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Abstract
The global dissemination of SARS-CoV-2 led to a worldwide pandemic in March 2020. Even after the official downgrading of the COVID-19 pandemic, 
infection with SARS-CoV-2 variants continues. The rapid development and deployment of SARS-CoV-2 vaccines helped to mitigate the pandemic to a 
great extent. However, the current vaccines are suboptimal; they elicit incomplete and short-lived protection and are ineffective against evolving virus 
variants. Updating the spike antigen according to the prevailing variant and repeated boosters is not the long-term solution. We have designed a 
lipopeptide-based, mucosal, pan-coronavirus vaccine candidate, derived from highly conserved and/or functional regions of the SARS-CoV-2 spike, nu
cleocapsid, and membrane proteins. Our studies demonstrate that the designed lipopeptides (LPMix) induced both cellular and humoral (mucosal and 
systemic) immune responses upon intranasal immunization in mice. Furthermore, the antibodies bound to the wild-type and mutated S proteins of 
SARS-CoV-2 variants of concern, including Alpha, Beta, Delta and Omicron, and also led to efficient neutralization in a surrogate viral neutralization 
assay. Our sequence alignment and 3-dimensional molecular modeling studies demonstrated that spike-derived epitopes, P1 and P2, are sequentially 
and/or structurally conserved among the SARS-CoV-2 variants. The addition of a novel mucosal adjuvant, heat-killed Caulobacter crescentus, to the 
lipopeptide vaccine significantly bolstered mucosal antibody responses. Finally, the lipopeptide-based intranasal vaccine demonstrated significant 
improvement in lung pathologies in a hamster model of SARS-CoV-2 infection. These studies are fundamentally important and open new avenues in 
the investigation of an innovative, broadly protective intranasal vaccine platform for SARS-CoV-2 and its variants.
Keywords: conserved epitopes, humoral/cellular immunity, next-generation COVID-19 vaccines, pan-coronavirus, SARS-CoV-2

Introduction
As the global community transitions out of the COVID-19 pan
demic, vaccine strategies against SARS-CoV-2 must shift to 
implementing long-term, proactive measures to prevent future 
infections and outbreaks. To date, BNT162b2 (Pfizer- 
BioNTech) and mRNA-1273 (Moderna) have been the most 
widely used vaccines against SARS-CoV-2.1 Compared with 
conventional vaccines, the messenger RNA (mRNA)–based 
lipid nanoparticle vaccines were safe; showed vaccine efficacies 
exceeding 94%; and protected against mortalities, hospitaliza
tions, and severe disease outcomes, and their remarkable scal
ability was ideal for implementing during a public health 
emergence.1 However, current vaccines do not prevent infec
tions and despite these vaccination efforts, SARS-CoV-2 infec
tions have continued to rise. As of March 2024, SARS-CoV-2 
has infected more than 772 million people and caused over 7 
million deaths worldwide.2 Breakthrough infections raise seri
ous concerns about vaccine efficacies and their susceptibility to 
novel SARS-CoV-2 variants of concern (VOCs), thereby in
creasing the need for next-generation vaccine strategies.3,4

Current practices of periodically updating vaccines have shown 
to be time-consuming, costly, and compromised in efficacy, and 
offer a temporary solution to a long-term problem.1 Therefore, 

it is necessary to develop a vaccine that enhances protection 
against multiple SARS-CoV-2 variants and a broader class of 
coronavirus, prevents infections, and elicits durable, long- 
lasting immunity.

Beyond mRNA vaccines, there are several different vaccine 
technologies currently being tested for COVID-19, including 
ZyCoV-D (DNA based), Novavax Nuvaxovid (protein 
based), Covaxin BBV152 (whole virion inactivated), and 
Vaxzevria (viral vector based), the majority of which are ad
ministered intramuscularly.1 The lack of mucosal immunity 
induced by intramuscular immunizations leaves individuals 
vulnerable to SARS-CoV-2 infections, and requires research
ers to explore alternative routes of administration, including 
intranasal. To date, 4 intranasal vaccines have been approved 
for COVID-19, including RAZI-COV PARS (Razi Vaccine), 
iNCOVACC (Bharat Biotech), Convidecia Air (CanSino 
Biologics), and Gam-COVID-Vac (Gamaleya National 
Center), all of which are aerosolized versions of approved in
tramuscular vaccines.5–8 Despite these advancements, the de
velopment of an optimal vaccine platform and adjuvant 
remains elusive. Interestingly, lipopeptide-based vaccines of
fer a potential advantage for establishing both mucosal and 
systemic immunity through intranasal immunizations.9
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Lipopeptides demonstrate the ability to self-assemble into 
micelles, passively cross cell membranes, efficiently deliver 
peptide antigens to mucosal-associated lymphoid tissues, en
hance antigen presentation, and induce systemic as well as 
mucosal peptide-specific B cells, T helper (Th) cells, and cyto
toxic T lymphocytes (CTLs).9–11 Furthermore, the simplicity 
of the lipopeptide design provides developing nations and re
mote jurisdictions accessibility to disease-preventing vaccines 
which are easily producible, cost-effective, and more stable, 
with lower storage demands, compared with mRNA 
vaccines.1,9,10,12

Neutralizing antibody (nAbs) responses induced by vaccines 
and/or natural infections predict protection against SARS-CoV- 
2 infections to a great extent.13 The absence of an early nAb re
sponse strongly correlates with mortalities and delayed viral 
control.14 However, the role of non-neutralizing antibodies in 
protecting from severe disease cannot be undermined. 
Convalescent blood from COVID-19 patients with mild disease 
have shown a higher proportion of nucleocapsid (N)- and mem
brane (M)-specific T cells, compared with spike (S)-specific cells. 
This highlights the importance of non–S-specific T cells contrib
uting to protection.15–17 Furthermore, due to the accumulation 
of mutations in the S protein, infections with emerging SARS- 
CoV-2 variants cannot be mitigated solely by nAbs. Therefore, 
next-generation vaccines need to look beyond nAb titers. The 
M and N proteins are conserved proteins among coronaviruses 
and can be potential targets for a pan-coronavirus vaccine.

In this study, we aim to investigate a novel vaccine strategy 
that could broadly protect against SARS-CoV-2, its variants, 
and other heterologous coronaviruses. We identified 7 highly 
conserved, immunodominant epitopes (P1–7) derived from the S, 
N, and M proteins of SARS-CoV-2 shown to be clinically pro
tective B cell, Th cell, and CTL epitopes.16,18–28 Next, corre
sponding lipopeptides were synthesized by conjugating a 
palmitoyl group at the carboxyl terminal for each selected epi
tope. We previously reported that intranasal immunization of 
mice with individual lipopeptides induced potent cellular and 
humoral immune responses against its target antigen.29 Here, 
we investigated a lipopeptide mix (LPMix) vaccine formulation 
that induced broad immunity against multiple antigens of 
SARS-CoV-2 in animal models. In addition, we incorporated a 
novel mucosal adjuvant, heat-killed Caulobacter crescentus 
(HKCC), that stimulates the innate immune system, and pro
motes dendritic cell (DCs) and natural killer (NK)/NK-T cell 
interactions.30 Our studies revealed that a 2-dose, intranasal im
munization regimen with LPMix induces a robust splenocyte 
proliferation response and mucosal and systemic cross-reactive 
IgA/IgM as well as strong nAb titers. Next, our LPMix vaccine 
formulations, with or without HKCC as an adjuvant, were 
assessed for effectiveness in protecting against Omicron (BA.5)- 
infected hamsters. Interestingly, prophylactic immunization 
with our LPMix-based vaccines induced high nAb titers 
and significantly improved lung pathology in infected hamsters. 
In conclusion, these studies endorse the development of 
our LPMix vaccine candidate as a potential next-generation 
COVID-19 vaccine.

Materials and methods
Synthetic lipopeptides, peptides, and adjuvants
Synthetic lipopeptides [LP1 (Spike S1 aa492–505): LQSYGFQ 
PTNGVGYK(Palmitoyl)G, LP2 (Spike S2 aa814–826): KRSFIED 
LLFNKVK(Palmitoyl)G, LP3 (NCAP aa358–372): IDAYK 

TFPPTEPKKDK(Palmitoyl)G, LP4 (NCAP aa317–331): MSRIG 
MEVTPSGTWLK (Palmitoyl)G, LP5 (NCAP aa158–172): VLQL 
PQGTTLPKGFYK(Palmitoyl)G, LP6 (Mem aa98–112): ASFRL 
FARTRSMWSFK(Palmitoyl)G, and LP7 (Mem aa34–48): LLQF 
AYANRNRFLYIK(Palmitoyl)G] and their corresponding na
tive peptides (P1: LQSYGFQPTNGVGY; P2: KRSFIEDLLF 
NKV; P3: IDAYKTFPPTEPKKD; P4: MSRIGMEVTPSGTWL; 
P5: VLQLPQGTTLPKGFY; P6: ASFRLFARTRSMWSF; and 
P7: LLQFAYANRNRFLYI, respectively) were custom synthe
sized by GenScript with >96% purity.29 All lipopeptides and 
peptides were prepared in DMSO at 10mg/mL, stored at 
−20 �C, and diluted in phosphate-buffered saline (PBS) or cul
ture media before use. HKCC, an innate immunity stimulant, 
was used as an adjuvant.30

Heat-killed C. crescentus
C. crescentus (ATCC; 19089), was grown in an incubator at 
room temperature (22–27 �C) in PYE medium. Logarithmically 
growing cultures were centrifuged at 6000 rpm for 15min and 
the bacterial colony-forming units was determined by measur
ing optical density (OD) and confirmed by plating serially di
luted bacterial suspensions on PYE agar. To prepare HKCC, 
live C. crescentus was treated at 80 �C for 60min, centrifuged, 
and resuspended in saline to desired concentrations. To deter
mine viability after heat treatment, the prepared suspension of 
HKCC was plated on PYE agar plates in serial dilutions. No 
bacterial colonies grew in these plates confirming the nonviabil
ity of bacterial cells. Every batch of HKCC was tested to con
firm nonviability prior to use.

Mice immunization
Animal experiments were approved by the University of 
Alberta’s Animal Care and Use Committee for Health 
Sciences and conducted by following the guidelines of the 
Canadian Council of Animal Care. Four- to 6-wk-old male 
C57BL/6 mice (purchased from Charles River Laboratories) 
were housed in a pathogen-free animal facility, Health 
Sciences Laboratory Animal Services (HSLAS), at the 
University of Alberta. Mice were acclimatized to the experi
mental location for 7 d and randomly assigned into treatment 
groups. Researchers were not blinded to the allocated groups. 
Mice were immunized twice, 14 d apart, intranasally with a 
lipopeptide mix vaccine (LPMix: LP1, LP2, LP3, LP4, LP5, LP6, 
and LP7; each LP given at 10 µg/mouse or 
1 µg/mouse) in the absence or presence of HKCC adjuvant, 
under light anesthesia with isoflurane (O2 flow rate: 0.5–1 
L/min with isoflurane vaporizer at 2%–4%) (Fig. 1A and B). 
Mice were humanely euthanized 7 d after the second immuni
zation by CO2. Bronchoalveolar lavages (BALs), sera, lungs, 
and spleens were collected for analysis (Fig. 1C). Animal 
experiments were repeated thrice, each with n¼4 to 5 mice 
per immunization group. Unimmunized mice were used as 
control animals.

Antigen-specific splenocytes proliferation assay
Antigen-specific splenocyte proliferation assays were con
ducted as previously reported.29 Splenocytes derived from 
immunization groups were restimulated ex vivo with individ
ual lipopeptides (LP1–7) and peptides (P1–7) at 0.1 µg/mL as 
recall antigens. Plates were incubated for 4 d, before adding 
BrdU labeling solution for 18 h. The levels of BrdU incorpo
ration in proliferating splenocytes were measured using a 
Roche Cell Proliferation ELISA, BrdU colorimetric kit 
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(Sigma-Aldrich) and counted by a DTX 880 Plate Reader 
(Beckman Coulter), set at 450 nm. OD readings were ac
quired, subtracted by APC þ splenocytes background, and 
reported as mean ± SEM of triplicate values.

Isolation of lung lymphocytes
Lungs were harvested and pooled from 4 to 5 mice. Lung 
lymphocytes were isolated as previously described.29

Flow cytometry of immune cells
Isolated lung lymphocytes (2x106 cells) and splenocytes (2x106 

cells) from immunized mice were stimulated with PMA (50ng/ 
mL) and ionomycin (500ng/mL) for 20h at 37 �C. Next, bre
feldin A (1.5µg/mL) was added and incubated for 4h at 37 �C. 
Subsequently, the lung lymphocytes and splenocytes were 
stained with a T cell panel (Live/Dead NIR, CD3-Alexa Fluor 
488, CD4-BV786, CD8b-BUV615, CCR7-BV650, IFNγ-PE, 
TNFα-BV711, IL-2-BUV737, IL-10-PerCP-Cy5.5, and Foxρ3- 
APC; Thermo Fisher Scientific) and a B cell panel (Live/Dead 
NIR, CD19-BUV615, CD27-SB600, IgD-PE-Cy7, IgM-SB780, 
and B.1.617 Spike-APC conjugate; Thermo Fisher Scientific), 
using an established flow cytometry staining protocol.31

Samples were run on a Cytek Aurora Spectral Flow Cytometer 
(Cytek Biosciences) and analyzed by FlowJo v10.10 software 
(BD). For T cell analysis, splenocytes and lung lymphocyte sam
ples from immunized groups were concatenated to provide con
sistency in generating t-distributed stochastic neighbor 
embedding plots and clustering methods. PhenoGraph was used 
to identify unique immune cell clusters within lung and spleen 
samples of immunized groups based on phenotypic markers 
that were expressed.32 Mean fluorescence intensity (MFI) values 
were acquired for each phenotypic marker for all clusters, and 
represented as heatmaps, created by Morpheus.33

Enzyme-linked immunosorbent assay for  
antigen-specific serum and BAL antibody responses
NUNC MaxiSorp 96-well flat-bottom plates were coated 
with synthetic lipopeptides (LP1–7), peptides (P1–7), and 
SARS-CoV-2 N, M, and S proteins of the Alpha (B.1.1.7), 
Beta (B.1.351), Delta (B.1.617), and Omicron (BA.1, BA.4, 
BA.5, BQ1.1, EG.5) variants in individual plates at 1 µg/mL 
in PBS and stored overnight at 4 �C (GenScript). Next, wells 
were blocked with buffer (1x PBS þ 1% fetal bovine serum) 
for 1 h at room temperature (RT), followed by the addition 
of individual serum (1:100, 1:200) and BAL (1:2, 1:4) sam
ples (triplicates) for 2 h at RT. Next, the appropriate second
ary antibody, goat anti-mouse IgA-alkaline phosphatase or 
IgM-alkaline phosphatase (1:4,000; SouthernBiotech), was 
loaded into each well for 1 h at RT. Next, color development 
was achieved by adding p-nitrophenyl phosphate (substrate; 
SouthernBiotech). Plates were read using a DTX 880 Plate 
Reader (Beckman Coulter) at 405 nm after 1.5 h. IgA and 
IgM standard curves were performed to interpolate the 
amounts of antigen-specific IgA and IgM antibody concentra
tions (ρg/mL), respectively. Bars are expressed as the mean 
(Ig) ± SEM of triplicate wells.

PyMOL
From the RCSB protein data base, S proteins of the wild-type 
(6VW1), Alpha (7EKF), Beta (7WEV), Delta (7W98), and 
Omicron (7T9K) variants were uploaded onto PyMOL. The 
protein structures of the LP1 and LP2 epitopes were visual
ized. Images were captured as ribbon diagrams and under lic
orice view to understand the folded 3-dimensional 
conformation of secondary structures and molecular geome
try within the structure. Using the sequence alignment tool, 
amino acid sequences were compared with identify mutations 

Figure 1. Vaccine construct, design, and regimen. (A) Schematic representation of the lipopeptide-based vaccine construct and its physicochemical 
nature of self-formulating into a micelle-like particle.29 The lipopeptide-based vaccine construct consists of a peptide (tan) covalently attached with a 
lysine-palmitoyl-glycine chain (red/blue) at the carboxy terminal. (B) Seven lipopeptides, LP1–7 (described in the Materials and Methods) were synthesized 
and mixed to formulate a lipopeptide mix vaccine (LPMix). The LPMix vaccine was tested at 2 doses, in which each LP was given at 10 µg/mouse 
[LPMix(10)] or 1 µg/mouse [LPMix(1)] in the presence or absence of the HKCC adjuvant. (C) Depiction of the vaccine regimen illustrating the immunization 
timeline and sample collection in mice. Adapted from Patel a Agrawal.29

ImmunoHorizons, Vol. 9, No. 2                                                                                                                                                                                                  3 

D
ow

nloaded from
 https://academ

ic.oup.com
/im

m
unohorizons/article/9/2/vlae011/7965810 by N

ational R
esearch C

ouncil C
anada user on 12 June 2025



in the LP1 and LP2 epitopes across multiple SARS-CoV- 
2 variants.

Cells and viruses
Vero-TMPRSS2 were maintained in incubators at 37 �C and 
5% CO2. Cells were maintained in growth medium 
(Dulbecco’s Modified Eagle Medium supplemented with 1X 
nonessential amino acids, 1mM sodium pyruvate, and 5% 
fetal bovine serum was used to maintain the cells).

The SARS-CoV-2 VOC used in hamster challenge study 
was obtained from BEI Resources: hCoV-19/South Africa/ 
CERI-KRISP-K040013/2022 (lineage BA.5; Omicron vari
ant, NR-56798). SARS-CoV-2 strain was amplified and 
titered on Vero E6 expressing TMPRSS2. Sanger sequencing 
of the S gene confirmed genetic identity to original isolate. All 
in vivo studies used Omicron BA.5 at passage 4.

Animal study
All hamster studies were conducted at the small animal facil
ity of the National Research Council Canada (NRC) in accor
dance with the guidelines of the Canadian Council on Animal 
Care. All procedures performed on hamsters in this study 
were in accordance with regulations and guidelines reviewed 
and approved in animal use protocol 2020.06 by the NRC 
Human Health Therapeutics Animal Care Committee. All 
SARS-CoV-2 work was done at the NRC’s certified small an
imal biocontainment level 3 facility. Researchers were 
blinded to the experimental groups.

Animal challenge study was conducted with a total of 23 
male Golden Syrian hamsters (81–90g, 6–7wk old; Charles 
River Laboratories). Hamsters were randomly divided into 
treatment groups. Hamsters were vaccinated with a lipopeptide 
mix vaccine (LPMix: LP1, LP2, LP3, LP4, LP5, LP6, and LP7; each 
LP given at 10µg/hamster) in the absence or presence of HKCC 
adjuvant, under light anesthesia with isoflurane. The treatment 
groups received 2 vaccination doses on day 24 (D24) and D10 
by intranasal route (where day 0 is the day of challenge). Serum 
was collected on days 14 and 24 post-treatment. Oral swab 
samples were collected in 600 µL PBS on D3 and D5 postinfec
tion. Immunized hamsters were anesthetized by injection of ke
tamine and xylazine (90kg/mg and 8kg/mg) and intranasally 
challenged with Omicron BA.5 at 50% tissue culture infectious 
dose (TCID50) of 1.67 × 105 per animal. Weight and clinical 
symptoms were monitored daily. Animals were humanely eu
thanized by CO2 at D5 postinfection and tissues immediately 
collected for analysis.

Real-time quantitative polymerase chain reaction
Genomic viral RNA was quantified as previously described.34

Briefly, viral RNA from hamster respiratory tissues including 
lung and nasal turbinate were extracted using Quick-viral 
RNA kit according to the manufactures (Cat. #R1035; Zymo 
Research). Luna Universal One-Step RT-qPCR kit was used to 
quantify viral genomic RNA (Cat. E3005S; New England 
Biolabs) with primer/probe sets for the SARS-CoV-2 E 
gene (Forward: 5'ACAGGTACGTTAATAGTTAATAGCGT 
Reverse: 50-ATATTGCAGCAGTACGCACACA Probe: ACA 
CTAGCCATCCTTACTGCGCTTCG 50Fam 30QSY-1).35

Standards were generated with known concentrations of viral 
RNA copies. A total of 5μL of extracted RNA were run in du
plicate on Applied Biosystems QuantStudio 3 (Thermo Fisher 
Scientific), and results were analyzed with Design and Analysis 
Software DA2 version 2.6.0.

Histology
Left lobes of infected hamster lungs were isolated, fixed in 10% 
formalin for 1wk at RT, and then transferred to 70% ethanol. 
Fixed tissues were processed and embedded in paraffin wax. 
The paraffin block was cut into 4µm sections and placed on 
Superfrost Plus slides (Thermo Fisher Scientific). Sections were 
dried and duplicate sections were subjected to hematoxylin and 
eosin. Hematoxylin and eosin staining was done on a fully auto
mated Leica ST5010-CV5030 system. Sections were imaged us
ing a Zeiss AXIO Observer.A1 Inverted Fluorescence 
Microscope at 10X and 20X magnification.

Lung histology slides were evaluated using a standardized 
reporting criteria for pathologies induced by SARS-CoV-2 
infections in hamsters.36 Pathologies highly characteristic of 
SARS-CoV-2 induced pneumonia were assessed, including 
bronchial/peribronchial lesions, patchy throughout the lungs, 
diffuse alveolar damage, hyaline membranes, cellular debris 
in alveoli, intra-alveolar fibrin deposition, air spaces (re
stricted [þ]; open [–]), hemorrhage, edema, vasculature dam
age/collapse, alveolar/interstitial pneumonia, intra-alveolar 
cells, perivascular lymphocytic cuffing, and hyperplasia of 
the bronchial epithelial cells (BECs)/alveolar epithelial cells 
(AECs). Lung histology slides demonstrating the assessed pa
thologies were assigned þ1 each, contributing to the overall 
severity score.

Neutralizing antibody titers
Serum and BAL samples from immunized groups were tested for 
neutralizing antibodies with a cPass SARS-CoV-2 Neutralizing 
Antibody Detection Kit (GenScript). The assay was performed 
according to the manufacturer’s instructions. Samples were pre
pared in triplicate wells at 1:9 dilution and neat for serum and 
BAL samples, respectively. OD readings were acquired by a DTX 
880 Plate Reader (Beckman Coulter) and percent inhibition val
ues were calculated by the following formula. Bars represented 
mean percent inhibition ± SEM of triplicate wells. 

Percent Inhibition ¼ 1 À
OD value of sample

OD value of Àð Þ Control

 !

x 100% 

Graphs and statistical analysis
Results were analyzed and graphed using GraphPad Prism 
Software 10.2.0 (GraphPad Software). No data points were ex
cluded from the study. Statistical assumptions of normality, ho
mogeneity, and independence were met, before performing a 
parameter test. Furthermore, sample sizes were determined 
based on power calculations, suggesting 4 to 6 animals per im
munization group.37 For proliferation assays, antibody enzyme- 
linked immunosorbent assays (ELISAs), neutralizing antibody 
assays, and flow cytometric analysis, statistical differences were 
analyzed by 1- or 2-way analyses of variance, followed by ad
justment for multiple comparisons. Spearman’s test was per
formed to determine correlations between epitope-specific, 
protein-specific, and neutralizing antibody responses. P≤0.05 
was used to determine significance.

Results
Epitope selection and characterization of LPMix 

vaccine design
We selected 7 epitopes (P1–7) from the SARS-CoV-2 S, N, 
and M proteins, based on predictions of promiscuous binding 
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to multiple human major histocompatibility complex (MHC) 
class I/II molecules, presence of continuous and discontinu
ous B cell epitopes, CD4þ/CD8þ T cell epitopes, antigenic 
propensity, surface exposure, and epitope conservation 
across coronaviruses.16,18–28 Selected epitopes were incorpo
rated into a lipopeptide-based vaccine construct (Fig. 1A). 
LP1, derived from the receptor binding domain (RBD) of the 
S1 subunit, is predicted to be a neutralizing antibody and 
CD8þ T cell epitope.23,26,28 It is conserved across SARS- 
CoV-2, MERS, SARS-CoV-1, HCoV-HKU1, HCoV-OC43, 
HCoV-NL43, and HCoV-229E,20,22,23,26 and contains epito
pes that could be presented by multiple human MHC class I 
and II molecules, HLA-DR, A1, and B1. LP2 is an S2-derived 
B cell epitope, highly conserved across SARS-CoV-2 and 
SARS-CoV-1,20,22,28 and could potentially induce viral 
fusion-inhibiting antibodies. LP3–5 are N-derived epitopes 
that are predicted to be CD4þ/CD8þ T cell epitopes, con
served across beta-coronaviruses, and bind to multiple MHC 
class I (LP3: HLA.A3, A11, A68; LP4: HLA.A2, A3, A11, 
A68, B40; LP5: HLA.A2, A11, A31, A68) and MHC class II 
(LP3–5: HLA-DRB1.01) molecules.16,18–22 LP6,7 are 
M-derived epitopes and bind to multiple MHC class II (LP6: 
HLA-DRB1, DRB5, DPA1, DPB1; LP7: HLA-DRB1, DRB3, 
DRB5) molecules.19,22

Male C57BL/6 mice were intranasally immunized twice 
with LPMix vaccine formulations at 2 different doses, at D0 
and D14 (Fig. 1B). Seven days after the second immunization 
(D21), serum, BALs, spleens, and lungs were harvested to 
carry out multiple immunogenicity assays (Fig. 1C).

Intranasal immunizations with LPMix groups 
induced robust cross-variant reactive, systemic 
IgM, and mucosal IgA responses
First, serum IgM titers were tested against S epitopes, using 
peptide (P1 or P2)-coated plates to establish epitope specific
ity. All LPMix groups induced significantly higher S epitope– 
specific IgM titers, compared with the unimmunized group 
(Fig. 2A. I). P1-specific IgM titers were similar across the 
LPMix groups, with LPMix(10) inducing the highest titers, fol
lowed by LPMix(10) þ HKCC, LPMix(1), and LPMix(1) þ
HKCC (Fig. 2A. I). Similarly, LPMix(10) induced significantly 
higher P2-specific IgM titers, compared with LPMix(10) þ
HKCC, LPMix(1), and LPMix(1) þ HKCC immunizations 
(Fig. 2A. I). P1- and P2-specific IgM titers displayed a dose- 
dependent response.

Next, to evaluate vaccine-induced systemic humoral 
responses and their capacity to cross-react with multiple 
SARS-CoV-2 variants, serum samples from LPMix-vaccinated 
groups were tested against the Alpha (B.1.1.7), Beta 
(B.1.351), Delta (B.1.617), and Omicron (BA.1, BA.4/5, 
BQ1.1, EG.5) variants (Fig. 2A. II). Considering all variants 
together, serum samples from all LPMix immunization groups 
induced significantly higher cross-variant IgM titers com
pared with the unimmunized group (Fig. 2A. II). LPMix(10) 
and LPMix(1) immunizations induced higher cross-variant 
IgM responses, compared with their respective adjuvant 
groups—with the exception of LPMix(1) þ HKCC showing 
higher IgM antibody titers against B.1.1.7 and B.1.351 
(Fig. 2A. II). Considering all immunization groups, LPMix(10) 
showed the highest cross-reactive IgM humoral response in 
blood (Fig. 2A. II).

Pearson’s correlation showed P1-specific IgM titers signifi
cantly correlated with Alpha (B.1.1.7)-specific (r¼0.52), 

Beta (B.1.351)-specific (r¼ 0.64), Delta (B.1.617)-specific 
(r¼ 0.78), Omicron (BA.1)-specific (r¼0.76), Omicron 
(BA.4)-specific (r¼0.54), and Omicron (BA.5)-specific 
(r¼ 0.55) IgM titers (Fig. 2A. III). Also, there were significant 
positive correlations between P2-specific IgM titers and 
Alpha (B.1.1.7)-specific (r¼0.59), Beta (B.1.351)-specific 
(r¼ 0.72), Delta (B.1.617)-specific (r¼0.84), and Omicron 
(BA.1)-specific (r¼0.87) IgM titers (Fig. 2A. III).

Next, mucosal IgA responses were examined in BAL of im
munized mice against S-derived epitopes P1 and P2. P1- and 
P2-specific IgA titers were highest for LPMix(10) þ HKCC 
and LPMix(10) groups, followed by the LPMix(1) þ HKCC 
and LPMix(1) groups (Fig. 2B. I). P1/P2-specific IgA titers 
showed a dose-dependent response, with HKCC adjuvant 
significantly increasing IgA titers (Fig. 2B. I).

Interestingly, LPMix(10) and LPMix(1) groups showed the 
highest cross-variant IgA response, across all variants tested 
(Fig. 2B. II), which was higher than the corresponding adjuvant 
groups, across all variants (Fig. 2B. II). In the mucosa, P1-spe
cific IgA titers showed a significantly strong positive correlation 
with Delta (B.1.617)-specific (r¼0.67) IgA titers. P2-specific 
IgA titers demonstrated significantly strong correlations with 
Delta (B.1.617)-specific (r¼0.58), Omicron (BA.1)-specific 
(r¼0.48), and Omicron (BA.5)-specific (r¼0.52) IgA titers 
(Fig. 2B. III), whereas there were weak correlations of P1- and 
P2-specific IgA titers with other variants.

In conclusion, targeting S epitopes, P1 and P2, by LPMix 

immunizations induces a mucosal IgA and systemic IgM hu
moral response that cross-reacts with S antigens of multiple 
SARS-CoV-2 variants.

LP1 and LP2 epitope sequence alignment and 
structural analysis
The presence of P1- and P2-specific antibodies have shown a 
strong positive correlation with the Alpha (B.1.1.7)-specific, 
Beta (B.1.351)-specific, Delta (B.1.617)-specific, and 
Omicron (BA.1, BA.4/5, BQ1.1, EG.5)-specific antibody 
titers (Fig. 2A, B). To understand this cross-reactivity, se
quence alignment and 3-dimensional structural analysis of 
the 4 SARS-CoV-2 VOCs was performed. The LP1 epitope 
had 1 misalignment in the Alpha/Beta (N501Y) and Delta 
(Y505Q) variants and 5 misalignments in the Omicron BA.1 
(Q493R, G496S, Q498R, and Y505H) variant (Fig. 2C. I). 
However, the LP1 epitope has similar 3-dimensional structure 
across the wild-type, Alpha, and Beta variants, short beta 
sheets (AA positions: 492–494), followed by a random coil 
loop (AA positions: 499–506) (Fig. 2C. I). Similarly, the 
Delta variant has a random coil loop extending AA positions 
499 to 501, followed by a second beta sheet extending from 
AA positions 502 to 506 (Fig. 2C. I). The Omicron variant 
has an extended beta sheet from AA positions 492 to 497 
and a random coil loop from AA positions 499 to 506 
(Fig. 2C. I). Within the LP1 epitope region, SARS-CoV-2 
VOCs maintain a beta-sheet framework with a random coil 
loop structure, accentuating the structurally conserved nature 
of this epitope. The LP2 epitope, on the other hand, is univer
sally conserved sequentially and structurally across the 
Alpha, Beta, Delta, and Omicron variants, with an alpha heli
cal structure (Fig. 2C. II). Immunoglobulins, present as B cell 
receptors and soluble antibodies, recognize foreign antigens 
based on structural characteristics and/or sequence similarity. 
Therefore, the cross-reactive antibody response induced by 
the LPMix vaccine may be due to conserved sequence and 
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Figure 2. Intranasal immunizations with LPMix groups, incorporating SARS-CoV-2 LP1 and LP2 S epitopes, led to cross-variant, S antigen–specific serum 
IgM and BAL IgA responses. Male C57BL/6 mice (n¼4–5/group) were immunized (D0, D14) intranasally with LPMix immunization groups. Samples 
collected on D21 were assayed for (A. I) serum IgM and (B. I) BAL IgA titers against S epitopes (P1 and P2), and S variant–specific (A. II) serum IgM and 
(B. II) BAL IgA antibodies, using ELISA. SARS-CoV-2 S proteins of the Alpha (B.1.1.7), Beta (B.1.351), Delta (B.1.617), and Omicron (BA.1, BA.4/5, BQ1.1, 
EG.5) variants were tested. Pearson’s correlation between S epitope–specific and SARS-CoV-2 S variant–specific antibody responses in the (A. III) serum 
(n¼ 15) and (B. III) BAL (n¼15) samples was conducted. Pearson’s r values (black) and significant correlations (�P≤0.05) are indicated. (C) Sequence 
homology and 3-dimensional structural analysis of (I) LP1 and (II) LP2 epitopes across the wild-type (Wuhan-Hu-1; 6VW1), Alpha (B.1.1.7; 7EKF), Beta 
(B.1.351; 7WEV), Delta (B.1.617; 7W98), and Omicron (BA.1; 7T9K) variants of SARS-CoV-2. (D) Splenocytes and lung lymphocytes from LPMix 

immunization groups were stimulated with PMA (50 ng/mL) and ionomycin (500 ng/mL). Using flow cytometry, integrated MFIs (iMFIs) and frequencies 
of IgMþ B.1.617-specific B cells (CD19þ IgMþ B.1.617þ) were determined in the (I) spleen and (II) lung tissues. (A, B, D) Data are represented as mean ± 
SEM of triplicate wells/cultures from 3 independent repeat experiments. Two-way analysis of variance followed by Tukey’s post hoc test was used to 
determine significance. �, #, and σ indicate significant differences (P≤ 0.05) between the immunized and unimmunized groups, the respective adjuvant 
and nonadjuvant groups, and the 10 µg versus 1 µg dose groups, respectively. CCW ¼ counterclockwise.
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structural features of the targeted epitopes in S antigens 
across the SARS-CoV-2 VOCs.

Intranasal immunizations with LPMix groups 
induced higher frequencies of IgM+ S antigen– 
specific B cells in the spleen and lungs
The development of a robust vaccine-induced humoral re
sponse relies on the recruitment, activation, and maturation 
of antigen-specific B cells.38 Therefore, we assessed the fre
quency and integrated MFIs (to reflect both the frequencies 
and MFI) of IgMþ S-specific B cells in response to LPMix 

immunizations.39 IgMþ S antigen (Delta, B.1.617)–specific B 
cell frequencies were higher in the spleen for all LPMix-vacci
nated groups compared with the unimmunized group 
(Fig. 2D. I, right). LPMix(10) and LPMix(1) immunization 
showed significant increases in surface expression of IgM and 
frequencies of IgMþ Delta (B.1.617)-specific B cells (Fig. 2D. 
I, left) in the spleen. Notably, these results were consistent 
with cross-variant IgM responses induced by LPMix immuni
zation groups. In the lungs, IgMþ Delta (B.1.617)-specific B 
cell frequencies for LPMix(10) þ HKCC, LPMix(10), LPMix(1) 
þ HKCC, and LPMix(1) groups were higher compared with 
those in the unimmunized group; however, only LPMix(10) þ
HKCC was significant (Fig. 2D. II). Notably, lung IgMþ

Delta (B.1.617)-specific B cell frequencies increased in a dose- 
dependent fashion, with HKCC adjuvant further bolstering 
the response (Fig. 2D. II).

Intranasal immunizations with LPMix elicit a 
clinically effective neutralizing antibody response in 
blood and lungs
Neutralizing antibody responses have been suggested to corre
late with protecting and preventing SARS-CoV-2 infections.14

We assessed serum and BAL samples for their ability to block 
the S–ACE2 interaction, using a cPass SARS-CoV-2 surrogate 
viral neutralization kit. Serum antibody responses elicited by 
LPMix(1) þ HKCC and LPMix(10) þ HKCC immunizations 
showed the highest neutralizing capacity, with a percent inhibi
tion of 36.5% and 34.0%, respectively (Fig. 3A). LPMix(10) 
and LPMix(1) immunizations showed 30.0% and 25.8% neu
tralizing capacity, respectively (Fig. 3A). All LPMix immuniza
tions had significantly higher neutralizing capacities compared 
with the unimmunized group (7.2%), and were well above the 
clinically significant threshold of 15% (Fig. 3A).40 Interestingly, 
BALs also showed significant neutralizing capacity in response 
to LPMix(10) þ HKCC (37.6%), LPMix(10) (32.1%), and 
LPMix(1) þ HKCC (28.8%) immunizations (Fig. 3A). 
Immunization with LPMix alone at the lower concentration 
(1 µg) showed a percent inhibition of 18.8%, which was still 
significantly higher than the unimmunized group (5.6%), and 
above the clinically significant threshold (Fig. 3A). Overall, neu
tralizing antibody responses were higher for the 10-µg dose, and 
the addition of the HKCC adjuvant further increased the re
sponse in both the blood and lungs.

Furthermore, correlation studies between neutralizing anti
body titers and S epitope-specific titers showed that P1-specific 
(r¼0.376, P¼ 0.015) and P2-specific (r¼ 0.288, P¼0.039) se
rum IgM titers moderately correlated with serum neutralizing 
antibody titers (Fig. 3B), whereas, P1-specific (r¼0.709, 
P¼ 0.003) and P2-specific (r¼0.701, P¼0.004) IgA titers 
strongly correlated with BAL neutralizing antibody titers 
(Fig. 3C). All in all, correlation studies reveal that humoral 

responses against P1 and P2 S epitopes have strong neutralizing 
capacities, both systemically and mucosally.

Intranasal immunizations with LPMix elicit a robust 
N- and M-specific serum IgM and mucosal IgA 
antibody responses
Targeting the SARS-CoV-2 N and M proteins has shown to 
induce cross-reactive, long-lasting immune responses that 
protect against disease outcomes.41 For all LPMix immuniza
tions, N- and M-specific serum IgM titers were significantly 
higher than the unimmunized group, and the addition of the 
HKCC adjuvant further bolstered titers (Fig. 4A). Also, we 
noted that N-specific IgM titers showed significant increases 
as the LPMix dose increased (Fig. 4A). In the lungs, LPMix(10) 
þ HKCC and LPMix(1) þ HKCC immunizations induced sig
nificantly higher N-specific IgA titers compared with its re
spective nonadjuvant group and the unimmunized group 
(Fig. 4B). In contrast, overall, M-specific IgA titers were mod
est and not significant compared with the unimmunized 
group (Fig. 4B). Overall, humoral responses against the N 
and M proteins were more prevalent in the serum for all 
LPMix immunization groups. However, in the lungs, only 
HKCC-adjuvanted groups induced a robust N- and M-spe
cific antibody response.

LPMix immunizations generated a strong splenocyte 
proliferation response upon ex vivo stimulation 
with vaccine-targeted epitopes (P1–7)
The ability of antigen-specific lymphocytes to undergo clonal 
expansion is vital for the generation of a successful adaptive 
immune response.42 Using BrdU proliferation assays, we 
assessed the recall responses of splenocytes derived from 
LPMix immunizations against individual lipopeptides (LP1–7; 
solid bars) and peptides (P1–7; crosshatched bars) (Fig. 5). 
Considering all recall antigens, HKCC adjuvant groups gen
erated significantly higher splenocyte proliferation responses 
compared with the no adjuvant groups (Fig. 5). Also, the 1- 
µg dose induced a significantly better proliferation responses 
compared with the 10-µg doses (Fig. 5). These results indi
cated that LPMix immunizations induced antigen-specific lym
phocytes in the spleen that can proliferate in response to 
recall antigens, highlighting the generation of antigen-specific 
adaptive responses.

Intranasal immunizations with LPMix elicited 
effector CTLs and Th T cells in spleen and lungs
Using flow cytometry, we examined the gross phenotype, dis
tribution, and function of stimulated splenocytes derived 
from LPMix immunizations. Phenograph identified 24 distinct 
CTL (CD3þ CD4− CD8þ) and Th cell (CD3þ CD4þ CD8−) 
clusters across the LPMix immunization groups (Fig. 6A, B, 
D, and E). Next, cell clusters contributing to vaccine-induced 
effector responses (expressing any combination of CCR7, tu
mor necrosis factor α [TNFα], interferon γ [IFNγ], and/or in
terleukin [IL]-2) were identified, and cell counts (per 50,000 
cells) were shown as vaccine responders (Fig. 6C and F). 
LPMix(10) þ HKCC showed the highest induction of effector 
CTLs, followed by LPMix(10) and LPMix(1) þ HKCC 
(Fig. 6C). All of the immunized groups were higher than the 
control unimmunized group.

In the lungs, we identified 13 different CTL (CD3þ CD4− 

CD8þ) and 20 different Th cell (CD3þ CD4þ CD8−) clusters, 
distributed across LPMix immunization groups (Fig. 7A, B, D, 
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Figure 3. Intranasal immunizations with LPMix groups, incorporating SARS-CoV-2 LP1 and LP2 S epitopes, induced strong neutralizing antibody titers in 
the serum and lung mucosa. (A) Male C57BL/6 mice (n¼ 4–5/group) were immunized intranasally with LPMix groups, twice, 14 d apart. On D21, serum 
and BAL samples were collected to determine neutralizing antibody titers using a cPass surrogate viral neutralization assay. Serum (1:9) and BAL (1:1) 
samples were diluted and performed in triplicate wells. Data are mean ± SEM and represent 3 independent repeat experiments. One-way analysis of 
variance followed by S�id�ak post hoc test was used to determine significance. �, #, and σ indicate significant differences (P≤ 0.05) between the 
immunized and unimmunized groups, the respective adjuvant and nonadjuvant groups, and the 10 µg versus 1 µg dose groups, respectively. Pearson’s 
correlation between neutralizing antibody titers and P1/P2-specific antibody titers in the (B) serum (n¼ 15) and (C) BAL (n¼15) samples of mice, 
intranasally immunized with LPMix groups.

Figure 4. Intranasal immunizations with LPMix groups induced a systemic IgM and mucosal IgA response against the SARS-CoV-2 N and M proteins. 
Male C57BL/6 mice (n¼4–5/group) were immunized (D0, D14) intranasally with LPMix immunization groups. Serum samples and BALs were collected on 
D21, and assayed for IgM and IgA antibodies against the SARS-CoV-2 N and M proteins, using ELISA. Antibody concentrations were obtained by 
interpolating OD values using an appropriate standard curve. N- and M-specific (A) serum IgM and (B) BAL IgA antibody titers (pg/mL) were determined 
and presented as mean (Ig) ± SEM of triplicate wells, from 3 independent repeat experiments. Two-way analysis of variance followed by Tukey’s post 
hoc test was used to determine significance. �, #, and σ indicate significant differences (P≤0.05) between the immunized and unimmunized groups, the 
respective adjuvant and nonadjuvant groups, and the 10 µg versus 1 µg dose groups, respectively.
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and E). LPMix immunizations resulted in higher frequencies 
of effector vaccine responder CTLs, defined by expression of 
any combination of CCR7, TNFα, IFNγ, and/or IL-2, com
pared with unimmunized (Fig. 7C). Among the immunized 
groups, LPMix(10) þ HKCC, LPMix(10), and LPMix(1) þ
HKCC immunizations exhibit higher numbers of effector 
vaccine responder cells compared with the LPMix(1) group. 
Interestingly, at lower dose of LPMix(1), HKCC adjuvant 
demonstrated a higher bolstering of the response than at the 
higher dose. Effector vaccine responder Th cells also demon
strated a higher number in the immunized groups compared 
with those unimmunized (Fig. 7F).

Efficacy of LPMix vaccine in a SARS-CoV-2 hamster 
infection model
To evaluate the ability of our vaccine to mediate protection 
against SARS-CoV-2 infections, we identified the most immu
nogenic LPMix formulations, LPMix(10) and LPMix(10) þ
HKCC, to test in a SARS-CoV-2 infection model. Hamsters 
(n¼5–6/group) were immunized twice, 14 d apart (D24, 
D10), and intranasally challenged (D0) with the SARS-CoV- 
2 BA.5 variant (Fig. 8A). Hamsters, an outbred animal model 
of SARS-CoV-2 infection, do not show clinical symptoms of 
the COVID disease. The only clinical parameter used is 
weight loss upon infection. Over the course of 5 d postinfec
tion, groups of hamsters experienced a median weight loss of 
6.4% to 9.4%; however, 1 hamster was an outlier in the 
unimmunized group and did not show weight loss as shown 
in Fig. 8B. Due to the variation in weight loss, no statistical 
significance was observed between the immunized and unim
munized groups (Fig. 8B). Serum samples were collected prior 

to infection on D0 and assayed for neutralizing antibodies. 
LPMix(10) and LPMix(10) þ HKCC immunizations induced 
significantly higher neutralizing antibody titers, with a per
cent inhibition of 24.0% and 22.5%, respectively, compared 
with the unimmunized animals at �17% (Fig. 8C).

Next, we measured the genomic or single-guide RNA 
(sgRNA) to determine viral loads in oral swabs, nasal washes, 
and lung tissues to assess the effectiveness of our vaccine to 
clear and to protect against SARS-CoV-2 infections. In oral 
swabs, unimmunized hamsters exhibited a natural ability to 
reduce viral burden from D3 to D5 postinfection. Notably, 
LPMix(10) immunizations led to a reduction in viral burden 
by 61.9% and 55.2% on D3 and D5 postinfection, respec
tively, compared with their corresponding unimmunized 
group (Fig. 8D). LPMix(10) þ HKCC immunizations did not 
reduce viral RNA burdens on D3 postinfection; however, by 
D5 the viral RNA was reduced by 66.2% compared with the 
corresponding unimmunized group (Fig. 8D). Nasal washes 
collected 3 d after infection revealed that LPMix(10) immuni
zations reduced viral loads by �90% compared with the 
LPMix(10) þ HKCC and unimmunized groups (Fig. 8E). 
Similarly, the viral RNA burden in the lungs of LPMix(10)-im
munized hamsters was reduced by 53.3% compared with the 
unimmunized group (Fig. 8F). Interestingly, the LPMix(10) þ
HKCC group demonstrated a higher viral sgRNA compared 
with unimmunized group. Notably, within the unimmunized 
group, 1 hamster with no weight loss still had high viral 
loads/burdens in oral swabs, nasal washes, and lung tissue 
(Fig. 8B, D–F).

Most importantly, we examined lung histology to evaluate 
the ability of our vaccine formulations to minimize 

Figure 5. Intranasal immunizations with LPMix groups induced antigen-specific splenocyte proliferation responses in mice. (A) Male C57BL/6 mice (n¼ 4– 
5/group) were immunized intranasally on D0 and D14 with LPMix immunization groups. On D21, splenocytes derived from immunized mice were cultured 
with irradiated antigen-presenting cells (from unimmunized syngeneic mice) and restimulated ex vivo with individual lipopeptides (LP1–7; solid bars) and 
peptides (P1–7; crosshatched bars), at 0.1 µg/mL for 4 d. Proliferation was quantified by BrdU incorporation in proliferating cells. Unimmunized mice were 
used as control. Data are shown as mean ± SEM of triplicate cultures and represent 3 independent repeat experiments. Statistical significance was 
determined by 2-analysis of variance, followed by Tukey’s post hoc test. �, #, and σ indicate significant differences (P≤ 0.05) between the immunized and 
unimmunized groups, the respective adjuvant and nonadjuvant groups, and the 10 µg versus 1 µg dose groups, respectively.
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pathologies resulting from SARS-CoV-2 infections. Hamsters 
immunized with LPMix(10) and LPMix(10) þ HKCC showed 
significantly lower severity scores compared with the unim
munized group (Fig. 8G). Lungs from unimmunized hamsters 
exhibited significant alveolar infiltration of red blood cells, 
cellular debris, and other resident cells, along with thickening 
of the alveolar septum, hyperplasia of the alveolar and bron
chial epithelial cells, extensive hemorrhaging, and the pres
ence of hyaline membranes, indicative of diffuse alveolar 
damage (Fig. 8H. I–III). Notably, we observed milder pathol
ogies with LPMix(10)- and LPMix(10) þ HKCC–immunized 
lungs, characterized by substantially less alveolar infiltrate, 
little to no hemorrhaging, absence of hyaline membranes, 
and the presence of unobstructive airspaces to facilitate effi
cient oxygen exchange (Fig. 8H. IV–IX).

Discussion
During the pandemic, several highly efficacious vaccines were 
developed and implemented. However, emerging SARS-CoV- 

2 variants have challenged vaccine efficacies and diminished 
vaccine-induced immunity. Therefore, there is a need for a 
next-generation vaccine that broadly protects and prevents 
infections against SARS-CoV-2, its variants, and related 
coronaviruses. Due to similarities in various antigens between 
SARS-CoV-2, MERS, and other common cold coronaviruses, 
many preclinical/clinical vaccine studies have reported 
vaccine-induced cross-reactive antibody titers.43–47 To induce 
variant-specific immunity, current approaches are focusing 
on periodically updating vaccine composition and adminis
tering repeated booster shots. However, these may result in 
immune imprinting and antigenic sin phenomena, leading to 
a compromised vaccine efficacy. Pre-existing antibodies spe
cific for the Wuhan-Hu-1 strain have been shown to be 
imprinted and increased with each homologous boosting 
with BNT162b2 mRNA vaccine, and heterologous boosting 
with bivalent vaccines that incorporate S proteins of novel 
SARS-CoV-2 VOCs.44,47,48 Vaccine-induced imprinting 
results in back-boosting of original humoral immunity while 
limiting the generation of de novo antibodies against novel 

Figure 6. Phenotypic analysis of splenic cytotoxic and Th cells in mice immunized with LPMix groups. (A) Cytotoxic and (D) Th cell clusters were identified 
by t-distributed stochastic neighbor embedding (t-SNE) plots from concatenated spleen samples of LPMix immunized mice (each LPMix group: n¼3; 
unimmunized: n¼ 3; total: n¼ 15). Each identified cytotoxic and Th cell cluster was indicated by color and number (1–24). Heatmaps showed the 
expression profiles of each cluster, for the cytotoxic and helper T cell populations. Pseudocolor density plots showed the distribution of splenic (B) 
cytotoxic and (E) Th cell populations across the LPMix immunization groups: (I) LPMix(10) þ HKCC, (II) LPMix(10), (III) LPMix(1) þ HKCC, (IV) LPMix(1), and (V) 
unimmunized. Red represents clusters in high-density areas and blue represents low-density areas. Cell counts of vaccine-induced (C) cytotoxic and (F) 
Th cells expressing any combination of CCR7, TNFα, IFNγ, and/or IL-2, stratified by vaccine group: LPMix(10) þ HKCC, LPMix(10), LPMix(1) þ HKCC, 
LPMix(1), and unimmunized. Bar graphs are representative of 3 independent repeats, flow cytometry experiments.
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SARS-CoV-2 VOCs and conserved epitopes.45 Therefore, 
next-generation vaccines need to establish cross-reactive anti
bodies by targeting conserved broadly protective epitopes 
that are resistant to variant-specific changes, while avoiding 
pooling S proteins from different SARS-CoV-2 VOCs to es
tablish cross-reactivity. In our study, interestingly, LPMix 

immunizations elicited cross-reactive IgM/IgA titers against 9 
different SARS-CoV-2 S variants. LPMix induced its compo
nent P1/P2-specific antibodies that are structurally and/or se
quentially conserved epitopes from the Wuhan to Omicron 
VOCs and strongly correlate with multiple SARS-CoV-2 
VOCs IgM/IgA titers. The addition of adjuvant HKCC (with 
the 10 µg LPMix dose) quantitatively enhanced the IgA bind
ing to both P1 and P2 in ELISA (Fig. 2B. I), supporting its role 
as a mucosal adjuvant in enhancing overall IgA response to 
the targeted epitopes. However, the binding to variant S anti
gen did not show the same pattern. It is possible that the ad
juvant redirected IgA responses to epitopes/configuration in 
variant S antigens not exposed in ELISA plates. Furthermore, 
administering full-length S proteins may focus immune 
responses toward immunodominant, hypervariable regions 
that promotes imprinting, whereas epitope-based vaccines 

can direct responses toward conserved, cryptic domains, such 
as S2 (targeted by LP2) as well, thereby establishing cross- 
reactivity while limiting antigenic sin. These findings suggest 
that next-generation vaccines that target conserved regions of 
S provide more effective and sustainable cross-reactive titers 
and may limit antigenic sin.

nAb titers strongly correlate with protection against SARS- 
CoV-2 infections, and vaccine efficacy. Our study demon
strated all LPMix vaccines induced strong serum nAb titers, 
with HKCC upregulating nAbs in the mouse model (Fig. 4). 
Importantly, for viral infections, establishing titers of nAbs in 
the lung mucosa can block viral entry at the site of infection. 
Examining BAL samples, we found LPMix vaccines with in
creased dose, and the addition of HKCC induced higher 
nAbs titers (Fig. 4). LPMix-induced nAbs titers are expected 
to be comprised of P1 (S1-RBD-epitope) and P2 (S2-epitope) 
antibodies. Mechanistically, they can contribute to neutrali
zation by blocking the S-ACE2 interaction, and interfering 
with viral fusion processes and/or antibody-dependent allo
steric hinderance of the S–ACE2 interaction, respectively.29

Because next-generation vaccines aim to protect against a 
broad spectrum of coronaviruses, screening for conserved, 

Figure 7. Phenotypic analysis of lung cytotoxic and Th cells in mice immunized with LPMix groups. (A) Cytotoxic and (D) Th cell clusters were identified by 
t-distributed stochastic neighbor embedding (t-SNE) plots from concatenated lung samples of LPMix-immunized mice (each LPMix group: n¼ 3; 
unimmunized: n¼ 3; total: n¼ 15). Each identified cytotoxic and helper T cell cluster was indicated by color and number (1–13 and 1–20, respectively). 
Heatmaps showed the expression profiles of each cluster for the cytotoxic and Th cell populations. Pseudocolor density plots showed the distribution of 
lung (B) cytotoxic and (E) Th cell populations across the LPMix immunization groups: (I) LPMix(10) þ HKCC, (II) LPMix(10), (III) LPMix(1) þ HKCC, (IV) 
LPMix(1), and (V) unimmunized. Red represents clusters in high-density areas and blue represents low-density areas. Cell counts of vaccine-induced (C) 
cytotoxic and (F) Th cells expressing any combination of CCR7, TNFα, IFNγ, and/or IL-2, stratified by vaccine group: LPMix(10) þ HKCC, LPMix(10), LPMix(1) 
þ HKCC, LPMix(1), and unimmunized. Bar graphs are representative of 3 independent repeat flow cytometry experiments.
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functionally blockable S epitopes, that go beyond RBD, is a 
promising avenue for achieving broad protection. Our studies 
confirm that P1/P2-specific antibodies induced by LPMix 

immunizations correlate with cross-reactivity among 9 SARS- 
CoV-2 variants and with neutralizing function. Another im
portant consideration is that neutralization and clearance of 
virus infection require more than targeting S antigen. A recent 
study revealed that SARS-CoV-2–infected cells secrete the N 
protein, which can neutralize 11 human chemokines, ham
pering the recruitment and communication between immune 
cells.49 Therefore, N-specific antibodies may play a vital role 
in neutralizing viral shedding of the N protein and restoring 

chemokine functionality during a SARS-CoV-2 infection. 
This possibly explains strong correlates between N-specific 
antibodies and protection against disease severity.21,27 In ad
dition, the presence of M-specific antibody is indicative of a 
robust T cell response against the M protein.19,21,27

Importantly, antibodies can facilitate numerous effector func
tions besides viral neutralization, including antibody- 
dependent cellular cytotoxicity, complement activation, com
plement dependent cellular cytotoxicity, phagocytosis, and 
opsonization. In this study, all LPMix immunizations induced 
serum N/M-specific antibody titers, whereas in BAL samples, 
only LPMix þ HKCC vaccine formulations bolstered N/M- 

Figure 8. Vaccine efficacy of LPMix vaccine in hamsters challenged with the SARS-CoV-2 Omicron BA.5 variant. (A) Immunization and sample collection 
regimen: Syrian hamsters were immunized (D24, D10) with LPMix(10) (n¼ 6) and LPMix(10) þ HKCC (n¼ 5), and the control group was unimmunized 
(n¼ 5). Ten days after the second immunization, hamsters were intranasally challenged with a 50% tissue culture infectious dose of 1.67 × 105 of the 
SARS-CoV-2 Omicron BA.5 variant. (B) Weight loss was monitored for 5 d postinfection (n¼5–6/group). (C) D0 (preinfection) serum samples were 
assayed for neutralizing antibody titers using a cPass surrogate viral neutralization assay. (D) Detection of SARS-CoV-2 gRNA copies in oral swabs on D3 
and D5 postinfection were quantified. SARS-CoV-2 sgRNA copies in the (E) nasal washes (D3, D5) and (F) lung tissues (D5) were quantified. (G) 
Histopathological analysis of hematoxylin and eosin (H&E)–stained lung sections, collected on D5 postinfection, were scored from 0 (no severity) to 15 
(most severity) based on a standardized evaluation criteria for lung pathologies in SARS-CoV-2–infected hamsters.36 (H) Representative hematoxylin and 
eosin–stained sections are shown from immunized lungs of (I–III) unimmunized, (IV–VI) LPMix(10), and (VII–IX) LPMix(10) þ HKCC groups. (C–G) Data are 
shown as median ± interquartile range (IQR), with data points shown for individual hamsters. Statistical significance (�P≤0.05) was determined by 
Kruskal-Wallis test, followed by Dunn’s multiple comparisons test.
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specific antibodies. Taken together, LPMix targets the SARS- 
CoV-2 S, N, and M proteins, leading to a multidimensional 
and multifunctional humoral response against SARS-CoV-2.

Next, cellular immunity plays a vital role in recognizing, 
controlling, and eliminating SARS-CoV-2 infections. Two 
parallel studies by Bergamaschi et al.51 and Notarbartolo 
et al.50 demonstrated that the early development of CD8þ T 
cell responses, within 7 d of infection, correlated with effec
tive viral clearance and mild disease outcomes. In our study, 
LPMix immunizations induced higher proportions of effector 
CD8þ T cells in the spleen of mice 7 d after the second immu
nization. Notably, only LPMix(10) and LPMix(10) þ HKCC 
immunizations induced higher proportions of effector CD8þ

T cells in the lungs of mice, and upon viral challenge of ham
sters with BA.5, effectively reducing lung pathologies. Taken 
together, LPMix immunizations generated a CD8þ T cell re
sponse that can contribute to protecting against disease out
comes and demonstrated measurable efficacy against the 
BA.5 variant.

During COVID infections, the functional capacity of im
mune cells is a major determinant in improving clinical out
comes and also establishing long-term immunity. In 
asymptomatic cases, T cell profiles showed coexpression of 
IFNγ/TNFα and IL-10/Foxp3, whereas symptomatic cases 
showed more polarized T cell phenotypes that expressed in
flammatory cytokines.17 Within the effector CD8þ T cell 
population, 4 of 5 and 5 of 12 cell clusters mimicked T cell 
profiles observed in asymptomatic cases, in lungs and spleen, 
respectively. Next, CD4þ T cells expressing IFNγ, TNFα, and 
IL-2 demonstrated the ability to stimulate B cells to undergo 
isotype switching and affinity maturation, facilitating the 
generation of de novo antibodies, with improved effector 
function, higher affinity, and tissue specificity.52

Additionally, these T cell populations can enhance CD8þ T 
cell cytotoxicity and promote the generation of memory 
cells.53 Next, CD4þ T cells expressing IFNγ, TNFα, and IL-2 
demonstrated the ability to stimulate B cells to undergo iso
type switching and affinity maturation, facilitating the gener
ation of de novo antibodies, with improved effector function, 
higher affinity, and tissue specificity.52 Additionally, these T 
cell populations can enhance CD8þ T cell cytotoxicity and 
promote the generation of memory cells.53 LPMix immuniza
tions exhibited similar effector CD4þ T cell functionality, de
fined by higher expression of CCR7, IFNγ, TNFα, and IL-2 
in the lungs and spleen, indicative of a well-orchestrated im
mune response that enhances cytotoxic function of CD8þ T 
cells, promotes T cell–dependent B cell help, and facilitates 
the transition from effector-to-memory responses (Figs. 6 and  
7). Ultimately, these responses together contribute to control
ling viral replication, reducing viral loads, mitigating against 
severe disease outcomes, and improving vaccine efficacy.54–57

To achieve high vaccine efficacy, the induction of adaptive 
immunity and its inherent specificity is crucial for generating 
an optimal protective response. In our study, LPMix immuni
zations induced splenocyte proliferation responses against S 
(P1/P2), N (P3/P4/P5), and M (P6/P7) antigens, providing 
insights into antigen recall responses and clonal expansion of 
antigen-specific lymphocytes (Fig. 5). In the gross splenocytes 
proliferation assay, both T and B cells clonally expand, which 
promotes heterogeneity within expanded populations, 
highlighted by the number of unique clusters identified in 
CTL and Th populations in the spleen by flow cytometry 
(Figs. 6 and 7). Furthermore, LPMix immunizations induced 

adaptive immunity (including cellular and humoral) and its 
specificity against each SARS-CoV-2 structural protein, 
which can work in different capacities to clear infections and 
protect against disease outcomes. Many studies have shown 
that S-specific T cells are more resistant to variant-specific 
changes, as only 3% and 7% of CD4þ and CD8þ T cell epit
opes were affected by mutations acquired by SARS-CoV-2 
VOCs, respectively.15,16,19,24 This provides better immune 
control over viral replication and makes it more difficult for 
antigenic viral variants to escape. Beyond S, N/M-specific T 
cell responses have been correlated with protection against 
severe disease outcomes, T cell cross-reactivity, and the in
duction of long-term memory responses against coronavi
ruses.15–17,21 Le Bert et al.58 showed that N-specific T cells 
induced by SARS-CoV-1 infections were cross-reactive 
against the SARS-CoV-2 N protein, displaying immunity 
established 17 yr earlier. Also, the induction of M-specific cel
lular responses further broadens the coverage of coronavi
ruses as the M protein is evolutionary conversed across beta- 
coronaviruses. As such, LPMix immunizations with HKCC 
elicited higher N/M-specific cellular responses, suggesting a 
broadly protective, long-lasting response. These data support 
the development of HKCC as a functional mucosal adjuvant.

Ultimately, the innate and adaptive responses work to es
tablish vaccine efficacy against infectious disease. We tested 
our LPMix vaccine candidates in a Syrian hamster infection 
model that recapitulates several aspects of severe COVID-19. 
In this model, higher nAb titers protected against SARS-CoV- 
2 infections and lower viral loads.59 Interestingly, both LPMix 

vaccines induced similar levels of serum nAbs, however only 
LPMix(10)-immunized hamsters showed a lower viral sgRNA 
in the upper and lower respiratory tract (Fig. 8E and F). The 
SARS-CoV-2 virion can be transmitted efficiently between 
individuals via direct contact or by aerosols; therefore, reduc
tion in viral loads reflects the vaccines’ ability to reduce viral 
transmissibility. It is possible that the dose of HKCC adju
vant used in these experiments, which was directly taken 
from mouse experiments, needs to be optimized in hamster 
model. It has been shown that sgRNA has a far longer stabil
ity than the viral antigen detection and culture positivity.60

Therefore, although a reduction in sgRNA level represents re
duction in infectious virus load, no reduction in sgRNA level 
may not necessarily represent infectious virus levels. In addi
tion, increased phagocytosis and persistence of sgRNA in im
mune cells or in immune complexes may also allow longer 
detection of viral sgRNA.61

The hamster model accurately replicates severe COVID-19 
conditions, characterized by lung pathologies, including dif
fuse alveolar damage, hyaline membranes, edema, cellular in
filtration, and pneumonia. Unimmunized hamsters 
demonstrated these pathologies, whereas both LPMix(10)- 
and LPMix(10) þ HKCC–immunized hamsters showed no hy
aline membranes, no hemorrhages, and overall fewer lung pa
thologies (Fig. 8G and H). Brocato et al.62 demonstrated that 
the absence of functional B and T cells led to hemorrhages 
and severe edema in Syrian hamsters infected with SARS- 
CoV-2, lending support that LPMix immunizations effectively 
induced adaptive humoral and cellular responses. These 
results suggest both LPMix vaccines mediated protection 
against severe COVID-19 disease outcomes.

Looking to the future, next-generation vaccines must be in
vestigated in the context of preparing for the next pandemic. 
Inevitably, coevolution of host-virus immunity predicts 

ImmunoHorizons, Vol. 9, No. 2                                                                                                                                                                                               13 

D
ow

nloaded from
 https://academ

ic.oup.com
/im

m
unohorizons/article/9/2/vlae011/7965810 by N

ational R
esearch C

ouncil C
anada user on 12 June 2025



vaccine-induced and/or naturally acquired immunity will 
wane, and therefore, protection will diminish. However, 
maintaining a housekeeping level of protection against SARS- 
CoV-2 and other heterologous coronaviruses can prevent 
hospitalization and mortalities during a pandemic, until a 
VOC-specific vaccine is implemented. With housekeeping 
CoV vaccines, the focus would be to target broadly protec
tive, conserved epitopes to maintain a basal yet sufficient cov
erage of circulating coronaviruses over time. In future 
studies, we will be looking at long-term sustained memory 
responses and immunity against endemic and emerging coro
naviruses. Epitope-based vaccines have better safety profiles 
but often require an adjuvant. Another subunit peptide– 
based vaccine, CoVac-1, comprising peptides derived from 
SARS-CoV-2 S, N, M, and ORF-8 antigens, supplemented 
with Toll-like receptor 1/2 agonist XS15 emulsified in 
Montanide ISA51 as adjuvant, induced strong T cell immu
nity, comparable to our LPMix, and is undergoing clinical 
testing.63 However, CoVac-1 does not induce humoral im
munity, in contrast to our LPMix vaccine. The LPMix vaccine 
induced both humoral and cellular responses without any ad
juvant assistance because of the palmitoyl attachment, which 
enables micelle formation and self-adjuvanting properties.29

Nevertheless, the addition of HKCC adjuvant further en
hanced nAb titers, N-specific antibody titers, and antigen- 
specific proliferation responses. Most importantly, LPMix 

vaccine demonstrated the induction of both mucosal and sys
temic multispecific immunity upon mucosal administration. 
In conclusion, our studies with LPMix support its develop
ment as a next-generation vaccine for SARS-CoV-2 VOCs 
and related coronaviruses.
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