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Abstract

Influenza virus mutants that encode C-terminally truncated NS1 proteins (NS7-truncated
mutants) are attractive candidates for avian live attenuated influenza vaccine (LAIV) devel-
opment because they are both attenuated and immunogenic in chickens. We previously
showed that a high protective efficacy of NS1-truncated LAIV in chickens corresponds with
induction of high levels of type | interferon (IFN) responses in chicken embryonic fibroblast
cells. In this study, we investigated the relationship between induction of IFN and IFN-stimu-
lated gene responses in vivo and the immunogenicity and protective efficacy of NS7-trun-
cated LAIV. Our data demonstrates that accelerated antibody induction and protective
efficacy of NS1-truncated LAIV correlates well with upregulation of IFN-stimulated genes.
Further, through oral administration of recombinant chicken IFN alpha in drinking water, we
provide direct evidence that type | IFN can promote rapid induction of adaptive immune
responses and protective efficacy of influenza vaccine in chickens.

Introduction

Avian influenza viruses (AIVs) pose a constant threat to the poultry industry with avian influ-
enza (AI) outbreaks resulting in significant economic losses [1-5]. During the 2015 highly
pathogenic avian influenza (HPAI) outbreak in the Midwest, more than 40 million birds were
killed and 10% of the US egg supply was affected [6]. In addition to their devastating impact on
the poultry industry, occasional direct transmission of AIVs from poultry to humans has
resulted in serious outbreaks in the past that produced fatal outcomes [7, 8]. The recent avian
H5N1, H7N7, and H7N9 human outbreaks in China and Europe have come with severe respi-
ratory illness resulting in severe respiratory symptoms and death in some cases [8-10].
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Avian influenza can be prevented, managed, or eradicated through programs that focus on
education, diagnostics, surveillance, biosecurity, elimination of infected poultry, and reduction
of host susceptibility to AIVs [11]. While pre-emptive culling of affected flocks is the most pre-
ferred method of controlling the spread of HPAI virus during an outbreak, it inevitably results
in huge monetary losses. Such losses can be prevented by decreasing host susceptibility through
vaccination or, in the event of an outbreak, by selective culling followed by vaccination.

Whole inactivated virus influenza vaccines are the most commonly used vaccines in poultry
[12]. Although these vaccines provide excellent protection from homologous strains, they are
less effective or completely unprotective against heterologous and heterosubtypic strains. In
addition, the inactivated vaccines do not elicit strong cross-reactive T-cell and mucosal
immune responses. Clearly, broadly protective Al vaccines need to be developed.

Novel influenza vaccine designs seek to increase the breadth of heterologous and heterosub-
typic cross-protection. One approach is to develop inactivated vaccines that selectively induce
broadly neutralizing antibodies that target the conserved regions of viral proteins, such as HA
stalk or the ectodomain of M2 protein (M2e) [13, 14]. Another approach is to use live attenu-
ated influenza vaccines (LAIV) with capacities to elicit long lasting immunity by stimulating
mucosal, cellular, and systemic (IgG) responses that are cross protective against heterologous
and heterosubtypic viral infections [11-14].

The nonstructural protein 1 [NS1] of influenza virus has been an attractive target for attenu-
ation in LAIV development strategies. The NSI protein is known to enhance virus replication
by antagonizing antiviral host cell functions, especially by blocking type I interferon (IFN)
responses [15]. In this context, influenza viruses with truncation in the NS1 (NSI-truncated)
provoke high type I IFN responses and replicate poorly in IFN competent hosts [16]. However,
we have observed that not all NS1-truncated variants are effective as LAIV candidates [17].
Four NSI-truncated mutants were previously tested for their capacity to induce protective
immunity in chickens [17]. Two of the mutants (pc3-LAIV and pc4-LAIV) were more effica-
cious than the other two (pcl-LAIV and pc2-LAIV) in protecting chickens against heterolo-
gous challenge virus [17].

A series of in vitro experiments were subsequently carried out to establish why these LAIV
candidates differ in their protective efficacy [18, 19]. The in vivo efficacy of vaccine candidates
[17] was observed to correlate strongly with induction of high yields of type I IFN in vitro [18,
19]. For example, infection of chicken embryonic fibroblasts with pc4-LAIV, the more effica-
cious LAIV in chickens, resulted in production of high levels of type I IFN compared to
pc2-LAIV (the less effective vaccine) [17, 18]. This finding is suggestive but does not prove that
type I IFN is required to boost the efficacy of NSI-truncated LAIV in chickens.

In the current study, we sought to establish the relationship between the induction of IFN
and IFN-stimulated gene (ISG) responses in vivo and the immunogenicity and protective effi-
cacy of NSI-truncated LAIV. Our data demonstrates that the level of antibody induction and
protective efficacy of NSI-truncated LAIV correlates well with upregulation of ISG expression.
Further, through oral administration of recombinant chicken IFN alpha (rChIFN-a) in drink-
ing water, we provide direct evidence that type I IFN is a potent adjuvant for influenza vaccine
in chickens.

Materials and Methods
Animals and ethics statement

All animals were maintained, vaccinated, challenged and euthanized in accordance with proto-
col #2009AG0002-R2 approved by The Ohio State University Institutional Animal Care and
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Use Committee (IACUC). This protocol complies with the U.S Animal Welfare Act, Guide for
Care and Use of Laboratory Animals and Public Health Service Policy on Humane Care and
Use of Laboratory Animals. The Ohio State University is accredited by the Association for the
Assessment and Accreditation of Laboratory Animal Care International (AAALAC). White
leghorn chickens were obtained from our institutional (Food Animal Health Research Pro-
gram, Wooster, OH) specific pathogen free (SPF) flock. The chickens were housed in a BSL2
facility with forced air ventilation and adequate air exchanges to prevent ammonia build up.
Air entering or leaving the facility is HEPA filtered. The birds were kept in large cages (2592 sq.
inch) before infection and transferred to Model 934-1 isolators (900 sq. inch) (Federal Designs
Inc., Comer, GA). The number of birds in each cage was calculated based on age and the space
available after subtracting the space occupied by the feeder and the watering system. Room and
isolator temperatures were maintained at 25+3°C. Birds had ad libitum access to feed and
water. The wellbeing and health status of the animals was monitored twice daily throughout
the experiments. Animals were humanely euthanized when they displayed symptoms such as
ruffled feathers and reluctance to move, not moving when prodded, respiratory distress, or
injuries that were not related to experimental treatment. Euthanasia was actualized by exposure
to carbon dioxide (CO,). Based on the age and body size, 1-10 animals were placed in the
euthanasia chamber connected to a CO, source. The CO, flow was set at 10-30% displacement
of chamber volume/minute. Birds were observed for respiratory arrest and the CO, flow was
maintained for at least one minute after the arrest was observed. The animals were checked for
an absence of breathing and lack of heartbeat. If any respiration or heartbeat was detected, the
animal was placed back into the chamber and additional CO, was administered as described
above. After death has been confirmed, an additional secondary physical euthanasia (cervical
dislocation or removal of a vital organ) was performed before collection of tissues and carcass
disposal.

Vaccination with live-attenuated influenza vaccine (LAIV) candidates

Groups of four-week-old SPF chickens (n = 23 per group) were intranasally mock-vaccinated
with phosphate-buffered saline (PBS) or intranasally inoculated with NSI-truncated LAIV can-
didates (pc2-LAIV and pc4-LAIV, both derived from wildtype virus A/TK/OR/71 (H7N3)) or
reverse genetically created wildtype A/TK/OR/71 (H7N3) (rgWT) virus [17, 20] at a dose of
10° EIDs, per bird. Five birds per group were euthanized at 1, 2, and 3 days post-inoculation
(dpi) to harvest trachea and spleen tissues for analysis of gene expression. The remaining 8
birds per group were bled at 8 and 14 dpi for detection and titration of hemagglutination-inhi-
bition (HI) antibodies [21].

Oral recombinant chicken IFN-a (rChIFN-a) treatment and vaccination
with inactivated influenza vaccine

Cloning and expression of rChIFN-o in mammalian cells was described previously [22].
Groups of four-week-old SPF chickens (n = 20 per group) were mock-vaccinated or subcutane-
ously vaccinated with PBS or whole-inactivated rgWT virus vaccine and provided with plain
drinking water or drinking water with rChIFN-c: (10° Units/bird/day). The inactivated vaccine
was prepared by treating the rgWT virus with betapropiolactone as previously described [23].
Five birds per group were euthanized at 1, 3, and 8 days post start of rChIFN-o treatment (dpt)
for transcription analysis. All of the remaining birds (10 birds/group at 8 dpt and 5 birds/group
at 14 dpt) were bled for detection and titration of HI antibodies.
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Oral rChIFN-a or Poly I:C treatment and vaccination with NS1 variants

Four-week-old SPF chickens (n = 35) were divided into 5 groups: 1. unvaccinated control; 2.
pc2-LAIV vaccinated; 3. pc2-LAIV vaccinated + per-oral rChIFN treated; 4. pc2-LAIV vacci-
nated + per-oral treated with high molecular weight (1.5-8 kb) VacciGrade polyinosinic-poly-
cytidylic acid (poly(I:C)) (InvivoGen); and 5. pc4-LAIV vaccinated. Vaccination with live virus
and oral treatment with rChIFN-o were conducted as described above. At 14 dpv, all chickens
were challenged with a heterologous strain A/CK/NJ/150383-7/02 (H7N2), and the replication
of challenge virus was evaluated from tracheal swab samples collected at 2 and 4 days post chal-
lenge (dpc).

Transcriptional analysis

Total RNA was extracted from trachea and spleen tissues using Trizol and subjected to quanti-
tative reverse transcription PCR (qQRT-PCR) as previously described [24]. The primer sets used
in this study were published previously [25]. The fold-change in gene expression was calculated
using the AACt method using GAPDH gene as the internal control [26]. All groups were
included in the statistical analyses where the unvaccinated (uninfected) and untreated control
groups were used as references. To plot the figures, the expression fold change value was nor-
malized by dividing with that of the corresponding gene in the control group. Therefore, the
normalized fold change of each gene in the control group is 1.

Virus replication in chickens

Tracheal swabs were collected at the indicated time points and eluted in 1 ml of PBS supple-
mented with gentamicin (10 pg/ml) for virus detection. RNA was extracted from 100 pl of the
sample using QIAamp Viral RNA Mini Kit (Qiagen). The remaining sample was used for virus
isolation. To allow interpolation of median egg infective dose (EIDsy) titers of swab samples by
the qQRT-PCR method [27, 28], a standard curve was created by plotting cycle threshold (Ct)
values generated with RNA extracted from serial 10-fold dilutions of the same virus stock (with
known EIDsy titer) used to inoculate the chickens as a function of virus dilution. The curve was
used to convert Ct values of tracheal swab viral RNA to EIDsy, titers. EIDs, titers derived by
qRT-PCR are equivalent to EIDs, titers measured in eggs [28]. MDCK cells were used for virus
isolation and median tissue culture infective dose (TCIDs,) calculation. The cells were propa-
gated in DMEM (Dulbecco's Modified Eagle Medium) supplemented with 10% fetal bovine
serum (FBS) and 10 pg/ml gentamicin. Serial 10-fold dilutions of tracheal swab eluate were pre-
pared in serum-free DMEM containing 0.75 ug/ml TPCK trypsin. Confluent cell monolayers
in 96-well tissue culture plates were washed two times with PBS, inoculated with 100 pl of the
diluted sample (5 replicate wells per dilution), and incubated for 5 days at 37°C. Hemagglutina-
tion assay was used to detect virus in the supernatant medium. TCIDs, was then calculated by
the Reed-Muench method [29].

Statistical analysis

The Mann-Whitney U test (SPSS software) was used to determine differences between tran-
scriptional fold-change values. Differences in virus titers among groups were determined by
the One-way ANOVA, followed by post-hoc Tukey test (GraphPad Prism version 5.00 for
Windows (GraphPad Software, San Diego California USA)) for the pair-wise comparison.
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Results

Serum antibody response in chickens vaccinated with experimental
NS 1-truncated LAIV

We first looked at the development of adaptive immune responses in 4-week-old chickens

(n = 8 per group) after intranasal vaccination with pc2-LAIV and pc4-LAIV. The reverse
genetically created wildtype (rgWT) virus was included for comparison. Among birds vacci-
nated with pc4-LAIV, five had detectable levels of HI antibodies as early as 8 days post-vacci-
nation/infection (dpv/dpi) (Fig 1). This was in clear contrast with pc2-LAIV vaccination where
none of the birds were HI positive or rgWT infection where only 2 birds had detectable anti-
bodies at this time point. At 14 dpv/dpi, only two birds in the pc2-LAIV-vaccination group
were HI positive compared to 7 in the pc4-LAIV-vaccination group and 8 in the rgWT-
infected group.

To rule out the possibility that the rapid and high ratio of seroconversion in the pc4-LAIV-
vaccination group was due to high replication efficiency (or high antigen load) of the vaccine
virus, viral titers were determined from tracheal swabs. Birds in all three groups had similar
viral titers at 2 dpv/dpi (Fig 2). At 3 dpv/dpi, the rgWT viral titers were significantly higher
than pc2-LAIV or pc4-LAIV by several folds and there was no difference between pc2-LAIV
and pc4-LAIV even though not all the birds in the pc2-LAIV group were PCR positive (Fig 2).

Gene expression in chickens vaccinated with experimental
NS 1-truncated LAIV

In a previous in vitro study, pc4-LAIV induced a higher level of type I IEN response in chicken
embryonic fibroblasts than pc2-LAIV and rgWT virus [18]. Thus, the rapid seroconversion of
pc4-LAIV-vaccinated chickens (Fig 1) could be due to high IFN response in vivo. We tested
this possibility by analyzing the expression levels of IFN and IFN-related genes in trachea and
spleen tissues following vaccination with LAIV candidates or infection with rgWT virus. Two
IFN-stimulated genes (ISGs), 2,5'-OAS and Mx, were targeted due to their high sensitivity to
the type I IFN stimulus. Fig 3 shows that at 1 dpv/dpi, the level of 2',5'-OAS gene transcription
was significantly increased in trachea and spleen tissues of chickens vaccinated with pc4-LAIV
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Fig 1. Serum antibody response in chickens following vaccination with LAIV candidates or infection
with rgWT virus. Serum was collected at 8 and 14 days post-vaccination/infection (dpv/dpi) and tested for
the presence of influenza virus A/TK/OR/71 specific hemagglutination inhibition (HI) antibodies. Hl titers are
presented as circles (rgWT), squares (pc2-LAIV), and triangles (pc4-LAIV). The thick horizontal lines
represent median titers of the groups.

doi:10.1371/journal.pone.0156603.g001
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Fig 2. Comparison of virus replication in trachea. The EIDs, equivalent titers were interpolated from
gRT-PCR Ct values of tracheal swab viral RNA as described in Materials and Methods. Statistical
significance, *p<0.05. EIDso, median egg infectious doses. n/n, number of virus positive birds/total number of
birds in the group.

doi:10.1371/journal.pone.0156603.g002

or infected with rgWT but not in the trachea of pc2-LAIV-vaccinated birds. Expression of the
Mx gene was significantly upregulated only in 1 dpv tracheal tissues from pc4-LAIV-vacci-
nated chickens and downregulated in 3 dpv/dpi spleen samples from pc2-LAIV and rgWT vac-
cinated/infected birds. We could not detect any increase in type I IFN (IFN-a/B) gene
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Fig 3. IFN and ISG responses after vaccination with LAIV candidates or infection with rgWT virus. See
Materials and Methods for details on fold change calculation, statistical analysis and data normalization. dpv/
dpi, days post vaccination/infection. All groups were included in the statistical analysis where the
unvaccinated (uninfected) group was used as the reference. Error bars, mean + S.D. Statistical significance,
*p<0.05, **p<0.001.

doi:10.1371/journal.pone.0156603.g003
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transcription although there was upregulation of the IFN-y gene in spleen samples collected
from the pc4-LAIV-vaccincation group at 3 dpv.

Oral IFN treatment induces a rapid antibody response to influenza
vaccination in chickens

The observed correlation between antibody response and transcription of IFN-related genes in
pc4-LAIV-vaccinated birds (Figs 1 and 3) is suggestive but does not prove that IFN is involved
in rapid seroconversion. To assess the direct role of IFN in stimulating rapid seroconversion
further, we subcutaneously inoculated chickens with inactivated influenza vaccine and pro-
vided them with rChIFN-a in drinking water at an average dose of 10° Units/bird/day for 14
days. This dose of type I IFN was previously shown to have biological effects in 33-day old
chickens [30]. Fig 4A shows that 9 of 10 rChIFN-a-treated birds seroconverted by 8 days dpt
compared to only 4 out of 10 birds provided with plain drinking water. All remaining birds

(n =5) in the rChIFN-o-treatment group seroconverted by 14 dpt while one of the 5 birds pro-
vided with plain drinking water was HI negative. Further, a wider range of HI titers was
observed in the untreated group (Log, HI titer <1-7) relative to the treated birds (Log, HI titer
2-6) at 14 dpt (Fig 4A). The rapid seroconversion of rChIFN-a-treated chickens is similar to
that observed in the pc4-LAIV vaccination group (Fig 1).

Gene expression in chickens treated with rChIFN-a in drinking water

Biological activity of orally-administered rChIFN-a was previously reported to correlate with
increase in the level of Mx1 and 2/,5'-OAS gene expression in trachea tissues [30]. In this study,
we focused on the effect of oral rChIFN-a. treatment on the expression of these two ISGs along
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Fig 4. Oral rChIFN-a treatment in chickens. (A) Antibody response to vaccination with inactivated vaccine
(IV) with or without rChIFN-a (IFN) treatment at 8 and 14 days post vaccination (dpv). (B) ISG and IFN gene
responses in spleens of unvaccinated chickens at 1 and 3 days post treatment (dpt). (C) Comparison of ISG
and IFN gene responses in spleens of chickens vaccinated with 1V with or without rChIFN-a treatment at
3dpt. All groups were included in the statistical analysis where the untreated control group was used as the
reference. Statistical significance, *p<0.05, **p<0.001.

doi:10.1371/journal.pone.0156603.g004
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with type I IFN (IFN-a/B) and IFN-y genes. As shown in Fig 4B, treatment with rChIFN-o.
resulted in significant upregulation of 2',5'-OAS and IFN-y genes in spleen tissues harvested
from unvaccinated chickens at 3 dpt. The rChIFN-a treatment did not cause upregulation of
2/,5'-0AS, Mx1, and IFN-y gene expression in spleen at 1 dpt. While the transcription levels of
2/,5'-OAS and IFN-y genes were upregulated in birds administered with inactivated vaccine,
there was no statistical difference between rChIFN-a-treated and untreated birds (Fig 4C).

Effect of type | IFN treatment on immunogenicity and heterologous
protection efficacy of pc2-LAIV

Aforementioned data suggests that immunogenicity of NSI-truncated LAIV candidates is par-
tially dependent on the levels of type I IFN induced in vivo. Thus, we hypothesized that the
poor immunogenicity and inefficacy of pc2-LAIV is mainly due to the lower type I IFN induc-
tion capacity in chickens and tested whether oral treatment with type I IFN can boost the pro-
tective efficacy of pc2-LAIV. Thirty five chickens were divided into five groups (n = 7 per
group): unvaccinated control; pc2-LAIV vaccination; IFN treatment + pc2-LAIV vaccination
(exogenous rChIFN-o treatment); poly I:C treatment + pc2-LAIV LAIV vaccination (endoge-
nous IFN induction); and pc4-LAIV vaccination groups. Poly I:C was previously shown to
enhance adaptive immune responses to influenza vaccine in chickens [31]. Vaccine immuno-
genicity was first assessed by testing serum HI antibody titer. As described above (Fig 1),
pc4-LAIV vaccination provoked an early antibody response at 8 dpv (5 out of 8 birds (65.5%)),
but no antibody response was detected in pc2-LAIV-vaccinated animals even after treatment
with exogenous rChIFN-a or poly I:C (Fig 5). At 15 dpv, we challenged the birds with a heter-
ologous (H7N2) virus and compared the protective efficacy among the vaccination groups.
One bird in the unvaccinated control group was euthanized at 2 days post challenge (dpc) due
to severe clinical symptoms (ruffled feathers and periorbital swelling). Consistent with the pre-
vious report [17], pc4-LAIV vaccination consistently showed the highest degree of protection
against the heterologous challenge virus as indicated by EIDs, equivalent titers detected by
qRT-PCR (Fig 6, top (p<0.001)) and confirmed by virus isolation in MDCK cells at 2 and 4
dpc (Fig 6, bottom (2 dpc, p<0.001; 4 dpc, p<0.05)). In contrast, significant reduction of virus
shedding by pc2-LAIV vaccination was only detected in 4 dpc samples using the virus isolation
method (Fig 6, bottom right (p<0.05)). Of note, treatment of birds with rChIFN-o. prior to
pc2-LAIV vaccination led to a significant reduction in the titer of re-isolated challenge virus at
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Fig 5. Pre-challenge antibody responses. The development of antibody response was monitored at 8 and
13 days post-vaccination (dpv). Horizontal bars represent mean antibody titer for the group (n = 7).

doi:10.1371/journal.pone.0156603.g005
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Fig 6. Replication and shedding of heterologous challenge virus. Top: Viral titers expressed as median
(50%) egg-infectious dose equivalent by qRT-PCR (see Materials and Methods) [27, 28]. Bottom: viral titers
re-isolated in MDCK cells. Horizontal bars represent mean antibody titer for the group (n = 7). dpc, days post
challenge. TCIDso, median (50%) tissue culture infective dose. *p<0.05. **p<0.001.

doi:10.1371/journal.pone.0156603.g006

both time points (Fig 6, bottom (2 dpc, p<0.001; 4 dpc, p<0.05)) and virus detected by qPCR
at 4 dpc (Fig 6, top right (p<0.001)). Poly I:C treatment did not enhance the efficacy of
pc2-LAIV, rather it appears to have increased the level of virus replication (Fig 6).

Discussion

We have compared two NSI1-truncated mutants in terms of their immunogenicity, ability to
induce IFN and ISG responses, and protective efficacy in four-week-old chickens. During the
first two weeks post vaccination, the development of adaptive immune responses was moni-
tored by measuring HI antibody titers in serum samples. In line with our previous observation
[17], pc4-LAIV was superior to pc2-LAIV in terms of inducing seroconversion and HI anti-
bodies in chickens. In addition, the current study has provided new insight into induction of
adaptive immune responses by NSI-truncated LAIV candidates. We have demonstrated that
pc4-LAIV consistently induced a rapid antibody response within 8 days following intranasal
vaccination (Figs 1 and 5). This can shorten the risk period between vaccination and the devel-
opment of protective immunity especially in young birds that do not respond well to inacti-
vated vaccines [32]. The inability of pc2-LAIV to induce seroconversion may be attributed to
over-attenuation (suboptimal replication) (Fig 1) and poor immunogenicity of the vaccine.

In general, NSI-truncated mutants are attenuated in avian and mammalian species partly
due to induction of high type I IFN responses [16, 33]. The type I IFN is also known to enhance
the mucosal and systemic adaptive immune responses [34-36]. In chickens, rChIFN-o treat-
ment was shown to induce more rapid seroconversion to natural infection by low-pathogenic-
ity influenza virus [37]. In mice, IFN-0/f treatment promoted fast and polyclonal antibody
responses [38] and a recombinant rabies virus expressing IFN-o.1 was shown to stimulate an
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antibody response that was more rapid compared to the isogenic wildtype virus [39]. Thus,
induction of rapid immune responses by the pc4-LAIV may be due to its capacity to trigger
higher levels of type I IFN compared to pc2-LAIV and rgWT virus [18].

Contrary to the high levels of type I IFN induced in primary chicken fibroblast cells [18],
expression of IFN-o/f3 genes was generally not upregulated except for a small but statistically
significant increase in IFN-o transcription in 3 dpv spleens of the pc2-LAIV group (Fig 3). The
discrepancy between in vitro and in vivo IFN inducing capacities of our vaccine candidates is a
subject for future study. Penski et al [40] reported a similar discrepancy where a set of
NSI-truncated mutants were able to induce high levels of IFN in chicken cell cultures but were
poor inducers in chickens, in vivo, in a manner that correlated with virus replication. The fact
that our vaccine candidates and the isogenic rgWT virus are very attenuated in chickens (<10’
EIDso/ml of swab eluate) (Fig 1) could explain why we did not see upregulation of IFN genes in
trachea and spleen tissues collected at 1 and 3 dpv/dpi. However, it does not explain why there
was significant upregulation of the 2/,5" OAS gene in trachea and spleen tissues of chickens vac-
cinated with pc4-LAIV or infected with rgWT and Mx gene in tracheal tissues from pc4-LAIV-
vaccinated chickens (Fig 3). It is possible that both pc4-LAIV and rgWT were able to induce
some IFN that triggered ISG upregulation [41]. We could have missed a critical time point for
IFN-o/B gene detection or a cell population that produces large amounts of the cytokine in
chickens [40]. Alternatively, ISG transcription may have been triggered directly by the virus
infection independently of IFN signaling [42, 43]. For example, the 2/,5-OAS gene can be acti-
vated by dsRNA independently of IFN signaling [43]. The level of ISG transcription can also be
affected by the ability of truncated or full-size NS1 proteins to suppress epigenetic control of
gene regulation [44, 45]. Although our study focused on the 2’,5'-OAS and Mx genes, there are
more than 300 ISGs [46]. An in-depth study is required to identify ISGs that are critical for vac-
cine efficacy and to delineate the mechanism of ISG upregulation by the NSI-truncated LAIV
candidates.

We reasoned that if the rapid seroconversion triggered by pc4-LAIV was due to ISG upregu-
lation, a similar response could be produced through rChIFN-o treatment. As observed in the
study published by Meng et al. [30], rChIFN-a treatment resulted in elevated levels of 2',5'-
OAS gene expression in spleen at 3 dpt (Fig 4B). Thus, our orally-administered rChIFN-a was
biologically active. Clearly, the rapid antibody development in birds treated with rChIFN-o
and vaccinated with whole inactivated rgWT virus vaccine (Fig 4A) was similar to that
observed in pc4-vaccinated birds (Figs 1 and 5). It is worth noting that both the rgWT virus
and pc4-LAIV have the same backbone genes and proteins except for the NS1 gene/protein
[17] and humoral immune response to whole virus inactivated vaccine is mainly directed to
HA and NA proteins (not the NS1 protein) [47]. Therefore, a whole inactivated pc4 vaccine is
also expected to induce rapid seroconversion in rChIFN-o. treated chickens. Future work
should determine how ISGs, IFN, and pc4-LAIV interdependently or independently trigger the
acceleration of adaptive immune responses.

The poor efficacy of pc2-LAIV may result from an inability to induce high levels of type I
IFN [19] or ISGs (Fig 3). This prompted us to test whether direct (exogenous) IFN treatment
or endogenous IFN induction by poly I:C can enhance pc2-LAIV efficacy. Heterologous pro-
tection by pc2-LAIV was significantly enhanced by rChIFN-o treatment (Fig 6). Although the
in vivo half-life of rChIFN-o has yet to be determined, non-PEGylated interferons have short
in vivo half-lives due to low stability. For example, in humans, orally administered non-PEGy-
lated IFN has a half-life of up to 8.5 hours [48]. Since the rChIFN-o, was administered for 4
days and withdrawn on the day of vaccination and the chickens were challenged at 2 weeks
post vaccination, it is less likely that reduction of virus shedding was due to the innate effects of
IFN.
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The failure of pc2-LAIV to induce an antibody response when administered together with
rChIFN-a is intriguing since rChIFN-a was previously shown to facilitate seroconversion of
chickens after natural infection by low pathogenicity avian influenza virus [37]. The ability of
IFN to facilitate seroconversion in the context of live virus may depend on the virus strain. The
enhanced protective efficacy of pc2-LAIV in rChIFN-a treated chickens may be due to stimu-
lation of cross-protective cell-mediated immunity [49-51]. We will address this possibility in a
separate study. Another unexpected result was the observation that poly I:C treatment not only
failed to enhance pc2-LAIV efficacy but also appeared to cause a slight increase in virus shed-
ding at 4 dpc (Fig 6). We speculate that the dose of poly I:C (100 ug/bird) used in this study
was not optimal for pc2-LAIV even though it was previously shown to enhance adaptive
immune responses to inactivated avian H5N1 influenza vaccine in chickens [31].

In this study, we have demonstrated that the level of antibody induction and protective effi-
cacy of NSI-truncated LAIV in chickens correlates well with upregulation of ISG expression.
An in-depth analysis such as systems biology [52] is required to determine which ISGs need to
be upregulated to enhance NSI-truncated LAIV efficacy.

Acknowledgments

The authors would like to thank Dr. Juliette Hanson, Megan Strother and Dennis Hartzler for
assistance with animal care. This study was partially supported by the SEEDS fund (2012009)
from the Ohio Agricultural Research and Development Center, The Ohio State University.

Author Contributions

Conceived and designed the experiments: H] JMN CWL. Performed the experiments: H] JMN
CWL. Analyzed the data: H] JMN CWL. Contributed reagents/materials/analysis tools: CWL.
Wrote the paper: H] JMN CWL.

References

1. Bean WJ, Kawaoka Y, Wood JM, Pearson JE, Webster RG. Characterization of virulent and avirulent
A/chicken/Pennsylvania/83 influenza A viruses: potential role of defective interfering RNAs in nature. J
Virol. 1985; 54(1):151-60. Epub 1985/04/01. PMID: 3973976; PubMed Central PMCID:
PMCPMC254772.

2. Capuall, Mutinelli F, Pozza MD, Donatelli I, Puzelli S, Cancellotti FM. The 1999—2000 avian influenza
(H7N1) epidemic in Italy: veterinary and human health implications. Acta Trop. 2002; 83(1):7—11. Epub
2002/06/14. PMID: 12062787.

Cyranoski D. Outbreak of chicken flu rattles Hong Kong. Nature. 2001; 412(6844): 261.

4. Fouchier RA, Schneeberger PM, Rozendaal FW, Broekman JM, Kemink SA, Munster V, et al. Avian
influenza A virus (H7N7) associated with human conjunctivitis and a fatal case of acute respiratory dis-
tress syndrome. Proc Natl Acad Sci U S A. 2004; 101(5):1356—61. Epub 2004/01/28. doi: 10.1073/
pnas.0308352100 PMID: 14745020; PubMed Central PMCID: PMCPMC337057.

5. Capual, Alexander DJ. Avian influenza: recent developments. Avian Pathol. 2004; 33(4):393-404.
Epub 2004/09/17. doi: 10.1080/03079450410001724085 PMID: 15370036.

6. Hvistendahl M. Avian influenza. Enigmatic bird flu strain races across the U.S. Midwest. Science. 2015;
348: 741-2. doi: 10.1126/science.348.6236.741 PMID: 25977528

7. Chan PK. Outbreak of avian influenza A(H5N1) virus infection in Hong Kong in 1997. Clin Infect Dis.
2002; 34 Suppl 2:558-64. Epub 2002/04/09. doi: 10.1086/338820 PMID: 11938498.

8. FenglL, WuJT, Liu X, Yang P, Tsang TK, Jiang H, et al. Clinical severity of human infections with avian
influenza A(H7N9) virus, China, 2013/14. Euro Surveill. 2014; 19(49). Epub 2014/12/20. PMID:
25523971; PubMed Central PMCID: PMCPMC4454636.

9. Tang RB, Chen HL. An overview of the recent outbreaks of the avian-origin influenza A (H7N9) virus in
the human. J Chin Med Assoc. 2013; 76(5):245-8. Epub 2013/05/09. doi: 10.1016/j.jcma.2013.04.003
PMID: 23651506.

PLOS ONE | DOI:10.1371/journal.pone.0156603 June 3,2016 11/13


http://www.ncbi.nlm.nih.gov/pubmed/3973976
http://www.ncbi.nlm.nih.gov/pubmed/12062787
http://dx.doi.org/10.1073/pnas.0308352100
http://dx.doi.org/10.1073/pnas.0308352100
http://www.ncbi.nlm.nih.gov/pubmed/14745020
http://dx.doi.org/10.1080/03079450410001724085
http://www.ncbi.nlm.nih.gov/pubmed/15370036
http://dx.doi.org/10.1126/science.348.6236.741
http://www.ncbi.nlm.nih.gov/pubmed/25977528
http://dx.doi.org/10.1086/338820
http://www.ncbi.nlm.nih.gov/pubmed/11938498
http://www.ncbi.nlm.nih.gov/pubmed/25523971
http://dx.doi.org/10.1016/j.jcma.2013.04.003
http://www.ncbi.nlm.nih.gov/pubmed/23651506

@’PLOS ‘ ONE

Interferon Responses Correlate with Influenza Vaccine Efficacy in Chickens

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

Koopmans M, Wilbrink B, Conyn M, Natrop G, van der Nat H, Vennema H, et al. Transmission of H7N7
avian influenza A virus to human beings during a large outbreak in commercial poultry farms in the
Netherlands. Lancet. 2004; 363(9409):587-93. Epub 2004/02/28. doi: 10.1016/s0140-6736(04)15589-
x PMID: 14987882.

Swayne DE, Kapczynski D. Strategies and challenges for eliciting immunity against avian influenza
virus in birds. Immunol Rev. 2008; 225:314—-31. Epub 2008/10/08. doi: 10.1111/j.1600-065X.2008.
00668.x PMID: 18837791.

Lee CW, Suarez DL. Avian influenza virus: prospects for prevention and control by vaccination. Anim
Health Res Rev. 2005; 6(1):1-15. Epub 2005/09/17. PMID: 16164006.

Elaish M, Kang K, Xia M, Ali A, Shany SA, Wang L, et al. Inmunogenicity and protective efficacy of the
norovirus P particle-M2e chimeric vaccine in chickens. Vaccine. 2015; 33(38):4901-9. Epub 2015/08/
02. doi: 10.1016/j.vaccine.2015.07.049 PMID: 26232342.

Pica N, Palese P. Toward a universal influenza virus vaccine: prospects and challenges. Annu Rev Med.
2013; 64:189-202. Epub 2013/01/19. doi: 10.1146/annurev-med-120611-145115 PMID: 23327522.

Garcia-Sastre A, Egorov A, Matassov D, Brandt S, Levy DE, Durbin JE, et al. Influenza A virus lacking
the NS1 gene replicates in interferon-deficient systems. Virology. 1998; 252(2):324—30. Epub 1999/01/
08. PMID: 9878611.

Richt JA, Garcia-Sastre A. Attenuated influenza virus vaccines with modified NS1 proteins. Curr Top
Microbiol Immunol. 2009; 333:177-95. Epub 2009/09/22. doi: 10.1007/978-3-540-92165-3_9 PMID:
19768406.

Wang L, Suarez DL, Pantin-Jackwood M, Mibayashi M, Garcia-Sastre A, Saif YM, et al. Characteriza-
tion of influenza virus variants with different sizes of the non-structural (NS) genes and their potential as
a live influenza vaccine in poultry. Vaccine. 2008; 26(29-30):3580—6. Epub 2008/06/10. doi: 10.1016/j.
vaccine.2008.05.001 PMID: 18539366; PubMed Central PMCID: PMCPMC2785844.

Marcus PI, Ngunijiri JM, Sekellick MJ, Wang L, Lee CW. In vitro analysis of virus particle subpopulations
in candidate live-attenuated influenza vaccines distinguishes effective from ineffective vaccines. J
Virol. 2010; 84(21):10974-81. Epub 2010/08/27. doi: 10.1128/jvi.00502-10 PMID: 2073954 1; PubMed
Central PMCID: PMCPMC2953188.

Ngunijiri JM, Lee CW, Ali A, Marcus PI. Influenza virus interferon-inducing particle efficiency is reversed in
avian and mammalian cells, and enhanced in cells co-infected with defective-interfering particles. J Inter-
feron Cytokine Res. 2012; 32(6):280-5. Epub 2012/03/06. doi: 10.1089/jir.2011.0102 PMID: 22385205.

Lee CW. Reverse genetics of influenza virus. Methods Mol Biol. 2014; 1161:37-50. doi: 10.1007/978-
1-4939-0758-8_4 PMID: 24899418

Ibrahim M, Sultan HA, Razik AG, Kang K, Arafa AS, Shehata AA, et al. Development of broadly reac-
tive H5N1 vaccine against different Egyptian H5N1 viruses. Vaccine. 2015; 33(23):2670-7. doi: 10.
1016/j.vaccine.2015.04.023 PMID: 25910922

Sekellick MJ, Ferrandino AF, Hopkins DA, Marcus PI. Chicken interferon gene: cloning, expression,
and analysis. J Interferon Res. 1994; 14(2):71-9. PMID: 7521382

Pawar SD, Murtadak VB, Kale SD, Shinde PV, Parkhi SS. Evaluation of different inactivation methods
for high and low pathogenic avian influenza viruses in egg-fluids for antigen preparation. J Virol Meth-
ods. 2015; 222:28-33. doi: 10.1016/j.jviromet.2015.05.004 PMID: 25997377

Jang H, Koo BS, Jeon EO, Lee HR, Lee SM, Mo IP. Altered pro-inflammatory cytokine mRNA levels in
chickens infected with infectious bronchitis virus. Poult Sci. 2013; 92(9):2290-8. doi: 10.3382/ps.2013-
03116 PMID: 23960111

Kapczynski DR, Jiang HJ, Kogut MH. Characterization of cytokine expression induced by avian influ-
enza virus infection with real-time RT-PCR. Methods Mol Biol. 2014; 1161:217-33. doi: 10.1007/978-1-
4939-0758-8_18 PMID: 24899432

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR
and the 2(-Delta Delta C(T)) Method. Methods. 2001; 25(4):402—8. PMID: 11846609

Spackman E, Senne DA, Myers TJ, Bulaga LL, Garber LP, Perdue ML, et al. Development of a real-
time reverse transcriptase PCR assay for type A influenza virus and the avian H5 and H7 hemagglutinin
subtypes. J Clin Microbiol. 2002; 40(9):3256—60. PMID: 12202562

Lee CW, Suarez DL. Application of real-time RT-PCR for the quantitation and competitive replication
study of H5 and H7 subtype avian influenza virus. J Virol Methods. 2004; 119(2):151-8. PMID: 15158597
Reed L, Muench H. A simple method of estimating fifty percent endpoints. American Journal of Epide-
miology. 1938; 27(3):493-7.

Meng S, Yang L, Xu C, Qin Z, Xu H, Wang Y, et al. Recombinant chicken interferon-a inhibits HON2
avian influenza virus replication in vivo by oral administration. J Interferon Cytokine Res. 2011; 31
(7):533-8. doi: 10.1089/jir.2010.0123 PMID: 21323426

PLOS ONE | DOI:10.1371/journal.pone.0156603 June 3,2016 12/13


http://dx.doi.org/10.1016/s0140-6736(04)15589-x
http://dx.doi.org/10.1016/s0140-6736(04)15589-x
http://www.ncbi.nlm.nih.gov/pubmed/14987882
http://dx.doi.org/10.1111/j.1600-065X.2008.00668.x
http://dx.doi.org/10.1111/j.1600-065X.2008.00668.x
http://www.ncbi.nlm.nih.gov/pubmed/18837791
http://www.ncbi.nlm.nih.gov/pubmed/16164006
http://dx.doi.org/10.1016/j.vaccine.2015.07.049
http://www.ncbi.nlm.nih.gov/pubmed/26232342
http://dx.doi.org/10.1146/annurev-med-120611-145115
http://www.ncbi.nlm.nih.gov/pubmed/23327522
http://www.ncbi.nlm.nih.gov/pubmed/9878611
http://dx.doi.org/10.1007/978-3-540-92165-3_9
http://www.ncbi.nlm.nih.gov/pubmed/19768406
http://dx.doi.org/10.1016/j.vaccine.2008.05.001
http://dx.doi.org/10.1016/j.vaccine.2008.05.001
http://www.ncbi.nlm.nih.gov/pubmed/18539366
http://dx.doi.org/10.1128/jvi.00502-10
http://www.ncbi.nlm.nih.gov/pubmed/20739541
http://dx.doi.org/10.1089/jir.2011.0102
http://www.ncbi.nlm.nih.gov/pubmed/22385205
http://dx.doi.org/10.1007/978-1-4939-0758-8_4
http://dx.doi.org/10.1007/978-1-4939-0758-8_4
http://www.ncbi.nlm.nih.gov/pubmed/24899418
http://dx.doi.org/10.1016/j.vaccine.2015.04.023
http://dx.doi.org/10.1016/j.vaccine.2015.04.023
http://www.ncbi.nlm.nih.gov/pubmed/25910922
http://www.ncbi.nlm.nih.gov/pubmed/7521382
http://dx.doi.org/10.1016/j.jviromet.2015.05.004
http://www.ncbi.nlm.nih.gov/pubmed/25997377
http://dx.doi.org/10.3382/ps.2013-03116
http://dx.doi.org/10.3382/ps.2013-03116
http://www.ncbi.nlm.nih.gov/pubmed/23960111
http://dx.doi.org/10.1007/978-1-4939-0758-8_18
http://dx.doi.org/10.1007/978-1-4939-0758-8_18
http://www.ncbi.nlm.nih.gov/pubmed/24899432
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://www.ncbi.nlm.nih.gov/pubmed/12202562
http://www.ncbi.nlm.nih.gov/pubmed/15158597
http://dx.doi.org/10.1089/jir.2010.0123
http://www.ncbi.nlm.nih.gov/pubmed/21323426

@’PLOS ‘ ONE

Interferon Responses Correlate with Influenza Vaccine Efficacy in Chickens

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,
43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Liang J, Fu J, Kang H, Lin J, Yu Q, Yang Q. Comparison of 3 kinds of Toll-like receptor ligands for inacti-
vated avian H5N1 influenza virus intranasal immunization in chicken. Poult Sci. 2013; 92(10):2651-60.
doi: 10.3382/ps.2013-03193 PMID: 24046412

Stone HD. Efficacy of avian influenza oil-emulsion vaccines in chickens of various ages. Avian Dis.
1987; 31(3):483-90. PMID: 2960309

Ngunijiri JM, Ali A, Boyaka P, Marcus PI, Lee CW. In Vivo Assessment of NS1-Truncated Influenza
Virus with a Novel SLSYSINWRH Motif as a Self-Adjuvanting Live Attenuated Vaccine. PLoS One.
2015; 10(3):e0118934. doi: 10.1371/journal.pone.0118934 PMID: 25790187

Bracci L, Canini |, Venditti M, Spada M, Puzelli S, Donatelli |, et al. Type | IFN as a vaccine adjuvant for
both systemic and mucosal vaccination against influenza virus. Vaccine. 2006; 24 Suppl 2:52-56-7.

Le Bon A, Durand V, Kamphuis E, Thompson C, Bulfone-Paus S, Rossmann C, et al. Direct stimulation
of T cells by type | IFN enhances the CD8+ T cell response during cross-priming. J Immunol. 2006; 176
(8):4682-9. PMID: 16585561

Nagao Y, Yamashiro K, Hara N, Horisawa Y, Kato K, Uemura A. Oral-mucosal administration of IFN-
alpha potentiates immune response in mice. J Interferon Cytokine Res. 1998; 18(9):661-6. PMID:
9781804

Marcus PI, Girshick T, van der Heide L, Sekellick MJ. Super-sentinel chickens and detection of low-
pathogenicity influenza virus. Emerg Infect Dis. 2007; 13(10):1608—10. doi: 10.3201/eid1310.061552
PMID: 18258021

Braun D, Caramalho |, Demengeot J. IFN-alpha/beta enhances BCR-dependent B cell responses. Int
Immunol. 2002; 14(4):411-9. PMID: 11934877

Wang Y, Tian Q, Xu X, Yang X, Luo J, Mo W, et al. Recombinant rabies virus expressing IFNa1
enhanced immune responses resulting in its attenuation and stronger immunogenicity. Virology. 2014;
468-470:621-30. doi: 10.1016/j.virol.2014.09.010 PMID: 25310498

Penski N, Hartle S, Rubbenstroth D, Krohmann C, Ruggli N, Schusser B, et al. Highly pathogenic avian
influenza viruses do not inhibit interferon synthesis in infected chickens but can override the interferon-
induced antiviral state. J Virol. 2011; 85(15):7730—41. doi: 10.1128/JVI.00063-11 PMID: 21613402

Borden EC, Sen GC, Uze G, Silverman RH, Ransohoff RM, Foster GR, et al. Interferons at age 50:
past, current and future impact on biomedicine. Nat Rev Drug Discov. 2007; 6(12):975-90. PMID:
18049472

Sen GC, Peters GA. Viral stress-inducible genes. Adv Virus Res. 2007; 70:233-63. PMID: 17765707

Pulit-Penaloza JA, Scherbik SV, Brinton MA. Type 1 IFN-independent activation of a subset of inter-
feron stimulated genes in West Nile virus Eg101-infected mouse cells. Virology. 2012; 425(2):82—94.
doi: 10.1016/j.virol.2012.01.006 PMID: 22305622

Marazzi |, Ho JS, Kim J, Manicassamy B, Dewell S, Albrecht RA, et al. Suppression of the antiviral
response by an influenza histone mimic. Nature. 2012; 483(7390):428-33. doi: 10.1038/nature10892
PMID: 22419161

Menachery VD, Eisfeld AJ, Schafer A, Josset L, Sims AC, Proll S, et al. Pathogenic influenza viruses
and coronaviruses utilize similar and contrasting approaches to control interferon-stimulated gene
responses. MBio. 2014; 5(3):e01174—14. doi: 10.1128/mBio.01174-14 PMID: 24846384

de Veer MJ, Holko M, Frevel M, Walker E, Der S, Paranjape JM, et al. Functional classification of inter-
feron-stimulated genes identified using microarrays. J Leukoc Biol. 2001; 69(6):912—20. PMID:
11404376

Wright P, Neumann G, Kawaoka Y. Orthomyxoviruses. In: Knipe D, Howley P, editors. Fields Virology.
1. Philadelphia: Lippincott; 2013. p. 1186-243.

Kim'Y, Thapa M, Hua DH, Chang KO. Biodegradable nanogels for oral delivery of interferon for norovi-
rus infection. Antiviral Res. 2011; 89(2):165-73. doi: 10.1016/j.antiviral.2010.11.016 PMID: 21144866

Forrest BD, Pride MW, Dunning AJ, Capeding MR, Chotpitayasunondh T, Tam JS, et al. Correlation of
cellularimmune responses with protection against culture-confirmed influenza virus in young children.
Clin Vaccine Immunol. 2008; 15(7):1042-53. doi: 10.1128/CV1.00397-07 PMID: 18448618

Nfon C, Berhane Y, Pasick J, Kobinger G, Kobasa D, Babiuk S. Prior infection of chickens with H1N1
avian influenza virus elicits heterologous protection against highly pathogenic HSN2. Vaccine. 2012; 30
(50):7187-92. doi: 10.1016/j.vaccine.2012.10.021 PMID: 23084852

Sasaki S, Holmes TH, Albrecht RA, Garcia-Sastre A, Dekker CL, He XS, et al. Distinct cross-reactive
B-cell responses to live attenuated and inactivated influenza vaccines. J Infect Dis. 2014; 210(6):865—
74. doi: 10.1093/infdis/jiu190 PMID: 24676204

Nakaya HI, Wrammert J, Lee EK, Racioppi L, Marie-Kunze S, Haining WN, et al. Systems biology of
vaccination for seasonal influenza in humans. Nat Immunol. 2011; 12(8):786—-95. doi: 10.1038/ni.2067
PMID: 21743478

PLOS ONE | DOI:10.1371/journal.pone.0156603 June 3,2016 13/13


http://dx.doi.org/10.3382/ps.2013-03193
http://www.ncbi.nlm.nih.gov/pubmed/24046412
http://www.ncbi.nlm.nih.gov/pubmed/2960309
http://dx.doi.org/10.1371/journal.pone.0118934
http://www.ncbi.nlm.nih.gov/pubmed/25790187
http://www.ncbi.nlm.nih.gov/pubmed/16585561
http://www.ncbi.nlm.nih.gov/pubmed/9781804
http://dx.doi.org/10.3201/eid1310.061552
http://www.ncbi.nlm.nih.gov/pubmed/18258021
http://www.ncbi.nlm.nih.gov/pubmed/11934877
http://dx.doi.org/10.1016/j.virol.2014.09.010
http://www.ncbi.nlm.nih.gov/pubmed/25310498
http://dx.doi.org/10.1128/JVI.00063-11
http://www.ncbi.nlm.nih.gov/pubmed/21613402
http://www.ncbi.nlm.nih.gov/pubmed/18049472
http://www.ncbi.nlm.nih.gov/pubmed/17765707
http://dx.doi.org/10.1016/j.virol.2012.01.006
http://www.ncbi.nlm.nih.gov/pubmed/22305622
http://dx.doi.org/10.1038/nature10892
http://www.ncbi.nlm.nih.gov/pubmed/22419161
http://dx.doi.org/10.1128/mBio.01174-14
http://www.ncbi.nlm.nih.gov/pubmed/24846384
http://www.ncbi.nlm.nih.gov/pubmed/11404376
http://dx.doi.org/10.1016/j.antiviral.2010.11.016
http://www.ncbi.nlm.nih.gov/pubmed/21144866
http://dx.doi.org/10.1128/CVI.00397-07
http://www.ncbi.nlm.nih.gov/pubmed/18448618
http://dx.doi.org/10.1016/j.vaccine.2012.10.021
http://www.ncbi.nlm.nih.gov/pubmed/23084852
http://dx.doi.org/10.1093/infdis/jiu190
http://www.ncbi.nlm.nih.gov/pubmed/24676204
http://dx.doi.org/10.1038/ni.2067
http://www.ncbi.nlm.nih.gov/pubmed/21743478

