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Abstract: Tuberculosis, caused by Mycobacterium tuberculosis (M. tuberculosis), remains a formidable
global health challenge, affecting a substantial portion of the world’s population. The current
tuberculosis vaccine, bacille Calmette-Guérin (BCG), offers limited protection against pulmonary
tuberculosis in adults, underscoring the critical need for innovative vaccination strategies. Cytokines
are pivotal in modulating immune responses and have been explored as potential adjuvants to
enhance vaccine efficacy. The strategic inclusion of cytokines as adjuvants in tuberculosis vaccines
holds significant promise for augmenting vaccine-induced immune responses and strengthening
protection against M. tuberculosis. This review delves into promising cytokines, such as Type I
interferons (IFNs), Type II IEN, interleukins such as IL-2, IL-7, IL-15, IL-12, and IL-21, alongside the
use of a granulocyte-macrophage colony-stimulating factor (GM-CSF) as an adjuvant, which has
shown effectiveness in boosting immune responses and enhancing vaccine efficacy in tuberculosis
models.
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1. Introduction

M. tuberculosis, a respiratory pathogen, is estimated to have infected nearly a quarter of
the global population, encompassing between two billion and three billion individuals who
are potentially at risk of developing tuberculosis [1,2]. While predominantly a pulmonary
pathogen, M. tuberculosis can cause disease systemically. Tuberculosis manifests along a
dynamic spectrum, ranging from asymptomatic infection to potentially fatal illness [3].
Tuberculosis ranks among the top ten leading causes of mortality worldwide and stands as
the primary cause of death attributed to infection by a single pathogen [4]. The countries
bearing the most tremendous burden of tuberculosis are India, Indonesia, China, Nige-
ria, Pakistan, and South Africa, collectively representing around 60% of the worldwide
tuberculosis incidence [5]. To achieve the End Tuberculosis Strategy, the World Health
Organization’s ambitious goal of eradicating the tuberculosis epidemic by 2035, the targets
are set at a 95% reduction in tuberculosis-related deaths and a 90% reduction in tuber-
culosis incidence [6]. While tuberculosis can be effectively cured with drug therapy, the

rising prevalence of drug-resistant strains diminishes the efficacy of this approach. There-
fore, achieving control over tuberculosis necessitates a comprehensive strategy involving
improved medications, diagnostics, and vaccines [7,8].

The only licensed vaccine for tuberculosis prevention is BCG, initially administered
in Paris in 1921, marking over a century of continuous utilization [9]. BCG offers durable
and potent protection against miliary and meningeal tuberculosis in children. However,
its efficacy in preventing pulmonary tuberculosis, notably in adults across various clinical
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trials, has been suboptimal, contributing to its ineffectiveness in stemming the global epi-
demic [9,10]. In a recent phase II trial conducted in a high-risk setting, BCG revaccination
demonstrated a 45.4% efficacy in reducing a sustained QuantiFERON-TB Gold In-tube
assay (QFT) conversion rate among adolescents who had received a neonatal BCG vacci-
nation. This outcome was used to evaluate the protective efficiency against reactivation
from a latent TB infection [11]. GSK’s subunit tuberculosis vaccine M72/AS01E has re-
cently concluded phase II clinical trials [12]. This M72/ASO1E vaccine comprises the M72
recombinant fusion proteins derived from Mtb32A and Mtb39A, adjuvanted with ASO1E,
composed of monophosphoryl lipid A (MPL) and the saponin QS-21. The primary analysis,
conducted two years after the second vaccination, revealed a 49.7% reduction in active TB
cases among individuals who received the M72/AS01E vaccine compared to those who
received the placebo [13]. These promising clinical findings from the BCG revaccination
and M72/AS01E trials kindle hopes for the development of highly effective tuberculosis
vaccines. Furthermore, they also underscore the potential for significant advancements in
tuberculosis vaccine efficacy in future investigations.

Identifying immune signatures as immunological correlates of protection (CoP) is
pivotal for streamlining vaccine development and comparison [14]. Considering the critical
role of IFN-vy in tuberculosis immunity, it was hypothesized that T-cell secretion of IFN-
v might serve as a CoP. However, while IFN-y is indeed indispensable for tuberculosis
immunity, its sole presence does not suffice to confer protection [14]. Antigen-specific
Th1/17-type responses have conferred protection across various non-human primate (NHP)
studies, including those induced by bronchoscope-delivered BCG [15,16]. Despite initial
underestimation, antibody responses have emerged as significant correlates of protection.
Recent clinical data have underscored a connection between antibody titers and reduced
susceptibility to infection post-BCG vaccination [17]. Additionally, trained innate immunity
has been acknowledged as a CoP against M. tuberculosis infection. BCG vaccination-induced
trained innate immunity potentially enhances the early clearance of M. tuberculosis [18,19].
T cells warrant particular attention as they play a crucial role in preventing a primary
disease upon initial M. tuberculosis infection, as well as in the development of post-primary
tuberculosis once a latent infection has been established [20]. The long-lived MTB-specific
memory T (TM) cells have the potency to mount a swift and potent immune response to
the pathogen re-exposure, thereby substantiating the efficacy of the vaccination [20]. These
TM cells encompass various subsets, including central memory (TCM), effector memory
(TEM), tissue-resident memory (TRM), and stem-cell-like memory (TSCM) T cells [21]. One
promising strategy for effectively controlling tuberculosis through vaccination involves
augmenting the generation of a larger pool of durable memory T cells.

Cytokines act as crucial immune system regulators, playing vital roles in maintaining
a physiological balance and influencing pathological conditions [22]. Various cytokines
have proven effective as immunological adjuvants in diverse model systems, enhancing
the protective efficacy of vaccines against viral, bacterial, and parasitic infections. The
strategic use of cytokines presents an opportunity to selectively boost specific immune
parameters, thereby enhancing protective outcomes and mitigating potential adverse
effects of vaccination [23]. Increasing evidence highlights the pivotal role of cytokines
in the differentiation of memory T cells and suggests their potential contribution to the
heightened basal turnover rate observed in these cells [24,25]. In this review, we discuss
recent investigations of various cytokines as adjuvants in tuberculosis vaccines, exploring
their impact on vaccine-triggered T-cell responses and their roles in conferring protection
against tuberculosis (Table 1).
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Table 1. Cytokine-adjuvanted M. tuberculosis vaccines under preclinical studies.
Major Immunologic Cytokine-
Cytokines ) . & Adjuvanted Model Mechanisms and Effects References
Functions .
Vaccines
Enhancing Thl-type response and
BCG + IFN-f3 Cell culture  promoting DC maturation and [26,27]
IL-12-releasing
Boosting BCG-induced IFN-y
Stimulates th production in bladder cancer
1r:1u at.es fe APC BCG + IFN-« Human patients and enhancing [28]
maturaton or A -8, BCG-induced IL-12 and TNF-«
elevates costimulatory ) .
. while reducing IL-10 levels
Type I IFNs signals, and augments
their capacity for IFN-o in BCG-vaccine provided
antigen presentation BCG + IFN-« Mouse protection against M. [29]
or cross-presentation lepraemurium infection in mice.
Enhancing specific Th1-type
cytokine production in vitro and
BCG + IFN-« Mouse in vivo and leading to the [30]
reduction in bacterial burden after
the M. tuberculosis challenge
Elevating proliferation, IFN-y
Six MTB antigens + secretion, and NQ production in
Ribi + IFN-y Mouse splenocytes, leading to a marked  [31]
reduction in CFU counts upon
Stimulates APCs to exposure to M. tuberculosis
enhance the Eliciting heightened specific
expression of antibody titers, bolstering cellular
Type II IFN costimulatory BCG + Ag85B + Mouse immune responses, and [32]
molecules and ESAT-6 + IFN-y conferring comparable or :
cytokines essential for superior protection against M.
activating T cells tuberculosis infection
Improving bacterial clearance and
BCG + IFN-y Mouse diminishing tissue pathologlcal [33]
changes at mycobacterial
infection sites
Inducing robust Thl-type
responses, marked by enhanced
BCG + ESAT-6 + lymphoproliferation, IFN-y
1L-2 Mouse secretion, and augmented [34]
cytotoxic T-lymphocyte
Promotes the functionality
proliferation and Inducing robust antigen-specific
IL-2 differentiation of immune responses, including
effector T cells, IFN-vy release, and activation of
memory T cells, and Hsp65 + IL-2 Mouse CD4* and CD8* T cells, [35,36]
NK cells exhibiting superior protective and
therapeutic effects
Eliciting a Th1-type immune
BCG +IL-2 Mouse profile in both [37]

immunocompromised and IL-4
transgenic mice
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Table 1. Cont.
Major Immunologic Cytokine-
Cytokines ) . & Adjuvanted Model Mechanisms and Effects References
Functions .
Vaccines
Augmenting Mtb32-specific T-cell
responses, decreasing M.
FIBL-Mtb32 + tuberculosis reactivation following
IL-7-nFc Mouse dexamethasone treatment, [38]
ameliorating lung pathology, and
reducing pulmonary
inflammation
L7 cred £ Elevating the levels of
-/ 15 required for IFN-y-producing CD8* and CD4*
T-cell devel'oprr'levnt ]ISLC_ %Jr Ag83B + Mouse T cells, resulting in notable lung [39]
and for mziuntammg protection upon challenge with M.
and restoring tuberculosis
homeostasis of mature
4 T cells. IL-15 exhibits a Exhibiting endure protective
?I:_ZSan wide array of immunity lasting at least 16
g functions in the MVA + 5 MTB Mouse months post-initial vaccination [40]
modulation of both antigens + IL-15 and demonstrating sustained
innate and adaptive Protectipn on par with BCG
immune responses, Immunization
mirroring the activities Amplifing the memory response
of IL-2. of CD4* and CD8" T cells,
BCG + IL-7 + IL-15 Mouse clevating production of Thi-type |,
cytokines, and significantly
diminishing the mycobacterial
load in the lungs
Augmenting the efficacy of
LT70 + MH + Mouse tuberculosis subunit vaccines by [42]
IL-7-Linker-IL-15 strengthening central
memory-like T cells
Slightly improving protection in
BCG + IL-12 Mouse the early stages an.d s1gn1f1cantly [43]
enhancing protection in later
stages
Significantly decrease M.
Governs T-cell and tuberculosis load via enhancing
natural-killer-cell BCG +IL-12 Mouse IFN-y production in the spleen L]
responses, stimulates cells,
IFN-y f rogluctlon, Enhancing the protective efficacy
promotes the against the M. tuberculosi
. . ) gainst the M. tuberculosis
IL-12 differentiation of Ag8SB +1L-12 Mouse challenge by amplifying T-cell 451
Th1-type cells, and responses
serves as a vital bridge
between innate Reducing bacterial burdens in the
resistance and lungs and spleen upon challenge,
adaptive immunity demonstrating heightened
. . antigen-specific immune
Isﬁ)_(II\Z/ITB antigens + Mouse responses, characterized by [46]

increased levels of IFN-y,
enhanced CD4" and CD8* T-cell
responses, and a Th1l-skewed
immune profile
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Table 1. Cont.
Major Immunologic Cytokine-
Cytokines ) . & Adjuvanted Model Mechanisms and Effects References
Functions .
Vaccines
Enhancing immune responses,
Enhances T-cell Ag85A +1L-21 Mouse while performing same level [47]
proliferation, efficacy of BCG vaccination
promotes memoryand ;
IL-21 plasma B cell In(;riaﬁ.ngt NK1 cellt?\ndli:};\lTenocyte
differentiation, and ~ Ag85A + ESAT-6 + yroIoNe Y, evatng [Ny
. Mouse levels in the splenocyte [48,49]
boosts the function of  IL-21 .
. supernatant, and raising sIgA
natural-killer cells .
levels in bronchoalveolar lavage
Moderately bolstering systemic
Ag85A + GM-CSF  Mouse defense by enhancing IFN-y [50,51]
production from splenocytes
Regulates growth and Amplifiing the potency and
differentiation of persistence of anti-mycobacterial
hematopoietic cells, Thl-type immunity, augmenting
enhances the antigen-specific IFN-y-releasing
maturation, migration BCG + GM-CSF Mouse CD4* T cells, and enhancing [52]
GM-CSF and immune protection against
immunostimulatory subsequent mycobacterial
functions of challenges
Langerhans cells, . .
dendritic cells, and NK Enhancmg .defen.se agalpst M. .
cells tuberculosis infection by increasing
BCG + GM-CSF Mouse pulmonary DCs and [53,54]

antigen-specific immune cells and
heightening secretion of IL-12
upon pulmonary administration

2. Type I IFNs

The Type I IFN family stands out as a multifaceted cytokine group encompassing
13 partially homologous IFN« subtypes in humans (14 in mice), alongside a singular IFNf3
and several ambiguously characterized single gene products, namely IFN-¢, IEN-t, IFN-k,
IEN-w, IFN-¢, and IFN-C [55,56]. Type I IFNs exert a wide range of effects on both innate
and adaptive immune cells in response to viral, bacterial, parasitic, and fungal infections,
either directly or indirectly, by triggering the expression of other downstream functional
mediators [56]. Type I IFNs can stimulate the maturation of antigen-presenting cells (APCs),
elevate the expression of costimulatory signals, and augment their capacity for antigen
presentation or cross-presentation [57,58]. Studies conducted in murine models and human
subjects have elucidated the involvement of IFN-o/ 3 in directly modulating the differen-
tiation of both CD4" and CD8" T cells upon an initial antigen encounter [59]. Moreover,
IFN-o/ 3, alongside other innate cytokines, is recognized as a pivotal ‘third signal” in
determining the composition of the effector and memory T-cell reservoir [59]. Indeed, Type
I IFNs have been established as valuable natural adjuvants for human vaccine formula-
tions. Previous studies have reported a cytokine fusion protein-based COVID-19 vaccine
platform. It is an interferon-armed RBD fusion protein incorporating a Pan DR-binding
epitope (PADRE) T-helper epitope and Fc domain, named IPRE, suitable for intramuscular
injections and intranasal vaccinations without additional adjuvants [60-62]. Based on this
design, the human vaccine (V-01), developed by a subsidiary of Livzon Pharmaceutical
Group Inc. (Zhuhai, China), underwent three clinical trial phases, demonstrating high
neutralizing antibody responses and an excellent safety profile in both adult and elderly
groups following an intramuscular vaccination [63]. Consequently, V-01 has received
emergency use authorization in China as a booster vaccine.
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A comparative analysis revealed that BCG is less effective in inducing dendritic cell
(DC) maturation than M. tuberculosis, leading to the reduced expression of IFN-f3 and IL-12
in BCG-infected DCs compared to M. tuberculosis-stimulated cells. The supplementation
of BCG-infected DCs with exogenous IFN-{3, known for its immunomodulatory effects,
enhanced the Thl-type response, promoting a mature phenotype and increased secretion of
IL-12 [26]. Similarly, IFN-B-pretreated BCG-infected DCs exhibited markedly increased IL-
12 secretion in comparison to both BCG-infected DCs and M. tuberculosis-infected cells [27].
In animal and clinical studies, combining intravesical BCG with IFN-« for superficial blad-
der cancer exhibits enhanced efficacy compared to either agent alone. IFN-« significantly
boosts BCG-induced IFN-y production in bladder cancer patients, with most patients expe-
riencing a substantial increase. IFN-« also enhances BCG-induced IL-12 and TNF-« while
reducing IL-10 levels. IFN-o enhances BCG’s immune response by promoting Thl-type
cytokines and reducing Th2-type cytokines [28]. In another study, consecutive boosts
of IFN-« in BCG-vaccinated mice protected against M. lepraemurium infection [29]. Of
particular significance, intramuscular co-administration of IFN-« with the BCG vaccine
was demonstrated to enhance specific anti-mycobacterial Thl-type cytokine production in
both in vitro and in vivo settings, leading to a reduction in the bacterial burden after the M.
tuberculosis challenge. This reduction amounted to 0.3 logs in the lungs and a noteworthy
0.9 log decrease in bacterial load in the spleen compared to mice vaccinated solely with
BCG [30].

The precise roles of Type I IFNs in both the pathogenesis and control of mycobacterial
infections are still controversial and contingent upon the experimental conditions. One
clinical isolate of M. tuberculosis, HN878, was found to be exceptionally virulent, leading
to early death in immune-competent mice. HN878 infection elevated the levels of Type
I IFNs, further suppressing Thl-type immunity [64]. In vitro, monocytes demonstrated
effective control over the growth of M. bovis BCG. Uncontrolled mycobacterial growth was
observed when monocytes were exposed to Type I IFNs, suggesting that Type I IFNs may
develop a favorable intracellular environment to promote mycobacterial growth [65]. On
the contrary, administering aerosolized IFN-« to patients undergoing antimicrobial therapy
resulted in a swifter reduction in the bacilli counts detected in sputum and an amelioration
of pulmonary tuberculosis [66,67]. Recent studies have established the role of Type I IFNs
as innate immune enhancers for commercial vaccines against SARS-CoV-2 [60,62,63,68,69],
offering promise for the potential utilization of Type I IFNs as an adjuvant in combating
other pathogens. Type I IFNs improve dendritic cell functionality post-BCG infection,
potentially acting as a valuable adjuvant to boost BCG immunogenicity. Moreover, Type
I TFNs show promise in regulating the T-helper cell-mediated immune response, thereby
enhancing BCG-induced immunity against M. tuberculosis infections. In conclusion, owing
to their immunomodulatory properties and extensive clinical track record, Type I IFNs
stand out as promising candidates for adjuvant use in vaccination against pathogenic
mycobacterial infections.

3. Type II IFN

The Type II IEN family comprises a singular gene product, IFN-y, primarily synthe-
sized by T cells and natural-killer (NK) cells. IFN-y exhibits its biological effects on diverse
cell types expressing the IFN-y receptor (IFNYR) [56,70]. Biologically, IFN-y is a pleiotropic
cytokine with antiviral, antitumor, and immunomodulatory properties, thereby serving
a crucial function in orchestrating both innate and adaptive immune responses [71,72].
By acting on APCs, IFN-y enhances the expression of costimulatory molecules and cy-
tokines essential for activating T cells [73]. Precise levels of IFN-y appear to be essential
for the viability and functionality of effector memory CD4" T cells [74]. IFN-y facilitates
the proliferation of low-avidity T cells, enabling them to surpass the competitive edge of
high-avidity T cells while also enhancing the incorporation of high-avidity T cells into
the memory reservoir. This process ultimately lowers the average avidity of the initial
response and elevates that of the memory response [75]. The therapeutic potential of IFN-y
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against tuberculosis and multidrug-resistant tuberculosis (MDR-TB) has been extensively
investigated since the end of the last century. Multiple clinical trials have underscored
the effectiveness of IFN-y in treating tuberculosis [76]. While the clinical studies offer
valuable insights, they represent only a fraction of the comprehensive evaluation required
to ascertain the therapeutic capacity of IFN-y in tuberculosis and related mycobacterial
infections. More clinical trials are needed to refine our understanding and delineate the
precise therapeutic potential of IFN-y in this regard [77]. Alternatively, studies across
diverse animal models have reported the potential utility of various forms of IFN-y as
adjuvants for vaccines [78].

A multivalent vaccine containing six recombinant antigens (Ag85B, Rv(0934, ESAT-6,
CFP21, Mtb8.4, and Rv2031c) from M. tuberculosis was examined in mice, in conjunction
with a Ribi (monophosphoryl lipid A-trehalose dicorynomycolate) adjuvant [79] and IFN-
Y, leading to a marked reduction in colony-forming unit (CFU) counts upon exposure to
a virulent M. tuberculosis strain, mirroring the protective efficacy of the BCG vaccine [31].
Moreover, splenocyte proliferation, IFN-y secretion, and nitric oxide (NO) production were
significantly elevated in splenocytes derived from mice immunized with Ribi + 6Ag + IFN-y,
in contrast to those from mice immunized with Ribi + 6Ag [31]. Another approach evaluated
the protective effectiveness of a novel recombinant BCG strain (rBCG-AEI) expressing a fusion
protein comprising antigens Ag85B, ESAT-6, and IFN-y against M. tuberculosis H37Rv in
murine models. The rBCG-AEI elicited heightened specific antibody titers and significantly
bolstered cellular immune responses when contrasted with BCG, rBCG-A (expressing Ag85B),
and rBCG-AE (expressing Ag85B-ESAT-6) [32]. Protective assays illustrated that rBCG-AEI
conferred comparable or superior protection against M. tuberculosis infection regarding organ
bacterial burdens, lung-histopathological changes, and weight loss, underscoring its potential
as a promising candidate warranting further exploration [32]. These results confirm the
establishment of a vigorous cellular immune response bolstered by IFN-y in vaccinated mice,
correlating with heightened resilience against M. tuberculosis. An investigation evaluated the
effects of a recombinant BCG expressing IFN-y (BCG-IFN) on inflammation and tissue fibrosis.
Notably, intravenous administration of BCG-IEN resulted in decreased organ weight and
bacterial load by day 21 in comparison to control BCG-plasmid administration. Furthermore,
a reduction in inducible nitric oxide synthase (iINOS) mRNA, iNOS* cells, granulomas, and
liver hydroxyproline content with BCG-IFN suggested improved bacterial clearance and
diminished tissue pathology at mycobacterial infection sites [33]. These findings illustrate that
the localized expression of IFN gamma by the recombinant BCG enhances bacterial clearance,
leading to a concomitant reduction in tissue pathology. This effect mitigates the concern that
heightened immunoreactivity could exacerbate vaccination-related tissue damage.

The assessment of the IFN-y response to M. tuberculosis infections has been utilized in
both research and clinical settings to establish and evaluate new strategies for preventing,
diagnosing, and treating such infections [80]. The production of IFN-y serves as a functional
marker for murine T cells that impart adaptive immunity against M. tuberculosis [81].
Specifically, IFN-y plays a pivotal role in developing protective immunity against M.
tuberculosis infections, serving as a crucial mediator in activating macrophages [82]. In
conjunction with adjuvants and IFN-y, the multivalent vaccine exhibited a notable decrease
in bacterial counts and bolstered immune responses in murine subjects. Furthermore,
the recombinant BCG strain expressing distinct antigens and IFN-y displayed heightened
efficacy in shielding against M. tuberculosis infections in murine models. Hence, IFN-y is a
promising candidate for incorporation as an adjuvant in tuberculosis vaccine formulations.

4. IL-2

IL-2 is a member of the IL-2 superfamily containing six kinds of cytokines, namely
IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21, all of which share a common vy chain [83]. The
principal function of IL-2 is to initiate immune responses by promoting the proliferation and
differentiation of effector T cells, memory T cells, and NK cells [84]. IL-2 serves as a regulator
of IL-7Rx expression, thereby influencing CD4" memory T-cell homeostasis in vivo [85].
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Within CD8* cells, IL-2 can promote cellular proliferation and drive differentiation towards
memory and terminally differentiated lymphocytes [86]. IL-2 signals are critical for the
formation of long-lived CD8" T-cell memory [87]. Importantly, IL-2 has been reported as a
promising adjuvant for various vaccines against viruses, bacteria, and tumors [88-90].

A genetically modified BCG strain was constructed to encode human IL-2 and the ESAT-6
antigen from M. tuberculosis. This engineered BCG variant induced robust Th1l-type responses,
marked by enhanced lymphoproliferation, IFN-y secretion, and augmented cytotoxic T-
lymphocyte functionality [34]. In another approach, a DNA vaccine encoding a fusion protein
of M. tuberculosis heat shock protein 65 (Hsp65) with human IL-2-induced robust antigen-
specific immune responses, including antibody generation, IFN-y release, and activation of
CD4" and CD8* T cells, following M. fuberculosis H37Rv infection. Mice vaccinated with
the DNA construct displayed significantly reduced bacterial burdens in organs compared to
the control cohort, albeit falling short of the efficacy observed with BCG. Histopathological
analysis revealed attenuated pulmonary pathology in DNA-vaccinated mice akin to those
in BCG-immunized counterparts, in stark contrast to the saline control group [35]. Likewise,
mice immunized with HSP65-IL-2-DNA displayed a significant decrease in M. tuberculosis
colony counts in the spleen and lungs following a challenge with virulent M. tuberculosis
H37Rv. The HSP65-IL-2-DNA vaccine exhibited superior protective and therapeutic effects
when contrasted with the HSP65-DNA vaccine, indicating that incorporating IL-2 in the DNA
vaccine enhances its immunogenicity and effectiveness against M. tuberculosis by bolstering
a Thl-type immune response [36]. Moreover, incorporating IL-2 into a recombinant BCG
(rBCG-IL-2) vaccine elicited a Th1-type immune profile in both immunocompromised and
IL-4 transgenic mice. Pre-vaccination administration of dexamethasone before rBCG-IL-2
or BCG inoculation resulted in distinct immune responses: rBCG vaccination triggered a
robust Thl-type response characterized by IFN-gamma predominance, while BCG induced a
Th2-type response with IgG1 dominance [37].

The stimulatory impact of IL-2 on effector T cells (Teff) and NK cells prompted in-
vestigations of high-dose IL-2 for cancer therapy, leading to the approval of recombinant
human IL-2 (Aldesleukin) as the inaugural immunotherapy endorsed by the US Food
and Drug Administration for managing metastatic renal cell carcinoma (RCC) in 1992
and metastatic melanoma in 1998 [91]. The considerable clinical experience with IL-2 has
markedly enhanced its potential for advancing tuberculosis therapeutic agents and vaccine
adjuvants. IL-2 has been substantiated as an efficacious therapeutic agent in managing
MDR-TB [92]. In addition, continuous exposure to M. fuberculosis antigens resulted in T-cell
dysfunction, which could be effectively reversed through supplementation with IL-2 [93].
Consequently, IL-2 emerges as a promising candidate for incorporation as an adjuvant in
tuberculosis vaccine formulations.

5. IL-7 and IL-15

IL-7 and IL-15 are members of the IL-2 superfamily [94]. IL-7 is required for T-
cell development and for maintaining and restoring homeostasis of mature T cells [95].
IL-15 exhibits a wide array of functions in the modulation of both adaptive and innate
immune responses, mirroring the activities of IL-2 [96]. IL-7 and IL-15 exhibit a range
of effects concerning T-cell survival, activation, clonal expansion, and the development
and sustenance of memory cells. Specifically, IL-7 supports the survival of both naive
and memory T cells, while IL-15 plays a crucial role in the homeostatic proliferation of
memory CD8" T cells and the preservation of a constant level of CD8" T-cell memory [24].
The diverse biological functions of IL-7 underscore its significance as a crucial molecular
adjuvant for enhancing vaccine efficacy [97]. The crucial role of IL-15 in fostering enduring
immune memory and sustaining immune responses explains the significantly improved
vaccine immunity when integrating IL-15 molecules into vaccine formulations [98,99].

In a murine model of M. tuberculosis infection, the simultaneous administration of non-
lytic Fe-fused IL-7 DNA (IL-7-nFc) and Flt3-ligand-fused Mtb32 (F-Mtb32) DNA, alongside
chemotherapy, significantly augmented Mtb32-specific T-cell responses, persisting for up to a
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year post the final immunization [38]. Concomitant delivery of IL-7-nFc and F-Mtb32 DNA
also decreased M. tuberculosis reactivation following dexamethasone treatment, ameliorated
lung pathology, and reduced pulmonary inflammation. The heightened protection observed
with this combined approach was associated with increased Mtb32-specific IFN-y-secreting
CD4* and CD8* T-cell responses in the lungs and spleens, indicating the potential of IL-7-nFc
as a promising adjunct for tuberculosis DNA vaccines in clinical applications [38].

Immunization with rBCG-Ag85B-IL-15 (a recombinant BCG expressing a fusion pro-
tein Ag85B-IL-15) elevates the levels of IFN-y-producing CD8" and CD4* T cells, exceeding
the response induced by a rBCG expressing Ag85B alone (rBCG-Ag85B), resulting in
notable lung protection upon challenge with M. tuberculosis. The vaccination with rBCG-
Ag85B-IL-15, known for its ability to trigger potent cell-mediated immunity, presents a
promising avenue for an effective tuberculosis vaccine [39]. In another study, a modi-
fied vaccinia Ankara (MVA) construct, expressing five M. tuberculosis antigens and IL-15
(MVA/IL-15/5Mtb), exhibited enduring protective immunity lasting at least 16 months
post-initial vaccination. Homologous prime/boost with MVA /IL-15/5Mtb demonstrated
sustained protection on par with BCG immunization, characterized by heightened levels of
crucial immune markers post-tuberculous challenge [40].

Co-administration of IL-7 and IL-15 with the BCG vaccine markedly amplifies the
memory response of CD4* and CD8* T cells, resulting in increased T-cell proliferation, elevated
production of Thl-type cytokines, and the expansion of multifunctional M. tuberculosis-specific
memory T cells, in contrast to mice vaccinated solely with BCG. This enhancement significantly
diminishes the mycobacterial load in the lungs, underscoring the promise of IL-7 and IL-15
supplementation in enhancing the effectiveness of the BCG vaccine [41]. Similarly, mice
receiving tuberculosis subunit vaccines (LT70 [100] and MH [101]) in combination with
recombinant adenovirus encoding fusion cytokines IL-7-Linker-IL-15 (rAd-IL-7-Linker-IL-15)
regimen exhibited enhanced long-term immune responses and increased protective efficacy
against the BCG challenge compared to the control cohorts. The potential of rAd-IL-7-Linker-
IL-15 to augment the efficacy of tuberculosis subunit vaccines relies on its ability to strengthen
central memory-like T cells, thereby providing enduring protection against M. tuberculosis [42].

IL-7 is crucial for providing the essential survival signal during the transition from ef-
fector to memory CD8" T cells; however, the expression of the IL-7 receptor alone was not
adequate [102]. Studies have revealed that the combined signaling of IL-7 and IL-15 syner-
gistically fosters the development of memory T cells, highlighting the essential roles of both
cytokines in the initiation and sustenance of memory CD4" and CD8* T cells [103,104]. Con-
sequently, enhancing vaccines with IL-7 and IL-15 may offer a promising avenue to enhance
the enduring maintenance of memory T cells over the long term. Particularly, the exogenous
administration of IL-15 did not significantly affect the progression of M. tuberculosis infection, as
demonstrated by the absence of significant variations in the bacterial burden or T-cell numbers
between IL-15-treated mice and untreated controls [105]. In contrast, IL-15 secreted from the
IL-15-expressing rBCG represents a viable approach for fostering T-cell immunologic memory
triggered by BCG. Here, the sustained IL-15 release plays a crucial role in the maintenance of
memory T cells, as opposed to the rapid decline in cytokine efficacy observed when cytokines
are administered independently in the host [39]. In conclusion, the integration of IL-7 and
IL-15 with existing tuberculosis vaccines has shown significant promise in enhancing immune
responses and strengthening the defense against M. tuberculosis infections. It indicates a hopeful
direction for advancing more robust and long-lasting tuberculosis prevention strategies.

6. IL-12

IL-12, a member of the IL-12 family, encompasses four cytokines: 1L-12, IL-23, IL-27,
and IL-35. IL-12 consists of two subunits, IL-12p35 and IL-12p40, necessitating their con-
current expression within a single cell to release the bioactive disulfide-linked IL-12p70
cytokine [106]. IL-12 is a pro-inflammatory cytokine that governs T-cell and natural-killer-
cell responses, stimulates IFN-y production, promotes the differentiation of Th1-type cells,
and serves as a vital bridge between innate resistance and adaptive immunity [107]. In vivo
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studies have demonstrated that IL-12 enhances the expansion of CD8" T cells and promotes
the generation of memory cells during an immune response [108]. Given its immunostimu-
latory attributes, consistent interest persists in leveraging IL-12 as a vaccine adjuvant. IL-12
has been widely researched as an adjuvant for promoting protective immune responses,
including antibody induction, cell-mediated immunity, and the enhancement of mucosal
immunity [109-111].

Although BCG initially provided robust protection against early M. fuberculosis infection,
its efficacy waned over time [43]. Researchers investigated the impact of IL-12 as an immune
adjuvant in enhancing the effectiveness of BCG vaccination. Mice vaccinated solely with BCG
displayed decreased bacterial loads when challenged with M. tuberculosis; however, more
significant reductions were observed in those vaccinated with BCG in combination with IL-12.
Enhanced IFN-y production was detected in the spleen cells of mice that received BCG along
with IL-12 [44]. Similarly, co-administration of an IL-12 containing DNA construct with BCG
markedly elevated IFN-y levels compared to BCG alone. The combined administration of IL-
12 DNA vaccine constructs with BCG offered slightly improved protection in the early stages
and significantly enhanced protection in later stages compared to BCG alone. This synergistic
strategy elicited a more potent immune response and demonstrated superior effectiveness
in combating progressive M. tuberculosis infection [43]. In another investigation, a plasmid
encoding IL-12 markedly enhanced the protective efficacy of the DNA vaccine expressing
Ag85B against the M. tuberculosis challenge by amplifying T-cell responses. IL-12 has emerged
as a pivotal cytokine adjuvant for enhancing immune defenses against tuberculosis facilitated
by DNA vaccines [45]. Moreover, the efficacy of a composite DNA vaccine containing six genes
encoding key antigens from M. tuberculosis and Brucella abortus was evaluated, employing the
DNA-IL-12 adjuvant system. Mice immunized with the DNA vaccine along with DNA-IL-12
exhibited significantly decreased bacterial burdens in the lungs and spleen upon challenge
compared to those receiving the DNA vaccine alone [46]. The combined group demonstrated
heightened antigen-specific immune responses, characterized by increased levels of IFN-y,
enhanced CD4* and CD8" T-cell responses, elevated IgG titers, and a Th1-skewed immune
profile. These findings highlight the potential of IL-12 as an adjuvant in enhancing protective
immunity against both M. tuberculosis and B. abortus [46].

In response to M. tuberculosis infection, the upregulation of IL-12, a pivotal factor in
fostering Thl-type responses, drives the development of IFN-y-producing T cells [112].
Utilizing IL-12 as an adjuvant in DNA vaccines targeting multiple pathogens demonstrated
promising outcomes. While BCG can initiate Th1-type immune responses, the strength of
this response has waned over time [43]. Integrating IL-12 as an immune adjuvant with
BCG vaccination has significantly enhanced its protective efficacy against M. tuberculosis
infection. IL-12 holds promise in enhancing the efficacy of BCG vaccination by bolstering
the intensity of the Thl-type response prior to facing infectious challenges.

7. IL-21

IL-21, belonging to the IL-2 superfamily [113], binds to receptors on the surface of
various immune cells such as T cells, B cells, NK cells, DCs, and keratinocytes, indicating a
broad spectrum of biological effects [114]. IL-21 exhibits pleiotropic effects, ranging from
enhancing T-cell proliferation and promoting the differentiation of B cells into memory
cells and terminally differentiated plasma cells to boosting the function of natural-killer
cells [113,114]. Intrinsic IL-21 signaling in CD4* T cells is crucial for generating memory
CD4" T cells in vivo [115]. IL-21 has been demonstrated to synergistically interact with IL-
10 in facilitating the development of memory CD8" T cells [116]. The delineated biological
effects of IL-21 on NK cells, CD8" T cells, and B cells, in conjunction with its robust
antiviral efficacy demonstrated in murine models, position it as a promising candidate for
incorporation as a vaccine adjuvant [117].

Vaccination with a DNA vaccine pRSC-IL21-Ag85A (a plasmid co-expressing IL-21 and
Ag85A) in mice demonstrated enhanced immune responses compared to those vaccinated
with pRSC-Ag85A alone, performing the same level of efficacy of the BCG vaccination. This
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heightened response was comparable to the efficacy of BCG, indicating that IL-21 serves as
a promising adjuvant to enhance the immunogenicity of tuberculosis DNA vaccines [47].
Furthermore, the same group developed another DNA vaccine containing a fusion protein
of Ag85A, ESAT-6, and IL-21 (Ag85A-ESAT-6-IL-21) to assess its protective efficacy against
M. tuberculosis in mice. Following intranasal DNA vaccine priming and BCG boosting, this
strategy significantly increased NK cell and splenocyte cytotoxicity, elevated IFN-y levels in
the splenocyte supernatant, and enhanced sIgA levels in bronchoalveolar lavage compared
to a DNA vaccine or BCG immunization alone. The heterologous prime-boost approach
notably reduced bacterial loads in mouse lungs, highlighting a promising mucosal-targeted
vaccination strategy against tuberculosis [48]. In addition, the cationic nanoparticle-based
DNA vaccine Ag85A-ESAT-6-1L-21 exhibited a statistically significant enhancement in
protective efficacy against M. tuberculosis infection compared to the DNA vaccine Ag85A-
ESAT-6-IL-21 administered alone [49].

IL-21 can be generated by Thl-type and Th2-type cells and follicular CD4" T cells,
whose production is partially modulated by the specific microenvironment. The physiologi-
cal effects of IL-21 are extensive, encompassing established impacts on B cells, CD8* T cells,
NK cells, and DCs [114]. The incorporation of IL-21 as an adjuvant in DNA vaccines has
demonstrated substantial promise in augmenting immune responses against M. tuberculosis,
underscoring the potential of IL-21 in enhancing the immunogenicity of tuberculosis DNA
vaccines. Importantly, IL-21 exhibits a synergistic impact on the clonal expansion of CD8* T
cells when co-administered with either IL-7 or IL-15 [118]. Therefore, the selective combina-
tion of members within the IL-2 superfamily is promising for enhancing the investigation
of tuberculosis vaccine adjuvants.

8. GM-CSF

The CSF family predominantly comprises three canonical members: macrophage (M)-
CSF (or CSF-1), granulocyte (G)-CSF (or CSF-3), and GM-CSF (or CSF-2) [119]. GM-CSF
exhibits various biological effects, with its key impacts in vaccination being the enhance-
ment of maturation, migration, and immunostimulatory functions of Langerhans cells,
dendritic cells, and NK cells [120-122]. Additionally, GM-CSF boosts MHC class II expres-
sion on APCs, which is crucial for the antigen presentation to CD4" T-helper cells. GM-CSF
increases the expression of CD80, a costimulatory molecule essential for T-lymphocyte
activation, on Langerhans giant cells in vitro [123,124]. Furthermore, GM-CSF triggers a
local inflammation at the injection site, leading to the recruitment of APCs [125]. GM-CSF
has been employed as an adjuvant in vaccines to enhance immune responses against HIV
and COVID-19 infections and in cancer vaccine formulations [126].

Researchers aimed to boost the immunogenicity of a plasmid DNA vaccine for tuber-
culosis by incorporating Ag85A and GM-CSF genes and employing electroporation as a
delivery technique. The investigation revealed that electroporation facilitated comparable
efficacy between a single intramuscular DNA injection and repeated injections in activating
specific T cells. Concurrent expression of GM-CSF amplified T-cell activation and cytotoxic T-
lymphocyte (CTL) activities. While electroporation alone conferred robust immune protection,
GM-CSF expression moderately bolstered the systemic defense [50]. Additionally, in a murine
model utilizing BCG priming and DNA vaccine boosting, the DNA vaccine expressing Ag85A
and GM-CSF demonstrated a notable enhancement in cytotoxic T-lymphocyte activity, IFN-y
levels, and antibody titers compared to mice receiving BCG or standalone DNA vaccines. The
BCG priming, sequentially followed by DNA vaccine boosting, provided adequate immune
protection against the M. tuberculosis challenge [51]. The BCG, including AAGM-CSF (an aden-
oviral GM-CSF transgene-based adjuvant formulation), significantly amplified the potency
and persistence of anti-mycobacterial Thl-type immunity compared to BCG alone or with
a control vector. This improved vaccine formulation elicited a significant augmentation in
mycobacterial antigen-specific IFN-y releasing CD4* T cells, enhancing immune protection
against subsequent mycobacterial challenges [52]. Furthermore, researchers explored how the
BCG vaccine strain that delivered GM-CSF (BCG:GM-CSF) influenced immunity against M.
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tuberculosis. BCG:GM-CSF boosted the production and activity of APCs derived from murine
bone marrow, resulting in elevated levels of specialized immune cells and enhanced defense
against M. tuberculosis infection [53]. Subsequently, the same group delivered BCG:GM-CSF to
the lungs and noted an increase in pulmonary DC numbers and heightened secretion of IL-12,
surpassing the effects of standard BCG immunization. This targeted strategy facilitated the
rapid priming of antigen-specific CD4" T cells in lymph nodes and promoted the migration of
activated CD4"* T cells to the lungs [54].

The significant role of GM-CSF in modulating immune responses through its im-
pact on the antigen presentation process has been well-documented in disease models
encompassing both Thl-type and Th2-type immunities. Crucially, these investigations
illustrate that GM-CSF does not alter the fundamental nature of immune responses from
Thl-type to Th2-type or vice versa; instead, it enhances the immune response of either
phenotype [127-129]. GM-CSF plays a vital role in recruiting lymphocytes, fostering a
Thl-type response within the lungs, aiding in the formation of characteristic mononuclear
granulomas, and notably contributing to the control of M. tuberculosis bacterial growth [130].
Supplementation of AdGM-CSF to BCG enhanced Thl-type immunity, bolstering defense
against mycobacterial challenges. Furthermore, BCG:GM-CSF upregulated APCs produc-
tion and activity, fortifying protection against M. tuberculosis. Localized administration
of BCG:GM-CSF to the lungs augmented immune cell populations and IL-12 secretion,
facilitating an effective immune response against M. tuberculosis. In conclusion, integrating
GM-CSF with DNA vaccines targeting M. tuberculosis, particularly in conjunction with BCG
priming, has shown significant promise in enhancing immune responses and protective
efficacy, suggesting a strategic avenue for tuberculosis management.

In summary, Type I and Type II IENs, interleukins such as IL-2, IL-7, IL-15, IL-12, and
IL-21, along with GM-CSF used as an adjuvant, have the potential to significantly enhance
the efficacy of tuberculosis vaccines by modulating various stages of the immune response,
thereby augmenting their protective effects against tuberculosis (Figure 1).
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Figure 1. The potential roles of cytokines in potentiating immune responses induced by tuberculosis
vaccines. (A) Following vaccination, M. tuberculosis (MTB) vaccine molecules containing cytokines
are taken up by macrophages or dendritic cells (DCs). Antigen-loaded DCs are the primary antigen-
presenting cells (APCs). APCs, together with free vaccine molecules and cytokines, migrate through
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the lymphatics to the draining lymph nodes (DLNs), initiating an anti-TB immune response;
(B) Within the DLNs, mature APCs present MTB-antigen peptides on MHC class I and II molecules
to naive CD8* and CD4* T cells, respectively. APC-provided costimulatory signals facilitate the
induction of TB antigen-specific T-cell responses, such as those mediated by interactions between
CD80/CD86—-CD28, CD70-CD27, and CD40-CDA40L. These co-stimulations can be augmented by
potential adjuvants IFN-o/ 3, IFN-y, and GM-CSF, respectively; (C) Presentation of antigens to CD8*
T cells by APCs leads to the differentiation of cytotoxic T-lymphocytes (CTLs), a process further
bolstered by IL2 and IL-12, acting as an adjuvant; (D) Antigen presentation to CD4" T cells by APCs
results in the differentiation of various inflammatory T-cell subsets, including Th1 (facilitated by
IFN-y and IL-12), Th17 (promoted by IL-6, IL-21, IL-23, and TGF-$3), and T follicular helper (Tfh) cells
(assisted by IL-6 and IL-21). IL-15 and IL-7 play critical roles in preventing T cells from apoptosis
during the T-cell activation stage, enabling the generation of memory T cells. IL-21 synergizes with
IL-7 or IL-15 to promote the proliferation and survival of memory T cells; (E) B cells, activated either
directly by TB vaccine antigens or with the assistance of Tth cells (facilitated by IL-21), differenti-
ate into plasma cells and secret IgG and IgA; (F) CTLs and Th1 cells migrate to the infection site,
where they eliminate M. tuberculosis-infected macrophages through cytotoxicity and the secretion
of effector cytokines like IFN-y and TNF-a. Additionally, they secrete IL-2 to facilitate extensive
self-amplification of T cells; (G) Th17 cells also migrate to the infection site, producing IL-17 and
IL-22, which stimulate the production of neutrophil-attracting chemokines by respiratory epithelial
cells (not illustrated); (H) Neutrophils engage in phagocytosis to eradicate the extracellular free M.
tuberculosis. The cytokines highlighted in red are the focus of discussion in this review. This figure
was created with BioRender.com.

9. Conclusions and Perspectives

The future of tuberculosis vaccinations may require strategically incorporating cy-
tokines as adjuvants to optimize immune responses and bolster protection against M.
tuberculosis. Cytokines, such as Type I IFNs, Type II IEN, IL-2, IL-7, IL-15, IL-12, IL-21, and
GM-CSF, play crucial roles in regulating immune responses and have been investigated
as potential adjuvants in tuberculosis vaccines. These cytokines have shown promise in
enhancing immune responses, bolstering protective efficacy, and contributing to the devel-
opment of enduring immunity against M. tuberculosis. Notably, their integration into vac-
cine formulations has demonstrated significant potential in augmenting vaccine-induced
immune responses and protection against tuberculosis. Further research and clinical tri-
als are warranted to elucidate the optimal dosages, formulations, and delivery methods
of cytokine-adjuvanted vaccines. Additionally, exploring combinatorial approaches that
harness the synergistic effects of multiple cytokines may further enhance vaccine-induced
immunity. Recent advancements in vaccinology have introduced innovative technologies
poised to transform vaccine development. mRNA vaccine technology has emerged as
a powerful platform with the potential to revolutionize vaccine development due to its
unique advantages. Incorporating cytokines into RNA vaccine formulations holds promise
for directing the immune system to induce enhanced, enduring, and T/B-cell-balanced
vaccine immunity. Defining the cytokine profile of RNA vaccines could enable customized
immune responses tailored to the pathogen’s characteristics. Strategic cytokine utilization
may also reduce the effective RNA dose for protective immunity, thereby mitigating as-
sociated adverse effects from higher doses. While leveraging cytokines as adjuvants in
RINA vaccine prototypes presents substantial potential for refining vaccine efficacy and
precision, it necessitates a comprehensive evaluation of biological effects, safety profiles,
and regulatory compliance. Integrating mRNA vaccine technology with cytokine adju-
vants in tuberculosis vaccine development offers a promising strategy to enhance immune
responses, improve vaccine efficacy, and address the complex challenges associated with
tuberculosis control. By leveraging the synergistic effects of mRNA vaccines and cytokine
adjuvants, researchers can potentially develop more effective tuberculosis vaccines with
long-lasting memory immunity that contribute to the global efforts to combat tuberculosis
as a major public health concern. Lipid nanoparticles (LNPs) are indispensable delivery
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vehicles for mRNA vaccines. Nanoparticle vaccines, composed of natural or synthetic com-
ponents, are capable of delivering multivalent antigens simultaneously while safeguarding
stimulatory elements like cytokines at the periphery. This design allows for controlled
release at target sites, alleviating adjuvant toxicity and ensuring vaccine efficacy. Overall,
the exploration of appropriate cytokines as innovative adjuvants for the development of
secure and powerful M. tuberculosis vaccines, combined with the utilization of novel anti-
genic candidates and advanced technologies, opens a promising avenue for tuberculosis
prevention and treatment.

Author Contributions: Conceptualization, X.C., H.P. and Y.-X.F; writing—original draft preparation,
X.C.; writing—review and editing, X.C., H.P. and Y.-X.F,; funding acquisition, H.P. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was funded by the Emergency Key Program of Guangzhou Laboratory (grant
No. EKPG21-21 to Hua Peng).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chandra, P; Grigsby, S.J.; Philips, ].A. Inmune evasion and provocation by Mycobacterium tuberculosis. Nat. Rev. Microbiol. 2022,
20, 750-766. [CrossRef] [PubMed]

2. Houben, R.M.; Dodd, PJ. The Global Burden of Latent Tuberculosis Infection: A Re-estimation Using Mathematical Modelling.
PL0S Med. 2016, 13, €1002152. [CrossRef]

3. Pai, M.; Behr, M.A.; Dowdy, D.; Dheda, K.; Divangahi, M.; Boehme, C.C.; Ginsberg, A.; Swaminathan, S.; Spigelman, M.; Getahun,
H.; et al. Tuberculosis. Nat. Rev. Dis. Primers 2016, 2, 16076. [CrossRef]

4. Andersen, P; Scriba, T.J. Moving tuberculosis vaccines from theory to practice. Nat. Rev. Immunol. 2019, 19, 550-562. [CrossRef]

5. Marimani, M.; Ahmad, A.; Duse, A. The role of epigenetics, bacterial and host factors in progression of Mycobacterium tuberculosis
infection. Tuberculosis 2018, 113, 200-214. [CrossRef] [PubMed]

6. Uplekar, M.; Weil, D.; Lonnroth, K.; Jaramillo, E.; Lienhardt, C.; Dias, H.M.; Falzon, D.; Floyd, K.; Gargioni, G.; Getahun, H.; et al.
WHO's new end TB strategy. Lancet 2015, 385, 1799-1801. [CrossRef]

7. Kaufmann, S.H.E. Vaccine Development Against Tuberculosis Over the Last 140 Years: Failure as Part of Success. Front. Microbiol.
2021, 12, 750124. [CrossRef] [PubMed]

8. Dockrell, H.M.; McShane, H. Tuberculosis vaccines in the era of COVID-19—What is taking us so long? EBioMedicine 2022, 79,
103993. [CrossRef]

9. Lange, C,; Aaby, P; Behr, M.A_; Donald, P.R.; Kaufmann, S.H.E.; Netea, M.G.; Mandalakas, A.M. 100 years of Mycobacterium bovis
bacille Calmette-Guerin. Lancet Infect. Dis. 2022, 22, e2—-e12. [CrossRef]

10. Mangtani, P.; Abubakar, I.; Ariti, C.; Beynon, R.; Pimpin, L.; Fine, P.E.; Rodrigues, L.C.; Smith, P.G.; Lipman, M.; Whiting, PF,;
et al. Protection by BCG vaccine against tuberculosis: A systematic review of randomized controlled trials. Clin. Infect. Dis. 2014,
58, 470-480. [CrossRef]

11.  Nemes, E.; Geldenhuys, H.; Rozot, V.; Rutkowski, K.T.; Ratangee, F.; Bilek, N.; Mabwe, S.; Makhethe, L.; Erasmus, M.; Toefy, A.;
et al. Prevention of M. tuberculosis Infection with H4:IC31 Vaccine or BCG Revaccination. N. Engl. ]. Med. 2018, 379, 138-149.
[CrossRef] [PubMed]

12.  Van Der Meeren, O.; Hatherill, M.; Nduba, V.; Wilkinson, R.J.; Muyoyeta, M.; Van Brakel, E.; Ayles, HM.; Henostroza, G.;
Thienemann, E; Scriba, T.J.; et al. Phase 2b Controlled Trial of M72/AS01(E) Vaccine to Prevent Tuberculosis. N. Engl. ]. Med.
2018, 379, 1621-1634. [CrossRef] [PubMed]

13. Tait, D.R.; Hatherill, M.; Van Der Meeren, O.; Ginsberg, A.M.; Van Brakel, E.; Salaun, B.; Scriba, T.J.; Akite, E.J.; Ayles, H.M.;
Bollaerts, A.; et al. Final Analysis of a Trial of M72/AS01(E) Vaccine to Prevent Tuberculosis. N. Engl. J. Med. 2019, 381, 2429-2439.
[CrossRef] [PubMed]

14. Lai, R.; Ogunsola, A.F,; Rakib, T.; Behar, S.M. Key advances in vaccine development for tuberculosis—Success and challenges.
Npj Vaccines 2023, 8, 158. [CrossRef] [PubMed]

15. Gideon, H.P; Hughes, T.K.; Tzouanas, C.N.; Wadsworth, M.H.; Tu, A.A.; Gierahn, T.M.; Peters, ].M.; Hopkins, FF,; Wei, ].-R,;

Kummerlowe, C.; et al. Multimodal profiling of lung granulomas in macaques reveals cellular correlates of tuberculosis control.
Immunity 2022, 55, 827-846.e810. [CrossRef] [PubMed]


https://doi.org/10.1038/s41579-022-00763-4
https://www.ncbi.nlm.nih.gov/pubmed/35879556
https://doi.org/10.1371/journal.pmed.1002152
https://doi.org/10.1038/nrdp.2016.76
https://doi.org/10.1038/s41577-019-0174-z
https://doi.org/10.1016/j.tube.2018.10.009
https://www.ncbi.nlm.nih.gov/pubmed/30514504
https://doi.org/10.1016/S0140-6736(15)60570-0
https://doi.org/10.3389/fmicb.2021.750124
https://www.ncbi.nlm.nih.gov/pubmed/34691001
https://doi.org/10.1016/j.ebiom.2022.103993
https://doi.org/10.1016/S1473-3099(21)00403-5
https://doi.org/10.1093/cid/cit790
https://doi.org/10.1056/NEJMoa1714021
https://www.ncbi.nlm.nih.gov/pubmed/29996082
https://doi.org/10.1056/NEJMoa1803484
https://www.ncbi.nlm.nih.gov/pubmed/30280651
https://doi.org/10.1056/NEJMoa1909953
https://www.ncbi.nlm.nih.gov/pubmed/31661198
https://doi.org/10.1038/s41541-023-00750-7
https://www.ncbi.nlm.nih.gov/pubmed/37828070
https://doi.org/10.1016/j.immuni.2022.04.004
https://www.ncbi.nlm.nih.gov/pubmed/35483355

Vaccines 2024, 12, 477 15 of 19

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Dijkman, K.; Sombroek, C.C.; Vervenne, R.A.W.; Hofman, S.O.; Boot, C.; Remarque, E.J.; Kocken, C.H.M.; Ottenhoff, TH.M,;
Kondova, I.; Khayum, M. A ; et al. Prevention of tuberculosis infection and disease by local BCG in repeatedly exposed rhesus
macaques. Nat. Med. 2019, 25, 255-262. [CrossRef] [PubMed]

Fletcher, H.A.; Snowden, M.A ; Landry, B.; Rida, W.; Satti, I.; Harris, S.A.; Matsumiya, M.; Tanner, R.; O’Shea, M.K.; Dheenadhay-
alan, V,; et al. T-cell activation is an immune correlate of risk in BCG vaccinated infants. Nat. Commun. 2016, 7, 11290. [CrossRef]
[PubMed]

Netea, M.G.; Dominguez-Andrés, ].; Barreiro, L.B.; Chavakis, T.; Divangahi, M.; Fuchs, E.; Joosten, L.A.B.; van der Meer, ] W.M.;
Mhlanga, M.M.; Mulder, W.J.M.; et al. Defining trained immunity and its role in health and disease. Nat. Rev. Immunol. 2020, 20,
375-388. [CrossRef]

Chen, J.; Gao, L.; Wu, X,; Fan, Y,; Liu, M,; Peng, L.; Song, J.; Li, B.; Liu, A.; Bao, F. BCG-induced trained immunity: History,
mechanisms and potential applications. J. Transl. Med. 2023, 21, 106. [CrossRef]

Ogongo, P; Porterfield, ].Z.; Leslie, A. Lung Tissue Resident Memory T-Cells in the Immune Response to Mycobacterium tuberculosis.
Front. Immunol. 2019, 10, 459426. [CrossRef]

Liu, X,; Li, H.; Li, S.; Yuan, J.; Pang, Y. Maintenance and recall of memory T cell populations against tuberculosis: Implications for
vaccine design. Front. Immunol. 2023, 14, 1100741. [CrossRef] [PubMed]

Deckers, J.; Anbergen, T.; Hokke, A.M.; de Dreu, A.; Schrijver, D.P.; de Bruin, K.; Toner, Y.C.; Beldman, T.J.; Spangler, ].B.; de
Greef, TF.A; et al. Engineering cytokine therapeutics. Nat. Rev. Bioeng. 2023, 1, 286-303. [CrossRef]

Heath, A.W,; Playfair, ].H. Cytokines as immunological adjuvants. Vaccine 1992, 10, 427-434. [CrossRef] [PubMed]

Schluns, K.S.; Lefrancois, L. Cytokine control of memory T-cell development and survival. Nat. Rev. Immunol. 2003, 3, 269-279.
[CrossRef] [PubMed]

Tough, D.F; Sun, S.; Zhang, X.; Sprent, J. Stimulation of memory T cells by cytokines. Vaccine 2000, 18, 1642-1648. [CrossRef]
[PubMed]

Giacomini, E.; Remoli, M.E.; Gafa, V.; Pardini, M.; Fattorini, L.; Coccia, E.M. IFN-beta improves BCG immunogenicity by acting
on DC maturation. J. Leukoc. Biol. 2009, 85, 462-468. [CrossRef] [PubMed]

El-Sahrigy, S.A.F.; Rahman, A.; Samaha, D.Y.; Mohamed, N.A ; Saber, S.M.; Talkhan, H.A; Ismail, G.A.; Ibraheem, E.M.; Riad,
E.M. The influence of interferon-beta supplemented human dendritic cells on BCG immunogenicity. J. Immunol. Methods 2018,
457,15-21. [CrossRef] [PubMed]

Luo, Y.; Chen, X.; Downs, T.M.; DeWolf, W.C.; O’'Donnell, M.A. IFN-« 2B Enhances Th1 Cytokine Responses in Bladder Cancer
Patients Receiving Mycobacterium bovis Bacillus Calmette-Guérin Immunotherapy. J. Immunol. 1999, 162, 2399-2405. [CrossRef]
[PubMed]

Guerrero, G.G.; Rangel-Moreno, ].; Islas-Trujillo, S.; Rojas-Espinosa, O. Successive Intramuscular Boosting with IFN-Alpha
Protects Mycobacterium bovis BCG-Vaccinated Mice against M. lepraemurium Infection. Biomed. Res. Int. 2015, 2015, 414027.
[CrossRef] [PubMed]

Rivas-Santiago, C.E.; Guerrero, G.G. IFN-alpha Boosting of Mycobacterium bovis Bacillus Calmette Guerin-Vaccine Promoted Th1
Type Cellular Response and Protection against M. tuberculosis Infection. Biomed. Res. Int. 2017, 2017, 8796760. [CrossRef]
Hovav, A.H,; Fishman, Y.; Bercovier, H. Gamma interferon and monophosphoryl lipid A-trehalose dicorynomycolate are efficient
adjuvants for Mycobacterium tuberculosis multivalent acellular vaccine. Infect. Immun. 2005, 73, 250-257. [CrossRef] [PubMed]
Xu, Y,; Zhu, B.; Wang, Q.; Chen, J.; Qie, Y.; Wang, J.; Wang, H.; Wang, B.; Wang, H. Recombinant BCG coexpressing Ag85B, ESAT-6
and mouse-IFN-gamma confers effective protection against Mycobacterium tuberculosis in C57BL/6 mice. FEMS Immunol. Med.
Microbiol. 2007, 51, 480-487. [CrossRef]

Wangoo, A.; Brown, LN.; Marshall, B.G.; Cook, H.T.; Young, D.B.; Shaw, R.J. Bacille Calmette-Guerin (BCG)-associated inflamma-
tion and fibrosis: Modulation by recombinant BCG expressing interferon-gamma (IFN-gamma). Clin. Exp. Immunol. 2000, 119,
92-98. [CrossRef] [PubMed]

Fan, X.L.; Yu, TH.; Gao, Q.; Yao, W. Immunological properties of recombinant Mycobacterium bovis bacillus Calmette-Guerin
strain expressing fusion protein IL-2-ESAT-6. Acta Biochim. Biophys. Sin. 2006, 38, 683-690. [CrossRef] [PubMed]

Wang, L.M.; Bai, Y.L.; Shi, C.H.; Gao, H.; Xue, Y,; Jiang, H.; Xu, Z.K. Inmunogenicity and protective efficacy of a DNA vaccine
encoding the fusion protein of mycobacterium heat shock protein 65 (Hsp65) with human interleukin-2 against Mycobacterium
tuberculosis in BALB/c mice. APMIS 2008, 116, 1071-1081. [CrossRef]

Changhong, S.; Hai, Z.; Limei, W,; Jiaze, A.; Li, X,; Tingfen, Z.; Zhikai, X.; Yong, Z. Therapeutic efficacy of a tuberculosis DNA
vaccine encoding heat shock protein 65 of Mycobacterium tuberculosis and the human interleukin 2 fusion gene. Tuberculosis 2009,
89, 54-61. [CrossRef]

Young, S.L.; O’Donnell, M.A.; Buchan, G.S. IL-2-secreting recombinant bacillus Calmette Guerin can overcome a Type 2 immune
response and corticosteroid-induced immunosuppression to elicit a Type 1 immune response. Int. Immunol. 2002, 14, 793-800.
[CrossRef]

Ahn, S.S,; Jeon, B.Y.; Park, S.J.; Choi, D.H.; Ku, S.H.; Cho, S.N.; Sung, Y.C. Nonlytic Fc-fused IL-7 synergizes with Mtb32 DNA
vaccine to enhance antigen-specific T cell responses in a therapeutic model of tuberculosis. Vaccine 2013, 31, 2884-2890. [CrossRef]
Tang, C.; Yamada, H.; Shibata, K.; Maeda, N.; Yoshida, S.; Wajjwalku, W.; Ohara, N.; Yamada, T.; Kinoshita, T.; Yoshikai, Y. Efficacy
of recombinant bacille Calmette-Guerin vaccine secreting interleukin-15/antigen 85B fusion protein in providing protection
against Mycobacterium tuberculosis. ]. Infect. Dis. 2008, 197, 1263-1274. [CrossRef]


https://doi.org/10.1038/s41591-018-0319-9
https://www.ncbi.nlm.nih.gov/pubmed/30664782
https://doi.org/10.1038/ncomms11290
https://www.ncbi.nlm.nih.gov/pubmed/27068708
https://doi.org/10.1038/s41577-020-0285-6
https://doi.org/10.1186/s12967-023-03944-8
https://doi.org/10.3389/fimmu.2019.00992
https://doi.org/10.3389/fimmu.2023.1100741
https://www.ncbi.nlm.nih.gov/pubmed/37063832
https://doi.org/10.1038/s44222-023-00030-y
https://doi.org/10.1016/0264-410x(92)90389-2
https://www.ncbi.nlm.nih.gov/pubmed/1609545
https://doi.org/10.1038/nri1052
https://www.ncbi.nlm.nih.gov/pubmed/12669018
https://doi.org/10.1016/s0264-410x(99)00500-9
https://www.ncbi.nlm.nih.gov/pubmed/10689142
https://doi.org/10.1189/jlb.0908583
https://www.ncbi.nlm.nih.gov/pubmed/19056860
https://doi.org/10.1016/j.jim.2018.03.003
https://www.ncbi.nlm.nih.gov/pubmed/29522775
https://doi.org/10.4049/jimmunol.162.4.2399
https://www.ncbi.nlm.nih.gov/pubmed/9973521
https://doi.org/10.1155/2015/414027
https://www.ncbi.nlm.nih.gov/pubmed/26484351
https://doi.org/10.1155/2017/8796760
https://doi.org/10.1128/IAI.73.1.250-257.2005
https://www.ncbi.nlm.nih.gov/pubmed/15618161
https://doi.org/10.1111/j.1574-695X.2007.00322.x
https://doi.org/10.1046/j.1365-2249.2000.01100.x
https://www.ncbi.nlm.nih.gov/pubmed/10606969
https://doi.org/10.1111/j.1745-7270.2006.00217.x
https://www.ncbi.nlm.nih.gov/pubmed/17033714
https://doi.org/10.1111/j.1600-0463.2008.01095.x
https://doi.org/10.1016/j.tube.2008.09.005
https://doi.org/10.1093/intimm/dxf050
https://doi.org/10.1016/j.vaccine.2013.04.029
https://doi.org/10.1086/586902

Vaccines 2024, 12, 477 16 of 19

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Kolibab, K.; Yang, A.; Derrick, S.C.; Waldmann, T.A.; Perera, L.P.; Morris, S.L. Highly persistent and effective prime/boost
regimens against tuberculosis that use a multivalent modified vaccine virus Ankara-based tuberculosis vaccine with interleukin-15
as a molecular adjuvant. Clin. Vaccine Immunol. 2010, 17, 793-801. [CrossRef]

Singh, V.; Gowthaman, U.; Jain, S.; Parihar, P; Banskar, S.; Gupta, P.; Gupta, U.D.; Agrewala, ].N. Coadministration of interleukins
7 and 15 with bacille Calmette-Guerin mounts enduring T cell memory response against Mycobacterium tuberculosis. J. Infect. Dis.
2010, 202, 480-489. [CrossRef] [PubMed]

Bai, C.; Zhou, L,; Tang, J.; He, J.; Han, J.; Niu, H.; Zhu, B. Fusion Cytokines IL-7-Linker-IL-15 Promote Mycobacterium tuberculosis
Subunit Vaccine to Induce Central Memory like T Cell-Mediated Immunity. Vaccines 2020, 8, 715. [CrossRef] [PubMed]

Jeon, B.Y; Eoh, H.; Ha, S.J.; Bang, H.; Kim, S.C.; Sung, Y.C.; Cho, S.N. Co-immunization of plasmid DNA encoding IL-12 and IL-18
with Bacillus Calmette-Guerin vaccine against progressive tuberculosis. Yonsei Med. J. 2011, 52, 1008-1015. [CrossRef] [PubMed]
Freidag, B.L.; Melton, G.B.; Collins, F,; Klinman, D.M.; Cheever, A.; Stobie, L.; Suen, W.; Seder, R.A. CpG oligodeoxynucleotides
and interleukin-12 improve the efficacy of Mycobacterium bovis BCG vaccination in mice challenged with M. tuberculosis. Infect.
Immun. 2000, 68, 2948-2953. [CrossRef] [PubMed]

Wozniak, TM.; Ryan, A.A,; Triccas, J.A.; Britton, W.J. Plasmid interleukin-23 (IL-23), but not plasmid IL-27, enhances the protective
efficacy of a DNA vaccine against Mycobacterium tuberculosis infection. Infect. Immun. 2006, 74, 557-565. [CrossRef] [PubMed]
Yu, D.H.; Li, M; Hu, X.D,; Cai, H. A combined DNA vaccine enhances protective immunity against Mycobacterium tuberculosis
and Brucella abortus in the presence of an IL-12 expression vector. Vaccine 2007, 25, 6744-6754. [CrossRef]

Dou, J.; Tang, Q.; Zhao, F; Chu, L.; Chen, J.; Cao, M,; Liu, C.; Wang, Y,; Li, Y.; Li, ].L. Comparison of immune responses induced
in mice by vaccination with DNA vaccine constructs expressing mycobacterial antigen 85A and interleukin-21 and Bacillus
Galmette-Guerin. Immunol. Investig. 2008, 37, 113-127. [CrossRef] [PubMed]

Dou, J.; Wang, Y.; Yu, F; Yang, H.; Wang, J.; He, X.; Xu, W.; Chen, J.; Hu, K. Protection against Mycobacterium tuberculosis challenge
in mice by DNA vaccine Ag85A-ESAT-6-IL-21 priming and BCG boosting. Int. |. Immunogenet. 2012, 39, 183-190. [CrossRef]
Yu, F; Wang, J.; Dou, J.; Yang, H.; He, X.; Xu, W.; Zhang, Y.; Hu, K.; Gu, N. Nanoparticle-based adjuvant for enhanced protective
efficacy of DNA vaccine Ag85A-ESAT-6-IL-21 against Mycobacterium tuberculosis infection. Nanomedicine 2012, 8, 1337-1344.
[CrossRef]

Zhang, X.; Divangahi, M.; Ngai, P.; Santosuosso, M.; Millar, J.; Zganiacz, A.; Wang, J.; Bramson, J.; Xing, Z. Intramuscular
immunization with a monogenic plasmid DNA tuberculosis vaccine: Enhanced immunogenicity by electroporation and co-
expression of GM-CSF transgene. Vaccine 2007, 25, 1342-1352. [CrossRef]

Dou, J.; Tang, Q.; Yu, E; Yang, H.; Zhao, F.; Xu, W.; Wang, J.; Hu, W.; Hu, K; Liou, C.; et al. Investigation of immunogenic effect of
the BCG priming and Ag85A-GM-CSF boosting in Balb/c mice model. Immunobiology 2010, 215, 133-142. [CrossRef] [PubMed]
Wang, J.; Zganiacz, A.; Xing, Z. Enhanced immunogenicity of BCG vaccine by using a viral-based GM-CSF transgene adjuvant
formulation. Vaccine 2002, 20, 2887-2898. [CrossRef] [PubMed]

Ryan, A.A.; Wozniak, T.M.; Shklovskaya, E.; O’'Donnell, M.A.; Fazekas de St Groth, B.; Britton, W.J.; Triccas, J.A. Improved
protection against disseminated tuberculosis by Mycobacterium bovis bacillus Calmette-Guerin secreting murine GM-CSF is
associated with expansion and activation of APCs. J. Immunol. 2007, 179, 8418-8424. [CrossRef]

Nambiar, ] K.; Ryan, A.A.; Kong, C.U.,; Britton, W.J.; Triccas, J.A. Modulation of pulmonary DC function by vaccine-encoded
GM-CSF enhances protective immunity against Mycobacterium tuberculosis infection. Eur. J. Immunol. 2010, 40, 153-161. [CrossRef]
Pestka, S.; Krause, C.D.; Walter, M.R. Interferons, interferon-like cytokines, and their receptors. Immunol. Rev. 2004, 202, 8-32.
[CrossRef] [PubMed]

McNab, E,; Mayer-Barber, K.; Sher, A.; Wack, A.; O’Garra, A. Type I interferons in infectious disease. Nat. Rev. Immunol. 2015, 15,
87-103. [CrossRef] [PubMed]

Diamond, M.S.; Kinder, M.; Matsushita, H.; Mashayekhi, M.; Dunn, G.P.; Archambault, ].M.; Lee, H.; Arthur, C.D.; White, ].M.;
Kalinke, U; et al. Type I interferon is selectively required by dendritic cells for immune rejection of tumors. J. Exp. Med. 2011, 208,
1989-2003. [CrossRef]

Cao, X,; Liang, Y.; Hu, Z; Li, H.; Yang, ].; Hsu, E.J.; Zhu, ].; Zhou, J.; Fu, Y.X. Next generation of tumor-activating type I IFN
enhances anti-tumor immune responses to overcome therapy resistance. Nat. Commun. 2021, 12, 5866. [CrossRef] [PubMed]
Huber, ]J.P,; Farrar, ].D. Regulation of effector and memory T-cell functions by type I interferon. Immunology 2011, 132, 466—474.
[CrossRef]

Sun, S.; Cai, Y.; Song, T.Z,; Pu, Y.; Cheng, L.; Xu, H.; Sun, J.; Meng, C.; Lin, Y,; Huang, H.; et al. Interferon-armed RBD dimer
enhances the immunogenicity of RBD for sterilizing immunity against SARS-CoV-2. Cell Res. 2021, 31, 1011-1023. [CrossRef]
Sun, S.; Chen, X,; Lin, J.; Ai, J.; Yang, J.; Hu, Z.; Fu, Y.X,; Peng, H. Broad neutralization against SARS-CoV-2 variants induced by a
next-generation protein vaccine V-01. Cell Discov. 2021, 7, 114. [CrossRef] [PubMed]

Lin, Y,; Sun, J.; Cao, X.; Wang, X.; Chen, X.; Xu, H.; Zhao, J.; Fu, Y.X,; Peng, H. Non-adjuvanted interferon-armed RBD protein
nasal drops protect airway infection from SARS-CoV-2. Cell Discov. 2022, 8, 43. [CrossRef] [PubMed]

Wang, X.Y.; Mahmood, S.F; Jin, F.; Cheah, W.K.; Ahmad, M.; Sohail, M.A.; Ahmad, W.; Suppan, V.K; Sayeed, M.A.; Luxmi, S.;
et al. Efficacy of heterologous boosting against SARS-CoV-2 using a recombinant interferon-armed fusion protein vaccine (V-01):
A randomized, double-blind and placebo-controlled phase III trial. Emerg. Microbes Infect. 2022, 11, 1910-1919. [CrossRef]


https://doi.org/10.1128/CVI.00006-10
https://doi.org/10.1086/653827
https://www.ncbi.nlm.nih.gov/pubmed/20569158
https://doi.org/10.3390/vaccines8040715
https://www.ncbi.nlm.nih.gov/pubmed/33271822
https://doi.org/10.3349/ymj.2011.52.6.1008
https://www.ncbi.nlm.nih.gov/pubmed/22028167
https://doi.org/10.1128/IAI.68.5.2948-2953.2000
https://www.ncbi.nlm.nih.gov/pubmed/10768993
https://doi.org/10.1128/IAI.74.1.557-565.2006
https://www.ncbi.nlm.nih.gov/pubmed/16369012
https://doi.org/10.1016/j.vaccine.2007.06.061
https://doi.org/10.1080/08820130701690741
https://www.ncbi.nlm.nih.gov/pubmed/18300037
https://doi.org/10.1111/j.1744-313X.2011.01066.x
https://doi.org/10.1016/j.nano.2012.02.015
https://doi.org/10.1016/j.vaccine.2006.09.089
https://doi.org/10.1016/j.imbio.2009.04.002
https://www.ncbi.nlm.nih.gov/pubmed/19450898
https://doi.org/10.1016/s0264-410x(02)00241-4
https://www.ncbi.nlm.nih.gov/pubmed/12126899
https://doi.org/10.4049/jimmunol.179.12.8418
https://doi.org/10.1002/eji.200939665
https://doi.org/10.1111/j.0105-2896.2004.00204.x
https://www.ncbi.nlm.nih.gov/pubmed/15546383
https://doi.org/10.1038/nri3787
https://www.ncbi.nlm.nih.gov/pubmed/25614319
https://doi.org/10.1084/jem.20101158
https://doi.org/10.1038/s41467-021-26112-2
https://www.ncbi.nlm.nih.gov/pubmed/34620867
https://doi.org/10.1111/j.1365-2567.2011.03412.x
https://doi.org/10.1038/s41422-021-00531-8
https://doi.org/10.1038/s41421-021-00350-6
https://www.ncbi.nlm.nih.gov/pubmed/34845195
https://doi.org/10.1038/s41421-022-00411-4
https://www.ncbi.nlm.nih.gov/pubmed/35538073
https://doi.org/10.1080/22221751.2022.2088406

Vaccines 2024, 12, 477 17 of 19

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.
87.

88.

89.

Manca, C.; Tsenova, L.; Bergtold, A.; Freeman, S.; Tovey, M.; Musser, ] M.; Barry, C.E., 3rd; Freedman, V.H.; Kaplan, G. Virulence
of a Mycobacterium tuberculosis clinical isolate in mice is determined by failure to induce Th1l type immunity and is associated
with induction of IFN-alpha /beta. Proc. Natl. Acad. Sci. USA 2001, 98, 5752-5757. [CrossRef] [PubMed]

Bouchonnet, F.; Boechat, N.; Bonay, M.; Hance, A.]. Alpha/beta interferon impairs the ability of human macrophages to control
growth of Mycobacterium bovis BCG. Infect. Immun. 2002, 70, 3020-3025. [CrossRef] [PubMed]

Giosue, S.; Casarini, M.; Alemanno, L.; Galluccio, G.; Mattia, P.; Pedicelli, G.; Rebek, L.; Bisetti, A.; Ameglio, F. Effects of
aerosolized interferon-alpha in patients with pulmonary tuberculosis. Am. ]. Respir. Crit. Care Med. 1998, 158, 1156-1162.
[CrossRef] [PubMed]

Giosue, S.; Casarini, M.; Ameglio, F.; Zangrilli, P.; Palla, M.; Altieri, A.M.; Bisetti, A. Aerosolized interferon-alpha treatment in
patients with multi-drug-resistant pulmonary tuberculosis. Eur. Cytokine Netw. 2000, 11, 99-104. [PubMed]

Proietti, E.; Bracci, L.; Puzelli, S.; Di Pucchio, T.; Sestili, P.; De Vincenzi, E.; Venditti, M.; Capone, I; Seif, I.; De Maeyer, E.; et al.
Type I IFN as a natural adjuvant for a protective immune response: Lessons from the influenza vaccine model. J. Immunol. 2002,
169, 375-383. [CrossRef] [PubMed]

Zhang, Z.; He, Q.; Zhao, W.; Li, Y,; Yang, J.; Hu, Z.; Chen, X.; Peng, H.; Fu, Y.X,; Chen, L.; et al. A Heterologous V-01 or
Variant-Matched Bivalent V-01D-351 Booster following Primary Series of Inactivated Vaccine Enhances the Neutralizing Capacity
against SARS-CoV-2 Delta and Omicron Strains. . Clin. Med. 2022, 11, 4164. [CrossRef]

Schoenborn, J.R.; Wilson, C.B. Regulation of interferon-gamma during innate and adaptive immune responses. Adv. Immunol.
2007, 96, 41-101. [CrossRef]

Mendoza, ].L.; Escalante, N.K.; Jude, K.M.; Sotolongo Bellon, ].; Su, L.; Horton, T.M.; Tsutsumi, N.; Berardinelli, S.J.; Haltiwanger,
R.S.; Piehler, J.; et al. Structure of the IFNgamma receptor complex guides design of biased agonists. Nature 2019, 567, 56-60.
[CrossRef] [PubMed]

Jorgovanovic, D.; Song, M.; Wang, L.; Zhang, Y. Roles of IFN-gamma in tumor progression and regression: A review. Biomark.
Res. 2020, 8, 49. [CrossRef] [PubMed]

Pan, J.; Zhang, M.; Wang, J.; Wang, Q.; Xia, D.; Sun, W.; Zhang, L.; Yu, H; Liu, Y.; Cao, X. Interferon-gamma is an autocrine
mediator for dendritic cell maturation. Immunol. Lett. 2004, 94, 141-151. [CrossRef] [PubMed]

Borges da Silva, H.; Fonseca, R.; Alvarez, ] M.; D’'Imperio Lima, M.R. IFN-gamma Priming Effects on the Maintenance of Effector
Memory CD4* T Cells and on Phagocyte Function: Evidences from Infectious Diseases. J. Immunol. Res. 2015, 2015, 202816.
[CrossRef] [PubMed]

Uhl, L.EK.; Cai, H.; Oram, S.L.; Mahale, J.N.; MacLean, A.J.; Mazet, ].M.; Piccirilli, T.; He, A.J.; Lau, D.; Elliott, T.; et al.
Interferon-gamma couples CD8* T cell avidity and differentiation during infection. Nat. Commun. 2023, 14, 6727. [CrossRef]
[PubMed]

Berns, S.A.; Isakova, J.A.; Pekhtereva, PI. Therapeutic potential of interferon-gamma in tuberculosis. ADMET DMPK 2022, 10,
63-73. [CrossRef] [PubMed]

Reljic, R.; Paul, M.J.; Arias, M.A. Cytokine therapy of tuberculosis at the crossroads. Expert. Rev. Respir. Med. 2009, 3, 53-66.
[CrossRef] [PubMed]

Wang, H.; Guo, M.; Tang, X.; Xing, J.; Sheng, X.; Chi, H.; Zhan, W. Inmune adjuvant effects of interferon-gamma (IFN-gamma) of
flounder (Paralichthys olivaceus) against Edwardsiella tarda. Dev. Comp. Immunol. 2021, 123, 104159. [CrossRef]

Chaitra, M.G.; Nayak, R.; Shaila, M.S. Modulation of immune responses in mice to recombinant antigens from PE and PPE
families of proteins of Mycobacterium tuberculosis by the Ribi adjuvant. Vaccine 2007, 25, 7168-7176. [CrossRef]

Lalvani, A.; Millington, K.A. T Cells and Tuberculosis: Beyond Interferon-gamma. J. Infect. Dis. 2008, 197, 941-943. [CrossRef]
Orme, I.M.; Miller, E.S.; Roberts, A.D.; Furney, S.K.; Griffin, ].P.; Dobos, K.M.; Chi, D.; Rivoire, B.; Brennan, PJ. T lymphocytes
mediating protection and cellular cytolysis during the course of Mycobacterium tuberculosis infection. Evidence for different
kinetics and recognition of a wide spectrum of protein antigens. J. Immunol. 1992, 148, 189-196. [CrossRef] [PubMed]

Flynn, J.L.; Chan, J.; Triebold, K.J.; Dalton, D.K,; Stewart, T.A.; Bloom, B.R. An essential role for interferon gamma in resistance to
Moycobacterium tuberculosis infection. J. Exp. Med. 1993, 178, 2249-2254. [CrossRef] [PubMed]

Zhou, Y.; Quan, G.; Liu, Y;; Shi, N.; Wu, Y,; Zhang, R.; Gao, X.; Luo, L. The application of Interleukin-2 family cytokines in tumor
immunotherapy research. Front. Immunol. 2023, 14, 1090311. [CrossRef] [PubMed]

Wrangle, ]. M.; Patterson, A.; Johnson, C.B.; Neitzke, D.]J.; Mehrotra, S.; Denlinger, C.E.; Paulos, C.M.; Li, Z.; Cole, D.].; Rubinstein,
M.P. IL-2 and Beyond in Cancer Immunotherapy. J. Interferon Cytokine Res. 2018, 38, 45-68. [CrossRef]

Dooms, H.; Wolslegel, K.; Lin, P; Abbas, A.K. Interleukin-2 enhances CD4" T cell memory by promoting the generation of IL-7R
alpha-expressing cells. J. Exp. Med. 2007, 204, 547-557. [CrossRef] [PubMed]

Rosenberg, S.A. IL-2: The first effective immunotherapy for human cancer. J. Immunol. 2014, 192, 5451-5458. [CrossRef] [PubMed]
Kalia, V.; Sarkar, S. Regulation of Effector and Memory CD8 T Cell Differentiation by IL-2-A Balancing Act. Front. Immunol. 2018,
9, 2987. [CrossRef]

Rompato, G.; Ling, E.; Chen, Z.; Van Kruiningen, H.; Garmendia, A.E. Positive inductive effect of IL-2 on virus-specific cellular
responses elicited by a PRRSV-ORF7 DNA vaccine in swine. Vet. Immunol. Immunopathol. 2006, 109, 151-160. [CrossRef] [PubMed]
Deng, Z.; Geng, Y.; Wang, K.; Yu, Z.; Yang, P.O.; Yang, Z.; He, C.; Huang, C.; Yin, L.; He, M.; et al. Adjuvant effects of interleukin-2
co-expression with VP60 in an oral vaccine delivered by attenuated Salmonella typhimurium against rabbit hemorrhagic disease.
Vet. Microbiol. 2019, 230, 49-55. [CrossRef]


https://doi.org/10.1073/pnas.091096998
https://www.ncbi.nlm.nih.gov/pubmed/11320211
https://doi.org/10.1128/IAI.70.6.3020-3025.2002
https://www.ncbi.nlm.nih.gov/pubmed/12010993
https://doi.org/10.1164/ajrccm.158.4.9803065
https://www.ncbi.nlm.nih.gov/pubmed/9769275
https://www.ncbi.nlm.nih.gov/pubmed/10705306
https://doi.org/10.4049/jimmunol.169.1.375
https://www.ncbi.nlm.nih.gov/pubmed/12077267
https://doi.org/10.3390/jcm11144164
https://doi.org/10.1016/S0065-2776(07)96002-2
https://doi.org/10.1038/s41586-019-0988-7
https://www.ncbi.nlm.nih.gov/pubmed/30814731
https://doi.org/10.1186/s40364-020-00228-x
https://www.ncbi.nlm.nih.gov/pubmed/33005420
https://doi.org/10.1016/j.imlet.2004.05.003
https://www.ncbi.nlm.nih.gov/pubmed/15234546
https://doi.org/10.1155/2015/202816
https://www.ncbi.nlm.nih.gov/pubmed/26509177
https://doi.org/10.1038/s41467-023-42455-4
https://www.ncbi.nlm.nih.gov/pubmed/37872155
https://doi.org/10.5599/admet.1078
https://www.ncbi.nlm.nih.gov/pubmed/35360672
https://doi.org/10.1586/17476348.3.1.53
https://www.ncbi.nlm.nih.gov/pubmed/20477282
https://doi.org/10.1016/j.dci.2021.104159
https://doi.org/10.1016/j.vaccine.2007.07.026
https://doi.org/10.1086/529049
https://doi.org/10.4049/jimmunol.148.1.189
https://www.ncbi.nlm.nih.gov/pubmed/1727865
https://doi.org/10.1084/jem.178.6.2249
https://www.ncbi.nlm.nih.gov/pubmed/7504064
https://doi.org/10.3389/fimmu.2023.1090311
https://www.ncbi.nlm.nih.gov/pubmed/36936961
https://doi.org/10.1089/jir.2017.0101
https://doi.org/10.1084/jem.20062381
https://www.ncbi.nlm.nih.gov/pubmed/17312008
https://doi.org/10.4049/jimmunol.1490019
https://www.ncbi.nlm.nih.gov/pubmed/24907378
https://doi.org/10.3389/fimmu.2018.02987
https://doi.org/10.1016/j.vetimm.2005.08.015
https://www.ncbi.nlm.nih.gov/pubmed/16162362
https://doi.org/10.1016/j.vetmic.2019.01.008

Vaccines 2024, 12, 477 18 of 19

90.

91.

92.

93.

94.

95.

96.

97.

98.
99.

100.

101.

102.

103.

104.
105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Baek, S.; Kim, Y.M.; Kim, S.B.; Kim, C.S.; Kwon, SW.; Kim, Y.; Kim, H.; Lee, H. Therapeutic DC vaccination with IL-2 as a
consolidation therapy for ovarian cancer patients: A phase I/1I trial. Cell Mol. Immunol. 2015, 12, 87-95. [CrossRef]

Raeber, M.E.; Sahin, D.; Karakus, U.; Boyman, O. A systematic review of interleukin-2-based immunotherapies in clinical trials
for cancer and autoimmune diseases. EBioMedicine 2023, 90, 104539. [CrossRef]

Johnson, B.; Bekker, L.G.; Ress, S.; Kaplan, G. Recombinant interleukin 2 adjunctive therapy in multidrug-resistant tuberculosis.
Novartis Found. Symp. 1998, 217, 99-106; Discussion 106-111. [CrossRef]

Liu, X,; Li, F; Niu, H.; Ma, L.; Chen, J.; Zhang, Y.; Peng, L.; Gan, C.; Ma, X.; Zhu, B. IL-2 Restores T-Cell Dysfunction Induced by
Persistent Mycobacterium tuberculosis Antigen Stimulation. Front. Immunol. 2019, 10, 2350. [CrossRef] [PubMed]

Lin, J.; Zhu, Z.; Xiao, H.; Wakefield, M.R.; Ding, V.A.; Bai, Q.; Fang, Y. The role of IL-7 in Immunity and Cancer. Anticancer. Res.
2017, 37, 963-967. [CrossRef] [PubMed]

Mackall, C.L,; Fry, T.J.; Gress, R.E. Harnessing the biology of IL-7 for therapeutic application. Nat. Rev. Immunol. 2011, 11, 330-342.
[CrossRef] [PubMed]

Zhang, S.; Zhao, ].; Bai, X.; Handley, M.; Shan, F. Biological effects of IL-15 on immune cells and its potential for the treatment of
cancer. Int. Immunopharmacol. 2021, 91, 107318. [CrossRef]

Huang, J.; Long, Z; Jia, R.; Wang, M.; Zhu, D.; Liu, M,; Chen, S.; Zhao, X.; Yang, Q.; Wu, Y,; et al. The Broad Immunomodulatory
Effects of IL-7 and Its Application In Vaccines. Front. Immunol. 2021, 12, 680442. [CrossRef]

Stevceva, L.; Ferrari, M.G. Mucosal adjuvants. Curr. Pharm. Des. 2005, 11, 801-811. [CrossRef]

Stevceva, L.; Moniuszko, M.; Ferrari, M.G. Utilizing IL-12, IL-15 and IL-7 as Mucosal Vaccine Adjuvants. Lett. Drug Des. Discov.
2006, 3, 586-592. [CrossRef]

Liu, X.; Peng, J.; Hu, L.; Luo, Y,; Niu, H.; Bai, C.; Wang, Q.; Li, E; Yu, H.; Wang, B.; et al. A multistage Mycobacterium tuberculosis
subunit vaccine LT70 including latency antigen Rv2626¢ induces long-term protection against tuberculosis. Hum. Vaccin.
Immunother. 2016, 12, 1670-1677. [CrossRef]

Niu, H.; Hu, L.; Li, Q.; Da, Z.; Wang, B.; Tang, K.; Xin, Q.; Yu, H.; Zhang, Y.; Wang, Y.; et al. Construction and evaluation of a
multistage Mycobacterium tuberculosis subunit vaccine candidate Mtb10.4-HspX. Vaccine 2011, 29, 9451-9458. [CrossRef] [PubMed]
Hand, T.W.; Morre, M.; Kaech, S.M. Expression of IL-7 receptor alpha is necessary but not sufficient for the formation of memory
CD8 T cells during viral infection. Proc. Natl. Acad. Sci. USA 2007, 104, 11730-11735. [CrossRef] [PubMed]

Melchionda, F; Fry, TJ.; Milliron, M.].; McKirdy, M.A.; Tagaya, Y.; Mackall, C.L. Adjuvant IL-7 or IL-15 overcomes immunodomi-
nance and improves survival of the CD8* memory cell pool. J. Clin. Investig. 2005, 115, 1177-1187. [CrossRef] [PubMed]

Surh, C.D.; Sprent, ]. Homeostasis of naive and memory T cells. Immunity 2008, 29, 848-862. [CrossRef] [PubMed]

Lazarevic, V.; Yankura, D.J.; DiVito, S.J.; Flynn, J.L. Induction of Mycobacterium tuberculosis-specific primary and secondary T-cell
responses in interleukin-15-deficient mice. Infect. Immun. 2005, 73, 2910-2922. [CrossRef] [PubMed]

Sun, L.; He, C.; Nair, L.; Yeung, J.; Egwuagu, C.E. Interleukin 12 (IL-12) family cytokines: Role in immune pathogenesis and
treatment of CNS autoimmune disease. Cytokine 2015, 75, 249-255. [CrossRef] [PubMed]

Trinchieri, G. Interleukin-12 and the regulation of innate resistance and adaptive immunity. Nat. Rev. Immunol. 2003, 3, 133-146.
[CrossRef] [PubMed]

Schmidt, C.S.; Mescher, M.E. Adjuvant effect of IL-12: Conversion of peptide antigen administration from tolerizing to immunizing
for CD8* T cells in vivo. J. Immunol. 1999, 163, 2561-2567. [CrossRef]

Metzger, D.W. Interleukin-12 as an adjuvant for induction of protective antibody responses. Cytokine 2010, 52, 102-107. [CrossRef]
Scott, P,; Trinchieri, G. IL-12 as an adjuvant for cell-mediated immunity. Semin. Immunol. 1997, 9, 285-291. [CrossRef]

Boyaka, PN.; Marinaro, M.; Jackson, R.J.; Menon, S.; Kiyono, H.; Jirillo, E.; McGhee, J.R. IL-12 Is an Effective Adjuvant for
Induction of Mucosal Immunity. J. Immunol. 1999, 162, 122-128. [CrossRef] [PubMed]

Cooper, A.M.; Roberts, A.D.; Rhoades, E.R.; Callahan, J.E.; Getzy, D.M.; Orme, I.M. The role of interleukin-12 in acquired
immunity to Mycobacterium tuberculosis infection. Immunology 1995, 84, 423—-432. [PubMed]

Croce, M.; Rigo, V.; Ferrini, S. IL-21: A pleiotropic cytokine with potential applications in oncology. J. Immunol. Res. 2015, 2015,
696578. [CrossRef] [PubMed]

Leonard, W.].; Spolski, R. Interleukin-21: A modulator of lymphoid proliferation, apoptosis and differentiation. Nat. Rev. Immunol.
2005, 5, 688-698. [CrossRef]

Yuan, Y.; Yang, Y.; Huang, X. IL-21 is required for CD4 memory formation in response to viral infection. JCI Insight 2017, 2, e90652.
[CrossRef]

Cui, W.; Liu, Y.; Weinstein, J.S.; Craft, J.; Kaech, S.M. An interleukin-21-interleukin-10-STAT3 pathway is critical for functional
maturation of memory CD8" T cells. Immunity 2011, 35, 792-805. [CrossRef] [PubMed]

Leonard, W.J.; Wan, C.K. IL-21 Signaling in Immunity. F1000Research 2016, 5, 224. [CrossRef]

Zeng, R.; Spolski, R.; Finkelstein, S.E.; Oh, S.; Kovanen, P.E.; Hinrichs, C.S.; Pise-Masison, C.A.; Radonovich, M.F,; Brady, ].N.;
Restifo, N.P; et al. Synergy of IL-21 and IL-15 in regulating CD8* T cell expansion and function. J. Exp. Med. 2005, 201, 139-148.
[CrossRef] [PubMed]

Becher, B.; Tugues, S.; Greter, M. GM-CSF: From Growth Factor to Central Mediator of Tissue Inflammation. Immunity 2016, 45,
963-973. [CrossRef]

Junqueira-Kipnis, A.P.; Marques Neto, L.M.; Kipnis, A. Role of Fused Mycobacterium tuberculosis Immunogens and Adjuvants in
Modern Tuberculosis Vaccines. Front. Immunol. 2014, 5, 188. [CrossRef]


https://doi.org/10.1038/cmi.2014.40
https://doi.org/10.1016/j.ebiom.2023.104539
https://doi.org/10.1002/0470846526.ch7
https://doi.org/10.3389/fimmu.2019.02350
https://www.ncbi.nlm.nih.gov/pubmed/31632413
https://doi.org/10.21873/anticanres.11405
https://www.ncbi.nlm.nih.gov/pubmed/28314253
https://doi.org/10.1038/nri2970
https://www.ncbi.nlm.nih.gov/pubmed/21508983
https://doi.org/10.1016/j.intimp.2020.107318
https://doi.org/10.3389/fimmu.2021.680442
https://doi.org/10.2174/1381612053381846
https://doi.org/10.2174/157018006778194655
https://doi.org/10.1080/21645515.2016.1141159
https://doi.org/10.1016/j.vaccine.2011.10.032
https://www.ncbi.nlm.nih.gov/pubmed/22024175
https://doi.org/10.1073/pnas.0705007104
https://www.ncbi.nlm.nih.gov/pubmed/17609371
https://doi.org/10.1172/JCI23134
https://www.ncbi.nlm.nih.gov/pubmed/15841203
https://doi.org/10.1016/j.immuni.2008.11.002
https://www.ncbi.nlm.nih.gov/pubmed/19100699
https://doi.org/10.1128/IAI.73.5.2910-2922.2005
https://www.ncbi.nlm.nih.gov/pubmed/15845497
https://doi.org/10.1016/j.cyto.2015.01.030
https://www.ncbi.nlm.nih.gov/pubmed/25796985
https://doi.org/10.1038/nri1001
https://www.ncbi.nlm.nih.gov/pubmed/12563297
https://doi.org/10.4049/jimmunol.163.5.2561
https://doi.org/10.1016/j.cyto.2010.06.011
https://doi.org/10.1006/smim.1997.0084
https://doi.org/10.4049/jimmunol.162.1.122
https://www.ncbi.nlm.nih.gov/pubmed/9886377
https://www.ncbi.nlm.nih.gov/pubmed/7751026
https://doi.org/10.1155/2015/696578
https://www.ncbi.nlm.nih.gov/pubmed/25961061
https://doi.org/10.1038/nri1688
https://doi.org/10.1172/jci.insight.90652
https://doi.org/10.1016/j.immuni.2011.09.017
https://www.ncbi.nlm.nih.gov/pubmed/22118527
https://doi.org/10.12688/f1000research.7634.1
https://doi.org/10.1084/jem.20041057
https://www.ncbi.nlm.nih.gov/pubmed/15630141
https://doi.org/10.1016/j.immuni.2016.10.026
https://doi.org/10.3389/fimmu.2014.00188

Vaccines 2024, 12, 477 19 of 19

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Van de Laar, L.; Coffer, PJ.; Woltman, A.M. Regulation of dendritic cell development by GM-CSF: Molecular control and
implications for immune homeostasis and therapy. Blood 2012, 119, 3383-3393. [CrossRef] [PubMed]

Tazi, A.; Bouchonnet, F; Grandsaigne, M.; Boumsell, L.; Hance, A.].; Soler, P. Evidence that granulocyte macrophage-colony-
stimulating factor regulates the distribution and differentiated state of dendritic cells/Langerhans cells in human lung and lung
cancers. J. Clin. Investig. 1993, 91, 566-576. [CrossRef] [PubMed]

Hamilton, J.A. GM-CSF-Dependent Inflammatory Pathways. Front. Immunol. 2019, 10, 2055. [CrossRef] [PubMed]
Bhattacharya, P.; Thiruppathi, M.; Elshabrawy, H.A.; Alharshawi, K.; Kumar, P.; Prabhakar, B.S. GM-CSF: An immune modulatory
cytokine that can suppress autoimmunity. Cytokine 2015, 75, 261-271. [CrossRef] [PubMed]

Pan, PY; Li, Y,; Li, Q.; Gu, P; Martinet, O.; Thung, S.; Chen, S.H. In situ recruitment of antigen-presenting cells by intratumoral
GM-CSF gene delivery. Cancer Immunol. Immunother. 2004, 53, 17-25. [CrossRef] [PubMed]

Petrina, M.; Martin, J.; Basta, S. Granulocyte macrophage colony-stimulating factor has come of age: From a vaccine adjuvant to
antiviral immunotherapy. Cytokine Growth Factor. Rev. 2021, 59, 101-110. [CrossRef] [PubMed]

Stampfli, M.R.; Wiley, R.E.; Neigh, G.S.; Gajewska, B.U.; Lei, X.E,; Snider, D.P; Xing, Z.; Jordana, M. GM-CSF transgene expression
in the airway allows aerosolized ovalbumin to induce allergic sensitization in mice. J. Clin. Investig. 1998, 102, 1704-1714.
[CrossRef] [PubMed]

Wang, J.; Snider, D.P; Hewlett, B.R.; Lukacs, N.W.; Gauldie, J.; Liang, H.; Xing, Z. Transgenic expression of granulocyte-
macrophage colony-stimulating factor induces the differentiation and activation of a novel dendritic cell population in the lung.
Blood 2000, 95, 2337-2345. [CrossRef] [PubMed]

Zhang, J.; Roberts, A.L; Liu, C.; Ren, G.; Xu, G.; Zhang, L.; Devadas, S.; Shi, Y. A novel subset of helper T cells promotes immune
responses by secreting GM-CSF. Cell Death Differ. 2013, 20, 1731-1741. [CrossRef]

Gonzalez-Juarrero, M.; Hattle, ] M.; Izzo, A.; Junqueira-Kipnis, A.P.; Shim, T.S.; Trapnell, B.C.; Cooper, A.M.; Orme, LM.
Disruption of granulocyte macrophage-colony stimulating factor production in the lungs severely affects the ability of mice to
control Mycobacterium tuberculosis infection. J. Leukoc. Biol. 2005, 77, 914-922. [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/10.1182/blood-2011-11-370130
https://www.ncbi.nlm.nih.gov/pubmed/22323450
https://doi.org/10.1172/JCI116236
https://www.ncbi.nlm.nih.gov/pubmed/7679411
https://doi.org/10.3389/fimmu.2019.02055
https://www.ncbi.nlm.nih.gov/pubmed/31552022
https://doi.org/10.1016/j.cyto.2015.05.030
https://www.ncbi.nlm.nih.gov/pubmed/26113402
https://doi.org/10.1007/s00262-003-0417-4
https://www.ncbi.nlm.nih.gov/pubmed/12955480
https://doi.org/10.1016/j.cytogfr.2021.01.001
https://www.ncbi.nlm.nih.gov/pubmed/33593661
https://doi.org/10.1172/JCI4160
https://www.ncbi.nlm.nih.gov/pubmed/9802884
https://doi.org/10.1182/blood.V95.7.2337
https://www.ncbi.nlm.nih.gov/pubmed/10733504
https://doi.org/10.1038/cdd.2013.130
https://doi.org/10.1189/jlb.1204723

	Introduction 
	Type I IFNs 
	Type II IFN 
	IL-2 
	IL-7 and IL-15 
	IL-12 
	IL-21 
	GM-CSF 
	Conclusions and Perspectives 
	References

