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A major barrier to adeno-associated virus (AAV) gene therapy
is the inability to re-dose patients due to formation of vector-
induced neutralizing antibodies (Nabs). Tolerogenic nanopar-
ticles encapsulating rapamycin (ImmTOR) provide long-term
and specific suppression of adaptive immune responses, allow-
ing for vector re-dosing. Moreover, co-administration of hepa-
totropic AAV vectors and ImmTOR leads to an increase of
transgene expression even after the first dose. ImmTOR and
AAV Anc80 encoding the methylmalonyl-coenzyme A (CoA)
mutase (MMUT) combination was tested in a mouse model
of methylmalonic acidemia, a disease caused by mutations in
the MMUT gene. Repeated co-administration of Anc80 and
ImmTOR was well tolerated and led to nearly complete inhibi-
tion of immunoglobulin (Ig)G antibodies to the Anc80 capsid.
A more profound decrease of plasma levels of the key toxic
metabolite, plasma methylmalonic acid (pMMA), and disease
biomarker, fibroblast growth factor 21 (FGF21), was observed
after treatment with the ImmTOR and Anc80-MMUT combi-
nation. In addition, there were higher numbers of viral ge-
nomes per cell (vg/cell) and increased transgene expression
when ImmTOR was co-administered with Anc80-MMUT.
These effects were dose-dependent, with the higher doses of Im-
mTOR providing higher vg/cell and mRNA levels, and an
improved biomarker response. Combining of ImmTOR and
AAV can not only block the IgG response against capsid, but
it also appears to potentiate transduction and enhance thera-
peutic transgene expression in the mouse model.

INTRODUCTION
Isolated methylmalonic acidemia (IMMA) is a rare and heteroge-
neous autosomal recessive metabolic disorder affecting the meta-
bolism of branched-chain amino acids, odd-chain fatty acids, and
cholesterol. Patients with IMMA massively accrete “toxic” metabo-
lites, and they share a common clinical phenotype characterized by
metabolic decompensations and early mortality.1–5 IMMA is most
frequently caused by mutations in the gene encoding the mitochon-
drial localized enzyme, methylmalonyl-coenzyme A (CoA) mutase
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(MMUT). This enzyme catalyzes the isomerization of L-methylma-
lonyl-CoA into succinyl-CoA. Reduced activity of MMUT result in
the production of plasma methylmalonic acid (pMMA) that can be
measured in plasma and serum as a biomarker of disease. Patients
with the most severe form of MMUT deficiency (MMUT0) can expe-
rience severe ketoacidosis and hyperammonemia, leading to irrevers-
ible cognitive deficits and high mortality in early childhood.6–9 The
main treatment of IMMA, first established in the 1960s,10,11 is
through dietary restriction of offensive amino acids12,13 but is insuf-
ficient to prevent disease progression, as well as metabolic decompen-
sations, which can be lethal. Despite substantial metabolite produc-
tion in extrahepatic tissues,14 liver transplantation, when successful,
leads to remarkable metabolic stability of the recipient,15–20 and it
provides evidence that the liver must be the major therapeutic target
organ for IMMA. Indeed, clinical observations have been supported
by both transgenic animal modeling21 and proof-of-concept gene
therapy studies in IMMA mice9,22 that unequivocally demonstrate
the requirement to augment hepatic MMUT activity for therapeutic
benefit in IMMA.

Adeno-associated virus (AAV)-mediated liver-directed gene therapy
is emerging as a clinically relevant treatment option for the treatment
of inborn errors of metabolism, especially those with hepatic manifes-
tations. During the past decade, numerous studies in preclinical
models of IMMA have demonstrated that the neonatal administra-
tion of Ad5, AAV2, AAV8, or AAV9 vectors expressing the
MMUT gene under either the transcriptional control of both ubiqui-
tous and liver-specific promoters could rescueMmut�/� mice, which
otherwise would die in the first days after birth.9,14,22–24 Most
recently, a viable but severe mouse model of IMMA designed to reca-
pitulate the hepatic manifestations of the disease was created by
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transgenic expression of MMUT under the muscle-specific murine
creatine kinase (MCK) promoter in Mmut�/� mice (Mmut�/�;
TgINS-MCK-Mmut, referred to herein as MCK-MMUT mice). MCK-
MMUT mice show increased survival, but they manifest the cardinal
features of IMMA, including growth impairment, metabolic fragility,
susceptibility to dietary and environmental stress, hepatorenal mito-
chondrial pathology, and massively elevated levels of pMMA, similar
to what is observed in severely affected IMMA pediatric patients.9

Liver-directed gene therapy of MCK-MMUTmice corrects the hepat-
ic metabolic defect, as evidenced by weight gain, increased propionate
oxidation, and decreased levels of plasma fibroblast growth factor 21
(FGF21), a marker of mitochondrial dysfunction.5,9,25,26

Gene therapy for severely affected IMMA patients would be most
effective in infants or young children to prevent recurrent metabolic
ketoacidosis with intercurrent illnesses leading to irreversible neuro-
logical sequelae, improve protein tolerance and growth, and possibly
delay the onset of chronic renal disease and other multisystem com-
plications. Due to the non-replicating nature of recombinant AAV
vectors, a major concern for gene therapy in pediatric patients is vec-
tor degradation as well as its dilution as the child grows, resulting in
possible loss of therapeutic benefit.27 An intrinsic limitation of AAV
in human gene therapy is the formation of high-titer neutralizing an-
tibodies (Nabs) that develop after administration, and subsequently
prevent re-dosing. We have previously described the development
of tolerogenic nanoparticles encapsulating rapamycin (ImmTOR or
SVP-rapamycin), which, when co-administered with AAV-based
vectors, provide a dose-dependent and long-term suppression of hu-
moral and T cell responses against AAV, and therefore allow for pro-
ductive AAV vector re-dosing.28,29 Moreover, co-administration of
liver-tropic AAV vectors and ImmTOR leads to immediate increase
of transgene expression even after the first dose, most likely due to
elevated uptake by liver cells and rapamycin-induced autophagy.29–31

In this study, we evaluated the safety and therapeutic efficacy of an
ImmTOR and AAV vector combination in a mouse model of
IMMA using a vector pseudoserotyped with Anc80, a rationally engi-
neered AAV capsid.32 Repeated co-administration of Anc80-MMUT
and ImmTOR was well tolerated and led to nearly complete inhibi-
tion of the formation of immunoglobulin G (IgG) antibodies to
Anc80. A more profound and consistent decrease of pMMA after
initial and repeat injections was observed in mice treated with the
combination of ImmTOR and Anc80-MMUT than in those treated
with Anc80-MMUT alone. Additionally, FGF21 plasma levels after
repeat AAV injection remained elevated when ImmTOR was not
co-administered, while they were consistently decreased after treat-
ment with AAV and ImmTOR combination. Higher liver viral
DNA copy number per cell (viral genomes [vg]/cell) as well as higher
hepatic MMUT mRNA expression levels were seen in mice injected
with the combination of ImmTOR and Anc80-MMUT. These effects
were dose-dependent, with higher doses of ImmTOR providing
higher vg/cell levels and lower pMMA levels. Similar effects were
seen at variable Anc80-MMUT doses, including subtherapeutic and
high therapeutic doses.
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Collectively, the combination of ImmTOR and hepatotropic AAV-
MMUT is a promising approach to mitigate the detrimental impact
of de novo formed IgG on gene therapy for IMMA and related disor-
ders and should enable repeat AAV vector dosing and may also pro-
vide an added benefit by increasing vector transduction and elevating
transgene expression at the initial dose.

RESULTS
Therapeutic effects in hypomorphic MCK-MMUT mice after

initial Anc80-MMUT treatment

The treatment of MCK-MMUT mice (24–28 days of age) with the
therapeutic dose of 2.5 � 1012 vg/kg Anc80-MMUT led to rapid
and immediate weight gains in all treatment groups. Initially, animals
treated with Anc80-MMUT alone showed more rapid weight gain
than did groups treated with Anc80-MMUT + ImmTOR; however,
the differences became insignificant by the third week after treatment
(Figure 1A). Initial lower weight gain was also observed in controls
treated with ImmTOR alone versus the mock-treated group (Fig-
ure S1), but it was not significant and skewed by higher mortality
in the mock-treated group, which mostly affected lower weight ani-
mals, but not the ImmTOR-treated group (3/7 in the mock-treated
group versus 0/7 in the ImmTOR-treated group). Consistent with
the data reported in the literature,5,9 initial administration of a ther-
apeutic dose of AAV vector containing the Mmut gene resulted in a
profound (85%) drop of pMMA at 2 weeks post-treatment. Interest-
ingly, this effect was even more pronounced and statistically different
when the AAV vector was co-administered with ImmTOR (Fig-
ure 1B). The benefit of ImmTOR co-administration was more
apparent at a later (day 30) time point at which pMMA increased
�2-fold in animals treated with Anc80-MMUT alone. The addition
of ImmTOR at the time of Anc80-MMUT dosing resulted in a
dose-dependent inhibition of the rebound in pMMA levels at day
30 (Figure 1B). Collectively, these results suggest that ImmTOR has
a dose-dependent benefit on reducing pMMA levels even after the
initial dose of Anc80-MMUT, but prior to vector re-dosing. A similar
benefit was observed when ImmTOR was co-administered with a
subtherapeutic dose of 2.5 � 1011 vg/kg Anc80-MMUT in 14-day-
old juvenile MCKmice. Two weeks after treatment, the pMMA levels
in mice receiving Anc80-MMUT combined with ImmTOR were
3-fold lower than in mice treated with same low-dose Anc80-
MMUT alone, with the latter essentially being non-therapeutic
(Figure S2).

We next evaluated plasma FGF21, a biomarker of mitochondrial
dysfunction and a key indicator of IMMA progression both in human
patients and mouse models.9 Plasma FGF21 levels dropped precipi-
tously by day 55 in all treatment groups (average pre-treatment levels
of 4,090 pg/mL dropping to 573 pg/mL by day 55; Figure 1C), which
was similar to the magnitude of reduction described by Manoli et al.9

(pre-treatment levels of 4,085pg/mLdropping to643pg/mLbyday 60).

The dynamics of anti-AAV IgG development was followed after the
initial treatment with Anc80-MMUT alone or combined with
ImmTOR (Figure 1D). Anti-capsid IgG was detected as early as day
mber 2021



Figure 1. Weight, biomarker, and anti-vector IgG dynamics in Mmut–/–;TgINS-MCK-Mmut mice after initial treatment with Anc80-MMUT at 2.5 � 1012 vg/kg

combined with ImmTOR

(A) Weight gains (in % increase versus pre-injection weight) after initial treatment either with Anc80-MMUT alone or combined with 100 or 300 mg of ImmTOR. Mice were

24–28 days of age at treatment initiation (day 0, indicated by arrow in B and C). (B) Methylmalonic acid concentration in plasma after initial treatment. Relative levels (versus

pre-treatment levels as 100%) are also shown for each group at every time point (levels in normal mice were <20 mM). Time points with statistically significant (*p < 0.05, **p <

0.01, ***p < 0.001) differences versus group not receiving ImmTOR are indicated. Number of mice per each group is shown in parentheses (six mice/groupwere terminated at

day 30 for tissue analysis). (C) Dynamics of serum FGF21 levels after initial treatment (levels in normal mice were 207 ± 110 mM). (D) Dynamics of serum IgG antibody response

to Anc80-MMUT. Anti-Anc80 IgG is presented as top OD. Averages with SD are shown. Statistical difference between the group treated with Anc80-MUT alone versus those

treated with Anc80 combined with ImmTOR is shown for all time points (****p < 0.0001).
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14 after initial administration of Anc80 alone and reached substantial
quantities by day 30, with all animals in this group having serocon-
verted. Not a single MCK-MMUT mouse co-treated with ImmTOR
seroconverted by day 55, the last time point prior to re-dosing
(Figure 1D).

A subset of animals was sacrificed at 30 days after dosing to analyze
the efficiency of liver cell transduction after a single injection (Fig-
ure 2). Higher levels of transduction were observed in mice treated
with a combination of Anc80-MMUT and ImmTOR, although there
was no difference between the effects of high and low ImmTOR doses
after a single administration. There was also no discernible difference
in transduction efficiency between male and female MCK-MMUT
mice, as often seen in wild-type mice,33 probably since they were
treated before sexual maturity. A separate study evaluating a higher
Molecular The
dose (5E12 vg/kg) of Anc80-MMUT showed superior early MMUT
activity (as evidenced by pMMA decrease from baseline) in mice
treated with a high dose of ImmTOR, which was maintained after
re-dosing, although in this case the impact of ImmTOR was less pro-
nounced (Figure S3).

Overall, there was a clear therapeutic benefit seen after the initial
treatment in all experimental groups with ImmTOR providing an
additional benefit as evidenced by reduced pMMA levels at days 14
and 30 as well as higher transduction levels at day 30.

Therapeutic effects in hypomorphic MCK-MMUT mice after

repeat Anc80-MMUT treatment

A second vector dose of 2.5 � 1012 vg/kg was administered to the
remaining mice in all groups on day 56. Mice treated with
rapy: Methods & Clinical Development Vol. 22 September 2021 281
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Figure 2. AAV-driven transduction of liver cells of Mmut–/–;TgINS-MCK-Mmut

mice after initial treatment with Anc80-MMUT combined with ImmTOR

Efficacy of Anc80-MMUT transduction ofMmut–/–;TgINS-MCK-Mmutmouse livers with

or without ImmTOR (100 or 300 mg) measured as number of viral genome copies per

cell (vg/cell) on day 30 after a single vector injection (*p < 0.05).
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Anc80-MMUT + ImmTOR showed more substantial weight gain
over time following the second dose compared to mice treated with
Anc80-MMUT alone (Figure 3). The effect of repeat dosing of
Anc80-MMUT + ImmTOR was even more pronounced when
biochemical markers were analyzed (Figure 4). As expected, repeat
administration of Anc80-MMUT alone had no additional benefit
on pMMA levels. In contrast, both groups treated with Anc80-
MMUT combined with ImmTOR showed further, but differential,
reduction of pMMA. This effect was dose-dependent: pMMA con-
centration in the group treated with low-dose ImmTOR decreased
by a further 20%–40% and persisted at this level for 2 months, while
pMMA concentration in the group co-treated with high-dose Im-
mTOR decreased by a further 30%–50% and persisted at this level
for the duration of the study (�300 days). Pre-boost pMMA levels
at day 55 in groups treated with Anc80 alone or combined with
low-dose ImmTOR were not statistically different from post-boost
levels due to high variability in baseline pMMA levels (Figure 4A);
however, there was a clear trend toward lower pMMA levels after
re-dosing in the low-dose ImmTOR-treated group (234 ± 96 mM at
day 55 versus 171 ± 58 mM at day 70) compared to the vector alone
group (345 ± 271 mM at day 55 versus 378 ± 257 mM at day 70). In
contrast, the levels of pMMA in the high-dose ImmTOR group
were significantly lower at day 70 after re-dosing (147 ± 34 mM)
compared to day 55 (264 ± 100 mM). The relative levels of pMMA
in the high-dose ImmTOR group were significantly different from
those in the group treated with Anc80-MMUT alone at every time
point measured after re-dosing (Figure 4B). Cumulatively, the effect
282 Molecular Therapy: Methods & Clinical Development Vol. 22 Septe
of two doses of Anc80-MMUT + high-dose ImmTOR resulted in a
91% reduction of pMMA from baseline compared to a 79% reduction
for the group treated with Anc80-MMUT alone, with the overall ther-
apeutic benefit of the second dose on pMMA being inversely corre-
lated with anti-Anc80 IgG antibody levels present in animals prior
to re-dosing (Figure 1D).

FGF21 levels increased more than 2-fold after the repeat administra-
tion of Anc80-MMUT alone, and this increase persisted for the
duration of the study (Figure 4C). In contrast, both groups of
MMUT-MCK mice treated with a combination of Anc80-MMUT
and ImmTOR showed low FGF21 levels that were maintained or
further decreased after the second dose. Cumulatively, the effect of
two doses of Anc80-MMUT + high-dose ImmTOR resulted in an
85%–93% reduction of FGF21 from baseline compared to a 70%
reduction for the group treated with Anc80-MMUT alone.

Anc80-MMUT liver cell transduction efficiency was analyzed at the
termination of the study, approximately 250 days after the second treat-
ment (Figure 4D). Again, higher levels of vg/cell were detected in mice
treated with a combination of Anc80-MMUT and ImmTOR. Specif-
ically, there was a trend in favor of the higher dose of ImmTOR after
a long-term follow-up of re-treated animals (Figure 4D). Transcription
of MMUT mRNA in the liver after re-dosing was assessed separately
and was also higher in mice treated twice with Anc80-MMUT +
ImmTOR compared to animals treated with vector alone (Figure S4).

The inverse correlation of pMMA and FGF21 levels versus AAV
transduction and transcription efficacy was further confirmed in a
separate long-term study, in which two groups of mice were again
repeatedly treated with 2.5E12 vg/kg Anc80-MMUT alone or with a
high dose of ImmTOR (Figures 5A–5D). In this study, both groups
were also administered dexamethasone at the time of vector admin-
istration since it was reported to inhibit AAV antibody formation
and improve AAV pharmacokinetics.34,35 Overall, dexamethasone
did not appear to have a substantial effect on AAV therapeutic benefit
with day 14–87 pMMA levels with or without ImmTOR and was
similar to effects seen in the previous study (compare Figures 1B
and 4A versus Figure 5A; a summary of day 14 data is shown in Table
S1). As before, both treatment groups exhibited initial strong thera-
peutic benefit as evidenced by decreases in pMMA and FGF21 levels,
while the benefit on pMMA levels was more pronounced in mice
treated with Anc80-MMUT + ImmTOR (Figure 5A). Plasma
FGF21 levels were also generally lower in animals treated with
Anc80-MMUT + ImmTOR compared to those treated with vector
alone, particularly after re-dosing on day 55 (Figure 5B). The spike
in FGF21 on day 87 was due to an animal death in the vector alone
group (the only MCK-MMUT-treated mouse lost after treatment in
all studies reported herein).

Levels of viral DNA and MMUT mRNA assayed at 1 year after the
study initiation were markedly higher and statistically different in
mice treated with two doses of Anc80-MMUT + ImmTOR compared
to mice treated with vector alone (Figures 5C and 5D). There was an
mber 2021



Figure 3. Weight gains in Mmut–/–;TgINS-MCK-Mmut

mice after repeat treatment with Anc80-MMUT at

2.5 � 1012 vg/kg combined with ImmTOR

Gains (in % increase versus pre-re-dosing weight) in mice

co-treated either with 100 or 300 mg of ImmTOR are

shown versus those in mice treated only with Anc80-

MMUT. The number of mice in each group is shown in

parentheses (two mice treated with Anc80-MMUT alone

were taken from the study into breeding 30 days after re-

dosing). Time points with statistically significant (*p <

0.05, **p < 0.01, ***p < 0.001) weight differences versus

group not receiving ImmTOR are indicated (gray and

black symbols stand for 100 and 300 mg of ImmTOR,

respectively). Dashed line indicates the interval during

which collective weights in mice co-treated with ImmTOR

(100 and 300 mg) show statistical difference (p < 0.01–

0.05) versus those in mice treated only with Anc80-

MMUT. Averages with SD are shown.
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inverse correlation between viral DNA copy number and long-term
pMMA levels, which was especially pronounced when data for both
long-term studies were combined (Figure 5E). A similar correlation
was seen in the subset of animals sacrificed at day 30 after a single
dose (Figure S5A). Notably, this inverse correlation of long-term
pMMA and viral DNA copy number was statistically significant
even when data for both long-term studies were analyzed separately
(Figures S5B and S5C).
Long-term histopathology after repeat treatments of MCK-

MMUTmicewith Anc80-MMUTalone or combinedwith ImmTOR

Findings in livers fromMCK-MMUTmice were consistent with those
reported previously by some of us (I.M., R.J.C., and C.P.V.) and
included inflammatory cell infiltration, as well as vacuolization and
intracytoplasmic inclusions within hepatocytes.9,36 Cytoplasmic in-
clusions were round and single or multiple and composed of homo-
geneous, hyalinized pale to bright pink material within hepatocyte
cytoplasm, which is most consistent with megamitochondria.9,36

Additional findings included perivascular mononuclear cell infiltra-
tion and mixed cell inflammation; these findings were seen in both
homozygous (data not shown) and heterozygous control mice, which
do not exhibit gross pathology (Figure 6A; Figure S6A).

All treatment groups showed a substantial reduction in histopatholog-
ical features of MMA. However, there were clear differences between
treatment arms. Specifically, hepatocyte vacuolization and cyto-
plasmic inclusions were the most severe in MCK-MMUT mice
receiving repeated administrations of Anc80-MMUT alone or with
dexamethasone compared to groups dosed with ImmTOR (compare
Figures 6B and 6E versus Figures 6C, 6D, and 6F, and Figures S6B
and S6E versus Figures S6C, S6D, and S6F). Mononuclear cell infiltra-
tion as well as random infiltration ofmixed inflammatory cells and he-
patocytes with intracytoplasmic inclusions were consistently observed
in these groups, although at lower levels than those observed in un-
treated MCK-MMUT mice, indicating therapeutic activity of
Anc80-MMUT (Figure 6G). Collectively, mean pathology scores in
liver were lowered in animals treated with Anc80-MMUT+ ImmTOR
Molecular The
versus vector alone, especially with respect to cytoplasmic inclusions
and perivascular inflammatory cell infiltrate (Figure 6G and also
Figure S6D versus heterozygous mouse shown in Figure S6A). A
single mock-treated mouse surviving to 1 year exhibited more
severe findings in both the liver and kidney, which included
hepatocyte and renal tubular epithelial inclusions and degenerative
lesions. This animal had also severe hepatocellular vacuolization and
intracytoplasmic inclusions (scores of 2 and 4, correspondingly; Fig-
ure 6G), although without infiltrates, and it was the only one in the
study with single-cell necrosis/apoptosis. No gross pathological differ-
ences were seen in kidneys or spleens of all treated animals, while
robust tubular dilation, vacuoles, cytoplasmic inclusions, and tubular
degeneration/necrosis were seen in the kidney from a single non-
treated mouse.

Anti-Anc80 IgG dynamics

The dynamics of anti-AAV IgG development was followed up for the
duration of both long-term studies using the same Anc80-MMUT
dose of 2.5� 1012 vg/kg (Figures 1, 2, 3, 4, and 5). There was a marked
additional elevation of AAV IgG titers after the second vector admin-
istration without ImmTOR, while the IgG response in groups treated
with ImmTOR stayed manifestly depressed and still was not detect-
able up to 2 months after repeat dosing (Figure 7). Importantly, anti-
body titers remained low even more than 250 days after the second
administration. In both ImmTOR-treated groups IgG levels were sta-
tistically different from those in the group receiving Anc80-MMUT
alone at all time points tested. Similar results were obtained
combining ImmTOR with a higher vector dose of 5.0 � 1012 vg/kg
(Figure S7). Contrary to the earlier reports,34 dexamethasone alone
was ineffective in inhibiting anti-AAV antibody formation (Fig-
ure S8). The combination of ImmTOR + dexamethasone inhibited
antibody formation through day 87; however, by day 126 mice devel-
oped anti-Anc80 IgG antibodies.

DISCUSSION
Gene therapy is rapidly becoming a clinically relevant option for the
treatment of inborn errors of metabolism, especially those with
rapy: Methods & Clinical Development Vol. 22 September 2021 283
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Figure 4. Therapeutic benefit of repeat dosing with Anc80-MMUT combined with ImmTOR in Mmut–/–;TgINS-MCK-Mmut mice

(A and B) Dynamics of absolute (A) (in mM) and relative (B) (versus those prior to initial day 0 treatment as 100%) plasma levels of methylmalonic acid before and after

therapeutic Anc80-MMUT re-dosing on day 56 (indicated by arrow) with statistical significance indicated (*p < 0.05, **p < 0.01). The number of mice per each group at

each time point is shown in parentheses. (C) Dynamics of plasma FGF21 levels after repeat Anc80-MMUT injection (day 56, indicated by an arrow). Relative levels (versus

(legend continued on next page)
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hepatic involvement. Most, if not all, of these disorders, such as
IMMA, require immediate management and early intervention to
prevent subsequent tissue and organ damage. This exact approach
has been recently proven to dramatically change the outcomes of
otherwise uniformly fatal neurodegenerative conditions, such as spi-
nal muscular atrophy (SMA) type 1.37 Moreover, it is likely that any
patient treated as an infant will require additional therapeutic inter-
ventions during their lifetime due to the natural growth of target tis-
sue or organ. Notably, AAV-based vectors, which have been recently
approved by the US Food and Drug Administration (FDA) for the
treatment of several genetic disorders38,39 are very immunogenic
and require high systemic doses for effects, which further emphasizes
the need to consider immune modulation as a critical component of
systemic AAV gene therapy. Specifically, it is certain that repeat sys-
temic gene therapy in pediatric patients using AAV vectors will not be
effective (andmay potentially even be detrimental) due to de novo for-
mation of vector-induced Nabs against capsid proteins, possibly
accompanied by induction of other adaptive immune responses to
vector and transgene.31,40 Therefore, the ability to mitigate the im-
mune response to AAV vectors in a targeted fashion is a highly desir-
able tool for a future gene therapeutic armamentarium and may
potentially cover a broad range of applications.

ImmTOR particles encapsulating rapamycin were designed to miti-
gate the formation of anti-drug antibodies against co-administered
biologic drugs through the induction of tolerogenic dendritic cells
and antigen-specific regulatory T cells (Tregs).41,42 This approach
has been validated with multiple biologic therapies in many models
and preclinical settings,41–45 and it is currently being investigated in
a phase 3 clinical trial in combination with a recombinant uricase
enzyme for the treatment of chronic refractory gout. The application
of ImmTOR to gene therapy is designed to address one of the key lim-
itations of systemic AAV gene therapy, namely, the inability to re-
treat patients due to the formation of Nabs.28,40,46 The inability to
re-treat is of particular concern for liver-directed gene therapy of
metabolic diseases, as the liver is a regenerative organ and hepatocyte
proliferation related to growth in pediatric patients or in response to
injury or infection could result in the loss of transgene expression. At
the same time, severely afflicted patients need to be treated early in life
to avoid irreversible pathologic consequences.31

In the current study, we demonstrate the benefit of combining
ImmTORwith AAV gene therapy in a mouse model of IMMA.While
a therapeutic dose of Anc80-MMUT showed long-term efficacy in the
MCK-MMUT model, similar to that previously reported, the inclu-
sion of ImmTOR provided additional therapeutic benefit both at
the first dose and with repeat dosing. Recent studies have indicated
pre-treatment day 0 levels as 100%) are also shown for each group at every time point

graphs. Data for mice treated with Anc80-MMUT alone are shown in normal font, those

treated with Anc80-MMUT combined with 300 mg of ImmTOR are in bold and italicized.

after repeat dosing with Anc80-MMUT combined with ImmTOR (100 or 300 mg) measu

after initial treatment) with Anc80-MMUT either alone or combined with 100 or 300 mg of

groups also indicated. Averages with SD are shown in all graphs.
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that the benefit of ImmTOR on first dose transgene expression is
mediated through a mechanism that is independent of the enabling
benefit of ImmTOR on re-dosing.29 The first dose benefit of
ImmTOR appears to be mediated by enhanced AAV liver trafficking
and is dependent on admixing ImmTOR + AAV prior to dosing. In
addition, induction of autophagy by rapamycin in hepatocytes has
also been shown to enhance viral transduction.30 In the MMUT-
MCK model of IMMA, the addition of ImmTOR to Anc80-MMUT
vector results in a dose-dependent maintenance of low serum
MMA levels at day 30 (Figure 1B) and increased vector genome copies
per cell in the liver (Figure 2A). Importantly, the addition of
ImmTOR to Anc80-MMUT also inhibits the formation of anti-
Anc80 IgG antibodies (Figure 1D; Figure S8), which enabled produc-
tive re-dosing of the gene therapy vector, indicating the suppression
of Nabs. A limitation of this study is that anti-IgM antibodies and
in vitro neutralizing activity were not assessed due to the limited
blood volume obtainable from juvenileMMUT-MCKmice. However,
previous reports indicate a high degree of correlation between anti-
AAV IgG levels and Nab titers.47,48 Moreover, Nab titers are a
surrogate for in vivo neutralizing activity, and in our studies, we
demonstrated in vivo neutralizing activity by assessing the ability of
ImmTOR to enable vector re-dosing, as determined by increased vec-
tor genome copy numbers in the liver, increased hepatic mRNA
expression, increased weight gain, and reduced plasma methylma-
lonic acid and FGF21 levels following vector re-administration.
Mice treated with ImmTOR + dexamethasone developed anti-AAV
IgG antibodies by day 126. Further exploration of immunomodulat-
ing regimens that either adversely affect or prolong the benefit of Im-
mTOR is warranted. Re-dosing of Anc80-MMUT + ImmTOR results
in sustained reduction of plasmaMMA and FGF21, increased hepatic
MMUT mRNA expression, further increases in hepatic vector
genome copies, and alleviation of hepatic pathology (Figures 3, 4, 5,
and 6). The benefit of ImmTOR at re-administration is dose-depen-
dent, with 300 mg being superior to 100 mg despite similar levels of in-
hibition of anti-Anc80 IgG antibodies. The reason for the enhanced
benefit at the higher ImmTOR dose is not clear, but it may be related
to increased induction of hepatic autophagy by rapamycin which, in
turn, has been shown to increase AAV transduction.29,30

The challenge for re-dosing AAV vectors in humans is that the levels
of Nabs that develop in response to initial gene therapy administra-
tion are typically much higher than those that occur after natural
exposure to wild-type AAV virus. Moreover, long-term follow-up
of patients treated with AAV2 gene therapy for hemophilia B showed
a persistent high titer of Nabs sustained for up to 15 years.49 Since
even low antibody titers can inhibit AAV transduction,40 enabling
vector re-dosing requires nearly complete inhibition of antibody
with statistical significance indicated (*p < 0.05). Averages with SD are shown in all

treated with Anc80-MMUT combined with 100 mg of ImmTOR are in bold, and those

(D) Long-term AAV-driven transduction of liver cells ofMmut–/–;TgINS-MCK-Mmut mice

red as vg/cell at approximately 250 days after therapeutic re-dosing (300–310 days

ImmTOR. Statistical significance (*p < 0.05) is shown with p values between selected
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Figure 5. Therapeutic effect of repeat Anc80-MMUT dosing correlates with long-term liver cell transduction and MMUT mRNA expression

Two groups of mice were treated twice (days 0 and 56, indicated by arrows) with Anc80-MMUT alone or combined with 300 mg of ImmTOR and followed up for 300 days. A

single fatality (shown in A and B) occurred in the group treated with Anc80-MMUT alone on day 88 after initial inoculation. Both groups received 10 mg/mL dexamethasone

concurrently with Anc80 inoculation. (A) Dynamics of pMMA levels. Relative pMMA levels (versus pre-treatment levels as 100%) are also shown for each group at every time

point. Time points with statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001) differences between the groups indicated. Number of mice per group at each time point is

shown in parentheses. (B) Dynamics of plasma FGF21 levels. Time points with statistically significant (*p < 0.05, **p < 0.01) differences between the groups are indicated. (C)

Efficacy of Anc80-MMUT transduction of Mmut–/–;TgINS-MCK-Mmut mouse livers (in vg/cell) at approximately 300 days after therapeutic re-dosing with Anc80-MMUT either

alone or combined with 300 mg of ImmTOR (340–360 days after initial treatment). Statistical significance (*p < 0.05) is shown. (D) Efficacy of MMUT mRNA transcription in

Mmut–/–;TgINS-MCK-Mmutmouse livers (as measured by fold increase over the baseline, GAPDH normalized) at the same time point as in (C). Statistical significance (**p < 0.01)

is shown. Averages with SD are shown in all graphs. (E) Inverse correlation of AAV long-term transduction efficacy and pMMA levels. Summary of two individual studies

conducted using similar protocols and identical Anc80 doses and injection schedule (with or without dexamethasone). Data presented in Figures 4A, 4C, 5A, and 5C are used

for analysis with no samples omitted. The p value of correlation is shown.
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formation. Various strategies have been described to enable re-dosing
or dosing of intravenously administered AAV in the presence of pre-
existing antibodies, such as combination immunosuppressive drug
therapy,31,50–52 decoy empty capsids53, plasmapheresis,54–58 and
most recently an IgG-specific protease.59 Some immunosuppressive
regimens are inadequate to enable re-dosing, and some specific
immunosuppressive drugs may be counterproductive by suppressing
286 Molecular Therapy: Methods & Clinical Development Vol. 22 Septe
Tregs as well as effector T cells.60 Others appear effective in preclinical
studies but require chronic immunosuppression with multiple agents.
The use of empty decoy capsids is limited by the cost of production
and has the potential to exacerbate cellular immune responses associ-
ated with liver inflammation and loss of transgene expression. Plas-
mapheresis55–58 and IgG protease59 appear to be effective for tran-
siently depleting total IgG antibodies in circulation in preclinical
mber 2021



Figure 6. Long-term alleviation of hepatic pathology by Anc80-MMUT and ImmTOR

Representative photomicrographs of liver sections from heterozygous MMUT+/� (A) and Anc80-MMUT-treated Mmut–/–;TgINS-MCK-Mmut mice (B–F) are shown (original

magnification, �400). Anc80-MMUT (days 0 and 56) was used alone (B) or combined with 100 mg (C) or 300 mg (D) of ImmTOR, combined with dexamethasone (E) or

dexamethasone and 300 mg of ImmTOR (F). Hematoxylin and eosin staining of liver sections from 1-year-old mice are shown. Scale bars, 20 mm. In heterozygous control (A),

hepatocytes (H) lack vacuoles and intracytoplasmic inclusions; pale-staining cytoplasm shows the presence of glycogen, which is within normal limits. Sinusoids containing

erythrocytes (blue arrows) between hepatocyte cords and a small central vein (C) are indicated. In mice treated with Anc80-MMUT without ImmTOR (B and E), numerous

hepatocytes have hyalinized with moderately intense eosinophilic pink inclusions (black arrowheads) within their cytoplasm or small round non-staining vacuoles (blue

arrowhead). A sinusoid containing erythrocytes (blue arrow) is indicated in (E). Mice co-treated with Anc80-MMUT combinedwith low dose ImmTOR (C) possess hepatocytes

that contain only rare eosinophilic inclusions and more numerous non-stained vacuoles, while in those co-treated with high-dose ImmTOR (D and F) histologic findings are

minimal to absent. (G) Mean histopathology scores with statistical significance shown (*p < 0.05, ***p < 0.001); group size is 10–13 mice (except for mock-treated control, 1

mouse); mice receiving the same amounts of ImmTOR (0, 100, or 300 mg) in both studies are unified in a single group.

www.moleculartherapy.org
studies. However, a small clinical study showed that even five rounds
of plasmapheresis was only effective in reducing Nabs to background
levels with low-moderate titers of pre-existing Nabs.54 Similarly, the
IgG protease was effective with low levels of pre-existing antibodies
(titers 3–17), but appeared less effective in a setting of re-dosing,
where pre-existing Nab titers >1,000 were only reduced to titers
Molecular The
>100.59 Moreover, neither plasmapheresis nor IgG protease affects
the underlying T cell response to the capsid. Similarly, daily adminis-
tration of free rapamycin for more than 3 weeks was only partially
efficient in prevention of immune response to AAV vector in a rat
model of Crigler-Najjar syndrome and was completely ineffective in
animals with prior AAV exposure.31
rapy: Methods & Clinical Development Vol. 22 September 2021 287

http://www.moleculartherapy.org


Figure 7. ImmTOR suppresses the induction of IgG against Anc80 vector

after initial and repeat co-administrations

Groups of mice (six to nine per group at all of the following time points) were injected

twice with an 8-week interval with 2.5 � 1012 vg/kg of Anc80-MMUT alone or

combined with ImmTOR (at 100 or 300 mg of rapamycin; see Figures 1, 2, 3, and 4)

and Anc80 IgG in serum measured at times indicated and presented as EC50.

Averages with SD are shown. Statistical difference between the group treated with

Anc80-MUT alone versus those treated with Anc80 combined with ImmTOR is

shown for all time points (*p < 0.05, **p < 0.01, ***p < 0.001).
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In contrast, ImmTOR has been shown to inhibit both the T and B cell
response to AAV capsid.28,29 The repeated co-administration of
Anc80 and ImmTOR was well tolerated and continued to completely
inhibit IgG antibodies to AAV vector for more than 2months after re-
dosing with minimal antibody elevation seen by the study completion
nearly a year after initial intervention (Figure 7; Figure S7). Moreover,
we have shown that ImmTOR particles enable productive transduc-
tion in the presence of low levels of AAV Nabs in vivo, most likely
by shielding the virions and enhanced liver targeting.29 ImmTOR
has been dosed in more than 250 patients and been shown to be effec-
tive in inhibiting anti-drug antibodies against an immunogenic re-
combinant uricase enzyme of fungal origin. However, the ability of
ImmTOR to inhibit anti-AAV Nab formation in humans remains
to be evaluated.

The systemic AAV gene therapy for IMMA is a compelling applica-
tion of ImmTOR, as severely affected IMMA patients must be treated
early in childhood to stabilize the metabolic defect and minimize dis-
ease progression. Thus, IMMA patients are likely to require dosing
later in life. The addition of ImmTOR to AAV gene therapy for
IMMA also provides a first dose benefit, which is manifested by sus-
tained and more complete reduction of plasma MMA and FGF21.
Recent studies indicate that admixing ImmTOR with AAV prior to
their administration increases hepatocyte transduction.29 Moreover,
induction of autophagy in the liver by rapamycin may be beneficial
in transiently attenuating metabolic instability (P.O.I., unpublished
data), possibly by improving defective mitophagy observed in
IMMA patients and IMMA mouse models.61
288 Molecular Therapy: Methods & Clinical Development Vol. 22 Septe
This multi-pronged mechanism of ImmTOR action makes it an
attractive candidate to enhance systemic gene therapeutic applica-
tions, particularly in those clinical indications where repeat vector
dosing may be necessary. Liver-directed gene therapy for metabolic
diseases in pediatric patients, from infancy to early adolescence, pre-
sents a strong case for ImmTOR co-administration, since on one
hand early intervention is highly desirable to prevent disease progres-
sion, but on the other hand the target organ is destined to substan-
tially grow over time, resulting in vector dilution.

The benefit of adding ImmTOR to AAV gene therapy is both imme-
diate and long-term, dose-dependent, and not capsid-specific.29 It is
characterized by increased vector copy number in liver cells and
elevated synthesis of transgene-encoded mRNA. The rapid and
enhanced transgene expressionmay enable therapeutic benefit at lower
doses of AAV and faster onset of the therapeutic effects. Importantly,
mitigating the formation of anti-AAV IgG antibodies by ImmTOR
provides an ability to re-dose vector over time at a different dose levels
in order to maintain or restore the therapeutic efficacy of gene therapy.

MATERIALS AND METHODS
Study design

The objective was to investigate the effects of ImmTOR (nano-encap-
sulated rapamycin) on AAV vector transduction in vivo after initial
and repeat dosing. Research subjects were animals and their tissues.
Sample size in animal experiments was determined before the study
as per Institutional Animal Care and Use Committee (IACUC) guide-
lines. No outliers were excluded except for a single individual mouse,
which was of the smallest size at the time of administration and was
documented not to receive a full dose of Anc80-MMUT. All experi-
ments were controlled animal studies or controlled laboratory exper-
iments. Due to the limited availability of Mmut–/–;TgINS-MCK-Mmut

mice, subjects in each individual study were taken into an experiment
at different dates and each experimental group (to which animals
were randomly distributed) contained both males and females.
Both short-term and long-term studies with therapeutic viral vector
administration were repeated twice with minimal variations.

Mice

The colony of Mmut–/–;TgINS-MCK-Mmut mice was established with
breeders received from the National Institutes of Health, National Hu-
man Genome Research Institute (NHGRI, Bethesda, MD, USA).9

These mice are designed to express MMUT in a muscle-specific
fashion to rescue the lethal phenotype displayed byMmut–/– knockout
mice, but at the same time to allow disease manifestations in the tissues
that lack the enzyme. These mice have been originally generated using
the MCK promoter to drive the expression of aMMUT cassette. Mice
were bred in-house using homozygous Mmut–/–;TgINS-MCK-Mmut

males and heterozygous Mmut+/–;TgINS-MCK-Mmut females since ho-
mozygous knockout females are generally non-productive. Breeding
was followed by offspring genotyping (days 21–25) to identify
Mmut–/–TgINS-MCK-Mmut animals, which are viable but display massive
elevations of serum metabolites and severe growth retardation leading
to �60%–70% short-term survival unless treated. Immunologically
mber 2021
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naive male or female Mmut–/–;TgINS-MCK-Mmut mice aged 24–28 days
(or weight ranging from 6 to 14 g for females and from 7 to 15 g for
males) were taken into studies with the exception of a single study
of an early treatment scheme with a subtherapeutic dose Anc80-
MMUT, in which 14-day-old mice (weight ranging from 7 to 12 g
for females andmales) were used. Mice were weighed 24 h prior to vec-
tor administration, and the Anc80-MMUT dose was calculated indi-
vidually based on these measurements. All of the experiments were
conducted in strict compliance with the NIH Guide for the Care and
Use of Laboratory Animals and other federal, state, and local regula-
tions and were approved by Selecta’s IACUC.

Mouse genotyping

At the time of weaning (21 days), mice were ear punched creating a 3-
mm disk of tissue. The tissue was then placed in a 96-well plate and
sent overnight to Transnetyx (Cordova, TN, USA) for genotyping.
Transnetyx analyzed three probes to determine the genotype of the
mice, the results of which were available within 72 h. PCR amplifica-
tions were performed across the loxP site of the targeted allele, as well
as across the Mmut cDNA to detect the INS-MCK-Mmut transgene.
Primers used were as follows: 50-loxP site, 50-CCATTCTGGGA
AGGCTTCTA-30; 30-loxP site, 50-TGCACAGAGTGCTAGTT
TCCA-30. Detection of the INS-MCK-Mmut transgene was
completed by amplification across the Mmut cDNA with the
following primers: forward, 50-CATGTTGAGAGCTAAGAATC-30;
reverse, 50-TAGAAGTTCATTCCAATCCC-30.

Viral vectors

Anc80-hAAT-MMUTwasmanufactured by SAB Tech (Philadelphia,
PA, USA) using proprietary helper plasmid, Anc80AAP plasmid, and
the plasmid containing the wild-type humanMMUT gene (used in all
experiments unless otherwise noted) or its modified version syn-
MMUT62 under the control of liver-specific hAAT (human alpha-1
antitrypsin) promoter. The plasmids were transfected into adherent
HEK293 cells and harvested at 72 h post-transfection by cell lysis.
The clarified supernatant from the harvest was purified by CsCl2
gradient, and the fraction containing full Anc80 vector particles
was collected. The viral vector band was assayed by SDS-PAGE gel
and silver stain to determine a viral titer. Standard vector dose used
in all studies unless otherwise described was 2.5 � 1012 vg/kg.

ImmTOR particles

ImmTOR polylactic acid (PLA)-based polymer nanoparticles encap-
sulating rapamycin were manufactured as described earlier41,42 and
administered in doses of 100 or 300 mg of rapamycin per mouse.
Rapamycin (sirolimus) was manufactured by Concord Biotech
(Ahmedabad, India).

Animal injections and tissue collection

Mice were injected (intravenously [i.v.], via retro-orbital plexus)
either with Anc80-MMUT alone or combined as an admixture with
ImmTOR at 100 or 300 mg of rapamycin per mouse. In the latter
case, ImmTOR at the desired concentration was equilibrated to
room temperature, and then viral vector was added to it and the
Molecular The
resulting combination of vector/ImmTOR was mixed thoroughly
(inverted at least three times and then three times more immediately
before injection) and administered within 10–30 min. Mice were bled
via retro-orbital route into EDTA-coated plasma tubes, samples were
spun at 5,000 rpm for 10 min, and then 5 mL of plasma was added into
195 mL of H2O (1:40) for pMMA analysis and the rest of each sample
was placed into a separate tube for in-house FGF21 or IgG analysis
and stored at �20�C. At study termination, livers and kidneys of
experimental animals were collected and processed for histological
analysis with liver tissues being also processed separately to assay
vector transduction level and MMUT mRNA as described below.
For histological tissue collection, liver sections and kidneys were
placed into cassettes in 10% neutral buffered formalin (NBF) and
shipped to HistoTox Labs (Boulder, CO, USA) for data analysis.
For qPCR biodistribution and qRT-PCR tissue collection, tissue sec-
tions were placed into 1 mL of RNALater and stored at �20�C prior
to in-house analysis.

Histological analysis

Liver, spleen, and kidney samples from 36 Mmut–/–;TgINS-MCK-Mmut

mice treated with Anc80-MMUT alone or combined with ImmTOR
and 2 heterozygous Mmut+/– mice, all around 1 year old, were fixed
and paraffin embedded separately to create 91 total blocks. One slide
per block was sectioned and stained with hematoxylin and eosin.
Glass slides were evaluated by a board-certified veterinary pathologist
in a non-blinded fashion, using light microscopy. Histologic lesions in
each tissue segment were graded for severity (0–5) as follows: 0,
absent; 1, minimal; 2, mild; 3, moderate; 4, marked; 5, severe.

Methylmalonic acid and FGF21 concentrations in plasma

Plasma samples (1:40 dilution) were frozen and sand analyzed for
pMMA levels by mass spectrometry at Sannova Analytical (Somerset,
NJ, USA). FGF21 concentration was determined by ELISA using the
mouse/rat FGF21 commercial kit from R&D Systems (Minneapolis,
MN, USA). Plasma samples were used at a 1:6 dilution.

IgG Anc80 ELISA

96-well plates were coated overnight with Anc80, washed and blocked
on the following day, followed by sample incubation (1:40 diluted
serum added to the plate). Plates were then washed, and the presence
of IgG was detected using rabbit anti-mouse IgG-specific horseradish
peroxidase (HRP) (Jackson ImmunoResearch, West Grove, PA,
USA). The presence of rabbit anti-mouse IgG-specific HRP was visu-
alized using tetramethylbenzidine (TMB) substrate and measuring an
absorbance at 450 nmwith a reference wavelength of 570 nm. The op-
tical density (OD) observed is reported and is proportional to the
quantity of anti-Anc80 IgG antibody in the sample. The half-maximal
effective concentrations (EC50s) were determined as follows. The pos-
itive control antibody (Fitzgerald anti-AAV8-IgG) and samples were
diluted 1:40 followed by a 1:3 serial dilution and the assay was per-
formed as described above. The EC50 was calculated using the four-
parameter logistic curve fit function in the SoftMax Pro software pro-
gram. The positive control antibody (Fitzgerald anti-AAV8-IgG) was
used as the standard curve to determine the EC50 for each sample.
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qPCR liver biodistribution

Livers were harvested and tissue was stored in RNAlater at �20�C ±

5�C until the time of either vector genome biodistribution or mRNA
expression analysis. qPCR biodistribution analysis was performed on
the liver tissues by homogenization via BeadBug treatment, followed
by DNA extraction using a QIAamp DNA mini kit according to the
manufacturer’s instructions. The extracted DNAwas quantified using
a Qubit fluorometer. 100 ng of extracted DNA per sample was used in
each qPCR reaction. The primers and probe set used for qPCR were
specific to the wild-type human MMUT transgene (forward primer
sequence 50-TACCTCTTATCTTCCTCCCACAGCTCC-30, reverse
primer sequence 50-CCTGCCTCAGGTAATGAGGTGAAAGT-30

and probe sequence 50-ATTCTTAGCTCTTAACATGGTGGCG
GC-30). The standard curves used to interpolate the data were estab-
lished using plasmid containing wild-type human MMUT.

qRT-PCR mRNA quantitation

For mRNA expression, qRT-PCR was used to compare the mRNA
levels of wild-type MMUT or synMUT in livers from mice in groups
treated with Anc80 carrying the hAAT promoter. RNA was extracted
from liver tissues using QIAGEN’s RNeasy kit, following the manu-
facturer’s instructions. cDNA obtained from the extracted RNA was
then used in a qPCR reaction to quantify the relative amount of
wild-type MMUT or synMUT mRNA in a liver sample. For MMUT
the following primers were used: forward, 50-CAGTTGGAAA
AAGAAGACGCTGTA-30; reverse, 50- ATCTGCCTGTTTCGC
ACTGA-30; and probe, 50-TCTGGCAATTGATAATAC-30. For
synMMUT the primers were as follows: forward, 50-TCAGTCCCTC
CACACTAACT-30; reverse, 50- CCGCTTTCCTCCTGGATAAT-30;
and probe, 50-CGCCCGGATAGCCAGAAATACTCAAA-30. To
normalize for differences in RNA extraction efficiencies between
samples, the results were normalized to the amount of GAPDH
mRNA in a liver sample.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 8.0.2. To
compare the mouse experimental groups pairwise, either a multiple
t test (for several time points) or Mann-Whitney two-tailed test (for
a single time point) was used. A one-way ordinary ANOVA was
used to compare data from in vitro assays. Significance is shown in
each figure legend (*p < 0.05, **p < 0.01, ***p < 0.001; not significant,
p > 0.05). All data for individual experimental groups are presented as
mean ± SD (error bars).
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