
A synergistic interferon-c production is induced by mouse hepatitis

virus in interleukin-12 (IL-12)/IL-18-activated natural killer cells
and modulated by carcinoembryonic antigen-related cell adhesion
molecules (CEACAM) 1a receptor

Introduction

Natural killer (NK) cells are an important arm of innate

immunity against virus-infected cells, bacteria and

tumour cells, and exert direct cytotoxicity functions as

well as indirect antiviral functions through the secretion

of interferon-c (IFN-c).1

The role of intrahepatic NK cells in the outcome of

human viral hepatitis is not fully understood. NK cells are

known to act as a first line to control many viral infections

such as herpes simplex virus type 1, Epstein–Barr virus,

human herpesvirus 6 and murine cytomegalovirus.2,3

However, human hepatitis C virus has developed strategies

to evade the detection and elimination by NK cells,4 as is

also suggested by the increased numbers of NK cells in the

livers of patients during the immunotolerance phase of

chronic hepatitis B virus infection.5 The liver is enriched

in NK and NKT cells, which play major roles in the con-

trol of viral hepatitis infections by limiting viral replication

via an IFN-c-dependent mechanism. Recently, several

studies have demonstrated the importance of the cytotoxic

activities of NK cells in preventing the establishment of

chronic human hepatitis C virus infections.6,7

Natural killer cells are rapidly recruited from the bone

marrow and spleen during viral infections.8 Interleukin-12

(IL-12), IL-15, IL-18 and IFN-c enhance the cytotoxic

activity of NK cells and further increase the production of

IFN-c by these cells.1,2 Moreover, the production of IFN-c
by NK cells stimulated with IL-12 and IL-18 is dependent

on the activation of the immunoreceptor tyrosine-based

activation motifs (ITAMs) and is regulated through the

p38 and extracellular signal-regulated kinase-1/2 mitogen-

activated protein kinase (ERK-1/2 MAPK) pathways.9,10

However, little is known about the mechanism involved in

the efficient production of antiviral IFN-c by intrahepatic

NK cells during the acute phase of viral hepatitis.

Mouse hepatitis virus (MHV) is an excellent model for

studying the immunological disorders associated with viral
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Summary

The production of interferon-c (IFN-c) by infiltrating natural killer (NK)

cells in liver is involved in the control of mouse hepatitis virus (MHV)

infection. The objectives of this study were to identify the mechanisms

used by MHV type 3 to modulate the production of IFN-c by NK cells

during the acute hepatitis in susceptible C57BL/6 mice. Ex vivo and

in vitro experiments revealed that NK cells, expressing carcinoembryonic

antigen-related cell adhesion molecules (CEACAM) 1a (the MHV recep-

tor), can produce a higher level of IFN-c in the presence of both L2-

MHV3 and interleukin-12 (IL-12)/IL-18. The synergistic production of

IFN-c by NK cells depends on viral replication rather than viral fixation

only, because it is inhibited or not induced in cells infected with ultra-

violet-inactivated viruses and in cells from Ceacam1a)/) mice infected

with virulent viruses. The synergistic IFN-c production involves the p38

mitogen-activated protein kinase (MAPK) rather than the extracellular

signal-regulated kinase-1/2 MAPK signalling pathway. However, the signal

triggered through the engagement of CEACAM1a decreases the produc-

tion of IFN-c, when these molecules are cross-linked using specific mono-

clonal antibodies. These results suggest that control of acute hepatitis by

IFN-c-producing NK cells may depend on both production of IL-12 and

IL-18 in the liver environment and viral infection of NK cells.
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hepatitis. The hepatotropic MHV3 serotype induces acute

or chronic hepatitis according to the strain, age and

immune status of the mouse. Moreover, MHV3 can repli-

cate in hepatocytes, liver sinusoidal endothelial cells

(LSEC) and Kupffer cells (KC), leading to virus-induced

cell death, resulting in a fulminate hepatitis in susceptible

C57BL/6 mice, and their death within 3–5 days postinfec-

tion (p.i.).11 We have previously reported that the deve-

lopment of hepatitis in pathogenic L2-MHV3-infected

C57BL/6 mice is related to a decrease in splenic and mye-

loid NK cells because of the formation of syncytia and their

subsequent apoptosis.12 Moreover, in vivo depletion of NK

cells during MHV infections enhances virus replication,

which in turn leads to a more pronounced hepatitis.13 In

contrast, no or low decreases in NK cells were detected in

mice infected with attenuated virus variants,12,14 suggesting

a protective role of NK cells in hepatitis.

Interferon-c is known to play a protective role against

the hepatitis induced by various MHV serotypes.15,16 Very

few studies have targeted the efficiency of NK cell func-

tions during MHV infection. Recently, it was reported

that enhanced protection in MHV-CXCL10-infected mice

correlated with increased IFN-c production by infiltrating

NK cells within brain and liver.17 Furthermore, the addi-

tion of IL-12 and IL-18 in mice susceptible to MHV3

infection led to an increase in IFN-c production in the

liver and better control of the infection, although the

IFN-c-producing cells involved were not identified.18

Infection of susceptible cells by MHV depends on the

fixation of viral surface proteins to a receptor, identified as

the carcinoembryonic antigen-related cell adhesion mole-

cule 1a (CEACAM1a). It was shown that CEACAM1

homotypic interactions between NK cells and various

target cells inhibit NK cell cytotoxicity.19 In addition, the

engagement of CEACAM1a leads to the inhibition of T-cell

proliferation and IFN-c production by NKT cells.20 In

contrast, toll-like receptor-dependent activation of nuclear

factor-jB upregulates the expression of CEACAM1a,

whereas IFN-c downregulates it, so decreasing the permis-

sivity of susceptible cells to MHV infection.21,22 CEA-

CAM1a is expressed at the surface of hepatic cells including

LSEC, KC, hepatocytes and B and NK cells, but is scarce or

not expressed by naive CD4+ or CD8+ T cells.23–26

It was reported that the p38 and ERK-1/2 MAPK path-

ways were activated in peritoneal macrophages infected

with MHV3 within the first 30 min of infection, suggest-

ing that this effect occurred in response to the fixation of

the virus to its receptor.27 It was also suggested that the

replication of the MHV-A59 virus was dependent on the

activation of p38 but not the ERK-1/2 MAPK pathway,

without further identifying the replication step involved.28

In this respect, the effect of the CEACAM1a engagement

by MHV surface proteins and the further activation of the

p38 or ERK-1/2 MAPK pathways on the antiviral function

of NK cells remain unknown. The fact that Ceacam1a)/)

mice are resistant to a MHV-A59 infection suggests the

absolute requirement of CEACAM1a for viral infectivity.29

In this work, we demonstrate a synergistic production

of IFN-c by NK cells in the presence of both MHV3 and

IL-12/IL-18, involving viral replication and the p38

MAPK signalling pathway, but decreased by the engage-

ment of CEACAM1a.

Materials and methods

Mice

Wild-type C57BL/6 mice were purchased from Charles

River Laboratories (St Constant, QC, Canada). Ceacam1a

knockout (Ceacam1a)/)) mice were generated by Dr

N. Beauchemin as previously described.30 The animals,

certified as MHV3-free by the manufacturer, were housed

under HEPA-filtered air (Forma Scientific, Marietta, OH).

Female mice between 8 and 12 weeks of age were used in

all the experiments. The study was conducted in compli-

ance with the regulations of the Animal Committee of the

Université du Québec à Montreal (UQAM).

Viruses

The pathogenic L2-MHV3 virus is a cloned substrain iso-

lated from the liver of infected DBA2 mice and propagated

in L2 cells as previously described.31 The pathogenic prop-

erties of the L2-MHV3 virus were assessed regularly.

In vivo viral infection

Groups of three or six C57BL/6 mice, according to the

experiments, were infected by the intraperitoneal route

with 1000 50% tissue culture infective dose (TCID50) of

L2-MHV3. Mock-infected mice received a similar volume

of RPMI-1640 (Gibco Laboratories, Grand Island, NY).

After 72 hr of infection, the mice were anaesthetized by

intraperitoneal injection using ketamine hydrochloride

(200 mg/kg; Vetrepharm Canada Inc., Belleville, ON,

Canada) and xylazine (10 mg/kg; Bayer Inc., Toronto,

ON, Canada). Mice were bled by section of the portal

vein and aortic artery. The livers were harvested following

exsanguination and intrahepatic mononuclear cells

(MNCs) were isolated as described by Watanabe et al.32

Cells

The continuous mouse fibroblast L2 cell line was grown

in RPMI-1640 supplemented with L-glutamine (2 mM),

antibiotics (penicillin 100 U/ml and streptomycin

100 mg/ml) (Gibco Laboratories) and 5% fetal calf serum

(FCS). L2 cells were used for viral production.

Intrahepatic MNCs were isolated from the liver of mice

from each experimental group as previously described.33
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Briefly, the liver was pressed through a 70 lm cell strainer

(Falcon Scientific Co., Montreal, QC, Canada) which was

then washed with 10 ml RPMI-1640 supplemented with

20% FCS. The cell suspension was then deposited on 7 ml

FCS to allow debris sedimentation; the top layer was then

recovered and centrifuged for 10 min at 1000 g. The

supernatants were collected for quantification of cytokines

by enzyme-linked immunosorbent assay (ELISA) after

been passed through a 0�45 lm filter (Sarstedt Inc., Mon-

treal, QC, Canada). The cell suspension was deposited on

the top of a discontinuous Percoll gradient [45% and 67%

Percoll in phosphate-buffered saline (PBS)] (Amersham

Pharmacia, Uppsala, Sweden; Gibco Laboratories) and

centrifuged for 30 min at 1000 g. The MNCs were col-

lected at the interface of the 45% and 67% Percoll layers

and washed with RPMI-1640 supplemented with 20% FCS

and finally adjusted to 0�5 · 106 or 1�0 · 106 cells/ml.

Myeloid MNCs were isolated from femurs of un-

infected mice. Briefly, the femurs were soaked in 70%

ethanol for 2–5 min and washed subsequently with

RPMI-1640 supplemented with 20% FCS. The femurs

were then excised from the surrounding muscle tissues.

The marrow was flushed using a syringe filled with

RPMI-1640 supplemented with 20% FCS and fitted with

a needle calibre 26G3/8 (Becton Dickinson & Co., Franklin

Lakes, NJ). The cell suspension was thereafter purified

on a lymphoprep gradient (Cedarlane, Hornby, ON,

Canada), washed and adjusted to 106 cells/ml.

Intrahepatic or myeloid NK cells were eliminated by

positive selection using the CD49b (DX5 or Pan NK)

antibody coupled to microbeads (StemCell Technologies,

Vancouver, BC, Canada). Total myeloid MNCs, purified

DX5+ cells or ‘DX5-depleted’ MNCs were resuspended in

RPMI-1640 supplemented with 20% FCS and adjusted to

106 cells/ml.

In all experiments, the cell viability, ranging from 90%

to 100%, was assayed by a trypan blue exclusion test.

Ex vivo viral infection

Intrahepatic MNCs were isolated from six mock- or L2-

MHV3-infected C57BL/6 mice after 72 hr of infection and

were seeded in 24-well plates at concentrations of

0�5 · 106 cells/ml in RPMI-1640 supplemented with 20%

FCS. Recombinant murine IL-12 (rIL-12) or rIL-18 (Bio-

Source, Montreal, QC, Canada) were added to a final con-

centration of 0�1 and 25 ng/ml, respectively. The cells were

then incubated at 37�, under 5% CO2 for 24 hr. The super-

natants were collected for IFN-c quantification by ELISA.

In vitro viral infection

The MNCs were isolated from the livers or bone marrows

from uninfected wild-type or Ceacam1a)/) C57BL/6 mice

and cells were thereafter seeded in 24-well plates at a

concentration of 106 cells/ml in RPMI-1640 supplemented

with 20% FCS. Recombinant IL-12 or rIL-18 was added

to a final concentration of 0�1 or 25 ng/ml, respectively.

In some experiments, SB203580 and U0126, specific p38

and ERK-1/2 MAPK inhibitors (Calbiochem, San Diego,

CA), were added to a final concentration of 10 lg/ml.

Different concentrations of sodium stibogluconate (SS)

were also added during 15 min to inhibit the SHP-1

phosphatase. A monoclonal murine anti-CEACAM1a

antibody (AgB10, produced in rat and affinity-purified on

a HiTrap protein G column) was also added at a concen-

tration of 2 lg/106 cells. The cells were infected with a

0�1–1�0 multiplicity of infection of infectious L2-MHV3

or L2-MHV3 treated for 1 hr with ultraviolet (UV) light

and then incubated at 37�, under 5% CO2 for 24 hr. The

supernatants were collected for IFN-c quantification by

ELISA.

Flow cytometric analysis

Percent of intrahepatic NK1.1+ TCR-b– cells from in vivo

mock- or L2-MHV3-infected C57BL/6 mice were deter-

mined by double immunolabelling. The intrahepatic

MNCs were isolated and 106 cells were resuspended in

1 ml PBS and further incubated on ice in the presence of

a CD16/CD32 blocker (Pharmingen, Toronto, ON, Can-

ada) for 15 min. Thereafter, the cells were incubated for

30 min with 1 lg fluorescein isothiocyanate-conjugated

NK1.1 [clone PK136; mouse immunoglobulin G2aj
(IgG2aj); Pharmingen] and 1 lg phycoerythrin-conju-

gated T-cell receptor-b (TCR-b; clone H57-597; Arme-

nian Hamster IgG2 k1; Pharmingen). The cells were then

washed in PBS and fixed overnight at 4� in PBS, pH 7�2
containing 1% formaldehyde (Fisher Scientific Co.,

Montréal, Qué, Canada). Flow cytometric analyses were

performed on a fluorescence-activated cell flow cytometer

(FACScan) with CELL QUEST software (Becton-Dickinson,

Moutain View, CA). Ten thousand cells were analysed per

sample and the percentages of NK1.1+ TCR-b– cells were

determined by a multiparametric analysis.

Cytokines determination by ELISA

Interferon-c, IL-12 and IL-18 levels produced in super-

natants from ex vivo or in vitro infections or in liver

extracts were determined using mouse IL-12 (p70), mouse

IL-18 and mouse IFN-c BD OptEIA ELISA sets (BD

Biosciences, Mississauga, ON, Canada).

Statistical analysis

For in vivo and ex vivo studies, statistical analyses were

performed using an analysis of variance (ANOVA) test. For

in vitro studies, statistical analyses were performed using a

Student’s t-test. All statistical comparisons were calculated
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with GRAPHPAD PRISM 4.03 software (GraphPad Software

Inc., La Jolla, CA). Error bars represent standard errors

and a value of P < 0�05 was considered significant.

Results

MHV3 infection synergizes the production of IFN-c
by intrahepatic MNCs in the presence of IL-12 and
IL-18

To verify the ability of intrahepatic MNCs from L2-

MHV3-infected mice to produce IFN-c during the acute

phase of hepatitis, intrahepatic MNCs from six mock- or

L2-MHV3-infected C57BL/6 mice were isolated after 72 hr

of infection and activated ex vivo with rIL-12/rIL-18 for

24 hr. Levels of IFN-c were then evaluated in cell super-

natants. As shown in Fig. 1 (section I), unstimulated intra-

hepatic MNCs isolated from L2-MHV3-infected mice

produced slightly more IFN-c than cells from mock-

infected mice (P < 0�01). Addition of rIL-12 and rIL-18,

however, increased the production of IFN-c by MNCs from

both L2-MHV3- and mock-infected mice (P < 0�001).

To verify if the viral infection is involved in the pro-

duction of IFN-c by intrahepatic MNCs, these cells were

isolated from uninfected C57BL/6 mice and infected

in vitro with the L2-MHV3 for 24 hr in the presence of

rIL-12, rIL-18 or both. The IFN-c released in the cell

supernatants was then quantified. As shown in the Fig. 1

(section II, a), L2-MHV3 infection of intrahepatic MNCs

induced low but significant IFN-c production

(P < 0�001). Addition of rIL-12 (P < 0�05), rIL-18

(P < 0�001) or rIL-12/rIL-18 (P < 0�001) to uninfected

intrahepatic MNCs further increased the IFN-c produc-

tion (Fig. 1, section II a and II b). Production of IFN-c

200

400

600

800

1000

IF
N

-g
 (p

g
/m

l)

Control

L2-MHV3

2000

4000

6000

8000

IF
N

-g
 (p

g
/m

l)

Section III- Myeloid MNC in vitroSection I- Intrahepatic MNC ex vivo

**

###
### ***

***

0

200

Control IL-12/IL-18

0
MHV3 IL-12/IL-18 MHV3 + IL-

12/IL-18
MHV3 (UV) +

IL-12/IL-18

600

800
1500

2000Section II- Intrahepatic MNC in vitro

**

***

0

200

400

Control MHV3 IL-12 MHV3 + IL-12

IF
N

-g
 (p

g
/m

l)

0

500

1000

MHV3 IL-12/IL-18 MHV3 + IL-
12/IL-18

MHV3 + IL-
12/IL-18 +
Coated
AgB10

IF
N

-g
 (p

g
/m

l)

20 000 2000

*** #

*

0

5000

10 000

15 000

IL-18 MHV3 + IL-18 IL-12/IL-18 MHV3 + IL-
12/IL-18

IF
N

-g
 (p

g
/m

l)

0

500

1000

1500

2000

MHV3 + IL-
12/IL-18

MHV3 + IL-
12/IL-18 + 

SS (10

MHV3 + IL-
12/IL-18 + 

SS (50

MHV3 + IL-
12/IL-18 + 

SS (100

IF
N

-g
 (p

g
/m

l)

**
**

###
###

* ****

µg/ml) µg/ml) µg/ml)

(a)

(b)

(b)

(a)

(c)

Figure 1. Section I – Production of interferon-c (IFN-c) from intrahepatic mononuclear cells (MNCs) purified from mock- and L2-murine hepa-

titis virus (MHV)-3-infected C57BL/6 mice after 72 hr and treated ex vivo for 24 hr with recombinant interleukin-12 (rIL-12) and rIL-18. Six

mice were used in each experimental group. The IFN-c levels were quantified in supernatants by enzyme-linked immunosorbent assay

(**P < 0�01 when compared with untreated mock-infected cells; ###P < 0�001 when compared with respective untreated cells). Section II – Pro-

duction of IFN-c in in vitro mock-infected and L2-MHV3-infected intrahepatic MNCs from C57BL/6 mice at 24 hr postinfection in the absence

or presence of rIL-12 (a), or with rIL-18 and rIL-12/rIL-18 (b) (**P < 0�01 and ***P < 0�001 when compared with respective uninfected cells,

#P < 0�05 and ###P < 0�001 when compared with untreated uninfected cells). Section III – Production of IFN-c at 24 hr postinfection in in vitro

myeloid MNCs from C57BL/6 mice infected with infectious L2-MHV3 and ultraviolet-treated L2-MHV3 (a), pretreated or not with 2 lg coated

AgB10 (b) or pretreated or not with different concentrations of SS (c) in the presence of rIL-12/rIL-18 at 24 hr postinfection (*P < 0�05,

**P < 0�01 and ***P < 0�001).
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by intrahepatic MNCs, however, synergistically increased

when the cells were simultaneously treated in vitro with

both the L2-MHV3 and cytokines (P < 0�01 for all treat-

ments when compared with the uninfected treated cells)

(Fig. 1, section II a and II b). These results indicate that

IL-12 and IL-18 act in synergy with the L2-MHV3 on one

or more susceptible cell types present in the intrahepatic

MNC culture from uninfected mice to produce IFN-c.

NK cells are responsible for the production of IFN-c
in response to a combined treatment with the L2-
MHV3 and IL-12/IL-18

It was previously demonstrated that the production of

IFN-c in the liver in response to IL-12 administration

depends on NK cells.34 To verify if the IFN-c response,

induced in the presence of rIL-12 and rIL-18 during an

in vitro L2-MHV3 infection, mainly depends on NK cells,

intrahepatic MNCs were isolated from uninfected mice

and NK cells were removed with an anti-DX5 antibody

coupled to microbeads (< 2% DX5+ cells remaining in

the DX5-depleted cell preparation). Total MNCs and

DX5-depleted cell preparations were thereafter infected

in vitro with L2-MHV3 in the presence of rIL-12/rIL-18.

The IFN-c level strongly decreased in DX5-depleted cells

(1201 ± 146 pg/ml) compared with total intrahepatic

MNCs (8236 ± 198 pg/ml) (P < 0�001), when infected

with the L2-MHV3 and further treated with rIL-12/rIL-18.

Indeed, the levels of IFN-c were comparable to those

measured with uninfected rIL-12/rIL-18-treated cells from

total intrahepatic MNCs (1403 ± 316 pg/ml) or DX5-

depleted cells (1047 ± 61 pg/ml). The number of positively

selected intrahepatic NK cells from uninfected mice

remains too low to allow detection of high levels of IFN-c
by ELISA, because the absolute numbers of intrahepatic

NK1.1+ TCR– cells in normal C57BL/6 mice reached

approximately 105 cells/liver.12

However, intrahepatic NK cells were recruited in the

liver from the bone marrow or spleen in L2-MHV3-

infected mice.12,14 The number of NK cells expressing the

CEACAM1a receptor was significantly higher in the bone

marrow when compared with the spleen or the liver,35

and so bone marrow MNCs were then used as a source

of NK cells. MNCs from bone marrow were isolated and

NK cells were thereafter purified with an anti-DX5

antibody coupled to microbeads. Total myeloid MNCs,

purified DX5+ cell preparations (96% purity) and DX5-

depleted cell preparations (< 2% DX5+ cells remaining)

were then infected in vitro with L2-MHV3 in the presence

of rIL-12 and rIL-18. As shown in Table 1, low IFN-c was

produced by total myeloid MNCs infected with L2-

MHV3 or treated only with rIL-12/rIL-18. However, addi-

Table 1. Production of interferon-c at 24 hr

postinfection in L2-MHV3-infected myeloid

mononuclear cells from wild-type and Cea-

cam1a)/) C57BL/6 mice in the absence or

presence of rIL-12/rIL-18 and p38 MAPK

(SB203580) or ERK-1/2 MAPK (U0126)

inhibitor

IFN-c (pg/ml)

Myeloid cells1 Control L2-MHV3 rIL12/rIL-18

L2-MHV3+

rIL12/rIL-18

C57BL/6 mice

Total cells < 31�32 < 31�3 < 31�3 799 ± 243***

+SB2035803 – – – 79 ± 42***

+U01263 – – – 577 ± 254

DX5-depleted cells4 < 31�3 < 31�3 43 ± 33 127 ± 64

Purified DX5+ cells4 < 31�3 < 31�3 646 ± 99*** 1664 ± 277***

+SB2035803 – – – 504 ± 99***

+U01263 – – – 1361 ± 84

Ceacam1a)/) mice

Total cells < 31�3 < 31�3 < 31�3 < 31�3

ERK-1/2, extracellular signal-regulated kinase-1/2; IFN-c, interferon-c; MAPK, mitogen-

activated protein kinase; MHV3, murine hepatitis virus 3; MNC, mononuclear cells; NK,

natural killer; rIL-12, recombinant interleukin-12.
1Myeloid MNCs were obtained from wild-type and Ceacam1a)/) C57BL/6 mice and infected

with the L2-MHV3 virus in the presence of rIL-12/rIL-18 for 24 hr.
2The IFN-c levels were quantified in supernatants by enzyme-linked immunosorbent assay

(***P < 0�001). The limit of sensitivity of the IFN-c test was 31�3 pg/ml.
3Total myeloid MNCs and purified NK cells were obtained from wild-type C57BL/6 mice,

treated for 2 hr with a p38 MAPK (SB203580) or ERK-1/2 MAPK (U0126) inhibitor and

thereafter infected with L2-MHV3 in the presence of rIL-12/rIL-18.
4DX5-depleted cells and purified DX5+ cells were obtained by treatment of total myeloid

MNCs with the CD49b (DX5 or Pan NK) monoclonal antibody coupled to microbeads (< 2%

DX5+ cells remaining in the DX5-depleted cells preparation; 96% purity in the purified frac-

tion).
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tion of these cytokines to L2-MHV3-infected myeloid

MNCs induced a synergistic production of IFN-c when

compared with untreated L2-MHV3-infected cells

(P < 0�001) or with uninfected rIL-12/rIL-18-treated cells

(P < 0�001). No significant IFN-c was produced by un-

infected or L2-MHV3-infected DX5-depleted myeloid

MNCs, treated or not with rIL-12 and rIL-18, suggesting

that NK cells were the only cells involved in the produc-

tion of IFN-c. Purified DX5+ cells produced IFN-c when

stimulated with rIL-12/rIL-18 (P < 0�001 compared with

untreated cells) and responded in a synergistic manner

when infected with L2-MHV3 (P < 0�001 compared with

rIL-12/rIL-18-treated cells). These results indicate that NK

cells are involved in the synergistic production of IFN-c
induced both by the L2-MHV3 and the cytokines.

Ceacam1a)/) NK cells do not promote the synergistic
IFN-c production in the presence of IL-12 and IL-18

To verify if the production of IFN-c by L2-MHV3-infected

NK cells, treated with IL-12 and IL-18 is initiated by the

viral replication, cells from Ceacam1a)/) mice (the specific

MHV receptor) were compared with those from wild-type

C57BL/6 mice. Myeloid MNCs from wild-type and Cea-

cam1a)/) C57BL/6 mice were infected in vitro with L2-

MHV3 for 24 hr in the presence of rIL-12/rIL-18. The

IFN-c levels in supernatants were further quantified.

Results revealed that no IFN-c was induced by myeloid

MNCs from Ceacam1a)/) mice when treated with rIL-12/

rIL-18 infected or not with L2-MHV3 (Table 1). In addi-

tion, no viral proteins were detected in myeloid NK cells

from Ceacam1a)/) mice following a double immunolabel-

ling using anti-DX5 and anti-MHV3 antibodies, indicating

that no viral replication occurred in these cells.

Viral replication is essential to promote the
synergistic IFN-c production in NK cells

The failure of Ceacam1a)/) cells to produce IFN-c suggests

that viral fixation or viral replication is essential for this

response. The role of viral replication was then verified

using UV-inactivated viruses. Myeloid MNCs from wild-

type C57BL/6 mice were infected with infectious or UV-

inactivated L2-MHV3 in the presence of rIL-12/rIL-18.

Levels of IFN-c were thereafter determined in supernatants

at 24 hr p.i. As shown in Fig. 1 (section III a), production

of IFN-c strongly decreased when UV-inactivated L2-

MHV3 was added to cells in the presence of rIL-12/rIL-18

(P < 0�001). The absence of viral translation in myeloid

NK cells infected with the UV-inactivated viruses was also

confirmed by a double immunolabelling using anti-DX5

and anti-MHV3 antibodies, because no intracellular viral

proteins were detected.

However, when bone marrow MNCs were treated with

rIL-12/rIL-18 for 2 hr before infection with the virus, the

synergistic IFN-c production failed to occur (data not

shown), indicating that the cellular signalling pathway(s)

involved in this response may be simultaneously activated

by cytokines and the first steps of viral replication.

The p38 MAPK pathway, rather than ERK-1/2 MAPK,
is involved in synergistic IFN-c production in NK
cells

The p38 and ERK-1/2 MAPK pathways are mainly

involved in the production of IFN-c by NK cells when

stimulated by IL-12 and IL-18.9,10 Moreover, unidentified

early steps of MHV replication also depend on activation

of the p38 and ERK-1/2 MAPK pathways,27,28 whereas

CEACAM1a engagement predominantly induces the

ERK-1/2 MAPK pathway,36 so verifying if the IFN-c
response depended on the p38 and/or ERK-1/2 MAPK

pathways. Total bone marrow MNCs and purified DX5+

cells (96% purity) from wild-type C57BL/6 mice were

treated for 2 hr with specific inhibitors of p38

(SB203580) and ERK-1/2 (U0126) MAPK and thereafter

infected with L2-MHV3 in the presence of rIL-12 and

rIL-18. The IFN-c levels were then quantified 24 hr p.i.

As shown in Table 1, production of IFN-c by L2-MHV3-

infected total bone marrow MNCs treated with rIL-12

and rIL-18 significantly decreased in the presence of the

p38 MAPK inhibitor (P < 0�001), when compared with

L2-MHV3-infected cells treated only with the cytokines.

Such an effect was conserved in the purified myeloid

DX5+ cell fraction (P < 0�001 for the p38 MAPK inhibi-

tor). The ERK-1/2 MAPK inhibitor did not induce any

effect.

Inhibitory role of CEACAM1a in the IFN-c
production in the presence of MHV3

It is known that cross-linking or homotypic interactions

between CEACAM1a are essential to induce an inhibitory

response in NK or NKT cells.19,20 We therefore studied if

the cross-linking of the anti-CEACAM1a monoclonal

antibody (AgB10) could provide this effect. We had veri-

fied first that the specific antibody AgB10 did not induce

or inhibit by itself the synergistic IFN-c production in the

presence of rIL-12/rIL-18 only (results not shown). Then,

AgB10 was coated on 24-well plates for 2 hr after which

myeloid MNCs from wild-type C57BL/6 were seeded and

infected with L2-MHV3 in the presence of rIL-12/rIL-18.

The IFN-c levels were then quantified after 24 hr p.i. As

shown in Fig. 1 (section III b), the synergistic IFN-c pro-

duction was inhibited by coated AgB10, suggesting that

cross-linking of CEACAM1a can downregulate the syner-

gistic response induced by L2-MHV3 in the presence

of IL-12/IL-18 or compete with the viral fixation to

the CEACAM1a receptor (P < 0�05 when compared with

L2-MHV3 treatment plus rIL-12/rIL-18).
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To further support the hypothesis of the engagement of

CEACAM1a in the downregulation of the IFN-c response,

bone marrow MNCs from wild-type C57BL/6 mice were

treated with different concentrations of a SHP-1 phospha-

tase inhibitor (SS), which is involved in the inhibitory

signalling pathway of CEACAM1a37 but not in viral repli-

cation, before infection with L2-MHV3 in the presence of

rIL-12/rIL-18. The IFN-c levels were thereafter quantified

after 24 hr p.i. As shown in Fig. 1 (section III c), produc-

tion of IFN-c increased when myeloid cells were treated

with the SHP-1 phosphatase inhibitor at concentrations

ranging from 10 to 100 lg/ml (P < 0�01 at 10 and

100 lg/ml, P < 0�05 at 50 lg/ml). This result supports

the inhibitory role of CEACAM1a rather than neutraliza-

tion of viral fixation.

Impairment of IL-12, IL-18 and IFN-c production
and increase of apoptotic NK1.1+ TCR-b– cells in
liver from L2-MHV3-infected C57BL/6 mice

We have recently demonstrated that the level of hepatitis

in mice infected with L2-MHV3 depends on viral permis-

sivity of KC and LSEC,16 involved in the production of

intrahepatic IL-12 and IL-18 and the subsequent IFN-c
production by NK cells. Intrahepatic IFN-c, IL-12 and

IL-18 levels were then evaluated by ELISA tests in liver

extracts from six C57BL/6 mice infected with 1000

TCID50 of the L2-MHV3 at 72 hr p.i. The intrahepatic

IFN-c was not induced in livers from L2-MHV3-infected

mice at 72 hr p.i. compared with mock-infected mice

(< 31�3 pg/ml in both mice). This absence of IFN-c pro-

duction may be related to the inability of hepatic cells to

produce adequate levels of IL-12 and IL-18. Effectively,

the intrahepatic IL-12 was not induced in L2-MHV3-

infected mice after 3 days of infection compared with

mock-infected mice (< 62�5 pg/ml in both mice).

Furthermore, intrahepatic IL-18 levels decreased in L2-

MHV3-infected mice during the acute hepatitis (mock-

infected mice: 888 ± 175 pg/ml; L2-MHV3-infected mice:

608 ± 50 pg/ml) (P < 0�01). These cytokine decreases

were also observed as early as 24 hr p.i. (results not

shown).

In addition, we have previously reported that NK cells

from C57BL/6 mice support viral replication and sub-

sequent apoptosis. To verify if the decrease of IFN-c pro-

duction is related to apoptosis of intrahepatic NK cells

during the acute phase of the viral hepatitis, three C57BL/6

mice were infected with 1000 TCID50 of L2-MHV3 and

intrahepatic MNCs were thereafter isolated at different

times p.i. Intrahepatic MNCs were then labelled with

fluorescein isothiocyanate-conjugated anti-NK1.1 and phy-

coerythrin-conjugated anti-TCR-b antibodies and analysed

by fluorometry. Two distinct cell populations were

observed according to the forward/side scatter (FSC/SSC)

parameters. Normal lymphoid cells were characterized

by normal FSC and SSC parameters (TUNEL+ cells

< 10�0 ± 2�4%), whereas apoptotic lymphoid cells,

characterized by lower FSC and higher SSC parameters,

were confirmed by a TUNEL test (97�0 ± 3�0% positive

cells). Intrahepatic NK1.1+ TCR-b– cells from L2-MHV3-

infected mice underwent apoptosis from 36 hr p.i.

(mock-infected mice: 1�8 ± 0�1%; L2-MHV3-infected

mice: 10�4 ± 1�6%; P < 0�01) to 72 hr p.i. (mock-infected

mice: 4�8 ± 1�1%; L2-MHV3-infected mice: 20�3 ± 2�5%;

P < 0�01) and peaking at 48 hr p.i. (mock-infected mice:

6�0 ± 0�2%; L2-MHV3-infected mice: 25�5 ± 1�6%;

P < 0�001).

Discussion

In this study, we report that L2-MHV3, in the presence

of IL-12 and IL-18, induces a synergistic IFN-c produc-

tion by NK cells from Ceacam1a+/+ mice. This effect was

shown to be dependent on viral replication, and was

under the control of the p38 MAPK but not the ERK-1/2

MAPK signalling pathway. However, the signal triggered

through the engagement of CEACAM1a inhibits the

synergistic production of IFN-c.

In this work, we have demonstrated that MHV3 can

induce a synergistic IFN-c response, both in intrahepatic

and myeloid MNCs, in the presence or absence of IL-12/

IL-18. This property was mainly the result of NK (DX5+)

cells because it was lost when NK cells were depleted,

whereas purified NK cells exhibit this synergistic IFN-c
response. It was important to demonstrate the role of NK

cells in the production of IFN-c, since CD8+ T cells, or

NKT cells, which are also presents in the liver and/or the

bone marrow, can be other sources for IFN-c in response

to IL-12/IL-18 treatment.38,39 However, neither CD4+ nor

CD8+ T cells expressed CEACAM1a, or have a very low

level of expression,24 and can be infected by L2-MHV3.40

On the other hand, B cells, which may be infected by

MHV3,41 are not known to be IFN-c-producing cells.

We have previously reported that NK cells are a new

cell target for MHV.12 These cells can express the viral

CEACAM1 receptor.42 In this context, the synergistic pro-

duction of IFN-c by NK cells in the presence of a corona-

virus requires CEACAM1a. Effectively, NK cells from

Ceacam1a)/) mice do not produce IFN-c in a synergistic

manner in response to IL-12/IL-18 and L2-MHV3. The

absence of a synergistic response of cells from Cea-

cam1a)/) mice did not result from functional anomalies

of NK cells because no significant differences in the intra-

hepatic lymphoid cell subpopulation, or in NK cell func-

tions, have been observed in cells from Ceacam1a)/) mice

when compared with wild-type C57BL/6 mice. Moreover,

no maturation defects of NK cells have been detected in

the bone marrow of Ceacam1a)/) mice compared with

wild-type C57BL/6 mice (unpublished observations from

Dr Beauchemin’s team). However, our results suggest that
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L2-MHV3 may induce this synergistic IFN-c production

independently of CEACAM1a, but requires this molecule

to enter into NK cells. This hypothesis is also supported

by the involvement of viral replication rather than viral

fixation, as demonstrated by the use of UV-inactivated

MHV3 and the p38 MAPK inhibitor.

In addition, CEACAM1a receptor does not directly trig-

ger the production of IFN-c by NK cells, as the addition of

a specific anti-CEACAM1a antibody (AgB10) did not

induce production of this cytokine. AgB10 binds an area

between the first and second immunoglobulin domains of

the CEACAM1a.29,43 However, experiments using plates

bound with anti-CEACAM1a AgB10 antibodies, or the

SHP-1 inhibitor, revealed that engagement of CEACAM1a

receptors activates the SHP-1 signalling pathway, which in

turn leads to the inhibition of IFN-c production by NK

cells in the presence of L2-MHV3. The CEACAM1a recep-

tor exists under two isoforms constituted either of a long

inhibiting cytoplasmic domain, which contains immunore-

ceptor tyrosine-based inhibitory motifs (ITIMs), or a short

activating cytoplasmic domain, which does not possess

ITIMs or ITAMs.44 Ortaldo et al.45 have recently demon-

strated that IL-12 and IL-18 override the inhibitory mecha-

nisms of the Ly-49 inhibitory receptors containing ITIMs,

so enabling IFN-c production. These authors have

nevertheless noticed that cross-linking of activating Ly49

receptors which possess ITAMs is essential for a response

to IL-12 and IL-18. CEACAM1a receptor has already been

associated with the inhibition of the IFN-c production by

human NKT cells.20 In our study, CEACAM1a may play an

inhibitory role, by cross-linking or homotypic interactions,

in IFN-c production by NK cells. On the other hand,

inhibition of SHP-1, which is associated with ITIMs,35

increased the production of this cytokine. CEACAM1a

may therefore be involved in the modulation of an IL-12/

IL-18-dependent IFN-c pathway in NK cells. We can

hypothesize that the high number of viral S proteins

produced by MHV3-infected hepatic cells may bind to

CEACAM1a molecules expressed at the NK cell surface

attenuating the secretion of IFN-c.

Our results indicate that the synergistic response of

IFN-c in L2-MHV3-infected NK cells, in the presence of

rIL-12 and rIL-18, is completely dependent on the p38,

but not the ERK-1/2, MAPK pathway. The p38 MAPK

pathway therefore links the viral infection in the NK cells

with activation mediated by rIL-12 and rIL-18. The pro-

duction of IFN-c by NK cells stimulated with IL-12 and/

or IL-18 is dependent on the activation of ITAMs and is

regulated through the p38 and ERK-1/2 MAPK path-

ways.9,10 Pretreatment of NK cells with IL-12 for 15 min

is sufficient for IFN-c induction.10 Simultaneously, the

p38 MAPK pathway is essential for the first steps of

MHV replication,28 whereas the ERK-1/2 MAPK pathway

is predominantly activated by CEACAM1a.36 We have

observed that UV-inactivated L2-MHV3 fails to induce

IFN-c production compared with the infectious L2-

MHV3, indicating that a RNA-dependent phase of the

viral replication, rather than viral fixation to CEACAM1a

receptor, is involved in the synergistic IFN-c production.

The UV-inactivated virus may bind to the CEACAM1a

receptor and be internalized, but cannot induce the trans-

lation of viral messenger RNA. Effectively, Banerjee

et al.28 have demonstrated that UV-inactivated MHV

failed to activate MAPKs, whereas activation of p38

MAPK and c-Jun terminal kinase are essential for phos-

phorylation of the translation initiation factor 4E involved

in the enhancing of translation rates of cap-containing

messenger RNA.

An absence of synergistic IFN-c production was

observed between L2-MHV3 and rIL-12/rIL-18 added at

an interval of 2 hr p.i. This result reinforces the implica-

tion of the synergistic production of IFN-c by NK cells

occurring at an early stage in viral replication. Recently,

Barr et al.46 have reported a rapid and transient activation

of NK cells and IFN-c production following infection with

herpes simplex virus type 1, resulting from a release of IL-

18 by dendritic cells. We cannot exclude the possibility that

the loss of synergistic production of IFN-c when NK cells

were pretreated with rIL-12/rIL-18 for 2 hr before infection

with L2-MHV3 may be consequent to impaired expression

of CEACAM1a. Indeed, IFN-c reduces the expression of

CEACAM1a, as reported by Vassao et al.22 Consequently,

NK cells may become resistant to a subsequent fixation of

MHV3, which in turn would affect IFN-c production.

During the acute phase of viral infection, recruitment

of NK cells from the bone marrow or spleen to the

affected organ is generally observed.8 Several studies have

demonstrated that myeloid or splenic NK cells are essen-

tial during acute hepatitis, as these cells determined anti-

viral protection.3,12,14,17 For the induction of an efficient

antiviral response by recruited NK cells, the intrahepatic

microenvironment must be adequate to activate them.

Hepatic NK cells normally colocalize at sites expressing

viral antigen and IFN-c during infection.47 This environ-

ment may allow NK cells to receive cell-to-cell or cell-to-

matrix contact signals that favour an IL-12-dependent

IFN-c secretion, as NK cells are differently activated by

IL-18 depending on their localization.48 However,

recruited NK cells in liver require activation by adequate

levels of IL-12 and IL-18 to become high producers of

IFN-c. It is known that liver KC produced IL-12 and

IL-18 following various stimuli and activated intrahepatic

NK and NKT cells to produce IFN-c.49 The results that

we have provided are in agreement with a previous

in vivo study, reporting that treatment with rIL-12 and

rIL-18 of susceptible mice creates an anti-MHV3 state by

significantly increasing IFN-c production.18 However,

IL-12 and IL-18 were not induced in livers from

L2-MHV3-infected C57BL/6 mice, preventing the

synergistic IFN-c production by recruited NK cells. In
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addition, the recruited intrahepatic NK cells from spleen

and bone marrow may be infected by L2-MHV3 pro-

duced by infected LSEC or KC, leading to a virus-induced

apoptosis phenomenon. The susceptibility of C57BL/6

mice to acute hepatitis reflects an inefficient innate antivi-

ral response by low IFN-c production because of deficient

IL-12/IL-18 production and apoptosis of NK cells. The

apoptosis of intrahepatic recruited NK cells, such as

previously reported for spleen and bone marrow,12–14 is

an additional evading mechanism of the innate antiviral

defence. Our results suggest that intrahepatic NK cells

from resistant mice, as A/J or C3H mice, would produce

an efficient IFN-c response in the presence of adequate

intrahepatic IL-12 and IL-18 levels.

On other hand, hepatic NK cells also exert their

functions in a tolerant environment and indeed, immu-

nosuppressive cytokines such as transforming growth fac-

tor-b and IL-10 determine the levels of IFN-c
inhibition.50 However, we have recently observed that

these immunosuppressive cytokines decrease in the liver

of L2-MHV3-infected mice but not in mice infected with

attenuated KC+ LSEC– and KC– LSEC–virus variants.14

The inability of intrahepatic NK cells to produce IFN-c
may be related to their apoptosis, which is dependent on

viral permissivity of KC and LSEC to MHV3 replication.

In fact, viral infection of KC and LSEC may favour the

viral infection of NK cells when these cells are in contact.

These observations suggest that IL-12/IL-18 produced

in vivo by KC may be essential to preserve the antiviral

functions of NK cells, and the integrity of LSEC favours

the survival of NK1.1 cells recruited to the liver. However,

the synergistic production of IFN-c occurred during the

first steps of viral replication when the most of KC and

LSEC were not yet infected.

Further work is in progress to identify the step of viral

replication involved in the synergistic IFN-c production

by NK cells and the role of L2-MHV3-infected hepato-

cytes, KC and LSEC in the intrahepatic functions of NK

and NKT cells.
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