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Abstract: 

The pro-tolerogenic environment of the liver makes this tissue an ideal target for gene 

replacement strategies. In other peripheral tissues such as the skeletal muscle, anti-transgene 

immune response can result in partial or complete clearance of the transduced fibers. Here, we 

characterized liver-induced transgene tolerance after simultaneous transduction of liver and 

muscle. A clinically relevant transgene, α-sarcoglycan, mutated in limb-girdle muscular 

dystrophy type 2D, was fused with the SIINFEKL epitope (hSGCA-SIIN) and expressed with 

adeno-associated virus vectors (AAV-hSGCA-SIIN). Intramuscular delivery of AAV-

hSGCA-SIIN resulted in a strong inflammatory response, which could be prevented and 

reversed by concomitant liver expression of the same antigen. Regulatory T cells and 

upregulation of checkpoint inhibitor receptors were required to establish and maintain liver-

mediated peripheral tolerance. This study identifies the fundamental role of the synergy 

between Tregs and upregulation of checkpoint inhibitor receptors in the liver-mediated 

control of anti-transgene immunity triggered by muscle directed gene transfer.  
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Introduction  

The liver is one of the body’s main biosynthetic organs, with key detoxifying functions 

enabled by an efficient access to the systemic blood circulation and an intense metabolic 

activity. These characteristics make the liver an ideal target for gene replacement strategies. 

Results from clinical trials in hemophilia A and B support this point, establishing the safety 

and the efficacy of adeno-associated virus (AAV) vector-mediated gene transfer to human 

hepatocytes.1, 2 Another important feature of the hepatic environment is related to its pro-

tolerogenic properties, initially described in the context of organ transplant.3 This is consistent 

with the fact that liver, together with intestine, is the primary site of antigen presentation for 

food-derived proteins, and the presence of cells specialized in the control of immune 

responses results in what is known as an immune privileged status. As a result, different 

hepatotropic viruses exploit the pro-tolerogenic milieu of the liver to persist and cause chronic 

diseases.4 

Several mechanisms were reported to be responsible for the tolerogenic properties of the liver, 

e.g. the secretion of the pro-tolerogenic cytokines IL-10 and TGFβ by specialized antigen 

presenting cells, the upregulation of inhibitory co-receptors, and the expansion of regulatory T 

cells (Tregs).5 Tregs have a primary role in the control of humoral and cell-mediated immune 

responses against vector-encoded transgenes observed after liver gene transfer.6, 7 However, in 

the context of anti-transgene cytotoxic immune response, mechanisms other than Tregs 

induction are likely to be involved in the control of the immune response.8  

Inhibitory co-receptors are part of a large family of co-receptors with a negative function on 

the activation of immune responses. After activation, the levels of these molecules on the 

surface of the immune cells increase, reflecting their role in the fine tuning of the immune 

reactions to antigens. The impact of the expression of these molecules in the control of 
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immune responses is particularly evident in chronic liver infections9 and in tumors5, in which 

the expression of inhibitory co-receptor ligands mediates immune escape. A possible role for 

inhibitory co-receptors in the modulation of anti-transgene cytotoxic immune response via 

liver gene transfer has been hypothesized, although a direct characterization of the 

phenomenon is still missing.10, 11 

Differently from what observed in liver,6, 12, 13 AAV-mediated gene transfer after 

intramuscular injection may result in the development of anti-transgene immune responses.14 

Expansion of antigen-specific CD8+ T cells has been associated with the clearance of 

transduced fibers both in preclinical and clinical studies.15-17 Like in the case of muscular 

dystrophies, in which Tregs have been documented to home to the inflamed muscle,18, 19 

AAV-triggered cytotoxic immune responses are balanced by Tregs able to partially control 

anti-transgene immune responses.20 Early findings demonstrated that the simultaneous liver 

and muscle targeting is able to control the humoral and cell mediated anti-transgene immune 

responses.21, 22 

Here, we characterized the liver-mediated control of anti-transgene immune response 

resulting from the intramuscular injection of an AAV vector expressing human α-sarcoglycan 

(hSGCA). This protein, mutated in limb-girdle muscular dystrophy type 2D, when expressed 

in Sgca-/- muscle, induces a strong anti-transgene immune response resulting in fiber loss and 

transgene clearance.23   

We found that concomitant liver and muscle expression of hSGCA was able to control the 

anti-transgene immune response even when this immune response was established ahead of 

liver gene transfer. Then, using a model antigen derived from hSGCA, we characterized in 

detail the cytotoxic anti-transgene immune response. Importantly, by taking advantage of 

antibodies specifically depleting Tregs or inhibiting the interactions between inhibitory co-
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receptors and their ligands, we dissected the synergistic role of these mechanisms in the 

control of the immune response in the setting of concomitant AAV-mediated liver and muscle 

gene transfer. 
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Results 

Liver gene transfer controls cytotoxic transgene-specific immune responses resulting from 

intramuscular injection in dystrophic mice. 

AAV-mediated liver gene transfer induces a strong peripheral tolerance likely to control the 

anti-transgene immune responses at a systemic level.12, 24 Here, we challenged the robustness 

of this mechanism in a dystrophic mouse model characterized by muscle inflammation and 

known to mount significant immune responses against the human SGCA protein.25 Tibialis 

anterior (TA) muscle of Sgca-/- mice were injected intramuscularly (IM) with vehicle (PBS, 

Control group) or with an AAV6 vector expressing human α-sarcoglycan (hSGCA) under the 

control of the muscle promoter SPc5.12. Five days later, mice received by a systemic route 

either empty AAV9 capsids (Muscle group) or an AAV9 vector expressing the hSGCA 

transgene under the control of human alpha-1-anti-trypsin (hAAT) liver specific promoter 

(Muscle-Liver group, Fig.1A). Two months after vector injection, the expression of hSGCA 

transgene in the liver of Muscle-Liver injected animals was confirmed by reverse 

transcription quantitative PCR (RT-qPCR) and immunostaining (Supplementary Fig. 1A,B). 

A significant enhancement in muscle transduction and consequent muscle structure 

normalization was observed in Muscle-Liver group compared to Muscle group as shown by 

immunohistochemistry (Fig.1B), anti-hSGCA immunostaining (Fig.1C) and miR206 

expression (Fig. 1D), a marker of regeneration in muscle.26 The quantification of the vector 

genome copy number (VGCN) per diploid genome confirmed the improved transduction in 

muscle of animal of the Muscle-Liver group (p<0.01 vs. Muscle group, Fig. 1E). Animals 

receiving the vector intramuscularly (Muscle group) also developed a robust anti-hSGCA 

humoral immune response, which was significantly reduced in the Muscle-Liver treated group 

(p<0.05, Fig.1F). The inhibition of the anti-hSGCA humoral response was associated with a 

reduction of activated CD8+ cells infiltrating the injected muscle of Muscle-Liver -treated 
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animals, as confirmed by immunohistochemistry (Fig. 1C) and mRNA expression of 

inflammatory markers CD8 and IFNγ in the same group (Fig. 1G,H, p<0.001 and p<0.05 vs. 

Muscle, respectively). Increased secretion of IFNγ from hSGCA protein-stimulated 

splenocytes extracted from mice of Muscle group compared to Muscle-Liver group (p<0.05, 

Fig.1I) was also observed.  

These results demonstrate that liver gene transfer induces a dominant peripheral tolerance to a 

human transgene expressed in a dystrophic muscle. This represents a particularly stringent 

setting as the fragility of the muscle fibers, consequent to the lack of SGCA protein in the 

dystrophin complex, induces a persistent inflamed state in the muscle that enhances anti-

transgene immune responses.17, 27  

Liver expression of hSGCA prevents and reverses the loss of transduced fibers in muscle of 

wild-type mice 

To evaluate whether wild-type mice had an anti-hSGCA immune response similar to that 

observed in KO animals, eight week-old C56BL6 mice were injected intramuscularly with a 

vector expressing hSGCA under the control of the SPc5.12 promoter (Supplementary Fig. 

2A). Mice were sacrificed 5, 15 and 30 days after vector injection. Histological analysis 

indicated the presence of CD8+ T cell infiltrates in the muscle, consistent with an ongoing 

immune response (Supplementary Fig. 2B). CD8 mRNA levels in muscle extracts were 

increased compared to PBS-injected mice at day 15 and 30 (p<0.001 vs. CTRL), whereas 

IFNγ mRNA levels were increased 15 days after vector injection (p<0.0001 vs. CTRL, 

Supplementary Fig. 2C,D). Decreased VGCNs were observed 15 and 30 days after vector 

injection (p<0.0001 vs. D5), suggesting that the ongoing transgene immune response resulted 

in clearance of the vector from transduced muscle fibers (Supplementary Fig. 2E). Of note, a 

separate control cohort of mice injected with an AAV6 vector expressing murine secreted 
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alkaline phosphatase at the same dose did not show any sign of inflammation (data not 

shown). These results suggest that AAV-mediated expression of hSGCA is immunogenic in 

wild-type mice regardless of the endogenous expression of murine SGCA. 

The presence of an immune response in wild-type mice offered the possibility to investigate 

the liver-mediated control of the anti-hSGCA immune response without the confounding 

effect of immune signals due to the dystrophic process ongoing in Sgca-/- mice. C57BL/6J 

mice were injected IM with an AAV6-SPc5.12-hSGCA vector and then received a systemic 

injection of an AAV9 vector expressing the same transgene under the transcriptional control 

of the liver-specific promoter hAAT. This second vector administration was performed either 

on the same day (Muscle-Liver D0) or 15 days after (Muscle-Liver D15) IM injection (Fig. 

2A) at the peak of muscle inflammation as observed in Supplementary figure 2. One month 

after vector injection, hSGCA was expressed in the liver of mice of the Muscle-Liver D0 and 

D15 groups at similar levels (Supplementary Fig. 2F). As expected, animals injected 

intramuscularly with the AAV6-SPc5.12-hSGCA vector alone showed increased levels of 

CD8+ infiltrates whereas the concomitant systemic injection of the liver-expressing vector 

reduced the level of infiltrates, in particular when the two vectors were administered at the 

same time point (Fig. 2B). Analysis of the levels of expression of CD8 mRNA in the muscle 

confirmed the reduction of CD8 expressing cells in mice co-injected in muscle and liver at 

day 0 (p<0.01 vs. Muscle group), but not at day 15 (Fig. 2C). Interestingly, the levels of IFNγ 

mRNA were similar between Muscle-Liver D0 and D15 groups and significantly reduced 

compared to the Muscle group (p<0.05, Fig. 2D). The decreased immune reaction was 

associated with an improved transduction of muscle fibers of mice of the Muscle-Liver D0 

and D15 groups as measured by VGCN analysis (p<0.001 and p<0.05 vs. Muscle only, 

respectively, Fig. 2E).  
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We then measured the levels of expression of a panel of mRNAs of immune-related genes in 

the liver of treated mice (Supplementary Table 1). Consistent with previous reports of 

antigen-independent homing of activated T cells in the liver,28 CD4 mRNA levels were 

significantly increased in liver of mice IM-treated with the AAV6- SPc5.12-hSGCA vector, 

which experienced the highest inflammation levels. Conversely, in mice treated with both 

muscle and liver vectors simultaneously or 15 days apart, the upregulation of genes associated 

with tolerance and T cell exhaustion such as Fox-P3 and PD-L1 was noted as well as the 

increase of CD8 expression suggesting homing of CD8 T cells in the liver(Supplementary 

Table 1). 

These data confirm that liver-targeted expression of hSGCA is able to control the induction of 

anti-hSGCA immune response following intramuscular administration. Importantly, the 

results for the D15 group indicate that liver transduction is able to control, at least partially, an 

already-established immune response. Liver T cell homing and upregulation of 

immunomodulatory genes appear to be signatures of the phenomenon. 

Muscle expression of the SIINFEKL-hSGCA fusion protein is highly immunogenic and 

allows tracking transgene-specific T cell responses 

Based on the results in Sgca-/- and wild-type mice, we then better characterized the cytotoxic 

response to the hSGCA transgene. To evaluate the activation of antigen-specific T cells, we 

fused the C-terminal of the protein with a portion of the ovalbumin protein containing the 

MHC class I-specific29 epitope SIINFEKL (hSGCA-SIIN, Fig. 3A). As a control of the 

specificity of the immune response, hSGCA was fused with a scrambled version of the 

SIINFEKL peptide, FILKSINE (hSGCA-FILK). C57BL/6J mice were injected 

intramuscularly with AAV1 or AAV6 vectors expressing hSGCA or with AAV1 vectors 

expressing hSGCA-SIIN or hSGCA-FILK under the control of the SPc5.12 promoter (Fig. 
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3B). Fifteen days after the injection, mice were sacrificed and the activation of T-cells was 

tested by IFN-γ ELISPOT. As expected, the stimulation of splenocytes with the SIINFEKL 

peptide led to a robust activation in mice injected with AAV1 vectors expressing hSGCA-

SIIN but not with hSGCA-FILK (p<0.05 vs. CTRL, Fig. 3C). When the stimulation was 

performed with the hSGCA recombinant protein (Fig. 3D) we observed a robust T-cell 

activation only in the group injected with the SGCA-SIIN antigen (p<0.05 vs. CTRL, 

respectively). Interestingly, the stimulation with a peptide epitope derived from hSGCA and 

predicted to bind to MHC class I (Fig. 3E and Supplementary Fig. 3), induced a general 

increase in the IFNγ ELISPOT spot counts in all the groups injected with vectors expressing 

hSGCA. However, statistical significance was reached only in the group injected with the 

hSGCA-SIIN fusion protein (p<0.01 vs. CTRL, respectively). No differences were observed 

between AAV1 and AAV6 serotypes. The injection of the hSGCA-SIIN-expressing vector 

also resulted in increased muscle CD8+ T cell infiltrates as visualized by hematoxylin 

phloxine saffron (HPS) staining and immunofluorescence (Fig. 3F). These results were also 

confirmed by the increased levels of CD8 and IFN-γ mRNA in the hSGCA-SIIN injected 

muscle (p<0.0001 and p<0.05 vs. CTRL, respectively, Fig. 3G,H). These results indicate that 

the hSGCA-SIIN fusion protein is highly immunogenic and allows tracking of transgene-

specific immune responses both to SIINFEKL and hSGCA. Fifteen days after the IM 

injection of the hSGCA-SIIN expressing AAV1 vector, we observed a significant decrease in 

the levels of hSGCA expressed in the injected muscle (p<0.05 vs. AAV1-FILK) to levels 

undistinguishable from PBS-injected mice (Fig. 3I). These data confirm the immunogenicity 

of the hSGCA in wild-type mice regardless of the expression of the endogenous murine 

protein. They also indicate that the hSGCA-SIIN transgene is functionally expressed in 

muscle fibers and represents a tool to measure immune response activation both against 

SIINFEKL and MHC class I epitopes derived from hSGCA.  
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Local changes in liver T cell populations are associated with the suppression of anti-

hSGCA-SIINFEKL immune responses 

To evaluate if concomitant liver and muscle transduction was able to prevent the anti-

transgene cytotoxic response, C57BL/6J mice were injected intramuscularly with an AAV1 

vector expressing hSGCA-SIIN and intravenously with an AAV9 vector expressing the same 

transgene under the control of a liver-specific promoter (Muscle-Liver group) (Fig. 4A). As 

controls, mice were injected with PBS (Control), or intramuscularly with an AAV1 vector 

expressing hSGCA-SIIN (Muscle group), or intravenously with an AAV9 vector expressing 

the same transgene in hepatocytes (Liver group). One month post-injection, activation of T-

cells was measured with an IFN-γ ELISPOT assay, showing the formation of positive spots in 

the Muscle group only (p<0.05 vs. all groups, Fig. 4B). Similarly, animals receiving the 

vector intramuscularly (Muscle group) developed a robust anti-hSGCA humoral immune 

response (p=0.0253 vs. Control, Fig. 4C), which was absent in both Liver and Muscle-Liver 

treated groups. In Muscle-Liver group, the lack of T-cell activation in splenocytes was 

accompanied by an increased number of AAV genome copies in the injected muscle (p<0.05 

vs. Muscle group, Fig. 4D), and a decreased expression of CD8 and IFN-γ mRNA in the same 

group (p<0.05 vs. Muscle group for CD8, Fig. 4E,F). The evaluation of the expression of 

Treg-signature genes showed increased levels of expression of FoxP3, IL10 and GITR in the 

Muscle group (p<0.05 vs. CTRL group, Supplementary Table 2). Interestingly, the levels of 

expression of amphiregulin (AREG), a growth factor expressed by muscle Tregs19 were 

increased only in the Muscle liver group (p<0.01 vs. CTRL group, Supplementary Table 2). 

When we evaluated the expression of hSGCA and the presence of CD8+ T cell infiltrates by 

immunofluorescence, we confirmed the reduction of infiltrates and the improved muscle 

transduction in the Muscle-Liver group (Fig. 4G). As expected, VGCN analysis in liver 

showed similar transduction in Liver and Muscle-Liver groups (Fig. 4H). Notably, no 
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inflammation was observed in the liver after gene transfer as measured by the level of 

expression of CD8 and IFN-γ mRNA in this tissue (Fig. 4I,L). The activation of CD8+ T 

cells was also evaluated in splenocytes by flow cytometry using a SIINFEKL-specific MHC 

class I dextramer. In the Muscle group, a significant increase in the number of circulating, 

activated CD8+CD44+ T cells specific for SIINFEKL was reported (p<0.05 vs. all groups, 

Supplementary Fig. 4A,B). Similarly, an increase in Dextramer+ CD8+ cells was observed 

in non-parenchymal cells extracted from livers of the Muscle group (Supplementary Table 

3). In mice injected with the combination of the two vectors (Muscle-Liver), the number of 

activated SIINFEKL-specific CD8+ T cells both circulating and infiltrating the liver was 

undistinguishable from that measured in the untreated control group (Supplementary Fig. 

4A-E and Supplementary Table 3). These results indicate that liver transfer of the transgene 

concomitant to muscle injection controls the anti-hSGCA-SIIN immune response. 

Next, based on the RNA expression data in the liver of Muscle-Liver-treated wild-type mice 

(Supplementary Table 1), and on published literature on the possible role of Tregs and 

exhaustion of activated T cells in liver tolerance 5, we further investigate the fate of regulatory 

and effector T cells in the liver of treated animals by flow cytometry. We observed a 

significant increase of CD4+ FoxP3+ Tregs in both Liver and Muscle-Liver groups (p<0.05 

vs. Control, Fig. 5A,B). Interestingly, the levels of CD8+ T cells positive for PD-1 were 

significantly increased only in the Muscle-Liver group (p<0.05 vs. Control, Fig. 5C,D) and 

18.3% of them were positively stained with the SIINFEKL-specific MHC class I dextramer 

(Supplementary Fig. 4C and Supplementary Table 3). Of note, 65% and 56% of PD-1 

positive CD8 T cells isolated from livers of the Muscle-Liver group were also positive for 

LAG3 (p<0.01 vs. ontrol, Fig. 5E,F) and TIM3 (p<0.05 vs. Control, Fig. 5G,H) respectively. 

Of those cells, between 6% and 8% were positively stained with the SIINFEKL-specific 

MHC class I dextramer (Supplementary Fig. 4D, E). In splenocytes, no changes in Tregs 
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(Supplementary Fig. 4F,G), PD-1 CD8+ T cells or double-positive PD-1/LAG3 and PD-

1/TIM3 CD8+ T cells were noted (Supplementary Fig. 4H,I). 

These data confirm the role of Tregs in the liver-mediated control of anti-transgene immune 

response. The simultaneous expression of PD-1/LAG3 and PD-1/TIM3 in liver 

intraparenchymal, antigen specific CD8+ T cells observed only in the Muscle-Liver group 

was associated with the lack of inflammation in the liver. This suggests that the exhaustion of 

transgene-specific CD8+ T cells, homing to the liver, may play a role in the hepatic control of 

immune response when immunogenic transgenes are expressed in muscle. 

Immune-checkpoint blockade fails to break liver-induced tolerance  

To further investigate the role of T cell exhaustion in liver-mediated control of anti-transgene 

immunity in muscle, we took advantage of antibodies specifically blocking the interaction 

between inhibitory co-receptors and their ligands.30 Specifically we evaluated the 

simultaneous blockade of the PD-1/PD-L1 pathway in combination with LAG3 inhibition. 

C57BL/6J mice, injected intramuscularly with an AAV1 vector expressing hSGCA-SIIN and 

intravenously with an AAV9 vector expressing the same transgene under the control of a liver 

specific promoter, received 5 intraperitoneal injections of the combination of 200 μg/mouse of 

anti-PD1, anti-PDL1 and anti-LAG3 antibodies (Muscle-Liver +Ab) or five injections of PBS 

(Muscle-Liver) at the indicated time points (Fig. 6A). Additional controls included mice 

injected either with PBS (Control) or intramuscularly with AAV1 expressing hSGCA-SIIN 

(Muscle). Fifteen days after vector injection, T cell activation was measured by IFN-γ 

ELISPOT. A significant increase in the number of spots was counted in splenocytes obtained 

from mice in the Muscle group re-stimulated with SIINFEKL peptide (p<0.0001 vs. all 

groups, Fig. 6B). In the Muscle-Liver +Ab group, we observed a slight increase in the spot 

count, although not statistically significant (Fig. 6B). These results were confirmed by flow 
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cytometry using MHC class I SIINFEKL-specific dextramer, which showed a significant 

increase in the number of CD8+CD44+Dextramer+ splenocytes only in mice from the Muscle 

group (p<0.05 vs. all groups, Supplementary Fig. 5A,B). In agreement with the ELISPOT 

results, CD8+ T cell immunofluorescent staining showed a slight increase in T cells infiltrates 

in muscle of mice of the Muscle-Liver +Ab group (Fig. 6C). Similarly, CD8, IFN-γ and 

FoxP3 mRNA levels were increased in the Muscle group (p<0.05 vs. all groups for CD8, 

Supplementary Fig. 5C,D,E), while a small, not significant, increase was noted in in the 

Muscle-Liver +Ab group (Supplementary Fig. 5C,D,E). No differences were reported in the 

vector genome copy number between Muscle-Liver and Muscle-Liver+Ab groups 

(Supplementary Fig. 5F).  

As expected, anti-hSGCA humoral immune response was significantly increased only in 

animals receiving the vector intramuscularly (Muscle group, p=0.0244 vs. Control, 

Supplementary Fig. 5G). Animals receiving vectors both in muscle and liver and treated 

with the combination of anti-PD1, anti-PDL1 and anti-LAG3 antibodies (Muscle-Liver +Ab) 

showed increased anti-hSGCA humoral immune response compared to Muscle-Liver group 

although the difference did not reach statistical significance. 

Analysis of liver T cell infiltrates revealed an increase of CD8+ T cells in Muscle-Liver +Ab 

animals (Fig. 6D), and a significant upregulation of CD8 and IFN-γ mRNA expression 

(p<0.01 vs. all groups, Supplementary Fig. 5H,I). Interestingly, this was accompanied by an 

increase in FoxP3+ T cells detected by immunofluorescence (Fig. 6E) and FoxP3 mRNA 

levels (p<0.01 vs. all groups, Supplementary Fig. 5L) in liver. The increase in FoxP3+ T 

cells infiltrates in the liver in the Muscle-Liver +Ab group was also confirmed by flow 

cytometry (p<0.001 vs. all groups, Fig. 6F,G). 
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These results indicate that immune-checkpoint blockade alone was not sufficient to break 

liver tolerance. They also suggest a compensatory role of Tregs in the liver, possibly 

accounting for the suppression of effector T cells expanded following immune-checkpoint 

blockade. 

Concomitant Tregs depletion and immune-checkpoint blockade restores anti-SIINFEKL 

cytotoxicity and break liver tolerance 

To identify any possible synergy between Tregs and T cells exhaustion in the liver-mediated 

control of the anti-SIINFEKL immune response in muscle, we injected intramuscularly 

C57BL/6J mice with an AAV1 vector expressing hSGCA-SIIN and intravenously with PBS 

(Muscle) or an AAV9 vector expressing the same transgene under the control of the hAAT 

promoter. Mice received 3 intraperitoneal injections of an anti CD25 antibody (250 

μg/mouse) for Tregs depletion and 5 intraperitoneal injections of the combination of 200  

μg/mouse of anti-PD1, anti-PDL1 and anti-LAG3 antibodies (Muscle-Liver -Treg+Ab) or 3 

intraperitoneal injections of an anti CD25 antibody at the dose of 250 μg/mouse (Muscle-

Liver -Treg) or five injections of PBS (Muscle-Liver) at the indicated time points (Fig. 7A, 

B). As expected, in Muscle group we observed the largest number of IFN-γ positive spots as 

measured by ELISPOT (p<0.05 vs Muscle-Liver, Fig.7C). Interestingly, a significant increase 

in the number of IFN-γ positive spots  in splenocytes from mice of the Muscle-Liver -

Treg+Ab group (p<0.05 vs Muscle-Liver, Fig.7C) was observed. At the same time, CD8+ T 

cell infiltrates were detected in liver both by flow cytometry and immunofluorescence 

(p<0.05 vs. Muscle-Liver, Fig.7D and Supplementary Fig. 6A, respectively) in livers. 

Additionally, a significantly elevated frequency of CD8+CD44+Dex+ T cells was detected by 

flow cytometry in non-parenchymal liver cells extracted from mice of the Muscle and the  

Muscle-Liver -Treg+Ab groups (p<0.05 vs. Muscle-Liver, Fig. 7E, and Supplementary Fig. 

6B). Simultaneous Tregs depletion and PD1/PDL1/LAG3 blockade also resulted in decreased 
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vector copies in injected muscle (p<0.05 vs. Muscle-Liver, Fig.7F), increased CD8+ T cell 

infiltrates co-localized with fibers expressing the hSGCA transgene, as observed by 

immunofluorescence (Fig.7G). CD8 and IFN-γ mRNA expression was also significantly 

upregulated in muscle (p<0.05 vs. Muscle-Liver for CD8, p<0.05 vs. Muscle-Liver -Treg for 

IFNγ, Supplementary Fig. 6C, D). Accordingly, although the anti-hSGCA humoral response 

was reduced in mice of the Muscle-Liver and Muscle-Liver -Treg groups (p=0.0453 and 

p=0.0107 vs. Muscle group, respectively), when both Tregs depletion and PD1/PDL1/LAG3 

blockade were applied, the anti-hSGCA antibodies were not significantly different from the 

one measured in mice of the Muscle group (p=0.2164 vs. Muscle group, Supplementary Fig. 

6E). These results demonstrate that Treg depletion alone cannot break an already established 

tolerance and that PD1/PDL1 and LAG3 acts synergistically with Tregs induction in 

maintaining liver-dependent anti-transgene tolerance and controlling transgene-specific T cell 

responses in muscle. 
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Discussion  

Muscle can be considered the hotbed of immune responses, particularly when underlying 

conditions alter its immune environment.31 This poses important challenges to the 

development of gene transfer strategies for the treatment of neuromuscular diseases, 

particularly for muscular dystrophies, in which continuous muscle breakdown and 

regeneration trigger inflammation. Here, we dissected the role and mechanisms of liver-

mediated control of transgene immune responses induced by muscle-directed gene transfer 

with AAV vectors. This work highlights the synergy between liver-induced regulatory T cells 

and inhibitory co-receptors, involved in the control of effector T cell responses, in preventing 

and reversing cell-mediated transgene immunity in muscle. 

Preclinical and clinical results of AAV vector-based gene therapies for neuromuscular 

disorders indicate that intramuscular delivery of AAV vectors is likely to trigger both humoral 

and cell-mediated transgene immune responses.14-17 Several factors contribute to shape the 

magnitude of these responses; for example, host genetic background,32 underlying muscle 

inflammation,17, 33 and pre-existing immunity to the encoded transgene,34 can exacerbate 

transgene immunity and result in loss of transduced muscle fibers.17 Interestingly, experience 

with AAV vector mediated muscle gene transfer in small and large animal models indicate 

that there is a direct relationship between transgene immunogenicity and route of vector 

administration. While intramuscular delivery of AAV vectors triggers robust immune 

responses, systemic vector administration is associated with low to absent anti-transgene 

immunogenicity.35, 36 While the outcome of muscle-directed gene transfer could be inferred to 

differences in antigen presentation in intramuscular vs. systemic gene transfer (i.e. local 

expression of an antigen at high levels via intramuscular vector delivery is more immunogenic 

than widespread and uniform expression of the same transgene37), it is likely that concomitant 
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liver and muscle transduction achieved via systemic vector delivery mediates efficient 

transgene acceptance.21, 22  

Starting from these observations, and based on the extensive body of work related to hepatic-

induced transgene tolerance,6-8, 38-40 here we characterized the mechanisms involved in the 

control of cytotoxic T cell responses and possibly mediating transgene acceptance after 

systemic gene delivery.  

Liver-mediated induction of immunological tolerance was first described in the context of 

AAV gene transfer for coagulation factor IX (F.IX)41 and subsequently with other vector 

platforms42 and transgenes.43, 44 Interestingly, liver mediated expression of a transgene has 

been shown to prevent both humoral and cell-mediated responses triggered by various 

immunization methods.22, 24, 38-41 In the setting of established humoral immune responses, 

liver expression has been shown to be effective in the eradication of antibodies to F.IX and 

coagulation factor VIII, among other antigens, in both small and large animals.13, 44 Here, we 

show that liver tolerance is highly effective also in the setting of an ongoing distructive T cell 

response directed against the transgene, as we were able to rescue transgene expression even 

when the tolerogenic liver transgene expression was instated two weeks after the 

immunogenic intramuscular vector delivery. This is a fundamentally important finding in the 

treatment of neuromuscular diseases, in particular muscular dystrophies, in which muscle 

inflammation and pre-existing T cell immunity to the therapeutic transgene can hinder the 

efficacy of gene transfer.17, 34 

The mechanisms described as mediating hepatic tolerance in the context of AAV gene 

transfer are multiple,8, 10 although regulatory T cells appear to be key mediators of the 

suppression of effector T cell responses,6, 7 as depletion of Tregs at the time of gene transfer 

results in induction of transgene-directed immune responses.12, 45 
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The present work, in which the therapeutically-relevant transgene α-sarcoglycan was used as 

a model, supports the hypothesis that effector T cell homing to the liver and their subsequent 

expression of the checkpoint markers PD1 and LAG3 on CD8+ T cells is associated with the 

induction of transgene tolerance and synergistic with the induction of Tregs in controlling 

anti-transgene immunity. Exhaustion is specifically involved in the control of the immune 

response when the transgene is expressed in both muscle and liver, and blockade of PD1 and 

LAG3 is key required to break tolerance. These results are consistent with our recent work in 

which the ovalbumin model antigen was used to study liver-induced muscle tolerance,46 and 

provide additional mechanistic insights on the role of effector T cell homing to the liver and 

subsequent expression of checkpoint markers for the control of transgene immunogenicity.   

Antigen levels in liver play a central role in shaping local immune responses to antigens, as 

demonstrated in the context of hepatic expression of FIX41 and ovalbumin.10, 11 As shown 

here, the fusion of  the ovalbumin SIINFEKL epitope, with high affinity for MHC class I, to 

α-sarcoglycan allowed for the detection of effector T cells by ELISPOT and MHC class I 

detramer. Likely due to a bystander effect, it also enhanced the detection of immune 

responses specific for hSGCA in the ELISPOT assay. Thus, the hSGCA-SIIN fusion 

represents a tool to monitor transgene-specific immune responses  which could be used 

develop new strategies to control anti-transgene immune responses in the context of animal 

models of muscular dystrophies, aimed at improving the safety and efficacy of gene transfer. 

However, a potential drawback of the strategy used here is that the fusion of immunogenic 

peptides, accelerate the kinetic of the formation of the immune response and it is likely to 

modify both the mechanism of tolerance formation and the levels of antigen needed to 

establish and maintain the peripheral tolerance.   

Future work will be aimed at carefully dissecting and comparing the mechanisms involved in 

the induction of tolerance against hSGCA and hSGCA-SIIN and at determining the minimal 
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levels of liver expression necessary to prevent muscle-induced transgene immune responses in 

the context of low- or high- affinity MHC class I epitopes. To this aim, recent work from our 

lab, in the context of Pompe disease gene therapy, shows that the combination of strong liver 

promoters with muscle promoters results in good control of anti-transgene immune responses, 

while weaker liver expression fails to control muscle-driven anti-transgene humoral 

response.21  

Reversal of established humoral immunity to a variety of therapeutic transgenes has been 

demonstrated in small47, 48 and large13, 44 animal models of gene transfer. Here, we show the 

control of an already established CD8+ T cell response against hSGCA mediated by both the 

induction of Tregs and the homing of transgene-specific CD8+ T cells to the liver, where they 

express PD1 and LAG3. The exact mechanism driving homing of reactive CD8+ T cells to 

the liver remains to be elucidated, although recent work from Paul-Heng and colleagues49 

suggest that direct recognition of antigen expressed in the liver by CD8+ T cells via MHC 

class I is a key mediator of liver tolerance. Thus, it is conceivable that homing of reactive 

CD8+ T cells to the liver, via MHC class I recognition of the expressed transgene, together 

with the unique protolerogenic hepatic immune environment, results in the control of 

cytotoxic responses via T cell exhaustion. To this end, one interesting and unique finding of 

the current work is that immune checkpoint blockade alone is ineffective in breaking liver-

induced tolerance. Following the administration of antibodies against PD1, PDL1, and 

LAG350, given at the time of vector infusion, a slight increase in infiltrating CD8+ T cells was 

seen in both muscle and liver of animals. At the same time, Tregs were also found in greater 

number in the same tissues, with no loss of transgene expression of vector genome copy 

number. This compensatory phenomenon could be explained simply by Tregs homing to the 

inflamed tissue, like it has been seen in muscle18, 19 and liver,51 or could simply reflect effect 
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of enhanced proinflammatory signals on Tregs homeostasis.52 Careful phenotyping of 

regulatory T cells infiltrates will provide a better understanding of this observation. 

The fact that the restoration of transgene immune responses after combined Tregs depletion 

and checkpoint inhibition blockade was only partial may suggest the existence of additional 

mechanisms mediating liver tolerance. Alternatively, the anti-CD25 antibody (clone PC-

61.5.3) used to depleted Tregs may have affected activated effector T cells expressing the 

CD25 marker. 

The working hypothesis to explain the findings presented here is that, in the absence of liver 

transduction, CD8+ cells primed in the draining lymph nodes, home to the muscle where they 

sustain inflammation and clear the transgene expressed in AAV-transduced muscle fibers. 

Following intramuscular gene transfer, transgene-specific T cells can home to the liver, 

however in the absence of transgene expression in hepatocytes no suppression of the immune 

response occurs (Supplementary Fig. 7A). When the hSGCA transgene is expressed in the 

liver, reactive T cells infiltrating the liver are suppressed by the synergistic action of Tregs 

and upregulation of the inhibitory receptors PD1/PD-L1 and LAG3. T cells homing to the 

liver in this case do not participate to the ongoing inflammation in the muscle and the net 

result is reduced immune response (Supplementary Fig. 7B). Simultaneous inhibition of the 

PD1/PD-L1/LAG3 pathways, together with Treg depletion, lead to the re-activation of 

exhausted cells that participate in the immune response against the transgene occurring in 

muscle (Supplementary Fig. 7C).  The mechanism proposed represents a simplified model 

because it excludes the tolerance mechanisms acting locally in the muscle that participate in 

the control of the anti-transgene immune response.31   

In conclusion, concomitant liver and muscle expression via AAV vectors allows for efficient 

prevention and eradication of transgene-specific humoral and cell-mediated immune 
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responses, resulting in long-term transgene expression. Induction of Tregs and effector T cell 

exhaustion are both key requirements for the effective hepatic control of immune responses. 

This work provides further insight on the mechanisms of liver-induced immunological 

tolerance; it also has direct implications on the design of transgene expression cassettes21 

when aiming to treat neuromuscular diseases with underlying muscle inflammation. 
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Materials and Methods 

 

Study approval 

Animal studies were performed in accordance with the current European legislation on animal 

care and experimentation (2010/63/EU) and approved by the institutional ethics committee of 

the CERFE in Evry, France (protocol DAP2015-003-A).  

Animal models 

The following mouse strains were used: C57BL/6J, and Sgca- /- mice. Sgca-/- mice were bred 

in a pure C57BL/6J background by crossing 10 times in C57BL/6J  background.  

AAV-mediated gene transfer 

AAV vectors production was performed as already described.53 Three different serotypes of 

recombinant adeno-associated virus 1, 6 and 9 (AAV1, AAV6, AAV9) vector were used to 

restore α-sarcoglycan expression in muscle of Sgca-/- mice. The use of AAV1 and 6 for 

muscle gene transfer was motivated by their poor humoral cross-reactivity that allowed for 

15-day delayed administration of the AAV9 after intramuscular injection of AAV1 and 6 

(data not shown) and also by the low leakage in circulation of these serotypes after 

intramuscular administration.54 The use of AAV9 for liver gene transfer was also justified by 

the fact that liver transduction with this serotype resulted in efficacy similar to what observed 

with AAV8, a classical serotype for liver targeting in both murine models and humans.55 Viral 

genomes were quantified by a TaqMan™ real-time PCR assay using the following primer 

pairs and TaqMan™ probes: Fwd: 5’-CTCCATCACTAGGGGTTCCTTGTA-3’; rev: 5’-

TGGCTACGTAGATAAGTAGCATGGC-3’; Probe: 5’-GTTAATGATTAACCC-3’. Mice 

were injected intravenously into the tail vein with a standard volume of 200 µl of either PBS 
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or AAV9. Intramuscular injections of AAV1 or AAV6 vectors were performed by injection of 

25µL of the diluted vector in the left Tibialis Anterior (TA) muscle. 

Liver intra-parenchymal cells and splenocytes extraction 

Liver intra-parenchymal cells were isolated by mechanical dissociation of the liver tissue and 

differential centrifugation. Briefly, livers were dissociated using a 70 μm cell strainer 

(Thermo Fisher Scientific, Waltham, MA) and centrifuged 5 minutes at 300 x g to remove 

hepatocytes and tissue debris. Supernatant were then centrifuged 10 minutes at 500 x g. The 

pellet of this second centrifugation was resuspended in 40% Percoll and overlayed on a 70% 

Percoll cushion. After centrifugation for 25 minutes at 1400 x g, the non-parenchymal cells 

were recovered at the interface between the two layers and used for staining.  

Splenocytes were freshly isolated from mouse spleen by mechanical dissociation using a 70 

μm cell strainer (Thermo Fisher Scientific, Waltham, MA) and centrifugation 10 minutes at 

500 x g to recover the cells. 

Histological and immunohistochemistry analyses 

Eight micrometers transversal cryosections were cut from liquid nitrogen-cooled isopentane 

frozen TA muscles or livers and stained following classical protocols for histology coloration 

and immunohistochemistry. Sections were processed for hematoxylin phloxine saffron (HPS) 

staining as already described and visualized on a Nikon Eclipse E600 microscope (Nikon, 

Minato, Tokyo, Japan). For immunostaining, unfixed, transverse cryosections were first 

blocked with PBS containing 20% Fetal calf serum (FCS) for 1 h and then incubated with 

primary antibodies overnight at 4°C. For the detection of hSGCA expressing fibers and CD8 

T cells, a rabbit polyclonal primary antibody directed against amino acids 366–379 of the 

human α-sarcoglycan sequence (AC-ahSarco57, Eurogentec, Seraing, Belgium) and a rat-anti 
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CD8α (Thermo Fisher Scientific, Waltham, MA) were used.  For the detection of Foxp3 and 

CD3 infiltrating cells in liver, TA sections were incubated with a rat anti-Foxp3 (eBioscience, 

Thermo Fisher Scientific, Waltham, MA) and a rabbit anti-CD3 antibodies (EPITOMICS, 

Abcam, Cambridge, UK). After washing with PBS, sections were incubated with a goat anti-

rat and goat anti-rabbit secondary antibody conjugated with AlexaFluor 488 or 594 dyes 

(Thermo Fisher Scientific, Waltham, MA) for 1h at room temperature.  

After washing with PBS, sections were mounted with Fluoromount-G and DAPI 

(SouthernBiotech, Birmingham, AL), and visualized on a fluorescence microscope (Zeiss 

Axiophot 2, Zeiss, Oberkochen, Germany or Leica TCS-SP8 confocal microscope, Leica, 

Wetzlar, Germany). 

VGCN , mRNA and miRNA quantification in liver and muscle tissues 

Genomic DNA was extracted from frozen tissues using the MagNApure kit according to 

manufacturer instructions. Vector genome copy number was determined using qPCR from 20 

ng of genomic DNA. A serial dilution of a DNA sample of a plasmid harboring one copy of 

each amplicon was used as standard curve. Real-time PCR was performed using 

LightCycler480 (Roche Roche, Basel, Switzerland) with 0.2 µM of each primer and 0.1 µM 

of the probe according to the protocol of Absolute QPCR Rox Mix (Thermo Fisher Scientific, 

Waltham, MA). The primer pairs and Taqman™ probes used for the human α-sarcoglycan 

amplification were: FWD: 5’-TGCTGGCCTATGTCATGTGC-3’, REV:5’-

TCTGGATGTCGGAGGTAGCC-3’, and Probe: 5’-

CGGGAGGGAAGGCTGAAGAGAGACC-3’. The ubiquitous acidic ribosomal 

phosphoprotein (P0) was used for normalization. Primer pairs and Taqman™ probe used for 

P0 amplification were: FWD: 5'-CTCCAAGCAGATGCAGCAGA-3', REV: 5'-

ACCATGATGCGCAAGGCCAT-3' and Probe: 5'-CCGTGGTGCTGATGGGCAAGAA-3'. 
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mRNA and miRNA quantification 

Total RNA extraction was performed from frozen tissues by Trizol™ (Thermo Fisher 

Scientific, Waltham, MA). Extracted RNA was dissolved in 20μl of RNase-free water and 

treated with Free DNA kit (Ambion) to remove residual DNA. Total RNA was quantified 

using a Nanodrop spectrophotometer (ND8000 Labtech, Wilmington Delaware). 

Quantification of miRNAs was performed using Exiqon miRCURY LNA™ Universal RT 

microRNA PCR (QIAGEN, Venlo, Netherland). Total RNA (20 ng) was converted into poly-

A primed universal cDNA and microRNAs were quantified in duplicate for each sample with 

miRNA-specific LNA primers on the LightCycler480 (Roche, Basel, Switzerland) following 

manufacturer’s guidelines. Quantification cycle (Cq) values were calculated with the 

LightCycler® 480 SW 1.5.1 using 2nd Derivative Max method. RT-qPCR results, expressed 

as raw Cq were normalized to the miRNAs identified as the most stable, miR-16 for 

individual assays in serum, and miR-93 in muscle samples. The relative expression was 

calculated using the 2-ΔCt method. 

For quantification of the transgene expression, one µg of RNA was reverse-transcribed using 

the SuperScript II first strand synthesis kit (Thermo Fisher Scientific, Waltham, MA) and a 

mixture of random oligonucleotides and oligo-dT. Real-time PCR was performed using 

LightCycler480 (Roche, Basel, Switzerland) with 0.2 µM of each primer and 0.1 µM of the 

probe according to the protocol of Absolute QPCR Rox Mix (Thermo Fisher Scientific, 

Waltham, MA). The primer pairs and Taqman™ probes used for the human α-sarcoglycan 

amplification were: FWD: 5’-TGCTGGCCTATGTCATGTGC-3’, REV: 5’-

TCTGGATGTCGGAGGTAGCC-3’, and Probe: 5’-

CGGGAGGGAAGGCTGAAGAGAGACC-3’. The ubiquitous acidic ribosomal 

phosphoprotein (P0) was used to normalize the data across samples. The primer pairs and 
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Taqman™ probe used for P0 amplification were: FWD: 5'-

CTCCAAGCAGATGCAGCAGA-3', REV: 5'-ACCATGATGCGCAAGGCCAT-3' and 

Probe: 5'-CCGTGGTGCTGATGGGCAAGAA-3'. For IFN-γ, CD-8, CD4, FOX-P3, LAG3, 

PD-1, PD-L1, PD-L2, TIM3, CTLA4, 2B4, commercial sets of primers and probes were used 

(Thermo Fisher Scientific, Waltham, MA). Each experiment was performed in duplicate. 

 

Anti-hSGCA ELISA, ELISPOT and cytometry 

Anti-hSGCA ELISA, ELISPOT and cytometry were performed as already described.56 

Briefly, blood samples were collected by retro-orbital bleeding and quickly centrifuged 10 

minutes at 10000 x g. Serum samples  were collected and stored at −80°C. 

Recombinant hSGCA-GST (Abnova, Taipei City, Taiwan) was dissolved in carbonate buffer 

and coated to each well of a 96-well plate overnight at 4°C. After washing with phosphate 

buffered saline (PBS) containing 0.05% Tween 20 (PBS-T), three-fold serial dilutions from 

1:10 to 1:21 870 of each sera were added to the plate, and incubated 2 hours at 37°C. The 

wells were washed with PBS-T, incubated with a 1:1000 dilution of HRP-conjugated sheep 

anti-mouse IgG (SouthernBiotech, Birmingham, AL) at room temperature for 1 hour, washed, 

and finally, added with TMB agent substrate (Sigma Aldrich, Saint-Louis, MO). After a 

fifteen-minute incubation, the reaction was stopped with 1N sulfuric acid solution. 

Absorbance values of the plates were read at 405 nm with an Enspire microplate reader. 

Antibody titer was determined as the last dilution that give an absorbance value above 0.5. 

 

IFN-γ ELISPOT et IFN-γ ELISA 
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IFN-γ enzyme-linked immunospot (ELISPOT) assay was performed by culturing 2 x 105 

splenocytes per well in IFN-γ Enzyme-Linked Immunospot plates (MAHAS45, Millipore, 

Molsheim, France). Five peptide epitopes of human alpha-sarcoglycan with the highest 

probability of presentation by H-2Kb MHC class I molecules were identified by Immune 

Epitope Database (www.iedb.org) and synthesized by GeneCust. Cells were stimulated either 

with one of this peptides or with 1µM hSGCA-GST recombinant protein or with SIINFEKL 

peptide .  As a positive control, cells were stimulated with 5µg/ml of Concanavalin A (Sigma 

Aldrich, Saint-Louis, MO). After 24 h of culture at 37°C, plates were washed and the 

secretion of IFNγ was revealed with a biotinylated anti-IFNγ antibody (eBiosciences, Thermo 

Fisher Scientific, Waltham, MA), Streptavidin-Alkaline Phosphatase (Roche Diagnostics, 

Mannheim, Germany), and BCIP/NBT substrate (Mabtech, Les Ulis, France). Spots were 

counted using an AID reader (Cepheid Benelux, Leuven, Belgium) and the AID ELISpot 

Reader v6.0 software. Spot forming units (SFU) per million cells were represented after 

subtraction of background values obtained with unstimulated splenocytes. 

IFN-γ secreted by splenocytes stimulated with the recombinant  protein hSGCA-GST was 

measured with the Mouse IFN-gamma Quantikine ELISA Kit (R&D systems, Minneapolis, 

MN). 

Flow cytometry analysis 

Single-cell suspensions from spleen and liver were prepared and stained for surface and 

markers with different fluorochrome combinations: anti-CD45 (V450, clone 30-F11, BD 

Biosciences, San Jose, CA), anti-CD4 (V500, clone RM4-5, BD Biosciences, San Jose, CA), 

anti-CD8 (AF700, clone 53-6.7, BD Biosciences, San Jose, CA), anti-CD25 (PE-Cy7, clone 

PC-61.5, BD Biosciences, San Jose, CA), anti-PD-1 (PE-CF594, clone J43, BD Biosciences, 

San Jose, CA), anti-LAG-3 (PerCP-Cy5.5, clone C9B7W, BD Biosciences, San Jose, CA), 

anti-TIM-3 (PE-Cy7, clone C9B7W, ThermoFisher Scientific, Waltham, MA), anti-CD44 
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(PerCP-Cy5.5, clone IM7, ThermoFisher Scientific, Waltham, MA), iTAgTM MHC Tetramer 

H-2 Kb OVA tetramer-SIINFEKL-PE (MBL, Woburn, MA) followed by cell viability 

staining using Fixable Live/Dead kit (Biolegend, San Diego, CA) according to manufacturer’s 

instructions. Intracellular staining of FoxP3 (APC, clone FJK-16s, Thermo Fisher Scientific, 

Waltham, MA) was performed after fixation and permeabilization using murine FoxP3 buffer 

kit (Thermo Fisher Scientific, Waltham, MA) according to manufacturer’s instructions. All 

antibodies were used at one test per 106 cells. Samples were acquired using Sony Spectral cell 

analyzer SP6800 (Sony Biotechnology Inc., San Jose, CA). Data analysis was performed 

using the SP6800 software (Sony Biotechnology Inc. San Jose, CA) and Kaluza software 

(Beckman Coulter, Indianapolis, IN). 

Statistical analyses 

Statistical analyses were performed using the GraphPad Prism version 6.04 (GraphPad 

Software, San Diego, CA). Statistical analyses were performed by ANOVA with Tukey’s 

multiple comparison test for all the data excepted for ELISPOT and ELISA experiments 

where a Kruskal-Wallis with Dunn’s multiple comparison test was used. In Figure 1, where 

we compared only Muscle vs. Muscle-Liver groups of mice, we used student t test for all the 

data and non-parametric Mann-Whitney for the quantification of anti-hSGCA antibodies by 

ELISA.  Data were expressed as mean ± SD. P values of less than 0.05 were considered 

statistically significant. 
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Figure legends 

Figure 1. Simultaneous liver and muscle targeting improves transgene expression in 

dystrophic muscle. (A) Five week-old Sgca-/- mice were intramuscularly injected (IM, 

Tibialis Anterior, TA) at day 0 (D0) with 5 x109 vg/mouse of AAV6-SPc5.12-hSGCA vector. 

Five days after IM injection (D5) mice received an intravenous injection (IV) with either 5 

x1011 vg/mouse of AAV9-hAAT-hSGCA (Muscle-Liver) or an empty AAV9 vector 

(Muscle). In parallel, a group of mice injected intramuscularly with PBS and intravenously 

with the empty AAV9 vector was used as control (Control). Two months after treatment, mice 

were sacrificed and tissues collected. (B) Hematoxylin phloxine saffron staining (HPS, upper 

panel, scale bar = 100µm) performed in TA. (C) Immunostaining anti-hSGCA (green), CD8 

(red) and DAPI (blue) performed in TA. White arrows indicate CD8 cells. Scale bar = 50µm. 

(D) miR-206 levels measured in TA and represented as fold-change versus wild type 

C57BL/6J mice (dotted line in the graph). (E) Vector genome copy number (VGCN) per 

diploid genome measured in TA. (F) Anti-hSGCA IgG titers measured by ELISA using 

recombinant hSGCA protein. (G, H) CD8 and IFNγ mRNA measured in TA. (I) IFNγ 

secretion from recombinant hSGCA-stimulated splenocytes measured by ELISA. Data were 

expressed as mean ± SD. Statistical analyses were performed by student t test in panel D, E, 

G, H and I; a non-parametric Mann-Whitney test was used for panel F (* = p<0.05, † = p 

<0.05 as indicated, n=2 for Control, n=4 for Muscle and n=6 for Muscle-Liver). 

  



36 

 

Figure 2. Liver transduction controls preexisting anti-hSGCA immune response in 

C57BL/6J  mice. (A) Eight week-old C57BL/6J  mice received  at day 0 an intramuscular 

injection (IM, Tibialis Anterior, TA) of 2.5 x109 vg/mouse of AAV6-SPc5.12-hSGCA vector 

and at day 0 or day 15 an intravenous injection (IV) of 1 x 1011 vg/mouse of AAV9-hAAT-

hSGCA (Muscle-Liver D0 and Muscle-Liver D15 respectively). In parallel, two groups of 

mice injected intramuscularly at day 0 with PBS or 2.5 x 109 vg/mouse of AAV6-SPc5.12-

hSGCA vector were used as controls (Control and Muscle groups respectively). One month 

after treatment, mice were sacrificed and tissues collected. (B) Hematoxylin phloxine saffron 

staining (HPS, upper panel, scale bar = 100µm) and anti-hSGCA (green), CD8 (red) and 

DAPI (blue) immunostaining (lower panel, scale bar = 50µm) performed on TA muscle. 

White arrows indicate CD8 cells. (C, D) CD8 and IFNγ mRNA measured in TA. (E) Vector 

genome copy number (VGCN) per diploid genome measured in TA. Data were expressed as 

mean ± SD. Statistical analyses were performed by ANOVA (* = p<0.05, n=4 per group). 
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Figure 3. hSGCA-SIIN fusion transgene as a model antigen to evaluate cytotoxic 

response in C57BL/6J  mice. (A) Schematic representation of the fusion between hSGCA 

and SIINFEKL epitope. The SIINFEKL peptide and its scrambled version FILKSINE were 

fused to the C-terminal domain of hSGCA (hSGCA-SIIN and hSGCA-FILK, respectively). 

RWLRYTQR peptide located in the extracellular domain was top-score predicted for binding 

on murine H-2Kb class I MHC. (B) Five-week old C57BL/6J  mice were intramuscularly 

injected (IM, Tibialis Anterior, TA) with 1 x 1010 vg/mouse of AAV1 or AAV6 expressing  

hSGCA under the SPc5.12-promoter (AAV1-hSGCA, AAV6-hSGCA) or with the same dose 

of an AAV1 vector expressing either the hSGCA-SIIN fusion protein (AAV1-hSGCA-SIIN) 

or the hSGCA-FILK fusion protein (AAV1-hSGCA-FILK) under the control of the same 

promoter. In parallel, one group of mice was injected intramuscularly with PBS as control 

(Control). Fifteen days after treatment, mice were sacrificed and tissues collected. (C-E) 

IFNγ-ELISPOT performed on splenocytes stimulated with SIINFEKL peptide (C), hSGCA 

recombinant protein (D) or the RWLRYTQR peptide (E) derived from hSGCA. (F) 

Hematoxylin-phloxine-saffron staining (HPS, upper panel, scale bar = 100µm) and anti-

hSGCA (green), CD8 (red) and DAPI (blue) immunostaining (lower panel, scale bar = 50µm) 

performed on TA muscle. (G-I) CD8, IFNγ and hSGCA mRNA measured in TA. Data were 

expressed as mean ± SD. Statistical analyses were performed by ANOVA in all panels except 

for panels C-E where a Kruskal-Wallis test was used (* = p<0.05, as indicated, n=4 per 

group).  
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Figure 4. Simultaneous liver and muscle expression of hSGCA-SIINFEKL controls anti-

transgene immune response (A) Five-week old C57BL/6J mice intramuscularly injected 

(IM, Tibialis Anterior, TA) with 1 x 1010 vg/mouse of AAV1-SPc5.12-hSGCA-SIINFEKL 

vector  and intravenously injected with 1 x 1011 vg/mouse of AAV9-hAAT-hSGCA-

SIINFEKL (Muscle-Liver). Two groups of mice received  the two vectors separately either by 

intramuscular (Muscle) or intravenous (Liver) injection. PBS-injected mice were used as 

controls (Control). One month after treatment, mice were sacrificed and tissues collected. (B) 

IFNγ-ELISPOT performed on splenocytes stimulated with SIINFEKL peptide. (C) Anti-

hSGCA IgG titers measured by ELISA using recombinant hSGCA protein. (D) Vector 

genome copy number (VGCN) per diploid genome measured in TA. (E, F) CD8 and IFNγ 

mRNA measured in TA. (G) anti-hSGCA (green), CD8 (red) and DAPI (blue) 

immunostaining performed in TA muscle (scale bar = 50 µm). White arrows indicate CD8 

positive cells. (H) Vector genome copy number (VGCN) per diploid genome measured in 

liver. (I, L) CD8 and IFNγ mRNA measured in liver. Data were expressed as mean ± SD. 

Statistical analyses were performed by ANOVA in all panels except for panel B and C where 

a Kruskal-Wallis test was used (* = p<0.05, as indicated, n=3 per group). 
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Figure 5. Simultaneous liver and muscle expression of hSGCA-SIINFEKL increases 

liver intraparenchymal T-regulatory cells and exhausted CD8 T-cells. Non-parenchymal 

cells extracted from livers of mice treated as described in figure 4 were analyzed by flow 

cytometry. (A, B) Flow cytometry histograms representing the CD4+ Foxp3+ population 

gated on CD4+ cells. The histogram shows quantification.  (C, D) Flow cytometry dot plots 

representing the CD8+ PD1+ population gated on CD8+ cells. The histogram shows the 

quantification of the dot plots. (E, F) Flow cytometry dot plots representing the CD8+ PD1+ 

LAG3+ population gated on CD8+ cells. The histogram shows the quantification of the dot 

plots. (G, H) Flow cytometry dot plots representing the CD8+ PD1+ TIM3+ population gated 

on CD8+ cells. The histogram shows the quantification of the dot plots. In C,E,G the blue 

dots represent SIINFEKL-specific MHC class I dextramer stained T cells. Data were 

expressed as mean ± SD. Statistical analyses were performed by ANOVA (* = p<0.05 vs. 

Control, n=3 per group). 
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Figure 6. Immune checkpoint blockade induces liver intra-parenchymal Tregs. (A) Five-

week old C57BL/6J  mice were intramuscularly injected (IM, Tibialis Anterior, TA) with 1 x 

1010 vg/mouse of AAV1-SPc5.12-hSGCA-SIINFEKL vector and intravenously injected with 

1 x 1011 vg/mouse of AAV9-hAAT-hSGCA-SIINFEKL (Muscle-Liver). A group of mice 

treated with the same combination of vectors was treated every three days from day 2 to day 

14 with the combination anti-PD1, anti-PD-L1 and anti-Lag3 antibodies (Muscle-Liver +Ab). 

Another group of mice received only the AAV1 vector intramuscularly (Muscle). PBS-

injected mice were used as controls (Control). Two weeks after treatment, mice were 

sacrificed and tissues collected. (B) IFNγ-ELISPOT performed on splenocytes stimulated 

with SIINFEKL peptide. (C) Immunostaining anti-hSGCA (green), CD8 (red) and DAPI 

(blue) in TA muscle (scale bar = 50µm). White arrow indicates CD8 cell.  (D) 

Immunostaining anti-hSGCA (green), CD8 (red) and DAPI (blue) performed on liver (scale 

bar = 50µm). White arrow indicates CD8 cell. (E) Immunostaining anti-CD3 (green),  anti-

FoxP3 (Red) and DAPI (Blue) (scale bar = 25µm). White arrow indicates FoxP3 cell. (F,G) 

Flow cytometry dot plots representing the liver non-parenchymal CD4+ FoxP3+ population 

gated on CD4+ cells. The histogram shows the quantification of the dot plots. Data were 

expressed as mean ± SD. Statistical analyses were performed by ANOVA except for panel B 

where a Kruskal-Wallis test was used (* = p<0.05 vs. all groups, n=4 per group).  
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Figure 7. Simultaneous checkpoint blockade and Treg depletion breaks liver induced 

anti-transgene tolerance. (A, B) Five-week old C57BL/6J  mice were intramuscularly 

injected (IM, Tibialis Anterior, TA) with 1 x 1010 vg/mouse of AAV1-SPc5.12-hSGCA-

SIINFEKL vector and intravenously injected with PBS (Muscle) or  1 x 1011 vg/mouse of 

AAV9-hAAT-hSGCA-SIINFEKL (Muscle-Liver). A group of mice treated with the 

combination of vectors received a simultaneous injection of NAD and anti-CD25 at day 3 and 

anti-CD25 alone at day 6 and 7 (Muscle-Liver –Treg). Finally, another group of mice 

received the same treatment combined with the injection of anti-PD1, anti-PD-L1 and anti-

LAG3 antibodies every three days from day 3 to day 12 (Muscle-Liver –Treg + Ab). Two 

weeks after treatment, mice were sacrificed and tissues collected. (C) IFNγ-ELISPOT 

performed on splenocytes stimulated with SIINFEKL peptide. (D) Liver intraparenchymal 

CD8+ cells gated on  CD45+ cells. (E) Liver intraparenchymal CD8+CD44+Dextramer+ 

cells gated on CD8+ cells. (F) Vector genome copy number (VGCN) per diploid genome 

measured in TA. (G) Immunostaining anti-hSGCA (green), CD8 (red) and DAPI (blue) in 

TA. White arrow indicates CD8 cell.  Data were expressed as mean ± SD. Statistical analyses 

were performed by ANOVA except for panel B where a Kruskal-Wallis test was used (* = 

p<0.05, n=4 per group). 
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Figure 6
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