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ABSTRACT

Tuberculosis (TB) remains a significant global health challenge with approximately 8.2 million new cases
reported in 2023, despite the century-old Bacillus Calmette-Guérin (BCG) vaccine. BCG's protective
efficacy diminishes over time, especially against pulmonary TB in adults. This study evaluates ethanol-
inactivated Mycobacterium paragordonae (M.pg) delivered via Microneedle Array Patches (MAPs) as
a novel booster strategy to enhance BCG vaccination efficacy. Various inactivation methods including
heat treatment, formalin, and ethanol were compared, with ethanol-inactivated M.pg selected for optimal
preservation of morphology and immunologically significant proteins. MAPs were fabricated using the
droplet extension technique (DEN). Immunological assessment was conducted in a mouse model
receiving either BCG alone or BCG followed by one or two administrations of inactivated M.pg MAP.
Protective efficacy was evaluated through M. tuberculosis H37Rv challenge. Ethanol inactivation uniquely
preserved morphology and maintained protein integrity, particularly Ag85B. Two administrations of
inactivated M.pg following BCG priming significantly enhanced protective immune responses compared
to BCG alone, inducing strong Th1-polarized immunity characterized by elevated IFN-y, TNF-a, and IL-2
production in both CD4+ and CD8+ T cells. This vaccination strategy effectively generated effector
memory T cells in lung and spleen, contributing to significant reduction in bacterial burden following
challenge, with the BCG+Inactivated M.pg®"® group demonstrating the greatest reduction. Inactivated M.
pg delivered via microneedle patches represents an effective booster strategy for enhancing BCG-
induced protection against tuberculosis, with a two-dose schedule demonstrating optimal efficacy.
This approach combines the safety advantages of an inactivated vaccine with the practical benefits of
MAPs, addressing key limitations of tuberculosis vaccination strategies.
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Introduction o . .
limitations involves utilizing nontuberculous mycobacteria

Tuberculosis (TB) remains a significant global health challenge,
with the World Health Organization (WHO) reporting
approximately 8.2 million new TB cases in 2023, the highest
number since global TB monitoring began in 1995." The
persistent increase in the prevalence of this disease under-
scores its significant and ongoing threat to public health, as
detailed in this report. The Bacillus Calmette-Guérin (BCG)
vaccine, despite nearly a century of use, remains the sole
licensed vaccine for tuberculosis (TB) prevention.” Although
BCG has proven effective in mitigating severe forms of TB in
pediatric populations, its protective efficacy diminishes over
time, especially against pulmonary TB, the predominant form
of the disease in adults.">* Moreover, its protective effect
typically lasts only 10-20 years.”

A prime-boost vaccination strategy has been explored as
a potential method to augment BCG effectiveness; however,
the impact of BCG revaccination with repeated doses shows
limited efficiency.® A novel approach to address these

(NTMs) to augment the protective efficacy of the BCG vaccine.
This strategy has research as a method for enhancing tubercu-
losis prevention, leveraging the potential synergistic effects
between NTMs and the existing BCG vaccination protocol.
Inactivation of NTMs is commonly employed in these vaccines
to ensure safety while maintaining immunogenicity. DAR-901,
an inactivated Mycobacterium obuense strain derived from
SRL172, has shown promising results in Phase 1 trials as
a BCG booster tuberculosis vaccine.””® In addition, non-
tuberculous bacteria Mycobacterium avium is a vaccine candi-
date for TB. Oral live M. avium post-BCG reduced protection,
while intraperitoneal killed M. avium enhanced it. This model
provides a platform for evaluating novel tuberculosis
vaccines.”'’

Mycobacterium paragordonae (M.pg), the NTM closely
related to Mycobacterium gordonae (99.0% sequence similar-
ity), was first isolated from the lungs of a patient in South
Korea in 2014."' A previous study reported a novel
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mycobacterial species phenotypically and genetically closed to
Mpycobacterium gordonae, but distinguished by its atypical
growth temperature requirements, with an optimal range of
25-30°C and no growth at 37°C.'' M.pg has emerged as
a promising tuberculosis vaccine candidate, demonstrating
enhanced protective immune responses compared to BCG in
mouse models, with studies showing it induces stronger cell-
mediated immunity characterized by increased IFN-y produc-
tion, improved T cell activation, and a more robust Thl-type
immune response.'” Furthermore, M.pg has shown potential
as a vaccine vector for various pathogens, including HIV-1 and
SARS-CoV-2, by eliciting enhanced pathogen-specific
immune responses when used as a recombinant expression
system.13‘14

Microneedle arrays patch (MAP), comprising a multitude
of micron-scale needles, offer a compelling alternative for
transdermal vaccine delivery, bypassing the pain associated
with traditional injections.'>™'” Compared to conventional
intramuscular and subcutaneous injections, microneedles
present a range of advantages.'®*° These diminutive nee-
dles, typically ranging from 25 to 1000 um in length, effi-
ciently target antigen-presenting cells, such as Langerhans
cells and dendritic cells, within the epidermis and dermis,
thereby eliciting robust immune responses.”’ > The skin’s
epidermal and dermal layers, rich in immune components,
offer a compelling target for vaccine delivery.'®**
Furthermore, the patch-like format of microneedle arrays
facilitates ease of administration, eliminates the necessity
for cold-chain storage, and enables self-administration,
addressing critical logistical challenges associated with tradi-
tional vaccination approaches.”**>*

In this study, we evaluated the efficacy of an inactivated
M.pg strain as a microneedle vaccine, aiming to provide
a safer alternative to the BCG vaccine. While previous
research demonstrated the immunogenic potential of
microneedle vaccines using live M.pg bacteria,”® inactivated
M.pg-based vaccines were not assessed. Inactivated vaccines
offer a superior safety profile compared to live vaccines,
potentially mitigating unforeseen complications. Therefore,
an inactivated M.pg MAP vaccine could serve as
a promising booster vaccine candidate for tuberculosis,
enhancing safety and contributing to improved vaccination
strategies.

Materials and methods
Preparation of inactivated M.Pg

The M.pg strain was grown at 30°C in MO-3SD (In house
medium). M.pg was harvested by centrifugation at 2500 x g for
20 minutes and washed twice in PBS. Before inactivation, ten-
fold serial dilutions were prepared and plated in agar-solidified
7H9 with OADC in quadruplicate to assess the number of cfu
in the M.pg. PBS resuspended M.pg was then inactivated in
a water bath at 80, 90 and 100°C for 30 minutes. In the case of
formalin and ethanol inactivation, M.pg culture was incubated
with 0.4% (vol/vol) formalin and 70% (vol/vol) ethanol during
30 min. M.pg viability was checked for each treatment M.pg by
counting colonies from 7H10-OADC agar plates and using

a bacterial cell counter (QUANTOM Tx™, Logos Biosystems,
South Korea). Morphology of M.pg was assessed via Scanning
electron microscopy (SEM) following negative staining.
Western blot analysis with anti-Ag85B (Myco-Rapha,
Daejeon, Rep. of Korea) was performed to determine the
protein profile.

Fabrication of M.Pg microneedle array patch vaccine

Dissolving microneedle array patch (MAP) containing the
live and inactivated M.pg were fabricated using the DEN
(droplet extension technique) method. In this technique,
droplets were solidified and formed into cone shape micro-
structure by air blowing, as previously described. The MAP
used in this study was fabricated by Raphas Co., Ltd. (Seoul,
Rep. of Korea). Live and inactivated M.pg MAP, 25 base
arrays in 1.6cm X 1.6cm (2.56 cm®) for 1x10° pfu of
patch, respectively. All patches were dispensed onto
a pattern-mask hydrocolloid adhesive sheet (Hiks C&T,
Rep. of Korea) using a customized MPP-1 dispenser
(Musashi Engineering, Inc., Tokyo, Japan) with 10% hyaluro-
nic acid (HA, Kikkoman Biochemifa Company, Tokyo,
Japan). The dispensed array was then dried overnight at
room temperature. The two dispensed droplets were brought
into contact and extended to the target length, and then
symmetric air blow was applied at room temperature to
solidify the extended viscous droplets, forming cone-shaped
microstructures. The mechanical strength of each MAP was
measured using the wuniversal test machine (UTM,
ZwickRoell GmbH & Co. KG, Ulm, Germany). For final
packaging, each MAP was placed in a polyethylene ter-
ephthalate (PET) blister pack (thickness: 280 um); the blister
pack was sealed in light-protective foil pouches (thickness:
100 um) with desiccant.

Mice

Specific-pathogen-free (SPF) female C57BL/6 mice, aged 6-8-
weeks were purchased from Nara Biotech (Seoul, Rep. of
Korea) and used in our study. All animals were housed at the
preclinical Research center of Chungnam National University
Hospital (Daejeon, Rep. of Korea) and fed on sterile food and
water ad libitum. The experiments were performed in accor-
dance with the approval of the Institutional Research and
Ethics Committee at Chungnam National University
(approval number: CNUH-2022-IA0115) and the Korean
Food and Drug Administration.

Vaccination

Two vaccination experiments were conducted using female
C57BL/6 mice (6 weeks old), with 5 mice allocated to each
experimental group (Figure 1s). In one experiment, mice
received either one (Inactivated Mpgm) or two (Inactivated
Mpgznd) applications of an Inactive M.pg MAP (1x10° cells/
patch) at 2-week intervals, a single (Live Mpg'*") application
of a Live M.pg MAP (1x10° cells/patch), or a single intra-
dermal injection of Live M.pg MAP (1x10° cells/50 uL). In
a separate experiment, mice were first subcutaneously
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Figure 1. Morphological and molecular changes in M.pg under different treatments. (a—f) Scanning electron microscopy (SEM) images of M.pg subjected to various
treatments: (a) untreated M.pg, (b) MPG treated with heat at 80°C, (c) M.pg treated with heat at 90°C, (d) M.pg treated with heat at 100°C, (e) M.pg treated with 4%
formalin, and (f) M.pg treated with 70% ethanol. Scale bar = 1 pm. (g) SDS-PAGE analysis of protein profiles from M.pg under the same treatments: Lane 1, untreated M.
pg; Lane 2, M.pg treated with heat at 80°C; Lane 3, M.pg treated with heat at 90°C; Lane 4, M.pg treated with heat at 100°C; Lane 5, M.pg treated with 4% formalin; Lane
6, M.pg treated with 70% ethanol. Molecular weight markers (kDa) are shown in the ladder lane.

injected with BCG Tokyo (5x10° cfu/mice) and 10 weeks
later received either one (BCG+Inactivated Mpngt) or two
(BCG+Inactivated Mpg®™®) applications of an Inactive M.pg
MAP (1x10° cells/patch) at 2-week intervals, or a single
(BCG+Live Mpg'™") application of a Live M.pg MAP (1x10°
cells/patch).

Immunoassay in mice

To analyze the immune response, mice were euthanized either
4 weeks after the final vaccination, or at 6weeks post-
challenge. Cells isolated from the lungs and spleens were
stimulated with H37Ra lysate and M.pg culture filtrate protein
(CFP) for 12 or 24 hours. Subsequently, cells and supernatants
were harvested, and flow cytometry and ELISA were per-
formed to assess immune responses.

Challenge and bacterial enumeration in mice

To evaluate the vaccine efficacy, mice were infected with
Mycobacterium tuberculosis (Mtb) H37Rv 4 weeks after the
final vaccination. Briefly, following anesthetization with 1.2%
2,2,2-tribromoethanol (Avertin; Sigma), a small midline inci-
sion was made to expose the trachea, and each mice was
intratracheally inoculated with 1x10° cfu/50ul of Mtb
H37Rv. Intratracheal Mtb infections were conducted in
a Class II B2 type Biological Safety Cabinet (ESCO, Seoul,
Korea).

Mice were euthanized with CO, at 6 weeks post-challenge.
Then, lungs and spleens were homogenized. The number of
viable bacteria was determined by plating serial dilutions of the
organ homogenates onto Middlebrook 7H10 agar (Difco,
USA) supplemented 10% OADC (Difco, USA) and amphoter-
icin B (Sigma Aldrich, USA). Colonies were counted after
4 weeks of incubation at 37°C. Protective efficacies were
expressed as the logl0-transformed bacterial count in immu-
nized mice and were compared to the bacterial counts in the
infection controls.

Enzyme-linked immunosorbent assay (ELISA)

Single-cell (1 x 10° cell/well) suspensions from lungs and
spleens of mice were seeded in 96-well plates. Each group
of cells was then stimulated with H37Ra lysate (5 pug/mL)
and Mpg CFP (5 ug/mL) for 24 hours at 37°C in an incu-
bator. Subsequently, Supernatant was harvested, and ELISA
was performed to analyze cytokine levels. A sandwich
ELISA was used to detect TNF-a (Invitrogen), IL-2
(Invitrogen), IL-17 (Thermo Fisher Scientific), and IFN-y
(Thermo Fisher Scientific) levels in culture supernatants as
previously described [PMID: 21993523].

Flow cytometry

To generate single-cell suspensions, harvested lung and
spleen tissue were incubated in RPMI digestion medium
following a previously described protocol [PMID:
30849108]. Single-cell suspensions from each organ of
immunized mice were stimulated with H37Ra lysate
(5ug/mL) or Mpg CFP (5pug/mL) for 12 hours at 37°C in
the presence of GogiStop (BD Biosciences) according to
a previously described procedure [PMID: 30849108]. The
cells were first blocked with Fc Block (eBioscience) for
15min at 4°C and then stained with fluorophore-
conjugated antibodies (Live/Dead, anti-90.2 (Thermo
Fisher Scientific), anti-CD4, anti-CD8 (BD Biosciences)).
Cells stained with isotype-matched immunoglobulins were
used as negative controls. The cells were fixed and permea-
bilized using a Cytofix/Cytoperm (BD Biosciences) accord-
ing to the manufacturer’s instructions. Intracellular
staining was performed in permeation buffer using fluor-
ochrome-conjugated flow cytometry antibodies (IFN-vy,
TNF-a,IL-2; BD Biosciences). Samples were subsequently
analyzed wusing the NovoCyte flow cytometer and
NovoCyte software.
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Statistical analysis

All experiments were performed using GraphPad Prism 10
software (GraphPad software, San Diego, CA, USA).
Statistical significance between groups was evaluated
using one-way ANOVA followed by Fisher’s multiple com-
parison test.

Results

Optimization of M. paragordonae inactivation for MAP
vaccine production

The efficacy of inactivation treatments was assessed by count-
ing colonies from 7HI10-OADC agar plates and using
a bacterial cell counter (QUANTOM Tx™, Logos Biosystems,
South Korea). Heat (80, 90, and 100°C), formalin, and ethanol
achieved 100% inactivation efficacy, with no bacterial growth
observed on the plates or by cell counting. We applied com-
plementary methods to evaluate the effects of the various
inactivation treatments on the cellular morphology of inacti-
vated M.pg.

Figure 1(a-f) shows SEM micrographs that confirm the
maintenance of M.pg cellular morphology following the
inactivation procedures. SEM micrographs revealed distinct
structural alterations across treatment modalities.
Untreated M.pg exhibited intact spherical structures with
smooth surfaces (1.28 £ 0.15 pum diameter) 1, while thermal
treatment induced progressive deformation — 80°C caused
minor membrane wrinkling (Figure 1b), 90°C led to partial
collapse (Figure 1c), and 100°C resulted in complete struc-
tural disintegration (Figure 1d). Chemical inactivation with
4% formalin preserved gross morphology but created sur-
face nanopores (38.6+12.4nm diameter, Figure le) 1,
whereas 70% ethanol treatment caused partial membrane
fragmentation into <200 nm vesicles while maintaining
particulate structure (Figure 1f). As the temperature of
the heat treatment increases, the cellular morphology of
M.pg appears to be progressively disrupted, with cells
becoming distorted and clumping together. In contrast,
formalin and ethanol treatments maintained well-
preserved cellular morphology.

The stability of the Rv1886 (Ag85B) protein in M.pg
following inactivation treatments was assessed using
Western blot analysis (Figure 1g) using anti-Ag85B.
Western blot analysis demonstrated treatment-specific pro-
tein degradation patterns. Thermal treatments above 80°C
caused complete protein denaturation (Lanes 2-4,
Figure 1g), while formalin treatment degraded whole pro-
tein (Lane 5). Ethanol treatment uniquely maintained the
full spectrum of native protein bands (45-150 kDa range,
Lane 6). All inactivation methods examined, except for
ethanol treatment, resulted in a reduction of Ag85B levels
relative to untreated M.pg. Ethanol-treated samples main-
tained Ag85B levels comparable to those observed in
untreated M.pg. Inactivated MAP vaccine was fabricated
with 1 x 10® CFU/MAP using ethanol-treated M.pg.

Immunogenicity comparison of live and inactivated
M. paragordonae MAP vaccines

The results demonstrate that repeated administration of inac-
tivated M.pg significantly enhances both CD4" and CD8"
T cell responses in the spleen compared to single administra-
tion or live M.pg (Figure 2). Specifically, the second adminis-
tration of inactivated M.pg (orange bars) elicited a marked
increase in triple cytokine-producing T cells (IFN-y/IL-2/
TNF) and dual cytokine-producing populations (IFN-y/IL-2,
IEN-y/TNF) for both antigen preparations (H37Ra lysate and
Mpg CFP). H37Ra lysate consistently induced stronger cyto-
kine responses than Mpg CFP across all conditions. Single IL-2
production was modestly increased only in CD8" T cells of the
inactivated M.pg second administration group compared to
other groups, while triple- and dual-cytokine (IFN/IL2/TNF,
IEN/IL2) producing T cells were significantly elevated in the
inactivated M.pg 2nd group.

Following in vitro stimulation with live or inactivated M.pg,
the production of key pro-inflammatory cytokines IFN-
gamma and TNF-alpha was significantly increased in both
CD4" and CD8" T cell populations relative to naive controls
(p <.05). Notably, the IL-2 response did not exhibit a similar
significant increase compared to the naive group under these
stimulation conditions. These findings suggest that repeated
exposure to inactivated M.pg antigens effectively enhances
specific cellular immune responses, particularly IFN-gamma
and TNF-alpha production by both helper (CD4") and cyto-
toxic (CD8") T cells, which holds potential implications for
vaccine strategies targeting intracellular pathogens. These
findings indicate that repeated exposure to inactivated anti-
gens boosts the immunogenicity of both helper (CD4") and
cytotoxic (CD8") T cells, highlighting potential avenues for
vaccine strategies. Correspondingly, our results confirmed the
vaccine potential of Mpg, established foundational data
informing challenge study design, and led to the planning of
experiments applying these principles.

M. paragordonae booster augments BCG vaccine-induced
protective CD4* and CD8* T cell responses

At 6 weeks post challenge (wpc), analysis of splenocytes
(Figure 3a) revealed that the BCG+Live Mpg'™" group exhib-
ited significantly enhanced polyfunctional CD4" T cell
responses. Specifically, this group showed markedly higher
frequencies of CD4" T cells co-expressing IFN-y, IL-2, and
TNEF-a (IFN/IL2/TNF) compared to both the naive and BCG-
only groups upon stimulation with either H37Ra lysate or Mpg
CFP. Furthermore, the BCG+Live Mpg'*' group also demon-
strated increased proportions of IFN-y/IL-2 and TNF-o/IL-2
co-expressing CD4" T cell subsets, particularly after Mpg CFP
stimulation. Consistent with this, the BCG+Inactivated M.pg
groups also elicited strong immune responses. Notably, two
administrations of inactivated M.pg (BCG+Inactivated
Mpg™?) resulted in significantly elevated levels of IL-2 and
TNF-a production in CD4" T cells compared to a single
administration (BCG+Inactivated Mpg'""). The BCG
+Inactivated Mpg® group also showed a prominent increase
in polyfunctional CD4" T cells producing IFN/IL2/TNF and
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Figure 2. Analysis of cytokine production by CD4" and CD8" T cells in the spleen following stimulation with H37Ra lysate or Mpg CFP under different conditions. (a
Percentages of CD4" T cells producing triple (IFN-y/IL-2/TNF), dual (IFN-y/IL-2, IFN-y/TNF, TNF/IL-2), or single (IFN-y, IL-2, TNF) cytokines in response to stimulation with
H37Ra lysate (top row) or Mpg CFP (bottom row). (b) Percentages of CD8" T cells producing triple, dual, or single cytokines under the same conditions as in (a). The
experimental groups include naive (red), live Mpg“' administration (green), inactivated Mpg1St administration (purple), and inactivated Mng”d administration
(orange). Data are presented as box plots showing the median and interquartile ranges, n = 5/group. Asterisks indicate statistical significance compared to the naive

group, where *p < .05, **p < .01, ***p <.001 and ****p <.0001.

TNF/IL2, suggesting a dose-dependent boosting effect of inac-
tivated M.pg. Conversely, the naive and BCG-only groups
displayed minimal cytokine production across all cytokine
subsets examined.

In the lung (Figure 3b) at 6 wpc, similar trends were evi-
dent. The BCG+Live M.pg group induced significantly higher
frequencies of polyfunctional IFN/IL2/TNF-expressing CD4"
T cells compared to control groups, most notably upon Mpg
CFP stimulation. Mirroring splenic responses, BCG
+Inactivated Mpgznd elicited superior responses compared to
BCG+Inactivated Mpg'®" in the lung, with significantly
increased IL-2 and TNF-a production across multiple cytokine

subsets. In particular, the BCG+Inactivated Mpg™® regimen
induced robust IFN/IL2/TNF and TNF/IL2 co-expression in
CD4" T cells following stimulation with both H37Ra lysate and
Mpg CFP. Importantly, at 0 wpc, no significant inter-group
differences in cytokine production were detected in either
spleen or lung, confirming that the observed enhanced cyto-
kine responses at 6 wpc were attributable to post-challenge
adaptive immunity and the applied vaccination strategies.
The data presented in Figure 4 demonstrates the cyto-
kine production profiles of CD8" T cells in both spleen (A)
and lung (B) tissues at 0 and 6 weeks post-challenge (wpc)
across different vaccination groups. At 0 pwc, BCG
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Figure 3. Polyfunctional CD4" T cell responses in the spleen and lung following different vaccination regimens at 0 and 6 weeks post-challenge (wpc). (a) Frequencies
of CD4* T cells expressing combinations of IFN-y, IL-2, and TNF-a (IFN/IL2/TNF, IFN/IL2, IFN/TNF, TNF/IL2) or single cytokines (IFN-y, IL-2, TNF-a) in the spleen after
stimulation with H37Ra lysate or Mpg CFP. (b) Frequencies of CD4™ T cells expressing the same cytokine combinations in the lung under identical stimulation
conditions. Groups include naive (red), BCG-only (green), BCG+Live Mpg'** (blue), BCG+Inactivated Mpg'*® (once injection, purple), and BCG-+Inactivated Mpg®™ (twice
injections, orange). Data are presented as box plots showing median values (black line in bar) and interquartile ranges (bar), n = 5/group. Asterisks indicate statistical

significance compared to the naive group, where *p < .05, **p < .01, ***p <.001 and ****p <.0001.

vaccination alone and in combination with various M.pg
formulations induced polyfunctional CD8" T cells produ-
cing IFN/IL2, with significant differences observed com-
pared to the naive group, particularly in lung tissue. The
H37Ra lysate stimulation showed stronger IFN responses
in the BCG and BCG+Live Mpg'** groups. At 6 pwc, the
cytokine profiles shifted, with notable increases in IFN/
TNF producing cells in the spleen for the BCG
+Inactivated Mpg'®" group when stimulated with Mpg
CFP. In the lung, BCG vaccination maintained robust
CD8" T cell responses across multiple cytokine combina-
tions. The BCG-+Inactivated Mpg®™® group demonstrated
enhanced TNF/IL2 responses in the lung when stimulated
with H37Ra lysate. These results indicate that BCG vacci-
nation, particularly when boosted with inactivated M.pg
formulations, promotes durable and polyfunctional CD8"
T cell responses that may contribute to enhanced protec-
tion against mycobacterial challenge.

Induction of memory T cell responses following BCG and
M. paragordonae booster vaccination

The results demonstrate the differential induction of central
memory (T.,) and effector memory (Te,,) T cell subsets in
CD4" and CD8" T cells following various vaccination regimens
at 0 and 6weeks post-challenge (wpc). For CD4" T cells
(Figure 5a), the percentage of Ty, cells was significantly higher
in the BCG+Live Mpg'*' and BCG+Inactivated Mpg'*" groups
compared to the naive and BCG-only groups in response to
both H37Ra lysate and Mpg CFP stimulation at 0 wpc. At 6
wpc, this trend persisted, with BCG+Live Mpg'** showing the
highest Tep, cell induction. However, no significant differences
were observed in CD4" T, populations across groups at either
time point. For CD8" T cells (Figure 5b), a similar pattern was
observed, with BCG+Live Mpg"* and BCG+Inactivated Mpg'™
inducing significantly higher percentages of Tk, cells compared
to controls at 0 wpc, particularly in response to Mpg CFP

stimulation. At 6 wpc, the BCG+Inactivated Mpg®™ group
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Figure 4. Polyfunctional CD8™ T cell responses in the spleen and lung following different vaccination regimens at 0 and 6 weeks post-challenge (wpc). (a) Frequencies
of CD8" T cells expressing combinations of IFN-y, IL-2, and TNF-a (IFN/IL2/TNF, IFN/IL2, IFN/TNF, TNF/IL2) or single cytokines (IFN-y, IL-2, TNF-q) in the spleen after
stimulation with H37Ra lysate or mpg CFP. (b) Frequencies of CD8" T cells expressing the same cytokine combinations in the lung under identical stimulation
conditions. Groups include naive (red), BCG-only (green), BCG+Live Mpg1St (blue), BCG+Inactivated Mpg”‘ (once injection, purple), and BCG+Inactivated Mpg2nd (twice
injections, orange). Data are presented as box plots showing median values (black line in bar) and interquartile ranges (bar), n = 5/group. Asterisks indicate statistical

significance compared to the naive group, where *p <.05, **p < .01, ***p <.001 and ****p <.0001.

exhibited a notable increase in CD8" Ty, cells. Interestingly,
CD8" T, populations were generally low across all groups,
with only modest increases observed in the BCG+Live Mpg'™
group at 0 wpc. These findings suggest that co-administration
of live or inactivated M.pg enhances the generation of antigen-
specific effector memory T cells, particularly in response to
mycobacterial antigens, indicating a potential strategy for
improving vaccine efficacy against mycobacterial infections.

Enhanced cytokine production in pulmonary and splenic
tissues following BCG-M. paragordonae vaccination

Analysis of cytokine production in lung (Figure 6a) and spleen
(Figure 6b) tissues revealed distinct responses across vaccina-
tion groups and time points. At 6 weeks post-challenge (wpc),
BCG vaccination, particularly in combination with M.pg boos-
ters, significantly enhanced cytokine production compared to
the naive group.

In the lung, BCG+Live Mpg"" and BCG+Inactivated
Mpg®™® groups demonstrated markedly elevated levels of
IEN-y and TNF-a production, particularly upon H37Ra
lysate stimulation (*p <.001 and *p <.01, respectively for
IEN-y; **p<.001 for TNF-a in both groups). While IL-2
production showed a significant increase in BCG+Live
Mpg'*" with H37Ra lysate stimulation (p <.05), IL-17 pro-
duction remained largely unchanged across groups and
stimuli in the lung.

In the spleen, a more pronounced and broad cytokine
response was observed. Both BCG+Live Mpg'*" and BCG
+Inactivated Mpg™® groups exhibited significant increases in
IEN-y, TNF-a, and IL-2 production following H37Ra lysate
stimulation (*p <.001, ****p <.0001, and **p < .01 respectively
for IFN-y in both groups; ****p <.0001 and ***p <.001, and
**p <.01 for TNF-a; **p <.01 and **p < .01, and p < .05 for IL-
2). Notably, IFN-y and TNF-a production in the spleen of
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the naive group, where *p <.05, **p < .01, ***p <.001 and ****p <.0001.

BCG+Live Mpg'"' and BCG+Inactivated Mpg®™® groups
reached considerably higher levels than in other groups.

With Mpg CFP stimulation, cytokine production was
generally lower compared to H37Ra lysate, but BCG+Live
Mpg'*' and BCG+Inactivated Mpg® groups still main-
tained elevated levels of IFN-y and TNF-a in both lung
and spleen, with significant increases observed for IFN-y in
the lung of BCG+Live Mpg"' and BCG+Inactivated
Mpg>™® groups (*p <.05 and p<.05, respectively) and for
TNF-a in the lung of BCG+Inactivated Mpg?? (p <.05). At
0 wpc, cytokine production was minimal, and no signifi-
cant differences were observed across groups in either
tissue, indicating that the enhanced cytokine responses at
6 wpc were driven by vaccination and booster strategies
post-challenge.

Protective efficacy against M. tuberculosis H37Rv
infection

Six-weeks following intratracheal M. tuberculosis H37Rv infec-
tion, a cohort of five mice per group were assessed for bacterial
burden within the lung and spleen as the primary endpoints
for protective efficacy (Figure 7). The bacterial burden in both
the lungs and spleen was significantly reduced in all vaccinated
groups compared to the naive group (G1) following the chal-
lenge test. In the lungs (left panel), the BCG-only group (G2)
exhibited a marked reduction in bacterial CFU counts com-
pared to G1 (**, p <.0001). Furthermore, co-administration of
BCG with M.pg as a booster vaccine (G3-G5) resulted in an
even greater reduction in bacterial loads. Among these, G5
demonstrated the lowest bacterial burden, indicating enhanced
protective efficacy. Similarly, in the spleen (right panel), all
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vaccinated groups showed significantly lower CFU counts
compared to G1. The BCG-only group (G2) provided signifi-
cant protection (¥, p <.001), while the use of M.pg as a booster
vaccine (G3-G5) further improved outcome. Notably, G5
again showed the most pronounced reduction in bacterial
dissemination to the spleen. These results suggest that M.pg,
particularly in its inactivated form administered as a second
booster, significantly enhances the protective effect of BCG
vaccination against systemic bacterial dissemination during
challenge tests.

Discussion

The development of effective tuberculosis (TB) vaccines
remains an urgent global health priority, particularly given
the limitations of the century-old Bacillus Calmette-Guérin
(BCG) vaccine and the rising TB incidence worldwide.
Persistent high TB cases highlight the BCG vaccine’s limited
long-term protection, especially in adults, driving research into
boosters like nontuberculous mycobacteria (NTM). In this
study, we developed and evaluated an inactivated
Mycobacterium paragordonae (M.pg) microneedle array
patch (MAP) vaccine as a novel booster candidate to enhance
the efficacy of the Bacillus Calmette-Guérin (BCG) vaccine
against TB.

The results demonstrate that ethanol-inactivated M.pg
maintains cellular morphology and protein integrity while
achieving complete bacterial inactivation, making it an ideal
candidate for vaccine development. Importantly, the ethanol
treatment uniquely preserved the full spectrum of native pro-
tein bands in the 45-150 kDa range, including the immuno-
logically significant Ag85B protein, which was degraded by
other inactivation methods (Figure 1). Whole-cell killed bac-
terial vaccines present a safe and broadly applicable vaccina-
tion strategy due to their preservation of key bacterial antigens,
which elicit robust antigenicity and offer comprehensive ser-
otype coverage. Furthermore, their potential for cost-effective
and straightforward preparation and administration renders
them particularly relevant for resource-limited settings.
Taddese et al. (2021) showed that BPL, ethanol and formalin
treatments generated inactivated bacteria with preserved cel-
lular integrity.”” Indeed, the protective efficacy of whole-cell
killed  pneumococcal  vaccines®®**  and  Vibrio
proteolyticus®>'using ethanol treatment has been substan-
tiated. The choice of ethanol as an inactivating agent also
addresses safety concerns associated with live attenuated vac-
cines. The inability of inactivated pathogens to revert to viru-
lence is a critical safety advantage. Live attenuated vaccines,
such as BCG for TB, carry risks of adverse events in immuno-
compromised individuals.’* In contrast, Salmonella Enteritidis
inactivated vaccines caused no systemic reactions in chickens,
even at high doses, validating their safety.”® This aliLgns with
global preferences for inactivated platforms in high-risk popu-
lations, including immunocompromised patients.”* While live
M.pg MAPs previously showed efficacy, their potential for
reactivation or unintended persistence in immunocompro-
mised hosts necessitates caution. Ethanol inactivation elimi-
nates these risks while preserving immunogenicity, mirroring
the success of DAR-901 (inactivated M. obuense).>

MAP has emerged as a promising transdermal immuniza-
tion strategy.’®>® While several microneedle systems have
been approved or investigated clinically, most dissolving-type
microneedles are fabricated using a complex, multi-step mold-
ing process involving harsh curing conditions.”** This limits
their suitability for heat-sensitive biological drugs. The DEN
method offers a simpler, more efficient approach, enabling
drug loading without loss and precise dose control. By elim-
inating the need for mold, the DEN method facilitates mass
production and reduces fabrication costs. This method’s com-
patibility with heat-sensitive drugs, such as vaccines, further
enhances its market competitiveness. The skin’s rich immune
environment, with abundant antigen-presenting cells in the
epidermis and dermis, provides an ideal target for vaccine
delivery. The MAP format facilitates efficient targeting of
these immune cells, potentially enhancing vaccine immuno-
genicity compared to traditional injection routes.

Primary immunogenicity results utilizing the DEN micro-
array patch fabrication method revealed substantial potential
for combining inactivated M.pg and MAP (Figure 2). We
observed that inactivated M.pg MAP robustly enhanced cyto-
kine expression, an effect consistently replicated in subsequent
challenge tests. The prime-boost regimen, employing BCG
priming followed by inactivated M.pg MAP boosting, elicited
a potent Thl-polarized immune response, characterized by
elevated production of IFN-y, TNF-q, and IL-2 in both CD4"
and CD8" T cell populations (Figures 3-4). Notably, two
administrations of inactivated M.pg following BCG priming
(BCG+Inactivated Mpg®™) proved particularly efficacious,
inducing polyfunctional T cell populations that surpassed
responses observed with BCG alone or live M.pg boosters.
Furthermore, this BCG+Inactivated Mpg?™® regimen success-
fully generated effector memory T cells (Tem) within both
pulmonary and splenic tissues (Figure 5).

The exclusion of a BCG-BCG control group from this
study design was a deliberate decision based on substantial
clinical and epidemiological evidence. Extensive clinical
trials, including a large-scale study with a 15-year follow-
up period involving 4,436 participants, have demonstrated
that BCG revaccination confers no significant additional
protective efficacy against adult pulmonary tuberculosis
compared to a single primary BCG vaccination.*' This find-
ing is further corroborated by the World Health
Organization’s (WHO) 1999 recommendation advising
against routine BCG revaccination,”” as well as recent data
from a phase 3 clinical trial (NCT04152161) indicating only
45.4% efficacy of BCG revaccination against latent tubercu-
losis infection.*? Consequently, our research focus on eval-
uating novel booster candidates aligns with the global
scientific consensus and ongoing efforts to develop
improved vaccination strategies that supersede the repetition
of BCG administration, a practice now considered to possess
limited clinical utility.

Lung-resident T, cells are critical for intercepting
M. tuberculosis upon inhalation, and their induction here
correlates with the significant reduction in pulmonary bac-
terial burden post-challenge (Figure 7a). The concomitant
suppression of splenic dissemination (Figure 7b) further
underscores systemic protection, likely mediated by



circulating memory T cells primed by MAP-delivered anti-
gens. The trade-off between convenience and efficacy is
evident in inactivated vaccine design. For example, inacti-
vated Japanese encephalitis vaccines showed 96-100% sero-
conversion after two doses, mirroring live vaccine
performance.’ Similarly, M.pg’s two-dose regimen increased
cytokine by single dosing, highlighting the importance of
booster schedules.

The immunogenicity of inactivated M.pg MAPs may arise
from synergistic innate and adaptive activation. Ethanol-
preserved pathogen-associated molecular patterns (PAMPs)
such as lipoarabinomannan (LAM) and trehalose dimycolate
(TDM) likely engage TLR2/4 and Mincle receptors on antigen-
presenting cells.**** This innate signaling potentiates dendritic
cell maturation and migration to lymph nodes, where they
prime naive T cells.** The robust CD8" T cell responses
observed (Figure 4) suggest cross-presentation of antigens via
MHC-I, a process enhanced by MAPs’ intradermal delivery.

Surprisingly, IL-17 production remained unchanged across
groups (Figure 6). While Th17 responses contribute to muco-
sal immunity, their absence here implies that the BCG/M.pg
booster primarily strengthens Th1 pathways.*”>** This aligns
with murine models where IFN-y and TNF-a dominate pro-
tection against TB. Additionally, IL-17 production remained
low across all vaccination groups, which is consistent with the
known Th17 response profile of C57BL/6 mice.* As this strain
is genetically predisposed to attenuated IL-17 responses, future
studies using BALB/c mice or humanized models will be
important to fully evaluate the potential of M.pg MAP vacci-
nation to induce Th17-mediated mucosal immunity. However,
human translation may require balancing Th1/Th17 responses
to avoid immunopathology, warranting cytokine profiling in
non-human primates.'>**' These cytokines are widely recog-
nized as critical mediators for effective anti-mycobacterial
immunity. Indeed, IFN-y is a cornerstone cytokine for con-
trolling mycobacterial infections by activating macrophages
and promoting Thl differentiation, while IL-2 is essential for
T cell proliferation and survival and TNF-a contributes to
granuloma formation and bacterial clearance.”®> In this
study, our findings establish inactivated M.pg delivered via
MAP as an effective booster strategy for enhancing BCG-
induced protection against tuberculosis, with a two-dose sche-
dule demonstrating optimal efficacy.

This approach combines the safety advantages of an inacti-
vated vaccine with the practical benefits of microneedle deliv-
ery, addressing key limitations of current tuberculosis
vaccination strategies. Although no adverse reactions or toxi-
city were observed throughout our study, comprehensive
safety assessments remain essential before advancing to clin-
ical applications.

In future research, we plan to conduct extensive toxicity
studies to thoroughly evaluate the safety profile of inactivated
M.pg delivered via microneedle patches. These studies will
include acute and chronic toxicity assessments, local reacto-
genicity, and systemic biocompatibility analyses to ensure the
vaccine’s safety for potential human use. Future studies will
focus on comprehensive safety evaluations, optimization of
dosing intervals, and assessment of long-term protection to
further develop this promising vaccine candidate.

HUMAN VACCINES & IMMUNOTHERAPEUTICS 1

Conclusion

In conclusion, our research establishes ethanol-inactivated
M.pg delivered via microneedle array patches as
a promising tuberculosis vaccine candidate. This method
uniquely preserves cellular morphology and maintains the
integrity of immunologically significant proteins, particularly
Ag85B, likely contributing to the robust immunogenicity
observed.

The immunological data provides compelling evidence
for the efficacy of the inactivated M.pg MAP vaccine as
a BCG booster, with two administrations significantly
enhancing protective immune responses characterized by
elevated IFN-y, TNF-qa, and IL-2 production in both CD4"
and CD8" T cells. This polyfunctional T cell response is
crucial for protection against mycobacterial infections. The
strategy effectively generates effector memory T cells in
both lung and spleen tissues, contributing to the significant
reduction in bacterial burden observed in our challenge
studies. The BCG+Inactivated M.pg*™® group consistently
demonstrated the greatest reduction in bacterial burden in
both organs.

The microneedle array patch delivery system offers
practical advantages over conventional vaccination meth-
ods in resource-limited settings with high tuberculosis bur-
den. Future research should focus on toxicity studies,
optimization of dosing intervals, and assessment of long-
term protection. The absence of significant IL-17 produc-
tion suggests our formulation primarily strengthens Thl
pathways rather than Thl7-mediated immunity, an area
for future investigation.

Inactivated M.pg delivered via microneedle patches repre-
sents an effective booster strategy for enhancing BCG-induced
protection against tuberculosis, with a two-dose schedule
demonstrating optimal efficacy. This approach combines
safety advantages with practical benefits, addressing key lim-
itations of current vaccination strategies.
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