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SUMMARY.  25 

Live-Attenuated Vaccines (LAVs) stimulate robust mucosal and cellular responses and have the potential to protect 26 

against Respiratory Syncytial Virus (RSV) and Human Metapneumovirus (HMPV), the main etiologic agents of viral 27 

bronchiolitis and pneumonia in children. We inserted the RSV-F gene into the a HMPV-based LAV (Metavac®) we 28 

previously validated for protection of mice against HMPV challenge, and rescued a replicative recombinant virus 29 

(Metavac®-RSV), exposing both RSV- and HMPV-F proteins at its surface and expressing them in reconstructed human 30 

airway epithelium models. When administrated to BALB/c mice by intranasal route, bivalent Metavac®-RSV demon- 31 

strated its capacity to replicate with reduced lung inflammatory score and to protect against both RSV and lethal HMPV 32 

challenges in vaccinated mice while inducing strong IgG and broad RSV and HMPV neutralizing antibody responses. 33 
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Altogether, our results showed the versatility of Metavac® platform and suggested that Metavac®-RSV is a promising 34 

mucosal bivalent LAV candidate to prevent pneumovirus-induced diseases. 35 
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 47 

INTRODUCTION 48 

Human Respiratory Syncytial Virus (RSV) and Human Metapneumovirus (HMPV) are two ubiquitous seasonal 49 

human pneumoviruses that cause frequent upper and lower respiratory tract infections (RTIs) throughout the globe [1]. 50 

Indeed, RSV infects more than 33 million people/year worldwide resulting in more than 3 million hospitalizations with 51 

half occurring in infants under 6 months of age [1,2]. It is the main etiological agent of bronchiolitis and pneumonia in 52 

children younger than 1 year [1,3], and causes up to 100 000 deaths in children under the age of 5 [2]. This virus also 53 

constitutes an important health problem for adults over 60 and those with risk factors such as immunosuppression or 54 

pre-existing heart or lung diseases [4–6]. The other human pneumovirus, HMPV, is also a significant threat in the infant 55 

population, with more than 90% of children infected during their first 5 years of age [7]. It is responsible for 5 to 15% of 56 

hospitalizations following an acute lower respiratory tract infection [8], and particularly affects children between 1 and 57 

3 years of age [9,10]. On the other hand, HMPV has been identified in 5 to 10% of adults or elderly people with an acute 58 

respiratory tract infection and in 3 to 5% of adults having an exacerbation of chronic lung disease or community ac- 59 

quired pneumonia [11,12]. In the US, the hospitalization rate for adults over 65 was reported to be 22 per 10,000 for 60 

HMPV, which is similar to RSV with a rate of 25 per 10,000 [11]. 61 

Besides symptomatic measures (administration of oxygen or mechanical ventilation and bronchodilators/cortico- 62 

steroids), there are few specific prophylactic therapies such as Palivizumab (Synagis®), a human monoclonal antibody 63 

against the RSV-F protein that can be administered to high-risk infants to prevent severe forms of infection [13,14]. A 64 

new human monoclonal antibody with extensive half-life, Nirsevimab (Beyfortus®) [13,15], has been recently licensed 65 

by the European Medicines Agency for RSV prophylaxis in newborns. Other types of therapeutic agents (fusion inhib- 66 

itor peptides, small molecules inhibiting viral polymerase, immunomodulators), are currently in preclinical and clinical 67 

development [16,17]. The high prevalence of pneumovirus infections combined with the health and economic burden 68 

constitute a major public health challenge in the face of current limited therapeutic arsenal; as such, the WHO considers 69 

the development of vaccines against RSV virus as a priority [18].  70 

Research on RSV vaccine field was considerably slowed down by safety concerns in the 1960’s; the administration 71 

of formalin-inactivated RSV vaccine led to enhanced pulmonary disease (EPD) in vaccinated infants upon subsequent 72 

RSV infection [19,20]. Moreover, natural infection with pneumoviruses leads to transient and non-protective immunity 73 

[21] and reinfections occur throughout life [22], with both RSV and HMPV having developed intrinsic strategies to 74 

counteract or skew host’s immune responses [23–27]. More than 20 vaccine candidates against RSV are currently in 75 

clinical development [13,28–30], including subunit vaccines, particle-based vaccines, chimeric viruses, mRNA, vector- 76 
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based and Live Attenuated Vaccines (LAVs). While the development of an Ad26 vector-based vaccine candidate was 77 

recently discontinued following phase III results [13,28,29], the FDA approved in May 2023 the GSK’s adjuvanted 78 

subunit vaccine (Arexvy®) as the first vaccine to prevent severe RSV disease in the elderly [31]. The pivotal phase III 79 

clinical trial reported that vaccination with the stabilized pre-fusion F protein reduced the risk of people 60 and older 80 

developing lower respiratory tract disease from RSV by 82.6% and the risk of developing severe disease by 94.1% [32].  81 

One of the limitations of such an intramuscularly (IM)-delivered vaccine resides in its poor capacity to induce a 82 

protective mucosal immune response able to block the transmission of respiratory viruses. With this objective, LAVs 83 

against respiratory viruses administrated by intranasal (IN) route are considered as a strategy of choice for the pediatric 84 

population [33], as they mimic natural viral infection while eliciting robust mucosal and cellular responses without 85 

requiring adjuvant [33,34]. Moreover, IN-delivered LAVs offer several advantages over IM-administered vaccines, 86 

being easy to use, non-invasive, and more adapted for mass vaccination. About ten LAV candidates against RSV are 87 

currently in clinical development and three of them have progressed to phase 2 evaluation [13,30]. Attenuation was 88 

achieved by deletion or modification of the NS2, SH, G or M2-2 genes, and/or inserting temperature sensitivity 89 

mutations in L gene [13,35–40]. Several evaluations of LAV candidates confirmed the safety of this vaccine stratregy, 90 

without associated enhanced respiratory disease; however, variable immunogenicity (neutralizing antibody and 91 

mucosal IgA responses) and duration of protection have been reported. Furthermore, the pre-existing serology status 92 

of adults and children can affect the clinical outcomes [13,37–39,41–46]. No LAVs against HMPV are currently in clinical 93 

development, but some attenuated viruses with G and/or SH gene deletions have shown the potential to progress 94 

towards clinical stages [36,38,47–49]. 95 

 96 

We have previously developed a LAV platform (Metavac®) based on a recombinant HMPV A1/C-85473 strain 97 

expressing an endogenous hyperfusogenic F protein and attenuated by deletion of its SH gene (ΔSH-rC-85473-GFP) 98 

[50,51]. We provided evidence that such a deletion in the C-85473 backbone prevents the virus-induced activation of 99 

NLRP3-inflammasome and subsequently reduces lung inflammation and attenuates pathogenicity in HMPV-infected 100 

mice [50,52]. We also described that vaccination of mice with Metavac® confers protection against lethal homologous 101 

HMPV A challenge, stimulates induction of neutralizing antibody responses against homologous and heterologous 102 

HMPV strains and reduces lung inflammatory response without noticeable markers of enhanced disease [50].  103 

In this context, we re-engineered the Metavac® LAV candidate by reverse genetics and rescued a replicative 104 

bivalent attenuated virus (Metavac®-RSV) expressing a native fusion protein of RSV A2 (RSV-F) in addition to its own 105 

HMPV-F. Transmission electron microscopy, immunostaining and flow cytometry assays confirmed the efficient 106 

expression of both RSV and HMPV-F proteins at the virus surface, in infected monolayers of LLC-MK2 cells and in 107 

human airway epithelium (HAE) model. This prompted us to administrate Metavac®-RSV to BALB/c mice by IN route 108 

to evaluate its capacity to induce neutralizing antibody responses and protection against RSV A and lethal HMPV A 109 

challenges. Our results suggest that Metavac® is a versatile LAV platform and that Metavac®-RSV is a promising 110 

mucosal bivalent LAV candidate to prevent bronchiolitis and severe pneumonia induced by pneumoviruses. 111 
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 112 

RESULTS 113 

Rescue and in vitro characterization of the bivalent Metavac®-RSV virus 114 

After reporting the advantageous properties of the Metavac® (ΔSH-C-85473 HMPV-GFP) recombinant virus and 115 

its potential as a LAV candidate against HMPV A and B strains [50], we sought to enlarge the protective scope of this 116 

vaccine platform by adding the expression of the exogenous RSV-F antigen. To generate such a recombinant virus by 117 

reverse genetics, we inserted the coding sequence of RSV A2 fusion protein into the intergenic region between F and 118 

M2 genes in the pSP72 plasmid containing the complete antigenome sequence of Metavac®, as detailed in Figure 1A. 119 

Insertion in the F/M2 junction resulted in the rescue of a replicative virus (Metavac®-RSV) that was successfully ampli- 120 

fied by passages in LLC-MK2 cells.  121 

 By using transmission electron microscopy (TEM), we showed that the virus suspension contained pleiomorphic 122 

particles covered with glycoproteins, similar to the Metavac® virus (Figure 1B). Using dual immunogold labelling, we 123 

then showed that the RSV-F protein was detectable at the surface of Metavac®-RSV virions, in addition to endogenous 124 

HMPV proteins (Figure 1B), demonstrating that the insertion of RSV-F ORF resulted in efficient gene expression, pro- 125 

tein production and, ultimately, to the embodiment of the RSV-F protein into the membrane of infected cells with bud- 126 

ding viral particles. We then characterized the daily growth kinetics of the Metavac®-RSV virus in LLC-MK2 cells over 127 

a 7-day period (Figure 1C). In comparison to Metavac® virus, which peaked at 6 ± 0.33 log10 TCID50/ml after 3 dpi, the 128 

Metavac®-RSV virus had a slower viral replication, reaching a peak of 5.44 ± 0.09 log10 TCID50/ml after 5 dpi (Figure 129 

1C).  130 

  131 
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 132 

 133 

Figure 1. Rescue and characterization of recombinant Metavac®-RSV virus.  134 

(A) Schematic genomic organization of the recombinant HMPV strain (rC-85473-GFP, rHMPV), monovalent Metavac® (ΔSH-rC- 135 

85473-GFP) and bivalent Metavac®-RSV (ΔSH-rC-85473-GFP/RSV-F) viruses is represented and the insertion site of the RSV-F ORF 136 

between HMPV-F and M2 genes in Metavac®-RSV genome is detailed. GS - Gene Start, GE - Gene End, IG - intergenic sequence. 137 

Sequences added to ΔSH-rC-85473-GFP genome are underlined. Genomic sequence is presented from 3’ to 5’ extremity. (B) After 138 

viral rescue, in vitro expression of the RSV-F protein at the surface of Metavac®-RSV viral particles was visualized by transmission 139 

electron microscopy after immunogold labelling with anti-HMPV serum (5 nm bead) and the Palivizumab (15 nm bead, black ar- 140 

rowhead) Scale bar = 100nm. (C) Viral replication kinetics of the Metavac®-RSV virus were measured in LLC-MK2 cells and com- 141 

pared to the monovalent Metavac® counterpart. Over a 7-day period, culture supernatants were harvested and titrated in TCID50/ml. 142 

Results represent the mean of 3 experimental replicates for each time-point. * p< 0.05, ** p < 0.01, *** p < 0.001 when comparing 143 

Metavac®-RSV to Metavac® virus using repeated measures two-way ANOVA.  144 

  145 
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To further investigate the expression of both endogenous HMPV-F and exogenous RSV-F fusion proteins on the 146 

cell surface of infected LLC-MK2 cells, we performed co-immunostaining to visualize and quantify those antigens by 147 

confocal fluorescent microscopy and flow cytometry. Expression of GFP reporter protein showed that the Metavac®- 148 

RSV virus harbored a hyperfusogenic phenotype (Figure 2A), according to previous studies with the viral C-85473 149 

background [53,54]. Co-immunostaining with anti-RSV-F (Palivizumab) and anti-HMPV-F (HMPV24) mAbs confirmed 150 

the co-expression of the RSV-F protein together with that of HMPV-F by infected cells. When focusing on multinucle- 151 

ated cells at 3 dpi, merged fluorescent signal suggested that RSV-F and HMPV-F proteins were colocalized (Figure 2A). 152 

To quantify the level of expression of RSV-F at the cell surface of infected LLC-MK2 cells, we performed flow cytometry 153 

using Palivizumab and HMPV24 mAbs and detected the presence of both antigens at the cell surface 48 h post-infection 154 

(Figure 2B). We confirmed that 51.5% of the cells infected with Metavac®-RSV co-expressed both HMPV-F and RSV-F 155 

proteins at their surface, whereas 39.6% and 1.5% of infected cells only expressed HMPV-F or RSV-F proteins, respec- 156 

tively (Figure 2B). As a comparison, 96.2 % of cells infected with Metavac® only expressed HMPV-F protein at their 157 

surface. 158 

These results confirm that more than half of Metavac®-RSV infected cells expressed and exposed on their surface 159 

the RSV-F protein, along with the endogenous HMPV-F protein. Altogether, it suggests that the insertion of the RSV A2 160 

F coding sequence into the Metavac® genome is viable and results in the production of a fully functional and replicative 161 

bivalent Metavac®-RSV virus. 162 

 163 

 164 

 165 

 166 

 167 

 168 

Figure 2. Co-immunostaining of HMPV and RSV-F glycoproteins in infected LLC-MK2 cells.  169 

(A) LLC-MK2 cells were infected with GFP-expressing Metavac®, Metavac®-RSV or RSV (rRSV-GFP) viruses, fixed and stained at 3 170 

dpi with Palivizumab (red), HMPV24 mAb (white) and DAPI (blue). Merged fluorescent signals are represented (yellow). Images of 171 

representative cytopathic effects (CPEs) were taken using Zeiss880 confocal microscope (40x magnification) and processed with Im- 172 

ageJ software. A numeric focus was made on CPEs (square) and presented in the right panel. (B) LLC-MK2 cells were infected with 173 

MOI 0.5 of either Metavac® (a-e) or Metavac®-RSV (f-j), and antigens expression on the surface of the infected cells was measured 174 

by flow cytometry 48h post-infection. HMPV-F protein was detected with HMPV24 mAb conjugated with Alexa Fluor™ 647 and 175 

RSV-F protein was detected with Palivizumab conjugated with R-Phycoerythrin. Cells were sorted and analyzed by LSR II Flow 176 

Cytometer (BD biosciences®). Approximately 30,000 single live cells were counted per each sample performed in triplicate. The 177 

figure shows representative gating of sub-populations on one of the three samples. (a,f) - all cells in the sample; (b,g) – single cells 178 

(c,h) – single live cells (d,i) – single live cells positive or negative for GFP expression (e, j) - the percentage of GFP-expressing infected 179 

single live cells with HMPV-F expression revealed by HMPV24 mAb and RSV-F expression revealed by Palivizumab.  180 

 181 

  182 
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 183 

Figure 2. Co-immunostaining of HMPV and RSV-F glycoproteins in infected LLC-MK2 cells.  184 

  185 
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Bivalent Metavac®-RSV virus is replicative and expresses the RSV-F protein in human airway epithelium model 186 

We further assessed the properties of the bivalent Metavac®-RSV virus to infect and replicate in reconstituted hu- 187 

man airway epithelium (HAE). Indeed, we previously showed that Metavac® behaves very similarly to its non-∆SH 188 

rHMPV counterpart, mimicking the in vivo host respiratory epithelium response to such infection [50]. In line with 189 

these results, we observed that Metavac®-RSV virus was still infectious and spread within HAE model, as illustrated 190 

by the propagation of the GFP signal during a 7-day replication kinetics (Figure 3A), which appeared somewhat slower 191 

than the propagation of the Metavac® virus (Figure 3A). To confirm the delay observed by fluorescent microscopy, we 192 

measured the peak number of HMPV-N gene copies at 3 dpi for Metavac® (2.72 x 108) and at 5 dpi for Metavac®-RSV 193 

(2.26 x 108) (Figure 3B). In accordance with our previous results, we also demonstrated that the Metavac®-RSV virus 194 

expressed its exogenous RSV-F gene in an amplification pattern concomitant to the HMPV-N gene expression, reaching 195 

a peak of 2.14 x 108 number of RSV-F gene copies per apical wash at 5 dpi (Figure 3C). 196 

We then questioned whether and where was the expression of the exogenous RSV-F protein localized within the 197 

infected HAE. We thus performed immunofluorescence staining of both RSV-F and HMPV-N proteins at 3 dpi (Figure 198 

3D). In accordance with our knowledge of the pneumovirus replication cycle [50,51,55,56], we observed in Metavac®- 199 

infected HAE that the HMPV-N protein was localized in large areas into the cytoplasm of ciliated cells, presumably 200 

inclusion bodies corresponding to viral replication, as well as into the cilia, where new virions bud from the cell mem- 201 

brane (Figure 3D). When infected with Metavac®-RSV, ciliated cells positive for HMPV-N expression also expressed 202 

the RSV-F protein, mainly localized into the apical ciliated surface and into smaller cytoplasmic speckles, similar to 203 

what was observed when HAEs were infected with rRSV-GFP virus (Figure 3D).  204 

These results indicate that Metavac®-RSV harbors attenuated replicative properties in HAE (Figure 3), as well as 205 

in LLC-MK2 cells (Figure 1), in contrast to its monovalent Metavac® counterpart. However, we confirmed that 206 

Metavac®-RSV is characterized by efficient infection, replication, and protein expression within the HAE model, lead- 207 

ing to further investigation of its potential as a bivalent LAV candidate in vivo.  208 

 209 

 210 

Figure 3. Viral replication and RSV-F expression in human airway epithelium (HAE) model. Reconstituted HAE were infected 211 

with Metavac® or Metavac®-RSV viruses at an MOI of 0.1 and monitored for 7 days. (A) Viral spread in HAE was monitored at 3, 5 212 

and 7 dpi by GFP fluorescence observation (10× magnification). (B-C) Viral quantification from epithelium apical washes collected 213 

after 1, 3, 5 and 7 dpi was performed byRT-qPCR targeting the HMPV-N gene (B) or the RSV-F gene (C). Data are shown as means 214 

± SD and represent experimental triplicates. Dotted line represents the RT-qPCR quantification threshold. ** p < 0.01 when comparing 215 

Metavac®-RSV to Metavac® virus using repeated measures two-way ANOVA. (D) Co-immunostaining of HMPV-N and RSV-F 216 

proteins was realized at 3 dpi. Fixed HAE infected by Metavac®, Metavac®-RSV or rRSV-GFP viruses were stained with mixture of 217 

mAbs specific to the HMPV-N protein (mAb hMPV123, green), RSV-F protein (Palivizumab, red) and with DAPI (blue) specific to 218 

the nucleus. Acquisition of images of representative infected area was performed with confocal inverted microscope (Zeiss Confocal 219 

LSM 880) and processed with ImageJ software. Scale bar = 20µm. A focus on apical surface of ciliated infected cells was made (square) 220 

and is presented in the right panel. 221 

  222 
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Figure 3. Viral replication and RSV-F expression in human airway epithelium (HAE) model..  224 
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Infectivity and attenuation of Metavac®-RSV vaccine candidate in BALB/c mice 225 

To ascertain the level of the Metavac®-RSV attenuation in vivo, we infected BALB/c mice by the IN route with 5×105 226 

TCID50 of either rHMPV, Metavac® or Metavac®-RSV viruses. This represents a non-lethal dose shown to induce sig- 227 

nificant weight loss after rHMPV infection but not with Metavac® infection. Similar to the mock (non-infected) group 228 

control and contrarily to the rHMPV virus, neither weight loss nor clinical signs were observed when mice were infected 229 

with the Metavac®-RSV vaccine candidate during the 14-day follow-up (Figure 4A).  230 

Two days after IN instillation, we measured the quantity of viral genome copies in BALs and we confirmed similar 231 

levels of HMPV-N gene copies in animals infected with rHMPV, Metavac® or Metavac®-RSV viruses i.e. 2.5 x 105, 4.2 232 

x 104 or 1.1 x 105 respectively (Figure 4B). As expected, the RSV-F gene was detected only in animals infected with 233 

Metavac®-RSV (Figure 4C).  234 

At 5 dpi, mice were euthanized to investigate inflammatory profile by histopathological scoring of lung compart- 235 

ments. In agreement with the weight curves, mean cumulative histopathological scores were significantly lower after 236 

infection with either Metavac® or Metavac®-RSV, compared to the rHMPV group (the scores of 4 and 4 versus 10, 237 

respectively), particularly owing to the absence of pleura inflammation and reduction in peribronchial, perivascular 238 

and interstitial inflammation (Figure 4D). We then extracted total RNA from fixed paraffin-embedded lung tissues to 239 

estimate viral load by RT-qPCR at 5 dpi. We quantified a mean number of 2.61 x 102, 8.7 x 101 or 1.1 x 102 of HMPV-N 240 

gene copies in lungs of mice infected with either rHMPV, Metavac® or Metavac®-RSV, respectively (Figure 4E). In 241 

agreement with the viral detection in BALs at 2 dpi, we also detected a mean number of 1.4 x 102 of RSV-F gene copies 242 

in mice infected with Metavac®-RSV virus (Figure 4F). 243 

Altogether, we validated that the Metavac®-RSV LAV candidate replicates in the pulmonary airways of infected 244 

mice after intranasal instillation, and induces attenuated pathology, characterized by the absence of weight loss and 245 

reduced inflammatory profile, similarly to the monovalent Metavac® LAV candidate. 246 

  247 
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 248 

 249 

Figure 4. Viral growth and attenuation of the Metavac®-RSV vaccine candidate in BALB/c mice. BALB/c mice were 250 

infected by the IN route with 5x105 TCID50 of rHMPV virus, Metavac® or Metavac®-RSV vaccine candidates. (A) Weight loss was 251 

monitored for 14 dpi (n = 16). Data are shown as means ± SEM. *, p < 0.05, **, p < 0.01, ***, p < 0.001 when comparing to mock-infected 252 

mice using Repeated Measures Two-way ANOVA. (B-C) At 2 dpi, mice were euthanized and BAsL were harvested to measure 253 

HMPV-N gene (B) or RSV-F gene (C) copies by RT-qPCR (n = 2). (D) At 5 dpi, mean cumulative histopathological scores (peribron- 254 

chial, intrabronchial, perivascular, interstitial, pleural and intra-alveolar inflammation scores) of the lungs from infected mice were 255 

evaluated (n = 3). *, p < 0.05, ***, p < 0.001 when comparing mean global histopathological score to mock-infected mice using One- 256 

way ANOVA. (E-F) At 5 dpi, HMPV-N (E) or RSV-F (F) gene copies were measured by RT-qPCR from total RNA extracted from 257 

fixed lung tissues (n=2-3). Data of viral gene quantification are shown as means ± SD. 258 

  259 
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Bivalent Metavac®-RSV vaccine candidate protects mice against lethal challenge with HMPV 260 

We then sought to first characterize the immunogenicity and protection conferred by the Metavac®-RSV bivalent 261 

LAV candidate against HMPV viral challenges in the mouse model. BALB/c mice were immunized twice at a 21-day 262 

interval by the IN route with 5x105 TCID50 of Metavac® or Metavac®-RSV vaccine candidate, or by the IM route with 263 

inactivated split HMPV adjuvanted with AddaVax™ before viral challenge with a lethal dose of rHMPV virus three 264 

weeks after the last immunization, as previously described [50]. Upon viral challenge with 2 × 106 TCID50 of rHMPV 265 

virus, mock-immunized mice showed a 100% HMPV-associated mortality at 6 post-challenge (dpc), as expected (Figure 266 

5A-B). On the other hand, all three vaccinated groups showed complete protection from rHMPV-associated mortality 267 

(Figure 5B) and weight loss, with a maximum loss of 10,7%, 12,2% and 14.2% at 2 or 3 dpc when vaccinated with 268 

Metavac®-RSV, Metavac® or HMPV split, respectively (Figure 5A). In line with these results, we detected low levels of 269 

viral gene copies from nasal washes (NW) and BALs in any of the three different immunized groups at 2 dpc, in contrast 270 

to 100-fold more viral gene copies in the mock-vaccinated group (Figure 5C). Moreover, lung viral titers were reduced 271 

by 4 or 5 log10 in animals vaccinated with Metavac®-RSV or Metavac® LAV candidates at 5 dpc, respectively, compared 272 

to mock-vaccinated animals (Figure 5D). In contrast, animals vaccinated with split HMPV showed a reduction in lung 273 

viral titers of only 100-fold compared to mock, suggesting that Metavac®-RSV and Metavac® LAV candidates admin- 274 

istrated by the IN route are more efficient in inhibiting viral replication in the lower respiratory tract (Figure 5D). We 275 

also confirmed that no RSV-F gene copies were detected in these tissues, showing that replicative Metavac®-RSV used 276 

for the vaccination was eliminated from the lungs at the time of the viral challenge (data not shown).  277 

 278 

 279 

 280 

Figure 5. Efficacy of Metavac®-RSV vaccine candidate against lethal challenge with HMPV. BALB/c mice were immunized twice 281 

at a 21-day interval by the IN route with 5x105 TCID50 of Metavac® or Metavac®-RSV LAV candidates or by the IM route with 282 

HMPV split preparation adjuvanted with AddaVax™. Three weeks after the last immunization, animals (n = 12/group) were inocu- 283 

lated with a lethal dose of rHMPV virus. (A) Weight loss and (B) mortality rates were monitored for 14 days post-challenge (dpc, n 284 

= 8/group). Data are shown as means ± SEM. ***, p < 0.001 when comparing to Metavac® vaccinated mice using Two-way ANOVA. 285 

(C) At 2 dpc, mice were euthanized and nasal washes (NW) and bronchoalveolar lavages (BAL) were harvested to measure HMPV- 286 

N gene copies by RT-qPCR (n = 2/group). (D) At 5 dpc, RT-qPCR was performed on total RNA recovered from mouse lung homog- 287 

enates (n = 4/group) to quantify HMPV-N gene copies. (E) At 5 dpc, cumulative pulmonary histopathological scores (peribronchial, 288 

intrabronchial, perivascular, interstitial, pleural and intra-alveolar inflammation scores) were also evaluated (n  = 3/group). Data are 289 

shown as means ± SD. *, p < 0.05, **, p < 0.01, ***, p < 0.001 when comparing mean global histopathological score to mock vaccinated 290 

mice using One-way ANOVA. 291 
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After viral challenge, non-immunized mice developed an interstitial pneumonia of moderate intensity with a 296 

minimal-to-mild peri-bronchial and perivascular inflammation with pulmonary edema, corresponding to a mean total 297 

histopathological score of 11.66 (Figure 5E and supplementary 1). In comparison, the group of animals vaccinated with 298 

Metavac®-RSV virus had a reduced total inflammatory score of 9 with a significantly milder inflammation in the inter- 299 

stitial compartment. Animals vaccinated with Metavac® showed a mean histopathological score of 13.5 owing to peri- 300 

bronchial and perivascular inflammation, while interstitial pathology was slightly reduced in this group, when com- 301 

pared to the non-vaccinated mice. In contrast, animals vaccinated with the split HMPV showed the highest total histo- 302 

pathological score (mean score of 17) with moderate-to-marked changes in all the compartments, as well as eosinophil, 303 

lymphocyte, and macrophage infiltration around bronchi, in alveoli and around the blood vessels (Figure 5E and sup- 304 

plementary 1). Overall, after infectious challenge, Metavac® and Metavac®-RSV-vaccinated animals showed signs of 305 

pulmonary inflammation, although not associated with interstitial pneumonia or exaggerated reaction, as induced by 306 

the IM administration of HMPV split.  307 

We then investigated the levels of circulating neutralizing antibodies (NAb) and IgG (Figure 6) against HMPV A 308 

for the different vaccines compared to mock-vaccinated animals. Immunization with Metavac®-RSV was associated 309 

with a progressive increase in NAb levels along the protocol, reaching the highest titers at 21 dpc, similar to the 310 

Metavac®-vaccinated group (Figure 6A). As expected, we detected significant levels of anti-HMPV specific IgG, corre- 311 

sponding to the kinetics of NAb (Figure 6D). Interestingly, Metavac®-RSV vaccinated animals also showed the produc- 312 

tion of NAb against an heterologous HMPV B strain and RSV A virus (Figure 6B and C), demonstrating its ability to 313 

induce a broad immune response in vaccinated animals.  314 

  315 
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 316 

 317 

Figure 6. Immunogenicity of Metavac®-RSV vaccine candidate before and after lethal challenge with HMPV. BALB/c mice were 318 

immunized twice at a 21-day interval by the IN route with 5x105 TCID50 of Metavac® or Metavac® -RSV vaccine candidates or by 319 

the IM route with the adjuvanted HMPV split preparation. Three weeks after the last immunization, animals (n = 12/group) were 320 

inoculated with a lethal dose of rHMPV. Immunogenicity of vaccine candidates was measured at -1, 20, 41 or 63 days after the first 321 

immunization by microneutralization (A-B-C) or ELISA (D) assays from pools of sera (n = 3 pools/group). Neutralization titers were 322 

defined by an endpoint dilution assay based on fluorescent detection of (A) HMPV A, (B) HMPV B or (C) RSV A and represented as 323 

mean log2 reciprocal neutralizing antibody (NAb) titers. (D) IgG titer specific to HMPV A virus was represented as arbitrary unit 324 

based on end-point absorbance. Naïve status of mice was confirmed by processing of the samples harvested one day before vaccina- 325 

tion. Data are shown as means ± SD. *** p < 0.001 when comparing each vaccinated group to the mock vaccinated condition using 326 

Two-way ANOVA. 327 

 328 

  329 
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Bivalent Metavac®-RSV vaccine candidate protects mice against challenge with RSV 330 

Finally, we analogously sought to characterize the immunogenicity and protection conferred by the Metavac®- 331 

RSV bivalent LAV candidate against RSV viral challenge in mice. We immunized BALB/c mice twice at 21-day interval 332 

by the IN route with 5x105 TCID50 of Metavac-RSV vaccine candidate and then challenged mice with rRSV-Luc virus 333 

in order to compare the efficacy of the Metavac®-RSV LAV candidate to groups of mock-vaccinated mice or those 334 

vaccinated with RSV WT virus, using rRSV-mCh as a surrogate. As expected for RSV infection in the BALB/c mouse 335 

model, challenge with 1×105 PFU of rRSV-Luc did not induce weight loss in mock-immunized mice, but the replication 336 

of the rRSV-Luc was followed with luciferase expression and in vivo imagery system. The images taken at 3 or 5 dpc 337 

showed a progressive intensification in the in vivo bioluminescence activity, representing increased viral replication in 338 

the lung tissue, and a constant viral replication in the nasal compartment of mock-vaccinated mice.  The biolumines- 339 

cence measured in mice vaccinated with Metavac®-RSV LAV candidate or RSV WT was significantly reduced in the 340 

upper and lower respiratory tracts (Figure 7A), with 1.25 x 105 ± 15 700, and 1.10 x 105 ± 8 400 photons per second, 341 

respectively, in comparison to 4.6 x 106 ± 2.9 x 106 photons per second for mice in the mock-vaccinated group (Figure 342 

7B). On 4 dpc, mice were euthanized and viral lung titers were measured by RT-qPCR. In these samples, we observed 343 

mean lung viral titer reductions of 10-fold and 1000-fold in animals vaccinated with Metavac®-RSV or RSV WT viruses, 344 

respectively, compared to mock-vaccinated animals (Figure 7C). As previously, we validated that no residual HMPV- 345 

N gene copies were detected after RSV challenge in Metavac®-RSV vaccinated animals (Figure 7D).  346 

Lastly, we measured the level of circulating NAb and IgG against RSV in samples from vaccinated mice (Figure 347 

7E and F). In comparison to the mock-vaccinated animals, the animals vaccinated with Metavac®-RSV LAV candidate 348 

developed high NAb titers after viral challenge, similar to those observed in the group vaccinated with RSV WT (Figure 349 

7E). As previously observed with anti-HMPV IgG induction, we measured significant levels of anti-RSV specific IgG, 350 

following NAb kinetics along the timeline (Figure 7F). Interestingly, we could also measure NAb directed against a 351 

heterologous RSV strain B in animals vaccinated with Metavac®-RSV and RSV WT virus after challenge (supplemen- 352 

tary 2).  353 

Hereby, we demonstrated that the Metavac®-RSV LAV candidate administrated by the IN route is efficiently 354 

protecting vaccinated mice against both HMPV and RSV challenges, restraining viral replication in pulmonary tract of 355 

the animals and inducing a broad immune response, characterized by high titers of circulating NAb and specific IgG 356 

against both HMPV and RSV. 357 

  358 
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 359 

Figure 7. Efficacy and immunogenicity of Metavac®-RSV vaccine candidate following RSV challenge. BALB/c mice were immun- 360 

ized twice at a 21-day interval by the IN route with 5x105 TCID50 of Metavac®-RSV vaccine candidate or rRSV-mCh (RSV WT) virus. 361 

Three weeks after the last immunization, animals (n = 12/group) were inoculated with 1×105 PFU of rRSV-Luc virus. (A-B) Biolumi- 362 

nescence was measured at 3 and 5 dpc by IN injection of 50 µl of D-Luciferin (200 mM). (A) Ventral views of 4 representative mice 363 

were taken using the IVIS system. The scale on the right indicates the average radiance (a sum of the photons per second from each 364 

pixel inside the region of interest, ps-1 cm-2 sr-1). (B) Luciferase activities were quantified using ‘Living Image’ software and were 365 

represented as mean ± SEM photons per second (p/s) (n = 8/group). (C-D) RT-qPCR was performed on total RNA recovered from 366 

mouse lung homogenates (n = 4/group) harvested at 4 dpc to quantify RSV-F (C) or residual HMPV-N gene copies (D). Data are 367 

shown as means ± SD. (E-F) Immunogenicity of the Metavac®-RSV LAV candidate was measured before each IN instillation (-1, 20 368 

and 41 dpi) and at the end-point (63 dpi) by RSV A microneutralization or anti-RSV IgG ELISA assays from pools of sera. (E) Neu- 369 

tralization of RSV A strain was represented as mean log2 reciprocal NAb titer. (F) IgG titer specific to RSV virus was represented as 370 

arbitrary unit based on end-point absorbance. *** p < 0.001 when comparing Metavac®-RSV or RSV WT vaccinated group to the mock 371 

vaccinated condition using Two-way ANOVA.  372 
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DISCUSSION 373 

Despite over 60 years of research in the field of anti-RSV vaccine, a very limited number of vaccine candidates has 374 

moved to clinical phases in humans [13]. Subunit, mRNA and vectored vaccine candidates are currently the most ad- 375 

vanced strategies for maternal or elderly vaccination. On May 2023, the GSK’s vaccine (Arexvy®), a recombinant 376 

stabilized pre-fusion F protein combined to the ASO1 adjuvant, was the first vaccine approved by FDA to prevent severe 377 

RSV disease in elderly population [31]. In contrast, the development of paediatric vaccines is still ongoing; among them, 378 

there are several LAV candidates, which could induce local mucosal response through their administration by the IN 379 

route, in addition to strong T cell responses. At the same time, the development of anti-HMPV vaccines still lags behind 380 

despite the high prevalence of this viral infection in infants. 381 

We previously presented and described Metavac®, a LAV candidate against HMPV, demonstrating strong immu- 382 

nogenicity, protective properties against lethal HMPV challenge in mice, and production scalability for manufacturing 383 

purposes [50,51]. Moreover, as the HMPV genome has previously been described for its property to express additional 384 

genes of interest (GFP, luciferase or additional copies of its own genes) [50,54,57–59], we hypothesized that Metavac® 385 

could offer such an advantageous property, as a versatile LAV platform capable of expressing an exogenous RSV-F 386 

protein in order to achieve broad protection against human pneumoviruses. To date, several different viruses, mainly 387 

belonging to the Paramyxoviridae family, have been engineered to express surface glycoproteins of RSV or HMPV [60]; 388 

however, the use of pneumoviruses as a vector has rarely been described.  389 

In this study, we demonstrated that the addition of a supplementary RSV/A2-F coding gene within the Metavac® 390 

genome, between the endogenous F and M2 genes, resulted in efficient rescue of the chimeric Metavac®-RSV virus and 391 

subsequent incorporation of RSV-F fusion protein into viral particles, despite a significant increase of Metavac® genome 392 

length (Figure 1). The size of the inserted exogenous cassette could have an impact on the replication of the chimeric 393 

virus, as previously described for recombinant human parainfluenza type 3 virus (PIV3) [61], although the limit of 394 

exogenous gene incorporation into the Metavac® genome has not been determined yet. Interestingly, we noticed that 395 

the position of the RSV-F insertion was critical for rescue and replication of the recombinant virus. For example, other 396 

insertion sites, such as the 3’-proximal positions in the Metavac® genome, resulted in poorly-replicating or non-repli- 397 

cating viruses (data not shown), in contrary to Biacchesi and al. [58]. This discrepancy could be likely caused by the 398 

intrinsic property of the HMPV A1/C-85473 strain from which Metavac® was generated, and/or a related unbalanced 399 

expression of downstream-localised genes, resulting in the impairment of the Metavac® replicative cycle, as it was 400 

described for rB/HPIV3 [62,63] or with virus harbouring highly fusogenic phenotype [62] like that of Metavac® virus.  401 

We reported that Metavac®-RSV replicates efficiently in LLC-MK2 cells over a 7-day period, with similar levels to 402 

those obtained with Metavac®, while displaying delayed replication kinetics (Figure 1). Moreover, we observed that 403 

Metavac®-RSV  induced formation of large multinucleated cells (Figure 2), thus confirming a conserved hyperfusogenic 404 

property of its endogenous F protein, according to previous studies with the viral C-85473 background [53,54]. 405 

 We then investigated RSV-F expression by immunofluorescent staining at 48 h post-infection and we observed 406 

that half of the LLC-MK2 cells infected by Metavac®-RSV expressed both RSV-F and HMPV-F proteins at their surface 407 
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(Figure 2A). This observation is coherent with the delayed onset of Metavac®-RSV replication kinetics (Figure 1). Fore- 408 

seen excision of the GFP gene to reduce Metavac®-RSV genome length and longer expression kinetics studies would 409 

be useful to verify if the delay in the onset of replication is associated with the increase in the genome length. In a 410 

complementary way, co-localization of RSV and HMPV-F proteins, as revealed by co-immunostaining, might also lead 411 

to steric shielding of some epitopes and prevention of their recognition by antibodies and/or expression of hypothetical 412 

heterologous fusion protein. Although not intrinsic to all hyperfusogenic proteins, their surface expression is sometimes 413 

associated with decreased trafficking of the antigen on the surface, as demonstrated for HMPV and some mutants of 414 

Measles virus [54,64].  415 

 416 

In the HAE model (Figure 3) as well as in LLC-MK2 cells (Figure 1), Metavac®-RSV harbored attenuated replica- 417 

tive properties, in comparison to its monovalent Metavac® counterpart. This could be explained by attenuating effect 418 

of the additional gene expression, a phenomenon frequently described in vectored vaccines [60]. Putative increasing 419 

fusogenic activity of the Metavac®-RSV virus due to the RSV-F protein expression must be also considered and further 420 

investigated [65]. Most importantly, the bivalent candidate was characterized as efficiently infectious and replicative in 421 

such a human differentiated airway epithelial tissue, as expected for a LAV candidate. Notably, the bivalent Metavac®- 422 

RSV expressed both RSV-F and HMPV-N proteins into the cilia at the apical surface of HAE (Figure 3D), where new 423 

virions bud from the cell membrane [66–68], and also where resident macrophages initiate immune responses [69–71] 424 

and where secreted IgA (sIgA), the main humoral effector, is expressed [72–74]. 425 

 426 

In line with in vitro results, we reported that Metavac®-RSV also replicated efficiently in vivo, similar to the 427 

Metavac® candidate in BALB/c mice (Figure 4). Importantly, the bivalent virus replicates in the respiratory tract of 428 

infected BALB/c mice as efficiently as the rHMPV, but without virus-associated weight loss, and with reduced lung 429 

inflammation and histopathology damage (Figure 4), as expected for LAV candidates.  430 

Following a double vaccination regimen (prime and boost vaccination by the IN route) with Metavac®-RSV, mice 431 

were protected from subsequent rRSV-Luc challenge with a significant reduction of luciferase activity in the upper and 432 

lower respiratory tracts of challenged mice, compared to mock-vaccinated animals, and a 10-fold reduction in pulmo- 433 

nary viral titers as measured by RT-qPCR (Figure 7). Moreover, similar to previous results with the monovalent 434 

Metavac®, we demonstrated that mice vaccinated with the bivalent Metavac®-RSV were also completely protected 435 

against a lethal HMPV challenge, resulting in a 4-5 log10 decrease in pulmonary viral titers compared to mock-vac- 436 

cinated animals (Figure 5). In line with these results, a broad antibody response (NAbs and IgGs) against both RSV and 437 

HMPV was detected in sera 20 days after the second immunization with Metavac®-RSV LAV candidate, with a further 438 

increase after virus challenge (Figure 5). Importantly, we also measured the induction of NAbs against heterologous 439 

RSV or HMPV strains (Figure 6 and Supplementary), emphasizing the potential of the bivalent Metavac®-RSV LAV 440 

candidate to confer a large protection against several RSV and HMPV strains from the two major groups (A and B). 441 
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Additionally, and similar to the monovalent Metavac®, Metavac®-RSV vaccination was not associated with high im- 442 

munopathology score and/or an exacerbated immune response in lungs of challenged mice, in contrast to the group 443 

vaccinated by the IM route with the split inactivated HMPV vaccine, suggesting a lower risk for Metavac® and 444 

Metavac®-RSV to predispose to enhanced pulmonary disease. 445 

 446 

To our knowledge, our study describes, for the first time, a bivalent HMPV-based LAV candidate that replicates in 447 

vitro and in vivo, harbours an attenuated phenotype and induces homologous and heterologous neutralizing antibody 448 

responses that contribute to the efficient protection against both RSV and HMPV challenges. Further investigations in 449 

complementary (cotton rat) and more relevant preclinical (non-human primate) models must be conducted to confirm 450 

our results and to identify efficient dose vaccination strategies. Importantly, the mucosal secretory responses to 451 

Metavac®-RSV vaccination in the upper airway epithelium should be characterised, since it has been described that the 452 

role of mucosal immunity in controlling respiratory infections was major compared to that of systemic immunity 453 

[72,73,75]. Nasal secretory IgAs, which are more cross-protective than other immunoglobulins and initiate antibody- 454 

dependent cell-mediated cytotoxicity [76,77], should be particularly investigated in non-human primate models, as they 455 

seem to be the best correlate of protection in challenge studies with RSV [73] and other respiratory viruses [78,79].  456 

 457 

Development of new vaccines against respiratory mucosal viruses remains a striking challenge, despite strong 458 

efforts in this field that resulted in the recent FDA approval of GSK’s RSV-F recombinant subunit vaccine for prevention 459 

of severe RSV disease in the elderly population [31,80]. Of note, this vaccine is based on the IM delivery of recombinant 460 

pre-fusion metastable RSV-F protein that is exposing more immunogenic epitopes than the post-fusion form [81–87]. It 461 

would be interesting to associate such a conformation of RSV-F with our Metavac® LAV platform which expresses 462 

antigens at surface of virions and infected cell membranes. In this study, we demonstrated that Metavac® can be used 463 

as a versatile LAV platform for heterologous respiratory viral antigen expression. By co-expressing RSV-F and HMPV- 464 

F antigens, Metavac®-RSV constitutes an advantageous vaccine candidate, which could confer extended protection 465 

against the two prevalent respiratory pneumoviruses RSV and HMPV, responsible for the vast majority of bronchiolitis 466 

and pneumonia in infants and in the elderly. Associated to a scalable production process for manufacturing, the bivalent 467 

Metavac®-RSV LAV candidate could be a new promising option to protect children, at-risk young adults and the elderly 468 

populations that need appropriate specific strategies in term of vaccine response, schedule and regimen [88]. 469 

 470 
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 514 

FIGURE LEGENDS 515 

Figure 1. Rescue and characterization of recombinant Metavac®-RSV virus.  516 

(A) Schematic genomic organization of the recombinant HMPV strain (rC-85473-GFP, rHMPV), monovalent Metavac® 517 

(ΔSH-rC-85473-GFP) and bivalent Metavac®-RSV (ΔSH-rC-85473-GFP/RSV-F) viruses is represented and the insertion 518 

site of the RSV-F ORF between HMPV-F and M2 genes in Metavac®-RSV genome is detailed. GS - Gene Start, GE - Gene 519 

End, IG - intergenic sequence. Sequences added to ΔSH-rC-85473-GFP genome are underlined. Genomic sequence is 520 

presented from 3’ to 5’ extremity. (B) After viral rescue, in vitro expression of the RSV-F protein at the surface of 521 

Metavac®-RSV viral particles was visualized by transmission electron microscopy after immunogold labelling with 522 

anti-HMPV serum (5 nm bead) and the Palivizumab (15 nm bead, black arrowhead) Scale bar = 100nm. (C) Viral repli- 523 

cation kinetics of the Metavac®-RSV virus were measured in LLC-MK2 cells and compared to the monovalent 524 

Metavac® counterpart. Over a 7-day period, culture supernatants were harvested and titrated in TCID50/ml. Results 525 

represent the mean of 3 experimental replicates for each time-point. * p< 0.05, ** p < 0.01, *** p < 0.001 when comparing 526 

Metavac®-RSV to Metavac® virus using repeated measures two-way ANOVA.  527 

 528 

Figure 2. Co-immunostaining of HMPV and RSV-F glycoproteins in infected LLC-MK2 cells.  529 

(A) LLC-MK2 cells were infected with GFP-expressing Metavac®, Metavac®-RSV or RSV (rRSV-GFP) viruses, fixed 530 

and stained at 3 dpi with Palivizumab (red), HMPV24 mAb (white) and DAPI (blue). Merged fluorescent signals are 531 

represented (yellow). Images of representative cytopathic effects (CPEs) were taken using Zeiss880 confocal microscope 532 

(40x magnification) and processed with ImageJ software. A numeric focus was made on CPEs (square) and presented 533 

in the right panel. (B) LLC-MK2 cells were infected with MOI 0.5 of either Metavac® (a-e) or Metavac®-RSV (f-j), and 534 

antigens expression on the surface of the infected cells was measured by flow cytometry 48h post-infection. HMPV-F 535 

protein was detected with HMPV24 mAb conjugated with Alexa Fluor™ 647 and RSV-F protein was detected with 536 

Palivizumab conjugated with R-Phycoerythrin. Cells were sorted and analyzed by LSR II Flow Cytometer (BD biosci- 537 

ences®). Approximately 30,000 single live cells were counted per each sample performed in triplicate. The figure shows 538 

representative gating of sub-populations on one of the three samples. (a,f) - all cells in the sample; (b,g) – single cells 539 

(c,h) – single live cells (d,i) – single live cells positive or negative for GFP expression (e, j) - the percentage of GFP- 540 

expressing infected single live cells with HMPV-F expression revealed by HMPV24 mAb and RSV-F expression revealed 541 

by Palivizumab.  542 

 543 

Figure 3. Viral replication and RSV-F expression in human airway epithelium (HAE) model. Reconstituted HAE 544 

were infected with Metavac® or Metavac®-RSV viruses at an MOI of 0.1 and monitored for 7 days. (A) Viral spread in 545 

HAE was monitored at 3, 5 and 7 dpi by GFP fluorescence observation (10× magnification). (B-C) Viral quantification 546 

from epithelium apical washes collected after 1, 3, 5 and 7 dpi was performed byRT-qPCR targeting the HMPV-N gene 547 

(B) or the RSV-F gene (C). Data are shown as means ± SD and represent experimental triplicates. Dotted line represents 548 

the RT-qPCR quantification threshold. ** p < 0.01 when comparing Metavac®-RSV to Metavac® virus using repeated 549 

measures two-way ANOVA. (D) Co-immunostaining of HMPV-N and RSV-F proteins was realized at 3 dpi. Fixed HAE 550 

infected by Metavac®, Metavac®-RSV or rRSV-GFP viruses were stained with mixture of mAbs specific to the HMPV- 551 

N protein (mAb hMPV123, green), RSV-F protein (Palivizumab, red) and with DAPI (blue) specific to the nucleus. Ac- 552 

quisition of images of representative infected area was performed with confocal inverted microscope (Zeiss Confocal 553 

LSM 880) and processed with ImageJ software. Scale bar = 20µm. A focus on apical surface of ciliated infected cells was 554 

made (square) and is presented in the right panel. 555 

 556 
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Figure 4. Viral growth and attenuation of the Metavac®-RSV vaccine candidate in BALB/c mice. BALB/c mice were 557 

infected by the IN route with 5x105 TCID50 of rHMPV virus, Metavac® or Metavac®-RSV vaccine candidates. (A) 558 

Weight loss was monitored for 14 dpi (n = 16). Data are shown as means ± SEM. *, p < 0.05, **, p < 0.01, ***, p < 0.001 559 

when comparing to mock-infected mice using Repeated Measures Two-way ANOVA. (B-C) At 2 dpi, mice were eu- 560 

thanized and BAsL were harvested to measure HMPV-N gene (B) or RSV-F gene (C) copies by RT-qPCR (n = 2). (D) At 561 

5 dpi, mean cumulative histopathological scores (peribronchial, intrabronchial, perivascular, interstitial, pleural and 562 

intra-alveolar inflammation scores) of the lungs from infected mice were evaluated (n = 3). *, p < 0.05, ***, p < 0.001 when 563 

comparing mean global histopathological score to mock-infected mice using One-way ANOVA. (E-F) At 5 dpi, HMPV- 564 

N (E) or RSV-F (F) gene copies were measured by RT-qPCR from total RNA extracted from fixed lung tissues (n=2-3). 565 

Data of viral gene quantification are shown as means ± SD. 566 

 567 

Figure 5. Efficacy of Metavac®-RSV vaccine candidate against lethal challenge with HMPV. BALB/c mice were im- 568 

munized twice at a 21-day interval by the IN route with 5x105 TCID50 of Metavac® or Metavac®-RSV LAV candidates 569 

or by the IM route with HMPV split preparation adjuvanted with AddaVax™. Three weeks after the last immunization, 570 

animals (n = 12/group) were inoculated with a lethal dose of rHMPV virus. (A) Weight loss and (B) mortality rates were 571 

monitored for 14 days post-challenge (dpc, n = 8/group). Data are shown as means ± SEM. ***, p < 0.001 when comparing 572 

to Metavac® vaccinated mice using Two-way ANOVA. (C) At 2 dpc, mice were euthanized and nasal washes (NW) 573 

and bronchoalveolar lavages (BAL) were harvested to measure HMPV-N gene copies by RT-qPCR (n = 2/group). (D) 574 

At 5 dpc, RT-qPCR was performed on total RNA recovered from mouse lung homogenates (n = 4/group) to quantify 575 

HMPV-N gene copies. (E) At 5 dpc, cumulative pulmonary histopathological scores (peribronchial, intrabronchial, peri- 576 

vascular, interstitial, pleural and intra-alveolar inflammation scores) were also evaluated (n  = 3/group). Data are shown 577 

as means ± SD. *, p < 0.05, **, p < 0.01, ***, p < 0.001 when comparing mean global histopathological score to mock 578 

vaccinated mice using One-way ANOVA. 579 

 580 

Figure 6. Immunogenicity of Metavac®-RSV vaccine candidate before and after lethal challenge with HMPV. 581 

BALB/c mice were immunized twice at a 21-day interval by the IN route with 5x105 TCID50 of Metavac® or Metavac® 582 

-RSV vaccine candidates or by the IM route with the adjuvanted HMPV split preparation. Three weeks after the last 583 

immunization, animals (n = 12/group) were inoculated with a lethal dose of rHMPV. Immunogenicity of vaccine candi- 584 

dates was measured at -1, 20, 41 or 63 days after the first immunization by microneutralization (A-B-C) or ELISA (D) 585 

assays from pools of sera (n = 3 pools/group). Neutralization titers were defined by an endpoint dilution assay based 586 

on fluorescent detection of (A) HMPV A, (B) HMPV B or (C) RSV A and represented as mean log2 reciprocal neutraliz- 587 

ing antibody (NAb) titers. (D) IgG titer specific to HMPV A virus was represented as arbitrary unit based on end-point 588 

absorbance. Naïve status of mice was confirmed by processing of the samples harvested one day before vaccination. 589 

Data are shown as means ± SD. *** p < 0.001 when comparing each vaccinated group to the mock vaccinated condition 590 

using Two-way ANOVA. 591 

 592 

Figure 7. Efficacy and immunogenicity of Metavac®-RSV vaccine candidate following RSV challenge. BALB/c mice 593 

were immunized twice at a 21-day interval by the IN route with 5x105 TCID50 of Metavac®-RSV vaccine candidate or 594 

rRSV-mCh (RSV WT) virus. Three weeks after the last immunization, animals (n = 12/group) were inoculated with 1×105 595 

PFU of rRSV-Luc virus. (A-B) Bioluminescence was measured at 3 and 5 dpc by IN injection of 50 µl of D-Luciferin (200 596 

mM). (A) Ventral views of 4 representative mice were taken using the IVIS system. The scale on the right indicates the 597 

average radiance (a sum of the photons per second from each pixel inside the region of interest, ps-1 cm-2 sr-1). (B) 598 

Luciferase activities were quantified using ‘Living Image’ software and were represented as mean ± SEM photons per 599 

second (p/s) (n = 8/group). (C-D) RT-qPCR was performed on total RNA recovered from mouse lung homogenates (n = 600 
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4/group) harvested at 4 dpc to quantify RSV-F (C) or residual HMPV-N gene copies (D). Data are shown as means ± 601 

SD. (E-F) Immunogenicity of the Metavac®-RSV LAV candidate was measured before each IN instillation (-1, 20 and 41 602 

dpi) and at the end-point (63 dpi) by RSV A microneutralization or anti-RSV IgG ELISA assays from pools of sera. (E) 603 

Neutralization of RSV A strain was represented as mean log2 reciprocal NAb titer. (F) IgG titer specific to RSV virus 604 

was represented as arbitrary unit based on end-point absorbance. *** p < 0.001 when comparing Metavac®-RSV or RSV 605 

WT vaccinated group to the mock vaccinated condition using Two-way ANOVA. 606 

 607 

 608 

MATERIALS AND METHODS 609 

Cells and viruses 610 

LLC-MK2 (ATCC CCL-7) cells were cultivated in minimal essential medium (MEM, Life Technologies) supple- 611 

mented with 10% fetal bovine serum (FBS, Wisent, St. Bruno, QC, Canada), 1% penicillin/streptomycin (Pen/Strep, 612 

10,000 U/mL, Gibco, Thermo Fisher Scientific, Waltham, MA, USA) and 2% L-glutamin (L-Glu, Gibco, Thermo Fisher 613 

Scientific, Waltham, MA, USA). HEP-2 (ATCC CCL-23) cells were cultivated in MEM medium supplemented with 5% 614 

FBS, 1% Pen/Strep and 2% L-Glu. Vero cells (ATCC CCL-81) were cultivated in MEM medium 4,5g/l glucose supple- 615 

mented with 5% FBS, 1% Pen/Strep and 2% L-Glu. BHK-T7 cells (a kind gift from Dr Ursula Buchholz at the NIAID in 616 

Bethesda, MD) were maintained in MEM supplemented with 10% FBS, 1% Pen/Strep, additionally supplemented with 617 

1% non-essential amino acids (NEAA, Life Technologies) and 0.2 mg/mL geneticin (G418, Life Technologies) added 618 

every other passage. 619 

Recombinant HMPV viruses rC-85473-GFP (rHMPV), rCAN98-75-GFP, Metavac® (ΔSH-rC-85473-GFP) and 620 

Metavac®-RSV were rescued and produced using BHK-T7 and LLC-MK2 cells, as previously described [53]. Recombi- 621 

nant RSVs expressing fluorescent proteins: GFP (rRSV-GFP), mCherry (rRSV-mCh) and Luciferase (rRSV-Luc).  622 

 623 

Molecular biology 624 

RNA of RSV strain A2 virus was isolated from cell culture (Qiamp MiniElute Viral RNA Spin Protocol) and reverse- 625 

transcribed with Superscript II RT reverse transcriptase (Thermo Fisher Scientific, 18064014). The cDNA product was 626 

used as a matrix for amplification of RSV-F ORF using Q5 DNA polymerase (New England BioLabs, M0491L) with 627 

appropriate primers (forward: 5’- GAGTGGGACAAGTGAAAATGG-3’, reverse: 5’-GATTT- 628 

GTCCCAAATTTTTATTTTTATTTTATTTTAATTTTAATTTTATTTTATTTTAATTTAATTTACTTTATTTTTAATTAATTAGTT-3’). 629 

RSV-F gene was flanked by HMPV-derived Gene Start and Gene End signals (Figure 1A) and HMPV genome overlap- 630 

ping regions were added at the 5’ and 3’ extremities of the RSV-F amplicon.  631 

The pSP72 plasmid containing the complete genome of Metavac® (pSP72-ΔSH-rC-85473-GFP/ pSP72-Metavac®) 632 

virus [50,51] was amplified with Q5 DNA polymerase using primers matching the intergenic F-M2 region (forward: 5’- 633 

AACTAATTAATTAAAAATAAAGTAAATTAAATTAAAATAAAATAAAATTAAAATTAAAA- 634 

TAAAATAAAAATAAAAATTTGGGACAAATC-3’, and reverse 5’-CCATTTTCACTTGTCCCACTC-3’).  635 

The RSV-F amplicon was then inserted into the linearized pSP72-Metavac® vector by Gibson Assembly® Cloning 636 

Kit (New England Biolabs, E5510S) in 2-fragment cloning reaction, following provider’s recommendations. Briefly, 75 637 
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ng of linearized vector with 3-fold molar excess of insert were used. The reaction product was then diluted 4 times in 638 

distilled water, and 2 µl were transformed into Stellar™ Competent Cells (Takara Bio). Bacteria were plated in selective 639 

medium containing Ampicillin and plasmids were isolated by Gene Elute Plasmid Purification Kit (Sigma-Aldrich). 640 

Complete plasmid DNA sequence was confirmed by Sanger sequencing. 641 

 642 

Reverse genetics 643 

BHK-T7 cells at 75% confluency were co-transfected with four supporting plasmids encoding ORFs of N, P, L and 644 

M2-1 of HMPV strain B2/CAN98-75, as well as with pSP72 plasmid containing the full-length antigenome of Metavac®- 645 

RSV virus using Lipofectamine 2000 (Thermo Fisher Scientific, Life Technologies), according to a previously described 646 

protocol [53]. Transfected cells were incubated at 37°C and 5% CO2 for 2 days until the GFP expression was noticeable. 647 

Next LLC-MK2 cells were added for co-culture in OptiMEM infection medium supplemented with fresh 0.0002% tryp- 648 

sin, as previously described [53]. Cells were scraped, sonicated, centrifuged and the supernatant was diluted to inocu- 649 

late newly seeded LLC-MK2 monolayers. After several cell passages, recombinant Metavac®-RSV virus was concen- 650 

trated by ultracentrifugation at 28 000 rpm, resuspended in OptiMEM and stored at -80°C. Viral stocks were titrated as 651 

50% tissue culture infectious doses (TCID50)/ml.  652 

 653 

Immunostaining 654 

For various immunostaining assays, we used the humanized anti-RSV-F monoclonal antibody (mAb) Palivizumab 655 

(Synagis®, AstraZeneca™), anti-HMPV-F mAb (HMPV24, Abcam ab94800), anti-HMPV-N mAb (HMPV123, Abcam 656 

ab94803), in-house polyclonal HMPV- or RSV-specific murine sera, respectively generated by mouse infection with 657 

HMPV C-85473 or RSV A2 viruses. 658 

For flow cytometry assays, HMPV24 mAb was conjugated with fluorochrome Alexa Fluor™ 647 (Alexa Fluor 647 659 

Antibody Labeling Kit, Invitrogen, A20186), and Palivizumab was conjugated with fluorochrome R-Phycoerythrin (PE 660 

/ R-Phycoerythrin Conjugation Kit - Lightning-Link®, Abcam, ab102918). 661 

 662 

Transmission Electron Microscopy 663 

Metavac® and Metavac®-RSV viruses were produced in LLC-MK2 cells and concentrated by ultracentrifugation, 664 

as previously described [50]. Viral pellets were then resuspended in 0.9% NaCl and passed through 0.45 µm filter. Viral 665 

suspensions were adsorbed on 200-mesh nickel grids coated with formvar-C for 10 min at room temperature (RT). 666 

Immunogold labelling was performed the next day by flotation the grids on drops of reactive media. Nonspecific sites 667 

were coated with 1% BSA in 50 mM Tris-HCl (pH 7.4) for 10 min at RT then incubated in wet chamber with Palivizumab 668 

diluted in 1% BSA, 50 mM Tris-HCl (pH 7.4) for 2 h at RT. The grids were washed successively in 50 mM Tris-HCl (pH 669 

7.4 and then pH 8.2), incubated with 1% BSA, 50 mM Tris-HCl (pH 8.2) for 10 min at RT, and labeled with 15 nm gold 670 

conjugated goat anti-human IgG (Aurion) diluted 1/50 in 1% BSA, 50 Mm Tris-HCl (pH 8.2) for 45 min. A second im- 671 

munogold labelling with in-house anti-HMPV murine serum was then performed following the same protocol. Finally, 672 
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the immunocomplex was fixed with 2% glutaraldehyde diluted in 50 mM Tris-HCl (pH 7.4) for 2 min and grids were 673 

stained with UranyLess (Electron Microscopy Sciences, 22409) for 1 min and observed on a transmission electron mi- 674 

croscope (Jeol 1400 JEM, Tokyo, Japan) equipped with a Gatan camera (Orius 1000) and Digital Micrograph Software. 675 

 676 

Replication kinetics 677 

Confluent monolayers of LLC-MK2 cells were washed with PBS and infected with a MOI of 0.01 of Metavac®-RSV 678 

or Metavac® vaccine candidates diluted in OptiMEM. Cells were incubated 1,5 h at 37℃, then infectious media was 679 

aspirated and replaced by fresh OptiMEM with 0.0002% trypsin. Infected cells were incubated at 37⁰C and 5% CO2 and 680 

supernatants were harvested in triplicate at daily intervals for 7 days then frozen at -80⁰C. Each sample was thawed and 681 

used for determination of TCID50/ml in LLC-MK2 cells. 682 

 683 

Confocal microscopy 684 

For confocal microscopy observations, confluent monolayers of LLC-MK2 cells grown on Lab-Tek II chamber slides 685 

(ThermoFisher Scientific) were infected with a MOI of 0.01 of recombinant Metavac®, Metavac®-RSV or rRSV-GFP 686 

viruses. After 3 days of infection, infected cells were fixed with 4% paraformaldehyde in PBS for 30 min at 4°C, washed 687 

in PBS 1X, permeabilized with 0.1% Triton X-100 in PBS (PBS-T) and blocked with 1% SVF for 30 min. Then, anti-RSV- 688 

F Palivizumab and anti-HMPV-F HMPV24 antibodies were used as primary antibodies in PBS-T at 1/5000 and 1/500 689 

dilutions, respectively. After 1 h-incubation, the cells were washed in PBS-T and then incubated with goat anti-human 690 

mAb conjugated with AlexaFluor 546 and goat anti-mouse mAb conjugated with AlexaFluor 633 (ThermoFisher Scien- 691 

tific) for 30 min at 1/100 dilution. Nuclei were counterstained with DNA-binding fluorochrome 4,6-diamidinon-2-phe- 692 

nylindole (DAPI, Invitrogen). After staining, the coverslips were mounted with Fluoromount G (Cliniscience) and ana- 693 

lyzed using a confocal inverted microscope (Zeiss Confocal LSM 880). 694 

 695 

Flow cytometry  696 

For flow cytometry assays, confluent monolayers of LLC-MK2 cells grown in 24-well plates were infected with a 697 

MOI of 0.5 of Metavac®-RSV or Metavac® vaccine candidates. After 1.5 h of virus adsorption, infection medium was 698 

replaced by fresh OptiMEM with 0.0002% trypsin. At 48 h post-infection, cells were washed with cold PBS, trypsynised 699 

and resuspended in cold PBS 2% FBS. A wash with cold PBS 2% FBS was performed between each step involving 700 

antibodies. First, cells were incubated with optimized concentration of CD16/CD32 antibody (Invitrogen, 14-0161-82) 701 

and viability dye (LIVE/DEAD™ Fixable Near-IR Dead Cell Stain Kit, ThermoFisher Scientific, L34975) for 30 min at 702 

4°C. After subsequent washes, samples were incubated for 30 min at 4°C with optimized concentration of HMPV24 703 

mAb conjugated with Alexa Fluor 647 and Palivizumab conjugated with R-Phycoerythrin. Cells were sorted and ana- 704 

lyzed by LSR II Flow Cytometer (BD biosciences®) cytometer to determine: the percentage of infected GFP-positive 705 

cells, the percentage of GFP-positive cells with simultaneous HMPV-F and RSV-F expression revealed by HMPV24 706 

antibody and Palivizumab, respectively. Compensation control for the viability dye was performed with live and dead 707 
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LLC-MK2 cells. Compensation controls for conjugated antibodies were performed using compensation beads (Ultra- 708 

Comp eBeads™ Compensation Beads, ThermoFisher Scientific, 01-2222-42). Approximately 30,000 single live cells were 709 

counted per sample, and the experiment was performed in triplicate. 710 

 711 

Infection of reconstituted human airway epithelium  712 

In vitro reconstituted human airway epithelium (HAE), derived from healthy donors’ primary nasal cells (Mu- 713 

cilAir™), was purchased from Epithelix (Plan-les-Ouates, Switzerland). HAEs were incubated with a MOI of 0.1 of 714 

Metavac® or Metavac®-RSV for 2 h at 37°C, 5% CO2. Infections were monitored for 7 days post-infection (dpi). At 3, 5 715 

and 7 dpi, apical washes with warm OptiMEM were performed in order to extract viral RNA (QIAamp Viral RNA kit, 716 

Qiagen, Hilden, Germany) and the images of infected HAEs were taken by fluorescent microscopy with EVOS M5000 717 

Cell Imaging System (Invitrogen, ThermoFisher Scientific).  718 

For fluorescence immunostaining, infected HAEs with a MOI of 0.1 of Metavac®, Metavac®-RSV or rRSV-GFP 719 

were rinsed three times with 1X Dulbecco’s PBS (DPBS, Gibco, 14190) at 3 dpi and fixed for 50 min in 4% paraformal- 720 

dehyde solution (Electron microscopy science, 15710) at RT. HAEs were rinsed three more times in DPBS, then the tissue 721 

was embedded in paraffin, and sections of 5 µm-thick slices were prepared using a microtome. Immunostaining was 722 

then performed with Discovery XT (Roche) device. Fixed tissues were first deparaffinized and incubated with RiboCC 723 

citrate buffer (pH 6.0) for 16 min. The slices were subsequently stained with primary antibodies Palivizumab and 724 

HMPV123 mAb at 1:1000 or 1:100 dilutions, respectively, for 1 h at 37°C, and then with secondary antibodies (Alexa 488 725 

GAR Invitrogen, A11 008 or Alexa 594 GAH Invitrogen™, A11 014) at 1:500 or 1:300 dilution, respectively, for 1 h at 726 

37°C. The nuclear staining was performed with DAPI. The images were acquired with inverted confocal microscope 727 

(Zeiss Confocal, LSM 880).   728 

 729 

Real-time RT-PCR  730 

The RNA was reverse-transcribed at 42°C using SuperScript™ II RT (Invitrogen) with random primers. Amplifi- 731 

cation of the HMPV-N gene was performed by RT-qPCR using Express one-step SYBR GreenER mix, premixed with 732 

ROX (ThermoFisher Scientific) and with forward primer 5’-AGAGTCTCAGTACACAATAAAAAGAGATGTGGG-3’ and re- 733 

verse primer 5’-CCTATTTCTGCAGCATATTTGTAATCAG-3, and amplification of the RSV-F gene was performed using 734 

forward primer 5’-CTGTGATAGARTTCCAACAAAAGAACA-3’ and reverse primer 5’-AGTTACACCTGCATTAACAC- 735 

TAAATCC-3’. The calibration of HMPV-N and RSV-F copies was assessed by amplification of a plasmid.  736 

 737 

Animal studies 738 

For in vivo infection studies, 4-6-week-old BALB/c mice (Charles River Laboratories), randomly housed in groups 739 

of 5-6 per micro-isolator cage, were infected via IN route with 5×105 TCID50 of rHMPV, Metavac® or Metavac®-RSV 740 

under ketamine/xylazine anesthesia. As a control group, mice were mock-infected IN with OptiMEM medium. Animals 741 
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were monitored daily for 14 days for weight loss, clinical disease signs, reduced activity, or ruffled fur, and were eu- 742 

thanized upon 20% loss of the initial weight. Mice were euthanized using sodium pentobarbital at 2 dpi (n=2/group) to 743 

perform broncho-alveolar lavages (BAL) for viral genes quantification by RT-qPCR, or at 5 dpi (n=3/group) to harvest 744 

their lungs for histopathological analysis (NovaXia Pathology Laboratory). For histopathological analysis, lungs were 745 

perfused with 2% formaldehyde at the time of the harvest and until the paraffin embedding. Retrospectively, the quan- 746 

tification of viral gene expression by RT-qPCR was also performed from fixed lung slices after total RNA extraction 747 

using RNeasy® DSP FFPE Kit (Qiagen), following manufacturer instructions.  748 

For the vaccination studies, 4-6 week-old BALB/c mice were immunized twice at a 21 day-interval before receiving 749 

a viral challenge 21 days after the last immunization. Animals were monitored daily for 14 days after each immunization 750 

or infection for weight loss, clinical signs, reduced activity or ruffled fur and were euthanized upon 20% loss of their 751 

initial weight.  752 

To assess the protection against HMPV challenge, sixteen animals were immunized by the IN route with 5×105 753 

TCID50 of Metavac® or Metavac®-RSV, or by IM route with HMPV split preparation consisting of inactivated HMPV 754 

C-85473 virus, as previously described [89], diluted 1:1 with squalene-based oil-in-water nano-emulsion AddaVax™ 755 

(Invivogen). Mice mock-infected IN with OptiMEM (mock vacc.) were used as a negative control vaccination group. 756 

Twenty-one days after the second immunization, each mouse was infected with 2x106 TCID50 of rHMPV, expected to 757 

induce lethality in more than 80% of the animals. At 2 days post-challenge (dpc), mice were euthanized (n = 2/group) 758 

to collect nasal washes (NW) and bronchoalveolar lavages (BAL) in PBS 1X to measure HMPV-N gene copies by RT- 759 

qPCR.  Viral titers (n=4/group) and histopathological scores (n=3/group) were evaluated at 5 dpc from lung homoge- 760 

nates or from formaldehyde-fixed tissues, respectively, as previously described [50]. Prior to immunizations (day -1 or 761 

day 20), prior to challenge (day 41) and 21 days after challenge (day 63), blood samples were taken by sub-mandibular 762 

bleeding or cardiac puncture at the terminal time-point to evaluate neutralizing antibodies (NAbs) and IgG titers.  763 

To evaluate the protection against RSV challenge, twelve animals were immunized by the IN route with 5×105 764 

TCID50 of Metavac®-RSV or with 5×105 PFU of rRSV-mCh viruses. As a negative control group of vaccination, mice 765 

were mock-infected IN with OptiMEM (mock vacc.). Twenty-one days after the second immunization, each mouse was 766 

infected with an inoculum of 3,75 x 105 PFU of rRSV-Luc virus, as previously described [90]. To determine in vivo bio- 767 

luminescence intensity, mice (n=8/group) were anaesthetized 3 and 5 dpc and observed alive using the IVIS imaging 768 

system 5 min after IN injection of D-luciferin. At 4 dpc, mice were euthanized (n = 4/group), lungs homogenized in 1 769 

ml of PBS 1X before total RNA extraction and the quantification of RSV-F and HMPV-N genes by RT-qPCR was per- 770 

formed as previously described. Prior to immunizations (days -1 or day 20), prior to challenge (day 41) and 21 days 771 

after challenge (day 63), blood samples were taken by sub-mandibular bleeding or cardiac exsanguination at the termi- 772 

nal time-point to evaluate neutralizing antibody (NAb) and IgG titers.  773 

 774 

Neutralization assays  775 
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To evaluate the production of a specific neutralizing antibody response, sera were recovered from blood samples, 776 

pooled and heat-inactivated at 56°C until testing. Serial two-fold dilutions of sera in infection medium were then tested 777 

for neutralization of homologous rHMPV (rC-85473-GFP), heterologous HMPV (rCAN98-75-GFP) or rRSV-mCh vi- 778 

ruses on LLC-MK2 cells or Vero cells, respectively. Reciprocal neutralizing antibody titers were determined by an end- 779 

point dilution assay, based on fluorescent detection (Spark® multimode microplate reader, TECAN). Neutralization of 780 

infection was defined as more than 75% decrease in the fluorescence, compared to the negative infection control.   781 

 782 

IgG quantification by ELISA assays 783 

To detect HMPV- or RSV-specific IgG, NUNC Maxi-Sorp 96-well plates (ThermoFisher Scientific) were coated with 784 

inactivated virus stocks (HMPV C-85473 or RSV A2 strains, respectively) diluted in carbonate-bicarbonate buffer (0.1M, 785 

pH 9,6) to 4µg/ml concentration. Plates were subsequently blocked with 5% milk in PBS-T and incubated with serum 786 

sample diluted in 5% milk in PBS-T. Specific IgG antibodies were detected using an anti-mouse IgG-HRP mAb (South- 787 

ernBiotech, ref 1031-05). ELISAs were developed using tetramethylbenzidine (TMB SureBlue, SeraCare) and the reac- 788 

tion was stopped with 2N H2SO4. Background from empty control wells was subtracted to acquire final absorbance 789 

values at 450 nm and the results were represented as arbitrary units to compare IgG titers at an optimal serum dilution.   790 

 791 

Statistical analysis 792 

Statistical analyses were performed with GraphPad Prism7 using One-way or Two-way ANOVA tests. 793 

 794 

  795 
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 1059 

 1060 

Supplementary figure 1 1061 

  1062 

 1063 

 1064 

Histopathological lung studies from infected (panels A-D) or vaccinated then challenged (panels E-H) mice.  1065 

40-fold magnified histopathological images of lung tissues 5 days post-infection: (A) Normal lung parenchyma in mock- 1066 

infected animal. (B) Intranasal (IN) infection with rHMPV virus resulted in mild to moderate peri-bronchial and peri- 1067 

vascular inflammation. (C) IN infection with monovalent Metavac® LAV candidate resulted in mild interstitial, peri- 1068 

bronchial and perivascular inflammation. (D) IN infection with bivalent Metavac®-RSV LAV candidate resulted in mild 1069 

interstitial, peri-bronchial and perivascular inflammation. Scale bar = 500µm. 1070 

200-fold magnified histopathological images of lung tissues 5 days post-challenge with HMPV: (A) Normal lung paren- 1071 

chyma in mock-infected animal. (E) Interstitial inflammation with alveolar wall thickening and intra-alveolar inflam- 1072 

matory cells (neutrophils, macrophages) in infected non-vaccinated mice. (F-G) Dual IN immunisation with monovalent 1073 

Metavac® (F) or bivalent Metavac®-RSV (G) vaccine candidates and HMPV challenge resulted in mild (interstitial in- 1074 

flammation. (H) Dual IM immunisation with split inactivated HMPV preparation and HMPV challenge resulted in 1075 

moderate to marked peri-bronchial inflammation, moderate interstitial inflammation, focal pleural inflammation and 1076 

marked peri-vascular inflammation. Scale bar = 100µm. 1077 
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Supplementary figure 2 1080 

 1081 

 1082 

Neutralisation studies for heterologous RSV B strain. To evaluate the production of specific neutralizing antibody 1083 

response against heterologous virus strains, sera were recovered from blood samples, pooled and heat-inactivated at 1084 

56°C until testing. Serial twofold dilutions of sera in infection medium were then tested for neutralization of RSV B 1085 

strain WV/14617/85 (VR-1400™, ATCC) on Vero cells. Reciprocal neutralizing antibody (NAb) titers were determined 1086 

by an endpoint dilution assay based on CPEs observation.  1087 
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