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and cellular mucosal immunity in female mice
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Summary eBioMedicine
Background In order to prevent the emergence and spread of future variants of concern of severe acute respiratory 2024105 105185
syndrome coronavirus 2 (SARS-CoV-2), developing vaccines capable of stopping transmission is crucial. The PvPlished Onfine o
SARS-CoV-2 vaccine NDV-HXP-S can be administered live intranasally (IN) and thus induce protective immunity in ?;Tg/ /ed; '0::92/ ;24
the upper respiratory tract. The vaccine is based on Newcastle disease virus (NDV) expressing a stabilised SARS-CoV-2 10518J s
spike protein. NDV-HXP-S can be produced as influenza virus vaccine at low cost in embryonated chicken eggs.

Methods The NDV-HXP-S vaccine was genetically engineered to match the Omicron variants of concern (VOC) BA.1
and BA.5 and tested as an IN two or three dose vaccination regimen in female mice. Furthermore, female mice
intramuscularly (IM) vaccinated with mRNA-lipid nanoparticles (LNPs) were IN boosted with NDV-HXP-S.
Systemic humoral immunity, memory T cell responses in the lungs and spleens as well as immunoglobulin A
(IgA) responses in distinct mucosal tissues were characterised.

Findings NDV-HXP-S Omicron variant vaccines elicited high mucosal IgA and serum IgG titers against respective
SARS-CoV-2 VOC in female mice following IN administration and protected against challenge from matched
variants. Additionally, antigen-specific memory B cells and local T cell responses in the lungs were induced. Host
immunity against the NDV vector did not interfere with boosting. Intramuscular vaccination with mRNA-LNPs
was enhanced by IN NDV-HXP-S boosting resulting in improvement of serum neutralization titers and induction
of mucosal immunity.

Interpretation We demonstrate that NDV-HXP-S Omicron variant vaccines utilised for primary immunizations or
boosting efficiently elicit humoral and cellular immunity. The described induction of systemic and mucosal
immunity has the potential to reduce infection and transmission.
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Research in context

Evidence before this study

In an unprecedented effort, many vaccines for SARS-CoV-2
have been developed with remarkable speed as a response to
the coronavirus disease 2019 (COVID-19) pandemic. The viral
vector vaccine NDV-HXP-S was designed as a low-cost vaccine
allowing self-sufficient production of SARS-CoV-2 vaccines in
low- and middle-income countries. This is possible because
the NDV-HXP-S vaccine can be grown in embryonated
chicken eggs, which allows manufacturing in existing
influenza vaccine production facilities. The vaccine is based on
the avirulent LaSota strain of Newcastle disease virus (NDV)
that has been evaluated as a vaccine vector for many animal
pathogens as well as an oncolytic agent in humans. Since
NDV is known to tolerate large insertions into its genome, a
modified version of the spike protein was inserted and is
expressed on the virion’s surface. It has been shown that
NDV-HXP-S can be used as an inactivated intramuscular (IM)
or live intranasal (IN) vaccine, conferring protection in mice
and hamsters. Furthermore, in pre-clinical studies in mice,
next-generation NDV-HXP-S variant vaccines (Beta, Gamma
and Delta) used in multivalent formulations protected against
phylogenetically distant SARS-CoV-2 VOC. Good safety and

Introduction

The severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) has caused a pandemic with tremendous
human suffering worldwide. Many of the newly
emerging variants of concern (VOC) have shown an
increase in transmissibility and immune evasion. This
made it difficult for the first generation vaccines based
on the ancestral strain to protect against asymptomatic
to mild infection and transmission.”* Matched strain
boosters might be able to restore a higher level of
protection.””

While intramuscular (IM) administered SARS-CoV-2
vaccines induce high levels of serum antibodies as well
as memory B cells and circulating effector CD4" and
CD8" T cells, IM vaccines appear to fail at efficiently
inducing mucosal immunity.*"* Intranasal (IN) vacci-
nations could fill that gap."” Like natural SARS-CoV-2
infection, IN vaccination has been shown to induce
potent antiviral immune memory at sites of adminis-
tration in animal models."** Several virus based vaccine
platforms like adenovirus, measles, influenza, para-
influenza virus 5, and Newcastle disease virus have had
success when administered IN in preclinical models.'**!
Furthermore, boosting IN with unadjuvanted recombi-
nant spike protein after IM priming elicits mucosal
immune memory within the respiratory tract.”” These
increases in mucosal IgA and tissue-resident memory
cells lead to significantly reduced viral loads in the upper
and lower airways. The induced mucosal immunity can
prevent disease and potentially block the transmission

immunogenicity was displayed in humans in clinical phase |
and Il trials.

Added value of this study

This study demonstrates that NDV-HXP-S administered IN
efficiently induces mucosal humoral and cellular immunity.
The NDV-HXP-S vaccine construct can easily be genetically
engineered to match variants of concern (VOC). The BA.1 and
BA.5 variant vaccines induce high binding and neutralizing
serum IgG titers as well as IgA responses in several different
mucosal tissues against the respective Omicron variants.
Furthermore, the NDV-HXP-S variant vaccines protect against
SARS-CoV-2 BA.1 virus challenge in mice. As a proof of
concept, IN boosting with NDV-HXP-S after IM mRNA-lipid
nanoparticles (LNPs) vaccination elicits good mucosal
immunity and improves systemic immunity. Finally, the
impact of vector immunity was addressed and no
impediment of immune responses against the SARS-CoV-2
spike was found.

Implications of all the available evidence
This data supports the usage of an intranasal booster after
mRNA vaccination in order to induce mucosal immunity.

of the virus. However, developing and validating a pro-
tective and safe intranasal vaccine (against any path-
ogen) has proven difficult with only limited success in
the past. The only intranasal vaccine approved by the
FDA is FluMist.*** Additionally, an inhaled aerosolised
Ad5-nCoV vaccine (CanSino), a live-attenuated influ-
enza virus vector-based vaccine delivered via intranasal
spray (dNS1-RBD), and an intranasal ChAd vaccine
(iNCOVACC) were recently licensed in China (CanSino,
dNS1-RBD) and India (iNCOVACC).” **

We have developed a vaccine candidate (NDV-HXP-
S) based on the avirulent LaSota strain of Newcastle
disease virus (NDV) that expresses a modified version of
the SARS-CoV-2 spike protein on its surface.’*** NDV
has been shown to be a very immunogenic vaccine
when administered intranasally in mice and hamster
models.”"***> Compared to the work of others, like
Warner and colleagues, we have modified the spike with
stabilizing and membrane anchoring adaptations.”
Most importantly, their work focusses on the ancestral
spike.”’ Conversely, we created next-generation variant
vaccines (Beta, Gamma and Delta) and showed that
a trivalent IM formulation protects against phylogenet-
ically distant SARS-CoV-2 VOC in mice.”” The
NDV-HXP-S vaccine can be produced at low cost in
embryonated chicken eggs. This allows manufacturing
of the NDV-HXP-S vaccine in existing influenza vaccine
production facilities located around the globe, enabling
generation of self-sufficient supplies of coronavirus
disease 2019 (COVID-19) vaccine in many low- and
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middle-income countries.”” Additionally, results from
clinical phase I/II trials have demonstrated a good safety
and immunogenicity profile (Thailand, inactivated IM,
phase I and II, NCT04764422; Vietnam, inactivated IM,
phase I and II, NCT04830800), with additional trials in
the United States (live IN, phase I; NCT05181709),
Mexico (live IN/IM, phase II/III; NCT05205746), and
Brazil (inactivated IM, phase II/III; NCT05354024) on
the way.**”

We believe that a mucosal (intranasal) vaccine
platform easily adjustable to new variants will aid in the
struggle against the rapidly evolving SARS-CoV-2. In the
present study, mice were vaccinated IN with NDV-HXP-S
BA.1 and BA.5 variant vaccines and the cellular and hu-
moral immune responses induced at different mucosal
sites were assessed. In addition, protection against SARS-
CoV-2 BA.1 infection was shown. Furthermore, we
determined the mucosal and systemic immunity after an
IM mRNA lipid nanoparticles (LNP) vaccination followed
by IN boosting with NDV-HXP-S in mice.

Methods

Cells

Baby hamster kidney cells stably expressing human
angiotensin converting enzyme 2 (BHK-ACE2) and
BHK-derived cell line stably expressing T7 RNA poly-
merase (BSRT7) were used in this study.*®* Douglas
Foster-1 (DF-1) cells were purchased from American
Type Culture Collection (ATCC, CRL-12203, RRID:
CVCL_0570). Cercopithecus aethiops kidney epithelial
cells expressing transmembrane protease, serine 2 and
human angiotensin-converting enzyme 2 (Vero E6-
TMPRSS2-T2A-ACE2) were purchased from ATCC
(NR-54970, RRID:CVCL_C7NK). BHK-ACE2, BSRT7
and DF-1 cells were maintained in Dulbecco’s Modified
Eagle’s Medium (DMEM; Gibco, REF 11995073) con-
taining 10% (vol/vol) heat inactivated fetal bovine serum
(FBS), 100 units/mL of penicillin and 100 ug/mL of
streptomycin (P/S; Gibco, REF 15140122) with BSRT7
and BHK-ACE2 cells kept at 37 °C and DF-1 cells at
39 °C with 5% CO,. Vero E6-TMPRSS2-T2A-ACE2 were
maintained in DMEM containing 10% (vol/vol) heat
inactivated FBS, 10 mM N-2-hydroxyethylpiperazine-N-
2-ethane sulfonic acid buffering agent (HEPES; Gibco,
REF 15630080) and 10 mg/mL puromycin (Gibco, REF
A1113803) at 37 °C with 5% CO,. Cell lines were
confirmed to be mycoplasma free upon arrival and
tested at monthly intervals.

Plasmids

Stabilizing Hexa-Pro (HXP) mutations (F817P, A892P,
A899P, A942P, K986P, V987P) were introduced into the
S-F chimera by PCR and the S-F sequence was sub-
sequently inserted into the pNDV_LS/L289A rescue
plasmid between the P and M genes using the In-Fusion
HD Cloning Kit by Takara Bio (Cat#639650) as

www.thelancet.com Vol 105 July, 2024

described.”*>* The HXP spike was adapted to new
variants by introducing the appropriate mutations into
the HXP-S sequence in silico and obtained as gBlock
gene fragments from Integrated DNA Technologies.”
The recombinant products were transformed into
MAX Efficiency Stbl2 chemically competent cells
(Thermo Fisher Scientific, REF 10268-019) to generate
the pNDV-HXP-S rescue plasmid. The plasmids were
purified using NucleoBond Xtra Maxi Plus kit
(Macherey—Nagel, REF 740416.50).

Rescue of NDV-HXP-S

As described in our previous studies,” BSRT7 cells
stably expressing the T7 polymerase were seeded onto
6-well plates at 5 x 10° cells per well in duplicate. The
next day, cells were transfected with 2 pg of pNDV-HXP-S,
1 pg of pPTM1-NP, 0.5 pg of pTM1-P, 0.5 pg of pTM1-L,
and 1 pg of pCI-T7opt and were re-suspended in 250 pL
of Opti-Minimum Essential Medium (Opti-MEM,
Gibco, REF 31985-070). The plasmid cocktail was then
gently mixed with 15 pL of TransIT LT1 transfection
reagent (Mirus, Prod. No. MIR 2305). To increase
rescue efficiency, BSRT7-DF-1 co-culture was estab-
lished the next day as described previously.* Specif-
ically, transfected BSRT7 and DF-1 cells were washed
with warm phosphate-buffered saline (PBS, pH 7.4,
Gibco, REF 10010-023) and trypsinised (using 3 mL of
0.05% Trypsin EDTA 1x, Gibco, REF 25300). Trypsi-
nised cells were neutralised with 6 mL of growth media.
BSRT7 cells were mixed with DF-1 cells (around 1:2.5)
in a 10-cm dish. The co-culture was incubated at 37 °C
overnight. The next day, the medium was removed, and
cells were gently washed with warm PBS twice, Opti-
MEM supplemented with 1% P/S, and 0.1 pg/mL of
tosyl phenylalanyl chloromethyl ketone (TPCK) - treated
trypsin was added. The co-cultures were incubated for
2 or 3 days before inoculation into 8- or 9-day-old spe-
cific pathogen-free (SPF) embryonated chicken eggs
(Charles River Laboratories). To inoculate eggs, cells and
supernatants were harvested and homogenised by
several syringe strokes. Two hundred pL of the mixture
were injected into each egg. Eggs were incubated at
37 °C for 3 days and cooled at 4 °C overnight. Allantoic
fluid was harvested from cooled eggs, and the rescue of
the viruses was determined by hemagglutination (HA)
assays. The genetic stability of the recombinant viruses
was evaluated across multiple passages in 10-day-old
SPF embryonated chicken eggs.”> Furthermore, RNA
of the rescued viruses were extracted, RT-PCR was
performed to amplify the cDNA segments of the viral
genome and then sequenced by Sanger sequencing
(Psomagen).

Preparation of concentrated virus

Allantoic fluid was clarified by centrifugation to remove
cell debris at 3441xg at 4 °C for 30 min using a Sorvall
Legend RT Plus Refrigerated Benchtop Centrifuge
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(Thermo Fisher Scientific) as described previously.”!
The allantoic fluid was carefully laid on top of a 20%
sucrose cushion in NTE buffer (100 mM NaCl, 10 mM
Tris-HCl, 1 mM ethylenediamine tetraacetic acid
(EDTA), pH 7.4). The live virus was pelleted through a
sucrose cushion, removing soluble egg proteins, via
ultra-centrifugation in a Beckman L7-65 ultracentrifuge
at 112,499xg for 2 h at 4 °C using a Beckman SW28
rotor (Beckman Coulter). After aspirating off the su-
pernatants, the virus pellets were re-suspended in PBS.
The total protein content was determined using the
bicinchoninic acid (BCA) assay (Thermo Fisher Scien-
tific, REF 23225).

Virus titration by EID;q

As described in our previous studies, the fifty percent of
egg embryo infectious dose (EIDsg) assay was per-
formed in 9- to 11-day old chicken embryonated eggs.**
The virus in allantoic fluid was 10-fold serially diluted in
PBS, resulting in 10~ to 10~'° dilutions of the virus. Of
each dilution, 100 pl were injected into each egg for a
total of 5-10 eggs per dilution. The eggs were incubated
at 37 °C for 3—4 days and then cooled at 4 °C overnight.
The allantoic fluid was subsequently collected and ana-
lysed by HA assay. The EIDs, titer of the NDV, deter-
mined by the number of HA-positive and HA-negative
eggs in each dilution, was calculated using the Reed and
Muench method.

Sodium dodecyl-sulfate polyacrylamide gel
electrophoresis (SDS-PAGE)

The concentrated NDV-HXP-S was mixed with 2x
Laemmli sample buffer (BIO-RAD, Cat. #1610737), 2-
mercaptoethanol (1:40, Sigma-Aldrich, M3148) and
PBS at appropriate amounts to reach a total protein
content of 15 pg in 50 pl per gel slot. The mixture was
heated at 90 °C for 5 min. The samples were mixed by
pipetting and loaded to a 4-20% 10-well Mini-Protean
TGX precast gel (Bio-RAD, Cat. #4561094). Ten pl of
the Novex Sharp Pre-Stained Protein standard (Thermo
Fisher Scientific, REF 57318) was used as the ladder.
The electrophoresis was run in Tris/glycine SDS/Buffer
(25 mM Tris, 192 mM glycine, 0.1% SDS, pH8.3). For
Coomassie blue staining, the gel was washed with
distilled water at room temperature (RT) several times
until the dye front in the gel was no longer visible. The
gel was stained with 20 mL of SimplyBlue SafeStain
(Thermo Fisher Scientific, LC6065) overnight. The
SimplyBlue SafeStain was decanted and the gel was
washed with distilled water several times until the
background was clear. Gels were imaged using the Bio-
Rad Universal Hood II Molecular imager (Bio-Rad) and
processed by Image Lab Software (Bio-Rad).

Ethics
All the animal experiments were performed in accor-
dance with protocols (PROT0202000098) approved by

the Icahn School of Medicine at Mount Sinai Institu-
tional Animal Care and Use Committee (IACUC).

Animal experiments

All the animals were housed in a temperature/humidity-
controlled facility with 12 h light/dark cycle. All experi-
ments with live SARS-CoV-2 were performed in the
Centers for Disease Control and Prevention/US
Department of Agriculture-approved biosafety level 3
(BSL-3) biocontainment facility of the Global Health and
Emerging Pathogens Institute at the Icahn School of
Medicine at Mount Sinai, in accordance with institu-
tional biosafety requirements. Healthy female mice that
are 6-8 week-old were used for this study due to their
behavioural stability as compared to male mice. Male
mice tend to be difficult to manage (especially in the
BSL-3 facility) because of their aggressive behaviour,
often resulting in inhumane consequences to their cage
mates and may compromise statistical power of the
study due to loss of animals.

Mouse immunization

Six-to eight-week-old female BALB/c mice (RRID:
IMSR_JAX:000651) were purchased from The Jackson
Laboratory (JAX). For IN vaccination, mice were anes-
thetised with a ketamine/xylazine cocktail before vac-
cine administration of 10 pl of total volume split
between each nostril of the anesthetised mouse. The live
concentrated NDV-HXP-S and its variant adapted ver-
sions were used at EIDs, of 10°, 10° or 10’ in PBS. The
animals were boosted with the same preparation 21 or
28 days after receiving the initial dose and for some
experiments received a third IN vaccination approxi-
mately 6 months later. Live purified WT NDV and PBS
were utilised as controls.

Six-to eight-week-old female B6.cg-Tg (K18-ACE2)
2Prlmn/] mice (RRID: IMSR_JAX:034860) were pur-
chased from The Jackson Laboratory (JAX) and were
vaccinated with Pfizer BNT162b2 mRNA vaccine at
0.25 pg or 5 pg intramuscularly twice with 3 weeks
apart. This vaccine was recovered from vaccination
centers at the Mount Sinai hospital and had undergone
one freeze thaw. Quality control tests were performed to
guarantee vaccine immunogenicity and effectiveness in
mice before the start of this study. Approximately 12
months after the second mRNA vaccine dose, animals
were boosted with NDV-based vaccine via the intranasal
route.

Viral challenge and passive serum transfer

For SARS-CoV-2 challenge studies, female B6.cg-Tg
(K18-ACE2)2Prlmn/J mice (RRID: IMSR_JAX:034860)
were intranasally infected with 3 x 10* plaque-forming
units (PFU) of SARS-CoV-2 BA.1 virus in 30 pl of to-
tal volume. For the passive transfer, serum was pooled
and 150 pl was administered per mouse via the intra-
peritoneal route 2 h before the challenge. Lung and
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nasal turbinates were harvested five days post challenge
and homogenised in 1 mL of sterile PBS. Viral titers in
the tissue homogenates were measured by plaque assay
on VERO E6 TMPRSS2 T2A ACE2 cells.

Enzyme-linked immunosorbent assay (ELISA)
ELISAs were performed as described previously to
measure spike-, receptor binding domain (RBD)- or
whole inactivated NDV-specific IgG and IgA in the
serum, nasal washes (NW), bronchoalveolar lavage fluid
(BALF), vaginal lavages (VL), and intestinal lavages (IL)
of mice vaccinated with NDV-HXP-S.***! Briefly, 96-well
polystyrene microtiter plates (Immulon 4HBX #3855;
Thermo Fisher Scientific) were coated with 50 pL/well
of recombinant spike or RBD (2 pg/mL) or whole
inactivated ND virus preparations (5 pg/mL) in 1x
coating buffer diluted from 10 x KPL coating solution
(SeraCare Life Sciences Inc., Cat. No.: 5150) overnight at
4 °C. The plates were then washed three times with
220 pL PBS containing 0.1% (v/v) Tween-20 (PBST).
The plates were subsequently blocked with 220 pL
blocking solution (3% goat serum, 0.5% dry milk, 96.5%
PBST) per well for 1 h at RT. After discarding the
blocking buffer, mouse sera were threefold serially
diluted in blocking solution starting at 1:30 dilution
while clarified NW, BALF, VL, and IL were twofold
serially diluted starting at 1:2 or undiluted. The plates
were subsequently incubated at RT for 2 h. Afterwards,
the plates were washed three times with 220 pl PBST
and 50 pL of Amersham ECL sheep anti-mouse IgG
Horseradish Peroxidase (HRP)-linked whole secondary
antibody (Cytiva Cat# NA931, RRID: AB_772210) at
1:3000 or HRP-conjugated goat anti-mouse IgA sec-
ondary antibody (Bethyl Cat# A90-103 P, RRID:
AB_67140) at 1:2000 was added. The plates were incu-
bated for 1 h at RT and washed 3 times with 220 pL
PBST. One hundred pL of o-phenylenediamine dihy-
drochloride (SigmaFast OPD, Sigma, P9187) substrate
was added per well. The plates were developed for
10 min and the reaction was stopped by adding 50 pL of
3 M hydrochloric acid (HCI, Thermo Fisher Scientific,
S25856) to each well. The optical density (OD) was
measured at 492 nm on a Synergy 4 plate reader
(BioTek) or similar instrument. An average of OD
values for blank wells plus three standard deviations was
used to set a cutoff value for each plate. The endpoint
titers were calculated and graphed using GraphPad
Prism 9.5.1 (GraphPad Software).

rcVSV-eGFP-CoV2-S neutralization assay

Replication-competent vesicular stomatitis virus carrying
an enhanced green fluorescent protein reporter and
expressing ancestral, BA.1, BA.5, BQ.1.1, or XBB.1.5
SARS-CoV-2 spike (rcVSV-eGFP-CoV2-S) in place of
VSV-G were produced as described previously.”” The
virus stocks were titrated on BHK-ACE2 cells. One day
prior to use in the neutralization assay, 2 x 10*
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BHK-ACE2 cells were seeded in flat bottom 96 well plates
(Corning Falcon, REF 353072). Pooled serum samples
were heat inactivated at 56 °C for 30 min before usage.
Virus stocks were pre-mixed with 4-fold serially diluted
serum, starting at 1:5, in DMEM-10%FBS-1%P/S and
incubated for 15 min at RT. The virus plus serum mix
was subsequently transferred onto the BHK-ACE2 target
cells. At 12 h post-infection, GFP counts were measured
using the Celigo imaging cytometer (Nexcelom Bio-
sciences, version 4.1.3.0). Each assay was done in dupli-
cates. For calculation of the inhibitory dilution at which
50% neutralization is achieved (IDso), GFP counts from
“no serum” conditions were set to 100%; GFP counts of
each condition (serum treated) were normalised to no
serum control wells. Inhibition curves were generated
using GraphPad Prism 9.5.1 (GraphPad Software) with
“log (inhibitor) vs normalised response-variable slope”
settings.

SARS-CoV-2 plaque assay

The plaque assay was performed in the BSL-3 facility of
the Icahn School of Medicine at Mount Sinai. The day
before the assay, 3 x 10° VERO E6 TMPRSS2 T2A ACE2
cells were seeded in 12-well plates (Thermo Fisher
Scientific, REF 130185). Lung and nasal turbinate
homogenates were 10-fold serially diluted in infection
medium (DMEM + 2% FBS + 1% P/S + 10 mM
HEPES). After removing the media from the cells,
200 pL of each tissue homogenate dilution were inocu-
lated onto each well. The dilutions used range from 107"
to 107, The plates were incubated at 37 °C for 1 h with
rocking every 15 min. Subsequently, the inoculum was
removed and 1 mL of agar overlay consisting of 0.7%
agar in 2x MEM +2% FBS was placed onto each well.
Once the agar was solidified, the plates were incubated
at 37 °C with 5% CO,. Two days later, the plates were
fixed with 4% formaldehyde in PBS overnight before
being taken out of the BSL-3 facility for subsequent
staining in BSL-2 facility. The cells were permeabilised
with 0.1% Triton X-100 in PBS for 15 min at room
temperature. The plaques were immuno-stained with an
anti-SARS-CoV-2 NP primary mouse monoclonal anti-
body 1C7C7 kindly provided by Dr. James Duty at
ISMMS. Amersham ECL sheep anti-mouse IgG
Horseradish Peroxidase (HRP)-linked whole secondary
antibody (Cytiva Cat# NA931, RRID: AB_772210) was
used at 1:2000 and the plaques were visualised using
TrueBlue Peroxidase Substrate (SeraCare Life Sciences
Inc., REF 5510-0030).

Lung and spleen processing

For IV (intravascular) labelling, mice were anesthetised
with a ketamine/xylazine cocktail. Non-responsive,
immobile animals were injected with 3 pg of BV421
Rat Anti-mouse CD45 antibody (BD Horizon, Cat:
563890, clone 30-F11, RRID: AB_2651151) in 50 pl
sterile PBS into the retro-orbital venous sinus.” After
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5 min of labelling, tissues were harvested and digested
immediately, protected from light.

For perfusion, a small incision in the left heart
ventricle was made. Using a small syringe, PBS was
injected into the right ventricle of the heart and colour
change of lungs and heart tissue was observed.

Lungs were dispersed into single-cell suspension by
mechanical disruption via a gentleMACS Octo Dissociator
with C-tubes (Miltenyi Biotec, Order no.:130096334) as
well as enzymatic digestion. The digestion mix consists of
liberase (Roche, REF 05401127001) and DNasel (Roche,
REF 10104159001) in Roswell Park Memorial Institute
(RPMI) 1640 medium (Gibco, REF 11875) and the lungs
were incubated for 30 min at 37 °C in the C-tubes. The
cell suspension was run through 70 pm cell strainer
(Fisher Scientific, Cat. No.: 22-363-548) into cold Hanks’
Balanced salt solution (HBSS, Gibco, REF 14025092) 1%
bovine serum albumin (BSA) and 2 mM EDTA. After
5 min of centrifugation at 500xg 4 °C, supernatant was
discarded and red blood cells were lysed using
ammonium-chloride-potassium (ACK) Lysing Buffer
(Gibco, A1049201). Cells were washed with HBSS 1%
BSA 2 mM EDTA. Cells were pelleted and re-suspended
in FACS (fluorescence-activated cell sorting) buffer (PBS
containing 1% BSA and 2 mM EDTA). Cells were counted
using the CellDrop FL automated cell counter (DeNovix).

The spleens were dispersed into single-cell suspen-
sions by mechanical disruption using a gentleMACS
Octo Dissociator with C-tubes filled with R10 media
(RPMI-1640 — 10% FBS — 1 x P/S — 1x GlutaMAX). The
homogenised tissues were run through 40 pm cell
strainer (Fisher Scientific, Cat. No.: 22-363-547) into
cold HBSS 1% BSA 2 mM EDTA. After 5 min of
centrifugation at 500xg 4 °C, supernatant was discarded
and red blood cells were lysed using ACK Lysing Buffer.
Cells were washed with HBSS 1% BSA 2 mM EDTA
and cell debris was removed by passing samples
through 40 pm cell strainer. Cells were pelleted and
re-suspended in FACS buffer. Cells were counted using
the CellDrop FL automated cell counter (DeNovix).

Lung and bronchoalveolar lavage fluid (BALF)
surface staining

Single cell suspensions from digested, red blood cell
(RBC)-lysed lung or BALF were transferred to 96-well
V-bottom plates (ThermoFisher) and centrifuged at
400xg for 5 min at room temperature. Supernatants
were discarded and cell pellets were resuspended with
50 pL/well of Fc Block (BD, clone 2.4G2, RRID:
AB_394656) diluted 1:100 in Staining Buffer (1% BSA
with 2 mM EDTA in PBS), then incubated at room
temperature for 5 min. After incubation with diluted Fc
Block, 50 pL/well of the following surface staining
cocktail diluted in Staining Buffer was added: CD3e
FITC (1:100, clone 145-2C11, BD, RRID: AB_394595),
IgA PE (1:100, clone mA-6E1, Invitrogen, RRID:
AB_465917), CD44 PE-CF594 (1:100, clone IM7, BD,

RRID: AB_11153123), CD8a PerCP (1:100, clone 53-6.7,
BD, RRID: AB_394573), CD69 PE-Cy7 (1:100, clone
H1.2F3, BD, RRID: AB_394508), CD103 APC (1:100,
clone 2E7, Invitrogen, RRID: AB_1106992), CD19 Alexa
Fluor 700 (1:100, clone 1D3, Invitrogen, RRID:
AB_837083), MHC II APC-Cy7 (1:100, clone MS5/
115.15.2, BD, RRID: AB_1659252), and Fixable Viability
Dye eFluor 450 (1:200, Invitrogen). Cells were surface
stained for 20 min at room temperature in the dark.
After surface staining, 120 pL/well of Staining Buffer
was added to all wells as the first wash step, then cells
were centrifuged for 400xg for 5 min at room temper-
ature. To wash a second time, supernatants were
discarded, cells were resuspended with 200 pL/well of
staining buffer, then centrifuged for 400xg for 5 min at
room temperature. Supernatants were discarded and
washed cell pellets were resuspended in 200 pL/well of
staining buffer, then transferred to fluorescence-
activated cell sorting (FACS) tubes for analysis. For
quantification of absolute numbers, 5 pL of CountBright
Absolute Counting Beads (Invitrogen) were added to
each sample, barring unstained cell controls. For each
single-stained compensation control, 1 pL of antibody
was added to 1 drop of UltraComp eBeads Plus (BD).

Lung SARS-CoV-2 S-specific Try surface staining

Single-cell suspensions from CD45 IV-labelled, digested
and RBC-ysed lungs were transferred to 96-well
V-bottom plates (ThermoFisher), centrifuged at 400xg
for 5 min at room temperature, supernatants were
decanted, then pellets were resuspended with 50 pL/
well of diluted Fc Block, as described above. Cells were
surface stained at room temperature for 20 min in the
dark by adding 50 pL/well of the following surface
staining cocktail diluted in staining buffer: CD3e FITC
(1:80, clone 145-2C11, BD, RRID: AB_394595), PE-
conjugated H-2K(b) VNFNFNGL Tetramer (1:100,
NIH Tetramer Core Facility), CD44 PE-CF594 (1:320,
clone IM7, BD, RRID: AB_11153123), CD8a PerCP
(1:160, clone 53-6.7, BD, RRID: AB_394573), CD69 PE-
Cy7 (1:80, clone H1.2F3, BD, RRID: AB_394508),
CD103 APC (1:80, clone 2E7, Invitrogen, RRID:
AB_1106992), MHC II Alexa Fluor 700 (1:160, clone
M5/115.15.2, Invitrogen, RRID: AB_494009), and
Fixable Viability Dye eFluor 780 (1:800, Invitrogen).
After surface staining, cells were washed twice with
staining buffer, as described above. Following the wash
steps, cells were resuspended with 100 pL/well of
Cytofix Fixation Buffer (BD) and incubated at room
temperature for 5 min in the dark. Cells were washed
twice with staining buffer then resuspended with
200 pL/well of staining buffer. Plates were foil sealed
and stored at 4 °C overnight in the dark. On the day of
acquisition, cells were resuspended then transferred to
FACS tubes for analysis. A fluorescence minus one
(FMO) control was generated for PE and a strain, sex,
and age-matched naive mouse that did not receive CD45

www.thelancet.com Vol 105 July, 2024


http://www.thelancet.com

Articles

BV421 [V-labelling was used to generate the unstained
lung cell control. Addition of counting beads and
preparation of compensation controls are as described
above.

Blood SARS-CoV-2 S-specific T cell surface staining
One volume of blood was collected into four volumes of
0.5 M EDTA in centrifuge tubes to prevent coagulation,
then pooled by group. Whole blood was stained with the
direct addition of 1 pL of PE-conjugated H-2K(b)
VNENFNGL tetramer (1:100, NIH Tetramer Core
Facility). Tubes were flicked to mix reagents then incu-
bated for 40 min at room temperature in the dark. After
incubation, the following antibodies or fluorescent dyes
were added directly to tubes containing tetramer-stained
whole blood: 1 pL of Fc Block (BD, clone 2.4G2, RRID:
AB_394656), 1 pL of CD8a PerCP (clone 53-6.7, BD,
RRID: AB_394573), 1 pL of CD3e Alexa Fluor 700 (clone
17A2, BioLegend, RRID: AB_493696), 0.5 pL of MHC II
eFluor 450 (clone MS5/115.15.2, Invitrogen, RRID:
AB_1272204), and 0.5 pL of Fixable Viability Dye eFluor
450 (Invitrogen). Tubes were flicked to mix and incu-
bated at room temperature for 20 min in the dark. After
incubation, 1 mL of staining buffer was added to each
tube to quench staining, then tubes were centrifuged at
400xg for 5 min at 4 °C. Supernatants were removed
using a pipette, then to fix and lyse RBCs, cell pellets
were resuspended with 200 pL of 1X eBioscience Foxp3/
Transcription Factor Fixation/Permeabilization Buffer
(Invitrogen), prepared according to manufacturer in-
structions. Cells were incubated for 10 min at room
temperature in the dark. After incubation, cells were
washed twice by adding 1 mL of staining buffer to each
tube, centrifuging at 400xg for 5 min at 4 °C, then
removing supernatants. After the final wash, cell pellets
were resuspended with 200 pL of staining buffer.
Compensation controls were prepared as described
above.

All flow cytometry samples were measured on a
Beckman Coulter Gallios flow cytometer equipped with
Kaluza data acquisition software. Analysis was per-
formed using Flow]Jo 10.8.1 (Treestar) and compensated
using the built-in AutoSpill algorithm.

Intracellular cytokine staining (1CS)

Splenocytes were resuspended in complete RPMI-1640
media (cRPMI, Gibco, Thermo Fisher Scientific) sup-
plemented with 10% w/v FBS (Gibco), 100 U/mL
penicillin, 100 pg/mL streptomycin (Gibco), and 2 mM
L-Glutamine (Gibco). Cells were seeded in V-bottom
96-well plates (CELLSTAR, Greiner Bio-One North
America Inc.) at an average of 2 x 10° cells/well in
cRPMI media containing anti-mouse CD28 (1:500, BD,
Cat# 557393, Clone 37.51, RRID: AB_394764), brefeldin
A (1:1000, GolgiPlug™, BD, Cat# 555029), and
monensin (1:1,000, GolgiStop™, BD, Cat# 554724).
Splenocytes were ex vivo stimulated with PepMix™
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SARS-CoV-2 or PepMix™ SARS-Cov-2 (Spike B.1.1.529/
BA.1/Omicron), a pool of 315 (158 + 157) peptides
(15-mer peptides with 11 amino acid overlap) spanning
the full length of the ancestral or BA.1 spike glycoprotein
(Cat# PM-WCPV-S-2, PM-SARS2-SMUTO08-1; JPT
Peptides), at a final individual peptide concentration of
5 pg/mL at 37 °C with 5% CO, for 8-10 h. Negative
control cells were stimulated with an equivalent volume
of Dimethylsulfoxide (DMSO). Positive control cells
were stimulated with a cocktail containing phorbol
12-myristate 13-acetate (0.5 mg/mlL, Sigma—-Aldrich) and
ionomycin (1 mg/mL, Sigma—Aldrich). The unstimulated
control cells were only treated with cRPMI media. After
stimulation, cells were washed with PBS containing 2%
FBS and centrifuged at 350xg for 5 min and then stained
with Zombie Red™ diluted in PBS (1:500, BioLegend,
Cat# 423109) for 15 min at RT in the dark. Cells were
washed in PBS containing 2% FBS (350xg for 5 min) and
incubated with surface staining cocktail containing Fc
Block CD16/CD32 (1:50, BD, Cat# 553141, RRID:
AB_394656) and the anti-mouse antibodies BV 711 CD3
(1:300, clone 17A2, BD, Cat# 100241, RRID:
AB_2563945), Pacific Blue CD4 (1:400, clone GK1.5,
BioLegend, Cat# 100428, RRID: AB_493647), PerCP/
Cy5.5 CD8 (1:200, clone 53-6.7, BioLegend, Cat#100734,
RRID: AB_2075238), BUV737 anti-CD44 (1:400, clone
IM7, BD, Cat# 612799, RRID: AB_2870126), and anti-
CD154 (1:100, clone MRI, Invitrogen, Cat# 12-154,
RRID: AB_465887) for 30 min at 4 °C in FACS buffer.
Cells were washed in FACS buffer and then incubated in
fixation/permeabilization buffer (CytoFix, BD, Cat#
554714) for 5 min at 4 °C. After fixation, cells were
washed in 1 x permeabilization buffer (CytoPerm, BD,
Cat# 554714), then incubated with the intracellular
staining cocktail containing anti-mouse antibodies Alexa
Fluor 647 IFN-y (1:400, clone XMG1.2, BioLegend, Cat#
505814, RRID: AB_493314), Alexa Fluor 488 TNF-a
(1:300, clone MP6-XT22, BioLegend, Cat# 506313, RRID:
AB_493328), PE/Cy7 IL-2 (1:300, clone JES6-5H4, Bio-
Legend, Cat# 503832, RRID: AB_2561750), APC IL-4
(1:400, clone 11B11, Biolegend, Cat# 504106, RRID:
AB_315320), and BV650 IL-17 (1:400, clone TC11-18H10,
BD, Cat# 564170, RRID: AB_2738641) in 1 x per-
meabilization buffer for 1 h at 4 °C. Samples were then
washed in 1 x permeabilization buffer and resuspended
in PBS buffer for acquisition. Samples were measured on
an Aurora spectral cytometer (Cytek) using SpectroFlo®
software (Cytek), with the relevant single fluorochrome
compensation controls set by the daily acquisition of
Cytometer Setup and Tracking beads. Analysis was per-
formed with FCS Express 7 (DeNovo Software) and
GraphPad Prism 9.5.1 (GraphPad Software).

B and T cell flow cytometry

To measure SARS-CoV-2 spike antigen-specific B cells,
tetrameric B cells probes were generated. Specifically,
spike (S) or receptor-binding domain (RBD) proteins of
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the ancestral or BA.1 strains, biotinylated at the
carboxyl-terminal avitag were purchased from R&D
Systems (ancestral spike: AVI10549-050; BA.1 spike:
AVI11060-050; ancestral RBD: AVI10500-050; BA.1
RBD: AVI11056-050). Streptavidin (SAV) that was fluo-
rescently labelled with R-phycoerythin (PE), allophyco-
cyanin (APC) or brilliant violet 711 (BV711) was
purchased from BioLegend (PE Steptavidin: Catalog No.
405204; APC Steptavidin: Catalog No. 405243; BV711
Steptavidin: 405241). Fifty microliters of the biotinylated
S was mixed with PE-SAV and APC-SAV at a molar ratio
of 6:1, or fifty microliters of the biotinylated RBD was
mixed with APC-SAV and BV711-SAV at a molar ratio of
4:1. The mixtures were incubated at 4 °C for 1 h with
rocking and the reaction was quenched by an equal
volume of 4 mM free biotin with another 30 min rock-
ing at 4 °C. Free biotin was removed with Amicon ultra-
0.5 (50Kd molecular weight cut-off) spin column at
14,000xg for 5 min at 4 °C. The samples were washed
once with cold PBS and were concentrated via spinning
at 14,000xg for 5 min at 4 °C. The volume was brought
up with cold sterile PBS to reach a spike protein con-
centration of 200 ng/mL and a RBD protein concen-
tration of 50 ng/mL. For surface staining of the
splenocytes, 1 x 10° live cells were seeded into 96-well
V-bottom plate. Cells were spun at 500xg at 4 °C for
5 min and were first stained with 1 pL of each of the two
or three probes (PE-SAV-S vs APC-SAV-S; PE-SAV-S vs
APC-SAV-S vs BV711-SAV-RBD; APC-SAV-RBD vs
BV711-SAV-RBD) in a total of 50 pL of the FACS buffer
for 1 h at 4 °C in the dark. One hundred microliters of
the FACS buffer were added to each well and cells were
spun down and washed once with another 150 pL FACS
buffer. One hundred microliters of FACS buffer con-
taining Fc block (anti-CD16/32, Catalog # 14-0161-82
eBioscience) at 0.5 mg/test were added to each well for
10 min at 4 °C before staining the cells with 50 pL of
the antibody cocktail for 30 min in the dark at 4 °C.
The antibody cocktail contains Zombie Red (1:400,
BioLegend, Cat# 423109) as the viability dye, Pacific
Blue anti-mouse CD3 (1:200, clone 17A2, BioLegend,
Cat# 100214, RRID: AB_493645), Alexa Fluor 700 anti-
mouse/human CD45R/B220 (1:200, clone RA3-6B2,
BioLegend, Cat# 103232, RRID: AB_493717), Brilliant
Violet 785 anti-mouse CD19 (1:100, clone 6D5, Bio-
Legend, Cat# 115543, RRID: AB_11218994), Brilliant
Violet 605 anti-mouse IgD (1:200, clone 11-26c.2a,
BioLegend, Cat# 405727, RRID: AB_2562887), APC/
Cyanie7 anti-mouse IgM (1:400, clone RMM-1, Bio-
Legend, Cat# 406516, RRID: AB_10660305), PerCP/
Cyanine 5.5 anti-MU/HU GL7 antigen (1:50, clone GL7,
BioLegend, Cat# 144610, RRID: AB_2562979), and PE/
Cyanine 7 anti-mouse CD38 (1:400, clone 90, Bio-
Legend, Cat# 102718, RRID: AB_2275531). The anti-
body cocktail was decanted and cells were washed once
with FACS buffer. To fix the cells, 50 pL of the 4%
methanol-free paraformaldehyde (PFA) was added and

incubated for 30 min in the dark at 4 °C. PFA was then
decanted and cells were washed once with FACS buffer.
Cells were then resuspended in FACS buffer and kept in
the dark at 4 °C before acquisition. Samples were
measured on an Aurora spectral cytometer (Cytek,
Fremont, CA, USA) using SpectroFlo® software
(Cytek), with the relevant single fluorochrome unmixing
reference controls set by the daily acquisition of
Cytometer Setup and Tracking beads. Analysis was
performed with FCS Express 7 (DeNovo Software) and
GraphPad Prism 9.5.1 (GraphPad Software). Total
antigen-specific memory B cells (MBC) were gated as
live CD3'B220*CD19*IgD"GL7 CD38™ double-probe
positive population and isotype switched (sw) antigen-
specific memory B cells (swMBC) were gated as live
CD3'B220*CD19*IgD IgM GL7"CD38"  double-probe
positive population. The frequency of the antigen-
specific MBC or swMBC out of the total MBC or
swMBC respectively was calculated and graphed.

Statistical analysis

The details about the type of statistical analysis conducted
for each experiment are listed in the respective figure
legends. Briefly, the statistical analysis was performed
using GraphPad Prism 9.5.1 (GraphPad Software). One-
way analysis of variance (ANOVA) or Kruskal-Wallis test
was used when only one factor in form of different
vaccination groups was analysed as in T and B cell studies
or plaque assays. Two-way ANOVA was chosen (some-
times after log transforming the data to normalise it),
when two factors in form of different vaccination groups,
different time points, different cytokines, different virus
variants or different antigens were analysed as in ELISAs
or ICS. ANOVAs and Kruskal-Wallis tests were followed
by Tukey’s or Dunn’s multiple comparisons test. For
Tukey’s multiple comparison test, every mean was
compared with every other mean. For Dunn’s multiple
comparisons test, the mean of each group was compared
with the mean of a control group (like PBS). Significance
was considered with p values equal or less than 0.05.

Role of funders

The funding sources for this study had no role in the
study design, data collection, analysis, interpretation, or
writing of the manuscript.

Results

Design and production of NDV-HXP-S Omicron BA.1
and BA.5 variant vaccines

NDV-HXP-S vaccines expressing a modified SARS-CoV-2
spike of BA.1 or BA.5 variants were generated.”” The
SARS-CoV-2 spike was stabilised in its prefusion (SO0)
conformation by introduction of six proline mutations
into the spike S2 region (F817P, A892P, A899P, A942P,
K986P, and V987P) and elimination of the polybasic
cleavage site (***RRAR®® to “®2-A-%%%) (Fig. 1a).* The
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HXP-S was anchored in the membrane of the NDV
virion by replacing the transmembrane domain (TM) and
cytoplasmic tail (CT) of the spike with those from the
fusion (F) protein of LaSota NDV. The transgene was
inserted between the P and the M genes. The HXP-S
nucleotide sequence was codon-optimised for mamma-
lian host expression and 36 mutations specific for VOC
BA.1 or 35 mutations specific for VOC BA.5 were intro-
duced compared to the ancestral NDV-HXP-S (Fig. 1a).
However, both Omicron spikes proved to be less stable
than the ancestral strain when the Omicron specific
mutations S371L, S373P, and S375F were included.*
Genetic engineering was performed by keeping those
amino acid positions as the ancestral serines to increase
spike stability of BA.1. Furthermore, position R452 in the
BA.5 was changed back to 452 L of the ancestral strain to
further enhance stability.” Additionally, G446S was
included for better T cell recognition in the BA.5 spike
(Fig. 1a).%

The NDV-HXP-S variant vaccines were rescued
using reverse genetics in BSRT7-DF-1 co-cell cultures
and further amplified in specific pathogen-free (SPF)
embryonated chicken eggs as described previously
(Fig. 1b).*>** The vaccine virus was concentrated and
cleared of soluble egg protein by subjecting the allantoic
fluid to ultra-centrifugation through a 20% sucrose
cushion. Subsequently, the virus was analysed by
sodium dodecyl-sulfate polyacrylamide gel electropho-
resis (SDS-PAGE) with Coomassie blue staining to
verify spike expression and stability. NDV-HXP-S BA.1
as well as BA.5 displayed a band below the NDV L
protein, between the 260 kDa and 160 kDa weight
markers, in accordance with the size of the uncleaved SO
protein (Fig. 1c).”> The BA.1 as well as the BA.S5
construct grew to similar titers and presented similar
spike expression levels compared to that of the ancestral
spike vaccine virus.

Intranasal administration of NDV-HXP-S vaccine
induces mucosal humoral and T cell memory
To highlight the potential of live NDV-HXP-S IN
vaccination for the induction of mucosal immunity,
BALB/c mice were vaccinated once or twice IN with 10°
or 10° fifty percent of egg embryo infectious dose
(EIDsg) of NDV-HXP-S expressing ancestral spike four
weeks apart (Fig. 2a). A vector-only control group was
included using 10° EIDs, of WT LaSota NDV, while a
negative control group was mock-vaccinated with PBS.
Serum and nasal washes were collected four weeks after
the prime, eight weeks after the prime and four weeks
after the boost. Additionally, bronchoalveolar lavage
fluid (BALF) was collected eight weeks after the prime
and four weeks after the boost and lungs were collected
four weeks after the boost (Fig. 2a).

Even a single IN vaccination with the higher dose of
10° EIDs, induced a strong systemic immune response
with comparable levels of serum IgG against the
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ancestral SARS-CoV-2 spike between single and double
immunization groups (with low levels of non-specific
binding encountered in the negative control groups)
(Fig. 2b). However, the lower vaccination dose needed a
boost to reach serum IgG titers of similar magnitude.
Corroborating results were obtained in nasal wash
antibody levels, as only mice receiving two doses
developed high levels of anti-SARS-CoV-2 spike IgA
and IgG (Fig. 2c and d). In our hands, only low levels of
IgA were detected in BALF (Fig. 2e). This might be due
to the low vaccination volume of 10 pl used, which
typically prevents the mice from deeply inhaling the
vaccine and thereby keeping the NDV-HXP-S in the
upper airways (not the lungs). In our opinion, keeping
the vaccine in the upper respiratory tract of the mice
closely imitates intranasal vaccination techniques in
humans.

Interestingly, we observed an increase in titers
between collection time points four and eight weeks
post prime even without an additional immunization.
This could indicate prolonged germinal center (GC)
reactions.””*

Although memory T cells do not provide sterilizing
immunity, they are key in overcoming viral infections once
the virus has escaped neutralizing humoral immunity.
Furthermore, memory T cells have been associated with
improved clinical outcome in SARS-CoV-2 infection.***
Therefore, we assessed tissue-resident memory T cells in
the lungs of mice vaccinated twice. An overall increase of
CD8" T cells with the canonical markers of T resident
memory (Try) cells, CD69 and CD103, was observed
in lung tissues after vaccination with 10° EIDs, of
NDV-HXP-S (Fig. 2f and g). A similar increase in Tgry
cells was detected in BALF of animals that received 10°
EIDso of NDV-HXP-S (Fig. 2h and i).

Thus, intranasal administration of NDV-HXP-S
induces local T cell responses in the lungs as well as
high IgA levels in the upper respiratory tract. Overall,
vaccinating twice three or four weeks apart proved to be
the most effective of the tested regimens, especially for
inducing mucosal immunity, and was therefore utilised
going forward.

NDV-HXP-S BA.1 and BA.5 variant vaccinations
increase strain specific humoral immunity

In order to test the immunogenicity of the newly
developed NDV-HXP-S BA.1 and BA.5 vaccine candi-
dates, BALB/c mice were vaccinated twice three weeks
apart IN with 10° EIDs, of NDV-HXP-S expressing
ancestral, BA.1 or BA.5 spike (Fig. 3a). Mice mock-
vaccinated with PBS were included as negative control
group. On day 21 post-prime serum was collected before
administering the booster. Three weeks later, serum,
nasal washes, vaginal lavages, and intestinal lavages
were harvested (Fig. 3b). Subsequently, antibody titers
in serum, nasal washes, vaginal lavages, and intestinal
lavages were tested against ancestral spike, ancestral
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Fig. 1: Design and production of NDV-HXP-S Omicron BA.1 and BA.5 variant vaccines. (a) Structure and design of the NDV-HXP-S genome. The
SARS-CoV-2 HexaPro spike sequences were inserted between the P and the M genes of the LaSota NDV strain. The ectodomain of the spike was
connected to the transmembrane domain and the cytoplasmic tail (TM/CT) of the F protein of NDV (ectodomain of the spike in beige; NDV
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RBD, BA.1 spike, BA.1 RBD, BA.5 spike, and BA.5 RBD
(Fig. 3c—g). At 21 days after the prime, serum IgG levels
of the ancestral spike vaccination group against ances-
tral spike and RBD were already very high with an
endpoint titer of around 10* (Fig. 3c). Similarly, the
BA.1 and BA.5 vaccination groups had high IgG titers
against homologous spikes and RBDs (the same spike/
RBD as the vaccine) (Fig. 3c). However, IgG titers
against heterologous spikes and RBDs (spikes/RBDs
different from the vaccine) were comparatively low (with
for example the BA.1 vaccination group having 30 times
higher IgG titers against the BA.1 spike than the
ancestral spike). At 21 days after the booster, binding
titers against homologous spikes and RBDs were further
increased (Fig. 3d). Additionally, serum IgG levels
against heterologous spikes and RBDs were greatly
improved, with endpoint titers increasing around
tenfold after boosting (Fig. 3d). While the broadening of
the serum antibody response via boosting improved the
titers of the ancestral spike vaccination group against
Omicron antigens, the serum antibodies of the Omicron
vaccine groups were still superior at binding the corre-
sponding Omicron RBDs (Fig. 3¢ and d). This is due to
a majority of the antibody evading mutations being
located in the RBD region. Similarly, BA.1 vaccination
induced the highest IgA titers against BA.1 antigens in
the tested nasal washes, while BA.5 vaccination elicited
the highest IgA titers against BA.5 antigens (Fig. 3e).
The same trend was observed in vaginal and intestinal
lavages (Fig. 3f and g; due to the limited quantity of
vaginal and intestinal lavages, not all ELISAs could be
run against all antigens). In summary, the Omicron
variant vaccine candidates show an increased ability to
induce IgG and IgA against BA.1 and BA.5 RBD. This
advantage in binding variant RBDs correlated with an
increase in serum neutralization titers against BA.1 and
BA.5 pseudotyped virus, respectively (Fig. 3h). The
antigenically distant variants BQ.1.1 and XBB.1.5 were
only neutralised at the highest concentrations by the
mismatched vaccine sera.

To further determine the protective capability of
serum antibodies induced by IN NDV-HXP-S

vaccination, a passive transfer experiment was con-
ducted (Supplementary Fig. S1a). To this end, sera from
each vaccination group was pooled and 150 pl was
administered intraperitoneally (IP) to each naive K18-
hACE2 mouse. Two hours post transfer, the mice
were challenged with 3 x 10* plaque-forming units
(PFU) of SARS-CoV-2 BA.1 virus. A healthy control
group was kept uninfected. Infectious viral titers in the
lungs and nasal turbinates were measured five days after
the challenge as readout of protection (Supplementary
Fig. S1b and c). Limited by the titer of our BA.1 virus
stock, the titers detected in tissues were relatively low.
While the poor virus replication diminished the effect of
vaccine-specific protection, we did observe a reduction
of viral titers in the lung homogenates of BA.1 serum
recipient mice compared to the PBS serum recipients
(Supplementary Fig. S1b). Additionally, a trend of
reduced viral titers in nasal turbinates was observed in
mice receiving BA.1 or BA.5 serum (Supplementary
Fig. S1c).

In secondary immune responses, memory B
lymphocytes provide rapid and efficient immune pro-
tection and are therefore of utmost importance to long
lasting immunity.” A big cluster of that population can
be found in the spleen.”” To measure antigen-
specificity of memory B cells (MBCs) in the spleens,
two separate tetrameric B cell probes for ancestral or
BA.1 spike, respectively, were used to stain memory B
cells (Supplementary Fig. S1). Additionally, we gated for
class-switched memory B cells that lack IgM and IgD
(therefore expressing IgG, IgA or IgE). It was observed
that vaccination with NDV-HXP-S expressing ancestral
spike led to significantly increased frequencies of
ancestral spike-specific memory B cells as well as
isotype switched memory B cells in spleens (Fig. 3i and
j). Likewise, administration of NDV-HXP-S BA.1
induced a pool of BA.1 spike-specific memory B cells,
many of which were isotype switched (Fig. 3k and ).

Thus, the NDV-HXP-S variant vaccines induce
potent mucosal and systemic antibody responses against
the respective VOC as well as antigen-specific memory
B cells.

components in blue). The original polybasic cleavage site was deleted by mutating ®82RRAR®®S to ©82-A-%85 The spike-stabilizing HexaPro
(F817P, A892P, A899P, A942P, K986P, and V987P) mutations were introduced. The sequence was codon-optimised for mammalian host
expression. The ancestral HXP-S sequence aligned with the new Omicron variants BA.1 and BA.5 is depicted. Amino acids of the ancestral
original HXP-S sequence are shown in green while changes for BA.1 or BA.5 are depicted in red. Amino acids that have been genetically
engineered are shown in purple. (b) Experimental scheme of NDV-HXP-S variant rescue. BSRT7 cells were transfected with pNDV-HXP-S and the
helper plasmids pTM1-NP, pTM1-P, pTM1-L, and pCl-T7opt.?® The next day, transfected BSRT7 cells were co-cultured with DF-1 cells. After two
or three days of incubation, co-cultures were inoculated into 8- or 9-day old specific pathogen-free (SPF) embryonated chicken eggs. Following
three days of incubation at 37 °C, eggs were cooled at 4 °C overnight and subsequently virus containing allantoic fluid was harvested. The
recombinant virus was amplified and passaged multiple times to confirm genetic stability. (c) Protein analysis of NDV-HXP-S BA.1 and BA.5.
NDV-HXP-S BA.1, BA.5 and ancestral were purified from allantoic fluid via ultra-centrifugation through a sucrose cushion and resuspended in
PBS. The purified viruses were resolved on 4-20% SDS page and the viral proteins visualised by Coomassie blue staining (L, SO, HN, N, P, and M).
The uncleaved SARS-CoV-2 SO spike protein is highlighted with an arrow.
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Fig. 2: Intranasal administration of NDV-HXP-S vaccine induces mucosal humoral and T cell memory. (a) Design of the study. Six to eight week-old
female BALB/c mice were intranasally immunised with 10° or 10° fifty percent of eqg embryo infectious dose (EIDso) of NDV-HXP-S expressing
ancestral spike. Four weeks later, half of the mice were boosted. The empty WT LaSota NDV vector (10° EID50) and PBS were used for vector-only
and negative control groups, respectively. Twenty-eight days after prime, sera (n = 10) and nasal washes (n = 5 or 4) were collected and 56 days
after prime (28 days after boost), serum (n = 5), nasal washes (n = 5 or 4), and bronchoalveolar lavage fluid (BALF) (n = 4 or 3) were collected to
assess binding antibody responses. Lung tissues and BALF were collected for T cell analysis (n = 5 or 4). (b-e) Measurement of ancestral spike-
specific (b) serum IgG, (c) nasal wash IgG, (d) nasal wash IgA, and (e) BALF IgA in naive mice, mice immunised with empty vector, mice
immunised with 10° EIDg, or mice immunised with 10° EIDs, of NDV-HXP-S ancestral; at four weeks after prime, four weeks after boost and eight
weeks after prime. The geometric mean titer (GMT) endpoint titers of the ELISA were graphed (an endpoint titer of one was assigned to negative
samples). The dashed line indicates the limit of detection (for nasal wash and BALF x-axis equals limit of detection). The error bars represent
geometric standard deviation (SD). (f-i) Staining for CD3, CD8, (D44, CD69, and CD103 was used to assess tissue resident memory cells (Trp) (f) in
the lungs and positive for CD8, (g) in the lungs and negative for CD8, (h) in the BALF and positive for CD8 and (i) in the BALF and negative for
CD8. Mean with SD was graphed. Statistical significance was calculated by means of [(b)-(e)] log transforming the data set to normalise followed
by a two-way analysis of variance (ANOVA) or [(f)-(i)] one-way ANOVA followed by Tukey's multiple comparisons test. The experiment was
conducted twice, pooled data are shown *p < 0.05.

Intranasal immunization with NDV-HXP-S variant

vaccines protects mice from homologous infection
A challenge experiment in K18-hACE2 mice was con-
ducted to test the in vivo protection provided by IN NDV-
HXP-S variant vaccination. To that end, mice were

vaccinated twice four weeks apart IN with 10° EIDs, of
NDV-HXP-S expressing ancestral, BA.1 or BA.5 spike
(Fig. 4a). In addition, a group mock-vaccinated with PBS
was included as negative control. One month after the
boost, the mice were challenged with 3 x 10* PFU of
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Fig. 3: NDV-HXP-S BA.1 and BA.5 variant vaccinations increase strain specific humoral immunity. (a) Design of the study. Six to eight week-old
female BALB/c mice were intranasally immunised twice 21 days apart with 10° EIDso of NDV-HXP-S ancestral, BA.1 or BA.5. PBS was used for a
negative control group. Twenty-one days after prime, serum was collected and 42 days after prime (21 days after boost), serum, nasal washes,
vaginal lavages, and intestinal lavages were collected to assess binding and neutralizing antibody response. Spleens were collected for memory B
cell analysis. (n = 10) (b) Anatomical scheme of harvesting nasal wash, intestinal lavage, and vaginal lavage. From each animal, nasal washes
from the upper respiratory tract, intestinal lavages from the gut and vaginal lavages from the genitourinary tract were harvested for IgA
measurement. (c-e) Measurement of ancestral spike, ancestral RBD, BA.1 spike, BA.1 RBD, BA.5 spike, and BA.5 RBD-specific (c) serum IgG at
the 1st time point (21 days post prime), (d) serum IgG at the 2nd time point (42 days post prime, 21 days post booster) and (e) nasal wash IgA
in mice (mock) immunised with PBS or 10° EID5o of NDV-HXP-S ancestral, BA.1 or BA.5. (f and g) Measurement of ancestral spike, ancestral
RBD, BA.1 RBD, and BA.5 RBD-specific (f) vaginal lavage IgA and (g) intestinal lavage IgA in mice (mock) immunised with PBS or 10° EIDg, of
NDV-HXP-S ancestral, BA.1 or BA.5. The GMT endpoint titers of the ELISA assay were graphed (an endpoint titer of one was assigned to
negative samples). The dashed line indicates the limit of detection. The error bars represent geometric SD. (h) Neutralization titers against
SARS-CoV-2 ancestral, BA.1, BA.5, BQ.1.1, or XBB.1.5 spike-pseudotyped vesicular stomatitis virus expressing GFP (rcVSVeGFP-CoV-2-S) were
measured in technical duplicates from pooled sera. Geometric mean with geometric SD of the inhibitory dilution at which 50% neutralization is

www.thelancet.com Vol 105 July, 2024

13


http://www.thelancet.com

Articles

14

SARS-CoV-2 BA.1 virus (Fig. 4a). A healthy control
group was kept uninfected. Five days after the challenge,
lungs and nasal turbinates were collected and infectious
viral titers in the tissues were determined (Fig. 4b and
). No infectious virus was detected in lung homoge-
nates of mice immunised with the NDV-HXP-S BA.1
variant vaccine matching the challenge virus used
(Fig. 4b). One animal of the BA.5 vaccination group
presented with low infectious titers in the lungs
compared to three out of five mice receiving the
ancestral vaccine (Fig. 4b). All NDV-HXP-S vaccines
prevented virus replication in the nasal turbinates
(Fig. 4c). No significant weight loss was detected in any
of the animals (Fig. 4d), as has been described by
others.”®* Therefore, mice IN vaccinated with NDV-
HXP-S BA.1 were protected from infection with
SARS-CoV-2 BA.1 with no virus found in the tissues
tested.

Comparing these results to the passive transfer data
(Supplementary Fig. S1), fewer of the IN vaccinated
animals had measurable viral titers than the animals
receiving sera. This emphasises the importance of the
mucosal aspect of immunity induced by IN vaccination.

A third vaccination increases mucosal as well as serum
antibody titers with no interference due to vector
immunity

An often-discussed topic when using viral vector
vaccines is the immunity developing against the vector
itself and how it could interfere with subsequent
boosting. In order to address these concerns, we vacci-
nated mice twice IN with 10° EIDs, of NDV-HXP-S
expressing ancestral spike three weeks apart (Fig. 5a).
WT LaSota NDV was used for a vector-only control
group. After 197 days, serum, nasal washes, vaginal
lavages, and intestinal lavages of the pre booster group
were collected. The other groups were vaccinated a third
time IN with 10° EIDs, of NDV-HXP-S expressing
ancestral or BA.1 spike (at the time of this experiment,
BA.5 was not yet available). Three weeks later, serum,
nasal washes, vaginal lavages, and intestinal lavages of
the 3x ancestral and 2x ancestral + BA.1 group were
collected.

We only observed a small decline in serum IgG as
well as nasal wash IgA titers of mice over 170 days after
their last vaccination (compare pre-booster mice Fig. 5b
with 2 b and 5c with 2 d), potentially indicating
prolonged GC reactions.”* While antibody titers

against whole inactivated NDV increased in all tested
samples after boosting, IgG and IgA levels against
SARS-CoV-2 spikes increased to a similar degree
(Fig. 5b—e). A third vaccination with the ancestral spike-
specific vaccine further increased serum IgG levels
against ancestral spike and RBD (Fig. 5b). The BA.1
booster increased the immunity against ancestral anti-
gens to a lesser extent, but improved anti-BA.1 spike
and RBD IgG levels (Fig. 5b). A similar increase was
observed for IgA levels in nasal washes, vaginal, and
intestinal lavages (Fig. 5c—e). Accordingly, both boosters
improved serum neutralization titers against the
ancestral pseudotyped virus substantially (Fig. 5f).
However, while the BA.1 booster improved ancestral
specific neutralization, it only increased BA.1 specific
neutralization titers threefold. We suspect that this is
due to antigenic imprinting, as similar results have been
reported for a variety of SARS-CoV-2 vaccines.*** ¢ This
is comparable to the phenomenon of original antigenic
sin observed in anti-influenza virus immune
responses.®>**

In summary, titers against ancestral spike can be
increased by three separate vaccinations with NDV as a
vector (3x ancestral or 2x ancestral + BA.1). These results
support multiple vaccinations with the same NDV
vector to increase protective antibody titers.

A mucosal boost with NDV-HXP-S in mice after
high-dose mRNA vaccinations improves cellular
and mucosal immunity
To assess the potential of IN NDV-HXP-S booster after
IM vaccinations, mimicking the real-world vaccination
scenario, K18-hACE2 mice were vaccinated twice with
5 pg of mRNA-lipid nanoparticles (LNPs, Pfizer/
BioNTech BNT162b2) 21 days apart (Fig. 6a). Over a
year later, the mice were boosted with 10° EIDso of
NDV-HXP-S expressing ancestral or BA.1 spike. An IM
mRNA-LNP vaccinated group received PBS IN as a
mock booster and was used as no booster control. An
additional group received PBS throughout the whole
vaccination schedule representing the naive control
group. One week after boosting, spleens were collected
for memory B cell analysis. Four weeks post-boost,
serum, nasal washes, vaginal lavages, intestinal
lavages, spleens, and lungs were collected (Fig. 6a).
The strong systemic immunogenicity of mRNA-LNPs
and the high dosage used led to high serum IgG titers
that were not significantly boosted by IN administration of

achieved (ID5) was graphed (IDg, of 1.5 was assigned to negative samples). The dashed line indicates the limit of detection. (i-l) Using two
separate tetrameric B cell probes for ancestral or BA.1 spike respectively, B cell subsets in the spleens were measured. This included (i) ancestral
spike specific memory B cells (CD3™ Live” B220" CD19" IgD™ GL7 CD38"), (j) isotype switched memory B cells specific for ancestral spike (CD3"
Live" B220" CD19" IgM™ IgD™ GL7™ CD38"), (k) BA.1 spike specific memory B cells and (I) isotype switched memory B cells specific for BA.1.
Mean with SD was graphed. Statistical significance was calculated by means of [(c)-(g)] log transforming the data set to normalise followed by
a two-way ANOVA or [(i)-(I)] one-way ANOVA followed by Tukey's multiple comparisons test. *p < 0.05; **p < 0.01; ***p < 0.001;

***¥p < 0.0001.
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Fig. 4: Intranasal immunization with NDV-HXP-S variant vaccines protects mice from homologous infection. (a) Design of the study. Six to
eight week-old female K18-hACE2 mice were intranasally immunised twice 28 days apart with 10° EID5, of NDV-HXP-S ancestral, BA.1 or BA.5.
PBS was used for a negative control group. Thirty-two days after the boost, the mice were challenged with 3 x 10* plaque-forming units (PFU)
of SARS-CoV-2 BA.1 (n = 5 or 4). One animal of the BA.1 vaccination group died during the challenge process unrelated to the vaccination or
virus. A healthy control group was kept uninfected (n = 5). (b and ¢) Measurement of viral titers in the (b) lungs and (c) nasal turbinates.
Tissues of the animals were collected on day 5 post challenge. The whole lungs or nasal turbinates were homogenised in 1 mL of PBS. The viral

www.thelancet.com Vol 105 July, 2024

15


http://www.thelancet.com

Articles

16

NDV-HXP-S (Fig. 6b). However, even though serum
antibody levels apparently reached a ceiling, IN boosting
with NDV-HXP-S increased IgA levels in nasal washes and
vaginal lavages, when comparing the endpoint titers of the
no booster group to ancestral and BA.1 groups (Fig. 6¢ and
d). Interestingly, there was no significant difference
detected between intestinal lavage groups as the animals of
the no booster control group still reached high intestinal
lavage IgA titers comparable to booster groups (Fig. Ge).
These high levels of IgA found in the intestinal lavages
could be due to the close proximity of the intestines to the
injection sites (hind limb) in combination with a high
enough vaccination dosage enabling antigen to circulate to
multiple lymph nodes. The high-dose mRNA vaccines
may have provoked a modest IgA-secreting B cell
responses within gut-associated lymphoid tissues.

Spleens were harvested on day 7 and day 28 after the
booster and antigen-specific memory B cells were sub-
sequently analysed using flow cytometry with tetrameric
B cell probes (Supplementary Fig. S2). Unexpectedly,
the NDV-HXP-S ancestral booster led to fewer isotype
switched memory B cells specific for the ancestral spike
than no booster (Fig. 6f and g). While the ancestral
spike-specific memory B cells seemed to be depleted in
the ancestral booster group, the memory B cells were
increased in the BA.1 booster group. The frequency of
isotype switched memory B cells specific for BA.1 spike
was similar across all vaccination groups 7 days after the
booster (Fig. 6h). However, three weeks later the
amount of memory B cells had increased for the BA.1
booster group, but stayed similar for the ancestral and
no booster groups (Fig. 6i). These data suggest that the
antibody responses observed after boosting stem from a
memory B cell recall response, not naive B cell devel-
opment. Recent publications have observed a similar
phenomenon in humans after boosting with mRNA
Omicron vaccines.® Furthermore, an increase in cross-
reactive RBD binding memory B cells was detected 28
days after boosting with NDV-HXP-S BA.1 (Fig. 6j).
These changes of the memory B cell pool induced by the
BA.1 booster could lead to better protection against BA.1
upon future exposure.

In order to assess the effect of the IN NDV-HXP-S
booster on eliciting spike-specific circulating and extra-
vascular CD8" T cells, intravascular (IV) labelling with
an anti-CD45 antibody was performed.”® To identify
antigen-specific CD8" T cells, the harvested lung cells
were labelled with major histocompatibility complex
(MHC) class I tetramers loaded with spike epitope
VNENFNGL (Supplementary Fig. S3), which is

conserved between the ancestral, the BA.1 and recent
strains like XBB.1.5. Four weeks after boosting, the
ancestral and the BA.1 booster group displayed an in-
crease in IV" memory CD8" T cells compared to the no
booster group (Fig. 6k). This population of memory
CD8" T cells recognizing the SARS-CoV-2 spike is in the
pulmonary vasculature (IV*). Furthermore, both NDV-
HXP-S boosters expanded the pool of spike-specific
memory CD8" T cells in the parenchyma (Fig. 6l),
identifiable by their lack of IV CD45 labelling (IV"). This
pool consists mostly of peripheral tissue-circulating
effector memory T cells (Tgwm).**” Additionally, a slight
increase in the population of vasculature-associated or
circulating (IV") CD69" CD103* CD8" T cells was
detected (Fig. 6m). These cells are not bona fide CD8"
Try cells (IVT CD69" CD103* CD8* T) but precursors in
vasculature prior to moving to their dedicated niche.®
Finally, we saw a boost in Try cells 4 weeks after IN
administration of NDV-HXP-S expressing ancestral
spike (Fig. 6n). It appears that priming with the same
antigen (ancestral spike via IM mRNA-LNPs)
strengthens the lung Try recruitment by the IN NDV-
HXP-S booster.”¢** Overall, as the majority of
antigen-specific CD8" T cells are IV7, it is also in these
populations where we observed the biggest improve-
ments after boosting.*”°

To further characterise the systemic memory T cell
response, intracellular cytokine staining was performed
on harvested splenocytes after overnight ex vivo stimu-
lation with an ancestral or BA.1 spike peptide pool
(Supplementary Fig. S4). Based on an increase in the
frequency of IFN-y*, TNF-o", and IL-2" T cells, we found
that IN administration of NDV-HXP-S led to a higher
number of ancestral spike-specific CD4™ T cells pheno-
typically resembling T helper type 1 cells (Tyl) four
weeks after boosting (Fig. 6o and q). Only a slight in-
crease in Ty2 (IL-4) and no increase in Tyl7 (IL-17)
CD4" T cells was observed. Furthermore, the NDV-
HXP-S booster induced an expansion of cytotoxic T
lymphocyte-like CD8" T cell populations (Fig. 6p and r).

Thus, in an experimental setup where the serum
antibodies have already reached a ceiling after primary
IM mRNA-LNP vaccination series, boosting IN with
NDV-HXP-S can still improve other arms of immune
responses. Specifically, mucosal IgA and spike-specific
CD8" memory T cells are induced in the lungs and
the systemic T cell response is improved as well. Finally,
boosting with NDV-HXP-S BA.1 has the potential to
reshape the memory B cell pool for better Omicron
coverage.

load was measured by plaque assay on VERO E6 TMPRSS2 T2A ACE2 cells and graphed as GMT of PFU/ml (a titer of 25 PFU/mL was assigned to
negative samples). The dashed line indicates the limit of detection. The error bars represent geometric SD. (d) Body weight of mice infected
with SARS-CoV-2 BA.1. Data are mean with SD. Statistical significance was calculated by means of [(b) and (c)] Kruskal-Wallis test followed by

Dunn’s multiple comparisons test. *p < 0.05; **p < 0.01.
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Fig. 5: A third vaccination increases mucosal as well as serum antibody titers with no interference due to vector immunity. (a) Design of the
study. Six to eight week-old female BALB/c mice were intranasally immunised twice 21 days apart with 10° EID5o of NDV-HXP-S ancestral or WT
LaSota NDV vector. After 197 days, serum of the WT NDV control group as well as serum, nasal washes, vaginal lavages, and intestinal lavages
of the animals of the control group pre booster (vaccinated twice with NDV-HXP-S expressing ancestral spike) were collected to assess binding
and neutralizing antibody response. The other mice were boosted IN with 10° EIDs, of NDV-HXP-S ancestral or BA.1. Twenty-one days later, on
day 218, serum, nasal washes, vaginal lavages, and intestinal lavages of booster groups 3x ancestral and 2x ancestral + BA.1 were collected to
assess binding and neutralizing antibody response. (n = 5 or 15) (b) Measurement of ancestral spike, ancestral RBD, BA.1 spike, BA.1 RBD, and
whole inactivated NDV-specific serum IgG. (c-e) Measurement of ancestral spike, BA.1 spike, and whole inactivated NDV-specific (c) nasal wash
IgA, (d) vaginal lavage IgA and (e) intestinal lavage IgA in mice immunised twice with 10° EIDs, of NDV-HXP-S ancestral, three times with
NDV-HXP-S ancestral or immunised twice with NDV-HXP-S ancestral and boosted once with BA.1. The GMT endpoint titers of the ELISA assay
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A mucosal boost with NDV-HXP-S in mice after
low-dose mRNA vaccinations improves multiple
arms of adaptive immunity
In order to further explore the antibody changes
induced by IN NDV-HXP-S booster after IM mRNA
vaccinations, we used K18-hACE2 mice that received
lower dose (0.25 pg) of mRNA-LNPs (Pfizer/BioNTech
BNT162b2) than those in the previous study (Fig. 7a vs
Fig. 6a). After over 14 months, mice were boosted IN
with 10° or 10’7 EIDs, of NDV-HXP-S. The mice
received either an ancestral, BA.1 or bivalent (BIV, equal
amounts of ancestral and BA.1 spike expressing NDV-
HXP-S to a total of the stated EIDso) formulation
(Fig. 7b). For animals of the no booster control group,
PBS was used instead of NDV-HXP-S. The sex- and age-
matched naive control group received PBS throughout
the whole vaccination regimen. One week after IN
boosting, the mice were bled via submandibular vein
(Fig. 7a). Four weeks after the NDV-HXP-S adminis-
tration, serum, nasal washes, vaginal lavages, intestinal
lavages, spleens, and lungs were collected and analysed.
Four weeks after the booster, the serum IgG levels
against ancestral and BA.1 spike were still very high in
all vaccination groups with endpoint titers of 10° or
higher (Fig. 7c). Therefore, only slight improvements in
spike binding titers were observed after high dosage
(EIDs of 107) IN boosting. Interestingly, we detected an
improvement in ancestral and BA.1 RBD binding titers
upon boosting with every NDV-HXP-S formulation
(Fig. 7c). It has been reported before that NDV-HXP-S
vaccination elicits an RBD-focused antibody response
and this seems also to be the case for utilizing NDV-
HXP-S as a booster.” No IgA against spike or RBD
was detected in nasal washes of animals not receiving an
IN booster as opposed to the booster groups which all
had good IgA titers (Fig. 7d). Animals receiving higher
dosages of NDV-HXP-S also developed higher nasal
wash IgA levels. Similarly, only animals receiving NDV-
HXP-S IN produced ancestral and BA.1 spike binding
IgA in their genitourinary tract (Fig. 7e). While some
spike binding IgA was found in the intestinal lavages of
animals only receiving IM mRNA-LNP vaccination, all
IN Dboosters improved intestinal lavage IgA titers
(Fig. 7f). Finally, the previously described improvements
in serum RBD-binding IgG levels translated into an
increase of pseudotyped virus neutralization titers
(Fig. 7g). As expected from animals only immunised
with the ancestral spike, the no booster group neutral-
ised ancestral pseudotyped virus well, but failed at

efficiently neutralizing the Omicron variants (Fig. 7g).
In comparison, all the NDV-HXP-S formulations
improved Omicron neutralization titers (Fig. 7g).
Nonetheless, the boosters containing the NDV-HXP-S
BA.1 component had the biggest impact, inducing
neutralization titers against BA.1 as well as BA.5 pseu-
dotyped virus. This suggests the induction or boosting
of cross-reactive antibodies, some of which are neutral-
izing. This is consistent with our findings for memory B
cells, where we observed that a mucosal monovalent
BA.1 booster can increase BA.l-specific and RBD-
targeting cross-reactive memory B cells (Fig. 6i and j).
However, variants known to be substantially antigeni-
cally distant, like BQ.1.1 and XBB.1.5, were not effi-
ciently neutralised. The mechanism of such
observations needs further investigation. Overall, the
low dosage monovalent NDV-HXP-S BA.1 booster
induced the highest level of BA.1 neutralization anti-
bodies, while the high dosage bivalent booster showed a
compelling capacity to improve both ancestral as well as
BA.1 neutralization titers (Fig. 7g).

Regarding cellular immunity, mice were bled 7 days
after the booster and the blood analysed for antigen-
specific CD8" T cells with MHC 1 tetramer staining
(Fig. 8a). All formulations of the NDV-HXP-S IN
booster induced an increase in CD8" T cells circulating
in the blood compared to the no booster and naive
controls.

Four weeks after IN administration of NDV-HXP-S,
the lungs were examined for antigen-specific CD8"
T cells in lung vasculature and parenchyma (Fig. 8b—e).
In line with our previous finding of increased CD8"
T cells in the blood seven days after boosting, we also
detected a rise in the number of circulating memory
CD8" T cells in the lungs 28 days after boosting
(Fig. 8b). Furthermore, we observed a slight trend of an
increase of IV™ memory CD8" T cells binding the anti-
gen tetramer after IN NDV-HXP-S administration
(Fig. 8c). However, no improvement in the pool of IV*
CD69* CD103" CD8" T cells was detected (Fig. 8d).
Interestingly, only the high dosage ancestral booster was
able to increase the frequency of CD8" Tgy cells in the
lungs (Fig. 8e). As discussed previously, priming with
the same antigen might be needed for efficient Try
induction.?>*#*

Polyfunctional T cells have been shown to be
important parameters of immune protection due to
their increased cytokine production efficiency.”"”
Therefore, we analysed the harvested splenocytes by

were graphed (an endpoint titer of one was assigned to negative samples). The dashed line indicates the limit of detection (for vaginal lavage
x-axis equals limit of detection). The error bars represent geometric SD. (f) Neutralization titers against SARS-CoV-2 ancestral, BA.1, BA.5,
BQ.1.1, or XBB.1.5 spike-pseudotyped vesicular stomatitis virus expressing GFP (rcVSVeGFP-CoV-2-S) were measured in technical duplicates
from pooled sera. Geometric mean with geometric SD of the D5, was graphed (IDs of 1.5 was assigned to negative samples). The dashed line
indicates the limit of detection. Statistical significance was calculated by means of [(b)-(e)] log transforming the data set to normalise followed

by a two-way ANOVA followed by Tukey’s multiple comparisons test.
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Fig. 6: A mucosal boosting with NDV-HXP-S in mice with ceiling serum antibodies induced by high-dose mRNA vaccinations improves cellular
and mucosal immunity. (a) Design of the study. Six to eight week-old female K18-hACE2 mice were intramuscularly immunised twice 21 days
apart with 5 pg of mRNA-lipid nanoparticles (LNPs, Pfizer/BioNTech BNT162b2). After 382 days, the mice were boosted IN with 10° EIDy, of
NDV-HXP-S ancestral or BA.1. A no booster group received PBS. A naive control group received PBS throughout the whole vaccination schedule.
After 389 days (seven days after boosting), spleens were collected. After 410 days (28 days after boosting), serum, nasal washes, vaginal
lavages, and intestinal lavages were collected to assess binding antibody response. Spleens were collected to analyse memory B and T cells.
Lungs were collected to analyse CD8" T cells. (n = 5 or 4) (b) Measurement of ancestral spike, ancestral RBD, BA.1 spike and BA.1 RBD-specific
serum IgG harvested 28 days after the booster. (c-e) Measurement of ancestral spike and BA.1 spike-specific (c) nasal wash IgA, (d) vaginal
lavage IgA and (e) intestinal lavage IgA harvested 28 days after boosting mice with 10° EIDs, of NDV-HXP-S ancestral or BA.1 or PBS
(no booster and naive control groups). The GMT endpoint titers of the ELISA assay were graphed (an endpoint titer of one was assigned to
negative samples). The dashed line indicates the limit of detection (for vaginal lavage x-axis equals limit of detection). The error bars represent
geometric SD. (f-j) Using two separate tetrameric B cell probes for ancestral or BA.1 spike respectively as well as an ancestral RBD probe, B cell
subsets in the spleens were measured. This included (f) isotype switched memory B cells specific for ancestral spike seven days after boosting,
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Fig. 7: A mucosal boost with NDV-HXP-S in mice after low-dose mRNA vaccinations improves serum antibody binding and neutralization titers
and induces mucosal IgA responses. (a and b) Design of the study and groups. Six to eight week-old female K18-hACE2 mice were intra-
muscularly immunised twice 21 days apart with 0.25 pg of mMRNA-LNPs (Pfizer/BioNTech BNT162b2). After 445 days, the mice were boosted IN
with 10° or 107 EID5o of NDV-HXP-S ancestral, BA.1 or bivalent (BIV, equal amounts of ancestral and BA.1 to a total of 10° or 107 EIDsp). A no
booster group received PBS. A naive control group received PBS throughout the whole vaccination schedule. After 452 days (seven days after
boosting), serum was collected to assess blood circulating CD8" T cells. After 473 days (28 days after boosting) serum, nasal washes, vaginal
lavages, and intestinal lavages were collected to assess binding and neutralizing antibody response. Spleens were collected to analyse T cells.
Lungs were collected to analyse CD8" T cells. (n = 5) (c and d) Measurement of ancestral spike, ancestral RBD, BA.1 spike, and BA.1 RBD-specific
(b) serum IgG and (c) nasal wash IgA. (e and f) Measurement of ancestral spike and BA.1 spike-specific (d) vaginal lavage IgA and (e) intestinal
lavage IgA harvested 28 days after boosting mice with 10° or 10’ EID5o of NDV-HXP-S ancestral, BA.1 or BIV or PBS (no booster and naive
control groups). The GMT endpoint titers of the ELISA assay were graphed (an endpoint titer of one was assigned to negative samples). The
dashed line indicates the limit of detection (for nasal wash and vaginal lavage x-axis equals limit of detection). The error bars represent
geometric SD. (g) Neutralization titers against SARS-CoV-2 ancestral, BA.1, BA.5, BQ.1.1, or XBB.1.5 spike-pseudotyped vesicular stomatitis virus
expressing GFP (rcVSVeGFP-CoV-2-S) were measured in technical duplicates from pooled sera. Geometric mean with geometric SD of the IDgq
was graphed (IDso of 1.5 was assigned to negative samples). The dashed line indicates the limit of detection. Statistical significance was
calculated by means of [(c)-(f)] log transforming the data set to normalise followed by a two-way ANOVA followed by Tukey's multiple
comparisons test.

(g) isotype switched memory B cells specific for ancestral spike 28 days after boosting, (h) isotype switched memory B cells specific for BA.1
spike seven days after boosting, (i) isotype switched memory B cells specific for BA.1 spike 28 days after boosting (CD3™ Live" B220" CD19" IgM~
IgD™ GL7™ CD38") and (j) cross-reactive memory B cells (gated ancestral RBD vs BA.1 spike, CD3" Live” B220" CD19" IgD~ GL7~ CD38"). Mean
with SD was graphed. (k-n) Using CD45 intravascular (IV) labelling as well as tetramer staining, intravascular (IV*) and extravascular (IV7) CD8*
T cells specific for SARS-CoV-2 spike were measured in the lungs 28 days after boosting. This included (k) IV* memory CD8" T cells, (I) IV~
memory CD8" T cells (CD3" MHC II” CD44"), (m) IV* CD69" CD103" CD8™ T cells (CD3* MHC II” CD44" CD69* CD103"), and (n) IV~ CD8™ Trpm
cells (CD3" MHC II” CD44" (D69 CD103"). Mean with SD was graphed. (o-r) Twenty-eight days after boosting, splenocytes were isolated and
restimulated with an ancestral or BA.1 spike specific peptide pool. Intracellular cytokine staining was used to measure antigen-specific pro-
duction of IFN-y, TNF-a, IL-2, IL-4, and IL-17 by CD44" CD4" or CD44" CD8" T cells out of total CD44" CD4" or CD44" CD8" T cells. Mean with
SD was graphed. Statistical significance was calculated by means of [(b)-(e)] log transforming the data set to normalise followed by a two-way
ANOVA, or [(f)-(n)] one-way ANOVA, or [(0)—(r)] two-way ANOVA followed by Tukey's multiple comparisons test.
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Fig. 8: A mucosal boost with NDV-HXP-S in mice after low-dose mRNA vaccinations improves T cell responses in blood, lungs and spleens.
(a) Using tetramer staining, CD8" T cells specific for SARS-CoV-2 spike were measured in the blood seven days after boosting (CD3* MHC II7).
Blood of individual animals was pooled for each group. Mean was graphed. (b-e) Using CD45 IV labelling as well as tetramer staining,
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intracellular cytokine staining after peptide ex vivo
stimulation (Fig. 8f-I; Supplementary Fig. S5). We
found that IN boosting with NDV-HXP-S elicited a Ty1
like CD4" polyfunctional T cell response with produc-
tion of IFN-y, TNF-a, and IL-2 by spike-specific cells
(Fig. 8f and h). A higher dosage of NDV-HXP-S led to
more polyfunctional CD4" T cells compared to the lower
dosage of the same formulation (Fig. 8f and h). The
bivalent NDV-HXP-S booster induced similar amounts
of polyfunctional CD4" T cells specific for the ancestral
spike as the ancestral booster (Fig. 8f). However, the
bivalent booster did not have the same impact on BA.1
spike-specific T cells, with the BA.1 as well as the
ancestral formulation being more effective at increasing
the numbers of BA.1 spike-specific T cells (Fig. 8h). The
BA.1 booster led to the biggest surge in polyfunctional
T cells specific for the BA.1 spike. None of the boosters
induced big increases of CD8" polyfunctional T cells
compared to the no booster group (Fig. 8g and i).

Thus, boosting mice with IN NDV-HXP-S after IM
vaccinations improved systemic humoral immunity as
displayed by increased serum neutralization titers.
Furthermore, mucosal immunity was induced in the
upper respiratory tract, the gut, and the genitourinary
tract. The booster also increased CD8" T cell levels in
the blood and lungs as well as polyfunctional T cell
numbers in the spleens.

Discussion

In this study, we constructed variant vaccines of the
Omicron BA.1 and BA.S strains utilizing the NDV
vaccine platform and evaluated intranasal administra-
tion in mice. Vaccination with one or two doses of
NDV-HXP-S elicited robust systemic as well as mucosal
humoral immunity. The variant vaccines induced sys-
temic neutralizing antibody responses against BA.1 and
BA.5 and protected against variant matched challenge.
Additionally, isotype switched memory B cells specific
for the spike antigen were found in the spleens.
Furthermore, we observed high IgA titers in nasal
washes, vaginal, and intestinal lavages. The neutralizing
activity of mucosal antibodies was not measured and is a
limitation of this study. While vaccination occurred in
the upper respiratory tract, immunity was induced at all
mucosal sites tested. This observation suggests that IN
NDV-HXP-S vaccination promotes homing of IgA
memory B cells to a variety of different mucosal sites.”
This could be leveraged in the future for targeting other

pathogens that infect via the mucosal route like human
papillomavirus (HPV), human immunodeficiency virus
(HIV) or poliovirus.

Recent preclinical studies have shown that IN SARS-
CoV-2 vaccines not only prevent disease but also reduce
viral shedding and transmission.'*** The majority of
currently utilised and highly efficacious COVID-19
vaccines is based on mRNA technology, administered
IM.”* Therefore, developing an IN booster for adminis-
tration after IM mRNA vaccinations, providing all the
advantages that come with strong mucosal immunity, is
key. We show that NDV-HXP-S used as an IN booster
has great efficacy at inducing robust mucosal immunity
after IM mRNA-LNP vaccination. Even in mice of old
age, IgA responses were detected in the upper respira-
tory tract, the gut, and the genitourinary tract after
boosting IN with NDV-HXP-S. This could have major
implications in future booster administrations of elderly
individuals, who do not generate as robust of an im-
mune response to IM vaccinations or boosters, are at
high-risk of severe disease following respiratory viral
infections, and could greatly benefit from elicitation of
local, protective immunity in the respiratory tract.
Furthermore, CD8" T cell populations increased in the
lungs of mice boosted IN with NDV-HXP-S. While the
majority of induced CD8" T cells in the lungs were
intravascular, a substantial increase in extravascular
antigen-specific Ty cells was achieved upon boosting
with NDV-HXP-S expressing ancestral spike. We spec-
ulate that circulating CD8" T cells induced by the IM
priming expand during the recall response triggered by
the booster. Subsequently, these circulating memory
CD8" T cells are recruited to the lungs. There, they may
differentiate into Tgry cells. It appears that an antigen
similar or identical to the antigen used for priming is
necessary in order to guide pre-existing CD8" T cell
populations to the site of boosting and potentially
amplify them there. A similar prime-pull effect has been
reported in the female genital tract of mice.®® Taken
together, this provides a rationale to implement IN
boosters into current SARS-CoV-2 vaccination sched-
ules, and potentially for other respiratory pathogens.

Many of the current clinical trials of mucosal vac-
cines utilise live-attenuated or replication-deficient viral
vectors. It has been established that vector immunity
can lead to reduced immunogenicity, severely inhibiting
the potential of viral vector vaccines.””” We demon-
strated, that while immunity against the NDV vector is

intravascular (IV*) and extravascular (IV™) CD8™ T cells specific for SARS-CoV-2 spike were measured in the lungs 28 days after boosting (n =5 or
4). This included (b) IV* memory CD8" T cells, () IV™ memory CD8™ T cells (CD3* MHC I CD44"), (d) IV* CD69" CD103" CD8* T cells (CD3*
MHC II” CD44" CD69* (D103%), and (e) IV~ CD8" Ty cells (CD3* MHC II” CD44" CD69* CD103"). Mean with SD was graphed. (f-i) Twenty-
eight days after boosting, splenocytes were isolated and restimulated with an ancestral or BA.1 spike specific peptide pool (n = 5 or 4).
Intracellular cytokine staining was used to measure antigen-specific production of IFN-y, TNF-o, and IL-2 by CD4" or CD8" T cells out of total
CD4" or CD8" T cells. Polyfunctional T cell populations positive for two markers are shown. Mean with SD was graphed. Statistical significance
was calculated by means of [(b)-(e)] one-way ANOVA or [(f)-(i)] two-way ANOVA followed by Tukey’'s multiple comparisons test.
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induced, it does not prevent further boosting of
neutralizing anti-spike and RBD antibody titers.
NDV-antigen-specific cellular immunity was not
explored and represents a limitation of this study that
we plan to address in future work.

The WHO Technical Advisory Group on COVID-19
Vaccine Composition (TAG-CO-VAC) has published
their recommendations on the antigen composition of
future COVID-19 vaccines, suggesting the use of a
monovalent XBB.1 descendent lineage as the vaccine
antigen.” This recommendation was supported by The
European Medicines Agency (EMA), arguing that a
monovalent vaccine against the XBB.1 lineage is
reasonably effective at protecting against circulating
strains and possibly further variants.”” The FDA’s
Vaccines and Related Biological Products Advisory
Committee (VRBPAC) argued similarly, voting unani-
mously for a monovalent XBB-lineage based COVID-19
vaccine, preferably XBB.1.5.* As a proof of principle,
we demonstrated boosting with monovalent IN NDV-
HXP-S BA.1 after priming with ancestral antigen using
mRNA-LNPs. We measured an increase in neutralizing
serum IgG titers against BA.1 and BA.5. Interestingly,
when repeatedly vaccinating with the same vaccine via
the same route (IN NDV-HXP-S) we saw antigenic
imprinting/sin. In contrast, upon heterologous boosting
(IM mRNA LNP followed by IN NDV-HXP-S) we
observed a prominent Omicron specific neutralizing
antibody response. Furthermore, mucosal IgA against
BA.1 was detected. In accordance with the antibody data,
a de novo B cell response against BA.1 epitopes as well as
an increase in cross-reactive memory B cells was
induced. Additionally, the NDV-HXP-S BA.1 booster
elicited a polyfunctional CD4" Ty;1 response against BA.1
spike. These changes of the humoral and cellular im-
munity towards a BA.1 specific response after IN boost-
ing with NDV-HXP-S BA.1 could lead to better protection
against BA.1 and could be translated to other variant
antigens. These results support the WHO’s, EMA’s and
VRBPAC’s decision to use monovalent boosters moving
forward, especially considering the modest benefits re-
ported for the bivalent BA.5 booster.® 0%

Here, we demonstrate the broad versatility of NDV-
HXP-S variant vaccines by utilizing them for primary
immunizations as well as boosting. The efficient in-
duction of systemic as well as mucosal immunity
prevented infection and shows promise to reduce
transmission. Future studies will be performed in
hamster models to test the ability of IN NDV-HXP-S
variant vaccines to interrupt the transmission of the vi-
rus as well as its effectiveness against a heterologous
challenge. Clinical trials using IN administered NDV-
HXP-S will illuminate how these pre-clinical findings
compare to human data (United States: phase I
NCT05181709; Mexico: phase II, NCT05205746).

Racing against viral evolution has rarely been a
winning strategy, so in order to mitigate the impact of
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future SARS-CoV-2 variants and other respiratory
viruses, new approaches will be needed. Vaccines and
boosters able to induce mucosal immunity may
help to protect individuals against breakthrough in-
fections and reduce transmission of the virus in the
population.
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