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Recombinant adeno-associated virus (rAAV) vectors have shown promise for the treatment of several diseases; 
however, immune-mediated elimination of transduced cells has been suggested to limit and account for a loss 
of efficacy. To determine whether rAAV vector expression can persist long term, we administered rAAV vectors 
expressing normal, M-type α-1 antitrypsin (M-AAT) to AAT-deficient subjects at various doses by multiple i.m. 
injections. M-specific AAT expression was observed in all subjects in a dose-dependent manner and was sus-
tained for more than 1 year in the absence of immune suppression. Muscle biopsies at 1 year had sustained AAT 
expression and a reduction of inflammatory cells compared with 3 month biopsies. Deep sequencing of the TCR 
Vβ region from muscle biopsies demonstrated a limited number of T cell clones that emerged at 3 months after 
vector administration and persisted for 1 year. In situ immunophenotyping revealed a substantial Treg popula-
tion in muscle biopsy samples containing AAT-expressing myofibers. Approximately 10% of all T cells in muscle 
were natural Tregs, which were activated in response to AAV capsid. These results suggest that i.m. delivery of 
rAAV type 1–AAT (rAAV1-AAT) induces a T regulatory response that allows ongoing transgene expression and 
indicates that immunomodulatory treatments may not be necessary for rAAV-mediated gene therapy.

Introduction
Clinical applications of recombinant adeno-associated virus 
(rAAV) vectors have shown great promise, including clear signs of 
clinical efficacy in a number of early-phase clinical trials, including 
several for Leber congenital amaurosis, Parkinson disease, lipopro-
tein lipase deficiency, and hemophilia B (1–8). In general, rAAV 
vectors of various serotypes have been found to be safe and persis-
tent in their effects. However, anti-capsid immune responses have 
been observed in every trial in which administration was outside 
of the retina or CNS. These have included the development of neu-
tralizing antibody responses, which may interfere with readmin-
istration and the development of effector T cell responses. Since 
transgene expression in nondividing cells is generally persistent 
over the long term, readministration may not be a crucial issue if 
therapeutic levels of protein expression are achieved. However, the 
significance of anti-capsid effector T cell responses is unclear, and 

at least some studies have suggested that they target transduced 
cells and limit the duration of transgene expression (9, 10).

Gene augmentation therapy as a strategy to treat α-1 antitrypsin 
(AAT) deficiency has been developed over a number of years, begin-
ning with studies of i.m. injection of a rAAV serotype 2–AAT vector 
(11, 12) and subsequently using a cross-packaged rAAV serotype 
1–AAT vector (rAAV1-AAT) in phase I and phase II clinical trials 
(13, 14) Published results from both of the rAAV1-AAT trials have 
shown a dose-dependent increase in serum levels of wild-type–spe-
cific AAT (M-AAT) levels after i.m. injection, which has persisted 
in individuals despite the emergence of anti-capsid effector T cells 
(which have included both CD4+ and CD8+ cells, with CD8+ popula-
tion cells having markers consistent with cytotoxic T cells) (13, 14).  
In the most recent report from the phase II trial, persistence of 
transgene expression was present at 90 days but had declined from 
an earlier peak value in each subject and was associated with local 
cellular infiltrates containing both B and T lymphocytes (14). Based 
on these data, it was not clear whether there would be a continued 
decline of transgene expression beyond the 90-day time point.

Importantly, longer term follow-up of the same cohorts of sub-
jects for whom the 90-day results were published has shown per-
sistence and an upward trend of M-AAT transgene expression to 
approximately 3% of the therapeutic target at 12 months after the 
i.m. administration of the vector. Muscle biopsies showed both 
persistence of transgene expression and reduced levels of cellular 
infiltrates. Biopsies were also examined for the presence of cells 
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with T regulatory surface markers (CD4+CD25+FOXP3+ colocal-
ization), and many such cells were observed. To determine wheth-
er there was a source of antigen for the Tregs, muscles tissue was 
examined for the presence of adeno-associated virus (AAV) capsid. 
Confocal analysis with an AAV1 intact capsid-specific antibody 
revealed the presence of intact capsid at 12 months. These find-
ings, in the absence of any immune suppression, call into ques-
tion whether anti-capsid T cell responses inhibit the duration of 
transgene expression after i.m. rAAV vector delivery and suggest 
that delivery of rAAV to muscle may have clinical utility with mod-
est or no immune suppression. Further studies directly comparing 
transgene expression levels and duration with or without immune 
suppression may be informative.

Results
Administration of rAAV1-CB-hAAT by multiple i.m. injections 
was well tolerated in all subjects. The most frequent adverse events 
reported in the study were injection site reactions (discomfort, ery-
thema, hemorrhage, or pain) of mild intensity, which occurred in 
8 out of 9 subjects. There was one serious adverse event reported. 
Subject 307, a 51-year-old man with a previous history of emphyse-
ma, COPD, and pneumonia with pleural effusion received rAAV1-
CB-hAAT (dose 6 × 1012 vector genomes/kg [vg/kg]). At 160 days 
after injection, he presented to his local hospital with a 3‑day histo-
ry of severe abdominal pain, fever, chills, and diarrhea. An abdomi-
nal CT scan showed diverticulitis and probable abscess involving 
the mid to distal colon. He was treated with metronidazole and 
levofloxacin for 21 days. At his 9‑month and 1-year follow-up visits, 
he reported that his symptoms were resolved. This adverse event 
was considered unrelated to study drug administration.

Ongoing transgene expression in patients ≥1 year after i.m. injection of 
rAAV1-hAAT. The primary end point for biological activity and 
clinical effectiveness of AAT augmentation therapy in homozy-

gous mutant PI*ZZ patients is an increase in serum M-AAT levels, 
with the therapeutic target of >11 μM or 572 μg/ml. As demon-
strated in Figure 1, M-AAT levels in the high-dose cohort of this 
study peaked at a mean of 29.8 ± 7.5 μg/ml at 30 days after admin-
istration and were sustained at 17.7 ± 3.6 μg/ml (~3% of thera-
peutic levels) at 12 to 13 months. Lower levels were observed in 
the lower dose cohorts, as had previously been reported (14), but 
these were also sustained for 12 to 14 months at levels at or above 
the levels at day 90 (Supplemental Figure 1; supplemental mate-
rial available online with this article; doi:10.1172/JCI70314DS1). 
Transgene expression was also assessed by immunohistochemical 
staining of muscle biopsy tissue taken from the injection sites at 
1 year after injection. As shown in Figure 1B, transgene expres-
sion was present within the injection site at substantial levels as 
well. Expression did not appear to be influenced by persistence 
of high levels of anti-AAV–neutralizing antibodies (Supplemental 
Table 1). No subject developed antibodies to AAT (15) or to the low 
levels of HSV antigen present in the purified vector (Supplemen-
tal Figure 2). Quantitative PCR analysis showed persistent vector 
DNA in muscle (Supplemental Table 2), rapid disappearance of 
vector DNA from blood (Supplemental Table 3), and very low and 
transient levels of vector DNA in semen (Supplemental Table 4).

Cellular infiltrates at the injection site are less prominent but still present 
at 1 year after injection and predominantly contain macrophages and T 
cells. Cellular infiltrates consisting primarily of lymphocytes were 
observed at the injection site at 90 days after administration, as 
previously reported (14), and were also observed at 1 year after 
injection in all patients (Figure 2). These infiltrates were decreased 
compared with observations at the 90-day time point (Supple-
mental Tables 5 and 6) but were still present in all subjects. IFN-γ 
ELISPOT responses to AAV capsid library were also decreased as 
compared with those at the 90-day time point (Figure 2E, Supple-
mental Figure 3, and Supplemental Table 7). In order to charac-
terize the cellular infiltrates within the injection sites in greater 
detail, a series of immunophenotyping studies were performed. 
CD68 staining indicated a consistent presence of macrophages 
within the infiltrates, which correlated well with the morphol-
ogy typical of macrophages, as shown by hematoxylin and eosin 
staining. Despite the waning of IFN-γ response to AAV1 capsid, T 
lymphocytes within the biopsy samples were identified using CD3 
staining, with substantial proportions of CD4+ and CD8+ cells 
present among the CD3+ population.

Persistence of an oligoclonal population of T cells in the muscle. PBMCs 
(before and 1 month after injection) and muscle biopsies (3 months  
and 1 year after injection) from subject 306 were further analyzed 
for the presence of T cell clones by deep sequencing of the vari-

Figure 1
M-AAT expression in skeletal muscle from AAT-deficient human sub-
jects ≥12 months after i.m. injection of rAAV1-hAAT. All subjects in this 
dose cohort received 6.0 × 1012 vg/kg. The body weight maximum was 
90 kg, thus individual doses ranged up to 5.4 × 1014 total vg. The thera-
peutic target was 572 μg/ml. (A) Serum AAT levels detected using a 
PiM-specific ELISA in subjects 306, 307, and 308. (B and C) Muscle 
immunohistochemistry staining for hAAT. Specimens were biopsied 
from each individual 1 year after rAAV administration and stained for 
the presence of AAT. Sections show granular reactivity in individual 
myofibers on cross-section. Immunohistochemistry staining for hAAT 
in a normal, noninjected muscle is shown in Supplemental Figure 4. 
Original magnification, ×5.
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able CDR3 region of the TCRβ-chain (TRBV). We compared the 
repertoire of T cell clones present before and after vector admin-
istration to evaluate the emergence of new clones. T cell clones 
that emerged only after vector administration were designated as 
infinity clones. Using this analysis, 223 infinity T cell clones were 
found in blood. Interestingly, 87 out of the 223 infinity T cell 
clones were also present in muscle 3 months after vector admin-
istration, with some clones present at a frequency as high as 6.4% 
(Figure 3A). Analysis of the TRBV usage in muscle indicated a 
bias toward clones belonging to the TRBV7-9 family, which also 
included those T cell infinity clones with the highest frequencies 
(Figure 3B). The numbers of infinity clones in muscle contracted 
from a high of 87 at 3 months to 7 at 1 year after vector admin-
istration, with frequencies <3%. Interestingly, 1 year after vector 
administration, only 1 out of the 7 infinity clones belonged to the 

TRBV7-9 family. Instead, TRBV usage was now dominat-
ed by the TRBV18 family (Figure 3C). Our analysis indi-
cates that, after vector administration, an oligoclonal 
population of T cells emerged in blood that migrated to 
the site of injection. It should be noted that our analysis 
of the CDR3 region does not allow classification of the 
individual clones into T cell subtypes.

Identification of cells with Treg markers at the injection site. 
The presence of CD8+ T cells at the site of injection at 
both 3 and 12 months was suggestive of a peripheral 
cytotoxic T cell (CTL) response to AAV capsid epitopes. 
However, under these circumstances, the persistence of 
transgene expression at high levels 1 year after injection 
was perplexing and more so in the face of decreased IFN-γ 
responses to AAV1 capsid. In order to determine whether 
the CD4+ T cell population might be exerting a regulatory 
effect over the CD8+ T cell population within the muscle, 
we performed confocal microscopy with immunofluo-
rescent staining for the characteristic CD4+ T regulatory 
markers, i.e., for colocalization of a CD4 signal with that 
of CD25 and FOXP3. As shown in Figure 4, A–F, a sub-
stantial proportion of cells staining for CD4 were also 
CD25+ and FOXP3+. Conversely, a substantial propor-
tion of CD25+ and FOXP3+ cells were also represented in 
the CD4+ population. These results were consistent with 
an in situ T regulatory response enabling persistence of 
AAT transgene expression in the face of resident CD8+ 
T cells. A more quantitative analysis of T cells and Tregs 
was performed by analyzing the Treg-specific demethyl-
ated region (TSDR) within the FOXP3 gene by qRT-PCR 
of bisulfite-converted DNA from muscle biopsies. Impor-
tantly, this assay can differentiate natural Tregs from 
other cells that may be transiently expressing FOXP3 by 
measuring unique epigenetic modifications at the FOXP3 
locus present only in Tregs. Along with cadaveric muscle 
controls, muscle biopsies from a patient from the mid-
dle-dose cohort (subject 304) and one from the high-dose 
cohort (subject 308) were analyzed for epigenetic TSDR 
demethylation at 3 and 12 months after vector adminis-
tration. The overall CD3+ epigenetic analysis confirmed 
histologic findings that showed a clear influx of T cells 
that stained for both CD8 and CD4. Moreover, this assay 
was able to detect a consistent time-dependent decrease 
in muscle inflammation in both patients, as determined 
by the decrease in overall number of CD3+ T cells from 3 

to 12 months (Figure 4G). More importantly, by quantifying the 
TSDR, we were able to confirm that the muscle had a substan-
tial proportion of Tregs in situ; in fact, at 3 months close to 5% 
of all the cells in the muscle were Tregs (Figure 4H). While it was 
evident that there was a decrease in the T cell infiltration from 3 
to 12 months, the proportion of all CD3+ T cells that were Tregs 
remained close to 10% across time in both patients (Figure 4I).

Tregs are activated by AAV capsid. The presence of Tregs in the mus-
cle that we described above may offer insight into the persistence 
of AAT transgene expression despite the presence of CD8+ T cells 
and IFN-γ–positive ELISPOT responses against the AAV capsid. To 
further determine whether the Treg responses were specific to AAV 
capsid, we examined cell surface expression of activation markers 
in Tregs after antigen stimulation. To evaluate this, PBMCs from 
8 out of 9 subjects were stimulated with AAV and AAT peptide 

Figure 2
Persistence of lymphocytic infiltrates in muscle more than 1 year after admin-
istration (A) Immunohistochemistry showing a nidus of infiltration with CD3+ T 
cells. (B) CD4-immunoreactive T cells comprise a substantial subset of the total 
lymphocytic infiltrate. (C) CD8-immunoreactive T cells are also present in the 
infiltrate. (D) CD68+ macrophages are present within and around the lymphocytic 
infiltrates. Original magnification, ×10. (E) Representative time course of IFN-γ 
ELISPOT (subject 307) responses to pools of AAV1 capsid peptides or controls. 
PBMCs were obtained at screening, baseline, and 1, 2, 3, and approximately 
18 months after vector administration and were stimulated with one of three 
pools (A–C) of AAV1 capsid peptides (15-mers overlapped by 10 amino acids) 
or with a positive control peptide pool (CEF). SFC, spot-forming cells. Positive 
responses to AAV1 capsid peptides are indicated by *.
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libraries in vitro. Two days after stimulation, the cells were ana-
lyzed by flow cytometry, Tregs were gated by coexpression of the 
transcription factors FOXP3 and Helios, and all subsets were then 
analyzed for expression of CD25 and OX40 as indicators of anti-
gen-specific activation, as previously described (16). The data were 
then plotted as percentage of cells with CD25+OX40+ expression 
above what was seen in conventional T cells with CEFT stimula-
tion. As shown in Figure 5 and Supplemental Figure 5, Tregs pres-
ent in the PBMCs were generally activated when stimulated with 
AAV capsid peptide pools. In contrast, activation of Tregs by AAT 
peptide pools was seen in only 3 patients (subjects 302, 306, and 
307), and, in each case, the frequency of activated Tregs after stim-
ulation by AAT peptides was much lower than that after stimula-
tion by AAV capsid peptides.

Presence of AAV capsid antigen within the injected myofibers. Since 
the majority of subjects demonstrated peripheral T cell reac-
tivity to epitopes within the AAV1 capsid rather than to AAT, 
we sought to determine why such T cells would still be resid-
ing within the injected muscle at 12 months after injection. The 
most obvious hypothesis seemed to be that AAV1 capsid protein 
was persistent within the injected muscle at that time point. In 
order to test this hypothesis, we performed immunofluores-
cent staining for intact AAV1 capsids on the muscle biopsies at  
12 months after injection. As demonstrated in Figure 6, intact 
AAV1 capsids were present within myofibers of the muscle, most-
ly in distinct foci at the perinuclear region.

The long-lasting presence of rAAV1 capsid may in some ways 
mimic a chronic viral infection, which has been shown to induce 
Treg responses (17) along with what has been termed “exhaust-
ed” T cells. The costimulatory pathways of programmed death-1 

(PD-1 also known as CD279) and its ligand PD-L1 (CD274) have 
been implicated in regulating the balance of T cell activation and 
tolerance in chronic viral infection and immune-mediated tissue 
damage by delivery inhibitory signals (18–20). In this way, the 
PD-1/PD-L1 pathway contributes directly to T cell exhaustion 
during chronic infections, as it remains expressed at high levels in 
the setting of persistent antigen (21). In order to determine wheth-
er this pathway could be active in the injected muscle, we stained 
muscle sections for PD-1 and PD-L1. As shown in Figure 7, PD-1 
was mostly expressed by cells found in the inflammatory infil-
trates of the muscle. PD-L1 was also observed within these foci, 
but its distribution was more widespread than PD-1. Infiltrates in 
muscle sections from all patients at both time points were positive 
for both PD-1 and PD-L1.

Discussion
Although AAT augmentation therapy can achieve effective serum 
levels of AAT, this therapy is not ideal due to the need for weekly 
intravenous infusions, high annual costs, and insufficient avail-
ability of product to treat all persons currently diagnosed with 
severe AAT deficiency, resulting in low physician motivation to 
accurately diagnose the vast majority of patients who remain 
unrecognized. If treatment with a rAAV vector expressing AAT can 
achieve similar serum AAT levels, it would provide a more readily 
available and convenient, potentially 1-time, treatment option.

In the 12-month follow-up period of this phase II gene transfer 
study for AAT deficiency, we observed persistent gene expression in 
the absence of immune suppression. The earlier time points with-
in this study seemed to mimic those seen in other trials of both 
hepatic delivery and muscle delivery of rAAV vectors, with an anti-

Figure 3
TCR β-chain deep sequencing analysis in subject 306. (A) Frequency of T cell clones with a frequency greater than 0.005% that were present 
in blood only after gene transfer and in injected muscle tissue after 3 months and 1 year of vector administration. (B) Frequency of T cell clones 
arranged by specific Vβ chain in muscle biopsies (B) at 3 months and (C) after 1 year of vector administration. Colors in each stacked bar indicate 
unique T cell clones.
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capsid effector T cell response within the first 30 days after admin-
istration, resulting in cellular infiltration at the injection sites, a 
transient rise in creatine kinase, and a partial decline in transgene 
expression. Remarkably, despite a persistence of peripheral anti-
capsid T cells and local cellular infiltrates, transgene expression 
persisted for more than 1 year after vector administration, with no 
sign of diminution of expression levels. To the contrary, an upward 
trend was seen in each of the 3 patients in the cohort receiving 
the highest dose (those receiving doses of 6.0 × 1012 vg/kg). These 
findings call into question whether the cellular infiltrates present 
within the muscle were actually functionally cytotoxic in nature. 
A possible finding supporting this is the evidence of an expansion 
of Tregs found in situ. These results generally raise expectations 
about the long-term utility of muscle-directed rAAV gene therapy. 
The sustained levels seen here (17.7 ± 3.6 μg/ml) were relatively 
high in absolute terms for protein expression but were lower than 
the very high target level needed for correction of AAT deficiency, 
at 3% of the target of 572 μg/ml.

In comparing this study to other recent studies of rAAV-based 
gene therapy, it is important to point out that while there are 
important commonalities in the findings, none of the studies were 
designed precisely in the same manner as this one. All studies of 
liver and muscle delivery of rAAV have shown some evidence of 
anti-capsid T cell responses, often with some indication of cellu-
lar toxicity (elevation of transaminases or CK), and most showed 
at least some diminution of gene expression. In early studies of 
liver-directed therapy, patients were followed without immune 
suppression, but more recent studies have included some element 
of immune suppression, with initiation of such therapy either at 
the time of vector administration or in response to evidence of 
potential cytotoxicity manifested by elevation of serum enzymes. 
Thus, our study provides the unusual perspective of following the 
course after i.m. delivery without any additional intervention.

Clearly, the current study does not address the question of 
whether transgene expression might have been significantly higher 
if immune suppressive or antiinflammatory drugs had been used. 

Figure 4
In situ detection of Tregs at 12 months after vector administration. (A–C) Formalin-fixed, paraffin-embedded muscle biopsies from patients were 
stained with antibodies specific for the cell surface markers CD4 and CD25 and the transcription factor FOXP3. Original magnification, ×10. (D) 
The merged image shows the presence of Tregs in muscle tissue. Flash frozen muscle sections were also stained with DAPI (blue), CD4 (red), 
and FOXP3 (yellow) for higher resolution of FOXP3 localization. E and F show higher-magnification images of FOXP3+CD4+ cells in the muscle 
biopsies. Original magnification, ×10 (A–D); ×40 (E and F). (G–I) Analysis of the FOXP3 TSDR. Epigenetic detection was used to quantify total 
(G) CD3+ cells and (H) Tregs in the muscle biopsies of patients 304 and 308 and (I) the proportion of muscle T cell infiltrates that that were Tregs.
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In the recent report by Nathwani et al. (6), in a liver-directed hemo-
philia B trial, a modest immune modulation (60 mg prednisolone 
daily with tapering and discontinuation over 4 to 7 weeks) was 
sufficient to enhance gene expression and decrease transaminase 
elevation. This is very promising, since it could readily be incorpo-
rated into an AAT gene augmentation trial without a large increase 
in the risk to the study volunteers.

The current study’s results also do not predict whether or not 
further increases in the dose would continue to produce similar 
responses at proportionally higher levels. It was very encouraging 
that there was a linear dose-response relationship within the dose 
range used in this trial. However, since the current trial involved 
100 individual i.m. injections of 1.35 ml each, further increases in 
the dose will likely require some form of regional vascular delivery 
(22, 23). This could potentially alter both the nature of distribu-
tion of the vector among the myofibers and the relative exposure 
of lymphoid tissues to the vector 
material. How this would affect the 
results is difficult to predict, although 
some preclinical data suggest that 
the amount of transgene expression 
observed for any given dose of vector 
could be higher with a regional vascu-
lar delivery method (23, 24).

It has been generally accepted that, 
after cellular uptake, unprocessed 
rAAV vector capsid would be mostly 
degraded by the proteasomal machin-
ery; however, in this study, we show 
the first published evidence of the 
persistence of intact capsid up to a 
year after administration in humans. 
This finding is consistent with an ear-
lier study that documented the detec-
tion of rAAV particles up to 6 years 
after administration in the retina of 
dogs and nonhuman primates (25) 
and may explain why Tregs would 
continue to reside within the injected 
muscle months after administration. 

This has important consequences for the design of future clini-
cal trials, since the presence of viral antigens may not be as tran-
sient as once believed, thus influencing the timing and length of 
immunosuppressive strategies. Even more importantly, the per-
sistence of capsid may mimic a chronic viral infection, which ulti-
mately may limit excessive inflammation and allow persistence of 
transduced cells, as natural Tregs develop to protect against over-
exuberant immune responses and bystander killing of untrans-
duced cells. It is known that natural Tregs (CD4+CD25+FOXP3+) 
arise in the thymus during development and are thought to 
possess T cell receptors specific for self antigens (26). However, 
it has also been well documented that these cells also suppress 
immune response to infectious agents. The mechanism by which 
this happens is still unclear, and it is largely unknown whether 
these natural Tregs require priming to recognize a viral or foreign 
antigen. Possible mechanisms that have been suggested include 

Figure 5
Antigen-specific activation of Tregs. PBMCs were stimulated with AAV, 
AAT peptide pools, or 1 μg/ml CEFT peptide. Cells were harvested at 
48 hours after activation and gated for live CD4+, FOXP3+, and Helios+ 
cells and then subgated for activation markers OX40+ and CD25+. 
Lymphocytes were gated on forward and side scatter gates. Live CD4+  
T cells were subgated for analysis of specific subsets as follows. Tregs 
were gated by coexpression of the transcription factors FOXP3 and 
Helios. Conventional T cells were gated as CD4+FOXP3–Helios–. All 
subsets were then analyzed for expression of CD25 and OX40 as indi-
cators of antigen-specific activation. The data are plotted as activation 
above CD4+ CEFT stimulation. Data are shown as an average for all 
8 samples ± SEM.

Figure 6
In situ detection of intact AAV1 capsid in the muscle at 3 and 12 months after vector administration. 
Muscle biopsies at (A) 3 months and (B) 12 months after administration of the vector were stained 
with DAPI (blue, top left) and an antibody specific for AAV1 intact capsid (red, bottom left). The top 
right image of each panel shows a DIC image, and the bottom right image of each panel is a merged 
image. Original magnification, ×40.



research article

5316	 The Journal of Clinical Investigation      http://www.jci.org      Volume 123      Number 12      December 2013

the nonspecific activation of Tregs through Toll-like receptor sig-
naling or Treg stimulation by cross-reactive epitopes (27, 28). The 
data presented here suggest that the Treg response is at least in 
part responsive to AAV capsid, as was seen by the capsid-induced 
activation. Taking into consideration that the Tregs detected in 
muscle had a demethylated TSDR and the capsid activation was 
observed among Tregs that were Helios+, it is likely that these 
are natural Tregs. Thus, the capsid-specific activation is not nec-
essary a de novo Treg response but could also be explained by 
an expansion of a preexisting repertoire. While the mechanism 
remains elusive, it is clear that virus-specific natural Tregs allow-
ing viral persistence have been observed in humans with chronic 
hepatitis C virus (29, 30). Additionally, the expansion of Tregs 
in general has been also associated with the chronicity of HIV 
and papillomavirus infections (31–33). Thus, in this regard, the 
persistence of rAAV capsid and its epitopes could be mirroring 
these chronic viral infections. Interestingly, expression of PD-1 
and PD-L1, which is associated with chronic viral infection and 
exhausted T cell responses (18–20), was also observed in many of 
the inflammatory foci of the rAAV-injected muscles. Consistent 
with our findings, not only does the PD-1/PD-L1 pathway limit 
T cell stimulation, but it also promotes the differentiation and 
maintenance of FOXP3+ Tregs. Finally, it should also be pointed 
out that while our data show an expansion of Tregs in the muscle, 
this is not necessarily the site in which the response arose. The 
levels of vector genomes in the blood after administration suggest 
that a substantial amount of vector may have transduced the liver 
or spleen, and it is possible that one of these sites could be playing 
a role in the induction of the Treg response.

Taken together, the results presented here are highly encourag-
ing for the future of muscle-directed rAAV gene therapy. Persistent 
anti-capsid T cell responses were both well tolerated, in terms of 
clinical safety parameters, and did not inhibit persistent transgene 
expression at 1 year, and the potential mechanism for this was 
identified, namely, the presence of a T regulatory response. Thus, 
the anti-capsid responses might be considered to be a relatively 
manageable aspect of this therapy, at least within the dosage and 

time ranges tested. Indeed, some targets for serum replacement 
of other proteins might well have been reached with the methods 
used in the current study. AAT deficiency remains a very high tar-
get for full replacement, and many questions remain, as higher 
doses and immune suppression are contemplated for future trials. 
However, given the scalability of rAAV vector production (34), the 
availability of clinically tolerable limb infusion methods (22, 23, 
35, 36), and the relatively modest levels of immune suppression 
that may have a salient effect (6), it would seem that trials designed 
to achieve therapeutic levels of serum AAT should be feasible.

Methods
Vector production and characterization. As described in the 3-month interim 
report (14), the rAAV1-CB-hAAT vector was identical to that used in a pre-
viously published phase I clinical trial (13), except that it was made using a 
recombinant HSV complementation system (37). It was produced in com-
pliance with current good manufacturing practice at SAFC Pharma and 
characterized using product-specific assays (37).

Study design and conduct. As indicated in the 3-month interim report, this 
was a nonrandomized, open-label, multicenter, sequential, 3-arm, phase 
II clinical trial evaluating the safety and efficacy of administration of 
rAAV1‑CB-hAAT conducted, under an IND with approval of University of 
Massachusetts Medical School and Cincinnati Children’s Hospital institu-
tional review boards and institutional biosafety committees, and in accor-
dance with the tenets of the Declaration of Helsinki. This study is registered 
at Clinical Trials.gov (NCT01054339). Nine subjects (three per cohort) 
received i.m. doses of rAAV1-CB-hAAT (6 × 1011, 1.9 × 1012, or 6 × 1012 vg/kg 
body weight). The rest of the study design was reported earlier (14).

Laboratory assessments. Antibody assays, AAT serum levels, ELISPOTs, 
and other laboratory assessments were done as previously described in the 
3-month interim report (14).

Confocal microscopy. Formalin-fixed, paraffin-embedded tissue slides 
were sectioned and deparaffinized. The membranes were dissolved with 
permeabilization buffer (Dulbecco’s PBS with 0.2% Triton X-100) for 
2 hours, followed by 3 washes with PBS-Triton wash buffer (PBS with 
0.05% Triton X-100) for 5 minutes each. The slides were then blocked 
with blocking buffer (10% normal bovine serum in Triton wash buffer) 
for 2 hours, followed by incubation with an antibody cocktail (mouse 
anti-human FOXP3 Alexa Fluor 488, BD Pharmingen catalog no. 560047; 
mouse anti-human CD4 APC, BD Pharmingen catalog no. 555349; and 
mouse anti-human CD25 PE, BD Pharmingen catalog no. 555432) dilut-
ed 1:2,000 in Triton wash buffer with 5% normal bovine serum in the 
humidity chamber for 2 hours at 37 degrees. After incubation the slides 
were washed 3 times with PBS-Triton wash buffer, followed by 3-minute 
PBS washes. The slides were then immediately mounted with Permount 
(Fisher SP15-500), followed by microscopy.

For frozen muscle, 8-μm sections were stained with Dako Autostainer-
Plus. The slides were fixed in cold acetone (–20°C) for 10 minutes and then 
air dried for 1 hour. Slides were washed twice with TBS-Tween 20, pH 7.6, 
for 5 minutes, followed by a 1-hour room temperature incubation with 
anti-human FOXP3 purified rat (clone PCH101, catalog 14-4776-82, eBio-
science) at a 1:20 dilution with Antibody Diluent (catalog S0809, Dako) 
and anti-human CD4 (clone 4B12, catalog M7310, Dako). After primary 
antibody incubation, slides were washed again with TBS-Tween 20, pH 7.6, 
followed by a 1-hour incubation at room temperature with a secondary 
antibody (Alexa Fluor 546 goat anti-rat IgG [H+L], catalog A11081, Life 
Technology), diluted 1: 200, and Alexa Fluor 568 goat anti-mouse IgM  
(μ Chain) (catalog A11081, catalog A21043, Life technology) diluted 1: 
200. Finally, slides were washed twice as above and mounted with ProLong 
Gold Antifade Reagent with DAPI (P-36931, Life Technology).

Figure 7
Representative in situ detection of PD-1 and PD-L1 in muscle lympho-
cytic infiltrates. Muscle biopsies were stained for (A and B) PD-1 or  
(C and D) PD-L1. Sections show positive staining for PD-1 and PD-L1 in 
lymphocyte infiltrates. Original magnification, ×10 (A and C); ×20 (B and D).
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peptide pools, or 1 μg/ml CEFT peptide pool (JPT Peptides). Cells were 
harvested at 48 hours after activation, stained with a viability dye (LIVE/
DEAD, Invitrogen), and then fixed and permeabilized for further staining 
of surface and intracellular markers of activation and memory: CD4, CD25, 
OX40, CD45RO, FOXP3, and Helios (Biolegend). Data were analyzed using 
Flowjo software (Treestar) and GraphPad Prism. Lymphocytes were gated 
on forward and side scatter gates. Live CD4+ T cells were subgated for analy-
sis of specific subsets as follows. Tregs were gated by coexpression of the 
transcription factors FOXP3 and Helios. Conventional T cells were gated as 
CD4+FOXP3–Helios–. All subsets were then analyzed for expression of CD25 
and OX40 as indicators of antigen-specific activation (16).

Statistics. All ELISPOT data were compared using an unequal variance 
2-tailed Student’s t test. Differences were considered statistically signifi-
cant if P < 0.05. Statistical evaluation using ANOVA was used to compare 
the ratio of ELISPOT responses at 3 and 12 months.

Study approval. Ethical permission for these studies was obtained from 
the Institutional Review Boards of the University of Massachusetts Medi-
cal School and Cincinnati Children’s Hospital Medical Center, Cincinnati, 
Ohio, USA. The study was conducted under the US Food and Drug Admin-
istration Center for Biologics Evaluation (BB-IND 12728) and the NIH 
Office of Biotechnology Activities protocol no. 0910-1002. The National 
Heart, Lung, and Blood Institute (NHLBI) Data and Safety Monitoring 
Board for Gene and Cell-Based Therapies monitored this study. Written 
informed consent was obtained from each subject following detailed expla-
nation of the procedures.
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For AAV1 capsid staining, an antibody against AAV1 intact parti-
cles, the anti-AAV1 capsid antibody (catalog no. 03-610150, American 
Research Products Inc.), was diluted 1:20, followed by incubation with a 
secondary antibody, goat anti-mouse IgG (diluted 1:2,000), labeled with 
Alexa Fluor 514 (catalog no. A31555, Life Technologies). The slides were 
washed 3 times with PBS-Triton wash buffer for 5 minutes between appli-
cations of the 2 antibodies.

Bisulfite TSDR assay. Epigenetic T cell analysis was performed as previ-
ously described (38). Briefly, DNA was extracted from flash-frozen muscle 
tissue using a DNeasy Blood & Tissue Kit (Qiagen). Bisulfite conversion 
was performed on 2 μg genomic DNA using the EpiTect Bisulfite Kit  
(Qiagen). Quantitative PCR was performed using EpiTect-MSP (Qiagen).

TCRβ deep sequencing analysis. Patient frozen muscle biopsies or PBMCs 
underwent deep sequencing by Adaptive Biotechnologies based on a mul-
tiplexed PCR method designed to amplify all possible rearranged genomic 
TCRβ sequences. TCRVβ usage was also determined for each clone, as pre-
viously described (39, 40). Output data were normalized for PCR bias and 
then analyzed using Clone Tracker software provided by Adaptive Biotech-
nologies. Unique T cell clones were tracked in frequency over time in both 
the peripheral blood and muscle tissues.

Muscle biopsies were not collected from subjects in this study prior to 
vector administration, but T cell clones in PBMCs before and after AAV 
administration were available for analysis. Therefore, only clones present in 
blood after vector administration and identified at a threshold frequency 
of greater than 0.005% were considered. The presence of these clones was 
evaluated in muscle. Dot plots were prepared by plotting frequency of indi-
vidual clones at 2 time points. Clones that were not detectable above the 
0.005% threshold at blood baseline but were present after treatment were 
plotted as “infinity clones.”

Muscle tissue immunohistochemistry. Tissues were fixed in 10% neutral buff-
ered formalin and embedded in paraffin. Briefly, 4-μm serial sections were 
deparaffinized and incubated with 3% H2O2/methanol to block endog-
enous peroxidase activity. Then, sections were treated by different antigen 
retrieval (Supplemental Table 8). After that, sections were blocked with 
Sniper (Biocare Medical) to reduce nonspecific background staining. Sec-
tions were incubated with primary antibodies (Supplemental Table 8) at 
room temperature for 1 hour or 4°C overnight individually. Then, sec-
tions were incubated with Mach2 rabbit HRP polymer (Biocare Medical) 
or Mach2 mouse HRP polymer for 30 minutes. Staining was visualized 
with DAB chromogen (Biocare Medical).

Treg activation flow cytometry assay. PBMCs were isolated by Ficoll density 
gradient centrifugation from sodium heparinized blood samples upon 
receipt, frozen in FBS with 10% DMSO, and stored in vapor-phase liquid  
nitrogen until the time of assay. Frozen PBMCs were thawed rapidly at 
37°C, washed, and cultured in complete RPMI 1640 (Cellgro) supple-
mented with 5 mM HEPES, 2 mM l-glutamine, 50 mg/ml penicillin/strep-
tomycin (Invitrogen), 50 μM 2-mercaptoethanol (Sigma-Aldrich), 5 mM 
nonessential amino acids, 5 mM sodium pyruvate (Mediatech), and 10% 
FBS (KSE Scientific) for 48 hours in the presence of indicated AAV, A1AT 
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