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 15 

Abstract 16 

The development of universal influenza vaccines, i.e. vaccines that can provide broad protection against 17 

seasonal and potentially pandemic influenza viruses, has been a priority for more than 20 years. Several 18 

approaches have been proposed that redirect the adaptive immune responses from immunodominant 19 

hypervariable regions to low-immunogenic but highly conserved regions of viral proteins. Here we 20 

induced broadly reactive anti-hemagglutinin (HA) stalk antibody by sequential immunizations with live 21 

attenuated influenza vaccines (LAIVs) expressing chimeric HA (cHA). These vaccines contained the 22 

HA stalk domain from H1N1pdm09 virus but antigenically unrelated globular head domains from avian 23 

influenza viruses H5N1, H8N4 and H9N2. In addition, the source of the viral nucleoprotein (NP) of the 24 

LAIV strains was changed from A/Leningrad/17 master donor virus (MDV) to wild-type (WT) 25 

H1N1pdm09 virus, in order to induce CD8 T-cell immune responses more relevant to current infections. 26 

To avoid any difference in protective effect of the various anti-neuraminidase (NA) antibodies, all 27 

LAIVs were engineered to contain the NA gene of Len/17 MDV. Naïve ferrets were immunized with 28 

three doses of (i) classical LAIVs containing non-chimeric HA and NP from MDV (LAIVs (NP-29 

MDV)); (ii) cHA-based LAIVs containing NP from MDV (cHA LAIVs (NP-MDV)); and (iii) cHA-30 

based LAIVs containing NP from H1N1pdm09 virus (cHA LAIVs (NP-WT)). A high-dose challenge 31 

with H1N1pdm09 virus induced significant pathology in the control, non-immunized ferrets, including 32 

high virus titers in respiratory tissues, clinical signs of disease and histopathological changes in nasal 33 

turbinates and lung tissues. All three vaccination regimens protected animals from clinical 34 

manifestations of disease: immunized ferrets did not lose weight or show clinical symptoms, and their 35 

fever was significantly lower than in the control group. Further analysis of virological and pathological 36 

data revealed the following hierarchy in the cross-protective efficacy of the vaccines: cHA LAIVs (NP-37 
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WT) > cHA LAIVs (NP-MDV) > LAIVs (NP-MDV). This ferret study showed that prototype universal 38 

LAIVs that combine the two approaches of inducing anti-HA stalk antibody and more relevant CD8 T-39 

cell immune responses are highly promising candidates for further clinical development. 40 

Key words: universal influenza vaccine, chimeric hemagglutinin, nucleoprotein, live attenuated 41 
influenza vaccine, sequential immunization, ferret model. 42 

 43 

1. Introduction 44 

Influenza viruses are highly contagious respiratory pathogens that pose a constant threat 45 

throughout the world. In addition to annual epidemics, influenza A viruses can potentially cause 46 

pandemics, when the new virus differs antigenically from previously circulating variants, so that the 47 

human population is immunologically naïve. The global spread of various subtypes of influenza A 48 

viruses in birds provides the preconditions for interspecies transmission: the past two decades have seen 49 

an increase in the number of cases of human infection with avian influenza viruses H5, H7 and H9 [1-3]. 50 

One of the most important initiatives to prepare for an influenza pandemic is focused on developing and 51 

evaluating appropriate vaccines. Different approaches and platforms have been used to develop vaccines 52 

against potentially pandemic influenza viruses and, over the past few years, a large body of data has 53 

been accumulated on the safety and immunogenicity of these vaccines. The latest summary of clinical 54 

trials of potential pandemic vaccines can be found on the WHO website [4]. 55 

This pandemic preparedness plan uses a strain-specific approach, in which candidate vaccine 56 

viruses are prepared against the pathogens thought most likely to cause the next pandemic. However, as 57 

was seen in 2009, such predictions are not always accurate, and fundamentally new approaches are 58 

required to develop vaccines that can provide protection against both seasonal and newly emerging 59 

potentially pandemic strains. Over the past 20 years, research has been carried out in many parts of the 60 

world to develop a universal influenza vaccine that induces broadly reactive and long-lasting immune 61 

responses. The general principle of this work is to redirect the adaptive immune response from 62 

immunodominant hypervariable regions to low-immunogenic, highly conserved regions of viral proteins 63 

[5-9]. Influenza virions contain multiple conservative domains that, because of their functional 64 

significance, are rather weak immunogens; classical approaches to immunization are not capable of 65 

inducing robust immune responses to these sites [10]. 66 

One such conservative antigen region is the stalk domain of the viral hemagglutinin (HA) 67 

molecule, which contains epitopes that are highly conserved among influenza A viruses belonging to the 68 

same phylogenetic group. Group 1 influenza viruses are those with H1, H2, H5, H6, H8, H9, H11, H12, 69 

H13, H16, H17, or H18 HA, while group 2 comprises those with H3, H4, H7, H10, H14, and H15 HA 70 

[11]. Several strategies have been proposed to increase the immunogenicity of the HA stalk domain; the 71 

most promising one involves sequential immunization with vaccines expressing chimeric HA molecules 72 
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(cHA) that contain an identical stalk domain (for example, from the H1N1 virus), but in which the 73 

globular domains vary significantly in antigenicity, i.e. belong to different subtypes of influenza A 74 

viruses [12,13]. Several recent studies have demonstrated that live attenuated influenza vaccines (LAIVs) 75 

expressing chimeric HAs are capable of inducing cross-reactive HA stalk-specific antibodies, either 76 

when used as a priming vaccine followed by inactivated influenza vaccine (IIV) [14,15], or when several 77 

cHA-based LAIVs are administered sequentially to mice. With sequential immunization with two or 78 

three doses of LAIV, mice were better protected against heterologous challenge infection when the 79 

vaccines had the same HA stalk domain, compared with vaccines that contained intact HA [16]. It was, 80 

therefore, considered important to test the same vaccination regimen in a ferret model, the most suitable 81 

animal model for studying influenza infection [17]. 82 

Another promising approach for designing broadly protective influenza vaccines is the 83 

development of immunogens that induce strong T-cell immunity, which is known to be cross-reactive 84 

among antigenically different viruses [18-20]. Although T-cell immunity does not prevent influenza 85 

infection, there is evidence that T cells can recognize the conserved epitopes of viral proteins, reduce 86 

viral load and alleviate symptoms in animals and humans after infection with heterologous influenza 87 

viruses [21-24]. LAIVs are believed to be good inducers of virus-specific cytotoxic CD8+ T-cell 88 

immunity [25-29]. Therefore, sequential immunization with cHA-containing LAIVs should not only 89 

induce broadly protective stalk-specific antibodies, but also stimulate cross-reactive T-cell immunity. 90 

However, the cytotoxic T-cell (CTL) immunity induced by licensed LAIVs might be 91 

suboptimal in protecting against currently circulating influenza viruses, because the nucleoprotein (NP) 92 

and M1 protein, known as the most immunodominant targets for CTL immunity, originate from master 93 

donor virus isolated over 60 years ago [30,31]. Even though these proteins are relatively conserved 94 

among different subtypes of influenza A viruses, they are still subject to slow evolutionary changes [32]. 95 

Over the past 20 years, a large number of studies have indicated that certain immunodominant T-cell 96 

epitopes have disappeared as the influenza viruses have evolved [33-35]. The mutations in the epitopes 97 

mean that CTLs targeted to the original, non-mutated epitopes will be inefficient in detecting virus-98 

infected cells [36]. This problem can be partially solved by replacing the NP gene in the genome of the 99 

LAIV virus by one from a currently circulating influenza virus. Indeed, recently we showed that 100 

engineering of LAIV reassortants with 5:3 genome compositions induced CTL responses that were more 101 

relevant to current infections [36-38].  102 

Continuing this research, in the present study, we combined both the above-mentioned 103 

strategies by engineering a panel of universal LAIV candidate viruses that express chimeric HA 104 

molecules and NP of a wild-type virus. The sequential immunization regimen was tested in a non-105 

primed ferret model to assess the ability of the vaccines to protect against heterologous virus challenge. 106 
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A high dose of challenge virus was used in order to evaluate the vaccines’ ability to reduce influenza 107 

virus-induced pathology. 108 

 109 

2. Materials and Methods  110 

2.1. Viruses and proteins 111 

The LAIV reassortant viruses used in this study are shown in Table 1. All vaccine viruses were 112 

generated by standard plasmid-based reverse genetics (RG) on the basis of cold-adapted master donor 113 

virus (MDV) A/Leningrad/134/17/57 (H2N2) (Len/17) [39]. RG plasmids bearing chimeric HA genes 114 

containing the stalk domain of A/California/7/2009 (pH1N1) or A/South Africa/3626/2013 (pH1N1) 115 

virus and the head domains of A/Vietnam/1203/2004 (ΔH5N1) (polybasic cleavage site deleted), 116 

A/mallard/Sweden/24/02 (H8N4) and A/quail/Hong Kong/G1/1997 (H9N2) were generated as 117 

described previously [16]. RG plasmids bearing control non-chimeric full-length HAs of the H5N1, 118 

H8N4 and H9N2 viruses were also generated as in the previous study [16]. The three groups of LAIV 119 

viruses were rescued by electroporation of Vero cells using the Neon transfection system (Invitrogen, 120 

USA): (i) classical LAIVs containing non-chimeric HA and NP from MDV; (ii) cHA-based LAIVs 121 

with NP from MDV; and (iii) cHA-based LAIVs with NP from pH1N1 virus. Importantly, to avoid any 122 

effect of anti-NA antibody on the protection, all nine LAIV strains had the same NA gene from Len/17 123 

H2N2 virus. All LAIV viruses were propagated in 10-day-old embryonated chicken eggs for 3 days at 124 

33 °C. Virus stocks were harvested, clarified by low-speed centrifugation and stored in aliquots at –125 

70 °C. 126 

 127 

Table 1. Overview of the Len/17-based LAIV viruses used in this study 128 

Virus designation 
Origin of viral genes*  

HA head domain HA stalk domain NA NP 
H5N2 (NP-MDV) H5N1 H5N1 Len/17 Len/17 
H8N2 (NP-MDV) H8N4 H8N4 Len/17 Len/17 
H9N2 (NP-MDV) H9N2 H9N2 Len/17 Len/17 

cH5/1N2 (NP-MDV) H5N1 pH1N1 Len/17 Len/17 
cH8/1N2 (NP-MDV) H8N4 pH1N1 Len/17 Len/17 
cH9/1N2 (NP-MDV) H9N2 pH1N1 Len/17 Len/17 
cH5/1N2 (NP-WT) H5N1 pH1N1 Len/17 pH1N1 
cH8/1N2 (NP-WT) H8N4 pH1N1 Len/17 pH1N1 
cH9/1N2 (NP-WT) H9N2 pH1N1 Len/17 pH1N1 

* The remaining five genes originated from MDV A/Leningrad/134/17/57 (H2N2).  129 
MDV, master donor virus; WT, wild-type. 130 
 131 
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The A/South Africa/3626/2013 (pH1N1) virus was obtained from the influenza virus repository 132 

of the National Institute for Biological Standards and Control (NIBSC) (London, UK). 133 

Recombinant proteins, including cH6/1 (containing HA head domain of 134 

A/mallard/Sweden/81/02 (H6N1) and HA stalk domain of pH1N1), H2 (from A/Albany/1/1968), H3 135 

(from A/Perth/16/2009), H6 (from A/mallard/Sweden/81/02) and H9 (from A/chicken/Hong 136 

Kong/G9/1997), were kindly provided by Professor F. Krammer (Mount Sinai School of Medicine, New 137 

York, USA). 138 

 139 

2.2. In vitro studies  140 

Temperature-sensitive and cold-adapted (ts/ca) phenotypes of the LAIV viruses were determined 141 

by titration at different temperatures in eggs: 38 °C compared with 33 °C for the ts phenotype and 26 °C 142 

compared with 33 °C for the ca phenotype. Eggs inoculated with 10-fold virus dilutions were incubated 143 

for either 72 hours (for 33 °C and 38 °C) or 6 days (for 26 °C). In addition, LAIV virus growth was 144 

analysed in Madin-Darby canine kidney (MDCK) cells to determine the 50% tissue culture infectious 145 

dose (TCID50) on day 4 after inoculation. Virus titers in eggs and MDCK cells were calculated using the 146 

Reed and Muench method and expressed in terms of log10 50% egg infectious dose (EID50)/ml and 147 

log10TCID50/ml, respectively. A virus was considered to be temperature-sensitive (ts phenotype) if the 148 

infectious titers at 33 °C were at least 5.0 log10EID50 greater than at 38 °C. A virus was considered to be 149 

cold-adapted (ca phenotype) if the infectious titers at 26 °C were not more than 3.0 log10EID50 lower 150 

than at 33 °C [40]. 151 

 152 

2.3. Animals 153 

Male ferrets (Mustela putorius furo), aged 5–6 months and weighing 1.1–1.9 kg at the beginning of 154 

the experiment, were supplied by Scientific-Production Organization House of Pharmacy JSC (St 155 

Petersburg, Russia). They were prescreened by routine hemagglutination inhibition (HAI) test to ensure 156 

that they were negative to circulating human influenza viruses and the viruses being tested. Prior to 157 

infection, ferrets were randomly selected and housed individually in isolation units with free access to 158 

food and water. All animal experiments were conducted using protocols approved by the Local 159 

Bioethical Committee of the Institute of Preclinical Research Ltd (St Petersburg, Russia) (Protocol 160 

#BEC 2.12/18 authorized on 28 February 2018). All inoculations, nasal washes and blood sample 161 

collections were performed with the animal under short-term anesthesia induced by intramuscular 162 

injection of Zoletil 100, 12.5 mg/kg of body weight; every effort was made to minimize suffering. At the 163 

end of the study, animals were euthanized with an overdose of Zoletil-xylazine combination. 164 

 165 

2.4. Ferret immunization and challenge 166 
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Four groups of seven ferrets were inoculated intranasally with three doses of LAIV viruses or 167 

phosphate-buffered saline (PBS) placebo at 21-day intervals, as illustrated in Figure 1. The vaccine 168 

viruses were administered in a dose of 7.0 log10EID50 and an inoculum of 0.5 ml. 169 

Nasal fluid wash (NFW) specimens were collected on days 1 and 3 after each vaccine dose. Blood 170 

samples for serum preparation were collected 14 days before vaccination and on day 63 to assess 171 

immunogenicity. Seven days after the last vaccine dose (day 49), three ferrets from each group were 172 

euthanized and tissues were collected for evaluation of the safety of the vaccines tested. The remaining 173 

four animals from each group were challenged intranasally with 6.0 log10EID50 of A/South 174 

Africa/3626/2013 (pH1N1) virus on day 63, after which NFW samples were collected every day until 175 

day 67. On that day, all animals were sacrificed and various tissues were collected to assess viral 176 

replication and pathological changes as observed on gross pathology and histopathology. 177 

 178 

 179 

 180 
Figure 1. Overview of study design (A) and designation of the study groups (B). 181 

 182 

 183 

2.5. Virological methods 184 

Virus replication in the ferrets’ respiratory tract was assessed by endpoint titration of NFW, lung 185 

and trachea specimens in embryonated chicken eggs. Tenfold sample dilutions were inoculated into 10–186 
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11-day-old eggs and incubated at 33 °C for 72 hours. Virus titers were expressed as log10EID50/ml for 187 

NFW and log10EID50/gram for trachea and lung specimens. 188 

 189 

2.6. Clinical signs and morbidity outcomes 190 

Ferrets were observed daily for clinical signs (body weight, level of activity, nasal discharge, and 191 

sneezing). Nasal symptoms were scored as follows: 1 – nasal rattling could be heard or the ferret 192 

sneezed during transport from its cage to the evaluation area; 2 – there was evidence of nasal discharge 193 

on the external nares; 3 – the animal exhibited mouth breathing: 0 – the animal exhibited none of these 194 

symptoms. Activity level was scored over a range from zero to three according to the extent that the 195 

animal could be induced to play: 0 – the animal was fully playful; 1 – the animal responded to play 196 

overtures but did not initiate any play activity; 2 – the animal was alert but not at all playful; 3 – the 197 

animal was neither playful nor alert. Scores were summed for each ferret and group medians calculated. 198 

Body temperature was measured using temperature data loggers (Star-Oddi, Reykjavik, Iceland) 199 

implanted into the peritoneal cavity and programmed to record body temperature every 30 minutes. The 200 

effect of vaccination or virus infection on the body temperature was expressed as the area under the 201 

curve (AUC) of the body temperature increase after immunization or challenge (AUC delta T) and as 202 

the maximum temperature increase (max delta T). The body temperature increase was calculated by 203 

subtracting the baseline temperature (average of the temperatures recorded in periods between 204 

vaccinations) from the temperature recorded at any time during the vaccination or challenge phase, 205 

excluding the periods of sedations, where a sharp temperature decrease was registered. The AUC was 206 

calculated using the trapezoidal rule and the same baseline temperature as mentioned above. 207 

 208 

2.7. Assessment of immune responses  209 

Antibody immune responses were assessed by determining serum antibody titers in an HAI 210 

assay; IgG antibody was quantified by enzyme-linked immunosorbent assay (ELISA), as described 211 

elsewhere [41] with some modifications. For HAI, serum samples were pretreated with receptor-212 

destroying enzyme (RDE) (Denka Seiken, Tokyo, Japan) to remove non-specific inhibitors and 213 

quantified against four HA units of the following viruses: (i) A/South Africa/3626/2013 (pH1N1); (ii) 214 

A/Tokyo/3/67 (H2N2); (iii) H5N2 (NP-MDV); (iv) A/herring gull/Sarma/51/2006 (H6N1); (v) H8N2 215 

(NP-MDV); (vi) H9N2 (NP-MDV). For ELISA, high-sorbent 96-well plates (Greiner, Germany) were 216 

coated with 100 µl of either 16 HA units of sucrose-purified H5N2 LAIV virus (positive control) or 2 217 

µg/ml of the following recombinant HA proteins: cH6/1, H2, H3, H6, and H9 in carbonate-bicarbonate 218 

buffer in a volume of 100 µl per well overnight. Twofold dilutions of sera were prepared starting from 219 

1:10 and added to the coated wells, which were then incubated with anti-ferret IgG conjugates to 220 

horseradish peroxidase supplied by Sigma (USA). The antibody titers were defined as the last dilution 221 
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with optical density (OD) values more than 3 SD greater than the mean OD measured in control wells 222 

(all components except for the serum specimens). A fourfold or more rise in antibody titer after 223 

vaccination was considered a reliable indicator. 224 

 225 

2.8. Pathology studies 226 

At the time of necropsy, a complete macroscopic (gross pathology) examination was performed. 227 

The nasal turbinates (NT), trachea and lungs were studied in detail, and the abdominal and pelvic 228 

cavities were examined. Tissue sections of nasal turbinates, trachea and left cranial and left caudal lung 229 

lobes were taken from each sacrificed animal on day 4 post-challenge and used for histological analysis. 230 

After fixation in 10% buffered formalin, lungs were embedded in paraffin and prepared for 231 

histopathological analysis. For nasal turbinates and trachea, after fixation in formalin the specimens 232 

were decalcified in Gooding-Stewart fluid (a mixture of 25% concentrated formic acid, 5% formalin 233 

solution and 75% distilled water) for 14 days and then embedded in paraffin and prepared for 234 

histopathological analysis. Tissue sections of 5 µm were prepared and stained with Alcian blue at pH 235 

2.5, followed by hematoxylin and eosin staining to reveal goblet cells on microscopic examination. For 236 

the assessment of fibrin deposition, sections of lungs were stained with picro-Mallory stain [42]. 237 

Infection pathology was evaluated as described elsewhere [43], including indicators of damage to the 238 

epithelial lining and acute inflammation. The damage to lung tissues was scored using epithelial 239 

hypertrophy, epithelial hyperplasia, pseudosquamous epithelium, and epithelial necrosis of bronchi and 240 

bronchioles, as well as hypertrophic pneumocyte type 2, hyperemia septa, alveolar emphysema, and 241 

alveolar hemorrhages. Acute inflammation in lungs was assessed in terms of bronchitis, bronchiolitis, 242 

peribronchitis, peribronchiolitis, interstitial infiltrate, alveolitis, vasculitis, and perivasculitis. The 243 

infection damage to nasal turbinates was assessed as epithelial damage, hyperemia, lymphocytic 244 

infiltrate, exudate, and edema. Each of these parameters was scored as: 0 absent; 1 minimal; 2 slight; 3 245 

moderate; 4 strong; and 5 severe. The sum of the parameter scores for damage and inflammation was 246 

used for statistical analyses to estimate the degree of vaccine-induced protection. At least six 247 

microscopic fields were scored for each lung specimen. The percentage of affected tissue was estimated 248 

from the sections as a measure of the extent of damage. 249 

 250 

2.10. Statistical analyses 251 

Data were analyzed with Statistica software (version 6.0; Statsoft Inc.). The statistical 252 

significance of the differences in pathology estimates, as well as in viral titers in eggs, MDCK cells, 253 

NFW specimens and tissues of ferrets was assessed using the Mann-Whitney U-test. Differences in log2-254 

transformed HI and ELISA antibody titers were also subjected to the Mann-Whitney U-test. P values of 255 

<0.05 were considered significant. 256 
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 257 

3. Results 258 

3.1. Virological characterization of LAIV viruses used in the study 259 

The phenotypic properties of the recombinant LAIV viruses containing cHAs and/or wild-type 260 

nucleoprotein generated for this study were compared with those of the analogous LAIVs containing 261 

classical full-length HA. LAIV viruses are characterized by ts/ca phenotypes, i.e. they actively replicate 262 

at low temperature (26 °C), but their replication at high temperature (38 °C) is impaired. The 263 

replacement of the HA in classical LAIVs with cHA, as well as the replacement of Len/17 NP with that 264 

of pH1N1 virus, did not affect the ts phenotype: all cHA LAIVs replicated poorly at high temperature in 265 

eggs (Table 2). Five of six cHA LAIVs also preserved the ca phenotype; the cH5/1N2 (NP-WT) 266 

candidate that contained both chimeric HA and wild-type NP replicated poorly at 26 °C; the difference 267 

in titer compared with growth at 33 °C was 4.5 log10EID50. Interestingly, the analogous cH5/1N2 268 

containing the NP from MDV preserved its ca phenotype (the difference in viral titer between 33 °C and 269 

26 °C did not exceed 3.0 log10EID50). These data suggest that the source of the NP gene in the LAIV 270 

virus could affect the ca phenotype. However, the effect is strain-specific, as the other stalk-based 271 

LAIVs – cH8/1N2 (NP-WT) and cH9/1N2 (NP-WT) – replicated efficiently at low temperature in eggs 272 

(Table 2).  273 

Importantly, all engineered LAIV candidates replicated efficiently in eggs in optimal conditions, 274 

though for one virus, cH5/1N2 (NP-WT), the endpoint titer was significantly lower than that of the 275 

classical counterpart. Since the analogous cHA-containing LAIV with MDV NP had a titer similar to 276 

that of the control virus, it is likely that the wild-type NP was responsible for the lower viral titers in 277 

eggs. The replication profile of the LAIV viruses in MDCK cells was affected by the origin of both the 278 

HA stalk domain and the NP gene. Both LAIV candidates that had the cH5/1 HA molecule showed 279 

significantly lower virus titers than their control LAIV expressing natural HA (Table 2). These results 280 

indicate that the inclusion of an irrelevant stalk domain in H5 molecules can reduce the ability to 281 

replicate in mammalian cells, without affecting growth activities in eggs. The effect of the pH1N1 stalk 282 

domain was strain-specific, since cH8/1N2 (NP-MDV) and cH9/1N2 (NP-MDV) LAIVs had similar 283 

titers in MDCK cells as the H8N2 and H9N2 LAIVs, respectively. An effect of wild-type NP on virus 284 

titer in MDCK cells was noted for all three pairs of LAIV viruses. However, the effect varies: for the 285 

cH5/1- and cH9/1-containing LAIVs, the WT NP decreased virus titer (7.3 vs 6.4 log10TCID50/ml, 286 

P=0.049, and 8.2 vs 5.2 log10TCID50/ml, P=0.044, respectively); for the cH8/1-containing LAIVs, the 287 

WT NP increased viral replication in mammalian cells (5.8 vs 7.0 log10TCID50/ml, P=0.029).  288 

 289 

 290 

Table 2. Virological characteristics of LAIV viruses used in this study 291 
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LAIV virus 
 Virus titer in eggs, log10EID50/ml Phenotyp

e 

Virus titer in 
MDCK cells, 
log10TCID50/ml  33 °C 38 °C 26 °C 

 

H5N2 (NP-MDV)  9.2±0.3 2.7±0.5 6.5±0.7 ts/ca 8.6±0.3 

H8N2 (NP-MDV)  7.6±0.8 1.6±0.2 5.5±0.4 ts/ca 6.0±0.8 

H9N2 (NP-MDV)  8.4±0.5 1.7±0.6 5.5±0.8 ts/ca 7.4±0.5 

 

cH5/1N2 (NP-MDV)  8.6±0.3 2.2±0.5 6.3±0.1 ts/ca 7.3±0.3† 

cH8/1N2 (NP-MDV)  7.7±0.7 1.2±0.2 5.1±0.9 ts/ca 5.8±0.4‡ 

cH9/1N2 (NP-MDV)  8.9±0.4 2.0±0.6 6.5±0.7 ts/ca 8.2±0.0 

 

cH5/1N2 (NP-WT)  7.5±0.4† 1.5±0.4 3.0±0.3 ts/non-ca 6.4±0.4† 

cH8/1N2 (NP-WT)  8.1±0.7 2.2±0.8 5.2±0.7 ts/ca 7.0±0.2 

cH9/1N2 (NP-WT)  7.8±0.7 2.1±0.4 5.2±0.8 ts/ca 5.2±0.3† 
†P<0.05 compared to the corresponding control LAIV virus with classical HA and NP from MDV; ‡ 292 
P<0.05 compared to the cH8/1N2 (NP-WT) LAIV. 293 
 294 

 295 

3.2. Safety testing of universal LAIV candidates in ferrets 296 

In the three groups of ferrets given vaccine, no significant differences were observed in clinical 297 

scores or percentage body weight loss at any time. Fluctuations in body temperature over the 298 

immunization phase were similar in all the study groups (Figure 2). The vaccines were considered to be 299 

safe and well tolerated, 300 

 301 
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 302 
Figure 2. Safety of sequential immunization of ferrets. A. Percentage body weight change. B. Area 303 
under the curve of delta T relative to baseline temperature for each ferret over the immunization phase. 304 
C. Scores for clinical signs of influenza infection in ferrets throughout the immunization period. No 305 
significant differences were observed for any of the parameters. 306 
 307 
 308 
 309 

3.3. Shedding and immunogenicity of universal LAIV candidates in ferrets 310 

All nine LAIV reassortant viruses replicated in the upper respiratory tract of intranasally 311 

immunized ferrets. While the mean viral titers detected in NWF specimens varied between test groups, 312 

the difference was not statistically significant (Figure 3). Importantly, the vaccine viruses replicated 313 

efficiently after the second and third immunizations, indicating that the immunity induced to the 314 

previous vaccination(s) was not sterile, which allowed LAIV viruses with heterologous HA head 315 

domains to overcome this immunity.  316 

 317 
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 318 
Figure 3. Replication of LAIV viruses in the upper respiratory tract of immunized ferrets after each 319 
vaccine dose.  320 
 321 

 322 

On day 63, HAI antibody titers against a panel of influenza A viruses were low (Figure 4A). 323 

The only significant increase was seen for the anti-H9N2 HAI antibody in the LAIVs (NP-MDV) group. 324 

In contrast, much higher titers of serum IgG antibodies were detected. Thus, when an H5N2 LAIV 325 

whole virus was used as antigen, the IgG antibody titers exceeded 1:1024 in all three vaccine groups, 326 

indicating that the immunizations were successful (Figure 4B). Significant rises in IgG titers were also 327 

seen for the recombinant H8 and H9 protein antigens, which also indicates successful immunization, as 328 

all the vaccine groups included reassortant viruses containing the HA head domains from H8N4 and 329 

H9N2 viruses. Although the H2N2 hemagglutinin belongs to the same group as the H5, H8 and H9 330 

HAs, there was no significant increase in anti-H2 antibody titers in the sera of immunized ferrets (Figure 331 

4B). Importantly, significant titers of IgG antibodies reacting with chimeric cH6/1 protein were detected 332 

only in the two immunization groups given cHA-containing LAIVs (Figure 4B). These data clearly 333 

indicate that the source of stalk domain in LAIV virus significantly affects the ability to induce stalk 334 

HA-reactive antibody after sequential immunization. 335 

 336 
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337 
Figure 4. Serum antibody immune responses in immunized ferrets. A. HAI antibody titers, measured 338 
against a panel of LAIV viruses expressing natural HAs. B. Serum IgG titers measured in ELISA 339 
against H5N2 LAIV virus and a panel of recombinant HA proteins. *indicates significant difference 340 
with the mock-vaccinated group. The dashed line indicates the limit of detection. 341 
 342 

 343 

 344 

3.3. Protective efficacy of universal LAIV candidates against a high-dose H1N1pdm09 viral challenge 345 

 346 

Challenge virus shedding 347 

Challenge virus was detected on day 4 after infection in all respiratory tissues tested: lungs, NT 348 

and trachea. However, all vaccinated animals shed challenge virus in the URT at significantly lower 349 

levels than the mock-vaccinated group (Figure 5A). There was no significant difference between the 350 
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different vaccination regimens in virus shedding in the URT. However, virus titers in the trachea were 351 

significantly lower in animals from the two LAIV groups expressing cHAs, but not for classical LAIVs, 352 

compared with the mock group (Figure 5B). Strikingly, a significantly lower pulmonary virus titer was 353 

observed only for the animals immunized with cHA LAIVs that contained WT NP. These data indicate 354 

that the replacement of MDV NP with that of WT virus can further improve protection against recent 355 

wild-type influenza virus. 356 

 357 

 358 
Figure 5. Replication of H1N1pdm09 challenge virus in respiratory tract of immunized ferrets. A. Virus 359 
titers in nasal wash fluids. with Mock group is indicated for each vaccine group: # significant difference 360 
between cHA LAIVs (NP-MDV) group and mock vaccinated group; * significant difference between  361 
cHA LAIVs (NP-WT) group and mock-vaccinated group; † significant difference between LAIVs (HA-362 
MDV group and mock-vaccinated group. B. Virus titers in ferret tissues. Significant differences are 363 
indicated (Mann-Whitney U test). 364 

 365 

 366 

Body weight loss and clinical manifestations of disease 367 
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All vaccinated animals were protected from body weight loss and clinical signs of disease, as 368 

compared with the mock-immunized ferrets (Figure 6). Only the control animals displayed clinical 369 

symptoms characteristic of influenza infection, such as sneezing and nasal discharge.  370 

 371 

 372 
Figure 6. Clinical signs of influenza infection in immunized ferrets after challenge. A. Percentage 373 
change in body weight. # significant difference between cHA LAIVs (NP-MDV) group and mock-374 
vaccinated group; * significant difference between cHA LAIVs (NP-WT) group and mock-vaccinated 375 
group; † significant difference between LAIVs (HA-MDV) group and mock-vaccinated group. B. 376 
Scores for clinical signs for each ferret during the four days after the challenge. * Significant difference 377 
from the mock-vaccinated group (Mann-Whitney U test). 378 

 379 

 380 

Body temperature 381 

The body temperature of the ferrets in the challenge phase is shown in Figure 7A. There was a 382 

significant difference between all three vaccine groups and the control group in the maximal delta T 383 

parameter (Figure 7B), suggesting that the vaccinated animals were protected against severe fever. 384 

However, in terms of the area under the curve, the only significant difference was between the cHA 385 

LAIVs (NP-WT) group and the controls (Figure 7C). These data suggest that, while all vaccine 386 

regimens reduced fever similarly, the duration of fever was significantly shorter in animals that received 387 

LAIVs containing chimeric HA and WT NP.  388 
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 389 
Figure 7. Body temperature of immunized ferrets after challenge. A. Variation in body temperature over 390 
the challenge phase. The several sharp decreases in temperature are the result of sedation during 391 
challenge (D63) and collection of nasal wash fluids. B. Maximal increase in body temperature over the 392 
challenge phase. C. Area under the curve of delta T relative to baseline temperature for each ferret over 393 
the challenge phase. Statistical differences with mock-vaccinated group are indicated (Mann-Whitney U 394 
test); ns = not significant. 395 

 396 

 397 

Histopathological analysis of upper and lower respiratory tract  398 

Analysis of pathological changes in URT tissues demonstrated that all vaccinated groups were 399 

protected from damage to respiratory epithelium after H1N1pdm09 challenge: mucus-producing goblet 400 

cells (stained with alcian blue stain) were preserved in NTs of LAIV-vaccinated ferrets, whereas these 401 

cells were absent in the mock-vaccinated group (Figure 8A). However, semi-quantitative analysis of 402 

pathological changes in nasal turbinates, and estimation of the percentage of affected tissue, revealed 403 

significant protection only in the two groups given LAIV that expressed chimeric HAs (Figure 8B, C). 404 

Interestingly, only the cHA LAIVs (NP-WT) group was significantly protected in terms of both the 405 

percentage of affected tissue and the total pathology score (Figure 8B, C). A semi-quantitative analysis 406 

of the infection pathology of individual NT specimens is given in Supplement Table 1. 407 
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Histological examination of ferrets’ trachea showed few or no pathological changes. Minimal to 408 

moderate glandular, subepithelial and intraepithelial mononuclear infiltrates were defined. Rarely 409 

damage to cilia, epithelial hypertrophy and hyperplasia were found; however, there were no significant 410 

differences between the groups. 411 

 412 
 413 

414 
 415 
Figure 8. Pathology of the upper respiratory tract of immunized ferrets four days post-challenge. A. 416 
Gross pathology (GP) of nasal turbinates (upper panel). Histopathology of NT (middle panel) and 417 
trachea (lower panel). B. Percentage affected nasal turbinate tissues. C. Semi-quantitative analysis of 418 
NT infection pathology. H&E – haematoxylin and eosin. AB – alcian blue. Statistical differences with 419 
mock-vaccinated group are indicated (Mann-Whitney U test). 420 

 421 
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The lungs of the control ferrets showed severe pathological changes, characterized by moderate 422 

to strong bronchopneumonia and moderate interstitial and alveolar pneumonia (Figure 9A). There was 423 

regularly defined hyperemia of the alveolar septa with large hemorrhages, alveolar emphysema, necrosis 424 

and denudation of bronchial and bronchiolar epithelium. Alveolar and bronchial spaces were often filled 425 

with edema, debris, and large numbers of polymorphonuclear cells. Vasculitis and perivasculitis were 426 

defined.  427 

The lungs of ferrets from the groups given cHA LAIVs (NP-MDV) and LAIVs (NP-MDV) had 428 

macroscopically visible emphysema foci and alveolar hemorrhages of varying severity. Exudate was 429 

observed in the lumen of the bronchi and bronchioles, in which lymphocytes and mononuclear cells 430 

predominated. Mild to moderate signs of catarrhal bronchitis, peribronchitis, bronchiolitis, perivasculitis 431 

and vasculitis were seen. Damage to pulmonary tissue was manifested as moderate lymphocytic and 432 

mononuclear infiltration in the interstitial tissue of the respiratory department, hyperemia of alveolar 433 

septa and alveolitis, shown as thickening of alveolar septa, and diffuse inflammatory infiltration. Focal 434 

hemorrhages and alveolar emphysema were defined (Figure 9A). 435 

In the cHA LAIVs (NP-WT) group, morphological changes included minimal or slight 436 

thickening and hyperplasia of bronchial and bronchiolar epithelium, often without a microscopic picture 437 

of bronchitis and bronchiolitis. No exudate was detected in the lumen of the bronchi and bronchioles. In 438 

peribronchial areas, interstitial and alveolar tissues, there was predominantly minimal to moderate 439 

lymphocytic and mononuclear infiltration. Less frequently, there was necrotic damage to the bronchial 440 

epithelium, accompanied by moderate or severe lymphocytic infiltration (Figure 9A). Picro-Mallory 441 

staining of the lungs showed fibrin deposits in the lumen of the bronchi and the alveolar tissue. 442 

Detection of a large amount of fibrin and severe inflammatory infiltration of lung tissue in animals of 443 

the control group indicated the development of severe exudative fibrous bronchitis and alveolitis. In all 444 

vaccinated animals, fibrin was determined less frequently or was absent in the foci of inflammation 445 

(Figure 9A). 446 

In conclusion, all groups of vaccinated animals showed fewer pathological changes and a lower 447 

percentage of affected tissue in the lungs than the control group. However, differences in the pathology 448 

score and percentage of  affected tissue were statistically significant only for the cHA LAIVs (NP-WT) 449 

group, most probably because of the low number of animals analyzed (Figure 9B, C). A semi-450 

quantitative analysis of the infection pathology of individual lung specimens is given in Supplement 451 

Table 2. 452 

Overall, the universal LAIV candidates expressing cHAs and WT NP were the most effective of 453 

the LAIVs tested in this trial against a high-dose heterologous virus challenge. 454 

 455 
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 456 
 457 

 458 
Figure 9. Pathology of the lower respiratory tract of immunized ferrets four days post-challenge. A. 459 
Gross pathology (GP) of ferrets’ lungs (upper panel). Histopathology of lungs with different dyes 460 
(middle and lower panels). B. Percentage affected lung tissues. C. Semi-quantitative analysis of lung 461 
infection pathology. H&E – haematoxylin and eosin. P-M – picro-Mallory stain. Statistical differences 462 
with the mock-vacciated group are indicated (Mann-Whitney U test). 463 
 464 

 465 

 466 

 467 
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Discussion  468 

Because influenza A viruses are constantly evolving, vaccination with classical influenza vaccines 469 

is not always fully effective. Circulating strains are often antigenically significantly different from the 470 

seasonal vaccine components [44,45]. In addition, the causative agent of the next influenza pandemic 471 

cannot be predicted with complete certainty, meaning that the population may be unprotected against the 472 

new virus. As a result, the development of broadly protective influenza vaccines against different 473 

subtypes of influenza A virus has been a priority for some 20 years [6].  474 

There have been various studies showing that influenza vaccines or other immunogens, such as 475 

recombinant proteins, that contain chimeric HA proteins (i.e. identical stalk domains and different 476 

globular head domains) are able to elicit significant HA stem-reactive antibody levels. As a result, such 477 

vaccines provide significant heterosubtypic protection, thus serving as a prototype universal influenza 478 

vaccine [46-51]. Recently, Nachbagauer and co-authors demonstrated in a ferret model that a cHA-based 479 

LAIV was a better priming vaccine for inducing high levels of cross-reactive HA stalk antibody after 480 

boost with inactivated influenza vaccine, regardless of the LAIV platform used [14,15]. We have 481 

previously demonstrated that sequential immunization with two or three doses of cHA-based LAIVs can 482 

induce HA stalk-reactive antibody that enhances heterosubtypic protection in mice, compared with 483 

heterologous prime-boost immunization with classical LAIVs [16]. In the present study, we assessed the 484 

cross-protective efficacy of such cHA-based LAIVs in a ferret model. We also improved the 485 

performance of the LAIV by replacing the NP from the Len/17 MDV by the NP from the current 486 

H1N1pdm09 virus. 487 

The rationale for including recent NP in the LAIV genome composition has been discussed in the 488 

context of our previous studies in a mouse model [37,38], and in in vitro study of human donor peripheral 489 

blood mononuclear cells [36]. In this ferret study, for the first time the two strategies for enhancing the 490 

cross-protective potential of traditional LAIVs were combined, and sequential immunizations with the 491 

vaccines expressing cHAs and WT NP were compared with classical LAIVs and with cHA-based 492 

LAIVs with classical NP.  493 

In vitro characterization of the LAIV viruses showed that they all preserved the ts phenotype, 494 

which is important for the maintenance of attenuated phenotype of the vaccine viruses. However, the 495 

inclusion of chimeric HA and/or WT NP genes in some cases affected the ca phenotype and/or their 496 

ability to replicate efficiently in MDCK cells. Similar effects have been demonstrated previously for the 497 

engineered cHA-based LAIVs [16], as well as for the 5:3 reassortant viruses bearing WT NPs [38]; in all 498 

the studies these effects were strain-specific. Despite these variations in virological characteristics, all 499 

LAIV candidates used in the mouse studies were attenuated, i.e. did not grow in the lungs, but were able 500 

to replicate in the upper respiratory tract, inducing protective immunity. In the current ferret study, we 501 

could not assess LAIV virus replication in the lower respiratory tract because of the limited number of 502 
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animals. However many previous studies of Len/17-based LAIV viruses have confirmed the attenuated 503 

phenotype of these viruses [43,52,53]. The vaccine viruses were able to replicate in the upper respiratory 504 

tract, inducing humoral immune responses, but no clinical signs of disease were registered after 505 

immunization with any of the LAIVs tested. These findings indicate that the three-dose immunization 506 

schedule is safe, regardless of the LAIV virus composition tested in the trial. 507 

In contrast to our previous mouse study [16], the ferrets developed lower HAI titers to the 508 

homologous viruses used for immunization. In mice, a significant increase in anti-H5N1 HAI antibody 509 

was seen in all groups that received H5 HA-containing LAIVs as the first dose [16]. In the ferret study, 510 

anti-H5N1 HAI antibodies were undetectable, and anti-H5N1 serum IgG antibodies were much lower 511 

than in the mouse study. Most probably, in ferrets a single dose is not sufficient to induce homologous 512 

antibody to avian influenza viruses [52], while the other LAIVs bearing heterologous HA head domains 513 

were unable to boost the HAI antibody. Nevertheless, the most important immunological result is that 514 

only cHA-containing LAIVs were able to induce HA stalk-reactive IgG antibody, which is in agreement 515 

with our previous findings in mice [16] and with reports of other authors [14,15]. 516 

The main purpose of this trial was to determine whether the replacement of the HA and NP genes 517 

in classical LAIVs with chimeric HA and WT NP genes enhanced the cross-protective efficacy of the 518 

vaccines. Our previous comparative ferret study of H3N2 LAIVs containing NP from MDV or wild-519 

type virus did not detect significant differences in the cross-protective efficacy of the vaccines, although 520 

there was a slightly lower challenge virus titer in the URT in WT NP LAIV group. This was probably 521 

because the challenge virus failed to replicate in lungs and did not cause significant pathology [54]. In 522 

contrast to that study, here we used a high-dose viral challenge that induced significant pathology and 523 

clinical manifestations of disease in the control animals, allowing the protective potential of the vaccines 524 

to be evaluated through a number of parameters.  525 

Overall, all three vaccination regimens protected animals from clinical manifestations of disease: 526 

immunized ferrets did not lose weight and did not present clinical symptoms such as sneezing and 527 

change in behavior, and their maximal temperature increase over the challenge phase was significantly 528 

lower than in the control group. These findings confirm previous findings that even classical LAIVs 529 

afford partial protection against heterologous/heterosubtypic influenza virus challenge [55,56]. Despite 530 

this protection against clinical symptoms, the immune responses induced by the sequential 531 

immunizations were not sterile, i.e. challenge virus was isolated from the upper and lower respiratory 532 

tract of challenged animals. Although challenge virus replication in the URT was significantly lower 533 

than in the mock-vaccinated group for all three vaccine groups, only the cHA-containing LAIVs were 534 

able to significantly reduce viral titer in the trachea. Strikingly, only the LAIVs containing both cHA 535 

and WT NP protected against pulmonary virus replication. It should be noted that all three vaccine 536 
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groups showed reduced pulmonary virus titers, and the fact that the decreases in the other two vaccine 537 

groups were not significant may be related to the small number of ferrets in each group.  538 

A recent study by Nachbagauer et al. [14,15] found that a cHA LAIV prime followed by a cHA IIV 539 

boost induced a broad antibody immune response that fully protected ferrets from replication of 540 

heterologous virus in lungs. In that study, in addition to HA-reactive antibody, the protection could have 541 

been afforded by anti-NA antibody, since the viruses contained the NA of H1N1pdm09 virus. In our 542 

study, all LAIV candidates contained NA from an irrelevant strain, Len/17 H2N2 virus, to avoid any 543 

impact of anti-NA antibody on protection. The inability of our vaccination regimens to fully protect 544 

ferrets against challenge virus pulmonary replication might be related to the lower serum IgG antibody 545 

titers and the higher dose of the challenge virus. Overall, the virological findings suggest the following 546 

hierarchy in the protective efficacy of the vaccine groups: cHA LAIVs (NP-WT) > cHA LAIVs (NP-547 

MDV) > LAIVs (NP-MDV). 548 

In line with the virological findings, other observations also suggest that simultaneous inclusion of 549 

chimeric HA and wild-type NP in LAIV viruses provides better protection against pathological changes 550 

after challenge with high-dose heterologous virus. The most straightforward and objective clinical 551 

observation is temperature increase over the challenge phase. This was registered with implanted 552 

temperature recorders, which measure body temperature every 30 minutes. The resulting data array 553 

allows precise assessment of temperature increase using the AUC delta T parameter. Strikingly, despite 554 

similar Max delta T values for all three vaccine groups, the AUC values differed significantly between 555 

groups, with the lowest value being observed for the cHA LAIVs (NP-WT). These data suggest that, 556 

while fever was similarly reduced in all test groups, the duration of fever was significantly shorter in 557 

animals that received LAIVs containing both cHA and WT NP gene; this may be associated with CTL 558 

immunity. These findings were further confirmed by histopathological analysis of upper and lower 559 

respiratory tract tissues of challenged ferrets: a significant reduction in pathology scores, relative to the 560 

control group, was detected only for group given cHA-containing LAIVs, with maximal protection 561 

observed in the cHA LAIVs (NP-WT) vaccine group.  562 

The primary limitation of this study is that T-cell immunity was not analyzed for the immunized 563 

ferrets. This was because of a lack of well-defined reagents and protocols for this animal model. 564 

Although several recent studies have established protocols and suggested the use of specific antibodies, 565 

the results are still controversial. In recent years, great strides have been made in characterizing T-cell 566 

immune responses to influenza infection in ferrets, and some reagents and standardized procedures have 567 

been established [57-59]. On the basis of this study, we plan to analyze cell-mediated immunity in the 568 

ferret model using the most promising reagents and protocols. 569 

In summary, we designed for the first time universal influenza vaccine candidates on the basis of 570 

licensed LAIVs by increasing their ability to induce cross-reactive anti-HA stalk antibody and CTL 571 
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immunity targeted to relevant T-cell epitopes within the viral nucleoprotein. Comprehensive analysis of 572 

safety, immunogenicity and protective efficacy of these prototype universal LAIVs in a ferret model 573 

provided evidence that such vaccines are highly promising for further clinical development. 574 

 575 

Author Contributions: Conceptualization, L.R., I.K. and I.I-S.; methodology, I.K., V.M., E.K. and 576 

K.S.; validation, I.I-S., A.K. and A.R.; formal analysis, T.K., A.K., A.M., V.M. and I.I-S; investigation, 577 

I.K., E.K., N.L., S.D., A.K., T.K., A.M. and K.S.; resources, L.R. and A.R.; data curation, A.R., A.M., 578 

V.M. and I.I-S; writing - original draft preparation, I.I-S.; writing - review and editing, I.K., and L.R.; 579 

supervision, L.R., I.K. and I.I-S.; project administration, L.R., I.I-S. and A.R. 580 

 581 

Funding: This study was partially supported by Russian Scientific Fund grant #14-15-00034 (ferret 582 

handling, immunological and virological studies) and Russian Ministry of Science and Education 583 

Program ID 0557-2016-0013 (histopathology study). 584 

 585 

Acknowledgments: We thank Dr. Patricia Butler for editorial assistance.  586 

 587 

Disclaimer: The authors alone are responsible for the views expressed in this article chapter and they do 588 

not necessarily represent the views, decisions or policies of the institutions with which they are 589 

affiliated. 590 

 591 

Conflicts of Interest: The authors declare no conflict of interest.   592 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 December 2018                   Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 December 2018                   doi:10.20944/preprints201812.0317.v1

http://dx.doi.org/10.20944/preprints201812.0317.v1


24 
 

References 593 
 594 
1. Harfoot, R.; Webby, R.J. H5 influenza, a global update. Journal of Microbiology 2017, 55, 196-203, 595 

doi:10.1007/s12275-017-7062-7. 596 
2. Artois, J.; Jiang, H.; Wang, X.; Qin, Y.; Pearcy, M.; Lai, S.; Shi, Y.; Zhang, J.; Peng, Z.; Zheng, J., et al. 597 

Changing geographic patterns and risk factors for avian influenza A(H7N9) infections in humans, China. 598 
Emerging Infectious Diseases 2018, 24, 87-94, doi:10.3201/eid2401.171393. 599 

3. Hoa, L.N.M.; Tuan, N.A.; My, P.H.; Huong, T.T.K.; Chi, N.T.Y.; Hau Thu, T.T.; Carrique-Mas, J.; Duong, 600 
M.T.; Tho, N.D.; Hoang, N.D., et al. Assessing evidence for avian-to-human transmission of influenza 601 
A/H9N2 virus in rural farming communities in northern Vietnam. Journal of General Virology 2017, 98, 602 
2011-2016, doi:doi:10.1099/jgv.0.000877. 603 

4. WHO. Tables on clinical evaluation of influenza vaccines. Pandemic and potentially pandemic influenza 604 
vaccines. 2018. Available at: 605 
http://www.who.int/entity/immunization/diseases/influenza/Table_clinical_evaluation_influenza_pand606 
emic.xlsx?ua=1.  607 

5. Nabel, G.J.; Fauci, A.S. Induction of unnatural immunity: prospects for a broadly protective universal 608 
influenza vaccine. Nature Medicine 2010, 16, 1389-1391, doi:10.1038/nm1210-1389. 609 

6. Krammer, F.; Palese, P. Advances in the development of influenza virus vaccines. Nature Reviews. Drug 610 
Discovery 2015, 14, 167-182, doi:10.1038/nrd4529. 611 

7. Krammer, F. Emerging influenza viruses and the prospect of a universal influenza virus vaccine. 612 
Biotechnology Journal 2015, 10, 690-701, doi:10.1002/biot.201400393. 613 

8. Hughes, B.; Hayden, F.; Perikov, Y.; Hombach, J.; Tam, J.S. Report of the 5th meeting on influenza 614 
vaccines that induce broad spectrum and long-lasting immune responses, World Health Organization, 615 
Geneva, 16-17 November 2011. Vaccine 2012, 30, 6612-6622, doi:10.1016/j.vaccine.2012.08.073. 616 

9. Paules, C.I.; Marston, H.D.; Eisinger, R.W.; Baltimore, D.; Fauci, A.S. The pathway to a universal influenza 617 
vaccine. Immunity 2017, 47, 599-603, doi:10.1016/j.immuni.2017.09.007. 618 

10. Berlanda Scorza, F.; Tsvetnitsky, V.; Donnelly, J.J. Universal influenza vaccines: shifting to better 619 
vaccines. Vaccine 2016, 34, 2926-2933, doi:10.1016/j.vaccine.2016.03.085. 620 

11. Air, G.M. Sequence relationships among the hemagglutinin genes of 12 subtypes of influenza A virus. 621 
Proceedings of the National Academy of Sciences of the United States of America 1981, 78, 7639-7643. 622 

12. Hai, R.; Krammer, F.; Tan, G.S.; Pica, N.; Eggink, D.; Maamary, J.; Margine, I.; Albrecht, R.A.; Palese, P. 623 
Influenza viruses expressing chimeric hemagglutinins: globular head and stalk domains derived from 624 
different subtypes. Journal of virology 2012, 86, 5774-5781, doi:10.1128/JVI.00137-12. 625 

13. Krammer, F.; Palese, P. Influenza virus hemagglutinin stalk-based antibodies and vaccines. Current 626 
opinion in virology 2013, 3, 521-530, doi:10.1016/j.coviro.2013.07.007. 627 

14. Nachbagauer, R.; Liu, W.-C.; Choi, A.; Wohlbold, T.J.; Atlas, T.; Rajendran, M.; Solórzano, A.; Berlanda-628 
Scorza, F.; García-Sastre, A.; Palese, P., et al. A universal influenza virus vaccine candidate confers 629 
protection against pandemic H1N1 infection in preclinical ferret studies. NPJ vaccines 2017, 2, 1-13, 630 
doi:doi:10.1038/s41541-017-0026-4. 631 

15. Nachbagauer, R.; Krammer, F.; Albrecht, R.A. A live-attenuated prime, inactivated boost vaccination 632 
strategy with chimeric hemagglutinin-based universal influenza virus vaccines provides protection in 633 
ferrets: a confirmatory study. Vaccines 2018, 6, doi:10.3390/vaccines6030047. 634 

16. Isakova-Sivak, I.; Korenkov, D.; Smolonogina, T.; Kotomina, T.; Donina, S.; Matyushenko, V.; 635 
Mezhenskaya, D.; Krammer, F.; Rudenko, L. Broadly protective anti-hemagglutinin stalk antibodies 636 
induced by live attenuated influenza vaccine expressing chimeric hemagglutinin. Virology 2018, 518, 637 
313-323, doi:10.1016/j.virol.2018.03.013. 638 

17. Belser, J.A.; Katz, J.M.; Tumpey, T.M. The ferret as a model organism to study influenza A virus infection. 639 
Disease Models & Mechanisms 2011, 4, 575-579, doi:10.1242/dmm.007823. 640 

18. Rimmelzwaan, G.F.; Fouchier, R.A.; Osterhaus, A.D. Influenza virus-specific cytotoxic T lymphocytes: a 641 
correlate of protection and a basis for vaccine development. Current Opinion in Biotechnology 2007, 18, 642 
529-536, doi:10.1016/j.copbio.2007.11.002. 643 

19. Sridhar, S. Heterosubtypic T-Cell Immunity to influenza in humans: challenges for universal T-cell 644 
influenza vaccines. Frontiers in Immunology 2016, 7, 195, doi:10.3389/fimmu.2016.00195. 645 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 December 2018                   Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 December 2018                   doi:10.20944/preprints201812.0317.v1

http://dx.doi.org/10.20944/preprints201812.0317.v1


25 
 

20. He, F.; Leyrer, S.; Kwang, J. Strategies towards universal pandemic influenza vaccines. Expert Review of 646 
Vaccines 2016, 15, 215-225, doi:10.1586/14760584.2016.1115352. 647 

21. McMichael, A.J.; Gotch, F.M.; Noble, G.R.; Beare, P.A. Cytotoxic T-cell immunity to influenza. The New 648 
England Journal of Medicine 1983, 309, 13-17, doi:10.1056/NEJM198307073090103. 649 

22. Wilkinson, T.M.; Li, C.K.; Chui, C.S.; Huang, A.K.; Perkins, M.; Liebner, J.C.; Lambkin-Williams, R.; Gilbert, 650 
A.; Oxford, J.; Nicholas, B., et al. Preexisting influenza-specific CD4+ T cells correlate with disease 651 
protection against influenza challenge in humans. Nature Medicine 2012, 18, 274-280, 652 
doi:10.1038/nm.2612. 653 

23. Sridhar, S.; Begom, S.; Bermingham, A.; Hoschler, K.; Adamson, W.; Carman, W.; Bean, T.; Barclay, W.; 654 
Deeks, J.J.; Lalvani, A. Cellular immune correlates of protection against symptomatic pandemic 655 
influenza. Nature Medicine 2013, 19, 1305-1312, doi:10.1038/nm.3350. 656 

24. Hayward, A.C.; Wang, L.; Goonetilleke, N.; Fragaszy, E.B.; Bermingham, A.; Copas, A.; Dukes, O.; Millett, 657 
E.R.; Nazareth, I.; Nguyen-Van-Tam, J.S., et al. Natural T cell-mediated protection against seasonal and 658 
pandemic influenza. Results of the Flu Watch Cohort Study. American Journal of Respiratory and Critical 659 
Care Medicine 2015, 191, 1422-1431, doi:10.1164/rccm.201411-1988OC. 660 

25. Powell, T.J.; Strutt, T.; Reome, J.; Hollenbaugh, J.A.; Roberts, A.D.; Woodland, D.L.; Swain, S.L.; Dutton, 661 
R.W. Priming with cold-adapted influenza A does not prevent infection but elicits long-lived protection 662 
against supralethal challenge with heterosubtypic virus. J Immunol 2007, 178, 1030-1038. 663 

26. Tamura, S.; Tanimoto, T.; Kurata, T. Mechanisms of broad cross-protection provided by influenza virus 664 
infection and their application to vaccines. Japanese Journal of Infectious Diseases 2005, 58, 195-207. 665 

27. Chirkova, T.V.; Naykhin, A.N.; Petukhova, G.D.; Korenkov, D.A.; Donina, S.A.; Mironov, A.N.; Rudenko, 666 
L.G. Memory T-cell immune response in healthy young adults vaccinated with live attenuated influenza 667 
A (H5N2) vaccine. Clinical and Vaccine Immunology : CVI 2011, 18, 1710-1718, doi:10.1128/CVI.05116-668 
11. 669 

28. He, X.S.; Holmes, T.H.; Zhang, C.; Mahmood, K.; Kemble, G.W.; Lewis, D.B.; Dekker, C.L.; Greenberg, H.B.; 670 
Arvin, A.M. Cellular immune responses in children and adults receiving inactivated or live attenuated 671 
influenza vaccines. Journal of Virology 2006, 80, 11756-11766, doi:10.1128/JVI.01460-06. 672 

29. Hoft, D.F.; Babusis, E.; Worku, S.; Spencer, C.T.; Lottenbach, K.; Truscott, S.M.; Abate, G.; Sakala, I.G.; 673 
Edwards, K.M.; Creech, C.B., et al. Live and inactivated influenza vaccines induce similar humoral 674 
responses, but only live vaccines induce diverse T-cell responses in young children. Journal of Infectious 675 
Diseases 2011, 204, 845-853, doi:10.1093/infdis/jir436. 676 

30. Grant, E.; Wu, C.; Chan, K.F.; Eckle, S.; Bharadwaj, M.; Zou, Q.M.; Kedzierska, K.; Chen, W. Nucleoprotein 677 
of influenza A virus is a major target of immunodominant CD8+ T-cell responses. Immunology and Cell 678 
Biology 2013, 91, 184-194, doi:10.1038/icb.2012.78. 679 

31. Chen, L.; Zanker, D.; Xiao, K.; Wu, C.; Zou, Q.; Chen, W. Immunodominant CD4+ T-cell responses to 680 
influenza A virus in healthy individuals focus on matrix 1 and nucleoprotein. Journal of Virology 2014, 681 
88, 11760-11773, doi:10.1128/JVI.01631-14. 682 

32. van de Sandt, C.E.; Kreijtz, J.H.; Rimmelzwaan, G.F. Evasion of influenza A viruses from innate and 683 
adaptive immune responses. Viruses 2012, 4, 1438-1476, doi:10.3390/v4091438. 684 

33. Tan, P.T.; Heiny, A.T.; Miotto, O.; Salmon, J.; Marques, E.T.; Lemonnier, F.; August, J.T. Conservation and 685 
diversity of influenza A H1N1 HLA-restricted T cell epitope candidates for epitope-based vaccines. PloS 686 
one 2010, 5, e8754, doi:10.1371/journal.pone.0008754. 687 

34. Rimmelzwaan, G.F.; Kreijtz, J.H.; Bodewes, R.; Fouchier, R.A.; Osterhaus, A.D. Influenza virus CTL 688 
epitopes, remarkably conserved and remarkably variable. Vaccine 2009, 27, 6363-6365, 689 
doi:10.1016/j.vaccine.2009.01.016. 690 

35. Berkhoff, E.G.; Geelhoed-Mieras, M.M.; Verschuren, E.J.; van Baalen, C.A.; Gruters, R.A.; Fouchier, R.A.; 691 
Osterhaus, A.D.; Rimmelzwaan, G.F. The loss of immunodominant epitopes affects interferon-gamma 692 
production and lytic activity of the human influenza virus-specific cytotoxic T lymphocyte response in 693 
vitro. Clinical and Experimental Immunology 2007, 148, 296-306, doi:10.1111/j.1365-694 
2249.2007.03340.x. 695 

36. Korenkov, D.; Nguyen, T.H.O.; Isakova-Sivak, I.; Smolonogina, T.; Brown, L.E.; Kedzierska, K.; Rudenko, L. 696 
Live attenuated influenza vaccines engineered to express the nucleoprotein of a recent isolate stimulate 697 
human influenza CD8(+) T cells more relevant to current infections. Human Vaccines & 698 
Immunotherapeutics 2018, 14, 941-946, doi:10.1080/21645515.2017.1417713. 699 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 December 2018                   Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 December 2018                   doi:10.20944/preprints201812.0317.v1

http://dx.doi.org/10.20944/preprints201812.0317.v1


26 
 

37. Isakova-Sivak, I.; Korenkov, D.; Smolonogina, T.; Tretiak, T.; Donina, S.; Rekstin, A.; Naykhin, A.; 700 
Shcherbik, S.; Pearce, N.; Chen, L.M., et al. Comparative studies of infectivity, immunogenicity and cross-701 
protective efficacy of live attenuated influenza vaccines containing nucleoprotein from cold-adapted or 702 
wild-type influenza virus in a mouse model. Virology 2017, 500, 209-217, 703 
doi:10.1016/j.virol.2016.10.027. 704 

38. Rekstin, A.; Isakova-Sivak, I.; Petukhova, G.; Korenkov, D.; Losev, I.; Smolonogina, T.; Tretiak, T.; Donina, 705 
S.; Shcherbik, S.; Bousse, T., et al. Immunogenicity and cross protection in mice afforded by pandemic 706 
H1N1 live attenuated influenza vaccine containing wild-type nucleoprotein. BioMed Research 707 
International 2017, 2017, 9359276, doi:10.1155/2017/9359276. 708 

39. Isakova-Sivak, I.; Chen, L.M.; Matsuoka, Y.; Voeten, J.T.; Kiseleva, I.; Heldens, J.G.; den Bosch, H.; Klimov, 709 
A.; Rudenko, L.; Cox, N.J., et al. Genetic bases of the temperature-sensitive phenotype of a master donor 710 
virus used in live attenuated influenza vaccines: A/Leningrad/134/17/57 (H2N2). Virology 2011, 412, 711 
297-305, doi:10.1016/j.virol.2011.01.004. 712 

40. Kiseleva, I.V.; Voeten, J.T.; Teley, L.C.; Larionova, N.V.; Drieszen-van der Cruijsen, S.K.; Basten, S.M.; 713 
Heldens, J.G.; van den Bosch, H.; Rudenko, L.G. PB2 and PA genes control the expression of the 714 
temperature-sensitive phenotype of cold-adapted B/USSR/60/69 influenza master donor virus. Journal 715 
of General Virology 2010, 91, 931-937, doi:10.1099/vir.0.017996-0. 716 

41. Isakova-Sivak, I.; Chen, L.M.; Bourgeois, M.; Matsuoka, Y.; Voeten, J.T.; Heldens, J.G.; van den Bosch, H.; 717 
Klimov, A.; Rudenko, L.; Cox, N.J., et al. Characterization of reverse genetics-derived cold-adapted 718 
master donor virus A/Leningrad/134/17/57 (H2N2) and reassortants with H5N1 surface genes in a 719 
mouse model. Clinical and Vaccine Immunology : CVI 2014, 21, 722-731, doi:10.1128/CVI.00819-13. 720 

42. Cason, J.E. A rapid one-step Mallory-Heidenhain stain for connective tissue. Stain Technology 1950, 25, 721 
225-226. 722 

43. de Jonge, J.; Isakova-Sivak, I.; van Dijken, H.; Spijkers, S.; Mouthaan, J.; de Jong, R.; Smolonogina, T.; 723 
Roholl, P.; Rudenko, L. H7N9 live attenuated influenza vaccine is highly immunogenic, prevents virus 724 
replication, and protects against severe bronchopneumonia in ferrets. Molecular Therapy: the Journal of 725 
the American Society of Gene Therapy 2016, 24, 991-1002, doi:10.1038/mt.2016.23. 726 

44. Skowronski, D.M.; Janjua, N.Z.; De Serres, G.; Sabaiduc, S.; Eshaghi, A.; Dickinson, J.A.; Fonseca, K.; 727 
Winter, A.L.; Gubbay, J.B.; Krajden, M., et al. Low 2012-13 influenza vaccine effectiveness associated 728 
with mutation in the egg-adapted H3N2 vaccine strain not antigenic drift in circulating viruses. PloS One 729 
2014, 9, e92153, doi:10.1371/journal.pone.0092153. 730 

45. Xie, H.; Wan, X.F.; Ye, Z.; Plant, E.P.; Zhao, Y.; Xu, Y.; Li, X.; Finch, C.; Zhao, N.; Kawano, T., et al. H3N2 731 
Mismatch of 2014-15 northern hemisphere influenza vaccines and head-to-head comparison between 732 
human and ferret antisera derived antigenic maps. Scientific Reports 2015, 5, 15279, 733 
doi:10.1038/srep15279. 734 

46. Krammer, F.; Pica, N.; Hai, R.; Margine, I.; Palese, P. Chimeric hemagglutinin influenza virus vaccine 735 
constructs elicit broadly protective stalk-specific antibodies. Journal of Virology 2013, 87, 6542-6550, 736 
doi:10.1128/JVI.00641-13. 737 

47. Goff, P.H.; Eggink, D.; Seibert, C.W.; Hai, R.; Martinez-Gil, L.; Krammer, F.; Palese, P. Adjuvants and 738 
immunization strategies to induce influenza virus hemagglutinin stalk antibodies. PloS One 2013, 8, 739 
e79194, doi:10.1371/journal.pone.0079194. 740 

48. Nachbagauer, R.; Kinzler, D.; Choi, A.; Hirsh, A.; Beaulieu, E.; Lecrenier, N.; Innis, B.L.; Palese, P.; Mallett, 741 
C.P.; Krammer, F. A chimeric haemagglutinin-based influenza split virion vaccine adjuvanted with AS03 742 
induces protective stalk-reactive antibodies in mice. NPJ Vaccines 2016, 1, 743 
doi:10.1038/npjvaccines.2016.15. 744 

49. Nachbagauer, R.; Miller, M.S.; Hai, R.; Ryder, A.B.; Rose, J.K.; Palese, P.; Garcia-Sastre, A.; Krammer, F.; 745 
Albrecht, R.A. Hemagglutinin stalk immunity reduces influenza virus replication and transmission in 746 
ferrets. Journal of Virology 2015, 90, 3268-3273, doi:10.1128/JVI.02481-15. 747 

50. Krammer, F.; Hai, R.; Yondola, M.; Tan, G.S.; Leyva-Grado, V.H.; Ryder, A.B.; Miller, M.S.; Rose, J.K.; 748 
Palese, P.; Garcia-Sastre, A., et al. Assessment of influenza virus hemagglutinin stalk-based immunity in 749 
ferrets. Journal of Virology 2014, 88, 3432-3442, doi:10.1128/JVI.03004-13. 750 

51. Ryder, A.B.; Nachbagauer, R.; Buonocore, L.; Palese, P.; Krammer, F.; Rose, J.K. Vaccination with 751 
vesicular stomatitis virus-vectored chimeric hemagglutinins protects mice against divergent influenza 752 
virus challenge strains. Journal of Virology 2015, 90, 2544-2550, doi:10.1128/JVI.02598-15. 753 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 December 2018                   Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 December 2018                   doi:10.20944/preprints201812.0317.v1

http://dx.doi.org/10.20944/preprints201812.0317.v1


27 
 

52. Gustin, K.M.; Maines, T.R.; Belser, J.A.; van Hoeven, N.; Lu, X.; Dong, L.; Isakova-Sivak, I.; Chen, L.M.; 754 
Voeten, J.T.; Heldens, J.G., et al. Comparative immunogenicity and cross-clade protective efficacy of 755 
mammalian cell-grown inactivated and live attenuated H5N1 reassortant vaccines in ferrets. Journal of 756 
Infectious Diseases 2011, 204, 1491-1499, doi:10.1093/infdis/jir596. 757 

53. Isakova-Sivak, I.; de Jonge, J.; Smolonogina, T.; Rekstin, A.; van Amerongen, G.; van Dijken, H.; 758 
Mouthaan, J.; Roholl, P.; Kuznetsova, V.; Doroshenko, E., et al. Development and pre-clinical evaluation 759 
of two LAIV strains against potentially pandemic H2N2 influenza virus. PloS One 2014, 9, e102339, 760 
doi:10.1371/journal.pone.0102339. 761 

54. Korenkov, D.A.; Laurie, K.L.; Reading, P.C.; Carolan, L.A.; Chan, K.F.; Isakova, S., II; Smolonogina, T.A.; 762 
Subbarao, K.; Barr, I.G.; Villanueva, J., et al. Safety, immunogenicity and protection of A(H3N2) live 763 
attenuated influenza vaccines containing wild-type nucleoprotein in a ferret model. Infection, Genetics 764 
and Evolution: Journal of Molecular Epidemiology and Evolutionary Genetics in Infectious Diseases 2018, 765 
64, 95-104, doi:10.1016/j.meegid.2018.06.019. 766 

55. Carter, D.M.; Bloom, C.E.; Kirchenbaum, G.A.; Tsvetnitsky, V.; Isakova-Sivak, I.; Rudenko, L.; Ross, T.M. 767 
Cross-protection against H7N9 influenza strains using a live-attenuated H7N3 virus vaccine. Vaccine 768 
2015, 33, 108-116, doi:10.1016/j.vaccine.2014.11.008. 769 

56. Lu, X.; Edwards, L.E.; Desheva, J.A.; Nguyen, D.C.; Rekstin, A.; Stephenson, I.; Szretter, K.; Cox, N.J.; 770 
Rudenko, L.G.; Klimov, A., et al. Cross-protective immunity in mice induced by live-attenuated or 771 
inactivated vaccines against highly pathogenic influenza A (H5N1) viruses. Vaccine 2006, 24, 6588-6593, 772 
doi:10.1016/j.vaccine.2006.05.039. 773 

57. Reber, A.J.; Music, N.; Kim, J.H.; Gansebom, S.; Chen, J.; York, I. Extensive T cell cross-reactivity between 774 
diverse seasonal influenza strains in the ferret model. Scientific Reports 2018, 8, 6112, 775 
doi:10.1038/s41598-018-24394-z. 776 

58. Ryan, K.A.; Slack, G.S.; Marriott, A.C.; Kane, J.A.; Whittaker, C.J.; Silman, N.J.; Carroll, M.W.; Gooch, K.E. 777 
Cellular immune response to human influenza viruses differs between H1N1 and H3N2 subtypes in the 778 
ferret lung. PloS One 2018, 13, e0202675, doi:10.1371/journal.pone.0202675. 779 

59. DiPiazza, A.T.; Richards, K.A.; Liu, W.C.; Albrecht, R.A.; Sant, A.J. Analyses of cellular immune responses 780 
in ferrets following influenza virus infection. Methods in Molecular Biology 2018, 1836, 513-530, 781 
doi:10.1007/978-1-4939-8678-1_24. 782 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 December 2018                   Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 December 2018                   doi:10.20944/preprints201812.0317.v1

http://dx.doi.org/10.20944/preprints201812.0317.v1

