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ARTICLE INFO ABSTRACT

Keywords: Respiratory syncytial virus (RSV) is responsible for severe lower respiratory tract infections (LRTI) in immu-
Vaccine nocompromised individuals. While recent breakthroughs in vaccine design have led to approved vaccines for the
RSV elderly, these vaccines are all administered through the parenteral route. Vaccine administration through the
NanoSTING . o . .
N mucosal route could protect the viral route of entry and can be advantageous over injected vaccines. There is
Liposomes . . . i1s P
Intranasal however a lack of safe and efficacious mucosal adjuvants that can facilitate both mucosal and systemic immune

responses. Here, we present preclinical data based on liposomal nanoparticles, NanoSTING, that encapsulate the
endogenous STING-agonist 2'3-cGAMP (cyclic guanosine adenosine monophosphate) as adjuvant for prefusion
protein-based intranasal vaccines against RSV. NanoSTING significantly increased the immunogenicity of well-
documented RSV prefusion protein antigens DS-CaV1, sc9-10 DS-CaV1, and SC-TM after a single intranasal
dose, when compared to the protein-only and naked-cGAMP adjuvanted groups. Two doses of NanoSTING
adjuvanted vaccines yielded robust secretory IgA titers at the mucosal surfaces and induced potent Th1l T-cell
responses in the lungs of vaccinated mice. Both NanoSTING-sc9-10 DS-CaV1 and NanoSTING-SCTM vaccines
protect against viral replication at the upper (nose) and lower (lung) respiratory tract of RSV-challenged cotton
rats. The ability of our mucosal vaccines against RSV to elicit immunity in the respiratory tract can prevent the
establishment of infection in individuals and potentially prevent disease transmission.

1. Introduction

Human respiratory syncytial virus is a highly infectious, ubiquitous
virus responsible for severe respiratory tract disease in children and the
elderly [1]. About one-third of deaths resulting from acute lower res-
piratory infection (ALRI) are caused by the virus in the first year of life
[2], and nearly all children have been infected by RSV at least once by
24 months of age [3]. A recent study estimated that, in 2019, there were
33 million RSV-associated lower respiratory tract (LRT) infections and
101,400 RSV-related deaths worldwide in children under 5 years of age
[4]. RSV infection is also a leading cause of disease among adults older
than 65 years, with approximately 177,000 hospitalizations and 14,000
deaths each year in the United States [5]. Effective vaccination against
RSV can help relieve the tremendous burden of RSV on infants and older
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individuals.

After the initial failures with the formalin-inactivated RSV vaccine,
protein-based vaccines have been prioritized due to their well-
documented history of safety. The RSV virion presents three proteins
on the viral membrane that can be targeted for vaccine development:
small-hydrophobic protein (SH), attachment protein (G), and fusion
protein (F). The SH protein is important for viral replication in vivo [6,71],
and helps the virus evade host immune response [8]. SH protein elicits
binding antibodies that cannot neutralize the virus; however, these an-
tibodies can protect RSV-challenged mice against viral replication via
the Fc-mediated ADCC (antibody-mediated cellular cytotoxicity)
pathway [9,10].

The RSV F protein is highly conserved among the virus subtypes [11]
and have been safely tested in clinical trials that led to the approval of
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two fusion protein-based vaccines for people over the age of 65. The 574
amino acid protein is composed of two subunits (F1 and F2) linked
together by disulfide bonds [12]. Three such protomers then assemble
on the viral membrane to form the trimeric fusion protein [13]. The
native fusion protein is metastable and spontaneously refolds into the
postfusion form. Six antibody-neutralizing epitopes have been discov-
ered on the fusion protein (I, II, III, IV, V, and ®) [14]. Most potent
neutralizing antibodies are directed against epitope ®, which is only
present on the prefusion protein [14].

The development of protective RSV-F vaccines based on the pre-
fusion F protein has been guided extensively by structure-based antigen
design. Three prefusion F-specific neutralizing antibodies—D25 [15],
AM22 [16], and 5C4 [17]— were instrumental in determining the
structure of the prefusion RSV-F, which paved the way for the design of
the first prefusion-stabilized F protein with an additional interprotomer
disulfide bond and cavity-filling substitutions, DS-Cav1 [18]. This suc-
cess was followed by iterative cycles of structure-based design, resulting
in second-generation immunogens, which substantially enhanced the
titer of RSV-protective immune responses [19]. Optimization of flexible
glycine-serine (GS) linker length between the F1 and F2 subunits
improved upon the stability of DS-CaVl and resulted in genetically
linked F-subunit designs like sc9-10 DS-CaV1l [19]. Independently, a
structure-based design was used to identify SC-TM that incorporated
novel stabilizing mutations to yield high expression levels while main-
taining a stable prefusion conformation [20]. This design stabilized the
protein in its prefusion form by engineering mutations N671, S215P, and
E487Q to restrict the movement of the secondary structural elements
that rearrange during the transformation from prefusion to postfusion
conformation. Although these diverse designs have been reported to
stabilize prefusion RSV-F, a direct comparison of these antigens in the
context of mucosal vaccines has not been reported.

Mucosal immunity induced by respiratory viruses, including RSV, is
increasingly recognized as a decisive factor in disease outcomes
following reinfections [21,22]. Antigen-specific secretory IgA lining the
nasal mucosa is the first layer of protection against reinfection, and
levels of mucosal IgA were shown to be correlated with protection from
disease caused by RSV in adults [23]. RSV vaccines in the clinic are all
administered intramuscularly, and even though repeated parenteral
vaccinations could lead to modest levels of mucosal IgA in the respira-
tory tract, mucosal vaccines are more efficient in this regard [24].
Despite their appeal, developing a mucosal vaccine against RSV has been
challenging due to a lack of safe and potent adjuvants for RSV fusion
protein immunogens.

Here, we encapsulated the STING-agonist 2'3-cGAMP inside nega-
tively charged lipid-based liposomes to formulate a nanoparticle adju-
vant efficient at priming the mucosal immunity for an effective immune
response [25]. We utilized the DS-CaV1, sc9-10 DS-CaV1 (sc9-10) and
SCTM prefusion protein designs as immunogens in our vaccine and
report that NanoSTING adjuvanted vaccines induce robust humoral and
cellular immunity against RSV, resulting in protection from viral repli-
cation in the respiratory tract. Our data indicates that NanoSTING en-
hances the immunogenicity of established protein antigens and could be
adopted as an adjuvant platform for developing mucosal vaccines.

2. Materials and methods
2.1. Expression and purification prefusion proteins

We ordered the DS-CaV1 plasmid construct from Genscript (NJ, USA)
based on the amino acid sequence published by McLellan et al. [11], and
the sc9-10 DS-CaV1 plasmid was a generous gift from Dr. Peter Kwong
(NIH, Bethesda, MD). The SCTM protein-expressing plasmid was ob-
tained from Janssen Pharmaceuticals (Beerse, Belgium). We used the
Expi293™ expression system (Thermo Scientific, MA, USA) to express
all the protein variants. We cultured Expi293™ cells in a shaking
incubator at 37 °C and 8 % COj, according to manufacturer

Vaccine 56 (2025) 127183

recommendations, until the desired cell density of 3-5 x 10° cells/mL
was obtained. Plasmid DNA encoding the prefusion proteins was tran-
siently transfected into the cells using the ExpiFectamine™ 293 trans-
fection kit. We collected the culture supernatants containing the
expressed RSV fusion proteins five days after the transfection by
centrifuging the cell suspension at 5000 x g for 20 mins. The supernatant
was sterile-filtered using a 0.22 pm filter and stored at —80 °C until
further use.

We purified the 6 x his tagged DS-CaV1 and sc9-10 DS-CaV1 proteins
using a two-step purification protocol applying immobilized metal af-
finity (IMAC) and size-exclusion chromatography (SEC) on an AKTA™
UV-900, P-900, pH/C-900, Frac-950 purification system (GE healthcare
life sciences, IL, USA). For affinity chromatography, nine volumes of
harvested supernatant were mixed with one volume of 10 x loading
buffer (50 mM NaH5PO4, 300 mM NaCl, 10 mM Imidazole, and 0.01 %
Tween20, pH = 8.0). The supernatant was passed over an XK 16/20
column packed with 5 mL Ni Sepharose 6 Fast Flow to load the protein
on the resin. Then we washed the column with 10 CV (column volume)
of wash buffer (50 mM NaH,PO,4, 300 mM NaCl, 20 mM Imidazole, and
0.01 % Tween-20, pH = 8.0) and eluted the protein with 2 CV elution
buffer (50 mM NaH3PO4, 300 mM NaCl, 250 mM Imidazole and 0.01 %
Tween-20, pH = 8.0). The eluted fractions were promptly exchanged
into PBS using a 3 kDa molecular weight cut-off Slide-A-Lyzer dialysis
cassette (ThermoFisher Scientific, MA, USA). We concentrated the
eluted fractions and purified them on a Superdex-200 (GE Healthcare
Life Sciences, IL, USA) SEC column using PBS as a running buffer.

The SCTM protein was purified using a combination of ion exchange
chromatography (IEX) and SEC steps. We diluted the culture superna-
tant with two volumes of 50 mM NaOAc, pH = 5.0, and loaded the
protein on a 5 mL SP Sepharose cation exchange resin (Cytiva, MA,
USA). We washed the column with 10 CV of wash buffer (20 mM NaOAc,
50 mM NacCl, 0.01 % Tween20, pH = 5.0) and eluted the protein using a
linear gradient of NaCl from 100 mM to 1 M. We concentrated the eluate
and purified it further using SEC, following similar steps as for DS-CaV1
and sc9-10 DS-CaV1.

2.2. NanoSTING preparation

We prepared cGAMP-encapsulating nanoparticles as described pre-
viously [26]. Briefly, we prepared a 10:1:1:1 M mixture of DPPC, DPPG,
Cholesterol (Chol), and DPPE-PEG2000 (Avanti Polar Lipids, AL, USA)
in CHCl3 and CH3OH. The solvent was evaporated using a vacuum rotary
evaporator at 45 °C until a thin lipid film was observed. We added
prewarmed cGAMP (Medchem Express, NJ, USA) solution (1.5 mg/mL
in PBS) to hydrate the film and sonicated the mixture for 60 min. The
mixture was further subjected to five freeze-thaw cycles, and membrane
extrusion through a 200 nm membrane (Cytiva, MA, USA, Cat
#10417004) to generate particles of uniform size. Free, unencapsulated
cGAMP was removed from the resulting nanoparticles using Amicon
ultrafiltration units (10 kDa MW cutoff). We utilized an HPLC method to
evaluate the encapsulation efficiency of cGAMP by generating a stan-
dard curve with cGAMP solutions ranging from 0.01 mg/mL to 0.15 mg/
mL, followed by analysis using an HPLC column. To quantify the
encapsulated cGAMP, liposomes were disrupted by adding methanol,
releasing the cGAMP for analysis by HPLC. The resulting HPLC peak was
then compared to the standard curve to determine the encapsulated
¢GAMP content.

2.3. Western blot analysis

We analyzed the expressed and purified proteins by electrophoresing
through 4-15 % Mini-PROTEAN TGX (BioRad, CA, USA) gels under
reducing and denaturing conditions. We added 2-mercaptoethanol
(Sigma Life Science, Burlington, MA) to the protein samples to disrupt
the disulfide bonds and incubated the samples at 95 °C for 5 min to
denature the protein. Vertical electrophoresis was performed with 1 x
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tris/glycine/SDS running buffer for 2 h at 90 V. Immediately after the
electrophoresis, the protein was blotted on a polyvinylidene fluoride
(PVDF) membrane using 1x tris/glycine/methanol transfer buffer for 1
h at 90 V. We incubated the membrane in 1x tris-buffered saline/
Tween20 (TBST) (J.T. Baker/Fisher Bioreagents; PA, USA; Sigma, MO,
USA) containing 5 % skim milk to block active binding sites of the
protein. Following 2 h of blocking, we incubated the membranes over-
night in the primary antibody solution of 2.5 % bovine serum albumin
(BSA) (ThermoFisher Scientific, MA, USA) in TBST. The primary anti-
bodies used for the detection of RSV fusion proteins were the anti-RSV
antibody MAB8599 (MilliporeSigma, MA, USA) and the anti-his tag
antibody (Clone: J095G46) (BioLegend, CA, USA). We incubated the
membrane overnight with an anti-mouse IgG HRP (Cell Signalling
Technology, MA, USA) secondary antibody for 1 h. Finally, the mem-
branes were washed three times with TBST buffer and developed using
Pierce 1-Step Ultra TMB Blotting Solution (ThermoFisher Scientific) as
per manufacturer recommendations. Images were taken using cell
phone cameras and analyzed using ImageJ software.

2.4. SEC-MALS

The molar mass of the RSV F proteins was determined by SEC-MALS
analysis. The protein samples were filtered using a 0.22 pm nylon sy-
ringe filter (MicroSolv, Wilmington, NC) prior to analysis. Separation
was achieved on a Superdex 200 Increase 10/300 GL SEC column (GE
Healthcare, Chicago, IL) for 100 pL sample injection volumes (Agilent
1290 Infinity autosampler, Agilent Technologies Santa Clara, CA). The
mobile phase was 0.22 pm-filtered phosphate-buffered saline (PBS) at a
flow rate of 0.5 mL/min (Agilent 1290 Infinity binary pump). Concen-
tration detection of the eluting protein was provided by an Agilent 1260
Infinity UV-vis diode array detector at 280 nm wavelength using a UV
extinction coefficient of 0.95 mL mg’1 cm~! [25] for RSV F protein.
Light scattering data were collected on a Wyatt HELEOS II MALS de-
tector (Wyatt Technologies, Santa Barbara, CA), using a 1st-order Zimm
analysis as implemented in the Wyatt ASTRA 7.3.2 software for molar
mass determination. Detector alignment, band broadening corrections,
and normalization of the MALS detectors across the various scattering
angles were performed using a sample of bovine serum albumin (BSA) at
1 g/L, which was run before the RSV F analyses. It is noted that a Wyatt
OptiLab T-rEX differential refractive index (dRI) detector was also used
and yielded consistent molar mass results to the UV-vis detector for a
refractive index increment (dn/dc) of 0.185 mL/g for the protein.

2.5. Mouse studies

We performed all mouse experiments in accordance with the
guidelines provided by the Institutional Animal Care and Use Committee
(IACUC). We purchased six- to ten-week-old female Balb/c mice from
The Jackson Laboratory (ME, USA). We housed them at the institutional
animal facility of the University of Houston for at least 10 days before
the start of the experiments. The animals were vaccinated intranasally
using these vaccine formulations: 1) PBS, 2) 10 pg DS-CaV1, 3) 10 pg DS-
CaV1 + 20 pg NanoSTING, 4) 10 pg SCTM +20 pg cGAMP, 5) 10 pg
SCTM +20 pg NanoSTING, 6) 10 pg sc9-10 DS-CaVl + 20 pg Nano-
STING. Mice were anesthetized with isoflurane prior to intranasal vac-
cine administration. The vaccine was delivered at a volume of 10-15 pL
per nostril, resulting in a total administered volume of 20-30 pL per
mouse. Three weeks after the first dose, the mice were boosted with the
corresponding prime dosage. Mice were bled every week to record
antibody response. All animals were euthanized five weeks after the first
vaccination, and tissue (lung and spleen) samples were collected for
ELISpot.

2.6. Nasal wash and Bronchoalveolar lavage fluid (BALF) collection

To collect the nasal wash, we made a small incision in the mouse
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trachea and inserted a 23 g catheter. Using a 3 mL syringe, we injected
1-1.5 mL sterile PBS + 0.05 % BSA solution through the nose and
collected the nasal wash by placing a 1.5 mL microcentrifuge tube under
the nasal opening of the mice. Bronchoalveolar lavage (BAL) was per-
formed by inserting a catheter into the trachea of terminally anes-
thetized mice. We gently injected 3 mL PBS + 0.05 % BSA in the lung
and aspirated the solution. Both nasal wash and BALF solutions were
centrifuged at 800g for 15 min at 4 °C to remove cells. We collected the
supernatants carefully and added a protease inhibitor cocktail (Roche,
CH) and PMSF (ThermoFisher, MA, USA) before storing the solutions at
—80 °C until later use.

2.7. ELISA

Using ELISA, we tested the magnitude of vaccine-induced antibody
response in serum against the fusion proteins. In short, we incubated
high protein binding ELISA plates (Corning, NY, USA) with RSV pre-
fusion proteins at 0.5 pg/mL in phosphate-buffered saline (PBS) over-
night at 4 °C or 2 h at 37 °C. We washed the plates with PBS + 0.05 %
Tween20 (PBST) to remove unbound protein. The plates were blocked
with PBS + 1 % BSA (Fisher Scientific, PA, USA) + 0.1 % Tween20 for 2
h at room temperature. Following three more washes with PBST, we
added the serum samples at different dilutions to the plate. To detect
RSV prefusion binding antibodies, we washed the plates with PBST and
added HRP-conjugated anti-mouse IgG (Jackson ImmunoResearch
Laboratories, 1:6000; PA, USA) or Biotin-conjugated Goat anti-mouse
IgA (Southern Biotech, 1:5000; AL, USA). Streptavidin-HRP (Vector
Laboratories, 1:2500, CA, USA) detected an anti-IgA secondary anti-
body. Finally, we developed the plates using 1-Step™ TMB ELISA sub-
strate (ThermoFisher Scientific).

2.8. Lung lymphocyte and splenocyte collection

We harvested lung and spleen cells from vaccinated mice to test
antigen-specific T-cell responses. In short, we perfused the lung vascu-
lature with 5 mL of 0.1 mM EDTA in PBS without Ca%* or Mg?*,
injecting it into the right cardiac ventricle to remove red blood cells
(RBCs). Each lung was cut into 100-300 mm? pieces and transferred into
a digestion buffer containing collagenase D (2 mg/mL, Roche) and
DNase (0.125 mg/mL, Sigma) in 5 mL RPMI. The tissue was incubated at
37 °C for 1.5 h, vortexing every 10 min. The remaining intact tissue was
disrupted by passing it through a 21-gauge needle 6-8 times. The re-
action was stopped by adding 500 pL of ice-cold buffer (1x PBS, 0.1 M
EDTA). The suspension was passed through a 40 pm cell strainer (Fal-
con), and single cells were collected in a 50 mL tube. Cells were
centrifuged at 600 xg for 10 min to form a pellet. The remaining RBCs
were lysed using 3 mL of ACK Lysing Buffer (Invitrogen), followed by
another centrifugation at 600 xg for 10 min. The pellet was resuspended
in 5 mL RPMI media (Corning). Spleens were stored in RPMI medium
until processed, then homogenized by passing through a 40 pm strainer.
RBCs were removed by incubating splenocytes in 3 mL ACK lysis solu-
tion for 3 min at room temperature, and the mixture was passed through
a 40 pm strainer. Trypan blue exclusion was used to count splenocytes
and lung cells.

2.9. ELISpot

To perform the ELISpot assays, we incubated plates (Ref:
MSIPS4W10, Millipore, MA, USA) with anti-IFNy antibody (1 pg/mL,
Ref: 3321-3-250, Mabtech, VA, USA) at 4 °C overnight. We washed the
plates with sterile PBS five times the next day and added lung lym-
phocytes and splenocytes. We treated the cells from mice with 1) R10
media (negative control), 2) 12-myristate 13-acetate (PMA) (Sigma, St.
Louis, MI, USA), and 1 pg/mL of ionomycin (positive control), and 3)
RSV fusion protein peptide pool (2 pg/mL/peptide, JPT, Germany). For
positive control, 1 x 10* cells were stimulated in triplicates, whereas we
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stimulated 3 x 10° cells in the rest of the wells. Following overnight
stimulation of the cells, we washed the plates with PBS and added a
biotinylated anti-IFNy (1 pg/mL, Ref: 3321-6-250, Mabtech) detection
antibody. After 1 h of incubation at 37 °C, we rewashed the plates and
added diluted Extravidin-ALP conjugate (1:30,000, Sigma, St. Louis, MI,
USA). Finally, the spots were developed by adding BCIP/NBT-plus
substrate (Ref: 3650-10, Mabtech). We rinsed off the substrate with
water and imaged the spots using Cytation 7 (BioTek Instruments, Inc.)
imaging plate reader. The spots were enumerated using Gen5 (BioTek)
software.

2.10. Virus

Respiratory Syncytial Virus strain A/A2 (RSV A/A2) (ATCC, Mana-
ssas, VA) was propagated in HEp-2 cells after serial plaque-purification
to reduce defective-interfering particles. A pool of virus designated as
hRSV A/A2 Lot# 092215 SSM containing approximately 3.0 x 108 pfu/
mL in sucrose stabilizing media (25 % of Sucrose in PBS) was used in this
in vivo experiment. Virus stock was stored at —80 °C and has been
characterized in vivo using the cotton rat model and validated for upper
and lower respiratory tract replication.

2.11. Cotton rat studies

Twenty-five (25) inbred, 5-7 weeks-old, Sigmodon hispidus female
cotton rats (source: Sigmovir Biosystems, Inc., Rockville, MD) were
maintained and handled under veterinary supervision in accordance
with the National Institutes of Health guidelines and Sigmovir Institu-
tional Animal Care and Use Committee’s approved animal study pro-
tocol (IACUC Protocol #15). Cotton rats were housed in clear
polycarbonate cages and provided with standard rodent chow (Harlan
#7004) and tap water ad lib. The cotton rats were intranasally immu-
nized twice (four weeks apart) in groups of 5-8 animals with 1) PBS, 2)
20 pg sc9-10 + 40 pg NanoSTING, 3) 20 pg SCTM+ 40 pg NanoSTING.
We anesthetized the animals with isoflurane and administered 30-35 pL
of the intranasal vaccine, delivering half the volume into each nostril of
the cotton rats. A group of five cotton rats were intramuscularly
immunized with FI-RSV as control animals. Three weeks after the
booster dose, the animals were challenged with a total of 10° plaque-
forming units (p.f.u.) of RSV A2 virus in 100 pL volume. The animals
were lightly anesthetized with isoflurane before the challenge. Four days
after the challenge, we collected the lung and nasal tissues to evaluate
viral titers.

2.12. RSV-specific microneutralization assay

Heat-inactivated sera samples were diluted 1:10 with EMEM and
serially diluted further 1:4. We incubated the diluted sera samples with
RSV A2 (25-50 PFU) for 1 h at 25 °C and inoculated duplicates onto
confluent HEp-2 monolayers in 24-well plates. After one hour incuba-
tion at 37 °Cin a 5 % CO2 incubator, the wells were overlayed with 0.75
% Methylcellulose medium. After 4 days of incubation, the overlay was
removed, and the cells were fixed with 0.1 % crystal violet (dissolved in
25 % glutaraldehyde in water solution) stain for one hour and then
rinsed and air dried. Serum neutralizing antibody to RSV was assayed by
measuring 60 % plaque reduction on Hep-2 cell monolayers [27]. RSV B-
specific virus-neutralizing titers were determined using HEp-2 cell
monolayers infected with RSV/B/18537. We defined RSV B neutralizing
titers as the highest serum dilution at which we observed at least a 50 %
reduction in viral replication. We assigned a value of 2 log, for any
serum sample exhibiting neutralizing titers less than the lower limit of
detection (2.5 logy) [28].

2.13. Lung and nose viral titration

The rostral portion of the nose, including the turbinates, was
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carefully dissected and homogenized in 3 mL of media. We removed the
lungs en bloc and homogenized the left lobe for viral titration. We
clarified the lung and nose homogenates by centrifugation at 600 xg for
10 min and diluted them in EMEM media. Confluent HEp-2 monolayers
were infected in duplicates with diluted homogenates in 24-well plates.
After one hour incubation at 37 °C in a 5 % CO» incubator, the wells
were overlayed with 0.75 % Methylcellulose medium. After 4 days of
incubation, we removed the overlays and fixed the cells with a 0.1 %
crystal violet stain for one hour. The wells were properly rinsed and air-
dried. Plaques were counted, and virus titer was expressed as plaque-
forming units per gram of tissue. Viral titers are calculated as geo-
metric mean =+ standard error for all animals in a group at a given time.

2.14. Statistical analysis

We presented all data as mean values, and error bars represent +SEM
(standard error of the mean). All statistical analyses were performed
using GraphPad Prism (V8). We compared two groups using the Mann-
Whitney t-test, while comparisons between multiple groups were per-
formed using Tukey’s multiple tests for repeated measures analysis.

3. Results

3.1. Purification, preparation, and characterization of prefusion protein-
based vaccines

Most RSV-neutralizing antibodies are directed against the prefusion
protein. As per the original publications, the amino acid substitutions
that stabilize the prefusion proteins DS-CaV1, sc9-10, and SCTM are
annotated in Fig. 1A. We expressed these proteins in an Expi293
suspension-culture expression system (Supplementary Fig. 1A) and
verified their expression in the supernatant using anti-RSV F western
blot (Fig. 1B).

The molecular weight of the purified proteins was analyzed using
SEC-MALS. The SEC chromatogram shows a major peak corresponding
to the trimeric protein (Supplementary Fig. 1B). We analyzed the multi-
angle light-scattering data, which confirmed the size of the sc9-10 and
SCTM trimeric proteins in the expected molecular weight range
(~160-180 kDa). Notably, the sc9-10 DS-CaV1 chromatogram also in-
dicates the presence of a minor species corresponding to a 320-400 kDa
protein, which could have formed due to the association of two mole-
cules of the trimeric protein. The final yields of the prefusion trimers
were determined using an AM14-prefusion protein-specific ELISA
(Supplementary Fig. 1C). AM14 is a monoclonal antibody that recog-
nizes an epitope spanning two protomers of the RSV prefusion protein
trimer, and previous studies have reported that this antibody does not
bind to the monomeric RSV fusion protein [29]. We observed prefusion
trimer yields ranging from 1 mg/L for DS-CaV1 to 50 mg/L for SCTM in
Expi293 expression system (Supplementary Fig. 1C).

To synthesize the adjuvant, we encapsulated 2'3-cGAMP in lipid-
based nanoparticles (NanoSTING), as described previously [26]. We
mixed the purified prefusion proteins with NanoSTING at 25 °C for 15
min in a single-step “mix and immunize” approach to formulate the
vaccines for animal studies. We performed dynamic light scattering
(DLS) on the nanoparticles before (116 + 7 nm) and after (121 + 3 nm)
mixing with DS-CaV1, revealing comparable particle sizes (Fig. 1C). The
other NanoSTING-adjuvanted vaccine formulations exhibited compa-
rable nanoparticle sizes (not shown). DLS did not indicate any signs of
protein aggregation in the vaccines, at least for the duration of immu-
nizations (30 min- 1 h). We proceeded to use these vaccines for in vivo
studies.

3.2. NanoSTING adjuvanted vaccines improve immunogenicity of RSV
prefusion proteins in mice

We evaluated the immunogenicity of NanoSTING adjuvanted
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Fig. 1. Expression and characterization of RSV fusion protein-based vaccine.

A) Construct design for RSV fusion protein variants DS-CaV1, sc9-10 and SCTM.

Vaccine 56 (2025) 127183

N671 S215P E487Q

l 524

SCTM

26 1109 137 l
| F2 [cscs| F1

kDa
95
72
a5 i

43

Particle size-NanoSTING-DS-CaV1

154 Hydrodynamic diameter= 121 nm
o Polydispersity index= 0.32
9
=)
\; 104 ’ . '
° -
3 &
i) L 4
5 5+ &
@ |
[a)]
0 T—T—Tre ] pestr—T—TTTTT]
101 102 103

Particle diameter (nm)

B) Anti-RSV-F Western blot of cell culture supernatant electrophoresed in a denaturing gel. Lane 1: DS-CaV1 (45 kDa), Lane 2: SCTM (55 kDa), Lane 3: s¢9-10 (55

kDa).

C) Distribution of liposomal particle sizes in NanoSTING and NanoSTING-DS-CaV1 by dynamic light scattering (DLS).

intranasal vaccines in mice. Groups of Balb/c mice were immunized
with a single dose of: 1) PBS, 2) DS-CaV1 (no adjuvant), 3) NanoSTING-
DS-CaV1, 4) cGAMP-SCTM (no liposomes), 5) NanoSTING-SCTM, and 6)
NanoSTING-sc9-10 vaccines. Prefusion protein-specific antibody titers
increased from day 7 to day 21 for all the groups and were no different
when comparing the three antigens immunized with NanoSTING as an
adjuvant (Fig. 2B). Notably, serum IgG titers were significantly lower (p-
value = 0.006) in the unadjuvanted DS-CaV1 immunized (4 + 1x 102)
group compared to NanoSTING-DS-CaV1l (6 + 2 x 10%). Additionally,
naked 2'3-cGAMP adjuvanted SCTM immunized mice also exhibited
much lower prefusion protein specific titers (1.5 + 0.6 x 10%, p-value =
0.04) compared to NanoSTING-SCTM (5 + 1 x 10%). To evaluate the
durability of vaccine-induced immunity, we immunized a group of mice
with NanoSTING-DS-CaV1 and tested prefusion protein-specific anti-
body titers in serum six months after immunization. The serum IgG
endpoint titers 180 days post-immunization (2.6 x 10® + 4 x 10%) were
comparable to day 21 titers, suggesting durable humoral immunity
(Supplementary Fig. 3).

Unlike the serum IgG titers, the serum IgA titers were detectable but
modest following a single intranasal dose of the vaccines (Supplemen-
tary Fig. 2B). Next, we wanted to test the nature of cellular immunity
induced by NanoSTING-adjuvanted vaccines. Extensive studies on failed
RSV vaccines have associated vaccine-induced enhanced respiratory
disease (ERD) with Th2 response, and a Th1 T-cell response is desirable
for safe and protective cellular immunity [30,31]. We performed ELI-
Spot to quantify T-cell responses stimulated by RSV A2 fusion protein
peptides. The antigen-specific T-cell responses in the lung/spleen
showed a Th1 bias and were detectable but variable across the different

antigens adjuvanted with NanoSTING (e.g. NanoSTING-DS-CaV1, lung:
8 + 2 x 102, spleen: 6 + 1x 10%)[Supplementary Fig. 2B]. Collectively,
these results established that while liposomal NanoSTING is essential for
robust serum IgG responses, a single dose vaccine yields only modest
mucosal responses that is dependent on the antigen.

To improve the mucosal immune response elicited upon vaccination,
we prioritized the NanoSTING-sc9-10 and NanoSTING-SCTM vaccines
and utilized a prime-boost vaccination strategy (Fig. 2A). We did not
include DS-CaV1 in the prime-boost study and subsequent challenge
studies due to low protein expression titers. Following the booster dose,
we collected serum from vaccinated animals on day 48 to evaluate the
IgG and IgA responses. Prefusion protein-specific serum IgG increased in
both NanoSTING-sc9-10 (1 + 0. 3 x 10° on day 48 vs 5 & 1 x 10° on day
21) and NanoSTING-SCTM (1 + 0. 5 x 10° on day 48 vs 5+ 1 x 10 on
day 21) groups following the booster (Fig. 2B). RSV-specific nasal IgA
correlates with protection against RSV infection [21], and antigen-
specific serum IgA can be a predictor for secretory IgA (sIgA) in the
nasal mucosa [32]. We observed significant antigen-specific serum IgA
in NanoSTING-sc9-10 (mean endpoint titer: 4 + 1 X 109 and
NanoSTING-SCTM (4 £ 1 x 103) vaccinated mice compared to unvac-
cinated animals (p-value = 0.004) on day 48 (Fig. 2C). To directly assay
mucosal IgA, we tested for prefusion protein-specific IgA in the bron-
choalveolar lavage fluid (BALF) and nasal wash samples by ELISA. Both
vaccines induce significant IgA titers after the booster dose in the BALF
(NanoSTING-sc9-10: 4 + 2 x 10% NanoSTING-SCTM: 3 £ 2 x 10% +)
[Fig. 2D] and nasal wash (NanoSTING-sc9-10: 1 + 0.2x 103,
NanoSTING-SCTM: 1 + 0.4 x 10%) [Fig. 2E] compared to PBS-
vaccinated mice (BALF: p-value = 0.004, nasal wash: p-value = 0.002).
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Fig. 2. Intranasal administration of NanoSTING adjuvanted vaccines induces robust humoral and cellular immunity in mice.

A) The intranasal vaccine was formulated by incubating the purified recombinant protein and adjuvant. We immunized six groups (n = 4-5/group) of animals
intranasally (IN) with PBS, DS-CaV1, NanoSTING-DS-CaV1l, cGAMP-SCTM, NanoSTING-SCTM, and NanoSTING-sc9-10 vaccine formulations. Four weeks after the
vaccination, NanoSTING-sc9-10 and NanoSTING-SCTM groups were boosted IN. On day 48, the boosted animals were euthanized to harvest lung and spleen for
ELISpot.

B) RSV prefusion protein-specific serum IgG endpoint titers in the vaccinated animals at days 7, 14, 21, and 48. Data are expressed as mean (+ SEM) of 4-5 animals.
Mann-Whitney t-test p values; ns = p > 0.05, *p < 0.05,**p < 0.01.

C-E) RSV prefusion protein-specific IgA titers in serum (C), BALF (D), and nasal wash (E) on day 48. p values were calculated using the Mann-Whitney t-test (**p <
0.01).

F-G) IFNy and IL-4 ELISPOT from lung (F) and spleen (G) cells re-stimulated ex vivo with RSVB fusion protein peptide pools 20 days after the IN booster dose. Data are
expressed as the mean (+ SEM) of 4-5 animals assayed. Mann-Whitney t-test p values; *p < 0.05,***p < 0.001.
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We next evaluated the magnitude of the cellular response by tracking
the T cell responses in the spleen (systemic cellular immunity) and the
lung (site of disease). Prime-boost immunization with NanoSTING-sc9-
10 yielded significantly higher IFNy secreting T cells in the lung after the
second dose [900 + 400 spot-forming cells (SFC), day 48] in comparison
to the primary dose (21 + 5 SFC, day 28) [p-value = 0.0003, Fig. 2F].
This significant increase in IFNy secreting T cells was also observed in
the spleen after two doses of immunization (370 + 120 SFC, day 48; vs.
20 + 7, day 28, p-value = 0.0003) [Fig. 2G]. Similar significant in-
creases in both the lung-resident (1800 + 200 SFC, day 48; vs. 9 + 6 SFC,
day 28, p-value = 0.04) and systemic T cell IFNy responses (520 + 90
SFC, day 48; vs. 8 & 4 SFC, day 28. p-value = 0.02) were observed with
dual dose immunization with the NanoSTING-SCTM vaccine. Impor-
tantly, both vaccines elicit significantly higher IFNy-secreting T cells
compared to IL-4 secreting T-cells in the lung (p-value = 0.002) and the
spleen (p-value = 0.002), confirming a Thl-biased T-cell response.
Taken together, these data suggest that dual-dose NanoSTING-adju-
vanted vaccines induce robust antigen-specific antibodies and a Thl/
Tcl T-cell response in immunized mice, regardless of the antigen used
for immunization.
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3.3. NanoSTING-adjuvanted vaccines induce neutralizing antibodies in
cotton rats and protect against viral challenge

We had confirmed the immunogenicity of NanoSTING-adjuvanted
vaccines and wanted to evaluate whether our vaccine formulations
could induce neutralizing antibodies and protect against viral challenge.
We conducted these studies in the standard RSV vaccine preclinical
model, cotton rats (Sigmodon hispidus), since they are more susceptible to
viral infection compared to Balb/c mice [33-35]. We immunized groups
of cotton rats intranasally with 1) PBS, 2) NanoSTING-sc9-10, and 3)
NanoSTING-SCTM. The animals were boosted with an intranasal dose
four weeks after the prime dose (Fig. 3A). We collected serum samples
three weeks after the booster dose to evaluate antigen-specific immune
responses. RSV prefusion protein-specific ELISAs indicated high serum
IgG (NanoSTING-sc9-10: 18 + 6 x 104, NanoSTING-SCTM: 7 + 2 x 104)
(Fig. 3B) and IgA (NanoSTING-sc9-10: 2 £ 0.7 x 103, NanoSTING-SCTM:
1.5 + 0.4 x 10%) (Fig. 3C) titers in vaccinated groups compared to the
PBS-administered group (PBS IgG: 100, p-value = 0.0001; PBS IgA: 100,
p-value = 0.0001).

Our experimental vaccines show high serum antibody titers against
RSV fusion protein. However, neutralizing antibody titers are a better
correlate of protection, as not all binding antibodies can neutralize viral
infection [36]. So, we tested the serum collected from the cotton rats on
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Fig. 3. NanoSTING-adjuvanted vaccines induce virus-neutralizing antibodies in cotton rats and attenuate viral replication in the lung and nasal tissue.
A) We immunized 7-8 female cotton rats IN four weeks apart following a prime-boost vaccination regimen. Vaccinated cotton rats were challenged with 10° p.f.u. of
RSV A2 at day 48. We also had a group of five cotton rats previously infected with RSV A2 as a positive control. Four days after the challenge, all animals were

euthanized to collect lung and nasal tissues for measurement of viral loads.

B-C) RSV prefusion protein-specific serum IgG (B) and IgA (C) titers in vaccinated cotton rats three weeks post-booster dose. Mann-Whitney t-test p value;

0.001.

p<

D) RSV A2 virus neutralization titers in serum collected (day 48) from vaccinated cotton rats. The limit of detection is shown as a dotted line in the figure. Mann-

Whitney t-test p values; *p < 0.05, ***p < 0.001.

E) RSV B virus neutralization titers in serum collected (day 48) from vaccinated cotton rats. The limit of detection is shown as a dotted line in the figure. Mann-

Whitney t-test p value; ***p < 0.001.

F-G) RSV virus load in the lung (F) and nasal (G) homogenates collected from challenged cotton rats four days after the viral challenge. Mann-Whitney t-test p values;

#*p < 0.01, ****p < 0.0001.
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day 49 in virus neutralization assays against both strains of RSV (A and
B). Both NanoSTING-sc9-10 and NanoSTING-SCTM induce neutralizing
antibodies; however, neutralizing titers were significantly higher (p-
value = 0.003) for NanoSTING-SCTM (RSV-A2, mean reciprocal of
highest dilution 2.5 + 0.5 x 104 compared to NanoSTING-sc9-10 (RSV-
A2, 2 £ 0.4x 102) (Fig. 3D). The higher titers were also observed with
RSV-B [NanoSTING-SCTM (4 + 1 x 102) compared to NanoSTING-sc9-
10 (6 £ 2 x 101), p-value = 0.0025]. Thus, while immunogenicity
studies (serum or BALF IgG, mucosal IgA or lung Th1/Tcl responses)
showed no difference between NanoSTING-sc9-10 and NanoSTING-
SCTM, viral neutralization tests demonstrated that NanoSTING-SCTM
yielded superior responses compared to NanoSTING-sc9-10 (Fig. 3D).

To verify the efficacy of our experimental vaccines in vivo, we chal-
lenged the cotton rats with 10° plaque-forming units (p.f.u.) RSV A2
virus three weeks after the booster dose. We harvested the lung and
nasal tissues four days post-challenge to evaluate viral load at the lower
and upper respiratory tract of the cotton rats. Despite a > 100-fold dif-
ference in neutralizing antibody titers (Fig. 3D) both NanoSTING-sc9-10
and NanoSTING-SCTM vaccines completely inhibit viral replication in
the lung of vaccinated animals (Fig. 3F). Quantification of the viral titers
in the nasal compartment upon vaccination yielded surprising results.
While NanoSTING-sc9-10 immunization attenuated viral replication in
the nasal compartment (viral load- NanoSTING-sc9-10: 2 + 1 X 104,
PBS: 8 £ 1 x 10°, p-value = 0.002), immunization with NanoSTING-
SCTM completely eliminated viral replication (Fig. 3G). These results
indicate that NanoSTING adjuvanted vaccines induce robust immunity
in vaccinated cotton rats that protect against viral challenge.

Recent studies have identified cross-protective monoclonal anti-
bodies that bind to RSV and human metapneumovirus (hMPV) fusion
proteins and neutralize them both [37-39]. Despite having only ~35 %
amino acid residue identity, the structural similarity of RSV and hMPV
prefusion proteins gives rise to cross-protective epitopes (Supplemen-
tary Fig. 4A-B) [40,41]. As we utilize the RSV prefusion protein as an
immunogen in our studies, we wanted to test the cross-neutralizing
potential of these vaccines against hMPV. In this regard, we tested the
day 49 serum collected from cotton rats for antibodies against hMPV
prefusion protein. We observed that both NanoSTING-sc9-10 (mean
endpoint titer, NanoSTING-sc9-10: 3 + 1 x 10°, PBS 50) and
NanoSTING-SCTM (4 + 2 x 10%) induce high levels of hMPV prefusion
protein cross-reactive antibodies (Supplementary Fig. 4C). We also
conducted hMPV neutralization assays using day 49 serum from Nano-
STING-sc9-10 and NanoSTING-SCTM vaccinated cotton rats. Despite
high binding titers, we noted that cross-reactive antibodies elicited by
these vaccines could not neutralize the hMPV virus in vitro (Supple-
mentary Fig. 4D).

4. Discussion

Following over 60 years of global research efforts, Abrysvo (Pfizer),
Arexvy (GSK) and mRESVIA (Moderna) were recently approved for use
in adults aged 60 years or older [42,43]. Abrysvo and Arexvy are based
on the RSV prefusion protein immunogens, which are well-known for
their ability to elicit neutralizing antibodies against the ® epitope [44].
While Arexvy is formulated by mixing RSV prefusion protein with an
ASO1E adjuvant, Abrysvo is a bivalent combination of RSV A and RSV B
prefusion proteins without an adjuvant [42]. A phase 3 clinical trial
reported vaccine efficacy of 85.7 % for Abrysvo against RSV-associated
lower respiratory tract (LRT) illness with at least three symptoms [44].
Arexvy was reported to have an efficacy of 83 % against RSV-related LRT
disease over a period of 6.7 months [45]. Follow-up phase 3 studies
concluded that Abrysvo’s efficacy against LRT illness with at least three
symptoms in older adults dropped to 77.8 % over two seasons [44]. At
the same time, Arexvy’s efficacy against RSV-related LRT disease over
two seasons dropped to 67.2 % [46]. In contrast to the protein subunit
vaccines, mRESVIA is an mRNA vaccine that encodes for the prefusion F
protein [47]. The latest of the three approved vaccines, mRESVIA,
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demonstrated a vaccine efficacy of 82.4 % against RSV-associated LRT
disease with at least three symptoms in a phase 2-3 trial conducted
across 22 countries [48]. A recent test-negative design analysis found
vaccination efficacy against RSV-associated hospitalizations to be 73 %
in immunocompromised, and 80 % in adults without any immuno-
compromising conditions [49].

These approved vaccines and other similar vaccines in phase 3
clinical trials are all administered through the parenteral route [50].
However, as RSV enters the body through the eyes, nose, or mouth,
vaccination through the mucosal route can elicit mucosal immunity that
protects at the viral port of entry. Not surprising, the current vaccines
have not been evaluated on their ability to stop or reduce viral trans-
mission from one infected individual to another. Considering the current
scenario, newer vaccination strategies are required to realize the full
potential of RSV vaccines against disease and transmission.

Recently, stimulator of interferon gene (STING)-agonists like 2'-3'
cyclic GMP-AMP (cGAMP) have emerged as promising adjuvants that
can enhance the mucosal immune response of protein-based vaccines
against respiratory pathogens [9,26,51]. cGAMP activates the cGAS/
STING cytosolic DNA sensing pathway that results in the secretion of
immunostimulatory type-I and type-III interferons [52].

In this study, we formulated RSV prefusion protein-based intranasal
vaccines that utilize cGAMP-encapsulating nanoparticles (NanoSTING)
as an adjuvant. NanoSTING is a lipid-based adjuvant that protects
c¢GAMP from rapid extracellular degradation and enhances its half-life in
vivo [53,54]. Additionally, NanoSTING facilitates the decoration of
multiple copies of protein antigens on the nanoparticle surface, leading
to enhanced immunogenicity and multi-factorial protection against
respiratory viruses [26,55]. We tested these vaccines in the cotton rat
model, as lung pathology in cotton rats mimics that of humans after RSV
infection [56,57]. Both sc9-10 DS-CaVl and SCTM-based vaccines
exhibit neutralizing antibody (nAb) titers against RSV in virus neutral-
ization assays; however, NanoSTING-SCTM induces higher nAb titers
than NanoSTING-sc9-10 against both virus subtypes (RSV A and RSV B)
(Fig. 3D-E). Lee et al. compared the antibody responses by sc9-10 DS-
CaV1l and SCTM-based parenteral vaccines in mice. They reported that
following two doses of 10 pg protein administered with AddaVax
adjuvant intradermally, sc9-10 DS-CaV1 elicits higher neutralizing
antibody titers than SCTM [58]. The contrast between our findings and
those of Lee et al. suggests that despite using the same antigens, the
route of administration and the adjuvant play critical roles in deter-
mining the quality and quantity of the immune response.

We challenged the vaccinated cotton rats with live RSV A2 virus and
evaluated viral titers in the lung and nasal tissue. NanoSTING-SCTM
eliminates RSV below the limit of detection in both the upper (nose)
and lower (lung) respiratory tract (Fig. 3F-G). NanoSTING-sc9-10 fully
protected the lung and only partially protected the nose against viral
replication (Fig. 3F-G). The difference in protection at the upper respi-
ratory tract between the vaccines may result from the higher neutrali-
zation titers elicited by NanoSTING-SCTM. However, serum nAb titers,
while necessary, are not a singular correlate of protection against
infection [59]. Antigen-specific binding antibodies [60,61], T-cells
[62,63], and mucosal immunity (IgA and T-cells) [64,65] are known to
complement the protective effects of neutralizing antibodies. Nano-
STING adjuvanted vaccines produce similar serum IgG and IgA re-
sponses in mice (Fig. 2B-C) and cotton rats (Fig. 3B-C). T-cell responses
(Fig. 2F-G) and mucosal immune correlates (BALF and nasal wash IgA)
from mice (Fig. 2D-E) further highlight the comparable immunogenicity
of both sc9-10 DS-CaV1 and SCTM-based vaccines. Similar immunoge-
nicity profiles and yet variations in nAb titers leading to differential
protection observed at the upper respiratory tract may be linked to the
inherent stability of the antigen in the vaccine formulation. NanoSTING
facilitates the adsorption of proteins on the nanoparticle surface [26],
increasing their retention time in the nasal mucosa and promoting up-
take by antigen-presenting cells [66]. The physiochemical properties
that lead to the adsorption of proteins on nanoparticles can impact the
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stability of antigens in vaccine formulation [67,68]. It is possible that
adsorption onto NanoSTING stabilizes the SCTM antigen better than the
sc9-10 DS-Cav1 antigen. While the SEC-MALS data suggests differences
in the stability of the SCTM and sc9-10 DS-CaV1 proteins (Supplemen-
tary Fig. 1B), a more thorough investigation into the stability of these
antigens in the context of NanoSTING needs to be undertaken.

Due to past cases of vaccine-induced enhanced disease (VED), safety
is a major concern in RSV vaccine development. In a clinical trial in the
1960s, a vaccine formulated with formalin-inactivated RSV (FI-RSV) did
not elicit protection against natural infections and led to increased dis-
ease severity among children vaccinated with FI-RSV compared to
children who were not vaccinated [69]. Later, it was discovered that the
immune response induced by FI-RSV vaccine is Th2-skewed, and the
antibodies induced by the vaccine have low neutralization potential,
causing immune-complex formation in the mucosa [70,71]. Our data
indicates that NanoSTING adjuvanted prefusion protein vaccines elicit a
Thl-skewed response in the lung and spleen of vaccinated animals
(Fig. 2F-G), confirming the safety of vaccine-induced immunity.

There is no established animal model to test whether vaccination can
prevent transmission of RSV from infected animals to uninfected ones.
Chan et al. have demonstrated that RSV-infected ferrets can transmit
viruses to cohoused naive ferrets. However, infected ferrets did not show
any sign of weight loss [72]. In the future, it would be interesting to test
the efficacy of a NanoSTING-adjuvanted vaccine against viral dissemi-
nation in a transmission-permissive animal model.

In summary, we have demonstrated the immunogenic and protective
efficacy of NanoSTING as an adjuvant for intranasal vaccine against
RSV. Our study highlights the potential of NanoSTING to boost both
mucosal and cellular immune responses, offering a promising approach
for developing intranasal vaccines against RSV, with possible implica-
tions in preventing viral transmission.
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