JOURNAL OF VIROLOGY, Apr. 2001, p. 3059-3065
0022-538X/01/$04.00+0 DOI: 10.1128/JV1.75.7.3059-3065.2001

Vol. 75, No. 7

Inhibition of Major Histocompatibility Complex Class II-
Dependent Antigen Presentation by Neutralization of Gamma
Interferon Leads to Breakdown of Resistance against
Measles Virus-Induced Encephalitis

GERALD WEIDINGER, GOLO HENNING, VOLKER 1ER MEULEN, anp STEFAN NIEWIESK*
Institute of Virology and Immunobiology, University of Wuerzburg, 97078 Wuerzburg, Germany

Received 13 October 2000/Accepted 21 December 2000

BALB/c mice are resistant to measles virus (MV)-induced encephalitis due to their strong MV-specific CD4*
T-cell response. Resistance is broken by neutralization of gamma interferon with monoclonal antibodies,
indicating an important role for this pleiotropic cytokine. Here, we demonstrate that mouse gamma interferon
has no direct antiviral effect in vitro and in vivo. The breakdown of resistance is due neither to a switch in the
T-helper response nor to an impaired migration of CD4* T cells. Neutralization of gamma interferon interferes
with the major histocompatibility complex class II-dependent antigen presentation and subsequent prolifer-
ation of CD4™ T cells in vitro and in vivo. In consequence, the reduction in numbers of CD4™ T cells below a
protective threshold leads to susceptibility to MV-induced encephalitis.

Gamma interferon (IFN-y) is a pleiotropic cytokine with
multiple functions in the defense against pathogens (1). IFN-y
is produced by activated natural killer (NK) cells and activated
CD4 as well as CD8 T cells of the type 1 subset (T-helper 1
[TH1] [20] and Tcl [25], respectively). It induces antiviral
activity by stimulating the transcription of the double-stranded
RNA-activated protein kinase, the 2'-5'-oligoadenylate syn-
thetase, and double-stranded RNA-specific adenosine deami-
nase (1). IFN-y is also an important regulator of the develop-
ment of TH1 or TH2 responses by suppressing the secretion of
interleukin-4 (IL-4) and stimulating in an autocrine loop the
secretion of IFN-y and the development of a THI1 response
(20). Furthermore, it stimulates antigen processing and pre-
sentation of both major histocompatibility complex class I
(MHC-I)- and MHC-II-restricted antigens. The stimulation of
antigen processing and presentation via MHC-I is due to si-
multaneous induction of a variety of different molecules
(MHC-L, transporter of antigen presentation [TAP], LMP,
etc.), whereas all key genes for MHC-II antigen presentation
are regulated by the single IFN-y-inducible transcription factor
CIITA (class II transactivator) (17). In addition, IFN-y stim-
ulates the expression of adhesion molecules, thereby probably
influencing the migration of lymphocytes (21). Studies of mice
with a disruption of the IFN-y gene have shown that IFN-y is
crucial in mounting an immune response against some intra-
cellular bacteria and parasites (3, 14, 26). For mice unable to
respond to IFN-vy due to a deletion of the IFN-y receptor gene,
increased susceptibility to vaccinia virus and lymphocytic cho-
riomeningitis virus was observed (14). In contrast, deletion of
the IFN-y gene had no influence on the immune response
against influenza A virus (9) and Sendai virus (19).

The protective function of IFN-y has also been investigated
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in the mouse model of measles virus (MV)-induced encepha-
litis (MVE) (7). After infection with a neurotropic rodent-
adapted MV (strain CAM/RBH), susceptible C3H mice suc-
cumb to encephalitis after 5 to 9 days (22), and this correlates
with the development of a TH2-like response (no IL-4, but
IL-6 and IL-10) (7). In contrast, BALB/c mice are resistant to
MVE and develop CD4 T cells of the TH1 type secreting IL-2
and IFN-y, which alone are sufficient to protect against MVE
(7, 8). After neutralization of IFN-y by injection of neutraliz-
ing monoclonal antibodies (MAbs), resistance is abolished and
BALB/c mice are highly susceptible to encephalitis (7). This is
correlated with the development of a typical TH2 response
with CD4 T cells secreting IL-4, IL-6, and IL-10 (7). As the
susceptible C3H mice also develop a TH2-like response, it was
assumed that the TH2 phenotype correlates with the break-
down of resistance.

Here, we investigated whether the breakdown of resistance
after neutralization of IFN-vy is due to a lack of direct antiviral
activity of IFN-v, a switch in the TH response from the type 1
to the type 2 phenotype, an impairment of migration of T cells,
or MHC-II-dependent antigen presentation.

MATERIALS AND METHODS

Mice. BALB/c and C3H mice were bought from Harlan Winkelmann
(Borchem, Germany), and B6.129S7-Ifng™ '™ (IFN-y~/~) and C57BL/6J (IFN-
y¥/*) mice were bought from the Jackson Laboratory (Bar Harbor, Maine).
Mice were specific pathogen free (specification according to the company). Every
3 to 4 months, animals were checked for pathogens by serological examination.
Animals were kept in a barrier system with light negative pressure (100 mPa) and
a 12-h day (artificial light) and were fed and watered ad libitum. The room
temperature (21 * 2°C) and the humidity (50% = 5%) were regulated by air
conditioning. Mice were used between the ages of 6 and 18 weeks.

Cells and antibodies. Vero cells (African green monkey kidney cells) were
grown in minimal essential medium with 5% fetal calf serum (FCS), and the
human fibroblast cell line HEp-2 was grown in minimal essential medium plus
10% FCS. Hybridoma cells secreting anti-IL-4 antibody (clone 11B11), anti-
IFN-y (R4-6A2; American Type Culture Collection), anti-IL-10 (clone JES2AS;
kindly provided by Anne O’Garra, Department of Immunobiology, DNAX Re-
search Institute of Molecular and Cellular Biology, Palo Alto, Calif.), or anti-
CD4 (YTS 191; European Collection of Cell Cultures, Porton Down, United
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Kingdom) were grown in RPMI/10. MAbs were purified from tissue culture
supernatants on protein G-Sepharose columns (Pharmacia, Hamburg, Germany)
according to standard protocols (7).

Virus and bacteria. The rodent-adapted neurotropic MV strain CAM/RBH
was grown and used as described previously (22). MV (Edmonston strain) was
grown in Vero cells, and for the stimulation of CD4™ T cells, it was purified and
UV inactivated as described previously (23). Both viruses are closely related and
belong to clade A (24). Recently, differences in neuropathogenicity were shown
to be due to single amino acid differences in the MV hemagglutinin (6). Esch-
erichia coli K-12 (strain TG1) was grown in Luria-Bertani (LB) broth medium
overnight. In plateau phase, bacteria were centrifuged, resuspended in phos-
phate-buffered saline (PBS), and heat inactivated at 70°C for 1 h. Inactivated
bacteria were controlled for growth on microbiological plates.

Infection and treatment of mice. Mice were infected intracerebrally (i.c.) with
10* 50% tissue culture infective doses (TCIDs,) of MV (strain CAM/RBH) in a
20-pl volume or intraperitoneally (i.p.) with MV (Edmonston strain). For switch-
ing the TH response, 200 pg of anti-IL-4 antibody (clone 11B11) and 200 ug of
anti-IL-10 (clone JES2AS5) or 200 pg of heat-inactivated E. coli (as a source of
lipopolysaccharide [LPS]) was injected i.p.

To test the effect of IFN-vy in vivo, BALB/c mice were infected at the age of 5
weeks. For neutralization of IFN-y, mice were treated daily with 2.5 x 103
neutralizing units of the MAb R4-6A2. The neutralization titer of anti-murine
IFN-vy antibody R4-6A2 was assessed by a plaque reduction assay as described
previously (10). Briefly, equal volumes of recombinant IFN-y (5 U/ml) were
incubated with serially diluted R4-6A2 (for 24 h at 37°C) before L.929 cells (1.8 X
10°/ml) and vesicular stomatitis virus (VSV) (multiplicity of infection, 0.1) were
added. After 24 h, cultures were examined for cytopathic effect. The neutraliza-
tion titer was defined as the reciprocal of the highest antibody dilution that
reduced the protective effect of recombinant IFN-y by more than 50%.

T-cell cultures, cytokine secretion, and ex vivo proliferation. For the growth of
CD47 T cells, 3 X 107 to 4 X 107 spleen cells from primed animals were cultured
in an upright 50-ml flask in 15 ml of RPMI/10 with 60 pg of UV-inactivated MV
for 3 days. Blast cells were obtained by a Percoll gradient (1,077 g/ml) and
cultured in RPMI/10 and 2% T-cell supernatant containing IL-2 at a density of
6 X 10°/ml. For restimulation, 3 X 10° to 4 X 10° T cells were mixed with 3 X
107 to 4 X 107 irradiated spleen cells and 60 pg of UV-inactivated MV.

Supernatants of CD4* T-cell cultures were harvested after 24 to 72 h after the
second in vitro stimulation with UV-inactivated MV. MAD pairs for a sandwich
enzyme-linked immunosorbent assay (ELISA) for the detection of IFN-vy, IL-4,
IL-5, and IL-10 as well as the respective recombinant cytokines as standards were
obtained from PharMingen (Hamburg, Germany). Cytokine ELISA was per-
formed according to the manufacturer’s recommendations.

For proliferation assays investigating the influence of IFN-y on antigen pre-
sentation, IFN-y*/*™ and IFN-y ™/~ spleen cells were inactivated with mitomycin
C. Cells were seeded at a density of 2.5 X 10° cells/well in a 96-well plate, and
effector cells were added at a density of 5 X 10° cells/well. Concentrations of
recombinant mouse IFN-y were 2.5 pg/ml, and those of IFN-y-neutralizing
antibody R4-6A2 were 12.5 pg/ml.

For direct ex vivo proliferation assays, single-cell suspensions of spleen cells
were plated in triplicate at 5 X 10° cells/well into 96-well flat-bottomed plates in
RPMI 1640-1% mouse serum with or without 2.5 pg of gradient-purified UV-
inactivated MV/ml. After 2 days, cultures were labeled with [*H]thymidine, and
after 16 to 20 h, they were harvested as described previously (22). The stimula-
tion index (SI) was calculated as the ratio of counts of MV-stimulated cells per
minute to medium controls. For antigen-independent stimulation, cells were
stimulated with 2.5 pg of concanavalin A (Sigma)/ml.

Determination of IgG isotypes by ELISA. For determination of immunoglob-
ulin G (IgG) isotype, 10 wg of gradient-purified, UV-inactivated MV/ml was
coated with 200 mM NaCO; buffer (pH 9.6) at 4°C overnight, blocked with
PBS-10% FCS-0.05% Tween 20, and incubated with MV-specific mouse serum
at 4°C for 1 h. After washing, the plate was incubated for 45 min at room
temperature with alkaline phosphatase-coupled goat anti-mouse antibodies, spe-
cific for the different IgG subtypes (Southern Biotechnology, Birmingham, Ala.),
and was subsequently developed with 0.5 mg of p-nitrophenylphosphate (Sig-
ma)/ml in diethanolamine buffer (pH 9.8).

Adoptive transfer of MV-specific CD4™ T cells. For adoptive transfer, virus-
specific T cells were purified using nylon wool columns as described previously
(15). Briefly, spleen cell suspensions were loaded onto nylon wool columns at a
density of 5 X 107 cells/ml in Hanks balanced salt solution containing 5% FCS
and incubated for 45 min at 37°C. The columns were washed with 2 column
volumes of warm (37°C) Hanks balanced salt solution-5% FCS, and the cells in
the effluent were pelleted at 300 X g for 15 min at 4°C. The efficiency of
purification was determined by flow cytometry. The preparations always con-
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tained less than 4% Ig-bearing cells. One spleen equivalent of the pelleted cells
was resuspended in 100 pl of PBS-0.1% FCS and injected into the tail vein of the
recipient animal. Immediately after transfer, the animals were infected i.c. and
depleted of CD8" T cells by injection of 0.25 mg of MADb. Supernatants from
hybridoma YTS 169 (specific for mouse CD8) were purified using a Sepharose G
column (Pharmacia) and dialyzed against PBS. The amount of antibody was
determined with the Bio-Rad protein assay, and the effectiveness of the in vivo
depletion of the CD8* T-cell subsets was confirmed by flow cytometry with MAb
MCA 609 G (Serotech). Depletion was repeated every fourth day. This scheme
of depletion was monitored by flow cytometry. Within the limit of detection
(2%), no CD8™ T cells were found on days 1 and 7 after a single injection of
MAD. In previous experiments, injection of an isotype-matched MAD of irrele-
vant specificity did not influence the CD4™ and CD8" T-cell subsets.

Antiviral effect of IFN-vy in vitro. The antiviral effect of IFN-y was assessed as
described previously (16). Cells were incubated for 24 h with or without IFN-y
and then infected with a multiplicity of infection of 0.1 (VSV) or 1 (MV) for
another 24 h. For VSV infection and MV infection of human cells, virus inhi-
bition was directly assessed by scoring cytopathic effects in a 96-well plate.
MV-infected mouse 1.929 and 3T3 cells were harvested from six-well plates and
freeze-thawed three times, and viral titers were determined by a plaque assay.
Human IFN-y was purchased from R & D Systems. Mouse IFN-y contained in
T-cell supernatants was measured by ELISA and tested for biological activity
against VSV, and the specific activity was calculated as units per milligram =
1/50% effective dose (EDs) in micrograms per milliliter.

RESULTS

No antiviral effect of mouse IFN-y. IFN-vy has been shown to
exert (at least in vitro) a direct antiviral effect on some viruses
like VSV, encephalomyocarditis virus, or Semliki Forest virus
(16). Neutralization of IFN-y might simply neutralize its anti-
viral action. Therefore, the antiviral activity of mouse IFN-y on
MV was tested in vitro and in vivo. MV replicates relatively
poorly in rodent cells, but the mouse fibroblast cell lines 1.929
(derived from C3H mice) and 3T3 (derived from Swiss mice)
have been found to support MV replication quite well (5). The
antiviral activity of mouse IFN-y against VSV (as a control)
and MV was tested on these cell lines. Whereas the EDs,
(protection of 50% of cells) for VSV was determined as 2 to 4
pg of mouse IFN-y/ml, the EDs, for MV was higher than 400
pg/ml. To investigate whether this effect was specific for mouse
IFN-vy, we tested the protective capacity of human IFN-y
against MV on human HEp-2 cells. Human IFN-y was effec-
tive against MV at an EDs of 1 to 5 pg/ml. It therefore seems
that, in contrast to human IFN-y, mouse IFN-y is extremely
inefficient in inhibiting MV replication in vitro.

To test the action of mouse IFN-y in vivo, C57BL/6 mice
with a disruption of the IFN-y gene (IFN-y~/7) (4) and wild-
type C57BL/6 mice (IFN-y*/") were used. After immunization
with MV, both IFN-y*/* and IFN-y '~ mice develop MV-
specific CD4 T cells which proliferate well after in vitro stim-
ulation (Table 1). CD4 T cells from both strains stimulate
mainly the production of IgG2b (Fig. 1) and do not secrete
IL-4 or IL-5 (Table 1). Due to the disruption of the IFN-y
gene, IFN-y~/~ CD4 T cells do not secrete IFN-y, in contrast
to IFN-y*/* T cells. Wild-type C57BL/6 mice (IFN-y*'*) are
highly susceptible to MVE after depletion of CD8 T cells (27).
The transfer of MV-specific CD4 T cells (IFN-y ™) protected
IFN-y"™* mice depleted of CD8 T cells against disease (Fig.
2). After transfer of MV-specific CD4 T cells (IFN-y /"), the
same level of protection was observed. These data demonstrate
that mouse IFN-y has no direct antiviral effect against MV in
vitro and in vivo.
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TABLE 1. Proliferation and cytokine production of MV-specific
CD4™" T cells”

Amt of cytokine produced (= SD)

CD4* MV-specific
T T-cell proliferation IFN- IL-4 IL-
-cell type (SI = SD) Y 5
- (ng/ml) (ng/ml) (pg/ml)
IFN-y ™/~ 8.6 1.5 ND ND ND
IFN-y ™+ 78 +1.2 18 = 4.36 ND ND

“ Proliferation and cytokine production of MV-specific CD4* T cells are
identical. C57BL/6 mice (IFN-y*/* and IFN-y~/~) were immunized with 3 X 10°
PFU of MV (Edmonston strain). One week later, the generation of MV-specific
CD4™" T cells was measured in a proliferation assay. To determine the cytokine
profile of MV-specific CD4" T cells, spleen cells were stimulated with UV-
inactivated MV. After 72 h, the amounts of cytokines in the supernatant (IFN-y,
IL-4, and IL-5) were measured. SI, stimulation index; ND, not detected.

Switch from TH2 to TH1 in the C3H mouse does not protect
against i.c. infection with MV. As no direct antiviral activity by
IFN-y was observed, the importance of its regulatory functions
was analyzed. First, it was confirmed that BALB/c mice de-
velop a typical TH1 response after i.p. immunization with MV
(Fig. 3a). In contrast, C3H mice generated TH2-like T cells
which secreted IL-5 and IL-10, but little IL-4 (Fig. 3b). To
investigate whether the TH2-like response is the cause of sus-
ceptibility, we tried to protect C3H mice by switching the
MV-specific T-cell response to a TH1 response. Two methods
were used to induce a TH1 response: the injection of MAbs

oD

1.6

1.4 7

1.2~

0.6 -~
04 -

0.2

o |

IgG1

1eG2a 1gG2b 1eG3

IgG-isotype

FIG. 1. Antibody isotypes from IFN-y** and IFN-y~/~ C57BL/6
mice are identical. C57BL/6 mice (IFN-y*/* [black bars] and IFN-
v~/ [light gray bars]) were immunized with 3 X 10° PFU of MV
(Edmonston strain). Isotypes of MV-specific antibodies in the sera of
immunized mice were determined by an MV-specific ELISA (error
bars indicate standard deviations). OD, optical density.
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FIG. 2. Protection by MV-specific CD4 T cells in vivo is indepen-
dent of IFN-y secretion. MV-specific CD4 T cells (IFN-y*/* or IFN-
v~'7) were transferred into C57BL/6 mice (IFN-y*/*) which had been
depleted of CD8 T cells by MAb. Weight loss and clinical signs were
monitored over time, and moribund animals were sacrificed. Numbers
signify ratios of surviving animals to total animals. Symbols: solid
triangles, IFN-y~/~ T cells; open circles, IFN-y*/* T cells; open dia-
monds, no T cells.

against TH2 cytokines (anti-IL-4 and anti-IL-10) and injection
of LPS (which induces IL-12 secretion, stimulating IFN-y pro-
duction and a THI response) (12, 13). Treatment of mice
infected i.p. with MV (strain Edmonston) led to the develop-
ment of an MV-specific TH1 response (Fig. 3c). To test the
protective capacity of a switch to a TH1 response, 5-week-old
C3H mice (10 per group) were infected i.c. with 5 X 10*
TCIDs, of neurotropic MV strain CAM/RBH and treated with
either anti-IL-4 and anti-IL-10 MAbs (200 g each) or heat-
inactivated E. coli LPS (to induce IL-12; 200 ng). There was no
difference in mortality between treated and untreated animals:
9 of 10 untreated mice, 10 of 10 MAb-treated mice, and 9 of 10
LPS-treated mice died. To exclude the possibility that treat-
ment would be more effective in animals with a more mature
immune system, 8-week-old C3H mice were used. Again, no
difference in morbidity or mortality was observed between
treated and untreated controls (data not shown).

Differential generation of TH responses after i.c. and i.p.
infection. A possible explanation for the failure of the TH1
switch to protect against disease is a differential induction of
the TH response after i.p. and i.c. infection. Therefore, C3H
mice who had survived MVE were tested and found to have
generated (without treatment) MV-specific T cells which se-
creted IFN-y but not IL-4 or IL-5 (Fig. 4a). In addition, 2
weeks after i.c. infection the isotype profile of MV-specific
antibodies in C3H mice was identical to that of BALB/c mice,
with a preference for IgG2a (indicating a TH1 response) (data
not shown). In the leishmania system, the difference in the
development of a TH1 or TH2 response has been shown to be
due to the number of pathogens (amount of antigen) inocu-
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lated (2). Therefore, the differential TH responses after i.p.
immunization and i.c. infection could be due to differences in
virus strain (Edmonston or CAM/RBH) or virus dose (10’
PFU i.p. and 10* PFU i.c.). To test which one was responsible
for this effect, the TH response was tested after i.p. and i.c.
injection of Edmonston virus. i.p. infection with a low dose of
virus (10* PFU) led to a TH1 response (Fig. 4b), whereas the
high dose (107 PFU) resulted in a TH2 response (Fig. 3b). i.c.
infection with the Edmonston strain resulted (as did i.c. infec-
tion with the CAM/RBH strain) in a TH1 response (Fig. 4c). In
summary, these data demonstrate that the development of a
TH1 response after i.c. infection with MV is not correlated
with resistance and susceptibility.

Lack of IFN-y has no effect on migration of CD4 T cells. To
investigate the influence of IFN-y on migration, MV-specific
CD4 T cells from both IFN-y™/* and IFN-y~/~ mice were
transferred into IFN-y~/~ mice. No significant difference in
protection was noted between the two groups (6 out of 15
IFN-y** animals survived and 4 out of 6 IFN-y~/~ mice
survived). In addition, MV-specific CD4 T cells from IFN-y*/*
mice were labeled with the fluorescent dye CSFE (5-carboxy-
fluorescein diacetate succinimidyl ester) and transferred into
both IFN-y*/* and IFN-y~/~ mice. After transfer, the same
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FIG. 3. Switch of a TH2 to a THI response in susceptible C3H
mice after i.p. infection. Animals from the resistant (BALB/c) (a) and
the susceptible (C3H) (b) mouse strains were infected i.p. with 107
PFU of MV (strain Edmonston). Other groups of C3H mice were
infected i.p. with 107 PFU of MV (strain Edmonston) and coinjected
with MAbs against IL-4 and IL-10 or heat-inactivated E. coli (as a
source of LPS). Supernatants from MV-specific CD4 " T cells (derived
from spleen cells) were assayed 48 to 72 h after stimulation for the
presence of IFN-y, IL-4, IL-5, and IL-10 by ELISA (c).

number of lymphocytes was recovered from brain tissue of the
two groups by Percoll gradient on days 5 and 6 after infection
(data not shown). In addition, CD4 T cells were counted in
coronal cryostat sections of the brain and no difference in the
number of cells was found (per coronary section, 27 * 5.2
CD4" T cells in IFN-y*™* mice and 33.1 + 9.7 CD4 T cells in
IFN-y /" mice). In aggregate, these data indicate that migra-
tion of CD4 T cells was not impaired by the lack of IFN-v.

IFN-vy stimulates antigen presentation and T-cell prolifer-
ation in vitro and in vivo. To investigate the influence of IFN-y
on MHC-II-dependent antigen presentation, IFN-y~/~ and
IFN-y*/* antigen-presenting cells (APC) were used to stimu-
late MV-specific CD4 T cells (IFN-y*/") in vitro. APC (IFN-
v /") unable to secrete IFN-y did not stimulate MV-specific
proliferation as well as did normal APC (IFN-y™™) (Fig. 5a).
The addition of recombinant IFN-vy significantly restored the
stimulatory capacity of IFN-y~/~ APC. In a reverse experi-
ment, the neutralization of IFN-y significantly reduced the
stimulatory capacity of IFN-y*/* APC.

To evaluate whether neutralization of IFN-y also reduced
proliferation of MV-specific T cells in vivo, i.c. infected
BALB/c mice were treated with IFN-y-neutralizing antibodies
and T-cell proliferation was tested. MV-specific proliferation
of CD4 T cells from spleen cells of treated mice was reduced
on days 4 to 6 after infection in comparison to that for non-
treated controls (Fig. 5b).

DISCUSSION

MV-specific CD4" T cells are the important T-cell subset
for protection against MVE in the mouse model. Depletion of
this subset in resistant mice leads to the breakdown of resis-
tance (8), whereas immunization with a CD4" T-cell epitope
protects susceptible mice, as does the transfer of MV-specific
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FIG. 4. Influence of viral titer and route of infection on develop-
ment of a TH1 or TH2 response. C3H mice were infected i.c. with 10*
PFU of MV (strain CAM/RBH), and the MV-specific TH response of
surviving animals was tested (a). Other animals were infected i.p. (b)
or i.c. (c) with 10* PFU of MV (strain Edmonston [ED]). i.c. infected
animals did not display clinical signs. Supernatants from MV-specific
CD4™" T cells (derived from spleen cells) were assayed 48 to 72 h after
stimulation for the presence of IFN-vy, IL-4, IL-5, and IL-10 by ELISA
(error bars indicate standard deviations).
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CD4™" T cells (27). In contrast, primary CD8* T cells alone are
never able to protect against MVE (27), and resistance is not
affected by depletion of CD8™ T cells (8). After neutralization
of IFN-vy, breakdown of resistance was observed with resistant
mice (7). To analyze the underlying mechanism, we first inves-
tigated the direct antiviral effect of IFN-y against MV in vitro
and in vivo. Interestingly enough, human but not mouse IFN-y
protected fibroblast cells against MV infection. Also in vivo,
the protective capacity of transferred MV-specific CD4" T
cells was independent of their ability to secrete IFN-y. This is
in contrast to findings by Maloy et al. (18), who demonstrated
that clearance of vaccinia virus is due to the secretion of IFN-y
by T cells.

A causal correlation between TH2 response and susceptibil-
ity was assumed (7) based on the finding that neutralization of
IFN-vy led to a TH2 response in BALB/c mice. In addition,
susceptible C3H mice generated a TH2-like response after i.p.
inoculation of a high virus dose. However, as shown in this
study the development of a TH2 response is due to the high
titer of virus inoculated. After i.c. infection with a low titer of
the neuropathogenic MV, a TH1 response (with relatively low
levels of IFN-vy secretion) is generated. Even inducing a stron-
ger TH1 response by neutralizing IL-4 and IL-10 or induction
of IL-12 does not protect against disease.

Other regulatory mechanisms of IFN-y in T-cell function
include the influence on the expression of adhesion molecules,
thereby putatively affecting migration. Similar to infection with
lymphocytic choriomeningitis virus (21), no influence of IFN-y
on T-cell migration was observed in MVE. After in vivo neu-
tralization of IFN-y in mice infected with murine cytomegalo-
virus, a decreased generation of peptide epitopes for CD8" T
cells was observed (11). Because CD8™" T cells are important in
determining the outcome of murine cytomegalovirus infection,
the inhibition of MHC-I presentation is fundamental. In MVE,
neutralization of IFN-y in vitro and in vivo clearly inhibited
antigen presentation toward CD4" T cells. In contrast to
MHC-I-dependent antigen presentation, presentation via
MHC-II molecules is exclusively regulated by CIITA, a tran-
scriptional coactivator, which is required for constitutive and
IFN-vy-induced expression of the MHC-II antigen presentation
pathway (1). The lack of IFN-y did not, however, decrease the
constitutive expression of MHC-II molecules (data not shown).
Also, IFN-vy did not act on T-cell proliferation directly (e.g., as
a growth factor) as shown by the independence of concanavalin
A-stimulated proliferation of IFN-y.

It has been shown previously that the activation of MV-
specific CD4* T cells in spleens of resistant mice correlates
with low virus titers in brain tissue, resulting in lack of clinical
signs and protection (27). In contrast, a lack of MV-specific
CD4™" T-cell proliferation in spleens of susceptible mice cor-
relates with high virus titers in brain tissue and death (27).
Therefore, the neutralization of IFN-y inhibits MHC-II-de-
pendent antigen presentation and subsequent proliferation of
CD4™" T cells, resulting in breakdown of resistance.

In mice with a deletion in the IFN-y gene, the primary
immune response toward measles is also affected by the lack of
IFN-vy because all IFN-y~/~ mice die after MV infection with
faster kinetics than those of IFN-y*'* control mice (data not
shown). However, in the secondary immune response T-cell
proliferation is comparable to that for IFN-y™* mice (Table
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SI FIG. 5. Neutralization of IFN-y inhibits antigen processing and
5 T-cell proliferation in vitro and in vivo. (a) MV-specific CD4 T cells
were stimulated with UV-inactivated MV and IFN-y*/* or IFN-y~/
i b _— APC. In addition, either recombinant IFN-y (2.5 pg/ml) or IFN-vy-
neutralizing antibodies (12.5 pg/ml) were added. The differences in the
4 4 SI with and without the addition of recombinant IFN-y were signifi-

——l
/W

4 5 6

day post
infection

1) and the transfer of MV-specific CD4" T cells (IFN-y /")
into IFN-y ™/~ mice protects against encephalitis. This demon-
strates that the influence of IFN-y on antigen presentation is
overcome during the secondary immune response in these
animals. It seems to be obvious that the constant lack of IFN-y

cant (P < 0.05, Kruskal-Wallis test), as were the differences with and
without neutralizing antibody (P < 0.05, ¢ test) (error bars indicate
standard deviations). The lack of IFN-y did not reduce constitutive
MHC-II expression on APC, whereas the addition of IFN-vy increased
it (data not shown). Concanavalin A-dependent proliferation was not
influenced by the lack or addition of IFN-y (data not shown). In
addition, concanavalin A-dependent proliferation of spleen cells from
naive animals was not influenced by IFN-y concentrations ranging
from 40 ng to 0.04 pg/ml (data not shown). (b) BALB/c mice were
infected i.c. with 5 X 10* TCIDs, of MV strain CAM/RBH and in-
jected daily with IFN-y-neutralizing antibodies (black bars) or left
untreated (striped bars). On days 4, 5, and 6, MV-specific T-cell pro-
liferation was measured from spleen cells (error bars indicate standard
deviations). The levels of proliferation of spleen cells from these ani-
mals after concanavalin A stimulation were comparable (data not
shown).

in these animals has led to so far unknown adaptations in
antigen processing. In contrast, in animals with an intact ge-
nome the neutralization of IFN-y inhibits antigen processing
and T-cell proliferation.
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