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Abstract

An ongoing concern of /n7 vivo gene therapy is adaptive immune responses against the protein
product of a transgene, particularly for recessive diseases in which antigens are not presented to
lymphocytes during central tolerance induction. Here we show that Toll-like receptor 9 (TLR9)
signaling activates T cells against an epitope tagged mitochondria-targeted ornithine
transcarbamylase (OTC) following the administration of a systemic adeno-associated virus (AAV)
vector. Using a transgenic mouse model system, we demonstrate that TLR9 signaling extrinsic to
T cells induces a robust cytotoxic 7-cell response against the transgene and results in transgene
expression loss. Overall, our results suggest that inflammation mediated by TLR9 signaling and
the presence of high affinity transgene-specific T cells is important for the development of
adaptive immune responses to transgene products following AAV gene therapy.
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1. Introduction

Adeno-associated virus (AAV) vector-mediated gene therapy has shown potential in clinical
trials for the treatment of several recessive diseases [1-4]. However, scientists have observed
adaptive immune responses to the transgene product in many pre-clinical models [5-8].
These responses are most notable when the delivered gene expresses a “non-self” protein,
because the recipient is more likely to develop an immune response to antigens that were not
present during lymphocyte development [9-13]. However, adaptive immune responses are
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tightly controlled, and exposure to a novel protein often results in tolerance rather than
immunity if an inflammatory signal is not present [14]. In the case of AAV-mediated gene
therapy, the vector genome itself is an immunogenic stimulus that can induce an
inflammatory response, which could potentially exacerbate the host’s immune response to
the transgene.

Toll-like receptor 9 (TLR9), which is located in the endosomal compartment, recognizes
unmethylated CpG DNA and induces pro-inflammatory reactions that can result in an
immune response [15,16]. Researchers have observed that in response to AAV vectors,
TLR9 up-regulates pro-inflammatory cytokines. This observation was reported in studies
involving ex vivo stimulation of plasmacytoid dendritic cells with AAV2 [17] or i.m. AAV2
administration in mice [18]. Additional studies have shown that immune responses to self-
complementary AAV genomes containing double-stranded DNA depend on TLR9 in mice.
Specifically, suppressing TLR9 signaling decreased pro-inflammatory cytokine expression
and increased systemic levels of the transgene product [19]. Acknowledging that TLR9
plays a role in AAV-induced inflammation, current research has focused on depleting CpG
or increasing the CpG methylation state in DNA-based therapies to avoid TLR9-induced
inflammatory signaling [20-22]. However, evidence suggests that TLR9 binds the
phosphodiester backbone of DNA regardless of the nucleotide sequence, and that CpG
motifs merely enhance activation [23]. Therefore, understanding the mechanisms underlying
transgene-specific adaptive immune responses is an important step toward the development
of safer AAV-mediated gene therapies. In this study, we developed a model system to
interrogate transgene-specific immune responses to systemic inflammation caused by TLR9,
and investigated the influence of TLR9 on adaptive immune responses following systemic
delivery of an AAV vector.

2. Material and methods

2.1. Animals

OT-1 (C57BL/6) and wild-type C57BL/6 mice were acquired from Jackson Laboratory (Bar
Harbor, ME). TLR9 —/- (C57BL/6) founders were provided to us by the Koretsky lab
(University of Pennsylvania, Philadelphia, PA) and a mouse colony was generated in the
Akira lab (Osaka University, Osaka, Japan) [16]. All mice were housed and bred under
specific pathogen-free conditions in the Translational Research Laboratory Animal Facility
at the University of Pennsylvania.

2.2. Vectors

AAVS self-complementary hOTCco (sc.hOTCco), under the control of a TBG promoter
containing the G4SVPA poly A signal sequence, was produced by the University of
Pennsylvania Vector Core. To generate the sc.hO7Cco-SIINFEKL transgene cassette, the
immunodominant epitope of chicken ovalbumin (Ovags7_pg4 SIINFEKL) was cloned into
the sc.hOTCco transgene immediately following the C-terminal residue. The transgene
cassette was produced along with other AAV vectors using an iodixanol step gradient [24].
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2.3. Adoptive transfer

Mice received an i.v. injection of 1 x 101! genome copies of AAV8 expressing either
sc.hOTCco-SIINFEKL or mutant variants (100 pl total volume diluted in PBS). On day 14
post vector administration, CD8* T cells were collected from OT-1 mouse spleens using a
CD8* T Cell Isolation kit (Miltenyi Biotec, San Diego, CA). CD8* 7-cell purity was > 90%,
as measured by flow cytometry. Mice were given 1x108 T cells in 100 pul PBS by tail-vein
injection. Concurrent with adoptive cell transfer, mice were given a mixture of 20 ug of
TLR9 ODN 2395 and 20 pg of ODN M363 (InvivoGen, San Diego, CA) for three days. To
label T cells, CFSE (eBioscience, San Diego, CA) was diluted in dimethyl sulfoxide to yield
a5 mM stock solution. T cells were re-suspended to 5x107 cells/ml. A total of 1 pl of 0.5
mM CSFE was added to each ml of cells and incubated at 37 °C for 10 min. Cells were then
washed twice with DMEM and twice with PBS before re-suspending in PBS at 1x10/
cells/ml. We performed retro-orbital bleeds on a weekly basis throughout the study to
monitor transaminase and bilirubin levels. We submitted the samples to Antech Diagnostics
(Irvine, CA) for analysis.

2.4. Biodistribution

Liver samples were frozen on dry ice at the time of necropsy and DNA was extracted using
the QlAamp DNA Mini Kit (Qiagen, Valencia, CA). We detected and quantified vector
genome copies in the extracted DNA using real-time quantitative PCR (qPCR), as described
previously [25]. Briefly, genomic DNA was isolated, and vector genome copies were
quantified using primers/probes designed against the TBG promoter sequence of the vector.
We quantified genome copies from the liver on one liver sample per mouse.

2.5. RNA analysis

Liver samples were frozen in liquid nitrogen at the time of necropsy. We extracted the RNA
using TRIzol (Life Technologies, Carlsbad, CA) according to the manufacturer’s protocol. A
total of 12 pug of RNA was then treated with DNase | (Roche, Basel, Switzerland) according
to the manufacturer’s protocol. We used an RNeasy Mini Kit (Qiagen, Hilden, Germany) to
remove DNase prior to cDNA synthesis by reverse transcription using the Applied
Biosystems High Capacity cDNA Reverse Transcriptase Kit (Life Technologies). Real-time
PCR was then performed on cDNA with primers binding to the hOT7Cco transgene with the
Power SYBR Master Mix for detection (Life Technologies).

2.6. CD8 staining on frozen sections

Frozen liver sections were fixed in acetone at —20 °C for 7 min, air dried, and then blocked
in 1% donkey serum (Jackson Immunoresearch Laboratories, West Grove, PA) in PBS for 20
min. The sections were then incubated with 1:20 primary rat Ab against CD8 (clone 53-6.7,
BD Biosciences San Jose, CA) diluted in blocking buffer for 45 min. After washing in PBS,
sections were stained with secondary donkey Abs labeled with FITC (Jackson
Immunoresearch Laboratories) for 30 min, washed in PBS, and mounted in Vectashield
immunofluorescence stain containing DAPI (Vector Laboratories, Burlingame, CA).
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Ki-67 stain on paraffin sections

Paraffin sections were de-paraffinized through an ethanol and xylene series, boiled in a
microwave for 6 min in 10 mM citrate buffer (pH 6.0 for antigen retrieval), and treated
sequentially with 2% H,0, (Sigma-Aldrich, St. Louis, MO) for 15 min, avidin/biotin
blocking reagents (Vector Laboratories, Burlingame, CA) for 15 min, and blocking buffer
(1% donkey serum [Jackson Immunoresearch, West Grove, PA] in PBS with 0.2% Triton)
for 10 min. Sections were then incubated for one hour with 1:500 primary rabbit serum
against Ki67 (ab15580, Abcam, Cambridge, United Kingdom) and for 45 min with FITC-
labeled secondary donkey Ab (Jackson Immunoresearch) diluted in blocking buffer. Sections
were mounted using Vectashield mounting medium (Vector Laboratories) containing DAPI
as a nuclear counterstain.

Histopathology

Formalin-fixed paraffin-embedded tissue samples were sectioned and stained for H&E
according to standard protocols. We scored histological sections using the following criteria:
a hepatocellular necrosis score of 3 indicates multifocal, large clusters with hepatocellular
loss; 2 indicates single-cell to multifocal clusters; 1 indicates single-cell necrosis; and 0
indicates no observed necrosis. Oval-cell hyperplasia was scored as follows: 3 indicates
bridging or dissecting hepatocytes with architectural distortion; 2 indicates bridging or
dissecting hepatocytes; 1 indicates focal or multifocal (periportal); and 0 indicates none.
Inflammation, as determined by mixed mononuclear cell infiltration was scored as follows: 3
indicates marked, bridging, or dissecting hepatocytes or multifocal to coalescing within
parenchyma; 2 indicates moderate, extending into surrounding periportal hepatocytes or
multifocally within parenchyma; 1 indicates mild, few aggregates within portal areas and
rare foci within parenchyma; and 0 indicates none. Hepatocellular regeneration was scored
as follows: 3 indicates extensive hepatocellular karyocytomegaly with an average of 1-2
mitotic figures per lobule; 2 indicates moderate hepatocellular karyocytomegaly with an
average of 0-1 mitotic figures per lobule; 1 indicates rare to periportal hepatocellular
karyocytomegaly with rare mitotic figures; and 0 indicates none.

2.9. Statistics

2.10.

We statistically analyzed the levels of ALT, AST, genome copies, and mRNA using a one-
way ANOVA with a Bonferroni test in order to compare each group to the vector-only
(hOTC) control. For image analysis experiments, we analyzed five images per mouse (N =
4). We used a one-way ANOVA with a Bonferroni test to statistically compare treatments to
their day-appropriate control. We used a ¢test to analyze CD8 and tetramer-positive cells
that were identified by flow cytometry.

Study approval

All of our procedures were performed using protocols that were preapproved by the
University of Pennsylvania’s Institutional Animal Care and Use Committee.
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3. Results

3.1. Inflammation is required for a cytotoxic T-cell response

Previously, we showed that the presence of a strong inflammatory signal induces 7-cell
targeting of a transgene product, resulting in the loss of transgene expression and destruction
of transduced cells in liver [26,27]. Here, we probed the role of TLR9 signaling in the
initiation of a cytotoxic 7-lymphocyte (CTL) response following AAV8 vector-mediated
gene delivery of a codon-optimized human ornithine transcarbamylase (hOTCco). First, we
developed a model system to evaluate transgene-specific immune responses to systemic
inflammation caused by TLR9. In C57BL/6 mice, hOTC alone did not provoke a CTL
response, even when expressed using an adenoviral vector that is known to elicit a strong
immune response following i.m. administration (Supplemental Fig. 1). This lack of 7-cell
response may be due to the high level of protein homology (92%) between human and
mouse OTC. Therefore, we generated a CTL response against the transgene by cloning a
well-characterized peptide from chicken ovalbumin (Ovass7_264 SIINFEKL) to the C-
terminus of hOTCco. We then adoptively transferred CD8* T cells from OT-1 mice, which
are transgenic for a SIINFEKL-specific receptor found on all T cells, into wild-type
C57BL/6 mice, in combination with a CpG oligodeoxynucleotide (ODN) cocktail as a TLR9
agonist. This method allowed us to study TLR9-mediated immune responses against the
tagged hOTCco transgene product.

We initially treated C57BL/6 mice with an i.v. injection of an AAV8 vector expressing
hOTCco-SIINFEKL from a liver-specific thyroxine-binding globulin (TBG) promoter (Fig.
1A). Fourteen days after vector injection, on study day 0, we adoptively transferred 1x108
SIINF-EKL-specific T cells from OT-1 mice. Concurrent with adoptive transfer, and over the
next three days, C57BL/6 mice received 40 ug of CpG ODN via i.p. injection. Following the
CpG ODN treatment in mice with both transgene-specific OT-1 T cells and TLR9
inflammatory signals, the levels of alanine transaminase (ALT) and aspartate transaminase
(AST) were significantly elevated (£ < 0.001; Fig. 1, B and C), indicating hepatocyte lysis.
The livers of mice treated with both OT-1 T cells and CpG ODN showed a tenfold reduction
in vector genome copy number (P < 0.05; Fig. 1D) and hOTCco-SIINFEKL mRNA
expression (P < 0.01; Fig. 1E), consistent with T cell-mediated killing of transduced
hepatocytes.

Next, we evaluated the relationship between the dose of adoptively transferred T cells and
meaningful immune targeting of transduced hepatocytes. Our aim was to simulate a
frequency of transgene-specific T cells that was representative of an endogenous, protein-
specific, naive 7-cell population [28,29]. As few as 3,000 adoptively transferred cells
elevated liver function (P < 0.05; Fig. 2, A-C) and decreased vector genome copies (P<
0.05; Fig. 2D). We also observed a significant reduction in transgene mRNA expression
when we adoptively transferred 300,000 cells (P < 0.05; Fig. 2E). In these experiments, a
CTL response to the transgene product occurred only when both transgene-specific OT-1 T
cells and TLR9 inflammatory signals were present, suggesting that inflammation is required
to activate CTL.
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3.2. CTL activation leads to hepatocyte loss

In order to directly evaluate T cell-mediated killing of transduced cells in liver, we treated
mice with vector, T cells, and CpG ODN. We subsequently sacrificed the mice at 3, 7, and
14 days after adoptive transfer to histologically evaluate the liver. We stained liver sections
for CD8* T cells (Fig. 3A), and quantified infiltration by image analysis (Fig. 3B). Marked
CD8™* T-cell infiltration occurred at periportal and pericentral locations beginning on day 3
for mice that received OT-1 T cells regardless of TLR9 treatment. By day 7, infiltrates in
mice treated with both T cells and CpG ODN penetrated deeper into the liver with
infiltration resolving by day 14. By contrast, we did not observe further infiltration in mice
that received T cells without TLR9 stimulation. In addition, we observed a loss of liver
vector genome copies in mice treated with both T cells and CpG ODN; the greatest loss
occurred between day 3 and day 14 post adoptive transfer (Supplemental Fig. 3A). These
findings suggest that the elevation of transaminases by 7-cell infiltration is due to T cell-
mediated lysis of hepatocytes. Surprisingly, we did not observe significant differences
between control and experimental groups in apoptosis, as detected by TUNEL staining
(Supplemental Fig. 2A). This negative result could be due to the sampled time points, which
may have missed the cell death of hepatocytes. Using Ki-67 staining to mark proliferation,
we next measured the regeneration of hepatocytes that we predicted had undergone lysis
based on transaminase elevation and vector genome loss. Hepatocyte division was spread
evenly across liver regions in the experimental groups (Fig. 3C), mirroring the degree of
CD8™* T-cell infiltration. Hepatocyte division, defined as the percentage of hepatocytes that
were Ki-67 positive, was significantly higher in the group that received both OT-1 transgenic
CD8* T cells and CpG ODN than the expected turnover as represented by vector-treated
controls (P< 0.001; Fig. 3D; [30,31]). To determine the extent of pathology associated with
7-cell infiltration, we stained liver sections with H&E (Fig. 4E). We scored sections from 0
to 3 with severity increasing with score for monocyte infiltration (Fig. 4A), hepatocellular
necrosis (Fig. 4B), hepatocellular regeneration (Fig. 4C), and oval-cell hyperplasia (Fig.
4D). On the seventh day, across all four measures, mice that received both ODN and OT-1 T
cells had extensive histopathology, including the presence of multifocal clusters with
extensive hepatocyte death and mixed mononuclear cell infiltration (lymphocytes,
histocytes, and neutrophils). In these mice, we also observed extensive oval-cell hyperplasia
with bridging to dissecting hepatocytes and architectural distortions. We also observed
hepatocyte regeneration denoted by extensive hepatocellular karyocytomegaly with an
average of one to two mitotic figures per lobule. By day 14, mice that had received the same
treatment had negligible pathology in all four measures compared to untreated mice,
indicating that the liver was resilient to the trauma of a T cell-mediated transgene-specific
immune response. Together, these data indicate that the majority of 7-cell infiltration and
hepatocyte death occurs within a week after adoptive transfer and TLR9 stimulation.

3.3. TLR9 signaling results in T-cell expansion

We next examined whether the infiltrating cells were indeed transgene-specific CTLs. We
labeled OT-1 transgenic CD8* T cells with carboxyfluorescein succinimidyl ester (CFSE)
fluorescent dye before delivering the cells into C57BL/6 mice that were previously treated
with hOTCco-SIINFEKL. Seven days after adoptive transfer and TLR9 stimulation, we
isolated lymphocytes from the spleen and liver and stained them with anti-CD8a and
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SIINFEKL tetramer (Fig. 5, A-D). Only a minority of spleen-isolated CD8" T cells were
tetramer positive (Fig. 5, A and B), although mice that received CpG ODN had a
significantly higher proportion of tetramer-positive cells (< 0.01). In contrast, the majority
of liver-isolated CD8" lymphocytes were tetramer positive, regardless of whether mice
received CpG ODN. This result indicates that even without inflammation, additional
inflammatory signals from an acute event modeled by ODN administration of transgene-
specific T cells can migrate to the liver if the transgene is present in hepatocytes (Fig. 5, C
and D). In addition, CFSE staining of tetramer-positive liver-isolated T cells remained high
in mice that did not receive CpG ODN, whereas CFSE staining was diluted in mice treated
with CpG ODN (Fig. 5, E and F). This finding suggests that in the presence of TLR9
stimulation, transgene-specific CD8* T cells undergo increased proliferation, which is
marked by the dilution of CFSE. This finding contrasts with our observations in mice that
did not receive ODN administration.

3.4. Intrinsic TLR9 signaling in T cells is insufficient to activate an immune response

As systemic administration of CpG ODN-induced 7-cell activation against the transgene
product, we next explored whether autocrine signaling by TLR9 in donor T cells would be
sufficient to trigger an immune response or whether paracrine signaling, potentially from
TLR9-expressing recipient plasmacytoid dendritic cells [32], is required for this effect. We
injected C57BL/6 or TLR9 —/- mice i.v. with hO7Cco-SIINFEKL. Fourteen days later, we
adoptively transferred 1x10% OT-1 CD8* T cells into recipient mice that were also given
CpG ODN as before (see schematic in Fig. 6A). Transaminase elevation occurred only in the
C57BL/6 group, indicating that intact TLR9 signaling in transferred OT-1 T cells was
insufficient to activate a robust CTL response (Fig. 6, B and C). Consistent with these
results, both genome copy and transgene mRNA loss were profound in C57BL/6 but not
TLR9 —/- mice (Fig. 6, D and E). Therefore, the TLR9 signaling that is required for
initiating 7-cell responses must be extrinsic to the T cells themselves, and perhaps occurs in
transduced hepatocytes or antigen-presenting cells.

4. Discussion

Adaptive immune responses to a transgene product are complex and researchers consider
many factors when optimizing vector delivery, including route of administration, vector
design, residual target gene expression, and diseased state of the target organ. These factors
can dramatically affect the likelihood that a given therapy will induce an inflammatory
environment, elicit an adaptive anti-transgene response, and lead to an ineffective treatment
[6,19,33]. Here, we show that loss of TLR9 signaling, or high affinity transgene specific T
cells dramatically attenuates CTL immune responses against the transgene following i.v.
administration of an AAV vector.

TLR9 activation induced a robust 7-cell response against the transgene product resulting in a
loss of vector genomes that accompanied cellular infiltration and tissue necrosis. The
hepatitis was selflimiting and the inflammation resolved by day 14 accompanied by cellular
division. Interestingly, we did not observe any apoptosis in the liver sections, as evaluated by
TUNEL staining. We did, however, note the loss of AAV genomes, histopathological
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evidence of necrosis in H&E sections, and highly elevated liver enzymes. We suggest two
possible mechanisms for this observed discrepancy. The first possibility, based on our data,
is that cell division accompanies hepatocyte cell death by necrosis as the liver recovers from
the insult. Cell division contributes to a reduction in liver genome copies due to the dilution
of vector genomes. Alternatively, it is possible that cell division is primarily responsible for
the loss of genome copies, which are not retained when the nuclear envelope is dissolved
and reformed. Proliferation in the absence of hepatocyte death could be a consequence of
immune activation by TRL9 signaling. Indeed, many of the innate immune cells that
migrated to the region of 7-cell infiltration, including macrophages and dendritic cells, are
involved in an IL6-mediated pathway that activates hepatocyte proliferation [34,35]. This
would be a complicating outcome for AAV-based gene therapy if a loss of treatment efficacy
by dilution of vector genomes could occur without transgene-specific 7-cell activation, but
merely by a transient innate immune response. However, the results of our first experiment
indicate that while there is a trend toward expression loss in the ODN-only treated group
(inflammation), this result was not significant. By contrast, our data, which showed that 7-
cell activation was required for expression loss, was consistent across multiple experiments
and the genome copy loss was significant. Thus the immunological response that is
necessary to lose the efficacy of AAV gene therapy must be more than an innate immune
response. We suggest that researchers should avoid both of these outcomes and explore
strategies to reduce inflammation [36].

Liver targeted AAV gene therapy clinical trials have thus far had minimal findings of 7-cell
responses to the transgene product. One exception to this was an early hemophilia clinical
trial where acute liver toxicity in conjunction with the presence of AAV2 capsid-specific T
cells in peripheral blood mononucleocytes (PBMCs) was considered a potential cause of
attenuated transgene expression [37]. This finding was also shown in the high dose cohorts
of another AAV hemophilia trail, this time with AAV8, though use of steroids at early signs
of liver toxicity minimized expression loss [1]. These findings for capsid-specific T cells and
the general lack of evidence for transgene-specific T cells from human clinical trials could
be used to argue that transgene-specific immune responses are an unlikely outcome of liver
targeted gene therapy. However, some of our work in non-human primate studies has shown
that despite a lack of transgene-specific T cells in PBMCs, resident liver T cells were
activated against the transgene, UGT1A1, though the minimal liver toxicity did not impact
transgene expression [38]. Together these results suggest that is possible for individuals to
have transgene-specific resident liver T cells that would be missed by analysis of PBMCs,
and similarly not induce a transgene attenuating immune response. Our work here suggests
that to induce a transgene attenuating immune response the stimuli would need to be more
impactful than that of the AAV delivery alone, perhaps in conjunction with the underlying
disease state of the liver. Likewise cytotoxic T cells would need to have HLA with high
affinity for transgene epitopes, an event thought to occur more often in individuals lacking
cross reactive material [39]. Under these conditions we could anticipate observing a liver
toxic transgene specific immune response.
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4.1. Conclusions

When considering the implications of these results for clinical trials of AAV gene therapy,
researchers should focus on the underlying sources of inflammation. Inflammatory stimulus
could occur as a result of the route of administration, or the underlying pathology of the
target organ. The HLA haplotype could also exacerbate vector-directed adaptive immunity.
However, our studies demonstrate that TLR9 recognition of AAV vector genomes is a
primary source of inflammation and scientists should consider strategies to reduce TLR9
activation. We previously demonstrated that CpG di-nucleotides in the vector genome elicit
transgene-specific adaptive immune responses in the context of a pro-inflammatory capsid,
and that removing such CpG motifs could eliminate transgene clearance [21]. We expect
these results to help guide the conversation when considering the impact of transgene-
specific 7-cell toxicity on AAV-mediated gene transfer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AST Aspartate transaminase

ALT Alanine transaminase

CLT Cytotoxic 7-lymphocyte

TBG Thyroxine-binding globulin
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Fig. 1.

Systemic inflammation breaks tolerance to a transgene product. (A) A schematic of the
experimental design detailing i.v. administration of AAV8 expressing hOTCco-SIINFEKL
40 pg CpG ODN for three days following adoptive transfer. Serum (B) ALT and (C) AST
levels were monitored every seven days following vector delivery. (D) Genome copy and (E)
transgene mMRNA levels from liver were determined using qPCR after the study terminated.
These experiments were independently performed three times; here we show representative

results (N = 3). Statistical analysis by ANOVA with a Bonferroni posttest to vector only
control. *P< 0.05, **P< 0.001, ***P< 0.0001. Error Bars = SEM.
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Fig. 2.

Efgfect of 7-cell population on immune response. Mice received i.v. injections of AAV8
expressing hOTCco-SIINFEKL; 28 days after vector delivery, we transferred OT-1 CD8* T
cells to recipient mice concurrent with an administration of 40 ug of CpG ODN. Serum (A)
AST, (B) ALT, and (C) bilirubin levels were monitored every seven days following vector
delivery. (D) Genome copy and (E) transgene mRNA levels from liver were determined by
gPCR following the termination of the study. N = 3. Statistical analysis by ANOVA with a
Bonferroni posttest to vector only control. *£< 0.05, **P< 0.001, ***P< 0.0001, ****P<
0.00001. Error Bars = SEM.
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7-cell infiltration and hepatocyte proliferation. Mice received i.v. injections of the vector

and, 14 days later, OT-1 CD8* T cells were transferred concurrent with an administration of
40 ug CpG ODN. Mice were sacrificed on days three, seven, and 14 following adoptive
transfer. (A) We stained liver sections for CD8, and (B) we determined the percent area
covered by infiltrating T cells using Image J. (C) We stained liver sections with the Ki-67
proliferation marker, and (D) calculated percent positive hepatocytes. For image analysis
experiments, we analyzed five images per mouse. N = 4 Statistical analysis by ANOVA with
a Bonferroni posttest to day appropriate vector only control. . *P < 0.05, ***P < 0.0001.
Error Bars = SEM.
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Li?/er pathology following adoptive transfer. Mice received i.v. injections of the vector and,
14 days later, OT-1 CD8* T cells were transferred concurrent with an administration of 40
ng CpG ODN. Mice were sacrificed on days three, seven, and 14 following adoptive transfer.
We stained liver sections for H&E and scored for extent of (A) inflammation, (B)
hepatocellular necrosis, (C) hepatocellular regeneration, and (D) oval-cell hyperplasia. (E)
The histopathologic images depicted represent general trends for each dose group. Statistical
analysis by student ¢test. *£< 0.05, **£< 0.001, ***P < 0.0001. ****P< 0.00001. Error
Bars = SEM.
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Fig. 5.

Transgene-specific 7-cell infiltration. Mice were given AAV8 hOTCco-SIINFEKL; 14 days
later, we administered the CpG ODN and CFSE-labeled OT-1 CD8* T cells. Mice were
sacrificed seven days following CD8* 7-cell transfer, and we isolated lymphocytes from the
liver and spleen. Lymphocytes isolated from the (A) spleen and (C) liver by forward and side
scatter were stained for CD8. (B) Spleen-and (D) liver-isolated CD8" T cells were stained
with SIINFEKL tetramer. (E) We analyzed tetramer-positive liver lymphocytes for CFSE
retention. (F) Here we show a representative single parameter histogram for analysis of
CFSE retention in cell populations with and without CpG ODN treatment. N = 4, *P< 0.05,

**P<0.001. Error Bars = SEM.
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Fig. 6.

Extrinsic TLR9 signaling is required for a destructive CTL response. (A) A schematic of the
study design. C57BL/6 or TLR9 —/- mice received i.v. injections of AAV8 expressing
hOTCco-SIINFEKL. Fourteen days after vector delivery, OT-1 CD8* T cells were
transferred to recipient mice concurrent with an administration of 40 pg of CpG ODN,
which was also administered for three days following adoptive transfer. We monitored serum
(B) AST and (C) ALT levels every seven days following vector delivery. Following the
termination of the study, we determined the levels of (D) genome copy and (E) transgene
MRNA expression levels. N = 5. Statistical analysis by ANOVA with a Bonferroni posttest
to vector only control. *£< 0.05, **P< 0.001, ***P < 0.0001. Error Bars = SEM.
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