foxp3+ cells; Figure 4) but no exhausted T cells
(CD3+PD1+ cells; Figure S4) were detected in situ after 1 year
post-injection in both desmin and CMV groups.

Inflammatory signals are delivered in injected limb up to 1 year

post-vector administration

Because we observed a peripheral immune response and muscle-infil-
trated cells, including Tregs up to 1 year post-dosing, we wanted to
further study the immune status of the perfused limb. To do so, we
quantified the expression of 84 genes involved in inflammatory
response, including cytokines, chemokines, and receptors. For all



Table 2. Humoral and cellular immune responses to GFP

Anti-GFP IgG
antibodies

PBMCs Splenocytes

IFN-g secretion to
GFP IFN-g secretion to GFP IL-2 secretion to GFP

Baseline Necropsy Baseline Necropsy Total CD4-depleted CD8-depleted Total CD4-depleted CD8-depleted

Desmin

Mac1 – + – + + + – – – –

Mac 2 – + – + + + + + – +

Mac 3 – + – + + + – – – –

CMV

Mac 4 – + – + + + – – – –

Mac 5 – + – + + + – – – –

Mac 6 – N/A – N/A N/A N/A N/A N/A N/A N/A

IgG, immunoglobulin; IFN-g, interferon-gamma; IL-2, interleukin-2; N/A, not applicable; PBMCs, peripheral blood mononuclear cells; –, no response; +, positive response
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monkeys, 4 muscles (2 from the perfused limb and 2 from the contra-
lateral limb) were analyzed at 4 time points (day 7, 1month, 3months,
and at necropsy). Relative quantification (RQ) for each gene has been
determined by qRT-PCR and reported on a heatmap (Figure 5A and
https://adrienleger.com/TaqMDA/ for analysis on each monkey). At
day 7 post-injection, we did not observe noticeable differences in term
of gene expression between the perfused limb and the contralateral
limb (Figure 5A). On the contrary, our analysis showed, at 1 month
post-injection, an upregulation of inflammatory genes in the perfused
limbs of all NHPs compared to contralateral limbs, with no difference
between the two desmin and CMV promoters. This upregulation per-
sisted until up to 1 year for all monkeys (Figure 5A). Then, we per-
formed a principal-component analysis (PCA) based on these relative
quantification data (Figure 5B and https://adrienleger.com/
TaqMDA/ for analysis on each monkey). The inflammatory gene
expression pattern in contralateral limb at all time points and in
the perfused limb at day 7 were found grouped together. This indi-
cates there is no noticeable differences between the contralateral
limb and the day 7 time point. On the other hand, the inflammatory
gene expression pattern in muscles collected on the perfused limb at
1 month, 3 months, and at necropsy were clearly opposed on the first
principal component to the control group (e.g., contralateral limb).
This confirms the pattern obtained in the heatmap-based analysis
with the initiation of inflammatory gene expression after LR rAAV
delivery starting from at least 1 month and lasting up to 1 year
post-dosing. Finally, from the variable diagram generated with the
PCA (Figure S5 and https://adrienleger.com/TaqMDA/ for analysis
on each monkey), we quantified the number of upregulated inflam-
matory genes at each time point. These data were compared to the re-
sults obtained on a control monkey injected intramuscularly (Ctrl
IM) with the same scAAV8-CMV-GFP vector and at the same dose
(7e12 vg/kg; Figure 5C). We observed that the number of upregulated
genes in the injected muscle of the Ctrl IM monkey increased and
reached a peak at 1 month post-dosing and then this number
decreased between 1 and 3 months (from 45 overexpressed genes to
less than 20). After 3 months, the number of overexpressed genes re-
turned to levels comparable to day 7 time point, and this was corre-
lated to the loss of transgene expression that was observed in this con-
Molecular
trol IM animal at 3 months post-dosing (Figure S6). In contrast, for all
monkeys injected by LR route (either desmin or CMV group), the
number of upregulated genes in the perfused limb increased between
day 7 and 3 months post-dosing and then decreased but remained
noticeable until necropsy. Genes involved in inflammatory response
consistently upregulated at 3 months for monkeys injected LR and
at 1 month for Ctrl IM monkey have been reported in Table 3 and
led to a panel of 21 cytokines. Surprisingly, the panel is the same be-
tween the Ctrl IM monkey who cleared the transgene after 3 months
in the muscle and the monkeys injected LR with either the desmin or
the CMV promoter, who were still expressing the GFP protein after 1
year. Thus, the major difference is related to the kinetic that is
different between the 2 modes of delivery with a delayed upregulation
and persistence of inflammatory gene expression up to 1 year in the
LR groups (Figure 5C). This difference can be explained by LR deliv-
ery, resulting in a broad transduction of muscles in the entire limb
with more transduced muscles but less viral genome numbers per
cell compared to the IM route, where viral genomes are concentrated
at the site of injection. After LR delivery, it may take more time to
have a sufficient amount of GFP in situ to induce inflammatory
signals.

DISCUSSION
So far, the major limit described in patients treated with AAV vectors
in clinical trials is the host immune response. The initiation of an im-
mune response to the capsid and/or the transgene product has been
described in clinical trials targeting metabolic, neurodegenerative,
and neuromuscular disorders.8,14,31,42–45 Several factors canmodulate
the initiation of an immune response: among them, the vector dose,
the promoter, the transgene, and/or the administration route of the
product.46 AAV-mediated muscle gene transfer using i.v. delivery ne-
cessitates high vector doses and showed adverse events in patients due
to the reactivation or initiation of a cytotoxic T cell response to the
capsid that are now managed by transient corticosteroid-based
immunosuppressive treatments. As an alternative to the systemic
route, we focused on the LR delivery. This alternative administration
route is of great interest for muscle-directed gene transfer to treat
metabolic disorders, because it allows transduction of large muscle
Therapy: Methods & Clinical Development Vol. 20 March 2021 663
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Figure 2. IFN-g secretion to GFP is mediated by CD8 T cells

Spleens were harvested at day 60 post-dosing, and splenocytes were isolated. (A) Cell depletion efficiency is shown. Percentages of CD4 (CD3+CD4+) and CD8

(CD3+CD8+) T cells were determined by flow cytometry before (total splenocytes) and after magnetic separation (CD4- and CD8-depleted splenocytes). (B) Total and CD4-

and CD8-depleted splenocytes were stimulated in vitrowith overlapping peptides (15 mers overlapping by 10 aas) spanning the GFP sequence (pool 1–5 [p1–p5]). Negative

control consisted of unstimulated cells (medium alone), whereas PMA/ionomycin (PMA/iono) stimulation was used as a positive control for cytokine secretion. Responses

were considered positive when the number of spot-forming colonies (SFCs) per 1e6 cells was >50 and at least 3-fold higher than the control condition (dotted line); asterisk (*)

denotes positive response (DFR(2�) test). Error is represented as standard deviation (SD).
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areas and release of therapeutic levels of secreted proteins. Moreover,
it seems to not induce a deleterious immune response, at least to the
transgene product. This mode of delivery was even described to be
able to induce a transgene-specific tolerance mediated by IL-10-
secreting FoxP3+CD4+ cells when a cyclophosphamide immune-
suppressive regimen is administered.24–26,47 In the present study,
we focused on the impact of a LR vector delivery to allow persisting
transgene expression of an immunogenic protein. To confirm the
low immunogenicity of this route, we injected in a relevant preclinical
cynomolgus monkey model and in absence of any immune suppres-
sive regimen a sc rAAV8 vector carrying the highly immunogenic
GFP transgene at a relatively high dose (7e12 vg/kg). This dose range
was previously reported to induce an immune response to either the
GFP transgene product34,35 or the AAV capsid.14,40,42

In our model, we confirmed that LR delivery of an AAV8 vector leads
to persisting transgene expression, despite the high immunogenicity
of its product. Surprisingly, and in contrast to previous studies, where
either no response or only anti-transgene IgG responses were re-
ported,26,29,47 we observed an anti-GFP cellular immune response.
This response was detected at day 15 post-dosing in the CMV group
versus at day 45 in the desmin group (not shown). The analysis in
splenocytes showed that it was mediated by IFN-g- and not IL-2-
664 Molecular Therapy: Methods & Clinical Development Vol. 20 March
secreting CD8 T cells. Secretion of IFN-g by circulating cells not lead-
ing to loss of transgene expression is not unusual after rAAV delivery.
It has already been described in previous clinical trials, where sus-
tained transgene expression was explained by the presence of immune
cells mediating tolerance (Tregs and/or exhausted T cells) that were
detected in periphery or at the site of injection.39,41,48 In the present
study, we analyzed the presence of muscle-infiltrating cells in the
perfused limb at 1 year post-injection. We observed infiltration of
CD4 and CD8 T cells but also T-reg cells that might explain persisting
transgene expression. To understand long-term, muscle-infiltrated
cells, we performed an in-depth analysis of the immune status of mus-
cles collected in the perfused limb at early and late time points (from
day 7 until 1 year post-dosing) by analyzing the expression of 84 genes
involved in inflammatory response. Our results showed that expres-
sion of genes involved in inflammation increased between day 7
and 3 months post-dosing and persists until at least 1 year. These sig-
nals that are similar but persisting as compared to a control monkey
injected IM may participate to the recruitment and persistence of the
immune cells in situ and especially Tregs.

The presence of Tregs after rAAV delivery in the muscle has been
described in alpha-1-antitrypsin-deficient-patients (AATD) and lipo-
protein-deficient patients (LPL) who received an AAV1 vector
2021
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intramuscularly.39,41,48 The specificity of these Tregs was studied in
AATD patients in periphery by restimulating PBMCs and showed
that these Tregs were capsid specific; the expression of activation
markers was observed only when PBMCs were stimulated with
AAV peptides, not when they were stimulated with AAT peptides.
The presence of these activated capsid-specific Tregs was explained
by the persistence of AAV capsid in the injected muscle up to 1
year post-dosing.41 The main hypothesis was that long duration of
AAV capsid antigen exposure was mimicking a chronic viral infec-
tion, leading to the induction of capsid-specific Tregs and exhausted
T cells.39,41 In our cynomolgus preclinical model, the specificity of
these Tregs (transgene product or capsid or both) remain to be char-
acterized. Here, we did not detect a cellular immune response to the
capsid in any animals, except Mac 4, that was already positive prior to
vector delivery (Figure S7). But, as expected and previously
described,14,36,39 all the animals showed anti-AAV8 neutralizing fac-
tors and IgG antibodies (not shown). The absence of an anti-capsid
cellular immune response is not surprising because this response
has not been anticipated in any preclinical model before translation
of AAV-based strategies to patients.49,50 However, we observed com-
parable results to those described in AATD clinical trial when we
assessed the peripheral immune response to the transgene product;
we report long-term expression of GFP in monkeys that is
correlated to Treg-infiltrating cells in the muscle, despite the detec-
tion of IFN-g-secreting CD8 T cells. These findings might suggest
that our Tregs are at least partially specific to the transgene product
in our model.

Recruitment of Tregs at the site of inflammation is not only observed
in the setting of chronic viral infection but also in some pathologies,
including DMD, where the muscle is injured and the inflammation is
chronic.51,52 In these diseases, Tregs play a role in cell homeostasis
and control the extent of tissue damage by restraining the develop-
ment of type 1 inflammatory response.53 The depletion of Tregs
has critical consequences; it leads to exacerbation of muscle inflam-
mation53,54 and to the decrease of the expression of activation marker
on M2 macrophages that have anti-inflammatory properties and are
involved in tissue repair and remodeling phases.55 In our model, LR
delivery of an AAV8 vector leads to a long-term broad expression of a
highly immunogenic protein in the perfused limb. The sustained
inflammation related to the GFP might mimic a chronic inflamma-
tion and explain the recruitment and persistence of Tregs in situ up
to 1 year post-dosing.

The analysis of the kinetic of the inflammatory gene expression sup-
ports this hypothesis and seems to be specific to the LR mode of de-
livery. Indeed, in our IM Ctrl monkey injected with the same AAV
Figure 3. Detection of cellular infiltrates in the perfused limb after AAV8 delive

Nonhuman primates were injected LR with a scAAV8-Des-GFP (n = 3) or a scAAV8-CMV

cell populations were analyzed by hematoxylin-phloxine-saffron staining in the perfuse

Detection of CD4 T cells (CD3+CD4+ cells) by immunohistochemistry in perfused limb

group. Scale bar: 20 mm. (C) Detection of CD8 T cells (CD3+CD8+ cells) by immunohistoc

representative of each group. Scale bar: 20 mm.
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vector via the IM route, we observed inflammation gene expression
pattern comparable to an acute inflammation where immune cells
infiltrate the muscle to clear necrotic muscle fibers. In this case, in-
flammatory cytokines are secreted to promote muscle stem cells
proliferation and differentiation, which favor muscle regenera-
tion.56,57 This phase lasts approximately 1 to 2 months.58 In our
study, after IM delivery, inflammatory genes are expressed no later
than 3 months with a peak at 1 month post-dosing and are associ-
ated to a loss of transgene expression. Moreover, the analysis of vec-
tor biodistribution in the draining lymph node of this Ctrl IM mon-
key early after vector dosing (day 7) showed that 100 vg/dg are
detected versus an average of 7.8 vg/dg in monkeys injected LR (Fig-
ure S8). This difference might result in higher antigen presentation
to immune cells and delivery of danger signals after IM in contrast
to the LR route, a finding that could contribute to the lower immu-
nogenicity of the LR delivery. In addition to less viral genomes in
the draining lymph node, after LR delivery, we observed inflamma-
tory signals that persist over time and that are not sufficient to result
in transgene clearance. We observed expression of chemokines that
would explain recruitment of immune cells in situ and cytokines
and their respective receptors that might participate to Treg induc-
tion or recruitment, including, but not limited to, (1) IL-10 receptor
(IL-10R) that is critical to maintain suppressive function as it en-
ables the generation and function of Tregs;59–61 (2) IFN-g that
may participate in induction of Foxp3 expression and conversion
of CD4+CD25� T cells to CD4+ Tregs in an inflammatory environ-
ment;62 (3) tumor necrosis factor (TNF)/TNFR2 pathway, which is
a key factor in maintaining sustained Foxp3 expression and function
of Tregs, contributing to immune regulation in the inflammatory
environment;63–65 and (4) IL-2R that is expressed by Tregs, for
which IL-2 sensing is essential for survival, functional competency,
and stability.66,67 Interestingly, some of these cytokines are also
described in chronic inflammation,68 supporting the hypothesis
that GFP long-term expression might partially mimic this phenom-
enon. Importantly, none of the deleterious effects observed in case
of chronic inflammation, including pain, muscle wasting, or fibrosis,
have been observed in our model. We do observe some centra-
nucleated fibers at 1 year post-injection in the injected limb
(compared to the contralateral limb), which are usually associated
with destruction and regeneration of muscle fibers. Because we
observed a persistence of transgene expression, the presence of
these fibers could rather be explained by the persisting inflamma-
tion. Actually, some cytokines upregulated in our model (Table
3), such as CCL2, described to contribute to the regeneration of
muscle fibers or TNF-a responsible for the decrease of MyoD
(myoblast determination protein 1) expression, which is a factor
promoting muscle differentiation, might slow down or stop the
ry at necropsy

-GFP vector (n = 3; 7e12 vg/kg). Muscles were harvested at necropsy. (A) Infiltrated

d limb. Scale bar: 100 mm. Mac 6 (*) was euthanized at 1 month post-dosing. (B)

is shown (Mac 2, Desmin; Mac 4, CMV). Each illustration is representative of each

hemistry in perfused limb is shown (Mac 3, Desmin; Mac 4, CMV). Each illustration is
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Figure 4. Regulatory T cells infiltrate the muscle after AAV8 LR delivery

Nonhuman primates were injected LR with a scAAV8-Des-GFP (Mac 1–3) or a scAAV8-CMV-GFP vector (Mac 4, 5; 7e12 vg/kg). Muscles were harvested at necropsy.

Detection of regulatory T cells (CD4+FoxP3+ cells) by immunohistochemistry in the perfused limb is shown. Scale bar: 50 mm.
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regenerating fiber differentiation and could therefore explain the
presence of these regenerating centranucleated fibers 1 year post-
injection.69

Finally, persisting transgene expression in our model may not be
related to the LR mode of delivery only but also to the AAV vector
per se. In contrast to adenoviral vectors, for example, in vivo rAAV
delivery was shown to be associated to tolerance to the viral capsid
in humans41 and to the transgene product in animal models70 in
absence of any immune-suppressive regimen. In clinical trials, im-
mune-suppressive drugs are generally transiently administered to
prevent a potential reactivation of pre-existing anti-AAV immune
responses. The choice of such regimen is crucial, as it can have an
impact on T cell subtypes, including T-reg cells that could natu-
rally induce in vivo tolerance to the vector and its product. As
illustrated by Mingozzi et al.71 in a NHP model, the administration
of a combination of three immune-suppressive drugs (mycophe-
nolate mofetil (MMF), sirolimus, and daclizumab) led to a dra-
matic drop of Treg percentage and a boosting effect on B cell
response with the detection of higher titers of anti-AAV2 anti-
bodies, compared to monkeys receiving no immune-suppressive
regimen or only MMF and sirolimus treatment. This was ex-
plained by the fact that daclizumab is an antagonist of the CD25
receptor, which is highly expressed on Tregs.

In conclusion, we confirm that LR delivery of an AAV vector with
immunogenic properties leads to persisting transgene expression
in the absence of any immune-suppressive regimen. Interestingly,
GFP expression mediated by the CMV promoter led to higher
transgene expression compared with the muscle-specific promoter
but did not result in a higher immunogenicity. The inflammatory
signals delivered in situ, and likely caused by the exogenous trans-
gene product itself (e.g., GFP), were not sufficient to induce a dele-
terious immune response that would result in tissue damage. More
importantly, these signals may participate in the recruitment of
Tregs in situ. Induction of Treg-mediated immune modulation af-
ter LR delivery might be of particular interest for the treatment of
patients with null mutations or patients with pre-existing cellular
response to the transgene product.8 Finally, this administration
route could be an alternative to IM or i.v. deliveries that are
already used in clinics and which present limitations, such as
transduction of limited areas and/or deleterious anti-capsid im-
mune responses. Further investigation on this last aspect in reli-
able predictive animal models will be necessary, but this study
further confirms that the LR route could be an alternative route
of choice for AAV-mediated expression of therapeutic secreted
factors from the skeletal muscle.
Figure 5. Long-term expression of inflammatory genes in the perfused limb af

Nonhuman primates were injected LR with a scAAV8-Des-GFP (n = 3) or a scAAV8-CM

were harvested at day 7, day 30, day 60, and day 90 after dosing and at necropsy. (A) Rep

calculated from pairwise Pearson distances is shown. (B) Projection of qRT-PCR resul

representative of each group. (C) Quantification of overexpressed cytokines projected at

shown. Ctrl IM, control monkey injected IM with a scAAV8-CMV-GFP vector (7e12 vg/

Molecular
MATERIALS AND METHODS
A large part of this work was performed under the control of a quality
management system that is approved by Lloyd’s Register Quality
Assurance LRQA to meet requirements of international Management
System Standards ISO 9001:2008. It has been implemented to cover
all activities in the laboratory, including research experiments and
production of research-grade viral vectors.

Vector production

scAAV8 vectors were produced by the Center for Production of Vec-
tors (CPV-vector core from University Hospital of Nantes/French
Institute of Health [INSERM], University of Nantes [https://
umr1089.univ-nantes.fr/en/facilities-cores]). Vectors were produced
by cotransfection of human embryonic kidney (HEK) 293 cells with
plasmid vectors carrying the GFP sequence driven by either the des-
min promoter or the CMV promoter, a SV40 polyadenylation signal,
and flanked by two AAV2-ITRs and the pDP8 helper plasmid con-
taining viral sequences required for replication and encapsidation.
Vectors were purified by cesium-chloride gradient, and titers were
determined by dot plot and qPCR analysis to provide the number
of vg per milliliter (vg/mL).

Animal care and welfare

All the animal work was done under the approval of the Institutional
Animal Care and Use Committee of the University of Nantes and un-
der the supervision of a Doctor of Veterinary Medicine Degree
(DVM). Experiments were performed on 3.5–6.5 kg male cynomol-
gus monkeys (Macaca fascicularis) provided by BioPrim (Baziège,
France). Cynomolgus monkeys seronegative for AAV8 were selected.
All blood samples were collected under 20 mg/kg medetomidine (Do-
mitor; Pfizer, Paris, France) associated to 8 mg/kg of ketamine (Imal-
gène; Rhône Mérieux, Toulouse, France). Surgical muscle biopsies
were performed under ketamine (0.1 mL/kg)/medetomidine (0.01–
0.04 mL/kg)-induced anesthesia; meloxicam (1 graduation/kg) was
administered for the following 3–5 days to avoid discomfort. The an-
imals were euthanized between 9 and 13 months after AAV injection;
blood and tissues were collected for evaluation.

Vector administration

Six macaques were distributed in 2 groups (n = 3 per group). All the
animals were injected by LR i.v. perfusion. Three monkeys received a
scAAV8-desmin-GFP vector, and 3 monkeys received a scAAV8-
CMV-GFP vector. The LR i.v. perfusion protocol was adapted from
Su et al.72 Briefly, the vector was diluted in a ringer-lactate solution.
The volume injected was about 20% of the limb volume (around
12 mL/kg). A cannulation was placed in the saphenous vein with a
catheter, and a tourniquet was placed transmuscularly at the coxo-
ter AAV8 delivery

V-GFP vector (n = 3; 7e12 vg/kg). Muscles from perfused limb and contralateral limb

resentative heatmap of inflammatory gene expression determined by qRT-PCR and

ts in the individual space of principal-component analysis (PCA). Each illustration is

more than 80% on the PCA1 and PCA2 axis from variable space for each monkey is

kg).
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Table 3. List of genes overexpressed over time after LR delivery

ID code Name Description

Chemokines

CCL5/RANTES chemokine (C-C motif) ligand 5
chemoattractant for blood monocytes, memory T
helper cells, and eosinophils

CXCL9/MIG chemokine (C-X-C motif) ligand 9
chemoattractant for lymphocytes, involved in
T cell trafficking

XCL1/LTN chemokine (C motif) ligand specific chemotactic for T cells

CXCL11/MIG chemokine (C-X-C motif) ligand 11 chemoattractant for T cells

CCL11/SCYA11 chemokine (C-C motif) ligand 11 chemotactic for eosinophil

CXCL13/BLC chemokine (C-X-C motif) ligand 13 chemoattractant for B cells, migration of B cells

CCL2/MCP1 chemokine (C-C motif) ligand 2
recruitment of monocyte, memory T cells, and
dendritic cells to inflammation sites

Cytokines IFN-g interferon gamma pleiotropic, trigger of cellular response

IL-15 interleukin-15
regulation of T and NK activation and
proliferation

IL-7 interleukin-7 involved in B and T cell development

IL-16/LCF interleukin-16
pleiotropic, chemoattractant, modulator of T cell
activation, recruits CD4 T cells and binds CD4
receptor

TNF/TNFA tumor necrosis factor pleiotropic proinflammatory cytokine

TNFSF11/RANKL tumor necrosis factor superfamily member 11
cell survival factor for DC and regulation of T-cell-
dependent immune response

TNFSF13B/BAFF tumor necrosis factor superfamily member 13
involved in proliferation and differentiation of B
lymphocytes

Ligands and receptors

CD40LG/CD154 CD40 ligand
regulation of B cell function by engaging CD40 on
the B cell surface

FASLG/CD178 Fas ligand (TNF superfamily, member 6) induction of apoptosis by binding to FAS

IL-2RB/CD122 interleukin-2 receptor, beta chain
receptor-mediated endocytosis and transduction
of mitogenic signals from IL-2

IL-2RG/CD132 interleukin-2 receptor, gamma chain
involved in transduction of mitogenic signals from
IL-2

IL-8RB/CXCR2 interleukin-8 receptor, beta
mediation of neutrophil migration to sites of
inflammation

IL-10RA/CD210 interleukin-10 receptor subunit alpha
mediation of IL-10 signal and inhibition of
proinflammatory cytokine synthesis

IL-10RB/CDW210B interleukin-10 receptor subunit beta
mediation of IL-10 signal and inhibition of
proinflammatory cytokine synthesis
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femoral articulation. The injection started after 10 min of an ischemic
period and was performed with a delivery pressure of 300mmHg. Af-
ter injection, transvenular extravasation of the vector was maintained
10 min before releasing the tourniquet. One control monkey (Ctrl
IM) was injected IM. The IM injection consisted of an injection of
7e12 vg/kg of the scAAV8-CMV-GFP vector over 5 pretattooed injec-
tion sites along the tibialis anterior muscle.

Vector biodistribution

Genomic DNA (gDNA) was isolated from tissues using Gentra Pure-
gene kit (QIAGEN) according to the manufacturer’s recommenda-
tions. Vector biodistribution was determined by qPCR using 50 ng
of gDNA as an input and by targeting the GFP sequence with the
following primers: forward primer: 50-ACTACAACAGCCA
CAACGTCTATATCA-30, reverse primer 50-GGCGGATCTT
670 Molecular Therapy: Methods & Clinical Development Vol. 20 March
GAAGTTCACC-30, and probe 50 (6 FAM)-30 TAMRA CCG ACA
AGC AGA ACG GCA TCA. The ε-globin sequence was used as a
reference gene and quantified using the following primers: forward
primer: 50-ACATAGCTTGCTTCAGAACGGT-30; reverse primer:
50-AGTGTCTTCATCCTGCCCTAAA-30; and probe: 50 (6 FAM)-30

TAMRA TGCAGGCTGCCTGGCAGAAGC. Quantification was
performed using the StepOne Plus Reader (Applied Biosystem,
Thermo Fisher Scientific). For each sample, Ct values were compared
with those obtained with linearized plasmid standard dilutions car-
rying either the GFP sequence or the ε-globin sequences.

Histopathological analysis and immunostaining

HPS staining

Skeletal muscle paraffin sections (5 mm) were collected on slides. HPS
staining was performed as per standard histological protocols using
2021
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formalin-fixed and paraffine-embedded muscle sections. The slides
were observed using a Hamamatsu NanoZoomer (Bacus Labora-
tories, Chicago, IL, USA) and analyzed using the NDP.View2 analyze
software.

GFP staining and immunohistochemistry

Tissues were either fixed in 10% neutral-buffered formalin, pro-
cessed, and embedded in paraffin or were frozen in isopentane
cooled in liquid nitrogen. Tissues were cut into 5-mm sections.
Immunohistochemical staining for GFP+ cells and Tregs (CD3+-
CD4+FoxP3+) were performed on paraffin-embedded sections,
whereas immunohistochemical staining for CD4 and CD8 T cells
(CD3+CD4+ and CD3+CD8+, respectively) were performed on
frozen sections. Paraffin tissue sections were deparaffinized, rehy-
drated, and then antigen was unmasked by boiling the section in
ready-to-use citrate-based pH 6.0. Skeletal muscle cryosections
were collected on slides, air-dried, and fixed with 4% paraformalde-
hyde (PFA) (Thermo Scientific) for 10 min. All the sections were
permeabilized in PBS containing 0.2% Triton X-100 for 10 min at
room temperature (RT). Non-specific activity was blocked by incu-
bating the sections for 45 min at RT in 10% NHP serum, 2% goat
serum in PBS, and 5% BSA in PBS. Sections were incubated over-
night at 4�C in primary antibody diluted in PBS. Monoclonal rabbit
anti-GFP (1:100; 632380; Clontech Laboratories), monoclonal rat
anti-human CD3 (1:200; ab11089; Abcam), monoclonal rabbit
anti-human CD4 (1:200; ab133616; Abcam), and monoclonal
mouse anti-human FoxP3 (1:50; 14-4777; eBioscience) antibodies
were used to detect GFP+ cells and Tregs. Polyclonal rabbit anti-hu-
man CD3 (A0452; Dako), monoclonal mouse anti-human CD4
(317402; BioLegend), and monoclonal rat anti-human CD8
(MCA351GT; Serotec) antibodies were used to detect CD4 and
CD8 T cells. After washing with PBS, sections were incubated
with goat anti-rabbit Alexa-488-conjugated antibody (1:300;
A11034; Life Technologies), goat anti-mouse Alexa-Fluor-647-con-
jugated antibody (1:300; A21240; Life Technologies), and/or goat
anti-rat Alexa-Fluor-555-conjugated antibody (1:300; A21434; Life
Technologies) for 1 h at RT. Nuclei were counterstained with
DAPI (1:500; Sigma), and the slides were mounted in Prolong
Gold anti-fade reagent (Life Technologies). Slides were examined
using a laser scanning confocal microscope (Nikon A1RSi). Images
were merged using Fiji software (National Institute of Health, Be-
thesda, MD, USA).

Anti-GFP immune response analysis

Humoral immune response

Serum was collected prior to dose; at day 7, day 15, day 30, day 60, day
90, andmonth 6 post-injection; and at necropsy. Anti-GFP antibodies
were detected by enzyme-linked immunosorbent assay (ELISA).
Plates were coated with 2 mg/mL of recombinant GFP (Millipore)
in 0.1M carbonate coating buffer at 4�C overnight. The plates were
blocked with PBS-Tween 0.1% gelatin 1% at 37�C. Monkey sera
were serially diluted and incubated for 2 h at 37�C. The positive con-
trol consisted of a commercial anti-GFP antibody (Millipore). Plates
were then incubated with a goat anti-rhesus IgG horseradish peroxi-
Molecular
dase (HRP) antibody (Southern Biotech) for 1 h at 37�C. Substrate
(tetramethylbenzidine [TMB]; BD Biosciences) was added, and plates
were incubated for 5 min at RT. The reaction was stopped using 1M
phosphoric acid. Plates were read in a spectrometer (Multiscan GO;
Thermo Fisher Scientific) at 450 nm with a correction at 570 nm.
Threshold of positivity was determined using 22 negative sera ob-
tained from naive macaques as mean of optic density (OD) for
each dilution + 2*SD. IgG titers for experimental animals were
defined as the last serum dilution for which OD remained above
the threshold.

Cellular immune response

The anti-GFP immune cellular response analysis was performed us-
ing an ELISpot assay to measure IFN-g and IL-2 secretion in PBMCs
isolated prior to dose and at necropsy and, in total splenocytes and
CD4- or CD8-depleted splenocytes collected at day 60 post-injection.
CD4+ and CD8+ T cells were depleted by positive selection using Spe-
cial StemSep Rhesus CD4+ or CD8+ Tetramer kits (STEMCELL
Technologies). Cell depletion efficiency was determined by flow cy-
tometry before (total splenocytes) and after magnetic separation
(CD4- and CD8-depleted splenocytes). Briefly, CD4+ T cell and
CD8+ T cell populations were analyzed using CD3 (557749; BD Bio-
sciences)/CD4 (556616; BD Biosciences) and CD3/CD8 (301035; Bio-
Legend) markers, respectively. Extracellular staining consisted of cell
incubation on ice for 30 min. Cells were then washed twice with 1�
PBS and re-suspended in 1� PBS supplemented with 0.5% fetal
bovine serum (FBS) and 2 mM EDTA. Cells were acquired using a
BD FACS LSRII flow cytometer (BD Biosciences) and analyzed
with FlowJo software (v.10; BD Biosciences). IFN-g (MABTech)
and IL-2 (Ucytech) ELISpot assays were performed according to
the manufacturer’s recommendations (Monkey IFN-g ELISpotPLUS

kit; MABTech). Briefly, cells were stimulated in vitro for 48 h with
overlapping peptides spanning the GFP sequence and divided into
5 pools (10 mg/mL; 15 mers overlapping by 10 amino acids [aas];
Sigma). A negative control consisted of unstimulated cells (medium
only), whereas PMA (10 ng/mL)/ionomycin (250 ng/mL) stimulation
was used as a positive control for cytokine secretion. Spot number was
determined using an ELISpot reader ELR07 (AID) and analyzed with
AID ELISpot Reader Software V7.0. Responses were considered pos-
itive when the number of spot-forming colonies (SFCs) per 1e6 cells
was >50 and at least 3-fold higher than the control condition. AAV
capsid cellular immune response was evaluated using the same
IFN-g ELISpot method but using an overlapping peptide library
spanning the VP1 capsid protein sequence and divided into 3 pools
for T cell stimulation.

Quantification and analysis of inflammatory gene expression

Frozen tissue was homogenized in TRIzol (Life Technologies), and to-
tal RNA was isolated according to the manufacturer’s instructions.
Total RNA was treated with RNase-Free DNase Set (QIAGEN) to
eliminate DNA contamination. Then RNAs were concentrated using
the RNeasy MinElute Cleanup kit (QIAGEN). Reverse-transcription
reactions on 300 ng of total RNA from muscles was performed using
the RT2 First Strand kit (QIAGEN). 84 genes involved in
Therapy: Methods & Clinical Development Vol. 20 March 2021 671
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inflammatory response were analyzed using RT2 Profiler Rhesus Ma-
caque Inflammatory Cytokines & Receptors PCR Array (QIAGEN).
RQ values (2-DCt) were calculated using the dedicated Web-based
software (https://geneglobe.qiagen.com/fr/products/analysis-type/
analysis-type-pcr/pcr-rna-lncrna/). Raw RQ values and open-source
R script for heatmap and PCA are available at https://github.com/a-
slide/TaqMDA together with a detailed online documentation. N/A
values correspond to undetected or reliable expression of genes. To
minimize stochasticity, a max percentage of N/A values was fixed at
80%.
Statistical analysis

Statistical analyses were performed with GraphPad Prism, version 8.0
(GraphPad Software). Each macaque was compared to the others us-
ing the Mann-Whitney non-parametric statistical test. Differences
were considered significant at a p <0.05.
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