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ARTICLE INFO ABSTRACT

Keywords: Alum adjuvanted formalin-inactivated respiratory syncytial virus (RSV) vaccination resulted in enhanced re-
RSV spiratory disease in young children upon natural infection. Here, we investigated the adjuvant effects of
Enhanced disease monophosphoryl lipid A (MPL) and oligodeoxynucleotide CpG (CpG) on vaccine-enhanced respiratory disease

Safety ) after fusion (F) protein prime vaccination and RSV challenge in infant and adult mouse models. Combination
II\{/[SP\IIJF protein CpG + MPL adjuvant in RSV F protein single dose priming of infant and adult age mice was found to promote
CpG the induction of IgG2a isotype antibodies and neutralizing activity, and lung viral clearance after challenge.
Adjuvant CpG + MPL adjuvanted F protein (Fp) priming of infant and adult age mice was effective in avoiding lung

histopathology, in reducing interleukin-4* CD4 T cells and cellular infiltration of monocytes and neutrophils
after RSV challenge. This study suggests that combination CpG and MPL adjuvant in RSV subunit vaccination
might contribute to priming protective immune responses and preventing inflammatory RSV disease after in-

fection.

1. Introduction

Respiratory syncytial virus (RSV) is a negative sense strand RNA
virus belonging to the Pneumoviridae family. RSV is the leading cause of
approximately 3.5 million hospital admissions in the extreme age po-
pulations, particularly in infants and children below 5 years old, re-
sulting in 66,000 to 199,000 deaths, in low- and middle-income
countries (Nair et al., 2010). Also, approximately 14,000 to 60,000
hospitalizations happen in elderly populations and 10,000 deaths are
estimated due to RSV disease in the US annually (Branche and Falsey,
2015; Falsey et al., 2005). Despite the extensive effort for over 50 years,
no effective vaccine against RSV is licensed yet. Enhanced RSV disease
was observed in infants and young children after vaccination with a
formalin-inactivated alum-adjuvanted whole virus (FI-RSV) vaccine in
the 1960s upon natural infection (Kim et al., 1969). FI-RSV vaccine-
enhanced pulmonary histopathology has been reported in various an-
imal models including mice (Connors et al., 1992), cotton rats (Prince
et al., 1986), cattle (Gershwin et al., 1998), and African green monkeys
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(Kakuk et al., 1993). Other platforms of RSV vaccines have been also
known to cause enhanced disease after RSV challenge. Mice that were
vaccinated with recombinant vaccinia virus expressing RSV attachment
G or fusion (F) proteins (rVV-F, to a lesser degree) developed lung
disease after RSV challenge (Openshaw et al., 1992).

Palivizumab, a monoclonal antibody (mAb) against F proteins has
been licensed as a prophylactic drug to prevent severe RSV disease in
high-risk infants (Simoes et al., 2007). RSV F protein vaccines are under
clinical investigation, targeting to older populations and high-risk
children or maternal immunization. Alum adjuvanted purified F protein
vaccines based on F in the post-fusion conformation (post-F) were
tested in early clinical phase I and II trials of different age groups in-
cluding healthy adults, children over 12 months of age, older persons,
and pregnant women (Munoz et al., 2003). A phase II trial of alum-
adjuvanted post F protein vaccines in seropositive children showed a
modest increase in neutralizing titers but no reduction in the incidence
of RSV infections (Esposito and Pietro, 2016). A subunit vaccine using F
protein displayed in rosettes has been advanced to Phase III trials in
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pregnant women (Esposito and Pietro, 2016; Neuzil, 2016). Vaccine
candidates utilizing F stabilized in its pre-fusion conformation (pre-F)
are under Phase I and II clinical studies (Esposito and Pietro, 2016;
Neuzil, 2016).

Although RSV F is being developed as an important subunit vaccine
candidate, protein-based immunogens in antigen-naive hosts can pro-
mote T helper type 2 (Th2) biased immune response. Subunit F protein-
based vaccines have been reported to cause enhanced lung histo-
pathology in antigen-naive animal models (Murphy et al., 1990;
Palomo et al., 2016; Schneider-Ohrum et al., 2017). Therefore, ad-
juvants that modulate immune responses to avoid enhanced RSV dis-
ease after vaccination and RSV challenge would be highly significant
for advancing safe RSV vaccination in antigen-naive infants.

Synthetic oligodeoxynucleotides containing unmethylated cytosine-
phosphate-guanosine (CpG), a Toll-like receptor (TLR)-9 agonist, are
known to activate Thl immune responses to RSV F or killed RSV vac-
cination with high dose (10-100 pg) of CpG (Garlapati et al., 2012;
Hancock et al., 2001; Oumouna et al., 2005) but no details on safety
aspects on lung inflammation and RSV disease after RSV challenge were
reported. A high dose of CpG (20-100 pg) included in the intranasal
vaccination of cotton rats with RSV F protein was reported to have
safety concern on promoting pulmonary pathology after RSV challenge
(Prince et al., 2003). Monophosphoryl lipid A (MPL) is a TLR4 agonist
and included in human vaccines (Rappuoli et al., 2011). RSV F protein
vaccination adjuvanted with ranges of high dose MPL (10-50 pg/rat)
protected cotton rats against RSV and lung pathology (Blanco et al.,
2014). A high dose MPL was shown to attenuate FI-RSV-induced his-
topathology and proinflammatory cytokines (Boukhvalova et al., 2006;
Prince et al., 2001). A post-fusion F protein vaccine formulated with an
MPL analog of TLR4 agonist in stable emulsion was tested under phase I
and planning for phase II in older adults (Esposito and Pietro, 2016).
TLR4 agonist MPL in stable emulsion was reported to result in the
different outcomes of protection and safety concerns after RSV vacci-
nation and challenge, depending on the animal models (Lambert et al.,
2015; Schneider-Ohrum et al., 2017).

In previous studies on adjuvanted influenza vaccination, we found
that combination adjuvant at low doses of MPL (0.5-1 pg) +CpG
(2-4 pg) was effective in promoting homologous and heterologous
protective efficacy of influenza vaccines (Ko et al., 2017, 2018). Based
on previous studies, we wanted to determine whether a low dose of
combined MPL + CpG adjuvant would be effective in enhancing pro-
tective efficacy of RSV F protein-based subunit vaccine while pre-
venting pulmonary histopathology after challenge in a mouse model.
Herein, we investigated the adjuvant effects of CpG, MPL, and com-
bined CpG and MPL on promoting RSV vaccine efficacy and in-
flammatory histopathology after priming with F protein and RSV
challenge in infant (2 weeks old) and adult mouse models in compar-
ison with alum adjuvant. Combined CpG + MPL adjuvanted F protein
priming of infant and adult age mice was found to be highly effective in
avoiding lung histopathology as well as in enhancing the efficacy of
RSV F protein vaccination.

2. Material and methods
2.1. Cells, virus and vaccine formulation with adjuvants

The RSV A2 was provided from Dr. Martin Moore (Emory
University, GA) and propagated in HEp 2 Cells (American Type Culture
Collection). The virus stocks were tittered as the plaque-forming units
(PFU) on the Hep2 cells by immunostaining with an horse radish per-
oxidase (HRP)-labeled F-monoclonal antibody as described (Lee et al.,
2017). The HEp 2 Cells were grown in DMEM supplemented with 5%
fetal bovine serum and penicillin/streptomycin antibiotics. The RSV A2
F glycoprotein was obtained from Biodefense and Emerging Infections
Research Resources (NR-28908, BEI Resources, Manassas, VA). In brief,
this recombinant form of soluble F glycoprotein with C-terminal
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histidine tag was expressed by transfection of 293F cells with a plasmid
encoding a codon-optimized F gene engineered to produce a stable post
fusion conformation of the F trimer and purified from the cell culture
supernatant using nickel chromatography. Antigenic analysis indicates
that the F protein used in this study is in a form of post-fusion con-
formation (Supplementary Fig. S1). Adjuvant Alum (Sigma Aldrich, St.
Louis, MO), MPL (Sigma Aldrich, St. Louis, MO), or CpG (oligodeox-
ynucleotide 1826, 5’-TCC ATG ACG TTC CTG ACG TT-3’, DNA Tech-
nologies) was mixed with 0.1 ugF protein vaccine to vaccinate the
mice.

2.2. Animals, immunization and RSV challenge

BALB/c mice (n = 5, Charles River Laboratories, Inc.) were in-
tramuscularly (i.m.) primed (a single dose) in the thigh muscle of the
leg with 0.1 pg of F protein only or in the presence of adjuvant (50 ug
Alum, 1 ug MPL, 4 pg CpG and, 1 ug MPL+ 4 pg CpG), or phosphate
buffered saline (PBS, naive control). The infant mice were 2 weeks old
and adult mice were 6-8weeks old at the time of priming vaccination.
For immunogenicity study, blood samples were collected from in-
dividual mice at 3 weeks after vaccination. Mice were intranasally (i.n.)
infected with 3.5 x 10° PFU/ml of RSV A2 under isoflurane anesthesia
to determine the efficacy of protection and histopathology at 4 weeks
after vaccination. Individual lung, bronchiolar alveolar lavage fluids
(BALF), mediastinal lymph nodes (MLN), and spleens were collected at
5 days after challenge. All animal experimental procedures were ap-
proved and performed by following the guidelines of Georgia State
University Institutional Animal Care and Use Committee.

2.3. ELISA of IgG antibodies and cytokines

Blood samples collected at 3 weeks after prime were used to de-
termine RSV F specific IgG antibodies (IgG, IgG1l and IgG2a) by en-
zyme-linked immunosorbent assay (ELISA). Post-fusion F protein (NR-
28908, BEI resources) or pre-fusion conformation stabilized protein
with DsCav mutations (McLellan et al., 2013) was coated on 96-well
plates as an ELISA antigen. The pre-fusion F protein with DS-Cavl
mutations was kindly provided by Vaccine Research Center (NIAID,
NIH). Pre-fusion F conformation-stabilizing mutations (DS-Cavl) con-
tain additional disulfide bonds (DC) residues [S155C, S290C] and
amino acid changes with cavity filling residues [S190F, V207L], and the
trimer-stabilizing foldon domain at the c-terminus of pre-fusion DS-
Cavl F protein, which stabilizes the pre-fusion conformation, (McLellan
et al., 2013). Secondary antibodies conjugated with horseradish per-
oxidase (Southern Biotechnology) were used to detect IgG isotype an-
tibodies. The substrate TMB (3, 3’, 5, 5-tetramethylbenzidine, Sigma
Aldrich) was treated and stopped with 1M H3PO4. Optical densities
(0.D) were read by spectrophotometer reader at 450 nm. The lung
homogenates and bronchoalveolar lavage fluid (BALF) were used to
quantify cytokine concentrations by using cytokine ELISA kits of in-
terleukin (IL)-4, IL-5, interferon (IFN)-y, IL-13 (eBioscience, SanDiego,
CA).

2.4. Lung viral titers and neutralizing-antibody assays

Serum samples were collected 3 weeks after prime immunization
and heat-inactivated at 56 °C for 45 min. In 48-well plates. test sera
(starting dilution 1:4) were serially diluted by 2-fold increments in cell
culture media for a final volume of 50 uL. Each serum serial dilution
was mixed with 50 uL. RSV A2 (200 PFU per well), incubated for 2h,
and added to the monolayer cultures of HEp-2 cells (2.5 x 10*cells in
each well). Cells plus virus and cells only on the wells without sera
served as controls. After 3 days of incubation at 37 °C with 5% CO.,, the
cell culture medium was removed, and the monolayer was fixed with
chilled 4% neutral paraformaldehyde. Plaque formation units in-
dicating RSV replication were visualized and quantitated by
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immunostaining with an HRP-labeled F-monoclonal antibody. The re-
ciprocal dilutions in log2, inhibiting 50% plaque forming units of virus
(ICsp) was determined for each serum sample (Supplementary Fig. S2).
The lower limit of background titer in this assay is 2 log2. Individual
lung samples were collected day 5 post challenge and RSV lung viral
titers determined. RSV plaque-forming units (PFU) were determined
using an immuno-plaque assay as previously described (Lee et al.,
2017). RSV control and lung homogenates mixed with RSV were in-
cubated on HEp-2 cells for 1 h 37 °C, 5% CO2. After 4% formalin fixa-
tion, the plaques were detected with anti RSV F monoclonal antibody
(mAb) (Millipore).

2.5. Flow cytometry

BALF were collected by flushing the lungs with 1 ml of PBS sup-
plemented with protease inhibitors using a winged shielded catheter
(1.3630 mm, BD Utah) inserted, through an incision, in the trachea of
euthanized mice. Lung cells were harvested day 5 post challenge and
isolated by homogenization as previously described (Lee et al., 2017).
For intracellular cytokine staining analysis of T cell responses, lung and
BALF cells were stimulated with Fs;.¢¢ CD4 T cell epitope of RSV F
(5 ug/ml), and then the cells were fixed and permeabilized according to
the manufacturer's instructions (BD Biosciences) as described in our
previous studies (Ko et al., 2015; Lee et al., 2017). Intracellular cyto-
kine and surface makers for T cells were stained with antibodies for
IFN-y-APC/Cy7, IL-4-FITC, CD4-APC, CD8-PE (eBioscience/BD Bios-
ciences). Infiltrating innate immune cells were detected with antibodies
for CD11b-APC, F4/80-FITC, Ly6c-A700 or Siglec F-PE (BD Bios-
ciences). Cellular phenotypes were collected with the Becton-Dickinson
LSR-II/Fortessa flow cytometer (BD, San Diego, CA). Flow cytometry
data acquired were analyzed by using Flowjo software (Tree Star Inc.).

2.6. Lung histology and inflammation scoring

Left lung tissues were harvested on day 5 post challenge and fixed
with 10% neutral buffered formalin. They were embedded in paraffin in
the dorsoventral position. Subsequently, sections of tissue blocks were
obtained and stained with hematoxylin and eosin (H & E), periodic
acid-Schiff (PAS), and hematoxylin-congo red (H&CR). Histopathology
of lung tissue slides were analyzed using a semiquantitative scale (0-3)
(0 = absent and 3 = maximum/severe) by light microscope as pre-
viously described (Hwang et al., 2014, 2016; Zhang et al., 2017). As-
signed score 0 was the surrounding space which is free or has few in-
filtrating cells, score 1 contains focal aggregates of infiltrating cells or
the structure is cuffed by one definite layer of infiltrating cells, score 2
is cuffed by two defined layers of infiltrating cells, and score 3 when
structure is cuffed by three or more definite layers of infiltrating cells
with or without focal aggregates. PAS was used to identify mucus-
producing goblet cell metaplasia, which was indicated by magenta
staining as described (Miller et al., 2003; Stokes et al., 2013). Randomly
10 to 12 airways were selected to quantify for PAS positive stain with
mucin expression area as automatically calculated in the selected air-
ways by using the Adobe Photoshop CS5.1 software (Hwang et al.,
2014, 2016; Lee et al., 2017). H&E stained slides were evaluated for
inflammatory infiltration and histopathology around peribronchial
and/or peribronchiolar, perivascular, and interstitial regions. The pre-
sence of pulmonary eosinophilia was quantified by H&CR stain with
400 x magnified microscope and flow cytometry by using antibodies
for eosinophil phenotypic markers (CD11b+, CD11c+, SiglecF+) as
previously described (Hwang et al., 2014, 2016; Jia et al., 2017).

2.7. Statistical analysis
Statistical differences were performed using GraphPad prim version

5 (Graph Pad software Inc, San Diego, CA). Data were analyzed for
significance using one-way ANOVA with Tukey's test for multiple

Virology 534 (2019) 1-13

comparisons or two-way ANOVA with Bonferroni posttests. The dif-
ference was considered statistically significant when the P value was
less than 0.05.

3. Result

3.1. Combination CpG + MPL adjuvant in RSV F protein prime vaccination
mediates the effective induction of IgG2a antibody and neutralizing activity
in infant and adult mice

Purified RSV A2 F glycoproteins used in this study were found to be
highly reactive to 131-2a monoclonal antibody (mAb) specific for post-
fusion F conformation and Palivizumab recognizing site II epitope, but
poorly reactive to the pre-fusion specific 5C4 mAb (Supplementary Fig.
S1), suggesting that F proteins are mostly in a post-fusion conformation.
We reasoned that F proteins would serve as a model antigen to test the
adjuvant effects on the efficacy and lung inflammatory disease after
subunit F vaccination and RSV challenge. RSV F protein vaccine doses
of 0.1 and 0.3 ug were tested and found to have similar immunogenicity
between the 0.1 and 0.3 ug groups after prime immunization of mice
(Lee et al., 2017). Also, a low dose range (0.03-0.3 ug) post-fusion F
protein vaccination was shown to be immunogenic in the presence of
adjuvants in cotton rats (Schneider-Ohrum et al., 2017). Based on these
previous studies, we rationed that RSV F protein vaccine dose of 0.1 pg
would be an optimal dose to test the adjuvant effects. Infant (2weeks
old) and adult (5-6 weeks old) mice were intramuscularly prime im-
munized with RSV F protein (Fp, 0.1 ug) or in the presence of alum
(50 ug), CpG (4 pg), MPL (1 ug) or combination CpG (4 pg) + MPL
(1 pg) adjuvant (Fig. 1). Substantial levels of RSV F specific antibodies
were induced after vaccination with F proteins in the presence of ad-
juvants from the mice that were primed at 2-week age although higher
levels of RSV F specific antibodies were observed in the mice primed at
adult age (Fig. 1A). Combination CpG + MPL adjuvant in F protein
vaccination was more effective in increasing post-F specific IgG anti-
bodies than the MPL or CpG alone adjuvanted F protein vaccine group,
and similar to those in the Alum adjuvant group (Fig. 1A). The induc-
tion of IgG2a and IgG1l immunoglobulin isotypes as markers for Thl
and Th2 lymphocytes respectively has been previously reported in
mice, implicating different T helper cell types induced by vaccination
(Feltquate et al., 1997; Maloy et al., 1995; Mountford et al., 1994). The
ratios of IgG2a/IgG1 indicate a profile of Thl and Th2 immune re-
sponses. IgG1 isotype antibodies were highly induced in the alum ad-
juvanted group whereas higher levels of IgG2a were induced in the
CpG, MPL, and CpG + MPL groups (Fig. 1B and C, Supplementary
Table S1). Adult mice induced higher levels of IgG2a isotype antibodies
than those in infant age mice in response to CpG, MPL, and CpG + MPL
adjuvanted F protein vaccination (Fig. 1C). In particular, the
CpG + MPL adjuvanted F protein group induced the highest levels of
IgG2a isotype antibodies in primed infant and adult mice (Fig. 1C,
Supplementary Table S1).

Next, we determined whether adjuvants would promote the induc-
tion of IgG antibodies recognizing pre-fusion conformation-stabilized F
protein with Ds-Cavl mutations (McLellan et al., 2013). It is notable
that CpG + MPL adjuvanted F protein vaccination induced IgG anti-
bodies specific for Ds-Cavl pre-F antigen at higher levels than alum,
CpG, or MPL adjuvanted F protein vaccine groups particularly after
priming of mice at an infant age (Fig. 1D).

Adult mice showed approximately 2-fold higher levels of RSV neu-
tralizing antibody titers than those in infant mice after prime im-
munization with adjuvanted F proteins (Fig. 2A, Supplementary Fig.
S2). The CpG + MPL adjuvanted F protein group showed highest RSV
neutralizing antibody titers among the adjuvanted F protein vaccina-
tion groups in infant mice. RSV neutralizing antibody titers were si-
milarly high in both alum and CpG + MPL adjuvanted F protein im-
munized adult mice (Fig. 2A). These data indicate that combination
CpG + MPL adjuvant in RSV F protein single vaccination effectively
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A. Post-F specific IgG

B. Post-F specific IgG1
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Fig. 1. F protein prime vaccination of infant and
adult age mice with Alum, CpG, MPL or

6 1.0 CpG + MPL adjuvants elicits different IgG isotype
£ PBS £ PBS ntibodies
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g—‘ O3 Fp+MPL Zos O Fp+MPL protein or F protein with Alum, CpG, MPL or
Q2 5 Fp+C.+M. g E8 FptCAM 0pG + MPL. Immune sera were collected 3 weeks
0.2 after prime. The levels of IgG isotypes were de-
o 0.0 termined using a post-fusion F (A, B, C) or pre-fusion
Infant Adult Ds-Cavl F protein (D). PBS: unimmunized mice, F
protein: 0.1 pg of F protein, Fp + Alum: F protein
0.1 pg with alum 50 pg, Fp + CpG: F protein 0.1 g
g with CpG 4 ug, Fp + MPL 1 ug: F protein 0.1 pg with
C. Post-F specific IgG2a D. MPL, Fp + C.+M.: F protein 0.1 pg with CpG 4 g
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induces IgG2a antibodies and neutralizing activity in infant and adult
mice.

3.2. Combination CpG + MPL adjuvant improves lung viral clearance and
protection of F protein vaccine

Protective efficacy of adjuvanted F proteins at 3 weeks after single
vaccination was assessed by determining lung virus titers after RSV
challenge. Both young age (5 weeks old) and adult (9-11 weeks old)
naive mice showed high lung viral titers at day 5 after RSV infection
(10* PFU/g lung tissues, Fig. 2B and C). In the F protein primed groups
at an infant age, the CpG + MPL group was most effective in clearing
lung viral loads by 100 folds, whereas the alum, CpG, and MPL groups
showed 10-20 folds lower RSV titers compared to the equivalent ae
naive mice (Fig. 2B). In the adult age F protein primed groups, the
CpG + MPL group was most effective in clearing lung viral loads by
100 folds, followed by the alum, CpG, and MPL groups (Fig. 2C).
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Adjuvants F protein primed mice at adult age were more effective in
clearing RSV lung viral titers than adjuvanted F protein primed mice at
an infant age (Fig. 2B and C), which is consistent with IgG antibody
levels specific for post-F protein (Fig. 1). Overall, combination
CpG + MPL adjuvant was more effective than other adjuvants in im-
proving the protective efficacy after a single dose F protein vaccination
in 2 weeks old or adult mice.

3.3. CpG + MPL adjuvant suppresses lung histopathology after F protein
vaccination and RSV challenge

After RSV challenge week 3 post vaccination, alum adjuvanted F
protein vaccination of mice at infant ages resulted in high PAS positive
mucus production in the airway epithelium and inflammation scores in
the lung histology when examined day 5 post RSV challenge (Fig. 3A).
Also, age matching infected naive mice displayed significant histo-
pathology of inflammation in the airways (scores 1.5), blood vessels

Fig. 2. RSV neutralizing titers in primed mice and
lung viral clearance after challenge.

(A) Neutralization titers at 3 weeks after prime vac-
cination of 2 weeks (2wks) old and adult mice. A line
indicates a background titer. (B-C) Lung RSV titers
after challenge. naive R. (unimmunized mice) and
immunized mice were challenged with 3.5 x 10°
PFU RSV A2. BALB/c mice (n = 5) were immunized
with F protein or F protein with alum, CpG, MPL or
CpG + MPL. Individual lungs were collected at 5
days after RSV challenge and RSV titers were de-

SN ROBK NS termined by an immunoplaque assay. The linear line
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Fig. 3. Lung histopathology and mucus production in primed 2-week old and adult mice after RSV challenge.

Lung tissue histopathology of the mice primed at 2 weeks (2wks) old (A-C) or at 5-6 weeks old adult age (D-F) at 5 days after RSV challenge. (A, D) PAS-stained lung
tissues from individual mice (n = 5) were dissected to assess peribronchiolar, alveolar pneumonia, and mucus production. Photographs of PAS. Scale bars indicate
100 pm. The percentage of PAS stained lung section area that were PAS positive for each airway was determined; individual airways are shown per group. (B, C, E, F)
Hematoxyline and Eosin (H&E) stained lung tissue were dissected to assess peribronchiolar, alveolar pneumonia. Photographs of H&E. Scale bars indicate 100 pm. (C,
F) The inflammation scores of histopathology were blindly scored using a 1-3 scoring system where 1 = minimal pathology and 3 = maximum pathology for airway,
interstitial spaces, blood vessels. Naive R: Unvaccinated naive mice with RSV infection. The group labels are the same as in Fig. 2 legend except for RSV challenge.

Results are presented as mean *+ SEM. Statistical significances were performed by one-way ANOVA in GraphPad Prism; ***p < 0.0001, **p < 0.005, *p < 0.05.
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Fig. 3. (continued)

(1.3) and interstitial spaces (1.0) compared to those from uninfected
mice (Fig. 3B and C). We found lower levels of inflammation in the lung
histology from CpG or MPL adjuvanted F protein immunized mice after
RSV challenge compared to those in F protein alone or alum adjuvanted
F protein vaccine mice (Fig. 3B and C). Similar to infant age primed

mice, the Alum adjuvanted F protein primed adult group displayed the
highest level of PAS + mucus production, followed by F protein and
naive mice (Fig. 3D). Infant age mice (Fig. 3A, B, C) with CpG ad-
juvanted F protein prime were found to be more effective in suppressing
inflammation in the lung histology (airways, blood vessels, interstitial
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Fig. 4. Eosinophilic infiltration into the lungs of adjuvanted F protein primed infant and adult mice after RSV challenge.

The eosinophil infiltration in hematoxyline and congo red (H&CR) stained sections of individual lung tissue of the mice (n = 5) primed at 2 weeks old (A) or at 5-6
weeks old adult age (E to C since flow data to Supplementary Fig. S3?) at 5 days after RSV challenge. Scale bars indicate 400 um. (B, F to D?) The infiltrated
eosinophils per field were quantified in the airways. (A, B) Arrows: eosinophil granulocytes. Individual airways shown per group. The group labels are the same as in
Fig. 2 legend. Results are presented as mean =+ SEM. Statistical significances were performed by one-way ANOVA in GraphPad Prism; ***p < 0.0001,
**p < 0.005, *p < 0.05.

spaces) than adult age mice with CpG adjuvanted F protein prime age mice with CpG + MPL adjuvanted F protein prime vaccination,
(Fig. 3D, E, F). Interestingly, MPL appeared to be more effective in lung inflammatory histopathology and PAS positive mucus production
suppressing lung inflammatory for adult mice (Fig. 3D, E, F) with F in the airway epithelium were not observed after RSV challenge. We
protein vaccination than CpG although there is no statistical difference carried out H&CR staining of lung histology as a measure of eosino-

between the 2 groups. Most notably, in both infant and adult (Fig. 3) philic infiltration (Fig. 4) and flow cytometry of SiglecF*™ phenotypic
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eosinophils in lung cells (Supplementary Fig. S3) at 5 days after RSV
challenge. Both CpG + MPL adjuvanted RSV F primed infant (Fig. 4A)
and adult (Fig. 4B) age mouse groups did not show eosinophil in-
filtrations after RSV challenge, which is similar to naive mice without
RSV infection. In contrast, alum adjuvanted F protein vaccination ex-
hibited high levels of eosinophilic H&CR positive mucus staining cell
spots, followed by naive mice with RSV infection (Fig. 4A and B). The
MPL adjuvanted F protein primed adult mice showed a low to moderate
level of eosinophilic staining and infiltration, compared to those in the
CpG adjuvanted F protein primed mice.

To quantitate eosinophil infiltration, BALF and lung cells from im-
munized mice were collected day 5 post challenge and Siglec F+ eo-
sinophils were determined by flow cytometry staining (Supplementary
Fig. §3). Consistent with the results from H&CR staining of lung his-
tology, MPL or CpG + MPL adjuvanted RSV F immunized group
showed the lowest level or no eosinophils (Supplementary Fig. S3). The
F protein only or CpG adjuvanted F protein primed adult mice showed a
moderate level of eosinophils (Supplementary Fig. S3). The mice
primed with F protein at 2-week old showed lower infiltrated eosino-
phils in the BALF than the mice primed at an adult age, whereas lung
eosinophils were approximately 3-fold higher in 2-week old primed
mice with Alum adjuvanted F protein than those in adult age primed
mice, after RSV challenge, as determined by flow cytometry
(Supplementary Fig. S3). Taken together, these results suggest that
CpG + MPL adjuvanted F protein vaccination suppresses inflammatory
mucus production, lung histopathology, and eosinophil infiltration after
RSV challenge in infant and adult age mouse models.

3.4. CpG + MPL adjuvanted F protein priming of infant and adult mice
effectively prevents the induction of IL-4+ CD4 T cells after RSV challenge

To determine whether adjuvants such as alum, CpG and MPL would
modulate IFN-¥ or IL-4 producing T cell responses, BALF and lung cells
at 5 days after challenge week 4 post prime vaccination were analyzed
by intracellular cytokine staining flow cytometry after stimulation with
a known CD4 T cell epitope Fs;.¢6 (Fig. 5). Both groups of infant and
adult age mice primed with alum adjuvanted F protein showed the
highest levels of CD4 T cells secreting IL-4 cytokines in BALF and lung
samples (Fig. 5A and B). CpG, MPL and CpG + MPL adjuvanted F
protein primed mice induced relatively low levels of BALF IL-4" CD4 T
cells but CpG or MPL adjuvanted F protein groups displayed 3- to 4-fold
higher levels of lung IL-4* CD4 T cells respectively than those in
CpG + MPL adjuvanted F protein group (Fig. 5A and B). The low cel-
lularity of IL-4* CD4 T cells was observed in BALF and lung samples
from infant age-primed and adult age-primed mice with combination
CpG + MPL adjuvanted F proteins (Fig. 5A and B). The CD4 T cell
numbers secreting cytokines were higher in primed adult mice than 2-
week old infant age primed mice as presented in different Y axis scales
(Fig. 5). The mice that were primed with CpG + MPL adjuvanted F
protein at 2 weeks old responded to induce BALF and lung IFN-¥* CD4
T cells at 1.5- to 2-fold higher levels than Naive (PBS), F protein, alum,
CpG, or MPL adjuvanted F protein groups respectively after RSV in-
fection (Fig. 5A). The groups of CpG, MPL and CpG + MPL but not
alum adjuvanted F protein primed mice at an adult age induced IFN-»*
CD4 T cells after challenge (Fig. 5B). These results suggest that
CpG + MPL adjuvanted F protein prime vaccination effectively pre-
vents the induction of IL-4™ CD4 T cells, while promoting the induction
of IFN-x* CD4 T cells after RSV challenge.

The alum adjuvanted F protein group of mice primed at adult age
responded with higher levels of Th2 type cytokines (IL-4, IL-5, IL-13) by
adjuvanted F protein compared to those in the infant age after RSV
challenge as presented in different Y axis scales (Fig. 6A and B). The
CpG, MPL, and CpG + MPL adjuvanted F protein immunization groups
showed relatively low levels of Th2 type cytokines but high levels of
Thl cytokine IFN-y* in the BALF samples although significant differ-
ences in IFN-y* levels among the groups were observed in the adult but
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not infant age primed mice (Fig. 6A and B).

3.5. Monocytes and neutrophils are not infiltrated into the lungs from
CpG + MPL adjuvanted F protein primed infant and adult mice after RSV
challenge

We analyzed the cellular infiltrates in the airway BALF day 5 post
challenge by flow cytometry using phenotypic markers of monocytes
(CD11b* Ly6chiF4/80%) and neutrophils (CD11b*Ly6c*F4/807)
(Fig. 7). The alum adjuvanted F protein priming of infant age mice
induced highest levels of monocytes and neutrophils in BALF, whereas
CpG + MPL adjuvanted F protein priming of infant age mice avoided
the cellular infiltrates of monocytes and neutrophils after RSV challenge
(Fig. 7A). MPL adjuvanted F protein priming was more effective than
CpG adjuvanted F protein priming in preventing the cellular infiltrates
of particularly airway monocytes (Fig. 7). In F protein priming of adult
age mice, combination CpG + MPL adjuvant was most effective in
reducing the infiltrates into the airways and lungs compared to alum,
CpG, or MPL (Fig. 7B). Overall, priming vaccination of adult mice in-
duced higher cellular infiltrates than infant age primed mice approxi-
mately by 4 folds as shown in different Y axis scales (Fig. 7). These
results suggest that CpG + MPL adjuvanted F protein priming is ef-
fective in avoiding inflammatory cellular infiltrates of monocytes and
neutrophils into the lungs in infant and adult age mice after challenge.

4. Discussion

It is a challenge to develop safe non-live RSV subunit protein vac-
cines for RSV-naive infants due to the potential safety concerns of en-
hanced inflammatory disease after RSV infection. RSV rosetted post-F
protein subunit nanoparticle vaccines were shown to be safe and im-
munogenic in adults in clinical studies (Glenn et al., 2013, 2016). An-
other version of RSV post-F delivered as a soluble trimer and for-
mulated with TLR4 agonist glucopyranosyl lipid A (GLA) integrated
into stable emulsion (GLA-SE) was found to be immunogenic in adults
but did not protect against RSV mediated illness (Falloon et al., 2017). F
protein vaccines have been reported to cause vaccine-enhanced lung
histopathology in animal models after challenge (Murphy et al., 1990;
Palomo et al., 2016; Schneider-Ohrum et al., 2017). Also, in previous
studies, vaccine-associated inflammatory histopathology was not atte-
nuated by addition of various adjuvants to RSV vaccination, including
alum, squalene oil-in-water emulsion (Lambert et al., 2015), GLA-SE
(Schneider-Ohrum et al., 2017), polysaccharides-based delta-inulin
(Wong et al., 2016), natural killer (NK) T cell agonist a-GalCer
(Johnson et al., 2002). RSV F protein vaccination of mice in the pre-
sence of TLR3 agonist poly I:C adjuvants did not suppress lung histo-
pathology after RSV challenge despite adjuvant effects on enhancing
the immunogenicity of F protein vaccine and significant reduction in
lung viral titers (Supplementary Fig. S4). A previous study reported a
gradient of 1gG1/IgG2a and IL-4 with various adjuvants with RSV FG
protein vaccine with heightened inflammatory response to RSV chal-
lenge (Neuzil et al., 1997). In this study, we demonstrated the adjuvant
effects of combined MPL + CpG on immunogenicity, the efficacy of
lung viral titers, and particularly on suppressing pulmonary histo-
pathology after F protein single dose priming of infant and adult age
mice and RSV challenge.

A previous study reported that CpG TLR9 agonist but not TLR7/8
agonists played adjuvant roles during vaccination in diminishing for-
malin-inactivated RSV (FI-RSV) vaccine-enhanced lung pathology and
cytokines after RSV challenge (Johnson et al., 2009). Therapeutic ad-
ministration during primary RSV infection caused severe RSV disease,
suggesting anti-viral innate immune responses might also be associated
with RSV immunopathology (Johnson et al., 2009). Co-delivery of RSV
F protein trimer vaccine and TLR7/8 agonists in polymer nanoparticles
was shown to elicit high titers of RSV F specific binding and neu-
tralizing antibodies but histopathology was not investigated (Francica
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Fig. 5. IL-4 and IFN-y secreting CD4 * T cells in BALF and lung samples of infant and adult age primed mice after RSV challenge.

BALF and lung cells from infant (A) and adult (B) age primed mice (n = 5) were collected at 5 days after challenge. CD4 * T cell epitope peptide Fs; _ ¢ Was used to
stimulate BALF and lung cells in vitro, which were stained with phenotypic marker antibodies and cytokine antibodies, and then subsequently analyzed by
Flowcytometry. The group labels are the same as in Fig. 2 legend. The results are presented as means with the SEM, and statistical significance was determined using
one-way ANOVA with Tukey's multiple comparison test performed in GraphPad Prism. ***, p < 0.0001, **p < 0.005, *p < 0.05.

et al., 2016). In comparison with other TLR agonists, we compared the
adjuvant effects of TLR3 agonist poly I:C and combination MPL + CpG
on reducing RSV F protein vaccine-enhanced lung histopathology after
RSV challenge. TLR3 agonist poly I:C in RSV F protein prime vaccina-
tion of adult age mice did not diminish RSV F protein vaccine-enhanced

lung histopathology (Supplementary Fig. S4). Different outcomes be-
tween TLR3 agonist poly I:C and combination MPL + CpG adjuvant
were also observed with FI-RSV vaccination and RSV challenge of mice
(data not shown). It is significant to find that combination CpG + MPL
adjuvanted F protein priming of infant and adult age mice was effective
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Fig. 6. Cytokines in the airway BALF from the primed mice at infant and adult age after RSV challenge.

Airway BALF samples were collected from the primed mice (n = 5) at infant age (A) and adult age (B) at 5 days after RSV challenge. IL-4, IL-5, IL-13 and IFN-y
cytokines in BALF were determined by corresponding cytokine ELISA kits. The group labels are the same as in Fig. 2 legend. Results are presented as mean + SEM.
Statistical significances were performed by one-way ANOVA and Tukey's multiple-comparison test in GraphPad Prism; ***p < 0.0001, **p < 0.001, *p < 0.05.
The Fp *+ adjuvanted vaccination group labels are the same as in the legends of Figs. 1 and 2.

in avoiding lung histopathology, IL-4" CD4 T cell responses, and cel-
lular infiltration of monocytes and neutrophils after RSV challenge, as
well as enhancing RSV neutralizing antibodies and lung viral clearance.
A recent study demonstrated that DS-Cav1 pre-fusion F protein vaccine
adjuvanted with a Sigma adjuvant system, an oil-in-water adjuvant plus
Carbopol, Alum, or Poly (I:C) significantly enhanced the levels of RSV
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neutralizing titers in mice after prime boost vaccination but vaccine-
enhanced disease after RSV challenge was not assessed (Sastry et al.,
2017). It is expected that use of combination CpG + MPL adjuvant in
the RSV subunit vaccines such as pre-fusion F proteins would be ef-
fective in priming protective immune responses and preventing in-
flammatory lung pathology after RSV infection, but the efficacy of the
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Fig. 7. Monocytes and Neutrophils in the airways (BALF) of the infant and adult age primed mice after RSV challenge.
Airway BALF samples were collected from the primed mice (n = 5) at infant age (A) and adult age (B) at 5 days after RSV challenge, stained with antibodies against
monocyte and neutrophil cell type phenotypic markers, and analyzed by flow cytometry. The group labels are the same as in Fig. 2 legend. Results are presented as

+

mean

SEM. Statistical significances were performed by one-way ANOVA and Tukey's multiple-comparison test in GraphPad Prism; ***p < 0.0001,

**p < 0.001, *p < 0.05. The Fp + adjuvanted vaccination group labels are the same as in the legends of Figs. 1 and 2.

pre-fusion F (DS-Cavl F) with this combination MPL + CpG adjuvant
remains to determined.

Combination of alum (100 pg) + CpG (20-100 pg) adjuvants in F
protein vaccination was reported to increase neutralization titers, Thl
and Th2 immune responses, and lung viral clearance (Hancock et al.,
2001). Triple components of adjuvants CpG (10 pg) and an innate de-
fense peptide in polyphosphazene microparticles in the RSV F protein
vaccination of mice resulted in controlling virus replication and no
evidence of vaccine-induced pathology after challenge (Garg et al.,
2014; Garlapati et al., 2012). The outcomes of CpG adjuvant appear to
be different in other studies. CpG inclusion in a polysaccharide adjuvant
derived from delta inulin promoted the induction of predominately
IgG2a antibodies to RSV whole virus vaccination of mice but ex-
acerbated lung pathology after RSV challenge (Wong et al., 2016).
Cotton rats that were immunized with CpG (20-100 pg) adjuvanted F
protein increased the induction of RSV neutralizing titers but developed
enhanced pulmonary pathology consisting of alveolitis and interstitial
pneumonitis after RSV challenge (Prince et al., 2003). CpG (4 ug) ad-
juvant effects on suppressing lung pathology after RSV challenge were
found to be prominent in F protein primed mice at an infant age.
Consistent with these studies (Prince et al., 2003; Wong et al., 2016),
CpG adjuvanted F protein priming of mice at an adult age resulted in
substantial inflammation scores in lung histology, and infiltration of
eosinophils, monocytes and neutrophils after RSV challenge despite of
inducing IgG2a Thl type immune responses.

TLR4 agonist MPL included in the alum adjuvanted FI-RSV vacci-
nation was demonstrated to reduce the polymorphonuclear leukocyte
infiltration within the alveoli and moderately attenuate peribronchio-
litis in cotton rats post-challenge (Prince et al., 2001). Inclusion of MPL
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in the FI-RSV vaccination was found to mitigate the lung pathology
with a reduction in the levels of Thl- and Th2-type cytokines and
chemokines (Boukhvalova et al., 2006). Post-fusion or pre-fusion F
protein low dose vaccination of cotton rats even in the presence of a
TLR4 agonist Thl-biasing (GLA-stabilized emulsion) adjuvant was re-
ported to prime inflammatory vaccine-enhanced alveolitis although
lung viral titers were below the detection limit after RSV challenge
(Schneider-Ohrum et al., 2017). In this study, MPL and CpG adjuvant
effects on RSV F protein vaccination were similarly effective in sup-
pressing histopathology and eosinophil infiltration at moderately low
levels in infant age primed mice. In adult age priming of mice with F
protein, MPL was more prominent in suppressing histopathology com-
pared to CpG after RSV challenge although there was no statistically
difference between the two adjuvants. Consistent with previous studies
(Lambert et al., 2015; Prince et al., 2003; Schneider-Ohrum et al., 2017;
Wong et al., 2016), separate MPL or CpG adjuvant alone in F protein
priming of mice at infant and adult age exhibited a certain degree of
histopathology and monocyte infiltration upon RSV challenge, despite
the induction of Thl type immune responses and significant reduction
in lung viral titers.

MPL triggers MyD88-dependent (TIRAP/MyD88) and TRAM/TRIF
(Toll-interleukin 1 receptor domain-containing adapter)-dependent
pathways, leading to activation of nuclear factor (NF)-kB and IFN-re-
sponse factor 3 (IRF3) and inducing type 1 IFN innate immune re-
sponses (Kagan et al., 2008; Kawai and Akira, 2010). Meanwhile in-
tracellular TLRY ligand CpG interaction recruits MyD88-dependent
pathway leading to the activation of NF-kB and IRF7, eventually in-
ducing inflammatory cytokines and type 1 IFNs (Kawai and Akira,
2010). Synergistic effects of combination TLR4 and 9 agonists on IL-1f3
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production but not on IL-6 were demonstrated with stimulation of
peripheral blood mononuclear cells isolated from healthy adults
(Timmermans et al., 2013). Inclusion of CpG + MPL adjuvnated RSV F
protein priming of infant and adult age mice was most prominent for
avoiding lung histopathology, IL-4* CD4 T cell responses, and cellular
infiltration of monocytes and neutrophils after RSV challenge, in ad-
dition to increasing protective efficacy of lung viral clearance after
challenge. The levels of IFN-y ¥ CD4 T cells were similarly observed in F
protein primed infant age mice that displayed different degrees of
histopathology, suggesting that an inverse correlation between IFN-y*
CD4 T cells and histopathology is not always predicted. In contrast,
priming adult mice with alum adjuvanted F protein showed a typical
pattern of high IL-4" CD4 T cells and low IFN-y " CD4 T cells, which is
correlating with inflammatory histopathology after RSV challenge.

MPL injection was shown to transiently induce inflammatory cyto-
kines, leading to increases in numbers of activated antigen-carrying
dendritic and monocytes in the draining lymph nodes within a day and
retaining those antigen presenting cells in the draining lymph nodes for
over 3 days (Didierlaurent et al., 2009). Injection of CpG or an oil-in-
water emulsion MF59 adjuvant was demonstrated to promote the ex-
pression of a cluster of adjuvant core response genes including cyto-
kines, chemokines, and cellular recruitment at the injection sites
(Mosca et al., 2008). Peritoneal injection of combination MPL + CpG
resulted in acute induction of chemokines (MCP-1, RANTES, KC, IP-10)
and recruiting dendritic cells and neutrophils but depleting macro-
phages in the site 24 h post-injection within a day (Ko et al., 2018),
which is a similar pattern with MF59 (Calabro et al., 2011; Ko et al.,
2016). It was also demonstrated that MF59 intramuscular injection
increased the number of antigen-carrying cells (B cells, dendritic cells,
neutrophils) in the draining lymph nodes within 24 h post treatment
(Calabro et al., 2011). Therefore, it is possible that MPL + CpG ad-
juvants promote the recruitment of neutrophils and dendritic cells,
antigen update, and trafficking antigen presenting cells to the draining
lymph nodes. Effective long-term protection is important. It was re-
ported in a previous study that intranasal immunization of mice with
wild type RSV F soluble protein vaccine in triple adjuvant formulations
containing CpG (10 pg) and an immunostimulatory peptide in a syn-
thetic water-soluble polymer carrier induced immunity for 1 year via
prime boost regimen (Garg et al., 2014). Further studies on the long-
evity of protection and the mechanisms of how combination
MPL + CpG adjuvant work on priming Th1 responses and preventing
enhanced RSV disease after challenge in mice will provide important
insight into developing effective adjuvanted RSV subunit protein vac-
cines in future.
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