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ARTICLE INFO ABSTRACT

Keywords: Mucosal vaccines have the potential to elicit protective immune responses at the point of entry of respiratory

Im_ra“asal vaccine pathogens, thus preventing even the initial seed infection. Unlike licensed injectable vaccines, mucosal vaccines

Adjuvant comprising protein subunits are only in development. One of the primary challenges associated with mucosal

Nanoparticles . . . .. . . . .

Tuberculosi vaccines has been identifying and characterizing safe yet effective mucosal adjuvants that can effectively prime
uberculosis

multi-factorial mucosal immunity. In this study, we tested NanoSTING, a liposomal formulation of the endog-
enous activator of the stimulator of interferon genes (STING) pathway, cyclic guanosine adenosine mono-
phosphate (cGAMP), as a mucosal adjuvant. We formulated a vaccine based on the H1 antigen (fusion protein of
Ag85b and ESAT-6) adjuvanted with NanoSTING. Intranasal immunization of NanoSTING-H1 elicited a strong T-
cell response in the lung of vaccinated animals characterized by (a) CXCR3" KLRG1 ™~ lung resident T cells that
are known to be essential for controlling bacterial infection, (b) IFNy-secreting CD4" T cells which is necessary
for intracellular bactericidal activity, and (c) IL17-secreting CD4" T cells that can confer protective immunity
against multiple clinically relevant strains of Mtb. Upon challenge with aerosolized Mycobacterium tuberculosis
Erdman strain, intranasal NanoSTING-H1 provides protection comparable to subcutaneous administration of the
live attenuated Mycobacterium bovis vaccine strain Bacille-Calmette-Guérin (BCG). Our results indicate that
NanoSTING adjuvanted protein vaccines can elicit a multi-factorial immune response that protects from infection
by M. tuberculosis.

1. Introduction always be administered to immunocompromised individuals. An adju-

vant is necessary to elicit a robust memory immune response to the

Due in part to the lack of an efficient vaccine, Mycobacterium tuber-
culosis (Mtb) infection remains one of the significant causes of death
worldwide [1]. Bacille Calmette-Guérin (BCG), the only vaccine against
tuberculosis (TB), has a range of protective efficacy against adult pul-
monary TB, ranging from 0 % to 80 % in clinical trials [2]. Being a live
attenuated vaccination, BCG is also not advised for those with weakened
immune systems, including newborns with HIV [3]. The development of
vaccines that can either supplement or replace BCG to provide a pro-
tective immune response against pulmonary TB has received much
attention. One advantage of subunit vaccinations is that they typically
have better safety profiles than live attenuated vaccines, which cannot

antigen in subunit vaccines. However, there is a lack of authorized ad-
juvants that can safely induce antigen-specific effector and memory
CD4" and CD8" T cells [4,5].

It is well acknowledged that the mucosal immune response is
essential for preventing respiratory infections such as TB [6]. Dendritic
cells (DCs), which transport the vaccinated antigen to local and systemic
inductive sites such as the lymph nodes and spleen, cause both mucosal
and systemic reactions due to mucosal vaccination [7,8]. The wide-
spread use of several effective mucosal vaccinations against non-
respiratory pathogens such as polio, cholera, rotavirus, and salmonella
[9] has demonstrated the viability and safety of this strategy.
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The cyclic dinucleotide, 2-3' cyclic GMP-AMP (cGAMP), has
emerged recently as a potent adjuvant that can be co-delivered with
subunit proteins and is effective in enhancing humoral, cellular, and
mucosal immune responses [10]. ¢cGAMP binds to the stimulator of
interferon genes (STING), leading to the oligomerization of STING and
its translocation to the trans-Golgi network, initiating a signaling
cascade that culminates in the secretion of type I and type III interferons
[11]. Due to its immunostimulatory role, cGAMP is being investigated as
an immunotherapeutic for treating cancers and a mucosal adjuvant for
developing vaccines against infectious diseases [12]. STING activating
cyclic dinucleotide adjuvant used in a mucosal protein subunit vaccine
against TB elicited both Th1 and Th17 immune responses in mice [5]. An
ESAT-6-based c-di-AMP adjuvanted mucosal vaccine decreased bacte-
rial load in the lungs of challenged animals [13]. When taken as a whole,
these data offer a strong case for using STING agonists as a clinical TB
vaccine adjuvant.

In this manuscript, we tested the efficacy of NanoSTING, a liposomal
formulation of cGAMP, as a mucosal adjuvant against TB. Previously, we
had shown that the adjuvant provides multi-faceted protection against
major SARS-CoV-2 variants in circulation [14,15]. We anticipate that
the liposomal formulation offers two advantages. First, since 2'3'-cGAMP
is rapidly degraded by ENPP-1 and has a half-life of ~ 30 min in vivo
[16], encapsulation inside nanoparticles can lead to improved half-life
and bioavailability [17]. Second, as we have previously demonstrated,
liposomal nanoparticles facilitate the decoration of multiple copies of
the protein antigen on the liposomal surface, leading to enhanced
immunogenicity [18]. Here, we found that intranasal administration of
a fusion protein (H1 antigen) comprised of Ag85b and ESAT-6 adju-
vanted with NanoSTING conferred protection against virulent Mtb. The
protection provided by the vaccine was comparable to the subcutaneous
vaccination with BCG. We also observed a surge of T-cell response
induced by the adjuvant in the lung and spleen of immunized animals.
Post-vaccination monitoring of the animal body weights over six weeks
indicated that the vaccine was well tolerated in mice. This study sug-
gests that NanoSTING is a potent mucosal adjuvant against Mtb that
warrants further investigation with next-generation TB antigens, which
might yield even better protection than the current formulation.

2. Materials and methods
2.1. Plasmid design

The protein sequence encoding Mtb-secreted antigen Ag85b (Acces-
sion Code: AY207396.1) and ESAT-6 (Accession code: AF226277.1)
were downloaded from Genbank. The H1 antigen gene block was
created at IDT (Coralville, Iowa), and we optimized the codons for
expression in Escherichia coli. We used Gibson Assembly to insert the
gene block sequence, which included the Sumo tag and the full-length
H1 antigen gene, under the control of a T7 promoter in the plasmid
backbone of the pET28A(+) plasmid after cutting it at the Ndel and Xhol
restriction sites. Electroporation on electrocompetent E. coli EC10 cells
was used for bacterial transformation and plasmid propagation.

2.2. Protein expression and purification

Briefly, E. coli BL21(DE3) cells were transformed with the plasmid
encoding recombinant Sumo-H1 Ag protein. Cells were seeded in 500
mL of Luria-Bertani broth and cultured at 37 °C until the ODggo reached
0.6. The next step was stimulating Sumo-H1 Ag expression using 1 mM
IPTG for 5 h. Cells were harvested and suspended in 20 mL buffer A (100
mM NaHPOy4, 10 mM Tris-Cl, 8 M Urea [pH 8]) and lysed by sonication:
four cycles (each at 10 s on at 30 % amplitude, 20 s off, at 4 °C). Urea in
buffer A solubilized the inclusion bodies. The lysate was then centri-
fuged at 20,000g for 30 min at 4 °C to remove cell debris and subjected
to immobilized metal affinity chromatography (IMAC).

For IMAC purification, the lysate was loaded onto a gravity flow
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column with Ni-Sepharose High-Performance resin, which had been
previously equilibrated for 20 min with 20 mL Buffer A. The column was
then washed with 10 CV of Buffer B (100 mM NaH5POQ4, 10 mM Tris-Cl,
8 M Urea [pH 6.3]), and the bound proteins were eluted with Buffer C
(100 mM NaH5POy4, 10 mM Tris-Cl, 8 M Urea [pH = 5.9]).

The eluted protein was dialyzed against Factor Xa digestion buffer
(20 mM Tris, 50 mM NaCl, 100 mM Urea, 1 mM CaCl,, pH = 8.0) and
then incubated with Factor Xa overnight at 4 °C to remove the Sumo tag.
The cleaved protein was then dialyzed against sterile PBS to precipitate
the H1 antigen selectively while the Sumo tag remained soluble. The
subsequent steps were performed using sterile reagents and endotoxin-
free labware to keep endotoxin to a minimum. The precipitated pro-
tein was then centrifuged at 10,000g for 10 min to form a pellet, and the
pellet was redissolved in 8 M urea solution to solubilize the protein.
Finally, the soluble protein was dialyzed against 50 mM L-Arg, 50 mM L-
Glu, 50 mM NayHPO4, 0.05 % Tween-20, pH = 8.5, and stored at —20 °C
until further use. We tested the endotoxin level in the final protein so-
lution using Pierce™ LAL Chromogenic Endotoxin Quantitation Kit
(ThermoFisher Scientificc MA, USA) and confirmed that the total
amount of endotoxin delivered intranasally was < 5 EU per mouse.

2.3. Preparation of NanoSTING and vaccine formulation

Preparation and characterization of cGAMP encapsulation liposomes
were described previously [14]. Briefly, the liposomes were synthesized
with a molar ratio of 10:1:1:1 for DPPC, DPPG, Cholesterol (Chol), and
DPPE-PEG2000. We combined the lipids with CHCl3 and CH30H to
create the liposomes. Then, we evaporated the mixture using a vacuum
rotary evaporator for around 80 min at 45 °C. We dried the resulting
lipid thin film until all organic solvents evaporated. We added a pre-
warmed cGAMP solution (0.3 mg/mL in PBS buffer at pH 7.4) to hy-
drate the lipid film. The hydrated lipid films were mixed at 65 °C and
subjected to freeze-thaw cycles. We sonicated the mixture with a
Branson Sonicator for 60 min (40 kHz). The free untrapped cGAMP was
removed by Amicon Ultrafiltration units (MW cut off 10 kDa). We used
PBS buffer to wash the cGAMP-liposomes three times thoroughly. Using
a calibration curve for cGAMP at 260 nm, the Take3 Micro-Volume
absorbance analyzer of Cytation 5 (BioTek) was used to determine the
amount of cGAMP in the filtrates. By deducting the quantity of free
cGAMP in the filtrate, we determined the final concentration of
liposomal-encapsulated cGAMP and encapsulation efficiency.

We mixed H1 antigen with the NanoSTING suspensions at room
temperature for 10 min to allow the protein to adsorb onto the lipo-
somes. The formulated vaccine was stored at 4 °C and used for up to two
months. We stored the NanoSTING suspensions at 4 °C, and they were
stable for 11 months [14]. The average particle diameter, polydispersity
index, and zeta potential were characterized at room temperature by the
Litesizer 500 (Anton Paar).

2.4. Bacterial strains and culture

Mtb Erdman and M. bovis BCG were obtained from Dr. Jeffery S. Cox
(University of California at Berkeley). Mycobacteria were cultivated at
37 °Cin 1 Lroller bottles containing 100 mL of Middlebrook 7H9 (Difco)
broth supplemented with 10 % (v/v) Oleic-Albumin-Dextrose-Catalase
(OADCQ), 0.2 % (v/v) glycerol, and 0.05 % (v/v) Tween-80. For quanti-
fication of colony-forming-units (CFUs), bacterial suspension and tissue
homogenates were spread onto solid Middlebrook 7H10 agar medium
supplemented with 10 % (v/v) OADC, 0.5 % (v/v) glycerol, and 100 pg/
mL cycloheximide. Mycobacteria were grown at 37 °C for 3-4 weeks.

2.5. Mice immunization and Mtb challenge
All animal experiments complied with the Institutional Animal Care

and Use Committee (IACUC) of the University of Houston and the Uni-
versity of Texas at El Paso (UTEP). For the immunogenicity study,
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groups of six- to ten-week-old female C57BL/6 mice were purchased
from The Jackson Laboratory (ME, USA) and adapted in the UH animal
facility for 10 days before the start of the experiment. The animals were
immunized intranasally with groups: 1) PBS, 2) 10 ug H1 antigen, and 3)
10 pg H1 antigen + 20 pug NanoSTING. For all the groups, we adminis-
tered 20-25 pL of the appropriate formulation. Four weeks after the
initial immunization, the animals were boosted with the corresponding
first dosage. Six weeks from the day of the first dosage, the animals were
euthanized, and lung and spleen samples were collected for ELISPOT
and ICS assays.

Groups of five-week-old female C57BL/6 mice were obtained from
The Jackson Laboratory and were acclimated in the UTEP ABSL-2 vi-
varium for one week before immunization. Six weeks before the chal-
lenge, two groups of mice (n = 26) were anesthetized by isoflurane
inhalation for three minutes. Then, either the vaccine formulation or
PBS alone as an unvaccinated control was applied to the nares for
inhalation. At two weeks pre-challenge, mice received a booster as
described above. As a positive control, one group of mice (n = 26) was
injected subcutaneously once with approximately 5 x 10> CFU of
M. bovis BCG in a volume of 200 pl of PBS at six weeks pre-challenge.
One week before the Mtb challenge, all the mice were moved to an
ABSL-3 room for acclimation. We aerosolized an Mtb suspension at
ODgpp of 0.2 on day 0 to infect the mice. We sacrificed six animals on day
1 and determined the average bacterial burden to be 500 CFU [19]. The
health of the animals was monitored daily, and body weight was
measured weekly.

2.6. Organ processing post-challenge CFU

At 3- and 10 weeks post-exposure, groups of mice (n = 4-5) were
sacrificed for CFU determination in lung, spleen, and liver homogenates
and histological analyses. For CFU determination, organs were homog-
enized in gentleMACS C tubes (Miltenyi Biotec) with 2 mL of PBS. Serial
dilutions of the homogenates were spread onto 7H10-OADC agar media
containing 100 pg/mL cycloheximide, and plates were incubated at
37 °C for at least three weeks. For histology, the lungs were inflated
through the trachea with 2-3 mL of 10 % neutral-buffered formalin
(NBF) before dissection. Organs were stored at 4 °C in 10 % NBF. For
antigen recall and flow cytometry analyses, a group of mice (n = 5) were
euthanized at 4- and 10 weeks post Mtb exposure. Lung and spleen tis-
sues were collected, diced, and homogenized in gentleMACS C tubes,
following Milteny Biotec’s protocols for Mouse Lung and Spleen Disso-
ciation, respectively. Erythrocytes were removed by washing the cell
pellets with 1X Red Blood Cell Lysis buffer (Miltenyi Biotec). Cells were
enumerated with Trypan Blue (0.04 %) exclusion using a hemocytom-
eter. Washed cells were resuspended at a density of 1-2.0 x 107 cells/mL
in RPMI 1640 (Corning) containing 10 % fetal bovine serum (FBS)
(Corning) (R10) and freshly supplemented with 50 uM 2-mercaptoetha-
nol (Sigma Aldrich) and 1 % (w/v) penicillin-streptomycin (Gibco). We
stored the unused cells in a liquid Nitrogen storage tank, suspended in a
freezing medium containing 90 % FBS and 10 % DMSO until further use.

2.7. Processing of spleen and lungs for ELISPOT

We utilized 5 mL of 0.1 mM EDTA in PBS without Ca?* or Mg?" to
perfuse the lung vasculature and injected it into the right cardiac
ventricle to isolate lung cells. Each lung was divided into 100-300 mm?
pieces with a knife. We transferred the minced lung tissue in a digestion
buffer containing collagenase D (2 mg/mL, Roche) and DNase (0.125
mg/mL, Sigma) in 5 mL of RPMI The tissue was incubated in the
digestion buffer at 37 °C for 1 h and 30 min while vortexing every 10
min. We disrupted the remaining intact tissue by passage (6-8 times)
through a 21-gauge needle. The reaction was then put on hold by adding
500 pL of an ice-cold reaction-stopping buffer (1x PBS, 0.1 M EDTA).
Next, we passed the suspension through a 40 um disposable cell strainer
(Falcon) to remove large tissue pieces and collected the single cells in a
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50 mL tube. The cells were centrifuged at 600 x g for 10 min to form a
pellet. The red blood cells (RBCs) were subsequently lysed by resus-
pending the cell pellet in 3 mL of ACK Lysing Buffer (Invitrogen), then
centrifuged again at 600 x g for 10 min. After the supernatants were
discarded, the cell pellets were resuspended in 5 mL of full RPMI media
(Corning). Next, we stored the spleens in RPMI medium until they were
ready for processing. Spleens were homogenized by pushing them
through a 40 pm cell strainer using the hard end of a syringe plunger.
Then, we removed RBCs from splenocytes by incubating them in 3 mL of
ACK lysis solution for 3 min at room temperature. Finally, we passed the
mixture through a 40 um strainer to get a single-cell suspension. We used
the trypan blue exclusion method to count the number of splenocytes
and lung cells.

2.8. ELISPOT

We used the Mouse IFNy ELISPOT Basic Kit (ALP) to perform the
IFNy ELISPOT according to the manufacturer’s instructions (Mabtech,
VA, USA). We incubated the ELISPOT plates (Ref: MSIPS4W10, Milli-
pore) with AN18 IFNy (1 pg/mL, Mabtech #3321-3-250;) overnight
coating antibody at 4 °C. The plates were washed five times with sterile
PBS before adding lung lymphocytes or splenocytes. Fresh cells from
each animal were treated in four different groups: 1) negative control
(R10 medium), 2) positive control (10 ng/mL phorbol 12-myristate 13-
acetate (PMA) (Sigma, St. Louis, MI, USA) and 1 pug/mL of ionomycin),
3) Ag85b peptide pool (1.4 pg/mL/peptide, JPT, Germany) and 4) ESAT-
6 peptide pool (2 pg/mL/peptide, BEI Resources, VA, USA). Lung lym-
phocytes and splenocytes were added to the plate in triplicates, where 3
x 10° cells were added for negative controls, Ag85b, and ESAT-6 pep-
tide pool stimulation. For positive control stimulation, we only added 1
x 10 cells. The cells were stimulated for 16 h. We washed off the cells
the following day and incubated the plates with a biotinylated R4-6A2
anti-IFNy- (Mabtech #3321-6-250) detection antibody. Following the
wash, we treated the wells for 1 h at room temperature with diluted
Extravidin-ALP conjugate (1:30,000). (Sigma, St. Louis, MI, USA). Then,
we added 70 uL/well of BCIP/NBT-plus substrate (Mabtech #3650-10)
to the plate to produce the spots. Finally, the substrate was rinsed off
with water after 20-30 min incubation. The spots were measured using
Cytation 7 (BioTek Instruments, Inc.). Every spot represents a different
cytokine-secreting cell. We displayed the values as the average of
measured triplicates with the background eliminated.

2.9. Post-challenge intracellular cytokine staining

Antigen recall, staining, and flow cytometry analysis determined
ESAT-6 and Ag85b-specific lung and spleen T-cell responses. We used
the cryopreserved lung and spleen cells for these experiments. Briefly, In
96-well round-bottom plates, cells (1-2 x 10° lung or spleen cells/well)
were aliquoted and stimulated at 37 °C, 5 % CO» for 12 h with 1.4 pg/mL
of Ag85b and 2 pg/mL ESAT-6 peptides. As positive and negative con-
trols, cells were incubated with PMA (10 ng/mL), ionomycin (1 pg/mL),
or media alone. To allow cytokine accumulation, 50 pL of GolgiStop (BD
Biosciences) diluted 1:500 in R10 medium was added to each well and
further incubated at 37 °C, 5 % CO? for 4 h. Cells were pelleted by
centrifugation at 300 x g for 5 min, and supernatants were collected and
kept frozen at —80 °C for cytokine profiling.

For labeling, cells were washed with PBS and then incubated with
Live/Dead Zombie Green (Biolegend; cat. no 423112). Fc receptors were
blocked with unlabeled anti-mouse CD16/CD32 (clone 2.4G2; BD Bio-
sciences). After washing with FACS buffer (PBS + 2 % FBS), cell surface
markers were stained with anti-mouse CD3- PerCPCy5.5 (Biolegend; cat.
no 100218), CD4- PE-Cy7 (Biolegend; #100422), CD8-Spark Blue 574
(Biolegend; cat. no 100794), KLRG1-BV510 (Biolegend; cat. no
138421), and CXCR3- Alexa Fluor 700 (Biolegend; cat. no 353742). We
fixed the cells with BD CytoFix/Perm and washed them thoroughly with
BD Perm/Wash solution. Intracellular cytokines were labeled with anti-
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mouse IFNy-APC (Biolegend; cat. no 505810) and IL17-Pacific Blue
(Biolegend; cat. no 506918) prepared in BD Perm/Wash solution, and
then the cells were washed with Perm/Wash buffer. Cells were stained
with the Live-Dead Zombie Green for compensation controls and labeled
with the same panel of antibodies, individually or in FMO combinations.
Samples were finally transferred into 5-mL polystyrene round-bottom
test tubes with a cell strainer snap cap (Corning). Data was acquired
on a BD LSRFortessa X-20 flow cytometer apparatus and analyzed using
FlowJo™ v10.8 Software (BD Life Sciences).

2.10. Biodistribution studies

We used fluorescently labeled H1 antigen as a distribution marker to
observe the effect of liposomal adjuvants on the residence time of the
protein antigen. The iFluor 647 maleimide dye (AAT Bioquest, Pleas-
anton, CA) was conjugated to H1 antigen according to the manufacturer-
recommended protocol. Next, we intranasally administered 25 uL of a
mixture of H1 antigen-iFluor 647 and NanoSTING (12.5 pL in each
nostril) into BALB/c mice. The biodistribution of the dye was visualized
at different time points after immunization using an in vivo imaging
system (PerkinElmer, Waltham, MA). The fluorescence strength was
quantified within regions of interest using the ImageJ (Easter Green-
bush, NY) image processing program.

2.11. ELISA

We tested the magnitude of vaccine-induced antibody response in
serum against Ag85b using ELISA. In short, we incubated high protein
binding ELISA plates (Corning, NY, USA) with Ag85b protein (Abcam,
MA, USA) at 0.25 pg/mL in phosphate-buffered saline (PBS) overnight at
4 °C or for 2 h at 37 °C. We washed the plates with PBS + 0.05 %
Tween20 (PBST) to remove unbound protein. The plates were blocked
with PBS + 1 % BSA (Fisher Scientific, PA, USA) + 0.1 % Tween20 for 2
h at room temperature. Following three more washes with PBST, we
added the serum samples at different dilutions to the plate. We washed
the plates with PBST and added HRP-conjugated anti-mouse IgG
(Jackson ImmunoResearch Laboratories, 1:20000; PA, USA). Finally, we
developed the plates using 1-Step™ TMB ELISA substrate (ThermoFisher
Scientific).

2.12. Histopathology

Lungs fixed in 10 % neutral buffered formalin were processed and
embedded in paraffin blocks, cut as 5 pm sections, and slides stained
with hematoxylin and eosin using routine histology methods. Slides
were scanned on a Vectra Polaris scanning microscope (Akoya Bio-
sciences, Marlborough, MA) using the brightfield setting at 20x
magnification. These digital images were analyzed using Visiopharm
image analysis software (Visiopharm, Westminster, CO), employing a
custom designed algorithm for the detection of tuberculosis pathology in
lung tissue. Briefly, for each tissue section, a region of interest (ROI)
identification algorithm was generated at a low magnification with
custom decision forest training and classification to differentiate tissue
versus background based on color and area. Tissue lesions were identi-
fied within tissue ROIs using a formulated K-means clustering algorithm
based on staining intensity, area, and morphological features of
inflammation. Lesion burden was expressed as a percent ratio between
area of TB lesion pathology and total lung tissue area.

2.13. Statistical analysis

All data are presented as mean values, and error bars represent SEM.
We performed all statistical analyses using GraphPad Prism (v8). We
used the Mann-Whitney t-test for pairwise comparisons. To compare
multiple groups, we used Dunn’s multiple comparison test. We per-
formed Tukey’s multiple test for repeated measures analysis to compare
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3. Results
3.1. HI Antigen Protein expression and vaccine formulation

H1 is a synthetic fusion protein comprising two different Mtb anti-
gens and has been tested in humans [20,21]. Despite our initial attempts
to make soluble protein in E. coli, we were unsuccessful (data not
shown). To enhance the solubility and expression of the H1 antigen, we
fused a Sumo-tag to the N terminus of the protein with a Factor Xa
cleavage site between them (Fig. 1A). The protein was purified using
standard Ni>*-NTA chromatography and the Sumo-tag was removed by
factor Xa proteolysis (Supplementary Fig. 1). Unfortunately, upon pro-
teolysis, the H1 antigen rapidly precipitated out of solution. To ensure
that we have soluble protein for immunization, we resolubilized the
protein using 8 M urea, followed by dialysis of the resulting protein in a
buffer containing known protein stabilizers (50 mM L-Arg and 50 mM L-
Glu) (Supplementary Fig. 1) [22]. Our expression system using the
Sumo-tag yielded ~40 mg/L of purified protein (Fig. 1B).

We used the single-step “mix and immunize” approach to prepare the
final vaccine formulation NanoSTING-H1, as described previously [14].
As H1 antigen aggregates rapidly in PBS, we wanted to test if the
NanoSTING-H1 formulation was stable for intranasal vaccination. We
utilized dynamic light scattering (DLS) to compare particle sizes of the
nanoparticle adjuvant and protein mixture. Both NanoSTING and
NanoSTING-H1 showed similar particle sizes, 118 + 1.6 nm (mean +
SEM) and 130 + 1.8 nm, respectively, indicating no rapid protein ag-
gregation in our vaccine formulation, at least during short-term incu-
bation (30 min - 1 h) at 25 °C (Fig. 1C).

3.2. Intranasal immunization with NanoSTING increases the retention
time of the immunogen in the nasal cavity

In addition to stabilizing the protein and increasing the avidity of
display, liposomal formulations can increase the antigen’s residence
time within the mucosal compartment, facilitating a robust immune
response [23,24]. Typical protein antigens administered intranasally
have a short residence time in the nasal cavity and are cleared in less
than 1 h [25,26]. We, therefore, wanted to test whether our liposomal
adjuvant formulation can delay antigen clearance from the immuniza-
tion site. To track the antigen in vivo, we conjugated the purified H1
antigen with iFluor 647 (Supplementary Fig. 2). We administered H1
iFluor 647 to groups of BALB/c mice, both with or without NanoSTING
as an adjuvant and imaged the animals for 24 h using an IVIS Spectrum
system. We tracked the antigen by quantifying the total fluorescence
signal in a defined region of interest, capturing the mouse nasal cavity
(Fig. 2A). Longitudinal profiling of the fluorescent H1 antigen in the
nasal area of live animals revealed that while the unadjuvanted H1
iFluor 647 was cleared in <4 h, the NanoSTING adjuvanted H1 iFluor
647 was detectable up to 24 h (Fig. 2 B-D). We did not observe a fluo-
rescent signal in the lung, but we note that the autofluorescence of the
lung is also high, as noted in previous reports [27]. These data suggest
that the NanoSTING adjuvanted vaccine has a high residence time in the
nasal cavity, thus promoting the likelihood of efficient antigen uptake
and processing.

3.3. Intranasal vaccination of mice with NanoSTING-H1 induces cellular
immunity in the lung and spleen

To evaluate the immunogenic potential of our experimental vaccine,
groups of C57BL/6 mice were vaccinated following a prime/boost
vaccination regimen, receiving two doses of (1) NanoSTING-H1, (2) H1
only, and (3) PBS four weeks apart (Fig. 3A). The animals were eutha-
nized two weeks after the booster dose, and lung and spleen samples
were harvested and processed to isolate single cells. Enzyme-linked
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Fig. 1. Design and purification of H1 antigen (Ag85b-ESAT-6) in E. coli. A) Construct design for H1 antigen with a cleavable Sumo-tag for enhanced protein
expression and solubility. B) SDS-page of the purified Sumo-H1 protein (56 kDa) and purified soluble H1 antigen (40 kDa). C) Physical characterization of Nano-

STING, NanoSTING-H1 by DLS.

immunospot (ELISPOT) assay was performed using the lung and spleen
cells to determine if NanoSTING-H1 elicits Thl immunity, as Thl
cytokine-secreting T cells are essential for the control of Mtb infection
[28]. NanoSTING-H1 induced antigen-specific [FNy-secreting T cells in
the lungs of vaccinated animals (Ag85b: 670 + 127 SFC/10° cells, ESAT-
6: 98 + 30 SFC/10° cells), which was significantly higher when
compared to H1 (Ag85b: 16 + 5 SFC/ 10° cells, p-value < 0.001; ESAT-6:
3 + 2, SFC/100ells, p-value < 0.0001) and unvaccinated groups
(Ag85b: 9 + 5 SFC/10° cells, p-value = 0.005; ESAT-6: 6 + 1 SFC/10°
cells, p-value = 0.004) (Fig. 3B). Similarly in spleen, vaccination with
NanoSTING-H1 resulted in significantly higher antigen-specific T cells
(Ag85b: 520 + 63 SFC/10° cells, ESAT-6: 90 + 23 SFC/10° cells)
compared to H1 (Ag85b: 39 + 11 SFC/10° cells, p-value < 0.001; ESAT-
6:5+3 SFC/1060ells, p-value < 0.001) and unvaccinated (Ag85b: 13 +
5 SFC/10° cells, p-value = 0.0014; ESAT-6: 5 + 2 SFC/106cells, p-value
= 0.0097) groups (Fig. 3C).

Besides Thl responses, it has been previously demonstrated that a
higher frequency of IL-17 secreting CD4" T cells (Th17) in the lung can
confer robust protection against virulent Mtb [29]. To quantify the Th17
responses in the lung, we performed intracellular cytokine staining (ICS)
and flow cytometry (Supplementary Fig. 3). These data reveal that
intranasal vaccination with NanoSTING-H1 induced significantly higher
IL-17 secreting CD4" T cells (0.78 % =+ 0.16 %) in the lung when
compared to the other two groups of animals (0.43 % + 0.26 % for H1,
and 0.07 + 0.04 % for unvaccinated animals, p-value = 0.03) (Fig. 3D).

Sakai et al. have identified a CXCR3TKLRG1™~ lung parenchyma
homing T cell population that shows an improved ability to control lung
Mtb infection [30]. Using flow cytometry, we confirmed that vaccination
with NanoSTING-H1 resulted in 5.3 % 4 0.9 % CXCR3" KLRG1~
parenchymal CD4" T cells in the lung, which was significantly higher
than protein-only (H1) group (1.84 % + 0.42 %, p-value = 0.015)
(Fig. 3E, F). Additionally, antigen-specific antibodies may enhance

protection against pulmonary TB [31]. Vaccination with NanoSTING-H1
induced Ag85b specific IgG in serum (mean endpoint titers, NanoSTING-
H1: 750 + 350, unvaccinated: 50) that increased after the booster dose
(mean endpoint titers, NanoSTING-H1: 3800 + 3000, unvaccinated: 50)
(Supplementary Fig. 5). In summary, NanoSTING-H1 induces Thl-
specific cellular immunity, IL-17" and CXCR3TKLRG1~ CD4" T cells
in the lung, and, antigen-specific humoral immunity that may have a
synergistic effect in protection against pulmonary TB.

3.4. NanoSTING-H1 vaccination protects mice against challenge with
virulent Mtb strain

Next, we wanted to determine if our experimental vaccine was
protective against live Mtb infection. Groups of C57BL/6 mice were
vaccinated intranasally with the same prime-boost regimen (Fig. 4A).
The vaccinated animals were subsequently challenged with aerosolized
M. tb Erdman. We also vaccinated 10 animals with a single dose of
subcutaneous BCG vaccine six weeks before the challenge as a
comparative positive control (Fig. 4A). As expected, unvaccinated mice
showed a significantly higher bacterial burden in the lung (1.30 £ 0.3 x
108 CFU, p-value < 0.0001) compared to either the NanoSTING-H1 (1.6
+0.2 x 10° CFU) or BCG (5.3 + 0.6 x 10° CFU) vaccinated animals
(Fig. 4B). NanoSTING-H1 and BCG vaccination also limits bacterial
replication in the liver and spleen over at least four weeks (Supple-
mentary Fig. 6). The reduced bacterial burden in mice corresponds to
significantly reduced mean peak weight loss in the NanoSTING-H1
group (1.4 £+ 0.5 %), compared to unvaccinated animals (mean peak
weight loss of 15.3 + 1.7 %) (Fig. 4C). Finally, we studied the Th1 T cell
response in lung following Mtb challenge. Consistent with the expecta-
tion that vaccination-induced immunity reduces the bacterial burden
and could lower the T-cell responses during immediate challenge [5,32],
both vaccinated groups BCG (Ag85b: 1.0 & 0.2 %, ESAT-6: 1.7 + 0.4 %)



K.M.S.R. Sefat et al.

A

d N\ g
[a1]
) o
D - PBS
-4 NanoSTING-H1 ;
> 1159-m Hi &
o & g
% :
o
® S 11 05 % c
c 5 =z
5 = i
2]
2 3105
S =
&
o o
T
10 1 1 1 1 1
ith 2h 4h 12h 24h

Vaccine xxx (xxxx) xxx

4 NanoSTING-H1 iFluor 647/
H1 iFluor 647/PBS, IN

| | | | |
4h 12h

12h

24h

Fig. 2. NanoSTING increases the persistence time of H1 antigen in the nasal cavity of vaccinated animals. A) Mouse schematics illustrating the nasal cavity
(top) and the dorsal view of the mouse upper palate (bottom), including the region of interest (ROI) used to quantify fluorescent signals from IVIS images in C and D.
B) Experimental schema. Mice were inoculated intranasally (IN) with NanoSTING-H1 iFluor 647 (20 ug NanoSTING and 10 ug H1 antigen), H1 Ag iFluor 647 (10 pg)
or PBS. Biodistribution was visualized as a factor of light emission from iFluor 647 conjugated protein at different time points. C) Representative IVIS images show
fluorescence emitted by H1 antigen iFluor 647 in the nasal cavity of BALB/c mice (n = 3/4 animals per group) administered with different vaccine formulations. D)
Quantified IVIS signals in the nasal cavity over 24 h reported as radiant efficiency (p = photon). The signal calculated from nasal cavity ROI was background
corrected by subtracting the signal from nasal-cavity-distal ROI for each mouse. Mann-Whitney t-test p values; ns = p > 0.05, *p < 0.05.

and NanoSTING-H1 (Ag85b: 1.8 + 0.5 %, ESAT-6: 1.8 + 0.3 %) did not
enhance the frequency of CD4'IFNy" T cells beyond the infection-
induced (Ag85b: 4.0 + 0.6 %, ESAT-6: 2.4 + 0.2 %, p-value = 0.0045)
values (Fig. 4D). A similar observation was also true for the CD8™ T cells;
ICS on the lung cells revealed similar frequencies of antigen-specific
CD8" T cells in the lungs of BCG (Ag85b: 0.8 + 0.2 %, ESAT-6: 0.9 +
0.2 %) and NanoSTING-H1 (Ag85b: 1.4 & 0.6 %, ESAT-6: 1.5 + 0.7 %)
vaccinated animals. Both were significantly lower than infection-
induced (Ag85b: 3.7 + 1 %, ESAT-6: 2 + 0.3 %) levels (Fig. 4E).

Lastly, we evaluated the lung immunopathology three- and 10-weeks
post-challenge to detect areas of inflammatory lesions on hematoxylin
and eosin (H&E) stained tissue sections from the accessory lung lobes.
Both BCG and NanoSTING-H1 groups had significantly lower mean lung
lesion areas at three (mean lesion percentage: BCG: 9.7 + 0.6 % and
NanoSTING-H1: 13.4 + 0.7 %) and 10 weeks (BCG: 17.7 £+ 0.4 % and
NanoSTING-H1: 14.1 + 0.9 %) after challenge, quantified as the per-
centage of lesions, compared to the unvaccinated control group (3 weeks
post-challenge: 25 + 4.5 %, p-value = 0.0493; 10 weeks post-challenge:
46 + 5.3 %, p-value = 0.0021) (Fig. 5, Supplementary Fig. 7). There-
fore, intranasal administration of NanoSTING-H1 induces robust im-
munity in vaccinated animals and protects Mtb challenged animals from
severe weight loss and inflammatory tissue damage by reducing bacte-
rial burden in lung and other vital organs.

4. Discussion

New and efficient immunization strategies are required due to the
BCG’s limitations in protecting adults and immunocompromised in-
dividuals against pulmonary TB. Owing to considerable safety concerns
posed by live-attenuated vaccines, early alternative attempts at an
improved TB vaccine included killed bacilli [33,34], and mycobacteria
cell extract [34] vaccines. However, instead of providing long-term
protection, these vaccines showed an inclination towards inducing a
‘hypersensitive’ non-specific inflammatory response [35]. Another
approach towards a safe and potent TB vaccine is considered secretory
or total cell culture protein (CFP)-based vaccines. Despite showing
noticeable protective efficacy in animal models [36,37,38], these vac-
cines present a complex repertoire of protein antigens, which subse-
quently leads to suboptimal immune response due to competition for
antigen presentation [39]. Subunit vaccines can be tailored to recognize
key Mtb antigens, offering greater control over the specificity of the
immune response. As the immunogens used in subunit vaccines are
purified and non-essential elements are excluded, these vaccines pose a
much lower risk of unwanted inflammatory responses. Several subunit
vaccines have been tested in animal models with attractive safety pro-
files, and currently, a few of them are in clinical trials: M72/ASO1E [40],
ID93+GLA-SE [41], H56/1C31 [42], and GamTBvac [43]. The principal
route of administration for all TB vaccines currently in trials is via in-
jection intramuscularly or intradermally. However, as the lung is where
Mtb infection first manifests, administering a TB vaccine intranasally can
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Fig. 3. Intranasal administration of NanoSTING-H1 induces robust T-cell response against multiple antigens in the lung and spleen of vaccinated animals.
A) The intranasal vaccine was formulated by incubating the purified recombinant protein and adjuvant. We immunized three groups (n = 5-10/group) of animals
with intranasally NanoSTING-H1, H1 Ag, and PBS vaccine formulations. Four weeks after the first dose, the animals received an intranasal booster. B, C) IFNy
ELISPOT from lung and spleen cells re-stimulated ex vivo with Ag85B and ESAT-6 peptide pools seven days after the second boost. Data are expressed as the mean
(+£SEM) of 10 animals assayed in two pools of five. Dunn’s multiple comparison test p values: **p < 0.01, ***p < 0.001, ****p < 0.0001. D) ICS for the percentage of
CD47 IL17 secreting T cells in the lung of mice 2 weeks after the booster. For p values, we performed the Mann-Whitney t-test (*p < 0.05). E) ICS for the percentage of
CD4" CXCR3'KLRG1™ T cells in the lung of mice 2 weeks after the booster. Mann-Whitney t-test p values; **p < 0.01.F) ICS for the percentage of
CD4"CXCR3KLRG1™ T cells in the lungs of mice 2 weeks after the booster. Mann-Whitney t-test p values; ns = p > 0.05. D-F) Data are expressed as mean (+SEM),

and each symbol represents an individual animal.

boost both mucosal and peribronchial immune responses against Mtb.
Here, we explore the efficacy of cGAMP, a STING-agonist, as an
adjuvant in an intranasal vaccine that induces Thl-specific response,
lung parenchyma homing T cells in vaccinated animals and provides
protection against virulent Mtb. The H1 antigen fusion protein and
NanoSTING together protected from challenge with virulent Mtb.
Experimental vaccinations with NanoSTING adjuvant provided protec-
tion that inhibited bacterial replication in the spleen and liver for at least

four weeks following the challenge. The H1 antigen protein we utilized
contains two well-characterized immunodominant proteins that induce
significant T cell responses: Ag85b and ESAT-6 [44,45,46]. IFNy
secreted by CD4" T cells is essential for infection control, host survival,
and long-term reduction of bacterial burden [47]. IFNy knockout mice
succumb to the Mtb challenge, as they fail to control bacterial replication
compared to control animals [48]. Data from macaques also show that
CD4" T cells may contain rapid TB progression and early bacterial
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0.0001. C) Percent bodyweight of mice compared to baseline at the indicated time intervals. Tukey’s multiple comparison test p values;

*p < 0.05, **p < 0.01, ***p

< 0.001, ****p < 0.0001. D, E) ICS for percentage of Ag85B and ESAT-6 specific CD4" (D) and CD8" (E) T cells, data is presented as mean (+SEM) of five animals

assayed in each group. Mann-Whitney t-test p values; **p < 0.01.

dissemination from the site of infection to other organs [49]. Addi-
tionally, IFNy secreted by CD4" T cells facilitates a robust CD8" T cell
response. NanoSTING, as a mucosal adjuvant, enhances IFNy-secreting T
cell response conferred by the antigens in the lung and spleen. We
observe Ag85b specific CD4 + IFNy-secreting Th1 T cells in the spleen of
animals receiving NanoSTING-H1, which may explain decreased bac-
terial load in the spleen and liver four weeks post-challenge

(Supplementary Fig. 6). Besides Thl cells, the development of Th17
cells was likely related to the enhanced performance of intranasal
NanoSTING-H1. While Th17 cells were shown to be dispensable for
primary immunity to Mtb [50], they were correlated with enhanced
protection against highly virulent Mtb strains [29]. IL-17 was also
correlated with the rapid recruitment of IFNy-producing T cells in the
lung upon infection and was required for the full efficacy of a BCG
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Fig. 5. Histopathological analysis of mouse lungs following Mtb challenge. A-B) Mean lung histopathology scores three weeks (A) and 10 weeks (B) post-
infection. Mann-Whitney test p values; ns = p > 0.05, *p < 0.05. C) H&E staining of lung tissue from unvaccinated and non-infected (NI), unvaccinated and
infected (PBS), BCG-vaccinated, and HI-vaccinated infected C57BL/6 mice at three- and 10-weeks post-challenge. Pictures are 20X enlargement showing the
organized lymphocyte architecture among vaccinated (BCG and H1) mice absent in the PBS group and necrosis present in the PBS group later in disease that is

prevented by vaccination. The scale bar represents 200 pm.

vaccine [51].

We observed CD4" CXCR3" KLRG1™ T cells in the lungs of vacci-
nated animals, which are known to migrate to lung parenchyma and
control bacterial infection [30]. The loss of BCG-induced protection was
correlated with increased KLRGl-expressing T cells [52]. This is
encouraging data, as multiple studies have suggested that KLRG1~ CD4 ™"
T cells have enhanced proliferative ability and routinely replicate to
replenish T cell protection at the site of infection [53,54].

The role of antibody-mediated immunity against TB remains
controversial. Early studies with B cell-knockout mice indicated that
antibody response against Mtb antigens was disposable in protection
against pulmonary TB [55,56]. However, a recent clinical trial with a
protein-based vaccine suggested that TB-specific antibodies may play a
role in protecting high-risk BCG-primed individuals against sustained
Mtb infection [57]. Since vaccination with NanoSTING-H1 induced
modest Ag85b specific titers, further studies are warranted to test the
role of these antibodies in vaccine-induced protection.

For intracellular pathogens, cyclic dinucleotides (CDN) offer much
potential as a vaccine adjuvant [58]. Natural CDNs can prime innate
immunity through the cGAS-STING pathway. Van Dis et al. have recently
demonstrated the efficacy of STING-agonist cyclic dinucleotide adjuvant
in a protein-based intranasal vaccine against TB [5]. Their adjuvant ML-
RR-cGAMP was modified to include phosphorothioate internucleotide
linkages, which protects it from hydrolysis by phosphodiesterases.
However, we take advantage of nanoparticles to encapsulate and deliver
cGAMP to the antigen-presenting cells, bypassing the problem of
extracellular hydrolysis. The endogenous 2'-3' cGAMP, the adjuvant in
our vaccine, exhibits higher binding affinity to STING among cGAMP
molecules containing other phosphodiester linkages [59]. Additionally,

liposomal NanoSTING increases the residence time of H1 antigen in the
nasal cavity, which may explain the need for only a single booster dose
to yield BCG-comparable protection in the lung.

H1, the fusion protein used in this study, is a model antigen that has
an extensive track record in subunit vaccines with or without adjuvants
[46,60,61,62]. H1 antigen was designed initially as a prophylactic
vaccine intended to improve the efficacy of BCG [63] but provided
limited protection in the latent phase of Mtb infection [64]. To enhance
disease outcome post-Mtb exposure, several therapeutic subunit vac-
cines have been developed, including ID93+GLA-SE [65], H56:1C31
[64], and M72/AS01g [66]. These vaccines target late antigens from Mtb
(e.g., Rv2600c [61] and Rv1813 [67]) that are selectively expressed by
the bacteria for long-term survival. It would be interesting to test the
efficacy of our adjuvant formulation in a multistage vaccine by including
the latency-associated antigens from Mtb. Thus, newer antigen strategies
are needed to realize the full potential of NanoSTING as an adjuvant in a
vaccine against TB.

We have demonstrated that, at least in the short term, the protection
afforded by intranasal vaccination with NanoSTING-H1 is comparable to
the protection afforded by vaccination with BCG. The advantage of
mucosal vaccines, as we have demonstrated with respiratory viruses, is
that they can prime mucosal immunity in the respiratory tract and can
prevent the transmission of the pathogen by vaccinated animals [15]. In
the case of TB, however, there is a lack of established animal models to
study vaccine efficacy against Mtb transmission between animals [68].
In the future, it would be interesting to examine whether mucosal vac-
cines adjuvanted with NanoSTING can protect against initial infection in
a transmission-permissive animal model.

This study shows that nanoparticles encapsulating 2-3'- cGAMP are
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an effective adjuvant against virulent Mtb infection in mice. NanoSTING
is a promising candidate for developing a safe and potent subunit vac-
cine for immunocompromised individuals. This preliminary work war-
rants further investigations into vaccine formulations with NanoSTING
and next-generation TB antigens for enhanced protection against TB.
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