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/ Abstract \

The study evaluates the efficacy of the nasal booster vaccine candidate Mambisa in the activation of tissue-resident memory T cells (TRM), that
are essential in mucosal immunity against respiratory infections such as COVID-19. Mambisa, developed by the Center for Genetic Engineering
and Biotechnology (CIGB) in Cuba, combines the RBD protein of SARS-CoV-2 and the HBcAg protein of hepatitis B, and is administered nasally.
The preclinical study in mice showed that the nasal administration of Mambisa significantly increased the expression of CD69, and CD103
(TRM markers) in the lungs, while increased FOXP3 expression was also observed. Foxp3 is essential for the development and function of
Treg cells, and can influence the activation and regulation of TRM cells. These results suggest that the combination of RBD and HBcAg induces
an effective local immune response, with a synergistic effect that enhances TRM cell activation in tissues. Furthermore, mice immunized with
Mambisa showed higher RBD-specific IgG antibody titers and increased neutralizing activity against the virus, compared to formulations with
only RBD or HBcAg. In a study with nasal samples from 48 COVID-19 convalescent individuals receiving a booster shot with either Mambisa
or intramuscular vaccine Abdala significant increases in the expression of genes associated with TRM (CD69, CD103) and effector immune
responses (INFG, GZMB, CXCL10) were detected in the Mambisa group, indicating a local activation in the intranasal mucosa. In contrast, there
were no significant differences in these markers in the Abdala group. TRM cells, residing in tissues such as the respiratory tract, act as a first line
of defense, blocking viral replication and reducing transmission. The Mambisa formulation, by activating these markers, could enhance mucosal
immunity, which is crucial in preventing emerging infections and variants. Moreover, the use of HBcAg as an adjuvant improves the RBD antigen
presentation, enhancing specific T-cell and antibody responses. In summary, these results suggest that Mambisa is a promising candidate for
\inducing durable local immunity against SARS-CoV-2, with the potential to reduce transmission and mitigate future outbreaks. /

INTRODUCTION

Respiratory infections, such as SARS-CoV-2, begin in the
nasopharyngeal tract of the upper respiratory system. It is
therefore crucial to establish an immune barrier providing
first-line immunity to block infection and transmission. The
global vaccination strategy of WHO against COVID-19, has
highlighted the importance of mucosal immunity in reducing
SARS-CoV-2 transmission, which could prevent the emergence
and global surges of new risk variants (1). However, almost
all approved COVID-19 vaccines are administered by
intramuscular injection. These vaccines induce a systemic

immune response that protects against severe disease
and mortality, but are ineffective in generating a mucosal
immune response, and do not adequately prevent upper
respiratory tract infection and transmission, especially with
the emergence of highly transmissible sub-variants.

The factors inducing more effective immune responses via
the intranasal route are not fully understood. A suitable
approach in this direction could optimize vaccine platforms, in
general, and particularly intranasal platforms. The Center for
Genetic Engineering and Biotechnology (CIGB) has developed
several platforms for the prevention of SARS-CoV-2 infection,
which have been shown to strengthen immunity and prevent
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transmission. Abdala, a recombinant protein-based vaccine
expressed through the Pichia pastoris yeast, includes the
recombinant SARS-CoV-2 receptor-binding domain (RBD)
antigen with the aluminum hydroxide gel as its adjuvant.
Abdala showed an efficacy of 92.3% (95% Cl: 85.7-95.8) in
its three-dose intramuscular schedule in the Phase Il trial,
demonstrating its ability to protect vaccinees (2). Another
vaccine candidate in the preclinical phase is Mambisa,
one of the five intranasal candidates that have reached
clinical trials worldwide (3). Based on recombinant proteins,
Mambisa combines the RBD protein of SARS-CoV-2 and
the nucleocapsid protein of the hepatitis B virus. Mambisa
completed the Phase 2 clinical trial at the National Center
of Toxicology (Cenatox, according to its Spanish acronym),
demonstrating that it is safe and with preliminary results of
its effective immunological action (4).

TRM are a type of T cells that remain in peripheral tissues,
both mucosal and epithelial, without recirculating through the
bloodstream. They act as a first line of adaptive defense and
activate both the innate and adaptive systems. An important
marker of the activation of TRMs is CD69, a protein that is
overexpressed following immune cell activation that plays a
role in the early and late phases of immune responses, thus
being crucial for aresponse againstviral infections such as that
of COVID-19 (5). This study evaluated TRM activation in lung
tissue of mice intranasally immunized with Mambisa and the
characterization of TRM activation in the intranasal mucosa
of individuals convalescent from COVID-19 for more than 6
months, who received a booster with Abdala and Mambisa.
The expression of genes associated with TRM markers such
as CD69 and CD103, as well as others related to the defense
against SARS-CoV-2 infection, were measured by gPCR.

MATERIALS AND METHODS

Sample collection and total RNA isolation

For the study in mice, 75 Balb/c animals aged 6 to 8 weeks
and weighing between 18 and 22g were distributed in 5
study groups. Annex 1 shows the description of the groups,
immunogens, volume of administration and number of
animals per group. The treatment groups received three
sensitization doses. The first 3 administrations were
performed every 2 weeks, for pre-sensitizing the animals with
the recombinant SARS-CoV-2 RBD protein in the presence of
c-di-AMP (CDA). On day 58, groups 1, 2, and 3 received the
booster shot, while groups 4 and 5 received it on day 59.
The administration was performed via the IN route (50 pl/
mouse) (See Supplementary Figure S1 A). For lung extraction,
the thoracic cavity was first dissected and the lungs were
removed. The lungs were fragmented into 50-100 mg pieces
of tissue and placed in tubes with 1 ml of Allprotect Tissue
(Qiagen, Germany). Lung samples in Allprotect Tissue were

incubated overnight at 2-8 oC to ensure a suitable penetration
of the reagent. Subsequently, they were stored at -20 oC until
their processing to isolate total RNA.

The human study was approved by the CIGB Ethics Committee
according to the principles of the Declaration of Helsinki. A
written informed consent was obtained from all participants.
Forty-eight volunteers that were convalescing from COVID-19
for more than 6 months were randomized into two groups:
26 were treated with one dose of Mambisa in each nostril
and 22 with one dose of intramuscular Abdala. Using GDH
Gmbh (Germany) swabs, intranasal swab samples were
taken from both nostrils before treatment (TO) and 5 days
after the treatment (T1) (Supplementary Figure S1 B). Each
donor had the swab introduced parallel to the septum up
to the inferior turbinate. The swab was then gently rotated
on its longitudinal axis from 10 to 20 times. The swabs with
the intranasal tissue were introduced in 1 ml of TriReagent
and homogenized for 1 min in vortex. Total RNA was isolated
using the combined TriReagent/ miRNeasy mini protocol
(Qiagen) with on-column enzymatic DNA digestion according
to the manufacturer’s instructions. Quantification and quality
control of the RNA obtained was performed on the Nanodrop
1000 spectrophotometer (ThermoFisher).

Isolation of total RNA

Total RNA was isolated using the combined giazol/ mirneasy
mini (giagen) protocol with enzymatic DNA digestion in the
column, according to the manufacturer’s instructions. The
CDNA reactions were made using 2 pg of total RNA per sample
following the instructions of the First Strand CDNA synthesis
kit (cat. No. 04 379 012 001, Roche). The quantification of
the RNAs obtained was performed in the Nanodrop 1000
(Themofisher) spectrophotometer. The quality of purified
RNA was checked in the Agilent 2100 bioanalyzer. The purified
samples were free from genomic DNA, according to the tests
performed by QPCR RT +/-.

Reverse transcription

The CDNA reactions were made using 2 pg of total RNA per
sample. In the synthesis of the CDNA anchored- oligo(dT)18
primer AND random hexamer primers were used, according
to the procedure of the First Strand CDNA Synthesis
Transcriptor Kit (Cat. No. 04 379 012 001, Roche). The reaction
was diluted 10 times for a final volume of 400 pl.

QPCR reactions

QPCR reactions were made using a total volume of 20 pl. For
the mice study, the oligos were used at a concentration of
300 nM, while for the study in humans, the Oligos were used
at 500 nM; 10 pl of LightCyCler® 480 Sybr Green | Master
(cat. 04 707 516 001, Roche), 4 pl of CDNA were added, and
the final volume was completed with PCR water quality. The
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QPCR runs were made in the LightCyCler 480 Il (Roche) team.
In the mice study, the genes of interest were CD69, CD103,
and FOXP3, while the selected reference genes were MAEA,
YWHAZ, RPLP1, HTRP1, and B2M. In the human study with
intranasal swab samples, the genes of interest were CD69,
CD103, CXCL10, INFG, GZMB, BCL2, TGFB and CASP3. The
YWHAZ, RPLP1, HMBS, HTRP1, B2M and UBC genes were used
to select the reference genes (Supplementary Table 1).

Immunostimulatory antigens and molecules

The recombinant receptor-binding domain (RBD-H6-PP,
residues 331-529) of the spike protein from the SARS-CoV-2
strain Wuhan-Hu-1 (6) was used as the target antigen. The
recombinant full-length hepatitis B core antigen (HBcAg)
served as the immunostimulatory molecule (7). Both proteins
were produced at high purity (295%) at the production facilities
of the Center for Genetic Engineering and Biotechnology
(CIGB) in Havana, Cuba. The c-di-AMP (CDA) was provided
with research grade quality by the Helmholtz Centre for
Infection Research (HZI) (8). All molecules were tested for
lipopolysaccharide (LPS) contamination according to their
respective quality systems. For the immunogen preparation,
both RBD and HBcAg recombinant proteins were diluted in
phosphate-buffered saline (PBS). The lyophilized c-di-AMP
(CDA) was dissolved in water before mixing with proteins
or, when necessary, further diluted in PBS. To prepare the
immunogen, the recombinant proteins were diluted in
phosphate-buffered saline (PBS). The lyophilized c-di-AMP
(CDA) was first dissolved in water and then mixed with
RBD protein. The mixture of RBD and CDA was manually
homogenized using a pipette and incubated at room
temperature (22°C £ 3°C) for 15 minutes. The immunogen
preparations were stored at 5°C + 3°C until use.

Immunization procedures

The six- to eight-week-old group of 60 female BALB/c mice
(H-2d) was sensitized on days 0, 14, and 28 through intranasal
immunization with a formulation containing 10 pg of RBD
and 5 pg of CDA in phosphate-buffered saline (PBS). A control
group of 15 mice was inoculated with PBS. On day 58, the
RBD/CDA-sensitized group was randomly redistributed into
four subgroups (n=15 each), and the mice were subsequently
boosted with one of the following treatments: 1) PBS; 2)
Mambisa vaccine candidate (10 pg of RBD and 10 pg of HBcAg
per dose); 3) 10 ug of HBcAg per dose; or 4) 10 ug of RBD per
dose. The control group only received PBS. To facilitate nasal
application, mice were anesthetized with Ketamin. The tip of
the pipette was positioned at the surface of each nostril, and
the immunogen was gently instilled to allow it to penetrate
through the animal's inspiratory airflow. This was done in
three cycles of 8.5 pl, 8.5 pl, and 8 pl, for a volume of 50 pl
(25 pl per nostril). Blood was collected five days after booster
shot and centrifuged to collect serum samples.

Enzyme-Linked ImmunoSorbent for
antibody measurement

RBD-specific IgG antibodies were assayed as previously
described (6). Briefly, 96-well ELISA plates (Corning Costar,
Acton, USA)) were coated with 10 pg/mL RBD-H6 antigens
overnight at 4 °C, washed with PBST (PBS with 0.05%
Tween-20) five times, and blocked with 2% skim milk solution
in PBST for 1 h at 37 °C. After washing the plates five times
with PBST, serum dilutions or the control
antibody were added to the plates and incubated at 37 °C

for 2 hours. Following a subsequent five washes with PBST,

assay (ELISA)

monoclonal

100 pL of HRP-conjugated antibody (goat anti-mouse IgG,
1:10,000 dilution) was added to the plates and incubated at
37 °Cfor 1 hour. After five additional washes with PBST under
shaking conditions, 100 pL of substrate solution (TMB and
hydrogen peroxide) was added to each well. Upon completion
of a 10-minute reaction, 50 pL of stopping solution was added
to each well. Absorbance was measured at 450 nm using a
microplate reader (BMG Labtech, Ortenberg, Germany).
Serum IgG antibody titers were expressed in arbitrary units
(AU) relative to the SARS-CoV-2 monoclonal antibody AcM02
(CIGB SS).

Plate-based RBD to ACE2 binding assay

The inhibitory activity of anti-RBD polyclonal sera on the
binding of an RBD-HRP conjugate to hFc-ACE2-coated plates
was assessed as previously described (7). ELISA plates (Costar
3591) were coated with 0.25 pg per well of recombinant hFc-
ACE2 in PBS for three hours at 37°C, followed by washing with
0.1% (v/v) Tween-20 in distilled water and blocking with 2%
(w/v) nonfat dry milk in PBS for one hour at 37°C. Mixtures of
the RBD-HRP conjugate (CIGB, Cuba; diluted 1:100,000) and
serial dilutions of serain 0.2% (w/v) skim milk in PBS were pre-
incubated for one hour at 37°C, with a monoclonal antibody,
CBSSRBD-S.8 (CIGBSS, Cuba), serving as a positive control due
to its strong neutralization activity against SARS-CoV-2. After
four washes with 0.1% (v/v) Tween-20 in distilled water, the
sera-conjugate mixtures were added to the hFc-ACE2-coated
wells and incubated for another hour at 37°C. A substrate
solution containing TMB and hydrogen peroxide was then
added, and after a 10-minute incubation at room temperature,
the reaction was stopped with the 2M HOSOUOsolution. The
optical density of the microtiter plates was measured at a
wavelength of 450 nm. Inhibition values were calculated
using the formula: Inhibition (%) = (1 — sample optical density
value/negative control optical density value) x 100, with
results expressed as percentages and a positivity threshold
set at 20%. Data were plotted using GraphPad Prism version
8.0.2, and the surrogate neutralization titer was defined as
the concentration yielding 50% inhibition (IC50), determined
using the log of the inhibition value vs. normalized response
variable slope model.
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Statistical processing

Statistical analyses were performed using Genex software (MultiD AB, Sweden). Statistical preprocessing of the data followed
the recommendations described by Bergkvist et al. (9). Additionally, the multivariate statistical R libraries included Factominer,
FactoExtra, and Factolnvestigate in order to conduct principal component analysis (PCA). The algorithms used in the selection
analysis for the best reference genes were NormFinder (10), GeNorm (11), and RefFinder (12), which also integrate data from
BestKeeper (13), and DeltaCt (14).

RESULTS

Mambisa activates the expression of TRM markers in mouse lung tissue

From the reference gene study in mice, the most stable gene was GUSB, and the GUSB/HPRT1 pair was selected, within the
consensus variant, as the best gene combination among the different algorithms. PCA tool provides an overview of the
complexity and interrelationships of multivariate data sets. It is able to reveal relationships between variables and between
samples (e.g. patterns), detect outliers, find and quantify patterns and trends, and extract and compress multivariate data
sets, among other applications (15,16). One of the premises of the PCA is that there is a correlation between the variables in
the data matrix. Pearson’s correlation matrix showed that there are significant correlations between the variables. In addition,
Bartlett's test of sphericity shows a significant correlation in the data indicating the possible use of a PC (Chisq(3) = 63.62,
p << .001). Additionally, the Kaiser, Meyer, Olkin overall measure of sampling adequacy (KMO) suggests that the data are
appropriate for performing the PCA test (KMO >= 0.65).

The PCA biplot shows the scores of the observations (samples) as points, and the loadings of the variables as vectors in
a two-dimensional space, representing the multidimensional relationships of the data. This type of analysis helps visualize
the relationships between the samples and variables (17,18). The biplot graph (Figure 1) shows that the first and second
dimensions explain 70.2% and 17.5% of the variability of the data, respectively, for 87.7% of the total inertia of the data set.
The graph shows that all three vectors are directed towards the Mambisa group cluster (Gll), indicating that samples in the
Mambisa group tend to have an increased expression in the three genes studied, compared to the rest of the groups. All three
vectors have a significant correlation with the first component. FOXP3 shows the highest contribution followed by CD69 and
CD103 (Supplementary Table S2). These results support the fact that Mambisa activates the expression of these genes.

Figure 1
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Biplots of the principal component analysis performed on the interaction between variables (genes) and treatments. GI-PBS/
sensitized, GlI-Mambisa, GllI-HBcAg, GIV-RBD, and GV-PBS.

The analysis of the centers of inertia infer that the Mambisa, HBCAg and RBD treated groups can be segregated in clusters,
with different expression patterns. This was confirmed in the unsupervised hierarchical cluster analysis with data from the
three groups. Hence, the samples were grouped into three separate clusters (Figure 2). Cluster 1 mainly grouped the GIV
samples, cluster 2 contains the Glll samples and cluster 3 contains the Gll samples. This result supports the hypothesis that
the activation effect of the genes studied in the Mambisa group is due to a synergistic interaction between HBcAg and RBD
compounds.

Figure 2
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Ascending hierarchical cluster analysis for groups Gll(Mambisa), GllII(HBCAg) and GIV(RBD). GIV samples were mainly grouped
in cluster 1, Glll samples were grouped in cluster 2 and GIl samples were grouped in cluster 3.

The means of the groups were compared using parametric statistics. According to the Kolmogorov-Smirnov test, all groups
compared fit the normal distribution, so the t-test with the p-value correction was used for multiple comparisons. The post
hoc power analysis showed that according to the number of samples and the experimental variability, differences of 0.45 are
detected with a power of 80%. Annex 2 shows the results of the mean comparisons between the groups for each gene. The
group treated with Mambisa (Gll) has the highest expression of the three genes; this difference was significant compared to
the means of the GI, Glll and GIV groups. Statistically significant differences were only observed for the CD69 gene when the
means of Gll (Mambisa) and Gl (HBCAg) were compared.

Mambisa activates the expression of TRM markers in the mucosal tissue of post-COVID-19 individuals

The study of reference genes in the mucosal tissue of post-COVID-19 individuals showed that the most stable gene was YWHAZ
and the pair YWHAZ and B2M was selected among the best gene combinations because it showed the best reduction of
variability observed in each gene after normalization. Correlation analyses showed that there were significant correlations
between the variables. In general, correlation clusters are observed; Bartlett's test of sphericity suggests that there is sufficient
correlation in the data to perform PCA (Chisq(28) = 253.56, p <.001). Additionally, the Kaiser, Meyer, Olkin test (KMO), an overall
measure of sampling adequacy, suggests that the data are suitable for the PCA (KMO = 0.63).

The PCA yielded that the first two dimensions explain 58.76% of the total inertia of the data set; this value is much higher than
the baseline value of 37.2%, therefore, the variability explained by this plane is significant. Figure 3 shows the biplot analysis
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where we find that the centers of inertia for the Abdala-treated group are close together and near the center of the plane,
indicating that there is no differentiation in the expression pattern between time TO and T1 for the Abdala group. However, in
the Mambisa group the centers of inertia for times TO and T1 are separated in the second and fourth quadrants, respectively.
The p-value of Wilks' test indicates that the categorical variable (Treatment group) explains the separation between individuals,
where the Mambisa T1 category is significant in this case (p-value = 0.03).

Figure 3
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Biplot of the principal component analysis performed on the interaction between the variables (genes) and the Abdala and
Mambisa treatments.

The most important genes explaining the variation observed in dimension 1 are GZMB, CD103, CD69, and INFG, while in
dimension 2 those are the genes BCL2, CXCL10, GZMB, and TGFB. Notably, in dimension 3 the highest contributing gene is
CASP3. In general, as a trend, all vectors (genes) move in the direction of the Mambisa treated group, showing an increase in
gene expression in this group. In particular, an increase in the expression of genes related to resident T memory CD69 and
CD103 is observed.

In the parametric statistical analysis, the Kolmogorov-Smirnov test showed that not all groups complied with the normality
condition, so the Wilconxon test was used for the paired analysis. According to the results of this test, significant statistical
differences were found only in the Mambisa treatment, particularly with the INFG, CD69, GZMB, and CXCL10 genes. The CASP3
gene presented a p-value near the statistical significance limit of 0.05. For the Abdala treatment, no significant differences were
observed.

Characterization of the humoral response in mouse
During the study, there was no weight loss or symptoms of respiratory inflammation in the mice, nor were there signs of damage
upon lung extraction. The RBD/CDA-intranasally (i.n) sensitized mice were further boosted with the following treatments: 1)
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PBS, as the antigen-free control; 2) RBD+HBcAg, the Mambisa candidate vaccine; 3) HBcAg, as the immunomodulatory antigen
control; 4) RBD, as the target antigen control. The non-sensitized mice (negative control) treated with PBS were further treated
with PBS. Compared to the negative control, the i.n. booster immunization with Mambisa (RBD+HBcAg) induced a significant
early RBD-specific IgG response (p < 0.001) (Figure 4). There was a significant increase in antigen-specific IgG with sera samples
from mice boosted with the RBD (p < 0.02). In contrast, no significant RBD-specific IgG response was found in sera samples
from mice boosted with HBcAg or PBS (p > 0.05). The sera from mice boosted with Mambisa and RBD treatments with the
positive inhibition activity of ACE2-RBD binding presented IC50 of 780AU and 180AU respectively (Figure 5). The only low
titers (< 50 AU) and frequency of response (2/15) for 1gG or IgA antibodies were detected in the intranasal washes of mice
boosted with Mambisa alone (data not shown). In mice boosted with Mambisa and RBD, a positive and significant linear
relationship was observed between IgG antibody titers and percentage of inhibition (Figure 6). Only the mice boosted with
Mambisa showed sample sera with positive binding activity (=20%) characterized by relatively high IgG titers (x5000AU) and
high inhibitory activity (=60%).

Figure 4

ns p=0.0001
100000 -

10000 =
1000 =

100=

IgG (AU AcM a-RBD)

Priming+Boosting

Early effect on serum IgG production against RBD after boosting with Mambisa in mice primed with three RBD/CDA shots.
Levels of specific IgG against RBD were assessed by ELISA five days after boosting, using sera from mice of the five experimental
groups. Statistical significance for the comparison with the negative control group treated with PBS throughout the vaccination
schedule was assessed by the Kruskal-Wallis ANOVA test, followed by Dunn’s multiple comparisons test. Significant differences
are indicated by the probability value in each graph. n.s. = not significant.
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Figure 5
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Activity of polyclonal sera to inhibit the binding of RBD to the ACE2 receptor. A highly neutralizing monoclonal antibody
was used as the positive control. The dashed line represents the effective activity threshold (=20%). Positive samples were
characterized by their surrogate neutralization titer, defined as the concentration yielding 50% inhibition (IC50).
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Linear relationship between IgG antibody titers and inhibitory
activity of polyclonal anti-RBD sera. Dashed lines establish
three arbitrary levels of inhibitory activity: negative (<20%),
moderate (20%-60%) and high (>60%). Percentage values
indicate the proportion of sera with inhibitory activity at each
level.

DISCUSSION

The activation TRM is a critical element in the regulation of
immune responses, particularly in relation to local immunity
and the preservation of immune homeostasis. These cells,
which inhabit non-lymphoid tissues, are essential in providing
rapid immune defense in the case of subsequent exposure
to pathogens and in dealing with tissue-specific challenges.
Accordingly, the activation of TRM by SARS-CoV-2 vaccines
represents a crucial aspect of theimmune response, especially
in regard to effective vaccine strategies aimed at fighting viral
pathogens. The ramifications of its activation by SARS-CoV-2
vaccines are complex and encompass the enhancement
of local immunity, long-lasting protection, and the ability to
mitigate the impact of emerging viral variants.

TRM cells are distinguished by unique surface markers,
including CD69, CD103 and CD49a, which facilitate their
retention in tissues and define their functional capabilities.
The activation of these specific markers is essential for
the conservation and effector functions of TRM cells. For
example, CD69 is involved in the inhibition of sphingosine-
1-phosphate receptor 1 (S1P1), which favors the retention of
T cells in tissues by obstructing their outflow into lymphatic
vessels. This retention is essential during the initial stages of
an immune response, as TRM cells are able to initiate rapid
responses to reinfection at the entry site of the pathogen,
often leading to more rapid resolution of infections compared
to circulating memory T cells (19).

Moreover, CD103 expression identifies a set of TRM cells that
are particularly effective in responding to epithelial infections.
A recent report demonstrated that CD103+ TRM cells have
superior cytotoxic functions and can rapidly secrete effector
cytokines, such as interferon gamma (IFN-gamma) and tumor
necrosis factor-alpha (TNF-a), upon re-exposure to antigens
(20). These cytokines are critical in orchestrating localized
immune responses, stressing the importance of TRM cell
activation markers in their immediate protective actions
against pathogens.

The function of TRM cells goes beyond the provision of
immediate immune responses, they also play a crucial role
in promoting long-term immunity against various pathogens.
For example, CD8+ T cells residing in airway tissues have been
shown to obstruct the transmission of respiratory viruses,
including heterosubtypic strains of influenza, through their
ability to proliferate rapidly and produce high levels of IFN
during secondary infections (21).

The activation of T resident memory (TRM) cells has a
significant impact on cancer immunology. Molodtsov et al.
demonstrated that the infiltration of tumors with TRM cells
correlates with improved patient prognosis, indicating their
pivotal role in antitumor immunity (22). The identification of
markers of TRM cell activation in tumor microenvironments
can provide critical information on therapeutic methods for
enhancing the functionality of these immune entities. For
example, the expression of CD103 and CD69 cells on tumor-
infiltrating lymphocytes is associated with favorable clinical
outcomes in various malignancies, suggesting that strategies
designed to promote TRM activation could amplify antitumor
immune responses (23).

A major advantage of TRM cells lies in their ability to elicit
immediate immune responses at pathogen invasion sites.
The localization of these cells in tissues, such as that of
the pulmonary system, is particularly vital for the control
of respiratory viruses, including SARS-CoV-2. Therefore,
immunization strategies that enhance the recruitment and
activation of TRM cells can significantly boost local immune
defense, which could mitigate viral load and transmission
dynamics (20).

The generation of TRM cells is closely related to the
establishment of a long-lasting immunological memory,
which is crucial for sustained protection against subsequent
infections. Research shows that these cells can remain in
various tissues long after initial antigen exposure, and act as
reservoirs for immune defense. This persistence is especially
important in the context of SARS-CoV-2, given the observed
decrease in humoral immunity following vaccination (24,25).

Activation of TRM cells may also play a key role in the cross-
reactivity of the immune response against new variants of
SARS-CoV-2. Reports indicate that memory T cells elicited
by vaccination can recognize conserved viral epitopes, thus
maintaining their efficacy against the mutated strains (26).
This cross-reactivity highlights the need to target multiple
viral antigens during vaccine development to elicit broad
and potent T-cell responses (27). While antibody-mediated
responses are crucial in obstructing initial infections, the
contribution of TRM cells to a comprehensive immune
response is critical. Their activation serves to complement
the humoral response by providing localized protection and
facilitate the elimination of infected cells (28).

In mice, intranasally immunized with HBcAg/RBD and CDA, we
showed that this combination could enhance the stimulation
of TRM identification markers, and also innate immunity
(paper in press). In the current study we demonstrated that
the intranasal administration of Mambisa activates TRM
response at the level of the intranasal mucosa in post-COVID
individuals. In the PCA a trend observed is that all vectors
(genes) move in the direction of the Mambisa treated group
(Figure 3), evidencing an increase in gene expression. This
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increase in the expression of genes related to the TRM
response such as CD69 and CD103 was also observed in
other markers, such as GZMB, INFG, CXCL10, and TGFB
that are important in the immune response against viral
infections (29-31). Furthermore, we observed TRM activation
in lung tissue in mice (Figure 1). Its importance lies in that
the respiratory viruses are located and reproduce in this
organ, producing serious health conditions. We also found
that the molecular action of the Mambisa vaccine candidate
activating the TRM response in the lung tissue may be due
to a synergistic effect between HBcAg and the RBD fragment.
Hierarchical cluster analysis (Figure 2) suggests this effect,
given the difference in the expression profile. Our results can
support the efficacy of the Mambisa intranasal candidate in
combating respiratory infections such as SARS-CoV-2 since the
presence and functional capacity of TRM cells are correlated
with protective immunity (32). Moreover, we observed an
increased expression of FOXP3 in the Mambisa group. The
Foxp3 gene plays a key role in the activation and function of
regulatory T cells (Treg), which are essential for maintaining
immune tolerance and preventing autoimmunity. Foxp3 is
also essential for the development and function of Treg cells,
which in turn influence the activation and regulation of TRM
cells. In tissues, Foxp3+ Treg cells regulate the local immune
environment and suppress excessive immune responses and
maintain tissue. They therefore, maintain tissue homeostasis
and prevent autoinmunity. This regulatory function is critical
in preventing immunopathology during infections and
autoimmune diseases (33,34). FOXP3-expressing Tregs are
essential in maintaining immune homeostasis and preventing
autoimmunity. Recentstudies highlighttheirroleinmodulating
TRM responses. For example, type 1 Treg, expressing both
Foxp3 and transcription factor T-bet, promotes CD8+ TRM
generation by regulating the bioavailability of transforming
growth factor B (TGF-B) in the tissue microenvironment (35) .
This mechanism ensures that TRMs are properly established
and functional. The development of TRM is influenced by
Foxp3+ Treg cells, which facilitate the expression of CD103
on CD8+ T cells, a marker of tissue residence (36). In the
absence of Treg cells, the generation of memory CD8+ T cells
is impaired, thus reducing the formation and function of
memory CD8+ T cells (37). This emphasizes the importance
of Foxp3 in the evolutionary trajectory of TRMs. According to
our results, Mambisa can potentiate the interaction between
Foxp3+ Treg cells and TRM cells.

The receptor-binding domain (RBD) located in the spike
protein of SARS-CoV-2 is an effective protective determinant
against the virus and is included in a commercial and highly
effective vaccine (38,39). In the present study, three doses of
the RBD+CDA immunogen were administered to naive mice to
establish pre-existing specificimmunity to RBD. Pre-sensitized
groups of mice with the RBD+CDA immunogen received a

booster dose with the above described immunogens. The
sera collected on day 5 post-boosting (the same day the lungs
were harvested to evaluate genetic markers associated with
resident memory) were assessed to determine the ability of
these immunogens to activate the IgG antibody response
against RBD. The Mambisa immunogen (RBD+HBcAg) induced
higher IgG antibody titers with greater inhibitory activity.

The HBcAg protein was previously cidentified by Aguilar
et al as a potent immune modulator that enhanced both
humoral and cellular specific responses to vaccine antigens
(40). The observed enhancement is attributed to the unusual
dimeric alpha-helical structure of the HBcAg protein, allowing
it to assemble into high density particles of protruding
spikes. This unique feature of HBcAg plays a crucial role in
improving its functional activity as an adjuvant to induce an
enhanced immunological response (41). Notably, Aguilar
et al. conducted their study in naive mice, administering
intranasal formulations of mixed HBsAg and HBcAg antigens
via a homologous prime-boost regimen, with evaluation
performed 10 days after the final dose.

However, in the present study the Mambisa immunogen
(RBD+HBcAg) was administered in a heterologous prime-
boost regimen. Therefore, the qualitative differences
observed relatively earlier (Day 5), which enhanced the
response generated after boosting with Mambisa, may also
be explained by the establishment of a functional optimized
ratio between CD4+ helper T cells and CD4+ FoxP3+ regulatory
T cells specific to the RBD protein. The Mambisa immunogen
may have promoted relatively lower counts of RBD-specific
CD4+ FoxP3+ T cells or is functionally less effective than other
formulations, thereby predominantly favoring the expansion
and productivity of anti-RBD effectors. It is noteworthy
that this observation corresponds to a short time frame
after boosting, hence the observed effects were still under
development. New studies are therefore needed to clarify
these features. Although these immunological factors were
not evaluated in our study, this regulatory T cell-mediated
model has been associated with increased vaccine efficacy
and reduced lung injury (42).

Our study demonstrates that the Mambisa intranasal
vaccine candidate enhances the expression of TRM, which
are critical components of the immune response and key
to both immediate and sustained protection against viral
infections such as SARS-Co-2. Additionally, we observed an
early increase in serum IgG antibodies targeting the receptor-
binding domain (RBD) in mice that received a Mambisa
booster shot following three RBD/CDA vaccinations. These
findings highlight the importance of further investigating the
mechanisms underlying memory T-cell responses induced
by vaccine candidates. Such insights will be essential to
guide the design of next-generation vaccines and sustained
public health strategies to combat the virus in the current
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epidemiological ‘new normal’ scenario, thereby preventing future respiratory virus outbreaks.
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Supplementary Table S1. Sequences of synthetized gene primers.

Mouse study
Gene Sequence (5'->3’) Template strand Length
CD69 Forward primer GGAGAGAGGGCAGAAGGACCAT 22
Reverse primer AGGTAGCAACATGGTGGTCAGA 22
CD103 Forward primer CCAGAGTCAAGAGCCTGCGT 20
Reverse primer TCACCAAGGATCGGCAGTTCA 22
FOXP3 Forward primer ATGGCAATAGTTCCTTCCCAGA 22
Reverse primer ATTGAGTGTCCTCTGCCTCTCC 22
B2M Forward primer ACC GTC TAC TGG GAT CGA GAC A 22
Reverse primer TGCTAT TTCTTT CTG CGT GCAT 22
RPL13a Forward primer ACA AGA AAAAGC GGATGG TGG T 20
Reverse primer TTT CCT TCCGTT TCT CCT CCA G 20
HPRT1 Forward primer TCAGTCAACGGGGGACATAAA 21
Reverse primer GGGGCTGTACTGCTTAACCAG 21
MAEA Forward primer TGATGGTGGAGCATCTGCTACG 20
Reverse primer CCTCCACTTCTTTGGCTGTCAG 21
YWHAZ Forward primer AACAGCTTTCGATGAAGCCAT 20
Reverse primer TGGGTATCCGATGTCCACAAT 20
Human study
Gene Sequence (5'->3') Template strand Length
ACTB Forward primer CTGGAACGGTGAAGGTGACA 20
Reverse primer AAGGGACTTCCTGTAACAATGCA 23
B2M Forward primer TGCTGTCTCCATGTTTGATGTATCT 25
Reverse primer TCTCTGCTCCCCACCTCTAAGT 22
HMBS Forward primer GGCAATGCGGCTGCAA 16
Reverse primer GGGTACCCACGCGAATCAC 19
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HPRT1 Forward primer TGACACTGGCAAAACAATGCA 21
Reverse primer GGTCCTTTTCACCAGCAAGCT 21
RPLP1 Forward primer CCTGGAGGAGAAGAGGAAAGAGA 23
Reverse primer TTGAGGACCTCTGTGTATTTGTCAA 25
UBC Forward primer ATTTGGGTCGCGGTTCTTG 19
Reverse primer TGCCTTGACATTCTCGATGGT 21
YWHAZ Forward primer ACTTTTGGTACATTGTGGCTTCAA 24
Reverse primer CCGCCAGGACAAACCAGTAT 20
CXCL10 Forward primer ACTGTACGCTGTACCTGCATCA 22
Reverse primer TCAGACACCTCTTCTCACCCTTC 23
CD69 Forward primer CCAAGTTCCTGTCCTGTGTGC 21
Reverse primer CCTCTGGTAGCCAACCCAGT 20
CD103 Forward primer CGTCCTCAAGAGGTCATCTGCT 22
Reverse primer GCCTGAATTGAAGGGTGTGG 20
GZMB Forward primer GTGCGAATCTGACTTACGCCAT 22
Reverse primer CTGGGCCACCTTGTTACACAC 21
CASP3 Forward primer TGGCGTGTCATAAAATACCAGTG 24
Reverse primer CTTGTCGGCATACTGTTTCAGC 22
CASP7 Forward primer CGGGGCCCATCAATGACACA 20
Reverse primer CTGGGCTCCTCCACGAGTAA 20
BCL2 Forward primer GTGTGTGGAGAGCGTCAACC 20
Reverse primer GCCGTACAGTTCCACAAAGGC 21
IFNG Forward primer GCATCCAAAAGAGTGTGGAGACC 23
Reverse primer TAGCTGCTGGCGACAGTTCA 23
TGFB Forward primer CGA GCC CTG GACACC AACTATT 22
Reverse primer GAA GTT GGC ATG GTAGCCCTT G 22

Supplementary Table S2. Correlations of genes with dimensions according to Factominer Dimdes function..

Dim1
correlation P-value
FOXP3 0.87 4.45E-24
CD103 0.83 3.67E-20
CD69 0.81 4.29E-18
R2 P-value
Group 0.23 0.0012
Estimate P-value
Group=Gl| 1.27 8.48881E-05
Group=IV -0.74 0.026
Dim2
correlation P-value
CD69 0.56 1.68261E-07
CD103 -0.44 7.14151E-05
Estimate P-value
Group=GlII 0.343 0.047
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Supplementary Table S3. Wilconxon paired analysis. A- Treatment with Mambisa, B- Treatment with Abdala.

A

Group 1 Group 2 p-Value
INFG (T1 M) INFG (TO M) 1.424E-03
CD69 (T1 M) CD69 (TO M) 4.617E-03
GZMB (T1 M) GZMB (TO M) 2.456E-02
CXCL10(T1 M) CXCL10(TO M) 4.328E-02
CASP3 (T1 M) CASP3 (TO M) 5.861E-02
CD103 (T1 M) CD103 (TO M) 1.172E-01
BCL2 (T1 M) BCL2 (TO M) 4.903E-01
TGFB1 (T1 M) TGFB1 (TO M) 8.392E-01
B

Group 1 Group 2 p-Value
INFG (T1 A) INFG (TO A) 1.14E-01
CASP3 (T1 A) CASP3 (TO A) 4.53E-01
CD103 (T1 A) CD103 (TO A) 5.07E-01
TGFB1 (T1 A) TGFB1 (TO A) 5.07E-01
CD69 (T1 A) CD69 (TO A) 6.55E-01
CXCL10 (T1 A) CXCL10 (TO A) 6.55E-01
GZMB (T1 A) GZMB (TO A) 6.55E-01
BCL2 (T1 A) BCL2 (TO A) 7.52E-01

Supplementary Figure S1. Inmunization scheme, A study in mouse, B study in humans.

Sensitization Booster Sacrifice
Day 0 Day 14 Day 28 Day 58 Day 65
PBS + CDA+RBD PBS Extr. Lung, Blood
PBS + CDA +RBD M:In‘alsa Extr. Lung, Blood
PBS + CDA +RBD HBecAg Extr. Lung, Blood
PBS + CDA +RBD RBD Extr. Lung, Blood
PBS PBS Extr. Lung, Blood

Dose: CDA Sug ; RBD 10 ug; HBeAg 10 ug. M=15 animals per group

A .
o b
Growp 2 %
et 4
Group 4 jt
Geous 5 :t'
B

Mambisa N=26 (@)= ()
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Supplementary Figure S2. Result of mean comparisons between groups for each gene according to the t-test with p-value
correction for multiple comparisons. A- Mambisa (Gll) vs PBS/sensitized (Gl), B- Mambisa (Gll) vs HBcAg (GlIl), C- Mambisa (GlI)
vs RBD (GIV), and D- Mambisa (Gll) vs PBS (GV).

A B a
i fe
£
as
GllvsGl ;Fﬂfd |l:h1‘1 P-value  P-Value (B-Hochbe) GlivsGlil |Fold | it P-value  |P-Value [B-Hochbe)
0103 (1342|0425 |GGHSINNNIOIGAE D103 (1544 0.626 |0I00ON I 0I003
FOXP3 [1.356  |0.439 |0.034 % FOXP3 (1627 |0.702 |0.003  [0.004
D69 (1329 0411 |0.050 D69 (1232 (0301 (0124|0124
C - D .
g 3
i
3" K
GivsGiV|Fold  [Oiff  [Povalve  [PValue (B-Hochbe) GlivsGV [Fold  [Diff  |P-value  [P-value (B-Hochbe)
€D103 [1.509 0.593 |D.00RL 0008 FOXP3 |1.721  |0.783 |0J004 0.013
069 1716 |0.779 |0i002 10,003 CD103 |1.476 |0.562 0016 |0.025
FOXP3 1757 0813|0004  |0.004 CD69 |1.332 |0.413  |0.045 0.045
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