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a b s t r a c t 

Mucosal vaccinations for respiratory pathogens provide effective protection as they stimulate localized 

cellular and humoral immunities at the site of infection. Currently, the major limitation of intranasal 

vaccination is using effective adjuvants capable of withstanding the harsh environment imposed by the 

mucosa. Herein, we describe the efficacy of using a unique biopolymer, N-dihydrogalactochitosan (GC), as 

a nasal mucosal vaccine adjuvant against respiratory infections. Specifically, we mixed GC with recombi- 

nant SARS-CoV-2 trimeric spike (S) and nucleocapsid (NC) proteins to intranasally vaccinate K18-hACE2 

transgenic mice, in comparison with Addavax (AV), an MF-59 equivalent. In contrast to AV, intranasal ap- 

plication of GC induces a robust, systemic antigen-specific antibody response and increases the number 

of T cells in the cervical lymph nodes. Moreover, GC + S + NC-vaccinated animals were largely resistant to 

the lethal SARS-CoV-2 challenge and experienced drastically reduced morbidity and mortality, with an- 

imal weights and behavior returning to normal 22 days post-infection. In contrast, animals intranasally 

vaccinated with AV + S + NC experienced severe weight loss, mortality, and respiratory distress, with none 

surviving beyond 6 days post-infection. Our findings demonstrate that GC can serve as a potent mucosal 

vaccine adjuvant against SARS-CoV-2 and potentially other respiratory viruses. 

Statement of significance 

We demonstrated that a unique biopolymer, N-dihydrogalactochitosan (GC), was an effective nasal mu- 

cosal vaccine adjuvant against respiratory infections. Specifically, we mixed GC with recombinant SARS- 

CoV-2 trimeric spike (S) and nucleocapsid (NC) proteins to intranasally vaccinate K18-hACE2 transgenic 

mice, in comparison with Addavax (AV). In contrast to AV, GC induces a robust, systemic antigen-specific 

antibody response and increases the number of T cells in the cervical lymph nodes. About 90 % of the 

GC + S + NC-vaccinated animals survived the lethal SARS-CoV-2 challenge and remained healthy 22 days 

post-infection, while the AV + S + NC-vaccinated animals experienced severe weight loss and respiratory 

distress, and all died within 6 days post-infection. Our findings demonstrate that GC is a potent mucosal 

vaccine adjuvant against SARS-CoV-2 and potentially other respiratory viruses. 

© 2023 Published by Elsevier Ltd on behalf of Acta Materialia Inc. 
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. Introduction 

Worldwide, respiratory tract infections are the most common 

ype of infection found in both adults and children [1] . They man- 

fest a variety of symptoms generally limited to the upper respi- 
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atory tract, but occasionally they can become more sinister and 

esult in pneumonia, significant lung damage, and/or even death, 

redominantly in young children or elderly adults [2] . Success- 

ul respiratory viral vaccination requires the development of a 

road repertoire of antibodies (humoral immunity, IgA, and IgG), 

 Helper 1 (Th1, interferon-gamma: IFN- γ ), and cytotoxic T cell 

esponses (cellular immunity) systemically and specifically at the 

ite of infection. Mucosal vaccination for respiratory viruses is an 

ttractive option as it can trigger both humoral and cellular immu- 

ities locally and systemically [3–5] . 

The current intranasal vaccines approved for human use, such 

s FluMist and NASOVAC, employ live attenuated virus (LAV) 

6] . LAVs are attractive because they generate broader, more ro- 

ust, and more durable immune responses against the targeted 

athogen and possible variants [7] . Moreover, LAVs mimic natural 

nfection and thus stimulate an effective immune response. Despite 

heir effectiveness, there are drawbacks to LAVs. They are tempera- 

ure sensitive and can regain virulence in some cases and are thus 

ot recommended for individuals with severely compromised im- 

une systems [8–10] . Additionally, during the attenuation process, 

he immunogenicity of the pathogen can become compromised, 

esulting in only moderate immune protection [ 6 , 11 ]. Whole in- 

ctivated viruses and subunit vaccines do not have the issue of 

emperature sensitivity or the ability to regain virulence, but the 

mmunogenicity of these vaccines can be compromised [ 10 , 12 , 13 ].

o increase the immunogenicity of inactivated viruses and subunit 

accines, adjuvants are needed to enhance the cellular and/or hu- 

oral immune responses to the targeted pathogens [ 14 , 15 ]. 

Development of adjuvants for mucosal vaccines faces signifi- 

ant challenges due to the nature of the mucosa, which contains 

everal components that provide a protective barrier between the 

utside environment and our internal organ systems. It consists 

f a single epithelial layer that is covered with protective mucus, 

ntimicrobial proteins, and symbiotic microbiota that maintain a 

ow pH [ 16 , 17 ]. The epithelial layer is peppered with intraepithe-

ial tissue-resident innate and adaptive immune cells, and special- 

zed mucosal associated lymphoid structures capable of respond- 

ng to pathogen invasion [ 16 , 17 ]. Thus, an ideal mucosal adjuvant

ust be able to withstand the harsh environment of the mucosal 

urface, maintain the antigen at the site of inoculation for an ex- 

ended period, activate/recruit immune cells to the site of admin- 

stration, and stimulate an immune response like the naturally in- 

ecting pathogens. For respiratory viral pathogens, the ideal adju- 

ant needs to drive a type I interferon response, since these cy- 

okines play a critical role in initiating antiviral immunity and gen- 

rating tissue-resident immune cells in the respiratory epithelium 

 18 , 19 ]. 

Using adjuvants, such as cyclic dinucleotides, which elicit the 

roduction of type I IFN through stimulator of interferon gene 

STING) signaling, leads to enhanced humoral and cellular immu- 

ities capable of preventing and eliminating intracellular pathogen 

nfections following vaccination [ 20 , 21 ]. However, cyclic dinu- 

leotides must be administered repeatedly, in high quantities, 

nd/or modified to prevent host cell inactivation [20–22] . 

To overcome these and other limitations of existing mucosal 

djuvants, we developed N-dihydrogalactochitosan (GC), a new 

olecule that is synthesized from galactose and chitosan [23] . 

ompared to the immune responses induced by its chitosan pre- 

ursor [ 24 , 25 ], GC exhibits superior potency in inducing the type 

 IFN pathway activation [26] . In addition, GC has improved sol- 

bility over chitosan and retains many of its favorable properties, 

ncluding its low toxicity, biodegradability, low-pH resistance, bio- 

ompatibility, and mucoadhesive nature. 

Chitosan is currently used in a variety of chemical, agricul- 

ural, pharmacological, and medicinal applications [ 27 , 28 ]. How- 

ver, because of its poor water-solubility, high potential to be con- 
2

aminated with endotoxins, and poor characterization of the poly- 

eric mixture, chitosan has limited uses as a commercial medici- 

al product [29] . GC has been synthesized and purified under GMP 

onditions, with comprehensive structural characterization, exten- 

ive testing for metals, endotoxins, and other impurities, and with 

uperior potency and improved solubility over its corresponding 

hitosan starting material, further addressing the major challenges 

n applications of chitosan. GC is currently developed as a medici- 

al product (referred to as IP-001) as a multi-modal immune stim- 

lant to generate a systemic antitumor immune response when ad- 

inistered in conjunction with tumor ablation [ 30–32 ]. 

In the present work, GC was used as a mucosal adjuvant 

or intranasal vaccines due to its functions as an immunostimu- 

ant/adjuvant. To mitigate the drawbacks of LAVs as mentioned, we 

sed recombinant SARS-CoV-2 trimeric spike (S) and nucleocapsid 

NC) proteins with GC for nasal vaccine formulation. K18-hACE2 

ice were immunized intranasally with GC + S + NC and compared 

ith Addavax (AV), an MF-59 equivalent. We found that GC pro- 

uces a robust, systemic antigen-specific antibody response and 

ncreases the number of T cells in the cervical lymph nodes fol- 

owing intranasal vaccination to a greater degree than AV. More 

mportantly, animals vaccinated with GC + S + NC were strongly re- 

istant to the lethal SARS-CoV-2 viral challenge and experienced 

rastically reduced weight loss and mortality, with complete recov- 

ry 22 days post-infection. In contrast, AV + S + NC-vaccinated ani- 

als all succumbed to infection within 6 days of the SARS-CoV-2 

iral challenge, while experiencing severe weight loss, mortality, 

nd respiratory distress. Our findings make a strong case for using 

C as a mucosal adjuvant for intranasal vaccine. Not only does GC 

lone drive an antiviral response in antigen-presenting cells (APCs), 

ut also simply combining it with recombinant proteins creates a 

ighly effective mucosal vaccine against coronaviruses. 

. Materials and methods 

.1. Animals 

All animal studies were approved by the IACUC in Oklahoma 

edical Research Foundation, the University of Oklahoma, and 

klahoma State University. C57BL/6 were purchased from Jack- 

on Laboratories (Stock number: 0 0 0,664). Wild-type C57BL/6 mice 

ere used in this study to analyze the cellular and humoral re- 

ponses to vaccination using either GC (Immunophotonics, Inc., St. 

ouis, MO) and/or Addavax (InvivoGen, cat# vac-adx-10). B6.Cg- 

g(K18-ACE2)2Prlmn/J were purchased from Jackson Laboratories 

Stock number: 034,860) [33] and were used for vaccination and 

iral challenge with SARS-CoV-2 to test the efficacy of recombinant 

rotein/adjuvant intranasal vaccination. 

.2. Antigen retention by GC 

Soluble OVA labeled by Texas-Red (OVA-TR) was purchased 

rom Life Technologies/Invitrogen (5 mg in lyophilized powder) 

nd reconstituted with 1.25 mL PBS to achieve a concentration of 

 mg/mL. OVA-TR was further diluted with PBS to a concentra- 

ion of 0.8 mg/mL and then mixed 1:1 with 2 % IP-001, or PBS 

s control, to achieve a final solution with 0.4 mg/mL OVA-TR in 

 % GC. GC + OVA-TR solutions were also prepared with different GC 

oncentrations (0.9, 0.75, and 0.5 %). Then GC + OVA-TR of 100 μL 

olume was injected subcutaneously into the flank/back of shaved 

57BL/6 mice. Whole-body fluorescent imaging (IVIS 100) was per- 

ormed over a period of several days. A region of interest (ROI) 

as drawn at the injection site for quantification of fluorescence 

rom Texas red, which serves as the surrogate for the amount of 

VA. The percentage change in fluorescence over time was calcu- 

ated by comparison to the starting value taken shortly after injec- 
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ion. Two-way ANOVA was used for statistical analysis. GC + OVA- 

R and PBS + OVA-TR were also intranasally applied (10 μL/nostril), 

ollowed by whole-body fluorescent imaging using IVIS, at days 0, 

, 2, 3, 4, 5, 6, and 7. A rectangular region of interest (ROI) was

rawn at the injection site (near the heads of each mouse) for 

uantification of fluorescence from Texas-Red, which serves as the 

urrogate for the amount of OVA, and average radiance was de- 

ived with Living Image. Two-way ANOVA was used for statistical 

nalysis. 

.3. ELISA 

Total IgA (Cat# 88–50,450–88), IgG1 (Cat# 88–50,410–86), and 

gG2c (Cat# 88–50,670–22) ELISA kits were purchased from Ther- 

oFisher Scientific and were used according to manufacturer’s 

nstructions for the serum samples. Lung samples were diluted 

/10 0 0 for analysis. For analysis of Trimeric Spike specific antibod- 

es, Nunc MaxiSorp ELISA plates (Biolegend, Cat# 423,501) were 

oated with 10 μg/mL trimeric spike protein overnight at 4ºC. 

erum samples were diluted 1/10 0 0 while lung samples were di- 

uted 1/100. After incubation, the plates were developed using the 

eagents provided in the Total Ig ELISA kits. Standards for total IgA, 

gG1, and IgG2c were used to generate standard curves and cal- 

ulate the concentration of spike-specific antibodies. Plates were 

ead using the Bioteck Synergy H1 hybrid plate reader. Samples 

ere analyzed and graphed using the GraphPad Prism Software. 

ne-way AVOVA was used to determine the statistical significance 

etween the groups being compared. 

.4. Intranasal vaccination and immune cell isolation 

Recombinant SARS-CoV-2 proteins were purchased from R&D 

ystems. For vaccination, either 5 μg or 2.5 μg of the S protein or 

C protein (R&D Systems, cat# 10,474-CV-050 and cat# 10,549-CV- 

00), both resuspended in PBS, were mixed with 15 μL of 1 % GC 

r 15 μL of Addavax. The final volume delivered intranasally was 

0 μL, 10 μL per nostril, delivered to male and female animals 

n equal numbers. Animals were vaccinated once or twice (four 

eeks apart). Two weeks after the first or second vaccination, the 

ervical lymph nodes, lungs, serum, and spleen were isolated. The 

erum was isolated via cardiac puncture and acid-citrate-dextrose 

ACD) solution was added to prevent coagulation. The left lobe 

as used for antibody isolation, while the remaining lobes were 

sed for flow cytometry. Lungs were digested using HEPES buffer 

ontaining LiberaseTM 20 μg/mL (Roche, cat# 5,401,127,001) and 

Nase I (100 μg/mL) (Roche, cat # 4,536,282,001) for 25 min at 

7ºC to isolate total leukocytes. Red blood cells were lysed using 

CK lysis buffer and then resuspended in RPMI containing 10 % FCS 

nd Penicillin/Streptomycin until used for flow cytometry. Spleens 

nd cervical lymph nodes were isolated and enzymatically digested 

n serum-free RPMI containing 100 μg/mL Collagenase IV (Gibco, 

at# 17,104,019) and 20 μg/mL DNase I (Roche, cat# 4,536,282,001) 

or 20 min at 37ºC. After digestion, cells were washed in 1X HBSS, 

 % fetal calf serum (FCS), and 5 mM EDTA, and then for the 

pleens, the red blood cells were lysed using ACK lysis buffer. The 

ells were then resuspended in RPMI containing 10 % FCS and Peni- 

illin/Streptomycin until used for flow cytometry. 

.5. Flow cytometry 

The isolated leukocytes from the lungs, cervical lymph nodes, 

nd spleens were stained with the following antibodies: CD45- 

V421 (Biolegend, Cat# 10,314), CD40-Pacific Blue (Biolegend, Cat# 

24,626), Ghost Dye-Violet-510 (Tonbo Biosciences, Cat# 13–0870), 

D11b-BV570 (Biolegend, Cat# 101,233), CD103-APC (Biolegend, 
3

at# 121,414), CD11c-AF647 (Biolegend, Cat# 117,312), MHCII- 

edFluor710 (Tonbo Biosciences, Cat# 80–5321), CD86-BV605 (Bi- 

legend, Cat# 105,037), Ly6G-SB702 (Invitrogen, Cat# 67–9668–

2), Ly6C-BV785 (Biolegend, Cat# 128,041), CD64-PE (Biolegend, 

at# 139,304), F4/80 PE/Dazzle (Biolegend, Cat# 123,146), B220- 

E-Cy5 (Biolegend, Cat# 103,210), CD19-PE-Cy7 (Invitrogen, Cat# 

5–0193–82), CD24-FITC (Biolegend, Cat# 101,806), CD44-PerCP- 

y5.5 (Tonbo Biosciences, Cat# 65–0441), CD8-BUV395 (BD Hori- 

on, Cat# 565,96 8), CD3-BUV4 96 (BD Optibuild, Cat# 741,117), 

D4-BUV563 (BD Horizon, Cat# 612,923), CD62L-BUV737 (BD Hori- 

on, Cat# 612,833). Briefly, 5 × 106 cells were stained with 

ntibodies and placed on ice for 20 min in FACs buffer. Cells 

ere washed and then fixed with Fixation Buffer (BD, Cat# 

54,655) according to the manufacturer’s instructions. The cells 

ere then washed and resuspended in 1x PBS and then analyzed 

n the Cytek Aurora spectral flow cytometer. Flow cytometry data 

as then analyzed using FlowJo software version 10.7 and then 

raphed using GraphPad Prism. One-way AVOVA was used to de- 

ermine the statistical significance between the groups being com- 

ared. The flow cytometry process chart showing the gating strat- 

gy for the immune cells of the lungs is shown in Supplemental 

igure 6. 

.6. Lung homogenate 

At the time of isolation, the left lung lobe was isolated and 

nap-frozen in liquid nitrogen and stored at −80ºC until use. To 

enerate lung homogenate for ELISA, lung tissues were thawed on 

ce and then resuspended in 0.5 mL of Tissue Protein Extraction 

eagent (T-PER) (ThermoScientific, cat# 78,510) containing Com- 

lete Mini Protease Inhibitor Cocktail (Roche, cat# 11,836,170,001). 

issues were homogenized using an electric handheld tissue ho- 

ogenizer and were stored at −80ºC until used for ELISA. 

.7. Viral challenge 

B6.Cg-Tg(K18-ACE2)2Prlmn/J were used for viral challenge ex- 

eriments. The animals were bred in-house according to IACUC- 

pproved protocols. Male and female mice heterozygous for the 

18-hACE2 transgene were used for vaccination and viral chal- 

enge experiments. Animals were vaccinated as described above. 

riefly, mice were vaccinated twice, four weeks apart. Six weeks 

fter the second vaccination, the animals were challenged with a 

ethal dose of SARS-CoV-2 (isolate USA-WA1/2020, cat #52,281) 

hich was obtained from BEI Resources. The mice were anes- 

hetized with Xylazine/ketamine anesthesia and inoculated in- 

ranasally with 2 × 104 pfu/mice in 50 μL PBS (25 μL per nostril). 

ice were monitored for clinical signs and weight changes every 

ay. Representative mice were sacrificed at day 0 as controls and 

t days 3 and 5–7 post-infection. The mice that were moribund 

nd or lost > 25 % body weight were humanely euthanized. The 

ice that survived the virus challenge were sacrificed on day 22 

ost-infection. Necropsy on each mouse was performed and tissues 

ere harvested. The left lung was used for virus titer and the right 

ungs were inflated with 200 μl of 10 % formalin for histopathol- 

gy. 

.8. Histopathology scoring 

Lungs from the infected and uninfected mice were infused with 

00 μL of 10 % formalin and placed in a 10 % formalin con- 

ainer. Lungs were trimmed, processed, and embedded in paraf- 

n and 5 μm sections were cut and stained with hematoxylin and 

osin (H&E). The lung sections were scored blindly by two board- 

ertified veterinary pathologists and averages were obtained for 
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ach mouse lung. The interstitium, alveoli, bronchioles, and ves- 

els were evaluated for various parameters such as inflammation, 

dema, fibrin, necrosis, syncytial cells, hemorrhages, ectasia, vas- 

ulitis, and thrombi on a scale of 0–4: 0, no lesions; 1, minimal (1

o 10 % of lobes affected); 2, mild (10 to 40 %); 3, moderate (40–

0 %); and 4, severe (70 to 100 %). The cumulative score from the 

4 parameters examined was used for comparison using GraphPad 

rism. 

.9. Virus titers 

Left lung lobes were homogenized in 100 μl serum-free 

pti-MEM (Gibco cat# 31,985,070) using a bead mix (Fisher- 

rand cat#15,340,153) in a tissue homogenizer (Fisherbrand 

at#15,340,164). The homogenate was clarified with centrifugation 

t 20 0 0 rpm x 5 mins. Fifty microliters of supernatant were se- 

ially diluted and 100 μL were plated on Vero cells (ATCC cat# 

RL1586) monolayer in 12 well plates. The plates were incubated 

t 37ºC for 1 hour with intermittent gentle shaking every 10 mins. 

fter 1 hour post-infection, the media was removed and replaced 

ith post-inoculation media containing overlayed with 0.6 % Avi- 

el (Dupont cat# CL-611NF) solution supplemented with 3 % FBS 

Gibco cat# 10,437–28) and 2X MEM (Gibco cat# 11,095–080). 

hree days post-infection overlay was removed, and cells were 

xed with 10 % neutral buffered formalin for 10–15 mins. The cells 

ere then stained with 1 % crystal violet solution (Sigma cat# 

T90132) and plaques were counted for each dilution. The virus 

iters were determined by multiplying the number of plaques with 

he dilution factor. 

.10. Subcutaneous vaccination and viral challenge 

Either 5 μg or 2.5 μg of the S protein or NC protein, both re-

uspended in PBS, were mixed with 15 μL of 1 % GC or 15 μL

f Addavax. The final volume delivered subcutaneously was 20 μL, 

or male and female animals in equal numbers. Animals were vac- 

inated twice (four weeks apart). Six weeks after the second vac- 

ination, the animals were challenged with a lethal dose of SARS- 

oV-2. The mice were anesthetized with Xylazine/ketamine anes- 

hesia and inoculated intranasally with 2 × 104 pfu/mice in 50 

L PBS (25 μl per nostril). Mice were monitored for survival and 

eight changes every day for 21 days. The vaccination regimen is 

hown in Supplemental Figure 5A. 

.11. Statistical analysis 

Statistical analysis was performed with GraphPad Prism. Un- 

ess indicated otherwise, data were expressed as means ± SD or 

EM. Both one-way and two-way analysis of variance (ANOVA) 

ere used for multiple group comparisons. Differences in survival 

ere determined on the basis of Kaplan-Meier survival analysis. 

djusted P values less than or equal to 0.05 were considered sta- 

istically significant (∗, p ≤ 0.05; ∗∗, p ≤ 0.01). 

. Results 

.1. GC retains antigen at the administration site and activates a 

ariety of pattern recognition receptors involved in viral responses 

Since one of the important functions of an effective vaccine ad- 

uvant is to retain antigens at the administration site, we examined 

C’s ability to retain ovalbumin labeled by Texas-Red (OVA-TR). We 

ixed GC of different concentrations (0.5, 0.75, 0.9, or 1 %) with 

VA-TR and injected the mixture subcutaneously in the flank of 

57BL/6 mice, followed with whole-body fluorescent imaging over 

 period of seven days (Supplemental Figure 1A). We observed that 
4

C at a higher concentration (0.9 and 1.0 %) was able to retain OVA 

t the administration site significantly longer than PBS ( Fig. 1A - 

pper, Supplemental Figure 1B). Specifically, ∼50 % of the OVA was 

etained at the administration site by the 1 % GC solution three 

ays post-injection ( Fig. 1A -upper). GC also showed the ability to 

etain antigens after being intranasally applied. Similarly, ∼50 % of 

he OVA was retained in the upper respiratory tract by GC three 

ays post-injection compared to PBS ( Fig. 1A -lower). 

Furthermore, when GC alone was delivered intranasally, at a 

oncentration of 0.75 %, the total CD45+ cellularity and B cell cel- 

ularity in the cervical lymph nodes (cLNs) were significantly in- 

reased 72 h post-inoculation (Supplemental Figure 1C). In addi- 

ion, we observed a trending increase in the number of migrating 

nd resident dendritic cells (DCs), and CD4+ and CD8+ T cells in 

he cLNs (Supplemental Figure 1C). These data suggest that GC can 

nduce a local response, leading to the migration and activation of 

ymphocytes in the nasal-associated lymphoid tissue (NALT). 

Since we found that GC specifically activates innate immune 

ells, particularly DCs [26] , we decided to focus on the immune re- 

ponses, particularly anti-viral responses, of bone-marrow-derived 

endritic cells (BMDC) induced by GC. Specifically, to determine 

he changes in gene expression in GC-stimulated BMDCs, we per- 

ormed bulk RNA-sequencing analysis. Our results revealed that 

 variety of gene expression pathways involved in anti-viral re- 

ponses, including responses against SARS-CoV-2, were highly en- 

iched in GC-stimulated BMDCs ( Fig. 1B ). Several pathways in- 

olved in antigen processing and presentation, cytokine-cytokine 

eceptor signaling, cell adhesion, cell-cell interaction, and antibody 

roduction networks, were also upregulated (Supplemental Figure 

D). Moreover, a variety of pattern recognition receptors (PRRs), 

ost notably a diverse array of nucleic acid PRRs, including Cgas, 

bp1, Tlr3, Tlr7, Tlr9, Mavs, and Ifih1, were activated in BMDCs in 

esponse to GC ( Fig. 1C ). Taken together, these results suggest that 

C acts as a potent adjuvant for recombinant protein vaccination 

s it activates multiple PRRs, drives the expression of genes re- 

uired for T cell activation and differentiation, and triggers a va- 

iety of viral response pathways required to initiate antiviral im- 

unity. 

.2. GC drives strong antigen-specific humoral immune responses 

ollowing a two-dose vaccine regimen 

To examine the adjuvant function of GC in inducing hu- 

oral immune responses, we prepared a recombinant viral pro- 

ein (RVPs)-based vaccine, by mixing 1 % GC with 5 μg of either 

ecombinant SARS-CoV-2 trimeric spike (S) protein or nucleocap- 

id (NC) protein. C57BL/6 mice (8 weeks old) were vaccinated in- 

ranasally (I.N.) once (1X) with GC, GC + S, and GC + NC. The serum,

ungs, and cLNs were collected for analysis two weeks later (Sup- 

lemental Figure 2A). Total serum IgG and IgA were unchanged 

mongst all the vaccinated groups (Supplemental Figure 2B) and 

-specific antibodies were not detected at this time point (data not 

hown). Lung cellularity and IgA levels were also unchanged in all 

he groups (data not shown). In the cLNs, total CD8+ T cells and 

aïve CD8+ CD62L+ T cells, effector and memory T cells, were in- 

reased in the GC + NC 1X-vaccinated animals compared to PBS or 

C groups (Supplemental Figure 2C). For CD4+ T cells, the mem- 

ry CD44+ CD62L+ CD4+ T cells were significantly increased after 

C + NC vaccination compared to PBS controls (Supplemental Fig- 

re 2D), and B cell numbers were largely unchanged (Supplemen- 

al Figure 2E). While 1X vaccination was able to increase lymph 

ode cellularity (Supplemental Figure 2C), it was unable to gen- 

rate S-specific antibodies at a detectable concentration (data not 

hown). This suggests that one I.N. vaccination may not be suffi- 

ient to induce significant immune responses against viral infec- 

ion. 
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Fig. 1. N-dihydrogalactochitosan retains antigen at the site of injection and stimulates a variety of antiviral pathways. 

A. Retention of antigen by GC. GC (1 %) was mixed with ovalbumin labeled by Texas-Red (OVA-TR) and injected either intradermally into the flank (upper figure) or 

intranasally (lower figure) in C57BL/6 mice. Whole-body fluorescent imaging was performed over a period of several days. The percentage rate of change (upper) and the 

average radiance (lower) were calculated to quantify the amount of OVA localized at the injection site. Two-way ANOVA was used for statistical analysis. 

B. Stimulation of antiviral response pathways by GC. Wild-type BMDCs were stimulated + /- GC for 24 h prior to harvesting for bulk RNA-sequencing analysis. KEGG Pathways 

Analysis revealed that GC stimulated a variety of antiviral response pathways. 

C. Heatmap showing the expression of various pattern recognition receptors (PRRs) in PBS- and GC-stimulated BMDCs ( n = 3). 

5
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Fig. 2. Multiple intranasal vaccinations using GC with recombinant SARS-CoV-2 spike protein drives localized, systemic antigen-specific humoral responses, in comparison 

with the adjuvant MF-59 equivalent, Addavax (AV). 

A. Schematic of the intranasal (I.N.) vaccination (2X) strategy and analysis using GC or AV as the adjuvant. 

B. Total IgA and S-specific IgA from left lung lobe homogenates harvested two weeks after the second vaccination. One-way ANOVA was used for statistical analysis. 

C. Total serum IgG1 and S-specific IgG1 levels one week after the first vaccination, one week after the second vaccination, and two weeks after the second vaccination. 

D. Total serum IgG2c and S-specific IgG2c levels one week after the first vaccination, one week after the second vaccination, and two weeks after the second vaccination. 
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We next vaccinated mice with S protein I.N. twice (2X), four 

eeks apart, and examined the humoral and cellular immune re- 

ponses at different time points after vaccination ( Fig. 2A ). We also 

sed the MF-59 equivalent, Addavax (AV), as a comparing adjuvant, 

ecause MF-59 is currently used in human vaccines against viral 

nfections (including influenza) and it has been demonstrated to 

nhance the mucosal immunogenicity of recombinant protein vac- 

ination [ 14 , 34 ]. PBS, 1 % GC, or AV (15 μL) was mixed with 2.5 μg

 protein and used for the two-dose vaccination scheme. Two 

eeks after the second vaccination, left lung lobe homogenates 

ere acquired and total IgA and S-specific IgA were measured via 

ntibody ELISA ( Fig. 2B ). While not significant by One-Way ANOVA, 

otal IgA in both GC + S- and AV + S -vaccinated animals was trend-

ng higher than in PBS controls. Only S-specific IgA was signif- 

cantly higher in the GC + S-vaccinated animals compared to PBS 

ontrols ( Fig. 2B ). Total serum IgG1 and IgG2c antibodies were 

easured one week after the first vaccination, one week after the 

econd vaccination, and two weeks after the second vaccination 
6

 Fig. 2C -D). One week after either the first vaccination or the sec- 

nd vaccination, there were no significant differences in total IgG1 

mong the four groups ( Fig. 2C ). Two weeks after the second vac- 

ination, total IgG1 in both GC + S and AV + S groups was trend-

ng up but not significantly by One-Way ANOVA ( Fig. 2C ). Inter- 

stingly, S-specific antibodies were not detected in the PBS sam- 

les but were observed in both AV + S - and GC + S-vaccinated an-

mals ( Fig. 2C ). While IgG2c showed little change one week af- 

er the first vaccination, it is trending up in PBS + S -, GC + S-, and

V + S -vaccinated animals one week after the second vaccination 

 Fig. 2D ). Interestingly, two weeks after the second vaccination, 

gG2c levels returned to the levels observed one week after the 

rst vaccination ( Fig. 2D ). Mirroring what was observed with S- 

pecific IgG1 ( Fig. 2C ), S-specific IgG2c was only represented in the 

V + S - and GC + S-vaccinated groups, suggesting that GC drives a 

imilar systemic antigen-specific antibody response to AV + S vac- 

ination ( Fig. 2D ). Taken together, these data indicate that GC in- 

uces a satisfactory antigen-specific humoral immune response 
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Fig. 3. Intranasal administration of GC with recombinant SARS-CoV-2 spike protein increases cervical lymph node cellularity. 

A-C. Activation of leukocytes after two-dose vaccination. Cervical lymph nodes were isolated two weeks after the second intranasal vaccination and analyzed via flow 

cytometry. 

A. Activation of CD8+ T cells after two-dose vaccination. CD8+ T cells were gated on Live, CD45+ CD3+ CD8+ cells prior to analysis with CD44 and CD62L. Total cellularity of 

CD8 T cells, CD8+ CD44+ , CD8+ CD44+ CD62L+ , and CD8+ CD62L+ was calculated. One-way ANOVA was used for statistical analysis. 

B. Activation of CD4+ T cells after two-dose vaccination. CD4+ T cells were gated on Live, CD45+ CD3+ CD4+ cells prior to analysis with CD44 and CD62L. Total cellularity of 

CD4 T cells, CD4+ CD44+ , CD4+ CD44+ CD62L+ , and CD4+ CD62L+ was calculated. One-way ANOVA was used for statistical analysis. 

C. Activation of B cells after two-dose vaccination. B cells were gated on Live, CD45+ CD19+ B220+ cells and then calculated for total cellularity. One-way ANOVA was used for 

statistical analysis. 
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hat is comparable and possibly superior to a known vaccine ad- 

uvant, AV, when intranasally delivered. 

.3. GC drives strong cellular responses following a two-dose 

accination regimen 

In addition to the humoral immune responses, we examined 

he numbers of T and B cells residing within the cLNs and 

he lungs following the same vaccination schedule described in 

ig. 2A . While not significant by one-way ANOVA, there was a 

rending increase in the total CD8+ T cells and specific CD8+ T 

ell subsets in the cLNs of GC + S- or AV + S -vaccinated animals

 Fig. 3A ). Interestingly, GC + S-vaccinated animals experienced a 

rending increase in CD8+ CD44+ CD62L+ and CD8+ CD62L+ T cells 

hile AV + S -vaccinated animals demonstrated a trending increase 

n CD8+ CD44+ and CD8+ CD62L+ T cells ( Fig. 3A ). In contrast, 
7

D4+ CD44+ and CD4+ CD44+ CD62L+ T cells were both significantly 

ncreased in the cLNs of GC + S-vaccinated animals but not in the 

V + S group ( Fig. 3B ). B cells were not significantly affected in all

xperimental groups ( Fig. 3C ). 

Next, we examined the lung cellularity following the two-dose 

accine regimen. GC + S-vaccinated animals did not experience a 

ignificant increase in CD8+ T cells, CD4+ T cells, or B cells (Sup- 

lemental Figure 3A-C). However, AV + S -vaccinated animals ap- 

eared to have a trending increase in CD8+ T cells and CD8+ T cell 

ubsets (Supplemental Figure 3A). Total CD4+ T cells were trend- 

ng up in AV + S -vaccinated animals, but this was not reflected in 

he three CD4+ T cell subsets examined (Supplemental Figure 3B). 

urthermore, B cell numbers also had a trending increase in AV + S - 

accinated animals, which was not observed in the other three 

roups. Overall, the T cell cellularity within the lungs following a 

wo-dose I.N. vaccination regimen resulted in minimal changes. 
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.4. Combining GC with the trimeric spike protein and the 

ucleocapsid protein increases the influx of T cells into the lung 

ollowing intranasal vaccination 

Next, to increase the cellular response in the lung following 

accination and to increase the coverage of antigens, we examined 

he combined effects of NC protein + S protein. The NC protein 

s one of the most abundant proteins in SARS-CoV-2, as it is re- 

uired for genome replication and packaging, and it induces an 

mmune response during the early stage of infection [ 35 , 36 ]. To

xamine whether the addition of the NC protein could increase 

he robustness of recombinant protein vaccine responses, we vacci- 

ated animals 2X, 4 weeks apart, with either GC + 5 μg S, GC + 5 μg

C, or GC + 2.5 μg S + 2.5 μg NC. Two weeks after the sec-

nd vaccination, the serum, lungs, and cLNs were examined for 

ntibody and cellular responses. In the serum, we found that to- 

al IgG1 and IgG2c antibody levels were largely unchanged in the 

C + S-, GC + NC-, or GC + S + NC-vaccinated mice compared to the

BS controls ( Fig. 4A -B). However, when examining S-specific IgG1 

nd IgG2c we found that GC + S + NC, with a reduced dose of S

nd NC proteins (2.5 μg), induced equivalent S-specific IgG1 and 

gG2c antibody levels compared to GC with a higher dose of S pro- 

ein (5 μg) ( Fig. 4A -B). A similar trend was observed in the lungs

ith total IgA and S-specific IgA ( Fig. 4C ), with GC + S + NC produc-

ng significantly more S-specific IgA than PBS alone- or GC + NC- 

accinated animals. 

In the cLNs of the GC + S-, GC + NC-, or GC + S + NC-vaccinated

ice, trending increases in total and CD4+ and CD8+ T cell subsets 

 Fig. 4D -E) were observed, with only the CD4+ CD44+ T cells being 

ignificantly increased in GC + S + NC-vaccinated animals ( Fig. 4D ). 

n the lungs, using either 5 μg S protein or 5 μg NC protein, in-

tead of using 2.5 μg S which was used for the experiments shown 

n Figs. 2 and 3 , resulted in a trending increase in total CD4+ and

D8+ T cells and their subsets and B cells (Supplemental Figure 

A-C). Combining 2.5 μg S and 2.5 μg NC proteins with GC re- 

ulted in an equivalent trending increase with 5 μg S alone, sug- 

esting that S and NC proteins are synergistic and can generate 

 more diverse immune response because it targets two separate 

ARS-CoV-2 proteins. For this reason, we chose to use the S + NC 

ombination to vaccinate mice before viral challenge. 

.5. Animals vaccinated by trimeric spike and nucleocapsid 

roteins + GC are resistant to lethal SARS-CoV-2 viral challenge 

For viral challenge experiments, we vaccinated C57BL/6 trans- 

enic mice expressing the human angiotensin 1-converting enzyme 

 (ACE2) receptor under control of the cytokeratin-18 (K18) gene 

romotor (K18-hACE2 mice). K18-hACE2 mice were vaccinated us- 

ng the two-dose regimen described in Fig. 2A . Six weeks after the 

econd vaccination, animals were challenged with a lethal dose of 

ARS-CoV-2 and monitored for 21 days ( Fig. 5A ). Efficacy follow- 

ng virus challenge was compared for six vaccine combinations: 

BS, PBS + S + NC, GC, GC + S + NC, AV, or AV + S + NC. Within the first

even days following the lethal viral challenge, all mice in the PBS- 

nd the GC-vaccinated groups either died or were humanely euth- 

nized due to severe clinical signs or weight loss ( Fig. 5B -C). One of

ix animals in the AV group survived, while two of ten PBS + S + NC-

accinated animals survived. Unexpectedly, all nine AV + S + NC- 

accinated animals either died or had to be humanely euthanized 

 Fig. 5B -C). Excitingly, in the GC + S + NC-vaccinated group, 13 of the

5 vaccinated mice experienced minimal weight loss on the first 

nd second days post-infection and survived without obvious com- 

lications ( Fig. 5B -C). Only two animals in the GC + S + NC group ex-

erienced weight loss and died within eight days of the viral chal- 

enge. 
8

As an alternative measure of vaccine efficacy to complement 

urvival outcomes, we analyzed their viral loads in the lungs fol- 

owing infection. Five days post viral infection, three mice were 

andomly selected from each of the six groups and lung viral titers 

ere assessed via plaque assays ( Fig. 5D ). The mice in GC alone

nd AV + S + NC groups exhibited higher virus titers than that in the

ther groups, but the titers were not statistically significant with 

he number of animals used for analysis. Interestingly, only one 

ouse in the GC + S + NC group generated viral plaques, suggesting 

hat GC + S + NC either mitigates virus replication in the lungs or re-

uces the amount of virus entering and infecting the lungs. 

.6. GC + trimeric spike and nucleocapsid proteins protected animals 

rom lung pathology following SARS-CoV-2 viral infection 

The histopathology of the lungs from the six groups of in- 

ranasally vaccinated animals was analyzed at multiple time points 

ost-infection. Prominent histopathology features were intersti- 

ial pneumonia, infiltration of inflammatory cells (lymphocytes, 

eutrophils, and macrophages), and bronchiectasia. The histology 

f the lungs and the pathology scores at day 0 are shown in 

igs. 6A and 6E . All the groups exhibited comparative pathol- 

gy scores on day 3 ( Fig. 6B and 6F ) when comparing a vari-

ty of lung pathology parameters. The most prominent features 

n day 3 were peribronchial and perivascular infiltration of lym- 

hocytes ( Fig. 6B , empty circles). The interstitium was thickened 

nd expanded with low numbers of lymphocytes, macrophages, 

nd neutrophils ( Fig. 6B , arrow). On days 5 and 6 post-infection, 

he PBS, GC, and PBS + S + NC groups exhibited the most severe 

hanges ( Fig. 6C and 6G -H). Bronchiectasia was evident on day 6 in

he PBS, AV, and GC groups ( Fig. 6C , arrowhead). The bronchioles 

ere infiltrated and expanded with moderate to large amounts of 

ucus admixed with inflammatory cells (bronchiectasia, Fig. 6C , 

lack arrows) in groups PBS + S + NC, AV + S + NC, and GC + S + NC.

here were also moderate numbers of lymphocytes, neutrophils, 

nd macrophages in the interstitium ( Fig. 6C , arrow) and extend- 

ng into the alveoli ( Fig. 6C , empty arrowhead) in the three S + NC

roups. In addition, the GC group exhibited moderate hemorrhages 

n the alveolar spaces ( Fig. 6C ; ∗). While the lungs of GC + S + NC-

accinated mice exhibited peribronchiolar and perivascular inflam- 

ation six days after viral challenge, there was a complete ab- 

ence of bronchiectasia ( Fig. 6C ). While the lungs of GC + S + NC-

accinated animals exhibited pathologic lesions, they were mild 

nd were not to the level or severity experienced with the other 

roups. A mouse in the GC + S + NC-vaccinated group ( Fig. 6H ) was

ick and received high pathology scores but this was likely stochas- 

ic as survival rate in this group was significantly higher com- 

ared to the other groups. Lung pathology analysis 21 days post- 

nfection revealed a significant reduction in the lung pathology in 

he GC + S + NC-vaccinated animals ( Figs. 6D and 6I ). The GC + S + NC

ice had characteristics of open alveolar spaces, and low amounts 

f perivascular and peribronchiolar cuffing as compared to AV and 

BS + S + NC at day 21 ( Fig. 6D and 6I ). 

.7. Effect of GC as an adjuvant in subcutaneous vaccination 

To compare the effects of GC and AV as adjuvants for subcuta- 

eous vaccination, GC + S + NC and AV + S + NC solutions were subcu-

aneously injected into the flank of the K18-hACE2 mice following 

he same two-dose regimen (Supplemental Figure 5A), with the 

ame doses and same schedule, as for the intranasal vaccination. 

ix weeks after the second vaccination, animals were challenged 

ith a lethal dose of SARS-CoV-2 and monitored for 21 days. As 

hown in Supplemental Figure 5B-C, only GC + S + NC and AV + S + NC

rotected the mice against the virus, with GC + S + NC resulting in a

lightly higher survival rate than AV + S + NC. 
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Fig. 4. Combining recombinant SARS-CoV-2 spike and nucleocapsid proteins for intranasal vaccination enhances humoral and cellular responses. 

Antibody production and T cell activation were induced by intranasal vaccination via the combination of GC with different proteins: GC + NC (with 5 μg NC), GC + S (with 5 

μg S), and GC + S + NC (with 2.5 μg S and 2.5 μg NC). 

A. Total Serum IgG1 and S-specific IgG1 levels two weeks after the second vaccination. One-way ANOVA was used for statistical analysis. 

B. Total Serum IgG2c and S-specific IgG2c levels two weeks after the second vaccination. One-way ANOVA was used for statistical analysis. 

C. Total IgA and S-specific IgA from left lung lobe homogenates harvested two weeks after second vaccination. One-way ANOVA was used for statistical analysis. 

D-E. T cell activation by GC with recombinant proteins. Cervical lymph nodes were isolated two weeks after the second intranasal vaccination and analyzed via flow 

cytometry. 

D. CD4+ T cells were gated on Live, CD45+ CD3+ CD4+ cells prior to analysis with CD44 and CD62L. Total cellularity of CD4 T cells, CD4+ CD44+ , CD4+ CD44+ CD62L+ , and 

CD4+ CD62L+ was calculated. One-way ANOVA was used for statistical analysis. 

E. CD8+ T cells were gated on Live, CD45+ CD3+ CD8+ cells prior to analysis with CD44 and CD62L. Total cellularity of CD8 T cells, CD8+ CD44+ , CD8+ CD44+ CD62L+ , and 

CD8+ CD62L+ was calculated. One-way ANOVA was used for statistical analysis. 
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. Discussion 

Mucosal vaccination has the ability to induce local and systemic 

umoral and cellular immunities [3–5] and mucosal adjuvants are 

ritical to developing effective vaccines against respiratory viruses 

37] . Key characteristics of successful vaccine adjuvants are their 

bility to enhance the immunogenicity of an antigen via reten- 

ion and slow release, enhance the phagocytic capability of APCs, 

nd reduce the amount of antigen required to stimulate protec- 

ive immune responses [38] . This is reflected in their ability to 

oost humoral responses with antibody production and cellular re- 

ponses through memory T cell formation. Moreover, vaccine ad- 
9

uvants should drive an immune response similar to immune re- 

ponses generated by the specific pathogen. Therefore, a type I IFN 

esponse would be ideal for respiratory viruses as these cytokines 

re required for antiviral immunity [39–41] . Thus far, most adju- 

ants currently used for human vaccines have been unable to ac- 

ivate a multitude of PRRs simultaneously; only one adjuvant, cy- 

osine phosphoguanosine 1018 (CpG 1018), a TLR9 agonist, stim- 

lates the production of type I IFN [ 14 , 42 , 43 ]. We developed N-

ihydrogalactochitosan (GC), a unique biopolymer, as an effective 

ucosal vaccine adjuvant. GC is a safe compound, as shown in our 

revious safety studies [44] . Furthermore, it has been used in clin- 

cal trials for cancer treatment, without observed toxicity [30] . 
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Fig. 5. Intranasal vaccination with GC and recombinant SARS-CoV-2 spike and nucleocapsid proteins protects mice against lethal viral challenge. 

A. Schematic of the vaccination and viral challenge strategy for K18-hACE-2 animals. 

B. Survival rates of animals challenged by SARS-CoV-2 virus over a course of 21 days ( n = 6–15). 

C. Percent body weight change over a period of 21 days in virally infected animals. 

D. Plaque assays performed in lung homogenates on day 5 post viral infection ( n = 3 per group). Data represent mean ± SE of the respective groups. One-way ANOVA was 

used for statistical analysis. 
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In this study, we demonstrated GC’s adjuvant functions in a re- 

ombinant viral protein-based intranasal vaccine against respira- 

ory pathogens, using SARS-CoV-2 as an example. Because of its 

hysical and chemical properties, GC poses strong retention power 

n retaining antigens at the administration site at an appropri- 

te concentration, as shown in Fig. 1A and Supplemental Figure 

B Furthermore, GC activated several different nucleic acid PRRs 

 Fig. 1C ), all of which were downstream of STING signaling and 

ed to type I IFN and IL-1 β production [ 26 ]. GC also activated im-

une pathways involved in response to Covid-19 (SARS-CoV-2), as 

hown in Fig. 1B . It has been shown that type I IFN response is

lso the source of COVID-19 vaccine side effects [45] . However, in 

ur GC + S + NC vaccination study, we did not observe severe side

ffects on the vaccinated animals, in terms of weight loss and res- 

iratory distress, while providing strong protection against the vi- 

al challenge. This may be due to the fact that GC + S + NC is in-

ranasally administered, hence reducing the potential side effects. 
10
urther studies are needed to determine the impact of GC-induced 

ype I IFN when used as in the vaccines against COVID. 

In our previous work, we discovered that GC was able to pro- 

uce a strong type I IFN response in tumor-infiltrating leukocytes 

TILs) following its direct injection into the tumor [ 31 , 46 ]. How-

ver, we also found that GC did not cause direct, non-specific acti- 

ation of T cells, but instead works through the activation of APCs 

data not shown). To determine the critical roles of DCs in anti- 

en presentation, T cell activation, and differentiation, and effec- 

or and memory T cell formation, we discovered the pathways of 

 cell activation through DC activation, consistent with previous 

ublished results[ 47 , 48 ]. We have previously shown that GC di- 

ectly induces the maturation of DCs via increased co-stimulatory 

olecules CD80, CD40, and MHC-II [49] . Similarly, activation of 

Cs by GC was also observed using mouse DC cell line DC2.4 

50] or DCs isolated from a GC-injected tumor and tumor-draining 

ymph node [49] . In a follow-up study using murine BMDCs, it was 
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Fig. 6. Intranasal vaccination with GC and recombinant SARS-CoV-2 spike and nucleocapsid proteins protects mice against severe lung pathology. 

A-D. 10x H&E sections of lungs at days 0, 3, 6, and 21 post SARS-CoV-2 challenge ( n = 6–15 per group). The scale bar is 200 μm. 

A. Day 0: H&E-stained lungs demonstrating normal lung architecture. 

B. Day 3: Interstitial (arrow) and peribronchial and perivascular immune infiltration (open circles) post-infection. 

C. Day 6: Bronchiectasia (arrowheads) and bronchioles infiltrated with mucus and immune cells (arrows) post-infection. Immune infiltration was also observed in the alveoli 

(empty arrowhead). Hemorrhages in the alveolar spaces (∗) and peribronchial and perivascular immune infiltration (open circles) were observed. 

D. Day 21: Peribronchial and perivascular immune infiltration (open circles) post-infection. 

E-I. Pathological evaluation and scoring for the lung sections at days 0, 3, 5, 6/7/8, and 21 post-infection. The interstitium, alveoli, bronchioles, and vessels were evaluated 

for various parameters such as inflammation, edema, fibrin, necrosis, syncytial cells, hemorrhages, ectasia, vasculitis, and thrombi on a scale of 0–4: 0, no lesions; 1, minimal 

(1 to 10 % of lobes affected); 2, mild (10 to 40 %); 3, moderate (40–70 %); and 4, severe (70 to 100 %). The cumulative score was obtained from the 24 parameters examined. 

E. Cumulative histopathology scores for day 0. One-way ANOVA was used for statistical analysis. 

F. Cumulative histopathology scores for day 3. One-way ANOVA was used for statistical analysis. 

G. Cumulative histopathology scores for day 5. One-way ANOVA was used for statistical analysis. 

H. Cumulative histopathology scores for day 6/7/8 at the point of euthanasia. One-way ANOVA was used for statistical analysis. 

I. Cumulative histopathology scores for day 21. One-way ANOVA was used for statistical analysis. 
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ound that GC activates DCs in part via STING signaling leading to 

FN- β/ α (type I IFNs) and IL-1 β production [ 26 ]. 

We demonstrated that GC was also capable of activating multi- 

le PRRs to induce the production of type I IFN and IL-1 β , includ-

ng nucleic acid sensing pathways that play a significant role in an- 

iviral immunity ( Fig. 1C ). Type I IFNs have been shown to provide

 “third signal” to T cells responding to a presented antigen, en- 

ancing their effector function and clonal expansion [51] . IL-1 β en- 

ances the expansion, differentiation, memory formation, and mi- 

ration of antigen-primed CD4+ and CD8+ T cells [52] . Moreover, 

he addition of IL-1 β enhances the efficacy of weakly immuno- 

enic vaccines [52] . We found that GC + S vaccination could recruit 

 cells into the axillary lymph nodes to a greater extent than AV + S

 Fig. 3 ). Furthermore, GC vaccination was able to significantly in- 

rease the cellularity of CD4+ T cells in the cervical lymph nodes 

 Fig. 3B ), but with the S protein alone, no changes were observed

n the lung (Supplemental Figure 3A-B). 

NC protein is highly immunogenic, highly conserved with a 

uch slower mutation rate than the S protein, and drives robust 

 and B cell responses [53–56] . Therefore, to further enhance the 

nflux of immune cells into the lung following intranasal vaccina- 

ion, we combined the S protein with the NC protein. GC + S + NC

enerated S-specific antibody responses in the serum and lungs 

fter two vaccinations ( Fig. 4A -C). More importantly, GC + S + NC in-

reased the cellularity of T cells in the cervical lymph nodes and 

esulted in a trending increase of T and B cells within the lungs of 

he twice-vaccinated animals ( Fig. 4D -E, Supplemental Figure 4A- 

). These results prompted us to vaccinate K18-hACE2 transgenic 

ice using S + NC mixed with either PBS, AV, or GC, followed by 

ARS-CoV-2 viral challenge with a lethal viral dose. 

Six weeks after the second vaccination, K18-hACE2 transgenic 

ice were intranasally challenged with the SARS-CoV-2 virus. 

C + S + NC vaccination potently prevented robust infection, mor- 

idity (clinical signs and weight loss), and mortality, and exhib- 

ted significantly reduced viral load, and severe lung pathology, in 

esponse to the SARS-CoV-2 viral challenge ( Figs. 5 and 6 ). Sur- 

risingly, AV + S + NC vaccination neither prevented mortality, nor 

educed viral load, lung pathology, or weight loss. In fact, this 

roup of animals performed significantly worse than all four con- 

rol groups (PBS, GC, AV, PBS + S + NC) as shown in Fig. 5 . Lung

athology revealed that the AV + S + NC-vaccinated animals experi- 

nced severe bronchiectasia and interstitial inflammation 3 and 6 

ays post-infection ( Fig. 6B -C). This result was unexpected as the 

V + S -vaccinated animals generated comparable humoral and cel- 

ular responses to GC + S in the lungs and cervical lymph nodes 

 Figs. 2 and 3 ). These results suggest that only appropriate adju- 

ants should be used for lower respiratory tract infections and that 

he wrong type of adjuvants can make the lung pathology signifi- 

antly worse. 

Bronchial changes such as bronchiectasia are detrimental to 

ARS-CoV-2 patients [57] as well as in a variety of other chronic 

ung diseases such as Chronic Obstructive Pulmonary Disease 

COPD) [58] and can also be seen in patients in the acute phase of 

ARS-CoV-2 infection [59] . We observed a tremendous increase in 

ntraluminal bronchiolar mucus with inflammatory cells leading to 

he expansion of the bronchioles in all the control groups ( Fig. 6B -

). Interestingly, GC + S + NC-vaccinated mice did not exhibit this 

henomenon, indicative of the lung protection by GC + S + NC 

gainst bronchiolar structural damage caused by the viral chal- 

enge ( Fig. 6B -D). Furthermore, the absence of bronchiectasia cor- 

elates well with the observation of the GC + S + NC-vaccinated mice 

xperiencing little to no respiratory distress. These animals were 

ikely well-ventilated, resulting in significantly reduced morbidity 

nd mortality even though their cumulative histopathology scores 

ere not significantly lower. 
12
As mucosal adjuvants, GC and AV induced the same levels of 

umoral immune responses, as shown in Fig. 2 . The results of our 

rotein-based vaccines using mucosal adjuvants GC and AV are 

ot directly related to antibody production. Furthermore, neutral- 

zing antibody titer results (data not shown) did not show signifi- 

ant differences between serum samples from different vaccinated 

roups. However, GC is proven to be more effective in protecting 

ntranasally vaccinated mice than AV, as shown in Fig. 5 . These re- 

ults indeed confirmed our hypothesis that GC + S + NC stimulates a 

trong cellular response which is not observed in the other groups. 

his could also help explain why the animals have lung pathol- 

gy, indicating that the mice are becoming infected, but are able 

o clear the infection because of their adaptive T cell responses 

 Fig. 6 ). In future studies, we will fully characterize the T cell re-

ponses responsible for keeping animals alive after lethal viral in- 

ections. 

However, it is worth noting that while the overall antibody pro- 

uction by GC and AV did not show much difference, as shown 

n Fig. 2 , GC induced higher S-specific IgG production than AV 

 Fig. 2B ), particularly two weeks after the second vaccination 

 Fig. 2C ). In addition, while not statistically significant, cellular 

timulation of both T cells and B cells by GC was in general higher 

han that of AV ( Fig. 3 ). These differences in immunological stimu- 

ation between GC and AV could determine their effects as mucosal 

djuvants. An in-depth mechanistic study is needed to further un- 

erstand the linkage between the structure and the immunological 

spects of GC and the transportation affinity and/or the controlled- 

elease profile of S + NC within GC, compared with those within AV. 

n the future, we will determine what drives the anti-viral effects 

hen using GC and AV as adjuvants in intranasal vaccine using re- 

ombinant proteins. 

When GC and AV were used in subcutaneous vaccination in 

ombination with S and NC proteins, both adjuvants showed sim- 

lar protecting abilities against the challenges with a lethal dose 

f SARS-CoV-2 virus, as shown by Supplemental Figure 5. GC is 

n effective mucosal adjuvant for intranasal vaccination because 

t induces the production of both type I IFN and IL-1 β [26] . The

n-depth mechanism of GC’s functions as a mucosal adjuvant for 

ntranasal vaccination against respiratory pathogens will be inves- 

igated in future studies. 

In addition, various adjuvants have been used, such as AS03 and 

S04, for vaccines against respiratory pathogens [60] . While these 

djuvants do not induce immune responses in the same way GC 

oes, future studies are warranted to compare the effects of AS03, 

S04, and other adjuvants, which have been used in humans, with 

C, particularly as mucosal adjuvants for intranasal vaccination. 

Many IN vaccines that worked in mice failed in large animals, 

eading to limited choices of IN vaccines for humans. We are cau- 

iously optimistic about GC, as there is no other mucosal adju- 

ant like it on the market for IN vaccination. In addition, GC has 

een used in humans for cancer treatment [ 27 , 28 , 30 ]. However, fu-

ure pre-clinical studies and clinical trials are needed to determine 

he efficacy of GC + recombinant protein-based IN vaccines against 

ARS-CoV-2 and other respiratory viruses. 

In summary, the results presented herein reveal that GC acts as 

 potent mucosal vaccine adjuvant when administered in combina- 

ion with recombinant viral proteins to prevent severe lung pathol- 

gy and mortality in mice after SARS-CoV-2 infection. GC is effec- 

ive as a viral vaccine adjuvant because it can retain the antigens 

n the mucosa for an extended period and it activates the same 

athways involved in antiviral responses, thus driving potent an- 

iviral immunity. Future work will focus on the understanding of 

C’s localized immune effects on the nasal mucosa, longevity of 

he immune response, and altering parameters of the vaccination 

egimen to create the most effective intranasal immune response. 
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