Conflict of interest: RJS is the

founder of and a shareholder at
Asklepios BioPharmaceutical and
Bamboo Therapeutics Inc. He holds

a patent (9475845) that has been
licensed by the University of North
Carolina at Chapel Hill to Asklepios
BioPharmaceutical, for which he receives
royalties. He has consulted for Baxter
and has received payment for speaking.
MLH has also received royalties from
Asklepios BioPharmaceutical related to a
patent (9447433).

Submitted: February 13, 2018
Accepted: May 17, 2018
Published: June 21, 2018

Reference information:

JCl Insight. 2018;3(12):120474.
https://doi.org/10.1172/jci.
insight.120474.

insight.jci.org

RESEARCH ARTICLE

Double-stranded RNA innate immune
response activation from long-

term adeno-associated virus vector
transduction

Wenwei Shao,’ Lauriel F. Earley,’ Zheng Chai,’ Xiaojing Chen,’ Junjiang Sun,"? Ting He,' Meng Deng,?
Matthew L. Hirsch,* Jenny Ting,? R. Jude Samulski,"* and Chengwen Li"¢’

'Gene Therapy Center, 2Division of Pharmacoengineering and Molecular Pharmaceutics, School of Pharmacy, 3Lineberger
Comprehensive Cancer Center, *“Depatment of Ophthalmology, *Department of Pharmacology, ®Department of Pediatrics,
School of Medicine, and "Carolina Institute for Developmental Disabilities, University of North Carolina at Chapel Hill,
Chapel Hill, North Carolina, USA.

Data from clinical trials for hemophilia B using adeno-associated virus (AAV) vectors have
demonstrated decreased transgenic coagulation factor IX (hFIX) expression 6-10 weeks after
administration of a high vector dose. While it is likely that capsid-specific cytotoxic T lymphocytes
eliminate vector-transduced hepatocytes, thereby resulting in decreased hFIX, this observation

is not intuitively consistent with restored hFIX levels following prednisone application. Although
the innate immune response is immediately activated following AAV vector infection via TLR
pathways, no studies exist regarding the role of the innate immune response at later time points
after AAV vector transduction. Herein, activation of the innate immune response in cell lines,
primary human hepatocytes, and hepatocytes in a human chimeric mouse model was observed at
later time points following AAV vector transduction. Mechanistic analysis demonstrated that the
double-stranded RNA (dsRNA) sensor MDAS was necessary for innate immune response activation
and that transient knockdown of MDAS, or MAVS, decreased IFN- expression while increasing
transgene production in AAV-transduced cells. These results both highlight the role of the dsSRNA-
triggered innate immune response in therapeutic transgene expression at later time points
following AAV transduction and facilitate the execution of effective strategies to block the dsSRNA
innate immune response in future clinical trials.

Introduction

Adeno-associated virus (AAV) vectors encoding factor IX (FIX) have been successfully applied in clini-
cal trials in patients with hemophilia B (1-4). Following AAV-FIX administration, transgene-derived FIX
serum levels, generally, increased over time. However, some patients treated with AAV-FIX demonstrated
decreased circulating FIX concomitant with elevated liver enzymes at weeks 6-10 (2—4). Administration
of prednisone prevented the FIX decrease and restored FIX to previous levels in the blood (2, 3). This
phenomenon was never observed in preclinical trials using rodents and large animals (5-13). Since AAV
capsid-specific cytotoxic T lymphocytes (CTLs) were detected in these patients (2, 3), it has been postulat-
ed and demonstrated, in part, that the therapeutic failure results from CTL clearance of AAV-transduced
hepatocytes (14, 15). However, this clearance model is not fully supported by the following evidence. First,
kinetic studies of AAV capsid antigen presentation report that efficient antigen presentation occurs imme-
diately after AAV administration and then gradually decreases to undetectable levels at later time points
after transduction (16, 17). These data imply that capsid-specific CTLs eliminate most AAV-transduced
cells at early time points but would not effect transgene expression at a later times after administration.
Second, if CTLs mediated elimination of AAV-transduced target cells, then prednisone application would
not restore the circulating FIX to previous levels. Third, in some patients with circulating capsid-specific
CTLs there was no inhibition of FIX expression (3). Therefore, mechanisms other than a capsid-specific
CTL response may play a role in decreased FIX over time in patients receiving AAV-FIX gene therapy.

https://doi.org/10.1172/jci.insight.120474 1


https://doi.org/10.1172/jci.insight.120474
https://doi.org/10.1172/jci.insight.120474
https://doi.org/10.1172/jci.insight.120474

. RESEARCH ARTICLE

insight.jci.org

It has been demonstrated that the innate immune response is immediately activated following AAV
administration via TLR9 and TLR2 recognition (18, 19); however, there are no studies about the role of
innate immunity at later time points after AAV administration and no studies regarding its potential role
in regulation of transgene expression. AAV is a single-stranded (ss) DNA virus with two major genes
involved in replication and capsid production flanked by inverted terminal repeats (ITRs). Replacement
of viral genes with a therapeutic cassette (composed of the promoter, therapeutic transgene, and a poly A
tail) forms the AAV vector construct. Inherent promoter activity of the AAV ITRs of a single transgenic
genome (20, 21) implicates that plus strand RNA transcribed from the 5-ITR and minus strand RNA
from the 3’-ITR could be generated in AAV-transduced cells in a cassette-independent manner. Theo-
retically, ITR or bidirectional promoter-generated RNA from transgenic AAV cassettes (both polarities
are individually packaged) could result in opposite polarity complementary transcripts that trigger the
double-stranded RNA-mediated (dsRNA-mediated) innate immune response. This assumption was sup-
ported by our findings that transgene expression was increased when a plasmid with the 3-ITR deletion
was used via transfection analysis (Supplemental Figure 1; supplemental material available online with
this article; https://doi.org/10.1172/jci.insight.120474DS1) and insertion of a reversed polyA sequence
between 5-ITR and the start codon dramatically decreased transgene expression (Supplemental Figure
2). The minus strand of RNA transcribed by the 3'-ITR promoter might serve as antisense RNA to knock
down transgene expression. The plus strand RNA and minus strand RNA generated from the AAV ITR
promoters on both terminals are able to anneal and form a dsRNA in the cytoplasm of AAV-transduced
cells. Additionally, it has been shown that some promoters for gene delivery have bidirectional transcrip-
tion function to generate minus strand RNA (22), which could also form dsRNA in a circularized vector.
Another possibility for the formation of dsRNA from gene delivery is the secondary structure formation
of mRNA from the transgene cassette due to modification of transgene cDNA sequences. These dsSRNA
formation pathways could potentially activate an innate immune response.

It is well known that MDAS5 and RIG-I are cytoplasmic viral RNA sensors capable of activating type I
interferon signaling pathways after virus infection, so they play a critical role in antiviral innate immunity.
MDAS5 and RIG-I share high sequence similarity and a common signaling adaptor, mitochondrial antiviral
signaling (MAVS), but they play nonredundant functions in antiviral immunity by recognizing different
viruses or viral RNA (23, 24). RIG-I recognizes 5'-triphosphorylated blunt-ended, short dSRNA or ss RNA
hairpins that are often present in a variety of positive- and negative-strand viruses (25-27). MDAS5 recog-
nizes relatively long dsRNA in the genome of dsRNA viruses or dsSRNA replication intermediates of posi-
tive-strand viruses, such as encephalomyocarditis virus and poliovirus (26-29).

Herein, the innate immune response to AAV vector transduction at different time points after admin-
istration is investigated to address the critical clinical question regarding the influence of innate immunity
on transgene-derived FIX levels in a kinetic manner after AAV vector transduction. We found that innate
immunity activation was triggered at both early and late time points after AAV transduction and the late
innate immune response activation was mediated by cytosolic dsRNA sensors. Blocking of the cytosolic
dsRNA sensor or adaptor blunted late IFN- expression and increased transgene expression in AAV-trans-
duced cells, a finding similar to the response following prednisone application observed in the hemophilia B
clinical trial (2). The collective results invoke a transgenic genome-derived dsRNA-induced innate response
as an alternative mechanism for therapeutic failure of forthcoming clinical data regarding AAV gene ther-
apy for hemophilia B.

Results

IFN-f3 inhibits transgene expression in AAV-transduced cells. Type 1 IFN-B expression is the hallmark of
innate immune activation. To study the effect of innate immune response activation on transgene
expression, we investigated the effect of IFN-B on transgene expression after AAV transduction in vitro.
HeLa cells were infected with AAV2/luciferase vector encoding a firefly luciferase transgene; 24 hours
later, IFN-f at different doses was added and luciferase activity was measured at several time points
thereafter. The results demonstrate an inverse relationship between the administered concentration of
IFN-B and transgene-derived luciferase activity (Figure 1A). When IFN-B was added every day from
day 1 after AAV transduction, much stronger inhibition of luciferase expression was observed from a
long-term culture (Figure 1B). This result suggests that innate immune response activation may inhibit
some aspect of productive AAV vector transduction.
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Figure 1. IFN-$ inhibited AAV transgene expression in the HeLa cell line. Hela cells were transduced with 5 x 10° particles of AAV2/luciferase per
cell. (A) After 24 hours, recombinant human IFN-B was added to the medium at a different dose. Transgene expression was detected by luciferase
assay at days 1, 2, 4, and 6 after supplementation of IFN-B. (B) Recombinant human IFN-B was added to the medium every day at 0.5 ng/ml. Trans-
gene expression was detected by luciferase assay at days 1, 2, 4, and 6. ***P < 0.001, when compared with no IFN-f treatment, as measured by 2-way
ANOVA. Results are representative of 3 independent experiments.

Poly (I:C) inhibits AAV transduction. In clinical trials for hemophilia, some patients showed decreased
circulating FIX at weeks 6—10 after AAV-FIX administration (2—4). At this later time point after admin-
istration, the possibility of the innate immune response being triggered by AAV vectors from pattern
recognition receptors (PRRs) in endosomes or sensors for DNA in cytoplasm seems low, as the per-
sistent form of AAV is likely double-stranded exosomes. We presume that dsRNA could be generated
from AAV vector—-mediated transgene delivery and could activate the innate immune response. To deter-
mine whether innate immunity from dsRNA effects vector-derived transgene activity, cells lines were
transfected with polyinosinic-polycytidylic acid [poly (I:C)], a synthetic analog of dsRNA, at different
time points relative to AAV/luciferase vector administration. Regardless of the time points, transfection
of poly (I:C) inhibited luciferase activity in both HeLa and Huh7 cells (Figure 2). This result indicates
that innate immune activation mediated by poly (I:C), as a synthetic analog of dsRNA, is able to inhibit
transgene expression. The data indicate that the innate immune response triggered from dsRNA effects
AAV transduction.

Minus strand RNA generation from AAV 3'-ITR after AAV transduction. To investigate whether minus strand
RNA could be generated from the AAV 3'-ITR promoter, HeLa cells were infected with AAV2/luciferase
vectors and harvested 8 days later for RNA extraction. The cDNA synthesis was performed using sense or
antisense primers of the luciferase transgene. Two pairs of luciferase-specific PCR primers were used to
detect plus or minus strand transcripts (Figure 3A). Both plus and minus strand transcripts were detected
after AAV transduction, and there was no PCR product when the RNA was used as a template (Figure 3B).
The minus strand transcripts were only detected when the cDNA template was diluted 200-fold. However,
even at a 2,000-fold dilution of the cDNA template, we were still able to detect the plus strand transcript
(Figure 3B). This result indicates that the transcripts in a reverse orientation can be generated from AAV
transduction and that the efficiency of minus strand RNA formation is much lower than that of plus strand
RNA. It also supports the possibility that a plus strand RNA and a minus strand RNA that is generated
from a different orientation are able to form dsRNA in AAV-transduced cells.

dsRNA innate immune response is triggered from late AAV transduction in HeLa cells. To study whether the
transduction of AAV activates the dsSRNA innate immune response, we examined the expression kinetics
of the dsRNA sensors MDAS and RIG-I at the transcriptional level. As shown in Figure 4A, the upregu-
lation of MDAS was observed at days 6 and 8 after self-complementary AAV/GFP (scAAV/GFP) vector
administration to HeLa cells. RIG-I expression was not significantly altered during AAV transduction in
HelLa cells (Figure 4B). The IFN- mRNA was significantly higher starting at day 8 after vector administra-
tion (Figure 4C). The upregulation of MDAS and IFN-f expression was also detected at an early time point
after AAV infection. As a control, the expression of MDAS5, RIG-I, and IFN-§ were increased in HeLa cells
at 8 hours after the poly (I:C) transfection and decreased to the baseline at day 3 (Supplemental Figure 3).
In addition, the transgene expression was measured at different time points after AAV transduction (Figure
4D). The expression of the GFP transgene reached a peak at day 4 and then decreased at day 6. We also
examined MDAS5 by Western blotting, which demonstrated an increased abundance in the AAV vector—
treated cells at day 8 after AAV transduction (Figure 4E). These results suggest that the AAV transduction
activates a dSRNA-mediated innate immune response at 6 days after infection.
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Figure 2. Poly (I:C) inhibited AAV

transgene expression in cell lines. HelLa or Huh7 cells were transduced with 5 x 10° particles of AAV2/lucifer-

ase per cell. 2 pg/ml poly (1:C) was added at different time points: 18 hours before AAV transduction, day 0, or day 3. Luciferase expression was
detected 3 days after poly (I:C) transfection. *P < 0.05, **P < 0.01, ***P < 0.001, when compared with control group, as measured by 2-way ANOVA.
Results are representative of 4 independent experiments.

AAV transduction—mediated dsRNA innate immune response activation is cell specific and transgene and dose
dependent. In hemophilia B clinical trials, transgene FIX was driven by a liver-specific promoter in an effort
to restrict expression to hepatocytes (2—4). The results from the above studies have demonstrated that the
dsRNA immune response is triggered at a later time after AAV transduction in HeLa cells, a nonhepatocyte
cell line (Figure 4). Next, we wondered whether the dsSRNA innate immune response was also triggered in
other human cell lines, including cell lines that were derived from hepatocytes. After infection of AAV2/
GFP vectors, at different time points, dSRNA response was evaluated. The upregulation of MDAS was
only observed in the human hepatocyte Huh7 and HepG?2 cells and not in the HEK293 cells. The IFN-f
expression was increased in all 3 of the cell lines (Figure 5A).

To study the activation of the dsSRNA-mediated innate immune response from different transgenes,
we transduced HeLa cells with AAV2 encoding different transgenes, including luciferase, siRNA scram-
ble, and antitrypsin. RNA was harvested for analysis at day 8 after AAV transduction. Compared with
the control group, higher expression of MDAS was observed in HeLa cells transduced with sSAAV/
GFP, AAV2/luciferase, and AAV2/shRNA scramble but not with AAV2/AAT (Figure 5B). However,
the IFN-B expression was upregulated in all AAV2 vector—transduced cells, regardless of the transgenes.

We also tested the dsSRNA-mediated innate immune response to different doses of AAV virus. HeLa cells
were transduced with scAAV2/GFP with doses of 100, 5,000, and 25,000 virus particles per cell. The upreg-
ulation of MDAS and IFN-f expression at day 8 after AAV transduction was dose dependent (Figure 5C).
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Figure 4. dsSRNA immune response is activated at a later time point after AAV transduction. Hela cells were transduced with 5 x 10° particles of scAAV2/
GFP per cell. The expression of MDAS (A), RIG-I (B), and IFN-f (C) in HeLa cells was detected by Q-PCR at different time points after transduction. *P <
0.05, **P < 0.01, when compared with the PBS group, as measured by 2-way ANOVA. The data represent the mean + SEM from 3 independent experi-
ments. For each experiment, the PBS- or AAV-infected group contained 2 or 3 wells of cells. For Q-PCR data analysis, one sample from the PBS group was
normalized to one in each time point of each experiment. (D) GFP expression level in HeLa cells was detected by flow cytometry at different time points
after AAV2/GFP transduction. (E) MDAS expression in HeLa cells in each group was detected by Western blot 8 days after scAAV2/GFP transduction. The
relative level of MDAS expression was calculated based on the intensity of -actin protein from 3 independent experiments. ***P < 0.001, when compared
with the PBS group, as measured by 2-tailed Student’s t test.
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The dsRNA innate immune response is induced in AAV/GFP-transduced primary human hepatocytes. Next,
activation of the dsRNA innate immune response was investigated in the human primary hepatocytes
following AAV vector transduction. scAAV2/GFP vectors were used to transduce primary human hepato-
cytes from 12 different subjects ex vivo. At different time points after transduction, RNA was harvested for
c¢DNA analysis of MDAS5, RIG-I, and IFN-B. MDAS5 was upregulated in 6 of 12 subjects following AAV
administration, with an apparent peak at day 5, or later, followed by a decline to the baseline thereafter
(Figure 6A). A higher expression of RIG-I was only observed in 3 subjects (subjects 1, 5, and 12) (Figure
6A). Another 6 subjects did not show any change in the expression levels of MDAS or RIG-I (Figure 6B).
However, a higher expression of IFN-f was detected at later time points in all subjects after AAV trans-
duction (Figure 6). There was no obvious pattern for high expression of IFN-B, and, in most cases, the
increased IFN-f expression was accompanied by MDAS expression at a late time point (=5 days) after
AAV transduction. In some subjects, high IFN-f expression was detected at very early time points (within
1 day) after AAV transductions (subjects 1, 3, 7, and 9), but there was no change for the dsSRNA sensors.
These results perhaps support the innate immune response activation via the dsSDNA/TLR9 pathway, as
reported in other studies (18, 19, 30).

dsRNA innate immune response induction in AAV/FIX-opt—transduced primary human hepatocytes. Next, we
tested whether AAV vectors packaged with a therapeutic FIX cassette also triggered the dsRNA innate
immune response (4, 6). Human primary hepatocytes from 10 subjects were transduced with AAV vectors
harboring the clinically applied FIX cassette: optimized human FIX with a R338L mutation for enhanced
coagulation activity (hFIX-R338L-opt) (6). After transduction with AAV2/hFIX-R338L-opt, MDAS5 and
IFN-B were upregulated in 5 of 10 subjects at day 5 or later (Figure 7A) and the other 5 subjects just showed
only a high expression of IFN-f (Figure 7B). RIG-I was upregulated in subjects 8 and 12 at day 7 after AAV
transduction (Figure 7A). This result indicates that the dsSRINA innate immune response is activated in human
primary hepatocytes transduced with AAV vectors encoding a clinically therapeutic transgene (Figure 7).

AAV transduction induced activation of the dsRNA innate immune response in humanized mouse livers. The above
results support that the cytosolic dsSRNA innate immune response in human cells is activated at a later time
following AAV transduction in vitro. Next, we examined the dsRNA innate immune response in human
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Figure 5. dsRNA response profile in

different cell lines and different transgenes. (A) Huh7, HEK293, and HepG2 cells were transduced with 5 x 10° particles of

AAV2/GFP per cell. The expression of MDAS, RIG-I, and IFN-f was detected by Q-PCR at day 7. *P < 0.05, **P < 0.01, when compared with the PBS group, as
measured by 2-way ANOVA. The data present the mean + SEM from 3 independent experiments. (B) HeLa cells were transduced with AAV2 containing different
transgenes at 5 x 10° particles per cell. The expression of MDAS, RIG-I, and IFN-P was detected by Q-PCR at day 7 after AAV transduction. For Q-PCR data analy-
sis, samples from the PBS group were normalized to 1in each experiment. *P < 0.05, **P < 0.01, ***P < 0.001, when compared with the PBS group, as measured
by 2-tailed Student’s t test. (C) HeLa cells were transduced with different doses of scAAV/GFP (1,000, 5,000, or 250,000 particles of AAV2/GFP per cell). The
expression of MDAS, RIG-I, and IFN-B was detected by Q-PCR at day 7. *P < 0.05, **P < 0.01, ***P < 0.001, when compared with the PBS group, as measured by

2-way ANOVA. The data present the
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mean + SEM from 3 independent experiments, and each group contained 2 or 3 wells of cells for each experiments.

hepatocytes in vivo using a human chimeric mouse model. In these mice, human hepatocytes were engrafted
into mouse liver with a 70% repopulation. In the first set of experiments, we injected clinical vectors AAV8/
hFIX-opt in 2 mice, and, at week 8, mouse liver was harvested for expression analysis. Both MDAS5 and RIG-I
cDNA were increased in the human hepatocytes of mice treated with AAV vectors, and MDAS5 upregulation
was confirmed by Western blot (Figure 8A). In addition, IFN-B expression was higher in the AAV8/hFIX-
opt—treated mice than that in no treatment controls (Figure 8A). In the second experiment, liver was harvested
at weeks 4 or 8 following AAV8/hFIX-opt systemic injection. The mRNA level for MDAS had increased at
week 4 and had decreased to the same level as that in the controls 8 weeks after AAV vector injection (Figure
8B). A higher expression of MDAS in the second experiment was also confirmed at the protein level (Figure
8C). The AAV-treated mice had a high IFN-f expression not only at week 4, but also at week 8 (Figure 8B).
Blockage of the dsRNA activation pathway increases transgene expression and inhibits IFN-f expression from
AAV-transduced cells. In the experiments described above, the induction of the innate immune response and/
or the addition of IFN-f decreased AAV transduction (Figure 1). Next, we investigated whether blocking
the dsRNA innate immune response effects the transgene expression after AAV transduction. Since MDAS
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Figure 6. dsRNA innate immune response in human primary hepatocytes after scAAV2/GFP transduction. Fresh human primary hepatocytes from 12
individuals were transduced by scAAV2/GFP with 5 x 10° particles per cell. The expression of MDAS, RIG-1, and IFN-B was detected by Q-PCR at different
time points after AAV transduction. For relative gene expression calculation, the gene expression of the PBS group at each time point was normalized to 1,
which is not shown in the graph. Biological duplicates were used in each sample. (A) MDAS expression was >2-fold upregulated following AAV administra-
tion at day 5 or later. (B) MDAS expression was similar to PBS following AAV administration at day 5 or later.

is a major dsRNA sensor in HeLa cells following AAV transduction (Figure 4), siRNAs specific to MDAS5
and MAVS, a common adaptor for MDAS and RIG-I, were employed to knockdown their expression.
The transfection of siRNA was able to efficiently decrease the cellular abundance of MDAS5 and MAVS
(Figure 9A). At first, we examined the effect of siRNA on the inhibition of poly (I:C) on AAV transgene
expression. At day 3 after AAV2/luciferase transduction, poly (I:C) was added. At day 4 siRNA was trans-
fected. At 48 or 72 hours after siRNA, the transgene expression was measured. The luciferase activity was
significantly increased at both 48 and 72 hours when siRNA for MDAS5 or MAVS was used (Figure 9B).
Next, at day 4 after AAV transduction, siRNA was transfected and IFN-f} expression was measured 48 and
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Figure 7. dsRNA innate immune response in human primary hepatocytes after scAAV2/hFIX-opt transduction. Fresh human primary hepatocytes from
10 individuals were transduced by scAAV2/hFIX-opt with 5 x 10° particles per cell. The expression of MDAS, RIG-I, and IFN-$ was detected by Q-PCR at
different time points after AAV transduction. For relative gene expression calculation, the gene expression of the PBS group at each time point was nor-

malized to 1, which is not shown in

the graph. Biological duplicates were used in each sample. (A) MDAS expression was >2-fold upregulated following AAV

administration at day 5 or later. (B) MDAS expression was similar to PBS following AAV administration at day 5 or later.
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72 hours later. Similar to the finding from poly (I:C) application, higher luciferase activity was achieved
following siRNA administration (Figure 9B). In addition, the siRNAs did not activate TLR3 or TLR9 at
the baseline (Supplemental Figure 4). Finally, we studied the effect of siRNAs on IFN-§ expression after
AAV transduction. Consistent with the above studies, a high IFN- expression was shown with the siCon-
trol RNA transfection (Figure 9C). As expected, the IFN-B expression was almost completely inhibited
when siRNAs for either MDAS5 or MAVS were used at both the RNA and protein levels (Figure 9, C and
D). It is interesting to note that the MDAS5 upregulation was rescued when siMAVS were used (Figure 9E).
Moreover, IFN-f can inhibit the increased transgene expression caused by siRNA treatment (Supplemental
Figure 5). The siRIG-I was also used to suppress the dSRNA pathway. As a result, the siRIG-I had no effect
on the transgene expression, which is consistent with above finding that the RIG-I level did not increase
after a long-term AAV transduction (Supplemental Figure 6). These results indicate that the blockage of
the dsRNA activation pathway is able to blunt the innate immune response at a late phase following AAV
transduction, which leads to a higher transgene expression.
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Figure 8. dsRNA response in human hepatocytes from xenografted mice after scAAV8/hFIX-opt transduction. (A) Two xenografted mice with human
hepatocytes were injected with 3 x 10" particles of scAAV8/hFIX-opt. The expression of MDA5, RIG-I, and IFN-B in human hepatocytes in mice was detect-
ed by Q-PCR at 8 weeks after AAV transduction. Three to four pieces of xenografted liver were chosen randomly for RNA extraction. MDAS protein in the
liver was detected by Western blot after 8 weeks. The band intensity was measured to show the relative MDAS expression based on B-actin; the data were
from 4 separate experiments. *P < 0.05, **P < 0.01, when compared with the control group; data for multiple comparisons were compared using 2-way
ANOVA, and data for single comparisons were evaluated by the 2-tailed Student’s t test. (B) Two xenografted mice with human hepatocytes from another
donor were injected with a dose of scAAV8/hFIX-opt. The expression of MDAS, RIG-1, and IFN-f in human hepatocytes in mice was detected by Q-PCR at 4
and 8 weeks after AAV transduction. *P < 0.05, **P < 0.01, ***P < 0.001, when compared with the control group, as measured by 2-way ANOVA. (C) MDAS
protein in livers from the second experiment was detected by Western blot, and the relative expression level of MDAS was calculated based on -actin
intensity; the data were from 4 separate experiments. *P < 0.05, when compared with the control group, as measured by 2-way ANOVA.

Discussion

The innate immune response system is the first line of defense against pathogens, and its activation following
AAV (WT or vector) transduction has been noted at earlier time points shortly after infection (18, 19, 30,
31). In this study, we demonstrated for the first time to our knowledge that the innate immune response was
triggered at a later time point after long-term AAV transduction. The late innate immune response activation

by AAV vectors occurred in different cell types, including primary human hepatocytes. Most importantly, the

late innate immune response was also detected in human hepatocytes from the livers of human xenografted

mice after AAV transduction. The late innate immune response was mediated via the dsSRNA activation path-

way, as blocking the dsRNA sensor or adaptor was able to blunt the response and increase AAV transduction.
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Figure 9. Knock out of dsRNA activation pathway increased AAV transgene expression. (A) HelLa cells were transfected with siControl, siMDAS,

or siMAVS. The knockdown efficiency was detected by Western blot and Q-PCR. (B) At day 0, HeLa cells were transduced with 5 x 10° particles of
AAV2/luciferase per cell. siRNA was transfected into HelLa cells at day 4, and luciferase expression was detected 48 or 72 hours later. As a control, 2
pg/ml poly (1:C) was added at day 3 and siRNA was transfected to Hela cells at day 4. *P < 0.05, **P < 0.01, ***P < 0.001, when compared with the
PBS group, as measured by 2-way ANOVA. The data present the mean + SEM from 4 independent experiments. (C) After 4 days of AAV transduc-
tion, siRNA was transfected to Hela cells, and IFN-3 expression was detected by Q-PCR at 48 hours after siRNA transfection. ***P < 0.001, when
compared with the PBS group, as measured by 2-way ANOVA. The data present the mean + SEM from 3 independent experiments. (D) After 4 days of
AAV transduction, siRNA and IFN-B promoter reporter plasmids were cotransfected to HelLa cells and then luciferase activity was measured after 72
hours. **P < 0.01, when compared with the PBS group, as measured by 2-way ANOVA. (E) After 4 days of AAV transduction, siRNA was transfected
to Hela cells, and MDAS expression was detected by Q-PCR at 48 hours after siRNA transfection. *P < 0.05, when compared with the PBS group, as
measured by 2-way ANOVA. The data present the mean + SEM from 4 independent experiments.
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For innate immune response activation, generally recognition of pathogen-associated molecular pat-
terns by PRRs upregulates costimulatory molecules and inflammatory cytokine production (32). PRRs
have been divided into several families: TLRs, RIG-I like receptors, NOD-like receptors (NLRs), C-type
lectin receptors, AIM2-like receptors, and cytosol DNA sensors (32). Previous studies have demonstrat-
ed that innate immune responses are induced by AAV infection through the TLR9/MyD88 pathway in
plasmacytoid DCs (pDCs) (18) and TLR2 in human nonparenchymal liver cells (19). Another study has
shown that increased TLR9 signaling was observed in the livers when AAV vectors were administered
in mice via systemic administration (30). Zhu et al. found that strong IFN-a secretion was achieved 18
hours after pDCs were infected by AAV transduction (18). The activation of innate immune response
was triggered by AAV in nonparenchymal liver cells within 24 hours (19). It has been demonstrated that
systemic administration of AAV vectors led to the rapid induction of inflammatory cytokines, which
returned to baseline at 6 hours after AAV injection in mice (30, 31). This early activation of the innate
immune response influences long-term transgene expression after AAV transduction (30). However, the
early activation of the innate immune response may not contribute to the declined transgene expression
at week 6 in some patients with hemophilia B after AAV administration. In this study, upregulation of
IFN-B expression was observed at day 6 in HeLa cells following AAV transduction. In primary human
hepatocytes, the pattern of IFN-B expression was inconsistent. Generally, high expression of IFN-$
was achieved after day 5 in all samples. Finally, we also detected the upregulation of IFN-B in human
hepatocytes from humanized mice from week 4 to week 8 after AAV administration. These results
strongly support the notion that the activation of innate immune response is elicited from long-term
AAV transduction. This may inhibit later transgene expression, as manifested in clinical trials in some
patients with hemophilia.

The high expression of IFN-f at day 1 of AAV transduction in some primary human hepatocytes may
result from the TLR9-mediated innate immune response but not from the TLR2 pathway, as suggested
by early studies (18, 19). The mechanism of IFN-f upregulation at later time points after AAV transduc-
tion has not been investigated. It is unlikely that the activation of the innate immune response at the late
phase is triggered by the same mechanism as activation at the early phase after AAV transduction. Early
after AAV infection, TLRY recognition of the AAV genome or TLR2 recognition of the AAV capsid
plays a major role in pDCs or nonparenchymal liver cells for activation of the innate immune response,
respectively (18, 19). TLRs only sense PRRs localized on the cell surface or in the endosomes. After long-
term AAV transduction, if PRRs from AAV vector (dsSDNA AAV genome or AAV capsid protein) still
remain in the endosomes, TLRs should continue to recognize these PRRs and induce a sustained IFN-$
expression. This assumption is contrary to what we observed in this study, since IFN-§ expression was at
baseline levels during days 3—4 after AAV transduction in HeLa cells (Figure 4). Therefore, some other
mechanisms may activate the innate immune response at a late phase after AAV transduction. In addi-
tion to the transmembrane TLRs, cytoplasmic PRRs can also detect viral nucleic acids or proteins from
viral infection. Generally, RIG-I and MDAS5 are able to sense cytosolic dsSRNA from RNA viruses, and
several DNA sensors in cytoplasm have been identified (24). NLR proteins are also involved in the innate
immune response to virus infection (32). It has been demonstrated that AAV ITRs have promoter function
and the 3’-ITR may transcribe minus-stranded RNA, which serves as antisense RNA that could inhibit
transgene production (Supplemental Figure 1). This antisense RNA may bind to sense RNA to form dsR-
NA via annealing in the cytoplasm. The dsRNA generated from AAV vector transduction has the poten-
tial to trigger the dsSRNA innate immune response by modulation of RIG-I and MDAS expression. MDAS
and RIG-I bind to the common adaptor MAVS, which will promote direct or indirect transcriptional
induction of many genes via activation of a few essential transcription factors, including interferon-reg-
ulatory factors and NF-«B, to produce IFN-B and inflammatory cytokines. Indeed, at the late time point
after AAV transduction, the activation of MDAS5 was observed in HeLa cells, primary human hepato-
cytes, and hepatocytes from humanized mouse livers. The upregulation of MDAS5, but not RIG-I, further
supports our hypothesis that dsRNA could be formed from minus-stranded RNA from the AAV 3'-ITR,
since MDAS5 senses the long dsRNA. This result suggests that dsSRNA-mediated activation of the innate
immune response is triggered after long-term AAV transduction. Consistently, using siRNA to block the
dsRNA sensor, MDAS, or the adaptor, MAVS, IFN-} expression was inhibited and transgene expression
was increased at the late time points of AAV infection (Figure 9). These results further support that the
dsRNA-activated innate immune response contributes to a therapeutic FIX decrease at a later time in
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patients with hemophilia B receiving AAV gene therapy. As to how dsRNA-mediated activation of innate
immune response is only detected at a later phase of AAV transduction, one of the possible mechanisms
is the length of time needed to generate enough antisense RNA to trigger dsSRNA-sensing pathways. The
promoter function of the AAV ITR is weak; therefore, it would take a relatively long time to form enough
dsRNA to reach a threshold that can be detected by cytoplasmic sensors. In addition, the biology of AAV
vector transduction may play a role in dsSRNA formation at the late phase of AAV transduction. Unlike
adenovirus vectors, the transgene expression reaches its peak at week 6 in preclinical and clinical trials and
remains persistent for years after AAV vector administration. Therefore, a high amount minus-stranded
RNA can only be synthesized at the late phase of AAV transduction.

Compared with the activation of innate immune responses mediated by dsRNA in HeLa cells, and
although IFN-B was upregulated in all samples of human primary hepatocytes after AAV transduction,
MDAS5 upregulation was only observed in primary hepatocytes from 6 of 12 subjects (Figure 6). These
differences in the MDAS regulation may be explained by the different genetic backgrounds that govern
the immune system, as shown in patients with hepatitis C treated with IFN-a (33, 34). The difference
in MDA upregulation at different time points after AAV transduction in human hepatocytes xenograft
mice may be also caused by the varied genetic background of hepatocyte donors. This assumption is
supported by the clinical trials in patients with hemophilia B, in which only a subset of patients demon-
strated decreased transgene expression at late time points after systemic administration of AAV/FIX
vectors, even though the same dose of AAV was used. In future studies, it will be important to identify
genetic factors that contribute to the dsSRNA-mediated innate immune response after AAV gene therapy.
Additionally, the dsSRNA-mediated late innate immune response activation from AAV transduction did
not occur in every tested cell line, which also highlights that the specific conditions inside of cells play a
role in regulating the dSRNA-mediated innate immune response activation. In clinical trials in patients
with blindness, some studies reported that the therapeutic effect was progressively improved, reached
a peak, and then subsequently decreased in patients with Leber’s congenital amaurosis after subretinal
administration of AAV vectors encoding therapeutic transgenes (35, 36). It was suggested that ongoing
retinal degeneration plays a role for the declined sensitivity due to the finding of progressive retinal
thinning after AAV gene therapy (35, 37). It is unknown whether the innate immunity is activated at
the later time points in the eye and thereby influences transgene expression in patients with blindness
after AAV gene therapy. Since the number of clinical patients involved in AAV gene therapy studies is
still limited, a large number of patients will be needed to address the importance of dsRNA-mediated
innate immune responses in different tissues/organs after AAV targeting. Regardless, the results from
this study highlight the concern that dsSRNA-mediated innate immune response is triggered in human
hepatocytes from long-term AAV transduction.

IFN-B, as a member of the type I IFN family, is one of the downstream effectors in the dsRNA path-
way. Type I IFN plays an antiviral role by binding to IFNAR, activating the JAK/STAT pathway, and
then inducing a wide array of IFN-stimulated genes (ISGs). ISGs act on different steps of transcription
and translation to inhibit protein synthesis (38—41). For example, tripartite motif 22 (TRIM22) inhibits
RNA transcription (41), and both ISG15 and ZAP affect eIF4G and eIF4A to inhibit protein synthesis (38).
Some ISGs are able to induce cell apoptosis, such as TRAIL and FasL (42, 43). Therefore, the multiaspect
function of ISGs induced by IFN- contributes to the inhibition of transgene expression.

Although AAV 3'-ITR has weak promoter function, the exact mechanism of dsRNA formation is
still unclear. Future studies should focus on elucidation of how dsRNA is formed during long-term
AAV transduction. This study also raises another concern, regarding other mechanisms beside cytosolic
dsRNA. These other pathways could be triggered by cytosolic dsDNA from the AAV vector genome
after AAV vectors escape from the endosomes/lysosomes or from NLR recognition, since it has been
previously reported that dsSRNA also induces NRPP pathways (44-47). Further studies will be required
to address these important issues.

In summary, our study reveals a mechanism through which long-term AAV transduction activates the
innate immune response through the cytoplasmic dsRNA recognition pathway, which leads to the produc-
tion of type I IFN-B. Transiently blocking the dsRNA pathway decreases IFN-B expression and increases
transgene expression in AAV-transduced cells. These results provide valuable information that could help the
field design effective approaches to blunt the dsRNA response pathways for improvement of AAV transduc-
tion in future human clinical trials.
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Methods
Cells. HeLa cells, HEK293 cells, Huh7 cells, and HepG2 cells were grown in Dulbecco’s Modified Eagle’s
Medium with 10% FBS and 1% penicillin-streptomycin at 37°C in 5% CO,.

Human primary hepatocytes were purchased from Triangle Research Labs. Details regarding fresh
human primary hepatocytes are listed in Supplemental Table 1. Primary hepatocytes were plated in Wil-
liams’ E Medium with Hepatocyte Thawing and Plating Supplement Pack (Thermo Fisher Scientific) and
maintained in Williams’ E Medium with Hepatocyte Maintenance Supplement Pack and HepExtend Sup-
plement (Thermo Fisher Scientific).

AAV virus production. AAV virus production was performed as previously described using the tri-
ple plasmid transfection (48). Brieflyy, HEK293 cells were transfected with an AAV transgene plasmid
(sspTR-CBA-luciferase, scpTR-CBh-GFP, sspTR-CMV-GFP, sspTR-CBA-AAT, scpTR-shRNA scramble
and scpTR-TTR-FIX-opt), a Rep and Cap AAV helper plasmid, and the adenovirus helper plasmid pXX6-
80. Forty-eight hours after transfection, cells were harvested, lysed, and AAV vectors were purified by
cesium chloride (CsCl) gradient density centrifugation. The virus titer was determined by Q-PCR using the
vector genome as template and is reported as viral genomes (vg).

Mice. Human xenografted mice with 70% human hepatocyte repopulation were purchased from Yecuris.
Mice were maintained in a specific pathogen—free facility at the University of North Carolina at Chapel Hill.

In vitro transduction. HeLa, Huh7, HEK293, or HepG2 cells were transduced by 5 x 10° vg AAV vectors per
cell. Transduced cells were harvested at the indicated time points. For the long-term AAV transduction study, 1
x 10° HeLa cells were transduced by 5 x 10° vg AAV per cell in a 6-well plate. At day 3 after transduction, cells
were split 1:5 and then cultured for, at most, 5 days, with the medium changed every day. AAV-transduced cells
were harvested at the indicated time points, and cell lysate was used to measure luciferase activity.

Transduction of human primary hepatocytes. Suspended hepatocytes were plated on a collagen I-coated
plate, and AAV vectors (AAV2/GFP or AAV2/FIX-opt) were added in a dose of 5 x 103 vg per cell. One
day later, the plating medium was changed to maintenance medium. Primary hepatocytes were cultured for
10 days while the medium was changed every day. Hepatocytes were harvested at different time points for
detection of MDA-5, RIG-I, and IFN-B mRNA expression.

Mouse experiments. Human hepatocyte xenografted mice were administered 3 x 10" vg AAV8/FIX-opt
via retro-orbital injection. At week 4 or 8 after AAV injection, mice were sacrificed and livers were harvest-
ed for RNA extraction and protein analysis via Western blot.

Luciferase assay. Cells transduced by AAV2/luciferase were treated with passive lysis buffer (Promega)
for 20 minutes. Luciferase activity was measured with Luciferase Assay Reagent (Promega) following the
manufacturer’s instructions, using a Victor3 plate reader (Perkin Elmer Inc.).

Transfection assay. For poly (I:C) transfection, cells were transfected with 2 pg poly (I:C) using Lipo-
fectamine 3000 (Thermo Fisher Scientific) in a 12-well plate at different time points: 18 hours prior
to AAV transduction, at the same time as transduction, or 3 days after AAV transduction. For siRNA
transfection, at day 3 after transduction, HeLa cells were split and 24 hours later cells were trans-
fected with 1 pg siRNA (siMDAS5, CUGAAUCUGCUCCUUCACC; siMAVS, AUACAACUGAC-
CCUGUGGG; siMAVS-2, UAGUUGAUCUCGCGGACGA and CCGUUUGCUGAAGACAAGA;
siControl, UGUGAUCAAGGACGCUAUG). At 48 or 72 hours after transfection, cells were harvested
for luciferase assay or RNA extraction.

RNA isolation and real-time PCR. RNA from cultured cells or liver tissues was isolated using TRIzol
Reagent (Invitrogen). Synthesis of first-strand cDNA from RNA templates was performed using the Rever-
tAid First-Strand cDNA Synthesis Kit (Thermo Fisher Scientific). Real-time PCR was performed using a
LightCycler 480 instrument (Roche). Primers used for real-time PCR are listed in Supplemental Table 2.

Western blot. Cells or tissues were treated with RIPA buffer. 60 pg total cellular protein per lane was
loaded onto an SDS-PAGE gel. The proteins were transferred to a nitrocellulose membrane and stained
with rabbit monoclonal MDAS (700360, Thermo Fisher Scientific) and B-actin antibody (AM4302,
Thermo Fisher Scientific). Signal was detected using ECL Western Blotting Detection Reagent (GE).
Data analysis was performed using ImageJ software (NIH).

IFN-f3 promoter reporter assay. 1 X 10° HeLa cells were transduced by 5 X 10° vg AAV2/GFP per cell in a
6-well plate. Cells were split 1:5 at day 3 after transduction. Twenty-four hours later, cells were cotransfect-
ed with an IFN-f promoter reporter plasmid and siRNA. Then, luciferase activity was measured 72 hours
after transfection.
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Minus strand transcription detection. At day 8 after AAV2/luciferase transduction, the HeLa cells were
harvested. RNA was isolated using TRIzol Reagent (Invitrogen) and was treated with DNase (Amplifica-
tion Grade, Thermo Fisher Scientific). Eight pairs of primers for the luciferase gene were used to synthesis
plus strand or minus strand cDNA with SuperScript II Reverse Transcriptase (Thermo Fisher Scientific).
Two pairs of primers were used for the PCR detection of sense and antisense transcripts. Primers used in
this experiment are listed in Supplemental Table 2.

Statistics. All statistical calculations were performed using statistical software (GraphPad Prism 7.0).
Data are presented as mean = SEM. Data for multiple comparisons were compared using 2-way ANOVA,
and data for single comparisons were evaluated by the 2-tailed Student’s ¢ test. Differences between differ-
ent groups were considered to be statistically significant when P values were less than 0.05.

Study approval. All animal studies were reviewed and approved by the University of North Carolina
Institutional Animal Care and Use Committee.
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