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to food and sedentary activity in captivity. Previous studies have 
demonstrated a worse cardiac phenotype in mice calorically restricted 
via alternate-day starvation (26). To evaluate the therapeutic effects 
of AAV9.LAMP2B after the onset of disease, we injected mice at 
6 months of age and euthanized them at 9 months. We saw im-
provement in cardiac and hepatic phenotypes and improvement in 
autophagy in the heart, liver, and skeletal muscle tissue, suggesting 
that this therapy may benefit patients with established symptoms of 
DD. We also saw improved survival in 6-month-old mice receiving 
the three highest doses of AAV9.LAMP2B, although these findings 
will require confirmation in dedicated survival studies because our 
mice were euthanized at a predefined time point.

Subsequently, we explored the effect of AAV9.LAMP2B on 
2-month-old mice to evaluate the effect on a younger cohort. As in 
the 6-month-old group, we demonstrated that AAV9.LAMP2B 
treatment resulted in expression of LAMP2B RNA that were equivalent 
to or higher than WT in the heart, liver, and skeletal muscle. Immuno-
blot using LAMP2B antibodies demonstrated that the protein was 
expressed in a dose-dependent fashion in the heart. Autophagic flux 

was improved in all three tissues with treatment. Although previous 
studies have raised concerns for liver toxicity at high vector doses 
of systemically delivered AAV (37, 38), in our study, we found 
no evidence of treatment-related hepatic injury. Circulating hepatic 
enzyme amounts were markedly reduced in the mice treated with 
AAV9.LAMP2B. The mechanisms by which LAMP2 deficiency causes 
elevated liver enzymes are not defined. Both humans and a recently 
developed rat model of DD have elevated measurements of serum 
hepatic enzymes in the blood. This may be due to a decrease in macro-
autophagy of hepatic canalicular proteins (30). It may also be due to 
a decrease in hepatic CMA, as previous studies suggest a critical role 
of LAMP2 in hepatic CMA (39).

Of interest, VCN, human LAMP2 mRNA transcript, and relative 
protein amounts were lower in the liver from AAV9.LAMP2B- 
injected Lamp2 KO mice compared with WT-injected mice 4 weeks 
after treatment. This may be due to hepatic fibrosis in Lamp2 KO 
mice or to a higher hepatocyte proliferation (a likely consequence of 
hepatic involvement), which could decrease the proportion of vector- 
transduced cells over time (40, 41). An additional possibility is that 

Fig. 4. Administration of AAV9.LAMP2B in adult (6-month-old) mice shows dose-dependent expression of human LAMP2B in skeletal muscle from Lamp2 KO 
mice together with an improvement in autophagic flux. (A) qRT-PCR was used to quantify LAMP2 mRNA transcripts in skeletal muscle from WT (n = 11) and Lamp2 KO 
injected with PBS (n = 7) or increasing doses of AAV9.LAMP2B [1 × 1013 vg/kg (n = 4), 5 × 1013 vg/kg (n = 6), 1 × 1014 vg/kg (n = 7), and 2 × 1014 vg/kg (n = 3)]. GAPDH was 
used for normalization. Data are means ± SEM. **P < 0.01 versus WT; ###P < 0.001 versus PBS. Statistical analysis was performed using one-way ANOVA. (B) Protein lysates from 
the cardiac tissue of Lamp2 KO mice treated with PBS or increasing doses of AAV9.LAMP2B [1 × 1013, 5 × 1013, 1 × 1014, and 2 × 1014 vg/kg) and control WT mice were evaluated 
by Western blot for mouse and human LAMP2 and LC3-II. GAPDH was used as a loading control. (C) Quantification of human LAMP2 (arbitrary units normalized to GAPDH). 
Lamp2 KO injected with AAV9.LAMP2B [1 × 1013 vg/kg (n = 14), 5 × 1013 vg/kg (n = 2), 1 × 1014 vg/kg (n = 2), and 2 × 1014 vg/kg (n = 5)]. Data are means ± SEM. #P < 0.05 versus 
PBS. Statistical analysis was performed using one-way ANOVA. (D) Quantification of LC3-II (fold changeover WT) normalized to GAPDH. WT (n = 9) and Lamp2 KO injected with 
PBS (n = 10) or increasing doses of AAV9.LAMP2B [1 × 1013 vg/kg (n = 8), 5 × 1013 vg/kg (n = 8), 1 × 1014 vg/kg (n = 7), and 2 × 1014 vg/kg (n = 5)]. Data are means ± SEM. **P < 0.01, 
****P < 0.0001 versus WT; #P < 0.05, ##P < 0.01, and ####P < 0.0001 versus PBS. Statistical analysis was performed using one-way ANOVA. (E) Representative transmission 
electron microscopy images of skeletal muscle tissue from WT and Lamp2 KO mice treated with AAV9.LAMP2B. Autophagy structures are indicated with yellow arrows.
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the viral load at this concentration (2 × 1014 vg/kg) could result in 
greater liver injury in Lamp2 KO liver compared with WT control, 
although the negligible immunogenic response and overall reduction 
in serum enzymes render this unlikely. It appears that administration 
of AAV9.LAMP2B to both 2-month- and 6-month-old Lamp2 KO 
mice improves autophagic flux and liver enzymes.

In previous studies by our group and others, the absence of 
LAMP2, and specifically LAMP2B, resulted in impaired autophagic 
flux, increased oxidative stress, reduced mitochondrial respiration, 
and abnormal calcium handling (11, 14). In vitro models suggest 
that replacement of LAMP2B resolves these abnormalities in cardio-
myocytes derived from patients with DD (13). This is consistent 
with the substantial improvement in cardiac hemodynamic func-
tion after treatment with AAV9.LAMP2B. Hence, we believe that 
impaired autophagy due to the absence of LAMP2B results in 
impaired cardiac contraction and relaxation; however, further study 
is required to confirm the precise mechanism of the cardiac patho-
physiology observed in our study.

Our results in the Lamp2 KO mouse model of DD confirmed the 
durability of LAMP2B transgene expression at 6 months after injec-
tion. However, unlike the older group, we did not see a substantial 
difference in mortality in this (2-month-old) cohort at the time of 
sacrifice (8 months of age); this may be the result of the age differ-
ence between cohorts. Dedicated survival studies are ongoing, as are 
murine and primate toxicity studies.

It has been previously suggested that LAMP2A is primarily 
responsible for CMA and that LAMP2B is involved predominantly 
in macroautophagy (42). As stated above, we specifically tested the 
LAMP2B isoform because human genetic studies indicate that 
isolated LAMP2B mutations are sufficient to cause disease, whereas no 
patients have been identified with deficiencies isolated in LAMP2A 
or LAMP2C. Furthermore, recent studies using iPSC-CMs from 
patients with DD show restoration of autophagic flux with over-
expression of LAMP2B, but not LAMP2A or LAMP2C (11).

Our data suggest a direct relationship between vector dose and 
protein expression, as well as improvement in hemodynamic func-
tion and reduction in transaminases. Ultimately, little difference 
was noted between the 1 × 1014 and 2 × 1014 vg/kg doses, suggesting 
that 1 × 1014 vg/kg may be a threshold dose for efficacy, although 
it is uncertain whether this will translate to human studies. Because 
higher AAV doses may have greater potential for toxicity, identifica-
tion of the lowest efficacious dose is important but ultimately will be 
determined by results from ongoing clinical studies.

Our study has certain limitations. The Lamp2 KO murine model 
of DD does not fully replicate all of the features of the clinical disorder. 
These mice do not develop reduced ejection fraction, even with 
intermittent starvation. Hence, further study, possibly with other model 
systems and or patient tissue, will be required to help elucidate the 
intrinsic pathophysiology of the disease. We have also not thoroughly 
evaluated the neurocognitive impact of AAV9.LAMP2B; this may be 
particularly challenging using Lamp2 KO mice, as previous studies 
using this model system did not demonstrate severe manifestations 
in the brain that are noted in other organ systems (36).

The Lamp2 KO model used also does not develop significant 
fibrosis in the heart. Hence, the impact of fibrosis on viral transduc-
tion will have to be evaluated in humans or other model systems 
with cardiac fibrosis. It is feasible that gene therapy will be better 
suited before the onset of significant fibrosis, although this also will 
need to be evaluated in clinical studies.

We did not test AAV9.LAMP2B in female mice because hetero-
zygous female mice have no readily evident symptoms and homo-
zygous females are extremely difficult to breed. This is a significant 
limitation of the animal system studied, especially since female het-
erozygous patients frequently get DD (24), clinical evaluation of 
AAV9.LAMP2B in female populations will likely be required to en-
able meaningful assessments of efficacy in this patient population.

Although our data are largely consistent with a dose-response 
relationship, some of our findings are not entirely consistent regard-
ing this relationship. For example, the dP/dT max and dP/dT min 
readings from KO mice dosed with 1 × 1013 vg/kg as noted in the 
6-month-old cohort appear greater than KO mice dosed with 5 × 
1013 vg/kg. This is likely due to the inherent variability in animal 
studies. Nonetheless, in aggregate, our findings largely suggest a 
dose-response relationship and a threshold dose for cardiac efficacy 
at 1 × 1014 vg/kg.

We also did not determine how long the therapeutic response to 
virus would be sustained. We did observe a reduction in liver VCN 
over time in mice injected with AAV9.LAMP2B. These findings are 
consistent with other AAV9 studies of the liver as well (40, 41). Liver 
cells are more proliferative than heart or skeletal muscle cells; hence, 
it is expected that we see a reduction in VCN over time in this tissue. 
It is feasible that hepatic damage due to either viral infection or 
to the absence of LAMP2 may also contribute to the reduction in 
VCN. Hence, evaluations are ongoing to determine whether further 
long-term reduction in VCN occurs in the tissue types studied in 
the current paper.

An additional limitation regarding translation of the preclinical 
studies described in this paper to patients with DD is the presence 
of preexisting AAV9 antibodies. It is well established that these neu-
tralizing antibodies can prevent viral transduction (43). In these 
investigations, we did not observe evidence of relevant antibodies in 
mice, although the prevalence of AAV antibodies may be as high as 
30% in humans (43). Patients with such antibodies are not considered 
candidates for AAV9 therapies at present; however, substantial re-
search is ongoing to address this limitation (44, 45).

We did not encounter any unexpected responses/side effects after 
the AAV9 administration in the current study. Formal toxicology studies 
are ongoing. Furthermore, a phase 1 clinical trial will evaluate safety 
in humans. All of these studies are critical, especially given known 
differences in the murine and human immune response to AAV (46).

In summary, treatment of Lamp2 KO mice with AAV9.LAMP2B 
results in robust expression of the LAMP2B transgene in the heart, 
liver, and skeletal muscle, the tissues most affected in DD. Further-
more, this therapy resulted in substantial improvement in tissue 
ultrastructure as well as metabolic and physiologic function. Addi-
tional investigations will be required to determine the long-term 
durability of these findings. The short-term and long-term safety 
and efficacy of this therapy in patients with DD are currently being 
evaluated in an ongoing clinical trial (ClinicalTrials.gov identifier: 
NCT03882437). This study includes interval histologic assessment 
of the cardiac and skeletal muscle after AAV9.LAMP2B administra-
tion and, hence, should address several of these critical questions.

MATERIALS AND METHODS
Study design
The goal of this study was to evaluate the efficacy of gene transfer of 
AAV9 carrying human LAMP2B cDNA (AAV9.LAMP2B) in a mouse 
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model of DD, the Lamp2 KO mouse. We used 6-and 2-month-old 
Lamp2 KO male mice. The 6-month-old cohort was evaluated at 
age 9 months (12 weeks after treatment), and the 2-month-old 
cohort was examined at ages 5 and 8 months (12 and 24 weeks after 
treatment). Untreated littermate WT mice were used as controls. 
The mice were randomly assigned to treatment with intravenous 
PBS or AAV9.LAMP2B at doses of 1 × 1013, 5 × 1013, 1 × 1014, or 
2 × 1014 vg/kg. All animals were subjected to intermittent fasting 
6 weeks before final assessment and study termination. Cardiac 
contraction and relaxation were evaluated by invasive hemodynamic 
studies in a blind fashion. At study termination and after euthanasia, 
blood and tissues were collected for chemical, molecular, and histo-
logical analyses. To evaluate the efficacy of vector transduction 
in Lamp2 KO compared with WT, an additional cohort of WT 
and Lamp2 KO 2-month-old old male mice were injected with 
AAV9.LAMP2B at 2 × 1014 vg/kg and analyzed 4 weeks after injec-
tion. Sample sizes were based on previous experience with similar 
types of experiments in Lamp2 KO mice (14). We did not exclude any 
animals from our experiments. Experimenters were blinded to the 
genotype of the specific sample to every extent possible, including 
during echocardiographic and hemodynamic studies as well as the 
toxicology studies.

AAV vector construction and production
Recombinant AAV9 vector expressing human LAMP2B was generated 
through a three-plasmid, helper virus–free system in collaboration 
with the viral vector core at the University of Pennsylvania. Tran-
sient transfection of pAAV-LAMP2B transfer plasmid, pAAV2/ 
9 packaging plasmid, and pAd-Helper adenovirus helper plasmid 
into human embryonic kidney–293 producer cells generate re-
combinant AAV particles containing serotype 9 capsid proteins 
and AAV2 inverted terminal repeats (ITRs) flanking a human 
LAMP2B expression cassette (AAV9.LAMP2B). The AAV cis-transfer 
plasmid pAAV-LAMP2B contains the transgene expression cassette 
flanked by viral ITR regions derived from AAV2. The expression 
cassette contains the human lysosome-associated membrane glyco-
protein 2 isoform B (LAMP2B) coding sequence driven by a chimeric 
promoter containing the CMV immediate-early enhancer (CMV 
IEE), chicken -actin (CBA) promoter, chicken -actin intron 
splice donor, and rabbit -globin splice acceptor. The expression 
cassette also includes the woodchuck hepatitis posttranscriptional 
regulatory element (WPRE) and is terminated by the rabbit 
-globin polyadenylation sequence (RGpA) (fig. S10). The fully 
packaged AAV particles were harvested from the culture media and 
concentrated by tangential flow filtration. Vector particles were 
subsequently purified by iodixanol gradient centrifugation, further 
concentrated, and buffer exchanged with final formulation buffer as 
previously described (47). Quality control assays were performed by 
the viral vector core at the University of Pennsylvania and include 
optical density (OD), OD260/280, structure for identity, purity and 
DNA supercoiling identification, sequencing analysis for the 
plasmid (the plasmid was sequenced from ITR to ITR by Sanger’s 
method), droplet digital PCR assay for AAV genome titer, and 
SDS–polyacrylamide gel electrophoresis for purity and endotoxin 
assay on the vectors.

Animals
All animal experiments were carried out in accordance with institu-
tional guidelines and approved by the Institutional Animal Care 

and Use Committee of the University of California at San Diego. 
The Lamp2 KO mice were on a C57BL/6J background.

Statistical analysis
All values are expressed as means ± SEM. GraphPad Prism 7.01 and 
SPSS software were used for statistical analyses. P < 0.05 was considered 
significant. Statistical significance was determined by one-way anal-
ysis of variance (ANOVA). In cases where the Brown-Forsythe test 
for homogeneity showed an effect of variance, Welch’s one-way 
ANOVA was carried out, and Dunnett’s post hoc test was used.

SUPPLEMENTARY MATERIALS
stm.sciencemag.org/cgi/content/full/12/535/eaax1744/DC1
Material and Methods
Fig. S1. Experimental outlines for the different experimental cohorts.
Fig. S2. Histopathology analysis on tissues from AAV9.LAMP2B-injected mice revealed no 
microscopic abnormalities.
Fig. S3. Lamp2 KO mice do not have fibrosis compared with WT mice before or after  
AAV9.LAMP2B injection.
Fig. S4. VCN and transgene expression were not affected/changed overtime in the heart.
Fig. S5. Representative transmission electron microscopy images of cardiac tissue in the 
2-month-old cohort after 24 weeks of injection.
Fig. S6. VCNs were affected/changed overtime in the liver.
Fig. S7. Administration of AAV9.LAMP2B in adolescent (2-month-old) mice shows dose-
dependent expression of human LAMP2B in the liver from Lamp2 KO mice together with an 
improvement in autophagic flux and in the serum measurements of ALP and ALT.
Fig. S8. Administration of AAV9.LAMP2B in 2-month-old WT and Lamp2 KO mice shows no 
differences in vector transduction and transgene expression in heart and skeletal muscle 
between WT and Lamp2 KO mice but decreases in the liver from Lamp2 KO mice compared 
with WT.
Fig. S9. VCN and transgene expression were not affected/changed overtime in skeletal muscle.
Fig. S10. Administration of AAV9.LAMP2B in adolescent (2-month-old) mice shows 
dose-dependent expression of human LAMP2B in skeletal muscle from Lamp2 KO mice 
together with an improvement in autophagic flux.
Fig. S11. Administration of AAV9.LAMP2B in adult (6-month-old) mice shows increased 
survival compared to PBS-injected controls.
Table S1. AAV9.LAMP2B vector was detected in liver, heart, and skeletal muscle.
Table S2. Antibody response against recombinant AAV9 and human LAMP2 in Lamp2 KO mice 
after AAV9.LAMP2B injection.
Table S3. Morphometric analysis after AAV9.LAMP2B administration.
Table S4. Echocardiographic measurements of 6-month-old cohort male WT and Lamp2 KO 
mice after AAV9.LAMP2B treatment for 12 weeks with intermittent fasting 6 weeks before 
study termination.
Table S5. Administration of AAV9.LAMP2B in adult (6-month-old) and adolescent (2-month-old) 
Lamp2 KO mice improved cardiac contraction and relaxation compared with PBS-injected 
controls.

View/request a protocol for this paper from Bio-protocol.
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