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dystrophin while improving muscle force in a model
of gene therapy of Duchenne dystrophy
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In gene therapy for Duchenne muscular dystrophy there are two
potential immunological obstacles. An individual with Duchenne
muscular dystrophy has a genetic mutation in dystrophin, and there-
fore the wild-type protein is “foreign,” and thus potentially immu-
nogenic. The adeno-associated virus serotype-6 (AAV6) vector for
delivery of dystrophin is a viral-derived vector with its own inherent
immunogenicity. We have developed a technology where an engi-
neered plasmid DNA is delivered to reduce autoimmunity. We have
taken this approach into humans, tolerizing to myelin proteins in
multiple sclerosis and to proinsulin in type 1 diabetes. Here, we
extend this technology to a model of gene therapy to reduce the
immunogenicity of the AAV vector and of the wild-type protein
product that is missing in the genetic disease. Following gene
therapy with systemic administration of recombinant AAV6-
microdystrophin to mdx/mTR%? mice, we demonstrated the devel-
opment of antibodies targeting dystrophin and AAV6 capsid in
control mice. Treatment with the engineered DNA construct
encoding microdystrophin markedly reduced antibody responses
to dystrophin and to AAV6. Muscle force in the treated mice was
also improved compared with control mice. These data highlight
the potential benefits of administration of an engineered DNA
plasmid encoding the delivered protein to overcome critical barriers
in gene therapy to achieve optimal functional gene expression.

Duchenne muscular dystrophy | gene replacement therapy | DNA plasmid |
microdystrophin | mdx/mTRG2 mice

Duchenne muscular dystrophy (DMD) is the most common
and severe form of childhood muscular dystrophy that affects
1 of 5,000 live-born males (1, 2). In DMD, mutations within the
Xp21 allele result in a marked reduction or complete absence of
dystrophin that affects plasma membrane integrity in both skeletal
and cardiac muscle fibers (3, 4). Confirmation of DMD includes
serum creatine kinase (CK) levels at least 40 times normal levels,
myopathy on electromyogram, and muscle histopathology with
diverse fiber diameters, connective tissue proliferation, and signs of
actively degenerating and regenerating myofibers (5). Onset of
DMD begins during early childhood, with progressive muscle
wasting leading to skeletal muscle loss. Patients become wheelchair-
bound as teenagers and typically succumb from late-stage cardiac
and respiratory failure in their third decade of life (6).

With no known cure, both gene therapy and stem cell trans-
plantation have been attempted in DMD in the past 20 y (7).
Because the dystrophin gene is one of the largest known human
genes at 2.2 Mb and 79 exons, and occupies roughly 0.1% of the
genome, the packaging capacities of viral vectors have limitations
(8, 9). A minidystrophin gene, which ranges between 6 and 8 kb
in size, was identified in“a family with mild DMD and results in
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expression of one-half the size of full-length dystrophin, but is
still too large to be packaged into a single recombinant adeno-
associated viral (rAAV) vector (10, 11). Several versions of
microdystrophin genes (<4.0 kb in size) delivered by rAAV
vectors produce about one-third the size of full-length dystrophin
and have been effective in reversing the dystrophic phenotype in
animal models (12-14). The goal for rAAV vector gene re-
placement therapy in DMD is to achieve persistent transgene
expression of dystrophin at therapeutic levels. However, the
appearance of neutralizing antibodies and T cell host immune
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Duchenne muscular dystrophy is a genetic disorder in which
mutations in the dystrophin gene causes severe muscle wasting. A
proposed treatment method involves systemic gene replacement
therapy to introduce a functional dystrophin gene to the skeletal
and cardiac muscles of the patient via rAAV6. A potentially serious
problem may arise from immune recognition of dystrophin and
the accompanying adeno-associated viral (AAV) vector. This un-
wanted immunity could interfere with successful long-term
dystrophin expression by muscle cells. To suppress the unwanted
immune response, a DNA vaccine was engineered to dampen
immunity to both dystrophin and AAV6 capsid. Development of
this engineered plasmid aims to improve gene replacement
therapy and to overcome problems inherent with unwanted im-
munity to the encoded protein and to the delivery vector.
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responses to AAV capsid and to dystrophin transgene products
have been noted, in both animal and human clinical trials, re-
ducing the expression of dystrophin in muscle (15-17).

The mdx mouse model has a spontaneous X-chromosome-—
linked point mutation in the dystrophin gene, leading to near-
complete absence of dystrophin protein (18). This mouse has
high serum levels of CK and pyruvate kinase, markers of myopathy
(18, 19). However, there are only mild skeletal muscle defects in
the mdx model, suggesting that the model may best reflect Becker
muscular dystrophy (20). Moreover, there are frequent dystrophin*
myofibers, representing somatic reversion or suppression of the
mdx (21). Because a major difference between mice and humans is
the length of their telomeres, the protective ends of chromosomesé

a “humanized” second- generatlon double-knockout mdx/mTRE
mouse model was developed, in which the lack of telomerase ac-
tivity (mTR¥?) was combined with the mdx mutation (22). In this
mdx/mTR®? model, the regenerative capacity of myogenic stem
cells was greatly reduced, as they more rapidly reached pro-
liferative exhaustion. Moreover, these double-mutant mice not only
exhibited many of the severe skeletal muscle phenotypic charac-
teristics of human DMD that progressively worsened with age, but
they also had a reduced incidence of dystrophin reversion in the
myofibers and manifested the severe dilated cardiomyopathy and
significantly reduced lifespans seen in patients (23, 24).

Engineered DNA plasmids to induce antigen-specific in-
hibition of immune responses in human autoimmune diseases
have been developed in preclinical animal model settings (25—
28). With this technology, specific inhibition of antigen-specific
antibody and T cell responses have also now been described in
clinical trials in humans with relapsing-remitting multiple scle-
rosis (MS) and type 1 diabetes mellitus (TIDM) (27, 29-32).
When applied to autoimmune diseases with known antigen tar-
gets, this method may allow targeted reduction of unwanted
antibody and T cell responses to autoantigens. Instead of taking
therapeutic approaches where wide swathes of the immune re-
sponse are suppressed, the approach with engineered DNA
plasmids is a directed, antigen-specific approach to controlling
unwanted adaptive immunity.

Our goal here was to diminish unwanted immune responses to
dystrophin and AAV serotype-6 (AAV6) capsid to enhance gene
replacement therapy. We showed that the addition of weekly
microdystrophin tolerizing DNA vaccine injections over a 32-wk
period reduced antibody reactivity to both dystrophin and
AAV6 capsid, and that this enhanced muscle function.

Results

Study Design and Development of the Engineered Microdystrophin
DNA Plasmid. We studied a systemically delivered AAV6-
microdystrophin gene replacement therapy, and attempted to
reduce its immunogenicity with an intramuscularly delivered
engineered microdystrophin DNA plasmid vaccine. For gene re-
placement, we utilized an AAV expression vector encoding a 3.6-kb
human microdystrophin cDNA that lacks a large portion of the rod
domain and C-terminal domain of the full-size 11.2-kb dystrophin
coding region, and cotransfected it with the pDGM6 packaging
plasmid into HEK293 cells to generate rAAV6-microdystrophin
vectors (33, 34). Systemic administration of the rAAV6-
microdystrophin vector genomes effectively restores functional dys-
trophin production by providing persistent and widespread trans-
duction in the respiratory, cardiac, and skeletal muscles (33-35).

For tolerization, defined as reducing adaptive immunity to the
delivered gene product and to its vector, a DNA plasmid
encoding microdystrophin was injected intramuscularly into the
quadriceps of mice 1 wk after mice had been treated first with
the rAAV6-microdystrophin gene vector given intravenously.
Injection of the engineered DNA plasmid encoding micro-
dystrophin was injected intramuscularly into the quadriceps of
mice, weekly thereafter for 32 wk.

The construction_of the engineered DNA plasmid encoding
human microdystrophin (pBHT1CI-H3uDYS) was created by ex-
cising the 3,630-bp hinge 3 microdystrophin (AH2-R23+H3/ACT)

Ho et al.

cDNA from an AAV vector backbone plasmid (34) and inserting
the cDNA into the 3,052-bp pBHT1CI plasmid backbone driven by
a CMYV promoter (Fig. 14). The backbone of pBHT1CI contains a
chimeric intron sequence, and has been further modified to de-
crease the number of immunostimulatory unmethylated bacterial
CpG motifs (26, 27). These CpG motifs, that are recognized by
Toll-like receptor 9 (TLRY), are substituted with immunosup-
pressive GpG motifs, which compete with CpG motifs for binding
to TLR9Y (26, 36).

Dystrophin deficiency combmed with telomere dysfunction in
the double-knockout mdx/mTR%? mouse model results in severe
muscular dystrophy phenotypic characteristics similar to DMD
patients. Clinical manifestations are far greater than those seen
in the more commonly used mdx model g 2-24). In this study,
asymptomatic 6-wk-old male mdx/mTR®? mice were adminis-
tered an intravenous bolus of 3 x 10'* vector genomes of
rAAV6-microdystrophin for systemic gene delivery of human
microdystrophin (33-35). Next, 0.25% bupivicaine-HCL was
administered to both quadriceps to prime the muscles 2 d before
engineered DNA plasmid delivery. Mice were then randomly
divided into three groups of five mice each and injected in-
tramuscularly into both quadriceps with either vehicle (1x PBS),
empty vector (pBHTI1CI), or the engineered human micro-
dystrophin DNA plasmid (pBHT1CI-H3pDYS) (Fig. 1B). In
sum, after delivery of the gene therapy intravenously, beginning
1 wk thereafter, these mice were given 32 weekly intramuscular
injections of vehicle, pBHT1CI, or pBTH1CI-H3uDYS before
termination at 38 wk of age (Fig. 1C).

Functional Assays Reveal Increased Muscle Force Measurements. The
rapid and progressive wasting of striated muscle is a hallmark
of DMD (37). By providing a functional microdystrophin
transgene in combination with an engineered microdystrophin
DNA plasmid, we sought to determine whether this could ef-
fectively restore the generation of muscle force in vivo. Force
measurements by electrical stimulation of the sciatic nerve
within the lateral gastrocnemius muscle were performed in situ
on the anesthetized mice. The investigator performing the
force measurements was blind to the identity of the treatment
groups. We noted significantly increased force generation be-
tween the treatment groups when measuring both the specific
twitch force (Fig. 1D) and specific tetanus force (Fig. 1E). The
group treated with the engineered DNA plasmid pBHT1CI-
H3uDYS performed best, with statistically significant differ-
ences in both force measurements compared with the vehicle
and pBHT1CI control groups (P < 0.05).

Cardiac involvement in DMD results from extensive fibrosis
primarily affecting the left ventricle, beginning with sinus
tachycardia and leading to progressive left ventricular dilation,
systolic dysfunction, and ventricular arrhythmias (38-40). In-
travenous injection of rAAV6-microdystrophin vector genomes
can effectively transduce both skeletal and cardiac muscles in
mdx mice for up to 2¥ (33, 35). At the end of this study, 38-wk-
old male mdx/mTR®? mice were anesthetized and tested for
cardiac function by electrocardiography. The investigator per-
forming the cardiac measurements was masked to the identity of
the treatment groups. We found that the heart rates were sig-
nificantly lower in all three treatment groups (SI Appendix, Fig.
S1A4), and the stroke volumes were notably higher in the vehicle
group and in the pBHT1CI-H3pDYS group (S Appendzx Fig.
S1B) compared with naive age-matched mdx/mT RS? mice.
However, at 38 wk of age, there was no difference in cardiac
output between any of the groups. Moreover, even though the
pBHTI1CI-H3uDYS-treated mice had statistically higher left
ventricular end diastolic volume (SI Appendix, Fig. S1D) and left
ventricular end diastolic diameter (SI Appendix, Fig. S1G), there
were no significant indications of cardiomyopathy between any
of the three treatment groups versus the naive group. These are
indicated by both the percent ejection fraction (SI Appendix, Fig.
S1F) and percent fractional shortening (SI Appendix, Fig. S11).
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Kanamycin pBHT1CI ﬂ
reSISIar¥ H3uDYS Microdystrophin /
6682bp (H3u1DYS)

[

Vehide

rAAV6-microdystrophin
intravenous injection

_ Weekly intramuscular injections of Vehicle, pBHT1Cl, or pBHT1CI-H3puDYS (32 total)

rAAV6-microdystrophin

pBHTICI

Fig. 1. Summary of study design and functional
muscle force measurements. (A) Structural design of
\1 engineered DNA plasmid pBHT1CI-H3pDYS. pBHT1Cl-

H3uDYS is a 6.6-kb bacterial plasmid expression vec-
tor containing the coding sequences for micro-
dystrophin gene. Important functional and control
features of pBHT1CI-H3uDYS include the human
CMV immediate-early gene promoter/enhancer, a
chimeric intron sequence, a bovine growth hormone
gene polyadenylation signal, a kanamycin resistance
gene, and a pUC origin of replication for propaga-

pBHT1CI-H3pDYS

Bleed Bleed Bleed
Week 0 Week 5 Week 16

l ¢~LH&lHHHH\H:JrLLHHHHHL\HHL\lrL

tion of the vector in E. coli. The backbone of
pBHT1CI-H3uDYS has been modified to decrease the
number of immunostimulatory CpG sequences with
substituted GpG immunosuppressive sequences
(stars). (B) Schematic of the engineered DNA plasmid

Bleed
Week 32

IIIIIIII'

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 treatment groups following administration of
G2 . rAAV6-microdystrophin. (C) Schematic of the study
Age of mdx/mTR™" mice (weeks) design. mdx/mTRS? male mice were administered
D E 3 x 10'? vector genomes of rAAV6-CMV-H3uDYS
Specific Twitch Force Specific Tetanus Force intravenously at 6 wk of age. Mice were then sepa-
, % P ) p * - ) rated into three groups of five mice, and adminis-
10 " 1 _ 160 1 tered with either vehicle, empty control vector
§ 60 — § 140 —E— (pBHT1CI), or pBHT1CI-H3uDYS. Thirty-two weekly
P P intramuscular injections were given to both hind-
“,6’ 0 g 100 limbs. Blood samples were collected at weeks 0, 5,
t 2 t 80 16, and 32. (D and E) Muscle force was measured in
= E 60 the lateral gastrocnemius muscle in vivo in 38-wk-old
gzo E;J_ 40 anesthetized mice by electrical stimulation of the
n 10 0w 20 sciatic nerve and the generated force was recorded.
0 . . Data show specific twitch force (D) and specific tet-
Vehicle pBHT1CI pBHT1CI- Vehicle pBHT1CI pBHT1CI- anus force (E) and are represented as average + SEM

H3uDYS H3uDYS (n = 5). *P < 0.05 by Student'’s t test.

Mice were quickly killed and blood, spleens, and gastrocne-
mius muscles were collected for further analysis. To investigate
whether muscle functional improvement was accompanied by an
increase in dystrophin®™ myofibers, cryosections of gastrocnemius
muscle were stained using an antibody specific for human dystro-
phin. As expected, mice that received rAAV6-microdystrophin in
combination with the engineered DNA plamsid pBHT1CI-
H3uDYS showed a substantial presence of dystrophin* myo-
fibers (SIAppendix, Fig. S2). Given that expression of therapeutic
human microdystrophin protein is extremely robust in mdx mice
for at least a year (33, 35), we did not expect to see significant
differences in dystrophin staining between the treatment groups
at 38 wk of age.

Serum CK levels, a measure of active muscle degeneration,
are grossly elevated before onset of DMD clinical signs and
decrease with the progression of the dystrophic process (41, 42)
The mdx/mTR®? model reflects this same trend when comparing
between mice that were 8 wk vs. 60 wk of age (23). In this study,
we did not see any statistically significant differences in CK levels
in the pBHT1CI-H3uDY S-treated group in 36-wk-old mice after
30 wk of treatment (SI Appendix, Fig. S3).

T Cell Reactivity Detected to Two Distinct Epitopes Outside of the
Microdystrophin Transgene. We sought to reduce immunogenic-
ity to AAV and to immunogenic domains of dystrophin to
overcome the potential deleterious immune responses to these
potential antigens, responses that diminish the benefits expected
from gene therapy. Because AAV-specific T cells have also been
reported to produce IFN-y, IL-2, and TNF-a in patients (43),
we next measured plasma cytokine levels to determine if the
mdx/mTR®? mice may have developed a peripheral inflam-
matory cytokine signature following systemic delivery of rAAV6-
microdystrophin vectors. The investigator performing this assay
was blind to the identity of the treatment groups. Mice were
sampled early (week 5) (Fig. 24) and late (week 32) (Fig. 2B) in

E9184 | www.pnas.org/cgi/doi/10.1073/pnas. 1808648115

our study. Although there was a trend in decreased levels of IFN-
¥, TNF-a, IL-6, and IL-17A within the pBHT1CI-H3pDYS-
treated group compared with the vehicle group at the end of
the study, overall these results were not statistically significant.

Spleens harvested from the mice were pooled into their re-
spective treatment groups. A T cell proliferation assay was per-
formed with overlapping 20-mer human dystrophin peptides,
AAV6 capsid peptides, or control peptides, grouped in five
peptides for a total of 62 groups for screening (SI Appendix,
Table S1). We did not observe any robust T cell reactivity to any
particular group of pooled peptides (Fig. 34). However, we
noted that peptide groups 23 and 33 that spanned human dys-
trophin amino acid sequences 1,651-1,730 and 2,401-2,480 (Fig.
3B) appeared to have a modest T cell response. This was also
observed at an earlier timepoint, sampled after intravenous
injections of rAAV6-microdystrophin vector genomes followed
by only three weekly intramuscular injections of pBHTlCI-
H3uDYS (SI Appendix, Fig. S4). Here, naive mdx/mTR%* mice
also had similar modest T cell responses to the peptide groups
23 and 33 (SI Appendix, Fig. S4). Interestingly, these amino acid
sequences are not part of the human microdystrophin sequence.
The human microdystrophin ¢cDNA includes amino acid se-
quences 1-677 and 2,942-3,408 of the total 3,685 amino acid
sequence of human dystrophin. Overall homology between
mouse and human dystrophin sequences is 91.6% shared amino
acid identity (44). Peptide groups 23 and 33 share 89% and
84% homology, respectively, to the mouse peptide counter-
parts. Because the 2possibility of revertant myofibers still exists
in the mdx/mTR®? mice, these two groups of peptides may
encompass the immune epitopes for an autoreactive T cell re-
sponse against endogenous dystrophin. Cytokine analysis of the
T cell supernatants by sandwich ELISA resulted in no statisti-
cally significant production of IFN-y, TNF-a, IL-6, or IL-17 to
any of the 62 peptide groups.

Ho et al.
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Engineered Microdystrophin DNA Plasmid Treatment Decreases
Antibody Reactivity to Dystrophin and AAV6 Capsid. Following sys-
temic gene replacement with rAAV6-microdystrophin vector ge-
nomes, serum samples were collected at 5, 16, and 32 wk during the
weekly engineered DNA plasmid treatments (Fig. 1C). These
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duction against dystrophin and AAV6 capsid protein, with
matched week 0 (baseline) sera analyzed in parallel to establish the
fold change in reactivity relative to baseline. The 1,404-feature
proteomic arrays for dystrophin and AAV6 capsid contain
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Fig. 3. T cell proliferation assay against human
dystrophin and AAV6 capsid. Splenocytes collected at
the end of the study were harvested, pooled, and
stimulated with 20-mer overlapping peptides in
groups of five that spanned the entire sequences for
human dystrophin, AAV6 capsid, or control peptides
for a total of 72 h. (A) 3H—Thymidine incorporation
was measured and mean counts per minute (com) of
triplicate wells are shown. (B) Peptide sequences
from the two groups of pooled human dystrophin
peptides that showed modest T cell reactivity.
PNAS | vol. 115 | no.39 | E9185
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306 distinct antigens consisting of overlapping 20-mer peptide
sequences representing human dystrophin, AAV6 capsid, and
control peptides and proteins (SI Appendix, Table S1). The in-
vestigator performing the assay was blind to the identity of
the treatment.

Arrays incubated with the collected serum revealed that
mdx/mTRY? mice developed an increasingly expanded antibody
repertoire against epitopes derived from human dystrophin over
time. The significance analysis of microarrays (SAM) algorithm
was applied to identify antigen features with statistically signifi-
cant differences in array reactivity between the treated groups
(45). A hierarchical cluster algorithm, using a pairwise similarity
function, was deployed to order SAM-selected antigen features
based on degree of similarity in their antibody reactivity profiles
(46). We set the q value (false-discovery rate) to reflect a direct
comparison between the vehicle and pBHT1CI-H3uDYS groups.
The data are presented as a heatmap.

At 5 wk, we found a limited antibody reactivity by SAM
analysis against seven human dystrophin peptides that were
generated by the vehicle-treated mice. These same antibody re-
sponses were notably lower in the pBHT1CI-H3pDYS-treated
mice (Fig. 44) (q value = 34.9%). After 16 wk of tolerizing DNA
vaccine treatment, SAM analysis revealed antibodies against
42 human dystrophin peptides in the vehicle-treated mice that
were again decreased in the pBHT1CI- H3uDYS-treated mice
(Fig. 4B) (q value = 3.4%). Finally at the end of the study, after
32 wk of tolerizing DNA vaccine treatment, SAM analysis
identified strong antibody reactivity against 66 human dystrophin
peptides in the vehicle-treated mice that were predominantly
diminished in the pBHT1CI- H3uDYS-treated mice (Fig. 4C)
(q value = 4.5%). During all three time points assayed, the
pBHT1CI empty vector control group had antibody reactivities
that always ranged between the vehicle-treated group and the
pBHT1CI-H3uDYS-treated group. Because the vector back-
bone contains immunosuppressive GpG sequences, treatment
with just the pBHT1CI empty vector alone may be providing an
additional nonspecific antiinflammatory effect (26, 36).

Peptide sequences identified by SAM analysis were further
grouped into those that encompassed human microdystrophin
versus those that were from the remaining regions of full-length
human dystrophin (Fig. 4). At all three timepoints, the antibody
repertoire reacted to epitopes that are both within and outside of
microdystrophin. Whether this immune response was due to
revertant myofibers, or enhanced due to the introduction of the
microdystrophin transgene, cannot be determined at this time.
Nevertheless, the data indicate that the engineered micro-
dystrophin DNA plasmid suppressed the antibody responses to
regions of both microdystrophin and full-length dystrophin. We
also summarize the evolution of the initial seven peptides tar-
geted by antibodies at week 5 and follow them through weeks
16 and 32 to highlight the efficacy of the engineered DNA
plasmid in dampening the B cell response (SI Appendix, Fig. S5).

Finding antibody reactivity to the AAV6 capsid protein was also
a distinct possibility given that a rAAV6 viral vector was used for
systemic microdystrophin gene delivery (33). Mice surveyed at
week 5 (Fig. 54), week 16 (Fig. 5B), and week 32 (Fig. 5C) also
developed an increasingly expanded antibody repertoire against
peptide sequences specific for AAV6 capsid that were detectable
in vehicle-treated mice and diminished in pBHT1CI-H3uDYS-
treated mice. Once again, the pBHT1CI empty vector control
group had moderate antibody responses against AAV6 capsid
peptide sequences. Here we are able to show that mice treated with
systemic rAAV6-microdystrophin gene replacement develop an-
tibodies against AAV6 capsid over time. Moreover, we also show
that engineered DNA plasmid treatment reduced this antibody
response to AAV6 capsid determinants.

Discussion

In DMD patients, exons 3-5 and 45-55 of the dystrophin gene are
hotspot regions for mutations that can effectively disrupt the
reading frame of dystrophin mRNA (4, 47). This results in a pre-
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maturely truncated and unstable dystrophin protein that emanates
in the dystrophic phenotype. Current gene therapy methods to
restore dystrophin gene expression include gene repair, exon
skipping, and gene replacement. Clustered regularly interspaced
short palindromic repeat (CRISPR)/Cas9 technology (48) gener-
ates targeted deletions within the mutated exon to restore the
dystrophin reading frame. Thus, CRISPR/Cas9 genome editing
permanently corrects the defect in the dystrophin gene rather than
just transiently adding a functional dystrophin gene. This tech-
nology is still in preclinical developmental stages for the treatment
of DMD amid concerns with immune responses to both the
bacterial-derived Cas9 protein and to the AAV expression vector,
and concerns with a high frequency of off-target cutting (48-53).

With exon skipping, antisense oligonucleotides serve as
structural analogs of DNA that allow faulty parts of the dystro-
phin gene to be skipped when it is transcribed to RNA for
protein production (54). The downside with exon skipping is that
it does not permanently repair the mutated dystrophin gene and
requires repeated delivery of mutation-specific antisense oligo-
nucleotides or the transfer of transfected muscle satellite stem
cells (47, 54, 55).

Myoblast cell transplantation as a method of gene transfer was
initially promising in the mdx mouse model of DMD (56). In-
tramuscular injections of normal myoblasts into mdx mice
formed mosaic muscle fibers that expressed the normal dystro-
phin gene from the implanted myoblasts (56-58). Several sub-
sequent human clinical trials with myoblast-mediated gene
transfer as therapy for DMD patients produced detectable dys-
trophin transcripts from donor myoblasts derived from a male
relative (59-63). However, the efficiency of donor myoblast im-
plantation and myofiber transduction in human DMD patients
remained low (56).

The long-term goal in DMD is to replace the defective or
missing dystrophin protein. One of the problems with effectively
replacing dystrophin in attempts at gene therapy is an unwanted
immune response to dystrophin or its orthologs that are recog-
nized as neoantigens (35, 64, 65). Braun et al. (15) reported
on the immune rejection of human dystrophin following in-
tramuscular administration of a full-length human dystrophin
Escherichia coli plasmid in mdx mice. Both B cell and weak T cell
responses against the human dystrophin protein found 21 d
following plasmid injection coincided with transient myositis.
Maximal dystrophin expression was detected at 7 d, but expres-
sion waned by day 28, even after boosting on day 21 (15).

Mendell et al. (17) found modest dystrophin-specific T cell
immunity in patients with DMD both before and after gene
therapy in a human clinical trial. A small clinical trial of six
DMD patients received a single dose of either 2 x 10' or 1 x
10! of a functional rAAV2-minidystrophin transgene delivered
intramuscularly to one bicep. Only two of the six patients had
detectable dystrophin in the injected myofibers after 6 wk, in-
dicating a failure to establish long-term transgene expression.
Surprisingly, peripheral T cells specific for dystrophin were dis-
covered in two other patients before vector treatment, which was
presumed due to the expression of dystrophin in revertant muscle
fibers (17, 66).

Another obstacle that occurs when a viral vector is systemically
administered for gene replacement therapy is the immunoge-
nicity of the AAV capsid that can also be detected in patients
(16). Indeed, Manno et al. (67) reported successful transduction
of liver by rAAV2-factor IX in hemophilia patients that then
gradually declined over a period of about 8 wk due to T cell-
mediated immunity specifically targeting AAV capsid antigens.
Studies in preclinical animal models showed long-lasting thera-
peutic expression of factor IX (67-70). The anti-AAV immune
response following systemic viral vector delivery is likely trig-
gered from memory responses to prior wild-type AAV exposure.
Natural infection with wild-type AAV occurs widely among hu-
mans and not typically found in research animals (43).

Thus, a technology that could induce immunological tolerance
to specific antigens, whether dystrophin or AAV capsid proteins,

Ho et al.
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Fig. 4. Hierarchical clustering of antigen features in human dystrophin proteome array reactivity between sera derived from vehicle-, pBHT1Cl-, or pBHT1CI-
H3pDYS-treated mice. Heatmaps representing antibody reactivity to human dystrophin peptides are shown as fold-change from baseline (week 0). (4) Week
5: vehicle vs. pBHT1CI-H3uDYS (q value = 34.9%). (B) Week 16: vehicle vs. pBHT1CI-H3uDYS (q value = 3.4%). (C) Week 32: vehicle vs. pBHT1CI-H3pDYS (q
value = 4.5%).
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will likely be necessary for effective gene replacement therapy.
Over the past decade, our group has shown proof-of-concept for
this approach in animal models of MS and T1IDM (25-28), and
has taken the program into human trials in relapsing-remitting
MS, in 280 patients (30, 32), and in T1DM, in 80 patients (31).

Here we explored how we might tolerize to immunogenic
domains of dystrophin and to AAYV, to overcome two of the
existing obstacles hindering the long-term success of gene ther-
apies for DMD. We refer to tolerization here as reduction of the
adaptive immune response to the wild-type protein, or to the
“miniprotein” encoded in the viral vector. Tolerization also en-
compasses reduction of the response to the viral capsid proteins.

In this study, systemic gene replacement with TAAV6-
microdystrophin vectors into 6-wk-old mdx/mTR%? mice restored
expression of dystrophin for up to 38 wk of age. The addition of
weekly intramuscular injections of an engineered microdystrophin
DNA plasmid, pBHT1CI-H3uDYS, significantly increased the
generation of muscle force compared with control-treated mice.
This observation suggested the possibility that antigen-specific
therapy may be aiding in the effective expression of the micro-
dystrophin transgene by suppressing aberrant immune response
against the rAAV6-microdystrophin vector.

Early studies by our group reported that mdx/mTRS? mice
have markedly decreased muscle force as early as 8 wk of age,
developed severe functional cardiac deficits as early as 32 wk of
age, and had elevated serum CK levels at 8 wk of age that de-
clined by 60 wk of age (23, 24). mdx/mTR®? mice also have
significantly reduced lifespans, with death occurring as early as
48 wk of age with a t5, of 80 wk of age (23, 24).

Although several of the other functional assays in the present
study showed no significant differences between the treatment
groups, future studies where the treated mdx/mTR? mice are fol-
lowed beyond 60 wk of age, at which point many of the severe dys-
trophic phenotypes are more pronounced, would potentially aid in
determining the additional benefits of this combination treatment.

It is noteworthy that such a robust expression of dystrophin in
AAV6-microdystrophin—treated animals did not result in de-
creased CK values. Serum CK levels decrease as mdx mice age,
and similar decreases in CK are seen in older humans with
DMD. In addition, CK levels can be elevated in mice that are
handled a lot, and in mice who move around significantly. While
AAYV vectors are quite useful for systemic delivery, there are
significant differences in transduction between individual mus-
cles. The best improvement of CK levels was observed in AAV-
treated older mdx mice. Even then, only a 90% reduction in
serum CK levels was attained in mice that were 2-y-old (71). In
that study it should be noted that 10" vector genomes were
administered, a higher dose than used here.

Many dystrophin+ fibers still have centrally located nuclei,
suggesting that despite restoration of dystrophin expression in
these fibers, histological correction did not occur and myonuclei
were not relocated to the periphery. Reversal of central nucle-
ation is a very slow process. Until recently centrally located nu-
clei was considered an irreversible phenotype. However, in one
of the few studies to directly test this issue we found that central
nucleation could be slowly reduced in AAV-microdystrophin—
injected tibialis anterior muscles of mdx mice (14). Interest-
ingly, in that study the reversal of central nucleation occurred
over many months, but by 6-mo postinjection nearly 15% of
myofibers still displayed central nucleation. Thus, our data sug-
gest that this architectural abnormality of dystrophic muscle can
be ameliorated, but it is a slow process.

Adaptive immune responses to dystrophin and to the capsid
proteins of the vector encoding dystrophin have been seen in
studies of gene therapy of DMD in preclinical models. Weak
T cell responses to human dystrophin were detectable, and IFN-
y production in mdx mice was observed at 42 d after in-
tramuscular injection of a plasmid containing full-length human
dystrophin (15). AAV2 and AAVS capsid-specific CD8" IFN-
y—producing T cells were identified by flow cytometry in mice 9 d
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after injection of AAV2 VP1 capsid or AAVS VP1 capsid, re-
spectively (72).

Here we did not detect any robust T cell responses speciﬁcall)sr
toward the microdystrophin transgene or to AAV6 capsid using
H-thymidine uptake to measure the T cell responses to over-
lapping peptides. However, we did find weak T cell reactivity
against two regions of dystrophin, p1651-1730 and p2401-2480,
which were outside of the microdystrophin transgene. We hy-
pothesize that this dystrophin-specific T cell reactivity may al-
ready have been generated against endogenous dystrophin in
revertant myofibers or other nonmuscle Jstrophin isoforms that
could still be expressed in the mdx/mTR™“ mice, similar to what
Mendell et al. (17) found in two patients. Cytokine analysis of
the T cell supernatants by sandwich ELISA did not detect any
notable production of IFN-y, TNF-a, IL-6, or IL-17 to
AAV6 capsid or dystrophin, including the two T cell-reactive
regions of dystrophin, p1651-1730 and p2401-2480. We found
that several inflammatory cytokines, including IFN-y and IL-6,
were modestly reduced but not with statistical significance fol-
lowing combination therapy.

Humoral immune responses to AAV capsid proteins have
been previously reported histologically in both wild-type and mdx
muscle following intramuscular injection of the AAV vector (73,
74). Dystrophin antibodies have also been detected by Western
blot analysis following intramuscular injection of full-length hu-
man dystrophin plasmid DNA into mdx mice (75). Here, we used
our proteomic array technology to profile the evolution of pe-
ripheral antibody responses to dystrophin and AAV6 capsid
followmg human microdystrophin gene replacement in mdx/
mTR? mice. Over the course of the 32-wk study, we measured
the expansion of adaptlve antlbody responses to both dystrophin
and to AVV6 capsid in mdx/mTR®? mice that received AVV6-
microdystrophin gene replacement. Mice that were also treated
with the engineered microdystrophin DNA plasmid had notably
reduced antibody responses both to microdystrophin and to
other regions of full-length dystrophin, as well as to epitopes
of AAV6 capsid.

These data were surprising to us, as we had initially planned
on including a second engineered DNA plasmid containing the
AAV6 capsid cDNA as part of the combination therapy, to di-
rectly suppress the immune response to AAV6. We can ratio-
nalize this unexpected and encouraging observation, in part, as
due to the vector effect, given that our pBHT1CI empty vector
control-treated group also showed improvement over the vehicle
control group in three measurements, including: (i) increased
generation of muscle force, (if) increased expression of dystro-
phin immunohistochemically, and (iii) in reduction of antibodies
against dystrophin and AAV6 capsid. Unmethylated bacterial
CpG motifs, which trigger an inflammatory innate immune re-
sponse through the TLR9 signaling pathway, are found within
the rAAV6-microdystrophin vector due to the necessity of hav-
ing to initially grow the AAV-microdystrophin expression vector
in bacterial cultures (76). Our modified pBHT1CI plasmid
backbone contains several engineered antiinflammatory GpG
motifs that, by themselves, can nonspecifically suppress the CpG
mediated proinflammatory immune response (36). Another
possibility is that tolerizing DNA vaccines may activate CD4™
CD25* T regulatory cells and induce a shift from proin-
flammatory Th1 cells to antiinflammatory Th2 cells (77). These
other immunomodulatory mechanisms could also mediate tol-
erance to the AAV components in the rAAV6-microdystrophin
gene therapy vector.

Timing of the tolerization protocol may be critical, and earlier
intervention may be warranted. Typically, mdx mice go through a
period of strong degeneration/regeneration at 2-3 wk of age,
with increased inflammation reported during this time. Such
muscle remodeling/increased inflammation might trigger some
of the observed reactivity to dystrophin in regions that would
only be expressed by revertant fibers. Beginning tolerization at
even 1 wk of age may obviate this inflammatory response.
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In conclusion, to retain persistent transgene expression at
therapeutic levels for DMD, AAV-based gene therapy may need
to be coupled with immunosuppression. Indeed, several forms
of immunosuppression have already been demonstrated in
DMD animal models to successfully dampen the cellular re-
sponses against AAV. These current treatments, including anti-
CD4 antibody, antithymocyte globulin, cyclosporine, predni-
sone, tacrolimus, mycophenolate mofetil, and plasmapheresis
all broadly suppress the immune system, which would not be
ideal for young DMD patients (16, 69, 70, 78). We offer, in-
stead, a well-tolerated antigen-specific therapeutic technology
that can now be included with gene replacement therapy for
DMD and other inherited genetic mutations, such as retinal
dystrophy or hemophilia. Thus, overcoming a known deleteri-
ous issue with gene replacement therapy may be resolved with
DNA plasmids engineered to reduce immunity to the viral
vector and to the protein delivered by the transgene.

Ho et al.

Materials and Methods

Generation of Constructs.

rAAV6-microdystrophin. The rAAV6-CK8-coh-H3pDYS (rAAV6-microdystrophin)
vector comprising serotype 6 capsids was generated by cotransfecting the
“hinge 3" codon-optimized human microdystrophin pAAV CK8e-coh-
H3pDYS expression vector (34) together with the pDGM6 packaging plasmid
into HEK293 cells. The rAAV6-microdystrophin vector genomes were har-
vested, purified, and quantitated as previously described (33, 35).
Engineered DNA plasmid. The "hinge 3" codon-optimized human micro-
dystrophin pAAV CK8e-coh-H3uDYS expression vector (8162 bp) was diges-
ted with Xhol and Hpal to isolate the H3uDYS microdystrophin gene with
the “Ck8e” small enhancer plus promoter sequence (3,630 bp) (34, 35). This
“Ck8e"” human microdystrophin ¢cDNA includes amino acid sequences 1-
677 and 2,942-3,408 of the total 3,685-amino acid sequence of human
dystrophin (34). The engineered DNA vector (pBHT1Cl) was digested with
Hindlll and Xhol (3,052 bp). The function and control features of BHT1CI
include the human cytomegalovirus immediate-early gene promoter/
enhancer, a chimeric intron sequence, a bovine growth hormone gene
polyadenylation signal, a kanamycin resistance gene, and a pUC origin of
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replication for propagation of the vector in E. coli (31). Additionally, the
backbone of pBHT1Cl has been modified to decrease the number of
immunostimulatory CpG sequences and substituted with immunosuppres-
sive sequences (26, 36). The complete engineered human microdystrophin
DNA plasmid (pBHT1CI-H3uDYS) is 6,682 bp. Purification of engineered DNA
plasmids were described previously (28).

Animal Care. Protocols were approved by the University Administrative Panel
(Institutional Animal Care and Use Committee A3213-01, 27080, 11090). Male
mdx/mTR®? and C57BL/6 mice were bred and housed at Stanford University.
Manipulation of Experimental Mice. Asymptomatic 6-wk-old male mdx/mTR®?
mice (23) were administered 0.2 mL of 3 x 10'? rAAV6-microdystrophin
vector genomes in HBSS into the tail vein (33). Five days later, both quad-
riceps were injected intramuscularly with a total of 0.1 mL of 0.25%
bupivicaine-HCL (Sigma-Aldrich) in PBS. Two days later, the mice were in-
jected intramuscularly into both quadriceps with 0.1 mg pBHT1Cl or
pBHT1CI-H3pDYS in a volume of 0.1 mL PBS. Mice were given 32 weekly
injections of 1x PBS (vehicle), pBHT1Cl, or pBTH1CI-H3uDYS (five mice per
group). Mice were bled retro-orbitally before systemic delivery of the
rAAV6-microdystrophin vector genomes (baseline), then 5, 16, and 32 wk
after. Whole blood was submitted to the Animal Diagnostic Laboratory at
the Stanford Medicine Veterinary Service Center for measurement of serum
CK levels by immunoassay at treatment week 30.

Echocardiographic Analysis of Cardiac Function. Anesthesia of mice was in-
duced in a chamber (2-4% isoflurane mixed with 0.2 L/min 100% O,) and
maintained with a face mask (1-2% isoflurane with 0.2 L/min 100% O,).
Animals were depilated and kept on a heated table mounted on a rail
system (Visual Sonics). Ultrasound was performed with a Vevo 2100 System
and a 22- to 55-MHz mouse transducer (VisualSonics). Heart rate and body
temperature were monitored and maintained at physiological levels.
B-mode and M-mode images were recorded at the papillary muscle level.
Left ventricular wall thickness, intraventricular septum thickness, left
ventricular end-diastolic and end-systolic volumes, left ventricular vol-
umes, fractional shortening, ejection fraction, and cardiac output were
calculated.

Force Measurements. The 38-wk-old male mdx/mTR®? mice were anesthetized
and force measurements by electrical stimulation of the sciatic nerve within
the lateral gastrocnemius muscle were performed in situ, and expressed
relative to cross-sectional area, as previously described (23), in accordance
with approved Stanford University guidelines.

Immunofluorescence of Tissue Sections. Harvested gastrocnemius muscles
were embedded in Tissue-Tek OCT compound and flash-frozen in isopentane
cooled in liquid nitrogen. Staining is described elsewhere (79). Primary an-
tibodies used were anti-human DMD polyclonal antibody produced in rabbit
(HPA0002725, 1:500; Sigma Aldrich) and rabbit anti-Laminin antibody (1:400;
Sigma). Secondary antibodies used were goat anti-rabbit antibody Alexa
555 and goat anti-rabbit antibody Alexa-488 (1:1,000; Molecular Probes).
DAPI (1:5,000; Sigma) was used to counter stain the nuclei. Representative
images of transverse sections of gastrocnemius muscles from the indicated
treatment groups at 38 wk of age were immunostained for laminin (green),
human dystrophin (red), and nuclei (blue).

. Mendell JR, et al. (2012) Evidence-based path to newborn screening for Duchenne
muscular dystrophy. Ann Neurol 71:304-313.

. Moser H (1984) Duchenne muscular dystrophy: Pathogenetic aspects and genetic
prevention. Hum Genet 66:17-40.

. Koenig M, et al. (1987) Complete cloning of the Duchenne muscular dystrophy (DMD)
cDNA and preliminary genomic organization of the DMD gene in normal and af-
fected individuals. Cell 50:509-517.

4. Monaco AP, Bertelson CJ, Liechti-Gallati S, Moser H, Kunkel LM (1988) An explanation
for the phenotypic differences between patients bearing partial deletions of the
DMD locus. Genomics 2:90-95.

. Hoffman EP, Kunkel LM (1989) Dystrophin abnormalities in Duchenne/Becker mus-
cular dystrophy. Neuron 2:1019-1029.

. Eagle M, et al. (2002) Survival in Duchenne muscular dystrophy: Improvements in life

N

w

S

o

expectancy since 1967 and the impact of home nocturnal ventilation. Neuromuscul
Disord 12:926-929.

. Chamberlain JR, Chamberlain JS (2017) Progress toward gene therapy for Duchenne
muscular dystrophy..Mol Ther.25:1125-1131.

. Ahn AH, Kunkel LM (1993) The structural and functional diversity of dystrophin. Nat
Genet 3:283-291.

~

o«

E9190 | www.pnas.org/cgi/doi/10.1073/pnas. 1808648115

Luminex—eBioscience/Affymetrix Magnetic Bead Kits. This assay was performed
by the Human Immune Monitoring Center at Stanford University. Mouse 38-
plex kits were purchased from eBiosciences/Affymetrix and used according to
the manufacturer’'s recommendations, with modifications as described
online at iti.stanford.edu/himc/protocols.html.

T Cell Proliferation Assay. Splenocytes were harvested, pooled, and stimulated
in triplicate wells with 20-mer overlapping peptides in groups of five that
spanned the entire sequences for human dystrophin, AAV6 capsid or control
peptides (PEPscreen; Sigma-Aldrich) for a total of 72 h. For the final 18-24 h of
culture, 1 pCi of 3H-thymidine was added to each well, and incorporation of
radioactivity was measured by using a Betaplate scintillation counter. Cy-
tokine assays were performed on culture supernatants after 72 h of culture
by using the IL-10, IFN-y, and TNF BD OptEIA Mouse ELISA kits (BD Biosci-
ences) or Mouse IL-17 DuoSet ELISA Development kit (R&D Systems).

Dystrophin Microarrays. Dystrophin proteome arrays were produced using a
robotic arrayer (Arraylt LM210) to attach peptides and proteins to Super-
Epoxy 2-coated slides (Arraylt Corporation) in an ordered array. On each array
were printed four replicate features of each peptide (PEPscreen; Sigma-
Aldrich) or protein at 0.2 mg/mL in PBS with up to 30% DMSO. This array
contained a total of 1,404 features that included 1,208 antigenic features and
196 control features. Arrays were circumscribed with a hydrophobic marker,
blocked overnight at 4 °C in PBS containing 3% FBS and 0.5% Tween-20,
incubated with 1:150 (weeks 5 and 16) or 1:300 (week 32) dilution of mouse
serum in blocking buffer for 1 h at 4 °C, and washed twice for 20 min ro-
tating in blocking buffer. Week 32 plasma (and matched week 0 plasma)
were evaluated at a more dilute concentration in the final experiment due
to the increased signal at this timepoint. Arrays were incubated with 0.4 pg/mL
cyanin 3 dye (Cy3)-conjugated goat anti-mouse IgM/IgG (weeks 5 and 16)
or 0.4 pg/mL Cy3-conjugated goat anti-mouse 1gG (week 32) (Jackson
Immunoresearch) for 45 min at 4 °C and then washed twice for 30 min in
blocking buffer, twice for 30 min in PBS, and twice for 15 s in water. Arrays
were spun dry and scanned with a Molecular Devices 4400A scanner using
GenePix 7 software to determine the net median pixel intensities for indi-
vidual features. Normalized median net digital fluorescence units (DFUs)
represent median values from four identical antigen features on each array.
The median fluorescence intensity of each feature above blank levels was
calculated for experimental arrays, with any DFU value <10 set to 10. To
represent increases or decreases in reactivity at a given treatment timepoint
relative to naive, the log, fold-change in DFU was calculated for each mouse.
SAM 4.0 was applied to identify antigens with statistically significant dif-
ference in array reactivity between vehicle-treated or tolerizing DNA
vaccine-treated groups, with a fold-change threshold of 5x employed. SAM
ranks each antigen on the basis of a score obtained by dividing the differ-
ences between the mean reactivities for each group by a function of their
SDs, and then estimates a false-discovery rate for each antigen by permuting
the repeated measurements between groups (45). SAM results were
arranged into relationships using Cluster 3.0, and results were displayed
using TreeView 1.1.5r2. Detailed protocols are published and are available
online at https://web.stanford.edu/group/antigenarrays/.
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