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Protein overexpression by adeno-associated virus-based gene 
therapy products in cardiomyocytes induces endoplasmic reticulum 
stress and myocardial degeneration in mice
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Abstract: Gene therapy (GT) products created using adeno-associated virus (AAV) vectors tend to exhibit toxicity via immune reac-
tions, but other mechanisms of toxicity remain incompletely understood. We examined the cardiotoxicity of an overexpressed transgenic 
protein. Male C57BL/6J mice were treated with a single intravenous dose of product X, an AAV-based GT product, at 2.6 × 1013 vg/kg. 
Necropsies were performed at 24 h, 7 days, and 14 days after dosing. Pathological examination and gene expression analysis were 
performed on the heart. Histopathologically, hypertrophy and vacuolar degeneration of cardiomyocytes and fibrosis were observed 14 
days after dosing. Immunohistochemistry for endoplasmic reticulum (ER) stress-related proteins revealed increased positive reactions 
for glucose-regulated protein 78 and C/EBPR homologous protein in cardiomyocytes 7 days after dosing, without histopathological 
abnormalities. Fourteen days after dosing, some cardiomyocytes showed positivity for PKR-like endoplasmic reticulum kinase and 
activating transcription factor 4 expression. Ultrastructurally, increases in the ER and cytosol were observed in cardiomyocytes 7 days 
after dosing, along with an increase in the number of Golgi apparatus compartments 14 days after dosing. The tissue concentration of 
the transgene product protein increased 7 days after dosing. Gene expression analysis showed upregulation of ER stress-related genes 
7 days after dosing, suggesting activation of the PKR-like ER kinase pathway of the unfolded protein reaction (UPR). Thus, the cardio-
toxicity induced by product X was considered to involve cell damage caused by the overexpression of the product protein accompanied 
by UPR. Marked UPR activation may also cause toxicity of AAV-based GT products. (DOI: 10.1293/tox.2024-0011; J Toxicol Pathol 
2024; 37: 139–149)
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Introduction

Gene therapy (GT) is a technique that modifies a per-
son’s genes to treat a disease by introducing a new or modi-
fied gene into the body. Viruses are often used as vectors 
to deliver target genes to patients’ cells, and in recent years 
adeno-associated virus (AAV) vectors have become a wide-
ly used option to achieve this because of their advantages 
in terms of safety, tissue tropism, and highly efficient intro-
duction of genes1–3. AAV is a nonpathogenic single-stranded 
DNA parvovirus that is unable to replicate by itself1, 3. In 

nature, AAV exists as at least 13 different serotypes, each 
of which is known to have different tropisms in tissues1–3. 
AAV vectors consist of two components: a protein capsid 
and an internal DNA construct1. The DNA in AAV vectors 
is modified from the wild-type by removing the genes re-
sponsible for replication and capsid formation and replacing 
them with promoters or enhancers that drive the expression 
of a gene of interest1, 2. The efficiency of infection through 
the tissue tropism of AAV and the efficiency of gene intro-
duction through the promoters or enhancers are important 
for expressing the transgene protein products (hereafter re-
ferred to as “target proteins”) in the target cells1–3.

Findings from clinical and non-clinical studies have 
shown that AAV-based GT products cause toxicity to many 
organs and tissues, including the liver, kidney, heart, neu-
rons, and platelets in blood4–11. Most of these toxicities are 
considered to involve immune responses against AAV vec-
tors and/or the target proteins that they produce. For exam-
ple, liver-associated adverse events, including serious acute 
liver injury, have been found in clinical studies of onase-
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mnogene abeparvovec, an AAV-based GT product used for 
treating spinal muscular atrophy4. Preclinical studies sug-
gested an excessive immune response to the vector capsid 
as a possible mechanism underlying these events. However, 
toxic mechanisms other than the activation of the immune 
responses remain poorly understood.

In the present study, we characterized cardiotoxicity as 
being related to the overexpression of a target protein by 
administering the AAV-based GT product X to mice. We 
performed a detailed pathological examination and gene 
expression analysis to show that the overexpression of tar-
get proteins can induce toxicity without activating immune 
responses via an increase in endoplasmic reticulum (ER) 
stress.

Materials and Methods

Animals
Male C57BL/CJ mice (n=29; The Jackson Laboratory 

Japan, Inc., Yokohama, Japan) aged three weeks were used 
in this study. The animals were housed in conventional 
cages (2–4 per cage) in an animal study room with the tem-
perature controlled at 20–26°C, humidity of 30%–70%, and 
a 12-h light (150–325 lux)/12-h dark cycle. A certified pel-
let diet (FR-2; Funabashi Farm Co., Chiba, Japan) and chlo-
rine-added tap water were provided ad libitum. All studies 
were approved by the Ethics Review Committee for Ani-
mal Experimentation of Daiichi Sankyo Co., Ltd. and were 
performed in accordance with the guidelines of the Ani-
mal Care and Use Committee of Daiichi Sankyo Co., Ltd. 
The experiments were also performed in compliance with 
laws or guidelines relating to animal welfare, including the 
Standards Relating to the Care and Management of Experi-
mental Animals (Notification No. 6 of the Prime Minister’s 
Office, Japan; March 27, 1980) and the Guidelines for Ani-
mal Experimentation (Japanese Association for Laboratory 
Animal Science; May 22, 1987).

Test compound and study design
The AAV-based GT product X (product X), which was 

manufactured by Daiichi Sankyo Co., Ltd. (Tokyo, Japan), 
was used in this study. Phosphate-buffered saline (PBS; FU-
JIFILM Wako Pure Chemical Corporation, Osaka, Japan) 
or product X dissolved in PBS was injected intravenously 
into mice at a dose of 2.6 × 1013 vg/kg. This dose was based 
on the findings of a preliminary study in which cardiotoxic-
ity was induced at a similar dosage. The animals were eu-
thanized 24 h, and 7 and 14 days after exsanguination under 
isoflurane anesthesia. Four animals were used in each group, 
but for the groups analyzed 7 days after dosing, additional 
animals were included in the control (PBS-treated group, 
N=3) and product X-treated (N=2) groups for gene expres-
sion analysis (see “Gene expression analysis in heart”).

Histopathology
The hearts, livers, and lungs were collected during nec-

ropsy. The heart was sectioned coronally, and the sample of 

its ventral half, which included the bilateral atria and ventri-
cles, was fixed in 10% neutral-buffered formalin (NBF). The 
medial right and left lobes of the liver and the whole lung 
were also fixed in 10% NBF. The dorsal half of the heart 
and remaining tissues of the liver were immediately frozen 
in liquid nitrogen and stored at −80°C for use in measuring 
the vector gDNA and target protein concentrations and for 
gene expression analysis. Fixed tissues were embedded in 
paraffin, sectioned, and stained with hematoxylin and eosin 
staining.

Immunohistochemistry
Immunohistochemistry for glucose-regulated pro-

tein 78 (GRP78), PKR-like endoplasmic reticulum kinase 
(PERK), activating transcription factor 4 (ATF4), C/EBP 
homologous protein (CHOP), cleaved-caspase 3, CD3, 
CD45RA, and F4/80 was performed in the hearts and livers 
in the control and product X-treated groups, in accordance 
with the previously reported protocol12, 13 using a Leica Bio-
systems BOND® RXm instrument (Leica Biosystems, Wet-
zlar, Germany). Following incubation with Protein Block 
Serum-Free (Dako, Agilent Technologies, Inc., Santa Clara, 
CA, USA), dewaxed sections were incubated with antibod-
ies. The detailed staining conditions are summarized in 
Table 1. After immunoreaction with secondary antibodies, 
the sections were stained with diaminobenzidine and coun-
terstained with Mayer’s hematoxylin.

Electron microscopic examination
Portions of 10% NBF-fixed tissue specimens from the 

heart of the control group (n=2, 7 days after dosing) and 
product X-treated group (n=2 each, 7 and 14 days after 
dosing) were cut into cubes of 1 mm3, refixed in 2.5% glu-
taraldehyde, and post-fixed in 1% OsO4 for 2 h. The speci-
men was then dehydrated using an ascending concentration 
gradient of alcohol and embedded in epoxy resin. Ultrathin 
sections were double-stained with uranyl acetate and lead 
citrate and examined using an H-7500 transmission electron 
microscope (Hitachi High-Technologies Corporation, To-
kyo, Japan) at 80 kV.

Preparation of tissue lysate
Tissue lysates were prepared for use in measuring vec-

tor gDNA and target protein concentrations in tissues and 
for gene expression analyses. Frozen heart and liver tissues 
were mixed in 4% SDS, 4 M urea, and 125 mM Tris-HCl so-
lution and homogenized five times for 2 min each with tung-
sten beads (Biomedical Science Co., Ltd., Tokyo, Japan) and 
zirconia balls (Nikkato Corporation, Osaka, Japan) using a 
tabletop bead crusher (Shake Master Neo, BMS-M10N21; 
Biomedical Science Co., Ltd.) at 1,500 rpm. Samples were 
centrifuged at 10,000 × g for 10 min at 4°C, and the super-
natant was further centrifuged at 12,000 × g for 10 min at 
4°C. Then, the supernatant was heated for 10 min at 95°C to 
inactivate AAV. Samples were subsequently frozen in liquid 
nitrogen and stored at −80°C until use.



Yasuno, Watanabe, Ishida et al. 141

Measurement of vector gDNA concentration in the 
heart and liver

After treatment with RNase, DNA was extracted from 
the tissue lysates of the heart and liver using the magnetic 
bead method using the MagMAX DNA Multi-Sample Ul-
tra Kit 2.0 (Applied Biosystems, Thermo Fisher Scientific 
Inc., Waltham, MA, USA) and the KingFisher FLEX system 
(Thermo Fisher Scientific Inc.). After measuring the total 
DNA concentration using a Qubit Flex Fluorometer (Ther-
mo Fisher Scientific Inc.), the vector gDNA concentration 
in the extracted DNA solution was measured using the Taq-
Man probe method. Absolute quantification of vector gDNA 
was performed using standard curves created using samples 
of DNA standards at known concentrations. TaqMan Fast 
Advanced Master Mix (Thermo Fisher Scientific Inc.) was 
used as the qPCR master mix, and measurements were per-
formed using the CFX96 Real-Time PCR System (Bio-Rad 
Laboratories, Inc., Hercules, CA, USA). Data are expressed 
as the mean ± standard deviation.

Measurement of target protein concentration in the 
heart and liver

The total protein concentration in the tissues was mea-
sured following the protocol of the Micro BCA Protein As-
say kit (Thermo Fisher Scientific Inc.), and 200 µg of to-
tal protein was collected in tubes from the tissue lysates of 
each sample prepared in Preparation of tissue lysate. After 
adding 10 µL of 10% 1 M Tris-HCl (pH 8.0), 20% acetoni-
trile solution, and an appropriate amount of 2-propanol, the 
samples were vortexed and centrifuged at 15,000 × g for 
15 min at 4°C. Next, the supernatant was removed, and the 
remaining precipitate was dried at room temperature for a 
few minutes. Trypsin digestion was performed by reacting 
the samples at 37°C with 50 µL of 10% 1 M Tris-HCl (pH 
8.0), 10% acetonitrile solution, and 4 µL of trypsin/Lys-C 

Mix, Mass Spec. Grade (1 µg/µL; Promega Co., Ltd., Madi-
son, WI, USA). An internal standard peptide of the trans-
gene protein product (synthesized by SCRAM Co., Ltd., 
Tokyo, Japan, using stable isotope-labeled amino acids) was 
added to the tryptic digest, followed by extraction with a 
solid-phase column (InertSep C2; GL Sciences, Inc., Tokyo, 
Japan), and the target protein-specific tryptic peptide con-
tained in the sample was analyzed using a liquid chromato-
graph (Nexera; Shimadzu Corporation, Kyoto, Japan) and 
a mass spectrometer (QTRAP6500+; SCIEX, Framingham, 
MA, USA). Absolute quantification of the target protein 
was performed using standard curves created with standard 
samples containing the target protein at known concentra-
tions. The quantitative value was converted to the amount 
of target protein per 1 µg of total protein based on the total 
protein amount subjected to protein quantification. Data are 
expressed as the mean ± standard deviation.

Gene expression analysis in the heart
Total RNA was extracted from heart tissue lysates us-

ing the RNeasy Mini QIAcube Kit (QIAGEN N.V., Venlo, 
Netherlands). After measuring the concentration using a 
multichannel spectrometer (Dropsense 16; Trinean NV/SA, 
Ghent, Belgium), the samples were stored frozen at −80°C 
until the reverse-transcription reaction. Since a sufficient 
amount of total RNA could not be extracted from the heart 
tissue lysate of the product X-treated group 7 days after dos-
ing using the above method, heart samples were collected 
from additional mice treated with PBS or product X 7 days 
after dosing. The fresh hearts were mixed with TRIzol re-
agent (Thermo Fisher Scientific Inc.), and total RNA was 
extracted in accordance with the manufacturer’s protocol. 
The obtained total RNA sample was subjected to cDNA and 
cRNA synthesis using GeneChip 3′IVT PLUS Reagent Kit 
(Affymetrix, Thermo Fisher Scientific Inc.).

Table 1.	 Antibodies Used for Iimmunohistochemistry and Brief Protocol

Primary antibody Secondary antibody Antigen 
retrievalClone Dilution Source Source

GRP78 Polyclonal 1:1000 GeneTex Inc., Irvine, CA, USA EnVision+ System-HRP-Labeled 
Polymer Anti-Rabbit

Dako Agilent Technologies, 
Inc., Santa Clara, CA, USA

No  
treatment

PERK Polyclonal 1:85 Abcam plc, Cambridge, UK EnVision+ System-HRP-Labeled 
Polymer Anti-Rabbit

Dako Agilent Technologies, 
Inc., Santa Clara, CA, USA

98°C, 20 
min, pH 6.0

ATF4 Polyclonal 1:100 Abcam plc, Cambridge, UK EnVision+ System-HRP- 
Labeled Polymer Anti-Rabbit

Dako Agilent Technologies, 
Inc., Santa Clara, CA, USA

98°C, 20 
min, pH 6.0

CHOP 
(DDIT3)

9C8 1:200 Abcam plc, Cambridge, UK Mouse on Mouse Polymer IHC kit Abcam plc, Cambridge, UK No  
treatment

Cleaved-
caspase 3

Asp175 1:500 Cell Signaling Technology, Inc., 
Danvers, MA, USA

Mouse on Mouse Polymer IHC kit Abcam plc, Cambridge, UK 98°C, 20 
min, pH 6.0

CD3 SP7 1:100 Abcam plc, Cambridge, UK Mouse on Mouse Polymer IHC kit Abcam plc, Cambridge, UK 98°C, 20 
min, pH 6.0

CD45RA RA3-6B2 1:100 Becton, Dickinson and Company, 
Franklin Lakes, NJ, USA

Mouse on Mouse Polymer IHC kit Abcam plc, Cambridge, UK 98°C, 20 
min, pH 9.0

F4/80 CI:A3-1 1:100 Abcam plc, Cambridge, UK Goat Anti-Rat IgG H&L HRP 
Polymer

Abcam plc, Cambridge, UK No  
treatment

GRP78: glucose-regulated protein 78; PERK: PKR-like endoplasmic reticulum kinase; CHOP: C/EBP homologous protein; DDIT3: DNA dam-
age-inducible transcript 3; ATF4: activating transcription factor 4.　pH 6.0: citrate buffer; pH 9.0: Tris/EDTA buffer.
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Gene expression analysis was performed using the 
Clariom S Assay, Mouse (Thermo Fisher Scientific Inc.). 
Differentially expressed genes were selected using the cri-
teria of fold change >2 and adjusted p-value <0.05 in the 
product X-treated group compared with the control group 
at each time point and analyzed with Transcriptome Analy-
sis Console software version 4.0 (Thermo Fisher Scientific 
Inc.). Data were imported into the Ingenuity Pathway Anal-
ysis (IPA; Tomy Digital Biology Co., Ltd., Tokyo, Japan) 
and BaseSpace Correlation Engine (Illumina Co., Ltd., San 
Diego, CA, USA) to investigate the functional pathways and 
genes related to the dosing of product X.

Results

Pathological examination
No abnormal clinical signs were observed in any of the 

animals until necropsy. At necropsy, hydrothorax was ob-
served in two of the four animals in the product X-treated 
group 14 days after dosing. Histopathologically, no changes 
were observed in the heart or liver 24 h or 7 days after dos-
ing (Fig. 1A) or in the lungs at any necropsy time point. 
Fourteen days after dosing, apparent hypertrophy and vacu-
olar degeneration of cardiomyocytes with increased inter-
stitial cells and connective tissue were observed in the heart 
(Fig. 1B). The interstitial cells were negative for lympho-
cyte and macrophage markers, namely CD3, CD45RA, and 
F4/80 (data not shown), implying that they were not inflam-
matory cells but rather proliferating fibroblasts contributing 
to interstitial fibrosis. Hypertrophic cardiomyocytes showed 
increased cell size and enlarged nuclei with prominent nu-
cleoli, but necrosis was not observed. Some of these car-
diomyocytes showed vacuolar degeneration with small to 
large cytoplasmic vacuoles and a halo around the nucleus. In 
the liver, centrilobular vacuolation and hepatocyte necrosis 
were observed in the product X-treated group 14 days after 
dosing (Fig. 2). The vacuoles were large, numbering from 
one to several per cell, and located adjacent to the nucleus. 
Some nuclei were displaced by vacuoles and exhibited a 
crescent shape. The vacuoles contained clear or eosinophilic 
flocculent materials. There was no correlation between he-
patocyte vacuolation and necrotic sites.

Immunohistochemically, some cardiomyocytes were 
positive for GRP78 and CHOP in the product X-treated 
group 7 days after dosing, whereas they exhibited no chang-
es upon hematoxylin and eosin staining (Fig. 1C and 1E). 
Fourteen days after dosing, immunohistochemical analy-
ses with both antibodies revealed an increased number of 
positively stained cardiomyocytes (Fig. 1D and 1F), and 
a few cardiomyocytes were positive for PERK and ATF4 
(Fig. 1G and 1H). Results for cleaved-caspase 3 were nega-
tive at all necropsy time points. In the liver, hepatocytes 
were negative for GRP78, PERK, CHOP, and cleaved-cas-
pase 3 (ATF4 was not examined).

In the cardiomyocytes of the control mice, the cyto-
plasm was rich in mitochondria and muscle fibers, and 
the ER was rarely observed under electron microscopy 

(Fig. 3A and 3B). Seven days after dosing with product X, 
there were increases in the ER, especially in the smooth ER 
and cytosol of cardiomyocytes (Fig. 3C and 3D). Fourteen 
days after dosing, these changes became more prominent 
(Fig. 3E and 3F). The findings also revealed an increase in 
the number of compartments and the overall hypertrophy of 
the Golgi apparatus (Fig. 3F and 3G).

Vector gDNA and target protein concentrations in the 
heart and liver

The vector gDNA and target protein concentrations in 
the heart and liver are shown in Table 2. In the product X-
treated group, vector gDNA concentration in the heart de-
creased over time, showing values of 618 ± 233, 89 ± 40, 
and 55 ± 10 vg/mg at 24 h, 7 days, and 14 days after dosing, 
respectively. Conversely, the target protein concentration 
in the heart increased over time. The obtained results were 
below the lower limit of quantification (<5 pg/μg of total 
protein), 152 ± 25.2, and 1,138 ± 402 pg/μg of total protein 
at 24 h, 7 days, and 14 days after dosing, respectively. The 
changes in the liver differed from those in the heart. Vec-
tor gDNA showed a high concentration 24 h after dosing, 
which decreased 7 days after dosing. However, 14 days after 
dosing, the level increased again to match that at 24 h after 
dosing. The target protein concentration increased over time 
until 14 days after dosing, but the rate of increase was mini-
mal compared with that in the heart.

Gene expression analysis in the heart
Transcriptomic analysis identified 1,259, 706, and 4,102 

differentially expressed genes at 24 h, 7 days, and 14 days 
after dosing, respectively (Table 3). Specifically, 625, 426, 
and 2,025 genes were upregulated in the product X-treated 
group, and 634, 280, and 2,077 genes were downregulated 
at these time points, respectively.

In the upstream analysis of IPA, we identified the top 
five activated upstream regulators (Z-score >2) 14 days af-
ter dosing in each of the four categories classified by IPA: 
“transcription regulator”, “cytokine”, “growth factor”, and 
“others” (Table 4). For these identified upstream regula-
tors, Z-scores were compared at 24 h, 7 days, and 14 days 
after administration. Twenty-four hours after dosing, there 
was activation of upstream regulators related to cytokines, 
namely, interferon-gamma (Infg) and tumor necrosis factor 
(Tnf ), and a cytosolic sensor of viral DNA, namely stimu-
lator of interferon response cGAMP interactor 1 (Sting1)14. 
Seven days after dosing, the results revealed the activation 
of upstream regulators related to ER stress, namely X-box 
binding protein 1 (Xbp1); related to cardiac remodeling, 
namely transforming growth factor beta 1 (Tgfb1)15, KLF 
transcription factor 6 (Klf6)15, and angiotensinogen (Ang)16; 
and related to intracellular vesicular trafficking, namely 
trafficking protein particle complex subunit 1 (Tappc1)17. 
Fourteen days after dosing, the activation of Xbp1, Infg, Tnf, 
Tgfb1, Klf6, Ang, Sting1, and Trappc1 seen at 7 days after 
dosing was maintained, and additional activation of up-
stream regulators related to cytokines, such as interleukin 1 
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beta (Il1b), and related to cardiac remodeling, such as integ-
rin subunit alpha 11 (Itga11)18, was observed.

In the downstream analysis, we identified the top five 
activated downstream functions (Z-score >2) as phenotypes 
predicted to be related to myocardial lesions 14 days after 
dosing (Table 4). For the identified downstream pathways, 
the Z-scores were compared at 24 h, 7 days, and 14 days 

after administration. Twenty-four hours after dosing, down-
stream functions, namely “immune response of cells” and 
“activation of antigen-presenting cells (APCs)”, were ac-
tivated, whereas none of these functions was activated 7 
days after dosing. Fourteen days after dosing, there was the 
activation of the downstream functions of “proliferation of 
muscle cells” and “fibrogenesis” related to cardiac remod-

Fig. 1.	 Histopathology (A and B) and immunohistochemistry (C–H) of the heart of mice treated with a single intravenous dose of 2.6 × 1013 vg/
kg of AAV-based gene therapy (GT) product X (A, C, and E, 7 days after dosing; B, D, and F–H, 14 days after dosing). No changes are 
observed 7 days after dosing (A), whereas apparent hypertrophy and vacuolar degeneration of cardiomyocytes and slight proliferation 
of fibroblasts with interstitial fibrosis are observed at 14 days after dosing (B). Hypertrophic cardiomyocytes show enlarged nuclei with 
prominent nucleoli. A halo is observed around the nucleus in some cardiomyocytes (B, inset, arrowhead). Glucose-regulated protein 78 
(GRP78)- and C/EBP homologous protein (CHOP)-positive cardiomyocytes are observed 7 (C, GRP78, cytoplasm; E, CHOP, nucleus) 
and 14 days (D, GRP78; F, CHOP) after dosing. A few PKR-like endoplasmic reticulum kinase (PERK, G, cytoplasm)- or activating 
transcription factor 4 (ATF4, H, cytoplasm)-positive cells are observed 14 days after dosing. A and B, hematoxylin and eosin (HE) stain-
ing; C to H, immunohistochemistry. Bar=100 (A–D) or 50 μm (E–H).
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eling and also “immune response of cells”, “production of 
reactive oxygen species (ROS)”, and “activation of APCs” 
related to inflammation. No activation of genes or func-
tions related to apoptosis was detected by either upstream or 
downstream analysis.

In the pathway analysis using the BaseScope Corre-
lation Engine, we identified genes related to the unfolded 
protein response (UPR) in the ER 14 days after dosing and 
compared their fold change as calculated from the log signal 
ratio with the concurrent control group at 24 h, 7 days, and 
14 days after dosing (Table 5). The results revealed that UPR 
genes were upregulated 7 days after dosing, which coincid-
ed with the time point at which the expression of CHOP, a 
transcript of Ddit3, was observed using immunohistochem-

istry. In addition, Creb3 and Arf4, which are genes related to 
Golgi apparatus stress19, were upregulated by 4.5- and 3.7-
fold, respectively, 14 days after dosing.

Discussion

In this study, a single intravenous injection of the AAV-
based GT product X induced the degeneration of cardiomy-
ocytes and slight interstitial fibrosis in the hearts of mice 
14 days after dosing. Immunohistochemistry and electron 
microscopy revealed the expression of ER stress-related 
proteins and morphological changes in the ER in cardiomy-
ocytes 7 days after dosing, which were considered to reflect 
the upregulation of UPR genes in gene expression analysis. 

Fig. 2.	 Histopathology of the liver of mice treated with a single intravenous dose of 2.6 × 1013 vg/kg of AAV-based GT product X. Centrilobular 
vacuolation (A) and necrosis (B) of hepatocytes are observed 14 days after dosing. Intracytoplasmic vacuoles are irregular in size, and 
some contain eosinophilic flocculent materials (A, inset). CV, central vein. HE staining. Bar=100 μm.

Table 2.	 Vector gDNA and Transgene Protein Product (Target Protein) Concentrations in 
the Heart and Liver in Mice Treated with AAV-based Gene Therapy Product X

Time after dosing

24 h 7 days 14 days
Vector gDNA (vg/g gDNA)

Heart 618 ± 234 89 ± 41 55 ± 10
Liver 2,330 ± 510 893 ± 269 2,696 ± 1,386

Target protein (pg/g total protein)
Heart < LLOQ 152 ± 25.2 1,138 ± 402
Liver 5.73 ± 0.382 22.3 ± 3.8 30.5 ± 20.7

LLOQ: lower limit of quantification (5 pg/μg total protein).

Table 3.	 Number of Differentially Expressed Genes in the Heart in Mice Treated 
with AAV-based Gene Therapy Product X

Time after dosing

24 h 7 days 14 days
Upregulated  625  426 2,025 
Downregulated  634  280 2,077 

The number of differentially expressed genes that shows false discovery rate (FDR) 
p-value <0.05 and absolute log2 fold changes >1 in the product X-treated group 
compared with the concurrent control group. Gene expression profile of the heart 
obtained from the animals was analyzed with Clariom S Assay, Mouse (Thermo 
Fisher Scientific Inc., Waltham, MA, USA) and Transcriptome Analysis Console 
(TAC) software version 4.0 from Affymetrix, Thermo Fisher Scientific Inc.
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Based on these findings, the cardiotoxicity in the present 
study was considered to be due to the activation of the UPR 
in cardiomyocytes.

The activation of immune responses has been consid-
ered the main cause of toxicity provoked by AAV-based 
GT products in clinical and non-clinical studies20, 21. AAV 
causes the activation of innate immunity in the early stage 
of infection and the subsequent induction of adaptive im-
munity. The activation of innate immunity is considered to 

involve the stimulation of immune cells and target cells by 
the AAV capsid or transgene DNA via Toll-like receptors. 
Upon such activation, each cell releases various cytokines 
such as type I IFN, TNF-α, IL-1, IL-6, and IL-821–24. In this 
study, the activation of Tnf and Il1b was observed 24 h after 
dosing by upstream analysis, but immune cell infiltration 
was not observed at this time point. Antigen presentation 
via major histocompatibility complex classes I and II induc-
es antibody-mediated immunity, including the production 

Fig. 3.	 Electron microscopy of the heart of mice treated with a single intravenous dose of 0 (control, A and B, 7 days after dosing) or 2.6 × 
1013 vg/kg (C–G) of AAV-based GT product X (C–D, 7 days after dosing; E–G, 14 days after dosing). In the control mice, the cytoplasm 
is rich in mitochondria and muscle fibers, and the ER is rarely seen (A and B). In AAV-based GT product X-treated mice, an increase in 
the number of compartments of endoplasmic reticulum (ER), especially smooth ER (D, arrows), and mild expansion of the cytosol are 
observed 7 days after dosing (C and D). Further increases in the number of compartments of ER (F, arrows show the smooth ER) and the 
area of the cytosol are observed 14 days after dosing (E and F). An increase in the number of compartments and overall hypertrophy of 
the Golgi apparatus are also observed (F and G, asterisk). Bar=5 (A, C, and E), 2 (B, D, and F), or 1 μm (G).
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of anti-AAV antibodies against AAV vectors and antibodies 
against target proteins. Cell-mediated immunity in the form 
of the activation of killer T cells is also important for adap-
tive immunity; these cells are thought to be responsible for 
the liver injury reported in clinical trials of AAV-based GT 
products21, 23, 24. In the present study, downstream analysis 
revealed an increased cellular immune response and APC 
activation at 24 h and 14 days after dosing, but immune cell 
infiltration was not apparent at the same time points. It was 
thus considered that the activation of immune responses 
was less likely to be responsible for the cardiotoxicity ob-
served in this study. The activation of immune responses 
observed by downstream analysis 14 days after dosing was 
considered to be a secondary response to the cardiomyocyte 
degeneration and proliferation of fibroblasts. In future work, 
the details of the immune responses should be investigated 
using immune cells, such as peripheral blood mononuclear 
cells.

The administration of product X induced an increase 

in ER stress in the heart. ER stress is reported to be in-
volved in the onset and progression of heart failure25. Stud-
ies using cardiac samples from patients with heart failure 
have shown that ER stress factors such as GRP78, XBP1, 
and CHOP increase during heart failure, and increases in 
GPR78 and CHOP have also been observed in mouse heart 
failure models26. In the present study, increased expression 
of ER stress proteins and ultrastructural changes in the ER 
were observed 7 days after dosing, followed by degeneration 
of cardiomyocytes and slight interstitial fibrosis. Fourteen 
days after dosing, upstream analysis revealed the activa-
tion of cardiac fibrosis-related genes, such as Tgfb1, Klf6, 
Ang, and Itga1114–16, and downstream analysis revealed the 
activation of cardiac remodeling, including cardiomyocyte 
regeneration, interstitial fibrosis, and the activation of ROS 
production27. This sequence of events indicated that ER 
stress is one of the most important factors in the progression 
of cardiomyocyte degeneration induced by product X.

The induction of ER stress by GT products using an 

Table 4.	 Ingenuity Pathway Analysis (IPA) for Predicting Upstream Regulators and Downstream Functions in Mice 
Treated with AAV-based Gene Therapy Product X

Gene Gene description
Time after dosing

24 h 7 days 14 days
Upstream regulators

Transcription regulators
Xbp1 X-box binding protein 1 ND 6.4 7.2
Klf6 KLF transcription factor 6 ND 2.2 6.0
Nfe2L2 NFE2-like bZIP transcription factor 2 ND 2.3 5.9
Tp53 tumor protein p53 3.1 2.3 5.8
Bhlhe40 basic helix-loop-helix family member e40 2.7 ND 5.6

Cytokines
Ifng interferon gamma 5.0 ND 6.5
Tnf tumor necrosis factor 3.4 3.6 6.4
Il1b interleukin 1 beta ND 2.0 5.3
Prl prolactin 3.8 ND 5.2
Cntf ciliary neurotrophic factor 2.0 ND 4.7

Growth factors
Tgfb1 transforming growth factor beta 1 −3.1 3.9 8.1
Agt angiotensinogen ND 3.3 7.7
Angpt2 angiopoietin 2 ND 2.8 4.6
Gdf2 growth differentiation factor 2 ND ND 3.5
Nrg1 neuregulin 1 ND 3.0 3.3

Others
Them6 thioesterase superfamily member 6 ND 4.2 4.5
Hax1 HCLS1-associated protein X-1 ND ND 4.3
Sting1 stimulator of interferon response cGAMP interactor 1 4.7 ND 4.3
Itga11 integrin subunit alpha 11 ND ND 3.6
Trappc1 trafficking protein particle complex subunit 1 ND 4.2 3.5

Downstream functions
Proliferation of muscle cells ND ND 3.8
Immune response of cells 2.5 ND 3.8
Production of reactive oxygen species ND ND 2.7
Activation of antigen-presenting cells 2.0 ND 2.4
Fibrogenesis ND ND 2.2

IPA was performed to understand gene functions and regulatory pathways based on differentially expressed genes. 
The value indicates the activation Z-score, which was calculated from the concordance of the known effects of up-
stream regulators or downstream functions based on the literature and compiled in the Ingenuity Knowledge Base. 
Predicted status of upstream regulators was determined by the Z-score (>2, activation; <–2, inhibition) based on the 
direction of expression change of unigenes in the dataset. ND: not determined.
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AAV vector has been reported28. In that study, an AAV vec-
tor expressing recombinant human factor VIII SQ (hFVII-
SQ) with a strong liver-specific promoter was used28. ER 
stress was induced by the increased expression of chaperone 
proteins such as GRP78, HYOU1, and PDIA1, resulting in 
the accumulation of hFVIII-SQ in hepatocytes. UPR pro-
tein analysis showed increases in ATF6, PDIA4, MANF, 
and DNAJC3, suggesting the activation of the ATF6 path-
way, which is one of the UPR pathways. In the present study, 
product X induced increased expression of PERK, ATF4, 
and CHOP, as revealed using immunohistochemistry, and 
the upregulation of Ddit3 and Atf4 in gene expression analy-
sis. These results suggested that the PERK pathway, which 
is also one of the UPR pathways, was activated by the ad-
ministration of product X. While no activation of the PERK 
pathway was reported in the abovementioned study28, in-
duction of the activation of the UPR pathway by the AAV-
GT product was observed, which was reaffirmed in the pres-
ent study. The discrepancies in the obtained findings may be 
due to differences in target cells.

Activation of CHOP is known to induce caspase 3-me-
diated apoptosis29, but neither immunohistochemistry nor 
gene expression analysis showed activation of the caspase 
3 pathway in the present study. In contrast, hydrothorax, 
which indicates decreased cardiac function, was observed 
14 days after dosing. Changes in the liver also suggested 
cardiac dysfunction. Rapid dysfunction of the heart was 
considered to evoke the hepatocellular vacuolation ob-
served 14 days after dosing in the present study, possibly via 
a decrease in the oxygen supply to the liver, as previously 
reported30. Overall, it was suggested that activation of the 

UPR in cardiomyocytes induced cardiac dysfunction in the 
absence of apoptosis. It was speculated that the slight inter-
stitial fibrosis observed 14 days after dosing was a type of 
cardiac fibrosis known as “reactive fibrosis”, characterized 
by the absence of cardiomyocyte loss15. Reactive fibrosis is 
considered to be an adaptation to cardiac injury to retain 
the heart’s pressure-generating ability. However, the data 
obtained in this study did not shed light on the mechanism 
of hepatocellular necrosis. Changes in the vector gDNA and 
target protein concentrations in the liver were unlikely to be 
related to hepatotoxicity.

The nature of the target protein is important when con-
sidering the induction of ER stress by the GT products. In 
the abovementioned report by Fong et al.28, the target pro-
tein, hFVIII-SQ, was a secreted protein that was considered 
to be transported outside the cell by exocytosis. In contrast, 
the target protein in the present study has been reported to 
localize in the Golgi apparatus in normal muscle cells with 
no exocytosis. It was speculated that the activation of Trap-
pc1, a gene related to intracellular ER-to-Golgi transport17, 
7 days after dosing reflected excess target protein transport 
inside the cell. Owing to the lack of an exocytosis pathway, 
it was considered that the target protein would accumulate 
in the ER and Golgi apparatus. The increase in the num-
ber of compartments and overall enlargement of the ER and 
Golgi apparatus in cardiomyocytes observed in the present 
study were attributed to the upregulation of target protein 
synthesis and accumulation of unfolded proteins. However, 
the reason for the increase in smooth ER was unclear based 
on the available data.

In the present study, upregulation of Creb3 and Arf4 

Table 5.	 Differentially Expressed Genes Involved in Endoplasmic Reticulum Unfolded Protein Response in Mice Treated with AAV-based Gene 
Therapy Product X

Gene Gene description
Time after dosing

24 h 7 days 14 days
Endoplasmic reticulum unfolded protein response

Hyou1 hypoxia up-regulated 1 NC 25.1 53.8 
Dnajc3 DnaJ (Hsp40) homolog, subfamily C, member 3 NC 27.8 38.1 
Derl3 Der1-like domain family, member 3 NC 799.3 24.6 
Hspa5 heat shock protein 5 NC 5.2 18.9 
Ddit3 DNA damage-inducible transcript 3 NC 50.5 18.8 
Herpud1 homocysteine-inducible, endoplasmic reticulum stress-inducible, ubiquitin-like domain member 1 NC 6.1 12.6 
Atf4 activating transcription factor 4 NC 8.5 12.5 
Wfs1 Wolfram syndrome 1 homolog (human) NC 2.7 10.5 
Serp1 stress-associated endoplasmic reticulum protein 1 NC 3.6 8.4 
Selenos histocompatibility 47 NC NC 6.7 
Derl1 Der1-like domain family, member 1 NC 2.3 5.5 
Creb3 cAMP-responsive element binding protein 3 NC NC 4.5 
Ero1l ERO1-like (S. cerevisiae) NC 6.6 3.6 
Cdk5rap3 CDK5 regulatory subunit-associated protein 3 NC NC 3.1 
Derl2 Der1-like domain family, member 2 NC 2.3 2.7 
Eif2ak2 eukaryotic translation initiation factor 2-alpha kinase 2 2.5 NC 2.6 
Creb3l1 cAMP-responsive element binding protein 3-like 1 NC NC 2.5 
Ptpn1 protein tyrosine phosphatase, non-receptor type 1 NC NC 2.5 
Xbp1 X-box binding protein 1 NC NC 2.2 

Differentially expressed genes between control and AAV-based transgene product X-treated mice (t-test, p<0.05) that are involved in endo-
plasmic reticulum unfolded protein response were curated from BaseSpace Correlation Engine. The values indicate the fold change that was 
calculated from the log signal ratio relative to the concurrent control group. NC: not calculated.
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genes involved in the CREB3 pathway was observed, sug-
gesting activation of the Golgi stress response. The Golgi 
apparatus has a unique stress response system that is ac-
tivated in response to cellular demands19. When an excess 
amount of protein is synthesized in the ER and transport-
ed to the Golgi apparatus, post-translational modification 
(PTM) stalls because of a lack of PTM enzymes, followed 
by the cessation of extracellular transport because of a lack 
of vesicular transport factors. To address this lack of Golgi 
apparatus functions, cells accelerate the transcription of 
genes encoding PTM enzymes and vesicular transport fac-
tors by activating the Golgi stress response system. Three 
pathways for the Golgi stress response have been reported: 
the CREB331, TFE332, and HSP4733 pathways. In the present 
study, we were unable to confirm the intracellular localiza-
tion of the target protein immunohistochemically because 
no appropriate antibodies were available. However, ultra-
structural findings in cardiomyocytes at 14 days after dos-
ing, including an increase in the number of compartments, 
overall enlargement of the ER and Golgi apparatus, and ex-
pansion of the cytosol with the migration of myofibers to 
the periphery of the cell suggested the accumulation of the 
target protein in the cytosol. The normal structure of car-
diomyocytes was almost completely lost, indicating that the 
accumulation of the target protein may have inhibited the 
contraction of cardiomyocytes, which is necessary to main-
tain cardiac functions.

In summary, we showed that GT products created us-
ing AAV vectors may cause cell dysfunction by inducing 
marked UPR activation due to excessive production of the 
target protein in cardiomyocytes. Target cells of GT prod-
ucts are important factors in assessing the risk associated 
with the administration of such products. If the target cells 
have low regenerative potential and are components of a vi-
tal organ, such as cardiomyocytes or neurons, inhibition of 
their functions may cause life-threatening events, even if 
UPR activation is limited. In fact, a study on non-human 
primates has described that overexpression of a target pro-
tein in neurons induced neuronal necrosis34. Accurate esti-
mation of the level of expression of the target protein in the 
target tissue is thus clearly important before clinical trials 
can be performed. As GT products can induce irreversible 
and severe toxicity after a single dose, it is essential to per-
form an appropriate human risk assessment by considering 
factors such as the set dose or species differences in the effi-
ciency of gene induction upon AAV infection in target cells 
in non-clinical studies.
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