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Human gammaherpesviruses such as Epstein-Barr virus (EBV) cause lifelong infections and associated
diseases, by virtue of their ability to establish latent infection. Many studies performed in the past years
in murine herpesvirus 68 (MHV-68) model of infection suggested that the limited immunity generated
against isolated viral components by subunit vaccines cannot counteract the multiple immune evasion
strategies operated by gammaherpesviruses. Indeed, a significant inhibition of long-term latency estab-
lishment could be observed in mice vaccinated with strains of genetically modified MHV-68 defective in
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Type I IFN In this study, we focused on the effects of interferon-a (IFN-a) on both the lytic and latent phase of
Genetically modified viruses MHV-68 infection, as exerted by the constitutive release of IFN-a1 by a clone of MHV-68 genetically
Vaccine modified to produce this cytokine (MHV-68mIFN«1). Although the MHV-68mIFNa1 recombinant virus

exhibited in vitro replication features indistinguishable from those of the wild type MHV-68, its patho-
logical properties were severely attenuated in vivo in immunocompetent mice and not in mice rendered
genetically unresponsive to type I IFN, suggesting that a stronger immune response was primed in the
presence of the cytokine. Notably, MHV-68mIFNa1 attenuation did not result in a reduced level of long-
term spleen latency establishment. These results prompted us to evaluate the efficacy of MHV-68mIFNa1
in a prophylactic vaccination regimen aimed at inhibiting the symptoms of acute virus infection and
the establishment of long-term latency after MHV-68 challenge. Our results show that mice vaccinated
with MHV-68mIFNa1, administered as a live-attenuated or partially inactivated (by Psoralen and UV
treatment) vaccine, were protected against the challenge with wt MHV-68 from all phases of infection.
The ability of MHV-68mIFNa1 to produce IFN-a at the site of the infection, thus efficiently stimulat-
ing the immune system in case of virus reactivation from latency, makes this recombinant virus a safer
live-attenuated vaccine as compared to the previously reported latency-deficient clones.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The search for an effective vaccine aimed at reducing the trans-
mission of gammaherpesviruses, such as EBV or HHV8, causing
severe diseases in humans, recently drove an increasing inter-
est in studying the murine herpesvirus 68 virus (MHV-68) model
of infection. In the last decades, this model has been exploited
to understand the physiology of gammaherpesvirus infection and
to test the efficacy of vaccination strategies against this class of
viruses. The failure of most of the vaccination approaches based
on structural proteins, lytic or putative latency-associated anti-
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gens in protecting against all phases of MHV-68 infection [1-11],
suggested that the limited immunity generated against isolated
viral components cannot counteract the multiple immune eva-
sion strategies operated by the virus. It is a general opinion that
vaccination against gammaherpesviruses should mainly minimize
virus-induced lymphocyte proliferation and reduce the long-term
latent viral load, since these are the features more likely responsible
for the development of gammaherpesvirus-associated lymphopro-
liferative diseases [12].

A number of studies utilized DNA recombinant techniques to
generate genetically modified MHV-68 viruses, not only to iden-
tify the function of viral genes, by assessing the changes in virus
replication caused by genome targeted disruptions [13], but also
to generate latency defective recombinant MHV-68 clones, and
evaluate their efficacy as vaccines in protecting mice against
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the challenge with the “wild type” (wt) virus [5-8,11]. With
one exception [14], the vaccination of mice with live attenu-
ated latency-deficient recombinant MHV-68 gave the best results
in terms of protection against the establishment of long-term
latency [5-8,11,15]. In general, the advantage of live-attenuated vs
replication-deficient virus vaccines relies on their high immuno-
genicity, based on their ability to stimulate both local and systemic
response against a broader spectrum of epitopes for cell-mediated
and humoral immunity. However, viruses replicating and persist-
ing in a latent state are not considered completely safe, since their
long-term persistence might have unpredictable consequences.

In the study presented herein, we generated a recombinant
MHV-68 expressing the mouse IFN-a1 coding sequence to eval-
uate the effects of the constitutive production of this cytokine on
MHV-68 replication in vitro and in vivo. Originally discovered for
their antiviral activity, type I IFN (IFN-I) are now recognized to
exert a variety of immunomodulatory activities in both human and
mouse models [16,17]. Notably, by virtue of its well documented
role in dendritic cell (DC) differentiation/maturation and activity,
IFN-I are now considered as important cytokines linking the innate
and adaptive immune response to infections [18].

As expected on the basis on their antiviral activity, endogenous
IFN-I play a significant role in limiting MHV-68 replication at early
stages of infection and before the onset of the adaptive immune
response [19]. In addition, IFN-I counteract viral latency, both
by contributing to the development and maintenance of an anti-
MHV-68 innate immune response [20], and by controlling virus
reactivation from latency [21]. Notably, like many herpesviruses,
MHV-68 evolved several immune evasion strategies to neutralize
IFN-I-mediated control of acute and latent infection [22-25]. In
the light of all this, we hypothesized that a recombinant MHV-68
producing IFN-a could represent a useful tool for further under-
standing the role of this cytokine in the different phases of virus
infection in vivo. Furthermore, we assumed that the secretion of
IFN-a by the cells infected with the recombinant virus could neu-
tralize the inhibitory strategies evolved by MHV-68 against IFN-I
antiviral activities, thus allowing the immune stimulatory proper-
ties of the cytokine to be more effective.

In the study presented herein, we report the effects of the con-
tinuous production of IFN-a1 on the course of infection of a clone of
MHV-68 genetically modified by the insertion of the mouse IFN-a1
coding gene (MHV-68mIFNa1). Moreover, we describe the efficacy
of MHV-68mIFNa1 administered as a live-attenuated or partially
inactivated virus (following Psoralen and UV treatment) in protect-
ing mice from the challenge with wt MHV-68.

2. Methods
2.1. Mice

Four to five week-old 129Sv and C57BL/6 mice (H-2P) were
purchased from Charles River Italia (Italy). IFNARI~/~ mice have
a targeted disruption in an essential chain of the IFN-I receptor
gene (IFNARI), and do not respond to IFN-I. A colony of IFNARI~/~
129Sv was established at the Department of Cell Biology and Neu-
rosciences of the Istituto Superiore di Sanita, Rome. IFNARI-/~
C57BL/6 mice have been obtained from EMBL, Monterotondo, Italy.
Mice were housed in plastic cages and maintained under specific
pathogen-free conditions in the animal house of the Istituto Supe-
riore di Sanita.

2.2. Cell lines

IFNARI-/~ cells were grown in Dulbecco’s medium comple-
mented with 10% FCS, 10% TPB, penicillin/streptomycin (70 p.g/ml

and 10pug/ml) and L-glutamine (2mM). IFNARI-/~ cells were
derived from embryonic fibroblasts isolated from an IFNARI-/~
129Sv mouse, immortalized in vitro by transfecting a SV40 T anti-
gen expressing plasmid. aRec14 cells have been obtained by stably
transfecting into a fibroblast cell line originated from IFNARI-/~
129Sv mouse a plasmid encoding the IFNARI coding sequence, to
recover a functional IFN-I receptor.

2.3. Virus stocks

MHV-68 was originally obtained from Professor D. Blaskovic
[26]. To avoid the possible interference of the antiviral activity
of IFN-I produced by recombinant MHV-68, IENARI=/~ cells have
been used for the production and titration of the wt and recom-
binant virus stocks. Working stocks of MHV-68 clone g2.4 [27],
MHV-68mIFNa1 and MHV-68-GFP were prepared by infection of
IFNARI-/~ cells at 0.01 PFU/cell as previously described [28]. Virus
stocks were titered by the previously described plaque assay [4]
performed on IFNARI-/~ cells.

2.4. Construction of recombinant viruses

Two clones of recombinant MHV-68 were produced by homol-
ogous recombination in IFNARI/~ cells. To obtain the insertion
of the mIFN-a1 gene into the 1400bp left end region of MHV-
68 genome (named EH1,4), comprised between the HindIIl and
EcoRlIrestriction site, the IFN-a1 coding sequence was cloned into a
plasmid specifically designed to drive homologous recombination
in that site. The expression cassette consisted of the CMV-IE pro-
moter and the EGFP-Hygr gene from EGFPHyg (Clontech), followed
by EMCV IRES element. The gene encoding mIFN-a1 was cloned
downstream from the IRES, followed by the SV40 poly(A) signal.
The whole cassette was flanked by two portions of the EH1,4 MHV-
68 region, of 0.6 and 0.8 kb, respectively. MHV-68 DNA (5 p.g) and
10 g of linearized plasmid were transfected by electroporation
into 2 x 10° IFNARI~/~cells by double-pulse setting (high-voltage
setting =600V, 25 wF, 99 ©; low-voltage setting=260V, 1500 F,
3292; 0.1-s interpulse delay) on an EasyJect electroporator
(EquiBio). Electroporated cells were cultured in a six-well plate.
Green fluorescent plaques were picked after 5 days and subjected
to four rounds of plaque purification by limiting dilution (in 96-
well plates) with hygromycin selection (100 pg/ml) on IFNARI~/~
cells. Each round of purification was verified by a PCR to amplify
mIFN-a1 or GFP, and by IFN-I titration on cell supernatant. Once
a pure population of green fluorescent plaques was obtained, the
genomic structure was analyzed. MHV-68 genomic DNA was pre-
pared from purified virions as described previously [27]. PCR was
performed on DNA samples to obtain the molecular characteriza-
tion of the recombinant viruses. The following primers were used:
ORF10-For: AAGTCTGCCCCCTCGATTAT (nucleotide position in
MHV-68 genome: 22275), ORF10-Rev: TAGAGGGTCTGCCACTCCAT
(nucleotide position in MHV-68 genome: 23505), mIFN-a1-Rev:
TGAGTCTGAGGCAGGTCACA (nucleotide position in mIFN-a1 gene:
97), GFP-For: CGACCACTACCAGCAGAACA (nucleotide position in
GFP gene: 31).

2.5. IFN-I titration

IFN-I was titrated on L929 cells as described previously [29].
IFN-I titers are expressed in International Units (IU). To avoid
the possible infection of L929 cells by the virus present in test
supernatants, making advantage of IFN-I pH stability, test samples
underwent overnight pH 2 acidification by HCl addition, followed
by NaOH neutralization before the inoculation on L929 monolayers.
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Fig.1. Construction and molecular characterization of MHV-68mIFNa1 and MHV-68-GFP recombinant viruses. (A) The enlargement shows the structure of the unique portion
of the left end of MHV-68 genome and the plasmid cassette designed to drive the homologous recombination in EH1,4 region. (B) The diagram represents the structures of
the obtained recombinant viruses, in comparison with wtMHV-68 genome. The recombination caused the replacement of 542 bp of viral ORF10 by the plasmid expression
cassettes. The name and positions of the PCR primers used to confirm the insertion and the orientation of the cassette into viral genome are also indicated. (C) The results of
the PCR performed with different combinations of primers, complementary to specific sequences of the inserted genes (mIFN-a1 and GFP), or to ORF10 were confirmed by

sequencing analysis.

2.6. Virus PSUV inactivation

Psoralen (49-aminomethyl-Trioxsalen; Calbiochem, La Jolla, CA)
(stock solution =100 pg/ml in H,0) was added to wt MHV-68 and
MHV-68mIFNa1 suspended at 106 PFU/ml in Hanks balanced salt
solution (0.1% bovine serum albumin). Psoralen final concentra-
tion was 1.5 or 3 wg/ml. The suspension (1 ml in 35-mm-diameter
wells) was incubated 10’ at room temperature and irradiated in a
Stratalinker 1800 UV cross-linking unit equipped with 365-nm UV
bulbs. Two different distances (2 cm and 4 cm) between the bulbs
and the plates were tested. The remaining plaque-forming activi-
ties of the inactivated virus were determined by plaque assay (See
Section 2.3).

2.7. Mice infection and analysis of tissues

Four to five week-old female mice were infected under
halothane anesthesia by intranasal (i.n.) injection of 1 x 10° PFU
of virus in 40 w.l of sterile phosphate-buffer saline (PBS). At various
time points p.i. mice were sacrificed by anterior neck dissection and
tissues were harvested for analysis. For BAL collection, the trachea
was cannulated with a 22-gauge angiocatheter and lungs lavaged
with 1 ml of PBS. Whole blood was collected by cardiac puncture
using a 25-gauge needle and syringe without heparin. Serum was
isolated from whole blood using a serum separator tube (BD Bio-
sciences). PBMC were isolated by Ficoll gradient separation and
resuspended in PBS. Infectious virus titers in the lungs and latent
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virus in the spleens were determined by the plaque assay and the
infectious centers assay previously described by us [4], performed
on IFNARI-/~ cells.

2.8. Mice vaccination

Groups of 6 4-5 weeks old female C57BL/6 mice were vaccinated
by i.n. injection (under halothane anesthesia) of 1 x 10° PFU of live-
attenuated MHV-68mIFNa1, or the same dose of erstwhile PFU of
wt MHV-68 or MHV-68mIFNa1 exposed to the PSUV treatment
tested to cause partial virus inactivation (1.5 pwg/ml, 4 cm distance
from UV lamp). All mice were boosted two weeks later by a sec-
ond administration of the same vaccine. Two weeks later, half of
the vaccinated mice were anaesthetized and challenged i.n. with
4 x 10° PFU of wt MHV-68 (or lower doses, when indicated). At vari-
ous time points p.i., mice were sacrificed by anterior neck dissection
and tissues were harvested for analysis (see Section 2.7).

2.9. Immunophenotypic analysis

Cells isolated from spleens or PBMC were washed, resuspended
in PBS containing 1% FBS, and incubated with fluorochrome-
conjugated, anti-mouse CD19, CD69 CD8, CD62 or Vb4 mAbs (BD
PharMingen) for 30 min at 4 °C. After two washings with PBS, cells
were analyzed by flow cytometry. Data were collected and analyzed
by using a FACSort (BD Biosciences, Bedford, MA) flow cytome-
ter, and data analysis was performed by CellQuest software (BD
Biosciences).

2.10. Real time PCR

Genomic DNA was extracted from mice splenocytes by the
DNeasy Tissue Kit (QIAGEN, Valencia, CA). To specifically quan-
tify wt MHV-68 vs MHV-68mIFNa1 genomes, primers specific for
MHV-68 ORF50 gene (ORF50-For 5'-ATGGCACATTTGCTGCAGAAC-
3’, ORF50-Rev 5'-ACGGCGCCTGTGTACTCAA-3’) were used to
measure the total number of MHV-68 genomes (wt and
recombinant); primers specific for the IRES sequence (IRES-
For 5-CTAACGTTACTGGCCGAAGC-3', IRES-Rev 5'-GGAACTGCTT-
CCTTCACGAC-3') quantified MHV-68mIFNa1 genomes. Quantita-
tive measurements of virus DNA were acquired by real-time PCR
using ABI PRISM 7700 Sequence Detection System (Perkin-Elmer,
Wellesley, MA). For each sample, 200 ng of DNA was amplified in
duplicate with QuantiTect SYBR Green PCR reagents (Qiagen) and
300 nM of each primer. To verify that a single product was ampli-
fied, a melting curve was generated at the end of every run. For each
gene, standard curves were obtained by measuring 1-108 copies of
plasmids containing ORF50 or IRES on a background of 200 ng of
uninfected splenocyte DNA. The results obtained for ORF50 were
confirmed by using DNA isolated from the S11 cell line [30] as
standard. The detection limit was 1 copy/200 ng of genomic DNA.

2.11. Statistical analysis

Data were analyzed by Mann-Whitney test.

3. Results
3.1. Generation of recombinant MHV-68 expressing mIFN-a.1

To avoid the disruption of critical virus functions, the insertion
of the murine IFN-alpha1 (mIFN-«a1) coding sequence was designed
to occur in the left end of the unique portion of MHV-68 genome,
containing four tRNAs-like sequences (Fig. 1A) and reported to be
unessential for virus replication [31]. Southern blotting analysis of
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Fig. 2. Invitro replication of wtMHV-68 (@), MHV-68-GFP (O) and MHV-68mIFNa1
(a) on aRec14 cells in a one-step (A, m.o.i.=5) and multi-step experiment
(B, m.0.i.=0.05). The amount of IFN-a released in the culture supernatants by
wtMHV-68 (W), MHV-68-GFP (O0) and MHV-68mIFNa1 (v) is also shown. Data are
represented as mean virus (left scale) or IFN-I (right scale) titers + SD and are rep-
resentative of two separate experiments, each performed in triplicate.

the DNA isolated from the clones of recombinant MHV-68 express-
ing mIFNa1 or GFP only (as control) showed that the recombination
between the plasmid cassette and MHV-68 DNA had not occurred
into the EH1,4 region of the virus genome (data not shown). Fur-
ther investigations carried out by PCR specifically amplifying the
inserted genes (mIFN-a1 and GFP), or the wt MHV-68 genome
(Fig. 1B and C) revealed that the recombination event had replaced
542 bp of MHV-68 ORF10 with the plasmid cassette (Fig. 1B). Since
ORF10 belongs to a group of MHV-68-coded genes proven to be
nonessential for virus replication in vitro and in vivo [32], any mod-
ification in the in vitro and in vivo replication of the recombinant
virus producing IFN-a could not be ascribed to the deletion of this
viral gene. This possibility was further ruled out by performing
the subsequent in vitro and in vivo experiments in the presence or
absence of a functional IFN-I system and including the MHV-68-GFP
as a control for the effects of the recombination per se.

3.2. Invitro replication of recombinant MHV-68mIFN« 1

The replication kinetics of MHV-68mIFNa1 and wt MHV-68
were compared in a one-step (Fig. 2A) and a multi-step replica-
tion experiment (Fig. 2B), in which the amount of IFN-I released in
the supernatant by the infected cells was also measured. Despite
the high amount of the cytokine released in the supernatant of cells
infected with the recombinant virus, the kinetics of viral replication
in vitro was not affected by the genetic modification, and was sim-
ilar to the one exhibited by wt and control virus, consistently with
the observation that MHV-68 replication in vitro is not significantly
impaired in IFN-a-treated cells (Supplementary Fig. 1).
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3.3. In vivo replication of recombinant MHV-68mIFNo 1

The in vivo effects of the continuous production of IFN-a by
cells infected with MHV-68mIFNa1 were evaluated by infecting
wt and IFNARI=/~ 129Sv mice i.n. with 10> PFU of wt MHV-68 or
each of the recombinant viruses. Notably, MHV-68mIFNa1 capa-
bility to induce the production of IFN-« in vivo was demonstrated
by the detection of IFN-Iin mice serum and bronchoalveolar lavages
(BAL) six days after the infection (Supplementary Table 1). The viral
load in the lungs of mice infected with MHV-68mIFNa1 was sig-
nificantly reduced as compared to mice infected with wt or control
virus on day 3 and 6 post infection (p.i.) (Fig. 3A). This reduction
was specifically mediated by the IFN produced following infec-
tion with the recombinant MHV-68, since it was not observed in
mice infected with the control virus encoding GFP (Fig. 3A) and
in IFNARI~/~ mice (Fig. 3B). MHV-68mIFNa1 also failed to induce
the increase in splenocyte numbers observed in wt mice infected
with wt MHV-68 and MHV-68-GFP and peaking 14 days after infec-
tion (Fig. 3C). Notably, no difference in the extent of virus-driven
splenomegaly, typically caused by MHV-68-induced B cells acti-
vation, was observed in mice lacking a functional IFN-I system
(Fig. 3D). Upon infection with MHV-68mIFNa 1, the peak of spleno-
cytes reactivating latency observed two weeks after infection with
the wt or control virus was virtually absent in normal mice, whereas

it occurred in IENARI=/~ mice indistinguishably when compared to
mice infected with the wt or control virus (Fig. 3E and F). Notably,
at the latest time point (28 days p.i.) the extent of splenic latency
reactivation was similar and very close to the limit of detection of
the IC assay for all mice (Fig. 3E).

3.4. MHV-68-driven activation of B cells and infectious
mononucleosis-like syndrome

The IFN-mediated attenuation of MHV-68mIFNa1 replica-
tion in vivo was confirmed following infection of C57BL/6 mice
(Supplementary Fig. 2). In these mice, we also assessed whether
MHV-68mIFNa1-related reduced amplification of latently infected
cells was associated with the impairment in the usual virus driven
B-cells activation [33]. At 14 days p.i., mice infected with MHV-
68mIFNa1 had a significantly lower level of activated B cells (CD19*
CD69") with respect to the levels induced by wt MHV-68 (Fig. 4A).
This reduction was mediated by the IFN produced following infec-
tion with the recombinant virus, since it was absent in IFNARI~/~
(Fig. 4A).

To assess whether the attenuation of MHV-68mIFNa1 in vivo
replication affected the virus-induced mononucleosis, also result-
ing from B-cells amplification, the presence of activated CD62L!oW
CD8* lymphocytes and the level of CD8* T cells expressing V34
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Fig.4. Virus-driven B cell activation and Infectious Mononucleosis-like syndrome. (A) Spleen cells from wt or IFNARI-/~ C57BL/6 mice infected with wt MHV-68 (white bars),
or MHV-68mIFNa1 (black bars) were sampled at 14 days p.i. and analyzed by flow cytometry to determine the proportion of CD19* and activated CD69* CD19* B cells in the
spleen. Mean percentage of CD19* CD69* & SD for six mice per group is shown. *p <0.05. (B) FACS analysis of PBMC recovered at day 45 from mice infected with the indicated
viruses and stained with monoclonal antibodies specific for CD8, V34 and CD62L. Data shown as plots are representative of at least three separate experiments.

were measured at 45 days p.i. As shown in Fig. 4B (upper panels),
the percentage of CD8" V34" T cells in the PBMC of mice infected
with MHV-68mIFN-a1 was significantly increased with respect to
control uninfected mice (p <0.05). However, this increase was sig-
nificantly lower than the one observed in mice infected with the wt
virus (p <0.005). The analysis of activated (CD62L!°") CD8* showed
the same trend, with mice infected with MHV-68mIFNa1 having
significantly lower levels of activated CD8* than animals receiving
wt virus (Fig. 4B, lower panels).

3.5. Effects of vaccination with live-attenuated or partially
inactivated MHV-68mIFNa1 on the acute infection of wt MHV-68

The ability of MHV-68mIFNa1 to elicit an immune response
effective in protecting mice against wt MHV-68 challenge was
tested in a vaccination experiment, in which MHV-68mIFNa1 was
administered as a live-attenuated vaccine or in a partially inacti-
vated formulation, obtained by Psoralen-mediated UV crosslinking
(PSUV). As our objective was to prime an effective immune
response against not only structural, but also lytic and latency-
associated virus antigens, we selected a suboptimal dose of PSUV
inactivation condition (1.5 pg/ml, 4 cm, see Section 2 for details),
proven to cause adramatic reduction but not the complete suppres-
sion of virus infectivity, while preserving MHV68mIFNa1 ability
to drive the production of IFNa1 by the infected cells in vitro
(Supplementary Fig. 3). Of note, the establishment of spleen latency
by the residual infective virions was abolished in mice infected with
partially inactivated MHV68mIFNa1 but not with the wt counter-
part (Supplementary Table 2).

Mice vaccinated with live-attenuated or PSUV-inactivated
MHV-68mIFNa1 were analyzed to check parameters of virus
infection after the challenge with wt MHV-68. Virus replication
in the lung was significantly reduced in mice vaccinated with
partially inactivated MHV-68mIFNa1, and virtually null in mice
receiving live-attenuated MHV-68mIFNa1 (Fig. 5A). The group
of mice receiving inactivated wt MHV-68 as a vaccine exhib-
ited on average a considerable viral load that, however, was
significantly reduced as compared to unvaccinated control mice
(Fig. 5A).

Mice vaccinated with partially inactivated MHV-68mIFNa1 also
experienced a significant reduction of splenocytes reactivating
latency on day 14 p.i. as compared to unvaccinated control mice
(Fig. 5B). Of note, no virus reactivation was found in splenocytes
of mice receiving the same vaccination but no virus challenge,
suggesting that the vaccine virus per se was not able, at least at
the time point considered, to cause long-term latency detectable
with this ex vivo reactivation assay (Fig. 5B). A significant reduc-
tion of spleen latency amplification was observed also in mice
vaccinated with live-attenuated MHV-68mIFNa 1. However, mice
receiving the same vaccine but no challenge showed detectable
levels of latency reactivating splenocytes, proving that the infec-
tive virus present in the vaccine could establish latency and persist
in spleen cells (Fig. 5B). Notably, vaccination with inactivated wt
MHV-68 also reduced spleen latency amplification in infected mice
(Fig. 5B), although to a lesser extent as compared to mice receiv-
ing IFNa-based vaccines. Finally, MHV-68 induced splenomegaly
and non-specific B-cell activation (CD19* CD69*) was completely
absent at day 14 p.i. in all vaccinated mice (Fig. 5C and D).
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Fig. 5. Effect of vaccination with partially inactivated wt or recombinant MHV-68 or with live-attenuated MHV-68mIFNa1 on MHV-68 infection. C57BL/6 were vaccinated
as indicated and infected with wt MHV-68 (see Section 2). At selected times p.i., samples were collected from infected and control mice to check the parameters of virus
replication. (A) Virus titers in mice lungs (day 4 p.i.). The mean logy virus titer & SD for six mice per group is shown. (B) The peak mean number of latently infected splenocytes
(as determined by IC assay) 4 SD for six mice per group is shown for day 14 p.i. (C) As a marker of non-specific B-cells activation, the mean value of CD19*/CD69* cells detected
in mouse spleens on day 14 p.i., &+ SD per group is reported. (D) MHV-68-induced splenomegaly is indicated by the mean spleen weight + SD per group (measured on day 14

p.i.). *p<0.01, 'p <0.05 with respect to control unvaccinated mice.

3.6. Effects of vaccination with live-attenuated or partially
inactivated MHV-68mIFN«1 on long-term latency

The spleens of mice vaccinated with live-attenuated or partially
inactivated MHV-68mIFNa1 and challenged with escalating doses
of wt MHV-68 virus underwent a biological and molecular analysis
of MHV-68 long-term latency, conducted on day 80 p.i. Overall, all
vaccinated mice receiving the highest dose of challenging MHV-68
(10° PFU) had levels of splenocytes reactivating latency similar to
those detected in unvaccinated mice infected with the same dose of
challenging virus, as assessed by infectious center assay (Fig. 6A). In
contrast, after the challenge with the intermediate (10% PFU) or low
(102 PFU) dose of wt MHV-68, a considerable fraction of vaccinated
animals did not show any latent virus reactivating from spleno-
cytes ex vivo, with the best protection achieved in mice vaccinated
with live-attenuated MHV-68mIFN«a 1 and infected with 10% PFU of
wt MHV-68 (Fig. 6A). Interestingly, mice receiving live-attenuated
MHV-68mIFNa1 as a vaccine but not undergoing virus challenge
exhibited levels of virus latency in the spleen similar to the ones
detected in mice injected with the same vaccine that were also
challenged with wt MHV-68, proving that the vaccine virus itself
was able to establish long-term latency.

A real time PCR assay specifically designed to distinguish wt
from recombinant MHV-68 genomes in mice splenocytes was per-
formed at the same time point (day 80 p.i.) on mice infected with
the low doses of viruses (Fig. 6B), experiencing the greatest inhibi-
tion of long-term latent infection. As expected on the basis of our
previous results (Supplementary Table 2), the splenocytes of mice

receiving inactivated MHV-68mIFNa1 as a vaccine were virtually
free of recombinant MHV-68 genomes. Moreover, these mice had
almost undetectable levels of wt MHV-68 genomes, proving that
this vaccine was effective in protecting mice against the estab-
lishment of long-term latency by the challenging virus. On the
contrary, the splenocytes of mice vaccinated with live-attenuated
MHV-68mIFNa1 harbored genomes, although at very low level,
belonging to the recombinant virus used as a vaccine, thus confirm-
ing that this virus vaccine was able to persist in mice spleens. Of
note, among mice receiving live-attenuated MHV-68mIFNa1, the
ones undergoing wt MHV-68 challenge had levels of recombinant
virus genomes lower than those observed in uninfected mice.

4. Discussion

Genetic modification of virus genomes has been extensively
applied for the development of live attenuated prophylactic
vaccines [34]. In the last years, the co-expression of immunomod-
ulating molecules by live recombinant viruses has also been
evaluated as a strategy to enhance the immune response elicited
by virus replication per se, thus boosting the response against the
subsequent virus challenge [35-38]. Our study reports the charac-
terization of the in vitro and in vivo replication of a recombinant
clone of MHV-68 expressing the mIFN-a1 coding sequence, and
the protection conferred to naive mice by vaccines based on this
recombinant virus.

Despite the high amounts of IFNa released in the supernatant
of cells infected with the recombinant virus, the kinetics of viral
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replication in vitro was not affected by the genetic modifica-
tion. Nevertheless, the MHV-68mIFNa1 proved to be markedly
attenuated in vivo, since mice carrying a functional IFN-I system
experienced a significant reduction of all the parameters of acute
virus infection. Taken together, these results strongly suggested
that the in vivo attenuation of MHV-68mIFNa1 was not caused by a
direct antiviral effect elicited by the cytokine produced during virus
replication in vivo, but rather mediated by the immunomodulatory
effects exerted by IFN-a on the host immune system.

It has been reported that MHV-68 counteracts IFN-I activity in
several ways [22-25], including the inhibition of the cytokine pro-
duction in vivo [24]. Our results suggest that forcing the production
of IFN-« at the site of virus replication, concomitantly with the viral
proteins synthesis and release, can subvert this evasion mechanism
and result in decreased acute virus replication as a consequence of
the enhancement of the immune response against virus antigens.
By reason of the proven role of IFN-a in the activation and mat-
uration of DC [18,39], the production of IFN-a by the replicating
virus may in fact compensate for the virus-mediated inhibition of
DC differentiation [24], thus triggering a more efficient DC mat-
uration and an antiviral immune response (Figs. 3, 5 and 6 and
Supplementary Fig. 4).

It has been proven that the extent of latency is independent of
the amount of virus seeding from the infected epithelium [40-42].
In this light, the reduced splenic lymphocytosis and expansion
of latently infected cells observed in mice infected with MHV-
68mIFNa1 (Fig. 4A) is unlikely to be an effect of the fewer virus
particles spreading from the initial pulmonary foci, while it may

reflect an impaired B cell infection by the virus in the presence
of the cytokine. Virus-driven VB4* TCR CD8"* T-cell expansion, also
dependent upon the presence of MHV-68-infected B cells [43,44], is
alsoreduced in mice infected with recombinant MHV-68 producing
IFN-a1 (Fig. 4B).

No difference between wt MHV-68 and the recombinant MHV-
68mIFNa1 could be observed in long-term latency reactivation
(Fig. 3C) or establishment (data not shown). Although we cannot
rule out the possibility that IFNa1 gene undergoes transcription
and release by the recombinant virus during latency, we specu-
late that the cytokine produced in bigger amounts by recombinant
MHV-68 during the productive replication enhances the immune
response directed against the lytic more than latent antigens, in
keeping with our results.

The attenuation exhibited by MHV-68mIFNa1 in vivo, together
with the possibility of priming a significant immune response
against a variety of MHV-68 antigens in the presence of a potent
immune adjuvant (i.e., IFN-a) supports its use as a candidate
live vaccine. Nevertheless, the capability of MHV-68mIFNa1 to
establish long-term spleen latency represents a drawback for its
utilization as a live-attenuated virus in prophylactic vaccination
regimens, by which a sterilizing immunity should be pursued. With
the dual aim of overcoming this limitation and of coupling the
advantage of IFN-a1 production with an impaired infectivity of
the vaccine virus in vivo, we exploited PSUV-induced virus inac-
tivation, proven to preserve surface antigenicity [43] as well as
the gene transcription under early but not late promoters control
[44].
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Interestingly, partially inactivated MHV-68mIFNa1, but not
the wt counterpart, could not establish spleen latency in vivo
(Supplementary Table 2), in apparent contrast with the reported
evidence that the establishment and maintenance of MHV-68
latency are independent of the infection dose [42]. It has been sug-
gested that the constant level of MHV-68 latently infected cells is
maintained through the stimulation of sporadic reactivation phe-
nomena and depends on host factors, such as the activation of the
immune system and the availability of susceptible target cells for a
de novo infection. We assume that the association of the release
of viral antigens with IFN-a1 production by the residual repli-
cating MHV-68mIFNa1 virions in the PSUV-partially inactivated
preparations effectively stimulates the immune system against the
virus, thus interfering with the establishment of the steady state
long-term MHV-68 latency. In keeping with this assumption, PSUV-
inactivated MHV-68mIFNa1 turned out to be the safest vaccine
formulation tested in this study.

Although all vaccinated mice showed a significant inhibition
of virus acute replication in the lungs with respect to control
untreated animals, the extent of the reduction was much higher
in mice receiving MHV-68mIFNa1-based vaccines (Fig. 5A), that
were also the only animals showing a dramatic reduction of the
peak of spleen latency reactivation (Fig. 5B). Of note, inactivated
MHV-68mIFNa1 vaccine was more effective in counteracting the
establishment of long-term latency by lower than higher doses
of challenging virus (Fig. 6). This dose-dependent phenomenon,
together with the dramatic reduction of all the parameters of acute
infection in MHV-68mIFNa1 vaccinated mice, suggests that these
vaccines may at least in part act through the block of the primary
infection, the amount of infecting virus being a critical parame-
ter for the starting and progression of infection. This hypothesis
is in line with the proven capability of IFN-« to act as a vaccine
adjuvant when administered in combination with a soluble antigen
or other viral vaccines [45]. In fact, the cytokine released by cells
infected with inactivated or replicating virions, together with the
viral antigens released during vaccination, can prime the immune
system to effectively recognize free infecting virions as well as
infected cells expressing lytic viral antigens. Interestingly, the adju-
vant effect of [FN-a was much more evident when associated to
viruses inactivated with a procedure preserving the viral proteins
antigenicity, such as PSUV, rather than when co-administered with
heat-inactivated vaccines [4].

It is worth mentioning that vaccination strategies effective in
inhibiting long-term MHV-68 latency were reported to be related
to antibody production [5,46]. Of note, in mice vaccinated with
live-attenuated or partially inactivated MHV-68mIFNa1 the typ-
ical MHV-68-driven non-specific B cells activation was abolished
(Fig. 4A), while the production of virus-specific antibodies reached
significant levels (Supplementary Fig. 4). Thus, the IFN-« released
during the course of the infection or at the moment of the immu-
nization against viral antigens may play a role in protecting plasma
cells from the virus-mediated suppression that usually ensues in
virus dissemination and persistence [47].

Overall, our data showed that MHV-68mIFNa1 administered as
a partially inactivated or a live-attenuated vaccine is highly effec-
tive in reducing the extent of wt MHV-68 infection in terms of acute
and long-term spleen latency, which was abolished in a signifi-
cant percentage of mice (Figs. 5B and 6). These phenomena were
likely mediated by IFN-a1, produced at the site of the infection by
the vaccinating virus and acting as a vaccine adjuvant in stimulat-
ing a protective anti-MHV-68 immune response. We believe that
the ability of MHV-68mIFNa1 to drive the production of IFN-a1
whenever it reactivates from latency makes this recombinant virus
a valuable live-attenuated vaccine.

Gammaherpesvirus persistence is mediated by sporadic reacti-
vation and replication events usually controlled by the immune

systems, and it is intrinsically linked to the viral ability of pro-
moting neoplastic transformation of the latently infected cells
that, under conditions of immune suppression, can give rise to
the insurgence of gammaherpesviruses-associated malignancies.
In this scenario, a persisting virus specifically designed to induce
the synthesis of a powerful immune modulator such as IFN-a dur-
ing virus reactivation from latency may be particularly beneficial
for immunocompromised hosts, where the cytokine can prompt
the hostimmune system to mount an effective response against the
latently infected cells, including those undergoing virus reactiva-
tion from latency, ultimately reducing the rate of de novo infection
and, as a consequence, the risks of virus-mediated cell transfor-
mation. The possibility to combine the advantages offered by the
release of an immune adjuvant such as IFNa1 with the higher safety
of a MHV-68-latent-deficient mutant unable to colonize the vacci-
nated host will be considered in further studies, with the aim of
finding the optimal conditions for a vaccine capable of conferring
an effective and sterilizing anti-herpesvirus immunity.

Acknowledgement

This study was supported in part by funds of the “Associazione
Italiana per la Ricerca sul Cancro” (AIRC).

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.vaccine.2011.03.092.

References

[1] Stewart JP, Micali N, Usherwood EJ, Bonina L, Nash AA. Murine
gamma-herpesvirus 68 glycoprotein 150 protects against virus-induced
mononucleosis: a model system for gamma-herpesvirus vaccination. Vaccine
1999;17:152-7.

[2] Usherwood EJ, Ward KA, Blackman MA, Stewart JP, Woodland DL. Latent
antigen vaccination in a model gammaherpesvirus infection. ] Virol
2001;75:8283-8.

[3] LiuL, Flano E, Usherwood EJ, Surman S, Blackman MA, Woodland DL. Lytic cycle
T cell epitopes are expressed in two distinct phases during MHV-68 infection.
J Immunol 1999;163:868-74.

[4] Arico E, Robertson K, Allen D, Ferrantini M, Belardelli F, Nash AA. Humoral
immune response and protection from viral infection in mice vaccinated with
inactivated MHV-68: effects of type I interferon. ] Interferon Cytokine Res
2002;22:1081-8.

[5] Tibbetts SA, McClellan JS, Gangappa S, Speck SH, Virgin HWT. Effective vacci-
nation against long-term gammaherpesvirus latency. ] Virol 2003;77:2522-9.

[6] Boname JM, Coleman HM, May JS, Stevenson PG. Protection against wild-type
murine gammaherpesvirus-68 latency by a latency-deficient mutant. J Gen
Virol 2004;85:131-5.

[7] Fowler P, Efstathiou S. Vaccine potential of a murine gammaherpesvirus-68
mutant deficient for ORF73. ] Gen Virol 2004;85:609-13.

[8] Rickabaugh TM, Brown HJ, Martinez-Guzman D, Wu TT, Tong L, Yu F, et al.
Generation of a latency-deficient gammaherpesvirus that is protective against
secondary infection. ] Virol 2004;78:9215-23.

[9] Obar JJ, Donovan DC, Crist SG, Silvia O, Stewart JP, Usherwood EJ. T-cell
responses to the M3 immune evasion protein of murid gammaherpesvirus
68 are partially protective and induced with lytic antigen Kkinetics. J Virol
2004;78:10829-32.

[10] Moser JM, Farrell ML, Krug LT, Upton JW, Speck SH. A gammaherpesvirus 68
gene 50 null mutant establishes long-term latency in the lung but fails to
vaccinate against a wild-type virus challenge. ] Virol 2006;80:1592-8.

[11] JiaQ,Freeman ML, Yager EJ, McHardy |, Tong L, Martinez-Guzman D, et al. Induc-
tion of protective immunity against murine gammaherpesvirus 68 infection in
the absence of viral latency. ] Virol 2010;84:2453-65.

[12] Cohen ]I, Bollard CM, Khanna R, Pittaluga S. Current understanding of the
role of Epstein-Barr virus in lymphomagenesis and therapeutic approaches
to EBV-associated lymphomas. Leuk Lymphoma 2008;49(Suppl. 1):27-34.

[13] Stevenson PG, Efstathiou S. Immune mechanisms in murine
gammaherpesvirus-68 infection. Viral Imnmunol 2005;18:445-56.

[14] Hoegh-Petersen M, Thomsen AR, Christensen JP, Holst PJ. Mucosal
immunization with recombinant adenoviral vectors expressing murine
gammaherpesvirus-68 genes M2 and M3 can reduce latent viral load. Vaccine
2009;27:6723-30.


http://dx.doi.org/10.1016/j.vaccine.2011.03.092

3944 E. Arico et al. / Vaccine 29 (2011) 3935-3944

[15] Stevenson PG, Simas JP, Efstathiou S. Immune control of mammalian
gamma-herpesviruses: lessons from murid herpesvirus-4. J Gen Virol
2009;90:2317-30.

[16] Belardelli F, Ferrantini M. Cytokines as a link between innate and adaptive
antitumor immunity. Trends Immunol 2002;23:201-8.

[17] Rizza P, Moretti F, Belardelli F. Recent advances on the immunomodulatory
effects of IFN-alpha: implications for cancer immunotherapy and autoimmu-
nity. Autoimmunity 2010;43:204-9.

[18] Santini SM, Lapenta C, Santodonato L, D’Agostino G, Belardelli F, Ferrantini M.
IFN-alphain the generation of dendritic cells for cancer immunotherapy. Handb
Exp Pharmacol 2009;188:295-317.

[19] Dutia BM, Allen DJ, Dyson H, Nash AA. Type I interferons and IRF-1 play a critical
role in the control of a gammaherpesvirus infection. Virology 1999;261:173-9.

[20] Liang X, Shin YC, Means RE, Jung JU. Inhibition of interferon-mediated antiviral
activity by murine gammaherpesvirus 68 latency-associated M2 protein. ] Virol
2004;78:12416-27.

[21] Barton ES, Lutzke ML, Rochford R, Virgin HWT. Alpha/beta interferons regu-
late murine gammaherpesvirus latent gene expression and reactivation from
latency. ] Virol 2005;79:14149-60.

[22] Zhu FX, King SM, Smith EJ, Levy DE, Yuan Y. A Kaposi’s sarcoma-associated
herpesviral protein inhibits virus-mediated induction of type I interferon by
blocking IRF-7 phosphorylation and nuclear accumulation. Proc Natl Acad Sci
USA 2002;99:5573-8.

[23] Hochreiter R, Ptaschinski C, Kunkel SL, Rochford R. Murine
gammaherpesvirus-68 productively infects immature dendritic cells and
blocks maturation. ] Gen Virol 2007;88:1896-905.

[24] Weslow-Schmidt JL, Jewell NA, Mertz SE, Simas JP, Durbin JE, Flano E. Type |
interferon inhibition and dendritic cell activation during gammaherpesvirus
respiratory infection. ] Virol 2007;81:9778-89.

[25] Hwang S, Kim KS, Flano E, Wu TT, Tong LM, Park AN, et al. Conserved herpesvi-
ral kinase promotes viral persistence by inhibiting the IRF-3-mediated type I
interferon response. Cell Host Microbe 2009;5:166-78.

[26] Blaskovic D, Stancekova M, Svobodova ], Mistrikova ]. Isolation of five strains
of herpesviruses from two species of free living small rodents. Acta Virol
1980;24:468.

[27] Efstathiou S, Ho YM, Minson AC. Cloning and molecular characterization of the
murine herpesvirus 68 genome. ] Gen Virol 1990;71(Pt 6):1355-64.

[28] EfstathiouS, Ho YM, Hall S, Styles CJ, Scott SD, Gompels UA. Murine herpesvirus
68 is genetically related to the gammaherpesviruses Epstein-Barr virus and
herpesvirus saimiri. ] Gen Virol 1990;71:1365-72.

[29] Belardelli F, Gessani S, Proietti E, Locardi C, Borghi P, Watanabe Y, et al. Studies
on the expression of spontaneous and induced interferons in mouse peritoneal
macrophages by means of monoclonal antibodies to mouse interferons. ] Gen
Virol 1987;68:2203-12.

[30] Usherwood EJ, Stewart JP, Nash AA. Characterization of tumor cell lines derived
from murine gammaherpesvirus-68-infected mice. ] Virol 1996;70:6516-8.

[31] Simas JP, Bowden R], Paige V, Efstathiou S. Four tRNA-like sequences and
a serpin homologue encoded by murine gammaherpesvirus 68 are dispens-

able for lytic replication in vitro and latency in vivo. ] Gen Virol 1998;79:
149-53.

[32] Song M], Hwang S, Wong WH, Wu TT, Lee S, Liao HI, et al. Identification of
viral genes essential for replication of murine gamma-herpesvirus 68 using
signature-tagged mutagenesis. Proc Natl Acad Sci USA 2005;102:3805-10.

[33] Sunil-Chandra NP, Efstathiou S, Nash AA. Murine gammaherpesvirus 68
establishes a latent infection in mouse B lymphocytes in vivo. ] Gen Virol
1992;73:3275-9.

[34] LauringAS, Jones JO, Andino R. Rationalizing the development of live attenuated
virus vaccines. Nat Biotechnol 2010;28:573-9.

[35] Harker JA, Lee DC, Yamaguchi Y, Wang B, Bukreyev A, Collins PL, et al. Delivery
of cytokines by recombinant virus in early life alters the immune response to
adult lung infection. ] Virol 2010;84:5294-302.

[36] Osorio Y, Ghiasi H. Recombinant herpes simplex virus type 1 (HSV-1) code-
livering interleukin-12p35 as a molecular adjuvant enhances the protective
immune response against ocular HSV-1 challenge. ] Virol 2005;79:3297-308.

[37] Stahl-Hennig C, Gundlach BR, Dittmer U, ten Haaft P, Heeney ], Zou
W, et al. Replication, immunogenicity, and protective properties of
live-attenuated simian immunodeficiency viruses expressing interleukin-4 or
interferon-gamma. Virology 2003;305:473-85.

[38] Bukreyev A, Belyakov IM. Expression of immunomodulating molecules by
recombinant viruses: can the immunogenicity of live virus vaccines be
improved? Expert Rev Vaccines 2002;1:233-45.

[39] Le Bon A, Tough DF. Type I interferon as a stimulus for cross-priming. Cytokine
Growth Factor Rev 2008;19:33-40.

[40] Stevenson PG, Cardin RD, Christensen JP, Doherty PC. Immunological con-
trol of a murine gammaherpesvirus independent of CD8+ T cells. ] Gen Virol
1999;80:477-83.

[41] Clambey ET, Virgin HWT, Speck SH. Disruption of the murine gammaher-
pesvirus 68 M1 open reading frame leads to enhanced reactivation from
latency. ] Virol 2000;74:1973-84.

[42] Tibbetts SA, Loh], Van Berkel V, McClellan ]S, Jacoby MA, Kapadia SB, et al. Estab-
lishment and maintenance of gammaherpesvirus latency are independent of
infective dose and route of infection. J Virol 2003;77:7696-701.

[43] TsungK, YimJH, Marti W, Buller RM, Norton JA. Gene expression and cytopathic
effect of vaccinia virus inactivated by psoralen and long-wave UV light. ] Virol
1996;70:165-71.

[44] Hanson CV. Photochemical inactivation of viruses with psoralens: an overview.
Blood Cells 1992;18:7-25.

[45] Bracci L, La Sorsa V, Belardelli F, Proietti E. Type I interferons as vac-
cine adjuvants against infectious diseases and cancer. Expert Rev Vaccines
2008;7:373-81.

[46] McClellan JS, Tibbetts SA, Gangappa S, Brett KA, Virgin HWT. Critical role
of CDAT cells in an antibody-independent mechanism of vaccination against
gammaherpesvirus latency. J Virol 2004;78:6836-45.

[47] Liang X, Collins CM, Mendel JB, Iwakoshi NN, Speck SH.
Gammaherpesvirus-driven plasma cell differentiation regulates virus reacti-
vation from latently infected B lymphocytes. PLoS Pathog 2009;5:e1000677.



	MHV-68 producing mIFNα1 is severely attenuated in vivo and effectively protects mice against challenge with wt MHV-68
	Introduction
	Methods
	Mice
	Cell lines
	Virus stocks
	Construction of recombinant viruses
	IFN-I titration
	Virus PSUV inactivation
	Mice infection and analysis of tissues
	Mice vaccination
	Immunophenotypic analysis
	Real time PCR
	Statistical analysis

	Results
	Generation of recombinant MHV-68 expressing mIFN-α1
	In vitro replication of recombinant MHV-68mIFNα1
	In vivo replication of recombinant MHV-68mIFNα1
	MHV-68-driven activation of B cells and infectious mononucleosis-like syndrome
	Effects of vaccination with live-attenuated or partially inactivated MHV-68mIFNα1 on the acute infection of wt MHV-68
	Effects of vaccination with live-attenuated or partially inactivated MHV-68mIFNα1 on long-term latency

	Discussion
	Acknowledgement
	Supplementary data
	Supplementary data

	Correction.pdf
	Corrigendum to “MHV-68 producing mIFNα1 is severely attenuated in vivo and effectively protects mice against challenge wit...


