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ABSTRACT

Infection of mice by murine gammaherpesvirus 68 (MHV-68) represents a suitable animal model in which to
investigate the immune response against gammaherpesviruses and to test the efficacy of vaccination strate-
gies. In this study, we evaluated the efficacy of heat-inactivated MHV-68 as a vaccine as well as the adjuvant
activity of type I interferon (IFN-I) administered together with the vaccine. Mice vaccinated with inactivated
MHV-68 and subsequently infected with the virus exhibited a significant augmentation of the virus-specific
humoral immune response and a considerable inhibition of MHV-68 acute replication in the lungs compared
with unvaccinated control mice. The coadministration of IFN-I with inactivated MHV-68 significantly en-
hanced the humoral immune response elicited by the vaccine by stimulating the production of virus-specific
IgG2 antibodies but did not significantly enhance protection from viral challenge. We conclude that IFN-I,
recently shown to exhibit a powerful adjuvant activity to a poorly immunogenic subunit vaccine in mice, can
also enhance the humoral immune response when used as adjuvant of an inactivated viral vaccine, even though
this effect is less marked as a result of the strong immune response elicited by the inactivated virus alone,

which may also involve the contribution of endogenous IFN.

INTRODUCTION

HE INCIDENCE OF HUMAN DISEASES associated with gamma-

herpesviral infections has led to considerable interest in de-
veloping vaccines to control this class of viral infections) How-
ever, the study of gammaherpesviruses suffered for many years
the lack of a relevant small animal model system. Murine gamma-
herpesvirus (MHV-68) is a natural pathogen of free-living small
rodents able to infect inbred strains of mice.’ Studies on the ge-
netic and pathogenic features of MHV-68 revealed a close rela-
tionship with human gammaherpesviruses, namely, the Epstein-
Barr virus (EBV) and human herpesvirus-8 (HHV-8).3-7
Inoculated intranasally (i.n.) into mice, MHV-68 establishes a
productive infection in lung alveolar epithelial cells that lasts for
7-10 days and a subsequent latent infection in the spleen,3—%
where an intense lymphoproliferation of B and T cells and an
expansion of VB4* CD8 T lymphocytes occurs.(!? The role of
the immune response in the control of MHV-68 infection has
been almost completely elucidated.®-!D) T cells appear to be in-
volved in the early immune-mediated control of both the acute
and latent phases of MHV-68 infection!" whereas humoral

immune responses intervene in antiviral surveillance at late
times postinfection. Antibody production occurs between days
15 and 20 postinfection® These pathogenic and immunologic
features render the MHV-68 model an amenable small animal
model for the study of gammaherpesvirus biology and a versa-
tile, highly defined experimental setting in which to explore the
immune response against gammaherpesvirusesand to define the
requirements for effective control against their infection. In-
deed, recent studies made use of the MHV-68 model of infec-
tion to verify the efficacy of various immunization strategies in
protecting against MHV-68 infection (1>~14)

Vaccines based on whole inactivated viruses may represent
an advantageous strategy with respect to the use of recombi-
nant or purified viral proteins or subunits, as they contain a mix-
ture of virtually all viral proteins and can prime the immune
system against multiple viral antigens of immunologic rele-
vance. Notably, the use of inactivated viral particle does not
imply the risk of infection associated with living attenuated vi-
ral vaccines.

The efficacy of any vaccine against infectious diseases is
strongly dependent on the identification of potent adjuvants. In
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recent years, the use of cytokines as natural adjuvants has re-
ceived particular attention because of their important role in the
development and regulation of the immune response(!> Re-
cently, renewed attention has been focused on type I interferons
(IFN-I) as cytokinesendowed with potent adjuvant activity (16-1%)
IFN-I were originally described as antiviral substances, which
are rapidly produced following viral infection and play a key role
in inhibiting viral replication by inducing an antiviral state in tar-
get cells. IFN-I also exhibit antitumor, antiproliferative,and im-
munomodulatory properties!? Studies published in the past
decade proved that IFN-I, in addition to being important mod-
ulators of the early innate response against infections and tu-
mors,(1%20) play an important role in regulation of the adaptive
immune response and in the generation and maintenance of spe-
cific immunologic memory against both viral antigens and tu-
mor cells.?! Le Bon et al.'® showed that IFN-I coinjected as
an adjuvant with a soluble protein potently enhances the pri-
mary antibody response to the antigen and also induces long-
lived antibody production and immunologic memory. In a re-
cent study, Proietti et al.!® reported that IFN-1 was highly
effective as vaccine adjuvant in a model of influenza viral in-
fection in mice. In light of this evidence, it was of interest to
evaluate whether these cytokines could also exert some adju-
vant activity using an inactivated virus as a vaccine. The study
reported here represents the first example of the use of heat-in-
activated MHV-68 as a vaccine. We show that mice vaccinated
with inactivated MHV-68 and subsequently infected with the
virus exhibited a marked augmentation of the virus-specific hu-
moral immune response associated with considerableinhibition
of MHV-68 acute replication in the lungs and that the use of
IFN-I as adjuvant results in a significant enhancement of the
antibody response in the infected animals.

MATERIALS AND METHODS

Mice

C57BL/6 mice (H-2") were purchased from Banton and
Kingman Universal Limited (Grimston, Aldborough, Hull,
UK.

Cell lines

BHK-21 cells were grown in Glasgow’s minimum essential
medium (GMEM) complemented with 10% newborn calf serum
(NBCS), 10% tryptose phosphate broth (TPB), penicillin/
streptomycin (70 wg/ml/10 wg/ml respective final concentra-
tions), and L-glutamine (2 mM final concentration).

Interferons

High-titer IFN-a/B (2 X 107 U/mg protein) was obtained us-
ing a method adapted from Tovey et al.*» Briefly, confluent
C243-3 cells were primed by the addition of 10 U/ml IFN in
MEM enriched with 10% fetal bovine serum (FBS) and 1 mM
sodium butyrate and incubated at 37°C and 0.5% CO,. Sixteen
hours later, C243-3 cells were infected by Newcastle disease
virus (NDV) (multiplicity of infection [moi] of 1) in MEM +
0.5% FBS + 5 mM theophylline. Culture supernatant was col-
lected 18 h postinfection and centrifuged at 1500 rpm for 10
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min. IFN was concentrated and partially purified by ammonium
sulfate precipitation and dialysis against phosphate-buffered
saline (PBS).

Viral stocks and viral infections

MHV-68 was originally obtained from Professor D. Blas-
kovic.®» Working stocks of MHV-68 were prepared by infection
of BHK-21 cells with MHV-68 clone g2.4© at low moi (0.01
plaque-forming units [pfu]/cell), as previously described (”’ Male
and female mice were infected at 4—-11 weeks of age i.n. with
4 X 10° pfu of MHV-68 under halothane anesthesia.

Vaccination

Inactive MHV-68 was obtained by incubating viral stock at
65°C for 30 min in a waterbath. Plaque assays were used to
confirm that live virus was not detectable after heat treatment.
Prior to vaccination,all mice were anesthetizedusing halothane.
Mice were then administered a subdermal injection of 1 X
107/pfu inactivated MHV-68 in the nape of the neck alone or
in association with 200,000 IU IFN-«/B per injection, admin-
istered on the day of vaccination and on the 2 subsequent days.
Mice receiving two vaccinations were boosted 2 weeks later
with an identical administration of inactivated virus, alone or
in association with 200,000 IU IFN-«/B per injection, admin-
istered on the day of vaccination and on the 2 subsequent days.
Four weeks after the second vaccination, all mice were chal-
lenged i.n. with 4 X 10°> pfu MHV-68.

Viral assays

Infectious viral titers in the lungs were determined by plaque
assays as previously described.® Briefly, lungs were frozen at
—70°C, thawed, and homogenized and then refrozen at —70°C
prior to assay. After thawing, the homogenates were centrifuged
to remove particulate matter, and serial dilutions of homoge-
nized lung tissues were added to BHK-21 cells and incubated
for 4 days. Plaques were counted after formal 4% saline fixa-
tion and 0.1% toluidine blue staining of the monolayers.

ELISA for anti-MHV-68 antibody

Serum samples were prepared from blood obtained by car-
diac puncture. Dynatech Immulon 4 Plates (McLean, VA) were
coated with rabbit hyperimmune anti MHV-68 serum® in car-
bonate/bicarbonate buffer at pH 9.8 overnight at 4°C. Plates
were washed six times in borate-buffered saline plus 0.001%
Tween 20 (BBS-Tween) after incubation with each reagent.
Blocking of nonspecific binding was accomplished by incu-
bating with 2% normal rabbit serum at 37°C for 1 h. UV-irra-
diated MHV-68 was added to each well in BBS-Tween plus
1% normal rabbit serum at a concentration of approximately
107 pfu/ml. Twofold serial dilutions of mouse sera were pre-
pared in the range 1:40-1:320, added to the plates, and incu-
bated at 37°C for 90 min. Normal mouse serum and mouse hy-
perimmune anti-MHV-68 serum acted as negative and positive
controls, respectively. Specific binding was detected with ei-
ther horseradish peroxidase (HRP)-conjugatedrabbit antimouse
immunoglobulins or HRP-conjugated rabbit antimouse IgM,
IgGl, IgG2a, or IgG2b-specific immunoglobulin (Dako,
Carpinteria, CA). Plates were developed using Sigma Fast
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tablets (St. Louis, MO), the reaction was stopped after 10-15
min using 12.5% H,SO,, and absorbance was quantitated at 490
nm using a Dynatech MR5000 ELISA plate reader. A standard
curve was drawn for the positive control serum, and the equa-
tion of this curve was used to extract the arbitrary antibody titer
from the OD value of each sample.

Statistical analysis

Data were analyzed by Mann-Witney test. p values are in-
dicated in the Results section.

RESULTS

Total anti-MHV-68 antibody production in mice
vaccinated with heat-inactivated MHV-68 alone
or in association with IFN-I

In a first set of experiments, mice were subjected to a sin-
gle vaccination with heat-inactivatedMHV-68 alone or together
with IFN-I, administered on the day of vaccination and on the
2 subsequent days. Four weeks later, vaccinated mice as well
as control untreated mice were infected i.n. with MHV-68. Sera
collected at different times after the infection were tested for
the presence of total anti-MHV-68 antibodies. The results (Fig.
1A) indicated that no significant antibody response was de-
tectable in any of the groups at early time points after MHV-
68 infection (day 4 and day 6 postinfection). A similar increase
in the titer of virus-specific antibodies occurred in all groups
of mice from day 6 to day 11. On day 14 postinfection, the sera
of mice vaccinated with inactivated virus together with IFN-I
showed a statistically significant enhancement of virus-specific
antibody titer compared with both the control mice (p < 0.03)
and the mice vaccinated with inactivated virus alone (p < 0.05).
Moreover, the peak level of serum antibody was found earlier
(day 14 postinfection) in the sera of mice receiving IFN to-
gether with the vaccine compared with control mice or mice
vaccinated with inactivated virus alone (day 26). These results
indicated that coadministration of IFN-I with a single injection
of heat-inactivated MHV-68 led to an increase in the virus-spe-
cific humoral response after infection.

We then evaluated the effects on the humoral immune re-
sponse exerted by IFN-I when coadministered with each of two
subsequent immunizations with inactivated-virus MHV-68 (Fig.
1B). Four days after infection with MHV-68, the sera obtained
from mice vaccinated either in the absence or in the presence of
IFN-I contained higher titers of virus-specific antibodies com-
pared with sera from control mice (p < 0.03), suggesting that an
antiviral humoral immune response was elicited by the vaccina-
tion prior to infection. Overall, the levels of anti-MHV-68-spe-
cific antibodies in the sera of both groups of vaccinated mice
stayed higher than those of control mice during the whole course
of the infection. Interestingly, in the sera of mice vaccinated in
the presence of IFN-I, the virus-specific antibody titer peaked on
day 11, 3 days earlier than in mice vaccinated with inactivated
virus alone.

Taken together, these results show that IFN-I exerted a sig-
nificant adjuvant effect when administered together with heat-
inactivated MHV-68, increasing the level of virus-specific an-
tibodies when administered together with a single injection of
vaccine and anticipating the achievement of the antibody peak
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level when given in association with two injections of the vac-
cine.

Anti-MHV-68 antibody isotypes produced in mice
vaccinated with heat-inactivated MHV-68 alone
or in association with IFN-I

To characterize the antibody isotype, sera collected from
mice on day 11 postinfection were analyzed by ELISA using
antimouse IgM, IgG1, IgG2a, or IgG2b-specific immunoglob-
ulins. As shown in Figure 2A, the sera of mice vaccinated with
a single injection of inactivated MHV-68 contained signifi-
cantly increased levels of IgG1 compared with unvaccinated
mice (p < 0.05). Interestingly, in the sera of mice vaccinated
with a single injection of heat-inactivated MHV-68 in associa-
tion with IFN-I, a significantenhancementin the titer of [gG2a,
persisting on day 14 postinfection (data not shown), was ob-
served compared with untreated mice (p < 0.03) or mice in-
jected with inactivated virus alone (p < 0.05). Moreover, a sig-
nificantly higher titer of virus-specific IgG2b was found in the
sera of mice receiving IFN-I in association with the vaccine
compared with control mice (p < 0.05). A similar increase in
MHV-68-specific [gG2b was induced by vaccination with in-
activated virus alone, although it was not significantly differ-
ent from the level found in control mice. Figure 2B shows the
results of the isotype assays on the sera of mice vaccinated with
two injections of inactivated virus with or without IFN-I. Vac-
cination of mice with inactivated virus alone induced a marked
increase in the serum levels of IgG1 and [gG2a, and no signif-
icant difference in the levels of these antibody isotypes was ob-
served in the sera of mice receiving IFN-I in association with
the vaccine. In contrast, the titer of [gG2b antibodies appeared
significantly higher in the group of mice that received IFN-I to-
gether with the two injections of vaccine compared with con-
trol mice (p < 0.03) and mice vaccinated with the inactivated
virus alone (p < 0.03).

These observations indicated that IFN-I administered as an
adjuvant together with heat-inactivated MHV-68 enhanced the
magnitude of the humoral immune response elicited by the vac-
cine by preferentially increasing the production of IgG2a and
IgG2b virus-specific antibodies.

MHYV-68 replication in the lungs of mice vaccinated
with heat-inactivated MHV-68 alone or in
association with IFN-I

To verify whether the vaccination with heat-inactivated
MHV-68 alone or together with IFN-I could confer some pro-
tection against the acute phase of the infection, we evaluated
the extent of MHV-68 replication in the lungs of vaccinated
and control mice. Lung viral titers were assayed 4 and 6 days
postinfection, when lung viral titer reaches its peak,> and the
results of the assays are shown in Figure 3. On day 4 postin-
fection, mice receiving two vaccinations with inactivated MHV -
68 showed a significant reduction in lung viral titer compared
with untreated mice (p < 0.03). In contrast, no significant dif-
ference in lung viral titer was found in mice receiving one in-
jection of the vaccine with respect to control mice. Interest-
ingly, on day 6 postinfection, both groups of mice vaccinated
with either a single or two injections of inactivated MHV-68
exhibited similar and significantly lower titers of virus in the
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FIG. 1. Total anti-MHV-68 antibody production in control mice and mice vaccinated with one or two doses of inactivated
MHV-68 in the presence or absence of IFN-I. Groups of four C57BL/6 mice were injected subcutaneously (s.c.) with 1 X 107
pfu heat-inactivated MHV-68, alone or in association with IFN-a/8 (200,000 IU/injection), administered on the day of vaccina-
tion and on the 2 subsequent days (A). Groups of four C57BL/6 mice received two s.c. injections, 2 weeks apart, of heat-inac-
tivated MHV-68, alone or in association with IFN-a/8 (200,000 IU/injection), administered on the day of the first vaccination
and on the 2 subsequent days (B). A group of untreated mice served as control group for MHV-68 infection. Four weeks after
the second vaccination, all mice were challengedi.n. with 4 X 10° pfu MHV-68. At different times after the infection, sera were
collected from vaccinated and control mice and tested for the presence of total anti-MHV-68 antibodies by ELISA as described
in Materials and Methods. The mean antibody titer (expressed in arbitrary units) = standard deviation (SD) for four mice per
group is shown for each time point. 3p < 0.05 compared with control and 1 X inactivated MHV-68 group; *p < 0.03 compared
with control group; Tp < 0.03 compared with 2 X inactivated MHV-68 and control groups; ¥p < 0.03 compared with control

group.

lung than did the control group (p < 0.03). No difference in  say indicated that vaccination with heat-inactivated MHV-68
the viral load in the lung was observed between the groups of  significantly reduces the extent of viral replication in the lung.
mice subjected to a single or two vaccinations with inactivated  This inhibition occurred earlier in mice receiving two injec-
virus alone and mice receiving IFN-I in association with the  tions of the vaccine compared with mice receiving a single
vaccine at any of the times considered. The results of this as-  vaccination.
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FIG. 2. Anti-MHV-68 antibody isotypes in the sera of mice infected with 4 X 10° pfu MHV-68 previously vaccinated as in-
dicated in the legend to Figure 1. On day 11 after MHV-68 infection, sera were collected from vaccinated and control mice and
tested for anti-MHV-68-specificisotypes as described in Materials and Methods. The mean antibody titer (expressed in arbitrary
units) = SD for four mice per group is shown for each group. $p < 0.05 compared to control group; *p < 0.03 compared with
control group; Tp < 0.05 compared with control and 1 X inactivated MHV-68 group; *p < 0.03 compared with control and 2 X

inactivated MHV-68 groups.

DISCUSSION

The MHV-68 mouse model of infection has been used for
evaluation of the efficacy of different immunization strategies
potentially useful in protecting against infection with human
gammaherpesviruses!2-19) A significantinhibition of the peak
levels of viral latency has been observed in mice immunized
with recombinant vaccinia vectors encoding gp150,1%) the ma-
jor viral membrane antigen, or with plasmid DNA encoding the
MHV-68 latent antigen M2.('¥ Concerning the acute phase of
MHV-68 infection, a significant protection has been obtained
in mice vaccinated with dendritic cells pulsed with peptide epi-
topes derived from MHV-68 antigens expressed during the lytic
cycle.1®

In the present study, we assessed the immunizing potential
of inactivated MHV-68 as a vaccine and evaluated the adjuvant
activity of IFN-I associated with this type of vaccine. Inactiva-
tion of viral particles is the basis for several vaccination regi-
mens used successfully for many years.?® Althoughinactivated
viruses represent less defined immunogens compared with re-
combinant purified viral proteins or synthetic peptides, they of-
fer the advantage of being a mixture of almost all viral proteins,
with the potential of priming the immune system to a variety
of antigens of immunologic significance. Our results show that
a single immunization with heat-inactivated MHV-68 caused
only a weak enhancement of the production of virus-specific
antibodies compared with control mice at any time postinfec-
tion (Fig. 1A). This effect was probably related to a modest in-
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FIG. 3. Infective MHV-68 titers in the lungs of mice infected with 4 X 103 pfu MHV-68 previously vaccinated as indicated in

the legend to Figure 1. On days 4 and 6 postinfection, lungs were collected from vaccinated and control mice, and the infectious
viral titers were determined by plaque assays as described in Materials and Methods. The log;o of the mean viral titer per lung
pair = SD for four mice per group is shown for each time point. 8p < 0.03 compared with control group.

crease in the levels of IgG1 and IgG2b (Fig. 2A). Two injec-
tions of inactivated MHV-68 vaccine caused the induction of a
significantanti-MHV-68 humoral immune response prior to in-
fection (Fig. 1B), followed by enhancement of the humoral im-
mune response against MHV-68 during the whole time course
of the infection compared with control mice (Fig. 1B).

It is well known that most live viruses elicit strong immune
response, whereas nonliving vaccines are poorly immunogenic
unless supplemented with exogenous adjuvants. In this study,
we show that IFN-I exerts a significant adjuvant effect when
administered together with a single injection of heat-inactivated
MHV-68 by enhancing the virus-specific humoral response in-
duced by the vaccine (Fig. 1A). This enhancement was associ-
ated with a more evident increase in the serum levels of IgG1
and IgG2b, with respect to the mice vaccinated with the inac-
tivated virus alone, and with a significant induction of IgG2a,
observed exclusively in mice receiving IFN-I together with the
vaccine (Fig. 2A). Significant adjuvant effects were also ob-
served when IFN-I was administered with each of two injec-
tions of the vaccine. In fact, this vaccination regimen resulted
in a significant anticipation of the achievement of the antibody
peak level (day 11 postinfection) with respect to two vaccina-
tions with inactivated virus alone (day 14 postinfection) (Fig.
1B). Whereas administration of IFN-I together with two vacci-

nations did not cause a further enhancement of the virus-spe-
cific IgG2a antibodies with respect to two injections of the vac-
cine alone (Fig. 2B), a statistically significant increase in the
level of IgG2b was specifically observed in mice receiving the
cytokine as an adjuvant, suggesting that this antibody isotype
might be responsible for the enhancement of the humoral re-
sponse exerted by IFN-I (Fig. 2B).

The effect of IFN-I on the humoral response has been con-
troversial for many years, with some authors showing an in-
hibitory effect on antibody productionand others finding a mod-
est stimulation exerted by this cytokine.?*2? In two recent
studies,1%1® however, IFN-I was shown to potently enhance
humoral immunity against a soluble antigen'® or to the sub-
unit influenza vaccine!'® when coinjected with the immunogen
in mice and to markedly promote the switching toward the
IgG2a.1%1® In our study, we show that IFN-I used an adjuvant
in a heat-inactivated virus-based vaccination regimen enhances
the humoral immune response elicited by the vaccine by stim-
ulating the production of virus-specific IgG2 antibodies. The
ability of IFN-I to affect the isotype of the antibody production
has been shown previously in mouse models.®%3! Of interest,
early studies had shown that the injection of IFN-I in tumor-
bearing immunocompetent mice caused tumor rejection, which
was mediated by host mechanisms and associated with the in-
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duction of tumor-specific antibodies of the IgG2a isotype 2139
Finkelman et al.®! found that administration of IFN-« during
a large polyclonal Ig response was responsible for a switch to-
ward the IgG2a isotype. Antibodies of the IgG2 isotype are
known to be characteristic of the immune response to viral in-
fection, as they effectively activate complement,®? exhibitneu-
tralizing activity 3 and cooperate with antibody-dependent ef-
fector cells in inducing a protective immune response 3%
Therefore, the specific induction of IgG2 antibodies by IFN-I,
reflecting a shift toward a Thl type of immune response, sup-
ports the efficacy of this cytokine when administered as an ad-
juvant.

The heat-inactivated MHV-68 vaccination regimen used in
our study effectively inhibited the acute replication of MHV-
68 in the lungs of vaccinated mice (Fig. 3). In a recent report,
significant inhibition of the acute phase of the infection, simi-
lar to that achieved in our study, was obtained in mice immu-
nized with dendritic cells, pulsed with epitopes derived from
MHV-68 lytic cycle antigens, and subsequently boosted with
the peptides!¥) In our experimental setting, two injections of
inactivated MHV-68 appeared to be more effective than a sin-
gle injection in protecting against the acute phase of MHV-68
infection in the lung. In fact, early after the infection (day 4),
a significant reduction of viral load in the lung was observed
in mice subjected to two vaccinations compared with control
mice, whereas in mice receiving a single injection of the vac-
cine, a similar inhibition of viral replication was found at a later
time (day 6) (Fig. 3). On day 4 postinfection, significant levels
of MHV-68-specific antibodies were present exclusively in the
sera of mice vaccinated with two injections of inactivated virus
(Fig. 1B). This observation suggests that the humoral response
induced by this vaccination regimen can mediate the early pro-
tection from MHV-68 replication in the lung observed in these
mice, even though we have not performed an antibody neu-
tralization assay to support this suggestion. On day 6 postin-
fection, when similar titers of virus-specific antibodies were
found in the sera of mice subjected to a single or two vaccina-
tions (Fig. 1), no difference in the viral load in the lung was
observed between the two groups of vaccinated mice (Fig. 3).

The adjuvanteffect exerted by IFN-I on the immune response
elicited by heat-inactivated MHV-68 was not associated with
an improved inhibition effect on replication of the virus in the
lungs (Fig. 3). In fact, mice receiving IFN-I at the time of vac-
cination showed MHV-68 viral loads in the lung similar to those
of mice injected with the vaccine alone (Fig. 3). This result is
not surprising for at least two reasons. First, no direct effect on
viral replication in the lungs could be exerted by the cytokine
under our experimental conditions, as it was administered 4
weeks prior to viral infection. Second, the IFN-induced increase
in the virus-specific humoral response occurred after day 6
postinfection, when it is known that the MHV-68 acute infec-
tion in the lung rapidly declines and resolves® Notably, it is
possible to assume that the enhancement of the virus-specific
humoral immune response observed in mice vaccinated with
two injections of inactivated MHV-68 is due, at least partially,
to the induction of endogenous IFN-I production. In fact, it
might be possible to assume that inactivated MHV-68 can in-
duce IFN. The importance of endogenous IFN-I in the control
of MHV-68 acute replication in the lungs was reported by
Dutia et al.,®> who showed that mice unresponsive to IFN-I
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are highly susceptible to the virus and exhibit 100-1000-fold
higher lung viral titers than wild-type mice. Moreover, we have
recently found that mice knockout for type I IFN receptor ex-
hibit a defective immune response when immunized with a ref-
erence antigen in the presence of adjuvants'® suggesting an
important role for endogenous IFN-I in the generation of a pro-
tective immune response. In the light of this evidence, it is
tempting to speculate that IFN-I endogenously produced in mice
vaccinated with heat-inactivated MHV-68 may contribute to the
effects ascribed to the vaccine per se, thus diminishing the im-
portance of exogenously administered IFN-I. On the basis of
these considerations and taking into account that IFN-I exhibits
a powerful adjuvant activity when administered in combination
with either proteins of low immunogenicity'® or subunit vac-
cines,'® we conclude that the most promising use of IFN-I as
an adjuvant of human viral vaccines could be represented by
the association of these cytokines with virus-derived proteins.

ACKNOWLEDGMENTS

This work was supported by the European Community (con-
tract B104-CT98-0466).

REFERENCES

1. KHANNA, R., MOSS, D.J., and BURROWS, S.R. (1999). Vac-
cine strategies against Epstein-Barr virus-associated diseases:
lessons from studies on cytotoxic T-cell-mediated immune regula-
tion. Immunol. Rev. 170, 49-64.

2. BLASKOVIC, D., STANCEKOVA, M., SVOBODOVA, J., and
MISTRIKOVA, J. (1980). Isolation of live strains of herpesviruses
from two species of free living small rodents. Acta Virol. 24, 468.

3. NASH, A.A., and SUNIL-CHANDRA, N.P. (1994). Interactions
of the murine gammaherpesvirus with the immune system. Curr.
Opin. Immunol. 6, 560-563.

4. SUNIL-CHANDRA, N.P., EFSTATHIOU, S., ARNO, J., and
NASH, A.A. (1992). Virological and pathological features of mice
infected with murine gammaherpesvirus 68. J._Gen. Virol. 73,
2347-2356.

5. VIRGIN, H.W.,LATREILLE, P, WAMSLEY, P., HALLSWORTH,
K., WECK, KE., DAL CANTO, AlJ., and SPECK, S.H. (1997).
Complete sequence and genomic analysis of murine gammaher-
pesvirus 68. J. Virol. 71, 5894-5904.

6. EFSTATHIOU, S., HO, Y.M., HALL, S., STYLES, C.J., SCOTT,
S.D., and GOMPELS, U.A. (1990). Murine herpesvirus 68 is ge-
netically related to the gammaherpesviruses Epstein-Barr virus and
herpesvirus saimiri. J. Gen. Virol. 71, 1365-1372.

7. EFSTATHIOU, S.,HO, Y.M., and MINSON, A.C. (1990). Cloning
and molecular characterization of the murine herpesvirus 68 ge-
nome. J. Gen, Virol. 71, 1355-1364.

8. STEWART, J.P., USHERWOOD, E.J., ROSS, A., DYSON, H.,
and NASH, A.A. (1998). Lung epithelial cells are a major site of
murine gammaherpesvirus persistence. J. Exp. Med. 187, 1941—
1951.

9. WECK, K.E,, KIM, S.S., VIRGIN, HW., IV, and SPECK, S.H.
(1999). B cells regulate murine gammaherpesvirus 68 latency. J.
Virol. 73, 4651-4661.

10. TRIPP, R.A.,, HAMILTON-EASTON, A.M., CARDIN, R.D.,
NGUYEN, P., BEHM, F.G., WOODLAND, D.L., DOHERTY,
P.C., and BLACKMAN, M.A. (1997). Pathogenesis of an infec-
tious mononucleosis-like disease induced by a murine gamma-her-



https://www.liebertpub.com/action/showLinks?pmid=2351958&crossref=10.1099%2F0022-1317-71-6-1355&citationId=p_18
https://www.liebertpub.com/action/showLinks?pmid=6111210&citationId=p_13
https://www.liebertpub.com/action/showLinks?pmid=1328491&crossref=10.1099%2F0022-1317-73-9-2347&citationId=p_15
https://www.liebertpub.com/action/showLinks?pmid=10233924&crossref=10.1128%2FJVI.73.6.4651-4661.1999&citationId=p_20
https://www.liebertpub.com/action/showLinks?pmid=10233924&crossref=10.1128%2FJVI.73.6.4651-4661.1999&citationId=p_20
https://www.liebertpub.com/action/showLinks?pmid=2161903&crossref=10.1099%2F0022-1317-71-6-1365&citationId=p_17
https://www.liebertpub.com/action/showLinks?pmid=10566141&crossref=10.1111%2Fj.1600-065X.1999.tb01328.x&citationId=p_12
https://www.liebertpub.com/action/showLinks?pmid=9625754&crossref=10.1084%2Fjem.187.12.1941&citationId=p_19
https://www.liebertpub.com/action/showLinks?pmid=7946042&crossref=10.1016%2F0952-7915%2894%2990141-4&citationId=p_14
https://www.liebertpub.com/action/showLinks?pmid=7946042&crossref=10.1016%2F0952-7915%2894%2990141-4&citationId=p_14
https://www.liebertpub.com/action/showLinks?pmid=9223479&crossref=10.1128%2FJVI.71.8.5894-5904.1997&citationId=p_16

Downloaded by Istituto Superiore di Sanita from www.liebertpub.com at 04/23/21. For personal use only.

1088

20.

21.

22.

23.

24.

25.

pesvirus: role for a viral superantigen? J. Exp. Med. 185, 1641-
1650.

. CARDIN, R.D., BROOKS, J.W., SARAWAR, S.R., and DO-

HERTY, P.C. (1996). Progressive loss of CD8" T cell-mediated
control of a gamma-herpesvirus in the absence of CD4™ T cells.
1. Exp. Med. 184, 863-871.

. STEWART, J.P., MICALI, N., USHERWOOD, E.J., BONINA, L.,

and NASH, A.A. (1999). Murine gammaherpes 68 glycoprotein
150 protects against virus-induced mononucleosis: a model system
for gammaherpesvirus vaccination. Vaccine 17, 152-157.

. LIU, L., USHERWOOD, E.J., BLACKMAN, M.A., and WOOD-

LAND, D.L. (1999). T cell vaccination alters the course of murine
herpesvirus 68 infection and the establishment of viral latency in
mice. J. Virol. 73, 9849-9857.

. USHERWOOD, E.J., WARD, K.A., BLACKMAN, M.A., STEW-

ART, J.P., and WOODLAND, D.L. (2001). Latent antigen vacci-
nation in a model gammaherpesvirus infection. J. Virol. 75, 8283—
8288.

. BERZOFSKY, J.A., AHLERS, J.D., and BELYAKOV, ILM.

(2001). Strategies for designing and optimizing new generation

vaccines. Nat _Rev, Immunol. 3, 209-219.

. LE BON, A., SCHIAVONI, G., D’AGOSTINO, G., GRESSER,

I., BELARDELLI F., and TOUGH, D.F. (2001). Type I interfer-
ons potently enhance humoral immunity and can promote isotype
switching by stimulating dendritic cells in vivo. Immunity 14,
461-470.

. SANTINI, S.M., LAPENTA, C., LOGOZZI, M., PARLATO, S.,

SPADA, M., DI PUCCHIO, T., and BELARDELLI, F. (2000).
Type Linterferon as a powerful adjuvant for monocyte-derived den-
dritic cell development and activity in vitro and in Hu-PBL-SCID
mice. J. Exp. Med. 191, 1777-1788.

. PROIETTI, E., BRACCI, L., PUZELLI, S., DI PUCCHIO, T.,

SESTILI, P., DE VINCENZI, E., VENDITTI, M., CAPONE, I.,
SEIF, 1., DE MAEYER, E., TOUGH, D., DONATELLI, I., and
BELARDELLI, F. (2002). Type I IFN as a natural adjuvant for a
protective immune response: lessons from the influenza vaccine
model. J. Immunol. 169, 375-383.

. BELARDELLI F. (1995). Role of interferons and other cytokines

in the regulation of the immune response. APMIS 103, 161-179.
BOGDAN, C. (2000). The function of type I interferons in anti-
microbial immunity. i - 12, 419-424.
BELARDELLLI, F., and GRESSER, 1. (1996). The neglected role
of type I interferon in the T-cell response: implications for its clin-
ical use. [mmunol _Todav 17, 369-372.

TOVEY, M.G., BEGON-LOURS, J., and GRESSER, L. (1974). A
method for the large-scale production of potent interferon prepa-
rations. DrocSoeaExn RiglNMecd. 146, 809-815.

MURPHY, B.R., and CHANOCK, R.M. (1996). Immunization
against virus disease. In: Fields Virology, 3rd ed. B.N. Fields, D.M.
Knipe, and P.M. Howly (eds.) Philadelphia: Lippincott-Raven Pub-
lishers.

BRAUN, W., and LEVY, H.B. (1972). Interferon preparations as
modifiers of the immune response. DrgeaSactxn Rigl Mcd. 141,
769-773.

BRODEUR, B.R., and MERIGAN, T.C. (1974). Suppressive ef-
fect of interferon on the humoral immune response to sheep red
blood cells in mice. J. Immunol. 113, 1319-1325.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

ARICO ET AL.

BRODEUR, B.R., and MERIGAN, T.C. (1975). Mechanism of the
suppressive effect of interferon on antibody synthesis in vivo. J.
Immunol. 114, 1323-1328.

CHESTER, T.J., PAUCKER, K., and MERIGAN, T.C. (1973).
Suppression of mouse antibody producing spleen cells by various
interferon preparations. Nature 246, 92-94.

STRANNEGARD, O., LARSSON, I, LUNDGREN, E., MIORNOR,
H., and PERSSON, H. (1978). Modulation of immune responses
in newborn and adult mice by interferon. Infect. Immun. 20,
334-339.

VIGNAUX, F., GRESSER, I., and FRIDMAN, W.H. (1980). Ef-
fect of virus-induced interferon on the antibody response of suck-
ling and adult mice. Eur. J. Immunol. 10, 767-772.

GRESSER, 1., CARNAUD, C., MAURY, C,, SALA, A,, EID, P.,
WOODROW, D., MAUNOURY, M.-T., and BELARDELLI, F.
(1991). Host humoral and cellular immune mechanisms in the con-
tinued suppression of Friend erythroleukemia metastases after in-
terferon a/f treatment in mice. J. Exp. Med. 173, 1193-1203.
FINKELMAN, F.D., SVETIC, A., GRESSER, 1., SNAPPER, C.,
HOLMES, J., TROTTA, P.P., KATONA, I.M., and GAUSE, W.C.
(1991). Regulation by interferon alpha of immunoglobulin isotype
selection and lymphokine production in mice. J. Exp. Med. 174,
1179-1188.

KLAUS, G., PEPYS,M.B., KITAJIMA, K., and ASKONAS, B.A.
(1979). Activation of mouse complement by different classes of
mouse antibody. Immunology 38, 687-695.

COUTELIER, J.P., VAN DER LOGT, J.T., and HEESSEN, F.W.
(1991).1gG subclass distribution of primary and secondary immune
responses concomitant with viral infection. J._Immunol. 147,
1383-1386.

FOSSATI-JIMACK, L., IOAN-FACSINAY, A., REININGER, L.,
CHICHEPORTICHE, Y., WATANABE, N., SAITO, T., HOFHUIS,
F.M., GESSNER, J.E., SCHILLER, C., SCHMIDT, R.E., HONJO,
T., VERBEEK, J.S., and IZUI, S. (2000). Markedly different path-
ogenicity of four immunoglobulin G isotype-switch variants of an
antierythrocyte autoantibody is based on their capacity to interact
in vivo with the low-affinity Fc gamma receptor III. J. Exp. Med.
191, 1293-1302.

DUTIA, B.M., ALLEN, D.J., DYSON, H., and NASH, A.A.
(1999). Type I interferons and IRF-I play a critical role in the con-
trol of gammaherpesvirus infection. Virology 261, 173-179.

Address reprint requests or correspondence to:
Dr. Eleonora Arico

Laboratory of Virology

Istituto Superiore di Sanita

Viale Regina Elena n.299

00161 Rome, Italy

Tel: +390649903004
Fax: +390649902097
E-mail: e-arico@libero.it

Received 23 July 2002/Accepted 22 August 2002


https://www.liebertpub.com/action/showLinks?pmid=9151901&crossref=10.1084%2Fjem.185.9.1641&citationId=p_21
https://www.liebertpub.com/action/showLinks?pmid=4585853&crossref=10.1038%2F246092a0&citationId=p_38
https://www.liebertpub.com/action/showLinks?pmid=10811870&crossref=10.1084%2Fjem.191.10.1777&citationId=p_28
https://www.liebertpub.com/action/showLinks?pmid=521057&citationId=p_43
https://www.liebertpub.com/action/showLinks?pmid=4858239&crossref=10.3181%2F00379727-146-38196&citationId=p_33
https://www.liebertpub.com/action/showLinks?pmid=9987149&crossref=10.1016%2FS0264-410X%2898%2900190-X&citationId=p_23
https://www.liebertpub.com/action/showLinks?pmid=10770797&crossref=10.1084%2Fjem.191.8.1293&citationId=p_45
https://www.liebertpub.com/action/showLinks?pmid=4566752&citationId=p_35
https://www.liebertpub.com/action/showLinks?pmid=11483773&crossref=10.1128%2FJVI.75.17.8283-8288.2001&citationId=p_25
https://www.liebertpub.com/action/showLinks?pmid=6159214&crossref=10.1002%2Feji.1830101008&citationId=p_40
https://www.liebertpub.com/action/showLinks?pmid=7538771&crossref=10.1111%2Fj.1699-0463.1995.tb01092.x&citationId=p_30
https://www.liebertpub.com/action/showLinks?pmid=163863&citationId=p_37
https://www.liebertpub.com/action/showLinks?pmid=163863&citationId=p_37
https://www.liebertpub.com/action/showLinks?pmid=11336691&crossref=10.1016%2FS1074-7613%2801%2900126-1&citationId=p_27
https://www.liebertpub.com/action/showLinks?pmid=1940796&crossref=10.1084%2Fjem.174.5.1179&citationId=p_42
https://www.liebertpub.com/action/showLinks?pmid=8783497&crossref=10.1016%2F0167-5699%2896%2910027-X&citationId=p_32
https://www.liebertpub.com/action/showLinks?pmid=9064346&crossref=10.1084%2Fjem.184.3.863&citationId=p_22
https://www.liebertpub.com/action/showLinks?pmid=307536&citationId=p_39
https://www.liebertpub.com/action/showLinks?pmid=12077267&crossref=10.4049%2Fjimmunol.169.1.375&citationId=p_29
https://www.liebertpub.com/action/showLinks?pmid=1651358&citationId=p_44
https://www.liebertpub.com/action/showLinks?pmid=10559297&citationId=p_24
https://www.liebertpub.com/action/showLinks?pmid=10497103&crossref=10.1006%2Fviro.1999.9834&citationId=p_46
https://www.liebertpub.com/action/showLinks?pmid=4607133&citationId=p_36
https://www.liebertpub.com/action/showLinks?crossref=10.1038%2F35105075&citationId=p_26
https://www.liebertpub.com/action/showLinks?pmid=2022926&crossref=10.1084%2Fjem.173.5.1193&citationId=p_41
https://www.liebertpub.com/action/showLinks?pmid=10899033&crossref=10.1016%2FS0952-7915%2800%2900111-4&citationId=p_31

Downloaded by Istituto Superiore di Sanita from www.liebertpub.com at 04/23/21. For personal use only.

This article has been cited by:

1.

6.

7.

8.

10.

11.

Gurpreet Brar, Nisar A. Farhat, Alisa Sukhina, Alex K. Lam, Yong Hoon Kim, Tiffany Hsu, Leming
Tong, Wai Wai Lin, Carl F. Ware, Marcia A. Blackman, Ren Sun, Ting-Ting Wu. 2020. Deletion of
immune evasion genes provides an effective vaccine design for tumor-associated herpesviruses. npj Vaccines
5:1.. [Crossref]

. Rachelle Babb, Jennifer Chan, Jasmine E. Khairat, Yoichi Furuya, Mohammed Alsharifi. 2014. Gamma-

Irradiated Influenza A Virus Provides Adjuvant Activity to a Co-Administered Poorly Immunogenic SFV
Vaccine in Mice. Frontiers in Immunology 5. . [Crossref]

. Norliana Khairuddin, Stephen ] Blake, Farah Firdaus, Raymond J Steptoe, Mark A Behlke, Paul ] Hertzog,

Nigel A] McMillan. 2014. In vivo comparison of local versus systemic delivery of immunostimulating
siRNA in HPV-driven tumours. Immunology & Cell Biology 92:2, 156-163. [Crossref]

. Eleonora Arico, Filippo Belardelli. 2012. Interferon-e as Antiviral and Antitumor Vaccine Adjuvants:

Mechanisms of Action and Response Signature. Journal of Interferon & Cytokine Research 32:6, 235-247.
[Abstract] [Full Text] [PDF] [PDF Plus]

. Eleonora Arico, Domenica M. Monque, Giuseppina D’Agostino, Federica Moschella, Massimo Venditti,

Ulrich Kalinke, Deborah J. Allen, Anthony A. Nash, Filippo Belardelli, Maria Ferrantini. 2011. MHV-68
producing mIFNal is severely attenuated in vivo and effectively protects mice against challenge with wt
MHV-68. Vaccine 29:23, 3935-3944. [Crossref]

Janet Weslow-Schmidt, Fang Ye, Stephanie S. Cush, Kathleen A. Stuller, Marcia A. Blackman, Emilio
Flafio. 2010. Dendritic Cells Loaded with Tumor B Cells Elicit Broad Immunity against Murine
Gammaherpesvirus 68 but Fail To Prevent Long-Term Latency. Journal of Virology 84:17, 8975-8979.
[Crossref]

Mohamed L. Salem, C. Marcela Diaz-Montero, Sabry A. EL-Naggar, Yian Chen, Omar Moussa, David
J. Cole. 2009. The TLR3 agonist poly(I:C) targets CD8+ T cells and augments their antigen-specific
responses upon their adoptive transfer into naive recipient mice. Vaccine 27:4, 549-557. [Crossref]

James Craig Forrest, Laurie T. Krug, Samuel H. Speck. Murine Gammaherpesvirus 68 Infection of Mice:

A Small Animal Model for Characterizing Basic Aspects of Gammaherpesvirus Pathogenesis 735-775.
[Crossref]

.Eleonora Arico, Kevin A. Robertson, Filippo Belardelli, Maria Ferrantini, Anthony A. Nash. 2004.

Vaccination with inactivated murine gammaherpesvirus 68 strongly limits viral replication and latency and
protects type I IFN receptor knockout mice from a lethal infection. Vaccine 22:11-12, 1433-1440. [Crossref]

Jessica M. Boname, Heather M. Coleman, Janet S. May, Philip G. Stevenson. 2004. Protection against
wild-type murine gammaherpesvirus-68 latency by a latency-deficient mutant. Journal of General Virology
85:1, 131-135. [Crossref]

Stergios J. Moschos, John M. Kirkwood. Interferon Therapy 405-430. [Crossref]


https://doi.org/10.1038/s41541-020-00251-x
https://doi.org/10.3389/fimmu.2014.00267
https://doi.org/10.1038/icb.2013.75
https://doi.org/10.1089/jir.2011.0077
https://www.liebertpub.com/doi/full/10.1089/jir.2011.0077
https://www.liebertpub.com/doi/pdf/10.1089/jir.2011.0077
https://www.liebertpub.com/doi/pdfplus/10.1089/jir.2011.0077
https://doi.org/10.1016/j.vaccine.2011.03.092
https://doi.org/10.1128/JVI.00571-10
https://doi.org/10.1016/j.vaccine.2008.11.013
https://doi.org/10.1007/978-0-387-68945-6_28
https://doi.org/10.1016/j.vaccine.2003.10.015
https://doi.org/10.1099/vir.0.19592-0
https://doi.org/10.1007/978-1-4020-6087-8_18

