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An mRNA vaccine induces antimycobacterial
immunity by activating DNA damage
repair and autophagy
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Effective vaccines are urgently needed for the control of tuber-
culosis (TB). Here, we report that anmRNATB vaccine is high-
ly effective and exhibits both prophylactic and therapeutic
activity in the zebrafish model of TB. Adult zebrafish immu-
nized with the mRNA vaccine survived significantly longer af-
ter Mycobacterium marinum challenge compared to those
immunized with the DNA vaccine. Furthermore, post-infec-
tion treatment with the mRNA vaccine drastically reduced
the bacterial burden. The mRNA vaccine activated multiple
DNA break repair systems that are essential for the normal
development and function of adaptive immunity, but did not
activate the canonical DNA damage responses that promote
cell death. This highlights a profound connection between
DNA damage repair and the activation of immune responses
under physiological processes of immunization. Remarkably,
the mRNA vaccine induced autophagy in granulomas, coin-
ciding with bacterial killing and cell survival. Collectively, these
findings demonstrate that the mRNA vaccine elicits potent
innate and adaptive immunity, providing effective host protec-
tion against mycobacterial challenge.

INTRODUCTION
Tuberculosis (TB), caused by Mycobacterium tuberculosis (M. tb), is
the leading cause of death from a single infectious agent, which caused
1.3 million deaths and 7.5 million newly diagnosed cases in 2022. An
estimated 2 billion people are latently infected with M. tb, which is
called latent TB infection (LTBI).1 Notably, TB mortality increased
during the COVID-19 pandemic for the first time in a decade.2 Bacille
Calmette-Guérin (BCG), a live attenuated strain of M. bovis, is the
only approved TB vaccine. BCG has been used clinically since the
1920s, with over 4 billion doses administered. While providing over
80% protection against disseminated TB in children,3,4 BCG is limited
in its ability to protect adolescents and adults from developing trans-
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mittable pulmonary TB, with efficacy rates varying widely from 0% to
80%.5,6 Another problem is that BCG does not prevent the reactiva-
tion of LTBI, complicating efforts to control the disease. This chal-
lenge is compounded by the lack of antibiotics capable of fully erad-
icating latent TB. The global burden of TB, combined with the
increasing prevalence of drug-resistantM. tb strains (both multidrug-
and extensively drug-resistant TB), emphasizes the importance of
developing effective TB vaccines to achieve the World Health Orga-
nization’s goal of ending the TB epidemic by 2035.

Despite extensive efforts in the past 30 years, a new vaccine offering
better protection than BCG has yet to be developed. Current vaccine
candidates in clinical trials development fall into two categories: (1)
whole cell-derived (attenuated M. tb and recombinant BCG) and (2)
subunit (adjuvanted protein and viral vectored DNA) vaccines.7

Most subunit vaccines consist of selected M. tb antigens that are ex-
pressed in replication-deficient viral vectors or are administered as pu-
rified protein/adjuvant combination. As a prophylactic vaccine, none
of these subunit vaccines has proven to be superior to BCG in animal
models. As such, subunit vaccines are being evaluated for the preven-
tion of disease in M. tb-infected individuals. While a recent clinical
study showing 49.7% efficacy of the subunit vaccine M72/AS01E is
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Figure 1. Construction and characterization of L3T

mRNA vaccine

(A) Scheme of the LPP-L3 mRNA design. (B) L3 protein

expression in vitro (HEK293T cells) and in vivo (zebrafish

larvae) at 24 hpost-transfection or post-injection of

mRNA. (C and D) Neutrophil and macrophage

recruitment at 4 and 24 h post-injection of 3 ng L3T

mRNA (n R 30). Blank: larvae without injection. PBS,

LPP: larvae injected with PBS or LPP-GFP. Statistical

analysis was performed using one-way ANOVA.

*p < 0.05; ***p < 0.001; ****p < 0.0001. (E) L3T mRNA

safety profile in larvae (n = 20). Blank: larvae without

injection.
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encouraging,8 there is room for improvement. Multiple approaches
have been employed to develop new live vaccines, including various
recombinant BCGs and attenuated M. tb strains.9 Of these, only a
few have outperformed BCG in animal models.10–12 Although these
live vaccine candidates offer better protection and have the potential
to replace BCG, they are unlikely to be effective against LTBI.

The extraordinary success of mRNA COVID-19 vaccines has re-
kindled significant interest in using mRNA for delivering vaccines or
therapeutic proteins for other diseases.13,14 Since mRNA does not inte-
grate into the genome, it mitigates concerns about genotoxicity and
broadens accessibility to immunocompromised individuals.15 In addi-
tion, a single mRNA can encode multiple antigens, strengthening the
immune response.15 However, there is a scarcity of publications on
mRNA vaccines targeting TB.16,17 We constructed an mRNA TB vac-
cine delivered by lipid nanoparticles and tested its activity in the zebra-
fish model of TB. Zebrafish is a natural host of M. marinum, a close
relative of the M. tb complex. Infection of zebrafish with
M. marinum recapitulates many aspects of human TB and has proven
to be a useful model in studying innate immunity, TB granulomas, and
host-pathogen interactions.18 Here, we report that the mRNA TB vac-
cine exhibits superior prophylactic activity in adult zebrafish against
2 Molecular Therapy: Nucleic Acids Vol. 36 March 2025
M. marinum infection. Remarkably, it also dem-
onstrates highly potent post-infection therapeutic
activity. The mRNA vaccine activates DNA dam-
age repair systems essential for the development
of adaptive immunity, as well as autophagy, a
key player in innate immunity. Collectively, our
study has provided new insights into the immune
mechanisms required for the control of mycobac-
terial infection and demonstrated the promising
potential of the mRNA platform for TB vaccine
development.

RESULTS
An mRNA vaccine L3T increases the

recruitment of innate immune cells

Glutamine synthetase (GlnA1) is an essential
enzyme of M. tb and plays a role in viru-
lence.19 M. tb secretes high levels of GlnA1
into the culture media, making it a good candidate for vaccine
development.20 Lysin B (LysB) is a lytic enzyme of mycobacter-
iophages that can inhibit the growth of multiple mycobacterial spe-
cies, including M. tb and M. marinum.21 We reasoned that a fusion
protein (L3) combining GlnA1 and LysB could be used to
construct prophylactic and therapeutic vaccines. To do this,
mRNA sequences encoding LysB, GlnA1, and a 9-amino acid
linker between them were designed and produced. Codon optimi-
zation using different algorithms generated three mRNA se-
quences, denoted as L3T, L3C, and L3G. Additional modifications
were made to increase the mRNA stability and expression in host
cells. The final mRNA sequences contain a 50 Cap-1, a 50 highly
stable UTR from the b-globin gene of Xenopus laevis22; an opti-
mized coding sequence of L3, a 30 UTR of a-globin from hu-
mans23; and a poly(A) tail (Figure 1A). In addition, uridine was
substituted with 1-methylpseudouridine (m1J) to decrease immu-
nogenicity of the RNA,24 the same modification used in the mRNA
COVID-19 vaccines.25 A lipopolyplex (LPP) platform was used to
deliver the mRNA antigen, in which the negatively charged mRNA
molecules were packaged with a cationic poly-(b-amino ester)
polymer and then encapsulated in a phospholipid bilayer shell
(Figure 1A).26



Figure 2. L3T mRNA vaccine protects zebrafish

against M. marinum infection

(A and E) Schemes of vaccine immunization and

M. marinum infection. (B and D) Survival curves of adult

zebrafish (n = 11–15) injected i.m. with mRNA or DNA

twice with a 2-week interval, or BCG one time, followed by

intraperitoneal injection of 500 CFU of M. marinum 535.

Zebrafish injected with PBS or LPP or pcDNA were used

as negative controls. Statistical analysis was performed

using the log rank (Mantel-Cox) test. *p < 0.05;

**p < 0.01; ****p < 0.0001. (C) pcDNA-L3 expression in

HEK293 T cells at 24 h transfection. (F and G) Bacterial

burden (F) or number of granulomas (G) in zebrafish

3 weeks after M. marinum infection (n = 4 or 5). One-

way ANOVA was performed for statistical analysis.

*p < 0.05; ****p < 0.0001. (H and I) Representative H&E

staining of zebrafish tissues 3 weeks after M. marinum

infection. Arrow in (H) indicates the caseous granulomas.
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To examine the expression of the L3 mRNA, HEK293T cells were
transfected with the three L3 mRNAs, and the cell lysates were
analyzed by western blot. The results showed that both L3T and
L3C were expressed at high levels, with L3T showing higher expres-
sion levels than L3C in zebrafish larvae (Figure 1B). Therefore, L3T
was selected for subsequent studies.

Successful vaccination begins with local activation of the innate
immune system. After intramuscular (i.m.) injection, proinflam-
matory cytokines and chemokines generated by the local resident
cells recruit the innate immune cells, including macrophages, neu-
trophils, and dendritic cells, to the injection site. Antigens are
taken up and transported to the draining lymph lode to activate
the adaptive immune response.27 Previously, it was reported that
the LPP nanoparticles facilitated the uptake of the encapsulated
mRNA by dendritic cells.26 To investigate whether L3T can effec-
tively attract innate immune cells to the injection site, we used
transgenic zebrafish larvae from the Tg(mpeg1::LRLG) and
Tg(lyz::DsRed) lines, where macrophages and neutrophils express
Molecular
red fluorescence protein and DsRed, respec-
tively. These larvae were injected with wither
L3T or a control (LPP-GFP) containing encap-
sulated GFP mRNA. We observed increased
recruitment of both neutrophils and macro-
phages at the L3T injection site 4- h post-in-
jection, with the neutrophil recruitment being
more pronounced (Figures 1C and 1D). The
L3T-mediated immune cell recruitment lasted
for at least 24 h post-injection, at which point
the experiment was terminated. The dose (3 ng
per larva) of L3T used in this experiment was
based on its safety profile, as all larvae (n = 20)
injected with this dose of L3T survived for
10 days (Figure 1E).
L3T mRNA vaccine protects zebrafish against M. marinum

infection

To examine the protective efficacy of L3T, adult zebrafish were immu-
nized twice (at 2-week intervals) with L3T or the negative control
LPP. Ag85A is a commonly used antigen for the construction of sub-
unit TB vaccines.7 As a positive control and also for comparison, LPP-
Ag85A mRNA was included in this experiment. The Ag85A mRNA,
referred to as Ag85T, was optimized andmodified in amanner similar
to the L3T mRNA. Zebrafish immunized once with BCG was also
included for comparison. Four weeks after the final vaccination, ze-
brafish were challenged with M. marinum 535, and their survival
was monitored (Figure 2A).

The survival curves were plotted using the Kaplan-Meier method. Log
rank analysis revealed that zebrafish immunized with the mRNA vac-
cine L3T or Ag85T survived significantly longer than the negative
control groups (LPP or PBS) (Figure 2B). The mRNA vaccines also
appeared to perform better than BCG, with the difference approach-
ing statistical significance (p = 0.08).
Therapy: Nucleic Acids Vol. 36 March 2025 3
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We repeated this experiment and included an L3 DNA vaccine
(pcDNA-L3) for comparison. We cloned the coding sequence of L3
into the pcDNA3.1+ expression vector and confirmed its expression
in HEK293T cells (Figure 2C). The DNA vaccine was administered
twice, with a 2-week interval, but at a much higher dose than the
mRNA vaccines (6 vs. 1 mg per fish) (Figure 2A). Consistent with
the previous experiment, the L3T-immunized zebrafish survived
significantly longer than the negative control groups (PBS, LPP,
and pcDNA), and nearly all fish (14 out of 15) in the L3T group re-
mained alive at 60 days post-infection (dpi; Figure 2D). Notably,
while encoding the same L3 protein antigen, the L3T mRNA per-
formed significantly better than its DNA counterpart (pcDNA-L3),
despite being administered at a lower dose. Zebrafish vaccinated
with Ag85T again survived significantly longer than the negative con-
trol groups (p = 0.0001), but its survival curve was not statistically
different from that of the pcDNA-L3 group.

In parallel with the long-term survival experiment (Figure 2D), we set
up another short-term experiment in which the zebrafish were sacri-
ficed at 3 weeks post-M. marinum infection and then subjected to
bacterial burden and histology analysis (Figure 2E). The bacterial
burden in zebrafish at 3 weeks post-infection is in accordance with
the survival curve analysis. Zebrafish immunized with L3T had an
�2 log10 lower bacterial number than the other groups (Figure 2F).

Granulomas are a hallmark of TB pathology, representing both the
acquisition of an infection and the induction of the host immune
response.28 While granulomas benefit the host by constraining the
pathogen, they also serve as a niche for bacterial dissemination.29

The outcome depends on the interplay between bacterial virulence
and host immunity. In zebrafish without immunization (the negative
control groups PBS, LPP, and pcDNA), numerous granulomas were
detected in multiple organs, including the liver, kidneys, spleen, intes-
tines, and testis. These granulomas were heterogeneous in size, the
appearance of necrotic centers, and the level of necrosis (Figure 2H).
Notably, many of these granulomas appeared as clusters, indicating
extensive bacterial dissemination in the same region, with new gran-
ulomas emerging as the bacteria spreads to adjacent areas. Fewer
numbers of granulomas were detected in the L3T group, with the ma-
jority (4/5) of fish having <20 granulomas. In comparison, the control
groups had between 20 and 90 granulomas (Figure 2G). A large num-
ber of bacteria were detected in necrotizing granulomas, especially
those that have caseous necrosis. Thus, the number of necrotizing
granulomas roughly correlates with the bacterial burden.

Granulomas in the L3T group tended to be isolated rather than clus-
tered, as observed in the other groups (PBS, LPP, pcDNA, and
pcDNA-L3) (Figure 2H). Interestingly, some granulomas in the
L3T and Ag85T groups appeared to be much healthier; they were
non-necrotizing and singly located, thus unlikely to be newly formed
due to bacterial spread (Figure 2I). They also contained no detectable
bacteria, suggesting that these granulomas may have successfully
resolved the infection and were recovering. This type of granuloma
was not detected in the control groups.
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Collectively, these results demonstrate that mRNA vaccines, espe-
cially L3T, exhibit a superior prophylactic activity to BCG or the
DNA-based vaccine.

L3T mRNA vaccine exhibits potent therapeutic activity

To determine whether L3T has post-infection activity, zebrafish
larvae were infected with M. marinum and after a 24-h infection,
treated with L3T or the LPP control (Figure 3A). The M. marinum
strain used in this experiment, M. marinum 535:gfp, expresses the
GFP protein and enables the analysis of bacterial burden by fluores-
cence intensity. There was a 1.9- and 2.7-fold reduction of bacterial
burden in the L3T group compared to the control group at days 2
and 3 post-treatment, respectively, with both differences being statis-
tically significant (Figure 3B). Consistently, in a parallel long-term
experiment, the L3T-treated larvae survived significantly longer
than the control groups (LPP or PBS) (Figure 3C).

Next, we extended the treatment experiment to adult zebrafish. Adult
zebrafish were infected with M. marinum 535 and then treated twice
with L3T, once on day 14 and again on day 17 post-infection, and
their survival was monitored (Figure 3D). The L3T treatment group
survived significantly longer than the control groups (LPP or PBS)
(Figure 3E). Consistently, the L3T treatment group showed an �1
log10 reduction in bacterial burden at 7 days post-treatment (Fig-
ure 3F) and significantly fewer granulomas than the control groups
(Figure 3G).

We performed three more L3T treatment experiments. Each time, the
zebrafish were infected with a differentM. marinum strain, including
M. marinum 1218R, a whiB4 inactivated strain (whiB4:Tn) of
M. marinum1218R that causes persistent infection in zebrafish,30

and a rifampicin-resistant (RifR) strain ofM. marinum 535. For com-
parison, one group of zebrafish was treated daily with rifampicin, a
first-line antibiotic for TB treatment, for 7 days starting on day 14
post-infection, while another group was treated with a combination
of L3T and rifampicin. At day 24 post-infection, the fish were sacri-
ficed, and the bacterial burden was determined.

The L3T treatment groups consistently had an �5-fold
reduction in bacterial numbers compared to the control groups
(PBS, LPP), and these differences were statistically significant
(Figures 3H–3J). Remarkably, the bacterial burden in the L3T
treatment groups was similar to that of the rifampicin treatment
groups (Figures 3H and 3I), even though the L3T treatment was
administered only twice, whereas the rifampicin treatment lasted
1 week, indicating the extraordinary bacterial killing capability of
L3T. Intriguingly, no additive or synergistic effect was observed be-
tween these two treatments (Figures 3H and 3I). Notably, L3T
treatment was even effective against the drug-resistant strain of
M. marinum (Figure 3J).

Together, these results demonstrate the highly potent bactericidal ac-
tivity of L3T, suggesting that it can be used for post-infection treat-
ment such as the treatment of LTBI.



Figure 3. L3T mRNA vaccine exhibits potent

therapeutic activity

(A) Scheme of M. marinum infection and L3T mRNA

treatment in larvae. (B) Bacterial burden was determined at

days 2 and 3 post-L3T treatment (n = 35). Mann-Whitney

tests were performed for statistical analysis. ***p < 0.001;

****p < 0.0001. (C) Survival curves of larvae were plotted

(n = 35). Log rank test was performed for statistical

analysis. ****p < 0.0001. (D) Scheme of M. marinum

infection and L3T mRNA treatment in adult zebrafish. (E)

Survival curves of adult zebrafish were plotted (n = 15).

Log rank test was performed for statistical analysis.

**p < 0.01. (F) Bacterial burden of adult zebrafish 1 week

after the second L3T treatment (n = 5). (G) Number

of granulomas determined by H&E analysis (n = 4).

(H–J) Bacterial burden in zebrafish 24 days post-

intraperitoneal M. marinum infection (n = 4). Zebrafish

treated with rifampicin (400 mM, bath treatment, daily for

7 days starting on day 14 post-infection) was used as

the positive control. Zebrafish treated with the

combination of L3T and rifampicin were also included.

One-way ANOVA was performed for statistical analysis.

*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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L3T mRNA vaccine induces DNA damage repair

Like other teleosts, the zebrafish lack lymph nodes. Instead, the kid-
ney and spleen are the major lymphoid organs of zebrafish and are
responsible for the removal of foreign agents and defective blood
cells.31 To understand the immunoprotective mechanisms mediated
by the L3T vaccine, we performed RNA sequencing (RNA-seq) anal-
ysis of kidneys isolated from zebrafish immunized with the mRNA
vaccine and the LPP control. Kidneys from five zebrafish were pooled
into one sample, and three pooled samples (a total of 15 kidneys) were
collected from each group for RNA-seq analysis.

A total of 302 differentially expressed genes (DEGs) (|log2fold
change|>0.58, q < 0.05) was detected comprising 111 upregulated
and 191 downregulated in the L3T-immunized zebrafish compared
to the LPP control group (Figure 4A; Table S1). Gene Ontology
(GO) analysis revealed that among the upregulated genes, terms
involved in “DNA replication” (q = 2.08E�7) and “cellular response
to DNA damage stimulus” (q = 1.3E�3) were significantly enriched
Molecular
(Figure 4B). Many of these genes have function
in both DNA damage repair and replication,
and thus, they were listed in both categories,
including Dna2, Fen1, Msh2, Mcm9, PcnA,
Pold3, Pms2, Ssrp1a, Spata18, and Yars1.

MSH2 and PMS2 are essential components of
the DNA mismatch repair system, which is an
evolutionally conserved and post-replicative
pathway that contributes to replication fidelity
(Figure 4C).32 MSH2 is involved in the lesion-
recognition step. MutSa (MSH2/MSH6 hetero-
dimer) recognizes base mismatch and 1- to
2-nt insertion-deletion loops (IDLs), while MutSb (MSH2/MSH3
heterodimer) recognizes large IDLs.32 Next, the MutL complexes,
particularly MutLa (MLH1/PMS2 heterodimer), are recruited onto
DNA and regulate the termination of mismatch-provoked excision.32

Following the excision of mismatched nucleotides by EXO1, the
replacement DNA is synthesized by DNA polymerase d. The Pold3
gene encodes the 66-kDa subunit of DNA polymerase d and regulates
its activity. PCNA plays an important role, not only in the mismatch
recognition step but also in the subsequent DNA synthesis
(Figure 4C).32

MCM9 and DNA2 are involved in double-strand break (DSBs) repair
by homologous recombination (HR; Figure 4C). DSBs are detri-
mental to cells, and unresolved DSBs are implicated in various human
disorders and cancers. Organisms have evolved to employ two major
pathways—HR and non-homologous end joining—to resolve
DSBs.32 For short-range resection, the MRE11-RAD50-NBS1
(MRN) complex recognizes a DSB and initiates resection to promote
Therapy: Nucleic Acids Vol. 36 March 2025 5
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Figure 4. L3T mRNA vaccine induces DNA damage repair

(A) Heatmap of differentially expressed genes (DEGs) of zebrafish immunizedwith L3T or the LPP control. (B) Enrichment of upregulated genes in the L3T immunized zebrafish

by GO analysis. (C) DNA break repair pathways. Genes upregulated in the L3T immunized zebrafish were highlighted in red. (D and E) GSEA of the DEGs in L3T immunized

groups compared with the control LPP group.
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HR (Figure 4C).33 MCM9 is a member of the mini-chromosome
maintenance (MCM) protein family. The MCM8-MCM9 complex
is involved in the HR by recruiting the MRN complex to the repair
site34 and promoting the complex nuclease activity.35 Long-range
resection is primarily executed by EXO1 or by the joint effort of
DNA2 and BLM (Figure 4C).33 DNA2 is a DNA helicase/nuclease
that cleaves 50-single-stranded DNA to generate 30 overhangs, which
commits cells to the HR pathway.36

Single-strand breaks (SSBs) are often generated from oxidative dam-
age to DNA. In the long patch SSB repair pathway, PARP1 detects
SSBs and initiates the SSB repair pathway.32 FEN1 is an endonu-
clease involved in a later step of this pathway, where it removes
the damaged 50 termini (Figure 4C).32 PCNA and DNA polymerase
d also participate in the SSB repair pathway (Figure 4C). YARS1 acts
6 Molecular Therapy: Nucleic Acids Vol. 36 March 2025
as a positive regulator of PARP1 (Figure 4C), independently of its
tyrosine-tRNA ligase activity, thereby contributing to the SSB
repair.37

SSRP1a and SPT16 forms the facilitates chromatin transcription com-
plex, which acts as a histone chaperone that both destabilizes and re-
stores nucleosome integrity as part of a chromatin repair system.38

SPATA18 is a p53-inducible protein, which induces lysosome-like or-
ganelles within mitochondria, thereby contributing to mitochondrial
quality control.39

Gene set enrichment analysis (GSEA) of the DEGs further revealed
that the transcripts involved in DNA repair, including mismatch
repair, DSB repair, and nucleotide excision repair, were particularly
increased in the L3T immunized zebrafish (Figure 4D).
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DNA damage repair is essential for maintaining genome stability.
Dysregulation of this repair process is associated with cancer suscep-
tibility, accelerated aging, and developmental abnormalities.40,41

However, it is well documented that deliberate DNA breaks and rear-
rangements, such as V(D)J recombination, class switch DNA recom-
bination, and somatic hypermutation, that occur in the processes of
lymphocyte development, are essential for the generation of a diverse
set of immune receptors and antibodies capable of recognizing a
broad range of antigens.42–44 Deficiency in enzymes involved in
DNA breaks and repair can lead to immunodeficiency. For example,
RAG1 and RAG2 generate DNA DSBs to initiate the V(D)J recombi-
nation.45 RAG1- or RAG2-deficient mice exhibit a severe combined
immunodeficiency phenotype, lacking mature B and T cells.46,47

Additionally, mice deficient in Psm2 or Msh2 have a limited B cell
repertoire and few somatic mutations at the immunoglobin heavy
chain, suggesting that the mismatch repair system contributes to so-
matic hypermutation rather than suppressing it.48,49

The observation that multiple DNA repair systems are activated in the
L3T immunized zebrafish suggests that our RNA-seq analysis has
captured a snapshot of B cell affinity maturation and T cell activation
processes in the normal development of adaptive immunity. Accord-
ingly, genes encoding immunoglobulins (Igs) or Ig-like domainproteins
were significantly enriched (p = 0.04) among genes upregulated in the
L3T-immunized zebrafish. These include Ighv2-1 (Ig heavy-chain var-
iable 2-1) and Ighv4-5 (Ig heavy-chain variable 4-5), both predicted to
be involved in antigen binding and Ig receptor binding50;Mhc1zfa (ma-
jor histocompatibility complex [MHC] class I ZFA), which is involved
in antigen presentation to CD8+ T cells; si:ch211-209L18.4 and si:ch73-
44m9.1, which encode for Ig-like V-set domains found in Ig light and
heavy chains and T cell receptors (CD4, CD80, and CD86); and
LOC100536726 and LOC101883645, which encode for uncharacterized
Ig-like proteins. These lymphocyte receptor variants likely emerge as a
result of selection processes to increase antigen responsiveness, such as
B cell affinitymaturation44 andT cell functional aviditymaturation,51,52

and confer high-affinity binding to the L3T antigen.

The gene encoding CD44 (Cd44a) is also upregulated in the L3T
immunized zebrafish (Figure 4A). CD44 is upregulated shortly after
T cell receptor (TCR) engagement and remains expressed on both
effector cells and those that survive to become memory cells after
the immune response subsides.53 As such, CD44 is widely used as
an indicator of prior antigen exposure and serves as a prominent acti-
vation marker, which distinguishes antigen-experienced effector and
memory T cells from their naive counterparts.54

Consistent with the above evidence of antigen-dependent activation of
B and T cell response, genes involved in endopeptidase inhibitor activ-
ity and negative regulation of endopeptidase activity were significantly
downregulated in the L3T-immunized zebrafish (Figure 4E), indi-
cating increased antigen degradation and processing in this group.

Collectively, these results suggest that L3T mRNA immunization ac-
tivates canonical DNA damage repair processes, leading to the devel-
opment of adaptive immunity, including the production of antigen-
specific antibodies and T cells.

L3T mRNA vaccine primes autophagy

Autophagy is a catabolic process through which damaged cyto-
plasmic materials, including proteins and organelles, are delivered
to lysosomes for degradation. Autophagy plays a central role in the
maintenance of cellular homeostasis and is activated in response to
various cell stresses, such as starvation, hypoxia, mitochondrial
damage, and pathogen infection.55 Emerging evidence suggests
that DNA damage repair and autophagy may be mechanistically
linked, despite occurring in spatially distinct cellular compart-
ments.56,57 For example, MSH2 and MSH6 of the mismatch
repair system acted as sensors of DNA damage induced by
5-fluorouracil. APN-1 and EXO3 of the base excision system acted
on the subsequent steps of DNA repair and also activated auto-
phagy.58 Mitophagy is the process of removing damaged mito-
chondria by autophagy. Dan et al. recently found that SPATA18,
a protein that contributes to mitochondrial quality control, was
required for the activation of mitophagy.59 Knock down of Spata18
suppressed mitophagy induction and was associated with reduced
DNA repair.

The observation that levels of MSH2, PMS2, SPATA18, and cathepsin
S, a major protease in lysosomes, were elevated in the L3T-immu-
nized zebrafish promoted a closer examination of autophagy.
Reasoning that autophagy would be more readily detected after
M. marinum challenge, we chose zebrafish that were immunized
and then challenged with M. marinum for 3 weeks for the analysis
(Figure 2E).

LC3, a mammalian homolog of yeast ATG8, is a ubiquitin-like pro-
tein that plays a key role in autophagosome formation.55 Cytosolic
LC3 (LC3-I) is conjugated to phosphatidylethanolamine, forming
the LC3-II isoform that is tightly associated with both the outer
and inner membranes of autophagosomes. In xenophagy and selec-
tive autophagy, soluble adaptor protein p62 binds a molecular tag
(e.g., polyubiquitin) of intracellular bacteria or endogenous cargo,
respectively, and selectively targets them to the LC3+ nascent auto-
phagosome membranes by interacting with LC3-II.60 Subsequent
steps include the formation of the autophagosome and its fusion
with lysosomes, in which the autophagosomal contents, including
bacteria or cargo, as well as p62 and LC3-II, are degraded. LC3-II
bound to the outer membrane of autophagosome is then cleaved
and recycled for a new round of lipidation.60

We recognize that autophagy is a dynamic process and should ideally
be measured in functional assays. However, immunohistochemistry
(IHC) is a convenient method for tissue-based analysis. LC3B, an iso-
form of LC3, and p62 are frequently used as markers to assess auto-
phagy in clinical samples under disease conditions.55 Dot-like stain-
ing of LC3B serves as a surrogate marker for autophagic vesicles,
while p62, which is constantly degraded in autolysosomes, acts as a
surrogate marker for autophagic degradation.55
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Figure 5. LC3B staining

LC3B immunohistochemical and H&E staining of organs of the L3T group (A–D) and

the control groups LPP (E) and PBS (F).
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Immunostaining detected a strong signal of LC3B in the granu-
lomas of the L3T-immunized zebrafish (Figure 5). About 10% of
granulomas in the L3T group stained positive for LC3B, exhibiting
dot-like patterns indicative of autophagosomes (see examples in
Figures 5A–5D). Consistent with the pro-survival role of auto-
phagy, LC3B was most strongly and extensively detected in non-
necrotizing granulomas (Figure 5A) and was only detected in the
peripheral of necrotizing granulomas (Figures 5B and 5C). Inter-
estingly, positive staining of LC3B was even detected in a granu-
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loma with caseous necrosis, albeit at a lower level (Figure 5D).
Importantly, none of the granulomas in the control groups (PBS
and LPP) stained positive for LC3B, regardless of the level of ne-
crosis (Figures 5E and 5F).

About 50% of the granulomas in the L3T-immunized zebrafish
stained positive for p62 and exhibited a range of staining patterns
and signal intensities (Figure 6). Strong p62 signal was detected in
macrophages that were in immediate contact with bacteria; they
formed oval or crescent shapes that completely or partially encircled
the area of granulomas populated with bacteria, restricting the
dissemination of the pathogen (Figures 6A and 6B). These macro-
phages exhibited large vacuoles (Figure 6B), and p62 stained
strongly at the vacuolar membranes (Figure 6C, arrow). The inten-
sity of the p62 signal correlates closely with the size of the bacterial
population. In granulomas with fewer bacteria, the p62 signal was
less intense (Figure 6D). Diffuse and weak signals were detected
at granulomas that contained no detectable bacteria (Figure 6E).
Importantly, the association of the strong p62 signal with the bac-
terial population was repeatedly observed in the L3T-immunized ze-
brafish but not in the control groups. In the control groups, only a
weak and diffuse signal of p62 was detected, even in granulomas
that contained numerous bacteria (Figures 6F and 6G). Together,
these observations suggest that in the L3T-immunized zebrafish,
macrophages with strong p62 signal were actively engulfing and tar-
geting bacteria for autophagic degradation, as evidenced by their
confinement of the bacteria and the appearance of large vacuoles
(Figure 6C, arrow). These macrophages likely play a key role in
eliminating the invading pathogen. As the bacterial population
decreased, fewer macrophages expressing high levels of p62 were
needed (Figure 6D), and in granulomas that had completely cleared
off bacteria, p62 was degraded and no longer detected (Figure 6E).

The observation that in the L3T group, the p62 signal was not de-
tected in macrophages that were not in direct contact with bacteria
suggests that the induction of p62 expression was bacteria dependent.
However, the lack of strong p62 signals in bacteria-contacting macro-
phages in granulomas from the control groups also indicates that the
bacteria alone was insufficient to drive p62 expression and required
priming by the L3T immunization.

Intriguingly, there was little overlap between the LC3B+ and p62+

granulomas, which may suggest different kinetics of LC3B and p62
degradation, or alternatively, that a p62-driven and LC3-independent
pathway was also activated.61

Collectively, these results suggest that the L3T mRNA vaccine suc-
cessfully induces both innate and adaptive immune mechanisms,
leading to the effective control of bacterial infection.

Therapeutic activity of L3T mRNA is mediated by DNA damage

repair

To understand the therapeutic mechanisms of the L3T vaccine, we
performed RNA-seq analysis of kidneys isolated from zebrafish



Figure 6. p62 staining

p62 immunohistochemical and acid-fast staining of organs of the L3T group (A–E)

and the control groups PBS (F) and LPP (G). The arrow in (C) indicates the strong

p62 signal and the association with the large vacuole.

www.moleculartherapy.org
infected with M. marinum 535 followed by treatment with L3T
mRNA (Figure 3D). We first compared the RNA-seq data of un-
treated (PBS) zebrafish at 24 dpi with that of zebrafish at 14 dpi
to assess the immune change during disease progression. As ex-
pected, more upregulated genes (45) than downregulated genes
(14) were detected in the immune system category in zebrafish at
24 dpi compared with those at 14 dpi. A majority (38) of the upre-
gulated genes were involved in receptor signaling pathways,
including Toll-like receptor signaling, NOD-like receptor signaling,
and C-type lectin receptor signaling. Five upregulated genes are
involved in the intestinal immune network for IgA production.
Comparing the L3T treatment group at 24 and 14 dpi revealed
that 36 genes in the immune system category were upregulated in
the L3T treatment group, 24 of which overlapped with those in
the PBS group. Interestingly, more genes (10) involved in the intes-
tinal immune network for IgA production were upregulated in the
L3T group than in the LPP group, suggesting that the L3T vaccine
induced adaptive immunity.

We next compared genes involved in inflammation. Twenty-three
genes associated with inflammatory response were upregulated in
the untreated zebrafish at 24 dpi compared with those at 14 dpi. A
similar number of genes (21) were upregulated in the L3T treatment
group, 13 of which overlapped with those in the PBS group. The
expression levels of these inflammation-associated genes were largely
similar between the L3T and the PBS group, except for two chemo-
kine ligand genes (Ccl38.1 and Ccl39.2). Together, these results sug-
gest that the immune response and inflammation caused by bacterial
infection were largely unaffected by the subsequent mRNA vaccine
treatment.

Strikingly, 52 genes involved in the DNA replication and repair group
were downregulated in untreated zebrafish at 24 dpi compared at 14
dpi, while only 2 genes in this category were upregulated. We plotted
the log2 ratio of the number of upregulated genes divided by the num-
ber of downregulated genes in each category. The genes involved in
the DNA replication and repair category were the most downregu-
lated (Figure 7A), suggesting that during the 10-day disease progres-
sion, M. marinum suppressed the host’s DNA damage repair and
replication machinery. In contrast, only four genes were downregu-
lated and one gene was upregulated in the DNA replication and repair
category in the L3T treatment group, suggesting that L3T treatment
was able to counteract the downregulation of DNA replication and
repair induced by M. marinum infection (Figure 7A). Comparison
of the DEGs of the L3T treatment group and the PBS group at the
same time point (24 dpi) also revealed that genes involved in DNA
replication (Figure 7B) and repair pathways (Figures 7C–7F) were
positively enriched. A similar result was obtained when comparing
the L3T treatment group and the LPP control group. Taken together,
these data suggest that during natural disease progression, inflamma-
tion caused by bacterial infection induced DNA damage; however,
M. marinum managed to suppress the host DNA damage repair
and replication systems, which led to the death of the zebrafish. In
contrast, L3T treatment activated the host DNA damage repair and
replication systems and largely neutralized the negative effect of the
pathogen, thereby prolonging the survival of the zebrafish
(Figure 3E).
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Figure 7. RNA-seq analysis of zebrafish infected with M. marinum 535 and treated with L3T mRNA

(A) Significantly enriched KEGG pathways and the log2 ratio of the number of upregulated genes/the number of downregulated genes in each pathway. PBS, compared

zebrafish at 24 days post-infection with those at 14 days post-infection; L3T, compared L3T treatment group at 24 days post-infection with those at 14 days post-infection

(see Figure 3D). (B–F) GSEA of the DEGs in the L3T treatment group compared with the control PBS group.
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DISCUSSION
The role of autophagy as part of the host defense mechanism against
M. tb infection was initially demonstrated in isolated macrophages62

and later confirmed in murine models, where mice with conditional
knockouts in multiple autophagy genes exhibit increased suscepti-
bility to M. tb.63 In addition to canonical autophagy, recent studies
also suggest a non-canonical process, LC3-associated phagocytosis,
in the control of M. tb.64–66 This recent evidence and numerous pre-
vious studies67 strongly suggest that autophagy is essential for the
control of TB. As such, developing new therapies or vaccines by
harnessing autophagy is an area of interest and ongoing effort.
Here, we report that an mRNA vaccine delivered by lipid nanopar-
ticles induces macrophage autophagy, as well as B and T cell immu-
nity, and demonstrates superior prophylactic and therapeutic activ-
ities, highlighting the requirement of eliciting both innate and
adaptive immunity for the control of mycobacterial infection. Our
observation of strong p62 signals in macrophages engaged in bacte-
rial killing is consistent with previous in vitro studies. Ponpuak et al.
showed that p62 was required for autophagic killing of M. tb in iso-
lated macrophages.68 Bone marrow-derived macrophages from p62
knockout mice killed M. tb less efficiently upon starvation to acti-
vate autophagy. P62 mediated bacterial killing either by delivering
ubiquitinated cytosolic proteins to autolysosomes, where they
were proteolytically converted into antimicrobial peptides capable
of killing M. tb sequestered in phagosomes,68 or by delivering ubiq-
uitinated cytosolic M. tb to autophagosomes, followed by lysosome
fusion and autolysosome killing.69 Like M. tb, M. marinum can
escape from phagosomes into the cytosol and be ubiquitinated.
p62-mediated autophagy of the ubiquitinated M. marinum was
10 Molecular Therapy: Nucleic Acids Vol. 36 March 2025
demonstrated recently in zebrafish larvae.70 We propose a similar
mechanism in adult zebrafish immunized with the L3T mRNA vac-
cine. Thus, the synthesis of the L3T antigen in the cytosol activates
the ubiquitin-proteasome system (UPS), which degrades the anti-
gen, and the resulting peptides are translocated to the endoplasmic
reticulum to access MHC class I for antigen presentation.71 The
activated UPS also mediates the ubiquitination of cytosolic
M. marinum, which is then targeted by p62 for autophagic degrada-
tion. Supporting this, several genes encoding proteins with predicted
ubiquitin ligase or transferase activity were upregulated in the L3T-
immunized zebrafish, including the RING domain-containing E3 li-
gases Trim35-7, Rnf26, and Rnf122. It is well documented that there
are multiple crosstalks between members of the UPS and auto-
phagy,72,73 the two major cellular pathways for protein degradation.
For example, TRIM16 activates the expression and interacts with
p62, thereby facilitating autophagic degradation of protein aggre-
gates.74 RNF26 plays a key role in regulating the spatiotemporal
positioning of endosomes in cells by directly recruiting and ubiqui-
tinating p62.75 Whether this interaction converges or plays a role in
autophagy remains to be determined in future studies.

Programmed DNA DSBs and rearrangements take place in adaptive
immune cells during the assembly and diversification of lymphocyte
antigen receptor genes, in the process of V(D)J recombination,42,43

including the immunoglobin heavy-chain genes and light-chain k

and l genes of B cells, as well as the TCR-b, -a, -g, and -d chain genes.
Somatic hypermutation introduces non-templated point mutations at
an extremely high rate (�10�3 mutations per base pair per cell divi-
sion) in the variable region of immunoglobin genes.76 This process



www.moleculartherapy.org
drives affinity maturation, which results in the expansion of B cells
expressing an immunoglobin that has high affinity for its cognate an-
tigen.76 These deliberate DNA breaks and rearrangements are essen-
tial for normal lymphocyte development. As such, it is not surprising
that multiple genes involved in canonical DNA repair systems,
including mismatch repair and DSB and SSB repairs, were enriched
and upregulated in the L3T mRNA immunized zebrafish. We
consider this to be evidence of the successful induction of B cell
and T cell immunity. This is further supported by the enrichment
and upregulation of specific alleles of immunoglobin heavy-chain
genes and TCR genes, as well as the excellent antimycobacterial activ-
ity mediated by the L3T immunization.

DNA damage generated by endogenous processes or exogenous
genotoxic agents, such as ionizing radiation and genotoxic drugs,
activates multiple cellular response programs. These include the
well-documented canonical p53-mediated transcriptional program,
which primarily promotes cell-cycle arrest and apoptosis in cells
with extensive or persistent DNA breaks,77 and the more recently
discovered cyclic guanosine monophosphate (GMP)-AMP syn-
thase (cGAS)-stimulator of interferon genes (STING) innate im-
mune signaling pathway, which responds to damaged nuclear
DNA, cytosolic endogenous DNA, or foreign DNA.78 Studies by
Sleckman and co-workers have identified an additional signaling
pathway that responds to DNA damage occurring under more
physiologically relevant conditions, such as RAG-mediated DNA
DSBs in the process of V(D)J recombination. These non-canonical
DNA damage responses regulate cell-type-specific processes essen-
tial for the normal development and function of innate and adap-
tive immunity.79,80 It is unclear how cells choose between this pro-
survival pathway and the p53-mediated signaling pathway that
promotes cell death. Interestingly, the p53-mediated signaling
pathway and the cGAS-STING signaling pathway were not acti-
vated in zebrafish by the L3T mRNA immunization; there was
no enrichment of genes involved in these pathways by GO and
Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis, as
opposed to genes involved in DNA damage repair and replication.
Our results suggest that during the natural process of immuniza-
tion, the host may minimize the pro-death DNA damage response,
such as the p53 signaling, to prevent unwanted apoptosis of devel-
oping lymphocytes that would otherwise undergo successful recep-
tor gene assembly. Instead, the host favors pro-survival pathways
that are essential for normal lymphocyte development. This is
also consistent with our observation that the L3T mRNA vaccine
is generally safe and well tolerated.

It is remarkable that the L3T mRNA vaccine demonstrated excep-
tionally potent bactericidal activity, surpassing that of the first-line
antibiotic rifampicin when administered post-infection. To our
knowledge, such efficiency has not been described previously for a
TB vaccine. One possible explanation is that the lysin B encoded
by the L3T mRNA contributed to bacterial killing. However, as
mRNA transcript levels declined rapidly and reached background
levels 72 h after injection,81 the contribution of lysin B protein in
bacterial killing could be limited. Nonetheless, our work demon-
strated the versatility of the mRNA platform, and future studies
aimed at improving mRNA stability and abundance (e.g., self-
amplifying RNA) are warranted.

MATERIALS AND METHODS
Zebrafish

The wild-type adult zebrafish (Danio rerio AB strain, 3–4 months
old) were obtained from Nanjing Yishulihua Biotechnology, and hus-
bandry was performed as previously described.30 Tg(lyz::DsRed) and
Tg(mpeg1::LRLG) were obtained from Dr. Bo Yan. All fish larvae,
except for survival experiments, were placed in egg water with
0.22 mM N-phenylthiourea (Sigma-Aldrich) to prevent the formation
of pigments and maintained as previously described.82

Bacteria and cell lines

M. marinum cultures were grown at 30�C in Middlebrook 7H9 broth
(Becton Dickinson, catalog no. 271310) or 7H10 agar (Becton Dick-
inson, catalog no. 262710) supplemented with 0.2% glycerol (7H9) or
0.5% glycerol (7H10), 0.05% Tween 80, and 10% oleic acid albumin
dextrose catalase.

HEK293T (ATCC CRL-3216) was purchased from the National
Collection of Authenticated Cell Cultures. Adherent cells were
cultured in DMEM supplemented with 1% penicillin/streptomycin
(Thermo Fisher) and 10% fetal bovine serum (Thermo Fisher).

Production of recombinant GlnA1 protein and anti-GlnA1

antibody

Recombinant protein GlnA1 was produced and purified as described
previously.83 Briefly, the DNA fragment ofM. tb glnA1 (Rv2220) was
amplified by PCR using specific primers and inserted into pET28a to
generate the recombinant pET28a-Rv2220. Sequence correct pET-
28a-Rv2220 plasmid was transformed into Escherichia coli BL21. Pro-
tein expression was induced with 1 mM isopropyl thiogalactoside and
GlnA1 protein was purified using Ni-nitrilotriacetic acid His,Bind
Resin (Novagen). Purified proteins were desalted using PD-10 Desalt-
ing Column (Cytiva), and the endotoxin was removed using the
ToxinEraser Endotoxin Removal Kit (Genscript). New Zealand rab-
bits were immunized with the purified GlnA1 emulsified with
Freund’s adjuvant three times, and antisera were obtained and puri-
fied by protein A/G.

The production of pcDNA-L3 and L3 mRNA

The fusion antigen L3 is composed of two antigens: LysB-GlnA1 (Fig-
ure 1A), and the thrombin recognition and cleavage site with nine
amino acids (GGACTAGTACCCCGAGGATCAACAGGA, GLVPR
GSTG) was introduced as the linker of these two antigens. The full-
length DNA fragment of L3 was amplified by PCR using specific
primers and inserted into the pcDNA3.1+ expression vector. The Ko-
zak sequence (GCCACC) was added before the start codon of L3 to
increase the expression of antigen. TheDNA construct was sequenced
and purified with EndoFree Maxi Plasmid Kit (TIANGEN) prior to
transfection and injection. To enhance mRNA stability and
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translation efficiency, the open reading frame sequence of L3 and
Ag85a was codon optimized for humans using the codon optimiza-
tion tTool from Thermo Fisher (https://www.thermofisher.com/
order/geneartgenes/projectmgmt), Genscript (https://www.genscript.
com/tools/gensmart-codon-optimization), DnaChisel (https://github.
com/Edinburgh-Genome-Foundry/DnaChisel).

mRNA was produced using T7 RNA polymerase on linearized plas-
mids encoding codon-optimized L3 protein. The plasmid was line-
arized using the restriction endonuclease BspQI (NEB, catalog no.
R0712L). mRNA was transcribed to contain a 75-nt-long poly(A)
tail, with 100% of uridine triphosphate (UTP) substituted with
1-methylpseudo-UTP to produce m1J-modified mRNA. The
m7G (50) ppp (50) G RNA Cap Structure Analog was used for co-
transcriptional capping of mRNAs. The modified mRNAs included
a 50 Cap1, a 50 UTR of the X. laevis b-globin gene, a coding region
for L3, a 30 UTR of the human a-globin gene, and a poly(A) tail
(Figure 1A). mRNA was purified by overnight LiCl precipitation
at �20�C, centrifuged at 18,800 � g for 20 min at 4�C to pellet,
washed with 70% EtOH, centrifuged at 18,800 � g for 1 min at
4�C, and resuspended in RNase-free water. Purified mRNA was
analyzed by agarose gel electrophoresis and stored at �80�C until
further use.

LPP nanoparticles were prepared using the two-step method
described previously.26,81 In brief, the cationic compound (SW-01)
was dissolved in 25 mM sodium acetate (pH 5.2) to prepare an
SW-01 solution (0.5 mg/mL). The mRNA solution (0.1 mg/mL) and
SW-01 solution were quickly stirred and mixed according to the vol-
ume ratio of 5:1 and then stood at room temperature for 30 min to
form the mRNA/SW-01 complex. Then, lipids were dissolved in
ethanol at molar ratios of 40:15:43.5:1.5 (ionizable lipid: 1,2-dio-
leoyl-sn-glycero-3-phosphoethanolamine:cholesterol:polyethylene
glycol-lipid). The lipid solution was blended with the mRNA/SW-01
complexes using a microfluidic mixer (Inano D, Micro&Nano Tech-
nology) at a proportion of three parts aqueous phase to one
part ethanol phase. Finally, LPP-L3 mRNA was sterilized with a
0.22-mm filter (Millipore) and stored at 4�C with an RNA concentra-
tion of about 1mg/mL; it was stored at�80�C for nomore than 1 year
for later use.

DNA and mRNA transfection in vitro

For DNA and mRNA transfection into HEK293T, 2.5 � 105 cells
per well were seeded in 12-well plates. DNA, 2.5 mg, was trans-
fected into HEK293T cells using Lipofectamine8000 transfection
kits (Beyotime, catalog no. C0533) according to the manufacturer’s
instructions. mRNA vaccine, 2.5 mg, was transfected into
HEK293T. At 24 h after transfection, cells were lysed with radio-
immunoprecipitation assay (RIPA) lysis buffer (Beyotime, catalog
no. P0013B). Supernatant was collected to detect the expression
of L3. Anti-GlnA1 polyclonal antibody and goat anti-mouse
IgG(H + L) secondary antibody, horseradish peroxidase (HRP)
linked, was used for western blot analysis. Glyceraldehyde
3-phosphate dehydrogenase (GAPDH) was used as the endoge-
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nous control, and the pcDNA 3.1 empty vector or LPP were trans-
fected as the negative control.

DNA and mRNA immunization regimens

For the assessment of in vivomRNA expression, 3-dpf (day post-fertil-
ization) wild-type embryos were i.m. injected with 3 ng per fish of LPP-
mRNA candidate vaccines. After a 24-h injection, the fish were sacri-
ficed and lysed with RIPA lysis buffer (Beyotime, catalog no. P0013B).
Supernatant was collected to detect the expression of L3.

For mRNA candidate vaccine safety assessment, 3-dpf wild-type em-
bryos were i.m. injected with different concentrations of LPP-mRNA
candidate vaccines. Feeding started at 5 dpf with a dry larval diet (Zei-
gler, catalog no. AP100) twice per day, and death of the embryos was
monitored daily until 13 dpf.

For the mRNA injection-induced macrophage and neutrophil
recruitment assay, embryos were pre-treated with propylthiouracil
48 h before the assays. Zebrafish embryos, 3 dpf, were anesthetized
with tricaine (Sigma, 200 mg/mL) and mounted in 1% low-melting-
point agarose for i.m. injection with 3 ng mRNA candidate vaccines
in the dorsal muscle.

To investigate the prophylactic activity of DNA or mRNA vaccines,
adult zebrafish (AB strain, 3–4 months old) were immunized twice
with 2-week intervals (weeks 0 and 2). Dose volumes were 2 mL for
i.m. immunization. For DNA vaccination, L3 DNA vaccine was in-
jected with 6 mg DNA in the dorsal muscle using PV830 Pneumatic
PicoPump microinjector (World Precision Instruments), and
the target tissue was electroporated (6 pulses of 50 V, 5 ms each) using
tweezer-type electrodes (BTX/Harvard Apparatus) and a GenePulser-
electroporator (Bio-Rad). Injection with pcDNA3.1 plasmid was used
as a negative control.

For mRNA vaccination, mRNA candidate vaccines were injected with
1 mg LPP-mRNA in the dorsal muscle using the PV830 Pneumatic
PicoPump microinjector (World Precision Instruments), and the
negative control zebrafish were immunized with LPP-GFP mRNA
or sterile PBS.

To investigate the therapeutic activity of the L3 mRNA vaccine, 3-dpf
wild-type embryos were infected with M. marinum 535:GFP and i.m.
injected with 3 ng mRNA candidate vaccines in the dorsal muscle
at 24hpost-infection. Feeding started at 5 dpfwith a dry larval diet (Zei-
gler, catalog no. AP100) twice per day, and death of the embryos was
monitored daily until 13 dpf. Adult zebrafish (AB strain, 3–4 months
old) were infected with indicated M. marinum strains for 2 weeks.
They were then injected twice with 3-day intervals (days 14 and 17)
of the L3TmRNA (0.5 mg) at the dorsal muscle using the PV830 Pneu-
matic PicoPumpmicroinjector, and the negative control zebrafishwere
immunizedwith LPP-GFPmRNAor sterile PBS. Rifampicin (400 mM)
was administered through a chronic bath for 7 days and used as the pos-
itive control. The therapeutic effect of combining L3T mRNA vaccine
with rifampicin treatment was also evaluated in this study.

https://www.thermofisher.com/order/geneartgenes/projectmgmt
https://www.thermofisher.com/order/geneartgenes/projectmgmt
https://www.genscript.com/tools/gensmart-codon-optimization
https://www.genscript.com/tools/gensmart-codon-optimization
https://github.com/Edinburgh-Genome-Foundry/DnaChisel
https://github.com/Edinburgh-Genome-Foundry/DnaChisel
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M. marinum infections

Adult zebrafish infection with M. marinum was performed as
described previously.30 Briefly, for studies of the therapeutic activity
of the L3T mRNA, adult zebrafish (AB strain, 3–4 months old)
were anesthetized in 0.1% tricaine and infected by intraperitoneal in-
jection of M. marinum 1218R or the whiB4 inactivated strain
(whiB4:Tn) of M. marinum 1218R at 104 colony-forming units
(CFU) bacteria per fish, or RifR of M. marinum 535 at 102 CFU bac-
teria per fish, or M. marinum 535 at 30 CFU bacteria per fish.

For studies of the prophylactic activity of the L3T mRNA, 4 weeks
after the second immunization, adult zebrafish (AB strain,
3–4 months old) were anesthetized in 0.1% tricaine and infected
by intraperitoneal injection of M. marinum 535 at 500 CFU bacteria
per fish or PBS as the negative control and monitored for their
survival.

For zebrafish larvae infection with M. marinum, zebrafish embryos
(3 dpf) were anesthetized by adding tricaine (Sigma, catalog no.
886-86-2) and sucked onto an injection plate lined with 1% low
melting point agarose. Then, infections were performed by microin-
jection of M. marinum 535:gfp (130 CFU) via the duct of Cuvier.

To determine the bacterial burden in adult zebrafish, fish were sacri-
ficed and incubated with 75% ethanol for 5 min to kill bacteria on the
surface. They were then rinsed with sterile PBS and homogenized in
sterile PBS with Tween 20 using the NOVAprep DS1000
(NewZongKe) at 5,000 rpm for four 30-s cycles with 300-s pauses.
The homogenates were diluted and plated to determine the CFU of
M. marinum.

Histopathology

For histopathological analysis, fish of the protective efficiency evalu-
ation group were sacrificed at 3 weeks post-infection, and fish of the
therapeutic efficiency evaluation group were sacrificed at 24 dpi. Fish
were fixed in 10% phosphate-buffered formalin for 7 days and then
decalcified with 20% EDTA-citrate for 7 days. After dehydration
with ethanol, specimens were placed in xylene and embedded in
paraffin; then, 4-mm serial paraffin sections were prepared and sub-
jected to H&E staining, Ziehl-Neelsen acid fast staining and IHC
staining as previously described.30 For IHC staining, anti-SQSTM1/
p62 rabbit polyclonal antibody (pAb; Servicebio, GB11531) and
anti-LC3B rabbit pAb (AiFang Biological, AFW11923) were used in
this study.

Microscopy

For quantification of bacterial burdens, after the larvae were immu-
nized with L3T mRNA, fish were divided into 48-well plates. At 3
and 4 dpi, the therapeutic efficacy of the mRNA vaccine was assessed
by monitoring the fluorescent bacterial burden in the tail region of the
larvae using the fluorescencemicroscopy imaging system. Fluorescent
images were taken with a Leica fluorescence microscope. Bacterial
burden was quantified by measuring the integrated fluorescent inten-
sity of labeled bacteria with ImageJ software.
For evaluation of macrophage and neutrophil recruitment induced by
the L3T mRNA vaccine injected, a Leica confocal microscope with a
4� Plan Apo 0.75 numerical aperture objective was used to generate
10-mm z stacks with 1-mm step size. Time-lapse images were taken at
2- to 10-min intervals for 4 h. Data were acquired with LAS X FLIM
FCS (Leica), and movies were exported from ImageJ software for the
addition of labels and stitching. And at 4 and 24 h post-injection, the
macrophage and neutrophil recruitment efficiencies were assessed by
monitoring fluorescent cells in the injection region of larvae using the
fluorescence microscopy imaging system. Fluorescent images were
taken by a Leica fluorescence microscope. Recruitment efficiency
was quantified by measuring the integrated fluorescent intensity of
labeled cells with ImageJ software.

RNA-seq and analysis

For determination of the host immune response induced by mRNA
vaccine immunization, adult zebrafish (AB strain, 3–4 months old,
15 per group) were immunized twice with 2-week intervals (weeks
0 and 2). Dose volumes were 2 mL for i.m. immunization. L3T
mRNA vaccine, 1 mg, or LPP-GFP mRNA were injected in the dorsal
muscle using the PV830 Pneumatic PicoPump microinjector. After
12 days of the secondary immunization, the kidneys of the adult ze-
brafish were isolated and placed in 1 mL Trizol for RNA extraction.

To understand the immune therapeutic mechanisms mediated by the
L3T vaccine, we performed RNA-seq analysis of kidneys isolated
from M. marinum 535-infected zebrafish (AB strain, 3–4 months
old, 15 per group) treatment with the L3T mRNA vaccine and the
LPP control, PBS control, and without treatment control (infection
14 days), as well as healthy controls. Adult zebrafish (AB strain,
3–4 months old) were infected with the indicated M. marinum 535
at 30 CFU bacteria per fish for 2 weeks and were then injected twice
with 3-day intervals (days 14 and 17) of the L3TmRNA (0.5 mg) at the
dorsal muscle using the PV830 Pneumatic PicoPump microinjector,
and negative control zebrafish were immunized with LPP-GFP
mRNA or sterile PBS. After 7 days of the final immunization, kidneys
from five zebrafish were pooled as one sample, and three samples (to-
tal of 15 kidneys) collected for each group were subjected to RNA-seq
analysis. We also collected the zebrafish kidneys infected with
M. marinum 535 strain 14 days before treatment to RNA-seq and
healthy kidneys as blank control.

Fifteen kidneys per group were collected and pooled as three samples.
The cDNA library construction, Illumina sequencing, and transcrip-
tome expression analysis were performed as described previously.30

Western blot

For cells transfected with DNA or mRNA vaccine, after 24 h of trans-
fection, cell culture medium was removed, and cell pellets were
washed with PBS and collected into 1.5-mL Eppendorf tubes. For
larvae immunized with mRNA vaccine, after 24 h of immunization,
30 larvae zebrafish per group were euthanized and collected into
1.5-mL Eppendorf tubes. Then, 150 mL RIPA lysis buffer (Beyotime,
catalog no. P0013B) containing protease inhibitor cocktail (Beyotime,
Molecular Therapy: Nucleic Acids Vol. 36 March 2025 13
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catalog no. P1005) was added, lysed at 4�C on a shaker for 30 min,
and centrifuged (4�C, 12,000 � g, 30 min), and the supernatant was
collected. An appropriate volume of 5� loading buffer was added
and boiled in a metal bath at 95�C for 10 min. The protein samples
were separated by SDS-PAGE, and the presence of L3 and GAPDH
were assayed by western blot using the following antibodies: rabbit
anti-GlnA1 Ab (1:500, this study), rabbit-anti GAPDH Ab (1:3000,
Sangon), and goat anti-mouse IgG(H + L) secondary antibody,
HRP linked (1:3,000, Abcam).
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Raw data of RNA-seq can be retrieved using the GEO platform numbers GSE269547 and
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