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Use of adeno-associated virus (AAV) to transduce genes into skeletal muscles can be associated with T-cell
responses to viral capsid and/or to transgenic protein. Intramuscular mononuclear cell infiltrates pri-
marily consisting of CD8+ T cells and also containing FOXP3+ regulatory T cells were present in rhesus
macaque skeletal muscle treated with rAAVrh74.MCK.GALGT2 by vascular delivery. Administration of
oral prednisone prior to AAV gene delivery and throughout the study reduced such infiltrates by 60% at 24
weeks post AAV delivery compared with AAV-treated animals not receiving prednisone, regardless of the
presence of pre-existing AAV serum antibodies at the time of treatment. The majority of CD8+ T cells in
AAV-treated muscles expressed activated caspase 3 and programmed cell death protein 1 (PD1), sug-
gesting ongoing programmed cell death. AAV-transduced skeletal muscles also had elevated expression of
programmed death ligand 2 (PDL2) on skeletal myofibers, and this increase in expression extended to
muscles where transgene was not overexpressed. These data demonstrate that prednisone can reduce the
extent of intramuscular T-cell infiltrates in AAV-treated muscles, which may aid in achieving long-term
transgene expression, as may the induction of PDL2 expression on skeletal myofibers to promote PD1-
mediated programmed T-cell death.
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INTRODUCTION
ADENO-ASSOCIATED VIRUS (AAV) has increasingly

become the viral vector of choice for gene therapy
clinical trials.1 The advantages of using AAV in-
clude the episomal nature of the introduced gene,
which allows for sustained transgene expression in
postmitotic cells, the relative ease with which cer-
tain AAV serotypes can cross the vascular barrier to
transduce multiple tissues, and the benign, non-
pathogenic nature of AAV as an infectious agent.
There are, however, significant obstacles posed by
the host immune system to the successful use of
AAV.2

One obstacle to AAV treatment is the induction
of CD8+ cytotoxic T cells.3 T-cell clones specific to
peptides within the AAV capsid protein or to pep-
tides from the protein produced by the delivered

transgene can weaken the expression of the ther-
apeutic transgene over time.1 High et al. demon-
strated that hemophilia B patients treated with
factor IX gene therapy developed positive T-cell
responses in peripheral blood mononuclear cells
(PBMCs) to the AAV8 capsid protein, and this
sometimes coincided with elevated serum liver
enzymes and lowered factor IX expression.4 The
presence of capsid-responsive T cells, however,
does not necessarily eliminate AAV-mediated
transgene expression. Brantly et al. showed that
patients with a1 anti-trypsin (AAT) deficiency
treated by intramuscular injection of AAV1-AAT
were able to maintain transgene expression a year
after injection, despite the presence of T-cell re-
sponses to rAAV1 capsid peptides.5 Thus, some
tolerance or exhaustion may occur in AAV-targeted
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T-cell populations. Additional studies in humans
and in animal models of disease have implicated
both CD8+ and regulatory T cells (Treg) as effectors
of AAV-mediated transgene expression.6–11 Such
T-cell responses can be reduced by treatment with
immunosuppressants such as prednisone, myco-
phenolate mofetil, tacrolimus, and daclizumab.12–14

Another obstacle to AAV-mediated gene ex-
pression is the blockage of AAV entry into cells by
pre-existing serum antibodies to the viral capsid
protein. Humans show differential rates of infec-
tion to various AAV serotypes. For example, hu-
man antibody titers are more commonly found to
rAAV215 than to rAAV9.15,16 Such differences can
vary by geographic location and by age,17 but anti-
AAV capsid antibodies exist in a significant fraction
of humans due to previous exposure to AAV. Serum
antibodies to AAV are induced in all patients and
animal models after AAV administration and can
typically block subsequent AAV transduction once
present.16,18 Serum antibodies to the introduced
transgenic protein may also occur and are more
common in animals undergoing gene replacement
where the endogenous gene is deleted.6,9 A variety of
methods exist to reduce B cells or B-cell antibody
production (e.g., rituximab10,19,20 and rapamycin6,21)
or serum antibody levels (e.g., plasmapheresis22,23),
all of which can alleviate serum antibody blockage of
AAV-mediated transgene expression.

In the development of rAAVrh74.MCK.GALGT2
gene therapy for the treatment of Duchenne mus-
cular dystrophy (DMD), both cellular and humoral
immune barriers to transgene expression in the
skeletal muscles of nonhuman primates have been
encountered.24 rAAVrh74.MCK.GALGT2 is a gene
therapy vector that utilizes the muscle creatine
kinase (MCK) promoter to confine GALGT2 (now
B4GALNT2) gene expression to skeletal and car-
diac muscle and uses the rhesus 74 serotype of
AAV, an AAV8-like serotype that allows for capsid
delivery to tissues via the blood.25 GALGT2 en-
codes the b1-4 N-acetylgalactosaminyltransferase
needed to make the cytotoxic T-cell (CT) glycan
(Neu5Aca2–3[GalNAcb1–4]Galb1–4GlcNAcb-), also
called the Sda or Cad blood group antigen, on cer-
tain glycoproteins and glycolipids.26 Despite its
original identification in CD8+ T cells, GALGT2 is
most highly expressed in the human colon.26,27 In
adult skeletal muscle, GALGT2 expression is con-
fined to the neuromuscular junction (NMJ) and the
myotendinous junction (MTJ).28,29 When over-
expressed, however, GALGT2 induces CT glycan
overexpression along the entirety of the muscle
membrane and also induces the overexpression of a
group of glycoproteins normally confined to the

NMJ and MTJ, including agrin, laminin a5, utro-
phin, and plectin 1.30–32 Overexpression of these
genes in skeletal muscle can ameliorate muscular
dystrophy in several different genetic forms of the
disease,24,33,34 while deletion can increase disease
severity.35–38 GALGT2 overexpression has been
shown to inhibit the development of muscular
dystrophy in the mdx model for DMD, the dyW

model for congenital muscular dystrophy 1A, the
Sgca–/– model for limb girdle muscular dystrophy
2D, and the FKRP P448L model for limb girdle
muscular dystrophy 2I.31,32,39–41

While several genes, including GALGT2, have
shown promise in small animal models of muscular
dystrophy, attempts to move a therapeutic vector
to nonhuman primates and subsequently to human
clinical trials have had setbacks due to the induc-
tion of deleterious T-cell responses to the viral
capsid proteins and to the delivered transgene
product.1,2 It was recently shown that vascular de-
livery of AAV to the gastrocnemius muscle of rhesus
macaques could result in expansive GALGT2 gene
expression lasting for at least 6 months.30 Gene ex-
pression, however, depended heavily on the absence
of pre-existing rAAVrh74 serum antibodies, as ani-
mals with high titers (seropositive) had significantly
lower GALGT2 expression.30 CD8+ T-cell infiltrates
were occasionally present in treated muscles, and
PBMC interferon gamma (IFN-c) responses to viral
capsid and transgene peptides were also present.30

This study sought to explore the molecular under-
pinnings that might allow for continued transgene
expression in the face of such T-cell-mediated im-
munity, including T-cell exhaustion.

A number of different viruses are able to induce
immunologic exhaustion in their host.42 Viruses
often stimulate T-cell exhaustion by inducing ex-
pression of programmed cell death protein 1 (PD1)
on the surface of T cells.43 Lymphocytic chor-
iomeningitis virus, hepatitis virus, and recombi-
nant adeno-associated virus (rAAV) have all been
shown to induce PD1 expression on CD8+ T cells
after infection.42–44 Immune function can be re-
stored in exhausted T cells by suppressing PD1
signaling.44 Loss of PD1 in the mouse also in-
creases the incidence of autoimmunity, including
lupus-like arthritis and glomerulonephritis. When
crossed into other backgrounds, loss of PD1
can increase graft-versus-host disease,22,45 again
pointing to a central role for PD1 in controlling
T-cell-mediated immunity. PD1 activation on T
cells can be accomplished by binding to one of its
two known PD1 ligands, programmed death ligand
1 (PDL1) or PDL2.43 Both PD1 ligands are ex-
pressed in a variety of non-lymphoid tissues, and
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PDL2 is more highly expressed than PDL1 in hu-
man and mouse skeletal muscle.46 Here, the ex-
pression of PD1 and its two known ligands have
been studied in rAAVrh74.MCK.GALGT2-treated
macaque skeletal muscle. In addition, the impact of
prednisone, an immune suppressant commonly used
as a standard of care in DMD,47 on the presence of
intramuscularT-cell infiltrateshasbeen investigated.

METHODS
Rhesus macaques

All procedures were performed with the ap-
proval of the Institutional Animal Care and Use
Committee at the Research Institute at Nation-
wide Children’s Hospital.

AAV production
rAAVrh74.MCK.GALGT2 and rAAVrh74.MCK.

lDystrophin were produced by the Viral Vector
Core at Nationwide Children’s Hospital using
methods and primers, as previously described.30

rAAV was produced by standard triple transfection
method in HEK293 cells,48 with purification of
packaged vector by sucrose density centrifugation
and anion exchange chromatography, as previ-
ously described.49

Isolated focal limb perfusion
Muscles were analyzed from experiments de-

scribed in a previous study.30 Briefly, 2 · 1012 vg/kg of
rAAVrh74.MCK.GALGT2 or 2 · 1012 vg/kg rAAVrh
74.MCK.lDystrophin was infused in 2.5 mL/kg of
normal saline using a fluoroscopy-guided catheter to
deliver AAV vector to the gastrocnemius muscle via
the femoral artery through the sural branch of the
popliteal artery. The catheter was inserted into the
femoral artery via an incision site in the groin area.
The gastrocnemius muscle was isolated by the pres-
ence of two standard phlebotomy tourniquets, one
placed above the right knee just proximal to the tip of
the catheter and one placed just below the gastroc-
nemius muscle. Prior to vector administration, a
flush of saline (2.5 mL/kg) was delivered over 1 min,
after which vector was infused over 1 min in an
identical volume and allowed to dwell in the limb for
10 min. This was followed by an additional flush of
2.5 mL/kg of normal saline delivered over 1 min, after
which the tourniquets were released and the cathe-
ter removed. Residual bleeding was stopped by ap-
plied pressure, and the incision was closed by
suturing. All treated macaques were sacrificed at
either 12 or 24 weeks post injection. Gastrocnemius
muscles from each animal were removed and divided
into 13–16 segments (0.75–1.0 · 0.5 cm blocks).

Blocks were embedded in 7% gum tragacanth and
snap-frozen in liquid nitrogen–cooled isopentane.

Anti-AAV serum antibody titers
Macaques were divided into seronegative groups

and seropositive groups, depending on the pres-
ence of a twofold elevation in rAAV antibody titer
at a dilution of 1:50 compared to wells containing
no AAV using an enzyme-linked immunosorbent
assay (ELISA). Macaques were considered AAV
seronegative if they had no measurable antibody
titer to rAAVrh74 using a 1:50 serum dilution.
Absolute serum antibody titer signals at a 1:800
dilution were also compared for seropositive and
seronegative groups. Serostatus cutoff measures
were based on previous studies that assessed the
relationship between muscle transgene expression
and total serum antibody ELISA values.23,30

Prednisone treatment
Two weeks prior to rAAVrh74.MCK.GALGT2

injection, one cohort of macaques was given daily
doses of prednisone (0.75 mg/kg/day), and this
treatment regimen was continued for the full
24 weeks after AAV delivery.

Lectin staining to measure GALGT2 activity
in transduced muscles

Frozen cross-sections of skeletal muscle (10 lm
thick) were cut on a cryostat, blocked in 10% don-
key serum, and probed with biotinylated Wisteria
floribunda agglutinin (WFA; Vector Laboratories,
Burlingame, CA). Sections were later incubated
with streptavidin-conjugated secondary antibody
(Jackson ImmunoResearch Laboratories, West
Grove, PA) and mounted with ProLong Gold Anti-
fade Mountant with DAPI (Thermo Fisher Scientific,
Carlsbad, CA). A Zeiss Axioskop2 Plus epifluo-
rescence microscope was used to visualize staining,
and a Zeiss AxioCam MRC5 camera (Carl Zeiss Mi-
croscopy, Thornwood, NY) was used to capture four
representative 10 · images (each 977,500lm2 in
area) per muscle block, for which the exposure was
time-matched between all cohorts. The percentage of
fibers that stained with WFA was calculated relative
to the total myofibers in each image and averaged for
each cohort. Both the medial and lateral heads of
each gastrocnemius muscle were analyzed, with 13–
16 blocks analyzed per muscle head and two to three
animals analyzed per condition. There were 90–120
images analyzed per macaque, with each image
having about 350 myofibers. Investigators were
blinded to conditions, and a 16% inter-investigator
error was calculated between those who counted
the same images. Significant differences between
the average WFA expression for each cohort were
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determined using an ordinary one-way analysis
of variance (ANOVA) and Sidak’s multiple com-
parisons test.

Quantitative polymerase chain reaction
to detect viral genomes

TaqMan quantitative polymerase chain reac-
tion (qPCR) was used to quantify AAV vector ge-
nome copies in treated gastrocnemius muscles
and saline-treated control muscles. Genomic DNA
was extracted as previously described30 from se-
ven different muscle blocks spaced throughout the
rostral–caudal axis of each head of the gastroc-
nemius muscle. DNA purity and quantity was
measured using an ND-1000 spectrophotometer
(NanoDrop; Thermo Fisher Scientific). A vector-
specific primer/probe set (forward: 5¢-CCTCAGTG
GATGTTGCCTTTA, probe: 5¢-AAAGCTGCG/ZEN/
GAATTGTACCCGC/3IABkFQ, and reverse: 5¢-AT
CTTGAGGAGCCACAGAAATC) was used to am-
plify a portion of the vector DNA encompassing the
3¢ end of the MCK promoter and the 5¢ end of
the human GALGT2 cDNA. No amplification of the
endogenous macaque (Macaca mulatta) GALGT2
was observed in control samples using this vector-
specific primer/probe set. The plasmid used to make
rAAVrh74.MCK.GALGT2 was linearized with ClaI,
repurified, and utilized to generate a standard curve
from 50 to 5 million copies in log increments. The
correlation coefficient of the standard curve always
equaled or exceeded 0.99. Copy number was reported
as vector genomes per microgram of genomic DNA
assayed. Each sample was measured in duplicate,
with an average intra-sample error of 8%. Values for
each cohort were averaged, and differences between
the cohorts were analyzed using an ordinary one-way
ANOVA and Sidak’s multiple comparisons test.

Semi-quantitative reverse transcription PCR
Relative transcription levels were assessed by

quantitative reverse transcription PCR (qRT-PCR)
using the DDCT method,50 with 18S ribosomal
RNA as an internal reference. Total RNA was iso-
lated from gastrocnemius muscle blocks using Tri-
zol reagent (Invitrogen Life Technologies, Grand
Island, NY) and purified on a silica gel–based
membrane (Direct-zol RNA miniPrep; Zymo Re-
search, Irvine, CA). RNA purity and content was
measured using an ND-1000 spectrophotometer
(NanoDrop; Thermo Fisher Scientific). RNA was
reverse transcribed with a high capacity cDNA
archive kit (Applied Biosystems, Thermo Fisher
Scientific) per the manufacturer’s guidelines.
Using a TaqMan ABI 7500 sequence detection
system (Applied Biosystems, Thermo Fisher Sci-

entific) with 18S as an internal reference, samples
underwent RT-PCR in duplicate. Primer/probe sets
were designed using PrimerQuest DNA software
and synthesized by Integrated DNA Technologies
(Coralville, IA). A primer/probe set for 18S was pur-
chased from Applied Biosystems (Thermo Fisher
Scientific) and primer/probe sets were designed only
to recognize Homo sapiens GALGT2 (CTACGATG
GAATCTGGCTGTT (forward), 56-FAM/AGCCAAC
AA/Zen/AGAGCAGGGAGGTTA/3IABkFQ (probe),
GCCATAGGCATCCTGAAAGT (reverse)) or Macaca
mulatta GALGT2 (TGAGGAGACAGGCTGAATTTG
(forward), 56 FAM/ACTTTCAGA/Zen/GGAGAGAA
GGGCTGC/3IABkFQ (probe), TCCATTGATGACGA
GCTTCC (reverse)). Human GALGT2 levels were
then compared to rhesus macaque GALGT2 levels in
each sample. Relative mRNA levels were averaged
for each cohort and analyzed using an ordinary one-
way ANOVA and Sidak’s multiple comparisons test.

Scoring of intramuscular immune
cell infiltrates

Snap-frozen blocks of skeletal muscle were cut
on a cryostat to create cross-sections (10 lm thick),
which were then stained with hematoxylin and
eosin (H&E). For H&E staining, sections were fixed
in 10% neutral buffered formalin, stained in Gill’s 3
Hematoxylin (Fisher Scientific, Pittsburgh, PA),
immersed in bluing reagent, stained with eosin
(Fisher Scientific), and dehydrated in increasing
concentrations of ethanol and, lastly, xylene.
A Zeiss Axioskop40 microscope (Carl Zeiss Micro-
scopy) was used to capture five representative
10 · images (each 977,500 lm2 in area) from one
H&E-stained section for each of the 13–16 blocks
taken from each head of the gastrocnemius mus-
cle. Each image was given a score reflecting the
percentage of infiltration by mononuclear cells,
termed the infiltration index. These scores were
given as follows: ‘‘0’’ for infiltration in 0% of total
cellular area in the image, ‘‘1’’ for 0% < x £ 5%, ‘‘2’’ for
5% < x £ 15%, and ‘‘3’’ for 15% < x £ 25%. No infil-
tration above 25% of the total cellular area was
observed. Approximately 150 images per animal
were analyzed in this manner. Infiltration index
scores for each treatment group were then aver-
aged and analyzed for differences using an ordi-
nary one-way ANOVA and Sidak’s multiple
comparisons test.

IFN-c Enzyme-Linked ImmunoSpot assays
Enzyme-Linked ImmunoSpot (ELISpot) as-

says were performed on fresh PBMCs, which were
added at 2 · 105 cells/well to duplicate wells of a
96-well plate. Three peptide pools were used for
the rAAVrh74 capsid protein sequence. Each
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contained 34–36 peptides of 18 amino acids in
length, with each peptide overlapping in sequence
with the previous peptide by 11 residues. Two
peptide pools of a similar nature were used to assay
the human GALGT2 protein sequence. Con-
canavalin A (ConA) was used as a positive control
and vehicle (0.25% dimethyl sulfoxide [DMSO])
was used as a negative control. Peptides were ad-
ded at 1 mg/mL to Aim-V lymphocyte media (In-
vitrogen Life Technologies) supplemented with 2%
human AB serum (Gemini-BioScience, Liverpool,
United Kingdom). Monkey IFN-c ELISpot kits
were purchased from U-CyTech (Utrecht, The
Netherlands). After addition of PBMCs and
peptides, the plates were incubated at 37�C for
48 hours and developed according to the manu-
facturer’s instructions. Spot formation was
counted using a Cellular Technologies Systems
analyzer (Cleveland, OH).

Immunostaining
Sections of skeletal muscle (10 lm thick) were

blocked in 10% donkey serum and probed with
biotinylated Wisteria floribunda agglutinin (WFA;
Vector Laboratories), monoclonal antibody to
cleaved caspase 3 (Asp 175; 5A1E; Cell Signaling,
Danvers, MA), monoclonal antibody to the FLAG
epitope tag (M2; Sigma–Aldrich, St. Louis, MO),
monoclonal antibody to CD4 (L200; BD Bios-
ciences, San Jose, CA), monoclonal antibody to CD8
(YTC182.20; AbD Serotec, Raleigh, NC), monoclo-
nal antibody to CD11b (EP1345Y; Abcam, Cam-
bridge, MA), monoclonal antibody to FOXP3
(236A/E7) (Abcam), PD1/CD279 antibody (Ther-
mo Fisher Scientific), PDL1 antibody (EMD Milli-
pore, Billerica, MA), PDL2 antibody (EMDMillipore),
or monoclonal antibody to reticular fibroblasts and
reticular fibers (ERTR7; Abcam). Sections were then
incubated in fluorophore-conjugated secondary anti-
body, fluorophore-conjugated streptavidin (Jackson
ImmunoResearch Laboratories) or fluorophore-
conjugated a-bungarotoxin (Thermo Fisher Scien-
tific). Stained slides were mounted with ProLong
Gold Antifade Mountant with DAPI (Thermo Fisher
Scientific). A Zeiss Axioskop2 Plus epifluorescence
microscopewas used tovisualize staininganda Zeiss
AxioCam MRC5 camera (Carl Zeiss Microscopy) was
used to capture representative images. All images
comparing individual stains between different ex-
perimental conditions or animals were time-
matched using identical exposure settings.

Western blot analysis
Frozen skeletal muscle blocks were cut on a

cryostat (50 lm/section) to obtain roughly 50 mg of

muscle protein per sample. Muscle was digested in
Tris-buffered saline (TBS; 25 mM of Tris, 150 mM
of NaCl, pH 7.5) containing 1% NP-40, 0.5 mM of
EDTA, and 1:50 cOmplete protease inhibitors
(Roche, Indianapolis, IN) overnight. Extracts were
homogenized with three to five pulses of 10 s each
(Power Gen 125; Fisher Scientific). Samples were
centrifuged at 21,000 g for 30 min at 4�C to remove
unsolubilized material. The supernatant was col-
lected, and the resulting protein concentration was
determined by BCA assay (Thermo Fisher Scien-
tific). Protein (80 lg) from each sample was boiled
at 100�C for 10 min in NuPAGE LDS sample buffer
(Thermo Fisher Scientific), separated on a Bolt
4–12% Bis-Tris Plus gel (Thermo Fisher Scientific),
and transferred to a nitrocellulose membrane. The
membrane was blocked in 5% nonfat dry milk in
TBS containing 0.05% Tween 20 and then probed
with PD1/CD279 antibody (Thermo Fisher Scien-
tific), PDL1 antibody (EMD Millipore), PDL2 an-
tibody (EMD Millipore), or GAPDH antibody
(Sigma–Aldrich). Blots were then probed with
horseradish peroxidase–coupled secondary anti-
body (Jackson ImmunoResearch Laboratories) and
developed using the enhanced chemiluminescence
(ECL) method (Lumigen, Southfield, MI). ImageJ
1.46r software (National Institutes of Health, Be-
thesda, MD) was used to measure relative band
density in the 24-week rAAV74.MCK.GALGT2-
treated macaque muscle samples (with or without
prednisone), contralateral control limb muscle
samples, and sham-treated control muscle samples.
PD1, PDL1, and PDL2 protein expression were
normalized to GAPDH expression in each instance
(n = 6 per cohort). Densitometry measures for each
cohort were averaged, and variation between co-
horts was analyzed using an ordinary one-way
ANOVA and Sidak’s multiple comparisons test.

RESULTS
Vascular delivery of rAAVrh74.MCK.GALGT2

to skeletal muscle
Skeletal muscles from a previous gene therapy

study were also used in the current study.30 In that
study, a 2 · 1012 vg/kg dose of either the human
GALGT2 gene or the micro-Dystrophin (lDys)
gene was delivered to the gastrocnemius muscle in
a single limb using an isolated limb perfusion
method with intra-arterial delivery in rhesus ma-
caques. At endpoints of 12 and 24 weeks post in-
jection, both the treated and the contralateral
gastrocnemius muscles were removed and snap-
frozen for further analysis, along with skeletal
muscle from a phosphate-buffered saline (PBS)-
injected macaque (sham control). Muscles were

INDUCTION OF T-CELL EXHAUSTION BY AAV 497



dissected into 13–16 blocks of tissue taken equally
from the proximal, central, and distal regions of the
lateral and the medial heads of the gastrocne-
mius.Aftersnap-freezing, rAAVrh74.MCK.GALGT2-
treated blocks were cut into cross-sections and im-
munostained to analyze the extent of GALGT2
transduction.

For the current study, macaques treated with
human GALGT2 were divided into five experi-
mental groups depending on the length of treat-
ment, AAV serostatus at the time of treatment, and
the presence or absence of prednisone as an addi-
tional treatment. Macaques were considered AAV
seronegative if they had no measurable antibody
titer to rAAVrh74 using a 1:50 serum dilution by
ELISA. It is important to point out that the serum
rAAV antibody titer was a measure of total
rAAVrh74 antibodies and not a measure of neu-
tralizing AAV antibodies. The control group (group
1) was injected with normal saline. Of the four
rAAVrh74.MCK.GALGT2-treated experimental
groups, group 2 was analyzed at 12 weeks post
treatment, and groups 3–5 were analyzed at 24
weeks post treatment. Group 3 received no pred-
nisone and had no measurable serum rAAV anti-
body titer at the time of treatment (sero–). Group 4
had positive serum rAAV antibody titers at the
time of treatment (sero+) and received prednisone,
while group 5 was rAAV antibody seropositive
(sero+) but did not receive prednisone. At the time
of treatment, the seropositive groups had average
serum rAAVrh74 antibody ELISA signals of 0.336
(group 4) or 0.288 (group 5) using a 1:800 serum
dilution, while the seronegative groups had aver-
age serum rAAVrh74 antibody ELISA signals of
0.057 (group 2) or 0.028 (group 3).

In each treated group, the gastrocnemius mus-
cles from the treated limb and from the contralat-
eral (untreated) limb were analyzed for GALGT2
activity using WFA staining (Fig. 1A). WFA rec-
ognizes the terminal b1-4GalNAc linkage that is
unique to the CT glycan structure and therefore
can be used to recognize the product of GALGT2
enzyme activity.28,30 GALGT2 gene overexpression
is easily scored in this manner, as CT glycan ex-
pression, like GALGT2 protein, is normally con-
fined to the NMJ and MTJ in adult skeletal muscle
(and in some intramuscular capillaries).28,29 By
contrast, when GALGT2 is overexpressed in skeletal
muscle, the CT glycan is present along the entirety
of each transduced myofiber membrane.30 Con-
tralateral (control) muscles showed almost no (<1%
of total myofibers) CT glycan staining along myofi-
bers, while rAAVrh74.MCK.GALGT2-treated mus-
cles had GALGT2 overexpression in 56 – 9% of

myofibers at 12 weeks (group 2) and 34 – 19% (group
3), 57 – 7% (group 4), and 12 – 2% (group 5) at 24
weeks (data are mean – standard deviation [SD];
Fig. 1B). The presence of pre-existing antibodies to
AAV significantly reduced CT glycan overexpression
in group 5 relative to group 2 and to group 4 ( p <
0.05). Group 4, which also had pre-existing Abs but
received prednisone treatment, did not have CT
glycan overexpression that was significantly differ-
ent from the two seronegative cohorts (groups 2 and
3). WFA staining in myofibers was much more var-
iable in the 24-week-treated group without predni-
sone (group 3) due to the presence in this cohort of
one macaque with a Mamu-A0201 class I allele.30

This allowed for T-cell responses to a GALGT2
peptide with human-specific amino-acid changes
relative to the macaque sequence, resulting in
transient breakage of T-cell tolerance to the
transgenic protein at 20 weeks post treatment.30

While not proven, this could have contributed to
the significantly lowered CT glycan expression in
this particular animal, which increased the vari-
ability of WFA staining in the group 3 cohort.

Next, qPCR analysis was performed to measure
the number of viral genomes present in each trea-
ted skeletal muscle (Fig. 1C). Seropositive AAV-
treated macaques, with or without prednisone
(groups 4 and 5), showed a reduction in viral ge-
nomes per microgram of genomic DNA relative to
seronegative macaques at 12 or 24 weeks post
treatment, though this reduction was only signifi-
cant compared with the 12-week-treated group 2
cohort ( p < 0.05). Despite the reduction in viral
genomes, group 4 showed increased transgene ex-
pression by qRT-PCR relative to the seronegative
cohort treated similarly for 24 weeks (group 3;
Fig. 1D). Additionally, group 2 had significantly
higher hGALGT2 mRNA expression relative to
groups 3 and 5 ( p < 0.05 and p < 0.01, respectively;
Fig. 1D). The increase in group 4 hGALGT2 mRNA
expression, which may result from prednisone ac-
tivation of the MCK promoter or stabilization of the
GALGT2 mRNA, could in part account for the in-
creased percentage of myofibers overexpressing
the CT glycan in group 4 relative to group 5 (Fig. 1B).
Additional effects of prednisone, for example, on
GALGT2 protein expression, GALGT2 enzyme ac-
tivity, or GALGT2 substrate expression or secretion
may also be involved.

Prednisone suppresses T-cell infiltrates
in AAV-transduced muscle

The presence of T-cell infiltrates in rAAVrh74.
MCK.GALGT2-treated muscle sections was ob-
served, as has been previously reported.30 To
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quantify the abundance of such cellular infiltrates,
an infiltration index was created. In this index, a
score reflecting the percentage of infiltration was
given to each H&E-stained muscle section. ‘‘0’’ re-
presented no evident mononuclear infiltrates, ‘‘1’’
represented infiltration in 0–5% of the muscle
section, ‘‘2’’ represented infiltration in 5–15%, and
‘‘3’’ represented infiltration in 15–25%. No sections
showed infiltrates in >25% of the total muscle sec-
tion area. Representative examples of muscle sec-
tions stained from all AAV-treated cohorts are
shown in Fig. 2A, while examples for each infil-
tration index score between ‘‘0’’ and ‘‘3’’ are shown
in Fig. 2B. Mononuclear cell infiltrates were sig-

nificantly more abundant in all AAV-treated co-
horts that did not receive prednisone than in the
one cohort that did ( p < 0.001; Fig. 2C). At 24
weeks post AAV treatment, administration of
prednisone significantly reduced the presence of
mononuclear T-cell infiltrates, showing an overall
reduction of 60% compared with 24-week-treated
cohorts either with or without pre-existing serum
rAAVrh74 antibodies.

In addition to characterizing the effect of pred-
nisone on the extent of intramuscular T-cell infil-
trates, anti-rAAVrh74 antibodies in serum (Fig. 2D)
and IFN-c positive T cells in PBMCs (Fig. 2E and F)
were also measured. While anti-rAAVrh74 capsid

Figure 1. GALGT2 expression and adeno-associated viral (AAV) vector biodistribution after vascular delivery of rAAVrh74.MCK.GALGT2. (A) GALGT2
overexpression is shown by Wisteria floribunda agglutinin (WFA) staining in rAAVrh74.MCK.GALGT2-treated gastrocnemius muscle in seronegative (–) or
seropositive (+) macaques, of which one cohort was additionally treated with prednisone (Pred). Control represents time-matched WFA staining of an
untreated muscle. Scale bar: 50 lm. (B) The percentage of myofibers overexpressing CT glycan was quantified for all muscle segments taken throughout both
heads of the gastrocnemius muscle. Data are mean – standard deviation (SD) for n = 2 (group 5) and n = 3 (groups 1–4) macaques per group. (C) AAV vector
genomes were measured by quantitative polymerase chain reaction (qPCR) and normalized to total genomic DNA. Data are mean – standard error of the mean
(SEM) for seven muscle samples analyzed for two to three macaques per group. (D) Relative change in transgenic human GALGT2 mRNA expression,
compared to endogenous rhesus macaque GALGT2 mRNA expression, was determined using quantitative reverse transcription PCR (qRT-PCR) with 18S
ribosomal RNA as an internal reference. Data are mean – SEM for seven muscles analyzed for two to three macaques per group. *p < 0.05, **p < 0.01 using
one-way analysis of variance (ANOVA) in (B–D).
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Figure 2. Prednisone reduces intramuscular T-cell infiltrates. (A) Hematoxylin and eosin staining of gastrocnemius muscles treated with rAAVrh74.MCK
.GALGT2 in the presence or absence of prednisone (Pred) and with or without pre-existing serum rAAV antibodies (Ab status + or -, respectively) at 12 and 24
weeks post injection. Scale bar: 100 lm. (B) Representative images reflecting infiltration index: ‘‘0’’ for 0% of imaged cellular area, ‘‘1’’ for 0% < x £ 5%, ‘‘2’’ for
5% < x £ 15%, and ‘‘3’’ for 15% < x £ 25%. Scale bar: 100 lm. (C) Average infiltration index for each rAAVrh74.MCK.GALGT2-treated cohort. Contralateral muscles
from injected macaques were used as controls. Data are mean – SEM with 150 images for n = 2 (group 5) and n = 3 (groups 1–4) macaques per
group. ***p < 0.001 using one-way ANOVA. (D) Anti-rh74 serum antibody levels in seronegative (–) and seropositive (+) 24-week rAAVrh74.MCK.GALGT2-
treated macaques, with or without prednisone (Pred; n = 2–3 per group). (E–F) Enzyme-Linked ImmunoSpot (ELISpot) peripheral blood interferon gamma (IFNc)
responses to GALGT2 peptides (E) or rAAVrh74 capsid peptides (F) in 24-week rAAVrh74.MCK.GALGT2-treated macaques. Each point represents one sample,
with two to three macaques per group. IFN-c responses were not determined at week 0 for the prednisone-treated cohort. Fifty spot forming colonies/106

peripheral blood mononuclear cells (PBMCs; line) is considered a positive response.
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antibody levels were low prior to AAV treatment,
levels rose following treatment and continued to rise
at 18 and 24 weeks. At these later time points, the
prednisone-treated cohort showed reduced serum
antibody levels compared with animals not receiv-
ing prednisone, regardless of pre-existing serum
rAAVrh74 antibodies at the time of treatment. At 16
or 24 weeks after rAAVrh74.MCK.GALGT2 treat-
ment, T-cell ELISpot assays for IFN-c positive spot
forming colonies (spf) in PBMCs in response to
pooled peptides from either human GALGT2 trans-
genic protein (Fig. 2E) or rAAVrh74 capsid protein
(Fig. 2F) showed some signals above the 50 spf level
considered positive. Here again, ELISpot signals
were generally lower in prednisone-treated animals.
ELISpots from Concanavalin A-treated PBMCs,
used as a positive control, always exceeded an av-
erage reading of 500 spf/106 PBMCs, while DMSO
alone, used as a negative control, never exceeded an
average reading of 13 spf/106 PBMCs. For both se-
rum antibodies (Fig. 2D) and peripheral blood T cells
(Fig. 2E and F), the reduced levels found with
prednisone at these later treatment time points were
not statistically significant due to the small number
of samples (two to three macaques per group). This
trend, however, suggested an immunosuppres-
sive role for prednisone consistent with the re-
duced numbers of immune cell infiltrates found in
prednisone-treated macaques (Fig. 2C).

Expression of markers for T-cell exhaustion
in intramuscular infiltrates

Intramuscular infiltrates primarily consisted of
CD8+ cytotoxic T cells (Fig. 3A). Some FOXP3+
Treg cells were also present, as were occasional
CD11b+ macrophages and CD4+ T helper cells
(Fig. 3A). The presence of CD8+ T-cell infiltrates
in rAAVrh74.MCK.GALGT2-treated muscles sug-
gested that cytotoxic T-cell responses to transgene
or AAV capsid protein were occurring within the
treated muscle. GALGT2 transgene expression,
however, remained high in seronegative rAAVrh74.
MCK.GALGT2-treated muscles, despite the pres-
ence of cytotoxic CD8+ T cells (Fig. 1B). Therefore,
next, the study explored whether these CD8+ infil-
trates were undergoing apoptosis by co-staining
with CC3, an antibody that recognizes the acti-
vated (cleaved) form of caspase 3, a marker for
certain apoptotic cells (Fig. 3B). Indeed, a majority
of CD8+ T cells within such infiltrates showed
positive staining for activated caspase 3. Activated
caspase 3 staining was also present in the re-
maining infiltrates found in prednisone-treated
muscles (Fig. 3B). Next PD1 and its ligands, PDL1
and PDL2, were stained for in both AAV-

transduced (Fig. 4A) and non-transduced skeletal
muscle (Fig. 4B and C). PD1 is a receptor found on
T cells that, upon binding PDL1 or PDL2, can
induce T-cell exhaustion and apoptosis.51,52 Im-
munostaining for PD1, PDL1, and PDL2 in AAV-
treated muscle showed that all three proteins were
expressed in CD8+ T cells within infiltrates
(Fig. 4A). In non-AAV-treated muscles, PD1 was
not expressed, while PDL1 and PDL2 were highly
expressed at the NMJ (identified by co-staining
with a-bungarotoxin; Fig. 4B). In addition, PDL2
was expressed at low levels along the sarcolemmal
membrane of some skeletal myofibers, while PDL1
was expressed in a punctate pattern consistent
with its presence on intramuscular fibroblasts,
which was confirmed by co-staining with ERTR7
(Fig. 4C). Thus, within skeletal muscle, PD1 ex-
pression was specific for immune cells, while PDL1
and PDL2 expression was present in immune cells,
NMJs, intramuscular fibroblasts (PDL1), and
skeletal myofibers (PDL2). Staining of immune
cells in skeletal muscles in group 3 (24-week AAV-
treated seronegative; Fig. 4) was similar to stain-
ing found in group 5 (24-week AAV-treated sero-
positive; not shown).

Next, the study determined if AAV treatment of
rhesus macaque skeletal muscle would induce
increased expression of PD1, PDL1, or PDL2 that
might protect transgene-expressing muscle cells
from T-cell-mediated immunity. To compare ex-
pression of PD1, PDL1, and PDL2 in the AAV-
treated and -untreated macaques, time-matched
immunostaining images were taken from cohorts
treated with rAAVrh74.MCK.GALGT2 or rAAVrh
74.MCK.lDystrophin for 12 weeks or from cohorts
treated with rAAVrh74.MCK.GALGT2 for 24 weeks,
with or without prednisone (Fig. 5). lDystrophin
(lDys) is a truncated cDNA form of the dystrophin-
encoding gene that contains elements needed to
protect dystrophin-deficient muscle fibers from
injury.23,53 Animals treated with rAAVrh74.MCK.
lDys in addition to animals treated with rAAVrh
74.MCK.GALGT2 were used here to discern if any
changes in PD1, PDL1, or PDL2 expression were due
to a specific transgene or were rather due to the
common presence of the rAAVrh74 capsid protein.
As macaques normally express full-length dystro-
phin in their skeletal muscles, lDys-expressing fi-
bers were identified by staining for a FLAG epitope
tag that was expressed on lDys protein. These co-
horts were additionally compared to control ani-
mals receiving only sham treatment (PBS alone)
and contralateral control muscles from rAAVrh74.
MCK.GALGT2-treated muscles where the trans-
gene was not expressed. The absolute levels of
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WFA expression in Fig. 5 do not match the aver-
ages calculated in Fig. 1B because they are single
samples of staining rather than averages of hun-
dreds of stained sections.

PD1 expression was primarily present on im-
mune cell infiltrates and was identified only on
such cells in muscles that had been transduced
with AAV (Fig. 5A). Muscles that were transduced
with AAV expressing either GALGT2 or lDys
showed PD1-positive cells at 12 and 24 weeks post
treatment. PD1-positive cells were not present in
the image taken from the 24-week rAAVrh74.
MCK.GALGT2-treated cohort that also received
prednisone because such T-cell infiltrates were
rarely observed in such muscles. PDL1 was also
present in CD8+ T-cell infiltrates (Fig. 5B). When
images were taken where such infiltrates were
absent, PDL1 staining could also be seen in a
punctate intramuscular staining pattern reminis-
cent of intramuscular fibroblasts (e.g., Fig. 4C).
Such punctate PDL1 expression appeared un-
changed across all cohorts (Fig. 5B). In contrast to
PDL1, PDL2 expression was particularly elevated

along the sarcolemmal membranes of skeletal
myofibers in regions with high transgene expres-
sion (Fig. 5C). PDL2 also showed increased muscle
cell expression, albeit less dramatically so, in con-
tralateral muscles where no transgene was present
(24-week control and 24-week control + prednisone;
Fig. 5C).

The study further assessed the expression of
PD1, PDL1, and PDL2 by Western blot (Fig. 6).
Identical amounts of muscle protein lysate were
separated by SDS-PAGE, transferred to a nitro-
cellulose membrane, and probed with antibodies to
PD1, PDL1, or PDL2. Blots were also probed with
an antibody to GAPDH as a control to ensure equal
protein loading and transfer. Lymph node whole-
cell lysate from a rhesus macaque was also run as a
positive control to identify PD1, PDL1, and PDL2
protein. A representative example is shown in
Fig. 6A, while quantification of all Westerns for
particular 24-week AAV-treated cohorts is shown
in Fig. 6B–D for PD1, PDL1, and PDL2, respec-
tively. The immunoblotted proteins identified in
skeletal muscle for PD1, PDL1, and PDL2 were

Figure 3. Staining of immune cells in intramusuclar infiltrates. (A) Infiltrating mononuclear cells present in rAAVrh74.MCK.GALGT2-treated macaque
gastrocnemius muscle were stained with monoclonal antibodies to recognize macrophages (CD11b), helper T cells (CD4), cytotoxic T cells (CD8), or regulatory
T cells (FOXP3; all green). Tissue was costained with DAPI, a marker for cell nuclei, shown in blue. Scale bar: 50 lm. (B) Infiltrating T cells were co-stained with
CD8 (green) and CC3 (activated caspase 3, red), a marker for apoptosis. Merged image on right shows overlap in yellow/orange. rAAVrh74.MCK.GALGT2-
injected muscles treated with or without prednisone (Pred) are compared. Scale bar: 50 lm.
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Figure 4. Immunostaining of PD1, PDL1, and PDL2 in AAV-treated and -untreated macaque skeletal muscle. (A) Sections of macaque gastrocnemius muscles
treated with rAAVrh74.MCK.GALGT2 containing intramuscular infiltrates were stained to identify overlapping expression of CD8 (green) with PD1, PDL1, or
PDL2 (all red). Merged image is shown at right, with DAPI co-staining also shown (blue). Scale bar: 25 lm. (B) Skeletal muscle that had not been treated with
AAV was stained for PD1, PDL1, or PDL2 (red) and for a-bungarotoxin (green), which stains the neuromuscular junction. Overlap is shown at right, with DAPI
co-staining in blue. Scale bar: 50 lm. (C) Skeletal muscle that had not been treated with AAV was stained with PDL1 (red) and ERTR7 (green), a marker for
intramuscular fibroblasts. Merged image is shown at right, with DAPI co-staining in blue. Scale bar: 25 lm.

INDUCTION OF T-CELL EXHAUSTION BY AAV 503



often present as multiple bands at more than one
molecular weight (Fig. 6A). This was also the case
for blots of the lymph node cell lysate used as a
positive control. While this complicated the inter-
pretation of changes in expression, there was in each
instance a primary protein band that represented
the majority of the Western blot signal: for example
62 kDa for PD1, 58 kDa for PDL1, and 60 kDa
for PDL2. PD1, PDL1, and PDL2 all appear to be
heavily glycosylated in a number of cell types and
tissues, often doubling their predicted 31–33 kDa
molecular weight based on amino-acid sequence and
frequently showing multiple protein species.54–58

PD1, PDL1, and PDL2 all showed elevated ex-
pression at 24 weeks in rAAVrh74.MCK.GALGT2-
treated muscles relative to all other conditions

(Fig. 6A), and this elevation was statistically sig-
nificant for all three proteins relative to group 1
sham control muscles (Fig. 6B–D). For PD1, muscle
protein expression was significantly higher in
AAV-treated muscles from macaques that did
not receive the prednisone (group 3) compared
with those that did receive prednisone (Group 4;
Fig. 6B), and PDL1 showed a trend for this differ-
ence (Fig. 6C). PDL2 expression was similarly in-
creased by Western blot analysis in the 24-week
rAAVrh74.MCK.GALGT2-treated group 3 muscle
compared with group 1 sham control. PDL2 protein
was also overexpressed, though more variably so,
in the contralateral muscles from AAV-treated
macaques (Fig. 6D). This was the case regardless
of prednisone treatment. Thus, unlike PD1 and

Figure 5. Expression of PD1, PDL1, and PDL2 in AAV-transduced and non-transduced skeletal muscle. Gastrocnemius muscle in the rhesus macaque was
treated with phosphate-buffered saline (PBS; sham control), rAAVrh74.MCK.lDystrophin (AAV-lDys), or rAAVrh74.MCK.GALGT2 (AAV-GALGT2) for 12 or 24
weeks, with or without prednisone (Pred). Contralateral limb muscles from rAAVrh74.MCK.GALGT2 treated macaques (24-week control and 24-week control +
Pred) were also stained. Sections were immunostained for PD1 (A), PDL1 (B), or PDL2 (C), all in red, with co-staining for FLAG to identify lDys-expressing
myofibers or WFA to identify GALGT2-overexpressing myofibers (both green). Merged images show overlap in yellow below, with DAPI co-staining shown in
blue. Scale bar: 50 lm.
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PDL1, PDL2 protein appeared to be globally in-
duced in muscles where no transgene was present
after vascular delivery of AAV.

DISCUSSION

One of the most perplexing aspects of the use of
AAV as a gene therapy agent is that high levels of
transgene expression can be sustained, even in the
presence of T-cell-mediated responses to the gene
therapy vector. Many investigators have shown
sustained gene expression with a number of genes
targeting various tissues in humans and in a
number of animal models (e.g., Mingozzi and
High,1 Brantly et al.,5 Mueller et al.,11 Chao et al.,59

Flotte et al.,60 Song et al.,61 Kessler et al.,62 Xiao
et al.,63 and Rodino-Klapac et al.64). In this study,

too, sustained expression of the GALGT2 trans-
gene was observed when delivering rAAVrh74.
MCK.GALGT2 to the gastrocnemius muscle in the
rhesus macaque using intravascular AAV deliv-
ery.30 As in a number of other studies, a mounting
immune response involving the invasion of CD8+ T
cells into treated muscles was observed, even in
animals with low pretreatment serum titers to the
rAAVrh74 capsid protein.30 This study shows that
these infiltrating CD8+ T cells in AAV-treated mus-
cles express markers of T-cell exhaustion and pro-
grammed cell death (PD1 and activated caspase 3). It
also shows elevated expression of PD1 ligands,
PDL1 and PDL2, in immune infiltrates and ele-
vated expression of PDL2 on skeletal myofibers
after systemic AAV delivery. Elevation of PD1 ex-
pression in T cells and PDL2 expression in skele-

Figure 6. PD1, PDL1, and PDL2 protein expression is upregulated in AAV-transduced skeletal muscle. (A) Protein from rhesus macaque lymph node, PBS-
treated control skeletal muscle, or AAV-treated gastrocnemius skeletal muscle was separated by SDS-PAGE and immunoblotted for PD1, PDL1, PDL2, or
GAPDH. Muscles treated with rAAVrh74.MCK.lDystrophin (AAV-lDys) or rAAVrh74.MCK.GALGT2 (AAV-GALGT2) for 12 or 24 weeks, with or without pred-
nisone (Pred), were compared to untransduced contralateral muscles from AAV-treated macaques and to PBS-treated (sham control) muscles. Protein
expression of PD1 (B), PDL1 (C), or PDL2 (D) was quantified at 24 weeks. Protein amounts were normalized to GAPDH expression in all instances. Data are
mean – SEM for six muscle samples per group, three macaques per group. ***p < 0.001; **p < 0.01; *p < 0.05 using one-way ANOVA.
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tal muscle was seen, regardless of the transgene
delivered; rAAVrh74 containing the same muscle-
specific promoter (MCK) to drive either GALGT2
or lDystrophin gene expression showed similar
findings. Moreover, while PDL2 expression in
skeletal myofibers was most increased in regions
where transgene overexpression was high, PDL2
protein was also increased, though more variably
so, in muscles of AAV-treated macaques where no
significant transgene expression was present (e.g.,
the contralateral limb of a macaque treated only in
the other limb using vascular delivery). Elevated
PD1 expression on CD8+ T cells and elevated PDL2
expression on skeletal myofibers may be sufficient
to drive the majority of intramuscular invading T
cells to exhaustion and/or programmed cell death.
This, in turn, may provide a privileged environ-
ment for sustained transgene expression to AAV-
treated skeletal muscle. While PDL1 and PDL2
were also expressed in T cells along with PD1, the
presence of PDL2 on skeletal myofibers may allow
for trans-PD1 signaling to T cells from the skeletal
myofiber. This study corroborates previous studies
demonstrating the presence of CD8+ T-cell ex-
haustion and apoptosis in AAV-transduced skele-
tal muscle,65 but additionally describes increased
expression of PDL2 along skeletal myofiber mem-
branes after AAV treatment and concentrated ex-
pression of both PDL1 and PDL2 at the NMJ in
non-AAV-treated macaque muscle. The postsyn-
aptic muscle membrane at the neuromuscular
synapse may therefore be less susceptible to T-cell
surveillance than the rest of the muscle membrane.
Additional cellular mechanisms, for example the
presence of infiltrating Treg cells, which can also
express PD1 and PDL1, may also impact long-term
AAV-mediated gene expression.6,11,13,66

The persistence of inert CD8+ T cells observed
following treatment with rAAV therapy is remi-
niscent of what has been seen in hosts undergoing
chronic viral infections. Mice that are repeatedly
exposed to infectious viruses, such as lymphocytic
choriomeningitis virus or polyoma virus, experi-
ence failed immunity to the infection due to the
exhaustion of CD8+ T cells.42,67 Similar observa-
tions have been made in large animal models, such
as chimpanzees infected with hepatitis C or B
viruses.68,69 CD8+ T-cell exhaustion in these in-
stances has been linked to interactions between
PD1 and its ligands, PDL1 and PDL2. High levels
of PD1 expression on CD8+ T cells are associated
with an exhaustion phenotype. In fact, PD1 block-
ade with anti-PD1 antibodies in a chronic infection
model can restore CD8+ T-cell function, resulting
in decreased infectivity of the virus.44,70 With re-

gard to AAV transduction of skeletal muscle, one
would want to avoid the reactivation of CD8+
T cells, as T-cell exhaustion can be exploited to
maintain therapeutic transgene expression. Al-
ternatively, one could bypass the need for T-cell
exhaustion by suppressing the presence of T cells
in the AAV-transduced environment, for example
with prednisone. This may prove particularly ef-
fective in patients with DMD, the disease for which
the rAAVrh74.MCK.GALGT2 gene therapy vector
was originally created, as the skeletal muscle ex-
hibits increased inflammation in this disease.

Prednisone immunosuppression is a standard of
care therapy for DMD due to the ability of predni-
sone therapy to prolong ambulation by several
years in younger DMD boys.47 While prednisone
does not ultimately impact the long-term progres-
sion of DMD disease, it does reduce the incidence of
dystrophin self-reactive T cells that can occur in
DMD patients.71 In this study, macaques treated
with prednisone prior to AAV delivery had reduced
skeletal muscle T-cell infiltration in all instances.
This suggests that DMD patients should ideally
continue prednisone while receiving gene therapy
treatment in order to optimize therapeutic gene
expression. Such an immunosuppression regimen
could bypass the worry that exhausted CD8+
T cells present in treated skeletal muscles may
revert and restore their functional capabilities to
attack myofibers expressing the therapeutic
transgene. Indeed, the majority of the remaining
T-cell infiltrates in prednisone- and AAV-treated
muscles still showed high levels of expression for
PD1 and activated caspase 3.

Despite reduced AAV vector transduction in
macaques treated with prednisone, high glycosyl-
ation of muscle by the GALGT2 enzyme was still
observed. This may be an added advantage of
prednisone, which is a pleiotropic drug. Pre-
dnisone, for example, may increase the expression
of GALGT2 enzyme substrates such as a dystro-
glycan. Pereira et al. showed that deflazacort, a
glucocorticoid similar to prednisone, can increase the
expression of dystroglycan protein in dystrophin-
deficient muscles.72 Similar inductive effects of glu-
cocorticoids on skeletal muscle have been shown for
utrophin,73 laminin a2,74 and integrin a7.74 While
overexpression of GALGT2 in skeletal muscle alone
can increase the expression of many of these same
proteins,24,30,31,75,76 upregulation by prednisone may
provide for a combinatorial effect. Indeed, prednisone
can alter the expression of hundreds of muscle
genes,77,78 alter protein translation,79 alter calci-
neurin/NFAT signaling,80 and alter Foxo-dependent
induction of muscle atrophy genes.81 Future studies
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will be needed to understand these effects, as well
as the mechanism by which PDL2 expression in
skeletal muscle is increased by AAV. Such stud-
ies might uncover additional immunomodulatory
mechanisms that could be exploited to optimize
particular gene therapies.
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