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Abstract: Type 1 diabetes (T1D) is a chronic autoimmune disease characterized by the
progressive destruction of insulin-producing β-cells in the pancreas. Currently, no ther-
apy exists to halt or cure T1D. Vaccination with diabetic autoantigens may offer protec-
tion against T1D development. Genetically modified, attenuated Salmonella utilizing the
Salmonella-Pathogenicity Island 2 (SPI2)-encoded Type Three Secretion System (T3SS) can
elicit robust immune responses, making it an attractive vaccine platform. Using SPI2-T3SS
to deliver an autoantigen alongside immunomodulators and anti-CD3 antibodies induces
antigen-specific regulatory T-cells. Our preclinical studies demonstrated the efficacy of a
Salmonella-based vaccine in both preventing and reversing autoimmune diabetes in non-
obese diabetic (NOD) mice while also exploring its genetic modifications, underlying
mechanisms, and delivery strategies. This review evaluates the advantages of an oral T1D
vaccine employing live, attenuated Salmonella for autoantigen delivery. We also discuss
future directions for advancing this strategy in the treatment of other autoimmune diseases.

Keywords: salmonella-based vaccine; oral vaccine for T1D; SPI2-T3SS of Salmonella;
combination therapy; immunomodulator; tolerance

1. Introduction
Type 1 diabetes (T1D) results from dysregulated immune cell destruction of the insulin-

producing β-cells of the pancreatic islets [1–3]. At present, treatment for T1D focuses on
symptoms management, primarily through multiple daily insulin injections to control
blood sugar levels. However, the growing incidence of T1D, its progressive complications,
and the absence of curative or preventive strategies underscore the need for innovative
therapies that can restore immune tolerance. At present, no safe, effective treatment exists
to control the onset and progression of this lifelong debilitating disease [4]. Therapeutics
that are antigen-specific for protection against autoimmunity may be applicable.

β-cell destruction in T1D is mediated principally by CD4+ and CD8+ T lymphocytes.
Autoreactive cytotoxic effector CD8+ T lymphocytes are thought to be involved in mediating
islet β cell destruction in T1D-like non-obese diabetic (NOD) mice and in humans [5]. Loss
of regulation results in the appearance of autoantigen-specific antibodies and cytotoxic T
cells (CTLs) that mediate the autoimmune killing of pancreatic insulin-producing β cells [6].
Evidence suggests that proinsulin (PI) is a main initiator of autoantigen sensitivity in NOD
mice [7,8], and humans [9,10]. Epitope spreading then leads to new autoantigen sensi-
tivity to glutamic acid decarboxylase (GAD65) [11], islet-specific glucose-6-phosphatase
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(IGRP) [12], and zinc transporter 8 (ZnT8) [13], eventually resulting in loss of metabolic
control because of insulin insufficiency. Another contributing factor to this immune dysreg-
ulation is defective antigen-presenting cells (APCs), particularly dendritic cells (DCs), in the
gut, which fail to support the differentiation of gut associated regulatory T cells (Tregs) [14]
that modulate the response to self-antigens. Regulatory T cells are crucial for maintaining
immune system balance under normal conditions, but their function is impaired in cancer
and autoimmune diseases [15]. Modulating the pancreatic microenvironment to halt the
autoimmune response is a goal in designing a protective vaccine that can prevent this
destructive reaction. One approach utilized the SPI2-T3SS of live attenuated Salmonella to
express and deliver autoantigens while also delivering plasmids that enabled host cells
to produce tolerogenic cytokines in the gut, creating a microenvironment that prevented
autoimmune diabetes.

2. Clinical Trials for Type 1 Diabetes Therapies: Challenges
and Limitations

Ongoing clinical trials are exploring vaccine-based therapies for T1D in multi-
faceted approaches at modulating the immune system to preserve or restore pancreatic
β-cell function.

The potential of the Bacillus Calmette-Guérin (BCG) vaccine, traditionally used for
tuberculosis, as a T1D treatment is currently under investigation at Massachusetts Gen-
eral Hospital (MGH). A Phase I trial demonstrated that two BCG injections significantly
lowered HbA1c in individuals with T1D, without causing hypoglycemia episodes. BCG
vaccine induces an immune system reset and alters glucose metabolism, shifting energy
production from low-sugar oxidative phosphorylation to high-sugar aerobic glycolysis [16].
Another proposed mechanism is that BCG enhances monocytes metabolism by improving
defective glucose transport [17]. Despite its potential, the BCG vaccine has several limita-
tions, including inconclusive clinical evidence, safety concerns in immunocompromised
individuals, limiting long-term outcome data, and the need for further research to clarify
its mechanisms of action and determine the optimal dosing strategy [18,19].

Proinsulin peptide-loaded, autologous tolerogenic DCs (PIpepTolDC) represent a
promising therapeutic strategy against T1D. A Phase I clinical trial evaluated the safety and
feasibility of intradermal administration of modified DC in T1D patients. The treatment
was well-tolerated, with no serious side effects observed. Moreover, the intervention may
modulate immune responses, as indicated by altered T cell reactions to proinsulin [20,21].
While PIpepTolDC hold promise, its use presents several drawbacks, including concerns
over insufficient tolerance induction, immune response variability between patients, chal-
lenges in both manufacturing and administration, and the possibility for adverse immune
reactions in certain individuals. These factors contribute to its limitations as a universally
effective treatment for T1D [21–24].

A study was conducted to evaluate the potential of influenza vaccination in preserving
β-cell function in children and adolescents with recent-onset T1D. It is hypothesized that
the vaccine may alter the autoimmune response characteristic of T1D through immune
modulation. The results have not yet been published [25].

IMCY-0098 is a synthetic peptide immunotherapy derived from human proinsulin,
designed to prevent the progression of T1D by specifically eliminating pathogenic T cells.
Unsupervised machine learning analysis, powered by artificial intelligence, revealed that
patients with the HLA-DR4 haplotype had better clinical outcomes, including sustained
C-peptide levels and reduced insulin requirements. The results from this trial are yet to be
published [26]. IMCY-0098 requires additional preclinical mechanistic research to ensure
proper evaluation in clinical trials.
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Clinical trials are investigating the combination of immune suppression to control
autoantigen specific CTLs, which result from defects in recessive tolerance, and the restora-
tion of Treg function as a potential treatment for T1D. The aim is to preserve and restore the
insulin-producing β-cell mass and function [27]. Anti-CD3 therapy targets the T cell recep-
tor to preserve pancreatic β-cell function and delay disease progression [28,29]. The FDA
recently approved the anti-CD3 antibody (Teplizumab) to delay the onset of T1D [30,31].
Teplizumab works by slowing the autoimmune destruction of β-cells, helping to prolong
insulin production and reduce the need for exogenous insulin, which can improve glycemic
control and lower the risk of long-term diabetes complications [32,33]. However, anti-CD3
therapy has drawbacks, including transient side effects such as cytokine release syndrome,
flu-like symptoms, and an increased risk of infections due to immune modulation. Its
effectiveness varies among patients, and it does not provide a permanent cure for T1D. Ad-
ditionally, the high cost and need for careful patient selection limit its widespread use [28].
While this therapy has successfully reversed diabetes in rodents, its effects in humans
are partial and temporary [34]. Patients receiving anti-CD3 antibodies show short-term
improvements, such as prolonged C-peptide response and reduced insulin requirements,
but these benefits diminish after two years [30,31].

Vaccination with diabetes-specific autoantigens is expected to increase antigen-specific
Tregs and promote immune tolerance [15,35,36]. This approach has successfully reversed
diabetes in animal models [37]. DNA vaccines expressing human proinsulin aim to modu-
late the autoimmune response in T1D by preserving pancreatic β-cell function. Clinical
results indicate the preservation of C-peptide levels and a reduction in insulin-specific
CD8+ T cells without significant adverse effects [38]. However, the benefits diminish after
treatment cessation, highlighting the need for continuous administration or adjunctive
therapies. While the current situation is promising, further research is needed to optimize
dosing and assess long-term efficacy and safety in diverse populations [38–41].

As a result, experts are optimistic that antigen-specific immunotherapies, in combina-
tion with other treatments, could effectively help reverse autoimmunity while reducing
side effects.

3. Salmonella as a Carrier for Vaccine Delivery
The Salmonellae genus includes two species: Salmonella enterica and Salmonella bongori.

S. enterica is divided into seven subspecies (I, II, IIIa, IIIb, IV, VI, and VII). Subspecies I
account for nearly 99% serovars associated with human disease, including S. typhi, which
causes typhoid fever, and S. enteritidis, for a leading cause of gastroenteritis [42].

Salmonella interaction with host cells allows a safe delivery of a vaccine payload to the
targeted epithelial cells in the gut through the hereafter mechanism. Salmonella invades
host cells and move into membrane-bound vacuole termed Salmonella-containing vacuoles
(SCV) [43]. The vacuoles maturate through extensive interactions with the endo lysosomal
trafficking pathway. Afterwards, it interacts with host cells through the activity of bacterial
effector proteins that are transported into host cells via type III secretion systems (T3SS) [44].
Invasion of epithelial cells and the initial steps of SCV biogenesis are linked to the T3SS
encoded in the Salmonella pathogenicity island-1 (SPI-1 T3SS) (Figure 1A). Meanwhile, the
Salmonella pathogenicity island-2 T3SS (SPI-2 T3SS) secretes effector proteins that are es-
sential for SCV maturation, bacterial replication, and intracellular survival (Figure 1B) [45].
The features render Salmonella an appropriate choice for vaccine delivery.
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Figure 1. Salmonella pathogenicity islands encoding type three secretion system (SPIs-T3SS). (A) The
SPI1 plays a pivotal role in Salmonella pathogenesis by mediating the invasion of non-phagocytic
epithelial cells. It encodes a T3SS, which translocates effector proteins into host cells, promoting
bacterial entry and infection. This strategy is utilized by extracellular bacteria to successfully gain
entry into host cells and establish infection. (B) The SPI2 plays a crucial role in the intracellular
survival and replication of Salmonella bacteria within host cells. SPI2 secretes effector proteins that
alter host cell signaling, modulate Salmonella containing vacuole (SCV) membrane dynamics, and
promote nutrient uptake, enabling Salmonella to successfully replicate within host cells. This figure
was created using BioRender.com and assembled in Microsoft PowerPoint.

3.1. SPI-1 T3SS: An Essential System for Vaccine Delivery

SPI-1 is expressed early in the infectious stage (Figure 1A) and is responsible for
translocating effector proteins to manipulate key host–cell functions, such as signal trans-
duction, cytoskeletal architecture, membrane trafficking and cytokine expression to the
advantage of the pathogen [46,47]. Interestingly, a SPI-1 T3SS deficient strain (hilA::tet) was
lower efficient than wild type strain in colonizing the intestine [48,49]. It was hypothesized
that SPI-1-dependent colonization of the intestine is important during Salmonella–host
interactions [49]. SopD is a protein of T3SS system that modulating the activity of Rab
GTPases, which are crucial regulators of intracellular trafficking of Salmonella typhimurium
and the progression of gastroenteritis [50].

3.2. SPI-2 of Salmonella: In Vivo–Inducible Promoters–A Double Edge Weapon

The function of SPI-2 is crucial for the second feature of Salmonella pathogenesis
(Figure 1B), which is the ability to cause systemic infections and undergo proliferation
within host organs. This remarkable attribute is linked to the potential of Salmonella to sur-
vive in phagocytic cells and to multiply within Salmonella-containing vacuoles (SCVs) [51].
The specific intracellular expression of heterologous antigens by Salmonella results in the
stimulation of the immune responses [52,53]. Studies have shown that selecting an in vivo-
activated (SPI2) promoter is needed in constructing efficient recombinant vaccines [54].

4. Innovative Use of Salmonella as a Vaccine Delivery Platform
Salmonella is an attractive organism for the generation of live attenuated vaccines [55].

The use of live attenuated Salmonella to translocate diabetogenic autoantigens to APCs
via the SPI-2 T3SS is also a promising strategy for vaccine antigen delivery in T1D [56,57].
When given orally, Salmonella carrying a plasmid for autoantigen-expression is taken up by
APCs in the gut, such as DCs. Inside these cells, the bacteria form SCV, where they survive,
replicate, and deliver the recombinant antigen into the host cytosol, thereby bypassing
intestinal degradation [56]. The T3SS of Salmonella consists of more than 20 proteins and
are among the most complex protein secretion systems known in bacteria [58]. These are

BioRender.com
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complex molecular machines that mediate the translocation of effector proteins from the
Salmonella cytoplasm into the cytoplasm of infected host cells, acting like molecular syringe
needles [59–61]. The SP12-T3SS is specifically induced by intracellular Salmonella and
mediates the translocation of numerous effector proteins across the phagosomal membrane
enclosing the pathogen (Figure 1B) [56]. Live attenuated Salmonella utilizing SPI2-T3SS of-
fers a promising approach for developing recombinant vaccines against infectious diseases
and cancer [62,63]. In T1D, the same approach was used to express the anti-inflammatory
genes related to immune suppression [64–67].

4.1. Induction of Oral Ttolerance via Salmonella-Based Vaccine

Oral tolerance is the dynamic process by which the immune system fails to respond to
an orally administered antigen. For inducing tolerance, the oral delivery of antigens has
consistently shown its effectiveness over time [68]. The GALT encounters antigens arising
from the intestinal flora and dietary intake and still prevents inflammatory responses by
its tendency toward tolerance. This tendency has been exploited in the development of
promising treatments for autoimmune diseases [41].

The mucosal immune system has developed several mechanisms to tolerate self-
antigens and environmental antigens present in air, the microbiome, and food [41]. These
strategies include anergy, activation-induced apoptosis, and the induction of regulatory
T cells [40,57]. Induction of regulatory cells following mucosal antigens delivery was
reported in animal models for over 40 years and has received attention for its potential role
in regulating immune-mediated diseases [41,69,70].

The development of a genetically modified live attenuated Salmonella could offer a
way forward towards immune balance in T1D. The use of attenuated Salmonella expressing
proinsulin, delivering plasmids for TGF-β and IL10 expression, combined with a low-
dose of anti-CD3 antibodies, was effective at treating T1D in NOD mice through immune
modulation, promoting tolerance in tissue-resident T cells and APCs [64–67]. The oral
Salmonella-based vaccine induced immune tolerance by increasing regulatory cytokines
IL-10, IL-2, IL-13, and MCP-1, while reducing inflammatory cytokines IFN-γ, GM-CSF,
TNF-α, IL-7, and IL-12 [71,72]. Additionally, the oral Lactococcus-based vaccine secreted
IL-10, reducing immune cell infiltration into the islets and preventing or slowing diabetes
progression [73–75].

4.2. Mechanism of Oral Salmonella-Based Vaccine

Our team developed an oral Salmonella-based delivery system in which a diabetic
autoantigen (mouse PI or human GAD65) was fused with the Salmonella SPI2 effector (sseF),
which was expressed under the SPI2 promoter and translocated into the cytosol of infected
cells (Figure 2) [76,77]. This system was combined with Salmonella-delivered plasmids
expressing the immunomodulators TGFβ and IL10, which were secreted under the control
of a CMV promoter by host cells (Figure 2) [56]. The Salmonella-based oral vaccine, which
expresses autoantigens and is combined with tolerogenic cytokines and a sub-therapeutic
dose of anti-CD3 mAb, successfully prevented and reversed autoimmune diabetes in NOD
mice [64–66,71].

Combination therapy induced antigen-specific tolerance in a diabetic NOD mice
model [57,78]. The loss of immune tolerance underlying T1D was addressed using
autoantigen-specific therapies, which had fewer adverse-effects than non-specific immuno-
suppression [79].

Oral bacteria-based approaches have been explored as vectors for antigen-specific
immunotherapies for diabetes. The co-administration of anti-CD3 induced antigen-specific
tolerance and reversed early onset diabetes [65,71,78]. By adopting combination therapy
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in the Salmonella vaccine model, it simultaneously influenced different immune pathways.
For example, it increased the frequency of CD4+CD25+Foxp3+ Tregs in the spleen and
pancreatic lymph nodes (PLNs) of NOD mice, along with a concomitant increase in the
frequency and function of CD4+CD49+LAG3+ Tr1 cells [64,65,71,72].
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facilitates cytosolic delivery of aSPI2 effector (SseF) fused to an autoantigen (proinsulin or GAD65),
under the control of an in vivo-inducible promoter (Pro sseA), enables targeted antigen presentation.
(B) In the DNA transfer approach, Salmonella delivers plasmids encoding antigens under control of a
eukaryotic promoter. Host cells then express and secrete cytokines (TGFβ and IL10) under the control
of the cytomegalovirus promoters (Pro CMV). Since Salmonella cannot escape the Salmonella-containing
vesicle (SCV), the plasmid DNA is released into the phagosome and may enter the nucleus for gene
expression. This figure was created using BioRender.com and assembled in Microsoft PowerPoint.

The efficacy of a Salmonella vaccine to prevent and reverse T1D was assessed in NOD
mice [71]. By orally administering the vaccine combined with anti-CD3 antibodies to mice
with acute and progressive onset of diabetes, we found that 63% of acute and 78% of
progressive diabetic mice exhibited lower blood glucose levels, along with a remarkable
increase in insulin positive cells after therapy. Surprisingly, the vaccine induced tolerance in
all vaccinated mice, regardless of the timing of the disease onset. Older vaccinated (progres-
sive) mice had higher IL-13 and lower IL-1α and CXCL5 levels than younger (acute) mice.
In addition, vaccinated mice with progressive disease exhibited less islet inflammation and
more β-cells than those with acute disease onset. These findings indicate that the vaccine
can reverse diabetes post-onset and that some cases, early-stage disease preserves residual
β-cell function [71]. These findings highlight the importance of therapy timing, as it is
directly affected by the progression of the disease. For example, individuals diagnosed
at an older age exhibited a slower decline in C-peptide levels, reflecting preserved β-cell
function [80]. Direct measurement of β-cell death, such as detecting circulating levels of
unmethylated insulin DNA, could provide greater insight into the relationship between
intervention strategies and clinical outcomes [81,82]. Investigation of the immune mech-
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anism revealed that the vaccine increased the frequency of antigen-specific suppressor
CD4+ CD25+ Foxp3+ Treg cells and CD4+ CD49b+ LAG3+ type 1 regulatory (Tr1) cells
in lymphoid orangs [64,65,71,72]. Vaccinated mice exhibited antigen-specific suppressor
Tregs, Tr1 cells, and tol-DCs in their lymphoid organs, all of which suppressed responder
T cell proliferation (Figure 3). Alterations in inhibitory gene expression within Tregs and
tol-DCs may contribute to their immunosuppressive activity. Immune suppression was
not limited to regulatory T cells but also extended to antigen-presenting cells. The vaccine
increased the presence of myeloid DCs in lymphoid organs.
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Figure 3. The pathological mechanisms and therapeutic approaches in T1D. In the pathological
mechanisms of T1D (in red), APCs present islet-specific antigens to naïve CD4+ T cells, leading to
the activation of effector CD4+ and CD8+ T cells. These activated T cells migrate to the pancreatic
islets, where they contribute to the destruction of insulin-secreting β-cells. Effector T cells release
pro-inflammatory cytokines, such as IFN-γ, which promote macrophage activation, resulting in islet
damage and β-cell apoptosis, leading to the development of T1D. In the regulatory approaches (in
green), Salmonella expressing proinsulin, combined with plasmids encoding IL10 and TGFβ, enhances
Tregs and Tr1 cells. These cells release anti-inflammatory cytokines like IL10, TGFβ, and IDO, which
counteract effector T cell activation and protect pancreatic islets. This figure was created using
BioRender.com and assembled in Microsoft PowerPoint.

These myeloid DCs, characterized by lower MHCII and CD80 expressions, contributed
to an immunotolerant microenvironment in lymphoid organs near the pancreas. From
a different analytical perspective, the Salmonella vaccine led to increased expression of
the immune checkpoint molecules CTLA-4 and PDL-1. Furthermore, increase expression
of aryl hydrocarbon receptor (AhR), which inhibits pro-inflammatory cytokine produc-
tion and dampens autoimmune activity, was observed [83]. In DCs, the vaccine upregu-
lated indoleamine 2,3-dioxygenase (IDO), an immune checkpoint produced by activated
macrophages and Tregs to induce immune tolerance [84–86]. Although increased expres-
sion of CTLA-4, PD-L1, AhR, and IDO may help reduce diabetes-related inflammation,
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excessive expression of these molecules could suppress T cell function and induce T
cell apoptosis (Figure 3) [87]. The intriguing effect of the vaccine to increase DC-SIGN
modulated DCs activity likely influenced its interactions with immune checkpoints and
antigen presentation. This, in turn, fostered immune tolerance, especially toward self-
antigens [88,89]. Moreover, the Salmonella-based vaccine stimulated increased production
of IL-27 from DCs and macrophages [90]. IL-27 may help regulate the immune response to
prevent or mitigate the autoimmune attack on β-cells [90]. Additionally, IL27 enhanced
the development and function of Tregs in autoimmune T1D [91]. The vaccine appeared
to induce localized immune suppression to regulate the autoimmune response without
compromising the overall immune defenses.

5. Advantages of Salmonella-Based Vaccines
Live attenuated vaccines have several advantages over other types of vaccines, includ-

ing ease of administration, the ability to carry heterologous antigens, and the capacity to
induce mucosal, cellular, and humoral immune responses [92]. Salmonella is an interesting
organism able to act as a carrier for the delivery of recombinant antigens and immunomod-
ulators [55]. Vaccines require a careful and detailed immunological analysis as related to
design and delivery [93]. Salmonella is an ideal vector for tolerogenic vaccine development
for several reasons including the natural history of this genus and what it means for ef-
fective delivery of antigens and other effectors and the ease to produce safe and effective
oral vaccines. Fusion of heterologous antigens to specific SPI-2 proteins causes them to
be passed directly into the cytosol of the APCs where the antigens are processed and pre-
sented to immune cells within the gut mucosa [94,95], bypassing expression of antigen in
the intestinal lumen avoids degradation, loss of antigen, and unwanted immune responses.
A second way in which Salmonella can influence the host APC is by carrying mammalian
expression plasmids. This feature has been used to develop DNA vaccines [96,97] but it
can also be used to carry tolerogenic cytokines that are directly expressed by the host cell
creating a local immune privileged microenvironment. Oral administration of Salmonella-
based vaccines is convenient, requiring only 2 doses [57]. In contrast, a Lactococcus-based
vaccine must be administered 5 times per week for 6 weeks [78,98]. Animal studies support
the Salmonella vaccine strategy [99]. Additionally, an FDA-approved oral Salmonella-based
vaccine (Vivotif, PaxVax, Redwood City, CA) that is currently manufactured and sold in the
United States. This vaccine has been used worldwide for decades, with over 150 million
doses administered and no major adverse events reported [100].

6. Limitation of Salmonella-Based Vaccine, Risks, and
Mitigation Strategies

Although Salmonella-based vaccines provide a promising platform for developing
vaccines against various infectious diseases, they have several limitations that must be
overcome for broader application. One major concern is the genetic instability of attenuated
Salmonella strains, which can potentially revert to virulent forms through mutations or
recombination events [101]. The attenuated Salmonella strain may lose the expression
cassette (plasmid) during infection in the absence of a selective antibiotic. To circumvent
this, a method for stable and efficient expression of heterologous antigens by integrating
the antigen into the Salmonella chromosome was established [94,95]. This approach serves
as an alternative strategy to enhance vaccine stability and therapeutic efficacy.

Live attenuated Salmonella (∆htrA/∆purD) was used as vaccine carrier; however,
it retains the outer membrane lipopolysaccharide (LPS), which may induce endotoxic
septic shock [56,57,64,76]. To address this, LPS-deficient, FDA-approved Salmonella typhi
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Ty21a [102], O-antigen-deficient S. typhimurium ∆rfaD [103], or lipid A-deficient Salmonella
∆msbB [103,104] strains could be used and warrant further testing.

Autoantibodies are present in the most individuals with T1D and those at high risk of
developing the disease [105]. Insulin, GAD65, and IA-2 antibodies are detected in 95% of
pre-diabetic and newly diagnosed T1D patients [106]. At least two of these autoantibodies
are positive in 80% of individuals with T1D. In contrast, such autoantibodies are rarely, if
ever, found in non-diabetic individuals [107]. The presence of autoantibodies is a strong
predictor of T1D development [108], with the risk increasing as more autoantibodies
appear [106]. This is critical for vaccine development, as targeting a single islet autoantigen
is unlikely to be sufficient for preventing or treating T1D. To overcome this, a Salmonella
vaccine could incorporate multiple autoantigens or their epitopes to target a repertoire of
T1D-associated autoantigens.

Certain antigen epitopes exhibit a low affinity for binding to MHC class II molecules
on APCs [109], contributing to the loss of self-tolerance in T1D [110]. This weak binding
impairs the elimination of autoreactive T cells in the thymus and fails to sufficiently increase
Treg cell expansion and activation [111]. Modifying the InsB9-23 peptide by introducing
a single amino acid change (R22E) [79] or two amino acid changes (E21G-R22E) [112]
significantly enhanced MHC II binding. Incorporating these insulin-derived mimotope
peptides into a Salmonella vaccine is expected to further improve efficacy.

NOD mice are widely used to study the mechanisms underlying autoimmune diabetes.
However, the disease presents in a less heterogeneous manner than in humans, which may
be misleading and impact the development of immune-based therapies [113]. Therefore,
evaluating the vaccine in context of a human immune response is crucial. A humanized
mouse model of T1D was reported [112,114,115] but, at this time, is not available. Such
mice carried human immune cells [116,117] and an effort to develop version of this model
and share it widely would seem reasonable.

7. The Future of Salmonella-Based Vaccines: Challenges
and Opportunities

The development of Salmonella-based vaccines for T1D is gaining traction as re-
searchers explore novel immunotherapeutic strategies to modulate autoimmunity before
clinical onset [56]. The use of Salmonella as an oral delivery system offers a significant advan-
tage by stimulating mucosal immunity, an essential factor in systemic immune modulation
for T1D prevention [72].

Research has focused on optimizing Salmonella vectors for improved safety and efficacy
in clinical trials. Genetic modifications aim to reduce pathogenicity while retaining antigen
presentation [118], including deleting virulence genes, controlling antigen expression,
and enhancing colonization of gut-associated lymphoid tissue without causing systemic
infection. These refinements help maintain immunogenicity and minimize risks, which is
critical for regulatory approval process before human trials [65,119].

Before starting clinical trials, scalability and manufacturing consistency are critical
factors for attenuated Salmonella vaccines. Production must meet Good Manufacturing
Practices (GMP) for stability, purity, and reproducibility [120]. The oral delivery route
requires strategies to improve bacterial survival in the gastrointestinal tract while main-
taining immunogenicity. Advances in encapsulation technologies, like biofilm coating or
polymer microencapsulation, are being investigated to enhance vaccine viability and effi-
cacy [121,122]. The City of Hope has GMP core facilities to produce clinical-grade products,
including bacterial vectors such as the Salmonella and antibodies for T cell depletion.

As Salmonella-based vaccines move closer to clinical trials, regulatory and ethical
considerations will be crucial. Preclinical toxicology studies must confirm safety, addressing
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concerns about bacterial persistence and unintended immune effects [71]. Collaboration
between researchers, industry, and regulatory agencies will be essential to advancing these
vaccines. If successful, Salmonella-based vaccines could revolutionize T1D immunotherapy,
providing a therapeutic strategy for other autoimmune diseases. In fact, the FDA-approved
oral Salmonella vaccine is already being used worldwide, including in the United States,
could help ease the regulatory process for clinical translation.

8. Conclusions
A Salmonella-based vaccine for T1D demonstrated efficacy in stopping, preventing,

and reversing the destruction of pancreatic β-islet cells. Immunological studies showed that
tolerance was primarily mediated by regulatory T cells and antigen-presenting cells. Micro-
biomic and metabolomic analyses showed favorable changes in response to the vaccine.
However, long-term safety assessments and further cytokine optimizations are needed
to enhance outcomes. The Salmonella-based T1D vaccine could be combined with other
novel T1D therapies, such as stem cells, exosomes, and or locoregional immunomodulatory
treatments, to promote pancreatic cell regeneration. Such an approach integrates both
immunomodulatory and regenerative therapies. A similar strategy could potentially be
applied to other autoimmune diseases.

Author Contributions: Conceptualization, M.S., F.K. and M.I.H.; validation, M.S., F.K. and M.I.H.;
writing—original draft preparation, M.S. and M.I.H.; writing—review and editing, F.K. and M.I.H.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Wanek Family Project to Cure Type 1 Diabetes (City of
Hope) and The Juvenile Diabetes Research Foundation (JDRF 2-SRA-2022-1214-S-B).

Conflicts of Interest: M.I.H. is the primary inventor of patent #10206984, which describes methods
for a Salmonella-based vaccine. The remaining authors declare no conflicts of interest.

References
1. James, E.A.; Joglekar, A.V.; Linnemann, A.K.; Russ, H.A.; Kent, S.C. The beta cell-immune cell interface in type 1 diabetes (T1D).

Mol. Metab. 2023, 78, 101809. [CrossRef] [PubMed] [PubMed Central]
2. Roy, S.; Pokharel, P.; Piganelli, J.D. Decoding the immune dance: Unraveling the interplay between beta cells and type 1 diabetes.

Mol. Metab. 2024, 88, 101998. [CrossRef] [PubMed] [PubMed Central]
3. Burrack, A.L.; Martinov, T.; Fife, B.T. T Cell-Mediated Beta Cell Destruction: Autoimmunity and Alloimmunity in the Context of

Type 1 Diabetes. Front. Endocrinol. 2017, 8, 343. [CrossRef] [PubMed] [PubMed Central]
4. Mbongue, J.; Nicholas, D.; Firek, A.; Langridge, W. The role of dendritic cells in tissue-specific autoimmunity. J. Immunol. Res.

2014, 2014, 857143. [CrossRef] [PubMed] [PubMed Central]
5. Nakayama, M.; Beilke, J.N.; Jasinski, J.M.; Kobayashi, M.; Miao, D.; Li, M.; Coulombe, M.G.; Liu, E.; Elliott, J.F.; Gill, R.G.; et al.

Priming and effector dependence on insulin B:9-23 peptide in NOD islet autoimmunity. J. Clin. Investig. 2007, 117, 1835–1843.
[CrossRef] [PubMed] [PubMed Central]

6. Atkinson, M.A. The pathogenesis and natural history of type 1 diabetes. Cold Spring Harb. Perspect. Med. 2012, 2, a007641.
[CrossRef] [PubMed]

7. Thrower, S.L.; James, L.; Hall, W.; Green, K.M.; Arif, S.; Allen, J.S.; Van-Krinks, C.; Lozanoska-Ochser, B.; Marquesini, L.; Brown,
S.; et al. Proinsulin peptide immunotherapy in type 1 diabetes: Report of a first-in-man Phase I safety study. Clin. Exp. Immunol.
2009, 155, 156–165. [CrossRef] [PubMed] [PubMed Central]

8. Rodriguez-Calvo, T.; Zapardiel-Gonzalo, J.; Amirian, N.; Castillo, E.; Lajevardi, Y.; Krogvold, L.; Dahl-Jorgensen, K.; von Herrath,
M.G. Increase in Pancreatic Proinsulin and Preservation of beta-Cell Mass in Autoantibody-Positive Donors Prior to Type 1
Diabetes Onset. Diabetes 2017, 66, 1334–1345. [CrossRef] [PubMed] [PubMed Central]

9. Kronenberg, D.; Knight, R.R.; Estorninho, M.; Ellis, R.J.; Kester, M.G.; de Ru, A.; Eichmann, M.; Huang, G.C.; Powrie, J.; Dayan,
C.M.; et al. Circulating Preproinsulin Signal Peptide-Specific CD8 T Cells Restricted by the Susceptibility Molecule HLA-A24 Are
Expanded at Onset of Type 1 Diabetes and Kill beta-Cells. Diabetes 2012, 61, 1752–1759. [CrossRef]

https://doi.org/10.1016/j.molmet.2023.101809
https://www.ncbi.nlm.nih.gov/pubmed/37734713
https://pmc.ncbi.nlm.nih.gov/articles/PMC10622886
https://doi.org/10.1016/j.molmet.2024.101998
https://www.ncbi.nlm.nih.gov/pubmed/39069156
https://pmc.ncbi.nlm.nih.gov/articles/PMC11342121
https://doi.org/10.3389/fendo.2017.00343
https://www.ncbi.nlm.nih.gov/pubmed/29259578
https://pmc.ncbi.nlm.nih.gov/articles/PMC5723426
https://doi.org/10.1155/2014/857143
https://www.ncbi.nlm.nih.gov/pubmed/24877157
https://pmc.ncbi.nlm.nih.gov/articles/PMC4022068
https://doi.org/10.1172/JCI31368
https://www.ncbi.nlm.nih.gov/pubmed/17607359
https://pmc.ncbi.nlm.nih.gov/articles/PMC1904318
https://doi.org/10.1101/cshperspect.a007641
https://www.ncbi.nlm.nih.gov/pubmed/23125199
https://doi.org/10.1111/j.1365-2249.2008.03814.x
https://www.ncbi.nlm.nih.gov/pubmed/19040615
https://pmc.ncbi.nlm.nih.gov/articles/PMC2675245
https://doi.org/10.2337/db16-1343
https://www.ncbi.nlm.nih.gov/pubmed/28137793
https://pmc.ncbi.nlm.nih.gov/articles/PMC5399615
https://doi.org/10.2337/db11-1520


Vaccines 2025, 13, 405 11 of 15

10. Skowera, A.; Ellis, R.J.; Varela-Calvino, R.; Arif, S.; Huang, G.C.; Van-Krinks, C.; Zaremba, A.; Rackham, C.; Allen, J.S.; Tree, T.I.M.;
et al. CTLs are targeted to kill beta cells in patients with type 1 diabetes through recognition of a glucose-regulated preproinsulin
epitope. J. Clin. Investig. 2008, 118, 3390–3402, Erratum in J. Clin. Investig. 2009, 119, 2843. [CrossRef]

11. Ludvigsson, J. Therapy with GAD in diabetes. Diabetes Metab. Res. Rev. 2009, 25, 307–315. [CrossRef] [PubMed]
12. Yang, J.; Danke, N.A.; Berger, D.; Reichstetter, S.; Reijonen, H.; Greenbaum, C.; Pihoker, C.; James, E.A.; Kwok, W.W. Islet-specific

glucose-6-phosphatase catalytic subunit-related protein-reactive CD4+ T cells in human subjects. J. Immunol. 2006, 176, 2781–2789.
[CrossRef] [PubMed]

13. Dang, M.; Rockell, J.; Wagner, R.; Wenzlau, J.M.; Yu, L.P.; Hutton, J.C.; Gottlieb, P.A.; Davidson, H.W. Human Type 1 Diabetes Is
Associated with T Cell Autoimmunity to Zinc Transporter 8. J. Immunol. 2011, 186, 6056–6063. [CrossRef] [PubMed]

14. Badami, E.; Sorini, C.; Coccia, M.; Usuelli, V.; Molteni, L.; Bolla, A.M.; Scavini, M.; Mariani, A.; King, C.; Bosi, E.; et al. Defective
differentiation of regulatory FoxP3+ T cells by small-intestinal dendritic cells in patients with type 1 diabetes. Diabetes 2011, 60,
2120–2124. [CrossRef] [PubMed] [PubMed Central]

15. Singer, M.; Elsayed, A.M.; Husseiny, M.I. Regulatory T-cells: The Face-off of the Immune Balance. Front. Biosci. Landmark Ed.
2024, 29, 377. [CrossRef] [PubMed]

16. Kuhtreiber, W.M.; Faustman, D.L. BCG Therapy for Type 1 Diabetes: Restoration of Balanced Immunity and Metabolism. Trends
Endocrinol. Metab. 2019, 30, 80–92. [CrossRef] [PubMed]

17. Kuhtreiber, W.M.; Takahashi, H.; Keefe, R.C.; Song, Y.; Tran, L.; Luck, T.G.; Shpilsky, G.; Moore, L.; Sinton, S.M.; Graham, J.C.; et al.
BCG Vaccinations Upregulate Myc, a Central Switch for Improved Glucose Metabolism in Diabetes. iScience 2020, 23, 101085.
[CrossRef] [PubMed] [PubMed Central]

18. Doupis, J.; Kolokathis, K.; Markopoulou, E.; Efthymiou, V.; Festas, G.; Papandreopoulou, V.; Kallinikou, C.; Antikidou, D.;
Gemistou, G.; Angelopoulos, T. The Role of Pediatric BCG Vaccine in Type 1 Diabetes Onset. Diabetes Ther. 2021, 12, 2971–2976.
[CrossRef] [PubMed] [PubMed Central]

19. Aniagyei, W.; Mohayideen, S.; Sarfo-Kantanka, O.; Bittner, S.; Vivekanandan, M.M.; Arthur, J.F.; Boateng, A.O.; Yeboah, A.; Ahor,
H.S.; Asibey, S.O.; et al. BCG Vaccination-Associated Lower HbA1c and Increased CD25 Expression on CD8+ T Cells in Patients
with Type 1 Diabetes in Ghana. Vaccines 2024, 12, 452. [CrossRef] [PubMed] [PubMed Central]

20. Nikolic, T.; Zwaginga, J.J.; Uitbeijerse, B.S.; Woittiez, N.J.; de Koning, E.J.; Aanstoot, H.J.; Roep, B.O. Safety and feasibility of
intradermal injection with tolerogenic dendritic cells pulsed with proinsulin peptide-for type 1 diabetes. Lancet Diabetes Endocrinol.
2020, 8, 470–472. [CrossRef] [PubMed]

21. Mansilla, M.J.; Hilkens, C.M.U.; Martinez-Caceres, E.M. Challenges in tolerogenic dendritic cell therapy for autoimmune diseases:
The route of administration. Immunother. Adv. 2023, 3, ltad012. [CrossRef] [PubMed] [PubMed Central]

22. Rios-Rios, W.J.; Sosa-Luis, S.A.; Torres-Aguilar, H. Current advances in using tolerogenic dendritic cells as a therapeutic alternative
in the treatment of type 1 diabetes. World J. Diabetes 2021, 12, 603–615. [CrossRef] [PubMed] [PubMed Central]

23. Passeri, L.; Marta, F.; Bassi, V.; Gregori, S. Tolerogenic Dendritic Cell-Based Approaches in Autoimmunity. Int. J. Mol. Sci. 2021,
22, 8415. [CrossRef] [PubMed] [PubMed Central]

24. Giannoukakis, N. Tolerogenic dendritic cells in type 1 diabetes: No longer a concept. Front. Immunol. 2023, 14, 1212641. [CrossRef]
[PubMed] [PubMed Central]

25. Pedersen, I.B.; Kjolby, M.; Hjelholt, A.J.; Madsen, M.; Christensen, A.R.; Adolfsen, D.; Hjelle, J.S.; Kremke, B.; Stovring, H.;
Jessen, N.; et al. INfluenza VaccInation to mitigate typE 1 Diabetes (INVITED): A study protocol for a randomised, double-blind,
placebo-controlled clinical trial in children and adolescents with recent-onset type 1 diabetes. BMJ Open 2024, 14, e084808.
[CrossRef] [PubMed] [PubMed Central]

26. Van Rampelbergh, J.; Achenbach, P.; Leslie, R.D.; Kindermans, M.; Parmentier, F.; Carlier, V.; Bovy, N.; Vanderelst, L.; Van
Mechelen, M.; Vandepapeliere, P.; et al. First-in-human, double-blind, randomized phase 1b study of peptide immunotherapy
IMCY-0098 in new-onset type 1 diabetes: An exploratory analysis of immune biomarkers. BMC Med. 2024, 22, 259. [CrossRef]
[PubMed] [PubMed Central]

27. Matthews, J.B.; Staeva, T.P.; Bernstein, P.L.; Peakman, M.; von Herrath, M.; Combination, I.-J.T.D. Developing combination
immunotherapies for type 1 diabetes: Recommendations from the ITN-JDRF Type 1 Diabetes Combination Therapy Assessment
Group. Clin. Exp. Immunol. 2010, 160, 176–184. [CrossRef]

28. Kokori, E.; Olatunji, G.; Ogieuhi, I.J.; Aboje, J.E.; Olatunji, D.; Aremu, S.A.; Igwe, S.C.; Moradeyo, A.; Ajayi, Y.I.; Aderinto, N.
Teplizumab’s immunomodulatory effects on pancreatic beta-cell function in type 1 diabetes mellitus. Clin. Diabetes Endocrinol.
2024, 10, 23. [CrossRef] [PubMed] [PubMed Central]

29. Gaglia, J.; Kissler, S. Anti-CD3 Antibody for the Prevention of Type 1 Diabetes: A Story of Perseverance. Biochemistry 2019, 58,
4107–4111. [CrossRef] [PubMed] [PubMed Central]

30. Mullard, A. FDA approves anti-CD3 antibody to delay type 1 diabetes onset. Nat. Rev. Drug Discov. 2023, 22, 6–7. [CrossRef]
[PubMed]

https://doi.org/10.1172/JCI35449
https://doi.org/10.1002/dmrr.941
https://www.ncbi.nlm.nih.gov/pubmed/19267332
https://doi.org/10.4049/jimmunol.176.5.2781
https://www.ncbi.nlm.nih.gov/pubmed/16493034
https://doi.org/10.4049/jimmunol.1003815
https://www.ncbi.nlm.nih.gov/pubmed/21471440
https://doi.org/10.2337/db10-1201
https://www.ncbi.nlm.nih.gov/pubmed/21646390
https://pmc.ncbi.nlm.nih.gov/articles/PMC3142071
https://doi.org/10.31083/j.fbl2911377
https://www.ncbi.nlm.nih.gov/pubmed/39614434
https://doi.org/10.1016/j.tem.2018.11.006
https://www.ncbi.nlm.nih.gov/pubmed/30600132
https://doi.org/10.1016/j.isci.2020.101085
https://www.ncbi.nlm.nih.gov/pubmed/32380424
https://pmc.ncbi.nlm.nih.gov/articles/PMC7205768
https://doi.org/10.1007/s13300-021-01163-2
https://www.ncbi.nlm.nih.gov/pubmed/34596880
https://pmc.ncbi.nlm.nih.gov/articles/PMC8519972
https://doi.org/10.3390/vaccines12050452
https://www.ncbi.nlm.nih.gov/pubmed/38793703
https://pmc.ncbi.nlm.nih.gov/articles/PMC11125916
https://doi.org/10.1016/S2213-8587(20)30104-2
https://www.ncbi.nlm.nih.gov/pubmed/32723484
https://doi.org/10.1093/immadv/ltad012
https://www.ncbi.nlm.nih.gov/pubmed/37546348
https://pmc.ncbi.nlm.nih.gov/articles/PMC10403757
https://doi.org/10.4239/wjd.v12.i5.603
https://www.ncbi.nlm.nih.gov/pubmed/33995848
https://pmc.ncbi.nlm.nih.gov/articles/PMC8107985
https://doi.org/10.3390/ijms22168415
https://www.ncbi.nlm.nih.gov/pubmed/34445143
https://pmc.ncbi.nlm.nih.gov/articles/PMC8395087
https://doi.org/10.3389/fimmu.2023.1212641
https://www.ncbi.nlm.nih.gov/pubmed/37388741
https://pmc.ncbi.nlm.nih.gov/articles/PMC10303908
https://doi.org/10.1136/bmjopen-2024-084808
https://www.ncbi.nlm.nih.gov/pubmed/38950997
https://pmc.ncbi.nlm.nih.gov/articles/PMC11328621
https://doi.org/10.1186/s12916-024-03476-y
https://www.ncbi.nlm.nih.gov/pubmed/38902652
https://pmc.ncbi.nlm.nih.gov/articles/PMC11191262
https://doi.org/10.1111/j.1365-2249.2010.04153.x
https://doi.org/10.1186/s40842-024-00181-w
https://www.ncbi.nlm.nih.gov/pubmed/39123252
https://pmc.ncbi.nlm.nih.gov/articles/PMC11316332
https://doi.org/10.1021/acs.biochem.9b00707
https://www.ncbi.nlm.nih.gov/pubmed/31523950
https://pmc.ncbi.nlm.nih.gov/articles/PMC6918689
https://doi.org/10.1038/d41573-022-00198-9
https://www.ncbi.nlm.nih.gov/pubmed/36460865


Vaccines 2025, 13, 405 12 of 15

31. Evans-Molina, C.; Oram, R.A. Teplizumab approval for type 1 diabetes in the USA. Lancet Diabetes Endocrinol. 2023, 11, 76–77.
[CrossRef] [PubMed]

32. Thakkar, S.; Chopra, A.; Nagendra, L.; Kalra, S.; Bhattacharya, S. Teplizumab in Type 1 Diabetes Mellitus: An Updated Review.
touchREV Endocrinol. 2023, 19, 22–30. [CrossRef] [PubMed] [PubMed Central]

33. Herold, K.C.; Bundy, B.N.; Long, S.A.; Bluestone, J.A.; DiMeglio, L.A.; Dufort, M.J.; Gitelman, S.E.; Gottlieb, P.A.; Krischer, J.P.;
Linsley, P.S.; et al. An Anti-CD3 Antibody, Teplizumab, in Relatives at Risk for Type 1 Diabetes. N. Engl. J. Med. 2019, 381, 603–613.
[CrossRef] [PubMed] [PubMed Central]

34. Daifotis, A.G.; Koenig, S.; Chatenoud, L.; Herold, K.C. Anti-CD3 clinical trials in type 1 diabetes mellitus. Clin. Immunol. 2013,
149, 268–278. [CrossRef] [PubMed]

35. Dwyer, A.J.; Shaheen, Z.R.; Fife, B.T. Antigen-specific T cell responses in autoimmune diabetes. Front. Immunol. 2024, 15, 1440045.
[CrossRef] [PubMed] [PubMed Central]

36. Zala, A.; Thomas, R. Antigen-specific immunotherapy to restore antigen-specific tolerance in Type 1 diabetes and Graves’ disease.
Clin. Exp. Immunol. 2023, 211, 164–175. [CrossRef] [PubMed] [PubMed Central]

37. Harrison, L.C.; Wentworth, J.M.; Zhang, Y.; Bandala-Sanchez, E.; Bohmer, R.M.; Neale, A.M.; Stone, N.L.; Naselli, G.; Bosco, J.J.;
Auyeung, P.; et al. Antigen-based vaccination and prevention of type 1 diabetes. Curr. Diab Rep. 2013, 13, 616–623. [CrossRef]
[PubMed]

38. Gottlieb, P.; Utz, P.J.; Robinson, W.; Steinman, L. Clinical optimization of antigen specific modulation of type 1 diabetes with the
plasmid DNA platform. Clin. Immunol. 2013, 149, 297–306. [CrossRef] [PubMed] [PubMed Central]

39. Postigo-Fernandez, J.; Firdessa-Fite, R.; Creusot, R.J. Preclinical evaluation of a precision medicine approach to DNA vaccination
in type 1 diabetes. Proc. Natl. Acad. Sci. USA 2022, 119, e2110987119. [CrossRef] [PubMed] [PubMed Central]

40. Weiner, H.L.; da Cunha, A.P.; Quintana, F.; Wu, H. Oral tolerance. Immunol. Rev. 2011, 241, 241–259. [CrossRef] [PubMed]
[PubMed Central]

41. Holmgren, J.; Czerkinsky, C. Mucosal immunity and vaccines. Nat. Med. 2005, 11, S45–S53. [CrossRef] [PubMed]
42. Estevan, M.; Irache, J.M.; Grillo, M.J.; Blasco, J.M.; Gamazo, C. Encapsulation of antigenic extracts of Salmonella enterica serovar.

Abortusovis into polymeric systems and efficacy as vaccines in mice. Vet. Microbiol. 2006, 118, 124–132. [CrossRef] [PubMed]
43. Tuli, A.; Sharma, M. How to do business with lysosomes: Salmonella leads the way. Curr. Opin. Microbiol. 2019, 47, 1–7. [CrossRef]

[PubMed]
44. Jennings, E.; Thurston, T.L.M.; Holden, D.W. Salmonella SPI-2 Type III Secretion System Effectors: Molecular Mechanisms and

Physiological Consequences. Cell Host Microbe 2017, 22, 217–231. [CrossRef] [PubMed]
45. Lisowski, C.; Dias, J.; Costa, S.; Silva, R.J.; Mano, M.; Eulalio, A. Dysregulated endolysosomal trafficking in cells arrested in the

G(1) phase of the host cell cycle impairs Salmonella vacuolar replication. Autophagy 2022, 18, 1785–1800. [CrossRef] [PubMed]
[PubMed Central]

46. Lilic, M.; Galkin, V.E.; Orlova, A.; VanLoock, M.S.; Egelman, E.H.; Stebbins, C.E. Salmonella SipA polymerizes actin by stapling
filaments with nonglobular protein arms. Science 2003, 301, 1918–1921. [CrossRef]

47. Schlumberger, M.C.; Hardt, W.D. Triggered phagocytosis by Salmonella: Bacterial molecular mimicry of RhoGTPase activa-
tion/deactivation. Curr. Top. Microbiol. 2005, 291, 29–42.

48. Haneda, T.; Ishii, Y.; Shimizu, H.; Ohshima, K.; Iida, N.; Danbara, H.; Okada, N. Salmonella type III effector SpvC, a phospho-
threonine lyase, contributes to reduction in inflammatory response during intestinal phase of infection. Cell Microbiol. 2012, 14,
485–499. [CrossRef] [PubMed]

49. Lostroh, C.P.; Lee, C.A. The Salmonella pathogenicity island-1 type III secretion system. Microbes Infect. 2001, 3, 1281–1291.
[CrossRef] [PubMed]

50. Boonyom, R.; Karavolos, M.H.; Bulmer, D.M.; Khan, C.M.A. Salmonella pathogenicity island 1 (SPI-1) type III secretion of SopD
involves N- and C-terminal signals and direct binding to the InvC ATPase. Microbiology 2010, 156, 1805–1814. [CrossRef]

51. Hegazy, W.A.H.; Hensel, M. Salmonella enterica as a vaccine carrier. Future Microbiol. 2012, 7, 111–127. [CrossRef] [PubMed]
52. Husseiny, M.I.; Hensel, M. Evaluation of an intracellular-activated promoter for the generation of live Salmonella recombinant

vaccines. Vaccine 2005, 23, 2580–2590. [CrossRef] [PubMed]
53. Chen, H.; Schifferli, D.M. Construction, characterization, and immunogenicity of an attenuated Salmonella enterica serovar

typhimurium pgtE vaccine expressing fimbriae with integrated viral epitopes from the spiC promoter. Infect. Immun. 2003, 71,
4664–4673. [CrossRef] [PubMed] [PubMed Central]

54. Xu, X.; Husseiny, M.I.; Goldwich, A.; Hensel, M. Efficacy of Intracellular Activated Promoters for Generation of Salmonella-Based
Vaccines. Infect. Immun. 2010, 78, 4828–4838. [CrossRef]

55. Cheminay, C.; Hensel, M. Rational design of Salmonella recombinant vaccines. Int. J. Med. Microbiol. 2008, 298, 87–98. [CrossRef]
[PubMed]

56. Husseiny, M.I.; Rawson, J.; Kaye, A.; Nair, I.; Todorov, I.; Hensel, M.; Kandeel, F.; Ferreri, K. An oral vaccine for type 1 diabetes
based on live attenuated Salmonella. Vaccine 2014, 32, 2300–2307. [CrossRef] [PubMed]

https://doi.org/10.1016/S2213-8587(22)00390-4
https://www.ncbi.nlm.nih.gov/pubmed/36623518
https://doi.org/10.17925/EE.2023.19.2.7
https://www.ncbi.nlm.nih.gov/pubmed/38187075
https://pmc.ncbi.nlm.nih.gov/articles/PMC10769466
https://doi.org/10.1056/NEJMoa1902226
https://www.ncbi.nlm.nih.gov/pubmed/31180194
https://pmc.ncbi.nlm.nih.gov/articles/PMC6776880
https://doi.org/10.1016/j.clim.2013.05.001
https://www.ncbi.nlm.nih.gov/pubmed/23726024
https://doi.org/10.3389/fimmu.2024.1440045
https://www.ncbi.nlm.nih.gov/pubmed/39211046
https://pmc.ncbi.nlm.nih.gov/articles/PMC11358097
https://doi.org/10.1093/cei/uxac115
https://www.ncbi.nlm.nih.gov/pubmed/36545825
https://pmc.ncbi.nlm.nih.gov/articles/PMC10019129
https://doi.org/10.1007/s11892-013-0415-7
https://www.ncbi.nlm.nih.gov/pubmed/23888323
https://doi.org/10.1016/j.clim.2013.08.010
https://www.ncbi.nlm.nih.gov/pubmed/24094739
https://pmc.ncbi.nlm.nih.gov/articles/PMC4800754
https://doi.org/10.1073/pnas.2110987119
https://www.ncbi.nlm.nih.gov/pubmed/35385352
https://pmc.ncbi.nlm.nih.gov/articles/PMC9169641
https://doi.org/10.1111/j.1600-065X.2011.01017.x
https://www.ncbi.nlm.nih.gov/pubmed/21488901
https://pmc.ncbi.nlm.nih.gov/articles/PMC3296283
https://doi.org/10.1038/nm1213
https://www.ncbi.nlm.nih.gov/pubmed/15812489
https://doi.org/10.1016/j.vetmic.2006.07.004
https://www.ncbi.nlm.nih.gov/pubmed/16914273
https://doi.org/10.1016/j.mib.2018.10.003
https://www.ncbi.nlm.nih.gov/pubmed/30391777
https://doi.org/10.1016/j.chom.2017.07.009
https://www.ncbi.nlm.nih.gov/pubmed/28799907
https://doi.org/10.1080/15548627.2021.1999561
https://www.ncbi.nlm.nih.gov/pubmed/34781820
https://pmc.ncbi.nlm.nih.gov/articles/PMC9450962
https://doi.org/10.1126/science.1088433
https://doi.org/10.1111/j.1462-5822.2011.01733.x
https://www.ncbi.nlm.nih.gov/pubmed/22188134
https://doi.org/10.1016/S1286-4579(01)01488-5
https://www.ncbi.nlm.nih.gov/pubmed/11755416
https://doi.org/10.1099/mic.0.038117-0
https://doi.org/10.2217/fmb.11.144
https://www.ncbi.nlm.nih.gov/pubmed/22191450
https://doi.org/10.1016/j.vaccine.2004.11.035
https://www.ncbi.nlm.nih.gov/pubmed/15780440
https://doi.org/10.1128/IAI.71.8.4664-4673.2003
https://www.ncbi.nlm.nih.gov/pubmed/12874347
https://pmc.ncbi.nlm.nih.gov/articles/PMC165986
https://doi.org/10.1128/IAI.00298-10
https://doi.org/10.1016/j.ijmm.2007.08.006
https://www.ncbi.nlm.nih.gov/pubmed/17888730
https://doi.org/10.1016/j.vaccine.2014.02.070
https://www.ncbi.nlm.nih.gov/pubmed/24631074


Vaccines 2025, 13, 405 13 of 15

57. Husseiny, M.I.; Du, W.; Mbongue, J.; Lenz, A.; Rawson, J.; Kandeel, F.; Ferreri, K. Factors affecting Salmonella-based combination
immunotherapy for prevention of type 1 diabetes in non-obese diabetic mice. Vaccine 2018, 36, 8008–8018. [CrossRef] [PubMed]

58. Galan, J.E.; Lara-Tejero, M.; Marlovits, T.C.; Wagner, S. Bacterial type III secretion systems: Specialized nanomachines for protein
delivery into target cells. Annu. Rev. Microbiol. 2014, 68, 415–438. [CrossRef] [PubMed] [PubMed Central]

59. Cornelis, G.R. The type III secretion injectisome, a complex nanomachine for intracellular ‘toxin’ delivery. Biol. Chem. 2010, 391,
745–751. [CrossRef] [PubMed]

60. Marlovits, T.C.; Kubori, T.; Lara-Tejero, M.; Thomas, D.; Unger, V.M.; Galan, J.E. Assembly of the inner rod determines needle
length in the type III secretion injectisome. Nature 2006, 441, 637–640. [CrossRef] [PubMed]

61. Galan, J.E.; Wolf-Watz, H. Protein delivery into eukaryotic cells by type III secretion machines. Nature 2006, 444, 567–573.
[CrossRef] [PubMed]

62. Yoon, W.; Yoo, Y.; Chae, Y.S.; Kee, S.H.; Kim, B.M. Therapeutic advantage of genetically engineered Salmonella typhimurium
carrying short hairpin RNA against inhibin alpha subunit in cancer treatment. Ann. Oncol. 2018, 29, 2010–2017. [CrossRef]
[PubMed]

63. Liang, K.; Liu, Q.; Li, P.; Luo, H.; Wang, H.; Kong, Q. Genetically engineered Salmonella Typhimurium: Recent advances in cancer
therapy. Cancer Lett. 2019, 448, 168–181. [CrossRef] [PubMed]

64. Mbongue, J.C.; Rawson, J.; Garcia, P.A.; Gonzalez, N.; Cobb, J.; Kandeel, F.; Ferreri, K.; Husseiny, M.I. Reversal of New Onset Type
1 Diabetes by Oral Salmonella-Based Combination Therapy and Mediated by Regulatory T-Cells in NOD Mice. Front. Immunol.
2019, 10, 320. [CrossRef] [PubMed] [PubMed Central]

65. Mbongue, J.C.; Alhoshani, A.; Rawson, J.; Garcia, P.A.; Gonzalez, N.; Ferreri, K.; Kandeel, F.; Husseiny, M.I. Tracking of an Oral
Salmonella-Based Vaccine for Type 1 Diabetes in Non-obese Diabetic Mice. Front. Immunol. 2020, 11, 712. [CrossRef] [PubMed]
[PubMed Central]

66. Cobb, J.; Rawson, J.; Gonzalez, N.; Hensel, M.; Kandeel, F.; Husseiny, M.I. Oral Salmonella msbB Mutant as a Carrier for a
Salmonella-Based Vaccine for Prevention and Reversal of Type 1 Diabetes. Front. Immunol. 2021, 12, 667897. [CrossRef] [PubMed]
[PubMed Central]

67. Cobb, J.; Soliman, S.S.M.; Retuerto, M.; Quijano, J.C.; Orr, C.; Ghannoum, M.; Kandeel, F.; Husseiny, M.I. Changes in the gut
microbiota of NOD mice in response to an oral Salmonella-based vaccine against type 1 diabetes. PLoS ONE 2023, 18, e0285905.
[CrossRef] [PubMed] [PubMed Central]

68. Commins, S.P. Mechanisms of Oral Tolerance. Pediatr. Clin. N. Am. 2015, 62, 1523–1529. [CrossRef] [PubMed] [PubMed Central]
69. Ngan, J.; Kind, L.S. Suppressor T cells for IgE and IgG in Peyer’s patches of mice made tolerant by the oral administration of

ovalbumin. J. Immunol. 1978, 120, 861–865. [CrossRef] [PubMed]
70. Lavelle, E.C. Generation of improved mucosal vaccines by induction of innate immunity. Cell. Mol. Life Sci. 2005, 62, 2750–2770.

[CrossRef] [PubMed] [PubMed Central]
71. Cobb, J.; Rawson, J.; Gonzalez, N.; Orr, C.; Kandeel, F.; Husseiny, M.I. Reversal of diabetes by an oral Salmonella-based vaccine in

acute and progressive diabetes in NOD mice. PLoS ONE 2024, 19, e0303863. [CrossRef] [PubMed] [PubMed Central]
72. Cobb, J.; Rawson, J.; Gonzalez, N.; Singer, M.; Kandeel, F.; Husseiny, M.I. Mechanism of Action of Oral Salmonella-Based Vaccine

to Prevent and Reverse Type 1 Diabetes in NOD Mice. Vaccines 2024, 12, 276. [CrossRef] [PubMed] [PubMed Central]
73. Frorup, C.; Gerwig, R.; Svane, C.A.S.; Mendes Lopes de Melo, J.; Henriksen, K.; Floyel, T.; Pociot, F.; Kaur, S.; Storling, J.

Characterization of the functional and transcriptomic effects of pro-inflammatory cytokines on human EndoC-betaH5 beta cells.
Front. Endocrinol. 2023, 14, 1128523. [CrossRef] [PubMed] [PubMed Central]

74. Preisser, T.M.; da Cunha, V.P.; Santana, M.P.; Pereira, V.B.; Cara, D.C.; Souza, B.M.; Miyoshi, A. Recombinant Lactococcus lactis
Carrying IL-4 and IL-10 Coding Vectors Protects against Type 1 Diabetes in NOD Mice and Attenuates Insulitis in the STZ-Induced
Model. J. Diabetes Res. 2021, 2021, 6697319. [CrossRef] [PubMed] [PubMed Central]

75. Bender, C.; Rajendran, S.; von Herrath, M.G. New Insights into the Role of Autoreactive CD8 T Cells and Cytokines in Human
Type 1 Diabetes. Front. Endocrinol. 2020, 11, 606434. [CrossRef] [PubMed] [PubMed Central]

76. Xiong, G.; Husseiny, M.I.; Song, L.; Erdreich-Epstein, A.; Shackleford, G.M.; Seeger, R.C.; Jackel, D.; Hensel, M.; Metelitsa, L.S.
Novel cancer vaccine based on genes of Salmonella pathogenicity island 2. Int. J. Cancer 2010, 126, 2622–2634. [CrossRef] [PubMed]
[PubMed Central]

77. Husseiny, M.I.; Wartha, F.; Hensel, M. Recombinant vaccines based on translocated effector proteins of Salmonella Pathogenicity
Island 2. Vaccine 2007, 25, 185–193. [CrossRef]

78. Takiishi, T.; Korf, H.; Van Belle, T.L.; Robert, S.; Grieco, F.A.; Caluwaerts, S.; Galleri, L.; Spagnuolo, I.; Steidler, L.; Van Huynegem,
K.; et al. Reversal of autoimmune diabetes by restoration of antigen-specific tolerance using genetically modified Lactococcus lactis
in mice. J. Clin. Investig. 2012, 122, 1717–1725. [CrossRef] [PubMed] [PubMed Central]

79. Daniel, C.; Weigmann, B.; Bronson, R.; von Boehmer, H. Prevention of type 1 diabetes in mice by tolerogenic vaccination with a
strong agonist insulin mimetope. J. Exp. Med. 2011, 208, 1501–1510. [CrossRef] [PubMed] [PubMed Central]

https://doi.org/10.1016/j.vaccine.2018.10.101
https://www.ncbi.nlm.nih.gov/pubmed/30416020
https://doi.org/10.1146/annurev-micro-092412-155725
https://www.ncbi.nlm.nih.gov/pubmed/25002086
https://pmc.ncbi.nlm.nih.gov/articles/PMC4388319
https://doi.org/10.1515/bc.2010.079
https://www.ncbi.nlm.nih.gov/pubmed/20482311
https://doi.org/10.1038/nature04822
https://www.ncbi.nlm.nih.gov/pubmed/16738660
https://doi.org/10.1038/nature05272
https://www.ncbi.nlm.nih.gov/pubmed/17136086
https://doi.org/10.1093/annonc/mdy240
https://www.ncbi.nlm.nih.gov/pubmed/30016386
https://doi.org/10.1016/j.canlet.2019.01.037
https://www.ncbi.nlm.nih.gov/pubmed/30753837
https://doi.org/10.3389/fimmu.2019.00320
https://www.ncbi.nlm.nih.gov/pubmed/30863412
https://pmc.ncbi.nlm.nih.gov/articles/PMC6400227
https://doi.org/10.3389/fimmu.2020.00712
https://www.ncbi.nlm.nih.gov/pubmed/32411136
https://pmc.ncbi.nlm.nih.gov/articles/PMC7198770
https://doi.org/10.3389/fimmu.2021.667897
https://www.ncbi.nlm.nih.gov/pubmed/34108968
https://pmc.ncbi.nlm.nih.gov/articles/PMC8181392
https://doi.org/10.1371/journal.pone.0285905
https://www.ncbi.nlm.nih.gov/pubmed/37224176
https://pmc.ncbi.nlm.nih.gov/articles/PMC10208495
https://doi.org/10.1016/j.pcl.2015.07.013
https://www.ncbi.nlm.nih.gov/pubmed/26456448
https://pmc.ncbi.nlm.nih.gov/articles/PMC4603531
https://doi.org/10.4049/jimmunol.120.3.861
https://www.ncbi.nlm.nih.gov/pubmed/305448
https://doi.org/10.1007/s00018-005-5290-1
https://www.ncbi.nlm.nih.gov/pubmed/16237500
https://pmc.ncbi.nlm.nih.gov/articles/PMC11139176
https://doi.org/10.1371/journal.pone.0303863
https://www.ncbi.nlm.nih.gov/pubmed/38781241
https://pmc.ncbi.nlm.nih.gov/articles/PMC11115281
https://doi.org/10.3390/vaccines12030276
https://www.ncbi.nlm.nih.gov/pubmed/38543910
https://pmc.ncbi.nlm.nih.gov/articles/PMC10975319
https://doi.org/10.3389/fendo.2023.1128523
https://www.ncbi.nlm.nih.gov/pubmed/37113489
https://pmc.ncbi.nlm.nih.gov/articles/PMC10126300
https://doi.org/10.1155/2021/6697319
https://www.ncbi.nlm.nih.gov/pubmed/33604389
https://pmc.ncbi.nlm.nih.gov/articles/PMC7872750
https://doi.org/10.3389/fendo.2020.606434
https://www.ncbi.nlm.nih.gov/pubmed/33469446
https://pmc.ncbi.nlm.nih.gov/articles/PMC7813992
https://doi.org/10.1002/ijc.24957
https://www.ncbi.nlm.nih.gov/pubmed/19824039
https://pmc.ncbi.nlm.nih.gov/articles/PMC2993175
https://doi.org/10.1016/j.vaccine.2005.11.020
https://doi.org/10.1172/JCI60530
https://www.ncbi.nlm.nih.gov/pubmed/22484814
https://pmc.ncbi.nlm.nih.gov/articles/PMC3336982
https://doi.org/10.1084/jem.20110574
https://www.ncbi.nlm.nih.gov/pubmed/21690251
https://pmc.ncbi.nlm.nih.gov/articles/PMC3135372


Vaccines 2025, 13, 405 14 of 15

80. Greenbaum, C.J.; Beam, C.A.; Boulware, D.; Gitelman, S.E.; Gottlieb, P.A.; Herold, K.C.; Lachin, J.M.; McGee, P.; Palmer, J.P.;
Pescovitz, M.D.; et al. Fall in C-peptide during first 2 years from diagnosis: Evidence of at least two distinct phases from
composite Type 1 Diabetes TrialNet data. Diabetes 2012, 61, 2066–2073. [CrossRef] [PubMed] [PubMed Central]

81. Husseiny, M.I.; Kaye, A.; Zebadua, E.; Kandeel, F.; Ferreri, K. Tissue-specific methylation of human insulin gene and PCR assay
for monitoring beta cell death. PLoS ONE 2014, 9, e94591. [CrossRef] [PubMed] [PubMed Central]

82. Husseiny, M.I.; Kuroda, A.; Kaye, A.N.; Nair, I.; Kandeel, F.; Ferreri, K. Development of a quantitative methylation-specific
polymerase chain reaction method for monitoring beta cell death in type 1 diabetes. PLoS ONE 2012, 7, e47942. [CrossRef]
[PubMed] [PubMed Central]

83. Yue, T.; Sun, F.; Yang, C.; Wang, F.; Luo, J.; Yang, P.; Xiong, F.; Zhang, S.; Yu, Q.; Wang, C.Y. The AHR Signaling Attenuates
Autoimmune Responses During the Development of Type 1 Diabetes. Front. Immunol. 2020, 11, 1510. [CrossRef] [PubMed]
[PubMed Central]

84. Anquetil, F.; Mondanelli, G.; Gonzalez, N.; Rodriguez Calvo, T.; Zapardiel Gonzalo, J.; Krogvold, L.; Dahl-Jorgensen, K.; Van
den Eynde, B.; Orabona, C.; Grohmann, U.; et al. Loss of IDO1 Expression from Human Pancreatic beta-Cells Precedes Their
Destruction During the Development of Type 1 Diabetes. Diabetes 2018, 67, 1858–1866. [CrossRef] [PubMed] [PubMed Central]

85. Orabona, C.; Mondanelli, G.; Pallotta, M.T.; Carvalho, A.; Albini, E.; Fallarino, F.; Vacca, C.; Volpi, C.; Belladonna, M.L.; Berioli,
M.G.; et al. Deficiency of immunoregulatory indoleamine 2,3-dioxygenase 1in juvenile diabetes. JCI Insight 2018, 3, e96244.
[CrossRef] [PubMed] [PubMed Central]

86. Abram, D.M.; Fernandes, L.G.R.; Ramos Filho, A.C.S.; Simioni, P.U. The modulation of enzyme indoleamine 2,3-dioxygenase
from dendritic cells for the treatment of type 1 diabetes mellitus. Drug Des. Dev. Ther. 2017, 11, 2171–2178. [CrossRef] [PubMed]
[PubMed Central]

87. Raker, V.K.; Domogalla, M.P.; Steinbrink, K. Tolerogenic Dendritic Cells for Regulatory T Cell Induction in Man. Front. Immunol.
2015, 6, 569. [CrossRef] [PubMed] [PubMed Central]

88. Castenmiller, C.; Keumatio-Doungtsop, B.C.; van Ree, R.; de Jong, E.C.; van Kooyk, Y. Tolerogenic Immunotherapy: Targeting DC
Surface Receptors to Induce Antigen-Specific Tolerance. Front. Immunol. 2021, 12, 643240. [CrossRef] [PubMed] [PubMed Central]

89. Manicassamy, S.; Pulendran, B. Dendritic cell control of tolerogenic responses. Immunol. Rev. 2011, 241, 206–227. [CrossRef]
[PubMed] [PubMed Central]

90. Morita, Y.; Masters, E.A.; Schwarz, E.M.; Muthukrishnan, G. Interleukin-27 and Its Diverse Effects on Bacterial Infections. Front.
Immunol. 2021, 12, 678515. [CrossRef] [PubMed] [PubMed Central]

91. Meka, R.R.; Venkatesha, S.H.; Dudics, S.; Acharya, B.; Moudgil, K.D. IL-27-induced modulation of autoimmunity and its
therapeutic potential. Autoimmun. Rev. 2015, 14, 1131–1141. [CrossRef] [PubMed] [PubMed Central]

92. Jantsch, J.; Chikkaballi, D.; Hensel, M. Cellular aspects of immunity to intracellular Salmonella enterica. Immunol. Rev. 2011, 240,
185–195. [CrossRef] [PubMed]

93. Singer, M.; Husseiny, M.I. Immunological Considerations for the Development of an Effective Herpes Vaccine. Microorganisms
2024, 12, 1846. [CrossRef] [PubMed] [PubMed Central]

94. Husseiny, M.I.; Hensel, M. Evaluation of Salmonella live vaccines with chromosomal expression cassettes for translocated fusion
proteins. Vaccine 2009, 27, 3780–3787. [CrossRef] [PubMed]

95. Husseiny, M.I.; Hensel, M. Rapid method for the construction of Salmonella enterica Serovar Typhimurium vaccine carrier strains.
Infect. Immun. 2005, 73, 1598–1605. [CrossRef] [PubMed] [PubMed Central]

96. Kong, W.; Brovold, M.; Koeneman, B.A.; Clark-Curtiss, J.; Curtiss, R. Turning self-destructing Salmonella into a universal DNA
vaccine delivery platform. Proc. Natl. Acad. Sci. USA 2012, 109, 19414–19419. [CrossRef]

97. Yu, X.; Jia, R.; Huang, J.; Shu, B.; Zhu, D.; Liu, Q.; Gao, X.; Lin, M.; Yin, Z.; Wang, M.; et al. Attenuated Salmonella typhimurium
delivering DNA vaccine encoding duck enteritis virus UL24 induced systemic and mucosal immune responses and conferred
good protection against challenge. Vet. Res. 2012, 43, 56. [CrossRef] [PubMed] [PubMed Central]

98. Robert, S.; Gysemans, C.; Takiishi, T.; Korf, H.; Spagnuolo, I.; Sebastiani, G.; Van Huynegem, K.; Steidler, L.; Caluwaerts, S.;
Demetter, P.; et al. Oral delivery of glutamic acid decarboxylase (GAD)-65 and IL10 by Lactococcus lactis reverses diabetes in
recent-onset NOD mice. Diabetes 2014, 63, 2876–2887. [CrossRef] [PubMed]

99. Poirier, T.P.; Kehoe, M.A.; Beachey, E.H. Protective immunity evoked by oral administration of attenuated aroA Salmonella
typhimurium expressing cloned streptococcal M protein. J. Exp. Med. 1988, 168, 25–32. [CrossRef] [PubMed] [PubMed Central]

100. Simanjuntak, C.H.; Paleologo, F.P.; Punjabi, N.H.; Darmowigoto, R.; Totosudirjo, S.H.; Haryanto, P.; Suprijanto, E.; Witham, N.D.;
Hoffman, S.L. Oral Immunization against Typhoid-Fever in Indonesia with Ty21a Vaccine. Lancet 1991, 338, 1055–1059. [CrossRef]

101. Tennant, S.M.; Levine, M.M. Live attenuated vaccines for invasive Salmonella infections. Vaccine 2015, 33 (Suppl. S3), C36–C41.
[CrossRef] [PubMed] [PubMed Central]

102. Yu, B.; Yang, M.; Wong, H.Y.; Watt, R.M.; Song, E.; Zheng, B.J.; Yuen, K.Y.; Huang, J.D. A method to generate recombinant
Salmonella typhi Ty21a strains expressing multiple heterologous genes using an improved recombineering strategy. Appl. Microbiol.
Biotechnol. 2011, 91, 177–188. [CrossRef] [PubMed]

https://doi.org/10.2337/db11-1538
https://www.ncbi.nlm.nih.gov/pubmed/22688329
https://pmc.ncbi.nlm.nih.gov/articles/PMC3402330
https://doi.org/10.1371/journal.pone.0094591
https://www.ncbi.nlm.nih.gov/pubmed/24722187
https://pmc.ncbi.nlm.nih.gov/articles/PMC3983232
https://doi.org/10.1371/journal.pone.0047942
https://www.ncbi.nlm.nih.gov/pubmed/23144715
https://pmc.ncbi.nlm.nih.gov/articles/PMC3483298
https://doi.org/10.3389/fimmu.2020.01510
https://www.ncbi.nlm.nih.gov/pubmed/32849515
https://pmc.ncbi.nlm.nih.gov/articles/PMC7426364
https://doi.org/10.2337/db17-1281
https://www.ncbi.nlm.nih.gov/pubmed/29945890
https://pmc.ncbi.nlm.nih.gov/articles/PMC6110313
https://doi.org/10.1172/jci.insight.96244
https://www.ncbi.nlm.nih.gov/pubmed/29563329
https://pmc.ncbi.nlm.nih.gov/articles/PMC5926942
https://doi.org/10.2147/DDDT.S135367
https://www.ncbi.nlm.nih.gov/pubmed/28769554
https://pmc.ncbi.nlm.nih.gov/articles/PMC5533566
https://doi.org/10.3389/fimmu.2015.00569
https://www.ncbi.nlm.nih.gov/pubmed/26617604
https://pmc.ncbi.nlm.nih.gov/articles/PMC4638142
https://doi.org/10.3389/fimmu.2021.643240
https://www.ncbi.nlm.nih.gov/pubmed/33679806
https://pmc.ncbi.nlm.nih.gov/articles/PMC7933040
https://doi.org/10.1111/j.1600-065X.2011.01015.x
https://www.ncbi.nlm.nih.gov/pubmed/21488899
https://pmc.ncbi.nlm.nih.gov/articles/PMC3094730
https://doi.org/10.3389/fimmu.2021.678515
https://www.ncbi.nlm.nih.gov/pubmed/34079555
https://pmc.ncbi.nlm.nih.gov/articles/PMC8165262
https://doi.org/10.1016/j.autrev.2015.08.001
https://www.ncbi.nlm.nih.gov/pubmed/26253381
https://pmc.ncbi.nlm.nih.gov/articles/PMC4628569
https://doi.org/10.1111/j.1600-065X.2010.00981.x
https://www.ncbi.nlm.nih.gov/pubmed/21349094
https://doi.org/10.3390/microorganisms12091846
https://www.ncbi.nlm.nih.gov/pubmed/39338520
https://pmc.ncbi.nlm.nih.gov/articles/PMC11434158
https://doi.org/10.1016/j.vaccine.2009.03.053
https://www.ncbi.nlm.nih.gov/pubmed/19464562
https://doi.org/10.1128/IAI.73.3.1598-1605.2005
https://www.ncbi.nlm.nih.gov/pubmed/15731059
https://pmc.ncbi.nlm.nih.gov/articles/PMC1064926
https://doi.org/10.1073/pnas.1217554109
https://doi.org/10.1186/1297-9716-43-56
https://www.ncbi.nlm.nih.gov/pubmed/22770566
https://pmc.ncbi.nlm.nih.gov/articles/PMC3412168
https://doi.org/10.2337/db13-1236
https://www.ncbi.nlm.nih.gov/pubmed/24677716
https://doi.org/10.1084/jem.168.1.25
https://www.ncbi.nlm.nih.gov/pubmed/3294331
https://pmc.ncbi.nlm.nih.gov/articles/PMC2188956
https://doi.org/10.1016/0140-6736(91)91910-M
https://doi.org/10.1016/j.vaccine.2015.04.029
https://www.ncbi.nlm.nih.gov/pubmed/25902362
https://pmc.ncbi.nlm.nih.gov/articles/PMC4469493
https://doi.org/10.1007/s00253-011-3317-0
https://www.ncbi.nlm.nih.gov/pubmed/21611798


Vaccines 2025, 13, 405 15 of 15

103. Frahm, M.; Felgner, S.; Kocijancic, D.; Rohde, M.; Hensel, M.; Curtiss, R., 3rd; Erhardt, M.; Weiss, S. Efficiency of conditionally
attenuated Salmonella enterica serovar Typhimurium in bacterium-mediated tumor therapy. MBio 2015, 6, 10-1128. [CrossRef]
[PubMed] [PubMed Central]

104. Claes, A.K.; Steck, N.; Schultz, D.; Zahringer, U.; Lipinski, S.; Rosenstiel, P.; Geddes, K.; Philpott, D.J.; Heine, H.; Grassl, G.A.
Salmonella enterica serovar Typhimurium DeltamsbB triggers exacerbated inflammation in Nod2 deficient mice. PLoS ONE 2014, 9,
e113645. [CrossRef] [PubMed] [PubMed Central]

105. Di Lorenzo, T.P.; Peakman, M.; Roep, B.O. Translational mini-review series on type 1 diabetes: Systematic analysis of T cell
epitopes in autoimmune diabetes. Clin. Exp. Immunol. 2007, 148, 1–16. [CrossRef] [PubMed] [PubMed Central]

106. Barker, J.M.; Barriga, K.J.; Yu, L.; Miao, D.; Erlich, H.A.; Norris, J.M.; Eisenbarth, G.S.; Rewers, M. Prediction of autoantibody
positivity and progression to type 1 diabetes: Diabetes autoimmunity study in the young (DAISY). J. Clin. Endocrinol. Metab. 2004,
89, 3896–3902. [CrossRef] [PubMed]

107. Verge, C.F.; Stenger, D.; Bonifacio, E.; Colman, P.G.; Pilcher, C.; Bingley, P.J.; Eisenbarth, G.S. Combined use of autoantibodies
(IA-2 autoantibody, GAD autoantibody, insulin autoantibody, cytoplasmic islet cell antibodies) in type 1 diabetes: Combinatorial
Islet Autoantibody Workshop. Diabetes 1998, 47, 1857–1866. [CrossRef] [PubMed]

108. Zhang, L.; Eisenbarth, G.S. Prediction and prevention of type 1 diabetes mellitus. J. Diabetes 2011, 3, 48–57. [CrossRef] [PubMed]
109. Stadinski, B.D.; Zhang, L.; Crawford, F.; Marrack, P.; Eisenbarth, G.S.; Kappler, J.W. Diabetogenic T cells recognize insulin bound

to IAg7 in an unexpected, weakly binding register. Proc. Natl. Acad. Sci. USA 2010, 107, 10978–10983. [CrossRef] [PubMed]
[PubMed Central]

110. Moser, A.; Hsu, H.T.; van Endert, P. Beta cell antigens in type 1 diabetes: Triggers in pathogenesis and therapeutic targets. F1000
Biol. Rep. 2010, 2, 75. [CrossRef] [PubMed] [PubMed Central]

111. Daniel, C.; von Boehmer, H. Extrathymic generation of regulatory T cells-chances and challenges for prevention of autoimmune
disease. Adv. Immunol. 2011, 112, 177–213. [CrossRef] [PubMed]

112. Serr, I.; Furst, R.W.; Achenbach, P.; Scherm, M.G.; Gokmen, F.; Haupt, F.; Sedlmeier, E.M.; Knopff, A.; Shultz, L.; Willis, R.A.; et al.
Type 1 diabetes vaccine candidates promote human Foxp3+Treg induction in humanized mice. Nat. Commun. 2016, 7, 10991.
[CrossRef] [PubMed] [PubMed Central]

113. Donath, M.Y.; Hess, C.; Palmer, E. What is the role of autoimmunity in type 1 diabetes? A clinical perspective. Diabetologia 2014,
57, 653–655. [CrossRef] [PubMed]

114. Luce, S.; Guinoiseau, S.; Gadault, A.; Letourneur, F.; Blondeau, B.; Nitschke, P.; Pasmant, E.; Vidaud, M.; Lemonnier, F.; Boitard, C.
Humanized mouse model to study type 1 diabetes. Diabetes 2018, 67, 1816–1829. [CrossRef] [PubMed]

115. Danner, R.; Chaudhari, S.N.; Rosenberger, J.; Surls, J.; Richie, T.L.; Brumeanu, T.D.; Casares, S. Expression of HLA Class II
molecules in humanized NOD.Rag1KO.IL2RgcKO mice is critical for development and function of human T and B cells. PLoS
ONE 2011, 6, e19826. [CrossRef]

116. Gu, A.; Torres-Coronado, M.; Tran, C.A.; Vu, H.; Epps, E.W.; Chung, J.; Gonzalez, N.; Blanchard, S.; DiGiusto, D.L. Engraftment
and Lineage Potential of Adult Hematopoietic Stem and Progenitor Cells Is Compromised Following Short-Term Culture in the
Presence of an Aryl Hydrocarbon Receptor Antagonist. Hum. Gene Ther. Method. 2014, 25, 221–231. [CrossRef]

117. Tran, C.A.; Torres-Coronado, M.; Gardner, A.; Gu, A.; Vu, H.; Rao, A.; Cao, L.F.; Ahmed, A.; Digiusto, D. Optimized processing of
growth factor mobilized peripheral blood CD34+ products by counterflow centrifugal elutriation. Stem Cells Transl. Med. 2012, 1,
422–429. [CrossRef] [PubMed] [PubMed Central]

118. Bansal, G.; Ghanem, M.; Sears, K.T.; Galen, J.E.; Tennant, S.M. Genetic engineering of Salmonella spp. for novel vaccine strategies
and therapeutics. EcoSal Plus 2024, 12, eesp00042023. [CrossRef] [PubMed] [PubMed Central]

119. Kong, Q.; Yang, J.; Liu, Q.; Alamuri, P.; Roland, K.L.; Curtiss, R., 3rd. Effect of deletion of genes involved in lipopolysaccharide
core and O-antigen synthesis on virulence and immunogenicity of Salmonella enterica serovar typhimurium. Infect. Immun. 2011,
79, 4227–4239. [CrossRef] [PubMed] [PubMed Central]

120. Covarrubias, C.E.; Rivera, T.A.; Soto, C.A.; Deeks, T.; Kalergis, A.M. Current GMP standards for the production of vaccines and
antibodies: An overview. Front. Public Health 2022, 10, 1021905. [CrossRef] [PubMed] [PubMed Central]

121. Baral, K.C.; Bajracharya, R.; Lee, S.H.; Han, H.K. Advancements in the Pharmaceutical Applications of Probiotics: Dosage Forms
and Formulation Technology. Int. J. Nanomed. 2021, 16, 7535–7556. [CrossRef] [PubMed] [PubMed Central]

122. Liu, H.; Fan, Y.; Zhong, J.; Malkoch, M.; Cai, Z.; Wang, Z. Advance in oral delivery of living material. Biomed. Technol. 2023, 3,
26–39. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1128/mBio.00254-15
https://www.ncbi.nlm.nih.gov/pubmed/25873375
https://pmc.ncbi.nlm.nih.gov/articles/PMC4453544
https://doi.org/10.1371/journal.pone.0113645
https://www.ncbi.nlm.nih.gov/pubmed/25423082
https://pmc.ncbi.nlm.nih.gov/articles/PMC4244092
https://doi.org/10.1111/j.1365-2249.2006.03244.x
https://www.ncbi.nlm.nih.gov/pubmed/17349009
https://pmc.ncbi.nlm.nih.gov/articles/PMC1868845
https://doi.org/10.1210/jc.2003-031887
https://www.ncbi.nlm.nih.gov/pubmed/15292324
https://doi.org/10.2337/diabetes.47.12.1857
https://www.ncbi.nlm.nih.gov/pubmed/9836516
https://doi.org/10.1111/j.1753-0407.2010.00102.x
https://www.ncbi.nlm.nih.gov/pubmed/21073664
https://doi.org/10.1073/pnas.1006545107
https://www.ncbi.nlm.nih.gov/pubmed/20534455
https://pmc.ncbi.nlm.nih.gov/articles/PMC2890771
https://doi.org/10.3410/B2-75
https://www.ncbi.nlm.nih.gov/pubmed/21173836
https://pmc.ncbi.nlm.nih.gov/articles/PMC2981181
https://doi.org/10.1016/B978-0-12-387827-4.00005-X
https://www.ncbi.nlm.nih.gov/pubmed/22118409
https://doi.org/10.1038/ncomms10991
https://www.ncbi.nlm.nih.gov/pubmed/26975663
https://pmc.ncbi.nlm.nih.gov/articles/PMC4796321
https://doi.org/10.1007/s00125-013-3153-0
https://www.ncbi.nlm.nih.gov/pubmed/24389751
https://doi.org/10.2337/db18-0202
https://www.ncbi.nlm.nih.gov/pubmed/29967002
https://doi.org/10.1371/journal.pone.0019826
https://doi.org/10.1089/hgtb.2014.043
https://doi.org/10.5966/sctm.2011-0062
https://www.ncbi.nlm.nih.gov/pubmed/23197821
https://pmc.ncbi.nlm.nih.gov/articles/PMC3659708
https://doi.org/10.1128/ecosalplus.esp-0004-2023
https://www.ncbi.nlm.nih.gov/pubmed/39023252
https://pmc.ncbi.nlm.nih.gov/articles/PMC11636237
https://doi.org/10.1128/IAI.05398-11
https://www.ncbi.nlm.nih.gov/pubmed/21768282
https://pmc.ncbi.nlm.nih.gov/articles/PMC3187260
https://doi.org/10.3389/fpubh.2022.1021905
https://www.ncbi.nlm.nih.gov/pubmed/36743162
https://pmc.ncbi.nlm.nih.gov/articles/PMC9891391
https://doi.org/10.2147/IJN.S337427
https://www.ncbi.nlm.nih.gov/pubmed/34795482
https://pmc.ncbi.nlm.nih.gov/articles/PMC8594788
https://doi.org/10.1016/j.bmt.2022.12.003

	Introduction 
	Clinical Trials for Type 1 Diabetes Therapies: Challenges and Limitations 
	Salmonella as a Carrier for Vaccine Delivery 
	SPI-1 T3SS: An Essential System for Vaccine Delivery 
	SPI-2 of Salmonella: In Vivo–Inducible Promoters–A Double Edge Weapon 

	Innovative Use of Salmonella as a Vaccine Delivery Platform 
	Induction of Oral Ttolerance via Salmonella-Based Vaccine 
	Mechanism of Oral Salmonella-Based Vaccine 

	Advantages of Salmonella-Based Vaccines 
	Limitation of Salmonella-Based Vaccine, Risks, and Mitigation Strategies 
	The Future of Salmonella-Based Vaccines: Challenges and Opportunities 
	Conclusions 
	References

