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THYROID ECONOMY

Adeno Associated Virus 9—Based Gene Therapy
Delivers a Functional Monocarboxylate
Transporter 8, Improving Thyroid Hormone Availability
to the Brain of Mct8-Deficient Mice
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Background: MCTS8 gene mutations produce thyroid hormone (TH) deficiency in the brain, causing severe
neuropsychomotor abnormalities not correctable by treatment with TH. This proof-of-concept study examined
whether transfer of human MCT8 (hMCT8) cDNA using adeno-associated virus 9 (AAV9) could correct the
brain defects of Mct8 knockout mice (Mct8KO).

Methods: AAV9 vectors delivering long and/or short hMCTS protein isoforms or an empty vector were injected
intravenously (IV) and/or intracerebroventricularly (ICV) into postnatal day 1 Mct8KO and wild type (Wf) mice.
Triiodothyronine (T3) was given daily for four days before postnatal day 28, at which time brains were collected
after perfusion to assess increase in T3 content and effect on the T3-responsive transcription factor, Hairless.
Results: Increased pup mortality was observed after IV injection of the AAV9-long hMCTS isoform, but not after
injection of AAV9-short hMCTS8 isoform. Compared to IV, ICV delivery produced more hMCT8 mRNA and
protein relative to the viral dose, which was present in various brain regions and localized to the cell membranes.
Despite production of abundant AMCT8 mRNA and protein with ICV delivery, only IV delivered AAV9-hMCTS
targeted the choroid plexus and significantly increased brain T3 content and expression of Hairless.
Conclusions: These results indicate that MCT@8 delivery to brain barriers by I'V but not ICV injection is crucial for
its proper function. MCT8 has no constitutive activity but acts through an increase in T3 entering the brain tissue.
Increasing MCTS expression in brain cell membranes, including neurons, is insufficient to produce an effect
without an increase in brain T3 content. The correct hMCTS isoform along with an optimized delivery method are
critical for an effective gene therapy to provide functional MCTS in the brain of patients with MCT8 mutations.

Introduction

HE MCTS8 (SLCI6A2) GENE, which encodes a cell

membrane protein that serves as a specific transporter of
thyroid hormone (TH) (1), is located on the X chromosome.
MCTS8 gene mutations in males lead to severe neuropsycho-
motor deficits (e.g., inability to sit or walk independently and
a lack of speech or a severely dysarthric speech), hyperme-
tabolism in peripheral tissues, and an unusual combination of
thyroid function test abnormalities (high serum levels of

triiodothyronine [T3], low levels of reverse T3 [TSH] and
thyroxine [T4], and a normal or slightly elevated thyrotropin)
(2,3). Defective MCTS8 proteins reduce TH transport into the
brain, producing tissue TH deprivation and delayed myeli-
nation (4-6). This form of sex-linked mental retardation has
been named the Allan—-Herndon-Dudley syndrome and was
initially described by these authors in 1944 (7). Later, such
patients were found by Schwartz et al. (8) to have MCTS gene
mutations and TH test abnormalities. Treatment of affected
children with a combination of levothyroxine (LT4),
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propylthiouracil (PTU), or the thyromimetic compound
diiodothyropropionic acid (DITPA) reduces the hyperme-
tabolism and ameliorates nutrition, but does not produce
significant neurodevelopmental improvements (9,10).

Adeno-associated virus (AAV) is a small non-pathogenic
virus that can infect various species (11). Its use in gene
therapy has several advantages, encompassing limited
immune response, the ability to infect various cell types
including post-mitotic cells, and persistence without inte-
gration into host chromosomes. AAV9 has been shown to
transduce the brain with high efficiency following delivery
into the bloodstream or into the cerebrospinal fluid (12).
Therefore, it was hypothesized that AAV9 could be a good
candidate for viral transfer of MCTS into the MCTS8-deficient
brain.

Human MCTS8 (hMCT8) has two isoforms with different
amino acid lengths of 613 or 539, due to translation from
separate ATG start codons. Mouse Mct8 only generates a
545 amino acid isoform, which is shorter at the intracellu-
lar amino terminus (Supplementary Fig. S1; Supplementary
Data are available online at www.liebertpub.com/thy). In
both species, the first of the 12 transmembrane domains starts
at a QPPE motif, located at amino acids 167-170 of the long
form of the hMCTS. Until recently, the relevance of the two
human hMCTS8 isoforms was unknown, but it has now been
shown that the long form is more rapidly degraded (13). Short
hMCT8 and mouse Mct8 have 95.4% similarity, but their
antigenicity is different (14,15).

The current study examined the efficacy of an AAV9
vector to transfer the short (S) and the long (L) hMCT8 cDNA
(AAV9-ShMCTS and AAV9-LhMCTS, respectively) to the
Mct8KO mouse at postnatal day 1 (P1) using either intrave-
nous (IV) or intracerebroventricular (ICV) delivery. Pup
survival was significantly higher following IV injection of the
ShMCTS isoform compared with the LhMCT8 isoform. Even
though ICV delivery resulted in higher dose-dependent levels
of MCT8 mRNA and protein targeted to nerve cell mem-
branes, only IV-delivered AAV9-ShMCTS increased brain T3
content and expression of the TH-induced transcription factor
Hairless (Hr). This indicates that (i) MCT8 lacks constitutive
activity, (ii) its expression in nerve cell membranes does not
enhance the effect of T3, (iii) its delivery to the brain barriers
is critical for mediating T3 action, and (iv) that this occurs
only with IV delivery of the vector expressing MCTS8. The
current report highlights that it is necessary to optimize the
gene isoform and delivery strategies in order to provide
functional hMCTS to the brain successfully for the treatment
of MCTS deficiency.

Materials and Methods
Virus

AAV9 was produced as previously described (16). The
hMCTS8 cDNA expression constructs were cloned into the
polylinkers of dsAAV CB MCS. The virus was produced
in HEK293 cells by transient transfection followed by puri-
fication using gradient density steps, dialyzed against
phosphate-buffered saline (PBS) with 0.001% Pluronic-F68
to prevent virus aggregation, and was stored at 4°C. All
vector preparations were titrated by quantitative polymerase
chain reaction (QPCR) using Taq-Man technology. Two
lengths of hMCTS8 cDNA, encoding proteins of 613 amino
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acids (LhMCTS) and 539 amino acids (ShMCTS), were used
for the experiments.

Experimental animals

All procedures carried out in mice were conducted in ac-
cordance with the accepted standards of humane animal care
as outlined in the Ethical Guidelines and were approved by
the Institutional Animal Care and Use Committee.

Mct8KO mice, in C57BI/6] background, were generated
and housed as described previously (17). Male MctSKO
(Mct8) and Wt (Mct8™) litter mates were produced by
mating heterozygous females (Mct8KO™") with W males. A
total of 110 newborn male mice were used in the experi-
ments. AAV9-hMCTS8 or Empty Vector (EV), as control, were
injected into mice at P1 IV (low 8 x 10'°, middle 2x 10!, and
high 4 x 10" viral particles [vp] per mouse), ICV (low 5 x 10°
and high 3 x 10'° vp dose), or combined IV + ICV (high dose
of both). Death occurring prior to P10 (nine days after virus
injection) was scored. Mice were injected daily intraperito-
neally (IP) with liothyronine (LT3; 5 ug/100 g body weight/
day) for four consecutive days. At P28 and six hours after the
last injection of LT3, blood was obtained for T3 measure-
ment, after which animals were perfused under anesthesia
with heparinized PBS through a needle placed in the left
ventricle before tissue harvesting. For histological, immu-
nohistochemical, and immunofluorescent analyses, mice
were killed at P28 without LT3 treatment, and paraformal-
dehyde was used in the perfusate prior to brain collection.

Extraction and measurement of tissue mRNA

Brain tissues were collected after perfusion, and immedi-
ately frozen on dry ice and stored at —80°C. Total RNA was
extracted from the cerebrum (cerebral hemispheres without
cerebellum), and mRNAs were measured by qPCR as previ-
ously described (17). To evaluate the efficacy of viral treatment,
the expression of the TH regulated gene Hr was quantitated by
gPCR (18,19). The housekeeping gene, RNA polymerase II
(RplI), was used as internal control (Supplementary Table S1).

Measurements of T3 in serum and tissues

T3 in serum and tissues were measured by a specific ra-
dioimmunoassay as previously described in detail (see sup-
plement to Ferrara et al.) (20).

Western blotting

Brain tissue was homogenized in 0.1 M of KPO, pH 7,
1 mM of EDTA, and 4mM of DTT in the presence of phe-
nylmethylsulfonyl fluoride as protease inhibitor, and 40 ug of
protein was loaded in each well of a 8% SDS-PAGE. After
electrophoresis and transfer onto a polyvinylidene fluoride
membrane, the latter were exposed to Tris-buffered saline
with Tween 20 (TBST) buffer with 5% of ECL blocking
agent (RPN2125; GE Healthcare). The primary antibody
against h\MCT8 (HPA003353; Sigma) was diluted 1:1000 in
TBST, and the secondary anti-rabbit IgG (#3460; Thermo
Scientific) was used in 1:25,000 dilution. Chemilumines-
cence was developed with ECL blotting reagents (RPN2109;
GE Healthcare). Bands were quantitated by Image J v1.34 S
and corrected for glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH).
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Histological processing

Mice were transcardially perfused under anesthesia with
4% paraformaldehyde in 0.1 M PBS. Brains were then re-
moved and postfixed for 24 h and afterwards embedded in
paraffin. Paraffin blocks containing cerebral cortex were cut
coronally, while those containing cerebellum were cut sagi-
tally into 8 um thick sections that were transferred onto Su-
perfrost Ultra Plus slides (J3800AMNZ; Thermo Scientific).

Immunohistochemical and immunofluorescence
procedures

After deparaffination and rehydration, tissue sections were
incubated at 95°C in an oven for 20 min with the EnVision
FLEX Low pH (K8005; Dako, Aligent Technologies) solution
for antigen retrieval. For diaminobenzidine labeling, endog-
enous peroxidase activity was blocked with 3% hydrogen
peroxide in distilled water at room temperature for 15 min.
Nonspecific protein binding was prevented by blocking the
tissue in PBS containing 0.1% Triton X-100, 4% bovine se-
rum albumin (BSA), and 5% normal goat serum (S-1000;
Vector Laboratories) at room temperature for 1.5h. Tissue
sections were incubated at 4°C overnight with the primary
rabbit anti-hMCTS8 serum, 1:250 (HPA003353; Sigma) in
PBS containing 0.1% Triton X-100, 4% BSA, and 1% normal
goat serum. A biotinylated anti-rabbit secondary antibody
(BA-1000; Vector Laboratories) was used at a 1:200 dilution
in PBS containing 0.1% Triton, 4% BSA, and 1% normal
goat serum at room temperature for 1 h. For signal amplifi-
cation, the sections were incubated with Avidin-Biotin
Complex (Ultra-Sensitive ABC Peroxidase Staining Kits,
32050; Thermo Scientific) at room temperature for 1h and
revealed with diaminobenzidine (D5637, 5 mg/mL; Sigma).
Some preparations were counterstained with Harris hema-
toxylin (HHS32; Sigma). Finally, tissues were dehydrated in
ascending (50%, 70%, 96%, and 2 x 100%) alcohol concen-
trations, cleared in xylenes, and covered with the hydrophobic
mounting medium Depex (18243; Serva). Furthermore, in
order to verify the specificity of the secondary antibody,
negative controls were run in parallel without the primary
antibody.

For immunofluorescence labeling, after antigen retrieval,
nonspecific binding was prevented in the same way as in the
diaminobenzidine labeling. Then, the sections were incu-
bated at 4°C overnight with the primary rabbit anti-hMCT8
serum, 1:200 (HPA003353; Sigma) in PBS containing 0.1%
Triton X-100, 4% BSA, and 1% normal goat serum. The
secondary antibody goat anti-rabbit Alexa 546 (A-11035;
Molecular Probes) was used at a 1:500 dilution in PBS con-
taining 0.1% Triton, 4% BSA, and 1% normal goat serum at
room temperature for 2 h. The slices were then washed in PBS
and incubated with 4’,6-diamidino-2-phenylindole (D1306;
DAPI, Molecular Probes) 1:500 in PBS. After washing in PBS,
slices were mounted with ProLong Gold Antifade Mountant
(P36930; Molecular Probes). Omitting the primary antibodies
in the incubation reaction gave no signal.

Microscopy

Immunohistochemical analyses were made under bright
field illumination using a Nikon Eclipse 80i microscope
(%20, Numerical Aperture 0.50 and x 40, Numerical Aperture
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0.75). Photomicrographs were acquired using a Nikon DS-
Fil digital camera. Immunofluorescence analyses were first
made under the fluorescence Zeiss Axiophot microscope
(Carl Zeiss). Confocal images were acquired using an in-
verted Zeiss LSM710 Laser Scanning Microscope (Carl
Zeiss) with Plan-Apochromat 63 X oil-immersion objectives
(1.40 NA) without or at 2xzoom. A sequential scanning
mode was used to avoid crosstalk between channels. Nega-
tive control tissue sections (without primary antibodies) were
used for background setting prior to image acquisition. The
images were analyzed and processed (maximum intensity
projections of Z-series) using ImageJ software (1.48v; National
Institutes of Health).

Statistical analysis

All results are expressed as mean *standard error of the
mean (SEM). Statistical analysis of multiple groups was
performed by one-way analysis of variance. Student’s r-test
was used when there were only two groups to compare. p-
Values of <0.05 were considered to be significant.

Results
hMCTS8 isoforms and doses exhibit differential safety

Mct8KO mice at P1 received EV as a control or AAV9-
ShMCTS or AAV9-LhMCTS at escalating doses (IV: low
8x10'°, middle 2x 10", and high 4x10"" vp/mouse; or
ICV: low 5x10° and high 3x10'° vp/mouse). In order to
assess the safety of viral delivery, mouse pup death was
scored daily until P10. As expected, mice injected with EV
showed 90% survival (data not shown). It was found that the
high dose of AAV9-ShMCTS given IV, ICV, and IV + ICV
resulted in 85-88% survival (Fig. 1A). AAV9-LhMCTS given
IV at the low dose resulted in 94% survival. However, when
given at the high dose, IV and IV + ICV resulted in only 9%
and 0% survival, respectively (Fig. 1B), with 60% of mice
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FIG. 1. Survival of mice up to nine days after adminis-
tration of AAV9-ShMCT8 and AAV9-LhMCTS at postnatal
day 1 (P1). (A) Between 85% and 92% of the pups given
AAV9-ShMCTS survived, irrespective of viral dose or route of
administration. This was not significantly different from
survival after injection of empty vector (EV). (B) Survival of
mice injected with AAV9-LhMCTS decreased with increased
viral dose. Only 9% of the mice injected intravenously (IV)
with a high dose were alive at PlO For v IHJCCUOI]S lowf
middle, and high doses were 8x 10'°, 2x 10"} and 4 x 10"
viral particles (vp)/mouse, respectwe]y For mice injected
1ntracerebr0ventr1cularly (ICV), low and high doses were
5x10° and 3 x 10'* vp/mouse, respectively
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found dead on P3. Collectively, these data indicate that
ShMCTS is safe while LhMCTS is toxic in a dose-dependent
manner.

Viral delivery of h(MCT8 leads to hMCT8 mRNA
and protein in the brain

Given that AAV9-ShMCTS administration to the mouse
appeared safe, next it was determined whether this hMCTS
isoform could be successfully delivered to the brain using
either IV or ICV administration. gPCR with human specific
primers, to quantify h/MCTS8 in the mouse brain, showed that
IV-injected AAV9-ShMCT8 was transcribed in a dose-
dependent manner in the cerebrum (cerebral hemispheres
minus cerebellum and brainstem) of Wt and Mct8KO mice
(Fig. 2A). Importantly, ICV injection provided 10-40-fold
more mRNA than IV injection, even when given at a dose
that was one order of magnitude lower (Fig. 2A left panel vs.
the two panels on the right; note difference in scale). The
cerebrum of Mct8KO mice injected with EV had no detect-
able hMCT8 mRNA (data not shown). Western blotting using
a hMCTS antibody was performed to assess whether the
transcribed hMCTS was translated into protein (Fig. 2B). The
expected molecular weight of hMCTS is 60 kDa, suggesting
that the 120 kDa band is a dimer (21). The ShAMCTS isoform
showed similar amounts of monomers and dimers (Fig. 2B,
lanes 4, 5, and 6). ICV injection of AAV9-ShMCT8 produced
substantially more translated protein for the dose injected
(one order of magnitude less) than IV injection of AAV9-
ShMCTS, which is consistent with the results for ShMCTS
mRNA in the brain (Fig. 2A). EV-injected mice had no de-
tectable hMCTS protein (Fig. 2B, lane 2); note the quantifi-
cation of MCT8 monomer and dimer, normalized with
GAPDH used as a loading control, shown in Figure 2C.
Collectively, these data show that both RNA and protein were
present in the Mct8KO mouse brain following IV and ICV
delivery, though ICV delivery provided more AMCT8 mRNA
and protein than IV delivery did. The AAV-9 containing
the full-length cDNA, LhAMCTS, was also transcribed and
translated in the brain following IV injection (Fig. 2A, right
panel, and Fig. 2B, lanes 8 and 9). However, due to its clear
toxicity, a decision was made to focus on the ShAMCTS iso-
form for further evaluation of the protein distribution and
function.

hMCTS8 protein localizes to several brain
regions of AAV9-ShMCTS8 treated mice

It is important not only to confirm hMCTS protein pro-
duction but also to determine the location of the protein
within the mouse brain. To localize the distribution of the
AAV9-delivered hMCT8 protein, brains of perfused mice
were harvested, sectioned, and immunolabeled with a
hMCTS8 antibody that partially reacts with mouse Mct8
(Supplementary Fig. S1 and Fig. 3). Mct8 protein was faintly
detected in the cerebral cortex and cerebellum of the Wt mice
(Fig. 3A and B) and even to a lesser degree in MctS8KO mice
(Fig. 3D and E) both given EV. However, it was clearly
detected in the choroid plexus of the same Wr mouse
(Fig. 3C), but not in the corresponding region of the MctSKO
mouse brain (Fig. 3F). These results can be explained as
follows. First, the partial immunoreactivity of the antibody
with mouse Mct8 stained regions of the Wr mouse brain with
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very high expression of the mouse Mct8, such as the choroid
plexus. Second, the Mct8KO mice generated by deleting exon
3 likely synthesize the amino terminal fraction of the trans-
porter, producing a faint staining in the cerebral cortex and
the Purkinje cells of KO mice using an antibody against the
amino terminus of the molecule.

Following both IV and ICV delivery of AAV9-ShMCTS to
the MctS8KO mouse, the hMCTS protein was clearly present
in the cerebral cortex (Fig. 3G and J), cerebellum (Fig. 3H
and K), and choroid plexus (Fig. 31 and L). Compared with IV
injection, and in accordance with results from Western blots,
ICV injection of ShMCTS appeared to produce greater
amounts of the hMCTS protein in cerebral cortex (compare
Fig. 3G and J), and this hMCTS protein appeared as aggre-
gated deposits (Fig. 3J). In general, in both the IV- and the
ICV-injected mice, there was higher hMCTS8 expression in
the cerebral cortex at the granular and infragranular layers of
the neocortex and at the CA regions of the hippocampus.
Subcortical regions presented few immunopositive cells, and
the dentate gyrus presented almost no hMCTS8 expression
(data not shown). In addition, there was a clear presence of
hMCTS at the dendritic arborizations of some Purkinje cells
in the cerebellum of both IV- and ICV-injected mice (Fig. 3H
and K and Supplementary Fig. S2). Most remarkable was the
robust expression of hMCTS8 in the choroid plexus of
MctS8KO mice following IV-injected AAV9-SAMCTS. In
contrast to the cortical profile, there appeared to be a larger
amount of protein following IV injection compared with ICV
injection (Fig. 3I and L). Notably, the distribution of IV-
delivered ShAMCTS8 was identical to the endogenous Mct8
observed in the Wr mouse (Fig. 3C and I), whereas ICV-
delivered ShMCT8 was minimal and confined to a few cells
of the choroid plexus (Fig. 3L). Confocal microscopy dem-
onstrated that hMCTS was targeted to the apical membrane of
epithelial cells of the choroid plexus in IV-injected mice and
only to a few cells of mice receiving the virus ICV (Fig. 4A
and B). In addition, hMCT8 was targeted to the cell mem-
brane of neurons in both IV- and ICV-injected mice (Fig. 4C—
F). An attempt was made to determine whether hMCT8 was
delivered to the blood-brain barrier as well as to the choroid
plexus. However, the experimental conditions were unable to
detect an immune positive signal in endothelial cells of the
blood vessels, even after increasing the primary antibody
concentration and incubation time.

Viral delivery of hMCT8 leads to increased
T3 content in the brain

As AAVO clearly delivered hMCT8 protein to the mouse
brain, next the functionality of this protein was verified. To
do this, 5 ug of T3/100 g of body weight IV was administered
daily for four days starting at P25 via IP injection. At P28 and
six hours after the last injection, the average serum T3 con-
centration was not significantly different in all mouse groups
(Supplementary Fig. S3). Mice were then perfused, and the
T3 content in the cerebrum was measured in order to assess
TH transport in brain tissue. In Mct8KO mice injected IV
with AAV9-ShMCT, T3 content was 1.5-fold higher with the
middle dose and 2.0-fold higher with the high dose above the
background of EV-injected Mct8KO mice (Fig. 5A). This
increase represented 10% and 17%, respectively, of the T3
content in cerebrum of Wt mice injected with EV. In contrast,
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FIG. 2. hMCT8 mRNA and protein in cerebrum of mice injected with AAV9-SAMCTS and AAV9-LhMCTS. (A) The MCTS
cDNA contained in the AAVO transcribed in a dose-dependent manner. Note that the ICV injection induced 10-40 times more
mRNA than IV injection did using doses one order of magnitude lower than those used for IV injections. Doses were as
follows: for IV administrationi Jlow =8 x 1010, middle=2x 10'!, and high=4x 1o vp per mouse; for ICV administration,
low=5x10° and high=3x 10" vp/mouse. Results are given as mean # standard error of the mean (SEM). Number (#) of
animals per group is indicated. (B) Western blot analysis after SDS-PAGE of cerebrum homogenates developed with an
antibody against hMCTS. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) is used as a loading control. In agreement
with the mRNA data, vectors injected ICV induced more protein than those injected IV did (lanes 5 and 6 compared with lanes
3 and 4). The expected molecular weight of hMCTS is 60 kDa. ShMCT8 produced a monomer as well as a dimer (lanes 3, 5,
and 6). In contrast, LhlMCHS8 produced predominantly a monomer (lanes 7 and 8). (C) Quantitative analysis of the MCT8 in
the bands shown in (B), corrected for the GAPDH loading control. Note that the amount of MCT8 in the brain of the Wt mouse
given EV was not calculated because of the unknown level of cross-reactivity.

ICV injections of AAV9-ShMCTS at both doses did not in-
crease the cerebrum T3 content above background, and ICV
injections combined with IV injections (IV + ICV) did not
augment the T3 level compared to that achieved with
IV injection alone. These data collectively indicate that

AAV9-ShMCTS given IV, but not given ICV, can increase
T3 content in cerebral tissue.

These results suggest that delivery of MCTS to the brain
barriers, which does not occur with ICV injection, is crucial
for MCTS to increase brain T3.
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FIG. 3 Localization of the expressed hMCTS protein in brains of Mct8KO mice given high doses of AAV9-ShMCT8 IV
(4x 10" vp/mouse) and ICV (3% 10'° vp/mouse) compared with Wr and KO animals injected IV with EV. Representative
images showing hMCTS expression (in brown) detected with a specific antibody by immunohistochemistry counterstained
with hematoxylin in the somatosensory region of the cerebral cortex (A, D, G, J), the cerebellar lobule 4 (B, E, H, K), and
choroid plexus (C, F, I, L) of Wr (A-C) and Mct8KO (D-F) mice injected with EV. Mct8KO mice were injected with
AAV9-ShMCTS8 1V (G-I) or ICV (J-L). In accordance with results from Western blots, hMCT8 was present in larger
quantities in the cerebral cortex of mice injected with the virus ICV (J) than IV (G). However, much of the immunore-
activity was present in aggregates (white arrowheads). Some Purkinje cells (white arrows) were observed in both IV- and
ICV-injected cerebellum (H and K) with remarkable hMCT8 expression at the dendritic arborizations (black arrowheads).
The control, Wt mice injected with EV, did not show the positive signal of dendritic arborizations (B). hMCT8 was
abundantly present at the choroid plexus of IV-injected KO mice (I) and only spottily expressed in mice given the virus ICV
(L). The scale bar for each brain region is in the lower right corner of the left photograph and equals 50 um. Color images
available online at www.liebertpub.com/thy

Viral delivery of hMCT8 leads to increased
expression of Hr in the brain

Given the significantly increased T3 levels following IV
injection of AAV9-hMCTS, the functional effect of AAV9-
hMCTS$ delivered to the brain of Mct8KO mice was further
assessed. qPCR was used to measure the expression of the
TH-responsive gene Hr in the cerebrum. Compared with the
control mice (Mct8KO injected with EV), Hr gene expression
doubled when the AAV9-ShMCTS8 was administered IV but
not ICV (Fig. 5B). In stark contrast, ICV injections of AAV9-
ShMCTS at both doses did not increase Hr gene expression in
the cerebrum above background, and ICV injections com-
bined with IV injections (IV + ICV) did not augment the Hr
gene expression compared to IV injection alone.

The level of Hr gene expression in treated MctS8KO mice did
not reach that of the Wt controls but was nonetheless signifi-
cantly greater than Mct8KO mice receiving EV and was con-
gruent with the increase in T3 content. Once again, only IV
delivery of AAV9-hMCTS significantly increased brain Hr
gene expression, suggesting that MCTS delivery to the brain
barriers, which does not occur with ICV injection, is crucial for
MCTS to function and affect Hr gene transcription in the brain.

Discussion

This work demonstrates that AAV9-ShMCTS administered
IV but not ICV to the Mct8KO mouse causes an increase in
brain T3 content and induced subsequent changes in the TH-
responsive transcription factor, Hr. This occurred despite
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FIG. 4. Membrane localization of hMCT8 demonstrated by
confocal microscopy in Mct8KO mice injected with AAV9-
ShMCTS IV and ICV (for dose, see legend to Fig. 3). Re-
presentative images showing immunopositive signal for
hMCTS (in red) and nuclei stained with DAPI (in blue) in the
choroid plexus (A, B), cerebral cortex (C, D) and CAl region
of the hippocampus (E, F) of MctSKO mice injected with
AAV9-ShMCTS 1V (A, C, E) or ICV (B, D, F). h(MCT8 was
neatly localized at the apical membrane of the choroid plexus
of IV-injected mice (A). A similar localization was observed
in only few cells of ICV injected animals (B). hMCTS8 was
localized in the membranes (see white arrows) of cortical and
hippocampal neurons of animals injected either IV or ICV
(C-F). However, a greater amount of hMCTS8 was present in
the cytoplasm of animals injected ICV. (A, B) Scale bar=
20 um; (C-F) scale bar=10um. Color images available
online at www .liebertpub.com/thy

substantially more transcription and translation of the same
virus administered ICV. Thus, it is concluded that IV injection
of AAV9-ShMCTS is required for proper targeting of MCT8 to
facilitate the delivery of T3 across the brain barriers. This
conclusion is supported by immunohistochemistry that shows
drastic differences in the localization of MCTS in the choroid
plexus achieved by IV compared with ICV injection.

Normal or mutant AMCTS8 containing plasmids have been
transfected into human and other mammalian cells in culture
(21). To the authors’ knowledge, this is the first report of
successful delivery of MCTS in vivo through a viral vector.
AAV9 has been used for the treatment of genetic diseases,

1317
A 120
'|' AAV9-ShMCT8 DOSE
s 100 | =N |
-05, low middle high
< 801
=
a
g» 60 1
*
E: 401 *xx kX
e *% g
0. -
B 1201
S 100+ 1
o 801
E 601
L-4 Kk KKk *kk
Z 401
E L
i 20‘ .
0.
#ofmice 21 20 6 7 9 6

wt KO v ICV IV+ICV
EV KO mice given AAV9-ShMCT8

FIG. 5. Effect of AAV9-ShMCTS8 on triiodothyronine (T3)
content and induction of Hairless (Hr) expression in the
cerebrum of mice injected with the virus IV, ICV, and
combined IV + ICV. (A) Cerebrum T3 content. (B) Hr gene
expression. Relative to Mct8KO mice injected with EV, a
significant increase in brain T3 content (A) and Hr gene
expression (B) was observed only in mice injected with the
virus IV. Middle and high doses of AAV9-ShMCTS injected
IV were 2x 10" and 4x 10" vp/mouse, respectively. For
ICV injections, low and high dose were 5x 10° and 3% 10'°
vp/mouse, respectively. The combined IV + ICV injections
contained the high doses of virus. Data from EV given IV and
ICV were combined in the Wt and Mct8KO mice, as the EV
did not produce any effect compared with non-injected ani-
mals of both genotypes. Data are presented as mean+SEM
with the number (#) of animals per group as indicated. Re-
sults from Wt animals given EV are adjusted to 100% in Hr
expression. Statistical differences for Mct8KO animals given
ShMCTS and compared to the same genotype given EV are
indicated above the bars. *p <0.05; **p <0.01; ***p <0.001.

including cystic fibrosis and Hemophilia B (22). Further, IV
and ICV administration of AAV9 has been effective in the gene
therapy of spinal muscular atrophy, a lethal congenital neu-
rodegenerative disorder (23,24). This suggested that the AAV9
virus could potentially induce MCT8 transcription and trans-
lation into a functional protein that could transport TH in vivo.

Based on the gene sequence, humans but not mice have
two putative hMCT8 isoforms differing by presence or lack
of 74 aminoterminal amino acids. The present results show
that mouse pups injected with virus capable of expressing
the long human MCT8 isoform had high mortality, reaching
90% in those receiving the higher dose. Recently, it has
been shown that short and long isoforms are synthesized
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when the full human MCT8 cDNA, containing the LhMCTS,
is transfected into polarized and non-polarized cell lines (13).
However, the long isoform is subject to ubiquitination and
rapid proteasomal degradation. Whether the long form is
properly targeted to the membrane and whether it is func-
tional in terms of TH transport is unknown. Although both
hMCTS isoforms are synthesized from the LAMCTS cDNA,
here it is shown that the cerebrum of animals given AAV9-
LhMCTS expresses a form that is apparently not dimerizing,
unlike the dimers seen with the form synthesized from AAV9-
ShMCTS. Visser et al. (21) reported that the homodimer is
more stable than the monomer. Taken together, these ob-
servations suggest that death was possibly caused by accu-
mulation of protein that cannot be processed to form dimers
and be targeted to the membrane, or saturation of the capacity
for ubiquitination and proteasomal degradation of the long
isoform causes its aggregation inside the cell. Given the
species differences for MCTS isoforms between mouse and
human, future gene therapy studies may need to assess iso-
form differences by potentially using in vitro models with
human cell lines or in vivo models with non-human primate
models. Other causes for increased mortality have been
considered such as an immune response, given the molecular
differences between human and mouse MCTS8. However,
forming immune complexes within the brain parenchyma is
unlikely given the early death three to nine days after viral
injection. Finally, the possibility of a toxic substance in the
vehicle is also unlikely, as the same solutions were used for
the EV and ShMCTS as for the LhMCTS.

A significant and critical difference was discovered in the
functional effect of hMCT8 when the same AAV9-hMCTS
vector was delivered by ICV compared with IV injection.
While a higher level of transcription and translation of
hMCT8 occurred by the ICV route, only the hMCTS pro-
vided by the IV route produced a functional effect in terms of
increased cerebrum T3 content and expression of the TH-
dependent gene, Hr. The fact that MCTS protein synthesis in
the brain of ICV-injected animals failed to produce a bio-
logical effect differs from previous reports using spinal cord
fluid—based delivery. Namely, AAV9, carrying the human
SMN cDNA, injected directly in the spinal fluid of mice, as
well as nonhuman primates, was more effective in producing
a widespread transgene expression in spinal cord motor
neurons than when given IV (24).

This discrepant result may be explained by the different lo-
calization pattern of ICV- and IV-delivered AAV9-ShMCTS.
Immunohistochemistry showed that both IV and ICV injec-
tions of AAV9-ShMCTS8 produced hMCTS8 present in the
membrane of neural cells and within neuronal processes such
as dendrites in the cerebral cortex, hippocampus, and cere-
bellum. Importantly, however, normal distribution of MCTS8 in
cells of the choroid plexus was achieved only by IV admin-
istration of the AAV9-ShMCTS. The choroid plexus and en-
dothelial cells lining blood vessels are the port of entry of T3
from blood and cerebrospinal fluid into the brain. Based on
observations in the rat (25), the choroid plexus contributes
20% of the brain TH, which is in agreement with the magnitude
of increase in brain T3 content in the current study. Further-
more, it has been shown that provision of T3 into neurons
requires the presence of MCTS in their cell membrane. This
cellular membrane necessity may further explain the lack of
functional effect from ICV-delivered AAV9-ShMCTS, as more

IWAYAMA ET AL.

of the MCT8 was observed as aggregated deposits in the ICV-
injected mouse. Therefore, it is a logical conclusion that for
gene therapy—delivered MCTS to provide maximal function,
the MCTS8 must be targeted to the brain barriers, as required for
T3 entry into brain tissue, and additionally must reach the cell
membrane for TH transport into neural cells.

Surprisingly, no additional biological effect, as measured
by expression of Hr, was observed in mice receiving the viral
vector by combined IV and ICV injections. The precise
reason for this observation is unclear. Either the MCTS has
not been properly targeted to cells or the neural cells ex-
pressing the transgene are not involved in the TH-mediated
response measured in this study. Furthermore, failure of full
integration of hMCTS into the blood-brain barrier could ex-
plain the partial rescue of T3 uptake in brains of IV-injected
Mct8KO mice compared with Wt controls. As surface trans-
location of MCT8 and the consequent uptake of T3 are cell-
type specific (26), the failure of doubling the dose of IV-
administered AAV9-ShMCTS to increase T3 content and Hr
gene expression substantially may be due to selective deliv-
ery of the hMCTS. The latter could be also species specific.

In conclusion, IV-delivered AAV9-ShMCTS increased brain
T3 content and produced concomitant changes in the TH-
controlled gene, Hr, within MctSKO mice. This study shows
that simply delivering MCTS to nerve cells without an increase
in brain T3 is insufficient to improve the biochemical conse-
quences of MCTS deficiency in the brain. Thus, MCT8 does
not seem to have a constitutive effect. This proof of concept
study highlights the necessity of optimizing gene isoform and
delivery strategies in order to achieve functional MCTS8 within
the brain. These are required to target properly MCTS to the
blood brain barriers using AAV9. The mode of delivery is
critical to consider in the development of a successful gene
therapy for patients with MCTS deficiency.
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