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Abstract:  Ϯϱ 

Seasonal influenza viruses (IAV) are a common cause of acute respiratory illness worldwide and Ϯϲ 

generate a significant socio-economic burden. IAV rapidly mutate, necessitating annual vaccine Ϯϳ 

reformulation as traditional vaccines do not typically induce broad-spectrum immunity. In Ϯϴ 

addition to seasonal infections, emerging pandemic influenza viruses present a continued threat Ϯϵ 

to global public health. Pandemic influenza viruses have consistently higher attack rates and are ϯϬ 

typically associated with greater mortality as compared to seasonal strains. Ongoing strategies to ϯϭ 

improve vaccine efficacy typically focus on providing broad-spectrum immunity, and while both ϯϮ 

B and T cells can mediate heterosubtypic responses, typical vaccine development will augment ϯϯ 

either humoral or cellular immunity. However, multipronged approaches, targeting several ϯϰ 

antigens, may limit the generation of viral escape mutants. There are few vaccine platforms that ϯϱ 

can deliver multiple antigens and generate robust cellular and humoral immunity.  In this work, ϯϲ 

we describe a novel vaccination strategy, tested pre-clinically in mice, for the delivery of novel ϯϳ 

bivalent viral-vectored vaccines. Here, we show this strategy elicits potent T cell responses ϯϴ 

toward highly conserved internal antigens, whilst simultaneously inducing high levels of ϯϵ 

antibodies towards hemagglutinin (HA). Importantly, these humoral responses generate long-ϰϬ 

lived plasma cells and generate antibodies capable of neutralising variant HA-expressing ϰϭ 

pseudotyped lentiviruses. Significantly, these novel viral-vectored vaccines induce strong ϰϮ 

immune responses capable of conferring protection in a stringent influenza A virus challenge. ϰϯ 

Thus, this vaccination regimen induces lasting efficacy toward influenza. Importantly, the ϰϰ 

simultaneous delivery of dual antigens may alleviate the selective pressure thought to potentiate ϰϱ 

antigenic diversity in avian influenza viruses.  ϰϲ 

  ϰϳ 
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Introduction  ϰϴ 

Seasonal influenza A virus (IAV) infections cause significant morbidity and mortality worldwide ϰϵ 

and remain a major public health concern. The novel avian-origin influenza A strain (H7N9), ϱϬ 

initially identified in 2013,  is now circulating with almost annual frequency and accounted for ϱϭ 

one-third of all cases n the 2016/2017 influenza season. Most worringly, the case-fatality rate for ϱϮ 

this virus exceeds 40% (1-3). In addition,  H7N9 influenza viruses have recently been assessed ϱϯ 

as having the highest potential pandemic risk of any novel influenza A viruses; this assessment is ϱϰ 

based on recent studies which indicate that H7N9 viruses have increased genetic diversity, ϱϱ 

geographical distribution, and in recent outbreaks a significantly higher proportion of H7N9-ϱϲ 

infected patients have needed care in an ICU (1-3). For the past 70 years vaccination has been ϱϳ 

the mainstay healthcare strategy against influenza infection (4-6). However traditional ϱϴ 

inactivated influenza vaccines (IIVs) confer strain-specific protection and do not typically induce ϱϵ 

the broad-spectrum immunity needed in the face of a newly emergent IAV (7-9). The possible ϲϬ 

threat of a pandemic outbreak has therefore catalysed the development of broadly protective IAV ϲϭ 

vaccines. ϲϮ 

 ϲϯ 

Recent strategies to augment and broaden vaccine efficacy have shifted towards the development ϲϰ 

of ‘universal’ vaccines capable of providing heterosubtypic protection against multiple, or ϲϱ 

possibly all subtypes of IAV. While both humoral and cellular immunity can mediate ϲϲ 

heterosubtypic responses, inducing antibodies against the more conserved stalk domain of ϲϳ 

hemagglutinin (HA) has been the recent focus of many vaccine programmes (10, 11). However, ϲϴ 

multipronged approaches, targeting several antigens inducing both humoral and cellular ϲϵ 

responses may limit the generation of viral escape mutants compared to vaccines targeting a ϳϬ 
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limited number of protective epitopes on the HA stalk . There are few vaccine technologies that ϳϭ 

will facilitate the delivery of multiple antigens to generate robust cellular and humoral immunity ϳϮ 

toward infectious disease antigens.   ϳϯ 

 ϳϰ 

Viral-vectored vaccines have been developed for the induction of strong humoral and potent ϳϱ 

cellular immunity toward encoded antigens. An added strength of this platform is that viral ϳϲ 

vectors can accommodate more than one antigen (12). For heterologous prime-boost vaccination ϳϳ 

strategies, typically, one viral vector (e.g. Chimpanzee Adenovirus (ChAd)) encoding the target ϳϴ 

antigen(s) is used for the priming vaccination and a different platform, most often Modified ϳϵ 

Vaccinia Ankara (MVA), is used for the boost or repeat vaccination. In the present study we ϴϬ 

describe novel ChAd and MVA-vectored vaccines designed to simultaneously induce ϴϭ 

heterosubtypic and protective B and T cell responses against three influenza A antigens, HA, NP ϴϮ 

and M1. Using a heterologous prime-boost strategy, we induce high levels of heterosubtypic and ϴϯ 

homologous immune responses targeting the major virion surface protein, HA and the conserved ϴϰ 

internal viral antigens NP and M1. We demonstrate protection, post prime-boost, vaccination in a ϴϱ 

stringent challenge model of mouse adapted avian IAV. ϴϲ 

 ϴϳ 

  ϴϴ 
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Materials and Methods ϴϵ 

Recombinant ChAd and MVA vaccines ϵϬ 

The construction of ChAdOx1 NP+M1 has been described previously (13). Details of the viral ϵϭ 

vectored vaccines used in these studies are as described in Table I : ϵϮ 

 ϵϯ 

Immunizations ϵϰ 

Procedures were performed according to the Scientific Procedures act 1986 (U.K.) and were ϵϱ 

approved by the University of Oxford Animal Care and Ethical Review Committee. 6-8 week-ϵϲ 

old female BALB/c (H-2d) mice were obtained from Harlan Laboratories, Oxfordshire and were ϵϳ 

housed under specific pathogen free conditions. All vaccines were formulated in endotoxin-free ϵϴ 

PBS and administered intramuscularly in a total volume of 50µL. BALB/c mice were immunized ϵϵ 

i.m. with either 10µg of HA7 protein or MVA (1x106 PFU of MVA-GFP or MVA-NP+M1 or ϭϬϬ 

MVA-NP+M1-H5 or MVA- NP+M1-H7) or  ChAdOx1 (2.2x106 iu of ChAdOx1 NP+M1 and/or ϭϬϭ 

1x108 iu ChAdOx1 H7 or 1x108 iu ChAdOx1 GFP). For prime-boost regimens mice were ϭϬϮ 

vaccinated with ChAdOx1 viral vectored vacines and eight weeks later all mice were boosted ϭϬϯ 

with 1x106 PFU of MVA ϭϬϰ 

 ϭϬϱ 

ELISpot ϭϬϲ 

Spleen ELISpot was performed to measure antigen-specific IFN-Ȗ as described previously ϭϬϳ 

(14).The immunodominant H2-Kd restricted (BALB/c) epitope NP147-158 (TYQRTRALV) was ϭϬϴ 

used to measure post-vaccination responses following vaccination regimens with NP+M1 (15). ϭϬϵ 

H7HA responses were measured after stimulation with  peptide pools. Two peptide pools were ϭϭϬ 

generated. The first pool contained peptides unique to A/Netherlands/219/2003. The second pool ϭϭϭ 
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contained peptides unique to A/Anhui/1/2013 and/or A/Shanghai/1/2013 when compared to ϭϭϮ 

A/Netherlands/219/2003 ϭϭϯ 

Briefly, peptides that were conserved between A/Netherlands/219/2003 and A/Anhui/1/2013 ϭϭϰ 

were pooled from the BEI resource (NR44011).  The resultant pool was representative of H7HA ϭϭϱ 

from A/Netherlands/219/2003 (H7N7). All peptides that differed between ϭϭϲ 

A/Netherlands/219/2003 (H7N7) and divergent strains (A/Anhui/1/2013 (H7N9) and ϭϭϳ 

A/Shanghai/1/2013) were pooled to generate a second peptide pool. This H7HA peptide pool is ϭϭϴ 

representative of regions of amino acid sequence diversity in the HA of A/Anhui/1/2013 (H7N9) ϭϭϵ 

and A/Shanghai/1/2013 (H7N9) when compared to the vaccine insert A/Netherlands/219/2003 ϭϮϬ 

(H7N7) and was generated from the BEI (NR44011 and NR-44012). H7 peptide pools were ϭϮϭ 

obtained through BEI Resources, NIAID, NIH: Peptide Array, Influenza Virus ϭϮϮ 

A/Shanghai/1/2013 (H7N9) Hemagglutinin Protein Diverse Peptides, NR-44012. Medium alone ϭϮϯ 

was used as a negative control and pools of overlapping peptides (H7HA) or the NP147-158 ϭϮϰ 

(TYQRTRALV) were added typically at 2ȝg/mL. ϭϮϱ 

 ϭϮϲ 

ELISA ϭϮϳ 

ELISA was performed essentially as described (14). Nunc Maxisorp® 96-well plates were ϭϮϴ 

coated with 0.1ȝg recombinant protein (H7HA protein was produced in-house as described (16)) ϭϮϵ 

and recombinant H5HA protein (A/Vietnam/1203/2004 (H5N1), Recombinant from Baculovirus, ϭϯϬ 

NR-10510 from BEI resources) per well and plates were washed and until the 5th dilution of the ϭϯϭ 

reference standard (1:1,600 dilution) reached an approximate OD450 value of 1. This point was ϭϯϮ 

defined as 1 Relative ELISA Unit (REU) and REU of test sera were calculated essentially as ϭϯϯ 

described (14, 17).  ϭϯϰ 



ϳ 
 

 ϭϯϱ 

IgG Antibody Secreting Cell ELISPOT Assay ϭϯϲ 

Bone marrow IgG Antibody Secreting Cell ELISPOT Assay was performed as described (18, 19) ϭϯϳ 

using approximately 1x107 cells/mL in complete Iscove’s that had been rested overnight. ϭϯϴ 

MultiScreen-IP filter plates were coated with 0.5ȝg recombinant HA while negative control ϭϯϵ 

wells were coated with irrelevant protein (0.5ȝg ovalbumin).  ϭϰϬ 

 ϭϰϭ 

Pseudotype Neutralisation Assay ϭϰϮ 

Starting with an initial 1:40 dilution, test sera was diluted 2-fold in complete DMEM and assayed ϭϰϯ 

as described (14)  Results were normalized relative to cell-only and pseudotyped lentivirus-only ϭϰϰ 

wells and expressed as the percentage of inhibition of pseudotyped lentivirus entry ϭϰϱ 

(neutralisation). The half maximal inhibitory concentration (IC50) was calculated using GraphPad ϭϰϲ 

Prism 6 software. ϭϰϳ 

 ϭϰϴ 

Challenge  ϭϰϵ 

All animal protocols were reviewed and approved by the Mount Sinai Institutional Animal Care ϭϱϬ 

and Use Committee (IACUC). To assess the protective efficacy of the prime-boost vaccination ϭϱϭ 

regimen, 6-8 week-old female BALB/c (H-2d) mice (Jackson Laboratories Inc) were primed with ϭϱϮ 

either ChAdOx1 NP+M1 (1.1 x 107 infectious units (IU), Group 1), ChAdOx1-H7 HA (1 x 108 ϭϱϯ 

IU, Group 2), or ChAdOx1-GFP (1 x 108IU, Group 4) (n=10 mice per group). All viral vectors ϭϱϰ 

were administered intramuscularly in the musculus tibialis in a final volume of 50µL. One group ϭϱϱ 

of animals received both ChAdOx1 NP+M1 and ChAdOx1-H7 HA, where each virus was ϭϱϲ 

injected into seperate limbs (n=5 mice per group; Group 3). Animals vaccinated with 10ȝg of ϭϱϳ 
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recombinant H7 from A/Anhui/1/13 (H7N9) supplemented with 5 ȝg of R848 (Invivogen Inc) ϭϱϴ 

served as a positive control (n=10, Group 5).  Naïve animals remained unvaccinated (n=10, ϭϱϵ 

Group 6). Eight weeks following the prime, Groups 1, 2, and 3 were boosted intramuscularly ϭϲϬ 

with MVA-NP+M1 (1 x 106 IU). Group 4 received MVA-GFP as a boost and Group 5 was ϭϲϭ 

administered 10ȝL of recombinant HA with R848. Blood ELISpots were performed at two ϭϲϮ 

weeks post-boost to ensure successful vaccine uptake. Three weeks following boost vaccination ϭϲϯ 

all animals (n=55) were anesthetized and challenged with 5 murine 50% lethal doses 5xLD50 of a ϭϲϰ 

6:2 reassortment of A/Shanghai/1/13 (H7N9) virus.  Weight was monitored daily for 14 days; ϭϲϱ 

mice that lost 25% or more of their initial body weight were euthanized.  ϭϲϲ 

 ϭϲϳ 

Statistics ϭϲϴ 

Statistical analyses were carried out using GraphPad Prism software version 6 (GraphPad ϭϲϵ 

Software, La Jolla, CA). Data was tested for normal distribution and the appropriate statistical ϭϳϬ 

analysis applied.  ϭϳϭ 

 ϭϳϮ 

  ϭϳϯ 
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Results ϭϳϰ 

Immunogenicity of Novel Bivalent Poxviral-Vectored Vaccines Expressing NP+M1 and ϭϳϱ 

H5HA ϭϳϲ 

BALB/c mice were immunized intramuscularly (i.m.) with 1x106 plaque-forming units (PFU) of ϭϳϳ 

MVA-H5, a single antigen vector expressing the Group 1 HA, H5HA (A/Vietnam/1203/2004; ϭϳϴ 

H5N1), or, MVA-NP+M1-H5, a bivalent vaccine expressing the same H5HA antigen in addition ϭϳϵ 

to the T cell fusion antigen, NP+M1. ϭϴϬ 

 ϭϴϭ 

These new-generation bivalent constructs express NP+M1 using the early vaccinia promoter ϭϴϮ 

F11, while HA expression is driven by the P7.5 promoter. T cell immunogenicity was assessed 2 ϭϴϯ 

weeks after vaccination by ex vivo IFN-Ȗ ELISpot against the immunodominant BALB/c ϭϴϰ 

epitope, NP147-158 (TYQRTRALV) (Figure 1).  T cell responses to this epitope in mice vaccinated ϭϴϱ 

with the bivalent vaccine, MVA-NP+M1-H5, were higher (median spot forming units ϭϴϲ 

(SFU)=206) (p=0.008) when compared to mice vaccinated with MVA-NP+M1 (P7.5) (median ϭϴϳ 

SFU=60) (Figure 1A). It has previously been shown that immunogenicity toward antigens ϭϴϴ 

expressed under the F11 MVA promoter is greater than the response toward P7.5 expressed ϭϴϵ 

antigens (20). ϭϵϬ 

 ϭϵϭ 

Two weeks post-vaccination, total serum IgG responses were measured, by ELISA against ϭϵϮ 

recombinant H5HA protein (A/Vietnam/1203/2004; BEI resources) (Figure 1B).  No significant ϭϵϯ 

differences were observed between mice receiving MVA-H5 or MVA-NP+M1-H5 (Figure 1B).  ϭϵϰ 

 ϭϵϱ 
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Immunogenicity of Novel Bivalent Poxviral-Vectored Vaccines Expressing NP+M1 and ϭϵϲ 

H7HA ϭϵϳ 

As the immunogenicity of HA can vary greatly depending on subtype, humoral responses ϭϵϴ 

induced by vaccination with MVA-NP+M1-H7, a second bivalent construct expressing the ϭϵϵ 

Group 2 HA, (A/Netherlands/219/2003; H7N7), in addition to NP+M1, was also investigated. ϮϬϬ 

BALB/c mice (n=5-10) were immunized i.m. against H7HA and/or NP+M1.  ϮϬϭ 

 ϮϬϮ 

As before, T cell responses following vaccination with the bivalent vaccine MVA-NP+M1-H7, ϮϬϯ 

wherein the expression of NP+M1 is driven by the F11 promoter, were significantly higher ϮϬϰ 

compared to vaccination with MVA-NP+M1 (wherein expression was driven under the P7.5 ϮϬϱ 

promoter) (**p<0.01). These results indicate that novel bivalent vaccine MVA-NP+M1-H7 ϮϬϲ 

elicits potent T cell responses against the NP+M1 fusion protein while also expressing a second ϮϬϳ 

antigen from the same viral vector (Figure 2A). ϮϬϴ 

 ϮϬϵ 

Serum was collected at 2 and 8 weeks post vaccination and total IgG responses were measured ϮϭϬ 

against recombinant H7HA protein A/Netherlands/219/2003 (Figure 2B). As a comparator, a Ϯϭϭ 

group of mice were vaccinated with 10ȝg recombinant H7HA protein. Mice immunized with ϮϭϮ 

MVA-NP+M1-H7 had the highest median H7HA-specific IgG antibodies at 2 weeks post Ϯϭϯ 

vaccination compared to all other groups (Figure 2B). Importantly IgG antibody titres were Ϯϭϰ 

maintained and remained high out to 8 weeks post vaccination. Animals vaccinated with MVA-Ϯϭϱ 

NP+M1-H7  had the highest median responses at 8 weeks post-vaccination (Figure 2B).  Ϯϭϲ 

 Ϯϭϳ 

 Ϯϭϴ 
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Immunogenicity generated by multi-antigen ChAdOx1-vectored vaccination Ϯϭϵ 

BALB/c mice were immunized with ChAdOx1 NP+M1 (2.2x108IU) or ChAdOx1-H7 (1x108IU) ϮϮϬ 

or both, as described. Two weeks following vaccination, splenocytes were isolated and T cell ϮϮϭ 

responses were measured by ex vivo IFN-Ȗ ELISpot as before. Mice vaccinated with ChAdOx1 ϮϮϮ 

NP+M1 had higher responses compared to mice that received a mixture of ChAdOx1 NP+M1 ϮϮϯ 

and ChAdOx1-H7 (**p ≤ 0.01) (Figure 3A). However, no significant difference in ELISpot ϮϮϰ 

responses was observed between mice vaccinated with ChAdOx1 NP+M1 or a combination of ϮϮϱ 

ChAdOx1 NP+M1 and ChAdOx1-H7, administered into separate limbs. This approach has ϮϮϲ 

previously been shown to augment immune responses and avoid competition between two ϮϮϳ 

vaccines administered together (12).  ϮϮϴ 

 ϮϮϵ 

While no significant differences, post viral vector vaccination, were detected between the median ϮϯϬ 

H7HA-specific IgG antibodies, at two weeks (Figure 3B), all responses induced by vaccination Ϯϯϭ 

with ChAdOx1-vectored vaccines encoding H7HA were significantly higher compared to ϮϯϮ 

vaccination with 10ȝg recombinant H7HA (**p≤0.01) (Figure 3 B). These data demonstrate that Ϯϯϯ 

vaccination with ChAdOx1-vectored vaccines expressing H7HA elicits superior humoral Ϯϯϰ 

immunity compared to protein, and moreover these responses are maintained in multi-antigen Ϯϯϱ 

vaccination regimens. Ϯϯϲ 

 Ϯϯϳ 

Prime-Boost Regimen Incorporating Simian Adenoviral Vectors and Poxviral Vectors Ϯϯϴ 

Expressing NP+M1 and H7HA Ϯϯϵ 

Adenovirus-MVA prime-boost regimens are currently one of the leading strategies to induce ϮϰϬ 

potent immune responses against vaccine antigens (21, 22). BALB/c mice (n=18 (6 per group)) Ϯϰϭ 
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received a priming vaccination of either ChAdOx1-NP+M1, ChAdOx1-H7, or both, ϮϰϮ 

administered separately into opposite limbs, as described. At eight weeks post-prime all groups Ϯϰϯ 

were boosted with MVA-NP+M1-H7 Ϯϰϰ 

 Ϯϰϱ 

T Cell Responses Following Prime-Boost vaccination  Ϯϰϲ 

Splenic cells were isolated 2 weeks post prime and post-boost in order to assess T cell responses Ϯϰϳ 

against NP+M1 and H7HA. Consistent with previous data, NP147-158 specific T cell responses Ϯϰϴ 

were slightly higher in mice primed with ChAdOx1 NP+M1 when compared to ChAdOx1 Ϯϰϵ 

NP+M1 and ChAdOx1-H7 administered into opposite limbs (Figure 4A). However, following ϮϱϬ 

the MVA vaccination, T cell responses against NP+M1 were boosted approximately five-fold Ϯϱϭ 

higher in all groups and there were no significant differences, after boost toward NP+M1 antigen ϮϱϮ 

between mice that were primed with either ChAdOx1 NP+M1 or co-administration of ChAdOx1 Ϯϱϯ 

NP+M1 and ChAdOx1-H7 (Figure 4A). T cell responses against H7HA were also measured by Ϯϱϰ 

ex vivo IFN-Ȗ ELISpot against two different H7HA peptide pools, one representative of H7HA Ϯϱϱ 

from A/Netherlands/219/2003 (H7N7) (Figure 4B) and another representative of amino acid Ϯϱϲ 

sequence diversity between A/Netherlands/219/2003 (H7N7) and divergent strains Ϯϱϳ 

(A/Anhui/1/2013 (H7N9) and A/Shanghai/1/2013 (H7N9)) (Figure 4C). Sequence homology at Ϯϱϴ 

the amino acid level for divergent strains (A/Shanghai/1/2013 HA and A/Anhui/1/2013 (H7N9))  Ϯϱϵ 

and the vaccine insert, A/Netherlands/219/2003 HA  was 96%.   ϮϲϬ 

 Ϯϲϭ 

As expected, mice primed only with ChAdOx1 NP+M1 had no detectable H7HA-specific T cell ϮϲϮ 

responses (Figure 4B&C, column 1). There were no significant differences between the H7HA-Ϯϲϯ 

specific T cell responses, two weeks post prime or post boost between mice vaccinated with Ϯϲϰ 
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ChAdOx1-H7 or ChAdOx1-H7 co-administered with ChAdOx1 NP+M1 (Figure 4). Collectively Ϯϲϱ 

these results demonstrate that vaccination with either ChAdOx1-H7 or co-administration of Ϯϲϲ 

ChAdOx1 NP+M1 and ChAdOx1-H7 followed by immunisation with MVA-NP+M1-H7 Ϯϲϳ 

induces heterosubtypic T cell responses against H7HA. Ϯϲϴ 

 Ϯϲϵ 

Humoral responses ϮϳϬ 

Serum was collected at 2 and 8 weeks post prime and also post boost vaccinations and the Ϯϳϭ 

longevity of antibody responses were followed out to 26 weeks following the initial ϮϳϮ 

immunzation. Mice primed with ChAdOx1-H7 or ChAdOx1-H7 and ChAdOx-NP+M1 had Ϯϳϯ 

higher total IgG against H7HA at all time points compared to vaccination with either protein Ϯϳϰ 

alone or with ChAdOx1 NP+M1 followed by MVA-NP+M1-H7 (Figure 5A). As expected we Ϯϳϱ 

were unable to detect serum responses to HA in the ChAdOx1-NP+M1 only group, until 2 weeks Ϯϳϲ 

post-boost with MVA-NP+M1+H7. Peak boost responses for viral vector vaccinations were up Ϯϳϳ 

to 50 fold higher than the response two weeks following prime immunization (e.g. Group 3 Ϯϳϴ 

1.34x105 SFU. (2wk) vs. 7.4x106 SFU (16 wk)) and persisted for at least 26 weeks post Ϯϳϵ 

vaccination in all groups (Figure 5A). These data suggest that strong humoral immune responses ϮϴϬ 

toward H7HA are generated and maintained over time by heterologous ChAd-MVA prime boost Ϯϴϭ 

regimens.  ϮϴϮ 

 Ϯϴϯ 

B Cell Memory Responses Following ChAdOx1 – MVA Immunisation Ϯϴϰ 

Long-lived humoral immunity is principally mediated by two B cell subsets; long-lived plasma Ϯϴϱ 

cells (LLPCs) and memory B cells (mBCs). LLPCs predominantly reside in the bone marrow Ϯϴϲ 

(BM) (23, 24) and continuously secrete antibody. In order to further understand the basis of the Ϯϴϳ 
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humoral responses following heterologous prime-boost ChAd-MVA viral-vectored vaccination, Ϯϴϴ 

LLPCs were enumerated 18 weeks following the boosting vaccination.  Ϯϴϵ 

 ϮϵϬ 

Long-Lived Plasma Cells Ϯϵϭ 

Total IgG+ Antibody secreting cells (ASCs) and H7HA-specific ASCs representative of LLPCs ϮϵϮ 

were measured by IgG ASC ELISpot assay. Elevated numbers of total IgG secreting LLPCs Ϯϵϯ 

were detected in the BM of all immunized groups (Figure 5B & 5C). However only elevated Ϯϵϰ 

numbers of H7HA-specific LLPC, were detected in mice that had been primed with ChAdOx1-Ϯϵϱ 

H7 or ChAdOx1-H7 and ChAdOx-NP+M1 and boosted with MVA-NP+M1+H7, as compared to Ϯϵϲ 

naïve BALB/c mice (Figure 5B & 5C; column 2 and 3). There was no significant difference Ϯϵϳ 

between the number of H7HA-specific LLPCs detected in mice primed with ChAdOx1-H7 only Ϯϵϴ 

(median SFU=541) or ChAdOx1-H7 and ChAdOx1 NP+M1 (median SFU=589). However these Ϯϵϵ 

numbers were higher compared to mice primed with ChAdOx1 NP+M1 (median SFU=100) or ϯϬϬ 

protein alone (median SFU=89) (Figure 5B).  ϯϬϭ 

 ϯϬϮ 

Functionality of Adaptive Immune Responses Following ChAdOx1 – MVA Prime-Boost ϯϬϯ 

Vaccination  ϯϬϰ 

Pseudotype Virus Neutralisation ϯϬϱ 

In order to assess the breadth of anti-HA antibody functionality, sera collected 8 weeks after ϯϬϲ 

boosting with MVA-NP+M1-H7 was assayed against a number of pseudotyped lentiviruses. ϯϬϳ 

Two strains of H7HA pseudotypes were tested, A/chicken/Italy/1082/1999 (H7N1), a low ϯϬϴ 

pathogenic avian influenza (LPAI) strain closely (98% at the amino acid level) related to the ϯϬϵ 

vaccine immunogen, and A/Shanghai/2/2013 (H7N9) (96% at the amino acid level), the novel ϯϭϬ 



ϭϱ 
 

H7N9 first identified in humans in 2013. A third group 2 HA lentivirus, expressing a different ϯϭϭ 

subtype, H3HA from A/Udorn/307/1972 (H3N2) (48% at the amino acid level), was also tested.  ϯϭϮ 

 ϯϭϯ 

Pooled sera from mice primed with ChAdOx1-H7 or ChAdOx1-H7 and ChAdOx1 NP+M1 ϯϭϰ 

completely neutralized both H7 pseudotypes at all serum dilutions tested (Table II). In addition, ϯϭϱ 

IC50 values from mice primed with ChAdOx1 NP+M1 and boosted with MVA-NP+M1-H7 were ϯϭϲ 

higher compared to mice vaccinated with protein alone. IC50 values against the H3N2 ϯϭϳ 

pseudotype lentivirus were comparable between all groups vaccinated with viral vectors but ϯϭϴ 

lower in the control group vaccinated with protein alone (Table II). ϯϭϵ 

 ϯϮϬ 

Prime-boost vaccinated mice intranasally challenged with divergent pandemic H7N9 IAV ϯϮϭ 

To assess heterosubtypic protective efficacy, mice were vaccinated, as described, and challenged ϯϮϮ 

with a lethal dose (5xLD50) of A/Shanghai/1/13. Amino acid sequence homology for ϯϮϯ 

A/Shanghai/1/13 HA7 (EPI439486) and A/Netherlands/219/2003 (AY340089.1) HA7 is 96%. ϯϮϰ 

While sequence homology, at the amino acid level, for the challenge strain NP and M1 and viral ϯϮϱ 

vector encoded NP and M1 is 97% and 93% respectively. ϯϮϲ 

 ϯϮϳ 

Negative controls (n=10) were naïve animals or animals that received an ChAdOx1 and MVA ϯϮϴ 

prime (both encoding an irrelevant antigen GFP) boost vaccination. Three weeks after the last ϯϮϵ 

immunization, animals were challenged with 5 murine 50% lethal doses (LD50) of SH1 ϯϯϬ 

(A/Shanghai/1/13) virus. Weight loss was monitored over a period of 14 days, and mice that lost ϯϯϭ 

more than 25% of their initial body weight were euthanized.  ϯϯϮ 

 ϯϯϯ 



ϭϲ 
 

Animals vaccinated with ChAdOx1-H7 alone or ChAdOx1-H7 and ChAdOx1 NP+M1 and ϯϯϰ 

boosted with MVA-NP+M1-H7 (Groups 2 & 3) all surived lethal challenge. When these studies ϯϯϱ 

were repeated, Groups 2 & 3 and Group 1 (primed with ChAdOx1 NP+M1 boosted with MVA-ϯϯϲ 

NP+M1-H7), were found to be equally protective as a vaccination regimen that has previously ϯϯϳ 

been shown to be protective (Group 5protein and a TLR agonist adjuvant) (25).  ϯϯϴ 

Importantly, in the first challenge experiment Groups 2 & 3 (animals vaccinated with ChAdOx1-ϯϯϵ 

H7 alone or ChAdOx1-H7 and ChAdOx1 NP+M1 and boosted with MVA-NP+M1-H7) retained ϯϰϬ 

starting body weight throughout the monitoring period. Furthermore, in a second challenge ϯϰϭ 

experiment Group 1 also retained starting body weight and did not display any weight loss. ϯϰϮ 

These results indicate that this vaccination confers protection against both morbitity and ϯϰϯ 

mortality. Comparison across the nadir of weight loss (day 4/5 through to 8/9) between ϯϰϰ 

ChAdOx1 NP+M1 primed and MVA-NP+M1-H7 boosted animals (Group 1) and those that ϯϰϱ 

received a protective regimen  (Group 5, positive control) demonstrates no significant difference ϯϰϲ 

in weight loss in the first challenge or in a second independent repeat challenge. It is evident that ϯϰϳ 

both humoral and cellular immunity can offer improved efficacy in this stringent challenge ϯϰϴ 

model when compared to protective vaccination regimens (protein and adjuvant).  ϯϰϵ 

 ϯϱϬ 

  ϯϱϭ 



ϭϳ 
 

Discussion ϯϱϮ 

In 2013, avian influenza A (H7N9) first caused an outbreak of severe respiratory illness in ϯϱϯ 

China. It subsequently re-emerged during winter 2013–2014 with at least 630 laboratory-ϯϱϰ 

confirmed infections documented by April, 2015, and an associated mortality greater than 30% ϯϱϱ 

(1). However most recently more than 600 new cases have been reported during the fifth wave of ϯϱϲ 

H7N9 (start of 2017), which is now the biggest wave since human infection wsa first detected ϯϱϳ 

with a worringly, high the case-fatality rate (40% (1-3)). Consequently, there is an ongoing and ϯϱϴ 

pressing need for vaccines that can protect against avian derived influenza viruses, especially ϯϱϵ 

given that H7N9 viruses now exhibit a seasonal pattern of circulation World Health Organization ϯϲϬ 

2015). ϯϲϭ 

 ϯϲϮ 

Clinical development of influenza vaccines is ongoing, however split virus or subunit vaccines ϯϲϯ 

for avian influenza are known to be poorly immunogenic (26, 27) and often require multiple ϯϲϰ 

doses and/or formulation with potent adjuvants to achieve seroconversion (28). Although live ϯϲϱ 

attenuated vaccines (LAIVs) can induce of both humoral and cellular immunogenicity, in adults ϯϲϲ 

these vaccines have previously been associated with lower seroconversion rates and higher rates ϯϲϳ 

of laboratory-confirmed influenza when compared to trivalent influenza vaccine. These ϯϲϴ 

phenomena may possibly due to pre-existing immunogenicity at mucosal sites (7, 29, 30). Less ϯϲϵ 

than half of the vaccinees in a recent phase I clinical trial assessing safety and immunogenicity of ϯϳϬ 

a H7N9 LAIVs seroconverted (48%, (95% CI 29ā4–67ā5)) after one vaccination (31).  ϯϳϭ 

 ϯϳϮ 

Vaccines that target conserved antigens, such as internal proteins of influenza A viruses, may ϯϳϯ 

provide greater cross-protective responses toward diverse influenza strains including newly ϯϳϰ 



ϭϴ 
 

emergent pandemic variants. We demonstrate that while mice primed with ChAdOx1 NP+M1 ϯϳϱ 

and boosted with MVA-NP+M1-H7 had significantly less HA-specific antibodies (Figure 5) ϯϳϲ 

there was no difference in morbidity or mortality, compared to a protein and adjuvant only ϯϳϳ 

regimen (Figure 6). These data, highlight and confirm that T cells confer a degree of protection ϯϳϴ 

against the clinical symptoms of influenza A virus infection. Most commercially available ϯϳϵ 

influenza vaccines primarily induce strain-specific antibodies, however it has been demonstrated ϯϴϬ 

that heterosubtypic T cells can confer broad-spectrum protection (32-34). A correlation between ϯϴϭ 

IAV-directed T cells and reduced viral shedding with less severe illness in humans has been ϯϴϮ 

demonstrated in a number of clinical studies (32, 33, 35). It has also been demonstrated that ϯϴϯ 

protective levels of NP-specific T cell responses are found in 43% of the adult population (36). ϯϴϰ 

Importantly, if a vaccine can boost the numbers of pre-existing influenza-specific T cells into ϯϴϱ 

this protective range, these vaccinees would be conferred a degree of protection toward newly ϯϴϲ 

pandemic influenza viruses. This level of boosting is achievable with clinical vaccination with ϯϴϳ 

MVA-NP+M1 in humans (37). In the event of a virulent pandemic outbreak, vaccination with ϯϴϴ 

MVA-NP+M1 could curb disease symptoms while the strain specific HA protein or vaccine ϯϴϵ 

modality encoding the outbreak HA antigen could be manufactured. Follow-on vaccination with ϯϵϬ 

a strain specific HA could then provide neutralising antibodies toward emergent viruses and curb ϯϵϭ 

disease transmission. ϯϵϮ 

 ϯϵϯ 

Advantageously, viral-vectored vaccines can facilitate delivery of multiple disease-specific ϯϵϰ 

antigens, which is thought to be key in curbing viral escape mutants when compared to vaccines ϯϵϱ 

that target a single antigen. However, delivery of multiple antigens can result in immune ϯϵϲ 

competition (38, 39), which can be largely circumvented by administration of the viral-vectored ϯϵϳ 



ϭϵ 
 

vaccine encoded antigens to separate sites as described here. While the exact mechanisms of ϯϵϴ 

antigenic interference following vaccination remains unknown, this phenomenon is thought to be ϯϵϵ 

influenced by spatial constraints on T cells (40, 41). The delivery of dual antigens by the bivalent ϰϬϬ 

MVA-vectored vaccine is less likely to induce immune interference, as distinct promoters drive ϰϬϭ 

antigen expression at different times following infection; the early F11 promoter is expressed ϰϬϮ 

before P7.5. In fact very early expression of T cell stimulating antigens by MVA has previously ϰϬϯ 

demonstrated higher T cell responses and reversal of immunodominance hierarchies (42). ϰϬϰ 

Promisingly, boosting with MVA-NP+M1-H7 significantly enhanced T cell responses against ϰϬϱ 

NP+M1 and H7HA, regardless of whether antigenic competition was observed following a ϰϬϲ 

priming vaccination.  ϰϬϳ 

 ϰϬϴ 

In a stringent challenge model, inclusion of a viral-vector encoded HA at the prime and boost ϰϬϵ 

significantly outperformed all regimens in both challenges across the nadir of infection (day 4/5 ϰϭϬ 

to 8/9) and indeed all animals in these groups retained their starting body weight throughout the ϰϭϭ 

heterologous challenge. Encouragingly, the two strains of H7-pseudotyped viruses used to assess ϰϭϮ 

responses were neutralized at all serum dilutions tested in mice primed with both HA7 and ϰϭϯ 

NP+M1 antigens, these humoral responses were maintained for up to 18 weeks post vaccination. ϰϭϰ 

This is an important finding in light of the pandemic threat posed by currently circulating avian ϰϭϱ 

H7 viruses.  ϰϭϲ 

 ϰϭϳ 

In summary, vaccination against HA, NP and M1 at both prime and boost immunisations ϰϭϴ 

delivered by ChAd-MVA viral-vectored vaccines induces potent T and B cell responses. These ϰϭϵ 

novel bivalent MVA-vectored vaccines elicit potent T cell responses against NP+M1 whilst ϰϮϬ 



ϮϬ 
 

simultaneously inducing high levels of antibodies that can recognise different HA subtypes. ϰϮϭ 

Furthermore, T cell responses against NP+M1 were significantly higher than responses induced ϰϮϮ 

by the first generation of clinically investigated MVA-vectored vaccines, a particularly ϰϮϯ 

encouraging result for future clinical work (37, 43). Our data show that these humoral and ϰϮϰ 

cellular responses, induced following a prime-boost vaccination, are both heterologous and ϰϮϱ 

homologous in nature and can confer protection in a rigorous challenge model. Indeed, the ϰϮϲ 

simultaneous delivery of dual antigens (H7HA and NP+M1) outperformed a previously ϰϮϳ 

published efficacious vaccination regimen and importantly the dual delivery of antigens may ϰϮϴ 

alleviate the selective pressure currently thought to potentiate antigenic diversity in avian ϰϮϵ 

influenza vaccination (1, 44). ϰϯϬ 

  ϰϯϭ 
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Footnotes ϲϬϵ 

Footnote 1: This work has been funded by grants from the Wellcome Trust (097113/Z/11/ ϲϭϬ 

BVRVBZO) ϲϭϭ 

Footnote 2: Abbreviations ϲϭϮ 

Hemagglutinin (HA) ϲϭϯ 

Influenza A viruses (IAV) ϲϭϰ 

Inactivated influenza vaccines (IIVs) ϲϭϱ 

Chimpanzee Adenovirus (ChAd) ϲϭϲ 

Modified Vaccinia Ankara (MVA) ϲϭϳ 

Intramuscularly (i.m.) ϲϭϴ 

Long-lived plasma cells (LLPCs)  ϲϭϵ 

Memory B cells (mBCs) ϲϮϬ 

Antibody secreting cells (ASCs) ϲϮϭ 

Low pathogenic avian influenza (LPAI) ϲϮϮ 

50% lethal doses (LD50) ϲϮϯ 

Live attenuated influenza vaccines (LAIVs) ϲϮϰ 

Spot forming units (SFU) ϲϮϱ 

  ϲϮϲ 
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Figure legends & Tables ϲϮϳ 

Figure 1: Influenza-specific immune responses generated by multi-antigen MVA-vectored ϲϮϴ 

vaccination ϲϮϵ 

A: BALB/c mice (n=5) were immunized i.m. with 1x106 PFU of MVA GFP(expression driven ϲϯϬ 

by the F11 promoter) or MVA-NP+M1 (P7.5; expression driven by the P7.5 promoter) or MVA-ϲϯϭ 

NP+M1-H5 (F11; expression driven by the F11 promoter). Splenocytes were isolated 2 weeks ϲϯϮ 

post vaccination and T cell responses were measured by ex vivo IFN-Ȗ ELISpot against the ϲϯϯ 

immunodominant BALB/c epitope in NP, NP147-158 (TYQRTRALV). Mann Whitney analysis of ϲϯϰ 

MVA-NP+M1 (P7.5) and MVA-NP+M1 (F11) showed a significant difference of p=0.0079. ϲϯϱ 

B:BALB/c mice (n=5) were immunized i.m. with 1x106 PFU of MVA-H5, expressing, H5HA ϲϯϲ 

(A/Vietnam/1203/2004), or, MVA-NP+M1-H5, a bivalent vaccine expressing the same H5HA ϲϯϳ 

antigen and the T cell fusion antigen, NP+M1. Serum was collected at 2 weeks post-vaccination ϲϯϴ 

and total serum IgG responses were measured by ELISA against recombinant H5HA protein ϲϯϵ 

(A/Vietnam/1203/2004; BEI resources). No significant differences were observed. ϲϰϬ 

 ϲϰϭ 

Figure 2: Influenza-specific immune responses generated by multi-antigen MVA-vectored ϲϰϮ 

vaccination ϲϰϯ 

A: BALB/c mice (n=5) were immunized i.m. with 1x106 PFU of MVA NP+M1 (P7.5; ϲϰϰ 

expression driven by the P7.5 promoter) or MVA-NP+M1 (F11; expression driven by the F11 ϲϰϱ 

promoter)or MVA-NP+M1(p7.5)-H7 (F11). Splenocytes were isolated 2 weeks post-vaccination ϲϰϲ 

and T cell responses were measured by ex vivo IFN-Ȗ ELISpot against the BALB/c epitope in ϲϰϳ 

NP, NP147-158 (TYQRTRALV). Responses post bivalent viral-vectored vaccine were significantly ϲϰϴ 

higher than post MVA NP+M1 (p7.5) as assessed (* P ≤ 0.05) by Kruskal-Wallis one-way ϲϰϵ 



Ϯϴ 
 

ANOVA, with Dunn's multiple comparisons test. B: BALB/c mice (n=5) were immunized i.m. ϲϱϬ 

with 1x106 PFU of MVA-H7 (p7.5), expressing, H7HA (A/Netherlands/219/2003; H7N7), ϲϱϭ 

MVA-NP+M1-H7, a bivalent vaccine expressing the same H7HA antigen and the T cell fusion ϲϱϮ 

antigen, NP+M1. Serum was collected at 2 and 8 weeks post vaccination and total serum IgG ϲϱϯ 

responses were measured by ELISA against recombinant H7HA (A/Netherlands/219/2003; ϲϱϰ 

H7N7).  ϲϱϱ 

 ϲϱϲ 

Figure 3: Influenza-specific immune responses generated by multi-antigen MVA-vectored ϲϱϳ 

vaccination ϲϱϴ 

A: : BALB/c mice were immunized with ChAdOx1 viral vector vaccines encoding NP+M1 or ϲϱϵ 

H7HA or both; either as a mixture or by administration into separate limbs. Doses administered ϲϲϬ 

were 2.2x106 iu of ChAdOx1 NP+M1 and/or 1x108 iu ChAdOx1-H7. Splenocytes were isolated ϲϲϭ 

2 weeks post vaccination and T cell responses were measured by ex vivo IFN-Ȗ ELISpot against ϲϲϮ 

the BALB/c epitope in NP, NP147-158 (TYQRTRALV). Responses post a mixture of viral ϲϲϯ 

vectored vaccines were lower than post ChAdOx1 NP+M1 as assessed (**P ≤ 0.01) by Kruskal-ϲϲϰ 

Wallis one-way ANOVA, with Dunn's multiple comparisons test. No significant difference was ϲϲϱ 

observed with the response post ChAdOx1 NP+M1 and when the response when viral vectored ϲϲϲ 

vaccines were administered, singly, into separate limbs. Data representative of two experiments. ϲϲϳ 

B: BALB/c mice were immunized with 10µg of H7 protein or ChAdOx1 viral vector vaccines ϲϲϴ 

encoding NP+M1 or H7HA or both; either as a mixture or by administration into separate limbs. ϲϲϵ 

Doses adminstered were 2.2x106 IU of ChAdOx1 NP+M1 and/or 1x108 IU ChAdOx1-H7. Total ϲϳϬ 

serum IgG responses at all time points against recombinant H7HA protein ϲϳϭ 

A/Netherlands/219/2003 are shown. Data representative of two experiments. ϲϳϮ 
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 ϲϳϯ 

Figure 4: Influenza-specific T cell responses following prime-boost viral-vectored ϲϳϰ 

vaccination  ϲϳϱ 

BALB/c mice were immunized with ChAdOx1 viral vector vaccines encoding NP+M1 or H7HA ϲϳϲ 

or both by administration into separate limbs. Doses administered were 2.2x106 IU of ChAdOx1 ϲϳϳ 

NP+M1 and/or 1x108 IU ChAdOx1-H7. Eight weeks later all mice were boosted with 1x106 PFU ϲϳϴ 

MVA-NP+M1-H7 . Splenocytes were isolated 2 weeks post vaccination and T cell responses ϲϳϵ 

were measured by ex vivo IFN-Ȗ ELISpot against  ϲϴϬ 

A: the BALB/c epitope in NP, NP147-158 (TYQRTRALV). Post-boost, T cell responses were ϲϴϭ 

greater when ChAdOx1 NP+M1 was used as a prime as compared to a prime with ChAdOx1 ϲϴϮ 

HA7 ((**p ≤ 0.01) by Kruskal-Wallis one-way ANOVA, with Dunn's multiple comparisons ϲϴϯ 

test). No other significant differences were measured. Data representative of two experiments. ϲϴϰ 

B:  H7HA peptide pools, representative of H7HA from A/Netherlands/219/2003 (H7N7). Post ϲϴϱ 

boost, T cell responses were greater when ChAdOx1 HA7 was used as a prime as compared to ϲϴϲ 

priming with ChAdOx1 NP+M1 ((***P ≤ 0.001) by Kruskal-Wallis one-way ANOVA, with ϲϴϳ 

Dunn's multiple comparisons test). No other significant differences were measured. Data ϲϴϴ 

representative of two experiments. ϲϴϵ 

C:  H7HA peptide pools representative of regions of amino acid sequence diversity in the HA of ϲϵϬ 

A/Anhui/1/2013 (H7N9) and A/Shanghai/1/2013 (H7N9) when compared to the vaccine insert ϲϵϭ 

A/Netherlands/219/2003 (H7N7). Post boost, T cell responses were greater when ChAdOx1 ϲϵϮ 

HA7 was used as a prime as compared to priming with ChAdOx1 NP+M1 ((**p ≤ 0.01) by ϲϵϯ 

Kruskal-Wallis one-way Anova, with Dunn's multiple comparisons test). No other significant ϲϵϰ 

differences were measured. Data representative of two experiments. ϲϵϱ 
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 ϲϵϲ 

Figure 5: Influenza-specific B cell responses following prime-boost viral-vectored ϲϵϳ 

vaccination. BALB/c mice were immunized with ChAdOx1 viral vector vaccines encoding ϲϵϴ 

NP+M1 or H7HA or both by administration into separate limbs. Doses administered were ϲϵϵ 

2.2x106 IU of ChAdOx1 NP+M1 and/or 1x108 IU ChAdOx1-H7. Eight weeks later all mice ϳϬϬ 

were boosted with 1x106 PFU MVA-NP+M1-H7. A: Total serum IgG responses at indicated ϳϬϭ 

time points post-boost against recombinant H7HA protein A/Netherlands/219/2003 are shown. ϳϬϮ 

Serum responses were higher in mice that were primed with ChAdOx1 HA7, either alone or in ϳϬϯ 

combination with ChAdOx1 NP+M1. Data representative of two experiments. B: IgG H7HA-ϳϬϰ 

specific ASC ELISpot ex vivo responses to H7HA (A/Netherlands/219/2003) in BALB/c mice ϳϬϱ 

(n=4-6) 18 weeks post boost vaccination with MVA-NP+M1-H7 are shown. A greater number of ϳϬϲ 

IgG SFUs were observed from mice primed with ChAdOx1 HA7 and boosted with MVA-ϳϬϳ 

NP+M1-H7 as compared to mice vaccinated with protein alone as assessed (*p ≤ 0.05) by ϳϬϴ 

Kruskal-Wallis one-way ANOVA,  with Dunn's multiple comparisons test. C: Total IgG ASC ϳϬϵ 

ELISpot ex vivo responses in BALB/c mice (n=4-6) 18 weeks post boost vaccination with MVA-ϳϭϬ 

NP+M1-H7. Post vaccination, there were a greater number of IgG SFU isolated from mice ϳϭϭ 

primed and boosted (ChAdOx1 NP+M1 followed by MVA-NP+M1-H7) as compared to naïve ϳϭϮ 

mice as assessed (*P ≤ 0.05) by Kruskal-Wallis one-way ANOVA, with Dunn's multiple ϳϭϯ 

comparisons test. ϳϭϰ 

 ϳϭϱ 

Figure 6: Bivalent viral vectors provide in vivo protection against influenza viral challenge ϳϭϲ 

Balb/c mice were unvaccinated or received an irrelevant ChAdOx1 prime and MVA boost ϳϭϳ 

vaccination. All other groups were vaccinated as described and three weeks after the last ϳϭϴ 
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immunization, animals were challenged with SH1 (A/Shanghai/1/13) virus. Weight loss was ϳϭϵ 

monitored over a period of 14 days, as depicted. 2way ANOVA analysis assuming a non-ϳϮϬ 

Gaussian distribution and Dunnetts multiple comparison test comparing Group5 (H7+Adjuvant) ϳϮϭ 

to  ϳϮϮ 

A: Group1 (ChAdOx1 NP+M1 Prime, MVA-NP+M1-H7 boost) was not different at day 4, 5, 6, ϳϮϯ 

7 or 8. Comparing Group5 (H7+Adjuvant) to Group 2 (ChAdOx1-H7 Prime, MVA-NP+M1-H7 ϳϮϰ 

boost) demonstrated that the latter was significantly different at day 4 (****P ≤ 0.0001), day 5 ϳϮϱ 

(****p ≤ 0.0001), day6 (**p ≤ 0.01), day 7 (**p ≤ 0.01), but not at day 8 (N.S.). Comparing ϳϮϲ 

Group5 (H7+Adjuvant) to Group 3 (ChAdOx1 NP+M1 and ChAdOx1-H7 prime, MVA-ϳϮϳ 

NP+M1-H7 boost) demonstrated that the latter was significantly different at day 4 (*p ≤ 0.05), ϳϮϴ 

day 5 (** p ≤ 0.01), day6 (** p ≤ 0.01), day 7 (*p ≤ 0.05), and  day 8 (*p ≤ 0.05).  ϳϮϵ 

B: Group 1 (ChAdOx1 NP+M1 Prime, MVA-NP+M1-H7 boost)  demonstrated that the latter ϳϯϬ 

was significantly different at day 5 (**p ≤ 0.01), day 6, 7 (****p ≤ 0.0001), day 8 (***p ≤ 0.001) ϳϯϭ 

and day 9 (**p ≤ 0.01). Comparing Group5 (H7+Adjuvant) to Group 2 (ChAdOx1-H7 Prime, ϳϯϮ 

MVA-NP+M1-H7 boost) demonstrated that the latter was significantly different at day 5 (*p ≤ ϳϯϯ 

0.05), day 6, 7, 8 (****p ≤ 0.0001) and day 9 (**p ≤ 0.01). Comparing Group5 (H7+Adjuvant) ϳϯϰ 

to Group 3 (ChAdOx1 NP+M1 and ChAdOx1-H7 prime, MVA-NP+M1-H7 boost) ϳϯϱ 

demonstrated that the latter was significantly different at  day 5 (** p ≤ 0.01), day 6, 7 (****p ≤ ϳϯϲ 

0.0001), day 8 (***p ≤ 0.001) and  day 9 (*p ≤ 0.05). ϳϯϳ 


