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Bioluminescence Imaging Allows Measuring CD8

T Cell Function in the Liver
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In vivo evaluation of CD8 T cell effector (cytotoxic T lymphocyte [CTL]) function in pe-
ripheral organs such as the liver is currently not possible but would greatly improve our
understanding of local immune regulation, because simple determination of antigen-spe-
cific CTL numbers does not predict the outcome of immune responses. In particular, mea-
surement of alanine aminotransferase serum levels is not sensitive enough to detect T cell
immunity against low numbers of target hepatocytes. We developed a procedure that
detects virus-specific effector function of CTLs in the liver after simultaneous adenoviral
transfer of reporter and immune target genes into hepatocytes, followed by biolumines-
cence imaging of reporter genes. Bioluminescence imaging enabled detection of as few as
10,000 infected hepatocytes in vivo, and even more importantly, quantification of antiviral
effector function of as few as 50,000 CTLs. Conclusion: Our results provide evidence that
low numbers of antigen-specific CTLs are sufficient to control viral gene expression and
eliminate viral infection from hepatocytes. The experimental system established here is a
highly sensitive method to simultaneously detect viral infection of hepatocytes and to
quantify antiviral CTL function in the liver 7z vivo and will help in characterizing princi-

ples of hepatic immune regulation. (HeraToLOGY 2010;51:1430-1437)

he function of CD8 T cells is essential to con-
trol viral infection and combat cancer in pe-
ripheral organs. Determination of numbers of
virus-specific or cancer-specific CD8 T cells (cytotoxic
T lymphocytes [CTLs]) by sophisticated tetramer/mul-
timer technology or by ELISpot (enzyme-linked im-
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munosorbent spot assay) revealed the presence of sig-
nificant numbers of antigen-specific T cells circulating
in the bloodstream,'™ but it did not reflect clinical
outcome in persistent viral infection or in cancer.
Rather, numbers of tissue-infiltrating CTLs correlated
with the clinical course.*> This indicated that mea-
surement of CTL function in liver is mandatory for
prediction of efficacy of immune treatment modalities.
So far, antiviral CTL function in liver was determined
by indirect measures: (1) quantification of hepatocyte-
damage by serum alanine aminotransferase (ALT) lev-
els; (2) quantification of CTL infiltration by histo-
chemistry; or (3) reduction in serum levels of viral
proteins or genes. Although these are well-recognized
parameters for measuring antiviral immune responses,
they are subject to low sensitivity (ALT measurements),
sampling error (liver biopsy for histochemistry), or
only reflect the effect of immune responses in the past
(serum levels of viral proteins/DNA or RNA). Our
understanding of antiviral T cell immunity in the liver
is based on experiments involving genetically modified
animals with hepatocyte-restricted transgene expression
and human material where a dual role of noncyto-
pathic mechanisms together with cytotoxic effector
function of virus-specific CD8 T cells was reported.®”
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Both mechanisms cooperate in order to achieve viral
clearance from infected hepatocytes.8 However, virus-
specific T cells infiltrating the liver have been found to
be functionally impaired”'® or become deleted,'"'
and thus simple enumeration of infiltrating T cells in
the peripheral blood or even in the liver does not
reflect local T cell function.'®> Here, we report that
bioluminescence imaging of reporter gene expression
in hepatocytes can be used to quantify CTL function
in the liver in vivo.

Materials and Methods

Mice. C57BL/6 mice were obtained from Elevage
Janvier (France). C2] (BG(Cg)—Yj/rC'ZJ/]) albino mice
were obtained from the Jackson Laboratory (Bar Har-
bor, ME) and bred under specific pathogen-free (SPF)
conditions in the central animal facility of the Univer-
sity Hospital Bonn. /z vivo experiments were approved
by the Animal Care Commission of Nordrhein-
Westfalia.

Recombinant Adenovirus. El-deleted
deleted (recombinant
expression luciferase, green fluorescent protein, and oval-
bumin [AALGO]) expressing fusion proteins of the
enhanced green fluorescent protein (EGFP) (Promega),
the H2—Kb—binding peptide epitope OVA,.257.264 SIIN-
FEKL (OVAp) and the click-beetle luciferase (Promega,
Mannheim, Germany) were 4generated through Cre-lox
recombination as described.'* AdLGO was propagated
on human embryonic kidney (HEK 293) cells, purified
by cesium chloride density-gradient centrifugation
according to standard protocols."”

Isolation and Generation of CD8 T Effector
Cells. CD8 T cells isolated from spleen and lymph
nodes of OT-1 T cell receptor transgenic mice recog-
nizing the H2-K-restricted peptide SIINFEKL derived
from ovalbumin (OVA) were stimulated with peptide-
pulsed splenic dendritic cells 7z vitro. After 4 days,
cells were purified by gradient centrifugation and were
injected into the tail vein.

Bioluminescence ~Measurement. Measurement of
bioluminescence was performed with an IVIS 200 sys-
tem (Caliper LifeSciences, Hopkinton, MA) 5 minutes
after intraperitoneal injection of Luciferin (50 mM)
(Caliper LifeSciences) in 200 uL of phosphate-buffered
saline. Acquisition time for bioluminescence measure-
ment was in the range between 10 and 60 seconds,
depending on the charge-coupled device camera satura-
tion. Data analysis was performed with Living Image
2.50.1 software (Caliper LifeSciences). For data analy-
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sis, a region of interest was set around the maximum
of light emission and kept constant during all meas-
urements within an experiment.

In Vivo Cytotoxicity. The assay was performed as
described.'®!”" Briefly, splenocytes were loaded with
SIINFEKL peptide and labeled CFSE"®" (carboxyfluor-
escein succinimidyl ester; 2 uM) whereas control cells
were left unloaded and labeled CFSE"" (0.2 uM). Cells
were mixed at a 1:1 ratio, and specific killing of 1 X
10 target cells in spleen and liver was determined after
5 hours by flow cytometry. Specific kill was calculated
as follows: % specific kill = 100 — (100*[CFSE""/
CFSE" "] qumple/ [CESE™8"/CESE'™ ]y nerol) -

Real-Time Polymerase Chain Reaction. For quan-
titative real-time polymerase chain reaction (PCR),
DNA was extracted from 9-12 mg of liver tissue
with the viral 'TDNA-OLS kit (Omni Life Science,
Hamburg, Germany). Serial dilutions of pAd-Track
plasmids were used as a standard. For each sample, 4
uL LightCycler FS DNA Master Plus SYBR Green I
(Roche, Mannheim, Germany), 12 uL double dis-
tilled H,O, forward (5 TAAGCGACGGATGTGG
3") and reverse (5 CCACGTAAACGGTCAAAG 3)
primers (20 uM) each 1 ul, and 2 puL DNA were
mixed in a capillary and used for measurement
by means of a LightCycler (Roche, Mannheim,
Germany).

Statistical Analysis. The Student # test was used for
in vitro and in vivo experiments. Results are shown as
mean * standard error. P values < 0.05 were consid-
ered significant; *P < 0.05, **P < 0.01, *™*P <
0.001.

Results

In Vivo Bioluminescence Imaging Detects 10,000
Hepatocytes Infected with Recombinant Adenovirus
Expressing Luciferase. The lack of a reliable and sen-
sitive method to directly assess T cell function in the
liver prompted us to develop a procedure that can be
easily implemented to determine CTL function in the
liver. Advances in the sensitivity of 7z vivo biolumines-
cence imaging of gene expression'® provided the basis
for discovering novel principles of infection by patho-
gens using recombinant luciferase-expressing microor-
ganisms,'” for detection of tumor growth of luciferase-
expressing tumor cells,”® and for tracking the iz vivo
migration pattern of immune cells.?' We used a
recombinant adenoviral vector bearing the genes for
firefly luciferase, green fluorescent protein, and ovalbu-
min as a fusion protein under cytomegalovirus pro-
moters (AdLGO) that for

allows simultaneous
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detection of both virus-infected hepatocytes by marker
genes and CTL function against infected hepatocytes
expressing OVA as target gene. Intravenous injection
of adenovirus vectors led predominantly to infection
of the liver visualized by 77 vivo detection of luciferase
expression and within the liver to preferential infection
of hepatocytes detected by GFP expression with confo-
cal laser scanning microscopy (Fig. 1A,B), as previ-
ously reported.'>** Measurement of luciferase expres-
sion by in wvivo bioluminescence imaging allowed
quantification  of  hepatocellular  infection  with
recombinant AALGO with much higher sensitivity
than detection of GFP expression in liver tissue by
confocal laser scanning microscopy (Fig. 1B-D). He-
patic bioluminescence was directly proportional to the
numbers of infectious virions injected up to 3 days af-
ter infection (Fig. 1C). Assuming that more than 90%
of intravenously injected adenoviruses infected hepato-
cytes,15 bioluminescence imaging enabled sensitive
detection of as little as 10,000 to 100,000 infected he-
patocytes in vivo (Fig. 1D). To further increase sensi-
tivity, we used C2J-H2-albino mice that show less
nonspecific photon adsorption. In these mice, we were
able to augment sensitivity of bioluminescence detec-
tion of virally encoded luciferase expression in hepato-
cytes by a factor of five (Fig. 1E). It was astonishing
that little variation in infection efficiency existed
between animals even when low numbers of infectious
viruses were used (Fig. 1C,D), indicating that determi-
nation of hepatocellular infection by bioluminescence
imaging was very sensitive yet also robust.

Sensitive In Vivo Detection of CD8 T Cell Function
in the Liver. Next, we determined the ability of acti-
vated OVA-specific H2-K'-restricted CTLs to exert
antigen-specific effector function by recognizing OVA-
derived SIINFEKL peptide that is presented on liver
cells of AALGO-infected mice. After adoptive transfer
of 5 x 10° in vitro-activated CD69TCD44TCD25"
CTLs, we observed increased ALT serum levels only in
AdLGO-infected but not in AdLG-infected animals,
which confirms antigen-specific execution of CTL
function against infected hepatocytes iz vivo (Fig. 2A).
Under these conditions, maximally 2 x 10® AdLGO-
infected hepatocytes served as targets for 5 x 10°
CTLs, leading to immune-mediated liver damage
detected as an increase in ALT level. However, after
reducing the numbers of infected hepatocytes to
approximately 10° cells, we failed to detect CTL-medi-
ated liver damage as determined by ALT serum levels
(Fig. 2B). This revealed the low sensitivity of ALT as a
measure to detect effector CTL function in the liver. It
is of interest to note that hepatocyte damage in combi-
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nation with CTL infiltration into liver tissue was only
observed in mice infected with 2 x 10° plaque-form-
ing units (pfu) of AdLGO, i.e., high numbers of
infected hepatocytes. We observed no liver damage,
but scattered infiltrating CTLs were observed after
adoptive transfer of 5 x 10° to 5 x 10° CTLs into
mice infected with 10° pfu AJLGO (Fig. 2C). These
findings suggested that infiltrating CTLs may exert
effector functions against infected hepatocytes even in
situations where only low numbers of infected hepato-
cytes are present and no ALT serum levels can be
detected.

When bioluminescence imaging was used for detec-
tion of virus-encoded luciferase expression, thus pro-
viding a direct measure of infected hepatocytes, we
observed that adoptive transfer of CTLs reduced de-
tectable luciferase expression (Fig. 2D), indicating exe-
cution of CTL function in the liver under the condi-
tions of the experiment. Importantly, titration of the
number of adoptively transferred CTLs showed that
bioluminescence imaging allowed detection of antiviral
effector function of as litde as 10* to 5 x 10° CTLs.
These results demonstrate the superior sensitivity of
bioluminescence imaging over ALT measurements.
Time course experiments further revealed that adoptive
transfer of 10° CTLs eliminated established luciferase
activity in vivo, whereas adoptive transfer of 10° CTLs
only controlled viral gene expression in infected hepa-
tocytes (not shown). To exclude noncytolytic control
of viral infection by release of interferon-gamma
(IFNy) from activated CTLs, we used IFNyR—/— ani-
mals for infection and as recipients of CTLs. Clearly,
reduction in bioluminescence was maintained under
the conditions of the experiment (Fig. 2E), indicating
that elimination of virus-infected hepatocytes rather
than noncytolytic control of viral infection by IFNy
was operative in CTL-mediated antiviral immunity.
Our results establish that bioluminescence imaging is
more sensitive than ALT serum levels for detection of
local effector CTL function against virus-infected
hepatocyrtes.

In Vivo Detection of Antiviral CTL Function in
the Liver After Immunization. We next aimed to
demonstrate the usefulness of our assay system for
monitoring CTL function in the liver after vaccina-
tion. C2J mice bearing 5 x 10* OVA-specific naive
CD8 T cells were immunized with OVA in incom-
plete Freund’s adjuvant (IFA), which is known to elicit
only a weak immune stimulatory reaction, or were left
untreated. Four days after vaccination, animals were
challenged with AdLGO (105 pfu, thus infecting
approximately 0.01% of hepatocytes) and determined
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Fig. 1. Sensitive detection of hepatocellular virus infection by in vivo bioluminescence measurement. (A) Bioluminescence image of H2° mice
at day 3 after intravenous infection with AdLGO. (B) Detection of GFP+ hepatocytes by confocal laser scanning microscopy in AdLGO-infected
mice. Numbers denote pfu AdLGO/mouse; bar = 100 um. (C) Time course of in vivo bioluminescence determination in AdLGO-infected (o, 1 %
103, 7,1 x 10* &, 1 x 10°, @, 1 x 10°% [0, 1 x 107, O, 1 x 108 pfu/mouse) or mock-treated () mice. (D) Bioluminescence values

from (C) at day 3. (E) Comparison of bioluminescence obtained from C57BI/6 mice (left) versus C2J (right) after intravenous infection with equal
amounts of AJLGO (107 pfu/mouse).
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Fig. 2. Sensitive detection of antiviral CD8 T cell function in the liver using in vivo bioluminescence imaging. (A) Two days after intravenous
infection of H2"-mice with 2 x 10% pfu/mouse of AdLGO or AdLG, in vitro-activated OVA-specific CTLs (5 x 106) were adoptively transferred
and serum ALT levels were determined 2 days later. (B) Mice were injected with AdLGO as indicated, and 2 days later different numbers of OVA-
specific CTLs were adoptively transferred followed by serum ALT measurements 2 days later. (C) Hematoxylin/eosin staining of liver sections from
mice treated as in (B). Bar = 100 um. Arrowheads indicate lymphocytic infiltration. (D) Two days after intravenous infection with 10° pfu
AdLGO/mouse, different numbers of OVA-specific CTLs were adoptively transferred followed by in vivo bioluminescence measurement 2 days later.
(E) Wild-type and IFNyR’/ ~ mice were adoptively transferred with OVA-specific CTLs (106/mouse) 2 days after AdLGO infection (106 pfu/

mouse); time couse of bioluminescence is as indicated.

bioluminescence on the subsequent days. Figure 3A
clearly shows that luciferase expression in the liver was
controlled only in animals subjected to OVA/IFA
immunization but not in mock-treated animals. Longi-

tudinal measurement of bioluminescence demonstrated
that hepatocellular luciferase expression after adenovi-
ral infection was controlled in vaccinated animals
right from the start, whereas mock-treated animals
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Fig. 3. Monitoring antiviral CD8 T cell function in the liver by bioluminescence imaging after immunization. (A,B) Naive OT-1 T cells (5 x 10*
cells) were transferred into mice that were subsequently immunized with OVA/IFA or were mock-treated. AdLGO infection (105 pfu/mouse) 4
days after immunization. (A) Bioluminescence images of immunized or mock-treated mice at day 3 after infection. (B) Time course of luciferase
activity over a period of 3 days. (C) Mice received the same number of naive OT-1 T cells and were immunized with OFA/IFA or mock-treated, as
in (A). Four days later, Ova-specific in vivo CTL cytotoxicity was determined. (D) Mice were treated as in (A); real-time PCR quantitation of adeno-
viral DNA from liver extracts on day 3 after infection. (E) CTLs (5 x 10°) obtained from mice infected 8 days previously with AdCre (10° pfu/
mouse) or mock-treated mice were adoptively transferred into mice that were infected 2 days previously with AdLGO (10° pfu/mouse). Biolumi-

nescence was measured 24 hours after adoptive transfer.

experienced a failure to control infection and subse-
quent viral marker gene expression (Fig. 3B). We eval-
uated whether measurement of CTL activity by in vive
cytotoxicity assay was similar in sensitivity as biolumi-
nescence. Using low numbers of target cells and low
numbers of antigen-specific CTLs, sensitive detection
of specific cytotoxicity was only possible in the spleen,
whereas no specific activity was detected in the liver

(Fig. 3C), demonstrating that antiviral CTL activity in
the liver fails to be detected by determination of intra-
vascular CTL function.

In order to determine whether effector CTLs gener-
ated by immunization contributed not only to the
control of luciferase expression but also to clearance of
adenovirus from infected hepatocytes, we investigated
hepatocellular persistence of adenoviral DNA by real-
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time PCR. Only immunized but not mock-treated ani-
mals experienced a clearance of adenoviral DNA from
the liver at day 3 after infection (Fig. 3D), thus indi-
cating that control of iz wivo bioluminescence in
AdLGO-infected animals correlated with viral clear-
ance from infected hepatocytes.

To provide more compelling evidence for specific
CTL activity against viral determinants in our system,
we adoptively transferred CTLs from mice that raised
an immune response against adenoviral infection. In
comparison to CTLs obtained from nonimmune mice,
adenovirus-specific CTLs efficiently controlled lucifer-

ase expression in AALGO-infected animals (Fig. 3E).

Discussion

Antigen-specific T cell immunity controls viral
infection of the liver. Persistent infection with hepato-
tropic viruses, however, has been linked to wviral
immune escape strategies and the unique tolerogenic
immune function of the liver.'>*? Often, transgenic
animal models were used to study antiviral immunity
in the liver.” In these models, all hepatocytes expressed
the viral antigen as a transgene and large numbers of
virus-specific T cells were adoptively transferred to
study the course of antiviral T cell immunity, which
was determined by an increase in ALT or decline of
viral antigens in serum. This does not reflect the real
situation of hepatocyte infection in wvivo, where low
numbers of CD8 T cells have to interact with low
numbers of virus-infected hepatocytes. The direct eval-
uation of CTL function 7z vivo under these condi-
tions, however, is difficult and has not been established
yet. Methods to determine CTL function, such as the
in vivo cytotoxicity assay, mainly determine intravascu-
lar immune responses,24 but ignore local control of
CTL function by liver-resident cells and microenviron-
mental immune-regulatory cues.”>”® Thus, no meth-
ods are available to directly determine with high sensi-
tivity CTL function in the liver in situations when
only few infected hepatocytes serve as targets and only
low numbers of antigen-specific CTLs are present.

Here, we report a new assay system based on biolu-
minescence imaging that allows very sensitive evalua-
tion of antigen-specific CTL function in the liver and
is more sensitive in detection of liver-specific CTL
function than conventional 77 vive cytotoxicity assays.
Previously, bioluminescence imaging was successfully
used to unravel important pathophysiological mecha-
nisms of infection and persistence of various microor-
ganisms.'®'? Here, we employ bioluminescence detec-
tion of luciferase expression in adenovirus-infected
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hepatocytes to measure antigen-specific CTL responses
directed against these infected hepatocytes that express
a fusion protein of luciferase and OVA. First, biolumi-
nescence imaging allows for the most sensitive detec-
tion of up to 10,000 infected hepatocytes expressing
luciferase. Second, our assay system is several orders of
magnitude more sensitive in detection of local antiviral
CTL effector function in the liver than determination
of serum ALT, and our assay allows for longitudinal
measurements of T cell function because biolumines-
cence imaging can be repeatedly performed in anesthe-
tized animals. Importantly, our assay system allows
quantification of the activity of low numbers of circu-
lating CTLs (10% against a low number of infected
hepatocytes (10°), thus reflecting the natural situation
during viral infection. Because the numbers of liver-
infiltrating CTLs are considerably lower than the num-
bers of circulating CTLs (data not shown), we assume
that we still underestimate the true sensitivity of the
assay. Importantly, direct in wvivo determination of
CTL function provides a new tool to characterize the
principles underlying antiviral immunity in the liver.
Our data demonstrate that low numbers of CTLs were
sufficient to control viral gene expression in infected
hepatocytes iz vivo. Given its high sensitivity, robust-
ness, convenience, and speed, we anticipate that this
assay system will become a powerful tool for anyone
studying T cell immunity in the liver.
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