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Outcome of Antiviral Immunity in the
Liver Is Shaped by the Level of Antigen
Expressed in Infected Hepatocytes
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The liver bears unique immune properties that support both immune tolerance and immunity, but the mechanisms respon-

sible for clearance versus persistence of virus-infected hepatocytes remain unclear. Here, we dissect the factors determining

the outcome of antiviral immunity using recombinant adenoviruses that reflect the hepatropism and hepatrophism of hepa-

titis viruses. We generated replication-deficient adenoviruses with equimolar expression of ovalbumin, luciferase, and green
fluorescent protein driven by a strong ubiquitous cytomegalovirus (CMV) promoter (Ad-CMV-GOL) or by 100-fold
weaker, yet hepatocyte-specific, transthyretin (T TR) promoter (Ad-TTR-GOL). Using in vivo bioluminescence to quanti-

tatively and dynamically image luciferase activity, we demonstrated that Ad-TTR-GOL infection always persists, whereas
Ad-CMV-GOL infection is always cleared, independent of the number of infected hepatocytes. Failure to clear Ad-TTR-
GOL infection involved mechanisms acting during initiation as well as execution of antigen-specific immunity. First,
hepatocyte-restricted antigen expression led to delayed and curtailed T-cell expansion—10,000-fold after Ad-CMV-GOL
versus 150-fold after Ad-TTR-GOL-infection. Second, CD8 T-cells primed toward antigens selectively expressed by
hepatocytes showed high PD-1/Tim-3/LAG-3/CTLA-4/CD160 expression levels similar to that seen in chronic hepatitis
B. Third, Ad-TTR-GOL but not Ad-CMV-GOL-infected hepatocytes escaped being killed by effector T-cells while still
inducing high PD-1/Tim-3/LAG-3/CTLA-4/CD160 expression, indicating different thresholds of T-cell receptor signal-

ing relevant for triggering effector functions compared with exhaustion. Conclusion: Our study identifies deficits in the

generation of CD8 T-cell immunity toward hepatocyte-expressed antigens and escape of infected hepatocytes expressing

low viral antigen levels from effector T-cell killing as independent factors promoting viral persistence. This highlights the

importance of addressing both the restauration of CD8 T-cell dysfunction and overcoming local hurdles of effector T-cell

function to eliminate virus-infected hepatocytes. (HepaToLoGY 2018;0:1-17).

he liver bears particular immune competence
through its unique microenvironment together
with liver-resident, antigen-presenting cell
populations that regulate both local and systemic
immune responses.’ ™ The incidence of infection with
hepatitis viruses A to E is high and more than 300

million persons suffer from chronic viral hepatitis B,

C, and D.** The factors leading to the failure of the
immune response clearing virus-infected hepatocytes
are still not entirely understood. Exploring the mech-
anistic basis of local regulation of antiviral immunity
in the liver that determines clearance or persistence is
important to understand disease pathogenesis and to
develop future successful immune therapies.

Abbreviations: CFSE, carboxyfluorescein succinimidyl ester; CMYV, cytomegalovirus; DC, dendritic cell;, EGFP, enhanced green fluorescent
protein; GEP, green fluorescent protein; HBV, hepatitis B virus; IFN, interferon; IL, interleukin; LSEC, liver sinusoidal endothelial cell; MHG,
major histocompatibility complex; moDC, monocyte-derived dendritic cell; PFU, plaque-forming units; p.i., post injection; SALT, serum alanine

aminotransferase; TCR, T-cell receptor; TTR, transthyretin.
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It is well recognized that CD8 T-cell immunity
against virus-infected hepatocytes is controlled at var-
ious levels, such as inefficient intrahepatic priming
of CD8 T-cells by antigen-presenting hepatocytes
resulting in clonal deletion,(6’7) by control of CD8 T-
cell effector function either through regulatory T-cells®
or myeloid-derived suppressor cells,”’ through natural
killer cells killing activated virus-specific CD8 T-cells,”
or induction of CD8 T-cell dysfunction.(n’lz) Local
antigen presentation appears to play a major role during
regulation of CD8 T-cell immunity in the liver®¥: (1)
Tolerogenic intrahepatic dendritic cells (DCs) contrib-
ute to transplantation tolerance(lg); (2) liver sinusoidal
endothelial cells (LSECs) cross-prime CD8 T-cells to
generate memory T-cells with proliferative potential
that relocate to lymphoid tissue; and (3) cross-present-
ing LSECs activate circulating effector CD8 T-cells,
triggering a noncanonical tumor necrosis factor (TNF)-
mediated T-cell effector function that eliminates
virus-infected hepatocytes.(14’15) High levels of circu-
lating viral antigens are associated with the induction
of CD8 T-cell nonresponsiveness in experimental viral
infection models such as lymphocytic choriomeningitis
virus (LCMV) and in hepatitis virus infection."® In par-
ticular, hepatitis B virus (HBV) infection shows liver
tropism and hepatocyte-restricted expression of viral
antigens together with no measurable induction of
innate immunity."”'® This combination of liver target-
ing, hepatocyte-restricted antigen expression and release
of soluble antigen with low innate immune activation
poses a challenge for the immune system to mount pro-
tective immunity. Although certain antigen-presenting
cell populations in lymphoid tissues are specialized for
viral gene expression to induce CD8 T-cell immunity,
cross-priming by specialized DCs in the presence of
type I interferon signaling allows for induction of pro-
tective CD8 T-cell immunity."? However, infection
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with hepatitis viruses, in particular HBV, escapes both
of these mechanisms through hepatocyte-restricted
gene expression and absence of interferon induction.
We generated recombinant adenoviruses in which
expression of secreted antigen is driven by the hepato-
cyte-specific transthyretin  (T'TR) promoter linked
through 2A sites to luciferase and enhanced GFP
(EGFP) expression (Ad-T'TR-GOL). Luciferase allows
for sensitive detection of infected hepatocytes by in vivo
bioluminescence measurement. We discovered that infec-
tion with Ad-TTR-GOL, which was characterized by
hepatocyte-selective, but low antigen expression, was
not eliminated, whereas infection with the same virus,
but cytomegalovirus (CMV) promoter—driven antigen
expression (Ad-CMV-GOL), was cleared within 18 days.
Co-infection with both viruses revealed that effector CD8
T-cells were not able to clear Ad-TTR-GOL infection,
indicating a so-far unappreciated role of low-level antigen
expression in infected hepatocytes for immune escape.

Materials and Methods

MICE AND PATIENT SAMPLES

C57Bl/6 mice were purchased from Charles River
(Sulzfeld, Germany). H-2K -restricted T-cell receptor
(TCR) transgenic CD45.1" OT-1 mice were bred and
maintained under specific pathogen-free conditions in
the central animal facility of the Klinikum Rechts der Isar
according to the guidelines of the Federation of Laboratory
Animal Science Association. Male mice between the ages
of 6 and 10 weeks were used. Cell depletion was injected
intravenously with 30 pg antimouse CD8a (clone 2.43,
BioXCell), 300 pg antimouse CD4 (GK1.5, BioXCell),
or 300 pg antimouse NK1.1 (PK136, BioXCell).

Patients with the diagnosis of chronic HBV infec-
tion who presented at the University Medical Center
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Freiburg outpatient liver center were recruited in the
study after obtaining written informed consent from
each patient and approval by the Ethics Committee of
the Albert Ludwigs University of Freiburg (Germany).
Intrahepatic lymphocytes, obtained during diagnostic
liver biopsy, were compared with peripheral immune
responses and analyzed for HBV-specific immune
responses and expression of inhibitory receptors. All
investigations were conducted according to the princi-
ples expressed in the Declaration of Helsinki.

INVIVO BIOLUMINESCENCE
IMAGING

Mice anesthetized with 2.5% Isoflurane and
D-Luciferin-K-Salt(PJK GmbH,Germany)wereinjected
intraperitoneally at 100 mg/kg body weight 5 minutes
before bioluminescence imaging. In vivo biolumines-
cence imaging was performed with an IVIS Lumina

LT-Series III instrument (PerkinElmer LAS, Germany).

INVITRO CDS8 T-CELL ACTIVATION
AND PROLIFERATION ASSAYS

CD44"" naive carboxyfluorescein succinimidyl ester
(CFSE) labeled (2 pM) OT-1 CD8 T-cells were iso-
lated by MACS sorting (Milteny Biotec, Germany) and
incubated with splenic CD11¢" DCs isolated from the
spleen after 6 hours of infection with Ad-CMV-GOL
or Ad-TTR-GOL. After 1 and 3 days of coculture, CD8
T-cells were harvested and analyzed by flow cytometry
for dilution of CFSE as a marker for proliferation.

CDS8T-CELL CYTOTOXICITY ASSAY

Freshly isolated primary murine hepatocytes were
seeded on collagenR-coated 96-well E-plates (ACEA
Biosciences) in William’s E (WE) medium (PAN
Biotech, Germany) containing 200 mM Glutamine,1 M
Hepes pH 7.4, 10,000 U/mL Pen-Strep, 50 mg/mL
gentamycin, 0.005 ng/mL insulin, 1.6% DMSO, and
10% fetal bovine serum (FBS). After seeding, the
medium was exchanged to a medium containing 1%
FBS. Twenty hours after seeding, cells were washed
with Hank’s balanced salt solution and infected with
Ad-CMV-GOL or Ad-TTR-GOL at a multiplicity
of infection (moi) of 5. Forty-eight hours after infec-
tion, the medium was exchanged and in vifro—activated
OT-1 CD8 T-cells were added at an effector-to-tar-
get ratio of 10:1. For activation of OT-1 CD8 T-cells,

splenocytes from OT-1 transgenic mice were cultured
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for 72 hours with 100 pg/mL ovalbumin. Hepatocyte
cell death was measured in the impedance-based

Xcelligence RTCA MP (ACEA Biosciences) device.

Results

GENERATION OF RECOMBINANT
ADENOVIRUSES FOR
HEPATOCYTE-SPECIFIC GENE
EXPRESSION

To characterize antiviral CD8 T-cell immunity
against infected hepatocytes, we generated recombinant
replication-deficient adenoviruses with known hepatot-
ropism®” coding for an antigen together with reporter
molecules. We used the immunologically well-charac-
terized antigen ovalbumin that is secreted by infected
cells.*) We cloned ovalbumin with EGFP and lucifer-
ase and/or iRFP720, as markers to quantitatively detect
infection, into an expression cassette linking the genes
through 2A sites. This ensures that the luciferase signal
detected by in vivo bioluminescence directly correlates
with the amount of expressed ovalbumin.? We used a
CMV promoter to drive strong gene expression in every
infected cell (Ad-CMV-GOL and Ad-CMV-GiRO).
For selective gene expression in hepatocytes, we gener-
ated an adenovirus with gene expression controlled by
the hepatocyte-restricted TTR promoter (Ad-TTR-
GOL), thus combining adenoviral hepatotropism
with hepatocyte-specific gene expression (Supporting
Fig. S1A). Infection with these recombinant adenovi-
ruses led to clear reporter signals in the liver (Fig. 1A).
Consistent with the known adenoviral hepatotropism,
we detected bioluminescence or iRFP720 fluorescence
for both viruses in isolated livers, but not lung, kid-
neys, gut, or heart (Fig. 1B). Importantly, we found a
weaker bioluminescence signal after Ad-T'TR-GOL,
compared with Ad-CMV-GOL infection. We there-
fore performed a dose titration of Ad-TTR-GOL
and Ad-CMV-GOL, revealing a direct correlation
between infectious dose and bioluminescence signal for
both viruses (Fig. 1C). Comparing infection with sim-
ilar numbers of Ad-CMV-GOL or Ad-TTR-GOL
showed that TTR promoter—driven luciferase expres-
sion was about 100-fold weaker (Fig. 1C). Because
reporter and ovalbumin genes are linked by 2A sites,
we assume that ovalbumin expression was also 100-fold
lower after Ad-I'TR-GOL infection. Thus, we gener-
ated identical recombinant adenoviruses that differed
only in the promoters driving the transgenes, resulting
in different gene expression levels in transduced cells.
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FIG. 1. Hepatotropism of recombinant adenoviruses. (A) Bioluminescence imaging of mice infected with of Ad-CMV-GOL (10°
PFU) or Ad-TTR-GOL (10° PFU) at day 2 after infection. (B) Bioluminescence and fluorescence imaging of isolated organs of infected
mice. For bioluminescence measurement of luciferase, mice were infected with Ad-CMV-GOL (10° PFU) or Ad-T'TR-GOL for 2 days.
For fluorescence measurement of iRFP720, mice were infected with Ad-CMV-GiRO (10° PFU) or Ad-TTR-GiRO for 2 days. (C)
Quantification of bioluminescence in mice infected with indicated doses of Ad-CMV-GOL (red) or Ad-TTR-GOL (blue) (n = 5 mice

per virus and concentration). Data show mean + SD. (A-C) All experiments were performed at least three times and were reproducible.

RELEVANCE OF HEPATOCYTE-
RESTRICTED ANTIGEN
EXPRESSION FOR INDUCTION OF
ANTIGEN-SPECIFIC CD8 T-CELLS

Viral gene expression in secondary lymphoid organs
promotes strong adaptive immunity, whereas hepato-
cyte-restricted antigen presentation to naive CD8
T-cells may lead to their clonal deletion.”!? We used
in vivo bioluminescence imaging to follow antiviral

4

immunity, eliminating luciferase-expressing hepato-
cytes that decrease the liver bioluminescence signal
intensity. Infections with 10°-10° plaque-forming
units (PFU) of Ad-CMV-GOL were followed by an
increase of the dose-dependent bioluminescence signal
until day 5 post injection (p.i.) (Fig. 2A). Thereafter,
we detected in all mice a decline in bioluminescence
down to the detection limit by day 18 p.i. (Fig. 2A).
Consistent with the elimination of infected hepato-
cytes, we did not detect EGFP-expressing hepatocytes
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FIG. 2. Viral persistence after infection with Ad-TTR-GOL. (A) Quantification of bioluminescence in mice after infection with
increasing doses of Ad-CMV-GOL (10° to 10° PFU). (B) Liver immunohistochemistry for EGFP expression at indicated time points
after infection with Ad-CMV-GOL (107 PFU). (C) Quantification of bioluminescence in mice after infection with increasing doses
of Ad“TTR-GOL (10° to 10° PFU). (D) Overlay of results from bioluminescence imaging of Ad-CMV-GOL (10’ PFU) or Ad-T'TR-
GOL (10’ PFU) infected mice. (E) Time kinetics of serum ALT levels of mice after infection with Ad-CMV-GOL (10’ PFU) or
Ad-TTR-GOL (10° PFU). (F) Time kinetics of adenoviral genome copies by quantitative real-time PCR in livers after infection with
Ad-CMV-GOL (10’ PFU) or Ad-TTR-GOL (10’ PFU). (A,C-F) Data show mean * SD of five mice per group. All experiments have

been performed at least three times and were reproducible.
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any more at day 18 p.i. (Fig. 2B). Antibody-mediated
depletion of CD8 T-cells, but not CD4" or NK1.1"
T-cells (Supporting Fig. S2A), prevented elimination
of Ad-CMV-GOL-infected hepatocytes (Supporting
Fig. S2B), identifying CD8 T-cells as key effector cells
for antiviral immune surveillance.

We next characterized Ad-T'TR-GOL infection.
Regardless of the initial infection dose with 10° to 10°
PFU/mouse Ad-TTR-GOL, the hepatic biolumines-
cence signal remained unchanged over 3 months p.i.
(Fig. 2C), indicating a lack of protective CD8 T-cell
immunity after Ad-T'TR-GOL infection. We assume
that Ad-T'TR-GOL and Ad-CMV-GOL both infect
hepatocytes with similar efficiency, as they are iden-
tical except for the promoter driving the expression
cassette. However, we lack formal proof because the
low levels of virus-encoded EGFP in Ad-TTR-GOL-
infected hepatocytes were below the limit of detection
by immunohistochemistry or flow cytometry. Thus,
regardless of the number of infected hepatocytes cov-
ering a range of three log, ;infectious virus doses, CD8
T-cell immunity either cleared Ad-CMV-GOL or
failed to control Ad-TTR-GOL-infection, suggest-
ing that T-cell exhaustion by high numbers of infected
hepatocytes did not cause the persistent infection.

We next compared the course of Ad-CMV-GOL
and Ad-TTR-GOL infection in mice and compared
the infection dose of 10" PFU for Ad-CMV-GOL and
10’ PFU for Ad-TTR-GOL that matched the lucifer-
ase/ovalbumin expression levels (Fig. 2D). Ad-CMV-
GOL infection was accompanied by transient increase
in serum alanine aminotransferase (sALT) levels
peaking at day 7 p.i., whereas no sALT increase was
observed after Ad-TTR-GOL infection (Fig. 2E). To
further substantiate that the decrease of iz vivo biolu-
minescence signal was the result of elimination of ade-
novirus-infected hepatocytes, we quantified adenoviral
genomes in liver tissue. Consistent with the 100-fold
difference in infectious dose, we found on day 3 p.i.
100-fold lower levels of adenoviral DNA in livers of
Ad-CMV-GOL compared with Ad-TTR-GOL-
infected mice (Fig. 2F). Although hepatic adenoviral
DNA levels at day 18 after Ad-CMV-GOL infection
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tell below the detection limit, they remained stable after
Ad-TTR-GOL infection, which is consistent with
the failure of the immune response to clear infected
hepatocytes (Fig. 2F). Taken together, these data
demonstrate that Ad-CMV-GOL infection is cleared
by CD8 T-cells within 18 days, whereas Ad-TTR-
GOL infection persists, suggesting failure of CD8
T-cell immunity to eliminate Ad-T'TR-GOL-infected
hepatocytes.

AD-CMV-GOLBUTNOT AD-
TTR-GOL INFECTION LEADS
TO STRONG INDUCTION OF
ANTIGEN-SPECIFIC CD8 T-CELL
ACTIVATION

Hepatocytes are the main target of intravenously
injected adenoviruses.?” However, as infection with
Ad-CMV-GOL was followed by immune-medi-
ated clearance of infected hepatocytes, we wondered
whether Ad-CMV-GOL may have caused strong
antigen-specific CD8 T-cell priming in lymphoid tis-
sues. Therefore, we isolated spleens of infected mice for
ex vivo bioluminescence imaging. We detected splenic
luciferase expression after Ad-CMV-GOL, but only
marginal luciferase expression after Ad-T'TR-GOL
infection (Fig. 3A), and by flow-cytometry EGFP
expression in isolated splenocytes. There were few
EGFP-expressing cells in the spleen after Ad-CMV-
GOL infection, which were CD11¢/CD11b double
positive and accounted for 0.8% of the CD11c¢" cells
(Fig. 3B). This is consistent with either infection
or uptake of soluble antigen by monocyte-derived
DCs (moDCs) in the spleen that may prime CD8
T-cells. Because we detected adenoviral DNA for
both viruses in splenic isolates and EGFP mRNA
only after Ad-CMV-GOL infection (not shown) and
did not detect EGFP expression in splenic moDCs
after Ad-TTR-GOL-infection, we assume that anti-
gen-presenting cells were infected and expressed the
antigens for antigen presentation to CD8 T-cells if
driven by the CMV promoter (Fig. 3B). To obtain
evidence for priming of antigen-specific CD8 T-cells,

FIG. 3. CD8 T-cell priming after adenoviral infection. (A) Quantification of bioluminescence in spleens at day 2 after infection with
Ad-CMV-GOL (10° PFU) or Ad-TTR-GOL. (B) Flow-cytometric analysis of GFP expression of splenic cells from (A). (C) Flow-
cytometric quantification of CD25 and CD44 expression levels on ovalbumin-specific OT-1 T-cells cocultured with CD11c¢" splenic
cells from (A). (D) Flow-cytometric detection of CFSE dilution to quantify proliferation of ovalbumin-specific OT-1 T-cells from (C).
(E) Quantification of the total number of ovalbumin-specific CD8 T-cells from (C). (F) Detection of T-cell-derived IL-2 and IFN-y

in supernatants from (C). All experiments were performed at least three times and were reproducible.
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we cocultured CD11c¢" spleen cells from Ad-CMV-
GOL-infected mice with naive ovalbumin-specific
TCR-transgenic CD8 T-cells (OT-1). The moDCs
from noninfected mice activated naive OT-1 CD8
T-cells only after the addition of ovalbumin, as mea-
sured by upregulation of the activation markers CD25
and CD44. Naive antigen-specific CD8 T-cells were
strongly activated by moDCs from Ad-CMV-GOL
but not from Ad-T'TR-GOL-infected mice (Fig. 3C).
Along this line, the moDCs from Ad-CMV-GOL-
infected mice induced proliferation and increased CD8
T-cell numbers (Fig. 3D,E). There was only weak pro-
liferation of antigen-specific CD8 T-cells after cocul-
ture with moDCs from Ad-TTR-GOL-infected mice
(Fig. 3D,E). Finally, antigen-specific CD8 T-cells
activated by moDCs from Ad-CMV-GOL—but not
from Ad-TTR-GOL-infected mice—produced inter-
leukin (IL)-2 and interferon (IFN)-y (Fig. 3F). Taken
together, these results indicate that CD8 T-cell prim-
ing by moDCs after Ad-CMV-GOL infection led to
proliferation and effector CD8 T-cell differentiation,
whereas Ad-T'TR-GOL infection alone caused weak
proliferation of antigen-specific CD8 T-cells.

DYNAMICS OF EXPANSION AND
PHENOTYPE OF ANTIGEN-
SPECIFIC CD8 T-CELLS DURING
ACUTE VIRAL HEPATITIS

Because effector CD8 T-cells eliminated virus-
infected hepatocytes, we next addressed the question
whether priming and expansion of CD8 T-cells dif-
fered between Ad-CMV-GOL and Ad-TTR-GOL
infection. To quantitatively follow antigen-specific
CDS8 T-cell expansion, we initially transferred a very
low number (100) of naive CD44°"CD62LY OT-1
CD8 T-cells bearing CD45.1 as congenic marker. One
day after transfer, we infected mice with Ad-TTR-
GOL (10" or 10’ PFU) or Ad-CMV-GOL (10’
PFU) and followed the expansion of antigen-specific
CD8 T-cells in the spleen and liver. From day 3
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after Ad-CMV-GOL infection, we observed a rapid
increase in the number of CD45.1" CD8 T-cells in
the spleen until day 7 p.i. (Fig. 4A), coinciding with
the SALT peak (Fig. 3E). Similar kinetics for CD45.1"
CD8 T-cell expansion were observed in the liver, which
was then followed by a decline of T-cell numbers at
day 18 p.i. (Fig. 4B) when infection was cleared. At the
peak of the CD8 T-cell response toward Ad-CMV-
GOL infection, we found approximately 8 X 10° anti-
gen-specific CD8 T-cells in the spleen and 2 x 10° in
the liver (Fig. 4A,B). This demonstrates a more than
10,000-fold increase of antigen-specific CD8 T-cell
numbers after Ad-CMV-GOL infection. In contrast,
after Ad-TTR-GOL infection with 10° PFU, leading
to identical overall antigen expression like 107 PFU
Ad-CMV-GOL, the number of splenic antigen-
specific CD8 T-cells increased at a slower rate and
only reached numbers of about 10° (Fig. 4A). In liver,
Ad-TTR-GOL infection was followed by a slower and
less-pronounced 150-fold increase of antigen-specific
CD8 T-cells from day 3 to day 7 p.i., with a maximum
of 10* cells (Fig. 4B). Like in the spleen, no decrease
in the number of antigen-specific CD8 T-cells was
observed at day 18 p.i. (Fig. 4B). After infection with
10’ PFU Ad-TTR-GOL, leading to identical numbers
of infected hepatocytes like in 10° PFU Ad-CMV-
GOL-infected mice, we failed to detect expansion of
antigen-specific CD8 T-cells, neither in the liver nor
in the spleen (Fig. 4A,B). Thus, our results reveal a
much slower and less pronounced dynamic of anti-
gen-specific CD8 T-cell responses in the spleen and
liver after Ad-I'TR-GOL compared with Ad-CMV-
GOL infection.

We next characterized the phenotype of anti-
gen-specific CD8 T-cells at days 5 and 7 p.i. In the
absence of expansion after 10’ PFU Ad-TTR-GOL
infection, we did not obtain sufficient numbers of
antigen-specific CD8 T-cells for phenotypic charac-
terization. Therefore, we compared the CD8 T-cell
phenotypes arising after infection with Ad-CMV-
GOL (10" PFU/mouse) or with Ad-TTR-GOL
(10’ PFU/mouse). After infection with either virus,

FIG. 4. Phenotype and quantity of antigen-specific CD8 T-cells in liver and spleen after adenoviral infection. (A,B) Quantification
of transferred CD45.1" OT-1 T-cells (gated on living CD45.1" and CD8" cells) by flow-cytometric analysis in spleen (A) or liver (B) at
indicated time points after infection with Ad-CMV-GOL (107 PFU) or Ad-TTR-GOL (10’ or 10° PFU) (n = 4). (C) Flow-cytometric
analysis and quantification of transferred CD45.1" OT-1 T-cells (gated on living CD45.1" and CD8" cells) isolated from liver or spleen
on day 5 after infection with Ad-CMV-GOL (10’ PFU) or Ad-TTR-GOL (10° PFU). Each plot is a representative plot of a total of
four. Quantification shows mean = SD (n = 4). (D) Flow-cytometric analysis on day 7 after infection as in (C). (A-D) All experiments

were performed at least three times and were reproducible.
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all antigen-specific CD8 T-cells in the spleen and
liver expressed high levels of CD44, compatible with
being antigen-experienced, but only some splenic
but not hepatic antigen-specific CD8 T-cells tran-
siently expressed the IL-2-receptor CD25 at day 5 p.i.
Only after Ad-T'TR-GOL infection we found some
CD62LM antigen-specific CD8 T-cells in the spleen,
whereas the few cells in the liver were CD62L"" (Fig.
4C,D). In contrast, after Ad-CMV-GOL infection,
all antigen-specific CD8 T-cells were CD62L"" in
the spleen and liver (Fig. 4C,D). Already at day 5 p.i.,
antigen-specific CD8 T-cells expressed high levels
of PD-1 and LAG-3 in the liver of both Ad-CMV-
GOL-infected or Ad-TTR-GOL-infected mice.
Although after Ad-TTR-GOL infection the PD-1
expression levels increased in hepatic antigen-specific
CD8 T-cells from day 5 to day 7, it was slightly
downregulated in the Ad-CMV-GOL-infected mice
(Fig. 4C,D). Interestingly, after Ad-TTR-GOL infec-
tion we found PD-1"" and PD-1" CD8 T-cell pop-
ulations in the spleen. Although the ratio between
PD-1"" to PD-1"antigen-specific T-cells was approx-
imately 1:1 at day 5, the ratio shifted to 2:1 at day 7
(Fig. 4C,D), suggesting that these T-cells remained in
the spleen and did not encounter their cognate anti-
gen in the liver anymore. The CD62L"CD44" sur-
face phenotype and localization of antigen-specific
CDS8 T-cells within lymphoid tissue after Ad-TTR-
GOL infection suggests that these cells were initially
cross-primed by liver sinusoidal endothelial cells in
the liver. ™ At day 7 after Ad-TTR-GOL infection,
we found high expression levels for LAG-3 and PD-1
on antigen-specific T-cells in the liver (Fig. 4D), cor-
relating with a lack of T-cell immunity to eliminate
Ad-TTR-GOL-infected hepatocytes. Thus, failure
to control Ad-T'TR-GOL infection correlates with
slower kinetics of antigen-specific CD8 T-cell expan-
sion, lower total antigen-specific CD8 T-cell numbers,

and higher expression levels of PD-1 and LAG-3.

PHENOTYPE AND
FUNCTIONALITY OF ANTIGEN-
SPECIFIC CD8 T-CELLS AFTER
FAILURE TO CLEARACUTE VIRAL
INFECTION FROM HEPATOCYTES

We next analyzed the phenotype of CD8 T-cells
at day 18 after viral infection (i.e., shortly after clear-
ance of Ad-CMV-GOL or established persistence of
Ad-TTR-GOL-infection). There were no changes in
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CD25 or CD44 expression levels on antigen-specific
CD8 T-cells after Ad-CMV-GOL compared with
Ad-TTR-GOL infection (Fig. 5A). Although we
tound higher PD-1 and LAG-3 expression on hepatic
antigen-specific CD8 T-cells after Ad-T'TR-GOL
infection (Fig. 5A), the PD-1/LAG-3 expression on
splenic antigen-specific CD8 T-cells did not differ
after Ad-CMV-GOL or Ad-TTR-GOL infection
(Fig. 5A). Again, splenic antigen-specific CD8 T-cells
after Ad-TTR-GOL infection were CD62L"PD-
1low (Fig. 5A), suggesting that these cells remained
localized within the spleen and did not migrate to the
liver. Furthermore, hepatic PD-1""CD8 T-cells also
co-expressed high levels of other inhibitory molecules
like LAG-3, Tim-3, CD160, and CTLA-4 (Fig. 5B).
In contrast, antigen-specific CD8 T-cells found after
Ad-CMV-GOL infection showed low-level expres-
sion for all inhibitory molecules and partly expressed
KLRG-1 (Fig. 5B). This is similar to the phenotype
of virus-specific CD8 T-cells seen during chronic
HBV that also co-express PD-1 and CD160 and
are negative for KLRG-1 (Fig. 5C). To characterize
their functionality, we restimulated antigen-specific
PD-1"LAG-3"Tim-3"CD160°CD8 T-cells. Clearly,
these cells showed remarkably reduced IFN-y and
TNF production compared with antigen-specific CD8
T-cells from livers of Ad-CMV-GOL-infected mice
(Fig. 5D). Taken together, Ad-TTR-GOL infection
and development of persistent hepatocyte infection is
characterized by co-expression of inhibitory receptors
on hepatic antigen-specific CD8 T-cells lacking effec-

tor function.

AD-TTR-GOL INFECTED
HEPATOCYTES ESCAPE CD8
T-CELL IMMUNE SURVEILLANCE

The difference in outcome of infection (i.e.,
Ad-CMV-GOL controlled by antigen-specific CD8
T-cells and Ad-TTR-GOL establishing persistent
infection in the presence of low numbers of dysfunc-
tional antigen-specific CD8 T-cells) may originate
from inefficient priming of antigen-specific CD8
T-cells after Ad-TTR-GOL infection. Therefore, we
tested whether this could be overcome by co-infection
of both viruses. Mice received both viruses, Ad-T'TR-
GOL (10° PFU) and Ad-CMV-GiRO (10" PFU),
a virus dose that induced protective immunity when
applied alone (Fig. 3A and Fig. 6A-C). Recombinant
Ad-CMV-GiRO is identical to Ad-CMV-GOL
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FIG.5. Characterization of antigen-specific CD8 T-cells during persistent infection. (A) Flow-cytometric analysis and quantification
of transferred CD45.1" OT-1 T-cells (gated on living CD45.1" and CD8" cells) isolated from liver or spleen on day 18 after infection
with Ad-CMV-GOL (10’ PFU) or Ad-TTR-GOL (10° PFU) (n = 4). Each plot is a representative plot of a total of four. Quantification
shows mean + SD. (B) Contour plot of flow-cytometric analysis of PD-1, LAG-3, Tim-3, CD160, CTLA-4, and KLRG-1 co-expression
on ovalbumin-specific CD8 T-cells isolated from liver on day 18 after infection as in (A). (C) Contour plot of flow-cytometric analysis
of PD-1, CD160, and KLRG-1 expression in intrahepatic bulk or HBV-tetramer-positive CD8 T-cells from patients chronically
infected with HBV. (D) Flow-cytometric analysis following restimulation of isolated CD45.1" CD8 T-cells by ovalbumin-derived
SIINFEKL peptide on day 18 after infection with Ad-CMV-GOL (107 PFU) or Ad-TTR-GOL (10° PFU). (A-D) All experiments

were performed at least three times and were reproducible.
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FIG. 6. Antigen expression levels in infected hepatocytes shapes antiviral effector functions of CD8 T-cells. (A) Quantification of
bioluminescence in livers of mice infected with Ad-CMV-GiRO (107 PFU), Ad-TTR-GiRO (10° PFU), or co-infected with Ad-TTR-
GiRO (10°® PFU) plus Ad-CMV-GiRO (107 PFU). (B) Liver immunohistochemistry for eGFP expression at day 2 and day 18 after
infection as in (A). Scale bar = 100 pm. (C) Immunohistochemical quantification of infected eGFP" hepatocytes at day 2 and day 18
after infection as in (A-B). (D) Flow-cytometric quantification and phenotypic analysis of endogenous OT-1 T-cells (gated on living
SIINFEKL-dextramer® CD8" cells) isolated from livers of mice 18 days after infection as in (A-C). (E) Cell killing assay of in vitro
cocultured primary murine hepatocytes and activated ovalbumin-specific CD8 T-cells (ratio 1:10). Hepatocytes were infected with
moi = 5 by Ad-TTR-GOL or Ad-CMV-GOL. Infected hepatocytes were pulsed with 200 nM SIINFEKL peptide where indicated.
Lyse of target cells was detected using xCELLigence technology. (F) Bioluminescence imaging of Ad"TTR-GOL (10’ PFU) or Ad-
CMV-GOL (107 PFU) infected mice before and after transfer of 10 million in vizro activated ovalbumin-specific CD8 T-cells. (A-F)

All experiments were performed at least three times and were reproducible.

but lacks luciferase expression, allowing the selec-
tive detection of the bioluminescence signal from
Ad-TTR-GOL infection during co-infection. After
co-infection, Ad-TTR-GOL infection persisted,
whereas all Ad-CMV-GiRO-infected hepatocytes
were eliminated after 18 days p.i (Fig. 6A-C). Of note,
GFP is not detected after Ad-T'TR-GOL infection
due to low TTR promoter—driven expression lev-
els (Fig. 6B,C). Numbers of hepatic antigen-specific
CDS8 T-cells did not differ between Ad-CMV-GiRO
and Ad-CMV-GiRO/Ad-TTR-GOL co-infected
mice (Fig. 6D), suggesting efficient priming of CD8
T-cell immunity also after co-infection. Despite
efficient elimination of Ad-CMV-GiRO-infected
hepatocytes in co-infected mice, hepatic antigen-spe-
cific CD8 T-cells at day 18 p.i. displayed a dysfunc-
tional phenotype co-expressing inhibitory receptors
PD-1"Lag-3"Tim-3"CTLA-4" and being KLRG1"®
(Fig. 6D). This is consistent with a selective failure to
eliminate Ad-TTR-GOL-infected hepatocytes and
led us to investigate whether effector CD8 T-cells
were capable of eliminating Ad-T'TR-GOL-infected
hepatocytes.

We determined the efficiency of effector CD8
T-cells to kill Ad-CMV-GOL-infected or Ad-T'TR-
GOL-infected  hepatocytes. In  wvitro—generated
antigen-specific effector CD8 T-cells rapidly (approx-
imately 0.5-1.5 hours) eliminated Ad-CMV-GOL-
infected hepatocytes in vitro (Fig. 6E). In contrast,
they eliminated only 30% to 40% of Ad-I'TR-GOL-
infected hepatocytes (Fig. 6E). We reasoned that
low antigen expression in Ad-TTR-GOL-infected
hepatocytes resulted in low numbers of peptide-loaded
H2-KP-molecules, and that this caused the failure of
effector CD8 T-cells to kill. To overcome this assumed
limitation of subcritical H2-KP-restricted antigen pre-
sentation, we increased the levels of peptide-loaded
H2-K* on Ad-TTR-GOL-infected ~hepatocytes
through the addition of peptide. This led to a strong

increase in the killing of Ad-T'TR-GOL-infected
hepatocytes by effector CD8 T-cells up to the level
of killing of Ad-CMV-GOL-infected hepatocytes
(Fig. 6E). There was no further increase in the kill-
ing of Ad-CMV-GOL-infected hepatocytes after
the addition of peptide (Fig. 6E). Together with the
in vivo data on the killing of Ad-CMV-GiRO, but
not Ad-T'TR-GOL-infected hepatocytes, these data
suggest that effector CD8 T-cells need to recognize
a critical level of peptide-loaded major histocompati-
bility complex (MHC) I molecules on the surface of
infected hepatocytes to execute cytotoxic effector func-
tion, and that hepatocytes with low antigen expression
escape from effector CD8 T-cell killing. To further
support this notion, we adoptively transferred in vitro
generated antigen-specific effector CD8 T-cells into
Ad-TTR-GOL-infected or Ad-CMV-GOL-infected
mice. Effector CD8 T-cells rapidly decreased hepatic
bioluminescence over three log,, steps in Ad-CMV-
GOL-infected mice, whereas the same T-cells failed to
control Ad-T'TR-GOL infection (Fig. 6F). Thus, the
development of persistent Ad-T'TR-GOL infection is
not only caused by weak CD8 T-cell priming but is
also the result of immune escape of infected hepato-

cytes from CD8 T-cell killing.

Discussion

Antiviral CD8 T-cell immunity is key to infection
control and elimination of virus-infected hepato-
cytes. Yet, the mechanisms favoring protective versus
dysfunctional virus-specific CD8 T-cell immunity
in the liver have not been fully elucidated. To dis-
sect the mechanisms underlying dysfunctional CD8
T-cell immunity against virus-infected hepatocytes,
we have cloned identical recombinant adenoviruses
co-expressing in equimolar ratios of the reporters
luciferase and EGFP together with ovalbumin either
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in a hepatocyte-restricted manner using the TTR
promoter (Ad-TTR-GOL) or using the CMV pro-
moter (Ad-CMV-GOL). Therefore, we combined the
known hepatotropism of adenoviruses with hepato-
cyte-selective gene expression through the TTR pro-
moter, similar to the combination of hepatotropism
and hepatrophism used by HBV.“®) The outcome of
infection by these otherwise identical viruses was com-
pletely different: Ad-CMV-GOL infection was effi-
ciently cleared, whereas infection with Ad-T'TR-GOL
persisted, independent of the numbers of infected
hepatocytes covering a 4log,, range of infection dose
from 10° to 10° PFU/mouse, thus going far beyond
the range of antigen-expressing hepatocytes studied so
far.?¥ Linking ovalbumin, EGFP, and luciferase genes
by 2A sequences in recombinant adenoviruses results
in equimolar gene expression and allows to quan-
titatively and most sensitively detect infection and
immune-mediated clearance of infected hepatocytes
by in vive bioluminescence imaging.(zz’zs) Use of repli-
cation-deficient adenoviruses allows us to focus on the
antigens expressed, as no adenoviral antigens/epitopes
are expressed/presented. This highly sensitive imaging
technique enabled us to characterize the critical deter-
minants of CD8 T-cell immunity being relevant for
elimination of virus-infected hepatocytes.
Ad-TTR-GOL infection differed from Ad-CMV-
GOL infection, as it generated 100-fold lower anti-
gen expression and always developed into persistent
infection, whereas Ad-CMV-GOL infection was
always cleared by antiviral CD8 T-cell immunity.
This was only related to the different promoters driv-
ing the different expression levels of genes delivered
through adenoviral vectors. Previously, high numbers
of antigen-expressing hepatocytes were claimed to
cause CD8 T-cell dysfunction, although only a range
between 10% and 50% of antigen-expressing hepato-
cytes were investigated.(24’26’27) In a humanized murine
model, the load of HBV antigens was determined to
influence antiviral immunity. 28) However, in these
mice the human liver graft and the human immune
system were not human leukocyte antigen (HLA)-
matched, rendering it unlikely to detect HLA-specific
T-cell responses.(zg) In contrast, our study revealed that
numbers of infected hepatocytes are not relevant for
initiation of CD8 T-cell immunity, which most likely
occurred in secondary lymphoid organs independent of
the Ad-CMV-GOL infection dose. Our study further
identified initiation of dysfunctional antiviral CD8
T-cell immunity upon hepatocyte-selective expression
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of a soluble antigen in the context of a physiologic
T-cell-receptor repertoire, which reflects the situation
during infection with hepatotropic viruses.

Other experimental systems were used in the past to
study mechanisms of viral immune evasion that leads
to persistence of infection. This includes infection
with different strains of LCMV, in which clone WE
is rapidly cleared and clone-13 persists due to inter-
teron-induced impairment of immunity and induction
of dysfunctional antiviral T-cells through high antigen
levels. %3V In addition, the mode of viral gene delivery
to hepatocytes determines the outcome of infection:
Hydrodynamic injection of HBV genomes leading to
inflammation led to the elimination HBV antigen-
expressing hepatocytes, whereas the delivery of HBV
genomes by adenoviral or adeno-associated viral vec-
tors causes persistent infection.®?33 Therefore, our
approach to compare identical viruses differing only
in cell-type selective antigen expression provides the
chance to gain insight into liver-specific regulation of
antiviral immunity, independent of differences between
virus-intrinsic mechanisms of immune evasion or dif-
terent modes of infection.

During the early phase of infection, we found differ-
ent dynamics of antiviral CD8 T-cell immunity. After
Ad-CMV-GOL infection, we detected a rapid and
massive increase of antigen-specific CD8 T-cells in
liver and spleen. In contrast, Ad-T'TR-GOL infection,
which generated similar total bioluminescence and
antigen-expression levels as Ad-CMV-GOL infection,
led to slower and less prominent T-cell expansion, indi-
cating less efficient priming of antigen-specific CD8
T-cells. Indeed, we found that Ad-CMV-GOL infec-
tion was accompanied by eGFP expression in mono-
cyte-derived DCs in the spleen and that these cells
primed the CD8 T-cells. In the spleen, a specialized
macrophage population was identified that is required
for induction of protective CD8 T-cell immunity, 139
pointing toward the necessity of T-cell priming in
lymphoid tissues to control viral infection. Recently,
the role of monocyte/macrophage and DC adenoviral
transduction for strong antiviral immunity has been
demonstrated,®” for which a CMV reporter-driven
gene expression is required. After infection with
Ad-TTR-GOL leading to selective antigen expression
by hepatocytes, however, only priming by hepatocytes
or alternatively cross-priming of antigens secreted from
infected hepatocytes by LSECs or immature DCs can
lead to CD8 T-cell activation. However, CD8 T-cell

priming by hepatocytes causes clonal T-cell deletion
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and cross-priming by immature DCs fails to generate
effector CD8 T-cells.®73¢-38) Only cross-priming by
LSECs promotes CD8 T-cell survival and develop-
ment of memory CD62L"CD8 T-cells that relocate to
lymphoid tissues like central memory T-cells.* Our
finding of persistent Ad-TTR-GOL infection that
splenic antigen-specific CD8 T-cells were CD62L"
indicates that cross-priming by LSECs may have been
involved. The increase in number of antigen-specific
CDS8T-cells after Ad-T'TR-GOL, albeit at much lower
than after Ad-CMV-GOL infection, demonstrates
that even under conditions of hepatocyte-restricted
expression of soluble antigen that is associated with
the development of persistent infection, activation and
expansion of antigen-specific CD8 T-cells occur.

Beyond weak priming of antiviral CD8 T-cell
immunity, we found a so-far unappreciated immune
escape of hepatocytes expressing low antigen levels
from CD8 T-cell killing. This deficient elimination
of Ad-TTR-GOL-infected hepatocytes raised the
question why CD8 T-cells were not able to kill these
cells. Possibly, the number of antigen-specific CD8
T-cells in the liver after Ad-T'TR-GOL infection
may be too low to eliminate infected hepatocytes, or
they may be dysfunctional. This notion is supported
by our finding that antigen-specific CD8 T-cells after
Ad-TTR-GOL infection continuously co-expressed
high levels of inhibitory receptors like PD-1, LAG-
3, Tim-3, CD160 and CTLA-4, which impair CD8
T-cell effector functions after stimulation through the
T-cell receptor.?**3) Furthermore, they were refrac-
tory toward re-activation, similar to hepatic HBV-
specific CD8 T-cells found in patients with chronic
HBV.12440) Of note, only hepatic, but not splenic
antigen-specific CD62L" CD8 T-cells, showed this
co-expression of inhibitory receptors, suggesting that
the latter did not localize to the liver and was not
exposed to the tolerogenic signals in the context of
Ad-TTR-GOL infection. Together these results indi-
cate that dysfunction of antigen-specific CD8 T-cells
during persistent infection was rather induced locally
in the liver and not by circulating factors triggering
dysfunction at the systemic level.

If CD8 T-cells were dysfunctional because of
insufficient T-cell priming during Ad-TTR-GOL
infection, we wondered whether co-infection with
Ad-CMV-GiRO, which initiated protective antiviral
CD8 T-cell immunity, could reverse T-cell dysfunction
in Ad-TTR-GOL-infected mice. After co-infection
with both viruses, Ad-CMV-GiRO was efficiently

MANSKE ET AL.

eliminated and antigen-specific CD8 T-cell numbers
in the liver were comparable. However, even under
these conditions of protective antiviral CD8 T-cell
immunity, Ad-TTR-GOL-infected hepatocytes were
not eliminated. We therefore reasoned that the low
antigen-expression levels per infected hepatocytes
may have caused escape from CD8 T-cell killing.
Indeed, fully activated effector CD8 T-cells failed to
kill Ad-T'TR-GOL-infected hepatocytes in vitro, but
after the addition of specific peptide killing was as effi-
cient as against Ad-CMV-GOL-infected hepatocytes.
Because expression levels of inhibitory receptors were
similar on antigen-specific CD8 T-cells during the
early phase of Ad-CMV-GOL and Ad-TTR-GOL
infection, lower TCR signals in relation to high inhib-
itory signals might be responsible for the lack of effec-
tor function iz vive. However, even adoptive transfer
of fully activated antigen-specific effector T-cells did
not control Ad-TTR-GOL infection, suggesting that
low-level antigen expression allows escape from kill-
ing by effector CD8 T-cells. The constant low-level
TCR signaling induced by Ad-T'TR-GOL-infected
hepatocytes may drive PD-1 upregulation on T-cells,
and increased expression of co-inhibitory receptors
are then rather the consequence, but not the cause
of persistent infection. However, identification of the
mechanisms underlying the upregulation of inhibitory
molecules during Ad-TTR-GOL infection requires
further analysis.

The relevance of immune escape by hepatocytes
expressing only low level of viral antigens for chronic
viral hepatitis remains to be defined. Hepatitis B virus,
for instance, replicates from its transcriptional tem-
plate the HBV cccDNA, but tools are lacking to quan-
tify on a single-cell level viral gene expression and how
this translates into numbers of peptide-loaded MHCI
molecules on the cell surface. T-cell receptor-like anti-
bodies detecting MHCI-peptide complexes have been
developed, but flow cytometry with its detection limit
of approximately 500 molecules per cell, is not suit-
able to detect low numbers of MHCI-peptide com-
plexes in the range of 50 to 500 per cell. Nevertheless,
the numbers of MHCI-peptide molecules appear to
determine the range of effector functions of HBV-
specific CD8 T-cells: high numbers triggering cyto-
kine expression and degranulation, and 10-fold lower
numbers triggering only degranulation.(47) Our study
expands on this correlation, demonstrating that
Ad-CMV-GOL infection triggers cytokine expres-
sion and T-cell killing activity, whereas 100-fold lower
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numbers of MHCI-peptide complexes after Ad-T'TR-
GOL infection caused weak TCR signaling, leading to
T-cell exhaustion. It is therefore possible that infected
hepatocytes expressing low-level viral antigens may
pave the way toward persistent infection by inducing
T-cell exhaustion.

In conclusion, the Ad-T'TR-GOL-infection model
characterized by hepatocyte-restricted antigen expres-
sion in combination with low-level antigen expression
allowed us to identify the mechanisms involved in
the failure of antiviral immunity to eliminate infected
hepatocytes. Inefficient CD8 T-cell priming and
escape of infected hepatocytes (with low-level antigen
presentation) from effector T-cell killing represent two
independently acting, yet synergistic, mechanisms for
persistence of hepatocyte infection. Development of
therapeutic vaccination strategies against chronic viral
hepatitis may face similar immune escape mechanisms.
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